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ABSTRACT In this paper, the heat balance integral methodwas employed to solve the internal temperature of
ice layer and the position ofmelting interface by stages, due to its main advantage of converting the governing
partial differential equation to an ordinary differential one, which can effectively reduce numerical efforts.
Then the deicing time of hot water for insulator was calculated and analyzed. Taking LXY-120 insulator
as the verification object, after natural icing at Xuefeng mountain natural icing test base, the validation
experiments of deicing time were carried out in the natural environment. The initial water temperature and
outlet pressure were optimized for deicing efficiency. Finally, the leakage current of water jet was measured.
The research results indicate that the deicing rate increases and the energy consumption gradually decreases
as the initial temperature of hot water increases. As the outlet pressure increases, the deicing rate increases.
For the deicing condition of 1.2 mm nozzle, ambient temperature of−1 ◦C, wind speed of 3 m/s, ice weight
of 2 kg/piece and deicing distance of 2 m, when the initial temperature of hot water and outlet pressure are
85.21 ◦C and 3.35MPa respectively, the comprehensive deicing efficiency is the highest. The leakage current
through water jet decreases with the increasing distance. The leakage current increases with the increase of
water conductivity and outlet pressure. Hot water deicing for insulator in 110 kV system can be carried out
according to the safety distance of the existing regulation.

INDEX TERMS Insulator, melting process, deicing efficiency optimization, safety distance.

I. INTRODUCTION
Insulator plays an important role of electrical insulation and
mechanical support in the transmission line, and its icing
may cause ice flashover which would lead to the interrup-
tion of power supply [1]–[6]. Hot water deicing for insula-
tors belongs to the melting process with phase change. The
theoretical solution methods of phase change problem can
be divided into exact solution and approximate solution. The
former method is only applicable to some simple models
and boundary conditions, and it is almost impossible to deal
with the problem of insulator deicing. Approximate solu-
tionsmainly include quasi-steady state method, thermal resis-
tance method and polynomial heat balance integral method
[7]–[12]. The main advantage of the heat balance integral
method is the transformation of the governing equation from a

The associate editor coordinating the review of this manuscript and

approving it for publication was Jason Gu .

partial differential form to an ordinary differential one, which
allows satisfactory results with less numerical efforts [7], [9].
It is a typicalmethod to solve the problem of heat transfer with
phase change and applicable for the phase change problem
with the conditions of semi-infinite and finite thickness in
the rectangular [11], [12] and spherical [13], [14] coordinates.
In literature [11], [12], the polynomial heat balance integral
method is used to solve the temperature field in melting
process of ice layer with semi-infinite and finite thickness,
respectively.

Regarding the influencing factors of the efficiency of
various deicing methods, the efficiency of hot air deicing in
literature [15] is determined by the deicing time and energy
consumption together. Comprehensive deicing efficiency is
highest at the hot air speed of 13.87 m/s and temperature
of 192.27 ◦C. Literature [16], [17] pointed out that the laser
power density and the temperature of infrared transmitter
are important factors that affect the efficiency of laser and
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infrared deicing respectively. In the aspect of water jet deic-
ing, literature [18], [19] studied the deicing method using
water jet of low temperature (between 0 ◦C and 4 ◦C). The
influence of jet pressure, distance and ice temperature on the
deicing efficiency was studied preliminarily. It pointed out
that the deicing efficiency can be raised by increasing the
ice layer temperature [18]. The deicing experiment of post
insulator was carried out in literature [20] on the condition of
hot water temperature of 50 ◦C, hot water speed of 15 m/s,
ice thickness of 5 mm and the deicing distance of 50 cm.
The experiment results indicate that removing the ice with
thickness of 5 mm takes 1.71 min and consumes hot water
of 32.43 L. Besides, it was found that the deicing time and
energy consumption of hot water deicing method are related
to the hot water temperature and jet velocity, and the deicing
time and energy consumption are superior to the hot wind
and electric heating deicing method [20]. Road deicing using
hot water jet was studied in literature [21]–[23], in which the
deicing depth is taken as the measurement and the effects of
outlet pressure and hot water temperature are mainly studied.
It was obtained that under the condition of nozzle diameter
of 1.75 mm and target distance of 45 mm, the deicing effect is
best when the jet pressure and temperature are 0.46 MPa and
89-93 ◦C respectively [21], [22]. From the above literature,
it can be summarized that the temperature and outlet pressure
(or speed) of the deicing medium are the key factors affecting
the deicing time and energy consumption, thus affecting the
comprehensive deicing efficiency.

The insulation of water jet is the key factor to ensure
the safety of live operation. According to the standard [24],
the leakage current through the water column during hot
washing for electric power apparatus should not exceed 1mA.
The leakage current of water jet was measured in literature
[25], and the minimum water column length of live washing
working was proposed under different nozzle diameter, water
resistivity and pressure in 500 kV system.

This article is the second in the series. In the first article,
the propagation and temperature spatial distribution charac-
teristics of hot water jet in the air were studied. The research
results are summarized as follows: the effect of increasing
the initial temperature of hot water to increase water jet tem-
perature decreases with the increase of distance. As distance
increases, the temperature of water jet gradually decreases.
Increasing outlet pressure causes the water jet temperature to
drop slightly. When the ambient temperature and the wind
speed decrease or increase by the same value, wind speed
reduces the temperature of water jet to a greater degree than
the ambient temperature. Increasing the nozzle diameter can
effectively increase the water jet temperature at the same
distance.

This paper focuses on the deicing process on the insulator
surface under hot water, and the deicing efficiency and safety
distance of hot water deicing technology are discussed and
analyzed. The research results provide theoretical support for
revealing the influencing factors and mechanism of hot water
deicing and the selection of deicing equipment parameters.

FIGURE 1. Simplified schematic diagram of insulator shed.

II. CALCULATION MODEL OF HOT WATER
DEICING TIME FOR INSULATORS
A. PHYSICAL CALCULATION MODEL FOR
DEICING TIME OF HOT WATER
It is assumed that the surface of the insulator is covered with
ice uniformly. During the deicing process, after hot water is
jetted onto the insulator surface, the geometry of insulator
shed causes that part of the water spatters around and some
drips along the shed edge. In general, the heat transfer area
does not exceed the area of a single shed. Therefore, in the
following calculation model, it is approximated that hot water
only acts on one insulator after being sprayed onto the surface
of the insulator. The insulator shed is approximated as the
frustum of a cone, as shown in Fig. 1, and the surface area of
the insulator shed is

S =
π

cosα

(
R22 − R

2
1

)
(1)

where α is the inclination angle of the insulator surface,
R1 and R2 are the radius of the metal fitting and the outer
edge radius of the shed, respectively.

The number of insulators is n, the thickness of ice layer is
H , and the density of ice is ρ. The total mass of ice coating is

mice = nρSH (2)

When the hot water flows past the surface of ice layer, the heat
exchange between the hot water and ice layer is called con-
vective heat transfer. The heat exchange amount of convective
heat transfer can be calculated by the Newtonian cooling
formula [26]. For the unit area, the heat q (W/m2) transferred
from hot water to ice layer during unit time is

q = h(Tw − Tice) (3)

where h is the convective heat transfer coefficient on the
ice layer surface, W/(m2

·
◦C); Tw is the temperature of the

hot water reaching the ice layer, ◦C; Tice is the ice layer
temperature, ◦C.
Besides, the convective heat transfer coefficient h that hot

water flows past the solid, the average Nusselt number Nu in
the heat transfer area, the thermal conductivity of hot water
k and the feature size of heat transfer L satisfy the following
relationship [26]:

h = kN u/L (4)

where Nu is the ratio of convective heat transfer resistance
of fluid layer to thermal conduction resistance, indicating the
intensity of convective heat transfer. L is related to the radial
width of water column and the effective heat transfer area of
hot water is approximately regarded as a circular area with
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FIGURE 2. Schematic diagram of the effective heat transfer area of the
ice layer (thickness H).

the width of water column as its diameter, and the feature size
of heat transfer is the diameter. Therefore, the convective heat
transfer coefficient can be obtained by calculating the average
Nusselt number.

According to the literature [27], [28] on the research of
the convection heat transfer process on flat plate, the average
Nusselt number Nu is

Nu =

{
0.664Re1/2 Pr1/3 (Re ≤ 5× 105)(
0.037Re4/5 − 871

)
Pr1/3 (Re > 5× 105)

(5)

where Re is the Reynolds number, which characterizes
whether the fluid flow is laminar or turbulent. Pr is the Prandtl
number, which is related to the water temperature and can be
obtained from the table of hydrothermal physical properties.

The Reynolds number that the hot water flows on the
surface of ice layer is

Re = LVw/ν (6)

where ν is the kinematic viscosity of water, m2/s, and the
kinematic viscosity at different water temperature can be
obtained from the hydrothermal physical property table; Vw
is the hot water velocity, m/s.

Because high-speed hot water is continuously jetted onto
the surface of ice layer and the insulator shed is inclined,
the hot water newly reaching the ice layer surface would
wash away the melted water and the low-temperature water
produced after heat exchange. Therefore, the simplification
is made that the melted part is removed immediately upon
formation [29], [30], which means the temperature of hot
water on the ice layer surface can be approximately regarded
as constant. This study belongs to the range of convective
phase change under the third type of boundary condition (that
is, the temperature of the heat exchange fluid is unchanged).

The effective heat transfer area of hot water jet on the insu-
lator surface is small. The ice melting in the area where the
hot water contacts the ice layer is regarded as the convection
melting process with limited thickness in the effective heat
transfer area. Taking the ice layer in this area as a calculation
unit and ignoring the heat diffusion outside the effective heat
transfer area, its transfer in the thickness direction of the ice
layer is considered. The calculation model is shown in Fig. 2.

FIGURE 3. Temperature distribution inside the ice layer along the
thickness direction at different melting stages.

The initial temperature of the ice layer is the same as the
ambient temperature, T0, the melting point is Tm, the thermal
conductivity of ice is λ, the latent heat of melting is L1, and
the thermal diffusivity is a.

The melting process is divided into three stages according
to the changes of temperature penetration depth inside the ice
layer and melting interface, as shown in Fig. 3. The first stage
is from the beginning of the heat transfer process when hot
water reaches the ice layer (t = 0 s) until the temperature of
the top of the ice layer rises to Tm(t = t1). The temperature
penetration depth in this stage is δ1(t). The second stage takes
t1 as the starting point and that the temperature at the bottom
of ice layer begins to rise (t = t2) as the end point. The tem-
perature penetration depth in this stage is δ2(t), the melting
interface position is H2(t) and δ2(t2) = H . The third stage
starts from t = t2 until the melting interface reaches H . The
position of the melting interface is H3(t) and the temperature
at the bottom of the ice layer is Tn(t) in this stage.

The internal temperature of ice layer is solved by the cubic
polynomial heat balance integral method, which approxi-
mates the ice layer temperature as a cubic function of position
y and time t [7], [8], [12], and the temperature distribution
equation is

T (y, t) = A+ B(δ(t)− y)+ C(δ(t)− y)3 (7)

where A, B, C and δ(t) can be solved by the solution
conditions at each stage.

(a) Stage 1: Heat transfer begins until the temperature of
the top of the ice layer rises to the melting point

During this stage, there is no phase change in the ice layer.
In the range of penetration depth [0, δ1(t)], the temperature
increases with the increase of y. The ice layer temperature
outside the penetration range is T0. It is assumed that, at the
position of penetration depth δ1(t), the temperature rises
smoothly from T0 [8]–[12]. In this stage, the differential equa-
tion of heat conduction inside the ice layer and the definite
solution conditions are:

∂T
∂t
= a

∂2T
∂y2

0 < t ≤ t1 0 ≤ y ≤ δ1 (t) (8)

T = T0,
∂T
∂y
= 0y = δ1 (t) (9)

−λ
∂T
∂y
= h (Tw − T (y, t)) y = 0 (10)

Substituting equations (9) and (10) into equation (7), it is
obtained that A = T0, B = 0, C = h (Tw − T0)
/[δ1 (t)2 (3λ+ hδ1 (t))]. Then the temperature distribution
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in the ice layer along the thickness y direction can be
expressed as

T (y, t) = T0 +
h (Tw − T0)

δ1 (t)2 (3λ+ hδ1 (t))
(δ1 (t)− y)3 (11)

Integrating equation (8) at y ∈[0, δ1(t)], the equation about
δ1(t) can be obtained as follows

dδ1 (t)
dt
=

12a (3λ+ hδ1 (t))

6δ1 (t)+ δ1 (t)2 h
(12)

At the end of the first stage, the internal temperature
penetration depth of ice layer is

δ1 (t1) =
3λ (Tm − T0)
h (Tw − Tm)

(13)

(b) Stage 2: From the time when the temperature of the top
of the ice layer reaches melting point until the temperature of
ice layer bottom starts to rise

The ice layer begins to melt from the surface. The
temperature at the melting interface H2 is maintained at Tm.
The temperature penetration depth continues to increase and
δ2(t2) = H . The temperature at the bottom of ice layer
rises smoothly from T0. Similarly, the equations about the
temperature penetration depth δ2(t) and the melting interface
H2(t) are:

dδ2 (t)
dt
+
dH2 (t)
dt

=
12a

δ2 (t)− H2 (t)
(14)

ρL1
dH2 (t)
dt

= −3λ
Tm − T0

δ2 (t)− H2 (t)
+ h (Tw − Tm) (15)

By solving the differential equations consisting of
equations (14) and (15), the numerical solutions of δ2(t) and
H2(t) can be obtained. By solving δ2(t2) = H , the end time
t2 of the second stage is calculated.
(c) Stage 3: From the time when the temperature at the

bottom of the ice layer begins to rise to the end of melting
In this stage, themelting interfaceH3 continues to increase.

The temperature penetration depth has reached the maximum
value H , and the temperature at the bottom of the ice layer
is Tn(t). When t = t3, the melting interface H3 reaches the
bottom of the ice layer. At this time, the ice melting process
within the effective heat transfer area of water column ends,
and the ice melting time is t3. Similarly, the equations for
Tn(t) and H3(t) are:

(H − H3 (t))
dTn (t)
dt
+ (Tm − Tn (t))

dH3 (t)
dt

=
4a (Tm − Tn (t))
H − H3 (t)

(16)

ρL1
dH3 (t)
dt

= −3λ
Tm − Tn (t)
H − H3 (t)

+ h (Tw − Tm) (17)

The numerical solutions of Tn(t) and H3(t) are obtained by
solving the differential equations of equations (16) and (17).
By solving H3(t3) = H , the end time of the third stage, that
is, the melting time t3, is obtained.
At the same time, according to the relative size between

δ1(t1) and ice thickness H , the melting process is divided

TABLE 1. Calculation parameters.

FIGURE 4. Temperature distribution inside the ice layer at different time.

into two cases. When the number Bi= hH/λ> 3(Tm-T0)/
(Tw-Tm), that is, the temperature penetration depth at the end
of the first stage is smaller than the ice thickness H , the melt-
ing process is divided into the above three stages. When
Bi ≤ 3 (Tm -T0)/(Tw -Tm), it indicates that the temperature
penetration depth has reached the bottom of the ice layer at
the end of the first stage, and there is no second stage in this
case.

The ice layer of H = 0.01 m is taken as an example to
calculate and present the temperature distribution inside the
ice layer at different time. Table 1 shows the parameters and
ice/hydrothermal properties required for the calculation.

Fig. 4 shows the temperature distribution of ice layer in
the thickness direction at t1, 0.5 t2, t2 and 0.8 t3. At the end
of the first stage, the temperature penetration depth is about
8× 10−6 m and the end time t1 is 1.6× 10−6 s. The second
stage ends at t2 = 2.8 s, at which time the temperature pen-
etration depth reaches 0.01 m. The melting interface moves
to 7.54× 10−3 m, which means that the ice layer has melted
by about 3/4 of the thickness by the end of the second stage.
The third stage ends at t3 = 3.7 s, at which time the melting
interface moves to the bottom of the ice layer and the melting
process ends.

Through the above heat transfer stages, the icemelting time
within the effective heat transfer area of water column can be
obtained, so the deicing time t of the single insulator is

t = S × t3/Sw (18)

where Sw is the effective heat transfer area of the water
column on the ice layer surface, which can be calculated from
the radial width x of water column, Sw = πx2/4.
For insulator string, the total deicing time ta is

ta = n · t (19)
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FIGURE 5. The top view of insulator ice layer and phenomenon of ice
layer falling off.

The total water consumption mwater is

mwater = 2.1d2
√
P · ta (20)

where d is the nozzle diameter, mm, P is the outlet pressure,
MPa.

Deicing energy consumption E of hot water is

E = mwatercwater (Twater − Ti) (21)

where cwater is the specific heat capacity of water, J/(kg· ◦C),
Twater is the hot water temperature at the nozzle outlet, ◦C, Ti
is the water temperature before heating, ◦C.

B. THE INFLUENCE OF MASS PROPORTION
OF ICE LAYER SHEDDING
In the deicing experiment, it was found that the ice layer can
usually form a "gap" by melting. The remaining small ice
layers are not obstructed by the whole ice layer and directly
washed away under the impact of the water jet. For example,
Fig. 5 (a) shows the top view of the ice layer on the insulator
surface. The ice layer is roughly divided into four areas. The
ice layers in areas A and C are mainly removed through
thermal melting due to the obstruction of the surrounding ice
layers in areas B and D. After the ice in areas A and C is
removed, the ice blocks in areas B and D will fall off under
the impact force of water jet, as shown in Fig. 5 (b).

It is assumed that the mass proportion of shedding ice layer
is X . Whether the ice falls off or not depends on whether the
impact force of water jet is greater than the adhesion force
between ice and insulator surface. Literature [31] measured
the adhesion force between ice and glass plate at Xuefeng
Mountain Natural Icing Test Base. It was found that when the
ambient temperature is −5 ◦C or above, the adhesion force
Fi of ice on the surface of glass plate is approximately linear
with the ambient temperature T0.

Fi = −0.197T0 + 0.082 (22)

where the uint of Fi is N/cm2, the uint of T0is ◦C.
Then the impact force F of water jet was measured. The

test layout is shown in Fig. 6. The load sensor with resistance
strain gauge as the conversion element was used to measure
the impact force of water column. The sensor is vertically
fixed on the bracket and the sensing plane is connected to
a 23 cm × 23 cm force plate. A pressure gage is installed

FIGURE 6. Test layout of water jet impact force.

FIGURE 7. The impact force of water jet of two nozzles.

at the nozzle to simultaneously measure the outlet pressure
corresponding to the impact force.

The measured impact force of 1.2 mm and 2 mm nozzle
water jet at different outlet pressure at the distance of 2 m is
shown in Fig. 7.

When the impact force of water jet is greater than the
adhesion force of the remaining ice in areas B and D, the ice
layer can shed as a whole, i.e. the condition of ice falling
off is

F = Fi · Sx (23)

where SX is the area of shedding ice layer, cm2.
Therefore, the mass proportion X of the shedding ice is

X = Sx/S (24)

The deicing time of hot water for insulator is

t =
(1− X) S

Sw
· t3 (25)

C. CALCULATION PROCESS OF HOT WATER
DEICING FOR INSULATOR
According to the above physical process and calculation
model, the calculation flow chart of the hot water deicing for
insulator can be determined, as shown in Fig. 8.

D. VALIDATION OF CALCULATION MODEL FOR
DEICING TIME OF HOT WATER
Taking LXY-120 glass insulator as the research object, the
verification test of hot water deicing was carried out at
Xuefeng mountain natural icing test base (test condition 1:
nozzle diameter of 1.2 mm, ice weight of 0.95 kg/piece,
wind speed of 3 m/s, temperature of −1 ◦C, outlet pressure
of 3 MPa, deicing distance of 2 m; test condition 2: nozzle
diameter of 2 mm, ice weight of 0.95 kg/piece, wind speed
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FIGURE 8. Calculation flow chart of hot water deicing for insulator.

FIGURE 9. Comparison between calculated value and experimental value
of deicing time.

of 0 m/s, temperature of−0.5 ◦C, outlet pressure of 1.6 MPa,
deicing distance of 2 m). Three strings of insulators with
the same icing condition were prepared for each test con-
dition. The deicing experiment was carried out three times
under each condition, and the average value was taken as the
result of deicing time. According to the calculation process,
the comparison between the calculated value of deicing time
and the experimental result is shown in Fig. 9.

It can be seen from Fig. 9 that the calculated and
experimental values decrease with the increase of the initial

FIGURE 10. Relationship between deicing time and initial temperature of
hot water.

temperature of hot water, and the regularity is the same.
The error between the calculated value of 2 mm nozzle
and the experimental value is less than 6%. The error between
the calculated value of 1.2 mm nozzle and the experimental
value is about 18%. The reason for the large error is that the
field ambient wind speed is uncontrollable and dynamic and
its average value is measured in the experiment, which is used
for model calculation. Therefore, the hot water deicing model
established in this paper can meet the engineering calculation
requirement of hot water deicing time for insulator to some
extent.

III. INFLUENCING FACTORS ON DEICING TIME
OF HOT WATER FOR INSULATOR
In order to study the influence of initial temperature of
hot water, outlet pressure and ice weight on deicing time,
the above model (condition: 1.2 mm nozzle, environment
temperature of −1 ◦C, wind speed of 3 m/s, deicing distance
of 2 m, LXY-120 insulator) is used to calculate the deicing
time under different initial temperature of hot water, outlet
pressure and ice weight.

A. INFLUENCE OF INITIAL TEMPERATURE OF HOT WATER
When the mass of ice is 2 kg/piece, the relationship between
the deicing time (per 100 g) and the initial temperature of hot
water is obtained as shown in Fig. 10.

It can be seen from Fig. 10 that the deicing time (per 100 g)
at each outlet pressure decreases with the increase of the
initial temperature of hot water. The rate of change at low
temperature is greater than that at high temperature. To be
specific, when the water temperature is higher than about
65 ◦C, the decreasing trend of deicing time slows down,
indicating that the benefit of raising the initial temperature of
hot water in the middle and low temperature range to reduce
the deicing time is better than that in the high temperature
range.

B. INFLUENCE OF OUTLET PRESSURE
When the iceweight is 2 kg/piece, the deicing time (per 100 g)
at different outlet pressure is calculated, as shown in Fig. 11.

The deicing time (per 100 g) at different initial water
temperature decreases as the outlet pressure increases, but
the reduction rate tends to be gentle. The reason for this

130734 VOLUME 8, 2020



Z. Zhijin et al.: Hot Water Deicing Method for Insulators Part 2: Analysis of Ice Melting Process, Deicing Efficiency, and Safety Distance

FIGURE 11. Relationship between deicing time and outlet pressure.

FIGURE 12. Relationship between deicing time and ice weight.

change trend is that the outlet pressure affects both the impact
force and temperature of water jet. That is, increasing the
outlet pressure will significantly increase the impact force
at the same distance, as shown in Fig. 7, and the increasing
impact force will increase the proportion of ice shedding and
accelerate the deicing process. At the same time, according
to the relationship between water jet temperature and outlet
pressure in the first article of the series, the temperature of
water jet decreases slightly with the increase of the outlet
pressure. Therefore, under the comprehensive influence of
the above two aspects, the reduction rate of deicing time
decreases as the outlet pressure increases.

C. INFLUENCE OF ICE WEIGHT
The ice weight determines the amount of hot water. In order
to prepare enough hot water for ice-covered insulator in the
field operation, the relationship between deicing time and
ice weight needs to be studied. When the ice weight of each
insulator is between 0.5 and 2 kg, the deicing time (per 100 g)
under different weight is obtained as shown in Fig. 12.

It can be seen from Fig. 12 that the deicing time
(per 100 g) decreases slightly with the increase of ice weight.
For example, when the ice weight increases from 0.5 kg/piece
to 2 kg/piece, the deicing time (per 100 g) at initial water
temperature of 65 ◦C, 80 ◦C and 95 ◦C reduces by 6.10%,
3.52% and 5.36% respectively. The influence of ice weight
on the deicing time (per 100 g) is small. Therefore, the total
deicing time of the insulator can be considered to rise linearly
with the increase of ice weight.

FIGURE 13. Distribution of deicing rate.

IV. OPTIMIZATION OF HOT WATER DEICING
EFFICIENCY FOR INSULATOR
Hot water deicing efficiency needs to consider the effects of
deicing time (i.e., deicing rate vm: the ratio of ice weight
to deicing time) and deicing energy consumption. In order
to study the influence law of initial hot water temperature
and outlet pressure on deicing efficiency, deicing rate (g/s)
under different combinations of initial hot water tempera-
ture and outlet pressure is calculated using the above model
(simulation condition: 1.2 mm nozzle, ambient temperature
of −1 ◦C, wind speed of 3 m/s, ice weight of 2 kg/piece,
deicing distance of 2 m), as shown in Fig. 13.

It can be seen from Fig. 13 that as the initial tempera-
ture of hot water T increases, the deicing rate vm gradually
increases. Besides, the deicing rate vm gradually rises with the
increase of outlet pressure P, but its increasing rate gradually
decreases. The research results in literature [15] shows that
the deicing rate of hot air satisfies the binary quadratic func-
tion with the initial temperature of hot air and outlet pressure.
The fitting of Fig. 13 using the binary quadratic function gives

vm = 0.00304T 2
− 0.3633P2 + 0.04319TP

−0.12T + 2.262P+ 0.2111 (26)

The square of the fitting correlation coefficient is 0.99. The
relationship between deicing rate of hot water and initial tem-
perature of hot water, outlet pressure can also be expressed by
a binary quadratic function.

Fig. 14 shows the distribution of deicing energy
consumption (kJ/(100 g)) under different conditions. It can
be seen from the figure that the relationship between energy
consumption and temperature and pressure is more compli-
cated. When the outlet pressure is constant, as the initial
temperature of hot water T rises, the energy consumption E
generally tends to decrease, which slows down between 65 ◦C
and 80 ◦C. According to literature [15], the deicing energy
consumption of hot air satisfies the binary quartic function
with the initial temperature of hot air and outlet pressure. The
binary quartic function is used to fit Fig. 14.

E = −0.0001061T 4
+ 5.54× 10−5T 3P+ 0.00114T 2P2

−0.2045TP2 − 0.01434T 2P+ 0.02708T 3
− 2.637T 2

+1.489TP+ 10.69P2 + 104T − 63.64P− 1239 (27)
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FIGURE 14. Distribution of deicing energy consumption.

The square of the fitting correlation coefficient is 0.99.
The relationship between deicing energy consumption of hot
water and initial temperature of hot water, outlet pressure can
also be expressed by a binary quartic function.

In order to obtain the maximum deicing efficiency,
multi-objective optimization of deicing time and energy con-
sumption is required. At the same time, since different initial
water temperature and outlet pressure have different effects
on reducing deicing time and energy consumption, that is, the
slopes of the curves of deicing time and energy consumption
reflect the contribution rate of temperature and pressure to
improve the deicing efficiency. Therefore, the objective func-
tion for optimizing the initial hot water temperature and outlet
pressure is constructed as follows,

f (T ,P)min

= a
(
b

t (vm)
t (vm)max

+ (1− b)
(∣∣∣∣∂t (vm)∂T

∣∣∣∣+ ∣∣∣∣∂t (vm)∂P

∣∣∣∣))
+ (1− a)

(
b

E
Emax

+ (1− b)
(∣∣∣∣∂E∂T

∣∣∣∣+ ∣∣∣∣∂E∂P
∣∣∣∣)) (28)

where t(vm) is the time to remove 100 g of ice, t(vm) =
100/vm; a is the weight of deicing time, (1-a) is the weight
of energy consumption; b is the weight of the contribution
rate of deicing time and energy consumption to deicing
efficiency, (1-b) is the weight of the contribution rate of
the initial water temperature and outlet pressure to deicing
efficiency. According to the research of literature [15] and
practical operation experience, a = 0.8 and b = 0.8 are
taken. t(vm)/t(vm)max is the ratio of deicing time tomaximum
deicing time under different conditions; E /Emax is the ratio of
energy consumption to maximum deicing energy consump-
tion under different conditions; |∂t(vm)/∂T | and |∂E / ∂T |
are the partial derivatives of time and energy consumption to
the initial temperature of hot water, respectively; |∂t(vm)/∂P|
and |∂E /∂P| are the partial derivatives of time and energy
consumption to the outlet pressure, respectively.

The change intervals of independent variables T and P in
this objective function are respectively

35 ≤ T ≤ 100, 1 ≤ P ≤ 4 (29)

The distribution of the objective function f (T , P) is shown
in Fig. 15. By solving the objective function, the result of
f (T , P)min = f (85.21, 3.35)= 0.305 can be obtained, that is,

FIGURE 15. Distribution of objective function.

FIGURE 16. Schematic diagram of test circuit.

for the deicing condition of 1.2 mm nozzle, ambient tempera-
ture of−1 ◦C, wind speed of 3 m/s, ice weight of 2 kg/piece,
and deicing distance of 2 m, when the initial temperature
of hot water is between 35 ◦C and 100 ◦C and the outlet
pressure is between 1 MPa and 4 MPa, the comprehensive
deicing efficiency is the highest when the initial temperature
of hot water and outlet pressures are 85.21 ◦C and 3.35 MPa
respectively, as shown by the red marked point in Fig. 15.

V. SAFETY DISTANCE OF HOT WATER DEICING
FOR LIVE INSULATOR
An experimental study was carried out on the water jet
insulation characteristics of hot water deicing for operat-
ing insulator in 110 kV system. The influence of various
factors on the leakage current was analyzed to obtain the
minimum deicing distance under different outlet pressure and
conductivity of deicing water.

A. EXPERIMENT EQUIPMENT AND METHOD
The test circuit and experiment layout are shown in
Fig. 16 and Fig. 17 respectively [24], [25]. The high voltage
pole is connected to the fitting of the first insulator. The mea-
surement line is drawn from the metal part of nozzle, and the
acquisition resistance enlarges the leakage current waveform
by 100 times and converts it to voltage signal for measure-
ment. Water column is adjusted to ensure effective contact
between the water column and the high-pressure pole, that
is, the leakage current is measured in the extreme case where
the water jet directly contacts the high-pressure pole (at this
time, the leakage current is the largest). The high-pressure
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FIGURE 17. Experiment layout.

TABLE 2. The leakage current for 1 mm nozzle, 30 µS/cm and 1.5 MPa.

water gun is fixed on the support frame. The applied test
voltage is 110 kV. The temperature of hot water is 55 ◦C,
and the lowest conductivity of the deicing water produced by
industrial water system is 20.3 µS/cm at room temperature
(20 ◦C).

B. EXPERIMENT RESULTS OF LEAKAGE CURRENT
(1) The leakage current of water jet decreases with the
increase of distance. Taking 1 mm nozzle as an example,
when the water conductivity is 30 µS/cm and outlet pressure
is 1.5 MPa, the experiment results of leakage current are
shown in Table 2.

According to the regulation of hot washing for electric
power apparatus [24], the safe leakage current through water
column should be less than 1 mA, indicating that under the
above conductivity and outlet pressure, the water jet leakage
current at a distance of 0.7-2 m meets safety requirement.

(2) Considering the general situation that the water source
of on-site deicing operation may not provide the appropriate
conductivity of deicing water, the leakage current under dif-
ferent deicing water conductivity (30-1800µS/cm) and outlet
pressure (0.5-1.5MPa) wasmeasured in this paper. For exam-
ple, the leakage current distribution of 2 mm nozzle is shown
in Fig. 18. It can be seen that the amplitude of leakage current
changes significantly at large conductivity and close range,
while at small conductivity and long distance, the change in
leakage current tends to be mild.

(3) The leakage current rises with the increase of the outlet
pressure. The smaller the distance or the higher the conductiv-
ity is, the faster the leakage current increases. For long water
column or small conductivity, the effect of outlet pressure on
the leakage current is not obvious, as shown in Fig. 19.

C. SAFETY DISTANCE OF DEICING
The relationship between the leakage current of water column
in the live insulator washing and influencing factors such as
distance was fitted as a polynomial in literature [25]. The
leakage current of hot water deicing for live insulator is
similar to the above situation. By fitting the leakage current of
the nozzles with different diameters, the relationship between
the leakage current I and distance L, the conductivity σ and
outlet pressure P can be obtained, as shown in Fig. 18.

FIGURE 18. Distribution of leakage current.

FIGURE 19. Leakage current under different outlet pressure.

TABLE 3. Minimum deicing distance/m.

Since the safe leakage current of water jet should be less
than 1mA [24], theminimumdeicing distance under different
combinations of outlet pressure and water conductivity is
calculated according to the fitting results of leakage current
in this paper, as shown in Table 3.

The regulation of hot washing for electric power apparatus
[24] stipulates that in 110 kV system, the safety distance using
nozzles below 3 mm is not less than 1.5 m. It can be seen
that the hot water deicing for insulator in 110 kV system
can be carried out according to the safety distance of the
existing regulation, and no special consideration is needed to
its deicing distance.

VI. CONCLUSION
In this paper, the heat balance integral method is employed
to solve the internal temperature of ice layer and the position
of melting interface. At the same time, the influence of the
proportion of the ice layer shedding caused by the impact
force of water jet is considered, then the deicing time of hot
water for insulator is calculated and analysed. With the aim
of deicing efficiency, the initial temperature of hot water and
outlet pressure are optimized. Finally, the leakage current test
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of water jet under different working conditions is carried out.
The following conclusions are drawn:

(1) The ice melting time is mainly distributed in the second
and third stages. The phenomenon that ice layer falls off under
the impact of water jet can accelerate the deicing process. The
relative error between the calculated deicing time and the
experimental value is small with the proportion of the ice
layer shedding taken into consideration.

(2) The deicing time gradually decreases with the increase
of the initial temperature of hot water and the outlet pressure,
and tends to be gentle. The total deicing time of the whole
insulator increases linearly as the ice weight increases.

(3) The deicing efficiency is determined by the deicing
time (i.e., deicing rate) and deicing energy consumption. As
the initial temperature of hot water increases, the deicing
rate increases. As the outlet pressure increases, the deicing
rate increases, but the rate of increase gradually decreases.
The deicing energy consumption generally decreases with the
increase of the initial temperature of hot water. For the deicing
condition of 1.2 mm nozzle, ambient temperature of −1 ◦C,
wind speed of 3 m/s, ice weight of 2 kg/piece, and deicing
distance of 2 m, when the initial temperature of hot water is
between 35 ◦C and 100 ◦C and the outlet pressure is between
1 MPa and 4 MPa, when the initial temperature of hot water
and outlet pressures are 85.21 ◦C and 3.35 MPa respectively,
the comprehensive deicing efficiency is the highest.

(4) The leakage current of water jet decreases as the
distance increases. The shorter the distance or the higher
the conductivity is, the more obviously the leakage current
increases with outlet pressure. The hot water deicing for
insulator in 110 kV system can be carried out according to
the safety distance of the existing regulation, and no special
consideration is needed to its deicing distance.
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