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Summary. In this study, a 3D Eulerian-Lagrangian algorithm is employed to evaluate the
Nitrotherm electrostatic spray technique, with the goal of optimizing transfer efficiency and
enhancing painting performance. The fluid dynamics are simulated by solving the unsteady 3D
compressible Navier-Stokes equations, while particle motion is modeled by tracking the
distribution of droplet sizes. Implemented within the OpenFOAM framework, the algorithm
incorporates a Large Eddy Simulation (LES) turbulence model to capture the high Reynolds
number airflow. Additionally, it includes detailed simulations of spray dynamics, electric fields,
and droplet trajectories. The findings suggest that using heated nitrogen-enriched air, instead
of compressed air, reduces paint consumption and improves transfer efficiency (TE). The
Nitrotherm technique also decreases application time by leveraging the low temperature of
pure nitrogen for quicker curing, evaporation, and drying, resulting in a higher-quality paint
film. This approach contributes to producing a superior cosmetic paint finish on the target and
minimizes overspray, leading to a notably thicker film compared to conventional methods using
compressed air.

1 INTRODUCTION

As industries continue to prioritize efficiency and sustainability in coating processes,
advancements in spray painting technology have become increasingly significant. Conventional
spray-painting technologies, despite their widespread use, are often hampered by limitations
such as high paint waste, substantial volatile organic compound (VOC) emissions, and extended
application times [1]. These challenges not only affect operational costs but also contribute to
environmental pollution. To address these concerns, advancements in coating technologies are
necessary, with recent developments focusing on electrostatic spray techniques and innovative
methods such as the Nitrotherm spray technique.

Electrostatic spray coating has been recognized for its ability to enhance transfer efficiency
by utilizing an electric field to attract paint particles to the target surface, thus reducing
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overspray and paint waste. Recent research has significantly advanced the understanding of
electrostatic spray technology, offering deeper insights into spray deposition and efficiency,
such as droplet transport during spraying and the resulting film thickness [2], electrical space
charge [3], wall film dynamics [4], droplet size distributions [5], and the influence of airflow
shaping [6].

Pendar et al. [7, 8] conducted a numerical study to evaluate flowfield characteristics and
particle distribution during coating, they highlighted the significant impact of voltage and
external conductors on the electrostatic spraying process. Im et al. [9] performed a
computational fluid dynamics (CFD) study on the transfer process during electrostatic spraying
using a rotary bell sprayer. Their study revealed that the charge-to-mass ratio, electric force,
and transfer efficiency are highly sensitive to the spray shape. They also discovered that
increasing the shaping airflow could lead to a decrease in transfer efficiency, underscoring the
delicate balance required in optimizing airflow and spray characteristics. Colbert et al. [10]
conducted parametric studies on electrostatic sprayers and observed that the accumulation of
spray material was notably higher at the edges of the target when employing a ring model, with
minimal deposition at the center of a flat target. This finding highlights the challenges in
achieving uniform coating when using traditional spray patterns. Ye et al. [11] utilized CFD
FLUENT software to simulate a complex spray gun incorporating a corona charge mechanism.
Their simulation, which compared actual particle sizes and charge amounts with experimental
data, demonstrated the significant impact of space charge on deposition thickness on a
stationary plate. This study highlights the importance of accurate simulation parameters in
understanding the electrostatic effects on coating uniformity. Krisshna et al. [12] employed
computational simulations to investigate three-dimensional near-bell atomization. By
incorporating electrohydrodynamic (EHD) effects, their study revealed that smaller droplets
were generated, with minimal impact on primary atomization. Shen et al. [13] investigated the
phenomena of droplet disintegration and the behavior of non-Newtonian fluids [14, 15] when
applied as input paint in high-speed rotary bell atomizers.

These studies have significantly advanced our understanding of the effects of electric fields
on droplet characteristics and electrostatic coating processes [16]. However, conventional
systems still face inefficiencies related to air-based paint delivery, leading to suboptimal
coverage and increased VOC emissions. The Nitrotherm spray technique addresses these issues
by using heated, nitrogen-enriched gas instead of compressed air, resulting in improved paint
transfer efficiency and reduced environmental impact. The use of heated nitrogen in
electrostatic spraying has been explored by a few high-tech companies with promising results.
Spang [17] compared spray coating with heated nitrogen to conventional air spraying, reporting
improvements in transfer efficiency (TE) and faster paint curing times. Similarly, Bensalah et
al. [18] observed higher transfer efficiency with the Nitrotherm coating method, indicating
potential reductions in energy and material consumption in paint shops.

In the current study, a 3D Eulerian-Lagrangian evaluation of electrostatic spraying using the
Nitrotherm approach was implemented. The algorithm, executed within the OpenFOAM
framework, models high Reynolds number airflow through a Large Eddy Simulation (LES)
turbulence approach and incorporates spray dynamics, electric field modeling, and droplet
tracking for accurate spray coating simulations.
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2 GOVERNING EQUATIONS

2.1 Continuous Phase

The flow field is modeled using compressible Navier-Stokes equations with an LES
turbulence model, which resolves large, energy-rich eddies and captures smaller sub-grid scales
through Favre-averaged continuity and momentum equations. In the LES turbulence model,
each variable 1’ is decomposed into grid scale (GS) and sub-grid scale (SGS) components,
such that f =G* f, where G=G(x,A) is the filter function and A=A(X) is the filter width [19].
The filtered Navier—Stokes equations are given by:
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Where g denotes the kinematic viscosity, and &, represents the Kronecker delta function. The
body forces, which encompass electric stress ( f; ), surface tension ( f,) and gravity (s ) are

incorporated into the aforementioned equations to account for additional physical effects.
The unresolved transport element in the momentum equation, i.e., the SGS stress tensor, 7,,can

be decomposed as [20, 21]:
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2.2 Electric Field

The electric field is generated by the potential difference between the highly negatively
charged surfaces of the sprayer and the positively charged target, and is described by Poisson’s
equation, which relates the space charge density (p?) caused by to the ions to the potential (¢),
and given by:

T 5)

The electric field ( £) and charge of each particle () are calculated by:

E=-V¢, & V.E=p*, (6)
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&' pps Vs and Py, Tepresent air electrical permittivity, density, volume of each individual

particle and charge to mass ratio, respectively. It is important to note that ,¢ and g have distinct
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units, representing charge per unit volume and charge, respectively. The electric force, denoted
as (F, ), is calculated as the interaction of the electrical field with the airflow, often referred to

as the ion wind, which directly affects the particles and is defined by:

Fy=qp E=m, pLE, (8)

where m, and g, are the mass and the charge of each individual droplet, respectively.

2.3 Discrete Phase

The discrete phase analyzes the motion of charged droplets in airflow using a Lagrangian
framework. This includes solving differential equations and applying Newton’s law for force
balances. The forces affecting droplet trajectory—Stokes drag (fp), electric force (fr), gravity
(fz), and added-mass effects (f,), are defined as follows:
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Where ;, and 5 denote the velocity vectors of particles and fluid, 5, and , denote the densities
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of particles and fluid, respectively. Additionally, ¢4,, m,, v, and r, correspond to the charge,

mass, volume and radius of the particles, respectively.
The drag coefficient (c¢,), which depends on the particle’s Reynolds number (

Rep = ZRP ‘ﬁf —ﬁp‘p//y/ )a iS given by [225 23]

24/Re,, if Re, <l
C, =1(24/Re,)(1+0.5Re%*), if 1<Re, <1000 (10)
0.44, if Re,>1000

Where i, is the dynamic viscosity of the air.

2.4 Breakup Model:

In spraying procedures, breakup modeling is crucial and consists of primary and secondary
phases. The primary breakup involves the initial liquid disintegration into droplets as it exits
the nozzle, modeled by the Rosin-Rammler distribution (Y, =exp (-d/d)"). For secondary
breakup, the modified Taylor Analogy Breakup (TAB) method, using the Weber number (
We=p u>,D, o), predicts how parent droplets break into smaller droplets based on the product

rel

generation rate gn(t)/ dt and a proportional constant (%, ), given by:
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Where the transient Weber number () is set to 100, and &, and &, are adjusted to match

dn(t)/dt = -3K,,n(t), K, :{

experimental droplet velocity and size (&, ~ &, =0.2) [8]. The resultant distribution of product
droplets is defined as:
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Where 7., and 7, denote the parent and product droplets radius.

2.5 Film Deposition Formulations:

The detailed formulations for mass conservation, momentum, energy, and thickness of the
film formed during spray droplet deposition on the target are provided in the authors’ previous
work [7].

3 SIMULATION METHODOLOGY

3.1 Computational domain and boundary conditions

Figure 1 shows the simplified computational domain of the Nitrotherm electrostatic spray,
represented as a cylinder with dimensions 540D and 70D, where D = 2.5 mm is the injection
nozzle diameter. To ensure accurate results and fast convergence, the Courant number is kept
below 0.45, corresponding to a time step of 1x10—7 s. Atmospheric boundary conditions
simulate real conditions, with no-slip walls for the sprayer and the target workpiece. A constant
flow rate paint jet with a diameter of D = 2.5 mm is supplied at the sprayer center. The
nitrogen/air nozzle uses a velocity inlet, and specific potential values (® = V) are assigned to
the sprayer’s body and retaining collar, all made of stainless steel for electric field boundary
conditions. The remaining parts of the sprayer, made of non-conductive plastic, are treated with

(V®).n = 0. various charge ( oy, ) values are also assigned to the surfaces of the disintegrated

droplets, while potential values for all other boundaries are set @ = 0.

[ Constant Pressure (P=atm) ‘ f Eiectlrica.l Insulating
Plastic Cover

D4=540L

[— S

L&=50D

Target: Wall (no-slip) (V=0 v/m) x:: I Ls=20D

Exhauster of High-Pressure High-Voltage Body
Heated Air

Figure 1: Schematic of the geometry dimensions and boundary conditions for analyzing the Nitrotherm spray
technique (a). Close-up view of the sprayer (b).

3.2 Grid representation

Figure 2 presents the generated mesh, where structured quadrilateral meshes were used for
the entire domain, consisting of 1.2 million cells. This mesh was found to provide reliable
convergence in the authors' grid independence study as reported in [8]. The prism layer height,
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set at 1.4x10™ m along solid boundaries, and »" values of 0.35, effectively captures high-
Reynolds turbulent flow mechanisms, ensuring accurate boundary layer dynamics.
Additionally, a mesh sensitivity analysis using the Kolmogorov power law decay ( f~?)
validated the mesh's ability to capture detailed turbulent flow structures.

(c)
Figure 2: Visualization of the structured grid generated for the specified geometry for electrospray evaluation
(a). Detailed view of the nozzle and target area (b). Detailed view of the injection section (c).

3.3 Solver setting

In this study, discretization schemes are employed to achieve precise results, maintaining
second-order accuracy for all terms with a convergence criterion set at 1x10. The PIMPLE
algorithm is employed, combining the PISO and SIMPLE methods, known for its stability and
rapid convergence even with larger time steps. The PISO algorithm handles the inner corrector
loop, while the SIMPLE algorithm manages the outer loop. In the Eulerian-Lagrangian
simulation, wall treatment in LES turbulence modeling within the OpenFOAM framework
depends on the dimensionless wall distance (y" =(u,.Ay)/v), where u, denotes the friction

velocity, v represents the kinematic viscosity and ay is the nearest distance to the wall surface.

4 RESULTS AND DISCUSSION

Figure 3 presents a comparison of the computed dimensionless radial velocity values near
the nozzle with the experimental data from Stevenin et al. [6]. These velocity values,
normalized by the maximum radial velocity, are extracted from the turbulent boundary layer
adjacent to the bell cup surface and extending outward. The simulation demonstrates a high
degree of accuracy, with the maximum discrepancy between the numerical and experimental
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results being less than 1.5%.

Current Numerical Results

= Experimental Data (Stevenin et al.2015)

0.5 0.52 0.54 0.56 0.58
r/D
cup

Figure 3: Comparison of radial velocity distribution between our numerical results and experimental data[6].

Figure 4 illustrates the interaction between the injected heated nitrogen, electric fields, and
the sprayed droplets as they are emitted from the nozzle and directed toward the target surface.
In Figure 4a, the velocity gradient shows higher speeds near the sprayer, decreasing as droplets
move away, underscoring the role of the injected nitrogen in shaping the spray. Figure 4b
displays the electric potential between the nozzle and target, which influences spray patterns
and droplet trajectories to accelerate the transfer process. The absolute value of the negative
voltage plays a crucial role in controlling the spray plume.
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.
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(2) (b)
Figure 4: Injected heated nitrogen with sprayed droplets distribution (a) and electric field distribution (b).

Figure 5 illustrates the effect of injected heated nitrogen velocity on vortical structures using
the Line Integral Convolution method (I) and the pattern of deposited spray paint droplets (II).
The velocities considered are 0, 150, and 300 m/s. It is evident that the velocity of the injected
nitrogen greatly influences the deviation of droplets, the overspray effect, the irregularity of
covered area borders, film thickness, and central fill. Increasing the nitrogen injection velocity
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optimizes these factors, resulting in denser and thicker finishes with improved transfer
efficiency.

(I) Sprayed Droplets Distribution and vortical structure
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(II) Paint Droplets Deposited on the Target
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Figure 5: Effect of Heated Nitrogen Injection Velocity on Droplet Trajectory and Deposition Pattern: (a)
Unjection = 0/ 8 ,(0) Upyciion = 150m/ s, and (¢) Upyeeyipn = 300m/s (T, =393.15K).

As shown in Figure 6, improper force interactions due to smaller sizes result in irregular and
tiny wetted areas. The results indicate that a larger droplet size distribution leads to a more
uniform and thicker coverage. As the initial droplet size increases, the diameter of the predicted
deposited area grows, resulting in a regular and even pattern.
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Figure 6: Impact of Droplet Size Distribution on Trajectory and Deposition Patterns: (a) D .0 = 60 um, (b)
DAvwage = 30#11’1, and (C) DAvemge =15 Hm (Tthge" 2393150K)

Figures 7 and 8 illustrate the influence of varying charge-to-mass ratios and applied voltage
on the electric field and spraying performance. Both parameters have a similar effect on the
behavior of the discrete flow. Balancing spray transfer efficiency (TE) and quality while
optimizing energy and material usage is crucial when adjusting these variables. Higher voltage
and charge values result in a narrower spray profile, reduced overspray, and a more uniform
and dense deposition. In contrast, when the electric field is turned off, the spray pattern becomes
irregular and thinner. As shown in Figure 8, a moderate range of voltage and charge produces
a thicker, more uniform film at an optimal cost. This suggests that the Nitrotherm continuous
phase combined with a moderate electric field significantly enhances the behavior of the
discrete spray phase.
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Figure 7: Impact of Charge-to-Mass Ratios ( p¢) on spraying process: (2) pf = 0 mC/kg,(b) p? = 1.5mC/kg , and

(©) pf=3mClkg (1, =393.15K)-
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@V=0kV (b) V= -30kV ©) V=-60kV

Figure 8: Effect of Applied Voltage on Droplet Trajectory and Deposition Pattern on Spraying Process: (a)
V=0kr,(b) v=-30kr,and(c) v=-60kr (1, . =39315K)-

Nitrogen

Figure 9 compares the effects of heated nitrogen (I) with compressed air (II). The results
show that heated nitrogen enhances transfer efficiency (TE) and produces a more centralized,
cosmetically appealing, denser, and thicker coverage. While temperature increases of nitrogen
within a moderate range have minimal impact on trajectory and deposition pattern, very high
temperatures lead to a reduction in droplet size in the central areas of the covered region,
highlighting the efficiency of Nitrotherm spraying.

(I) Effect of Injected Nitrogen Temperature on Spray Performance

@7, =298k ®) 7, . -33% © 1, a3

Nitrogen

(1) Impact of Injected Air Temperature on Spray Performance
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Figure 9: Comparison of the Effects of Heated Nitrogen (I) and Compressed Air (IT) Injection on Droplet
Deposition Patterns: (a) 7=298.15'K , (b) 7=343.15K , and (¢) T=443.15K .

S CONCLUSIONS

This study highlights the advantages of the Nitrotherm electrostatic spray technique,
utilizing 3D Eulerian-Lagrangian simulations within the OpenFOAM framework. By solving
the unsteady 3D compressible Navier-Stokes equations and employing a Large Eddy
Simulation (LES) turbulence model, the research provides a detailed analysis of fluid dynamics
and particle motion. The results indicate that optimizing nitrogen injection velocities and

10
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droplet sizes significantly enhances film uniformity and reduces overspray. Furthermore,
carefully calibrated electric field settings contribute to improved coating quality and efficiency.
Compared to traditional air-based systems, the Nitrotherm technique provides superior
performance with denser, more consistent coatings and environmental advantages.
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