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ABSTRACT Flashover accidents on high-voltage bushings frequently occur under extreme rainfall, which is
generally attributed to the bridging of adjacent sheds by pendant drops, a result of the dynamic deformation
of pendant drops. We numerically investigate the effects of the parameters of pendant drops and the electric
field on the dynamic deformation of pendant drops on a 500 kV transformer bushing under extreme rainfall
and verify the simulation results by artificial rain experiment. The dynamic deformation of pendant drops is
described by solving the Navier-Stokes equations and using the level set method. The results show that the
maximum length of the pendant drop increases with the increase in the initial diameter and the initial mass
flow rate, respectively, but decreases under the electric field. The main influencing factor on the maximum
length of the pendant drop alters with the variation of the initial diameter and the initial mass flow rate in
the absence of the electric field, whereas the initial mass flow rate is the unique main influencing factor
in the presence of the electric field. Furthermore, the variations of the maximum length and breakup time
of the pendant drop are elucidated by the instability of the pendant drop.

INDEX TERMS Flashover, high-voltage bushing, dynamic deformation, pendant drops, level set method,

electric field, instability.

I. INTRODUCTION
A host of flashover accidents on high-voltage bushings and
post insulators occur under rain, which threatens power sys-
tem security severely [1]. Unfortunately, insulators may be
confronted with more rain flashovers due to the frequent
extreme rainfall weather affected by climate change [2].
Pendant drops on the edge of insulator sheds play a pivotal
role in the whole process of rain flashovers [3], owing to
partial discharge and decrease in flashover voltage caused by
pendant drops [4]. The bridging of adjacent sheds by pendant
drops is generally considered to be a main reason for rain
flashovers [5]. It is noteworthy that the phenomenon that
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pendant drops bridge adjacent sheds is a result of the dynamic
deformation of pendant drops.

Recently, the dynamic deformation of water droplets on the
surface of composite insulator sheds has been studied exten-
sively [6]-[10]. For example, Li et al. [6] performed exper-
imental investigations of dynamic characteristics of water
droplets on the surface of super-hydrophobic silicone rubber
under a DC electric field, and Wei ef al. [ 7] explored dynamic
behaviors of water droplets on the super-hydrophobic sur-
face under an AC electric field by numerical simulation and
experiment. However, the dynamic deformation of pendant
drops on the edge of insulator sheds has not been investigated,
and it is significantly different from the dynamic deformation
of water droplets on the surface of insulator sheds. Water
droplets on the surface of insulator sheds move horizon-
tally, subjected to an electric field force and surface tension,
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whereas pendant drops on insulator sheds move vertically,
which is affected by the gravity besides electric field force
and surface tension [11]. Consequently, the dynamic defor-
mation of pendant drops is more complicated.

Fortunately, the dynamic deformation of pendant drops
on the edge of insulator sheds is similar to that of dripping
drops and jets issuing from nozzles, as they move in the
vertical direction likewise. The difference between dripping
drops and jets lies in the flow rate, more precisely, dripping
at a small flow rate and jetting at a large flow rate [12].
There are numerous researches on the dynamic deformation
of dripping drops and jets in the field of fluid mechanics.
For dripping drops, Subramani et al. [13] demonstrated that
the lengths of dripping drops increase as the initial velocity
of dripping drops increases in the absence of an electric
field. The dynamic deformation of dripping drops under an
electric field was studied by Nogueira et al. [14], Notz and
Basaran [15], and Borthakur ef al. [16], and these authors
found that the lengths of dripping drops are affected by an
electric field. For jets, Rajendran er al. [17] observed the
dynamic deformation of jets without an electric field by
high-speed camera and obtained the relationship among the
maximum length of a jet, the nozzle diameter, the initial
velocity, and the dimensionless number (Weber number). Son
and Ohba [18] explored the instability of jets and found that
the lengths of jets at breakup decrease with the increase in an
electric field.

In the studies above, the dynamic deformation of dripping
drops and jets is affected by various factors, such as the
nozzle diameter, the initial velocity, and the electric field.
For pendant drops on the edge of insulator sheds, the initial
diameter of a pendant drop can be seen as an analogy of the
nozzle diameter, and the initial velocity is replaced by the
initial mass flow rate for the convenience in measurement.
We explore how these factors affect the dynamic deformation
of pendant drops on the edge of insulator sheds. Additionally,
some differences between the present study and the studies
above are necessary to be highlighted: (1) Dripping drops and
jets move symmetrically, whereas pendant drops on insulator
sheds move asymmetrically, as insulator sheds are tilted. (2)
The electric field surrounding insulators is severely non-
uniform, which is distinctly different from the electric field
applied in the studies above.

To better understand the whole process of the bridging of
adjacent sheds by pendant drops, we numerically investigate
characteristics of the dynamic deformation of pendant drops
on 500 kV bushing sheds under the effects of the initial
diameter, the initial mass flow rate, and the electric field. The
simulation results are also verified by artificial rain exper-
iment. Subsequently, we explore the comprehensive effects
of the initial diameter and the initial mass flow rate on the
dynamic deformation of pendant drops in the absence and
presence of an AC electric field. Finally, the reasons why
these factors affect the dynamic deformation of pendant drops
are discussed.
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FIGURE 2. Simulation model.

Il. SIMULATION

A. SIMULATION MODEL

In order to establish a simulation model, a simplified physical
model based on a 500 kV hollow porcelain bushing was
established first, as shown in Fig. 1. The process of rainwater
gathering on the edge of insulator sheds is not considered for
simplification. Hence, an idealized pendant drop is assumed
to issue from the surface of the insulator shed at a constant
mass flow rate, and its initial shape is a hemisphere whose
diameter is considered as the initial diameter [16]. The main
structural parameters of the 500 kV hollow porcelain bushing,
as shown in Fig. 2, are listed in Table 1.

TABLE 1. Main structural parameters of a 500 kV hollow porcelain
bushing.

Hy(mm) Hy(mm) H,(mm) Ds(mm) L;(mm) AL (mm)
70 52 115 495 71 20

As shown in Fig. 2, H;is the shed spacing distance; H, is the actual air
gap distance along the axis of the pendant drop between the adjacent sheds;
H, is the height of the unit of the 500 kV hollow porcelain bushing; Ds is
the diameter of the large shed; L, is the length of the large shed overhang;
AL is the difference in length between the large shed overhang and the
small one.

According to the simplified physical model and the main
structural parameters of the high-voltage bushing in Table 1, a
two-dimensional simulation model was established, as shown
in Fig. 2. Good computational convergence and few modeling
problems are the reasons for adopting the two-dimensional
model. The whole simulation model is composed of two
computational domains, A and B. The computational domain
A includes a truncated air domain and a bushing model.
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An infinite domain was set to ensure the accuracy of electric
field calculations. The diameter of the computational domain
A is 5Dg and the width of the infinite domain is Dg, where
Dg is the diameter of the large bushing shed. To simplify
the calculation, the bushing model consists of a unit of the
500 kV hollow porcelain bushing, a hemispherical pendant
drop, and two thin electrodes on both sides of the unit of the
porcelain bushing. The computational domain B consists of
a hemispheric pendant drop and an air domain surrounded
by a couple of adjacent sheds. The functions of these com-
putational domains are as follows: (1) When effects of the
initial diameter and the initial mass flow rate on the dynamic
deformation of pendant drops without an electric field are
investigated, the computational domain B is calculated. (2)
When effects of the electric field on the dynamic deformation
of pendant drops are studied, two computational domains,
A and B, are simultaneously calculated.

B. SIMULATION METHOD

According to the simulation model, the dynamic deformation
of a pendant drop on a 500 kV bushing shed is governed by
the Navier-Stokes equations, and the interface of the pendant
drop is tracked by level set method.

1) GOVERNING EQUATIONS OF THE DYNAMIC
DEFORMATION OF A PENDANT DROP

Rainwater is an incompressible Newtonian fluid, and the
flow of a pendant drop is assumed to be laminar. Hence,
the dynamic deformation of a pendant drop is governed by
the continuity equation and the Navier-Stokes equation [19],
given as

V-u

0 (H
ou T
P §+u-Vu = —-Vp+ u(Vu+ (Vu)")
+Fy + Fy + Fg (2

where u is the velocity of fluids; p represents the density
of fluids; ¢ denotes time; p represents the pressure; w is the
hydrodynamic viscosity coefficient. F is the gravity given as
F, = p g, wherein g is the acceleration of the gravity. Fy, is
the body force based on the interfacial tension [20], given as

Fy =V -[8(I —nnV)y] 3)

where y is the surface tension coefficient; § represents the
Dirac delta function; I is the unit matrix; n represents the
interface normal vector.

F is the electric body force based on the Maxwell tensor
T [21], given as

{FEZV'TE

Te=¢[EQE-}(E-B)| @

where ¢ is the permittivity and E is the electric field intensity.
In order to calculate E, the governing equation for the
electric field surrounding the high-voltage bushing in the
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presence of a pendant drop is presented. The charge conser-

vation equation is [24]
dgq
ar

where J is the current density given as J = o E, wherein o is

the conductivity; ¢ is the bulk density of the induced charge
of rainwater given as

+V.J=0 (5)

(6

q=V-D
D =¢FE

Due to the low dynamic current generated in the elec-
trostatic field, the magnetic effect is ignored, which can be
expressed as

N

VXxE=0
E=-VV

where V is the potential.
Finally, from (5) to (7), the governing equation for the
quasi-static electric field is

< EAYA%
V-le
ot

2) LEVEL SET METHOD
Level set method is a numerical analysis for interface tracking
and shape modeling [22]. The interface of a pendant drop is
determined by the level-set function ¢, expressed as ¢ = 0 in
the air and ¢ = 1 in the pendant drop, and then it is repre-
sented as ¢ = 0.5. The governing equation of the level set
method is

09 V¢

oy TU Vo=0aV: <5V¢ ¢ —¢) IW)I) ©)
where « is a re-initialization parameter given as & = gy,
and B is an interface thickness control parameter given as
B = h./2, wherein up,x is the maximum velocity of a pendant
drop, and A, is the size of a feature grid. Effects of 8 on the
simulation results are discussed in Appendix.

As the level-set function ¢ is a smooth step function, the
density of fluids p, the hydrodynamic viscosity coefficient u,
the permittivity &, and the conductivity o can be expressed by
¢, given as

+avv) =0 ®)

0 = pa + pa(l — @)
n=pqp + pa(l — @)
e=¢q¢+eq(l—¢)

o =04p +o4(l — @)

where p, and pg are the density of air and drop, respectively;
q and g are the viscosity of air and drop, respectively; g,
and ¢4 are the permittivity of air and drop, respectively; o,
and oy are the conductivity of air and drop, respectively.
Significantly, a coupling of the flow field and the electric
field is implemented based on the level set method. The
flow field can be affected by the electric field. For example,
the velocity of the pendant drop u varies with the electric

(10)
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body force Fg in (2). For another, the flow field can alter
the electric field as well. For instance, the level-set function
¢ varies with u in (9), and then the permittivity ¢ and the
conductivity o vary with ¢ likewise, which leads to the
variation of the electric field.

C. SIMULATION SOLUTION

For solving the governing equations above, initial and bound-
ary conditions were applied in the simulation model (Fig. 2).
In the computational domain A, the electrodes were applied
voltages, V = Vp and V = 0, respectively. In the compu-
tational domain B, a line is added on the right side to form
a finite domain. The boundary of the computational domain
B is divided into Sc, Si, Sg, and Sg. Sc is the contact line
of the pendant drop and the bushing shed. Sp and Sr are
the boundaries on the left and right side of Sc, respectively,
and Sp is the bottom boundary. The slip-free condition and
the no-penetration condition are applied at Sy, Sg, and Sp,
given as

u, =0 (1

Mt=0

where u;, and u; are the normal and tangential velocity of the
solid-liquid interface, respectively. Sc was set as the inlet of
water flow, respectively. The boundary conditions, the con-
stant flow rate, and the pressure point constraint condition
(po = 0) were applied at Sc and P, respectively. However,
initial conditions of the three factors mentioned previously
need to be obtained from an artificial rain experiment, and
they are addressed in an upcoming section.

Comsol Multiphysics 5.4 was applied to simulate the
dynamic deformation of a pendant drop on the 500 kV hollow
porcelain bushing shed under extreme rainfall. The param-
eters of the materials in the simulation model are shown
in Table 2. As this paper is engineering oriented and initial
conditions are set as actual values in Comsol Multiphysics
5.4, all the equations are not non-dimensionalized.

TABLE 2. Material parameters.

Material &) o (uS/cm)  p (kg/m®) 1 (Pas)
Porcelain 3.5 1.0x101° — —

Water 80.0 3.0x107 1.0x10° 0.9x1073

Air 1.0 4.0x102 1.0 1.8x10°

&, is the relative permittivity; ois the conductivity; p is the density of
fluids; g is the hydrodynamic viscosity coefficient.

The mesh generation of the simulation model is shown
in Fig. 3. To reduce calculation and ensure the accuracy,
the sizes of the maximum and minimum unit of the mesh
in the computational domain A are 185 mm and 0.63 mm,
respectively, and those in the computational domain B are
1.00 mm and 0.48 mm, respectively.

The time integration scheme used in Comsol is presented
in Appendix.
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FIGURE 3. Mesh generation of the simulation model.

High-Voltage
Bushing

Raining Test

Current Limiting Device

Resister <
10KV =~ T -
AC | —r45° o

| Voltage
| Divider

]

- (RS
: High-speed Computer
— y Camera
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Ill. EXPERIMENT

An artificial rain experiment on the 500 kV hollow porcelain
bushing was carried out to provide the initial conditions of the
three factors for simulation and verify the simulation results.
The schematic diagram of the artificial rain experiment is
shown in Fig. 4.

The voltages applied in the experiment were 0 kV and
318 kV, which represents that the 500 kV porcelain bushing
works in the absence of voltage and the highest operating
AC phase voltage, respectively. Due to extreme rainfall gen-
erally accompanied by strong winds, the artificial rainfall
angle was set as 45° to simulate stormy weather. As rain
flashover accidents typically occur within a few minutes of
the onset of extreme rainfall, we are more concerned about
instantaneous rainfall intensity, namely the total rainfall in
one minute. By analyzing local one-minute rainfall data, the
rainfall intensity in the experiment was set as 10 mm/min.
The images of pendant drops were captured by high-speed
camera (Vision Research Phantom v12.1, maximum resolu-
tion 1280 pixels x800 pixels). Moreover, we measured the
critical length of a pendant drop before breaking up, defined
as the maximum length of a pendant drop Ly, as shown
in Fig. 5. The initial diameter of a pendant drop denoted as d;
is measured by image processing software. The initial mass
flow rate represented as u; is measured by mass flowmeter.

As the amount of rainwater is quite different in the upper,
middle, and bottom bushing and affects u; obviously, the
high-voltage bushing was divided into Position A, B, and C.
Moreover, due to the location of the raining test device, the
high-voltage bushing was inevitably divided into two parts
towards and back rain, respectively, as shown in Fig. 5. Con-
sequently, the high-voltage bushing in the experiment was
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TABLE 3. Statistics of initial diameters, initial mass flow rates, and maximum lengths of pendant drops.

Position di (mm) dia (mm) u; (g/s) uia (g/s) Lunava (mm) oL
0kV 318kV 0kV 318kV 0kV 318kV. 0kV  318kV  0kV  318kV  0kV 318kV
A Al 5.07~9.06 5.53~9.29 6.92 7.11 0.98~1.45 — 1.23 — 38.97 36.84 7.92 6.41
A2 5.18~9.11 4.91~9.33 7.07 7.32 0.49~1.13 — 0.92 — 38.36 3779 832 7.65
B Bl 4.87~9.14 5.83~9.19 6.96 7.12 1.33~2.03 — 1.71 — 42.87 39.96 529 7.13
B2 4.92~9.08 5.94~9.15 7.08 7.15 1.30~2.01 — 1.63 — 44.49 40.01 6.12 6.59
c Cl 5.04~9.23 5.38~8.99 7.22 7.20 1.58~2.53 — 1.92 — 46.78 40.69 599 6.05
C2 5.63~9.02 5.47~9.18 7.25 7.23 1.55~2.39 — 1.86 — 47.21 41.74  2.04 6.29

d;, is the average of the initial diameters of pendant drops; u,, is the average of the initial mass flow rate of pendant drops; L. is the average of the
maximum lengths of pendant drops; oy, is the standard deviation of the maximum lengths of pendant drops. u; and u;, under 318 kV can not be measured due

to the limit of the mass flowmeter.

Towards rain

Back rain

FIGURE 5. Images of pendant drops on the edge of bushing sheds in the
artificial rain experiment.

divided into six parts, Al, A2, B1, B2, C1, and C2 (Fig. 5).
Lyax,di, and u; in A1, A2,B1, B2, C1, and C2 at the different
applied voltages were measured, as listed in Table 3. The
average of d;, denoted as dj;, and the average of u;, repre-
sented as u;,, were calculated to provide the initial conditions
for simulation. Unfortunately, the initial mass flow rate of a
pendant drop under 318 kV can not be measured due to the
limit of the mass flowmeter. The average of L, denoted
as Lyuxqa, Was calculated to verify the simulation results in
the following section. Besides, the standard deviation of L4«
was calculated, given as

N

1

N Z (Lmaxi - Lmaxa)
i=1

where N is the number of pendant drops measured, N = 50.

oL = (12)

IV. SIMULATION RESULTS AND ANALYSIS

A. EFFECTS OF INITIAL DIAMETER ON DYNAMIC
DEFORMATION OF PENDANT DROPS

In this section, the effects of the initial diameter d; on the
shape and lengths of pendant drops were investigated. To sim-
ulate the model in Fig. 2, the initial conditions of d;, u;, and
Vo need to be set, which can be obtained from the experiment.
In Table 3, d; ranges from 4.87 mm to 9.23 mm, and the
average of u;, in all positions is 1.55 g/s. For simplification,
d; was set as 5.00 to 9.00 mm at 1.00 mm interval, and u; was
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FIGURE 6. Dynamic deformation of the pendant drop with the variation
of the initial diameter. Two representative cases, d; = 5.00 mm and
9.00 mm, are shown.

o

fixed at 1.55 g/s. Moreover, 0 kV was taken as the value of
Vo in the simulation model

To explore the dynamic deformation of the pendant drop
with the variation of d;, the time-dependent deformation of
the pendant drop is depicted in Fig. 6, wherein two represen-
tative cases, d; = 5.00 mm and 9.00 mm, are shown. In Fig. 6,
the neck of the pendant drop prior to breakup becomes larger
with the increase in d;. For example, at# = 0.10 s, the average
diameter of the neck of the pendant drop is 1.97 mm as
d; = 5.00 mm, whereas that is 2.38 mm as d; = 9.00 mm.
Additionally, the pendant drop breaks up before reaching the
adjacent shed as d; = 5.00 mm. By contrast, the pendant drop
completely bridges the adjacent shed as d; = 9.00 mm.

To quantitatively describe the dynamic deformation of the
pendant drop, the time-dependent lengths of the pendant
drop at the different d; were computed, as shown in Fig. 7.
The lengths of the pendant drop at different d; all increase
with time initially, then decrease, finally increase again. The
maximum length of the pendant drop L,,,, increases with
increasing d;, which demonstrates that pendant drops bridge
adjacent insulator sheds more easily as the initial diameter
increases. Additionally, the pendant drop breaks up at t =
0.11 s, as d; < 9.00 mm, while it breaks up at t = 0.12 s,
as d; = 9.00 mm, indicating that the breakup time of the
pendant drop tends to increase with increasing d;.
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To verify the simulation results, we chose the simulation
results of L.y, one of the parameters of the dynamic defor-
mation of pendant drops, to compare with L., derived
from the experiment. As the initial mass flow rate in the
experiment is uncontrollable and u;, in B2 (Table 3 ) is close
to 1.55 g/s, Lyaxa in B2 (Table 3 ) was chosen to compare
with L,,,, obtained from the simulation. Due to the random
form of pendant drops on the edge of the bushing sheds,
d; in the experiment is uncontrollable. We chose Ly, at
di = 4.50-5.50 mm, 5.51-6.50 mm, 6.51-7.50 mm, 7.51-
8.50 mm, and 8.51-9.50 mm in B2 to compare with L, at
d; = 5.00 mm, 6.00 mm, 7.00 mm, 8.00 mm, and 9.00 mm
in the simulation. The comparisons between the simulation
results and the experimental results are presented in Fig. 8.
The relative error is expressed as

ALpax

13)

er ‘ Lmaxa
where AL, is the difference between L,,,, and L,,,x,. The
maximum relative error occurring as d; = 9.00 mm is 12.9%,
which indicates that the simulation results are relatively accu-
rate.

To further reveal the quantitative relationship between L,
and d;, the simulation results in Fig. 8 were fitted. The quan-
titative relationship is expressed as

Lyax = 14.04 + 4d; (14)

Here, the correlation coefficient R? is 0.9446, which demon-
strates that the quantitative relationship is reasonable.

B. EFFECTS OF INITIAL MASS FLOW RATE ON DYNAMIC
DEFORMATION OF PENDANT DROPS

The variations of the shape and lengths of pendant drops
with different u; were explored in this section. The initial
conditions of d;, u;, and Vj are determined by the results
of the experiment. In Table 3, u; ranges from 0.49 g/s to
2.53 g/s, and the average of dj, in all positions is 7.08 mm.
Therefore, for simplification, u; was set as 0.50 to 2.50 g/s at

0]
o

B a1
o o
1 1

Length of pendant drop (mm)
8
1

0 T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Time (s)

FIGURE 7. Lengths of the pendant drop at the different initial diameters
varying with time. The red dashed line represents the bridging of the
adjacent bushing shed by the pendant drop.
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FIGURE 8. Verification of the simulation results. The fitted curve shows
the quantitative relationship between the maximum length of the
pendant drop and the initial diameter.
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FIGURE 9. Dynamic deformation of the pendant drop with the variation
of the initial mass flow rate. Two representative cases, u; = 0.50 g/s and
2.50 g/s, are shown.

0.50 g/s interval, and d; was fixed at 7.00 mm. Besides, Vj
was fixed at 0 kV.

The deformation of the pendant drop at the different u;
with time was studied, as shown in Fig. 9, wherein two
representative cases, u; = 0.50 g/s and 2.50 g/s, are shown.
In Fig. 9, before the breakup of the pendant drop, the average
diameter of the neck of the pendant drop increases with the
increase in u;. Furthermore, the pendant drop seems to be
more unstable as u; = 0.50 g/s. For example, the pendant
drop breaks up at 0.10 s, as u; = 0.50 g/s, whereas it does not
break up until r = 0.12 s, as u; = 2.50 g/s.

To quantitatively address the dynamic deformation of the
pendant drop, the time-dependent lengths of the pendant drop
at different u; were computed, as shown in Fig. 10. The
variations of the lengths of the pendant drop at the different
u; are similar to those at the different d;. Moreover, Ly
increases with the increase in u;, which indicates that pendant
drops are more likely to bridge adjacent insulator sheds as
the initial mass flow rate increases. Additionally, the breakup
time of the pendant drop increases with the increase in ;.
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FIGURE 10. Lengths of the pendant drop at the different initial mass flow

rates varying with time. The red dashed line represents the bridging of
the adjacent bushing shed by the pendant drop.
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FIGURE 11. Verification of the simulation results. The fitted curve
represents the quantitative relationship between the maximum length of
the pendant drop and the initial mass flow rate.

For the verification of the simulation results, L,,,, was
chosen as an object of comparison. However, L, at a given
u; in the experiment can not be measured, as pendant drops on
the edge of the bushing sheds form randomly. Accordingly,
we first chose L4, in A2, B2, and C1 (Table 3 ) to verify
a part of Ly, derived from the simulation, as u;, in A2,
B2, and C1 (Table 3 ) are close to 1.00 g/s, 1.50 g/s, and
2.00 gfs, respectively. Subsequently, L., at di = 6.50-
7.50 mm in these parts, were compared with L,,,, at u; =
1.00 gfs, 1.50 g/s, and 2.00 g/s in the simulation, respec-
tively. The comparisons between the simulation results and
the experimental results are shown in Fig. 11. The maximum
error occurring as u; = 2.00 g/s is 8.34%, which indicates that
the simulation results are accurate.

To derive a quantitative relationship between Ly, and u;,
the simulation results of L,,,, with the variation of u; were
fitted. The quantitative relationship is

Linax = 40.76u% (15)

Here, the correlation coefficient R2 is 0.9519, which demon-
strates that the quantitative relationship above is reasonable.
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FIGURE 12. Dynamic deformation of the pendant drop with the variation
of the applied voltage. Three representative cases, Vy = 0 kV, 4.60 kV, and
5.00 kV, are shown.

C. EFFECTS OF ELECTRIC FIELD ON DYNAMIC
DEFORMATION OF PENDANT DROPS

In this section, the shape and lengths of pendant drops,
affected by an electric field, were investigated. The initial
diameter d; and the initial mass flow rate u; were set as
7.00 mm and 1.55 g/s, respectively, which has been explained
in the sections above. The operating AC phase voltage of the
500 kV bushing is 289 kV, and 318 kV (Table 3 ) is taken as
the highest operating AC phase voltage. For simplification,
the voltage distribution along the 500 kV hollow porcelain
bushing is considered to be uniform. Hence, the voltage
applied at the unit of the 500 kV hollow porcelain bushing
(Fig. 2) was set as 4.60 kV to 5.00 kV at 0.20 kV interval.

Fig. 12 presents the time-dependent deformation of the
pendant drop with the variation of the applied voltages,
wherein three representative cases, Vo = 0 kV, 4.60 kV, and
5.00 kV, are shown. The shape of the pendant drop before
breakup becomes nearly spherical under 4.60 kV and 5.00 k'V.
The average diameter of the neck of the pendant drop barely
changes with the increase in the applied voltage.

To quantitatively describe the dynamic deformation of the
pendant drop, the lengths of the pendant drop under the
different applied voltages with time were computed, as shown
in Fig. 13.

Fig.13 shows that the lengths of the pendant drop initially
increase, subsequently decrease, and finally increase with
time under the different applied voltages, which is similar
to the cases at the different d; and u;. Compared with Ly,
under 5.00 kV, L, under 4.60 kV and 4.80 kV changes by
only 4.8%, which indicates that L,,,, has little change under
the fluctuation of the operating voltage. Moreover, compared
with L, under 0 kV, L,,,, under the other applied voltages
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FIGURE 13. Lengths of the pendant drop under the different applied
voltages varying with time.

decrease, indicating that the electric field leads to a reduction
in Lq.. Additionally, the breakup time of the pendant drop
seems to change rarely within the applied voltage range.

In order to verify the simulation results, L, derived
from the simulation were compared with L,,,, obtained from
the experiment. However, L4y, under the different applied
voltages at the given mass flow rate, 1.55 g/s, can not be
derived. Considering that u;, in B2 is close to 1.55 g/s, and the
fluctuation of the operating voltage has little effect on Ly,
Lyyqy under 5.00 kV was compared with L,,,,, under 318 kV
in B2 (Table 3). The relative error is 9.7%, demonstrating that
the simulation results are accurate.

D. COMPREHENSIVE EFFECTS OF MULTIPLE FACTORS ON
DYNAMIC DEFORMATION OF PENDANT DROPS
The previous sections explored the effects of the three factors
on the dynamic deformation of pendant drops separately.
To accords with the reality, the comprehensive effects of the
initial diameter, the initial mass flow rate, and the electric
field on L,,,, were studied in this section. In accordance with
the previous sections, d; and u; were set as 5.00 to 9.00 mm
at 1.00 mm interval, 0.50 to 2.50 g/s at 0.50 g/s interval,
respectively. Considering the fluctuation of the operating
voltage barely affects L,,,,, 0 kV and 5 kV were imposed in
the simulation model, respectively.

Fig. 14 illustrates the variations of L, under the three
factors. The relationship between L., and d;, u;, and V can
be obtained from Fig. 14a, given as

—3.7+ 10u; 4+ 3.84; Vo=5kV

Lmax = 2 2
=35+ 18u; + 14d; — 3.2u; — 0.76d;  Vo=0kV
(16)

In Fig. 14a, L4y under 0 kV and 5 kV both increase as
d; and u; simultaneously increase. In Fig. 14b, the variations
of contours are different not only under the same applied
voltage, such as A-E, but also under the different applied
voltages, such as B and F, which indicates that d; and u; affect
Lax in the presence and absence of the electric field with
different degrees.
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FIGURE 14. Variations of the maximum length of the pendant drop under
the different initial diameters, initial mass flow rates, and applied
voltages. a is a three-dimensional diagram that is divided into two parts
by the applied voltages. b is a contour diagram of the maximum lengths
of the pendant drop corresponding to a. A-H are the contours of the
maximum lengths of the pendant drop. The maximum lengths of the
pendant drop under 5 kV denoted by A, B, C, and D are the same as those
under 0 kV represented by E, F, G, and H, respectively.

For the sake of exploring the main influencing factor of
Ly,.x between d; and u;, an absolute value of the ratios of the
gradient of d; and u; in A-H (Fig. 14b) is taken as a criterion
given as

Ad;

k=|—
Au;

7)

where Ad; and Au; are the gradient of d; and u;, respectively.
For k > 1, u; is the main influencing factor; for k = 1, d; and
u; have the same effect; for k < 1, d; is the main influencing
factor. The main influencing factor of L,,,, under the different
applied voltages was analyzed, as listed in Table 4.

In Table 4, without an electric field, the main influenc-
ing factor of L, is different among the contours, E-H.
For example, u; plays a decisive role in affecting L,,,x by
analyzing the variation of the contour E, whereas the initial
diameter d; contributes more to affecting L, in some ranges
of u; and d; in F-H. In contrast, the main influencing factor of
Lynay 1s unique under the electric field, which indicating that
the electric field seems to alter the effect of u; or d; on L.
Although some contours, such as B and F, represent the same
Lyax under the different applied voltages, there are several
distinctions in their main influencing factors. For example,
the main influencing factor of L, in F varies with the
range of u; and d;, whereas that in B is unique. Additionally,
an exceptional value of k needs to be highlighted. As u; =
1.50 to 2.00 g/s and d; = 8.00 mm in H, the value of k is 0,
which indicates that L,,,, does not alter with increasing u;,
as d; = 8.00 mm.

V. DISCUSSION

In terms of the bridging of adjacent sheds by pendant drops,
the maximum length of a pendant drop L, is the most
significant parameter of the dynamic deformation of pendant
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TABLE 4. Main influencing factor of the maximum length of the pendant
drop between the initial diameter and the initial mass flow rate in the
presence and absence of the electric field.

Applied Initial mass Initial diameter ) Main_
voltage Contour  flow rate k  influencing
kV) (g/s) (mm) factor
0.50-0.70 7.00-7.65 3.25 Ui

A 0.70-1.25 6.00-7.00 1.82 u;
1.25-1.50 5.00-6.00 4.00 Ui

5 B 1.05~1.18 8.00-9.00 7.70 Ui
1.18-2.50 5.10-8.00 2.20 u;

C 1.80~2.50 7.55~9.00 2.07 u;

D 2.00~2.50 8.00~9.00 2.00 u;

E 0.50-0.75 5.00~5.50 2.00 u;
0.63-0.70 8.00-9.00 14.29 Ui
0.70-1.00 6.75-8.00 4.17 Ui

F 1.00-1.50 6.35-6.75 0.80 d;
1.50-1.55 6.00-6.35 7.00 u;
1.55-2.00 5.40-6.00 1.33 ui

0 2.00-2.40 5.00-5.40 1.00  w;and d;
0.95-1.95 7.00-9.00 2.00 Ui

G 1.95-2.00 6.80-7.00 4.00 Ui
2.00-2.50 6.30-6.80 1.00  w;and d;
1.45-1.50 8.00-9.00 20.00 uj

H 1.50-2.00 8.00-8.00 0 d;
2.00-2.50 7.05-8.00 1.90 ui

drops. In Section IV, L, increases with the increase in the
initial diameter and the initial mass flow rate but decreases as
the electric field increases. These results can be elucidated by
pressure and instability, according to the Rayleigh model.

A small disturbance on the surface of pendant drops always
exists in the whole process of the dynamic deformation of
pendant drops [25], which leads to the formation of a wave-
like surface, as shown in Fig. 15a. As a result, there is an
additional pressure Pg on the concave and convex surface,
respectively [26], as shown in Fig. 15b. The additional pres-
sure in the convex surface A and the concave surface B
without an electric field, Psa and Pgp, can be expressed as

Psa = Pga — Paa (18)
Psg = Pyg — Py (19)

where Pya and Pgp are the internal pressure of the pendant
drop at A and B, respectively, and P o and P,g are the air
pressure around the pendant drop at A and B, respectively.

According to the Young-Laplace formula, the additional
pressure of arbitrary curved surface is [26]

1 1
Py =y(— + — 20
s = y( R, + Rz) (20)
where Ry and R; are the curvature radius of any pair of normal
sections, as shown in Fig. 15c. Ry at A and B are expressed
as Rija = Ro+A and Ri1p = Rop—A, respectively. R, at A and
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B can be calculated by
(1 +f;(/2)3/2
f//
X

where f; is a curve function of the disturbed surface of the
pendant drop given as [25]

R= 1)

fi =d+Apsin (27x /1) (22)

wherein d is the diameter of the idealized neck of the
pendant drop without any disturbance, as shown in Fig. 15a.
A, represents the maximum amplitude of the disturbance. A
denotes the wavelength of the disturbance

Based on (21) and (22), Ry and R, at A and B are Ryp =
AZ/(4n2Am) and Rop = A2/(4n2Am), respectively. Then Pga
and Pgp calculated by (20) are

Poa = y(o 4 AN, 23)
d+ A, A2

Poy = y(— _ 4 (24)
d— Ay, A2

Finally, the difference between the additional pressures AP
is

AP = Pgp — Psp

872A,, py
= - 25
V( 2 2 _A2 ) (25)

AP reflects the instability of pendant drops. Specifically,
pendant drops break up more easily with the decrease in AP.
Equation (25) indicates that AP increases with increasing d.
As a result, the instability of pendant drops is reduced, and
then pendant drops are not easy to break up. In Section 1V,
before the breakup of the pendant drop, the neck of the
pendant drop becomes larger with the increase in d; and
u;. Namely, d in Fig. 15a increases with increasing d; and
u;. Consequently, the maximum length of the pendant drop
increases as the initial diameter and the initial mass flow rate
increase.

Considering an electric field surrounding the pendant drop,
one more pressure generated by an electric field appears on
the concave and convex surface, as shown in Fig. 15b, and the
additional pressure at A and B, Psa; and Psp; are

Psa1 = Pga — Paa — PE (26)
Psp1 = Pua + PE — Paa (27)
where Pg is the pressure generated by an electric field.
Thus, the difference between the additional pressures
under an electric field APy is
APy = Psp — Psp
= (Pga + Pap) — (Paa + Pap) — 2P (28)
AP decreases in the presence of an electric field, accord-

ing to (28). Hence, pendant drops become more unstable,
and then pendant drops under an electric field break up more
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FIGURE 15. Schematic diagram of the pressure and instability of a pendant drop. (a) Disturbance of a pendant
drop on a high-voltage bushing shed. (b) Additional pressure in the convex surface A and the concave surface B in
the absence and presence of an electric field. (c) The curvature radius of a pair of normal sections at A and B.

easily than those without an electric field. Naturally, the max-
imum length of the pendant drop decreases with increasing
the intensity of the electric field.

Additionally, the variations of the breakup time of the
pendant drop under the three factors are different, which can
also be explained by instability. The instability of the pendant
drop decreases with increasing d; and u;, which delays the
breakup time of the pendant drop. Similarly, the instability
of the pendant drop increases as the electric field surround-
ing the pendant drop increases, indicating that the pendant
drop breaks up in advance. However, this seems to be the
contradiction with that in Fig. 13. The relationship between
the surface tension of water droplets and the applied voltage
studied by Baten ef al. demonstrates that the surface tension
does not increase significantly within the range of 4.00 kV to
5.00 kV [14]. Based on the breakup time of jets #; [25], given
as

d3
y pT' (29)

the breakup time of the pendant drop does not decrease
obviously as surface tension increases barely.

Some paradoxical results obtained from the experi-
ment and the simulation are necessary to be highlighted.
We observed that the maximum value of L.y, under 318 kV
is 41.74 mm in Table 3, and in Fig. 14, L,,4, under 5.00 kV
derived from the simulation is 52 mm, only as #; = 2.00 to
2.50 g/s, and d; = 8.00 to 9.00 mm. These results show that
in most instances, the maximum lengths of pendant drops
are rarely up to 52 mm, the actual air gap distance along
the axis of the pendant drop between the adjacent sheds,
indicating that pendant drops often break up before com-
pletely bridging adjacent sheds. However, this inference is not
well consistent with the conclusion that rain flashover was
mainly caused by the bridge of adjacent sheds by pendant
drops in [5]. Moreover, the shed spacing distance of the
tapered porcelain insulator in [5] is 90 mm, longer than that of
porcelain bushing in our experiment, and the rainfall intensity
is lower than that in our experiment, which suggests that
pendant drops seemingly bridges adjacent sheds more easily
in our study. A possible reason for this contradiction is that
the observers may be misled by broken pendant drops. For
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instance, in Fig. 12, the adjacent shed is seemingly bridged
by the broken pendant drop under 4.60 kV as t = 0.13 s,
rather than by a complete pendant drop. Thereby, we suppose
that the phenomenon that a complete pendant drop bridges
an adjacent shed under extreme rainfall occurs infrequently.
On this basis, the dynamic deformation of pendant drops may
provide a fresh idea for future study on the rain flashover
mechanism.

VI. CONCLUSION

The dynamic deformation of pendant drops on 500 kV bush-
ing sheds under extreme rainfall has been investigated by
simulation. The study focuses on the effects of the initial
diameter, the initial mass flow rate, and the electric field on
the shapes and lengths of pendant drops. The main conclu-
sions are as follows:

1) As the initial diameter and the initial mass flow rate
increase, the neck of the pendant drop becomes larger, which
reduces the instability of the pendant drop. Under the electric
field, the shape of the pendant drop before breakup becomes
nearly spherical, and there is little variation in the neck of the
pendant drop.

2) The maximum length of the pendant drop increases with
increasing the initial diameter and the initial mass flow rate,
whereas that decreases under the electric field.

3) The main influencing factor of the maximum length of
the pendant drop without the electric field is the initial mass
flow rate in most cases, but the initial diameter becomes the
main influencing factor in some range of the initial diameter
and the initial mass flow rate. By contrast, the main influ-
encing factor under the electric field is only the initial mass
flow rate.

4) The bridging of adjacent sheds by complete pendant
drops is a relatively rare occurrence.

APPENDIX

A. EFFECTS OF INTERFACE THICKNESS CONTROL
PARAMETER ON THE SIMULATION RESULTS

As the interface is diffused, the interface thickness control
parameter B in the level-set equation (9) is important, so it
is necessary to explore the effects of g on simulation results.
Due to the importance of the length of a pendant drop and the
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FIGURE 16. Lengths of the pendant drop at the different interface
thickness control parameter varying with time.
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FIGURE 17. The interface of the pendant drop at the different interface
thickness control parameter as t = 0.06 s.

maximum length of a pendant drop L4, we mainly analyzed
the effects of 8 on them. According to Section II, 8 in this
paper is half the size of the maximum unit of the mesh in
the computational domain B, namely 0.50 mm. Therefore,
We varied 8 from 0.10 mm to 0.90 mm at 0.20 mm interval.
For simplifying the study, we took it at d; = 7.00 mm and
u; = 1.50 g/s as an example.

Fig. 16 shows the length of the pendant drop varying with
time at different 8. As § = 0.10 mm and 0.30 mm, the lengths
of the pendant drop increase with time, and the breakup of
the pendant drop does not happen. Moreover, L, is much
smaller than that at the other 8 as 8 = 0.10 mm. As 8 =
0.50 mm, 0.70 mm, and 0.90 mm, the lengths of the pendant
drop all increase first and then decrease with time, and they
break up at 0.11s.

In order to select the suitable 8, we analyzed the interface
of the pendant drop, as shown in Fig. 17. Fig. 17 shows
the interface of the pendant drop with different 8 at t+ =
0.06 s. As B is less than 0.50 mm, The distribution of the
interface layers is non-uniform, and the interface has poor
smoothness, especially as 8 = 0.10 mm, which indicates that
the simulation results are not accurate as 8 = 0.10 mm.

To determine B used in the simulation, we explored the
variation of L, with different § and carried out sensi-
tivity analysis. Considering that the simulation results are
not accurate as 8 = 0.10 mm, we ignored L, at B =
0.10 mm. L,,,, varying with different 8 is shown in Fig. 18.
As B increases, L, increases slightly, and the quantitative
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FIGURE 18. The maximum length of the pendant drop varying with
different interface thickness control parameters.

relationship between L, and B is
Lmax = 39.5 +8.98 (30)

The ratio of the relative variation of L, to 8 s used as the
sensitivity of Ly, to B, given as

ALmax /Lmax
S B = —FF— 31
(Lmax, B) B /P (€29
when A — 0
dLl’Il?.lX ﬁ
S (Lmax, B) = . 32
(Lmax, B) 4f Lo (32)
From (30) and (32), the sensitivity of L, to B is
8.9
S (Lmax, ,3) = ﬁ (33)
Lmax

Calculated by (33), S(Lmnax, B) at B = 0.30 mm, 0.50 mm,
0.70 mm and 0.90 mm are 0.06, 0.10, 0.14 and 0.17,
respectively.

Finally, in view of the interface of the pendant drop
(Fig. 17) and the sensitivity of L, to 8, 0.50 mm was taken
as the interface thickness control parameter in the simulation.

B. TIME INTEGRATION

The backward difference method was used for the time inte-
gration. In Comsol, we adopted a variable order backward dif-
ference formula, which means that the higher-order formula
is used first, whereas the lower-order one is automatically
adopted for stability when necessary. The maximum and
minimum order were set as two and one in the simulation,
respectively. For the time step, an adaptive time-stepping
scheme was used in the simulation. The solver tries to use
the largest time step size, but it can reduce the time step size
to meet the specified tolerance 1073, as solutions start to
change rapidly in time. The time integral error was controlled
by a nonlinear controller. When nonlinear failures occur,
the nonlinear controller is activated and then more effectively
controls the step size. Besides, the backward Euler method
was used to consistently initialize the differential equations,
which attempts to reconcile inconsistent initial values.
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We used a damped Newton method to solve nonlinear
algebraic equations obtained by the time integration. The
initial and minimum damping factors are 10~ and 1078,
respectively. When the estimated relative error is less than
the specified tolerance or the maximum number of iterations
reaches 20, the computation is terminated.
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