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Introduction and background

Surface treatment is an important process, which impacts the properties, appearance, and
durability of the treated object. There are many different treatments such as electroplating,
electrocoating, powder coating, and spray coating. Powder coating is common in many
industries from furniture manufacturing to truck cabs. Powder coating is usually applied by
powder guns, but rotary powder bells also exist. The guns can be handheld, mounted on robots,
or in reciprocator setups. A key aspect of powder coating is electrostatics; the powder is charged
and attaches to the target object with electrostatic forces. In contrast to wet paint powder
cannot be applied without electrostatics and does not stick permanently to the surface until
after curing.

In this technical report we describe a theory and simulation model for powder coating and give
an example for how this model can be used to generate input for industrial scale painting
simulations aiming to compute the thickness profiles and size distributions on the target object.
A complete industrial scale validation is outside the scope of this report. The models and
methods presented herein have been developed in the Vinnova funded project Quariapro
(Optimize powder coating quality and material efficiency by connecting process actuators and a
digital twin, Dnr 2019-05224) and extend on previously performed research on the virtual paint
shop for: wet paint (Edelvik, Mark, Karlsson, Johnson, & Carlson, 2017), sealing (Ingelsten, Mark,
& Edelvik, 2019), and oven curing (Johnson, et al,, 2022). The development of the models was
supported by measurements performed by the project partner Fraunhofer [PA.

Simulation Models and Theory Overview

In this section we describe the models and methods used for the simulations. The description
includes an overview of theory, models, and equations used to model powder coating. Several
of the models need experimental input, i.e., they contain parameters that need to be fitted to
data for the specific conditions and settings used for painting. Examples of experiments and how
they are used as input to the models are described in the next section.

The modelling approach has three main stages consisting of: a resolved three species
electrostatics model, detailed coupled electrostatics - fluid dynamics - particle dynamics
simulation, and coarse coupled electrostatics - fluid dynamics - particle dynamics coating
simulation.

In powder coating an electric current is discharged from a thin needle inside the powder gun,
on which a strong negative electric potential is applied. The potential together with the
curvature of the needle induces a negative corona discharge, which yields free ions in the air. To
numerically model the corona discharge phenomenon we use the resolved three species
negative corona discharge model developed in (Johnson, et al., 2015) and (Wettervik, Johnson,
Jakobsson, Mark, & Edelvik, 2015), which is based on modelling 0F, 05, e transport in the
domain using their current densities created by their charge densities. Five reactions are
included: ionization, attachment, and three recombination reactions.

e+ 0, - 2e + 04 (ionization),
e+0, + M- 0; +M (attachment)
e+ 0f + 0, > 20, (electron — positive ion recombination)
03 + 0f - 2 0, (two body negative — positive ion recombination)
0; + 05 +M —> 20, + M (three body negative — positive ion recombination)

Here M is an uncharged species participating in the reaction, mostly O, and N,. Denoting the
rate coefficients k;, kg, k¢p, kynp, and the ion mobilities of the three species by w,, uy, i, the
equations for potential, ¢, and charge densities, p,, pp, pe, read:
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=A@ =(pp+pn+pe)/ (&)
v (:upppV(P) = kipe = keppePp — knpPnpp
V. (.unpnvd)) = kape - knppnpp
V. (.uepevd)) = (kl - ka)pe - keppepp-

The coefficients k;, k,, and p, are strongly dependent on the strength of the electric field, the
other coefficients are treated as constants. The strength of the discharge is controlled by
Townsend’s second ionization coefficient, y, which describes how often an extra electron is
discharged from the cathode when it is hit by a positive ion. Le., we set p, = yu,/u. p, on the
cathode. The value of y depends on the curvature and surface structure of the needle. We
estimate its value from experimental current densities on the anode. The negative ion charge
density is set to zero on the cathode and the positive ion density is set to 0 on the anode.

The resolved three species model simulations are performed in two dimensions, assuming
rotational symmetry, and require a fine computational mesh. To couple the results with detailed
coupled electrostatics - computational fluid dynamics - particle dynamics simulation resolving
both the fluid, the electrostatics, and the trajectories of the particles, we reduce the three-
species model to a one species model only containing negative ions. In the reduced models we
set p, = 0 and p, = 0. Thus, the right-hand side of the equation for p,, is equal to zero. This
means that we model conservation of current density. For the reduced model we introduce a
scaling parameter for the number density of negative ions discharged from the cathode. This
parameter is estimated from experimental values of the total current. l.e, we compute the
resolved three-species electrostatics model once for a reference scenario and then for each
specific detailed simulation we scale p,, from experiments to adapt the reduced model. A
comparison of the current density below a needle with the one-species and three-species
models is given in Figure 3.

The CFD model of the powder gun is based on a CAD model together with mass flow rates of
fluid and paint powder. Powder is injected into the gun from a fluidized bed and is accelerated
by the air. The mass flow rates are set on a control system for the gun. The air mass flow rate is
set as an inlet velocity in the simulation. Electrostatics influence the fluid dynamics through the
ion wind. We ignore, however, the influence of the fluid velocity on the electrostatics. The
motivation is that the convective velocity is much lower than the drift velocity of ions (= p,E),
i.e., the convective contribution to the current density is negligible. This also allows us to only
simulate the electrostatics once for each geometry. To model the fluid, we use the
incompressible Reynolds’ averaged Navier-Stokes equations with Menter’'s k —w SST
turbulence model (Menter, 1994) (Menter, Kuntz, & Langtry, 2003), which combines the k — €
turbulence model away from walls with the k — w turbulence model close to walls and a viscous
damping. The complete set of equations governing the fluid is:

V-u=0
ou N —» 2,
ok 5
dw
Py +§+pfﬁ-vw=vlf’w —Ba?+ (u+ouu )b w +2p(1 = F)o,Vk -V
t
Prlik
Pe= s
max(a,w, F, S)

Here p,E is the electrostatic force that yields the ion wind and Fj, is the drag force from the
particles. p¢ is the fluid density, u and u, are the molecular and turbulent viscosities, P, and P,
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are the production terms for turbulent kinetic energy and specific dissipation rate. F; and F, are
interpolations controlling the blending of k —¢ and k —w, and the viscous damping,
respectively. The remaining constants are SST model parameters.

The third part of the detailed simulation is the particles. To model the particles, their size
distribution is measured experimentally or given from the paint suppliers datasheet. In the
simulation the particles are injected without charge based on their size distribution, defined
using the volume fraction with respect to the total powder volume for a given set of particle
diameter intervals. The computational particles are randomly generated from this size
distribution, resampled in terms of total powder surface area. The number of particles is based
on the total mass flow rate.

When the particles pass the corona needle, they are charged by ion bombardment, which is
modeled by the Pauthenier-Moreau-Hanot equation (Pauthenier & Moreau-Hanot, 1932). The
equation uses a local maximum charge, Q,,.,, and a relaxation time, 7, given by:

e —1 o
. )47TT260|E|
€ +1

4e,

T=—
Unlonl

O = (1+

where €, is the relative permittivity of the powder and r is the radius of the particle. The local
charging is given by:

dQ — Qma.x

90 _Gnes (1LY 101 < gyl

Qmax

Charging primarily occurs close to the corona needle where the electric field and the ion current
density are the strongest.

Particle dynamics is determined by the electrostatic force from the electric field, the drag force
from the fluid, the gravity force, and a particle turbulence model. The particle turbulence model
changes the local velocity field seen by a particle by taking the local turbulent kinetic energy
into account. The fluctuating velocities seen by the particles are assumed to be isotropic, to be
consistent with an isotropic turbulence model. The drag force is two-way coupled between the
fluid and the particles. L.e., the particle trajectories are determined by:

dp . o
=7 = o +9(pp = ps) +qE
where the drag coefficient and force are computed by the Schiller-Naumann model (Maxey &

Riley, 1983):

24(1 + 0.15 x ReJ®7)
- Re,
0.44,Re, > 1000

4 ,Re, < 1000

p m P— —| [— —
Fp = 0.7SCd—fd—p |up - uf|(uzzJ - uf)
Pp %p

The fluid velocity used for the drag force computation is perturbed by the turbulence to get a
locally fluctuating velocity field. The strength of the perturbation is given by a random draw

from a N (0, \/%) distribution, the direction is given by a random point on a sphere. The
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perturbation is updated based on an eddy-life time estimate. The resulting drag force is added
symmetrically to the particles and the momentum equation.

The final part of our simulation framework is the thickness prediction simulation. It is
performed based on the method described in (Edelvik, Mark, Karlsson, Johnson, & Carlson,
2017) updated with the corona discharge model, and the particle charging model. Another
difference to the rotary bells described therein is that powder guns emit the paint as a flat
stream. The paint injection model has been updated to reflect this. The coating is the point when
the motion of the gun could be allowed to influence the simulations. It can either be that the gun
is attached to a robot which is moving or that the objects are moving past a gun in a fixed
position. For the powder coating simulation, the fluid fields: velocity, pressure, kinetic energy,
specific dissipation, and eddy viscosity are read from a detailed simulation database and set in
the vicinity of the gun. The particles are reinjected with their position, velocity and charge set
from the detailed simulation. The reduced one species corona discharge model, however, is
recomputed on the coating simulation grid. It is recomputed each time the geometry is updated,
e.g., when the robot moves. To validate the coupling between the detailed simulation and the
coating simulation we compare both the CEM and CFD solutions on several lines below the
nozzle. It is also validated that the particle size distribution injected in the coating simulation is
coinciding with the one injected in the detailed simulation.

The Navier-Stokes equations are discretized on a co-located Cartesian grid with the SIMPLE-C
method (Van Doormaal & Raithby, 1984) using Rhie-Chow interpolation (Rhie & Chow, 1983)
of the face velocities. Objects are added to the grid using the immersed boundary method (Mark
& van Wachem, 2008) (Mark, Rundqvist, & Edelvik, 2011). The one-species electrostatics model
is solved using a similar immersed boundary approach, but the potential and negative ion
charge density are solved together in a Newton iteration scheme (Wettervik, Johnson,
Jakobsson, Mark, & Edelvik, 2015). The three-species electrostatics model is discretized on a
boundary conforming unstructured grid. For the three-species model the potential and the three
species are solved iteratively using a segregated approach (Johnson, et al,, 2015), a detailed
description of the discretization is given in (Johnson, Royttd, Mark, & Edelvik, 2016). The
trajectories of the particles are integrated in time using the method described in (Edelvik, Mark,
Karlsson, Johnson, & Carlson, 2017).

Model Validation and Results

In this section examples of the simulations performed to validate the models and coupling
procedures, and to adjust model parameters are described: the three species corona model, the
reduction of the three species corona model to a one species corona model, the corona scaling
parameter, the charging of the particles in the detailed simulation, and the coupling of the
detailed and the coating simulation for the electrostatics and the fluid dynamics models.

The validation of the three species model and its reduction to a one species model will be
presented together, we therefore start by describing the reduction procedure. The corona
discharge model reduction from three species to one species is performed on a sphere 1mm
outside the needle, where the negative ion density is read. For the coating simulation a sphere
with a radius of 2 cm is used. The sphere together with a CAD model of a gun at the needle is
shown in Figure 1. The motivation why this is possible is that 1mm is sufficiently far away from
the region where there is a significant number of free electrons in space. In Figure 2 the number
densities of the three species are shown. From the figure one can determine the regions where
ionization, attachment, and ion transport dominate. At a distance of 1 mm from the needle the
negative ions dominate, and we are outside of the attachment region.

Fraunhofer-Chalmers Centre Phone: +46 31 772 40 00 Bankgiro: 5298-1560

Chalmers Science Park E-mail: info@fcc.chalmers.se BIC: ESSESESS  (SEB)

SE-412 88 Gothenburg Web: wwwi.fcc.chalmers.se IBAN (SEK): SE84500000000501 11017629

Sweden IBAN (EUR): SE7650000000055018284730
LinkedIn: Fraunhofer~Chalmers Centre IBAN (USD): SE8150000000059308245634

Visitors: Sven Hultins gata 9D YouTube channel: FraunhoferChalmersSw VATno: SE857209595101



FRAUNHOFER CHALMERS

RESEARCH CENTRE FOR INDUSTRIAL MATHEMATICS

Figure 1: CAD model of the needle and the sphere where the species reduction is performed. The sphere is
located 1 mm from the tip of the needle.
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Figure 2: Number densities (particles / m”3) of the three charged species close to the needle. At 1 mm the
densities of electrons and positive ions are negligible. This is the motivation why the species reduction
modelling can be performed. The negative ion density at 1 mm is sampled and reinjected for the detailed
and coating simulations.

To validate the three species model itself, we perform measurements of current densities on a
plate below a needle and compare the results with simulated current densities. The
measurements are performed using the experimental method described in (Madani & Miller,
1998). The setup is also used as a final validation of the species reduction procedure. We
compute the current densities with both models and compare them with the experiments. In
the figures below we include the comparison for two voltages, -40 and -60 kV, and three needle
to plate distances, 15, 20, and 25 cm. For the three species model the second Townsend
ionization coefficient is used as a free parameter. We setitto y =5 x 1072 and y = 1078 for
—40 kV and — 60 kV, respectively. The three species model results are close to the
experimental values. For the one species model the current densities match, except that the one-
species model is not able to resolve the quick drop off at around 45°. The drop off is consistent
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with the so-called Warburg law (Warburg, 1899), which states that the current density will

depend on cos® 8, up to a threshold angle. The drop off is accurately predicted by the three
species model.
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Figure 3: Current densities [A/m?] on a flat plate 15, 20, and 25 cm below a corona discharge needle. The
black circles are measurements, the red curves are simulations with the three species model, and the blue

curves are simulations with the reduced one species model. The applied voltages ares -40 kV (left) and -60 kV
(right).

The detailed three species simulation was performed once for one needle. The reduced one
species model is seen as fixed on the coupling sphere, except for a scaling of parameter, which
is used to scale the charge density on the sphere. This scaling parameter depends on the distance
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between the gun and the target object, but it is assumed to be constant for any effective voltage
or current. The reduced solution on the sphere looks as follows:

® 10 x 10 [+)
\ 25 4] ) —4

s e | 3

] - 4 —4
] 20 40 80 100 120 140 160 180 0 20 40 a0 100

)
120 140 160 180

Figure 4: The values of p,, and ¢ for -40 and -60 kV on the coupling sphere 2 cm outside of needle. The green
curve is the potential [V] and the blue curve is the charge density [C/m3]. The angle is in degrees with the
plate at 180.

For the remainder of this section, we will use an example of a powder gun to describe how the
models are implemented and validated. The gun is a GEMA powder gun. Measurements on the
gun have been performed by Fraunhofer IPA in a joint research project. The gun and its CAD
model are shown below.

Figure 5: GEMA powder gun used for the experiments (left) and CAD model of the same gun (right)

To estimate how much the charge density, p,, should be scaled for different distances, total
current measurements have been performed at Fraunhofer IPA on a large aluminum plate. In
particular, the current has been measured when the powder gun was placed at 12cm, 16cm and
20cm for different applied voltages. The experimental setup for these trials is shown in Figure
6. The current on the plate has been simulated for the same experimental settings using the one
species model. The scaling parameters for the three distances have therefore been computed to
minimize the difference between the measured and simulated currents for all the effective
voltages in a least squares sense.
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e

Figure 6: Experimental setup at Fraunhofer IPA to measure the total current below the gun for different
needle to plate distances, and a range of potentials.

The negative ion density was therefore scaled accordingly to match the current as in the figure
below, which shows excellent agreement between the experimental and simulated total

currents.
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Figure 7: Total current (measured and simulated) for the spray gun at 12, 16, and 20 cm from the aluminum

plate.

The corona discharge model, tuned to reproduce the experimental results, allows for the
charging of the powder particles in our detailed simulation. When solving for the electrostatic
quantities in the detailed simulation, both the current density and the maximum local charging
according to the Pauthenier-Moreau-Hanot equation are estimated, see Figure 8.

Fraunhofer-Chalmers Centre
Chalmers Science Park
SE-412 88 Gothenburg
Sweden

Visitors: Sven Hultins gata 9D

Phone: +46 31 772 40 00
E-mail: info@fcc.chalmers.se
Web: www.fcc.chalmers.se

LinkedIn: Fraunhofer~Chalmers Centre
YouTube channel: FraunhoferChalmersSw

Bankgiro: 5298-1560

BIC: ESSESESS  (SEB)

IBAN (SEK): SE84500000000501 | 1017629
IBAN (EUR): SE7650000000055018284730
IBAN (USD): SE8150000000059308245634
VATno: SE857209595 101



§}\)‘W

FRAUNHOFER CHALMERS

RESEARCH CENTRE FOR INDUSTRIAL MATHEMATICS

Distance from gun exit (cm

Figure 8: Simulated current density (left) and maximum local charge Q4 (right) below the needle.

These two quantities give an indication of where the particles get charged the most: in
particular, we can conclude that most of the charging takes place within 3cm from the gun exit.
Based on this observation, our coupling approach consists in extracting all the powder particles
reaching a sampling cylinder placed at this distance with their velocity, charge, and volume
values and reinjecting them randomly, unaltered, in the coating simulation. The powder
particles sampled through this methodology can be analyzed with respect to their Charge
(Figure 9) and Particle Size Distribution (Figure 13).
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Figure 9: The charge distribution of the powder collected at the sampling cylinder with height 3cm and
radius 5 cm.

To simulate the fluid flow inside and outside the gun the mass flow rate is specified at the inlet
inside the gun. Flow is simulated in a large domain with total pressure condition on the domain
boundary. The inlet turbulence intensity is set to 5 % and the eddy length to 10% of the inlet
diameter. The simulation is run for long enough for the coupled fluid-particle simulation to
stabilize. To ensure that there are no oscillations of the velocity and turbulence fields, the
solutions are time-averaged.

The final model simplification in our approach is going from the detailed simulation to the
coating simulation. The powder coating simulation has three components: the electrostatics, the
particles, and the fluid. The electrostatics is recomputed but using a 2cm coupling sphere
instead of a 1 mm coupling sphere for the boundary conditions for the potential and negative
ion charge density. The particles exiting the sampling cylinder are reinjected as described above.
The fluid solution from the detailed simulation is time-averaged for at least 0.02 s and sampled
in a larger cylinder than the particles. It has a height of 5cm and radius 7cm. The velocity,
turbulent kinetic energy, and specific dissipation rate are sampled inside the cylinder. The
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averaged velocity field together with the particle and fluid sampling boxes are shown in Figure
10.

Figure 10: The stabilized averaged velocity field at the end of the detailed simulation. The red cylinder is the
sampling cylinder for the fluid properties, and the green box is the sampling cylinder for the particles.

To check the modelling hypothesis that we can split the simulation in a detailed and a coating
simulation, where the detailed simulation is stored, coarsened, and reimported to the coating
simulation, we compare the solution for both the fluid and the electrostatics on several lines
below the nozzle of the gun and parallel to the flat stream. On these lines we compare the
velocities and current density profiles. As is seen in the two figures below, Figures 11 and 12,
the coupling works well both in the electrostatics and the fluid dynamics domains. To ensure
that the detailed simulation is run for a sufficiently long time not to influence the statistical
properties of the size distribution of the paint particles, the particle size distributions injected
to and collected from the detailed simulation are compared. As can be seen in the comparison
in Figure 13, the particle size distribution is not affected by splitting the simulation into a
detailed and a coating part.

Figure 11: Current density at 5cm, 10cm, 15cm for detailed and paint thickness simulations.
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Figure 12: Axial velocity at 5 and 10cm distance for detailed and paint thickness simulations.
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Figure 13: Particle Size Distribution preservation in the detailed simulation: experimental vs collected at

cylinder.

This procedure with detailed simulation and sampling must be repeated, in principle, for the
entire range of applied voltages, and fluid and particle mass flows in production, since changes
in the corona discharge or either mass flow would affect the charge and velocity of the powder
particles registered at the sampling cylinder. Within the range several values for each parameter

should be simulated.

The models and methods presented here could be used to efficiently simulate powder coating.
In the Quariapro project they have been used by the project partner IPS for simulation-based
prediction of thickness profiles and size distributions.
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