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Abstract—In this paper, a full three dimensional numerical model of the electrostatic coat-

ing process with moving mesh capability and capable of handling multiple target passes is 

presented. The target follows piecewise linear motion, so that the entire area of the target has 

been coated twice. All the dominant mechanical and electrical phenomena were taken into 

account and cases with both neutral and charged particles were examined. It was confirmed 

that the transfer efficiency increases when the electrical forces are present in the model and 

that the uniformity improves with the movement of the target. 

I. INTRODUCTION 

In practical electrostatic coating applications the target is commonly coated multiple 

times. The reason for treating the same area of the target in several passes is to increase 

the level of deposition and also to improve the uniformity. The numerical model of the 

process needs to be capable of replicating the exact motion pattern of the target, including 

multiple passes.  

A number of published papers describe methods and report results for the numerical 

simulation of charged particle motion in both liquid and particle coating applications. In 

the work by Usah et al. [1], numerical modeling of a complete powder coating process 

was carried out to understand the gas-particle two-phase flow field inside a powder coat-

ing booth and the results of the numerical simulation were compared with experimental 

data to validate the numerical model. Zhao et al. [2], used the commercial program 

FLUENT to solve the mechanical portion of the spraying process and the user defined 

functions (UDFs) were used to solve the Poisson equation governing the electric field 

distribution. Ye et al. [3] presented the results of investigations aiming to numerically 

simulate the electrostatic powder coating process in the automotive industry. In previous 

studies, the current authors [4-5] developed a full 3D numerical model of the industrial 

electrostatic coating process and sample results of its capabilities were demonstrated.  

All the calculations in the afore-mentioned papers were performed for the cases with a 
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stationary target. There have been very few reported attempts to include the effect of mo-

tion. In one attempt to deal with this the present authors considered  the simulation of 

moving targets, but the results were based on data from a stationary case using the super-

position principle and were only applicable to axially symmetric geometries [6]. The use 

of a moving mesh for simulation of a one dimensional, linear type motion has been dis-

cussed in [7]. It was shown that the re-meshing and smoothing techniques for moving 

mesh are superior when compared to the layering method (the latter has multiple adjacent 

layers with different mesh density). So far, the authors have been unaware of any attempts 

to simulate more complex types of motion in the numerical simulations of the coating 

process. 

The purpose of this research is to develop a full 3D numerical model of the coating 

process with a moving mesh feature and piecewise linear motion of the target. This is the 

type of motion most commonly encountered in real applications and is of great practical 

importance. Here, the target is linearly moving in one direction for some time, making a 

turn and then linearly reversing (i.e. it follows a piecewise linear trajectory). The pattern 

is then repeated a sufficient number of times to cover the whole target twice. The mechan-

ical part of the coating process is directly modeled with the computational fluid dynamics 

software FLUENT. Its User Defined Function (UDF) capabilities are used to solve the 

Poisson field by incorporating it into the general scalar transport equations within 

FLUENT. This enables the calculation of the electrostatic force on the charged particles.  

The paper is organized in several sections. The first section is introductory and is fol-

lowed by a description of the computational domain and target movement. The next sec-

tion presents the results of the discrete phase simulations with both neutral and charged 

particles. Finally, conclusions are derived. 

II. NUMERICAL PROCEDURES 

The computational three-dimensional domain encompasses a simplified representation of 

the rotary atomizer and a perforated plate target with 0.8m in length and 0.6m in width 

situated 0.25m away from the atomizer. The coating material, which can be either liquid 

or solid, is fed under high pressure from a supply reservoir to the bell atomizer and then 

introduced into the atomizer cup. The cup (32 mm in radius) rotates at a high speed (typi-

cally of 5,000 to 45,000 rpm). Particles are pushed towards the edge of the cup and eject-

ed in the radial direction. A shroud surrounds the atomizer cup.  This shroud provides 

either an annulus or a number of small holes through which the shaping air is supplied. 

The role of the shaping air is twofold. Firstly, it is used to assist in creation of particles 

and their separation from the atomizer. Secondly, it focuses the particle trajectories 

(hence it’s also known as the focusing air). Commonly, the process is modified by con-

necting a voltage source to the rotating bell, which provides conduction charging of the 

atomized particles. Here, conduction charging is the predominant mechanism for particle 

charging and the effects of triboelectrification has been neglected. The numerical algo-

rithm includes solving the gas phase of the shaping air, the discrete phase of the charged 

particles, the electrostatic field and coupling between them to get a self-consistent solu-

tion [8].    

 The shaping air flow in FLUENT was considered as incompressible, steady and vis-

cous turbulent. The RNG (renormalization group) k-ε turbulent model was used in the 

modeling. The method used for simulation of the particle discrete phase in FLUENT is 
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the discrete phase model and is solved by the Lagrangian approach in which the particles 

are tracked by the stochastic tracking (random walk) model in turbulent gas flow [8]. 

Coupling between the air flow and the particle discrete phase is included via source terms 

of mass and momentum. The particles are ejected with the predefined size and charge 

distribution and directed by the shaping air to the target. 

The electric field generated by the voltage applied to the bell cup and the space charge 

formed by the charged particles is governed by Poisson’s equation 
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where Φ is the electrical potential, ρ is the total space charge density and ε0 is the permit-

tivity of the air. The electric field intensity E can be calculated as 

ΦE                 (2.2) 

The Poisson’s equation can be solved by the FLUENT solver using user-defined scalar 

transport equation [8]. The diffusion coefficient and the source term in the FLUENT 

transport equation are substituted with the electrical permittivity and the total space 

charge density, respectively.  

Total space charge density is given by: 

     (2.3) 

where p is the space charge density of the charged particles and ρi is the space charge 

density of the ions generated due to corona discharge near the bell edge. 

The space charge density of the charged particles in a given cell can be expressed as 
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where qk ,mk ,Ck are the total charge, mass and concentration of the particles of the given 

size in the cell, and N is the total number of particles with different sizes.  

The space charge density due to the ions can is related to the total current density, which 

is given by: 
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where µp and µi respectively represent the ion and the particle mobilities, vp and vi respec-

tively represent the particle and ion velocities, and Dp and Di respectively represent the 

diffusion coefficients for the particles and ions. Since the ion mobility is very large com-

pared to particle mobility and the diffusion coefficients, we can assume: 
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In this case, equation (2.5) can be simplified as: 

EJ
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The total space charge density due to the ions can be expressed from the previous equa-

tion as: 

EJ
i

 /    (2.8) 

Since we are considering the process that is steady in time, the total current density satis-

fies the continuity equation in the following form: 

0 J     (2.9) 
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In order to incorporate the current density, J, into the numerical analysis, a new scalar 

function is introduced and defined as 

ΨJ     (2.10) 

By combining the equations (2.9) and (2.10) we obtain 

0
2

 Ψ    (2.11) 

The equation (2.11) can be solved by the FLUENT solver using user-defined scalar 

transport equation [8]. We will assume that the total corona current at the electrode is 

known; it is constant at the electrode surface, equal to zero at the other boundaries of the 

computational domain and its normal derivative is zero at the target surface. 

The geometry of the computational domain was created by the ICEM software 

package [9] and meshed in an unstructured manner. The total number of cells used for 

meshing is around 500,000. All the volume cells are tetrahedral and all the surface cells 

(faces) are triangular. The mesh between the atomizer and the target was refined com-

pared to the rest of the computational domain. The computational domain is shown in 

Figure 1.  The door target takes the shape of a plate (0.8m in length, 0.6m in width and 

with 0.01m thickness) with a hole for the handle. Initially, the target is positioned so that 

its centre is 0.4m away from the atomizer centerline in the negative x direction and 0.3m 

away from the atomizer centerline in the negative y direction. The target is linearly mov-

ing in the x direction, making a turn in the negative y direction, linearly reversing, again 

making a turn and then repeating the motion in a number of passes (Figure 2). At the mo-

ment when the entire area of the target is coated, the target starts translation in the nega-

tive y direction with a uniform velocity of 0.4m/s for the duration of 0.375s. Upon com-

pletion of this movement, the process is repeated in the reversed order. 

 
Fig. 1. Initial computational domain 
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Fig. 2. Motion pattern of the gun relative to the target 

III. NUMERICAL RESULTS 

In all calculations, the shaping air flow rate was set to be 0.02 kg/s. The atomizer voltage 

was assumed to be -90kV, whereas the target was grounded. The value of the charge-to-

mass ratio is set to be inversely proportional to the particle radius and equal to -1mC/kg 

for the particle with 35µm diameter [10]. The corona current has been determined exper-

imentally for the case when particles are present as 10µA. The base values for the particle 

size distribution and the corresponding flow rates are given in the Table 1 [11].  

TABLE 1: PARAMETERS OF THE PARTICLE SIZE DISTRIBUTION 

Particle 

diame-

ter[μm] 

Flow 

rate[g/s] 

10 0.03 

15 0.15 

20 0.36 

25 0.6 

30 0.84 

35 0.9 

40 0.81 

45 0.588 

50 0.45 

55 0.39 

60 0.24 

65 0.186 

70 0.168 

75 0.15 

80 0.138 
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A. Discrete phase modeling with neutral particles  

In this section, the results of discrete phase modeling with neutral particles are 

presented. Sampling of the particle trajectories in the time equal to 0s is shown in the Fig-

ure 3. The atomizer is positioned directly above a corner of the target. Particles form a 

cone in the region between the atomizer and the target as they get ejected from the atom-

izer tip. It can be seen that a large number of particles bypass the target. Some of the par-

ticles hit the target or move along the target. 

 
Fig. 3. Sampling of particle trajectories for time equal to 0s 

 

The contours of the accumulation for time equal to 1s are given in Figure 4. At this mo-

ment, the atomizer is directly above the middle of the longer edge of the target. The first 

half of the first pass is already completed and this is reflected in the deposition pattern. 

The area around the perforation exhibits higher deposition. 

 
Fig. 4. Contours of the accumulation [kg/m2] for time equal to 1s 

 

The contours of the accumulation for time equal to 8s are given in Figure 5. At this mo-

ment, the entire area of the target has been coated and the target starts the reversing mo-
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tion. The particle deposition pattern reflects the motion of the target. The uniformity is 

considerably improved, but there are areas with relatively high deposition. 

 
Fig. 5. Contours of the accumulation [kg/m2] for time equal to 8s 

 

The contours of the accumulation for time equal to 13s are given in Figure 6. At this mo-

ment, the reversed motion of the target has been completed and the target has been coated 

for the second time. Uniformity is significantly improved, although there are still scattered 

parts with very high deposition.  Areas around the perforations also exhibit larger values 

of deposition.  The transfer efficiency calculated as the ratio of the deposited mass flow 

rate and the input mass flow rate is approximately equal to 60%.  

 

 
Fig. 6. Contours of the accumulation [kg/m2] for time equal to 13s 

B. Discrete phase modeling with charged particles 

In this section, discrete phase modeling with charged particles is presented.  At-

omizer is connected to a high voltage power supply of -90kV and the corona current 
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is10µm. Sampling of the particle trajectories in the time equal to 0s is shown in the Figure 

7. Similarly to the case with no electric charge, particles form a cone in the region be-

tween the atomizer and the target as they get ejected from the atomizer tip, and the coni-

cal stream of particle partially bypasses the target. Some of the particle trajectories are 

deflected towards the back of the target due to the wrap around effect. 

 
Fig. 7. Sampling of particle trajectories for time equal to 0s 

The contours of the accumulation for time equal to 1s are given in Figure 8. The first half 

of the first pass is finished which is reflected in the deposition pattern. By comparing raw 

output data, it can be concluded that the deposition is larger compared to the case with 

neutral particles which is explained by the presence of the attraction forces between the 

particles and the target. 

 
 

Fig. 8. Contours of the accumulation [kg/m2] for time equal to 1s 

The contours of the accumulation for time equal to 8s are shown in the Figure 9. At this 

moment, the entire area of the target has been coated once. Again, by comparing the out-
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put data, it can be noted that the deposition is larger when compared to the case with neu-

tral particles. Certain regions of the target exhibit much larger than average values of 

deposition. 

 
 

Fig. 9. Contours of accumulation [kg/m2] for time equal to 8s 

The contours of the accumulation for time equal to 13s are given in Figure 10. The target 

has completed the reversed motion and the entire area of the target has been coated once 

again. The transfer efficiency calculated as the ratio of the deposited mass flow rate and 

the input mass flow rate is approximately equal to 75% which is increased comparing  to 

the case with neutral particles. Certain regions of the target exhibit improved uniformity 

and deposition. The deposition around perforations remains at a higher level due to the 

edge effects (window panning). 

 
Fig. 10. Contours of the accumulation [kg/m2] for time equal to 13s 
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IV. CONCLUSION 

In this paper, a full 3D numerical model of the electrostatic coating process with mov-

ing mesh feature and multiple passes has been presented. The mechanical part was direct-

ly modeled with the computational fluid dynamics software, FLUENT. Its user-defined 

functions were used to solve the Poisson field by incorporating it into the general scalar 

transport equations within FLUENT. Coupling between the airflow phase, the particle 

discrete phase and the electrostatic field yields the trajectories of the charged particles. It 

has been demonstrated that the moving mesh feature for the FLUENT numerical model 

of the electrostatic coating process can successfully simulate multiple passes. The entire 

area of the target has been treated twice, which is reflected in the deposition pattern. Cas-

es with neutral and charged particles are examined. When the particles are charged, the 

transfer efficiency increases compared to the case with neutral particles. It has been dis-

covered that for the current setup of the simulation parameters, the uniformity improves 

with the progression of the target, but only to a lesser degree. A separate investigation 

on the accuracy of the solution suggests that the uniformity improves dramatically when 

the density of the mesh is increased. Additional future studies are recommended in order 

to clarify the influence of other factors (e.g. number of injections, distribution of super-

particles, etc.) on the deposition uniformity.  
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