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Abstract: Icing degree in the severe icing regions for years is an important factor considered in the
anti-icing design of transmission lines. However, there is currently no normalized characterization
method for the icing degree of transmission lines, which can be used to record the severity of
icing at icing areas over the years and guide the design of transmission lines. This study analyzes
collision efficiency of water droplets with various diameters of conductors and investigates the ice
accretion law of transmission lines with various diameters under four natural ice types. Therefore,
the normalized method of standard ice thickness instead of various ice morphologies is creatively
used to characterize icing degree of transmission lines and a lot of field tests which have been done
at six natural ice observation stations have verified the effective of the method. The results have
shown that: The diameters of conductor and the droplet significantly affect collision efficiency;
the relation of standard ice thickness with diameter of conductors for four typical ice types complied
with the law of power function. The results can provide important references for the design and
external insulation selection of transmission lines in ice region.

Keywords: normalized characterization method; natural icing tests; ice types; collision efficiency;
transmission lines

1. Introduction

Atmospheric icing of structures, such as transmission lines [1], marine vessels and offshore
structures [2,3], aircraft icing [4], and so on, is a complex physical phenomenon that is affected by factors
including meteorological condition, terrain, elevation, etc. [1]. Extra/Ultra-high voltage (EHV /UHYV)
transmission lines inevitably pass through high altitude and a typical micro-meteorological icing area,
which may result in huge economic loss due to a series of electrical and mechanical faults of icing
flashover [5-8], conductor galloping [9-11], asynchronism of ice shedding [12-14], and even broken
line [15-17]. At present, the methods of anti-icing and de-icing, such as super-hydrophobic coatings,
short circuit method to melt ice [18], and mechanical de-icing, are costly, inefficient, and difficult
to maintain. Various ice theories of transmission lines are proposed but lack of scientific design
theory and effective anti-icing method of transmission lines [19] maybe restrict the development and
popularization of EHV/UHV transmission.

The research of icing lines has always been a hot problem of the scientific field and has received
extensive attention from researchers. In recent decades, several ice growth models have been
established focus on the ice mass by extensive theoretical and testing researches at home and abroad.
The typical ice growth model which is widely recognized for structures considers that ice covering
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includes three processes which are collision, combination, and freezing, and the growth rate of the
ice amount is proportional to the velocity of water droplet and the effective cross-sectional area of
the structure.

Due to the randomness of natural environmental factors and torsional properties of
transmission lines, ice morphologies of which conductors can be measured by online
technologies [20,21] may be crescent-shaped, elliptical-shaped, or other complex ice shapes [1,20]
and on-line monitoring of the icing degree of transmission lines (including ice morphologies and ice
thickness) [22-24] plays an important role in safe operation in power grid. Based on the mathematical
model of ice growth in two-dimensional lines or wings, one of their ice morphologies can be simulated
by calculating the droplet flow trajectory around the circular conductor. Therefore, simple ice
morphology of conductors was tested, which showed that the ice thickness with windward surface of
the conductors was inversely proportional to the diameter in early stage of icing [25]. The diameter
correction coefficient of the elliptical-shaped iced conductors has been modified based on the equivalent
diameter of elliptical ice [26,27], currently; furthermore, for complex ice morphologies, the relationship
between diameter correction coefficient and diameter of conductors was studied for conductors with
different diameters based on rime, mixed ice, and glaze tests in artificial climate chamber [28].

Although the research about the iced conductors has been investigated over the past several
decades, it is limited by the scarcity of natural ice test platform of full-scale transmission lines,
mainly because the construction of the ice platform is difficult and costly. Therefore, most of the ice
tests of conductors are carried out in artificial climate chambers at present. Research in Reference [29]
studied the ice growth characteristics of on conductors with diameters ranging from 0.25 to 1.75 inches
by measuring the ice thickness on the top and side of each conductor and the length of icicle based
on artificial icing tests. The results show that when the diameter is in the range of 1-1.75 inches,
the equivalent ice thickness of test conductors is the same; the ice thickness of conductor with diameter
being 0.25 inch is 20% thicker than that of a conductor with a diameter of 1 to 1.75 inches, while their
icing morphologies are almost the same considered to be formed under static environmental conditions,
because the process of the ice conductors which are only 46 inches long without the torsional properties
of long span transmission lines involves glaze only instead of hard rime, mixed ice, and soft rime
because of randomness of environment. Accordingly, the research in [29] is not suitable for other weird
ice morphologies of transmission lines with different ice types in natural environment, but so far there
has been no unified approach for effectively characterizing icing degree.

The purpose of this paper is to possess a general characterizing method for icing degree of
transmission lines, which can provide an accurate and effective field measurement method, and under
four typical ice types, emphasis is placed on the influence of the diameters of conductors on standard
ice thickness using normalized characterization method based on the field test results of six natural ice
observation stations, such as Xuefeng mountain, Liupanshui. The law of the iced conductor is to some
extent applied in the design of transmission lines at icing areas.

2. Test Platform and Methods

2.1. Test Platform

In terms of the general policy of Chinese power system development, which is
“power transmission from west to east, mutual supply between south and north,
nationwide interconnection”, natural icing tests were conducted at six natural ice test observation
stations near the Yangtze River Basin, namely Liupanshui, Huangmaogen, Jianshi, Badong, Xuefeng,
and Qijiang, which are located in the transmission lines corridor along the “power transmission from
west to east”. There are north-south mountain ranges in the territory, which have an average altitude
of 500-1900 m. It is the only way for transmission lines in the “power transmission from west to
east” project in China, where are numerous rivers flowing into the Yangtze River from north to south.
Therefore, field measurement stations are located in the area where landforms fluctuate and rivers
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intersect, forming a wide range of micro-meteorological and micro-topographic areas. There are four
ice types, such as glaze, hard rime, mixed ice, and soft rime, which are common in transmission lines
in different periods.

The cross-sectional shape of the iced conductor in natural ice test base is affected by wind speed,
the supercooled water droplets size, and torsional stiffness of conductors, among which torsional
stiffness of conductors plays a decisive role, and Xuefeng mountain natural icing test base is shown
in Figure 1. Conductors in artificial ice tests are short and torsional stiffness of conductors is high.
Therefore, the cross-sectional shape is generally elliptical or wing shaped. However, the actual
transmission line which is prone to twisting for the iced conductors has a large span and small
torsional stiffness, which can truly reflect the ice morphology of transmission lines under different
ice types. Some typical icing morphologies observed in field sites are shown in Figure 2. The thickest
part of the ice layer is generally on windward side, while the thinnest part of the ice layer is on
leeward side.

(@) (b) (©)

Figure 2. Cont.
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Figure 2. Typical ice profiles of the iced conductors (a) Crescent shape; (b) Wing shape; (c) Wing
shape and eccentric circle; (d) Eccentric oval shape; (e) eccentric round shape; (f) Wing shape and
round shape.

2.2. Test Methods

In order to study the ice growth performances of conductors with different diameters, which are
5, 10, 15, 20, and 25 mm, respectively, test samples are used for icing tests at the ice observation
station, which are numbered 1, 2, 3, 4, and 5, respectively. The test sample conductors were suspended
between two iron towers for icing tests, and the span between the two towers exceeds 80 m, as shown
in Figure 1.

The methods for characterizing the icing degree of transmission lines are usually to measure
the maximum and minimum ice thickness of conductors [30], or to measure the three ice parameters,
such as the length of icicle and the ice thickness at the top and side of conductors [29]. However, they are
approximately methods for characterizing the icing degree of transmission lines, because ice density is
different with four typical ice types and there is also a big difference in ice morphology. Therefore,
during the natural icing tests, the two-dimensional cross-sectional shape of the actual ice shape of
conductors is recorded with a pen, as shown in Figure 3, and the two-dimensional cross-sectional
area (S) of the actual ice morphology is calculated using AutoCAD software. Finally, the complex
uneven ice morphologies with different densities and shapes are normalized and characterized as
standard cylindrical ice with a density of 0.9 g/cm?3, which is called standard ice thickness. Therefore,
the standard ice thickness of conductors was analysed involving the Equation (1) mathematical
transposition, and the specific method is as follows.

The flow diagram of the field tests is shown in Figure 3, and the test process is mainly divided
into three steps. Furthermore, more detailed operation processes can be divided: (1) To facilitate
observation and recording of the cross-sectional shape of the iced conductor, cut a fracture in the ice
layer around the conductor with a small saw; (2) Take a blank sheet of paper to drill a hole in the middle
of the paper that has the same diameter as the conductor, cut a channel from the edge of the paper
toward the round hole, place the conductor in a round hole in the middle of the white paper, and place
the white paper flatly on the fracture of the iced conductor; (3) Put the white paper on it and trace
the ice cross-sectional shape of conductor along the edge of the ice-covered cross section; (4) Import
the ice-covered cross section into AutoCAD software to obtain the ice-covered cross-sectional area S;
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(5) According to the Equation (1), calculate the standard ice thickness d of the cylindrical ice-covered
conductor with a density of 0.9 g/cm?.

d—\/ +O%(£—R2)—R O

where d is the standard ice thickness, mm; R is the radius of the wire, mm; 7 is the actual ice density,

g/ cm?; S is the measured cross-sectional area of the iced conductor, mm?2.
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Figure 3. Flow diagram of standard ice thickness of the test conductors.
3. Influence Mechanism of Diameter and Droplet Size on Conductor Icing

Conductor icing is a physical phenomenon that conductor catches particles in the air and then
release latent heat and freeze, and these particles can be either liquid, solid, or a mixture of ice and water.
The relative orders of magnitudes of inertia and air resistance depend on droplet size, air flow rate,
and the size of object itself. Collision efficiency is defined as the ratio of the amplitude water droplets
colliding with objects and the diameter of the iced object. As shown in Figure 4, assume that the
ordinate of the droplet in the airflow is yy at infinity (point Q) from the target object, when the droplet
moves from Q to the P at the cylinder, and its velocity direction at point P is just along the tangent of
the cylinder. Collision efficiency can be expressed as,

_ Yo
E=2 @)

where y is the ordinate of water droplets, mm; R is Radius of the conductor, mm.
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Figure 4. Moving trajectories of the droplet.

As shown in Figure 4, the droplets between the streamline QP and the x-axis will collide with
the target object. Assuming rebound water droplets and direct freezing of the surface of the iced
conductor, that is capture rate and freezing rate are equal to 1, collision efficiency (E) directly affects
ice thickness and ice morphology. Therefore, the growth process of the surface of the conductor is
related to collision efficiency of water droplets. E indicates the overall collision efficiency during the
icing tests of the iced conductor and is dimensionless, which is parameterized through Stokes constant
K and Langmuir constant ¢. Finstad et al. [31] put forward the following mathematical equation about
the collision coefficient a7 based on conclusions in

ap = A —0.028 — C(B — 0.0454) ©)
where

A = 1.066K 000616 exy(—1.103K ~0-688) 4)
B = 3.641K 948 exp(—1.497K~0694) (5)
C = 0.00637(¢ — 100)°38! (6)
_ Puty0 )

9uD

R 2
9= ®)

d
Re = P ©)

Z

In the Equations (4)—(9), d is the diameter of the droplet, D is the diameter of the conductor, py, is
the density of the droplet, u is the absolute viscosity of the air, and p, is the air density.

Based on the Equations (3)—(9), the function of collision efficiency a1 can be programmed by
Matlab software. As shown in Figure 5, 192 computational cases (any combination of three sets of
diameter of the conductor D (0.05-0.6 m), diameter of the droplet d, (10-500 pm), and wind velocity v
(0.1-10 m/s)) were calculated and their experimental data points of collision efficiency were shown.
Therefore, through programming calculations by Matlab software, the influence of the diameter of the
conductor and droplet size on collision efficiency was analyzed.
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Figure 5. Cont.
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Figure 5. Collision efficiency of the water droplets with the different diameters of conductors.

The four graphs in Figure 5 show the change relation between collision efficiency and the diameter
of the conductor with different wind speed and droplet sizes.

When droplet size is less than 50 pm in diameter, collision efficiency of large diameter conductor
is almost zero (for example, D = 40 mm, d, = 10 pm), because of small water droplets around the large
diameter conductor experiencing violent roll flowing. When droplet size is larger than 300 pm in
diameter, wind speed has a great impact on collision efficiency. Collision efficiency of water droplets is
small in non-wind condition (less than 1 m/s), and collision efficiency increases with the increase of
wind speed, because the double effect (wind speed and the inertia of water droplet) on water droplets,
roll flowing around the conductor is weakened, which accelerates the collision between water droplets
and conductors.

The following conclusions can be drawn from Figure 5:

(1) Collision efficiency has a nonlinear relationship with the diameter of the conductor.
Collision efficiency decreases rapidly with the increase of the diameter of conductors, and it eventually
becomes saturated.

(2) When droplet size is less than 50 um in diameter, wind speed only impacts on collision
efficiency of conductors with diameter of less than 0.1 m, while when droplet size is larger than 300 pm
in diameter, the effect of wind speed on collision efficiency gradually increases.

(3) When wind speed and the diameter of the conductor remain unchanged, the larger the diameter
of water droplet, the greater the corresponding collision efficiency is. For example, when wind speed
is 5 m/s and the diameter of the conductor is 25 mm, the corresponding collision efficiency reaches
maximum (0.867) with the diameter droplet being 500 um, and that is a minimum (0.064) with the
diameter droplet being 10 pum.

4. Test Results and Analysis

4.1. Field Test Results

Based on six natural ice test observation stations selected by Chongqing University along the
Yangze River, the field stations are typical micro-meteorological and micro-topographic characteristics,
which may cover four typical ice types at different periods. Researchers of Chongqing University had
conducted the tests of the iced conductors based on actual environmental conditions at that time at
test stations, when icing may last two or three days. The parameters such as the ice amount of the unit
length line, ice density, and ice morphology are measured in the corresponding time. The standard
ice thickness of conductors with different diameters under various typical ice types converted in
accordance with the standard ice thickness method is shown in Table 1, where the height of the test
conductors above ground is 2.0 m. G, H, M, and S are glaze, hard rime, mixed ice, and soft rime,
respectively. Some typical ice shapes of conductors are shown in Figure 2.
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Table 1. Standard ice thickness of conductors for typical ice types tested in Natural test stations.

Standard Ice Thickness (mm)

Diameter (mm) Liupanshui Huangmaogen Jianshi
G H M S G H M S G S
5 8.3 372 235 30.2 25.2 306 415 173 67 27
10 5.7 33.1 19.6 25.9 221 273 362 144 44 233
15 4.6 308 175 24.1 19.2 248 329 129 35 211
20 4 287 164 22.6 18.4 239 305 116 28 195
25 3.7 276 156 21.3 16.8 223 291 109 27 186
Badong Xuefeng Qijiang
Diameter (mm) : :
G H S G in 2008 G in 2009 H M S G S
5 11 132 207 155 20.1 394 318 293 53 41
10 8 9.6 174 125 16.7 347 283 253 31 22
15 6.7 8.7 15.5 10.6 152 312 265 227 23 17
20 6 7.6 141 10.2 134 298 239 212 19 13
25 5.4 7 13.3 9.7 12.6 272 228 199 18 11

4.2. Effect of Ice Type on Ice Performances of Conductors

Due to global energy network being constructed by UHV transmission lines in China, much more
transmission lines pass through ice-covered areas such as those with high altitude, micro-topography,
and micro-meteorology. As shown in Figure 2, for the same diameter of the conductor, ice types in
ice-covered regions have a significant influence on the ice morphologies of the conductor. Specifically,
the ice morphology for glaze is mainly crescent-shaped in early stage of icing, while that for other ice
types is more wing-shaped. Ice morphologies with various ice types are regular in early stage of icing.
Because of the randomness of the environmental parameters such as droplet size, ambient temperature,
and wind speed, the surface of the conductors are covered with non-uniform ice for irregular ice
shapes eventually.

Based on the standard ice thickness of the reference conductor with a diameter of 5 mm,
the reduction of the standard ice thickness of conductors relative to that of the reference conductor
(hereinafter short for the relative reduction) is calculated as follows:

d: —dy
dq

Ad= x 100%,i =1,2,3,4,5 (10)

where d; is the standard ice thickness of the ith conductor.

The relative reduction of different ice types can be calculated with Equation (4). The conductor
icing characteristics of different diameters with four ice types in Liupanshui are shown in Figure 6.
Because of randomness of the environmental parameters (such as real-time change of rainfall duration,
droplet size, and wind speed) during the ice tests, and the icing tests with four ice types was tested
at different periods. Therefore, the standard ice thickness with four ice types cannot compare with
each other.

As shown in Figure 6, their changing law with diameter is similar. For a conductor with a diameter
of 25 mm, the reduction of the ice thickness of glaze is the largest (55.42%) for the four kinds of ice
types, while that of soft rime is the smallest (25.81%). The following conclusions can be reached:

(1) Ice types have a great effect on the ice morphologies of icing lines. Ice shape for glaze over the
conductor shows a crescent or elliptical shape, while that of other ice types of icing lines is wing-shaped
in early stages of icing.

(2) Under different ice types, the trend of the standard ice thickness with the diameter of the
conductor is similar, and it decreases rapidly with increasing of the diameter of conductor and
gradually becomes saturated.
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(3) The relative reduction of different ice types increases with the increase of the diameter, and the
relative reduction increases very little with a further increase of the diameter when the diameter
exceeds a certain degree regardless of ice type.

(4) The typical ice thickness of 25 mm diameter conductor is smaller than that of 5 mm diameter
conductor for the four ice types, and the corresponding relative reductions for glaze, hard rime,
mixed ice, and soft rime are 55.42%, 33.62%, 29.47%, and 25.81%, respectively.

B Liupanshui in 1995 2| I Liupanshuiin 1989 135

d/(mm)
d/(mm)

L)

The lce Thickness Reduction Rate(%a)
s
.
=1

The lee Thickness Reduction Rate(%o)
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(a) Glaze (b) Hard rime
35 35 40 30
30l L iupanshui in 1991 351 B ivpanshui in 19%. ]
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The lce Thickness Reduction Rate(%a)
m
[
L >
b
The Ice Thickness Reduction Rate(%)
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(c) Mixed ice (d) Soft rime

Figure 6. Standard ice thickness and its reduction with different diameters of conductors at
Liupanshui station.

4.3. Effect of the Diameter of Conductors on the Performances of Natural Icing Lines

A unified representation of the icing degree of transmission lines with different ice types was
discussed with the standard ice thickness method. The standard ice thickness of transmission lines
with different diameters has important reference value for the design of overhead transmission lines in
icing area. Therefore, it is necessary to further study the influence of the diameter of the conductors
on the standard ice thickness of the conductors with typical ice types. According to the standard
ice thickness method, the standard ice thickness of different diameters of conductors is calculated
based on the test results of six natural ice observation stations, as shown in Figure 7. The standard ice
thickness with the different diameters of conductors is very similar at each icing observation station,
and under the same environmental conditions, the larger the diameter of conductor, the thinner the
standard ice thickness is. Therefore, the relationship between standard ice thickness and the diameter
of conductors is fitted using the power function formula, and the formula is as follows,

d=aD7" (11)

where d and D are standard ice thickness and the diameter of conductor, respectively; a, b are constants;
a indicates the icing degree of conductors; b is characteristic index.

Through the regression analysis of the test results, the values of a and b are obtained, which are
all greater than 0. As shown in Table 2, under the typical ice types, standard ice thickness and
the diameter of the conductor have a power exponent of a negative index. As shown in Figure 7,
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because the environmental parameters and test durations are randomly changed in each natural
ice test, parameter value 4, b of each group is different, as shown in Table 2. G, H, M, and S are glaze,
hard rime, mixed ice, and soft rime, respectively.

As shown in Table 2, The conclusions are as follows:

(1) There was a typical power function relationship between standard ice thickness of the
conductor and the diameter of the conductor for typical ice types, and the characteristic index b
is less than 1, for example, the calculation results for glaze, hard rime, mixed ice, and soft rime in
Liupanshui are d = 19.07D~%%%, 4 = 35.56D 9258, d = 42.45D~0212 4 = 50.33D 0185 respectively.

(2) At the same of the diameters of the iced conductors, standard ice thickness of the iced
conductors for the four ice types may have a maximum value, which is mainly related to the icing
environmental conditions and the icing test time.

Table 2. Fitting results of standard ice thickness with different diameters of conductors.

d=aD™ P
Liupanshui G H M S Huangmaogen G H M S
a 19.07 35.56 42.45 50.33 a 59.51 41.83 37.74 27.49
b 0.520 0.258 0.212 0.185 b 0.221 0.191 0.245 0.285
R? 0.9976 0.9986  0.9973 0.9945 R? 0.9959 0.9886 0.9784 0.9959
Badong G H S Xuefeng G in 2008 G in 2009 H M S
a 22.36 32.35 24.62 a 56.52 44.47 32.00 43.19 25.16
b 0.443 0.274 0.393 b 0.219 0.202 0.285 0.238 0.304
R? 0.9992 0.9968  0.9894 R? 0.9824 0.9704 0.9895 0.9961 0.9841
Jianshi G S Qijiang G S
a 17.40 39.41 a 16.91 15.44
b 0.594 0.232 b 0.725 0.827
R? 0.9955  0.9972 R? 0.9936 0.9968
45 »  Glaze in 1995 45 = Mixed Ice in 1986
40 = Soft Rime in 1996 40 - = Hard Rime in 199
35+ * Hard Rime in 1989 35¢ . » Glaze in 2008
30l - at Mi):cd Ice in 1991 30l ®-=_Soft Rimcli]n 2013
=25 = 5 : ~ 25} - - ”
£ . g . 0
£ 20} “ " E 20r - .
S st : z - S st - . -
10} 10 - a »
5t . - ” B 5t
0 ‘ : . 0 . . . .
0 10 15 20 25 30 0 10 15 20 25 30
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Figure 7. Cont.
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Figure 7. Fitting curves of each natural icing observation station using negative power function.

5. Conclusions

In the present study, ice mechanism of conductors with different diameters is investigated.
The collision characteristics of water droplets with different diameter of particles are calculated by
programming, and the performances of the iced conductor with different diameters for the four ice
types are analyzed based on icing test results in natural ice observation stations. The conclusions are
as follows:

(1) The ice morphologies of the iced conductors for natural ice types are very irregular and
non-uniform. The complex ice shapes can be simplified as standard cylindrical ice with a density
of 0.9 g/cm3 using the standard ice thickness method, and a new idea for field measurement of
transmission lines icing is presented in cold regions. It is easy to record the icing degree of transmission
lines at various icing areas, which can provide an important reference for the design for overhead
transmission lines at icing areas.

(2) For different droplet sizes, the changes on collision efficiency which with the diameter of the
conductor decreases with increasing diameter of the conductor showed the same trend, and collision
efficiency increases very little with a further increase of the diameter when the diameter exceeds a
certain degree regardless of droplet sizes. When wind speed and the diameter of conductors are
constants, collision efficiency increases with the increase of droplet size.

(3) The ice type has a great influence on the actual icing profile of the iced conductor.
The ice morphologies in early stage of icing with various ice types are regular (crescent-shaped
or wing-shaped), and the surface of the conductors will covered with non-uniform ice for irregular ice
shapes eventually. The relative reduction for different ice types increases rapidly with increasing of the
diameter of conductor and gradually becomes saturated.

(4) For the typical ice types, standard ice thickness and the diameter of the conductor have
a power exponent of a negative index, and the characteristic index is less than 1, for example,
the calculation results for mixed ice in Liupanshui is d = 42.45D~ 0212, Same as the diameter of
conductors, the standard ice thickness for the four ice types may have a maximum value. Therefore,
the natural icing law of conductors which has important engineering significance for anti-icing applied
in large diameter conductors in icing area is further studied.
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Nomenclature

A. Variable

d Standard ice thickness (in millimeters).

D Diameter of the conductor (in millimeters).

dy Diameter of the water droplet (in millimeters).

Ad Reduction of standard ice thickness.

E Collision efficiency.

R Radius of the conductor (in millimeters).

S Cross-sectional area of the iced conductor (in mm?).

v Wind velocity (in meters per second).

Yo The ordinate of water droplets (in in millimeters).

o Collision coefficient.

Y Density of ice g/cm?.

Oa Air density g/cm3.

Ow Density of the droplet g/cm?3.

i Absolute viscosity of the air mm?/s.

B. Abbreviation

EHV Extra-high voltage.

UHV Ultra-high voltage.

G Glaze.

H Hard rime.

M Mixed ice.

S Soft rime.
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