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Abstract
Rotary Bell Atomizers (RBA) are extensively used as paint applicators in the automotive in-
dustry. Atomization of paint is achieved by a bell cup rotating at speeds of 40k-60k RPM in
the presence of a background electric field. Automotive paint shops amount up to 70% of the
total energy costs [Galitsky et. al., 2008], 50% of the electricity demand [Leven et. al., 2001]
and up to 80% of the environmental concerns [Geffen et al., 2000] in an automobile manufac-
turing facility. The atomization process in an RBA affects droplet size and velocity distribution
which subsequently control transfer efficiency and surface finish quality. Optimal spray pa-
rameters used in industry are often obtained from expensive trial-and-error methods. In this
work, three-dimensional near-cup atomization (primary and secondary breakup) are simulated
computationally using a high-fidelity volume-of-fluid transport scheme that includes an electro-
hydrodynamic effects. The influence of fluid properties (viscosity ratio, flow rate and charge
density), nozzle rotation rate and bell potential on atomization are investigated by performing
a parametric study. This cost-effective method of research aims to identify the ideal spray
parameters to achieve maximum transfer efficiency.
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Introduction
With the world becoming increasingly dependent on automotive means of transportation and
motor vehicle production approaching 100 million units per year [1], automobile manufacturers
are looking for ways to minimize production costs. In an automobile manufacturing facility, the
paint shop can consume up to 70% of the total energy costs [2], demand up to 50% of the
electricity and up to 60% of the fossil fuels or heat [3] used in the facility. This makes painting
one of the most expensive processes in automobile manufacturing, consuming up to 50% of
its total costs [4]. Additionally, the paint shop can account for over 80% of the environmental
concerns in a manufacturing facility [5].

Rotary bell atomizers (RBAs) are extensively used as paint applicators in the automobile in-
dustry (Fig. 1a). An RBA is a high speed rotating nozzle that atomizes paint into droplets that
are a few micrometers in diameter. Paint is injected onto the inner surface of a bell-shaped
nozzle where it spreads into a thin film on the surface due to centrifugal forces. The high-speed
rotating fluid film, on reaching the edge of the bell, exits as multiple ligaments which further
atomize into droplets [6]. It is common practice to apply a background electric field and elec-
trically charge the paint to enhance the transfer efficiency (TE) of the device [7]. Atomized
droplets, which also carry electric charge, move toward the grounded target surface under the
influence of the electric field.

Despite superior TE of RBAs over other paint applicators, the device is often required to over-
coat the target surface to ensure sufficient finish quality [8, 9]. Owing to the impact of paint
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(a) A Rotary Bell Atomizer in operation. Photograph
courtesy of RISE Research Institutes of Sweden and
Fraunhofer-Chalmers Centre.

(b) Schematic of the region of interest where the physics
of atomization will be studied shown in context with the
bell (or the nozzle), target surface and liquid jet (teal)

shops on the operational cost of an assembly plant, it is necessary to improve the performance
of RBAs to minimize costs. Metrics of significant importance such as droplet size uniformity,
surface finish quality, TE, deposition thickness and the environmental impact are directly de-
pendent on the atomization process [7, 10, 11]. Optimal nozzle operating conditions used in
industry are often obtained from expensive trial-and-error experimental methods. Small im-
provements to the process can result in significant cost savings and waste reduction.

In addition to automobile paint shops, rotary atomizers are used in several other applications
such as mass spectroscopy, agricultural spraying and air pollution control [12, 13]. Moreover,
electrohydrodynamics (EHD) has seen several decades of research and is now employed in
various engineering applications including inkjet printing, biochemistry and microfluidics.

Early research conducted on RBAs investigated the physics behind the atomization process
in rotary atomizers [14, 15, 16, 17]. These works identified four crucial processes in the opera-
tion of RBAs - film formation, ligament formation, ligament thinning and ligament breakup [11].
Several articles have studied and characterized the process of film formation as paint flows
along the bell’s inner surface [18, 19] and ligament formation at the edge of the bell [20]. In this
work, ligament thinning and ligament breakup are studied. Previous studies that have included
an electrostatic model have explored its effects as a macroscopic phenomenon [20, 21, 22].
Generally, most prior models have given little or no attention to electric effects on multiphase
transport phenomena. In this project, we aim to investigate the microscopic effects of EHD on
primary and secondary atomization. Since these phenomena occur close to the bell edge in a
short span of time, the domain of interest lies in a small region outside the bell (Fig. 1b).

Governing equations and methods
The methods discussed below have been implemented within a code called NGA - a high-order,
fully conservative, variable density, low Mach number Navier-Stokes solver that consists of
various multi-physics modules implemented in parallel using message passing interface (MPI).
The formulation discretely conserves mass and momentum in a periodic domain. NGA uses
a conservative unsplit geometric volume-of-fluid (VOF) scheme [23, 24, 25, 26, 27]. NGA has
been developed by several groups to solve EHD flows, details of which can be found in [28, 29].
In this project, we add a physics module to account for the rotating frame which is caused by
the rotating nozzle. This subjects the liquid to centrifugal and Coriolis forces which can be
formulated as

fcentrifugal = −ρiω × (ω × r) (1)
fCoriolis = −2ρiω × ui (2)
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where ω is the angular velocity and r is the distance from the axis of rotation. These terms are
included in Equation 2 in [29].

(a) e-Mesh shown in context with NS-Mesh and available φ
BCs

(b) φ on e-Mesh with the location of NS-Mesh outlined with
dashed lines.

Figure 2. Boundary conditions and potential field on e-Mesh (domains are not to scale)

An addition to the EHD module of NGA developed for this project involves using a domain
called e-Mesh. e-Mesh is much larger than the computational domain (henceforth called the
NS-Mesh) where the fluid dynamics is solved. Since our interest lies in primary and secondary
atomization, NS-Mesh lies at the edge of the bell and extends a few millimeters outside it. NS-
Mesh requires a well-defined potential field (φ) in order to obtain the electric field (E). We solve
for φ using appropriate boundary conditions (BCs) at the walls of NS-Mesh. However, Fig. 2a
highlights that φ is well defined only at the nozzle (bell potential) and at the target surface
(grounded) but is not readily available at the walls of NS-Mesh. Instead of assuming values at
the walls of NS-Mesh, a new domain called e-Mesh that spans between regions of well-defined
φ is initialized and used to obtain accurate BCs on NS-Mesh. Periodic BCs are imposed on the
z+ and z− walls of e-Mesh and Neumann BCs are imposed on its remaining walls. To make
NS-Mesh as large as e-Mesh would demand computational resources to solve fluid dynamics
far from the bell edge which is not of interest in this project. Thus e-Mesh is used exclusively as
an electric potential solver. In addition to the BCs, e-Mesh is populated with the charge density
field (q) and these are used to solve for φ on e-Mesh (Fig. 2b). Values of φ are interpolated from
e-Mesh (which has a stretched grid and is coarser than NS-Mesh) to cells that lie on the walls
of NS-Mesh using a tri-cubic interpolation method. These interpolated values are then used as
BCs to compute φ on NS-Mesh.

NS-Mesh, where the fluid dynamics is solved, has dimensions of 12.96mm × 480µm × 360µm.
e-Mesh, which spans from the bell edge to the target surface, has dimensions of 0.2m × 0.25m
× 360µm. In RBAs, the bell edge is angled away from the axis of rotation. In the numerical
setup, the jet is injected into the domain from the top wall with initial velocity components that
correspond to an edge angle of 25◦. The top and bottom boundaries are walls that allow slip
velocity. The left boundary is a no-flux wall and the right boundary is a convective outflow.
Periodic BCs are imposed on the front and back walls. The rotational axis, which is the center
of the bell, is located one radial length away from the inflow at a distance of 0.025m. While
many RBAs are equipped with an annular stream of focused air around the bell (called shaping
air) to increase TE, the system modeled here does not include it. Since jet breakup in numeri-
cal simulations is dependent on the mesh resolution, breakup is induced by imparting velocity
modulations to the inflow. The inflow velocity is modulated by adding a perturbation of 9% of
itself at a superposition of three frequencies - 40 kHz, 50 kHz and 60 kHz.
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Table 1. Values of simulations parameters

Property Value Unit

Liquid density 1000 kg/m3

Gas density 1.204 kg/m3

Liquid viscosity 0.1 Pa.s
Gas viscosity 1.8×10−5 Pa.s

Surface tension 0.03 N/m
Bell potential 80 kV

Liquid charge density 2.879 C/m3

Liquid relative permittivity 50 -
Gas relative permittivity 1 -

Jet inital diameter 60×10−6 m
Jet initial flow rate 7.957×10−9 m3/s

Edge angle 25 degrees
Rotation rate 4×104 RPM
Bell radius 0.025 m

Diffusion constant 2×10−6 m2/s
Ionic mobility 1.79×10−8 m2/V.s

Results and discussion
Simulations are performed in a domain as described above. Table 1 contains a list of parameter
values used in simulations. Fig. 3 shows the position of the liquid interface of the jet at different
instances in time. We are able to capture complex and chaotic breakup activity comprising of
primary and secondary atomization that occurs approximately 6mm away from the bell edge. It
is to be noted that the jet contacts the bottom domain boundary after roughly 200 µs.

Figure 3. Liquid interface positions in the simulation at different times. The nozzle is shown for reference at the top
left corner of each image and is not to scale.

An initial parameter study is performed to understand the effects of changing three operating
parameters - rotation rate, flow rate and liquid viscosity - on the liquid jet. In this study, there are
no EHD effects, i.e., q and φ are equal to 0. Results of this study are shown in Figs. 4a, 4b and
4c as snapshots of the liquid interface. The standard values of viscosity, flow rate and rotation
rate are 0.1 Pa.s, 200 mL/min and 40 kRPM respectively unless otherwise stated in the figure.
As the nozzle rotation rate increases, centrifugal forces are stronger on the jet and stretch it
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out faster, causing early elongation and breakup. Slower rotation rates do not stretch the jet
out as much in the same duration of time. A higher flow rate through the same jet diameter
acts in the same way as increasing jet velocity, which initially pushes the jet out further before
centrifugal forces take over. Increasing liquid viscosity delays droplet formation and ligament
thinning. These results are in agreement with experimental observations [11].

Another parameter study is performed to understand the effects of EHD on the jet by changing
liquid charge density qin and bell potential φbell on the liquid jet, with standard values of 2.879
C/m3 and 80 kV respectively. Results of the parameter study are shown in Figs. 4d and 4e as
snapshots of the liquid interface. In these figures, we see that an increase in either qin or φbell
stretches the jet along its downstream direction. This is because the Coulomb force vectors
point in the direction of propagation of the liquid jet. In other words, the potential field contour
lines are perpendicular to velocity at that location.

(a) Varying rotation rate, captured after 100µs

(b) Varying flow rate, captured after 100µs

(c) Varying liquid viscosity, captured after 150µs

(d) Varying liquid charge density, captured after 150µs

(e) Varying bell potential, captured after 150µs

Figure 4. A comparison of snapshots of the liquid interface positions in the parameter study simulations. The
nozzle is shown for reference at the top left corner of each image and is not to scale.

The focus of this project, however, is to investigate the effects of EHD on primary and secondary
atomization. The above simulations do not provide a feasible and convenient manner of study-
ing the physics behind EHD influenced breakup. As shown in Fig. 5, there are mainly three flow
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regimes before droplet formation - 1) ligament thinning devoid of any atomization, 2) primary
atomization where the jet atomizes into smaller ligaments and 3) secondary atomization where
the ligaments breakup to form droplets. Here, capillary breakup is the primary phenomenon
driving droplet formation. We propose a reduced physics configuration that only consists of a
static perturbed ligament that undergoes capillary breakup by virtue of the Rayleigh-Plateau
instability. In this reduced configuration, centrifugal and Coriolis forces are omitted. We aim to
quantify the effects of a background electric field and charge repulsion on instability growth in
electrically charged jets. While this has been done before both analytically and numerically by
multiple research groups [30, 31, 32, 33, 34], they have often assumed an axial electric field.
In RBAs, however, the Coriolis force deviates the trajectories of the jets away from the direction
of the electric field. As a preliminary study, capillary breakup is simulated in a 30µm diameter
ligament, results of which are shown in Fig. 6.

Figure 5. Different regimes of atomization in the flow. Of interest in this project is the effect of EHD on primary and
secondary atomization.

(a) t = 0s (b) t = 625 µs (c) t = 1500 µs

Figure 6. Capillary breakup of a 30µm diameter ligament in the absence of EHD. Periodic BCs are imposed on the
left and right walls. The perturbation is sinusoidal with an amplitude that is 20% of the jet diameter across 135µm.

Conclusions
A numerical model has been developed to simulate liquid jets ejected from RBAs. The formula-
tion includes physics modules that accurately model EHD and a rotating frame. These physics
modules are built into a code called NGA. A parameter study is performed to investigate the
effect of varying rotation rate, flow rate, liquid viscosity, charge density and bell potential on the
jet trajectory. Observed results agree with the expected physical jet behavior and experimental
results. A reduced physics configuration is proposed to further investigate the effect of EHD
on primary and secondary atomization by studying its effect on capillary instability which is the
primary phenomenon driving droplet formation. The effect of charge-to-mass ratio and electric
field strength on instability growth and breakup will be examined using this configuration. The
process of charge transport through the ligament and daughter droplets will be explored with
an intent towards improving the operation of RBAs and subsequently increasing the TE.
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Nomenclature
ω Angular velocity
E Electric field vector
φ Electric potential
q Volumetric charge density
qin Initial liquid charge density
φbell Bell potential
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