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Abstract— The main purpose of this paper is to simulate and 

analyse the local collision efficiency of water droplets with 

different charges under AC and DC electric field. Based on 

finite element method, the local collision efficiency of water 

droplets colliding with cylindrical conductors is numerically 

calculated by using the motion equation of water droplets. 

Considering the simplicity of the model, the laminar flow is 

selected to simulate the air flow in the fluid domain. When 

subjected to the influence of electric field, the forces on water 

droplets include drag force, buoyancy, gravity, 

dielectrophoretic force and electric field force. Considering the 

electric field, the latter two forces are the focus of this study. 

According to the simulation results, whether in AC or DC 

electric field, the magnitude of dielectrophoretic force is always 

too small to affect the local collision efficiency. For the electric 

field force, the induction charging theory is used to 

approximate the amount of droplet charge under corona 

discharge. When the voltage is applied to make the electric field 

intensity of the icing surface 25 kV/cm, the collision efficiency 

under the DC electric field is reduced from 0.5847 to 0.3371, 

while the collision efficiency under the AC electric field is 

reduced from 0.5864 to 0.3670. The local collision efficiency 

curve has an obvious overall decline, which can explain the 

reduction of icing under high electric field strength. In addition, 

the increase of wind velocity and droplet size lead to the 

increase of collision efficiency and the upward movement of 

local collision efficiency curve. The numerical simulation 

method can be applied to the further study of transmission line 

icing. 

Keywords—Energized icing, local collision efficiency, CFD, 

water droplet, corona discharge, electric field 

I. INTRODUCTION 

Atmospheric icing threatens the safe operation of 

transmission lines in power system. Previous experience 

shows that large-scale power failure of power grid causes 

considerable economic losses when icing is serious as in [1]. 

Scholars from various countries have done a large amount of 

research on icing and put forward many classical icing 

models, such as Imai model, Goodwin model and Makkonen 

model [2-4]. The key problem in these icing models is the 

study of the local collision efficiency. 

The solution of local collision efficiency is inseparable 

from the analysis of particle trajectory. The simplest case is 

to study the collision between particles and the cylinder in 

crossflow as in [5]. The high-order discrete immersed 

boundary method is used to simulate the particle collision 

efficiency from 0.001 to 40 Stokes number in a wide range 

of Reynolds numbers, and different collision modes are 

summarized. 

However, the calculation of the collision efficiency of 

conductor icing is mostly based on the uncharged droplets at 

present. The collision of charged particles under electric field 

needs to be further studied. The deposition of aerosol 

particles on spheres and cylinders in moving flow is studied 

in [6], which considers the effects of various electrostatic 

forces. Experiments of water droplet collision and 

coalescence under vertical electric field were carried out in 

two oil media in [7]. The influence of external electric field 

on the collection efficiency of dust particles is studied in 

charged droplet scrubber in [8]. In these applications, electric 

field is often used to increase the coalescence of particles. 

Specific to the collection of charged droplets on the 

energized conductor, the dielectrophoretic force increases the 

overall collision efficiency of particles close to the conductor 

as in [9], but the effect of electric field force is not 

considered. 

The experiments of energized conductor icing were 

carried out by applying high voltage to the inner part of the 

corona cage as in [10-12]. It is concluded that the surface 

electric field strength has a significant influence on the 

amount of ice accretion when the conductor is energized. 

With the increase of electric field strength on the conductor, 

the amount and density of icing on the conductor both 

increase first and then decrease. 

Based on previous studies, this paper simulates and 

calculates the local collision efficiency of water droplets with 

different charge under AC and DC. Considering the corona 

discharge, and with the help of the formula of droplet 

induction charging, we obtain that the overall collision 

efficiency is reduced, and the local collision efficiency curve 

moves downward under high electric field, which confirms 

the repulsion effect of Coulomb force on the droplet and can 

qualitatively explain the decrease of icing amount and the 

change of icing morphology under electric field. 

II. MODEL CONFIGURATION 

To study the energized icing process of conductor, the 

model is established as shown in Figure 1. Place the 

conductor with radius r in a coaxial corona cage with radius 

R, the inner conductor is connected to the high voltage, the 

outer corona cage is grounded, and the wind direction is from 

left to right. A radial field will be generated on the surface of 

the inner part, and the required electric field strength can be 
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obtained by adjusting the applied voltage U0. The electric 

field on the conductor surface Es (kV/cm) is theoretically 

obtained as follows:  

0

ln( / )
s

U
E

r R r
=                                   (1) 

where R and r are 50cm and 1.6cm respectively. Considering 

a required surface electric field strength of 25kV/cm, the 

voltage applied to the conductor is 137kV. 
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Fig. 1 Configuration diagram of energized conductor icing model 

As the calculation amount of flow field in the whole area 

of corona cage is huge, the calculation domain can be 

simplified to a rectangular region in which the conductor is 

contained. As shown in Figure 2, the height and width of this 

domain are 8D and 15D respectively, where D = 2r is the 

conductor diameter. It is verified that the influence of electric 

field outside this region can be ignored. 
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Fig. 2 Diagram of rectangular region for air flow calculation 

The left side of the rectangle is the inlet boundary, which 

specifies the normal inflow velocity of air, Uin = 5m/s. The 

outlet boundary is on the right, and the pressure boundary 

condition is specified. The conductor wall adopts the non-

slip boundary condition. 

The mesh grid with this division is shown in Figure 3. The 

inner part of the rectangular domain uses extremely refined 

grid, and the boundary layer can be encrypted on the wall, 

while the outer part uses coarse grid, which greatly reduces 

the amount of calculation. 

 

Fig. 3 Diagram of mesh grid division 

III. DROPLET TRAJECTORY 

The droplet trajectory is determined by finite element 

simulation: Firstly, the steady-state electric field and flow 

field in the corona cage are calculated. Secondly, the charge 

of droplets is determined according to the corona discharge 

model and the induction charging theory. Finally, the force 

on the droplets in the electric field and flow field is analysed. 

The drag force, gravity, buoyancy, dielectrophoretic force 

and electric field force are considered comprehensively. 

A. Steady State Calculation 

Under static conditions, the electric potential φ is defined 

by the relationship: 

v





= −

  =





E

D
                                   (2) 

where E is the electric field, φ is the potential and D is the 

electric displacement. 

Ignoring the charge density ρv, the above relationship is 

simplified to Laplace equation: 

2
0 =                                      (3) 

Figure 4 shows the electric field simulation result of the 

corona cage. An electric field of 25kV/cm is generated on the 

conductor surface. 

 

Fig. 4 The electric field simulation result of the corona cage 

When the temperature variations in the flow are very 

small, the single-phase flow can usually be assumed 

incompressible, which means that the density is constant. 

The air velocity in the simulation is low. The continuity 

equation of incompressible flow is: 
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0  =u                                      (4) 

where u is the vector of fluid flow velocity. 

The momentum equation of incompressible flow can be 

simplified as: 

( ) [ ( ( ) )]
T

p
t

  


+  =   − +  + 


u
u u I u u      (5) 

where μ is the viscosity of air in kg/(m·s), p is the air 

pressure in N/m2 and ρ is air density in kg/m3. Assuming that 

the air flow field is stable in each time step of the simulation, 

the time derivative term on the left side of the above formula 

is zero. 

Figure 5 shows the simulation results of the fluid flow 

field near the conductor. There is obvious velocity 

attenuation on the front side of the conductor, and the wind 

velocity at the stagnation point is zero. 

 

Fig. 5 The result of air flow distribution around the conductor 

B. Corona Discharge 

According to the model structure in Fig 1, it can be 

assumed that the discharge is diffused and uniform in the 

radial direction. The corona discharge model is expressed as 

a one-dimensional radial model between electrodes, provided 

that the gas temperature and air density are constant. Based 

on the drift-diffusion approximation, the corona discharge 

model is self-consistently coupled with the Poisson equation 

to solve the continuity and momentum equations of electrons 

and ions. The reactions such as ionization, adhesion and 

recombination reactions are considered as in [13]. The 

current data can well simulate the space charge distribution 

of high temperature plasma ionization. The simulation results 

are shown in Figure 6. The plasma is only distributed in the 

thin layer on the inner cylinder surface, and many negative 

charges are distributed outside. 

 

Fig. 6 The space charge density distribution at T=600K 

According to the induction charging theory, the maximum 

charge Qm carried by water droplets under a certain electric 

field intensity is as follows [14]: 
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where a is the radius of the water drop in m, E0 is the electric 

field strength at the location of the water droplet in V/m, ɛ1 is 

the air dielectric constant, and ɛ2 is the water droplet 

dielectric constant. If the amount of water droplet charge 

exceeds this value, the charging of water droplets will stop. 

Based on this formula, it is considered that the charged 

amount of water droplets is related to the electric field at the 

location. The charged amount of water droplets can be 

assumed to be one twentieth in AC and one thirtieth in DC of 

the maximum charged amount. Considering the droplet size, 

the charge accumulation along the radius direction is shown 

in Figure 7. When approaching the plasma layer, the charge 

fluctuates violently, which is consistent with the corona 

discharge simulation results. 

 

Fig. 7 The charge accumulation along the radius direction 

C. Force Analysis 

When the charged water droplet approaches the conductor, 

the effect of high electric field strength should be considered. 

The force on the droplet includes drag force, gravity, 

buoyancy, dielectrophoretic force and electric field force. 

1)  Drag Force:  In fluid dynamics, the drag force is 

opposite to the direction of fluid movement. In this model, 

the drag force drives the water droplets to move, and it is 

considered that the water droplets at the inlet and the air flow 

move at the same horizontal velocity. When they reach the 

fluid calculation domain, the air flow streamline begins to 

diverge, and the velocity between water droplets and air is 

inconsistent. The drag force on the droplets is calculated as: 

1
( )

2
D

C A= − −
d

F V u V u                     (7) 

where Fd is the drag force in N, A = πa2 is the droplet 

windward area in m2, V is the droplet velocity in m/s, and CD 

is the dimensionless drag coefficient, which is related to the 

relative Reynolds number Rer of particles:  
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where υ is the kinematic viscosity in m2/s. The standard drag 

correlation is used here [15]: 
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2)  Gravity and Buoyancy:  Gravitation is a natural 

phenomenon produced by the attraction of planets. Based on 

Archimedes' principle, water droplets immersed in the air 

flow produce buoyancy under different pressures in all 

directions. The expressions of the two can be combined as 

one as follows: 

( )
gb d

V = −F g                              (10) 

where ρd is the droplet density in kg/m3, V is the droplet 

volume in m3, and g is the gravitational acceleration in m/s2. 

3)  Dielectrophoretic force:  The dielectrophoretic force 

on particles depends on the difference of dielectric constant 

between particles and fluid. When the relative permittivity of 

the particle is greater than that of the fluid, the particle is 

attracted to the region with large electric field. When the 

relative permittivity of the particle is less than that of the 

fluid, the particle is attracted to the region with small electric 

field. For the case of a static nonuniform electric field, the 

dielectrophoretic force is [16]: 
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where ɛ0 is the permittivity of vacuum in F/m. In the 

calculation of AC electric field, the quantity in formula (11) 

uses the complex form. 

4)  Electric field force:  Charged particles are also affected 

by electric field force, or called Coulomb force, in the 

electric field. The electric field force under DC electric field 

is: 

e
q=F E                                      (12) 

where q is the droplet charge determined by induction 

charging in C, and E is the electric field obtained during 

steady state calculation. When calculating the AC electric 

field, the electric field strength is complex, and the real part 

is retained: 

0
( ) real( exp( ( ))t j t = +E E               (13) 

where E  is the complex-valued electric field in V/m, ω is 

the angular frequency in rad/s, ϕ0 is the initial phase angle in 

rad, and t is the simulation time in s. 

D. Trajectory Calculation 

The motion of water droplets is evaluated by the motion 

equation. Considering the forces in the previous section, if 

the droplet mass remains constant, the vector equation which 

describes the motion of water droplets is: 

d

d
m

dt
= + + +

d gb dep e

V
F F F F                  (14) 

where md is the mass of water droplets in kg. This equation 

can be solved by high-order Runge-Kutta method to obtain 

the velocity and position of different water droplet. 

IV. LOCAL COLLISION EFFICIENCY 

The icing of the conductor is caused by the collision and 

freezing of water droplets. To quantitatively analyse the 

collision between particles and the conductor, the calculation 

of collision efficiency is always very important. As shown in 

Figure 8, the overall collision efficiency ƞ is defined as the 

ratio of the number of water droplets impacting the 

conductor around to the number of water droplets impacting 

the conductor when no deflection is assumed: 

1 2y y

D


−
=                                   (15) 

where y1 is the initial upper boundary of the envelope of the 

colliding water droplet, and y2 is the corresponding initial 

lower boundary.  
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Fig. 8 The definition of the overall collision efficiency ƞ 

To obtain the shape of ice, it is required to obtain the local 

collision efficiency β. Combined with the initial inlet 

velocity and the liquid water content (LWC) in the air, the 

water mass flux in the specified section of the icing surface 

can be calculated. The local collision efficiency is defined by 

adjacent trajectories: 

( )
dy

dl
  =                                   (15) 

where dy is the difference between the ordinates of adjacent 

tracks at the starting point, and dl is the corresponding arc 

length along the ice surface, as shown in Figure 9. 
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Fig. 9 The definition of the local collision efficiency β 
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V. SIMULATION RESULTS AND DISCUSSION 

A. Effect of electric field force on collision efficiency 

The droplet trajectories under AC and DC electric fields 

are calculated as in Figures 9 and 10. The background colour 

represents the velocity distribution of the flow field, black 

lines represent the calculated particle trajectories, and pink 

dots represent the distribution of particles. During the 

simulation, the conditions like those in the artificial climate 

chamber are adopted. The electric field strength on the 

conductor surface is 25kV/cm, the median volume diameter 

(MVD) of water droplets is 59μm, the wind velocity is 5m/s, 

and a total of 300 particles are released at the entrance. It is 

assumed that the water droplets are induced to be charged, 

and the charged amount is shown in Figure 7. According to 

the simulation results under DC electric field, we can clearly 

see that the water droplets receive the Coulomb force when 

they are close to the conductor, the droplets that could collide 

on the upper and lower sides are longer collide with the 

conductor, and the overall collision efficiency is reduced 

from 0.5847 to 0.3371. For AC electric field, the conclusion 

is similar. Although the electric field is alternating, the 

overall Coulomb force still shows repulsion, and the overall 

collision efficiency is reduced from 0.5864 to 0.3670. 

 

Fig. 9 Distribution of water droplets along the surface under DC 

electric field of 25 kV/cm 

 

Fig. 10 Distribution of water droplets along the surface under AC 

electric field of 25 kV/cm 

The local collision efficiency curves calculated under AC 

and DC electric fields are also calculated as in Figures 11 

and 12. During the simulation, 1000 droplets with equal 

spacing are released at the inlet, which can be considered that 

the limit droplet trajectory is tangent to the conductor. For 

the convenience of comparison, the results without 

considering the electric field are given. The blue line is the 

simulation result without the electric field force, and the red 

line considers the effect of the electric field. The narrowing 

of the curve can be observed obviously, which is consistent 

with the calculation result of the overall collision efficiency. 

In addition, the overall downward movement of the local 

collision efficiency curve can be observed, which shows that 

the electric field force not only reduces the overall collision 

efficiency, but also reduces the local collision efficiency, that 

is, increases the spacing of water droplets colliding with the 

icing surface. We obtain similar conclusions under AC and 

DC electric fields. The above analysis can explain the 

decrease of total icing amount and the difference of icing 

formation under high field strength. 

 

Fig. 11 Local collision efficiency curve under DC electric field of 

25 kV/cm 

 

Fig. 12 Local collision efficiency curve under AC electric field of 

25 kV/cm 

B. Effect of wind velocity on collision efficiency 

The effect of wind velocity on collision efficiency with 

charged water droplets is studied. Other environmental 

parameters remain unchanged: The geometric configuration 

remains unchanged, the electric field strength on the 

conductor surface is 25kV/cm, and the MVD of water 

droplets is 59um. The wind s velocities are selected as 5m/s, 

6m/s, 7m/s, 8m/s, 9m/s and 10m/s respectively. The 

relationship between the distribution of local collision 

efficiency of water droplets under DC electric field and wind 

velocity is shown in Figure 13. The local collision efficiency 

curve of water droplets on the conductor surface moves 

upward with the increase of wind velocity, and the overall 

collision efficiency increases from 0.3371 to 0.6431. When 

the wind velocity is relatively small, the incremental effect of 
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wind velocity is obvious, and the curve moves up 

significantly. As the wind velocity continues to increase, the 

upward displacement of the curve decreases gradually. This 

is because when the wind velocity is large, the momentum of 

water droplets is also large. These droplets are no longer 

easily deflected by airflow disturbance, and the trajectory 

tends to maintain the initial direction. 

 

Fig. 13 Local collision efficiency curve under DC electric field with 

wind velocity from 5m/s to 10m/s 

There is a similar conclusion under AC electric field, as 

shown in Figure 14. The local collision efficiency curve of 

water droplets on the conductor surface moves upward with 

the increase of wind velocity, and the overall collision 

efficiency increases from 0.3670 to 0.7168. 

 

Fig. 14 Local collision efficiency curve under AC electric field with 

wind velocity from 5m/s to 10m/s 

C. Effect of droplet size on collision efficiency 

The effect of droplet size on collision efficiency with 

charged water droplets is also studied. Keep other 

environmental parameters unchanged: The geometric 

configuration remains unchanged, the electric field strength 

on the conductor surface is 25kV/cm, and the wind velocity 

is 5m/s. Select the MVD of water droplets as 50μm, 60μm, 

70μm, 80μm, 90μm and 100μm respectively. The 

relationship between the local collision efficiency 

distribution of water droplets and the droplet size under DC 

electric field is shown in Figure 15. The local collision 

efficiency curve of water droplets on the conductor surface 

moves upward with the increase of droplet size, and the 

overall collision efficiency increases from 0.2189 to 0.5934. 

This is because the larger the diameter of the water droplet, 

the greater the mass. Water droplets with large momentum 

are not easy to deflect under the inertia effect, resulting in the 

increase of the overall collision efficiency. 

 

Fig. 15 Local collision efficiency curve under DC electric field with 

MVD of water droplets from 50μm to 100μm 

There is a similar conclusion under AC electric field, as 

shown in Figure 16. The local collision efficiency curve of 

water droplets on the conductor surface moves upward with 

the increase of droplet size, and the overall collision 

efficiency increases from 0.3052 to 0.6080. 

 

Fig. 15 Local collision efficiency curve under AC electric field with 

MVD of water droplets from 50μm to 100μm 

VI. CONCLUSIONS 

In this paper, the collision between charged water droplets 

and conductors under AC and DC high field strength is 

studied. Through the simulation, it is found that when the 

charged droplet approaches the conductor, it is affected by 

the Coulomb repulsion force, which leads to the reduction of 

the overall collision efficiency and the downward movement 

of the local collision efficiency curve. The increase of wind 

velocity and droplet size lead to the increase of overall 

collision efficiency and the upward movement of local 

collision efficiency curve, which is similar to the simulation 

results when the droplet is not charged. However, if the 

extreme combination of low wind velocity and small droplet 

size is adopted, such as 10μm and 2m/s, and the electric field 

on the conductor surface is still 25kV/cm, the droplets will 

not collide with the conductor due to the repulsion of electric 

field force. The critical environmental conditions under 

different geometric configurations need to be further 

discussed. The local collision efficiency obtained in this 

paper can be used for further icing shape simulation and then 

compared with the experimental results. It is worth noting 

that the theory of induction charging of water droplets has 
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limitations, which requires further simulation and 

experimental research on corona discharge at low 

temperature (below 0ºC). 
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