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Abstract

Due to the problems of many round-trip time and low spraying efficiency when using single-nozzle, a three-nozzle structure is
studied in this paper. The spraying process is numerically simulated by the method of computational fluid dynamics. The dis-
crete phase model is used to predict the trajectory of droplets. The interference flow field is formed due to the entrainment of
jet. Paint droplets are transported to the target under the action of gas flow field. The geometry of three-nozzle has a significant
influence on the characteristics of the interference flow field. The influence of different distance (L) and axis angle (6) between
two adjacent paint holes on the interference gas flow field and coating thickness distribution are analyzed by changing the
structure of three-nozzle. Numerical simulation results show that small L and 0 result in strong interference effect, while the
paint is mainly concentrated in the central region of the target, which is easy to cause overspray. With the gradual increase of L
and 6, the strength of interference gradually decreases and the paint gradually spreads to both sides. However, the strength of
interference would become very small when L and 8 get too large, which is easy to cause an uneven coating film. According to
the numerical simulation results, the best spraying effect can be obtained when L=40 mm and 8=30°. Compared with single-
nozzle and double-nozzle, the effective coating film width of three-nozzle has increased by 414.3% and 176.9%, respectively,
which improves the spraying efficiency.
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1 Introduction

Air spray guns were widely used in many industries such
as automobile, aero-space, aircraft, ship, and furniture,
due to its good atomization performance [1-3]. Robot
spraying has attracted more and more attention with
the development of robot technology. When using robot
spraying, the establishment of coating film thickness dis-
tribution model and the planning of spraying trajectory
are still difficult problems to be solved. Inaccurate coat-
ing film thickness distribution model and inappropriate
spraying trajectory will result in poor spraying quality
and unqualified products. There are two main meth-
ods of spraying trajectory planning of spraying robot,
teaching programming and off-line programming. The
method of teaching programming has low flexibility.
The quality of spraying depends on workers’ experience,
which is difficult to meet the requirements. In order to
solve these problems, many researchers began to use
off-line programming to plan the spraying trajectory of
robot [4-7].

The establishment of coating accumulation model is an
important module of off-line programming technology of
spraying robot. There are mainly two methods to estab-
lish coating accumulation model: fitting function method
based on experimental measurement and numerical simu-
lation method based on CFD [8]. The first method mainly
includes infinite range model and limited range model.
The former includes Cauchy distribution model [9], Gauss-
ian distribution model [10] and so on. The later includes
parabolic distribution model [11], piecewise function
distribution model [12], B distribution model [13], ellipse
dual-p distribution model [14] and so on. The disadvan-
tages of the fitting function method based on experimen-
tal measurements are: (1) over-reliance on expensive and
complex experiments; (2) once the spraying parameters
are changed, the model will fail, because the model is
established for special spraying parameters; (3) the spray-
ing process and formation mechanism of coatings film
cannot be analyzed by this method.

With the development of CFD technology, some
scholars began to use numerical simulation methods
to establish coating accumulation models. The spray-
ing process of air spray guns can be divided into three
parts: paint’s atomization process, droplets’ transporta-
tion process, droplets’ deposition process. This method
describes the spray flow field as two-phase flow of air
and paint droplets. Euler-Euler and Euler-Lagrangian are
two commonly used methods to describe the two-phase
flow field of spraying process.

Euler-Euler method treats both air and droplets
as continuous phases, and both gas and droplets are
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calculated in Euler coordinate system. Chen et al. [15]
used Euler-Euler method to simulate the spraying pro-
cess of air spray gun and analyzed the coating film thick-
ness distribution. Chen et al. [16] established the coat-
ing accumulation model of air spray gun by using the
dynamic grid. Since Euler-Euler method does not need to
track a large number of droplets, it can save computing
resources. However, Euler-Euler method is not applicable
when the volume fraction of paint is small.

Euler-Lagrangian method treats air paint droplets as
continuous phase and discrete phase respectively. The
continuous phase is calculated in Euler coordinate sys-
tem and the discrete phase is calculated in Lagrangian
coordinate system. The research on numerical simulation
of air spraying process using Euler-Lagrangian method
mainly focuses on droplet size distribution, air flow
field, droplet trajectory, and coating thickness distribu-
tion. Ye et al. [17] and Domnick et al. [18, 19] obtained
the initial conditions for calculating the flow field using
an experiment-based method. They measured the size
and velocity of paint droplet under the nozzle with the
help of phase doppler analyzer (PDA), and set the initial
conditions of discrete phase directly close to the nozzle.
However, once the spraying parameters of this method
were changed, time-consuming and expensive experi-
ments need to be repeated. Fogliati et al. [20] used VOF
model to simulate the paint jet at the outlet of the spray
gun and estimated the initial conditions of the droplets.
However, this method does not predict the secondary
breakup of paint droplets.

At present, the research about air spray gun was mostly
focused on the single-nozzle. Numerical simulation of sin-
gle-nozzle and double-nozzle was studied in our previous
work [21, 22]. Single-nozzle has the disadvantages of many
round-trip times and low spraying efficiency when spray-
ing large target surfaces. Double-nozzle could reduce the
round-trip times and spraying time. In order to obtain a
higher spraying efficiency, a new three-nozzle structure
is studied in this paper. Negative pressure is generated
between the jets due to the entrainment effect of jets,
which causes the jets to close together and form an inter-
ference air flow field. Paint droplets are transported to the
workpiece surface under the action of air flow to form a
coating film. The interference gas flow field of three-nozzle
was numerically simulated by changing the values of L and
6. In addition, the influence of three-nozzle structure on
coating film thickness distribution was analyzed.

The following section presents the preparation for the
numerical simulation of the three-nozzle, including the
geometry of three-nozzle, generation of grids for compu-
tational domain and description of the calculation meth-
ods and initial conditions. This section is followed by the
results and discussion, which reports the simulation results
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of velocity field and coating film thickness distribution. The
last section is the conclusions.

2 Computational model
2.1 Geometry of three-nozzle

The geometry of three-nozzle studied in this paper is
shown in Fig. 1. There are three lines of holes on the three-
nozzle: each line has a circular paint hole, an annular atom-
izing air hole, four assisting air holes and four shaping air
holes. The diameter of paint hole is 1.5 mm. The outer side
of paint hole is an annular atomizing air hole. The outer
and inner diameters are 2.5 mm and 2 mm respectively.
The role of atomizing air flow is to atomize the paint into
droplets and transport them to the workpiece surface.
Both sides of atomizing air hole are assisting air hole. The
diameter of assisting air hole is 0.5 mm. The assisting air
flow can not only control the expansion speed of gas flow
field, but also keep the surface of three-nozzle clean. 12
shaping air holes are symmetrically distributed on both
sides of three-nozzle. The diameter of shaping air hole
is 1.5 mm. The role of shaping airflow is to change the
shape of gas flow field and obtain coating film with differ-
ent shapes. L and 6 represent the distance and axis angle
between two adjacent paint holes respectively.

The spraying schematic diagram and coordinate system
definition of three-nozzle are shown in Fig. 2. The shape
of coating film is elliptical under the action of shaping air
flow. The intersection of the center axis of three-nozzle and
the target surface is the origin of coordinate system. The
X-axis and Y-axis are parallel to the short and long axis of
elliptical coating film. The Z-axis is along the center axis of
three-nozzle.

2.2 Computational domain and grid

ICEM software was used to create the computational
domain and generate unstructured grid for three-nozzle.

Fig. 1 Geometry of three-
nozzle

Assisting air hole

Shaping air hole

Fig.2 Definition of coordinate system

Figure 3 shows the computational domain and unstruc-
tured grid. Considering the complex structure of three-
nozzle and the area of elliptical coating film, the size of
computational domain was set to 600 x 200 x 210 mm?>.
Three-nozzle is located in the center of lower surface.
The upper surface is the target. The spraying distance is
200 mm. Due to the complex structure of three-nozzle and
fast airflow velocity in the region near the nozzle, local grid
refinement method was applied in this paper. In order to
accurately describe the effect of air flow on paint droplets
and improve the calculation accuracy, a higher grid resolu-
tion was adopted in the region near the nozzle. In order
to increase the calculation speed and save computing
resources, a lower grid resolution was used in the region
far from the nozzle.

2.3 Methods and initial conditions

The spraying process of three-nozzle can be regard
as a gas-liquid two-phase flow field. In this paper,
Euler-Lagrange method was used to model the two-
phase flow field. The software platform for simulation
is ANSYS-Fluent. The finite volume method was used to
simulate the spraying process. Coupled solver and sec-
ond-order upwind scheme were used to calculate the
three-dimensional compressible airflow. The standard
k-e model was used to calculate the turbulent transport

Paint hole Atomizing air hole

SN Applied Sciences

A SPRINGERNATURE journal



Research Article SN Applied Sciences

(2022) 4177

| https://doi.org/10.1007/s42452-022-05046-4

ww o1z

6
)00 ”11))

Aﬁ\\“
(©

Fig. 3 Computational domain and grid: a calculation domain; b overall unstructured grid; c grid at section x=0

process. DPM model was used to track the trajectory
of discrete phase. TAB model was used to describe the
secondary breakup process of paint droplets. The turbu-
lent diffusion of paint droplets in the gas flow field can
be simulated by calculating the trajectories of a large
number of representative particles with the help of sto-
chastic tracking model. Euler wall film model was used
to calculate the coating film thickness distribution on
the workpiece.
The motion equation of discrete phase is:

%=FD(U—UP)+FG M
inwhich Fj, (u — u, ) is the drag force; F; is the gravity force;
u, is the velocity of droplet; u is the instantaneous veloc-
ity of air; which is obtained by adding the local average
velocity and the pulsating velocity caused by turbulence.

Since the density of air is much smaller than that
of droplets, the virtual force and Saffman force can be
ignored. Since the mass flow of paint is generally small,
the interaction force between droplets can be ignored.
The droplet trajectory can be obtained by integrating
the motion equation of discrete phase.

Due to the complexity of atomization, many research-
ers have not studied the process of jet atomization.
Rather, it is assumed that the paint has been completely
atomized at a position very close to the nozzle. The
velocity and size distribution of droplets are obtained
through experiments. In order to avoid dependence
on experiment, simplified inlet boundary conditions
are used for both continuous and discrete phase. The
discrete phase is directly added at the position of paint
hole. All paint holes were set as mass inlets, with a mass
flow rate of 1 x 1073 kg/s and an initial velocity of 50 m/s
[23]. Atomizing air holes, shaping air holes, and assisting
air holes were set as pressure inlets. The surface of three-
nozzle and target surface were set as walls. The other
boundaries were set as pressure outlets, with a static
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Table 1 Application parameters used in the simulations

Atomizing air  Shaping air Assisting air Liquid flow rate
(MPa) (MPa) (kg/s)
0.15 MPa 0.07 0.15 0.0012

Table 2 The properties of the liquid and gas

Materials Density (kg/m?) Surface tension Viscosity (Pa-s)
(mN/m)
Paint 1200 71.9 0.065
Air 1.29 - 1.8x107°
Table 3 Values of Land 6 Variables values
L 20, 30,40, 50 mm
10, 20, 30, 40°

pressure of 0 MPa. The main parameters and material
properties of three-nozzle are shown in Tables 1 and 2.

3 Simulation results and discussion

3.1 Structure parameters of three-Nozzle

This paper studied a new three-nozzle. By setting different
values of L and 6, the influence of the structure of three-
nozzle on the interference gas flow field and coating film
thickness distribution was analyzed. The values of Land 6
are shown in Table 3.

3.2 Simulation results of velocity field

Firstly, the influence of 8 on gas flow field was analyzed.
Set the value of L to 40 mm and keep it unchanged. Set



SN Applied Sciences (2022) 4177

| https://doi.org/10.1007/s42452-022-05046-4

Research Article

(©)

(@

Fig. 4 Velocity contours at section X=0 for different ® when L=40 mm:a 6=10°% b 6=20° ¢ 6=30° d 6=40°

the value of 6 to 10°, 20°, 30°, 40° respectively. Figure 4
shows the gas velocity contours at section X =0 for differ-
ent 6. In order to facilitate viewing the entire gas velocity
flow field, set the maximum displayed velocity to 50 m/s. It
can be seen from the figure that the gas velocity near the
nozzle is big. With the increase of the distance from the
nozzle, the gas velocity gradually decreases, which is due
to the entrainment effect of jets. Due to the momentum
exchange between the jets and the surrounding static air,
the gas velocity decreases gradually along the Z-axis. A
negative pressure zone was formed between two adja-
cent jets, due to the entrainment effect of jet. Two adja-
cent jets attract each other and merge into one jet, and
finally form an interference gas flow field. The gas velocity
in the middle region of two adjacent jets is relatively large.
When 6=10°, the strength of interference effect between
jets is the largest, and the expansion width of gas flow
field along the Y-axis is the smallest. With the value of 6
in-creases, the strength of interference effect gradually
decreases, and the expansion width of gas flow field along
the Y-axis gradually increases.

Then, the influence of L on gas flow field was analyzed.
Set the value of 8 to 10° and keep it unchanged. Set the
value of L to 20 mm, 30 mm, 40 mm, and 50 mm respec-
tively. The spraying process of three-nozzle was numeri-
cally simulated. Figure 5 shows the gas velocity contours
at section X =0 for different L. Set the maximum displayed
velocity to 50 m/s. It can be seen from the figure that there
is a big gas velocity near the nozzle. With the increase of
the distance from the nozzle, the gas velocity gradually
decreases, which is due to the entrainment effect of jets.

Due to the momentum exchange between the jets and the
surrounding static air, the gas velocity decreases gradu-
ally along the Z-axis. A negative pressure zone was formed
between two adjacent jets, due to the entrainment effect
of jet. Two adjacent jets attract each other and merge into
one jet, and finally form an interference gas flow field. The
gas velocity in the middle region of two adjacent jets is
relatively large. When L=20 mm, the strength of interfer-
ence effect between jets is the largest, and the expansion
width of gas flow field along the Y-axis is the smallest. As
the value of L increases, the strength of interference effect
gradually decreases, and the expansion width of gas flow
field along the Y-axis gradually increases.

The interference gas flow field was formed due to the
entrainment effect. The influence of L and 0 on the inter-
ference gas flow field is similar. When the values of L and
0 are small, the intensity of interference between jets is
small. With the values of L and 6 increase, the strength of
interference effect gradually decreases. The interference
gas flow field has a great influence on the droplet trajec-
tory. Therefore, different coating film thickness distribution
can be obtained by adjusting the values of L and 6.

3.3 Simulation results of coating thickness
distribution

Coating film thickness contours with different values of
L and O are shown in Figs. 6, 7, 8, and 9. It can be seen
that L and 6 have similar effects on the coating film thick-
ness distribution. When the values of L and 6 are small,
the shape of coating film is diamond, and the paint is
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Fig.5 Velocity contours at section X=0 for different L when 6=30%aL=20 mm; b L=30 mm; cL=40 mm;d L=50 mm

Fig.6 Coating thickness
contours for different 6 when

600 mm

|‘

concentrated in the center region of target surface, which
is easy to cause overspray. With the values of L and 6
increase, the expansion width of coating film along the
Y-axis gradually increases. The shape of coating film grad-
ually changes from a rhombus to an “8" and then to an
approximate ellipse. When the values of L and 6 are small,
the strength of interference effect between jets is greater.
The three jets attract each other and merge into one jet,
causing the coating film to expand along the X-axis. With
the values of L and 6 gradually increase, the strength of
interference between jets gradually decreases. The jet in
the middle is attracted to the jets on both sides, and the
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L=20mm:a6=10%b 6=20%c —A
0=30°%d 06=40°
y
(a) (b) (©) (d)

210mm

three jets gradually change into two jets, resulting in an
“8"- shape coating film. With the values of L and 6 continue
to increase, the strength of interference effect between
jets continues to decrease.

Figure 10 shows the coating thickness profiles along
the Y-axis for different values of L and 6. It can be seen
that the coating thickness profiles has only one peak
when the values of L and 6 are small. The coating thick-
ness profiles are convex-shape lines with a larger height
in the middle region and a smaller height on both sides.
The paint is concentrated in the central region. With the
values of L and 6 increase, the coating thickness profiles
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Fig.7 Coating thickness
contours for different 6 when
L=30mm:a6=10%b 6=20°%c
0=30°%d 06=40°

Fig. 8 Coating thickness
contours for different 8 when
L=40mm:a6=10%b 6=20°%c
0=30°%d 6=40°

Fig. 9 Coating thickness
contours for different 6 when
L=50mm:a6=10%b 6=20%c
0=30°%d6=40°
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Fig. 10 Coating thickness profiles:a L=20 mm; b L=30 mm; ¢ L=40 mm; d L=50 mm

gradually becomes concave-shape lines with a smaller
height in the middle region and a larger height on both
sides. The coating thickness profiles have two peaks.
With the values of L and 8 increase, the expansion width
of coating film along the Y-axis gradually increases, and
the uniformity of coating film gradually becomes better.
However, the coating thickness profiles will turn into
convex-shape lines with a larger height in the middle
region and a smaller height on both sides. According
to the simulation results, a more uniform coating film
can be obtained when L=40 mm and 6 =30°, and the
spraying effect is best at this point.

3.4 Comparison of three-nozzle, double-nozzle
and single-nozzle

The same boundary conditions and initial conditions
were set respectively. The spraying process of single-
nozzle, double-nozzle, and three-nozzle was numerically
simulated. Refer to Tables 1 and 2 in Sect. 2.3 for spraying
parameters. The coating thickness contour of three-noz-
zle when L=40 mm and 6=30° is shown in Fig. 11a. The
coating thickness contour of double-nozzle is shown in
Fig. 11b. The values of the distance between the centers
of two paint holes and the angle between the two paint
holes are 30 mm and 10° respectively. According to the
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Fig. 11 Coating film thickness distribution contours: a three-noz-
zle; b double-nozzle; ¢ single-nozzle [21, 22]

previous research [21, 22], the spraying effect is the best at
this point. The coating thickness contour of single-nozzle
is shownin Fig. 11c.
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Fig. 12 Comparison of coating thickness distribution profiles of
three-nozzle, double-nozzle and single-nozzle along Y-axis [21, 22]

The comparison of coating thickness profiles of three-
nozzle, double-nozzle, and single-nozzle along the Y-axis
is shown in Fig. 12. It can be seen that the spraying effect
of three-nozzle is the best compared with double-nozzle
and single-nozzle. A more uniform coating film can be
obtained through three-nozzle. Define the effective coat-
ing thickness as half the maximum coating thickness. The
effective width of coating film of three-nozzle, double-
nozzle, and single-nozzle are about 360 mm, 130 mm, and
70 mm, respectively. Compared with double-nozzle and
single-nozzle, the effective width of coating film of three-
nozzle is increased by 414.3% and 176.9%, respectively.
Therefore, the three-nozzle can effectively improve the
spraying efficiency.

4 Conclusions

This paper studied a new three-nozzle structure applied
to air spraying. The spraying process of three-nozzle was
numerically simulated using ANSYS-Fluent software, and
the distribution of gas flow field and coating film thick-
ness on the target were obtained. Due to the entrainment
effect of jets, negative pressure was formed in the region
between adjacent jets. Under the action of pressure differ-
ence, the two jets attracted and merged with each other
to form an interference gas flow field.

The influence of L and 6 on the interference gas flow
field is similar. When the values of L and 6 are the small-
est, the strength of interference effect between jets is
the largest, the expansion width of gas flow field along
Y-axis is the smallest. As the values of L and 6 increase,
the strength of interference effect between jets gradually
decreases, and the expansion width of gas flow field along
Y-axis gradually increases. Since the interference gas flow
field has a significant effect on the droplet trajectory and
coating film thickness distribution, different coating film

thickness distribution can be obtained by adjusting the
values of L and 6.

The influence of L and 6 on the coating film thickness
distribution is similar. When the values of L and 6 are small,
the shape of coating film is diamond, and the paint is con-
centrated in the center region of target surface, which is
easy to cause overspray. As the values of L and 6 increase,
the expansion width of coating film along Y-axis gradually
increases, and the shape of coating film gradually changes
from a rhombus to and “8” and finally becomes an approxi-
mate ellipse. According to the simulation results, a more
uniform coating film can be obtained when L=40 mm and
0=30° and the spraying effect is best at this point. Com-
pared with single-nozzle and double-nozzle, the effective
coating width obtained by three-nozzle has increased by
414.3% and 176.9% respectively. Therefore, the three-noz-
zle can effectively improve the spraying efficiency.
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