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Abstract
A new framework for simulation of electrostatic spray painting is proposed based on novel algorithms for coupled
simulations of air flow, electromagnetic fields and paint droplets. Particularly important for the computational
efficiency is the Navier-Stokes solver. The incompressible solver is based on a finite volume discretization on a
dynamic Cartesian octree grid and unique immersed boundary methods are used to model the presence of objects
in the fluid. This enables modeling of moving objects at virtually no additional computational cost, and greatly
simplifies preprocessing by avoiding the cumbersome generation of a body conforming mesh. To validate the sim-
ulation framework an extensive measurement campaign has been performed. Several test plates and car fenders
were painted with different process conditions and robot paths. The same cases were then simulated and overall the
agreement between simulations and experiments are remarkably good. The very efficient implementation gives a
major improvement of computational speed compared to other approaches and makes it possible to simulate spray
painting of a full car in just a few hours on a standard computer.

Introduction
The paint and surface treatment processes in automotive paint shops are characterized by multi-phase and free

surface flows, multi-physics, multi-scale phenomena, and large moving geometries. This poses great challenges for
mathematical modeling and simulation. The current situation in the automotive industry is therefore to rely on in-
dividual experience and physical validation for improving these processes. Having access to tools that incorporate
the flexibility of robotic path planning with fast and efficient simulation of the processes would be advantageous,
since such tools can contribute to reduce the time required for introduction of new models, reduce the cycle-time,
reduce the environmental impact and increase quality.

In this paper the focus is on spray painting with the Electrostatic Rotary Bell Sprayer (ERBS) technique. Paint
is injected at the center of a rotating bell; the paint forms a film on the bottom side of the bell and is atomized at
the edge. The droplets are charged electrostatically and driven towards the target both by shaping air surrounding
the rotating bell and by a potential difference in the order of 50-100 kV between paint applicator and target. A few
attempts to simulate the complex process can be found in the literature [1, 2, 3, 4]. In particular, Domnick et al. have
made extensive modeling work for wet paint as well as for powder coating devices [5, 6]. A systematic validation
for realistic geometries is missing and another major drawback with earlier approaches is that the simulation times
are prohibitively long for the tools to be industrially useful. This is partly due to the fact that the simulation
methods do not handle moving geometries in an efficient way.

The aim of this paper is to present a new framework that allows for accurate simulations of spray painting of a
car in just a few hours on a standard computer. To achieve this, novel algorithms are developed for coupled simu-
lations of air flow, electromagnetic fields and charged paint droplets. Particularly important for the computational
efficiency is the Navier-Stokes solver. Unique immersed boundary methods are used to model the presence of
objects in the fluid and they are combined with an adaptive Cartesian octree grid [8, 9]. This enables modeling of
moving objects at virtually no additional computational cost, and greatly simplifies preprocessing by avoiding the
cumbersome generation of a body conforming mesh. The electrostatic solver is based on the same discretization
framework and immersed boundary conditions are used to set the voltages at the applicator and target geometry.
The paint droplets are simulated as Lagrangian particles and their motion is given by the Basset-Boussinesq-Oseen
(BBO) equation.

To validate the simulation framework an extensive measurement campaign was performed. The droplet size
distribution, and the air and droplet velocities close to the bell, were measured for different process parameters us-
ing a Malvern and laser doppler anemometry (LDA), respectively. The break-up process is currently not simulated
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Figure 1. Photo of rotary bell spraying towards a tar-
get.

Figure 2. A robot is painting a Volvo V60 fender in a
cross-wise motion.

and therefore these near-bell measurements are needed as input to the paint thickness simulations. Several test
plates and car fenders were used to compare the resulting paint thickness in the experiments and in the simulations.

Experimental Setup
To verify the ability of the software to predict the paint thickness for complex geometries an extensive mea-

surement campaign was performed at Fraunhofer-Institut für Produktionstechnik und Automatisierung (IPA) in
Stuttgart, Germany. An internally charged Dürr Ecobell 2 atomizer was used, see Figure 1, and several car fenders
were provided by Volvo Car Corporation, see Figure 2. To characterize the bell, droplet size distributions, and air
and droplet velocities close to the bell, have been measured as a function of process parameters. A center brush was
defined with shaping air flow 260 slpm (standard liter per minute), paint flow 330 ml/min and rotation speed 40000
turns/min. These parameters were also varied roughly 20 % up and down. In this paper three different parameter
settings are studied, see Table 1. The voltage at the bell and the downdraft air velocity were kept constant at 70 kV
and 0.3 m/s, respectively. A clear coat paint was used.

Table 1. The process parameters for the different brushes used.

Brush name Shape air flow (slpm) Paint flow (ml/min) Rotation speed (turns/min)

B1 310 260 50 000

B2 260 330 40 000

B3 310 400 50 000

The measurements of droplet size distributions were performed with a Spraytec RTS 5001 from Malvern
Instruments. The measurement technique relies on Mie scattering where laser light is scattered by the droplets.
The scattering angle differs depending on the droplet radius and by using an array of detectors it is possible to
create a histogram of the droplet sizes present in the spray. The spray is directed towards the measurement zone
in such a way that all droplet sizes present in the spray pass the detector and the obtained probability density
functions are valid for the whole spray. In reality, the size distribution is not homogeneous in space as droplets
of different sizes follow different trajectories from the bell edge towards the target. The velocities were measured
using laser doppler anemometry (LDA) along three horizontal lines 10, 75 and 140 mm under the bell, and one
vertically centered line from bell to target. In these measurements a large grounded plate was used as paint target.
In Figure 3 the results at the 10mm line are shown component-wise and they are used as input to the simulations,
whereas the velocities along the other lines are used for validation of the simulated velocity field.

To validate the paint thickness both horizontally and vertically positioned plates were painted for different

2



12th ICLASS 2012 Simulation of Electrostatic Rotary Bell Spray Painting in Automotive Paint Shops

Figure 3. The measured velocity components for the three different brushes along a horizontal line 10mm un-
derneath the bell as a function of radial position, where position 0 is located along the bell centerline. The axial
velocity pointing towards the target (left); the radial component (middle); the rotational component (right).

process conditions. The tool center point (TCP) distance was 200 mm and the robot velocity 200 mm/s. Finally,
the center brush was used to paint a car fender in a cross-wise and an oscillating motion, respectively, see Figures 4
and 5. For the fenders the robot velocity was increased to 300 mm/s. The fenders had been electro coated and the
paint thickness was measured on an uniformly spaced grid with 2×2 cm2 resolution. In all thickness measurements
an Elcometer 456 Coating Thickness Gauge from Elcometer Ltd was used.

Numerical Method
The simulation framework consists of a Navier-Stokes solver, which is based on a finite volume discretization

on a Cartesian octree grid that can be dynamically refined and coarsened. Unique immersed boundary methods
are used to model the presence of objects in the fluid. The electrostatic solver is based on the same discretization
framework and immersed boundary conditions are used to set the voltages at the applicator and target geometry.
The paint droplets are simulated as Lagrangian particles and their motion is given by the BBO equation. The
Sundials package is used to efficiently solve the BBO equation for the individual droplets and trace them from
applicator to target. To calculate the paint thickness based on the droplet impacts kernel density estimation is
used [10]. This method gives better thickness estimates than the commonly used histogram based methods and in
addition is independent of the quality of the surface triangulation.

The input to the simulations of the paint film build-up on a target is the process conditions (paint flow, shaping
air, downdraft speed, and applicator rotation speed), the robot path, a CAD description of the target geometry, and
measurements of the droplet size distribution and air velocities close to the bell.

Flow Solver
The motion of an incompressible fluid is modeled by the Navier-Stokes equations,

∇ · ū = 0 , (1)

ρf
∂ū

∂t
+ ρf ū · ∇ū = −∇p+ µ∇2ū+ s̄ , (2)

where ū is the fluid velocity, ρf is the fluid density, p is the pressure, µ is the dynamic viscosity and s̄ is the
droplet source term. IBOFlow (Immersed Boundary Octree Flow Solver) uses the finite volume method to solve
the Navier-Stokes equations and the immersed boundary method is used to model the presence of arbitrary moving
objects in the flow [9]. A Cartesian octree grid that can be dynamically refined and coarsened is automatically
generated and enables adaptive grid refinements to follow moving objects. The Navier-Stokes equations are solved
in a segregated way and the SIMPLEC method is used to couple the pressure and the velocity fields [11]. All
variables are stored in a co-located arrangement and the pressure weighted flux interpolation is used to suppress
pressure oscillations [12].

Electrostatic Solver
For an internally charged bell atomizer the electric field generated due to the potential difference between the

bell and the grounded target is given by the following Poisson’s equation [1]:

∇2φ = −ρ
ε
, (3)
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Figure 4. The cross-wise motion that the robot
follows to paint the car fender.

Figure 5. The oscillating motion that the robot
follows to paint the car fender.

where φ is the potential, ρ is the space charge density and ε is the air electrical permittivity. The electric field is
given by Ē = −∇φ. The electrostatic solver is based on the same discretization framework as the flow solver
and immersed boundary conditions are used to set the voltages at the applicator and target geometry. For the
electrostatic solver it is important to refine the octree grid close to the edges of the target geometry, where the
electric fields are large. In general, the flow and electrostatic solvers use different octree grids.

Particle Tracer
The droplets are treated as point-like Lagrangian particles and by including only the gravity/buoyancy, drag

and electrostatic forces the following BBO equation [13] is obtained for the motion of the particles:

ρp
dūp
dt

= (ρp − ρf ) ḡ − ūr |ūr|Cd
ρf
ρp

mp

2rp
+ Ēqp , (4)

where ρp is the particle density, ūp is the particle velocity, ūr is the relative particle and fluid velocity, Cd is the
drag coefficient, mp is the particle mass, rp is the particle radius, qp is the particle charge and Ē is the electric
field. The drag coefficient is evaluated according to [14]

Cd = 24
1 + 0.15Re0.687p

Rep
, Rep =

2rp |ūr| ρf
µ

, (5)

where Rep is the instantaneous particle Reynolds number.
The dominant charging mechanism for this type of applicator is induction charging, which imparts a charge

on the particles leaving the bell. The particle charge is assumed to be proportional to the particle area and the
area charge density is determined empirically by plate simulations. The fluid velocity and the electric field are
interpolated to the location of the respective particles and the resulting drag force and charge is interpolated back
to the fluid grid, generating the droplet source in (2) and charge density in (3). The BBO equation is solved for each
droplet using the CVODE solver in the Sundials software package [15]. To include the local fluctuations of the
fluid velocity field a particle turbulence model is introduced. Each fluid time step the velocity field is reconstructed
by adding a random turbulent noise with time correlated direction and magnitude determined from experimental
data.

Results and Discussion
To validate the simulation framework the performed experiments are simulated and compared to the measured

thickness profiles along specified lines. For the plates three different process parameter settings are studied, see
Table 1, and for the fenders the center brush B2 is used.

In all simulations the paint target is put in the middle of the simulation box, whose size is adapted to include
the full robot path. At the top of the box an inlet boundary conditions with the down draft velocity of 0.3m/s is set
and at the bottom an outlet boundary condition is set. On the other outer boundaries symmetry boundary conditions
are employed, see Figure 6. In Figure 7 the simulation of a fender with an oscillating robot motion is shown. The
fluid and the electrostatic base grid is automatically refined 5 times around the target resulting in a minimum cell
size of 3.75mm. Further the fluid grid is dynamically refined 3 times around and below the moving applicator,
and the electrostatic grid is refined around the applicator, see Figure 8 for an example. The grid resolution is set to
ensure a grid independent solution. The time step is automatically determined from the smallest cell size and the
flow velocities. The adaptive grid update is determined by the applicator location.
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Figure 6. The simulation box with a Volvo V60
fender in the middle, the full robot path and the posi-
tions of the inlet, outlet and symmetry boundary con-
ditions.

Figure 7. A snapshot of a paint simulation with an
oscillating robot motion. The paint droplets are col-
ored by the fluid velocity and the fender by the paint
thickness.

Figure 8. A side view of the dynamic octree grids around the fender and the paint applicator. On the left the fluid
grid and on the right the electrostatic grid.

Plate simulations
The horizontal and vertical plates (1000×150mm2) are simulated with the three different process parameters.

The robot speed is set to 200mm/s and TCP distance is set to 200mm. In Figure 9 a snapshot from the horizontal
simulation is shown. The paint thickness is visualized on the center test plate laying on a larger grounded plate
(1000 × 1000mm2) to avoid electrostatic edge effects. The simulated thickness profiles for the different process
parameters are compared to the experimental measurements in Figure 10. The simulations are in good agreement
with the experimental results. A simulation of the vertical plate is shown in Figure 11. In the figure it is noticed
that the paint is effected by the down draft and gravity, resulting in an asymmetric thickness profile. From the
comparison in Figure 12 it is concluded that the simulation accurately captures these effects.

Fender simulations
To validate the simulation framework for a complex geometry a Volvo V60 fender is placed on a holder and

painted with a cross-wise and an oscillating robot motion, see Figures 4 and 5. The holder is also grounded and is
important to include in the simulations as it has a significant effect on the electric field. For the fenders the robot
velocity was increased to 300mm/s. In Figure 13 the resulting simulated paint thickness for the fender painted
with a cross-wise motion is shown. A large variation in paint thickness is observed over the fender. In general the
thickness is largest close to the edges due to electrostatic effects. This is clearly seen along the A and B verification
lines. In the top right of the figure the experiments and the simulations are compared for these lines, showing that
the simulated edge effects predict the measured ones in an accurate way. Further, in the area where the two strokes
are overlapping the thickness is of course larger. Line D is placed in a concave area where the electrostatic effect
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Figure 9. Paint simulation on the horizontal plate,
which is located on a larger grounded plate. The paint
droplets are colored by the fluid velocity and the tar-
get plate by the paint thickness. Red indicates high
velocity and thickness.

Figure 10. Experimental and simulated thickness
profiles for the horizontal plate.

Figure 11. Paint simulation on the vertical plate,
which is located on a larger grounded plate. The paint
droplets are colored by the fluid velocity and the tar-
get plate by the paint thickness. Red indicates high
velocity and thickness.

Figure 12. Experimental and simulated thickness
profiles for the vertical plate.

should decrease the paint thickness instead of increasing it. In the lower left figure this assumption is verified by
both the simulation and the experiment. Other interesting locations on the fender are along the F and G lines that
are only effected by the vertical stroke but the paint thickness is still doubled compared to the B line, which is
only effected by the horizontal stroke. In the lower right of the figure this is shown for both the experiment and
the simulation. In the simulations the authors have noticed that when painting a vertical target with an upward
motion the paint droplets that do not directly hit the target travel almost parallel to the target until they are finally
drawn towards it by the electrostatic effect. This is one reason for the fairly large paint thickness along the G line
in the experiment and also captured by the simulation. The Volvo fender is also simulated with an oscillating robot
motion and the resulting thickness is shown in Figure 14. Due to the oscillating motion the thickness is smoother
but the edge effects are still present for almost all verification lines. The fender is a little bit bent along a line
from the left edge towards the right. Along this virtual line the distance between the applicator and the target is
smaller and a thicker paint thickness is noticed both in the simulation and the experiment. Further, in the middle
of line E, where no edge effect is present, it is a clear dip in the resulting thickness for both the simulation and
the experiment. The figure also shows that the thickness along line D is small, only around 10µm. The effect
of the electrostatic field in this concave region is even more pronounced for the oscillating motion compared to
the cross-wise motion. Overall the simulations manage to capture these large thickness fluctuations in an accurate
way. To evaluate the paint thickness very close to the edges is difficult and the decay seen in the simulations is
probably due to how the thickness integration of the particle impacts is done, see [10] for a thorough discussion.
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Figure 13. The resulting simulated thickness for a fender painted with a cross-wise motion. The fender is colored
by the paint thickness (red high thickness) and the verification lines are shown. For all verification lines the
simulated thickness profiles are compared to the experimental ones.

Summary and Conclusions
In this paper a novel framework for simulation of electrostatic spray painting is presented. A systematic

validation is performed including both plates and car fenders. Overall the agreement between simulations and ex-
periments is remarkably good. The framework is integrated in the IPS software for automatic path planning. The
very efficient implementation gives a major improvement of computational speed compared to earlier approaches
and makes it possible to simulate spray painting of a full car in just a few hours on a standard computer. This fact
makes it feasible to include such detailed simulations in the production preparation process and off-line program-
ming of the paint robots. This work is therefore an important step towards the virtual paint factory and contributes
to sustainable production by providing simulation tools that can be used by the automotive industry to reduce the
time required for introduction of new car models, reduce the cycle-time, reduce the environmental impact and
increase quality.

Ongoing work aims at further reducing the need for the complicated and costly measurements of velocities
and size distributions in the near-bell region by performing simulations of the break-up process [16]. In addition,
simulation tools for the other paint and surface treatment processes in the automotive paint shop such as sealing
spray, electro coating and oven curing are under development.
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Figure 14. The resulting simulated thickness for a fender painted with an oscillating motion. The fender is colored
by the paint thickness (red high thickness) and the verification lines are shown. For all verification lines the
simulated thickness profiles are compared to the experimental ones.
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