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Summary

A numerical computer simulation has been developed for the electrostatic spray paint process.
The theoretical model describes the path of a cloud of charged drops. It takes into account the
drop size, temperature, density, viscosity of paint and air, charge of the drops, potential of the
sprayer head, the use of air assistance, air-paint ratio, paint flow, wind and turbulence and the
distance towards the object. Especially the influence of the wind and wind turbulence on the
spraying process was investigated. With increasing crosswind a higher charge, larger drops or air-
assisted spraying will keep the efficiency high. Too much charge on the drops will cause the cloud
to expand too much. Painting in the open air with a mild wind is possible using the electrostatic
spray paint process.

1. Introduction

Electrostatic spray painting is a well known method in the car industry,
whereby chassis are efficiently covered with a paint coating. The question has
been raised whether electrostatic painting could also be done in open air, where
wind and turbulence play a role. In this process the paint is sprayed by a gun,
where the droplets are given an electric charge. At the same time the gun serves
as a source of high voltage. In this field the droplets are driven towards an
electrically earthed object. Previously Anestos [1] and Hakberg et al. [2] re-
ported a theoretical model predicting the electric field distribution during air-
atomized electrostatic spray painting, but they do not account for open-air
conditions. Ang and Lloyd [3] calculated charged particle trajectories in a
similar system neglecting the effect of space charge.

The purpose of the present simulation was to evaluate the whole process,
and in particular to determine the influence of wind and turbulence on this
method of painting. Equipment parameters variable in the simulation are:
temperature, particle size, density and viscosity, charge on the droplets, poten-
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tial difference between sprayer and object, size of spray head, the use of air
assistance, air to paint ratio, paint flow, wind and distance.

The forces acting on the particle are the electrostatic force, the drag force,
the wind forces and the gravitational force, which are all included in the force
balance for a particle. A fourth-order Runge-Kutta method with adaptive step
size control is then implemented to follow the trajectory of the particles.

2. Wind and turbulence

The intensity and the fluctuating character of air flows have a great impact
on the motion of a cloud of small droplets. Theoretically, this is introduced
into the force balance through the drag force. In order to account for its statis-
tical character, wind is regarded as a mixture of turbulent eddies, the rotating
character of which can be quantified by an energy spectrum E(w) for an eddy
with angular frequency w. If the wind turbulence is assumed to be purely the
result of mechanical effects, i.e. disregarding the effects of temperature gra-
dients and stratification, generalised relations describing atmospheric turbu-
lence are available [4]:

_ niH/|w,|
T (1+mHow/|w,|)*?

with v, =friction velocity, H=vertical height above the ground, |w,| =time-
averaged wind amplitude and n and m are constants.

The coefficients n and m are equal to: for x’ (wind direction )n=105, m=5.25;
fory’ (horizontal, perpendiculartox’) n=17.5, m=1.51; for z (vertical) n=2.0,
m=0.84. In v, the effects of the earth surface and objects nearby are collected
in a macroscopic approach. This velocity is given by

0.4 |wy |
Vo=r—77 7
* " In(H/ho)
where h, is a roughness height which is generally in the order of the object size
(hy=0.1-1 m [4]). The energy spectra E(w) are related to autocorrelation

functions R(t) for the wind velocity fluctuations for each velocity component
through Fourier transformation:

E(w) (1)

(2)

R(r):w’(t)w’(t+t)'=J~OOE(w)cos(w‘r) dw (3)
0

which means that the average value for one component of the velocity fluctua-
tion w’ (¢+ 1) for a time step 7 can be evaluated from w’ (t):

R(1) "
R(0)
Equations (1) and (3) lead to

w (t+1)= "(t) (4)
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2 2
R(t)=1.5%ﬂexp[1—3(lil_vl;—lr> ] (5)

for small values of 7. Equations (4) and (5) describe the decay of a velocity
fluctuation that was present at 7=0. On the other hand, the new fluctuations
w’ originating in the period 7 are of a stochastic nature of which the variance
is presented by

Var(w’ (t+1))=R(0)—R(7) (6)

i.e. directly proportional to the decay of the autocorrelation functions R(7).
Using this approach the wind velocity fluctuations can be described as a (nor-
mal) distribution function which follows from the autocorrelation function
R(7), while the velocity itself may be written as the sum of a time averaged
mean value and a time dependent fluctuation: w(t) =w,+w'’ (¢t). Given this,
the procedure for the calculation of a component of the instantaneous wind
velocity is written as
R(7)
w(t+1)=wo+w' (t)=——+k/R(0)—R(7) (7)
R(0)
where k is a proportionality constant derived from a standard normal distri-
bution, generated at each time step in the calculation. The wind velocity vector
w thus obtained as a function of time is inserted in the force balance described
in the following section.

3. Model equations

The total force acting on a droplet is composed of the electric field force, the
drag force (interactions with the air), and the gravitational force; in vectorial
form [5]:

m,a=qE+Fy+m,g (8)

the first term, gE, depends primarily on the electric charge on the droplet. The
charge is calculated by Rayleigh’s equation for charged liquid droplets [6]:

q=¢4n./0.50¢,d3 9)

The fraction ¢ depends on the charging process. The equation is a result of a
balance between the outward electrostatic pressure (due to the charge) and
the binding surface tension pressure. Any infinitesimal increase in charge above
this level (when ¢=1) results in disruption of the drop into stable charged
fragments. Several papers [7-9] report on particle charging using electrostatic
atomization, finding a value for ¢ close to 0.5. For corona charging the Pauth-
enier limit is valid implying a far smaller value for ¢ (0.01-0.15 [10]).

The best way to describe the electric field is to create a grid in space and use
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Fig. 1. Configuration of the electric field between spray head and earthed plate.

the Poisson equation accounting for space charge [2]. In each grid point the
field can be calculated. To facilitate fast simulations an approximation was
used. The electric field E is given by that of a semi-infinite charged line to an
earthed plate (Fig. 1) from which follows [7, 11]

1 1
E = —F( + > 10)
Rtop Rbot (
H H
E,=F( top 4. b"t)/r (11)
Rtop Rbot

I' is calculated such that the potential at the starting point equals that of the
spray head.

The average charge density is calculated from the paint flow, charge on the
droplets and the cross-section of the flow. Normally this is a correction to the
main field, except when droplets are slowed down yielding an increase in
concentration.

The second term in equation (8), the drag force Fyp, is, for a single particle,
calculated by:
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FD=—%CDPf|Ur|vr%”d§ (12)

where v, is the relative velocity of the particle with respect to the air. Cp, differs
with the flow regime [5]:

Re, <0.1 Cp=24/Re, (13)
0.1<Re, <1000 Cp=24/Re,(1 +0.14Re)”) (14)

The drag resistance experienced by droplets when in a dense cloud or swarm
is reduced by the wake of the surrounding droplets. This reduces the drag coef-
ficient [12] with respect to the above mentioned to

CD,swarm=CD(1—l//)n (15)

where y equals the fraction of the volume that is occupied by the droplets in
the swarm. Depending on the single-particle stationary sedimentation velocity
the constant n is related to the stationary Reynolds number, leading to a value
between 2.39 and 4.65 [12].

Hakberg et al. [2] used Stokes law in their force balance, thus Cr, =24/Re,
{eqn. (13)),and Ang and Lloyd [3] used the full equation (14). We have made
simulations with both cases and found significant differences, because near
the spray head the Reynolds number is far too high, enforcing the use of the
complete equations (13,14). The density of the air is calculated using the ideal
gas law. The viscosity of the air and the surface tension of the liquid are cal-
culated as being a function of temperature only [13-16].

4. Algorithm

At the beginning of the trajectory calculation the position and the velocity
are known. With this, the force balance gives a resulting force, therefore a
resulting acceleration, with which the velocity at the end of a timestep is cal-
culated. This is a linearization that becomes incorrect where high acceleration
occurs (e.g. near the spray head where the field is highly nonuniform), which
is solved by taking very small time steps. The step size is controlled through
an adaptive step size control for Runge-Kutta procedures [17].

Four drops that are ejected in different directions but with the same angle
to the spray direction (up, down, left, right) are assumed to describe the cross-
section of the paint-cloud completely as being the end points of the axes of an
ellipse. Since their trajectories are calculated simultaneously, after each ti-
mestep the internal repulsion, the induced field and the drag force of the cloud
are calculated easily. The calculations are performed until the four drops have
arrived on the plate. Subsequently, the efficiency of the process is calculated
as the relative surface area of the paint blot — ellipse — that overlaps with a
predefined target circle.
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5. Simulations

The program, ESPAINTF, has been used to simulate the spray paint process.
The effects of the various parameters influencing the droplet transport were
evaluated by varying each one separately and comparing them with a standard
configuration. This chosen configuration, which closely resembles a practical
situation, is presented in Table 1.

As calculated by the program, the trajectory of a cloud of droplets is de-
scribed as follows: (a) the droplets leave the spray head with a high speed
which is reduced by air drag; (b) the resulting retardation leads to an increas-
ing concentration and space charge such that the repulsive forces start to dom-
inate and significant divergence takes place; and (c¢) having diverged, the elec-
tric field takes over and leads the particles to the target surface. There are
conditions, e.g. when the electric field is too small, where a cloud is completely
scattered and only few particles reach the target.

The electrical parameter that plays a major role here is the charge on the
particle as determined by the Rayleigh fraction. Figure 2 shows that there is
an optimum for this fraction which is explained by the two competing pro-
cesses: divergence due to the space charge and convergence towards the target
by the electric field.

The geometry of the configuration is well presented by the dependence of
efficiency on pistol to plate distance, as illustrated by Fig. 3. Above a certain
distance, which decreases with cross wind, the electric field is not strong enough
for a paint cloud to be transported to the target surface.

The drop diameter influences the particle motion through its relation to the
Rayleigh charge limit for the particle, to the drag force and the inertial mass.

TABLE 1

Standard values of several adjustable parameters used.

Temperature of liquid 15°C
Temperature of air 15°C
Liquid density 1223 kg/m?
Cross wind 2m/s
Diameter of drops 50 um
Voltage 60 kV
Rayleigh fraction 0.05
Diameter of sprayhead 0.0l m
Angle of conus 30°
Distance to target 0.3m
Diameter of target circle 0.3m
Initial velocity 80 m/s
Paint flow 11/s

Paint/air ratio 1%




271

100

80

60

Efficiency (%)

wind assistance 2m/s

Lo~
0.00 0.05 0.10 0.15 0.20 0.25 030 0.35 0.0

———sm—  Rayleigh fraction (-)

Fig. 2. The dependence of efficiency on the droplet charge at different wind conditions.
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Fig. 3. Influence of the distance between the paint gun and the object on the efficiency at different
magnitudes of cross wind. (Rayleigh fraction =0.2, wind assistence =2 m/s, other parameters see
Table 1).

The total effect leads to an increase in efficiency with increasing particle size.
This is quantified in Fig. 4.

Finally the presence of air movement, i.e. air assistance and/or cross wind,
forms a major determining factor in the cloud movement. Figure 5 shows that
efficiency rapidly drops with cross wind. Such an effect is also obvious in Figs.
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Fig. 4. Influence of the paint drop diameter on the paint efficiency with cross wind and wind
assistance.
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Fig. 5. The relation between efficiency and cross wind.

3 and 4. Air assistance always improves efficiency, as is obvious. However, even
moderate adverse wind dramatically reduces efficiency.

The program also showed that the fluctuating component of the wind has a
relatively small effect on the efficiency. For example, the standard configura-
tion (Table 1), simulated for forty times caused a spread of 0.40% (s.d.) in an
average efficiency of 13.11%.

Factors of little direct influence on the calculated efficiencies are: tempera-



273

ture and the physical properties of the liquid comprising the droplets. Also the
emission angle from the target appeared to have little effect on the efficiency
since it is the electric field that guides the droplets finally.

Difficulties in the simulations occurred for particles leaving the spray head
slowly. This is a part of the electric field where the simple approximation eqns.
(10) and (11) is the least valid. Also the conditions where the space charge
causes a complete breakup of the cloud could not be simulated with the present
formulas and the trajectory calculation was halted.

6. Discussion and conclusions

The described program provides for an interactive and user friendly method
of simulating of the electrostatic spray paint process. A typical simulation takes
20 seconds on an AT personal computer.

The relatively simple method of calculation allowed this speed, but its ap-
plicability is limited by the underlying assumptions and idealization. The most
apparent complication occurs sometimes when the velocity of the droplets de-
creases to the point where the repulsive force from the space charge exceeds
the force from the externally applied electric field (e.g. with a high charge per
droplet or with a low spray gun voltage). A second complication was found in
describing what happens near the spray head (e.g. slightly charged particles
cannot have emission angles exceeding 45°). Finally, the fringe effects of a
finite target are obviously not accounted for, but this does not impose serious
limitations for flat surface objects since the description of the electric field near
the object is not a highly determining factor in the efficiency.

These three aspects can be better accounted for with the full Poisson equa-
tion of an electric field with space charge, especially near the spray head where
the present equations have a singularity. Nonetheless, the present program has
proven to be capable of simulating for a wide range of process parameters (Figs.
2-5), whereby the simulated paint cloud movement strongly resembles the
shape of paint clouds observed in the actual process of electrostatic spray
painting.

No account has been taken of any particle charge or size distribution. Hak-
berg et al. [2] measured and mentioned a size distribution in the experiments
but did not state whether this was used in the simulations as well. In conse-
quence of experiments with 10 um particles in another laboratory (COT,
Haarlem, The Netherlands), we have included the effect of a size distribution
into the simulations by averaging eqns. (8) and (15) over the distribution
adding the assumption that the surface charge could be considered constant.
Our simulation using parameters resembling an actual experiment but with a
monosize distribution led to the prediction that the particles were prevented
by space charge to reach the target. The simulation with the same parameters
but with a size distribution obtained from photographic observations, gave a
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regular behaviour as described in the previous section. This was in agreement
with the experiment. Size and charge distributions must therefore be known
in order to simulate practical situations more quantitatively.

With respect to conclusions to be drawn for outdoor spray painting it is clear
that spray painting using air assistance will increase the efficiency. There ob-
viously is an optimum for the charge per particle, depending on the other
parameters.

Figure 4 shows that the distance between the sprayer head and object is very
important. A variation of a few centimeters can cause a rapid change in effi-
ciency, visualized by the slope of the curves.

Painting in open air under mild circumstances is possible, especially when
air assisted sprayers are used. Because of the electrostatic force many droplets
which would (without a charge) have been blown away are now still attracted
by the object because of their charge, thereby decreasing the loss of paint. Tur-
bulent fluctuations do not influence the efficiency of the process dramatically.

List of symbols

a acceleration (vector) [m/s?]

Cp Drag coefficient [ — ]

d, drop diameter [m]

E electric field strength (vector) [V/m]
E(w) energy spectrum [J]

F force (vector) [N]

Fy drag force [N]

g gravitational acceleration [m/s?]

hy roughness height [m]

H vertical height above the ground [m]
m, mass of particle [kg]

m, n constants [ — |

q charge [C]

r radial distance ./x*+y* [m]

R distance [m]

R(7) autocorrelation function [J]

Re, Reynolds number [ —]

v, relative velocity with respect to air {m/s]
Vo friction velocity [m/s]

w wind (vector) [m/s]

wy constant part of the wind vector [m/s]
w' fluctuating part of the wind vector [m/s]

x,Y,2 coordinate system [m ]
x'y coordinates for wind vector [m]
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r coefficient [V]

€ permittivity of free space [F/m]
p density [kg/m3]

o) surface tension [N/m]

T timestep [s]

o fraction of maximum charge [ — ]
W volume concentration [ — ]

w angular frequency [1/s]
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