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ABSTRACT

Icing flashover accident is an important issue which influences the security operation of
transmission lines. A great deal of research work about flashover performance of ice-
covered insulators has been taken by many experts in the world so far. However, while
the research work carried out, whether we can take the conductivity of icing water and
ice amount as the characteristic values of the icing flashover voltage of the insulator
strings, and whether there is an equivalence existing between the conductivity of icing
water and melting ice water, the researchers haven’t achieved the mutual recognition.
The spatial distribution of the conductive ions in the ice layer at the freezing water
phase transition process is discussed in this paper. The physical process of the
electrolyte crystallization during the freezing water transition from liquid to solid
phase in nature environment was researched in Xuefeng Mountain icing observation
station, Chongging University. In the experiments, the spherical specimens which have
the same bulk and different original conductivity were frozen naturally. And the
experiment results showed that there is the maximal ion concentration in the external
surface area of the ice specimens during the freezing water transition from liquid to
solid phase. The reason of the uneven distribution of the conductive ion in the ice layer
was analyzed, and the essence of the differences between the freezing water and the
melting ice water was revealed. The expression of the total ice layer resistance based on
an insulating plane was proposed, and the recommendation that the crystallization
effect should be taken into account while researchers analyze the icing flashover
performance of the insulators was also proposed in this paper.

Index Terms —Freezing water, conductivity, melting ice water, phase transition,

crystallization effect, insulator

1 INTRODUCTION

ATMOSPHERIC icing episode is one of the chief risk factors to
the security operation of transmission lines, and which has
troubled the high power consuming Country in the world so
many years. As the result of atmospheric icing of power
networks, a great deal of accidents such as tower collapse, wire
breakage, galloping, icing flashover or even large area power
blackout have brought great losses to the power grid in Canada,
China, USA and other countries in recent years, which have
made a great impact on human's life in those countries. More
construction of UHV transmission project will be started coupled
with the implementation of “west-east power transmission,
nationwide power networking” in China. The transmission
distance is too long to these UHV transmission project, and
unfortunately, quite a few of these transmission lines need span
the high altitude areas where severe icing accidents occur easily.
So the insulator strings of these UHV transmission project must

suffer from atmospheric icing inevitably [1-5]. Therefore, further
study of the influencing factors of icing flashover is significant to
ensure the reliability, safe and stable operation of UHV
transmission system.

Ice deposit is a special contamination, which can lead the
external insulation performance of the transmission lines to
deteriorate or, in more serious cases, even icing flashover. In
icing seasons, the contamination deposits on the insulator surface
in two ways: one is that the contamination layer on the insulator
surface has been formed before icing; and the other is that the
supercooling droplets capture the small conductive particles
suspended in the air as they fall, namely the supercooling
droplets have been contaminated before freezing. To the second
case, the conductive material which dissolved in the supercooling
water will crystallized to the surface of the ice layer while the
liquid water froze solid, and this interesting phenomenon during
the freezing water transition from liquid to solid phase can be



distinguished as “Crystallization Effect”.

Experiments show that there are only two ways of the
discharge path to the ice-covered insulators: one is along the
inner surface of the ice deposit, namely the discharge path is
close to the surface of the insulators; the other is along the
external surface of the ice deposit. Even if the ice layer melts
gradually, the discharge path of the ice-covered insulators are no
more than these tow ways [6]. It can be seen that in either case
above mentioned, the water film on the ice layer external or inner
surface will dissolve the conductive material in the surface layer
of the ice deposit on the insulators because of “Crystallization
Effect”. Consequently, the icing flashover voltage of the
insulator strings will be decreased. Unfortunately, while the icing
flashover experiments carry out, the conductivity of the water
film on the ice layer is very difficult to measure. Therefore, some
researchers take the conductivity of the freezing water and ice
amount as the characteristic values of the icing flashover voltage.
However, while the research work carried out, whether we can
take the conductivity of icing water and the ice amount as the
characteristic values of the icing flashover voltage, and whether
there is an equivalence existing between the conductivity of icing
water and melting ice water, there is a lack of qualitative analysis
at present.

In order to study the redistribution of the conductive material
which dissolved in the supercooling water during the freezing
water transition from liquid to solid phase, the freezing
experiment of spherical specimens was carried out in Xuefeng
Mountain icing observation station, Chongqing University. The
influence of the “Crystallization Effect” on the redistribution of
the conductive material in the supercooling water with various
initial conductivity have been studied in this paper. That supplied
some information for further research on the relationship
between ice deposit and icing flashover voltage.

2 TEST PRINCIPLE, METHOD AND
SPECIMENS

2.1 TEST PRINCIPLE

The results in Ref. [4, 6] show that no matter what
contaminated way the ice-covered insulators belong to, the
water film on the ice surface will dissolve the conductive
material in the surface layer of the ice deposit in the ice
melting process. Thus, the conductivity of the water film on
the ice layer will be increased remarkably, and the icing
flashover voltage of the insulator strings will be decreased.
Although the icing flashover experiment show that something
has changed within the conductive ion distribution in the ice
deposit, and the tendency is the concentration of the
conductive ion is higher in the surface ice layer [6, 7]. So far,
the relationship between the conductivity of the spatial
distribution in the ice deposit and the freezing water lack
system and deep research.

In order to analysis the “Crystallization Effect” of the
freezing water during it’s transition from liquid to solid phase
qualitatively, the authors take spherical icing specimens as the
research object. When the specimens are still in a liquid state,
the conductivity is the same in the spatial of the specimen.

The spatial distribution of the conductive ion in the specimen
will be changed during the transformation. There is a
hypothesis that the change trend of the conductive ion
distribution along the center to each direction is identical, that
is, if the distribution of the conductive ion in the specimen has
been changed, then the conductivity at two test points
arbitrary a and b which apart from the centre of the spherical
specimen at the same distance should be identical, as shown in

Figure 1.
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Figure 1 Test points a and b

2.2 TEST METHOD AND SPECIMENS

The spherical containers with a radius of 34 mm and a
capacity of 164.6 ml used in the experiments are ordinary
ocean balls. Because the thickness of the hollow sphere wall is
very thin, the authors ignore its thickness. Prepare some
spherical containers with the same specification. Carve out a
water injection hole with a radius of 4 mm on each ball with a
sharp blade. Wash the balls with deionized water (<6
puS/cm) and then dry it. The balls were filled with specimen
solution. The specimens are the freezing water with six kinds
of conductivity which adopt 15, 30, 90, 160, 200uS/cm and
310uS/cm (it has been converted to the conductivity at 20°C),
respectively.

The experiments carried out in Xuefeng Mountain icing
observation station from Feb.2 to Feb.18, 2010. The altitude
of the test site is 1400m.

The experimental procedures as follows:

1) Move the prepared specimens to the test apparatus, and
put them on the measuring cups of low temperature-resistance
to keep balance. The water injection hole is vertical upward.

2) Put a thin string which fastened a small fraction of
aluminum wire at the head end in the container through the
water injection hole, and make the Al wire located at the
centre of the sphere exactly. Because the string and the Al
wire are very small, when put them into the container, there is
no icing water overflow.

3) The tail end of the string was tied to the beam of the test
apparatus, and each specimen has one test apparatus
independently. Place the pre-numbered specimens on a
horizontal platform in the leeward, as shown in Figure 2.

(a) Specimens of No. 1-3



(b) Specimens of No. 4-6
Figure 2 A groups of specimens in testing

The experiment was carried out in low temperature, rain,
snow and freezing weather to get a steady low temperature
condition. A temperature and humidity sensor (PTU) which
linked to a computer was installed close to the test platform.
The PTU records and saves the temperature, humidity and
wind velocity etc. every 5 min automatically. The freezing
water will not be overflowed from the container during its
transition from liquid to solid phase because the wall of the
hollow sphere used in the experiment has certain elasticity.
Because the spherical container is opacity, the testers could
not observe the phase transition process in the containers.
Therefore, put a transparent monitor measuring cup close to
the test apparatus with a radius of 32.8 mm and height of 95
mm which contains 200 ml random specimen solution.
Through the observation of the phase transition process in the
monitor measuring cup, we can see the freezing conditions in
the spherical containers, as shown in Figure 3.

Figure 3 The freezing water in the monitor cup transition from liquid to solid
phase completely
While the freezing water in the monitor cup transits from
liquid to solid phase completely, it means that the freezing
water in the containers had been finished the phase transition
process. Then the next measurement experiment could be
carried out.

The measurement procedures are as follows:

1) Move the test apparatus to the laboratory, and remove
the shell of the spherical icing specimens with a sharp blade,
as shown in Figure 4. Here the authors ignored the influence
of uneven velocity of the dendritic growth in all directions,
and suppose that the specimens are kept in perfect round
shape after phase transition. The testers must wear rubber
gloves to reduce the measurement errors.

Figure 4 One specimen which finished phase transition

2) The tail end of the string was tied to the beam of the test
apparatus, and put a measuring glass with maximum range of
20ml just bellow the spherical icing specimen. Adjust the
length of the string to make the space between the bottom of
the specimen and the plane of the measuring glass mouth from
3-5 mm.

3) Open the heating system in the laboratory, and the preset
temperature is 30 °C. The surface layer of the spherical icing
specimens began to melt with the increasing of temperature.
The thin water film on the ice layer gathered into water drop
at the bottom of the ice ball. Adjust the temperature properly
to make the droplet drop down every 5-10 sec.. Because the
melting rate is very slow, the authors suppose that the melting
rate of the ice ball is identical in all directions. That is, the
melting thickness x is identical in all directions in the same
time ¢, as shown in Figure 5.

Figure 5 Schematic diagram of ice melting
4) While the melting ice water in the measuring glass has
reached 15 ml, then replace the measuring glass with a new
measuring glass before the next droplet drops down quickly,
as shown in Figure 6. Then, measure the conductivity of the
melting ice water and record the corresponding temperature at

the same time.
—
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Figure 6 Sketch diagram of test procedure
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3 TEST RESULTS AND ANALYSIS

3.1 TEST PRINCIPLE

During the experiment procedure, the average ambient
temperature is -5 °C, the average relative humidity is >98%,
the wind velocity is <0.5 m/s. The freezing time is 48+1 hours.
There are 36 groups experiment data obtained in the



experiments. The authors have not carried out the experiments
in other climatic conditions for the restriction of the field
experiment conditions.

Convert the measurement value of the melting ice water
conductivity into the value which at 20 °C according to IEC
507:1991. All the conductivity mentioned in the following
sections is the value which at 20 °C. The test results are
shown in Table 1. Where r is the distance between the test
point and the centre of the sphere. Here the authors suppose
that the test point is the midpoint of the melted ice layer in the
i times, namely r=(ri+#;)/2, as shown in Figure 5. Where r; and
r; are the radius of the ice ball before and after the i times
natural melt, respectively.

Table 1 Radial distribution of the melting ice water conductivity

r y(x)/pS/cm

/em 15 30 90 160 200 310

346 48.8 1369 3338 6229 8441 1180.1
335 156 425 1452 160.1 197.1 115.1
323 119 355 1057 1473 100.3 77.1

3.09 103 185 51.6 99.0 1406 2393
295 83 16.9 53.1 53.6 2279 2740
279 7.8 17.7 53.5 57.6 1637  241.1
261 86 211 53.1 74.8 1432  203.6
239 149 186 355 93.6 95.7 203.8
213 134 202 456 1558 109.8 255.5
1.77 158 9.3 50.7 106.5 103.6  283.9

The experiment error is from 0.2%-4.1%. The conductivity
was normalized to facilitate the analysis. Then, the
relationship between the conductivity of the melting ice water
and the melting ice thickness x was obtained, as shown in
Figure 7.
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Figure 7 The relationship between the conductivity of the melting ice water
and the melting ice thickness

According to Table 1 and Figure 7, it’s known that the
conductivity of surface ice layer is greater than the centre
layer obviously.

3.2 TEST RESULTS ANALYSIS

There is a hypothesis that the change trend of the
conductive ion distribution along the center to each direction
is identical, and supposes that the specimens are kept in
perfect round shape after phase transition. Fit the test results
as shown in Figure 7, the relationship between the
conductivity of the melting ice water y(x) and the melting ice
thickness x under the same meteorological conditions and the
same freezing time can be expressed as:

Yo

7(x) = PR (1)

where a, b is constant; y,is the initial conductivity of the icing
water; ry is the radius of the ice ball.

The fitting results of a and b are as shown in Table 2 and
the entire square of the correlation coefficient R* are more
than 0.996.

Table 2 Fitting value of a, b and R? according to the test results of Fig.7 with
equation (1)

yo/1S/cm
15 30 90 160 200 310
a 0.882 0.892 0.848 0915 0918 1.023
b 27.187  15.120 16.656 23.427 21.040 36.890

According to Table 1, Table 2, Figure 2 and Figure 7, it is
known that:

1) The specimens are not kept in perfect round shape after
phase transition. This is mainly because that the rate of the
dendritic growth in vertical direction is greater than in
horizontal direction, the shape of the specimens will deform
after phase transition. The deformed coefficient between
vertical direction and horizontal direction is from 1.06 to 1.10
in the experiments;

2) The spatial distribution of the conductive ion in the
solution has changed after the freezing water finished phase
transition. The overall trend is that the ion concentration in the
surface ice layer is greater than in the centre layer obviously;

3) The relationship between y(x) and x can be described by
a negative exponent function. This is to say that the
conductivity of the melting ice water y(x) will decrease with
the increase of crystal thickness x;

4) The coefficients a and b are related to the conductivity of
the icing water. For example, when 7,=30, 160uS/cm and
310puS/ecm; ¢=0.892, 0.915 and 1.023; »=15.120, 23.427 and
36.890, respectively. It is shown that the overall trend is that
the coefficients will increase with the increase of y,.

The experiment results show that the conductive ion which
distributed uniformly in the freezing water migrates to the
surface of the ice ball during the freezing water transition
from liquid to solid phase. This “Crystallization Effect” of the



freezing water during its phase transition is related to the
phase transition and mass transport mechanism of solution in
physics.

1) The phase transition mechanism of “Crystallization
Effect”

There are a large number of single and associated water
molecules in the liquid water, and these water molecules will
be associated to a large associated molecule after the liquid
water finished phase transition [8]. There are four hydrogen
atoms around one oxygen atom in the associated water
molecules. Where the oxygen atom and two hydrogen atoms
which relatively near it are held together by covalent bonds,
the three atoms constitute a water molecule. The other two
hydrogen atoms belong to other water molecules, and these
water molecules are held together by hydrogen bonds. It can
be seen that the arrangement of the water molecules in the
large associated molecule which consist of several water
molecules is relatively loose structure. That is to say, the
space between the water molecules will be increased after the
liquid water finished phase transition. Because the hydrogen
bonds have certain directivity, after the large associated
molecule formed by the single and small associated molecules,
the structure of water has been changed. First, the
arrangement of the single molecules in the associated
molecule become more regularly. Second, the spaces between
molecules become larger [9].

Moreover, when the nucleation phenomenon begins, the
dendrites grow rapidly and then release its latent heat faster
than the heat that is being removed from the system [10]. The
authors think that the conductive ions absorbed the latent heat
which had no time to remove from the system, so the
conductive ions could get enough energy to migrate to the
surface layer. The regular arrangement and larger space of the
molecular structure are beneficial to the migration. That is
why the spatial distribution of the conductive ions in the
specimens will be changed during the freezing water transition
from liquid to solid phase.

2) The mass transport mechanism of “Crystallization
Effect”

The growth rate of the ice crystal is very slow during the
freezing water transition from liquid to solid phase. Therefore,
the ice crystal growth process could be regard as a
thermodynamic equilibrium process. That is, the phase
transition process of the freezing water could be regard as a
quasi-static growth process. Generally speaking, the solute
concentration at the solid-liquid interface is related to the
crystal growth rate, the natural and forced convection of the
solution. Thus, the spatial distribution of the conductive ions
in the ice is also related to these factors. Because the quasi-
static growth process is very slow, the spatial distribution of
the solute in the unfrozen solution could be regard as
homogeneous in the crystal growth process [11].

In the solution used in the experiments, water is solvent and
NaCl is solute. The total content of NaCl in the ice-water
system remains constant during the freezing water transition
from liquid to solid phase. As the solute in the solution, the
segregation coefficient of NaCl is greater than 1 according to

the mass transport mechanism. Therefore, the solute
concentration is higher in the surface ice layer. And the solute
concentration will be decrease along the freezing direction
with the increase of icing thickness. Consequently, during the
freezing water transition from liquid to solid phase, the
distribution rule of the conductive ions along the radial
direction in the specimen is that the conductive ions
concentration is higher in the surface ice layer, and the ions
concentration will be decreased along the radial to the centre
of the ice ball.

3.3 ELECTRICAL RESISTANCE OF ICE DEPOSIT

The electrical resistance of an ice layer deposit depends on
its thickness, length, width and the initial conductivity of the
icing water. It’s supposed that the ice deposit is perfect pure
ice with the density of 0.9g/cm’, and the water film is only
formed on the upper surface of the ice deposit. Because the
conductivity of the water film is 100-300 times higher than the
dry ice below it [12], it can be considered that the conductivity
of the water film is far higher than the bottom dry ice.
Therefore, the conductance of the bottom dry ice is negligible,
and the electrical resistance of total ice deposit can be
expressed as:

rR=L_1 2)
Wyw'[w

where L is the dry-arc length; I is width of the ice deposit; y,,
is the conductivity of the water film on the ice layer; #, is the
thickness of the water film.

Substitute Eq. (1) into Eq. (2), if the melting thickness
x<d/2, where d is the ice thickness, then the total ice layer
resistance R can be expresses as follows:

L l_a_e—Zb-x/d

= 3

As insulator geometry modifies the ice layer away from the
simple rectangular shape described in Eq. (3), a geometric
correction factor should be introduced.

4 CONCLUSION

1) The conductive ions in the ice deposit will migrated to
the surface of the ice layer during the freezing water transition
from liquid to solid phase. The conductive ions concentration
is higher in the surface ice layer. This “Crystallization Effect”
is related to the initial conductivity of the freezing water;

2) The “Crystallization Effect” of the freezing water during
its phase transition is related to the phase transition
mechanism in physics. In fact, the crystallization phenomenon
of the conductive ions is the mass transport process of the
solute (NaCl) in the solution during its transition from liquid
to solid phase;

3) The conductivity of the melting ice water is not
equivalent to the initial conductivity of the freezing water.
Therefore, while the researchers study the influence factors of
the icing flashover performance, not only the conductivity of
the freezing water, but also the “Crystallization Effect” of the



freezing water should be taken into account;
4) The approximate formula of the total ice layer resistance
is proposed.

ACKNOWLEDGMENT

This work was supported by National Basic Research
Program of China (973 Program: 2009CB724501).

REFERENCES

[1] Jiang Xingliang, Sun Caixin, Sima Wenxia. et al. AC flashover
performance and voltage correction of 27.5 and 110 kV iced composite
insulator at atmospheric pressure of 4000-5500m high altitude districts.
IEEE Powercon’2002, Kunming, China. 2002.

[2] Jiang Xingliang, Wu Lihui, Sun Caixin, et al. Flashover performance of
XZP-160 DC insulators under icing and low pressure condition. The 10"
IWAIS. [s. 1], 2002.

[3] Sun Caixin, Jiang Xingliang, Sima Wenxia, et al. Study of flashover
performance and voltage correction of DC insulator in icing districts of
altitude of 2500m and below. The 10™ IWAIS. [s. 1.], 2002.

[4] Sun Caixin, Shu Lichun, Jiang Xingliang, et al. AC/DC flashover
performance and its voltage correction of UHV insulators in high
altitude and icing and pollution environments. Proceedings of the CSEE,
2002, 22 (11): 115-120. (in Chinese)

[5] Li Yu. Study of the influence of altitude on the characteristics of the
electrical arc on polluted ice surface. Canada, Dissertation of PH.D,
2002

[6] Jiang Xingliang, Shu Lichun, et al. Insulation of electric power system
under pollution and icing conditions. Beijing: China Electric Power
Press, 2009. p131-256 (in Chinese)

[77 M. Farzaneh, W. Chisholm, Insulators for Icing and Polluted
Environments. Wiley, 2009. p367-371

[8] Li Chun, Zhang Liyuan, Qian Shangwu. Calorifics. Beijing: Higher
Education Press, 1979. p339 (in Chinese)

[9]1 S.B.Paerhati, Guo Xiu-zhen, Zhang Li-li. Normal and Novel Phase
Transitions in Water. Journal of Yili Normal University, 2008, 2: 23-26.
(in Chinese).

[10] M. Akyurt, G. Zaki, B. Habeebullah, Freezing phenomena in ice-water
systems, Energy Conversion and Management. 2002, 43: 1773-89.

[11] Min Naiben. Physics Foundation for crystal growth. Shanghai: Shanghai
Science and Technology Press, 1982. p160-189 (in Chinese)

[12] M. Farzaneh, Atmospheric Icing of Power Networks. Springer, 2008.
p273-274

19, 1982. He graduated from Hubei University for
nationalities in 2005 and got his M. Sc. degree in
Chongqing University in 2008. He is now working
toward the Ph. D. degree in College of Electric
Engineering, Chonggqing University.

His main research interests include high voltage
technology, external insulation and transmission line’s

Yafeng Chao was born in Hubei province, China, on Feb.

icing. He is the author or coauthor of several technical papers.

Xingliang Jiang was born in Hunan province, China, on
Jul. 31, 1961. He graduated from Hunan University in
1982 and got his M. Sc. degree and Ph. D. degree in
Chongging University in 1988 and 1997, respectively.

His employment experiences include the Shaoyang
Glass Plant, Shaoyang, Hunan Province, Wuhan High
Voltage Research Institute, Wuhan, Hubei province, and
College of Electrical Engineering, Chongqing University,
Chongqing China. His special fields of interest include high voltage external
insulation, transmission line’s icing and protection.

He published his first monograph—Transmission Line’s Icing and Protection
in 2001, and has published over 100 papers about his professional work. He
received the Second-class Reward for Science and Technology Advancement
from Ministry of Power in 1995, Beijing Government in 1998, Ministry of
Education in 1991 and 2001, respectively, the First-class Reward for Science
and Technology Advancement from Ministry of Power in 2004, the Third-
class Reward for Science and Technology Advancement from Ministry of
Power in 2005, the Second-class Reward for Science and Technology
Advancement from Ministry of Technology in 2005 and 2009, the Firstclass
Reward for Science and Technology Advancement from Ministry of
Education in 2007, and the First-class Reward for Science and Technology
Advancement from Chongqing City in 2007.

S
i

Zhijin Zhang was born in Fujian province, China, in Jul.
1976. He graduate from Chongqing University and
obtained the B. Sc., M. Sc degree and Ph. D. degree in
1999, 2002 and 2007 respectively.

He is an associate professor of the College of Electrical
Engineering, Chongqing University.His main research
interests include high voltage, external insulation,
numerical modeling and simulation. He is the author or
coauthor of several technical papers.

Lichun Shu was born in Chongqing, China in 1964. He
received the B.Sc., M.Sc. and Ph.D. degrees in
engineering in 1985, 1988 and 2002, respectively from
Chongqing University, China. He became a professor at
Chongqing University in 2000.

He came to Canada and joined the Research Group on
Atmospheric Environment Engineering (GRIEA) of the
Université du Québec a Chicoutimi as an invited professor
from 2001 to 2002. Dr. Shu is author and co-author of
several scientific publications.

Caixin Sun was born in Chongging, China, on December
13, 1944. Currently, he is Professor and Doctorate
Advisor with the College of Electrical Engineering at
Chongqing University, Chonqging, China. His research
includes electrical external insulation technology in
complex climatic environments, online detection of
insulation condition and insulation fault diagnosis for
high-voltage apparatus, and high-voltage techniques applied in biomedicine.
Prof. Sun is a member of the Chinese Academy of Engineering.



	1   INTRODUCTION 
	2.1 TEST PRINCIPLE 
	2.2 TEST METHOD AND SPECIMENS 
	3  Test Results and Analysis 
	3.1 TEST PRINCIPLE 
	3.2 TEST RESULTS ANALYSIS 
	3.3 ELECTRICAL RESISTANCE OF ICE DEPOSIT 

	4 CONCLUSION 


