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Abstract: Unidiameter Vertical Interpenetrating Cylindrical Surfaces (UVICS, also called T-pipe
surfaces) are a type of typical complex surface that exists in facilities or equipment such as oil storage
tanks and industrial pipelines. The shape and surface characteristics of a component undergoing
spraying will have a significant impact on the spray flow field and the resulting coating film. In
order to optimize the coating effects of complex surfaces, the Euler-Euler approach was utilized to
model a spray film formation process that encompasses both a spray flow field model and a wall
adhesion model. Subsequently, the influence of the geometric features, geometric dimensions, lateral
air pressure of the spray gun, and spraying distance on the coating film characteristics of this kind of
surface were systematically investigated. It is determined that the film thickness uniformity could be
enhanced by decreasing the dimensions of the workpiece or increasing the lateral air pressure and
spraying distance in an appropriate manner when spraying at the location with the most complex
geometric features of UVICS. Furthermore, the optimal parameters under varying spraying conditions
were identified. The experiments validated the accuracy of the numerical simulation results and
demonstrated the feasibility of this simulation model. The study is of significant value in addressing
the challenges associated with film formation during spraying on complex surfaces, developing a
comprehensive theoretical framework for air spraying, and expanding the scope of applications for
automatic spraying technology.

Keywords: air spraying; T-pipe surfaces; film formation; coating film characteristics

1. Introduction

Industrial metal facilities and equipment are susceptible to corrosion due to environ-
mental influences, which affects product performance and longevity [1–3]. For coating
and corrosion protection, robotic air spray technology is increasingly being used [4,5].
Air spraying [6] is a relatively common method employed in the field of anti-corrosion
engineering as well as an effective method for addressing the limitations of airless spray-
ing [7,8], such as the ease with which the painted film rebounds and its inability to be used
for fine spraying. The sprayed coating thickness is evenly distributed, and the surface of
the coating film is smooth and precise. In air spraying technology, paint and compressed
air are sprayed from orifices, and the paint droplets are atomized under the impact of
high-pressure gas, adhering to the surface of the workpiece to form coatings.

In the majority of cases, complex surfaces are sprayed during the spraying process.
Spraying on complex surfaces results in a deterioration of the quality of the film due to the
specific characteristics of these surfaces. The reason for this is a lack of understanding of
the characteristics and mechanisms of film formation on complex surfaces, which makes
it difficult to set optimal spraying parameters when spraying. One effective approach to
addressing this challenge is to utilize computational fluid dynamics (CFD) to investigate
the film formation characteristics of complex surfaces. The air spraying process can be
described as a rather complex two-phase flow of gas and liquid. Two-phase flow treatments
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in CFD can be classified into two categories: the Euler-Lagrange approach [9,10] and the
Euler-Euler approach [11,12], based on the different treatments of the two phases. Both
approaches consider the gas phase to be a continuous phase, but the former considers the
paint phase to be a discrete phase, whereas the latter considers the paint to be a continuous
phase. In initial studies, the Euler-Lagrange approach was typically utilized for investiga-
tions into the film formation of spraying. In order to gain insight into the characteristics of
spray films formed on rectangular groove surfaces [13] and saddle ridge surfaces [14], mod-
eling was conducted to simulate the formation of spray films on different-shaped surfaces.
Xie et al. [15] conducted numerical simulations of spraying on a circular surface to examine
the influence of air pressure and workpiece geometry on the coating film thickness distri-
bution. Nevertheless, the Euler-Lagrange approach is computationally demanding and
requires high cell quality, rendering it unsuitable for the study of engineering problems. In
recent years, researchers have also achieved promising results by utilizing the Euler-Euler
approach for numerical simulation of film formation characteristics. Chen W. et al. [16]
developed static and dynamic spray film formation models for arcuate surfaces and ob-
tained the spray flow field characteristics and film thickness distribution characteristics.
Chen S. et al. [17] also carried out a study on the film formation characteristics of V-shape
surfaces with different angles.

For model comparison, the same airless spraying film formation numerical simulation
based on the Euler-Euler approach and the Euler-Lagrange approach, respectively, inves-
tigated by Yang et al. [18,19] revealed that the model based on the Euler-Euler approach
only took half the time of the other and achieved the same level of solution accuracy.
On the contrary, Yi et al. [20,21] considered it more suitable for modeling the spraying
process using the Euler-Lagrange approach owing to the low volume fraction of the droplet
phase. Aimed at this academic debate of multiphase flow model selection, Wu et al. [22]
present an in-depth analysis of the various two-phase flow modeling methods and their
respective advantages and disadvantages in their comprehensive review and conclude that
the Euler-Euler approach is more suitable for addressing complex gas-liquid two-phase
flow. This approach is capable of accurately simulating the turbulent transport process
of liquid droplets in air, providing a detailed understanding of the liquid-phase velocity,
concentration distribution, and other crucial aspects. Additionally, the computed shapes of
the coating film exhibit enhanced accuracy and a reduced computational volume, making
it a highly effective approach. Consequently, the Euler-Euler approach is well suited for
studying gas-liquid two-phase flows such as spray flow field motions, jets, and pipe flows
in engineering application problems.

Vertical interpenetrating cylindrical surfaces, which are a common type of complex
surface in the industry, are formed by two cylindrical surfaces running vertically through,
as illustrated in Figure 1. These surfaces can be categorized into two distinct types: unidi-
ameter ones (UVICS, also known as T-pipe surfaces) and non-equal-diameter ones (NVICS,
also known as branching pipe surfaces). The complex geometry and surface characteristics
of these surfaces result in a lack of uniformity in the coating film during spraying. To date,
there is a paucity of literature on the subject of film formation characteristics in the context
of spraying on these kinds of surfaces.

In this paper, the Euler-Euler approach was utilized, in conjunction with a turbulence
model and a wall adhesion model, to investigate the film formation characteristics of UVICS
through modeling and numerical simulation. It is expected to reveal the differences in the
spraying film formation characteristics resulting from variations in the shape characteristics
and the spraying parameters, which can provide references to the research on the film
formation of similar-shaped surfaces and their engineering applications.
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Figure 1. Engineering application of vertical interpenetrating cylindrical surfaces. (a) UVICS;
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2. Modeling
2.1. The Air Spraying Process

According to the time sequence, air spraying can be divided into an atomization
process and a film formation process, as shown in Figure 2. In practical engineering
applications, it is more concerned with film thickness and film uniformity in the film
formation process, which can be further divided into a spraying process and an adhesion
process. Accordingly, the aforementioned two processes are modeled, respectively.
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2.2. Spray-Flow Field Model

The phase volume rate αq of the gas-liquid phase in the control body can be expressed
as follows:

αq = αg +
n

∑
l=1

αl (1)

where the subscript g denotes the gas phase and the subscript l denotes the liquid phase,
and the sum of the gas-liquid phase volume rates is equal to 1 in the spray flow field.

The ambient temperature remains constant throughout the spraying process, and the
spray time is relatively brief. Consequently, the heat transfer phenomenon in the two-
phase flow can be disregarded, and only the two-phase mass conservation equation and
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momentum conservation equation can be established. The mass conservation equation is
as follows:

∂αqρq

∂t
+∇ · (αqρqvq) = 0 (2)

where ρq is the density of the q phase and vq is the velocity of the q phase. The momentum
conservation equation is as follows:

∂

∂t
(
αqρqvq

)
+∇ · (αqρqvqvq) = −αq∇p +∇ · τg + Fd,q (3)

where p is the pressure between the two phases, g is the gravity τq is the viscous stress in
phase q, and Fq is the drag force.

Given that the spraying process is regarded as a continuous two-phase flow, the force
between the phases is dominated by the drag force. The paint droplets are regarded as
ideal spheres, and the ratio of air density to droplet density is much less than 1. As a result,
the flow process between the two phases will transfer momentum, which means that the
drag force Fd is more suitable to be calculated using the Schiller and Naumann drag force
models. When all subscripts q in Equation (3) are changed to l, which is the equation for
the conservation of droplet phase momentum, the drag force of air relative to the liquid
phase is as follows:

Fd,l =
ρlαl
τl

(
vg − vl

)
(4)

where τl is the relaxation time of the droplets, which can be further expressed as follows:

τl =
4
3

ρld2
l

µgCDRel
(5)

where µ is the molecular viscosity of the fluid, dl is the droplet diameter, CD and Rel are the
coefficient of drag force and droplet Reynolds number, respectively, which can be further
expressed as follows:

CD =

{
24(1 + 0.15Rel

0.687)/Rel Rel ≤ 1000
0.44 Rel> 1000

(6)

Rel =
ρgdl

∣∣vg − vl
∣∣

µg
(7)

Upon substituting all subscripts “q” in Equation (3) with “l”, the resulting equation
becomes a momentum conservation equation for the gas phase. Consequently, the drag
force can be expressed as the sum of the reaction forces of the gas phase and the drag force
of all droplet phases, as is written below:

Fd,g = −∑ Fd,l (8)

In the modeling of turbulence, the standard k-ε turbulence model is selected, which
belongs to the Reynolds-averaged simulation (RANS) method. This model is capable of
meeting the computational accuracy requirements for air spraying. The vortex-viscous
model is utilized for the processing of the Reynolds stress term in the model, thereby en-
hancing the computational efficiency. The relationship between the mean velocity gradient
and the Reynolds stress in the vortex-viscous model is as follows:

−ρu′
iu

′
j = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3

(
ρk + µt

∂ui
∂xi

)
δij (9)

where the variables µt, µi, and k represent the turbulent viscosity, the time-averaged velocity,
and the turbulent kinetic energy, respectively. The standard k-ε turbulence model comprises
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equations for turbulent kinetic energy and turbulent energy dissipation rate. Among these,
the turbulent dissipation rate is expressed as:

ε =
µ

ρ

(
∂u′

i
∂xk

)(
∂u′

i
∂xk

)
(10)

where the turbulent viscosity µt is a function of k and ε. It can be expressed as follows:

µt = ρCµ
k2

ε
(11)

where Cµ is an empirical constant, here taken to be 0.09. In the standard k-ε model, the
transport equation containing k and ε is as follows:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

((
µ +

µt

σk

)
∂k
∂xj

)
+ Gk + Gb − ρε − YM + Sk (12)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

((
µ +

µt

σε

)
∂ε

∂xj

)
+ G1ε

ε

k
(Gb + G3εGb)− C2ερ

ε2

k
+ Sε (13)

where the generation term for turbulent energy k is denoted by Gk, Gb is the generation term
for turbulent energy k due to buoyancy, YM is the pulsation expansion in the turbulence.
C1ε, C2ε and C3ε are empirical constants, while the Prandtl numbers, σk and σε, correspond
to k and ε, respectively. Finally, Sk and Sε are the user-defined source terms.

2.3. Near-Wall Model

The standard k-ε turbulence model is only applicable to fully developed turbulence. In
the near-wall region, however, the reduction in the Reynolds number makes the turbulence
incompletely developed. Consequently, the standard wall function method is utilized to
describe the near-wall flow. When the dimensionless distance y+ > 11.225, the spray has
fully developed turbulence. At this point, it can be assumed that the expressions for the
dimensionless velocity u+, the dimensionless distance y+ and the wall shear stress τw are
as follows:

u+ =
1
κ

ln
(
Ey+

)
(14)

y+ =
yp(ρC1/4

µ k1/2
p )

µ
(15)

τw =
up

(
ρC1/4

µ k1/2
P

)
u+

(16)

By contrast, when y+ ≤ 11.225, the spray turns into an incompletely developed
laminar flow, situated within the viscous bottom region. The dimensionless velocity then
conforms to the laminar strain relation, as expressed by the following equation:

u+ = y+ (17)

where κ is the Karman constant and E denotes an empirical constant, up denotes the time-
averaged velocity of the node, yp represents the distance from the node to the wall, and kp
is the turbulent kinetic energy of the node, which is expressed in the wall region as follows:

∂kp

∂n
= 0 (18)

where n denotes the coordinates perpendicular to the wall.
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At this point in time, both the turbulent dissipation rate (ε) and the turbulent kinetic
energy production term (Gk) are modified. They are both equal at the nodes in the wall
region, as expressed by the following equation:

ε =
C3/4

µ k3/2
p

κyp
(19)

Gk ≈ τw
∂u
∂y

= τw
τw

κρC1/4
µ k1/2

P yp
(20)

2.4. Eulerian Wall Film Model

Upon collision with the wall, the paint droplets adhere to the wall, forming a coating
film. This process results in a change in the droplets’ mass and momentum, which are then
used as the source term and added to the wall liquid film control equation set to establish
the touch wall adhesion model. The expression for the mass source term of the liquid phase,
.

ml , is as follows:
.

mL = αLρLuLn A (21)

where uLn denotes the normal velocity of the liquid phase with respect to the wall, αL
denotes the volume fraction of the liquid phase, ρL denotes the density of the liquid phase,
and A denotes the area of the wall. The expression for the momentum source term of the
liquid phase,

.
qL, is as follows:

.
qL =

.
mLuL (22)

where uL is the velocity vector of the liquid phase.
The thickness of the liquid film can be determined by establishing the mass and

momentum conservation equations for the liquid film and then solving the resulting
equations. The mass conservation equation, which is established by adding the mass source
term

.
mL of the liquid phase to the system of equations, is as follows:

∂ρLh
∂t

+∇ · (ρLhuL) =
.

mL (23)

where h, ρL and uL are the thickness, the density, and the average velocity of the liquid film,
respectively. Similarly, by adding the momentum source term

.
qL for the liquid phase to the

equations, the momentum conservation equation established is as follows:

∂ρLhuL
∂t

+∇ · (ρLhuLuL) = −h∇pL + gτρLh +
3

2ρL
τLs −

3µL
h

ρLuL +
.
qL (24)

The above equation comprises two terms on the left side, representing the transient
change of the liquid phase and convective transport, respectively. The right side of the
equation represents the combined effect of the flow field pressure, the liquid film surface
tension, and the gravity component on the vertical wall, the effect of gravity on the liquid
film in the parallel direction, the effect of viscous shear at the gas-liquid interface, the
viscous force of the liquid film on the wall, and the formation of the momentum source
term in the liquid film, respectively.

Once the model has been established, it is then discretized in space by the Finite
Volume Method (FVM), discretized in time by the fully implicit method, and solved by the
PC-SIMPLE algorithm. This process enables the acquisition of data pertaining to the flow
field and the coating film of the spray film-forming process.

3. Simulation and Experimental Details
3.1. Geometric Model and Fluid Regions

The geometric structure of the air cap of the W-71C-21S air spray gun (ANEST IWATA
Co., LTD, Yokohama, Japan) is chosen as a model basis. The non-critical geometric structure
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is then simplified, and the air cap of the spray gun and the geometric model of the air cap
are presented in Figure 3.
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lation study of air spraying. Position 1 is the intersection of the line-through of the two 
cylindrical surfaces, while Position 2 and 3 are the 45° and 90° oblique positions along the 
line-through. (For the sake of simplicity, the simulations or experiments of spraying on 
three different positions will be referred to as “#1”, “#2”, and “#3” in the following text). 
Furthermore, the fluid domain is constructed according to a spraying distance of 200 mm 
and an outer diameter of the cylinder of 150 mm. Meanwhile, for verification and com-
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film formation, as shown in Figure 6 (again, it will be referred to as “#0”). 

Figure 3. The air cap of the spray gun. (a) Actual air cap; (b) Air cap model.

Take the air cap of the spray gun as a reference to establish a 3D right-angle coordinate
system, as illustrated in Figure 4. The origin of the coordinate system is at the center of the
paint orifice; the X-axis coincides with the line of the center of the four auxiliary atomizing
orifices; the Y-axis is set in the plane of the paint orifice and the central atomizing orifice
and is perpendicular to the X-axis as well; and the Z-axis is directly opposite to the direction
of the paint orifice and is perpendicular to the XY plane.
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Aiming at the geometrical characteristics of the three typical positions of UVICS, three
representative positions, designated as Position 1, Position 2, and Position 3, as illustrated
in Figure 5, have been selected for the purpose of conducting a numerical simulation study
of air spraying. Position 1 is the intersection of the line-through of the two cylindrical
surfaces, while Position 2 and 3 are the 45◦ and 90◦ oblique positions along the line-through.
(For the sake of simplicity, the simulations or experiments of spraying on three different
positions will be referred to as “#1”, “#2”, and “#3” in the following text). Furthermore,
the fluid domain is constructed according to a spraying distance of 200 mm and an outer
diameter of the cylinder of 150 mm. Meanwhile, for verification and comparison, a plane
with a size of 200 mm × 200 mm is selected for numerical simulation of film formation, as
shown in Figure 6 (again, it will be referred to as “#0”).
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3.2. Meshing and Mesh Independence Validation

The polyhedra is selected for meshing, and #0 is selected for showing the mesh
independence validation process. The validated mesh size, quantity, and quality are
presented in Table 1, and the corresponding trends in mesh properties are illustrated in
Figure 7a. It can be observed that the number of cell numbers drawn gradually increases, the
average mesh quality gradually increases, and the average skewness gradually decreases
as the maximum mesh length gradually decreases. In addition, the calculated axial gas
phase velocities in the flow field with different mesh sizes were selected as a test basis,
as shown in Figure 7b. It was found that the key features of the spray flow field could
be accurately captured with a maximum mesh length of 0.002~0.005 m. In order to save
computational cost and maintain good computational accuracy as a wall, the maximum
mesh length of 0.003 m was selected for subsequent simulation calculations.

Table 1. Mesh parameters.

Maximum Mesh
Length (mm) Cell Count Average Mesh

Quality Average Skewness

10.0 139,421 0.84148 0.22185
7.0 270,319 0.84719 0.21265
5.0 624,073 0.85139 0.20637
4.0 1,152,638 0.85362 0.20294
3.0 2,642,912 0.85563 0.19993
2.5 4,519,647 0.85598 0.19941
2.0 8,758,716 0.85685 0.19809



Coatings 2024, 14, 847 9 of 21Coatings 2023, 13, x FOR PEER REVIEW 10 of 23 
 

 

  
(a) (b) 

Figure 7. Validation of mesh independence. (a) Mesh parameters; (b) Gas phase velocity along the 
Z-axis. 

3.3. Set-Up and Boundary Conditions 
Set the air to the primary phase and the paint to the secondary phase. Ambient pres-

sure and air density were kept at the system’s default values. Measurements of the phys-
ical parameters of the coatings revealed a density of 1.21 × 103 kg/m3, a viscosity of 0.097 
kg/(m∙s), and a surface tension of 2.87 × 10−2 N/m. In addition, the paint orifice is set as a 
mass flow inlet with a mass flow rate of 2.8 × 10−3 kg/s, a turbulence intensity of 5%, and a 
hydrodynamic diameter of 1.3mm. The central atomization orifice, the auxiliary atomiza-
tion orifices, and the lateral pressure orifices are all set as pressure inlets with a pressure 
of 0.29 MPa and a turbulence intensity of 5%. The hydrodynamic diameters of the central 
atomization orifice, the auxiliary atomization orifices, and the lateral pressure orifices are 
1 mm, 1 mm, and 0.5 mm, respectively. Each time step size is 1 × 10−4 s, and the total spray 
duration is 0.5 s. 

3.4. Experimental Details 
In order to verify the accuracy and precision of the numerical simulation results, 

spraying experiments need to be conducted in accordance with the same simulation pa-
rameters. The workpiece to be sprayed was welded from two unidiameter GB-Q235 steel 
pipes, and the weld seam was subsequently polished smooth afterward. The spraying ex-
periments were carried out in a spraying chamber. Prior to the spraying, the air compres-
sor (Luodi electromechanical Technology Co., LTD., Quzhou, China) was assembled with 
the air spray gun, which was subsequently mounted on a homemade robotic arm. When 
completing the spraying, the workpieces were left for three days to allow the coating film 
to dry naturally. The Smart Sensor AR932 Coating Thickness Gauge (Wanchuang Elec-
tronic Products Co., Ltd., Dongguan, China) is utilized to measure the thickness of coating 
films on workpieces following a period of standing and drying. When measuring, record 
the coordinate value and coating film thickness at 10 mm intervals. It is also necessary to 
repeat the measurement three times for each point. The arithmetic average of the coating 
film thickness at the point was taken as the final thickness. 

4. Results and Discussion 
4.1. Flow Field Characteristics 
4.1.1. Longitudinal Flow Field Characteristics 

The spray flow field characteristics are described in terms of longitudinal velocity 
contours for the four spraying conditions, as depicted in Figure 8, with the YZ cross sec-
tion on the left side and the XZ on the right of each figure. It can be observed that, under 
the four spraying conditions, the spray flow fields are expanded in the YZ plane and com-
pressed in the XZ plane due to the airflow from the lateral pressure orifices. When the 
liquid-phase flow field is situated at a greater distance from the wall, the shape of the flow 
field in the four conditions shows similarity. Conversely, when the liquid-phase flow field 

Figure 7. Validation of mesh independence. (a) Mesh parameters; (b) Gas phase velocity along the
Z-axis.

3.3. Set-Up and Boundary Conditions

Set the air to the primary phase and the paint to the secondary phase. Ambient
pressure and air density were kept at the system’s default values. Measurements of the
physical parameters of the coatings revealed a density of 1.21 × 103 kg/m3, a viscosity of
0.097 kg/(m·s), and a surface tension of 2.87 × 10−2 N/m. In addition, the paint orifice is
set as a mass flow inlet with a mass flow rate of 2.8 × 10−3 kg/s, a turbulence intensity of
5%, and a hydrodynamic diameter of 1.3mm. The central atomization orifice, the auxiliary
atomization orifices, and the lateral pressure orifices are all set as pressure inlets with a
pressure of 0.29 MPa and a turbulence intensity of 5%. The hydrodynamic diameters of
the central atomization orifice, the auxiliary atomization orifices, and the lateral pressure
orifices are 1 mm, 1 mm, and 0.5 mm, respectively. Each time step size is 1 × 10−4 s, and
the total spray duration is 0.5 s.

3.4. Experimental Details

In order to verify the accuracy and precision of the numerical simulation results, spray-
ing experiments need to be conducted in accordance with the same simulation parameters.
The workpiece to be sprayed was welded from two unidiameter GB-Q235 steel pipes, and
the weld seam was subsequently polished smooth afterward. The spraying experiments
were carried out in a spraying chamber. Prior to the spraying, the air compressor (Luodi
electromechanical Technology Co., LTD., Quzhou, China) was assembled with the air spray
gun, which was subsequently mounted on a homemade robotic arm. When completing the
spraying, the workpieces were left for three days to allow the coating film to dry naturally.
The Smart Sensor AR932 Coating Thickness Gauge (Wanchuang Electronic Products Co.,
Ltd., Dongguan, China) is utilized to measure the thickness of coating films on workpieces
following a period of standing and drying. When measuring, record the coordinate value
and coating film thickness at 10 mm intervals. It is also necessary to repeat the measurement
three times for each point. The arithmetic average of the coating film thickness at the point
was taken as the final thickness.

4. Results and Discussion
4.1. Flow Field Characteristics
4.1.1. Longitudinal Flow Field Characteristics

The spray flow field characteristics are described in terms of longitudinal velocity
contours for the four spraying conditions, as depicted in Figure 8, with the YZ cross section
on the left side and the XZ on the right of each figure. It can be observed that, under the four
spraying conditions, the spray flow fields are expanded in the YZ plane and compressed in
the XZ plane due to the airflow from the lateral pressure orifices. When the liquid-phase
flow field is situated at a greater distance from the wall, the shape of the flow field in the
four conditions shows similarity. Conversely, when the liquid-phase flow field is in closer
proximity to the wall, the surface geometric characteristics of the four wall surfaces exert
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a great amount of expansion or compression on the flow field shapes. To illustrate, take
the liquid-phase flow field of #3, for instance. In the YZ section, the flow field produces
a significant compression due to the 90◦ cylindrical surface angle included on both sides,
resulting in a smaller flow field range than others. In the XZ section, the liquid-phase flow
field continues to develop along the wall after contacting the wall, resulting in a larger flow
field range than the other three.
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The longitudinal development of paint droplets in the spray flow field is reflected
by analyzing the Z-axis paint velocity distributions for different spray cases, as shown in
Figure 9. It can be observed that, following the injection of paint via the spray nozzle, the
high-pressure airflow and the low velocity of the paint between the momentum transfers
occur violently, the paint speed is rapidly accelerated to about 80 m/s, and the paint is
rapidly atomized by the impact into fine liquid droplets. Subsequently, the propagation
of the liquid phase is impeded by the gas phase, resulting in the dissipation of its kinetic
energy. This process results in a gradual reduction in velocity from 80 m/s to 45 m/s. Upon
collision with the wall, the droplet adheres, thereby impeding the propagation of the liquid
phase. This results in a rapid decrease in velocity, reaching a value of 0 m/s. The inset in
the figure illustrates the liquid-phase velocity curves when the Z-axis coordinate range is
further narrowed to 0.1~0.2 m. It can be observed that the liquid-phase velocity of #0 is
lower than the other three, likely due to the planar feature exerting a stronger hindering
effect on the longitudinal spray flow field when the flow field is close to the wall. This
results in a faster decay of the liquid-phase velocity, and different locations of the other
three all have a certain extension effect on the development of the flow field. In other
words, the droplets exhibit lower normal velocities in the near-wall regions of #1, #2, and
#3, which makes them less of an impediment to the longitudinal spray flow field.
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that, in the X-axis direction, the spray velocity distributions of #0 and #1 are similar and 
symmetrically distributed. However, due to the generation of a vortex near the origin, 
some of the velocities become negative, indicating the generation of backflow. In compar-
ison to the other three, #2 exhibits a complex and asymmetric shape and surface features. 
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spray velocity to −10 m/s in the negative direction, followed by a gradual decrease. This 
gradual decrease is observed thereafter. This is due to a smaller flow field space in the 
negative direction, which limits the longitudinal development of droplets and promotes 

Figure 9. Paint velocity distribution curves along the Z-axis.

4.1.2. Near-Wall Flow Field Characteristics

As previously stated, the characteristics of the near-wall flow field are significantly
influenced by the shape and surface characteristics of the workpiece. Therefore, the XY
plane, situated at a vertical distance of 180 mm from the nozzle, is intercepted. The near-
wall transverse spray flow field distribution is depicted in Figure 10. The left and right
directions in the contours correspond to the X-axis direction, while the top and bottom
correspond to the Y-axis direction. The figure illustrates that the morphology of the flow
fields of #0 and #1 is relatively similar, exhibiting elliptical distributions. This is due to
the lower influence of the near-wall region on the development of the flow field. The
extrusion action of the wall relative to the spray flow field results in deformation of the
flow field, with notable differences in the shape of the near-wall transverse spray flow
field in #2 and #3. The distribution of the former is shell-shaped, while that of the latter is
dumbbell-shaped. It is evident that the spray velocity is at its maximum in the center area
of the spray cone and decays uniformly along the radial direction.
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In order to gain insight into the velocity distribution characteristics of paint within
the near-wall region, a velocity distribution curve is plotted along the X-axis and Y-axis,
respectively, as illustrated in Figure 11. Meanwhile, the near-wall velocity vectors for the
four work conditions are shown in Figure 12. It can be observed from Figures 11 and 12.
that, in the X-axis direction, the spray velocity distributions of #0 and #1 are similar and
symmetrically distributed. However, due to the generation of a vortex near the origin, some
of the velocities become negative, indicating the generation of backflow. In comparison
to the other three, #2 exhibits a complex and asymmetric shape and surface features. The
spray velocity distribution is notably different, exhibiting a substantial increase in spray
velocity to −10 m/s in the negative direction, followed by a gradual decrease. This gradual
decrease is observed thereafter. This is due to a smaller flow field space in the negative
direction, which limits the longitudinal development of droplets and promotes transverse
development. Consequently, the spray velocity displays significant variations. The spray
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velocity distribution of #3 is symmetrical, with the velocity increasing to a maximum value
of 2 m/s in both positive and negative directions. Thereafter, the velocity gradually decays
to 0 m/s owing to the momentum transfer between the gas and liquid phases. In the Y-axis
direction, the spray velocities for all four conditions initially increase and subsequently
decrease to zero in both positive and negative directions. However, the distribution ranges
and values differ depending on the working conditions. The near-wall spray velocity
distribution ranges and values for #2 and #3 are significantly smaller than those of the
remaining two, which can be attributed to the fact that the velocity development in the
Y-axis direction is hindered by the wall.
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The pressure contours in the near-wall flow field are shown in Figure 13. The pressure
in the near-wall flow fields of #0 and #1 reaches its maximum at the center of the spray
cone and decays outward in an elliptical ring shape. The pressure outside the spray cone
decreases to zero rapidly. By contrast, the pressure in the near-wall flow fields of #2 and #3
reaches its maximum near the wall surface and is distributed in a band-like attenuation
pattern. The distribution curves of the near-wall flow field pressure along the X-axis and
Y-axis are presented in Figure 14. In the X-axis direction, the pressure curves under the
four spraying states exhibit a sharp decline from the origin to zero on both sides, with a
pressure distribution ranging from −0.05 m to 0.05 m within the interval. Furthermore, the
pressure peaks are observed to be concentrated in the vicinity of the origin. The pressure
peaks of #2 and #3 reach 480~490 Pa, which are higher than the pressure peaks of #0 and #1
at 250~260 Pa. In the Y-axis direction, the pressures of #0 and #1 decrease symmetrically
on both sides, with a peak pressure of 250 to 260 Pa. In contrast, the pressures of #2 and
#3 initially increase and then decrease rapidly from the origin to both sides, with peak
pressures of 490 Pa and 560 Pa, respectively. The discrepancy in the pressure peaks can be
attributed to the wall surfaces of #2 and #3 in the near-wall region, which act as a direct
obstruction to the flow field. This results in a buildup of pressure, in contrast to #0 and #1.



Coatings 2024, 14, 847 13 of 21

Coatings 2023, 13, x FOR PEER REVIEW 14 of 23 
 

 

as a direct obstruction to the flow field. This results in a buildup of pressure, in contrast 
to #0 and #1. 

 
(a) (b) (c) (d) 

Figure 13. Pressure contours in a near-wall flow field. (a) #0; (b) #1; (c) #2; (d) #3. 

 
Figure 14. Pressure distribution curves in a near-wall flow field. 

4.2. Influence of Spraying Parameters on Film Characteristics 
The shape and surface characteristics of the workpiece exert a significant influence 

on the flow field near the wall, which in turn affects the coating film effect. Consequently, 
the subsequent analysis will examine the influence of spraying parameters, including ge-
ometric characteristics, dimensions, lateral air pressure, and spraying distance, on the 
coating film characteristics and the mechanisms of their effects. 

4.2.1. Geometric Features 
The shape of the coating film contours obtained by numerical simulation for spraying 

#0 to #3 is illustrated in Figure 15. The left and right directions in the contours correspond 
to the X-axis direction, while the top and bottom correspond to the Y-axis direction. The 
film shape of #0 is a typical ellipse obtained by air spraying, with the maximum of the film 
thickness located at the center. The film shape of #1 is an ellipse with irregular edges. This 
is due to the raised structure of cylindrical surfaces on the upper and lower sides, which 
interfere with the motion state of the paint droplets at the edge of the spray cone. The 
maximum film thickness is near the intersection of the line-through. The film shapes of #2 
and #3 can be regarded as two semi-ellipses spliced together. However, the film thickness 
of #2 exhibits a bimodal distribution along the X-axis direction, with the peak of the film 
thickness of #3 situated at the center of the film. 

  

Figure 13. Pressure contours in a near-wall flow field. (a) #0; (b) #1; (c) #2; (d) #3.

Coatings 2023, 13, x FOR PEER REVIEW 14 of 23 
 

 

as a direct obstruction to the flow field. This results in a buildup of pressure, in contrast 
to #0 and #1. 

 
(a) (b) (c) (d) 

Figure 13. Pressure contours in a near-wall flow field. (a) #0; (b) #1; (c) #2; (d) #3. 

 
Figure 14. Pressure distribution curves in a near-wall flow field. 

4.2. Influence of Spraying Parameters on Film Characteristics 
The shape and surface characteristics of the workpiece exert a significant influence 

on the flow field near the wall, which in turn affects the coating film effect. Consequently, 
the subsequent analysis will examine the influence of spraying parameters, including ge-
ometric characteristics, dimensions, lateral air pressure, and spraying distance, on the 
coating film characteristics and the mechanisms of their effects. 

4.2.1. Geometric Features 
The shape of the coating film contours obtained by numerical simulation for spraying 

#0 to #3 is illustrated in Figure 15. The left and right directions in the contours correspond 
to the X-axis direction, while the top and bottom correspond to the Y-axis direction. The 
film shape of #0 is a typical ellipse obtained by air spraying, with the maximum of the film 
thickness located at the center. The film shape of #1 is an ellipse with irregular edges. This 
is due to the raised structure of cylindrical surfaces on the upper and lower sides, which 
interfere with the motion state of the paint droplets at the edge of the spray cone. The 
maximum film thickness is near the intersection of the line-through. The film shapes of #2 
and #3 can be regarded as two semi-ellipses spliced together. However, the film thickness 
of #2 exhibits a bimodal distribution along the X-axis direction, with the peak of the film 
thickness of #3 situated at the center of the film. 

  

Figure 14. Pressure distribution curves in a near-wall flow field.

4.2. Influence of Spraying Parameters on Film Characteristics

The shape and surface characteristics of the workpiece exert a significant influence
on the flow field near the wall, which in turn affects the coating film effect. Consequently,
the subsequent analysis will examine the influence of spraying parameters, including
geometric characteristics, dimensions, lateral air pressure, and spraying distance, on the
coating film characteristics and the mechanisms of their effects.

4.2.1. Geometric Features

The shape of the coating film contours obtained by numerical simulation for spraying
#0 to #3 is illustrated in Figure 15. The left and right directions in the contours correspond
to the X-axis direction, while the top and bottom correspond to the Y-axis direction. The
film shape of #0 is a typical ellipse obtained by air spraying, with the maximum of the film
thickness located at the center. The film shape of #1 is an ellipse with irregular edges. This
is due to the raised structure of cylindrical surfaces on the upper and lower sides, which
interfere with the motion state of the paint droplets at the edge of the spray cone. The
maximum film thickness is near the intersection of the line-through. The film shapes of #2
and #3 can be regarded as two semi-ellipses spliced together. However, the film thickness
of #2 exhibits a bimodal distribution along the X-axis direction, with the peak of the film
thickness of #3 situated at the center of the film.

The uniformity of the coating film is a crucial parameter for evaluating the quality
of the coating film. In order to investigate the uniformity of the coating film thickness in
depth and accurately, the film thickness data of the film-forming surface is sampled, and
then the Relative Standard Deviation (RSD) [23] of the film thickness is calculated (the data
below 10 µm is discarded automatically). The larger the RSD, the more discrete the data
distribution; in other words, a smaller RSD means better film thickness uniformity. RSD is
expressed as follows:

RSD =

√
∑n

i=1(xi−x)2

n−1

x
× 100% (25)
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where x is the average value of the data. The histograms of maximum film thickness and
RSD for the four spraying states are presented in Figure 16. As the most common spraying
condition, #0 exhibits an RSD value of 67.29%, which is the lowest of the four surfaces. In
contrast, #1 exhibits a slightly higher RSD value of 74.79%, and the RSD values for #2 and
#3 are 86.97% and 87.31%, respectively, thereby suggesting that the thickness uniformity
of #1 is superior when spraying on UVICS. The film thickness peaks of the four spraying
states are 548.7 µm, 563.6 µm, 982.7 µm, and 664.7 µm, respectively.
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4.2.2. Geometric Dimensions

Among the four spraying conditions, the shape and surface characteristics of #3 are
the most distinctive and exert the greatest influence on the coating film characteristics.
Therefore, #3 is selected for investigation into the influence of geometric dimension, lateral
pressure, and spraying distance on the coating film characteristics when spraying on #3. For
diameters of the cylindrical tube below 100 mm, plating or brushing for painting is a more
suitable method than spraying in industrial applications. Consequently, the cylindrical
outer diameters of 100 mm, 150 mm, 200 mm, and 250 mm are selected and named as D100,
D150, D200, and D250, respectively. The film thickness contours obtained by numerical
simulation are shown in Figure 17. It can be observed that the maximum value of the
coating film thickness when spraying all four diameters is at the origin. The length (along
the Y-axis) and width (along the X-axis) of the coating film can be obtained by utilizing
the differential method to expand the data along the irregular curve into a straight-line
arrangement. In the X-axis direction, the coating widths are 120 mm, 122 mm, 146 mm, and
143 mm, respectively. It is notable that the coating widths of D200 and D250 are significantly
larger than those of D100 and D150. This phenomenon can be attributed to the decreasing
curvature of the line-through as the diameter of the UVICS increases. Namely, the surface
geometrical features along the X-axis become increasingly similar to the plane. In the
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Y-axis direction, the length of the coated film decreases monotonically with the increase
of the outer diameter of UVICS to 165 mm, 153 mm, 146 mm, and 143 mm, respectively.
Overall, the shape of the coating film becomes flatter as the outer diameter increases. The
histograms of maximum film thickness and RSD variation of the four coating films are
shown in Figure 18. The film thickness maxima are 326.9 µm, 664.7 µm, 922.7 µm, and
1044 µm, respectively, with respective RSDs of 71.37%, 87.31%, 89.04%, and 90.18%. The
film thickness maxima exhibit a trend of fast growth followed by slow growth. It can be
observed that, under the condition that other spraying parameters remain unchanged, the
UVICS with a diameter of 100 mm has an optimal coating effect when spraying.
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4.2.3. Lateral Pressure

In order to obtain a high-quality coating film when spraying on different-sized work-
pieces, it is possible to adjust the lateral pressure of the spray gun. The shaping effect of
compressed air on the spray flow field enables the aspect ratio of the coating film to be
altered, thereby facilitating the control of the quality of the coating film. It is noteworthy
that the predominant method of air spraying in the present era is the High Volume Low
Pressure (HVLP) method [24]. This is due to the fact that its stable spraying amplitude
enables effective improvement of transfer efficiency and reduction of overspray. Conse-
quently, the lateral pressure should not be excessively elevated, and the lateral pressures
were set to 0 MPa, 0.1 MPa, 0.2 MPa, and 0.3 MPa and designated as P0.0, P0.1, P0.2, and
P0.3, respectively. The remaining spraying parameters were set as previously described,
and the resulting contours of the film thickness distribution are presented in Figure 19. It
can be observed that as lateral air pressure increases, the movement of paint droplets in the
X-axis direction is compressed, while that in the Y-axis direction is expanded. This results in
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a significant change in the shape of the coating film, accompanied by a gradual reduction in
the maximum thickness of the film due to an increase in the area covered by the coating film.
Furthermore, the line-through indicates the presence of three relative maxima of coating
film thickness in the coating film contours of P0.0, P0.1, and P0.2. As the lateral pressure
increases, the width of the coating film distribution along the X-axis remains relatively
constant, with values of 120 mm, 124 mm, 126 mm, and 122 mm, respectively. In the Y-axis
direction, the length of the coating film exhibits a monotonically increasing trend with the
increase in lateral air pressure. The thick film maxima and RSD of the coating films under
the four lateral pressures are shown in Figure 20. The film thickness maxima demonstrate a
decreasing trend, with values of 991.1 µm, 917.5 µm, 913.0 µm, and 664.7 µm, respectively.
In addition, the trend of the RSD indicates that the lateral air pressure shows a positive
effect on the homogeneity of the coating film, as evidenced by the observed decrease in
the RSD. Consequently, the most uniform coating film effect is achieved when the side
pressure is 0.3 MPa. In the case of other spraying parameters remaining unchanged, the
lateral air pressure can be increased in an appropriate manner when spraying on UVICS,
thus improving the uniformity of the coating film.
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4.2.4. Spraying Distance

In engineering applications, the spraying distance is often adjusted to accommodate
the varying coating requirements of different surfaces. When spraying on UVICS, a long
spraying distance will lead to an excessively wide area being covered by the film in a single
spray. This will result in a too-thin film that cannot meet the coating requirements, with an
attendant uneven thickness at the edges. Consequently, the spraying distances of 140 mm,
160 mm, 180 mm, and 200 mm are selected and designated as L140, L160, L180, and L200,
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respectively, and the remaining spraying parameters are maintained constant. Subsequently,
numerical simulations are conducted, and the resulting film thickness distributions are
presented in Figure 21. When the spraying distance is less than 200 mm, the film thickness is
distributed with three peaks along the line-through. In contrast, when the spraying distance
is 200 mm, the film thickness only exists as one thickness peak. In the X-axis direction, the
film widths for the four spraying distances were 150 mm, 140 mm, 121 mm, and 122 mm,
respectively. In the Y-axis direction, the film lengths were 138 mm, 140 mm, 150 mm, and
153 mm, respectively. In conjunction with Figure 8d, it can be demonstrated that as the
spraying distance decreases, the length and width of the coating film should have decreased
in both the X-axis and Y-axis directions, but the width of the coating film increased in
the X-direction. The reason is that the spraying distance is insufficient, resulting in the
liquid phase contacting the wall over a short distance, which causes excessive local paint
deposition. In addition, due to the setting of the specified shear of the wall, a small amount
of liquid film sags along the X-axis of the line-through on both sides of the liquid film,
which is also the reason for the appearance of three peaks of the liquid film thickness at
the line-through. The maximum film thickness and RSD histograms of the coating films
at the four spraying distances are presented in Figure 20. The maximum values of the
coated film thicknesses are 1136 µm, 1034 µm, 700 µm, and 664.7 µm, respectively, as shown
in Figure 22. Overall, the coating films exhibit a decreasing tendency in thickness with
increasing spraying distance. The RSD values are found to be 90.87%, 90.25%, 89.19%, and
87.31%, respectively. This indicates that the uniformity of the coating film was gradually
enhanced with the increase in spraying distance. Consequently, when all other spraying
parameters are held constant, the optimal coating film effect can be achieved when the
spraying distance is set to 200 mm.
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4.3. Experimental Validation

Firstly, the images of the coating films sprayed on #0, #1, #2, and #3, in comparison
with the simulation results, are presented in Figure 23. Noticeably, orange-peel-like surfaces,
sagging, graininess, and locally uneven surfaces did not occur on the coating surface. These
images demonstrate that the shape of the coating film matches the numerical simulation
results to a high degree, thereby confirming the higher degree of accuracy of the numerical
simulation results.
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Since the thickness obtained from numerical simulation is for a wet film, and the
thickness of the coating film obtained from experiment is for a dry film it is necessary to
convert the wet film thickness to a dry film thickness using the following equation:

hd = hmη (26)

where hd is the dry film thickness, hm is the wet film thickness, η is the coating solid content,
and the value of η here is 55%. It is regrettable that when measuring the thickness of the
coating film in the area surrounding the line-through, the coating thickness gauge’s probe
is unable to measure the line-through due to its unique groove structure. #3 was chosen to
measure its coating film thickness in the Y-axis direction. After converting the numerically
simulated coating film to dry film thickness, a comparison of the coating film thickness
distribution between simulation and experiment is presented in Figure 24. This figure
demonstrates that the experimental coating film thickness distribution is in good agreement
with the numerical simulation. Within the ±10 mm Y-axis region, the experimental film
thicknesses are found to be lower than those of numerical simulations. Conversely, the
experimental film thicknesses outside this region are observed to be higher. Furthermore,
the experimental film lengths are found to be slightly larger than those of the numerical
simulations. The discrepancy between the two measurements can be attributed to the
combined influence of gravity and surface tension. During the drying process, the wet
film exhibits minor mobility, resulting in a slight lateral movement of the center of the
coating film.

Moreover, the outcomes of the comparison between the spraying experiment and
the simulation under varying lateral air pressures when spraying on #3 are illustrated in
Figure 25. These figures demonstrate that the overall shapes of the coating film obtained
from the experiment and the numerical simulation are nearly identical. P0.3 was chosen to
measure the experimental coating film thickness along the Y-axis. Subsequently, compare
and analyze the experimental data with the numerical simulation data, as illustrated in
Figure 26. Similarly, due to the minor mobility of the paint, the experimental film thickness
is lower than the numerical simulation in the region of ±10 mm along the Y-axis, while
the experimental film thicknesses outside this region are higher, and the experimental film
width is slightly larger than that of the numerical simulation. Overall, the experimental
coating film thickness distribution is in good agreement with the numerical simulation,
which proves the accuracy of the numerical simulation results.
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5. Conclusions

In this paper, by modeling the film formation process when spraying on UVICS,
corresponding numerical simulations based on CFD and experimental verification were
carried out. The film formation characteristics of UVICS were analyzed, and the effects of
varying spraying parameters on its film formation characteristics were studied. The main
conclusions are as follows:

(1) The numerical simulation results of the UVICS spraying film formation model
based on the Euler-Euler approach, as presented in this paper, demonstrate a high degree
of agreement with the spraying experimental results, thus demonstrating the accuracy and
viability of the model.

(2) The spray flow field characteristics of spraying on UVICS are simulated. In the
far-wall spray flow field, the spray flow field is essentially uninfluenced by the shape
of the surface features. In the near-wall spray flow field, however, the spray flow field
shape, velocity distribution, and pressure distribution are disparate due to the compressing
and expanding effects of the surface geometric features on the flow field. The greater the
compressing effect of the shape on the flow field, the more pronounced the velocity and
pressure gradient in the flow field.

(3) The optimal spraying parameters and the change rule and mechanism of film
formation were investigated under various geometric features, dimensions, lateral air
pressures, and spraying distances. RSD was employed as a metric for evaluating the film
uniformity, and it was found to be satisfactory. The optimal film uniformity for spraying
#3 is achieved at a geometric diameter of 100 mm, a lateral air pressure of 0.30 MPa, and
a spraying distance of 200 mm, respectively. These results can be utilized to inform the
UVICS spraying operation in engineering practice.
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