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Abstract: Spray painting robots equipped with air spray guns have been widely used in the painting
industry. In view of the low efficiency of single-nozzle air spray guns when spraying large targets,
a new double-nozzle air spray gun structure was designed in this paper based on the Coanda
effect of double jets. Firstly, a 3-D physical model of the double-nozzle air spray gun was built in
Solidworks, in which unstructured grids were generated for the computational domain by ICEM.
Secondly, the spray painting process was numerically modeled with the help of the computational
fluid dynamics (CFD) software ANSYS-Fluent 16.0. The two-phase spray flow was calculated by
coupling a discrete phase model (DPM) and the Taylor analogy breakup (TAB) method. The TAB
model was applied to predict the secondary break-up. The DPM model was applied to predict
the droplet trajectories. The geometry of an air spray gun has a significant influence on the spray
flow field characteristics. The influence of the air spray gun geometry on the interference spray
flow field characteristics and coating film thickness distribution were investigated by changing the
values of the distance between the centers of the two paint holes (L) and the angle between the axes
of the two paint holes (6). Numerical results show that the smaller L and 0 are, the stronger the
interference effect between the two jets, while the more concentrated the paint is in the central region
of the target surface, the easier it is for overspray to occur. With increasing L and 6, the interference
effect gradually decreased and the extension distance of the coating film along the x-axis gradually
increased. However, if L and 0 are too large, the interference effect will become too weak and the
shape of the coating film will become a concave, with more paint on both side regions and less
paint in the central region, which will cause an uneven coating film. From the simulation results,
it can be concluded that a more uniform coating film can be obtained when L = 30 mm and 0 = 10°.
The effective coating width of the double-nozzle air spray gun was increased by 85.7% compared
with the single-nozzle air spray gun, which improved the spraying efficiency.

Keywords: double-nozzle air spray gun; numerical simulation; entrainment; coating film thickness;
interference flow field

1. Introduction

In order to obtain high-quality coatings, painting robots with air spray guns have been widely
used in the painting industry, with applications in the automobile, ship, airplane, furniture, and many
other industries [1-3]. Air spray guns have attracted wide attention due to their good atomization
performance. However, the establishment of coating deposition models and the planning of spray gun
trajectories are still difficult problems to be solved. Inappropriate coating deposition models and spray
gun trajectories would lead to bad uniformity of the coating film, and thus poor quality products [4].
In addition, low spraying efficiency occurs when a spraying robot is used for large targets.
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Teaching and offline programming methods have been widely used in spray gun trajectory
planning for painting robots. The teaching programming method is not flexible and the coating
quality obtained by this method largely depends on operator’s experience, which makes it hard
for the coating uniformity to meet precise criteria. Therefore, in order to solve these problems,
many researchers have studied offline programming techniques to plan spray gun trajectories for
painting robots [5-9]. The establishment of a coating deposition model is a significant part of an
offline programming method for painting robot. Therefore, the accuracy of the simulation of coating
film thickness distribution is very important for coating quality. Many methods have been applied
in simulations. Earlier researchers used an explicit function-based method to fit the distribution
curves of coating thickness. The typical examples include the parabolic distribution model [10,11],
piecewise distribution model [12,13], Cauchy distribution model [14], Gaussian distribution model [15],
B distribution model [16], and ellipse dual-$ distribution model [17]. These models are based on
specific spray guns, which would lead to problems of model invalidation and uneven coating when the
spray gun parameters are changed. The explicit function-based method cannot describe the spraying
process and the coating formation mechanism.

With the development and wide application of computational fluid dynamics (CFD) technology,
many researchers have used CFD-based methods to simulate coating thickness distribution. CFD-based
methods can not only analyze the coating formation mechanism, but can also obtain the precise
distribution of coating thickness under various operating conditions, which is more accurate than
explicit function-based methods and can better reflect the real situation of the painting process.
Therefore, CFD-based methods will be popular for coating thickness simulation in the future [18].
The painting process includes three subprocesses: the atomization process, droplet transportation
process, and coating film formation process. The atomization process can be divided into two parts:
primary breakup and secondary breakup. CFD-based method describes the painting process as a
gas-liquid two-phase flow. The Euler-Lagrange method and Euler—-Euler method have been applied
previously to model the two-phase flow field.

In recent years, some experimental and numerical investigations [19-27] on the painting process
have been conducted using the Euler-Lagrange method, focusing mainly on the droplet size distribution,
the influences of spray gun geometry and air flow, on coating thickness distribution, as well as on
droplet impingement. In the Euler-Lagrange method, the air is treated as a continuous phase and
the droplets are treated as a discrete phase. Ye et al. [22,23] and Domnick et al. [24,25] applied
experiment-based methods to obtain the initial conditions of the discrete phase in order to calculate the
spray flow field. The discrete phase information, including the droplet size and velocity distribution,
were measured at a certain position below the spray gun with the help of a phase doppler analyzer
(PDA). They directly analyzed the experimental data at a position very close to the spray gun. However,
complex, time-consuming, and expensive experiments must be carried out again once the operating
parameters of this method are changed. Fogliati et al. [27] applied the VOF model to simulate the paint
jet at the exit point of the spray gun and obtained the initial droplet conditions. However, they did not
consider the secondary breakup of droplets.

In the Euler-Euler method [4,28], both air and droplets are considered as continuous phases and
are calculated in Euler coordinates. Numerical simulation based on the Euler-Euler method does not
require tracking of large quantities of droplets as in the Euler-Lagrange method, saving computing
resources. Chen et al. [4] proposed a numerical simulation method based on a dynamic grid model to
calculate the coating thickness distribution. However, in the air painting process, the paint flow is
about 300 mL/min and the gas flow is about 100 L/min. The Euler—Euler method is not suitable for
spare droplet distribution.

So far, the research on air spray guns has focused on single-nozzle guns. In order to improve the
spraying efficiency, a new double-nozzle air spray gun model is proposed in this paper. The DPM-TAB
coupling method is applied to model the two-phase flow spraying process with the help of the Fluent
19.0 commercial CFD code. The TAB model is used to simulate the secondary breakup process and
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the DPM model is used to predict the droplet trajectory. The interference spray flow field of the
double-nozzle air spray gun is numerically studied by changing the L and 0 values. The influence of
the spray gun geometry on coating thickness distribution is also analyzed.

2. Computational Model

2.1. Geometry of the Double-Bozzle Air Spray Gun

The geometry of the air cap of the double-nozzle air spray gun proposed in this paper is shown in
Figure 1. There are 2 paint holes, 2 annular atomizing air holes, 8 assisting air holes, and 8 shaping air
holes on the air cap. The central paint holes have a 1.5 mm diameter and are surrounded by atomizing
air holes with an outer diameter of 2.5 mm and inner diameter of 2 mm. The high-speed atomizing
airflow breaks the liquid paint into small droplets and transports the droplets to the target surface.
In addition to the annular atomizing holes, there are 8 assisting air holes measuring 0.5 mm in diameter.
Assisting air flow can not only control the expansion speed of the spray flow field but also keep the
surface clean. On both sides of the air cap, there are 8 shaping air holes measuring 1.5 mm in diameter.
The shaping air flow can deform the spray flow field, meaning a narrow elliptical coating film can
be formed on the target. L is the distance between the centers of two paint holes and 6 is the angle
between the axes of the two paint holes. L and 0 influence the spray flow field characteristics and
coating thickness distribution.

Assisting air hole paint hole

Shaping air hole / Atomizing air hole

Figure 1. Geometry of the air cap of the double-nozzle air spray gun.

Figure 2 illustrates the coordinate system of the air spray gun. The midpoint O of the line
connecting the centers of the two paint holes is the origin of the coordinate system. The y axis is
parallel to the axis of the double-nozzle air spray gun. The x axis is parallel to the long axis of the
coating X and the z axis is parallel to the short axis Z.

Figure 2. Definition of coordinate system.
2.2. Computational Domain and Grid

The computational domain and grid of the air spray gun are shown in Figure 3. Considering the
characteristics of the spray flow field and the elliptical shape of the coating deposition, a cuboid
computational domain with a size of 500 x 200 x 200 mm3 was used in this paper. The air cap is located
at the center of the under surface and the target surface is located at the top of the computational
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domain. The spraying distance (distance from paint hole to target surface) is 190 mm. An unstructured
grid with 1.85 million cells was used in this paper with the help of ICEM, because it can better fit the
complex geometry of the computational domain. A local grid refinement method was used to ensure
the accuracy of computation and reduce the consumption of computing resources. The grid of the
region close to the air spray gun was refined to accurately simulate the interaction between air and
droplets. The region far away from the air spray gun had a lower grid resolution to limit the total
number of cells. The details of the structure of the grid are shown in Figure 3.

Figure 3. Computational domain and grid.

2.3. Numerical Method and Initial Conditions

The high-speed air flow atomized the paint into fine droplets. The droplets were transported
onto the target surface under the action of air flow, thus forming a coating film. The spray flow field
can be regarded as a gas-liquid two-phase flow field. The DPM method is a multiphase flow model
based on the Euler-Lagrange method, which was applied to simulate the spraying process. The air
phase (continuous phase) was calculated in the Euler coordinate system. The droplets phase (discrete
phase) was calculated in the Lagrange coordinate system. The finite volume method was applied
for the numerical simulations with the help of the ANSYS-Fluent 16.0 commercial CFD software.
A pressure—velocity coupled solver, transient method, and unsteady particle tracking were used for
simulation. The turbulent flow field was modeled using the realizable k — e model. The effect of the
turbulence dispersion on the droplet motion was simulated by using a stochastic tracking model.
An Eulerian film model was used to calculate the distribution of the coating film thickness. The total
spraying time was 0.4 s. The start time of the injection of the discrete phase was 0.1 s and the stop
time was 0.3 s. The time step size was 1 x 1073 s. The convergence conditions were that the velocity,
pressure, k, and ¢ residuals were less than 1 x 10~%. We also checked whether the whole system satisfied
the principle of mass conservation. When the unbalanced error was less than 0.1%, the numerical
results were considered to be convergent.

In the Lagrange coordinate system, the droplet trajectories were calculated by integrating the
equation of motion of the discrete phase. The equation of motion is:

dty _ Fp(u—up) + Fg 1)

dt
in which FD(u - up) is the drag force per unit particle mass; Fg is the gravity force per unit particle
mass; up is the droplet velocity; u is the instantaneous air velocity, which is obtained by superimposing
the local mean velocity and the fluctuating velocity caused by turbulence. The equation of motion is
obtained by the force balance on the droplet. Because the density of air is much less than the density of
droplets, the Saffman’s lift and virtual mass force may be neglected. The interaction between droplets
may be neglected since the mass flow rate of the paint is relatively low.

An air phase and a droplet phase were defined in the spray flow field. Simplified inlet boundary
conditions for both the continuous phase and discrete phase were used in this paper. All paint holes
were set as mass flow inlets, with a mass flow rate of 1.5 x 1073 kg/s and an initial velocity of 5 m/s.
All air holes were set as pressure inlets. The surface of the air spray gun and the upper surface of the
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computational domain were set as walls. The other surfaces of the computational domain were set as
pressure outlets, with gauge pressure of 0 MPa. The major parameters of the gun and the important
properties of the materials are summarized in Tables 1 and 2.

Table 1. Parameters for numerical simulation.

Atomizing Air Pressure Shaping Air Pressure Assisting Air Pressure Liquid Flow Rate

0.15 MPa 0.07 MPa 0.15 MPa 0.0015 kg/s

Table 2. Properties of the paint and air.

Materials Density (kg/m3) Surface Tension (mN/m) Viscosity (Pa-s)
Paint 1200 719 0.065
Air 1.29 - 1.8x107°

The size distribution of the particles is usually obtained by experiments, which are expensive
and time-consuming. In order to reduce the dependence of numerical simulation on experiments,
droplets measuring 65 um in diameter were directly injected into the air flow field in the paint hole
positions. The TAB (Taylor analogy breakup) model was used to predict the secondary breakup
of droplets.

3. Simulation Results and Discussion

3.1. Setting of Structural Parameters

A new double-nozzle air spray gun was proposed in this paper. The influence of the structural
parameters on the interference flow field characteristics and coating film thickness distribution was
studied by selecting L and 0 as variables. The values of L and 0 are shown in Table 3.

Table 3. Values of L and 0.

Variables Values
L 20, 30, 40, 50 mm
0 0°,5°,10°, 15°

3.2. Grid Independence Study

During the numerical simulation, the quality of the grid will affect the accuracy of the calculation.
In addition, the more cells, the longer the calculation time. In order to eliminate the effect of the number
of cells on the calculation results and determine the optimal number of cells for calculation, the grid
independence was studied.

In order to conduct the studies on grid independence, five kinds of grids were generated, with 0.27,
0.58, 1.26, 1.85, and 2.16 million cells. The simulation parameters are shown in Tables 1 and 2.
The double-nozzle spray gun with structural parameters of L = 30 mm and 6 = 10° was selected.
Figure 4 displays the influence of the number of cells on the coating thickness distribution along the
x-axis. When the number of cells is small, the results are related to the number of cells. When the
number of cells is greater than 1.85 million, the coating thickness distribution profiles along the x-axis
remain basically unchanged, which indicates that the simulation results are convergent. The results
are independent of the number of cells. In this paper, a grid with 1.85 million cells was selected
for calculation.
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Figure 4. Comparison of coating thickness distribution along the x-axis for five kinds of grids, with 0.27,
0.58, 1.26, 1.85, and 2.16 million cells.

3.3. Simulation Results of the Velocity Field

Figure 5 displays the velocity contours at section z = 0 for different L when 6 = 10°. For easier
viewing of the whole velocity field, the maximum visible velocity was set to 50 m/s. There is a larger
velocity near the air spray gun, which then decreases rapidly along the y direction. Negative pressure
was generated in the region between the two jets due to the entrainment of the jets, which made the
jets attract each other. Finally, the two jets combined into one jet. This effect of two jets is called the
Coanda effect. The combined jet has a larger velocity in the region near the central axis. The simulation
results indicate that the larger the L is, the greater the width of the velocity field.

50.0 50.0
45.0 S 450
40.0 40.0
35.0 35.0
30.0 30.0
25.0 b 25.0

20.0 gl | i 20.0
15.0 N '

(b)

(c) (d)
Figure 5. Velocity contours at section z = 0 for different L when 0 = 10°: (a) L = 20 mm; (b) L = 30 mm;
(c) L =40 mm; (d) L = 50 mm.

In this paper, six cross-sections were chosen sequentially along the y-axis direction: y = 15 mm,
y=25mm, y = 35 mm, y = 50 mm, y = 100 mm, y = 170 mm. Figure 6 depicts the velocity profiles
for each cross-section in the plane z = 0. From Figure 6a,b, it is found that the velocity profile
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has two peaks; cross-section y =25 mm resembles cross-section y = 15 mm, but the peak values
of cross-section y = 25 mm are smaller than cross-section y = 15 mm, which shows the Gaussian
distribution around these peaks. Figure 6¢ indicates that the two peaks have been combined into one
peak near the cross-section y = 35 mm; the bigger L is, the greater the distance from the position where
the two peaks begin combine into one peak to the spray gun. From Figure 6d—, it is found that the
velocity profiles of cross-section y = 50 mm, ¥ = 100 mm, and y = 170 mm are similar to each other,
which reflect the self-similarity behavior of the jets. The peak values decrease gradually along the flow
direction, which reveals that the entrainment effect of the jet causes the consumption of momentum.
Simulation results show that the larger L is, the smaller the velocity near the central axis, and the
greater the velocity far away from the central axis.
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R L=40 mm 0 sol |7 L=40 mm)| |
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Figure 6. Velocity profiles along the y-axis direction for each cross-section: (a) y = 15 mm; (b) y = 25 mm;
(¢) y =35 mm; (d) y = 50 mm; (e) y = 100 mm; (f) y = 170 mm.
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The velocity profiles along the central axis for different L are shown in Figure 7. Due to the effect
of turbulence flow, each jet entrains the surrounding air and flow downstream. Negative pressure was
generated in the region between the two jets due to the entrainment of the jets, which makes the jets
attract each other. Finally, the two jets combine into one jet. A recirculation zone was formed before the
confluence point. There is a point with velocity of 0, where the velocity changes direction, before which
the velocity is negative and after which the velocity becomes positive and rapidly increases to the
maximum value. Then the velocity decreases slowly and tends towards zero. It is obvious that the
larger the L is, the greater the absolute value of velocity.

ool —L=20 mm/| 4
.......... L=30 mm
----- L=40 mm

’J; o - — =L=50 mm

~

E

= 40

=

o

% 20

>

0
-20 ' : I
o 50 100 150 200
Y (mm)

Figure 7. Velocity profiles along the central axis when 8 = 10°.

Figure 8 displays the velocity contours at section z = 0 for different & when L = 30 mm.
The maximum visible velocity was set to 50 m/s. There is a larger velocity near the air spray
gun and then the velocity decreases rapidly along the y direction. The combined jet has a larger velocity
in the region near the central axis. The simulation results indicate that the larger the 0 is, the greater
the width of the velocity field.

(0) (d)

Figure 8. Velocity contours at section z = 0 for different 6 values when L = 30 mm: (a) 6 = 0°; (b) 6 = 5°;
(c) 8 =10° (d) 6 = 15°.



Coatings 2020, 10, 475 9 of 15

Figure 9 depicts the velocity profiles for each cross-section in the plane z = 0 when L = 30 mm.
It is obvious that Figure 9b resembles Figure 9a, the velocity profile has two peaks, and the peak values
of cross-section y = 25 mm are smaller than for cross-section y = 15 mm. Figure 9c indicates that the
two peaks have been combined into one peak near the cross-section y = 35 mm; the larger the 6 is,
the greater the distance from the position where the two peaks begin combine into one peak towards
the gun. From Figure 9d-f, it is found that the peak values of the combined jet decrease gradually
along the flow direction; the larger 0 is, the smaller the velocity near the central axis and the greater the
velocity far away from the central axis.
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Figure 9. Velocity profiles along the y-axis direction for each cross-section when L = 30 mm: (a) y = 15 mm;
(b) y =25 mm; (¢) y = 35 mm; (d) y = 50 mm; (e) y = 100 mm; (f) y = 170 mm.
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The velocity profiles along the central axis for different 8 are shown in Figure 10. There is a point
with velocity of 0, before which the velocity is negative and after which the velocity becomes positive
and rapidly increases to the maximum value. Then, the velocity decreases slowly and tends towards
zero. The larger 0 is, the greater the absolute value of velocity.
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Figure 10. Velocity profiles along the y-axis when L = 30 mm.

The effects of L and 6 on the interference flow field are similar to each other. The smaller the L
and 6 are, the greater the interference effect is. The interference flow field has a great influence on the
coating thickness distribution. Therefore, it is possible to obtain a uniform coating film by adjusting
the L and 6.

3.4. Simulation Results of the Coating Film Thickness Distribution

Figures 11-13 show the coating film thickness distribution contours. It is obvious that when L is
fixed, with increasing 6, the extension distance of the coating film along the x-axis (long axis) gradually
increases and the shape of the coating film becomes an ellipse. The larger 0 is, the greater the extension
distance along the x-axis and the smaller the extension distance along the z-axis (short axis). Similarly,
when 0 is fixed, the larger L is, the greater the extension distance along the x-axis and the smaller the
extension distance along the z-axis. From Figure 11a, Figure 12a, and Figure 13a, it can be seen that the
shape of the coating film is a rhombus and the paint is more concentrated in the central region of the
target surface, which easily causes overspray.

Figure 14 indicates the coating film thickness profiles along x for different 6 values when L = 30 mm.
The coating thickness along the x-axis near the central area when 6 = 0° is greater than the coating
thickness when 0 = 5°. The reason for this phenomenon is that the interference effect of the two jets is
very strong and the combined jet diffuses along the z-axis direction when 6 = 0°, which causes part of
the droplets to be transported in the z-axis direction and the shape of the coating film to become a
rhombus. The shape of the coating film becomes concave when 0 = 15°; the reason for this phenomenon
is that the interference effect of the two jets is weak and fewer droplets are transported to the central
region, which results in more paint on both side regions and less in the central region. Figure 15
indicates the coating film thickness profiles along the x-axis for different L values when 6 = 10°. It is
obvious that the paint is more concentrated in the central region of the target surface when L = 20 mm;
the shape of the coating film becomes concave, with more paint in both side regions and less paint in
the central region. The effects of L and 6 on the coating thickness distribution are similar to each other.
The smaller L and 0 are, the stronger the interference effect is, the more concentrated the paint is in the
central area of the target surface. However, if L and 0 are too large, the interference effect will be too
weak and the shape of the coating film will become a concave, which will also easily cause an uneven
coating film. From the simulation results, it can be seen that a uniform coating film can be obtained
when L =30 mm and 6 = 10°.
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200 mm

400 mm

(a) (b) (©) (d)

Figure 11. Coating film thickness contours when L = 20 mm: (a) 8 = 0°; (b) 8 =5°; (c) 6 = 10°; (d) 6 = 15°.

(b) (c) (d)

(a)
Figure 12. Coating film thickness contours when L = 30 mm: (a) 6 = 0°; (b) 6 = 5°; (c) 8 = 10°; (d) 8 = 15°.

(@) (b) (0) (d)

Figure 13. Coating film thickness contours when L = 40 mm: (a) 6 = 0°; (b) 6 = 5°; (c) 8 = 10°; (d) 8 = 15°.
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Figure 14. Coating thickness profiles along the x-axis for different 8 values when L = 30 mm.
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Figure 15. Coating thickness profiles along the x-axis for different L values when 6 = 10°.

3.5. Comparison of Double-Nozzle and Single-Nozzle Air Spray Guns

The same boundary parameters were used for double-nozzle and single-nozzle air spray guns.
The parameters are shown in Table 1. The single-nozzle spray gun has a mass flow rate of 1.5 x 1073
kg/s and the double-nozzle spray gun has a mass flow rate of 0.75 x 1073 kg/s for each paint hole.
The double-nozzle spray gun, with structural parameters of L = 30 mm and 6 = 10°, was selected for
simulation. Figure 16 shows the coating film thickness contours. The maximum visible thickness was
set to 0.1 mm. Figure 17 displays the comparison of coating thickness profiles along the x-axis between
double-nozzle and single-nozzle air spray guns. From Figures 16 and 17, it can be concluded that the
double-nozzle air spray gun can obtain a more uniform coating film, which can avoid overspray. It is
assumed that half of the maximum coating thickness is the effective spray thickness. The effective
spraying widths of double-nozzle and single-nozzle spray guns are L; = 130 mm and L, = 70 mm,
respectively. The effective spraying width of the double-nozzle air spray gun is increased by 85.7%
compared with the single-nozzle air spray gun, improving the spraying efficiency.

200 mm

.

400 mm

v
@) (b)

Figure 16. Coating film thickness contours: (a) double-nozzle air spray gun; (b) single-nozzle air
spray gun.
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Figure 17. Comparison of coating thickness profiles along the x-axis between double-nozzle and
single-nozzle air spray guns.

4. Conclusions

In this paper, a new double-nozzle air spray gun structure was designed based on the Coanda
effect of double jets. The interference spray flow field was numerically studied with the help of the
ANSYS-Fluent CFD software. Negative pressure was generated in the region between the two jets due
to the entrainment of the jets, which made the jets attract each other. Finally, the two jets combined
into one jet. The interference spray flow field has significant influence on the droplet trajectory and
coating thickness distribution.

The effects of L (the distance between the centers of two paint holes) and 0 (the angle between
the axes of the two paint holes) on the interference flow field are similar to each other. The two jets
combine into one jet near the yy = 35 mm cross-section. The larger L and 0 are, the greater the distance
from the position where the two jets begin to combine into one jet towards the spray gun; the smaller
the absolute value of the velocity in the region near the central axis is, the greater the absolute value of
the velocity in the region far away from the central axis and the larger the extension distance of the
velocity field along the x-axis.

The effects of L and 6 on the coating thickness distribution are similar to each other. The smaller L
and 0 are, the stronger the interference effect, and the more concentrated the paint is in the central area
of the target surface, the easier it is to cause overspray. If L and 0 are too small, the interference effect
will become too strong and the shape of the coating film will become a thombus. If L and 6 are too
large, the interference effect will become too weak and the shape of the coating film will become a
concave, with more paint in both side regions and less paint in the central region, which will also easily
cause an uneven coating film. From the simulation results, it can be seen that a more uniform coating
film can be obtained when L = 30 mm and 0 = 10°. The effective coating width of the double-nozzle air
spray gun is increased by 85.7% compared with the single-nozzle air spray gun, which improves the
spraying efficiency.
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