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Abstract— Rime icing is commonly found in natural 

environments with a bulky and porous structure. During ice-

melting, the pores will absorb melting water and freeze again 

under the variation of natural conditions, which complicates the 

study of rime-melting law and the judgement of its freezing and 

thawing state. This paper proposes a criterion for judging the 

freezing and thawing state of rime based on the heat conservation 

principle. In addition, the author aims at the effect of the rime's 

bulky structure and the water-holding capacity of the internal 

pores on the rime-melting law and the electric field distribution 

around the icing insulator by establishing two-dimensional 

porous rime-covered insulator models of different melting stages. 

Results show that: in the early stage of rime-melting, the bulky 

rime with a low curvature can uniform the voltage distribution 

and the partial arc is less likely to be developed. But in the late-

melt, the thinner ice under the insulator sheds makes the electric 

field concentrate on the ice tips, combined with the reduced 

water-holding capacity of the rime makes the water film more 

likely to drip, the flashover probability in the late-melt increases. 
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I. INTRODUCTION 

Insulator ice flashover is one of major electrical accidents 

affecting the safe and stable operation of power systems in 

cold regions [1, 2]. According to statistics, the flashover 

possibility in the ice melting stage is much higher than in the 

ice growth stage, since the highly conductive water film can 

sharply reduce the insulation performance and increase the 

possibility of developing partial arcs. Under time-varying 

natural conditions, the ice-melting flashover of insulators is 

highly uncontrollable and unpredictable, which adds 

difficulties of emergency treatment to power operating units. 

Therefore, many scholars were promoted to explore various 

solutions to these issues [3-9]. 

Glaze and hard rime are two types of icing with the highest 

flashover risk of insulators, and light rime is the second 

riskiest icing type, the physical properties of three riskiest 

types of ice-covered insulators are shown in Table I. So far, 

researchers at home and abroad have carried out a lot of 

research on the flashover characteristics of glaze, less focus 

on rime [10-13]. Rime is formed under freezing fog, which is 

usually found in winter in southern China. It is a kind of ice 

crystal caused by the collision of supercooled water with the 

insulator’s surface and will adhere and form soft rime or hard 

rime.  

The soft rime is the result of the dry growth, which is a 

white, porous and opaque icing with a bulky structure outside 

and many pores inside. Its adhesion is less strong, and the 

density is relatively low. Due to the time-varying natural 

conditions, the alternating phenomenon of dry and wet growth 

appears, thus forming hard rime with high density and strong 

adhesion, which also contains many air bubbles and pores 

inside. 

Ice-melting can be regarded as the inverse process of ice 

growth, and the heat conservation equation is the theoretical 

basis for the calculation of ice melting [14-16].  However, the 

ice melting energy totally depends on the environment. The 

uncontrollable ice-melting energy leads to the slow melting. 

Under the variation of meteorological conditions, the dry and 

wet growth alternate, and the ice-melting water penetrate the 

pores of rime. The possibility of re-freezing, namely, the 

freeze-thaw cycle process, will trigger the "Crystallization 

Effect" and make the icing flashover more complicated [17-

20]. Scholars from Tsinghua University [21] used the 

condensation experiment of potassium permanganate solution 

to prove the phenomenon of salt migration from the bottom of 

the ice layer to the outer surface during the icing process, 

which causes an increase of leakage current while melting. It 

was found that the melting-water conductivity can reach a 

maximum of 5.7 times the freezing-water conductivity [22]. 

Scholars from Chongqing University [23] measured the 

melting-water conductivity to indirectly reflect the 

crystallization effect during the water-ice phase transition and 

found that the melting water conductivity decreased 

nonlinearly during melting, and partial discharge would slow 

down the freezing of droplets on icicles and make the freezing 

amount reduced. In addition, the rime surface is extremely 

rough, which is covered with many tiny ice branches. The tip 

of the ice branches will seriously distort the electric field and 

trigger arc discharge, even when operating at a very low 

voltage [24-26]. 

Although the preceding studies show that the melting-water 

conductivity is higher than the freezing-water conductivity 

and the migration of ions dissolved in the cooling water during 

phase transition, the melting law and electric field distribution 

characteristics of rime with porous structure still needs be 

further studied. This paper firstly establishes a criterion of 

freeze-thaw state based on the heat conservation principle and 

applies the criterion on analysing the windward and leeward 

ice-melting law. In addition, a two-dimensional model of the 

rime-covered insulator is established by electric field 

simulation on COMSOL. The influences of the varied rime 

structure and its water-holding characteristic on the voltage 
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distribution during ice-melting are obtained. The conclusions 

of this paper can provide a reference for studying the flashover 

characteristics of the porous rime under the variation of 

natural conditions. 

TABLE II. THE CHARACTERISTICS OF THREE RISKIEST ICING TYPE 

Icing 

Type 

Structural 

Characteristic 

Growth 

Mode 

Density

（kg/m3） 

Flashover 

Risk 

Glaze 

Transparent 

Icicle with very 

less pores inside 

Wet 

Growth 
800~900 High 

Hard 

Rime 

Translucent Ice 

Branches with 

many pores 

inside 

Dry 

Growth 

and Wet 

Growth 

600~800 High 

Light 

Rime 

Opaque Ice 

Branches with 

many pores 

inside 

Dry 

Growth 
300~600 

Relatively 

High 

II. THE PHYSICAL PROCESS OF RIME-MELTING ON THE 

INSULATOR 

The ice-melting energy totally comes from the environment, 

but the natural conditions vary all the time. Therefore, the 

uncontrollable ice-melting energy leads to slow melting. In the 

early stage, the ice branches on the surface melt slowly, and 

the melting-water will penetrate the pores in the upper layer 

of rime. The time-varying temperature may cause the droplets 

absorbed in the pores to condense and freeze again. Since the 

solubility of conductive particles in water is greater than that 

in ice, conductive ions migrate toward the icing outer surface 

during condensation, and this freeze-thaw cycle complicates 

the study of the rime-melting model. Fig.1 shows the rime-

melting on the surface of the insulator and the water-holding 

process of the ice layer. The physical process can be divided 

into the following four stages: 

1) First ice-melting: With the increase of the ambient 

temperature, the net energy absorbed by icing rises. When the 

absorbed energy exceeds the internal energy of icing, the 

temperature of the ice layer will rise to 0 °C, and the excess 

energy will be consumed to liquified the ice crystals into 

melting-water, and the outer ice branches will melt first. 

2) Infiltration of melting water:  The melting-water droplets 

on the surface of ice branches will gradually penetrate and will 

be absorbed by the upper pores to form sponge ice mixed with 

ice and water, and the moisture content inside the ice layer will 

increase. The moisture content of ice depends on porosity, 

permeability, density, structure, slope, etc. Porousness and 

permeability of the ice layer can represent the water-holding 

capacity, which can be expressed as follows 

                       𝑊𝑐 = 𝜃𝑖 × 𝑆𝑊𝐸 = 𝜃𝑖𝑑𝑖𝜌𝑖/𝜌𝑤  (1) 

where 𝑊𝑐  is the moisture content of the ice layer, 𝑆𝑊𝐸 is the 

volume of meltwater, 𝜃𝑖 is the porosity, 𝑑𝑖 is the thickness of 

the ice layer, 𝜌𝑖  and 𝜌𝑤 are icing density and meltwater 

density. 

3) Crystallization process:  If the net energy absorbed by 

the ice layer is reduced to a negative value due to the time-

varying temperature, the liquid water will re-freeze and will 

be locked in the pores. There is a phenomenon of conductive 

ion migration at the phase transition interface during re-

freezing because the solubility of conductive ions in water is 

greater than that in ice. When the melting water turns into ice 

again, the conductive ions no longer migrate. Therefore, 

"Crystallization Effect” induced by the time-varying 

temperature will maximize the ion concentration of upper ice. 

4) Re-melting: Once the icing internal energy increases 

again to the energy required for ice melting, the ice-covered 

surface will show signs of melting again. Compared with the 

first ice-melting, the ice porosity after the freeze-thaw cycle is 

lower and the water-holding capacity is reduced, making the 

water film thicker and easy to drip. And the conductivity of 

the water film precipitated at this time, which can reach 1.5 

~5.7 times that of the freezing-water [22]. The thicker water 

film containing more ions provides better conditions for 

developing arc discharge. 

Ice Branches

Air Gap

Insulator

Holding Water

Insulator

Air Gap

The Penetration Path of 

Melting Water

The Migration Path of 

Conductive ions

 

Fig.1 Water-holding progress during rime melting 

III. CRITERION OF THE ICING FREEZING-THAWING STATE 

A. Heat conservation equation of rime during freeze-thaw 

process  

The icing freeze-thaw cycle process only involves physical 

processes. The alternating freezing and thawing processes will 

change the icing porosity and icing density, and promote 

crystallization, which will lead to the change of water film 

conductivity and even icing type probably. If the moisture 

content of the ice layer is calculated by using the internal 

microscopic parameters of the ice layer to determine the 

freeze-thaw state of the rime, many factors need to be 

considered, such as ice permeability, porosity, relative 

dielectric constant, moisture content, etc. And these 

microscopic physical quantities will change with time-varying 

meteorological conditions, so it is difficult to achieve 

quantitative calculations to judge the freezing and thawing 

state. Therefore, this paper, from a macro perspective, 

proposes the freezing and thawing criterion based on the 

principle of heat conservation. 

In this method the mass transfer of the crystallization effect 

is not considered, and only the melting and freezing process 

on the surface of the rime-covered insulator is considered, the 

melting problem of the insulator icing can be simplified to a 

heat transfer problem, which can be determined through 

thermal balance analysis.  According to the principle of energy 
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conservation, the heat balance equation of rime icing can be 

expressed as follow: 

𝑄𝑛 + 𝑄𝑙 + 𝑄𝐽 + 𝑄𝑠 − 𝑄𝑐𝑞 − 𝑄𝑎 − 𝑄𝑠𝑟 − 𝑄𝑒 = 0  (2) 

where 𝑄𝑛 is the heat generated by solar radiation, 𝑄𝑙  is the 

heat absorbed when the temperature of the supercooled water 

hitting the surface of the insulator rises to the melting point 𝑇𝑖  

(0°C) of ice, 𝑄𝑐𝑞  is the heat generated by the heat convection 

on the surface of ice layer (during the melting process the 

ambient temperature may be higher than the needed energy for 

ice-melting, so that the air flow will cause the internal energy 

of the ice layer to increase), 𝑄𝑎 is the heat released for cooling 

the ice from 𝑇𝑖   (0°C) to the static temperature 𝑇𝑖𝑠 of the icing 

surface,   𝑄𝑠𝑟  is the short-wave radiation of the ice layer, 𝑄𝐽 is 

the current Joule heat (for the ice-melting process, this item is 

estimated by the insulator leakage current), 𝑄𝑠 is the sum of 

other subtle heat during the ice-melting process, 𝑄𝑒  is the ice 

vaporization Latent heat. Among them, 𝑄𝑛 , 𝑄𝐽 , and 𝑄𝑠  are 

heat absorption, while 𝑄𝑐𝑞 , 𝑄𝑠𝑟  and 𝑄𝑒  are heat release. 

The icing freezing and thawing state is determined by the 

thermal transfer state of icing surface. When the sum of all 

quantities in equation (2) is positive, that is, equation (2) is 

greater than zero, under ideal conditions, the static 

temperature of icing surface 𝑇𝑖𝑠  is higher than the melting 

point of ice 𝑇𝑖  (0℃), and the rime-covered ice surface is 

judged to be in a melting state, and vice versa. During the 

freeze-thaw cycle of rime, there is only one unknown 

parameter 𝑇𝑖𝑠  in equation (2), so by solving equation (2), the 

rime-covered freeze-thaw criterion can be simplified as: 

{
𝑇𝑖𝑠 < 0      Freezing
𝑇𝑖𝑠 > 0       Melting

  (3) 

B. Numerical simulation of judging the freezing and thawing 

state of rime 

In this paper, the LXY--160 insulator (interlayer insulator 

sheet) is taken as the research object, and the rime-covered 

model is established by using Fluent. The author carried out 

multiple numerical simulation by setting up different inlet 

velocity and inlet temperatures to observe the effects on 

insulator and its rime-coating. The model parameters are 

shown in Table Ⅱ.  

TABLE Ⅱ.  DIMENSIONS OF RIME-COVERED INSULATOR MODEL 

Model 

Name 

of 

Insulat

or 

Appearanc

e 

Shed 

Material 

Struct

ural 

Diamet

er 

(mm) 

Struct

ural 

Height 

(mm) 

Creepa

ge 

Distanc

e 

（mm

） 

LXY-
160 

 

Toughene
d Glass 

280 155 380 

Icing 

Type 

Icing 

Thickness

（mm） 

Icing 

Density

（kg/m3

） 

Heat 

Flux

（W/

m2） 

Inlet 

Tempe

rature 

（℃） 

Inlet 

Velocit

y 

（m/s

） 

Rime 20 400 200 -3,0.3 3,5,10 

Results show that the heat is concentrated on the leeward 

side of the insulator and rime (ice-coating) because there is a 

vortex existing around the leeward side, where less heat can 

be dissipated and temperature can be maintained for a short 

period of time. Compared with the leeward side, the windward 

side is more susceptible to the time-varying ambient 

temperature and airflow velocity, which is more prone to 

freeze-thaw cycles. 

IV. ELECTRIC FIELD DISTRIBUTION OF RIME-COVERED 

INSULATOR DURING ICE-MELTING 

A. Simulation Model 

Compared with glaze, rime has the characteristics of low 

density, high porosity inside and bulky structure outside. 

During ice-melting, the water-holding capacity make the 

water film difficult to flow out; in addition, due to the time-

varying meteorological conditions, the freeze-thaw cycle will 

change the icing properties of rime, and some parts in the late 

stage may become glaze. Therefore, the author focuses on the 

effects of rime’s special icing structure and its water-holding 

capacity on the potential distribution of rime-coated insulators. 

The two-dimensional axisymmetric model of the rime-

covered insulator in each ice-melting stage, as shown in 

Figure 3.  

 

(a)                                                  (b)  

 

(c)                                                  (d)     

Fig.3 The structure of the rime-covered insulator in each ice-

melting stage 

A simulation model is established according to the actual 

structural parameters of the insulator. The outside is an air 

domain with a side length of 1000 mm, and the voltage applied 

on the insulator is set to 35 kV. The specific material 

parameters in the model are shown in Table Ⅲ.  Considering 

that the rime icing is a bulky and porous structure, there is a 

percolation phenomenon of meltwater in the early stage, and 

in the later stage, after multiple freeze-thaw cycles, the 

porosity and the water-holding capacity of the ice layer 

decrease. Meltwater is more likely to drip, so the moisture 

content of each stage is set to 0%, 25%, 50%, 50%, 20%, 5%. 

The melting-water conductivity at the initial stage can be 1.5 

to 5.7 times that of the freezing-water, and as the melting time 

increases, the melting-water conductivity decreases 

nonlinearly [24,25]. Therefore, it is set to 1000 μS/cm, 

2500μS/cm, 1500μS/cm, 750μS/cm, 400μS/cm, 200μS/cm; 

other parameter settings are shown in Table Ⅳ, and the 

simulation results are shown in Figure 4. 
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TABLE Ⅲ. PARAMETERS OF THE MODEL 

 
Relative Dialectic 

Constant 

Resistivity

（Ω·m） 

Insulator Shed 3.0 — 

Insulator Steel 

Cap 
1.0×108 1.0×10-4 

Insulator Plug 5.0 — 

Rime (Ice-

coating) 
70 4.0×10-3 

Water Film 80 Variable 

Air 1 — 

TABLE Ⅳ. PARAMETERS OF DIFFERENT MELTING STAGE 

Ice- 

melting 

Stage 

Ice 

thick

ness 

Water 

Film 

Thickn

ess 

Moist

ure 

Conte

nt

（g/c

m3） 

Freezing

/melting 

Water 

Conduct

ivity

（μS/cm

） 

Model 

（Fig.

3） 

Resul

ts 

(Fig.4

)  

Before-
melt 

60mm 0mm 0 1000 

（a） 

（1） 

Early-
melt 

60mm 0.5mm 2 2500 （2） 

Mid-
melt 

50mm 1mm 5 1500 
（b） 

（3） 

50mm 1mm 5 750 （4） 

Late-
melt 

20mm 1.5mm 3 400 （c） （5） 

10mm 1.5mm 1 200 （d） （6） 

B. Analysis of Simulation Results 

1) The influence of the icing structure on the electric field 

distribution: 

Figure 4 shows the voltage distribution of rime-covered 

insulators in each melting stage. The rime icing structure is 

bulky and fluffy at the initial stages (Fig.4 (1)(2)), which 

makes the air gap between two sheds very short, and the 

voltage is concentrated on the first air gap which is closest to 

the high-voltage end. However, due to the low meltwater 

volume currently, it is not easy to form partial arcs. As the ice-

coating melts further, the thickness of the rime decreases, the 

length of the air gap increases, and the voltage of air gaps 

increases significantly. 

To further analyse the voltage distribution of ice-coating 

and air gap, the author added a cross line in the model. The 

distance between starting point and high voltage side in each 

model remains the same, and the starting and terminal points 

of the sectional line are shown in Figure 5(a). The starting 

voltage of each cross line will increase with the increase of the 

melting time. This is because the rime covered under the sheds 

is thicker in the early stages (Fig.4 (1)-(4)), and the icing 

resistance value is large, so the electric field line is not easy to 

pass through ice-coating. 

However, in the mid and late melt, it can be seen from Fig. 

4(5)(6) that the curvature of the ice coating under the sheds 

increases, and the voltage at the tip of the ice-coating can reach 

1.5-5.7 times that of the initial state because in the early stages 

the curvature of the icing shape under the sheds is low, which 

can play the role of dispersing the voltage distribution. But in 

the late-melt the increased amount of melting ice and the more 

concentrated electric field distribution provide more 

favourable conditions for developing partial arcs. 

In addition, it can be seen from the comparison between the 

initial stage (Fig.5, lines 1 and 2) and the middle and late 

stages (Fig. 5, lines 3-6), the melting-water conductivity is set 

to be reduced, but the voltage along the surface increases, 

which may because of the increase in the thickness of the 

water film weakens the effect of the decrease in the 

conductivity of the melting ice water to a certain extent. 

 

（1）Before-melting                   （2）Early-melt        

 

（3）Mid-melt                      （4）Mid-melt     

 

（5）Late-melt                    （6）Late-melt 

Fig.4 Potential distribution of rime-covered insulators in each 

melting stage 

High Voltage 

Side

Starting 

Point

Terminal 

Point

 

(a) cross line position 
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(b) Voltage distribution of the cross line 

Fig.5 Voltage distribution of rime icing and air gap at each stage 

2) The influence of the water-holding capacity of rime on 

the electric field distribution: 

To directly reflect the influence of the water-holding 

capacity, the author took the intermediate shed as the research 

object, three two-dimensional edges (water film surface, top 

layer and bottom layer of ice-coating) were added to the model 

at each melting stage for data analysis. In the model, the 

conductivity parameter of the melting-water at the initial stage 

is set to be 1.5 to 2.5 times of the freezing water before the 

ice-melting. And it can be seen from Fig. 6(2) that the high-

conductivity water film has no obvious effect on the change 

of the voltage distribution along the entire ice-coating. 

 

(1) Before-melting                    (2)  Early-melt 

 

(3) Mid-melt                                 (4) Mid-melt 

 

(5) Late-melt                          (6) Late-melt 

Fig.6 Voltage distribution of different icing layers in each melting 

stage 

In addition, with the increase of ice melting time, the 

electric potential difference of the icing bottom layer 

gradually decreased, from the initial 1.6kV to 1.0kV. 

Therefore, the moisture content of rime will affect the 

electrical conductivity inside the ice layer. It is not ruled out 

that there may be arcs inside the ice layer in the mid and late 

melt of rime, but it still needs to be verified by experiments in 

the artificial climate laboratory in the future. 

V. CONCLUSIONS 

(1) The vortex existing around the leeward side of the 

insulator can concentrate heat in this area, in contrast, the 

windward side is more susceptible to the time-varying natural 

conditions, which is more prone to freeze-thaw cycles. 

(2) In the early stage of ice melting, the bulky rime under 

the insulator sheds has a low curvature, which can play a role 

in uniform the voltage distribution and preventing partial arcs; 

in the late- melt, the thin ice under the sheds makes the electric 

field concentrate on the nibs, combined with the reduced 

water-holding capacity of the rime making the water film 

more likely to drip, the flashover probability in the late 

melting stage is greater. 

(3) The water-holding capacity of the rime will affect the 

electrical conductivity inside the ice layer. It is not ruled out 

that there may be arcs inside the ice layer in the mid and late 

melt of rime, but it still needs to be verified by experiments in 

the artificial climate laboratory in the future. 
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