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Abstract— The current work seeks to investigate the unsteady
spraying flow characteristics around the high-speed
electrostatic rotary bell sprayer (ERBS). The description
information is about the distribution, size, velocity, charge-to-
mass ratio and disintegration process of the injected paint
droplets. Also, the present study contains a systematic analysis
of the toroidal vortex pattern, recirculation length (RL),
trajectories of the droplet and the overspray phenomenon. The
droplet electrostatic spraying process and fluid dynamics are
simulated by implementing a comprehensive Eulerian-
Lagrangian model and Navier-Stokes equations, respectively.
The current efficient algorithm accurately computed the
interaction between the shaping airflow dynamic, electrostatic
field and lagrangian paint droplet in the spraying process
under the framework of the OpenFOAM package. Unsteady
flow is calculated by using a large eddy simulation (LES)
turbulence model. This study precisely focuses on the
formation of the paint film distribution on the inner surface of
the bell cup and workpiece. The effect of different breakup
models on the distribution and size of the droplets during the
coating is reported. Also, a function for the wall film is
implemented to capture the thickness of the impinging
particles on the body surface. The droplet disintegrations
pattern and airflow distribution and velocity near the bell cup
region compared with the experimental results and a suitable
agreement were observed.
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l. INTRODUCTION

During these years the electrostatic rotary bell sprayers because
of their high-quality and uniform paintings, proper spatial
atomization characteristics, higher transfer efficiency (TE), a
considerable reduction in the material costs, decrease the
impacts on the environment and improvement of the
performance are broadly used in the coating industries.
Because of the extensive use of the ERBSs in the automotive
industry and the existence of many open questions about their
operational mechanism, it is needed to be studied for reaching a

deeper understanding. Several studies investigated the droplets
transport process during the spraying and formed film thickness
[1, 2]. A few other investigations were conducted about the
procedure of the electrical space charge [3], wall film
approaches [4], droplet size distributions [5] and shaping
airflow effect [6] for the electrostatic rotary bell sprayers. Some
authors have been studied the charged particle acceleration
effect due to the presence of an electric field [7, 8]. Pendar and
Pascoa [9, 10] simulated the electrostatic spray transfer
processes with an Eulerian-Lagrangian approach in the
OpenFOAM package. Their investigation predicts the flowfield
characteristics and particle distribution accurately and also
compared with the available experimental results. Darwish
Ahmad et al. [11] visualized a novel Schlieren base of shaping
air (SA) flow around the ERBS, without injection of the paint
droplets. Hence, their experimental study optimized the SA for
improving the quality of the spray. Also, they [5] reported
experimental measurements as a database for evaluating the
fundamentals of physical treatment in the ERBS by changing a
broad range of operational parameters. Stevenin et al. [6]
experimentally investigated the rotation frequency and its
effect on the aerodynamics around the ERBS. They found that
by a significant increase in the rotational speed a regime
change has happened which increases the length of the
recirculation zone. Wilson et al. [12] considered the breakup
mechanisms by high-speed imaging near the edge of the ERBS
in a wide range of rotational speed. They indicated that the
higher rotational speed reduced the length of the ligament and
Sauter mean diameters (SMD) around 26.8% and 22.3%,
respectively. Fujimoto et al. [13] shows that the droplet
diameter which is predicted by the breakup approaches
strongly affected the spray shape. The flowfield over a high-
speed rotary propulsion device is also studied by Rami and
Pascoa [14, 15]. These authors mentioned the credibility of this
turbulence model to fairly predict the existing turbulent
structures. Comparing different turbulence models for flow
phenomenon on a highly curved blade surface shows that the
LES turbulence model admitted the higher accuracy in the
numerical results [16-18]. LES approach is more appropriate to
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capture the details of the computed flow and demonstrate the
principle of the internal flow [19-21].

The current paper basically deals with a significant number of
parameters in different operational conditions in which the
electrostatic spray flow depends on that. Furthermore, the
effect of different breakup model especially in the region near
to the rotary cup surface where the droplets distributed from
there. The latter result is implementing a wall film function in
the OpenFOAM solver for estimating the thickness of the
impinging droplets on the target surface.

Il.  GOVERNING EQUATIONS

The numerical algorithm which is implemented in the current
study generally can be divided into three different phases:
Continuous phase (compressible Navier— Stokes equations,
LES turbulence model), discrete phase (Lagrangian approach)
and Electrostatic field (Poisson's equation). In the current work
compressible Navier-Stokes equations is used for a continuous
phase. Continuity and momentum equations for the airflow are
given as bellow:
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In the current simulation, the external electric field is produced
by the potential difference between the bell-cup and the
grounded workpiece. A Poisson’s equation modeled the
electric field around the bell, which is described by relation
among the electric field intensity (E) and space-charge density
(p%):
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Where ¢’ is the electrical permittivity of the gas phase. The
electric field intensity representing in terms of potential (¢) is

governed as follow:
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Where p,,, v, and p! ~ are density, volume and charge-to-mass

ratio of an individual particle, respectively. Finally, the
electric force per each unit mass is defined as:
q2
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The charged droplet motion is described by solving
differential equations for calculating of the droplet velocity,
size and position at each instant. The equation for the motion
of the sprayed droplets is formulate as follow:
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Different part in the right side of the formula are stokes drag,
buoyancy, electric force and added mass force, respectively.
Where pr are the, r and gp are the fluid density, radius and the
charge of the particles, respectively. Cp is the drag coefficient
that depends on the droplet’s Reynolds number determined as:
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Where ;i is the fluid dynamic viscosity. The modified

version of the TAB breakup is based on the breakup regime
and proportional relation determined the product droplets rate.
PilchErdman approach modeled the droplet in high flow
velocity. ReitzDiwakar model create a distinction among the
stripping and bag breakup regimes [24].

I1l.  NUMERICAL IMPLEMENTATION SETUP

Figure 1 schematically explains the procedure of the
atomization and electrostatic spray painting process in the
ERBS. In this process the paint droplet that distributed with
high-velocity from the edge of the bell cup affected by the
ionized airflow and shaping airflow which is injected from the
nozzles and then impinging to the target surface.
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Figure 1. A description for the electrostatic spray coating procedure in the
ERBS.
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Figure 2 represents that structure quadrilateral mesh was used
for almost entire computational domain. After examination of
various grid size [9], we performed our simulation by using
around 8.5 million cell. The frames in figure 2 illustrates that
there is a very dense mesh near the cup of the ERBS, shaping
air nozzles and target surface to capture the better the high
turbulence flow. Figure 3 indicates the boundary conditions
and computational domain which is consists of a circular
cylinder of 2.6 mx2.8m in diameter and length, respectively.



The target distance is 0.2 m from the rotary bell surface. The
airflow injected from the 90 holes with a diameter of 0.5 mm.

IV. RESULTS & DISCUSSION

For a validation purpose, the dimensionless radial velocity
values of the current study compared with the experimental
data [6] in figure 4. These values extracted from the area very
close to the rim of the bell cup surface where the turbulent
layer starts to develop. Figure 5 showed the formation of the
paint film on the surface of the bell cup. As this figure
indicates, the current numerical result has the ability of
capturing the paint particle distribution exactly same as the
experimental result of Shen et al. [22]. The frames in figure 6
compare the subtended angle of the shaping air in two different
rotational speeds of our study and the experimental snapshot of
Darwish Ahmad et al. [11]. The angle of shaping air increased
from 102" to 131" at the rotational speed of 20 and 50 kRPM,
respectively, which is in good agreement with the experimental

ones.
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Figure 2. The computational mesh around the ERBS (a), figures show
close-up view of (b) Target Surface (c) ERBS (d) 2D Views (Z-axis).
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Figure 3. The dimensions of the computational domain with the
boundary conditions and the electrostatic field.
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Figure 4. The dimensions of the computational domain with the boundary
conditions and the electrostatic field.

(b)
Figure 5. Paint film Propagation on the cup surface: (a) Experimental results
of Shen et al. [22] (b) current study (4, = 30kRPM 1m
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Figure 6. Shaping airflow outward of the rotary bell: Experimental results of
Darwish Ahmad et al. [11] and contour of the density of the current numerical
study. (m, =150LPM » Reynolds = 5.1 x 103).
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Figure 7 shows six 3D temporal consecutive frames of sprayed
paint droplet distribution for a complete cycle from the sprayer
to the target that implemented with modified TAB [23]
breakup approach and LES turbulence model. The droplet
velocity near the bell cup surface is more than the cup
tangential velocity (150 m/s) and decrease significantly due to
airflows interaction and drag force in the region far from the
sprayer. The vortical overspray pattern growth and spread
more as time goes.
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Figure 7. Spray pattern periodical time evolution, t =5—55ms
(At =10ms )(modified TAB.. o, = 30kRPM )-

Figure 8 illustrates the airflow pattern with streamline around
ERBS that can be divided into outside and inside toroid—shape
air vortices, blown airflow and trapped air vortices. As
visualized in the frames the spray flow fully characterized,
enlarges enough and reaches to self-similarity condition.
TABLE |. compared the inner recirculation zone length (L),

defined as the longitudinal length from the sprayer to the
stagnation point, which is generated by the vortex breakdown
mechanisms. By increasing the @, , the values of |

increases and almost reaches to the target.
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Figure 8. Velocity contour (m/s) with streamline which is displayed by the
LIC (Line Integral Convolution) method.

TABLE Il. compares the Sauter Mean Diameter (SMD) of the
droplets in different operational conditions. By increasing the
rotational speed ( Aw,, =15kRPM ) the SMD values is

reduced significantly around ~52% in each step in the
modified TAB model. This table also compares various
breakup model. PilchErdman approach predicts larger values
of SMD compare to other models. The comparison among two
different bell cup diameter of sprayer shows the diameter of
droplet is reduced in bigger bell cup size. The comparison
between the different bell cup voltage ranges is indicated that
the SMD values increase by growing the voltage.

TABLE 1. The Inner recirculation length ( er/dwp ) for various o

Dpeyy er/dcup Wgy = 25kRPM
25kRPM 1.64
40kRPM 1.40
55kRPM 238
YAxig(m)

TABLE II. Sprayed droplet size distribution (SMD values).

Modified TAB
(a) Rotational Speed SMD,, (1 m) SMD,, (1 m)
gy = 25KRPM 13.62 10.22
Wge = 40kRPM 7.42 6.12
@ge = 55KRPM 3.84 31
(b) Bell Cup Diameter SMD,, (um) SMD, (1 m)
D,,, =50mm 7.42 6.12
D, =65mm 6.6 3.56
(c) Voltage Range SMD,, (1 m) SMD,, (1 m)
Zero 17.3 10.45
-30 KV 24.49 10.54
—-60 KV 25.998 10.68
-90 KV 27.49 10.69
PilchErdman
(d) Rotational Speed SMD;, (12m) SMD,, (pm)
gy = 25KRPM 15.92 13.96
@ge = 40KRPM 7.99 7.323
gy =55KRPM 4.85 441
ReitzDiwakar
(e) Rotational Speed SMD,, (1 m) SMD,, (12 m)
Oy = 25kRPM 12.99 11.365
@gey = 40KRPM 5.87 5.368
@gey = 55kRPM 32 30

Figure 9 shows the constructed film pattern, thickness and
uniformity for the case with @, =55kRPM . The circular

pattern of deposition, including non-homogenous and non-
asymmetric, is indicated in this figure and this film diminishes
sharply outside the circle. Figure 10 plotted the distribution of
the paint flux in the target's radial direction to consider the
effect of the various breakup model on filmbuilding. The film
distribution for the different breakup models is almost



identical. All models produced a specific peak at roughly
r ~ 2.0R,,, and no droplet landing beyond the mentioned area.
The values of the film thickness decrease in order for the
Reitz-Diwakar, modified TAB and the Pilch-Erdman,
respectively, under the same operating conditions.

Figure 9. 3D paint film visualization on the target surface
(@,,, =55kRPM , scale factor SF.. =1000)-
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Figure 10. Distribution of paint film thickness for the various breakup
models (¢, = 40kRPM )-

Figure 11 indicates a droplet pattern instantaneous snapshot in
two different bell cup voltage. The rebounded paint particles
from the target surface constructed a bigger vortical torus
shape in the lower voltage. In the higher voltage the spray
cone shape is more uniform due to higher velocity of droplet
and the coating transfer efficiency increase significantly.
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Figure 11. 3D views of the spray pattern for two different bell cup voltage
and low value of charge to mass ratio ( g/m=0.5mc/kg ).

CONCLUSIONS

The main contribution of the current work is to find a strong
tool to simulate the spray transfer process in the ERBS by
using the framework of the OpenFOAM. This work introduces
a thorough understanding of the droplet trajectory and
complex airflows by using various breakup models. Also, the
size, mass, velocity, charge-to-mass ratio and disintegration of
the injected droplet during the spraying was studied precisely.
Also, the film formation on the target surface and transfer
efficiency reported in different operational conditions.
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