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Abstract: When painting complex surfaces, such as large-curvature surfaces, poor coating quality
is often obtained, which may be caused by lack of an appropriate atomization model, insufficient
understanding of atomization mechanisms and laws, and improper painting parameters. This paper
presents a numerical model of paint atomization of air spraying using the volume-of-fluid method
and large eddy simulation. The interface capture and the turbulent flow were mainly considered
in the model: the former was tracked by the volume-of-fluid method and the latter was predicted
by the large eddy simulation. After the computational domain being meshed by the staggered-grid
method, the governing equations were discretized by the finite volume method and were solved by
the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) Consistent algorithm. The results
of numerical simulations show that the characteristics of atomization flow field, such as velocity
variation, pressure distribution, and paint volume fraction are in agreement with the regularities of
atomization. Moreover, the primary and secondary atomization phenomena can be clearly observed:
as soon as the paint issues from the nozzle, the paint flow begins to distort and the paint fragments
continuously eject from the main paint flow and then these paint fragments distort and disintegrate
into smaller elements. A comparison with the experimental data from the literature proves that the
model of the whole atomization process of air spray is effective. The model is suitable for simulating
the whole atomization process and easy to obtain initial conditions, which can be applied to set the
appropriate painting parameters and study paint atomization mechanisms and laws in depth.

Keywords: model; air spray; atomization process; volume of fluid; large eddy simulation

1. Introduction

Painting robots have been widely applied in the manufacture of airplanes [1], ships [2],
automobiles [3] and other industrial products [4]. Complex surfaces are usually large
curvature surfaces or narrow space surfaces, including spherical surface, V-shaped surface,
intersecting surface, etc., which exist in many parts of these products, such as airplane
noses and wings and car bumpers. When painting these surfaces, poor coating quality may
be obtained, resulting in poor uniformity, bitty appearance, runs, cratering, orange peel, or
film discoloration.

One of the main reasons causing the above problems is insufficient understanding
of atomization mechanism and regularities, which may lead people to set inappropriate
spray parameters (central atomizing air pressure, auxiliary atomizing air pressure, paint
flow etc.) causing poor atomization. Modeling the paint atomization process to study the
atomization mechanisms and regularities in depth is of great significance for solving the
quality-control problem of painting complex surfaces.

Paint atomization in air spraying process is one of the complex issues about gas-
liquid two-phase flows. There are some complex phenomena such as evaporation of
organic solvent components in the paint and mass transfer through the vapour-liquid
interface of mixtures during the atomization process [5]. Colbert et al. [6] found that
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the solvent evaporation from a droplet is negligible due to the short flight time by mass
transfer calculations.

Experimental research involving an atomization process of air spray have been per-
formed by Domnick et al. [7]. Due to the complexity and transiency of the spray flow
field around the nozzle exit [8,9], it is hard to obtain the detailed and accurate data of the
flow field close to the nozzle exit only by experiments and in depth research cannot be
carried out.

With the development of simulation technology, the computational fluid dynamics
(CFD) method has become a powerful tool to model the two-phase flow field. Many
researchers [10-13] have studied the coating-forming process of air spraying by CFD
modeling. However, less research on modeling air spraying atomization can be found in
the literature and the lack of a suitable CFD model has become the main constraint.

Only the TAB (Taylor analogy breakup) model is reported to model paint atomization.
The TAB model was first used to predict fuel atomization [14,15], and recently, Li et al. [16]
and Wang et al. [17] have applied it to paint an atomization simulation of air sprays.
However, the TAB model only considers the secondary atomization and requires empirical
initial conditions to solve the model. In comparison, the interface-tracking approach, VOF
(volume of fluid), is more competent for paint atomization modeling. The VOF method
computes the volume fraction of a particular phase and is naturally volume-conserved, it
can track interface location and topology as accurately as possible, and has been widely
used in fuel injection modeling [18-20].

Turbulence modeling is another problem in modeling paint atomization of air spray,
which can be solved by three methods: Reynolds averaged Navier—Stokes (RANS), direct
numerical simulation (DNS) and large eddy simulation (LES). The RANS method adopts
the time-averaged theory to solve the governing equations. It has the advantages of low
requirements for spatial resolution and small calculation workload. Payri et al. [21] and
Jacobsohn et al. [22] applied RANS to tackle the turbulence effect and observe the cavitation
phenomenon in fuel injection. However, that method is not adequate in some situations and
only provides averaged turbulence information, which makes it incompetent for profound
research on atomization mechanisms and regularities. DNS is the most accurate approach
to turbulence simulation, and it solves the Navier-Stokes equations without averaging
or approximation. However, the results of a DNS contain far more information than any
atomization researcher demands and DNS is too expensive to be employed very often.
Therefore, it currently cannot be applied to atomization simulation.

LES is a technique that is a good compromise between the less accurate RANS and
expensive DNS. It divides the turbulence into large- and small-scales eddies by a spatially
filtering function and treats the large eddies more exactly than the small ones. Many
scholars, such as Dianat et al. [23] have applied LES to research fuel injection atomization
and combustion. LES is the preferred method for paint atomization of gas-liquid two-phase
flow in which the Reynolds number is too high or the geometry is too complex to allow the
application of DNS.

This paper provides a numerical model using the volume-of-fluid method and large
eddy simulation for simulating the paint atomization of an air spray. In Section 2, the
CFD-based paint atomization model is established. Then the numerical method for solving
this model is described in Section 3. In Section 4, validation of the model proposed in
this paper is verified. Finally, conclusions are drawn, and future works are suggested. In
actual applications the present contribution can be used to set the appropriate painting
parameters, and study paint atomization mechanisms and laws in depth.

2. Paint Atomization Model of Air Spray
2.1. Basic Governing Equations
In order to simplify and solve the atomization model, two assumptions that retain

the essential mechanisms and neglect less influential ones were needed. Firstly, the paint
studied is assumed to be a Newtonian fluid, although paint is a non-Newtonian fluid.
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In addition, it is assumed that there is no mass transfer from the paint to the air and

no temperature change of the paint and air during the atomization process. Since the

atomization process only lasts a few milliseconds, the evaporation of the solvent and

the temperature change of the paint are negligible. Therefore, when establishing the

atomization model, it is considered that there is no energy exchange between the spray

flow field and the surrounding air, and the energy equation may not be established.
Mass conservation equation and momentum conservation equation [24] are:

Vou=0 1)

ou 1 1 1

= : =—— -V-(2 —F. 2

5 TV (uu) pr—irpV (yS)+f+ps 2)
where u is the velocity of flow; t is time; p is the flow density; p is the space pressure; y is
the dynamic viscosity of flow; S is the viscous stress tensor; f is the force per unit mass; Fs

is surface tension of flow.

2.2. Interface Capture Model

The VOF method performs air—paint interface tracking by solving the continuity
equations of two-phase volume fractions. The volume fraction of each phase in each
control volume is defined as:

1 only phase g exists in the control volume
ag = 0<ay<1 both two phases exist in the control volume 3)
0 no phase g exists in the control volume

where g stands for gas phase or paint phase.
For arbitrary control volume in the atomization flow field, both the volume fraction of
gas phase a, and the volume fraction of paint phase «), obey the following constraints:

ag+ap =1 4)

Thus, the continuity equation can be written as:

)
T4 LV (aqgu) =0 ®)
ot
where u represents the velocity of phase g.

In the whole flow field, the velocity field is shared by all phases, the momentum
equation has the following form:

8(5:1) +V - (pun) = =Vp+ V- [p(Vu+ VuT )| +pg + F ©)

where p and yu represent the averaged density and averaged dynamic viscosity:
o= ap + (1 - a)pg @)

po=ap+ (1—a)ug ®)

F, represent the pressure increase caused by interfacial tension, which is defined as:
F, = —oxn 9)

where ¢ is the surface tension coefficient. x is the two-phase interface curvature, x = —V - n;
7 is unit vector normal to the interface.
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2.3. Turbulence Model

The atomization turbulence is modeled by LES method, which separates large- and
small-scale eddies from the turbulence components by averaging the turbulence variables
referred to in the atomization process.

For an arbitrary turbulence variable, its large-scale component is defined as:

F(x,t) = /QH(x —x',A)F(x', t)dx’' (10)

where H(x — x’, A) is the spatial filtering function, fj;o H(x —x',A)dx’ = 1, Q is the
computational domain; A is the filter width, which can be estimated as:

A = V'3 = (AxAyAz)'/3 (11)

Thereby the filtered conservation equations can be expressed as:

V-u=0 (12)
ou — o Foo o BoonnT| _ Eo SGS
= +V.(uu) = —--Vp+V.|=Vu+—=(Vu) | —— +g+F (13)
5 (i) = =2Vp o o (Vi) | =g
where F°C° represents the sublattice-scale turbulent pulsation strength, which is defined
as:
T
FoOs = 1 14
= (14)

where 7;; is the subgrid-scale turbulence stress generated during filter:
Tij = —p(uu — ) (15)

3. Numerical Simulation
3.1. Simulation Process

The numerical simulation process of air spray atomization based on CFD is shown
in Figure 1. Firstly, the atomization governing equations are established according to the
physical process of paint atomization, and 2D computational domain for spray flow field
is constructed with initial conditions and boundary conditions defined, such as physical
parameters of phases and boundary types. Then unstructured mesh method is adopted to
mesh the computational domain and refine the local areas with intense velocity gradients.
Finally, the related information of the atomization flow field of air spray is obtained by
solving the atomization model established using the velocity-pressure coupling algorithm.
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Figure 1. Numerical simulation process of air spray atomization.

3.2. Computational Domain and Initial Mesh

The computational domain of the two-dimensional atomization flow field is a rect-
angular region (213 mm X 120 mm) where the spray nozzle is located at the midpoint of
the left edge (Figure 2). The central channel is the paint ejection channel, and the central
atomizing air ejection channel and the auxiliary atomizing air ejection channel are on both
sides (Figure 3). The data in Table 1 are the geometric parameters of the nozzle.

213 mm

200 mm

Nozzle

Computational domain

120 mm

Figure 2. Computational domain of two-dimensional model.

Central
atomizing air

Aucxiliary

atomizing air

Figure 3. Nozzle geometry.
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Table 1. Geometrical parameters of nozzle.

Parameter Symbol D Dgl DgZ Ly L, Hq H, 01 egl egz

Size 2.0 mm 4.0 mm 7.6 mm 0.6 mm 1.0 mm 0.4 mm 0.3 mm 78° 80° 80°

In order to obtain high-quality mesh, the mesh of the boundary of two-phase ejec-
tion channels was refined (Figure 4). The whole computational domain was meshed
with 950,000 grids, where the grid quality mean and averaged skewness is 0.995 and
4.96 x 1073 respectively.

(a) (b)
Figure 4. Mesh generation of nozzle. (a) Before refinement. (b) After refinement.

3.3. Parameter Settings of Atomization Simulation

The atomization process of spraying paint involves two phases (liquid paint and air)
among which the air was defined as the first phase and the liquid phase as the second
phase. Properties of the relevant substances in this paper are shown in Table 2.

Table 2. Substance properties in simulations.

Substance Density Viscosity Surface Tension Reference
Temperature
Paint 1200 kg/m3 0.097 kg/(m-s) 0.0287194 N/m 298.15K
Air 1.225 kg/m? 0.000017894 kg/(m-s) - 298.15K
Water 998.2 kg /m? 0.001003 kg/(m-s) 0.0719404 N/m 298.15K

Air sources of atomization mainly include central atomizing air and auxiliary atom-
izing air. The corresponding air ejection channels were set as pressure inlets, with air
pressure 121 and 81 kPa, the turbulence intensity 5% and 5%, and the hydraulic diameters
0.4 and 0.8 mm. The liquid ejection channel was set as velocity inlet, with paint velocity
1.42 m/s, turbulence intensity 10%, hydraulic diameter 2 mm, and working pressure 1 atm.

Numerical simulations of atomization process were carried out using ANSYS Fluent
(version 16.0) as the following steps:

Firstly, import the geometry model of the nozzle into Fluent and perform meshing.

Then, select the VOF in the multiphase flow model and LES in the viscous flow model,
and define the materials and boundary conditions as shown in Sections 3.2 and 3.3. In
the solution module, select the SIMPLEC (SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) Consistent) algorithm for the pressure-velocity coupling solution, and
select “Least Squares Cell Based”, “PRESTO!”, “Bounded Central Difference” and “Geo-
Reconstruct” for the gradient term, pressure term, momentum term and volume fraction
term in the spatial discrete equation, respectively.

Finally, check the case and run the calculation with a fixed time step of 1 x 1077 s.
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Volume Fraction
9.697e-003
9.091e-003
8.485e-003
7.879e-003
7.273e-003
6.667e-003
6.061e-003
5.455e-003
4.848e-003
4.242e-003
3.636e-003
3.030e-003
2.424e-003

1.818e-003
1.212e-003
6.061e-004

0.000e+000

Volume Fraction
9.697e-003
9.091e-003
8.485e-003
7.879e-003
7.273e-003
6.667e-003
6.061e-003
5.455e-003
4.848e-003
4.242e-003
3.636e-003
3.030e-003
2.424e-003
1.818e-003
1.212e-003
6.061e-004
0.000e+000

4. Model Verification

In order to verify this proposed model, the velocity, pressure and liquid-phase vol-
ume fraction distributions of the spray flow field were analyzed and compared with the
atomization experimental data by Fogliati et al. [7].

4.1. Numerical Simulation Results

At9.0-9.2 ms the paint jetted out and the atomization flow field was in a steady state
at about 15 ms. Therefore, the atomization flow field data at 9.0, 9.2, 9.5, 12 and 15.0 ms
were taken for analysis.

The states of paint atomization at the different times is visualized in Figure 5. Figure 5a
shows the paint flow that arrived at the exit at about 9.2 ms. The head of the paint flow
presents a long slope along the direction of movement with several paint fragments scattered.

b) 9.5 ms

c) 12.0 ms . 1)y P » d) 15.0 ms

Figure 5. Visualization of paint atomization at different time. (a) 9.2 ms. (b) 9.5 ms. (c) 12 ms. (d) 15 ms.

In Figure 5, as soon as the paint issues from the nozzle, deformations appear on the
two-phase interface. These deformations grow in space and time and eventually result in
the ejection of paint fragments from the main paint flow. The paint fragments diffuse with
the air flow in the space and the distribution of flow field expands. The variation of the
atomization flow pattern simulated accords with the basic regularity of paint atomizing.
The radial distributions paint volume fraction at different time points at different distances
from the nozzle tip is demonstrated in Figure 6, which is consistent with the information
reflected by Figure 5. From Figure 6, the time of the spraying flow field becoming stable is
at approximately 12 ms.

The maximum velocity of paint in the spray flow field varies as shown in Figure 7.
During 0-9.0 ms, there is only air in the flow field. The maximum velocity boosts rapidly,
then tends to be stable; during 9.0-9.5 ms, the paint arrives to the flow field and the paint
velocity reaches a peak; in the remaining time the maximum fluctuated at a certain value.
The whole variation of the maximum velocity can be reasonably explained by visualization
data of paint atomizing.
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Figure 6. Volume fraction distribution of radial paint at different time at different distance along the central axis. (a) 9.2 ms.

(b) 9.5 ms. (c) 12 ms. (d) 15 ms.
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Figure 7. Variation of the maximum velocity in the spray flow field.

Figure 8 represents the pressure distribution of the spray flow field with the maximum
pressure area shown in red and the minimum pressure area shown in blue. The whole
pressure distribution of the flow field is relatively symmetrical with the central axis as the



Coatings 2021, 11, 1400

90f13

symmetry axis, especially that near the nozzle exit. Some areas are under subatmospheric
pressure, resulting from a large amount of air vortices in the spray flow field.

Spray Velocity -
@/s)

5.189e+002

4.865e+002 o

4.541e+002

3.892e+002 4

ssegeronz o N

3.243e+002 —— VAR

2.919e+002 4 r -

[ 2595e+002 | i o O

2.270e+002 Cfl'_

1.946e+002 o—
1.622e+002 2
1.2976+002 O»
9.730e+001
6.487e+001
3.243e+001
0.000e+000

Figure 8. Pressure distribution in the spray flow field at time 15 ms.

In Figure 9, paint flow is displayed by its volume fraction, and air flow is displayed by
the velocity vectors. As shown in Figure 9, after flowing out from the nozzle, the continuous
paint flow begins to break up under the impact of high-velocity airflow nearby. During
10.33-10.34 ms, influenced by the high-velocity gas stream from a ring gas nozzle, the
paint flow gradually deforms. Then the tail falls off from the main liquid column to form
independent paint liquid masses, and the formation of paint liquid masses is consistent
with the primary atomization theory [12]. During 10.35-10.40 ms, the paint liquid masses
distort and disintegrate into new smaller paint droplets with the continued impact of a
high-velocity airflow and air vortex, which is in accordance with the secondary atomization
theory. This process is repeated until these elements are spraying in a stable way.

10.33 ms

|
. |
Painte; —~5 7 |
micell€ § e N L 3 Primary
’ N | atomization
— ol |

Secondary
atomization

10.37 ms
Secondary
breaku P,

Figure 9. Screenshots of the transient animation of paint droplet formation.

4.2. Result Comparison

To further verify the proposed atomization model, the numerical simulation results
were compared with Fogliati’s experimental results. Fogliati et al. set water as liquid
phase to conduct an atomization experiment. They measured the axial and radial spray
velocities of the atomization flow field at 40 and 100 mm away from the nozzle, and
studied the expansion degree of the atomization flow field by analyzing the relationship
between dimensionless liquid velocities (U / Umax, V' / Vmax) and dimensionless coordinate
Y /Y (Usgg,). The initial related parameters of numerical simulation and experiment are
shown in Table 3.
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Table 3. Comparison of atomization parameters (MI: medium inlet, TI: turbulence intensity, HD: hydraulic diameter, PI:
pressure inlet).

Ejection Conditions of Liquid Phase Ejection Conc!lt‘lons (?f Central Ejection COl'ldl‘tlf)l'lS of Auxiliary
Type Atomizing Air Atomizing Air
Medium Type MI TI HD PI TI HD PI TI HD
Simulation 1 Paint 142m/s 5% 1 mm 121 kPa 5% 0.5 mm 81 kPa 5% 0.4 mm
Simulation 2 Water 3cem3/s 10% 1 mm 152 kPa 10% 0.5 mm 121 kPa 10% 0.4 mm
Fogliati Water 3cem?/s 10% 2 mm 150 kPa 10% 0.5 mm 120 kPa 10% 0.5 mm

At the time 18.0 ms, the spray atomization state are shown as Figures 10 and 11.
Figure 10 presents the distribution of water atomized in the two-dimensional plane, the
maximum of water volume fraction is set to 1%; Figure 11 presents the distribution of water
velocity in the two-dimensional plane, the maximum of spray velocity is set to 517 m/s.

Volume Fraction

9.697¢-003
9.091e-003
8.485e-003
7.879e-003
7.273e-003
6.667¢-003
6.061e-003
5.455e-003
| 4.848¢-003
4.242¢-003
3.636e-003
3.030e-003
2.424e-003
1.818e-003
1.212¢-003
6.061e-004
0.000e+000

Figure 10. Volume fraction distribution of water.

Spray Velocit:
P %/m/s) Y

5.020e+002
4.707e+002
4.393e+002
4.079e+002
3.765e+002
3.451e+002
3.138e+002
2.824e+002
2.510e+002
2.196e+002
1.883e+002
1.569e+002
1.256e+002
9.413e+001

6.275e+001
3.138e+001
0.000e+000 X

Figure 11. Velocity distribution of water.

The comparison between simulation results and experimental results is shown in
Figures 12 and 13. In Figure 12, the ordinate U/ Umnax represents the dimensionless spray
velocity in the axial direction, where Unay is the maximum at the coordinate X. In Figure 13,
the ordinate V /Vnax represents the dimensionless spray velocity in the radial direction,
where Viax is the maximum. The abscissas Y /Y (Usge,) of the two figures represent the
dimensionless radial distance, where Y (Usqq, ) is the abscissa value corresponding to half
of the maximum axial spray velocity.
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Figure 12. Relationship between dimensionless axial velocity and radial distance. (a) X = 40 mm. (b) X = 100 mm.
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Figure 13. Relationship between dimensionless radial velocity and radial distance. (a) X = 40 mm. (b) X = 100 mm.

Whether at the distance of 40 or 100 mm away from the nozzle exit, the simulation
results for water seem to be in good agreement with Fogliati’s experimental results; never-
theless, a difference can also be observed between simulation and experiment due to the
following reasons: firstly, the 2D geometric model used in this study can yield different
results; secondly, the material properties of the paint are different from those of the water.

In conclusion, the simulation results conform to the regularity of the atomization
process and are in good agreement with the experimental data, which proves that the air
spray atomization model proposed in this paper is reasonable.

5. Conclusions

In this study, a numerical model using the volume-of-fluid method and large eddy
simulation was proposed for simulating the paint atomization process in an air spray. This
model includes an interface capture model and a turbulence model. A high-precision
method for solving the model was constructed by coupling the finite volume method, the
staggered grid method and the SIMPLEC algorithm. Compared with the TAB atomization
model, the established model can describe the whole process of paint atomization, and its
initial conditions are easy to obtain, but cannot predict the droplet sizes.

The numerical simulation results clearly demonstrate the accordance with the regular-
ity of the atomization process. The primary and secondary atomization phenomena can be
clearly observed: as soon as the paint issues from the nozzle, the paint flow begins to distort
and the paint fragments continuously eject from the main paint flow, and then these paint
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fragments distort and disintegrate into smaller elements. Additionally, good agreement
can be found between the simulation results with experimental data from literature, which
proves that the proposed model is reasonable.

Based on the present numerical results, the following studies will be conducted in
the future. A 3D simulation with more details will be carried out for deeper analysis of
atomization mechanism and laws. Moreover, the simulation accuracy could be greatly
heightened by improving the model with the multi-scale method.
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