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Summary

In this study general information about the icing conditions at the investigated test site near a
wind turbine in the region of Oberstrahlbach, Austria, are given and an inventory of icing model
results is presented. In addition, an overview of the physical processes involved in icing is
compiled. Some estimations of the accreted ice mass based on the described models, such as for
freezing rain and in-cloud icing with the measured meteorological parameters are presented.
These measurements involved experimental data for the winters 2002/03 and 2003/04 at several
levels on a meteorological mast together with pictures from web cams to collect information
from which icing and visibility could be directly assessed. The results show that some icing
models can be used with good success. However the available on-site measured meteorological
data are not sufficient for a detailed modelling of the icing process, which would require input
information about the droplet size distribution, and the liquid water content. These properties can
only be partly derived from the investigated models and algorithms.
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List of Parameters used

A cross sectional area of the object (m?)
ojorE  collision efficiency

o sticking efficiency

(7 accretion efficiency

B coefficient of freezing

Cp specific heat of air at constant pressure (J/kg°C)
Cw specific heat of water (J/kg°C)

Cph drag coefficient

d diameter of droplets (Lm)

dr diameter of snowflakes (Lm)

D diameter of the obstacle (m)

d; minor axis of the ice deposition (m)

D, major axis of the ice deposition (m)

D; diameter of the icicle (m)

e saturation vapour pressure of air over water at T=0°C (hPa)
€, saturation vapour pressures over water at #,(hPa)
h convective heat-transfer coefficient,

ha thickness of the deposition (m)

1 intensity of ice accretion (kg/m’s)

ka molecular thermal conductivity (W/m °C)

L, latent heat of evaporation (J/Kg)

L, latent heat of freezing (J/kg)

M ice mass deposition, (kg/m?)

Ha dynamic viscosity of the air (kg/m.s)

n freezing factor

N total number of droplets in 1cm’

[ angle of droplet impact (degree)

P precipitation intensity (mm/h)

Gindex heat fluxes in the heat balance equation (W/m2)
ra droplet radius (W)

Re Reynolds number

R, equivalent radial thickness (m)

Ry radius of the cylinder (m)

R, runback mass flux (kg/m’s)

P density of ice (kg/m’)

Pa density of air (kg/m®)

Pi density of droplets (kg/m®)

Pw water density (kg/m’)

S surface area of the obstacle (m?)

Stk Stokes number

(o} Boltzmann constant (5.67%1 0 Wm?ZK™)

t, air temperature (°C)

tq temperature of the droplets (°C)

ts temperature of the icing surface (°C)

u velocity of the airflow (m/s)

V wind speed (m/s)

Vi velocity of droplets (m/s)

vr terminal impact velocity of the droplets (m/s)
Vis visibility (m)

wor LWC liquid water content of the air (kg/m?)



1. Introduction

Icing is a meteorological phenomenon, which can affect different sectors of human activity, such
as energy production and transmission, telecommunication networks, as well as land, air and
marine traffic. If the icing event is severe the whole structure of social and economic life in the
affected area can be heavily influenced. An example of such a case is the last extreme icing in
January 1998 in North East Canada.

Icing loads have always to be taken into account in the design of technical equipment in regions
where this phenomenon occurs frequently. For the estimation of icing effects the availability of
accurately measured data series over sufficient time are necessary. However, such data are rare
and usually have a too low spatial and temporal resolution to be used for estimating ice loads
routinely. Therefore, different icing models, using data from meteorological measurement
networks are used as a tool to estimate the possible ice loads.

In recent years considerable work on the theory of icing and in the modelling of the process has
been made. Due to the serious impact on people that the icing of powerlines has, most of the
icing models have been developed for this specific purpose. Such models have been presented by
Ahti and Makkonen.(1982), Chaine et al.(1974), Gluchov (1989), McKay and Thompson(1969),
Stanev and Moraliiski (1987), Jones (1996), Makkonen (1981, 1984, 1998). With the
development in recent years of the wind energy sector, models for the assessment of icing on
turbine blades have become as important (Makkonen et al., 2001).

1.1 Types of icing

Atmospheric icing can be classified according to the meteorological conditions and properties of
the air particles by two different formation processes:

e Precipitation icing.
e In-cloud icing.

However, a classification may also be based on prevailing meteorological conditions, as given in
ISO 12494 (2000). According to these conditions during icing, the physical properties and the
appearance of the accreted ice will vary widely. The amount of accreted ice will depend on several
factors, the most important being temperature, wind and the duration of ice accretion. Furthermore,
a main precondition for a particular ice accretion are the dimensions of the object exposed and its
orientation to the wind.

Wind speed (m/s)
25

00 ] N\ N\
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Figure 1.1: Type of accreted ice as a function of wind speed and air temperature after ISO 12494



The curves in Figure 1.1 shift to the left with increasing liquid water content and with decreasing
object size.

From the general classification of icing in ISO 12494 (2000) we have:

e Glaze

This is a typical deposition by the wet growth process, having the highest density and is caused
by freezing rain, freezing drizzle or wet in-cloud icing and normally creates smooth evenly
distributed ice accretion. It may also give rise to the formation of icicles and can be accreted on
objects anywhere when rain or drizzle occurs at temperatures below freezing point. It is formed
most often at temperatures between 0 and —4°C The structure of the deposition has usually high
density and is clear, transparent or opaque. This type of icing possesses a strong force of
adhesion.

o Wet snow

This kind of icing occurs if the snowflakes contain liquid water. Due to the occurrence of free
water in the partly melted snow crystals wet snow is able to adhere to the surface of an object.
Wet snow accretion therefore occurs when the air temperature is just above the freezing point.
The density of wet snow deposits depend on the fraction of melted water and wind speed varying
between 300 and 500 kg/m’.

e Rime

Rime (or in-cloud icing) is the most common type of in-cloud icing and refers to icing events
caused by deposition of super cooled fog or cloud droplets. By low temperatures and small
droplets the structure of deposition results in fragile ice with low density. It often forms vanes on
the windward side of objects. The most severe rime icing occurs on freely exposed mountains or
where mountain valleys force moist air through passes, that consequently both lifts the air and
increases wind speed over the pass. The accretion rate for rime mainly varies with the
dimensions of the object exposed, the air temperature and the droplet size. When the droplets are
larger and the air temperature higher, the deposit is usually opaque with higher density. Thus the
rime ice can be divided into two subtypes — soft and hard rime (see Table 1.1).

e  Other types of ice

Hoar frost, which is due to direct phase transition from water vapour into ice (sublimation), is
also common at low temperatures. It is of low density and strength, and normally does not result
in significant loads on structures.

In the following table the main properties of the ice types are compiled.



Table 1.1: Typical properties of accreted atmospheric ice, after ISO 12494 (2000)

Type of Density Adhesion & General Appearance
ice [kg/m?] Cohesion Color Shape
Glaze 900 strong transparent | evenly distributed/ icicles
Wet snow | 300-600 weak (forming) white evenly distributed/ asymmetric
strong (frozen)
Hard rime | 600-900 strong opaque asymmetric, pointing windward
Soft rime | 200-600 low to medium white Asymmetric, pointing windward
1.2 Effects of icing

The general effects of icing are increased vertical loads on the iced structure and wind drag due
to the increase in exposed area. The latter may lead to more severe wind loads than without
icing. As stated in ISO 12494 (2000) the following processes have to be taken into
considerations for estimating the actual ice loads on a specific object:

e  Static ice loads

The sensitivity of objects to ice loads is dependent on type of structure and the varying aspects of
icing. This gives a wide variety of possible influences on these objects.

e  Wind action on iced structures

Wind action on iced structures can be estimated by the same principles as the action on the ice-
free structure. However, both the dimensions of the structural members and their drag
coefficients are subject to change. The main purpose of ISO 12494 is to specify viable values for
dimensions and weight of accreted ice, shapes of accreted ice and drag coefficients of accreted
ice.

¢ Dynamic effects

A significant factor influencing the dynamic behavior of a structure is its resonance frequency.
Normally the resonance frequencies of a structure are decreased considerably if the structure is
heavily iced. This is important because the lower frequencies normally are the critical ones and
in addition the change in cross sectional shape due to the accreted ice may require dynamic
investigations to be made. Shedding of ice from a structure may cause severe dynamic effects and
stresses in the structure, depending on the type of structure and the amount and properties of the
ice.

e Damage caused by falling ice

Experience shows that the shedding of ice from a structure typically occurs during increasing
temperatures. Normally, accreted ice does not melt from the structure, but breaks away in
fragments because of small deflections, vibrations, etc. usually results in increased risk of damage
which can be reduced by shielding structures. An increased height from which the ice falls is an



important factor when evaluating risks of damage, as a greater height results in greater dynamic
forces from the ice.

1.3 Ice classes

To be able to express the expected amount of accreted ice at a specific site, the term ice class (IC) is
introduced (cf. ISO 12494, 2000). These can be derived on the base of meteorological parameters
together with the physical properties of ice and the icing duration The icing severity can therefore
be defined for a certain ice class, which defines how much ice can be expected for dimensioning

purposes.

The ICs are defined by the value of the 50 year return period of the ice accretion on the reference
collector. This reference collector is a 30 mm diameter cylinder of a length not less than 0,5 m,
placed 10 m above terrain and slowly rotating around its own axis.

ICs can be quantified by:
- Meteorological and/or topographical data together with use of an ice accretion model, or
- Ice masses (weight) per m structural length, measured on site.

In the ISO 12494 the ICs are defined for both glaze and rime, because characteristics for these
differ. ICG denotes glaze deposits and ICR rime deposits, wet snow is here treated as rime.



2. Physical processes involved in icing

Icing is the physical process of either the deposition of super cooled rain or fog droplets and their
subsequent freezing on an obstacle, or the direct ice sublimation from the vapour phase.

The icing process can be divided in two main phases, which are governed by different physical
mechanisms. The first one is the moving and deposition of super cooled water droplets and the
second one is the transition from liquid to solid phase at freezing.

The first phase is determined by the aerodynamic properties of the droplets, the obstacle and the
airflow around the obstacle. These characteristics determine what part of the droplets mass from
the total water flux will be deposited on the obstacle and what part will be deviated or bounced
from the obstacle.

The second phase is governed by the thermo-dynamical characteristics of the impinging droplets,
the surface of the obstacle, the deposited ice and the surrounding environment. These conditions
determine what part of the deposited water can be frozen.

There is interdependence between these two mechanisms. Increasing wind speed may lead to a
change of the thermal conditions of the ice surface, increasing the water flux and the water-phase
mixture of the air particles, important processes affecting bouncing from the obstacle (especially
in cases of wet snow accretion).

Another important factor in an icing process is the water flux impinging on the obstacle, which is
determined by the liquid water content of the air or the mass of water in droplets with different
diameters in a unit of air volume

All these factors determine not only the rate of ice accumulation but also affect the structure and
density of the deposition.

2.1 The icing rate

The icing rate is defined as the mass (M) of the ice deposit accreted on the surface of an object
per unit time. If one considers an air flow perpendicular to a cylinder (see Figure 2.1), then the
maximum amount of water that could deposit on the surface per unit length and unit time will be
the product of the liquid water content of the air, the wind speed (V) and the diameter of the
cylinder (D)

- _ pewp, 2.1)
dt

where w is taken in kg/m®, ¥ in nv/s and D in m.
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big

Figure 2.1: Air streamlines and droplet trajectories around a cylindrical object
(after Makkonen 2000)

The correction factor E (collision efficiency) has values from O to 1 and represents the fact that
the rate of icing dM/dt may deviate from its maximum theoretical value. The main factor
determining E is the collection coefficient i.e. the part of the droplets impinging on the surface of
the obstacle. E is unity if all particles in the geometrical shadow of the obstacle hit its surface.
However only some of them can reach the surface and these are the bigger droplets, whilst the
smaller will be deflected with the stream lines around the object (Figure 2.1). Some of the
droplets reach the surface but may bounce off. In addition, reduction of the icing rate by losses of
the previously deposited water is possible. This is due to losses by shedding or dripping before
the deposited water can freeze. These losses are mainly coupled with the water flux density to
the surface, which can be expressed as the product of the liquid water content and the air
velocity. If the water flux density is too high, then the thermo-dynamical balance does not allow
the freezing of all the available water. In this case, the deposited water remains on the surface
until the surface tensional forces are overcome by gravitation or wind drag.

The whole process of icing from the initial deposition of super cooled water droplets to the final
ice deposit can be described sufficiently well only if all the above factors are taken into account.

In order to assess these factors different approaches have been made.
Mazin (1957) introduced the coefficient of freezing £, which is expressed as
p=1-2 2.2)
m,
Here m; is the mass flux impinging the surface and m; the mass of water evaporated
simultaneously.

List (1977) proposed the process of ice increasing to be expressed by E,.,, which he defined as
the ratio of the net icing growth rate to the total droplet mass flux.

Considering the wet growth process Makkonen (1981) described the process in terms of icing
efficiency E; as the product of the accretion E, and the collision E efficiency as E; = E,E.

More generally, E can be expressed (Makkonen, 2000) in the form £ = ¢;0,0; and the icing rate
as

I= o ooswVA, 2.3)

where 0, is the collision efficiency, o the sticking efficiency and a3 the accretion efficiency.
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2.2 Motion of icing particles in the airflow around an obstacle

2.2.1 Aerodynamic characteristics

For describing an icing process it is important to know the aerodynamic characteristics of the
airflow around an obstacle. In most icing models potential flow is assumed. Accordingly, Poots
(1996) suggested that the motion of the icing particles does not affect the steady flow around an
obstacle except near the surface. He compared the thickness of a viscous laminar boundary layer
attached to a bluff surface with the icing particle size and found that this layer will be greatly
disturbed by freezing raindrops.

The aerodynamic characteristic of the airflow and the icing particles, as well as the dimension of
the obstacle determine, which part of the net liquid water flux density will impinge on the
surface exposed to the wind i.e. the collision efficiency ¢;. The probability for a droplet to reach
the obstacle surface and not to be deflected around the obstacle depends on the size of the droplet
and the obstacle and on the velocity of the air stream. The droplets, which possess a larger
moment of inertia, will more probably reach the surface, while the small droplets will be
deflected with the streamlines. The collision efficiency can be defined as the ratio of the amount
of the droplets impinging the obstacle surface to the net amount of the droplets comprised in the
windward cross section of the obstacle.

The first calculation of the collision efficiency for in-cloud icing were initiated by Taylor (1940),
Langmuir and Blodgett (1946) and Mazin (1957) during investigations for aircraft icing. The
main goal was here to determine the conditions under which the droplets strike the surface of the
obstacle and the distribution of the deposited water around it. They examined the motion of
droplets in a potential flow attached around a cylinder. In the equation of motion for in-cloud
icing the gravitational and the buoyancy forces could be neglected, assuming Stokes drag force
only. Considering the motion of particle flow perpendicular to a cylinder with radius ry the
equation of motion has the following form

4 dav C, Re
;mfpd —=6m, w-v,) [T") (2.4)

with the boundary conditions v; —U; if |r| — oo,

Here r; is the droplet radius (W), p; the density of droplets (kg/m3), vq the velocity of droplets
(m/sec), u the velocity of the airflow, 4, the dynamic viscosity of the air (kg/ms), U; the free
stream velocity and r is radius vector. This equation is usually written in dimensionless
variables.

The coefficient CpRes/24 could be assumed as indicator for the degree of deviation from the
Stokes” Law in the force which moves the droplets. If Stokes” Law is in force (Req << 1) this
coefficient is unity. If the Stokes” Law can not be applied, the force acting on the droplets
increases. In this case Req >> 1 and then it can be expressed by the following empirical formula

(%j =1+0.197Re’®+2.6*10™ Re};® (2.5)

Investigations of the droplets motion had revealed the dependency of the collection coefficient
on the droplets and the obstacle size, on the airflow velocity and on the location of the impinging
droplets on a cylinder surface, which is determined by the angle 8 between the radius vector to
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the point of impingement on the surface and the x-axis of the cylinder. This angle determines the
local rate of icing in the correspondent area on the cylinder. Most often at the stagnation line
(6 = 0) the local rate of icing is highest. The maximum value € = 8,, represents the point, beyond
which no particles may be deposited. The total deposition coefficient E,, is defined as the rate of
deposition between the angels - 0, and + 0. In a study about dusty gases (Saffman 1962,
Michael 1968, Michael and Norey 1969) a concept for a “relaxation time” 7 was set up as

2
=2 2.6)
o,

defined as the time for which a droplet adjusts to the changes in the air velocity. If 7is high the
droplet moves with its initial velocity and the probability to strike the obstacle surface is high. If
7is low the droplet trajectories follow the streamlines around the obstacle.

The critical value for the droplets radius 7., below which no impinging on the obstacle is
possible depends on the airflow characteristics and the dimension of the obstacle.
Gluchov (1989) calculates this value with the formula

Stk., 1D Q.7

Fo= [—————

2p,V.

where Stk,, is the critical Stokes number, D is the dimension of the object, p; is the density of the
droplets and V.. is the velocity of the free air flow.

It should be noted that these results are mainly derived for fog droplets and rain drops. The
motions of snowflakes have not been studied so extensively until now.

The most important characteristics of the icing particles, which may influence the deposition
coefficient, are their sizes, the drag coefficients and their terminal velocities. These
characteristics are briefly described below.

2.2.1.1 Fog droplets

It was shown by Clift et al.(1978) that the drag coefficient Cp for water droplets is similar to that
one for rigid spheres up to values of Reynolds number 10°. That is why Cp can be replaced by
the experimental formula after Morsi and Alexander (1971) for rigid spheres

kK

2.8
Re, Re? @8)

C,=k+

where k;, k, and k; are functions of the local droplet Reynolds number. They are tabulated for
values of Req up to 10°. Some of these values are given in the following Table 2.1.
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Table 2.1: Values of kj, k; and k3 in Eq.(2.8)

Range k, ks K
Rey <0.1 0 24 0
0.1 <Rey<1 3.69 22.73 -0.09
1 <Rey< 10 1.22 29.17 -3.89
10 <Reg <102 0.62 46.50 -116.67
102 <Reyg <103 0.36 98.33 -2778.0

In the following Table 2.2, composed after Mason (1957), some characteristic data about cloud
droplet radii are presented.

Table 2.2: Characteristic data of cloud droplet radius after Mason (1957)

Number of droplets radius, pm
Cloud type droplets in ) lowest and Source
cm’ Mean | median highest

Cumulus humilis 300 9 6 3-33 AufmKampe (1956)
Cumulus humilis - - 35 1-10 Diem (1948)
Cumulus cong. 64 24 6 3-83 AufmKampe (1956)
Cumulus cong. 150-600 - 55 2-40 Zaitsev (1948)
Cumulonimbus 72 20 5 2-100 AufmKampe (1956)
Stratocumulus 350 4 3.5 1-12 Diem (1948)
Stratocumulus 310 8 - - Bricard (1943)
Altostratus 450 5 4.5 1-13 Diem (1948)
Nimbostratus 330 6 4 1-20 Diem (1948)
Stratus 260 6 4 1-22 Diem (1948)

2.2.1.2 Freezing rain droplets

The rain droplets are of an order of magnitude bigger then the cloud droplets and have fall
velocities between 3 and 7 m/s. For freezing rain events it is not reasonable to apply the results
of Langmuir and Blodgett (1946) for in-cloud icing because in this case the gravitational term in
the equation for droplets motion must be included. Best (1950) suggests Eq.(2.9) for the end
velocity of raindrops falling through a standard atmosphere (20°C, 1013 hPa) at surface level

vr = A(1 — exp(-d/a)") (2.9)

For a droplet radius distribution in the interval [0.3; 6.0] mm Best (1950) proposed for the
constants in Eq.(2.8) 4 =932, a=1.77 and n=1.147.
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2.2.1.3 Snowflakes

Cornford (1965) was the first in defining the aerodynamic drag coefficient for a disc sized
snowflake with diameter dr. A correlation for the drag coefficient as a function of Reynolds
numbers Re, € {138;2440} was found by Souster (1979). Skelton and Poots (1991) expanded the

formula for values of Resbelow 138 and above 2440

,

(1+7.696x10° Re, )22, Ree [0:138]

T
CpRe, =1 o (Re, )", Re, € [138;2440] (2.10)
0.2196Re, Re, > 2440

with the coefficients a, given by Souster (1979) as ap = 0.332, a; = -2.41176><10'4,
o =3.178x107, a3 = -2.719x107'°, qs = 2.394x10°", 05 = -3.892x10"7 and a6 = 4.541x102".

A formula for the terminal fall velocity of snowflakes was proposed by Langleben (1954), who
measured their velocity by photographing falling snow particles

vr = 2.699(d)** (2.11)

In Table 2.3 some values of the characteristics of freezing rain droplets and snowflakes as
function of the precipitation rate P are presented after Poots (1996). Here P is coupled with the
liquid water content and the terminal velocity in the form

w = P/3600 vy (2.12)

Table 2.3: Characteristic values of freezing rain droplets and snowflakes after Poots (1996)

Raindrops Snowflakes
P —
SN LWC Dy Y LWC
(mm(HO)h™) | 7, , (mm) | vr, (m/s) (g/m’) T(mm) vi(D, ) m/s (@/m’)
0.5 0.49 3.71 0.037 0.59 1.034 0.134
1.0 0.58 429 0.067 0.77 1.103 0.252
1.5 0.63 4.59 0.094 0.86 1.134 0.367

2.2.2.1 Collision efficiency

The collision efficiency can be defined as the ratio of the amount of droplets which impinge on
the obstacle surface to the net amount of droplets in the windward cross section of the obstacle.
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For the case of a cylinder the collision efficiency can be expressed as function of two
dimensionless parameters

2
K:M (2.13)
SuD
and
Re’
_ 2.14
A (2.14)

where Re is the droplet Reynolds number (Re=p,dV/W), d the droplet diameter, D the diameter of
the cylinder, p, the water density, # the absolute viscosity of the air and p, the air density.

The exact formulations after Langmuir and Blodgett (1946) for the total collection efficiency En,
in case of a circular cylinder can be written as

E, =0.466(In8K)", 0.125<K<1.1 (2.15a)

and

=K _ K>1.1 (2.15b)

(%)
2

The values of 0, determining the maximum width of possible deposition on the surface of the
cylinder are

tan O, = 1.70(K — 1/8)°7%,  0.125<K <10 (2.16a)

and
tan 0,= K K>10 (2.16b)

This maximum deposition area can also be expressed in terms of the so-called upper and lower
grazing trajectories.
More recently Finstad et al.(1988a) examined the equation of droplet motion numerically and
found the following empirical fit to the calculated data:

o1=A —0.028 — C(B - 0.0454), (2.17)
with

A = 1.066K 0% 6exp(-1.103K%%%)

B = 3.641K **%exp(-1.497K %%

C =0.00637(¢ - 100)***!
Makkonen and Stallabrass (1987) carried out an experimental verification on the theoretical
results of Langmuir and Blodgett (1946), investigating icing in a wind tunnel using three

categories of data. They showed that the experimental data coincide excellently with theoretical
results, reporting a linear correlation of 0.99 as Figure 2.2 shows.
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Figure 2.2: Theoretical (E-theory) and experimental (E-exp) collection efficiency of rotating
cylinders; after Makkonen and Stallabrass (1987)

It should be noted that all these formulas give results for a certain droplet size d;. For calculating
the mean theoretical deposition coefficient an integration of all size categories of the droplet
distribution is necessary as

mean -

T —m’n(r)E(r)p, dr, (2.18)

Fminr

_1
w
where n(r) is the spectral density of the droplets distribution and %zzf n(r)dr the mass of water

comprised in droplets with radius between » and dr.

However, for simplification, the mean collision efficiency can be determined by an
approximation for monodisperse droplet size spectrum at the median volume diameter (MVD).
Langmuir (1946) suggested this in his initial icing investigations on Mt. Washington. His
calculations were carried out on the assumption that all the particles in a given condition with
fog were of uniform size. He introduced the monodisperse droplets spectrum as the diameter (or
radius) such that half of the liquid water content of the fog is comprised by droplets of larger size
and the other half by smaller droplets. Beside this approximation for MVD other approaches
have been used in recent years — for example the mean volume droplet diameter D,y (after Prodi
et al. 1986) and the mean droplet diameter Dy, defined as follows

1
6V )\
Dy = | —— 2.19a
; (” Nj (2.199)
and
Zn,Di

N

Dm = (2.19b)
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Finstad et al.(1988b) could show later that the use of MVD is the best way to fit the droplet
distribution. The authors calculated the MVD after Lozowski (1978) who expressed the MVD by
the mean of an interpolation formula assuming a uniform droplet diameter distribution within
each of N size bins with equal width W

— (O‘S_uk—l)x 4 (1 _ 1\ 1) v
MVD—W(m et - (k-1 + (£ -1) ]J , (2.20)

where £k is the k-th bin, u; 1s a cumulative fractional volume, such that
1 k
u, =;Zv,, Uk-1 < %2 and uc > %
i=1

Here V is the total volume of all droplets in all bins and v; is the volume of water comprised in
the droplets of the i-th bin. Finstad et al.(1988b) gave also a mathematical justification for the
MVD approximation.

Another expression of MVD can be found according to Best (1951) who showed that the water
droplet distribution could be described by the formula

1-F=exp (2.21)
a

where F' is the fraction of liquid water comprised by droplets with radius » < r;. The MVD is
then the radius for which F(ry) = Y.

2.2.2.2 Sticking efficiency

This coefficient can be defined as the ratio of the number of droplets, which strike the surface of
the obstacle (and thereafter may bounce from there) to the number of droplets remaining on the
surface. This efficiency depends on the liquid water content in the particles, their impact velocity
and temperature, as well as on water-phase mixture on the ice-accreting surface. The liquid water
droplets generally do not bounce. In these cases a,=1.

When the icing particles are snowflakes the bouncing is very effective. Wakahama et al.(1977)
proved this by photographing snow particles, showing up to 80% of them bouncing. The sticking
efficiency for the snow particles depends on their water-phase mixture. If the snow particles are
completely solid (dry snow), o is close to zero. If there is a liquid layer on the snow particles
(wet snow), the sticking efficiency approaches unity.

Until today the sticking efficiency for wet snow has still not been sufficiently investigated. There

are only empirical equations. The approximation for a; for a cylinder mostly used now is
(Admirat et al.1988)

=", (2.22)

where V is the wind speed (m/s) and 2 is close to 1 at low wind speeds.
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2.3 Dry and wet growth regimes

According to the ice accretion regime, an icing process can develop by two different
mechanisms, namely dry and wet growth.

The theoretical investigations of Schumann (1938) and Ludlam (1950, 1951, 1958) showed that
the temperature of an ice deposit being formed by the freezing of super cooled droplets increases
above the temperature of the surrounding air mass due to the release of heat from fusion. This
was also experimentally confirmed by Melcher (1951) and Macklin (1962). The temperature of
the deposit is determined by the heat balance of the ice surface and the impinging droplets.
Because the deposit temperature cannot exceed 0°C, there is for a given ambient temperature,
wind velocity and dimension of the obstacle a critical liquid water content for which all
incoming water could freeze. If the liquid water content is above the critical value the excess
water cannot freeze and is incorporated into the ice structure in form of spongy ice deposition.
Ludlam (1958) classified these mechanisms as dry and wet growth regimes.

2.3.1 Dry growth regime

In the dry growth regime all impinging water freezes. The heat released during freezing of a
droplet is carried out before another droplet arrives. The temperature of the deposit in this case is
below 0°C, which allows transfer of heat on to the surface. Macklin et al. (1968) defined three
phases of freezing — the initial freezing, the subsequent freezing and the cooling phase. The
initial freezing occurs when a droplet arrives on the surface, a fraction of the droplet freezes at
the expense of the remaining amount, which increases its temperature. The subsequent freezing
is controlled partly by heat conduction into the surface and partly by forced convection and
evaporation to the surrounding. When the freezing process is completed the cooling phase
begins. Macklin and Payne (1968) examined these freezing times as well the depth of
penetration. At lower temperature in this regime the smaller droplets freeze quasi-instantly with
air bubbles between them. The structure of the deposit then is porous and opaque.

2.3.2 Wet growth regime

Wet growth of ice deposition occurs when the droplet freezing time is sufficiently long and the
released heat of fusion cannot be carried out from the surface. The surface temperature rises
towards 0°C and there can be no flow of heat into the deposit. In this case liquid water is
entrapped in the ice deposit (Knight 1968, Blackmore et al. 2002). The structure is spongy
transparent or clear ice.

2.3.3 Critical conditions

The critical conditions that separate dry growth and wet growth are characterized by the values
of the factors governing the icing on an object (droplets diameter, dimension of the object, liquid
water content, wind speed, air temperature). Thus, it is important to know the thresholds of these
values at which this change occurs. These were investigated and presented by Mazin (1957) and
Makkonen (1981).

Mazin’s formula for the critical water content 7, is given by



19

_ -3 2
ka(_ta+0.628Le(eo e, )10 - (,;zll; J
[ . [
W= rPe il 2.23)

VZ
EV(80+t, +—)10°
21

m

Makkonen found the following formula

kL, rV?
oty e (o e )T
_E pa 2 cha 2cP _ On'ta (2 24)
T E\VDy, L, +c,t, BL, +cyt,) '

where in both equations £, is the molecular thermal conductivity, D the dimension of the object,
I, the mechanical heat equivalent, £ = 0.62, L. the latent heat of evaporation, Ly the latent heat of
freezing, e, and e, the saturation vapour pressures over water at 0°C and at ¢,, respectively, p, the
atmospheric pressure, ¢, the specific heat of air at constant pressure, ¢, the specific heat of water,
here r is the recovery factor for viscous heating, v the wind velocity, o the Boltzmann constant
and n’=8,1.10'K’> the radiation linearisation constant. Here E should be understood as the
product of the collision and sticking efficiency i.e. E=0q o,

2.4 Accretion efficiency

The coefficient accretion efficiency o3 (c.f. Eq.2.3) can be defined as the part of the deposited
supercooled water droplets that accretes as ice on the surface of the object. This coefficient is
different for the different icing regimes. In the dry growth regime, as mentioned above, all the
impinging droplets freeze and the accretion efficiency is unity.

In the wet growth process the heat balance of the surface does not allow the release of the latent
heat of freezing of a droplet before the arrival of the next droplet. Hence not all droplets can be
frozen. One part of the liquid water runs off from the surface and the other part remains there. A
water film develops on the surface of the obstacle. In this regime the ice accretion rate is
determined by the heat balance of the icing surface.

2.5 Heat balance of the icing process

Heat balance investigations of the icing process have been made by many researchers
(Messinger, 1953, Lozowski et al.1983; Cansdale and Gent 1983; Makkonen 1984; Jones 1996;
Mazin et al.2000). The mathematical form of the heat balance equation for an ice-accreting
surface can be taken after Makkonen (2000) as follows

Gt q=4getqe t qit+qs, (2.25)

where ¢y is the latent heat released at freezing, g, the aecrodynamic heating of air, g, the heat loss
to the air, g, the heat loss of evaporation, g; the heat loss due to the warming of the deposited



20

liquid water to the freezing temperature and g heat loss due to radiation. The calculation of the
terms in Eq.(2.25) can be done as follows

qr=ILy;, (2.26a)
where Lyis here the latent heat of fusion and / is the intensity of ice accretion.
In case of wet growth gyis

gr=(1-A) sFLy (2.26b)

where A is the liquid fraction of the accretion for which 0.3 can be assumed and F is the water
flux density.

In a wet growth regime the heat conduction into the ice deposit is negligible and because the
kinetic heating of air g, is small it can be also neglected.

The convective heat transfer is given by
qc = h(ts—ty), (2.26¢)
where 4 is the convective heat-transfer coefficient and ¢, is the temperature of the icing surface

(t~=0°C at wet growth process).

The evaporation heat transfer is

ge = 0.622 hLeM, (2.26d)
c,p

where L, is the latent heat of vaporization, e; is the saturation water vapour pressure over the
accretion surface and e, is the ambient vapour pressure.
The term ¢; can be written as

g1 = Feu(t;— 1y, (2.26€)

where c¢,, is the specific heat of water and ¢, is the temperature of the droplets at impact.

The last term is
qs = on’'(ts—1y), (2.261)

where o is the Stefan-Boltzmann constant and #»’ is again the radiation linearisation constant.
Here only the long-wave radiation is considered because in icing conditions solar radiation is
negligible.

From the equation of the heat balance Makkonen (2000) deduced the formular for the expression
of the accretion efficiency 3.

2.6 Density and structure of the icing depositions

As mentioned before the structure and the density of the ice accreted on an object depends on the
meteorological conditions, the properties of the droplets and the thermal conditions during the



process. The ice depositions vary in different forms and structures and have also a wide range of
density (from about 0.1 to 0.9 g/cm®).

It has been found that the density increases with increasing wind speed, ambient temperature,
droplet diameter and the liquid water content, and decreases with increasing size of the obstacle
(Langmuir and Blodgett 1946, Macklin 1962). Macklin found that the density could be expressed
as a function of the mean temperature T of the ice accreted surface and the product of the
median droplet volume radius and the impact speed, rV,, and suggested the following formula
for this relationship

rV 0.76
p=0.110 |- |, (2.27)

s

where p (g/cm’) is the density of the deposited rime ice, r (1) the median volume droplet radius
and V, the impact velocity (the velocity with which the droplets impinge on the surface of the
obstacle). The term R =— (rVy/T;) is now known as the Macklin parameter.

The dependence on the temperature is more complicated at higher temperatures. At temperatures
below —20° C Macklin found that the density becomes independent of the surface temperature
and depends only on rV,. This is expressed by the following formulae in terms of Macklin’s
parameter:

p =110 R*" (kg/m?), R<17
p=917 (kg/m’), R>17

In order to give a physical interpretation of this relationship Macklin investigated the internal
structures of the ice depositions formed under various conditions. He found that at temperatures
below —16°C the droplets freeze individually, even at high impact speeds, if they are packed very
closely. If the impact speed is low and the freezing time is short, the droplets retain their
spherical shape and form an open structure with entrapped air and low density. If the speed is
higher and freezing time longer the impinged droplets are more closely packed and the density is
higher. With increasing temperature the droplets begin to merge but individuals can still be
distinguished. At temperatures close to 0°C the droplets are fused together without
distinguishable individuals. The ice structure in these conditions is clear ice without entrapped
air and the density is very high. This amalgamation of the droplets may be due to two physical
processes, namely the spreading of liquid water across the underlying surface layer and their
partial or complete coalescence before they freeze. The second reason is less likely because the
freezing time of the individual droplets is too short (Macklin 1962).

The freezing rate of an accreted droplet is limited by the rate of heat transfer to the environment.
The temperature of the droplet will rise to 0°C during the freezing process because the heat of
fusion cannot be dissipated rapidly enough. It is likely that freezing of a drop begins from
outside inwards building a thin ice layer on the surface. This outer shell develops because the
heat of freezing is most readily conducted away through the surface layer of the droplet. Further,
because the thermal conductivities of water and ice are considerably higher than that for air,
transfer of heat first takes place rapidly between the droplet and the ice surface.

The main factor for the fusion of the droplets and the increase in density is the spreading of the
droplets. This effect also increases with increasing temperature which has been reported by many
authors (Dufor 1861, Weikmann 1953). So Weikmann reported that below —5°C droplets
solidified individually, whereas at higher temperatures they spread over the ice surface and
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spongy ice is formed. Below —14°C all droplets of up to 150 u radius solidified as spheres,
whereas at —5°C most of them were flattened. Macklin (1962) examined theoretically the density
of ice depositions by assuming that the droplets freeze as spheres of density 0.9 g/cm’®. He found
that the maximum density of an ice deposition in this case could not exceed 0.67 g/cm3 and
densities above 0.7 must be due to distortion and spreading of the droplets. As an explanation for
his empirical discovery Macklin stated that the density of an ice deposition depends on the
impact momentum of the impinging droplets and the surface temperature of the obstacle. If the
surface temperature is low and the impact velocity of the droplets and their radius are not high
this will permit a quick freezing of the droplets as spheres on the surface of impact. In this case
the droplets freeze individually and the structure of the deposition is fragile. In the opposite case
(temperature close to 0°C, higher wind speed and droplet radius) the freezing rate is not high and
the binding force between the arrived droplet and the surface is not sufficient to overcome the
impact momentum of the droplet and it begins to spread. Now the structure of the deposit is
much more compact and transparent or clear.

To evaluate this phenomenon Macklin (1968) introduced the spreading factor S, defined as

= final diameter .of the. frozen.droplet (2.28)
initial diameter .of .the.droplet .

Makkonen and Stallabrass (1984) derived from wind tunnel experiments the following best-fit
equation for the density of rime ice in terms of Macklin parameter R:

p=0.378 + 0.425(logR) — 0.0823(logR)? (2.29)

They concluded that the difference between the ice densities given by Eq.(2.29) and the original
Macklin formula is due to errors in the droplet size measurements by the oil-slide method, used
by Macklin. Many other investigations of the density of ice have been reported as those by Jones
(1990), Prodi et al. (1986) and Levi et al.(1991).
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3. Modelling of icing processes

Icing is a meteorological phenomenon that can cause high ice and wind loads on structures. A
good icing model describing these effects allows not only the mathematical formulation of the
processes, but also the quantitative estimation of the ice mass, on the basis of available
meteorological data. Because of the rare availability of icing measurements, this is often the only
possibility to assess the icing potential for the place of interest. If an object is equipped with a
de-icing system it is also important to know when icing may occur. In recent years considerable
progress in this field has been made.

The physical parameters governing the process of icing (wind speed, temperature, liquid water
content, density of the deposition, dimension of the object, structure of the accreting ice surface,
droplet sizes, as well as some characteristics included in the heat balance equations) change with
time. When reaching the critical conditions the process transforms from dry to wet growth
regimes or vice versa and this should be also foreseen in the model scheme.

The regime of dry growth is easier to describe, because all the impinging droplets freeze quasi-
instantly at the point of impact. The intensity of the dry process is however very sensitive to the
droplet diameter and liquid water content, which is not the case in the wet growth regime (as
shown by Makkonen 1981). Thus the MVD and liquid water content should be determined very
precisely particularly for rime ice.

Another important factor is the dependence of the collision and sticking efficiencies on the form
of the obstacle. Their local values around the surface determine the shape of the deposition. The
modelling of wet growth process is more complex because of the persistence of unfrozen water,
the properties and location of which have to be taken into account in the local heat transfer
analysis. The wet process and real shape of the deposition can be calculated and simulated
determining the local coefficients of collision, sticking and accretion as well as the local heat
balance equations (Lozowski et al.1983, Makkonen 1985, Poots 1996).

Such precise calculation of the icing shape is of great importance in applications where the
aerodynamical influences have to be considered. This is typical for icing of aircrafts and blades
of wind turbines.

Where icing on power lines is considered, the torsion of the conductors caused by gravitational
force acting on the asymmetrical deposition should be taken into account too. Low torsional
stiffness tends to increase the ice loads (Popov and Holodov 1978, McComber, 1990).
Sometimes in freezing rain icicles may grow which as shown by Makkonen (1998) may lead to
heavy ice loads. The mechanisms of icicle growth and modelling of this process have been
presented by Maeno and Takahashi (1984), Makkonen (1988) and Maeno et al.(1994).

For simplifying the models some assumptions may be applied. For example, a cylindrical form
of the obstacle could be used as a first approximation to its real form. Another simplification is
for the form of the deposition itself. To avoid problems with the accretion shape it may be
assumed that the deposition has cylindrical geometry, which in some cases is very close to
reality. This assumption has the advantage that the standards for ice loads in the design practice
are given in terms of equivalent ice thickness.

In the models for rime icing the equation for the density p of the depositing ice or another similar
relationship are used (as in the model of Stanev et al.1970).

In the models of glaze and wet snow frequently the following constant values for p are used,
namely 0.9 g/cm'3 and 0.4 g/cm'3 , respectively.
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Another empirical finding in icing modelling is for the relationship between the horizontal
visibility and the liquid water content the following expression (Trabert formula, see Aufm
Kampe et al., 1952)

Vis = Cr/w, 3.1)

is used where Vis is the visibility in meters, » is the droplets radius () and w is the liquid water
content (kg/m?). Kampe et al. (1952) critically investigated this formula and showed that C is not
really a constant but depends on the droplets radius. Another approach is given farther below as
Eq.(3.1a). The relationship between the visibility and liquid water content for snowfall is different
and has been used to estimate the accretion of wet snow (Makkonen 1989).

3.1 Models for in-cloud icing

The intensity of an icing process is defined by the ratio of water mass flux F' (kg/h) to the surface
A of the obstacle as

F=wVA. (3.2)

This maximum flux is reduced by influences expressed by the collision, sticking and accretion
efficiencies ¢, opand a;, respectively.

In the process of in-cloud icing the dominating factor is the horizontal force due to wind
velocity, whilst the gravitational term can be omitted.

3.1.1 The model of Stanev and Moraliiski

Stanev and Moraliiski (1987) and Stanev et al.(1987) developed a physical-statistical model for
rime icing in the mountain regions of Bulgaria, where this type of icing is prevailing in up to
88 % of all cases. The model uses three simplifications. These are:

e a laminar airflow, which is disturbed only by the obstacle; the form of the obstacle being a
circular cylinder with radius Ry;

e water droplets are spherical with constant radius and do not interact — i.e. no coagulation and
sublimation is allowed, which is a reasonable assumption. For example at a given mean
liquid water content of 1 g/m’ and mean radius of droplets 5 pm the total mass of water is 10
times lower than that of the same air volume. In this case the mean distance is of magnitude
10°m and therefore the probability of coagulation is insignificant.

e the process of riming is stationary.



Figure 3.1: Scheme of ice growing, according to Eq.(3.3) - (3.7)

It is here assumed that the deposited ice is uniformly distributed around the obstacle. Then the
deposited ice mass (Figure 3.1) of unit length of the cylinder is given by:

pdS = EwV, 2Rdt , (3.3)

where E is the collection efficiency, w is the liquid water content, p is the density of the
deposited ice, R is the radius of the depositing ice (m), V, is the wind velocity normal to the
cylinder, dS is the change of the area of the deposition for time dr.

When replacing S with the formula for the area of the cross section of the obstacle (in this case a
circle) and dS by

dS =2nRdR (3.3a)
and replacing this in Eq.(3.3) leads to:
mp(R~R,)=EwV,(t~1,) (3.4)

Taking into account the influence of the direction of the wind on the obstacle, defined by angle S
between the wind direction and the axis of the obstacle as

V,=Vsinf (3.5)

the final expression for the radius of the deposited ice becomes
EwVsin L

R=R,+
7p

(3.6)

where L is the total duration of the process and E is taken from Langmuir and Blodgett (1946)
for a cylinder and K >1.1 as

E -k 3.7

i

where X is the inertial parameter after Langmuir.

It should be noted that these results could be applied for the typical form of the deposition which
is presented in Figure 3.2
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Figure 3.2: The typical form of ice deposition; D major axis, d minor axis, Eq.(3.8).

For a deposition with major axis D;; and the minor axis dj; as in Figure 3.2. from the equity of
the areas of the deposition and the cross-section it follows that

d,xD, =nR*, (3.8)

which yields equivalent results.

In this model the total duration L is then divided by N time intervals At;, which coincide with the
intervals for regular weather observation (e.g. 3 hours). In each interval the process is assumed to
be stationary. However, because the process is very intensive initially, the fist time interval is
subdivided into 6 time steps of 30 minutes each. In each time step E, w, V;sinf; and p; are
calculated and their values are used as input parameters in the next time step.

w,V, sin 8

R, =R_ +E, L,;i=1,.,N (3.9)
7p,

Here Ry is the radius of the cylinder at # = 0 and Ry will be the final radius of the deposition at
tv=N.

The mass M; (kg/m) of the deposited ice at each time interval is then
M, =7p,(R* = R?), (3.10)

and the combined ice and wind loads F; for the same time step results in

F=y(M,+M,)}+0?, (3.11)

where Q; is the wind load.

For the analogous case of a flat plate with area S it can be considered using the corresponding
formulas which are respectively:
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- for the thickness of the deposition:

h, =EhiM (3.12)
Pi
- for the mass of the deposited ice:
My = phsS, (3.13)

Because some of the parameters in the formulas are not routinely measured at weather stations
the model uses three empirically found relations (Stanev et al.1987):

. liquid water content of the fog and the horizontal visibility;
. density of the depositions and the air temperature;
. droplet radius and the air temperature,

and are presented in the Figures 3.3 - 3.5.

10 20 30 40 50 60 70 80 90 100

horizontal visibility, m

Figure 3.3: Relationship between the horizontal visibility and the liquid water content

This gives the empirical relationship between the visibility (Vis) and the liquid water content in
the form

w= a exp(-Vis/b) (3.1a)

where a = 1,2285. 10° and b = 63.0107 with Vis taken in meters and w in kg/m3 .
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Figure 3.4: Relationship between air temperature and the density of deposition
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Figure 3.5: Relationship between air temperature and mean radius of the droplets

A comparison between the experimental and the theoretical values found for the radius of the
deposition for examples of rime icing on peak Cherni vrach, Vitosha mountain (Bulgaria), are
given in the Table 3.1.
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Table 3.1: Experimental and theoretical values for the deposition radius

Date Rineor. Rexp.
cm

3.01.1970 10.5 9.9
12.11.1970 6.8 7.2
11.12.1970 83 8.6
2.01.1971 8.0 8.7
26.01.1971 6.5 6.9
08.01.1972 5.6 8.1
17.12.1973 12.6 11.3
02.02.1976 5.1 4.8
14.01.1977 8.2 6.7
17.03.1977 6.8 6.2

The model gives good agreement with experimental results for rime icing. It has not been
adjusted yet to the wet growth process. This can be achieved by including the freezing fraction S
(after Mazin 1957) or n after Makkonen (1984) or Lozowski et al.(1983).

3.1.2 The in-cloud icing model of Makkonen

The model of Makkonen was designed firstly to simulate the intensity of in-cloud icing both for
dry and wet growth regimes on stationary structures of constant size and orientation
(Makkonen 1981). It showed that the icing intensity in wet growth could be expressed
independently from the liquid water content and collection efficiency. Later the model was
adjusted as time dependent model for icing on cylindrical objects (Makkonen 1984). In the later
model (known as the cylindrical-sleeve icing model) Makkonen examined the icing of wires
perpendicular exposed to the wind vector and expressed the icing intensity / on the cylindrical
surface as

I=—2-EnwV, 3.14)
V4

where E is the collection efficiency and » is the freezing factor, defined as ‘the ratio of the icing
to the mass flow of the impinging water droplets’.

The quantities 7, E and » are given for the whole wire which is allowed to rotate for more than
360°. In the model the assumption for a circular form of deposition is adopted. This assumption
is well justified in power line icing, because the asymmetric deposit of ice at the beginning of the
process causes gravitational forces, which leads to twisting of the conductor. Dranevic (1971)
reported elliptic depositions on transmission lines with a ratio of the minor to the major axis with
0.88 and 0.82 for glaze and rime, respectively.
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Makkonen used for £ in the model the empirical equation

E =0.69E>" +0.31E.9 (3.15)

where E, is the total collecting efficiency, calculated by using the median volume droplet
diameter d,,.

The freezing factor in Eq.(3.14) was derived from the heat balance of the icing surface and is
given by

oh { kL, er} t ( o n']
n=———|—-t,+ (e, —e,)- - c, +
2EWVL, c,P, 2c, | L, 2EwV

where n’ = 8.1x10’K?> as in Eq.(2.26f).

This model allows for the time dependency of the parameters included in Eq.(3.16). This time
dependency of the icing intensity can be expressed formally as

I(t)= 3E(t)n(t)wV (3.16)
T
The icing mass of unit length for time ¢ is then:

M= ]I(t)%D(t)dt - wV]E(t)n(t)D(t)dt (3.17)
0 0

In each time step the ice mass M, the icing intensity /, the diameter of the deposited ice mass D,
the collection efficiency E, the freezing fraction n, the density of the accreting ice p and the

density of the total deposit p (see Eq.(3.21)) are calculated, using different time steps. However

Makkonen showed that there is no significant difference in the results when using other time
intervals. The differences are larger only at the beginning when the process is very intensive.

The ice mass at ¢ = ¢;1s

M, =M_+I, %DiAz' (3.18)
and the diameter of the deposit is

4M. - M.
D, = [D,?_l it (Y )] (3.19)
7p;

The density of the accreting ice is calculated by using the Macklin parameter R (= - vod,/2t;, see
paragraph 2.6). The droplet impact speed v,y can be obtained from the numerical solution of the

equations for droplet motion. In the model an empirical fit to the data of Langmuir and
Blodgett (1946) is used as

v, =v(—0.174+1.464K, — 0.816K}) for Ko <0.55 (3.20a)
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and

v, =v]0.561+0.592log K, —0.26(log K, )*|  for Ko > 0.55 (3.20b)

The surface temperature £, in the Macklin parameter can be derived from the heat balance
equation.

The total density of the deposition for time step i is:

— 4M,
= ! 3.21
P D (3.21)

The model results show that the process may change from one regime to the other under constant
meteorological conditions and that the density of the ice deposit usually decreases with time. It
shows further some other dependencies of the icing intensity, revealed earlier by
Makkonen (1981), namely that the intensity is in general dependent on the air temperature in the
wet growth process, whilst in the dry regime there is no significant dependency. The icing
intensity in the dry process is proportional to the liquid water content. Changes in the droplet
diameter influence the icing rate significantly.

The time dependency of the model allows the influence to be assessed of increasing the obstacle
dimension of the freezing fraction, the collection efficiency and the heat balance and
consequently the icing growth rate and density of the deposition. The model encounters a
maximum value of the diameter Dy, which corresponds to the maximum icing rate. After
reaching this diameter the icing intensity decreases.

3.1.3 The axial-growth model

This model (Lozowski et al.1983) considers icing of an unheated non-rotating cylinder
perpendicular to the air stream in both dry and wet regimes. The thermodynamic conditions and
the initial icing rate, influenced by the runback of unfrozen water are calculated as a function of
the angle of the windward obstacle surface. For a definitive result the shape and the total mass of
the deposited ice are simulated as follows.

Given an unheated and non-rotating cylinder with diameter D in a perpendicular air flow with
speed v (m/s) the model calculates in a first phase the local flux of impinging super cooled
droplets as a function of the position of impingement on the cylinder surface. This is made by
dividing the upwind surface of the cylinder into i (i = 0,1,...18) angular sectors with 5° width
each and the droplet size spectrum into nine diameter categories each 5 um wide. The droplets in
a category are assumed to have the same radius. The model calculates the collision efficiency for
each angular sectors and droplet size categories, which is defined as the local collision efficiency
By = B(6). The overall collision efficiency for each sector is the mass-weighted mean for all
droplet size categories.

B =ﬂ(0i)=z./;'ﬁij =an6j(01)s (3.22)

where f; is the part of the total water mass flux, comprising droplets in the j-th category.
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The total collision efficiency for the cylinder surface is calculated then by integrating £ for each
angular sector.

For the determination of £(6) the authors used the following calculation procedure. Firstly they
re-examined the results of Langmuir and Blodgett (1946) and the conclusions of Oleskiw (1981)
for the droplets motion and suggested a modified formula for the Langmuir inertia parameter K,
which is calculated for each droplet category j. For the stagnation line (8= 0) the formula is

(k,-0.125)

; 3.23
1+0.0967Re -2

K,, =0.125+

where Re; are the Reynolds numbers and X; are the Langmuir inertial parameters for the droplets
of the j-th category. Then the values of the stagnation line collision efficiency [, the total
collection efficiency E; and the maximum impingement angle 8, all for the j-th droplet
category, are calculated as

B,=E =6, Ky <0.125 (3.24a)

1.4(K,, —0.125)°%

= ,0.125 <Ky <7.5 (3.24b)
Y 1414(k, -0.125) ’
B, = Ky, 7.5 <Ky (3.24¢)
7 1+K,, R '
E, =0.489(In8K,,)""", 0.125< Ky <09 (3.25a)
K,
E=—Y, 0.9 <Ky (3.25b)
V3
S+K,,
8, = tan™ [L7(K, - 0.125)"° |, 0.125 < K5y < 10 (3.263)
6, =tan" K, , 10 < Ky (3.26b)

The empirical results of the procedure coincide very well with those of Langmuir and
Blodgett (1946).

Finally the calculations for 3(6) were made by the following empirical formula:

7 6, 7’ 26,80\, . [_ 6,
B.(6,)=5, =ﬂ0.cos(——‘—)+ (E ——220 192 sin| 7— |, 6, < Gy (3.27a)
/ 1P 2, ) 6 -a) 4 6,,

mi
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and
B(6) = ;=0 6> 6, (3.27b)

These formulas satisfy the physical constraints £(0°) = B, f(6m) = 0 and
O,y
|8,6)do =E,
0

The second part of the model considers the heat balance of the icing surface. The new approach
allowed the influence of the moving unfrozen water to be included. Neglecting the radiative heat
flux between the accretion and the air flow and the heat flux between the accretion and the
underlying surface, the authors gave the heat balance equation in the form (Messinger, 1953):

qc+qe+qv+qk+qf+qw+q:v+q;=O (328)

Here the indices are the same as in (Eq. 2.25), ¢., is the heat flux between the unfrozen water
and the underlying accretion and q} is the latent heat of flux liberated by freezing a part of or all

the runback unfrozen water. This equation was applied for each angular sector, starting from the
stagnation line outwards to €= m/2, taking into account that half of the runback water from the
first sector flows downward around the cylinder surface. The runback water does not affect the
heat balance of the sector of departure, but influences the sector where it goes.

The heat flux of the unfrozen water in the new sector is given by
=R, c (t t), (3.29)

where R is the runback mass flux in the new sector, £, is the temperature of the runback water.

However if the underlying layer is also liquid this term will be zero, because ¢, = ;= 0°C.

The latent heat of freezing of the runback water is
q; =R,In (3.30)

This detailed mass and heat transfer analysis allowed the authors to derive formulas for the icing
flux in the i-th sector (R;) and the local thickness in the same sector (4;):

R =n,(R, +R, (3.31)
b = 2R, 0t/ p,

1+(1+ 4R"§IJ
piDc

where 7 is the freezing fraction, p the density, R, is the droplet mass flux, R, is the runback
mass flux and the index i is used for designation for the i-th sector.

(3.32)
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The model prediction of icing profiles, using the initial rate of icing on different sectors, gives
good results in comparison with experimental data. While the prediction of the dry process is
adequate for wet growth the differences from the experimental data are significant. The authors
themselves suggested some improvements, as for example the inclusion of the time dependent
effects.

3.2 Freezing rain models

The form of the depositions in freezing rain conditions depends on the diameter and the shape of
the obstacle, the precipitation rate, the wind speed and the freezing rate of the deposited water.
Usually asymmetrical compact depositions with or without icicles are formed. In the model of
Makkonen (1998) the assumption for a uniform shape of the deposition is applied and the icicles
are modelled separately.

In contrast to the in-cloud icing, the freezing rain icing events are determined mainly from the
gravitational fall of the rain or drizzle droplets. Some theoretical considerations will be given
below for the possible approaches applicable for this type of icing.

It is assumed that rain drops fall vertically if there is no wind. The total mass of the falling
raindrops across a 1 cm? horizontal surface per second can be expressed (Matveev 1984) as

Tmax

M = %;szd J.r?’f(r)vr(r)dr , (3.33)

Tmin

where N is the total number of droplets in lcm’, pa is the density of the droplets, f{7) is the
distribution function of the droplets radius and vris the end velocity of the droplets.

Then the intensity of icing / of a cylinder with radius R will be:

1=§”di1e TER rYn(R.FY PP F(r)vy (r)dr (3.34)

rmm

where F is the collision efficiency and # is the accretion efficiency.

For convenience N can be substituted with the liquid water content w. The latter is given by

w=§n'pdN P f(rdr (3.35)

rmlﬂ

Then I becomes

2er'TE(R,r)n(R,r)vT (r)r’ f(r)ar
[=—m (3.36)
jr3 F(r)dr

This integral can be solved numerically. For simplification it can be assumed, that all rain
droplets collide with the cylinder surface and that all impinging water freezes (i.e. E = 1 and
n = 1), hence I can be written as
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¥ max

2wR Ir3f(r)vr (r)ar

I= : (3.37a)
[r2f(ryar
or
I=2wRv, (3.37b)
The icing intensity can also be expressed in terms of the intensity of the rain P, which is
4
P=2zN [r* fyvo (r)ar (3.38)
Then for / follows
2p,RP [E(R,r)n(R,r)r’ f(r)v, (r)dr
I= min — (3.39a)
Ir ‘F(r)dr
and again, if £ and » are unity, then
I1=2p,RP (3.39b)
The mass of the deposited ice after time ¢ is:
M=1t=p,DP=wDv.t (3.40)

with D = 2R the diameter of the cylinder.

These formulae can be used for the calculation of the icing rate and total mass of the deposit only
in the case of £ =n = 1. This can only be assumed for very small objects at low temperatures . In
most cases of power line icing the first approximation (E = 1) is realistic for falling rain or
drizzie droplets, but the second case (n = 1) is not. The droplets and the dimension of the
conductors are commensurable and part of a droplet will be lost by shedding or dripping before
freezing. Thus for a better assessment of the ice loads from freezing rain the heat balance of the
ice accreted surface should be taken into account.

These theoretical results are also restricted to conditions with no wind. When there is wind the
calculation should include also the horizontal component of the droplet motion.

3.2.1 Analytical models of icing due to freezing rain

Several simple operational models of icing due to freezing rain have been developed, and they
are reviewed and evaluated by Makkonen (1998). It was concluded that other analytical models
except the one by Goodwin et al. (1983) are conceptually incorrect. The Goodwin model has
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been used in many instances and its results equal those of the corresponding time dependent
numerical models (Makkonen 1984, 1998, Jones 1996) with the assumption of n = 1.

The basic idea is to apply Eq.(3.37b) in a more complete form, in which the drop impact speed v;
is a vector sum of the drop terminal velocity vrand the wind speed. Using Eqs.(3.10) and (3.37b)
gives

drR/dt =wv,/px (3.41)

Integrating gives the radial ice thickness AR accreted in a period ¢

AR=wvit/px (3.42a)
The drop impact speed is
vi = (v + V)" (3.43)

Here it is assumed that the wind is perpendicular to the cable axis. The liquid water content w
can be related to the depth of the liquid precipitation H measured during the accretion time ¢ by

pwH=wvrt (3.44)
This gives for AR
AR = (pu/p)(H/m) [1 + (VD) (3.42b)

On vertical surfaces, such as the sides of a tall mast, Eq. (3.37b) can be applied by adopting the
horizontal component of the drop velocity vector only. Accordingly, Sundin and Makkonen
(1998) used the following simple approach for the ice accretion intensity, namely /= f(n, w, P).
Setting the freezing fraction n (0 <#n <1) to unity (all impinging droplets will freeze on the
surface) and using the formula for the liquid water content, they calculated the icing rate /
(mm/h) using the formulation for the liquid water content w after Stallabrass (1983).

I=wV=026P"8y (3.45)

It is assumed that the collection efficiency and the freezing fraction are unity. At temperatures
close to 0°C this may lead to significant errors due to runoff and icicle growth (Makkonen 1998).
Theoretically, the sticking efficiency may also be less than unity because part of the accreted
water in the wet process can be lost by shedding (List 1977).

3.2.2 Numerical models of icing due to freezing rain

The numerical freezing rain models proposed by Makkonen (1998) and Jones (1996) contain a
model (the heat balance model) which uses the heat balance equations for calculating the ice
accretion rate. Both models consider the ice accreting on a horizontal cylinder under conditions
of freezing rain with a precipitation rate P (mm/h) and wind velocity ¥ (m/s). It is assumed that
the accreting ice surface has a uniform shape. In addition, in the heat balance model the water
that does not freeze runs off to the bottom surface of the cylinder and may drip off or freeze as
icicles. Icicle spacing is from Makkonen and Fujii (1993). The heat balance equations are similar
to those used by Makkonen (1981, 1984). The temperature of the accreting ice surface is set at
0°C because the growth is assumed wet. The main difference from in-cloud icing is that the total



water flux Fz (g/m’s) is determined by the flux from precipitation and the flux from the wind
effected liquid water content w. The total water flux to the cylinder surface is then the vector
sum of these two fluxes

P 2
F, =\/( 3%’) +(wV ), (3.46)

where p, is the density of water. In the model w is computed using Best’s formula (Best, 1950)
as

w=0.067 P (3.47)

Jones examined the magnitude of all components of the heat balance equations and omitted the
viscous, kinetic and resistive heating as very small terms. The other terms determine which part
of the deposited water will freeze as uniform ice deposition. The forming of icicles is initiated
from “protoicicles” (Maeno et al.1994, Makkonen and Fujii 1993) and their growing rate is
determined from the heat balance. The model of Makkonen (1996) includes a complete icicle
growth module (Makkonen 1988, Chapter 3.2.3) and takes into account the water that is
collected directly by the icicles.

3.2.3 The model of icicle growth

This model after Makkonen (1988) gives a quantitative theory of the icicle growth and can be
used for estimation of the shape and the mass of the icicles. The first quantitative study of icicle
growth was made by Maeno and Takahashi (1958).

Icicles form in conditions of freezing rain or melting snow at temperatures below 0°C. Icicles
form from the deposited water that does not freeze on the obstacle surface. This water flows
down due to the gravity, and at the bottom part of the obstacle pending drops are formed. These
drops will hang on the obstacle until the gravity force overcomes the surface tension. The
droplets that freeze before dripping off initiate the forming of icicles. The icicles that form firstly
can be defined as proto-icicles, a stack of partially frozen hemispherical droplets with a diameter
about 0.5 cm (Maeno et al. 1994).

Makkonen (1988) shows that an icicle grows as a thin ice-walled tube with unfrozen water
within. The icicle growth is in two directions - in width and in length. The growth in width
happens when the water freezes on the wall of the initial icicle. When all the water does not
freeze on the walls a pendant drop is formed at the tip of the icicle. The growth in length occurs
as a thin cover of ice growing into the pendant drop. Makkonen expresses these growths with
dDydt and dL/dt, where D is the mean diameter of the icicle and L is the length of it. He
determined these terms from the heat balance of the icicle walls and the pendant drop. For the
width growth he found

L+ %{e(OOC) — Re(t,)}- oat,
b _ o Pa (3.48)
dr

1
S Pl A= 2)

—h,t
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and dL/dt was determined by numerical solution of the heat balance equation for the pendant
drop

062
i, + B 00 C) - Rel -, =2 {W ﬂw[p LdD, 2622@(0") “Ret, ))H

2 dt
pla P (3.49)

x[dL 1 dp]m" 2Ly pd—0) dL
a’ dt

Here the index w marks the quantity for water, ) is the water flux to the root of the icicle, p; is
the density of the icicle, p, is the density of the icicle walls, d is the inner diameter of the tube
and 9 is the thickness of the wall at the tip. The values for D in (3.51) are used from Eq.(3.50)
for each time step.

The mass of the icicle is calculated by

aD?
4

M=, (3.50)

The icicle growth model has been incorporated in to the comprehensive icing model by
Makkonen (1998). The model results show that at temperatures close to the freezing point, the
growth of icicles can considerably increase the total ice load.
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4. Meteorological parameters influencing the icing process.

The main meteorological parameters, which may influence the icing process, are the air
temperature, the droplet size spectrum, the wind velocity, the liquid water content and/or the
precipitation rate and the topography or the relative altitude of the place of interest. The values of
these parameters vary in a wide range during an icing process. For more accurate results it is
necessary to investigate the different icing types separately. The determination of the influence
of only one of these parameters is hampered by the very complex interdependency between
them. This is especially difficult for an event with extremely long duration when the ending and
beginning of the separated processes overlap each other.

4.1 The influence of temperature

Investigations of the influence of the air temperature on icing have not revealed a strong
dependency in the dry growth regime. In the case of wet growth regime there is a near-linear
dependence, namely the depositing of ice mass increases in general with decreasing air
temperature. In the dry growth regime the dependency is opposite but not so significant — the ice
mass decreases considerably at lower air temperature (Buchinski 1969, Makkonen 1984,
Gluchov 1989). The change in the accreted ice mass in wet growth is bound to the heat flux from
the object to the environment, which increases when the air temperature decreases. As explained
above in dry growth regime the temperature decrease is related to a decrease in the ice deposition
density. Makkonen (1981) showed also that at fixed values of wind speed and air temperature the
maximum icing intensity is reached in the wet process. In freezing rain the ice load may be very
sensitive to the air temperature due to runoff and icicle growth (Makkonen 1998).

4.2 The influence of wind speed

The icing process depends, as mentioned before, strongly on wind speed both in dry growth and
wet growth. This dependency can be formulated easier for the dry-growth process. There are
many authors who have reported an empirical correlation between the icing intensity and wind
speed, e.g.

Ahti and Makkonen (1982) I=11x10V: (4.3a)
Baranowski & Lieberslach (1977) I= 7.5x10°V for soft rime and 1= 15x107V else (4.3b)
Tammelin & Sntti (1996) I=4.8x107V. (4.3¢)

These dependencies are very similar although there is obviously some influence from the local
conditions of the environment (see paragraph 4.5).

4.3 The influence of liquid water content

The amount of water impinging on an object is determined by the water flux density wV. It is
therefore reasonable to expect that the icing intensity is proportional to the liquid water content
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until it reaches a critical value w., where transformation of the process from dry to wet regime
starts. Makkonen (1981) found that in wet growth the intensity of atmospheric icing is not
sensitive to changes in w.

4.4 The effect of droplet size spectrum

The effect of droplet spectrum is described mathematically in Chapter 2.2.2.1, in which the
calculation of the collision efficiency is presented. As discussed, this effect can well be described
by a single parameter, the median volume diameter (MVD), of the droplet size spectrum.

The effect of MVD on the collision efficiency E is very significant, so that E varies between
almost zero and unity in a rather narrow range of conditions. This is particularly so, when the
wind speed is small and the object size is big. Examples on this dependence can be found e.g. in
Makkonen (1984).

Because MVD affects E, it also affects the limiting conditions between dry growth and wet
growth and on the density of ice. When icing is wet growth, the effect of MVD is negligible.

In freezing precipitation drops are so big that E is very close to unity, so that the precipitation
drop size has no direct effect on the icing rate, except on very big objects.

4.5 The influence of topography

The regional and local topography has a significant influence on the intensity as well as on the
duration of an icing event. Especially in mountain areas the exposure of the slope to the
prevailing wind direction is here an essential factor.

The increase of altitude intensifies the process of icing not only in mountain regions. The relative
height according to the surrounding area has also a strong influence on the frequency and
intensity of icing in flat areas. An increased frequency of icing events is bound to an increase in
the number of foggy days with temperatures below 0°C.

Many authors have investigated this influence and some of their results are presented below. It
should be noted that the derived relationships are mainly determined on the base of the local
climatological and geographical conditions.

Buchinski (1969) gives the following experimentally found relation between the diameter of the
deposition and relative altitude up to 300 m in the region of Donbas, Russia.

D = a exp(bh), 4.4

where D is the mean diameter (mm), 4 the altitude (m) of the site and a and b are constants
depending on the geographical conditions. He reported values for glaze and rime ice of a = 7.76
and 4.47, and b = 0.0032 and 0.0039 respectively. For the relative frequency of icing he found

P(%) = 3.93 exp(0.0077h) 4.5)

For the European part of Russia Lomilina (1977) found for the coefficient K, (which is the ratio
of the icing mass P with return period of 10 years for stations in different altitudes to the icing
mass Py with the same return period for stations in a flat area) for windward slopes
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K,, — (1:03-r) 00144k (4.63)

and for the leeward slopes

_ 0.018 (1.09—r)Ah
K,=0.5e (4.6b)

Here 4h is the relative altitude between the sites in the flat area and the location of interest and
r = n/N where » is the number of days with freezing rain and N is the frequency of freezing fog
days and freezing rain days. The coefficient » gives a measure for the part of freezing rain in the
icing events. If icing is caused by prevailing of freezing rain, then r is bigger and K, changes less
with altitude.

In ISO 12494 (2000) a formula is given for calculating a multiplying factor K}, as
K, = e *014 (4.7)

for ice masses at levels above terrain.

Makkonen and Ahti (1995) also found that the absolute elevation above sea level does not
significantly correlate with the ice loads in contrast to the relative elevation to the surrounding
terrain. They recommend for estimating the ice loads at the location of interest to use its relative
height H,, i.e. the difference between the absolute elevation of the location and the average
absolute elevation of the surrounding terrain. The authors investigated the ice loads as function
of the relative elevation H; , ’the relative elevation at which certain ice loads occur® or ’rime
level‘. They showed that the rime level on hills is at a higher absolute altitude the higher the hill
is. Ollila (1984) who analysed data of visually observed rime levels for various hills in Northern
Finland obtained the following empirical formula for the rime level

Ruy=0.72 H+55m (4.8)

where R, is the visually observed rime level and H the height of the hill above terrain.
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5. Results with experimental data from Oberstrahlbach

In this paragraph the results are presented from the test site Oberstahlbach, Austria (with the
coordinates 48°38'22”N, 15°07°07”E and elevation 657 m, for winter 2002/03 and 2003/4 and
for comparative purposes data from Sternstein, Czech Republic (with the coordinates
48°33°35,7°N, 14°16’3,3”E, elevation 1122 m), measured only for a short period between
January and April 2004. The observed icing events with all investigated cases are listed in
Tables 5.1 and 5.2 showing the main characteristics of the detected icing events.

5.1 The measurements at Oberstrahlbach

The meteorological and icing data have been collected at the above described site where the
following hourly meteorological data were measured at a 40 m meteorological mast with 3
levels:

¢ Wind speed and direction (m/s and Deg), 40 m a.g.l., 10 min. averages

Heated: Thies Ultrasonic 2D
Unheated: Kroneis 260 PL/P
e Wind speed (m/s) 20 m a.g.l., 10 min. averages
Heated: Kroneis 260 PRH
Unheated: Kroneis 260 PL/P
e Temperature (°C) I 2 ma.g.l., 10 min. averages
e Humidity (%) 2 m a.g.l., 10 min. averages
e Global radiation (W/m?) 2 ma.g.l., 10 min. averages
e Pressure (hPa) 2 ma.g.l,, 10 min. averages
e Data acquisition: Starlog 6004C
e Icing sensor hourly
e Pictures from two web cameras, one pointing to the met mast and the icing sensor

the other to the rotor blades of the wind turbine, every 20 minutes

Additionally, for a rough assessment of visibility wooden white painted poles were driven into
the ground at 50 m distance from each other up to a distance of 300 m from the mast within the
view of one of the web cams. This arrangement was used for a rough estimation of the LWC by
Eq.(3.1a).

Meteorological data were taken from the nearby located weather station Zwettl (505 m a.s.l.) of
the Austrian meteorological service (ZAMG). The icing sensor, provided by the Institute of
Atmospheric Research, Praha, CZ, was exposed vertically in 3 m height having 461 mm in
length and 30 mm in diameter (giving an area of 0,04345 m?) and provided hourly data for the
accreted ice mass. Near this measuring site a wind turbine exists, namely a VESTAS V44/600
from which the production data were gathered hourly too.

5.2 Analysis of the collected icing data

In the Tables 5.1 and 5.2 some characteristics of the icing events in the winter months of
2002/2003 and 2003/2004 together with the average values of meteorological parameters and the
ice mass at the end of the process are shown. The number of identified icing events is 35, from
which 29 are in cloud icing and the rest freezing rain. It should be mentioned that probably there
was an additional in-cloud icing event (from 06.02.2003 to 11.02.20003 when the wind turbine
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was not in operation), but the icing sensor did not provide any data at that time. Unfortunately a
lighting strike in December 2003 damaged the measuring equipment severely so that nearly two
months of measurements in the central winter period 2003/2004 are missing. The full
measurements programme commenced again at the end of February 2004. From the tables it can
be seen that on average the icing events were rather short, mostly less than 10 hours and only 4
events with around 40 hours duration (maximum 45 hours). For the winter months of the season
2003/2004 only 11 cases of in-cloud icing have been registered (Table 5.2). From them only 4
cases are longer then 10 hours (maximum 35 hours). The maximal deposited ice masses for this
season are 2,2 and 1,6 kg/m’, whilst the maximal values caused by in-cloud icing in 2002/2003
were 12,2 and 6,0 kg/m’. In 2004 there are only a few cases until the beginning of February and
after that no icing data were available. The more significant cases in January are those on 08.01
and on 26.01. The second one gives the longest duration for 2003/04 and one of the maximal ice
mass values.

Table 5.1: Icing events and their characteristics at the test site Oberstrahlbach, winter 2002/2003

Begin End Type D‘::tl in?;ia;?ty X:aon U2a(1me mef Icl T Hun:idity, m:;-s;:e

hours gr/h kg/m
20.12.020000 | 20.12.030900 | in cloud 10 0.9 4.1 3.1 8.9 92 0.56
20.12.02 1600 | 20.12.021700 | in cloud 1 2.0 3.5 24 5.5 91 0.23
23.12.02 1400 | 24.12.02 1600 | in cloud 26 3.7 5.1 34 65 93 4.7
25.12.020000 | 28.12.022100 | in cloud 45 29 5.2 0.9 58 94 12.2
31.12.031100 | 31.03.021200 | incloud 1 2.0 5.5 5.2 25 95 03
12.01.03 0300 | 12.01.030800 | incloud 1.5 4.1 2.5 -14.4 86 0.5
14.01.03 0300 | 14.01.030700 | in cloud 4 3.8 6.7 5.7 0.7 89 0.83
18.01.03 0400 | 18.01.03 0500 | incloud 1 3.0 4.7 3.5 3.7 92 03
19.01.03 0600 | 20.01.03 0400 | in cloud 22 0.9 3.6 2.1 5.6 94 1.5
20.01.03 1700 | 22.01.03 1000 | in cloud 41 3.1 48 1.8 5.0 94 6.0
02.02.03 0200 | 02.02.03 1000 | in cloud 08 2.7 2.1 -13.7 87 0.3
17.02.03 1100 | 17.02.03 1300 | in cloud 2 2.0 1.7 1.5 6.2 80 0.3
18.02.03 0700 | 18.02.03 1000 | in cloud 3 23 23 1.7 -13.5 85 0.4
20.02.030100 | 20.02.03 1200 | in cloud 11 1.1 15 1.1 9.2 91 0.8
21.02.03 0400 | 21.02.031100 | incloud 7 13 38 33 47 95 0.6
22.02.030100 | 22.02.030800 | incloud 7 0.5 24 17 6.7 93 0.4
05.03.030100 | 05.03.03 1100 | incloud 11 04 1.8 14 2.5 97 0.4
22.12.022000 | 23.12.02 02.00 frerziz;“g 6 12.4 52 34 -1.0 98 7.6
22.01.03 1600 | 22.01.03 2100 f“;‘;iz;"g 5 2.0 1.5 1.0 02 98 08
24.01.03 0600 | 24.01.03 0800 f“’;zizril“g 2 12.0 6.2 5.2 0.0 96 1.2




44

Table 5.2: Icing events and their characteristics at the test site Oberstrahlbach, winter 2003/2004

Begming | Endng | Tope | on | ey | U0 | U0 | memT | Humidy, | Gl
hours g/h kg/m
28.10.03 1900 | 29.10.031100 | incloud 16 1.2 3.6 3.1 23 94 1.1
29.10.03 1400 | 29.10.032100 | incloud 7 23 3.9 3.1 -1.1 99 07
10.11.03 0500 | 10.11.03 1000 | incloud 4.0 42 3.6 0.6 99 22
30.11.03 0300 | 30.11.030900 | incloud 6 1.6 49 39 0.9 98 0.7
4.12.032100 | 5.12.030700 | incloud 10 2.0 4.0 35 0.7 98 07
28.12.03 0500 | 28.12.032100 | incloud 16 1.8 3.3 3.1 5.2 92 1.1
29.12.032200 | 30.12.030800 | incloud 10 1.6 2.6 3.4 0.7 98 09
30.12.03 1900 | 31.12.030300 | incloud 2.1 iced iced 5.6 100 12
07.01.040500 | 07.01.040600 | incloud 2 25 3.4 26 8.2 93 04
08.01.04 0600 | 09.01.040700 | incloud 14 23 2.5 5.3 5.9 93 1.4
26.01.04 1600 | 27.01.041100 | incloud 35 15 3.1 3.1 5.9 95 16
10.01.04 0800 | 10.01.04 1000 f“:zfril"g 2 43 6.0 53 0.4 94 0.7
12.01.04 2100 | 12.01.04 2200 f’izizril“g 1 45 42 3.7 02 91 06
2501041100 | 2501041800 | meloud* | 1.0 3.1 25 -4.8 89 03

freez.rain

The distribution of accreted icemass in Oberstrahlbach during the two winters 2002/2003 and
2003/2004 is shown in Figure 5.1. As it can be seen severe icing did not occur during the
observation period, with 85% of all cases not exceeding 1 kg/m?.

Figure 5.1: Distribution of measured ice mass in Oberstrahlbach, winter 2002/2003 and
2003/2004
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The distribution of air temperature during the icing processes is presented in Figure 5.2. The
maximum number of the icing cases occurs in Oberstrahlbach in the temperature interval from
-4 to —6°C.
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Figure 5.2: Distribution of air temperature during icing phases given in Table 5.1 and 5.2
(Oberstrahlbach)

In Figure 5.3 and Figure 5.4 the distribution of the wind speed for the heated and unheated
anemometer at 20 m and 40 m are presented. It can be seen that the icing effects change the
frequency distribution significantly, especially for the 40 m data, giving a maximum for lower
wind speeds and showing the frequent freezing of the unheated wind sensor.
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Figure 5.3: Distribution of wind speeds for heated and unheated anemometers at 20 m
above ground level during icing phases given in Table 5.1 and 5.2
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Figure 5.4: Distribution of wind speeds for heated and unheated anemometers at 40 m
above ground level during icing phases given in Table 5.1 and 5.2
(Oberstrahlbach)
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5.3. Comparison of the experimental data and different icing model results

5.3.1 Freezing rain

From Table 5.1 and 5.2 it can be seen clearly that the icing intensity is greatest during freezing
rain. A good correlation between the icing rate and the precipitation rate has been found for the
freezing rain cases and is presented for these listed in Tables 5.1 and 5.2 in Figure 5.5 giving an
icing intensity /= 0,0036 P.
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Figure 5.5: Precipitation rate R versus icing intensity [; Oberstrahlbach (see text)
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Figure 5.6: Measured M.y, and calculated cumulative ice mass M (kg/m?) for freezing rain in the
time period 22.-23.12.2002 (Oberstrahlbach); M1 With Eq.(3.45), Mieorz With Eq.(3.47).
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For quantifying the relationship between precipitation and icing during freezing rain Eq.(3.45)
after Sundin and Makkonen (1998) was used for a first rough estimation, though this formula is
valid only for vertical surfaces, assuming that the freezing fraction of the falling water droplets is
1, c.f. that all droplets are freezing. The results are shown in Figure 5.6 for the freezing rain
event from 22.12. to 23.12.2002 together with the measured ice mass. As can be seen, the results
are much lower than the measured values which may have been caused by the combined
influence of in-cloud icing and freezing rain.

5.3.2 In cloud icing
From the measurements in Oberstrahlbach and Sternstein the following findings are presented.

Figure 5.7 shows the measured icing intensity, the wind speed and the calculated intensity from
Eq. (4.3a) after Ahti and Makkonen (1982). Due to the broadly scattered data this estimation is
considered unsatisfactory.
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Figure 5.7: Calculated and measured icing intensity I vs. wind speed (Oberstrahlbach)

In the next graph (Figure 5.8) the two approaches after Ahti and Makkonen.(1982, Eq.(4.3a)) and
Tammelin et al. (1996, Eq.(4.3¢)) are given, showing a remarkable difference in the results. The
average icing intensity for each icing event was taken here as a base.
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Figure 5.8 Relation between wind speed at 20 m height and average icing intensity I
after Eq.(4.3a) and Eq.(4.3¢)

However there is a good correlation between ice mass and the duration of the process when
multiplied by wind speed, as presented in Figure 5.9. A better correlation is obtained if instead of
using the values for the supposedly iced anemometers at 20 m height (blue) the values for 40 m
height (pink) are used. This can be taken as an indirect confirmation that the heated anemometer
at 20 m is also frequently affected by icing. The derived relationship from Figure 5.9
extrapolated for 10 m height above ground level gives

M;p=0,039¢t V) (5.1)
with M the mass of rime ice accretion, ¢ the time of duration of ice accretion in hours and V' the
wind speed in m/s for an air temperature below 0°C. This is in comparatively good agreement
with the height dependent findings of Tammelin et al.(1996)

M((z) =a,0,11¢, V, (5.2)

who included a factor to account for the cloud amount which is set in Eq.(5.1) to unity.
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Figure 5.9: Mass of rime ice accretion vs. wind speed in two heights (blue at 20 m,
pink at 40 m) and duration of the icing process (averages of each single icing
event in Oberstrahlbach)

The icing intensity dependent on wind speed shown in Figure 5.10 reveals only a weak
correlation in Oberstrahlbach. The relation 7 = 0,0044 V5 is of the same order of magnitude as
the relation after Eqs.(4.3a)-(4.3¢).
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Figure 5.10: Correlation between the wind speed (at 20 meter height) and icing
intensity, Oberstahlbach (see text)
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Results from the short measuring period in Sternstein from similar measuring equipment as
Oberstrahlbach are shown in Figure 5.11. This figure contains all cases with icing giving a little
more distinct correlation between wind and icing intensity than shown in Figure 5.10. This is
because in Sternstein the icing events were much more severe than in Oberstrahlbach.
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Figure 5.11: Wind speed versus icing intensity I in Sternstein, all cases

The estimation of the ice mass for in-cloud icing (after Ahti and Makkonen 1982) in the form of
Eq.(4.3a) was used. As an example of an icing event the case of 20.12.2002 (number 1 in Table
5.1) 1s given. The experimental and calculated results are presented in Figure 5.12. The data
disagree widely and measured data is significantly over estimated. Various reasons for this could
result from low liquid water content, small drop size relative to reduced air temperatures or error
in wind speed measurement due to anemometer icing.
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Figure 5.12: Measured and calculated (after Eq.4.3a) ice mass M (kg/m?) for the icing

event on 20.12.2002 (Oberstrahlbach)

The next figures (Figure 5.13 and 5.14) show two phases of a long icing event without full
melting between the them. In the first phase the calculations show again an overestimation by
Eq.(4.3a) compared with the present experimental data. The measured intensity increased
gradually at first (Figure 5.13) but after about 17 hours a steeper rise can be observed. An
explanation for this behaviour could be that the ice growth is wet at the beginning (lower icing

efficiency) and after 17 hours it turns to dry growth with a higher intensity rate.
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Figure 5.14 depicts the icing process starting with an ice accretion mass of ca 4 kg/m’. The
process starts without full melting of the previously deposited ice. In the first 20 hours there is a
slight overestimation and after that time the model results are significantly different from the
measured data, which is related to the lower wind speeds at this time. Probably the wind speed
measurements were influenced by icing on the anemometers as shown by the results at 20 m
height (U20).
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Figure 5.14: Icing period 23.-28.12.2002; second phase (see text)

The following cases shown here are calculated from Eq.(3.14) after Makkonen (1981). The
calculation of LWC was made possible using (starting January 2003) pictures from web cameras
in relationship with the horizontal visibility (Stanev et al. 1987, Stanev and Moraliiski 1987). In
Figure 5.15 the conditions for the case from 20" to the 22" January 2003 are shown. The first
curve, M(teorl), depicts the results for a fixed mean value of LWC = 0.5 gr/m’. The second
curve, M(teor2), calculated with the wind speed at 20 m above ground level using Eq.(3.1a)
shows the results of the calculation with hourly values of LWC from the afore mentioned
relation after Stanev et al. (1976). This curve is closer to the measured data for the first 12 hours
of the process. After that time there is a considerable difference, which is probably due to the
higher collection efficiency £ (in the calculation £ has a constant value). Here it is observed
again that the wind speed decreases, which is probably due to icing of the anemometer at 20m
height, as previously described in the initial phases of the icing event. As both approaches
underestimate the actual ice mass it is strongly evident that a good understanding of the
parameters for each time interval and the underlying principles for this application is
fundamental.
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Figure 5.15: Calculated and experimental data for ice mass M (kg/m?) for the event from
20.-22.1.2003. Oberstrahlbach. M(theor2) derived with Eq.(3.1a), M(theor1)
derived with a fixed value of LWC = 0.5 gr/m’

5.4 Icing and energy production

As mentioned above, the test site in Oberstrahlbach has installed a Vestas V44 with 600 KW
rated output and 63 m hub height. A comparison of the operating data for this turbine with the
meteorological and icing data is given in Figure 5.16 for the winter 2002/2003. Here the orange
dots indicate hours with an icing mass of more than 5 g measured by the ice sensor. The blue
diamonds indicate hours with no icing. The value of the calculated power output was estimated
with the wind at 40 m height. Beside the times of stand still of the turbine one can identify a
diminished power output during the hours of icing of about 10 % at comparatively low wind
speeds below 300 kW. Most of the stand still time of the turbine during the two winters in
Oberstrahlbach was not caused by the icing situation. The ice load was considered not severe
enough to stop the wind turbine.
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Figure 5.16: Calculated (Pc) and actual power output (P-out) for the VESTAS V44/600,
Oberstrahlbach (see text).

The course of an icing event is shown in Figure 5.17 for the time period 22.12.-28.12.2002. At
the beginning of this period low wind speeds caused only very little power output with icing
increasing quickly in the second half of the first day. After an air mass change the ice melted
quickly away, and due to increased speed the power output was high. At the end of the second
day when the wind speed was again reduced icing started steadily and the turbine power was
shut down accordingly. This situation lasted for about four days and the ice mass reached a peak
value of about 250 g. This condition ceased when a passing front caused a sudden melting of the
ice mass and power production was commenced immediately. During the stand still period of the
turbine the wind speed was relatively high at about 5 m/s.
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Figure 5.17: The icing event from 22.-29.12.2002; measured and calculated power P (kW)
is shown as well as the wind speed at 40 meter (m/s) and the ice mass M (g)
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6. Resume

Because the above discussed icing measurements have been gained over relatively short
investigation periods it is desirable to compare them with icing conditions at similar sites and
with the general icing conditions for central and south Eastern Europe (Table 7.1). This is
demonstrated here with data from two meteorological stations situated at comparable altitudes in
Bulgaria having long periods of measurements and one at Sternstein, Czech Republic, near the
border with Austria (measurements only for the period January to April 2004).

There is a relatively good agreement of the mean characteristics for the icing process, i.e. mean
wind speed, mean air temperature and duration. For the sites in Bulgaria the ice load values are
for two years and those for Oberstrahlbach and Sternstein are the maximal registered ice masses
during the measurement period.

Icing effects are strongly dependent on the location of the measurement. Oberstrahlbach has on
average less severe icing events and, therefore, the findings based on the available models are
not satisfactory. The height dependency in pre-Alpine areas is shown by the example of
Oberstrahlbach and Sternstein (where short period icing measurements were made during winter
2003/2004) which is situated only 20 km West of Oberstrahlbach and lays in the same climatic
zone with a 450 meter difference in altitude. As shown, the icing conditions at Sternstein are
more severe than at Oberstrahlbach. This is due to the increased elevation, humidity and wind
velocity. However, the measurement period in Sternstein was not long enough to provide a
statistical significance for these findings.

Table 7.1: Comparison of the mean characteristics for the icing process at different sites in
Europe

mean air mean
. mean wind temperature duration of | max. ice
Country | Altitude, m velocity, m/s | during icing, icing load, kg/m
°C hours
Oberstrahlbach | Austria 657 3.7 4.4 10 0.4°
Vakarel Bulgaria 851 42 3.8 12 22"
Sternstein Czech 1122 6.1 5.1 28 2.9"
Republic
Petrohan Bulgaria 1400 4.0 -5.8 24 6.0"

* observed in the period of investigation, ** average for the last two years

From the results discussed in paragraph 5.3 it can be reasoned that they are partly unsuitable
because of

- variation in the liquid water content

- variation in the drop size

- the existence of wet growth processes,

- icing of the heated anemometer,

- the Trabert formula for assessing LWC in the form of Eq.(3.1) was originally derived for

daily mean values; not using hourly values may be not appropriate in this case.
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The examples presented here show in general good agreement for freezing rain but for the other
types of icing more accurate results are necessary. To gain this improved information about the
liquid water content and the droplet size spectrum has to be provided. From another
measurement site with only a measurement period of about two month (Sternstein
measurements) the correlation between the wind velocity and icing intensity is clearer and more
intense icing happened at this location.
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ANNEX

A. Icing climatology of Europe

A compilation of the relevant data set from WMO RA VI region were applied using some simple
models for in cloud icing

A.1 Meteorological data archives

To design an icing potential map the synoptic data for the European domain A = 10° W to 30° E
and ¢ = 35° to 75° N and the four Russian stations with WMO-Ids 22028, 22106, 22113, 22127
were collected for the month January to April and October to December in the years 1999-2002.
In this domain and time interval 2161 stations were registered; of which 1629 stations were
available; 1256 stations provided useful data, of these 75 stations included observations of cloud
amount and height of low level clouds and 1000 stations included observations of cloud amount,
height and type of clouds. The stated time period was chosen as European synoptic data before
the year 1999 are not readily available from archives. These data are stored on tapes with only
indirect access, so each set had to be extracted separately for each station in the European
domain, requiring nearly 2 hours for each station beside the necessity of large computer
resources. Furthermore from 1999 to 2002 a larger number of stations with useful data is
available than in the time period 1991 to 1996 (the “WECO” period, Tammelin et al.1998;
Tammelin et al.2000) due to the increased number of automatic stations available throughout
Europe.

A.2 Collected weather elements from archives:
Synoptic data:

General elements: - air temperature
- dew point temperature
- reduced pressure
- pressure at station level
- visibility
- weather code at observation time
- weather conditions of last 6 hours
- relative humidity
- sunshine duration

Precipitation, snow, ice: - precipitation
- snow covered area
- total snow depth
- fresh fallen snow depth
- ice depth

Wind: - wind direction
- wind velocity
- wind gust of last 10 minutes
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Clouds: - total cloud amount

- altitude of low level clouds

- cloud amount of low and medium level clouds

- type of low level clouds

- type of medium level clouds

- type of high level clouds

- cloud amount at the 4 lowest levels

- type of clouds of the 4 lowest levels

- altitude of clouds of the 4 lowest levels

- cloud amount below station level

- type of clouds below station level

- upper level of clouds below station level

- appearance of upper level of clouds below station level
Climate data:

- cloud amount
- visibility
- relative humidity

Data of soundings:

At Surface: - altitude of pressure levels for 1000, 925, 850,700 and 500 hPa:
at Pressure levels - 1000, 925, 850,700, 500 hPa and surface:

- air temperature

- dewpoint temperature

- wind direction

- wind velocity

significant points: - pressure
- wind direction
- wind velocity
- air temperature
- dewpoint temperature

A.3 On-site measurements at Oberstrahlbach

Additional meteorological and icing data have been collected at the above described site near
Oberstrahlbach, Austria, where the following hourly meteorological data were measured at a
40 m meteorological mast with 3 levels:

o Wind speed and direction (m/s and Deg) at 40 m a.g.l., 10 min. averages

Heated: Thies Ultrasonic 2D

Unheated: Kroneis 260 PL/P
. Wind speed (m/s) at 20 m a.g.1., 10 min. averages

Heated: Kroneis 260 PRH

Unheated: Kroneis 260 PL/P
. Temperature (°C) I at 2 m a.g.l., 10 min. averages
. Humidity (%) at 2 ma.g.l,, 10 min. averages
. Global radiation (W/m?) at2 ma.g.l,, 10 min. averages
. Pressure (hPa) at2 ma.g.l,, 10 min. averages
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o Data acquisition: Starlog 6004C

. Icing sensor hourly at3m
Pictures from 2 webcams, one pointing to the met mast and the icing sensor the other to
the rotor blades of the wind turbine, every 20 minutes

For a rough assessment of visibility wooden white painted poles were driven into the ground at
50 m distance from each other up to a distance of 300 m from the met mast within the view of
one of the web cams. This arrangement was used for a rough estimation of the LWC by
Eq.(3.1a).

Data about the precipitation rate were taken from the nearby weather station Zwettl (505 m as.l.)
of the Austrian meteorological measuring network. The icing sensor, provided by the Czech
Institute of Atmospheric Research, Prague, was exposed vertically at 3 m height being 461 mm
in length and 30 mm in diameter and provided hourly data for the accreted ice mass. Near this
measuring site a wind turbine exists, namely a VESTAS V44/600 from which the production
data were also gathered hourly.

A.4 Data sets

A4.1 “Complete” data set

From the domain described in section A.1 484 stations with complete data from January 1999 to
March 2002 and observations of wind speed (V), temperature (7), cloud height (CH) and
visibility (Vis) during day and night were available. For these the number of hours were counted,
matching conditions 1-3 (Table A.1), days with at least one observation were counted as one
icing day. If the daily observations were made at 3 hourly intervals, the number of intervals were
multiplied by 3 to obtain hourly values.

A.4.2 “Incomplete” data set

For the 351 stations in the domain, which have data from January 1999 to March 2002 or
observations of CH and Vis only during daylight, the number of days with at least one
observation showing the conditions described in the next section were counted as one icing day.
All remaining data have gaps of days or months in the records, or CH and Vis data are missing
for longer time periods and were not considered here.
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Stations with useful Data in the European Dpmain:
10°W-30°E, 35°-75°N
69 ° &Y,

Stations and their
Elevations

o  -5-250m)
+  251-500m
& 501-1000 m
!« 1001 - 2000 m
e 20071-36

"

A}

Figure A.1: Station network for which the used data set were derived

A.5 Methods

In order to derive the icing potentials in Europe on the basis of the term icing days (/cD, meaning
the number of days in the year when icing may occur) the following conditions were examined
from the given meteorological data, enhancing such the European Icing Map 1991 — 1996 given
in WECO (Tammelin et al.2000). The in-cloud icing conditions used in WECO (method 1 in
Table A.1) can only be applied at mountainous sites or high latitudes. Therefore for lower
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altitude sites data with visibilities below a certain threshold are chosen for the count of hours
with icing events.

Table A.1: Used icing models (T=Temperature, CH=Cloud height, Vis=Visibility; height in m
above ground level, V>2m/s)

Model no. Elements and criteria Name

1 Tin 200 m < 0°C; CH <200 m WECO

2 T in 200 m < 0°C; CH <200 m OR Vis < 1000 m WECO + Vis

3 T in 200 m < 0°C; CH <200 m OR Vis <300 m WECO + Vis300

Horizontal visibility was added due to the fact that frequently no cloud height was observed as
fog was present or there were no cloud observations taken. To better specify these conditions
visibility was considered but only when below 300 meters. Visibility alone as defined in
meteorology (for fog Vis < 1000 meters, Model 2) was not used in this context. In the following
analysis and results model 3 is used.

A.6 Results

On the basis of the above described data set and application of the models maps have been
designed with ArcView GIS. In Figure A.2 the number of icing days for 100 m above ground
level derived after model 3 are mapped, calculating a spatial grid as by Kriging using a spherical
variogram model with a lag distance of 5 km, a search radius of 50 km and a grid resolution for
the resulting map of 10 km.

Mean Number of Icing Days
Temp.(200 m) < 0°C

Cloud height <200 m

or Visibility <300 m

Winter months 199901-200203,
all available stations

No Icing

B 10- 20
B 20- 30
B 30- 40
B 40 - 50
I 50 - 60
B s0- 70
I > 70

[ ] NoData

Figure A.2: Mean number of icing days after model 3 at 100 m above ground level.
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The expected main features of the large-scale icing distribution are easily recognized. Whereas
this model fits quite well in Finland, southern Sweden and Denmark and in the Baltic region
(here only at the inland stations) it shows higher deviations along the Norwegian mountain ridge
and sea shores when compared to the measured data sets and the findings from WECO
(Tammelin et al.2000). Here the /cD seems to be underestimated as for the Alps, the Carpathian
and Transylvanian mountains.

An improvement of this geostatistical approach and for a more realistic mapping of /cD the
relationship between longitude (4), latitude (¢) and height above sea level (H) with the icing
events can be used. This is based on the GTOPO30 (30 arc-seconds elevation) global model
(U.S. Geological Survey, EROS Data Center). As an example of this kind of approach and the
possible functional relationships concerning “icing climatology” and its geographic distribution
some results are given using a multiple regression model of the form

IeD =f(p. 4 H, ¢ (A.T)

in Figure A.3 for northern Europe with a resolution of 0.1 to 0.1 degree. Here £ is a correction
function derived by minimising the residuals calculated from the observed and estimated value.

T -
. . X .(
T Y

_ [
“ N e g

Icing days, Scandinavia

[]10-20

12030
[]3040

] 40-50
I 50-60
I 60-70
I 7050

I 50- 90
I ~%0
[ ]NoData

_—

Figure A.3: Icing days calculated with model 3 and Eq.(A.1) for Scandinavia

In the next Figure A.4 a similar approach was used for the Eastern and Northern Alpine region.
For statistical reasons the whole alpine area could not to be mapped consistently because in the
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Western Alps there seems to prevail different icing conditions due to the influence of the marine
climate.

[cing days
[ ]10-15
[]15-20
[]20-25
[]25-30
[]30-40
[ 40-50
[ 50-60
co-70
7080
I 50- 90
>0

[]No Data

Figure A 4: Icing days calculated using model 3 and Eq.(A.1) for the Eastern and Northern
Alpine region
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