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Abstract: The purpose of this paper is to provide a numerical simulation, taking into account the
collisional interactions of droplets in an airless rotary spray coating process. The hydrodynamics of
gas and droplets are simulated using the CFD-discrete element method (DEM) with the JKR contact
model in an airless rotary spray coating process of a horizontal square duct. The surface energy
parameter used in the JKR model is calibrated using a virtual accumulation angle test in the funnel
device. Based on the distribution of accumulation angles, a suitable surface energy for wall droplets
is proposed. A rational gas RNG k-¢ model is suggested in accordance with the comparisons of
velocities, standard deviations, and the skewness of droplet number fractions from three turbulence
models. The simulations of droplet film thicknesses agree with measurements from the literature
regarding the film thickness along a vertical panel. The correlations of the exit gas and droplet
velocities of sprayer holes are proposed with a discharge coefficient of 0.85 for gas and 5.87 for
droplets. A number index of droplets is introduced in order to measure the uniformity of droplet
distributions. A low droplet number index is found at low rotational speeds, representing a more
uniform distribution of droplets as the rotation speeds reduce within the square duct. The normal
force between the droplet and the wall is approximately an order of magnitude larger than the
droplet-wall tangential force of collisions.

Keywords: droplet spray coating; discrete element method; JKR model; droplet number index;
rotary sprayer

1. Introduction

Paint spray coating processes with excellent material anticorrosion properties are
widely used in different processes of industrial painting, including the corrosion protections
of fluid transport pipelines, such as drainage pipes [1-3]. The objective of anticorrosion
spray coating is to adhere a paint film to a metallic surface in order to protect it from
possible corrosion. In paint droplet coating, several methods exist, including air and airless
spray processes [4-7]. In the air spray process, compressed air and paint enter a gun, and
paint droplets are ejected through air nozzles towards a target surface to form a film of
paint. In the airless spray process, paint fluid is released via a pump at a high pressure,
causing paint droplets to be ejected onto a target surface where they spread into a paint film.
In both droplet spray coating processes, the formation of paint film relates to the dynamics
of paint droplets leaving the sprayer nozzles, with the aim of protecting the metal surface
from corrosion.

In this project, we investigate the dynamics of paint droplets using computational
fluid dynamics (CFD) in an airless spray coating process of a horizontal square duct. An
airless spray coating system, as shown in Figure 1a,b, has three main parts: an electric
motor, a paint droplet supplier, and an airless rotary sprayer. The motor transmits torque to
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the rotary sprayer, causing it to rotate. The paint supplier is a hydraulic atomization device.
The paint fluid is forced by a high-pressure paint pump to coerce the generation of paint
droplets as the fluid passes through the cylindrical nozzle of the hydraulic atomizer [8,9].
Hydraulic atomization is applied due to its geometrical simplicity compared to mechanical
atomization devices [10]. The rotary sprayer is a hollow cone with a number of holes, as
shown in Figure 1b,c. The inner and outer spaces of the rotary sprayer are named chamber
I and chamber II. As paint droplets enter chamber I from the supplier, they accumulate at
the inner wall of this chamber due to the centrifugal force originating from the rotating
sprayer. As a result of the high-speed rotation of the sprayer, paint droplets are ejected
through the holes. These paint droplets penetrate through chamber II, impacting the
inner wall of the square duct. Finally, a paint film is formed as the paint droplets are
deposited onto the duct wall. Therefore, the rotary sprayer serves to accelerate the speed
of the paint droplets to enable them to be capable of overcoming flow resistance and
energy dissipation, thus allowing effective droplet collisions. This suggests that the paint
droplet spray coating process relates to the collisional interaction of paint droplets and the
hydrodynamic interactions of gas and paint droplets within chamber I and II, which are
influenced by the changing rotation of the rotary sprayer.
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Figure 1. Schematic representation of an airless spray coating process of a square duct. (a) An airless
spray coating system. (b) Rotary sprayer with grid cells. (c) Sprayer model.

With increasing computational power, simulations for fluid—droplet mixture flows are
becoming more and more realistic and relevant. Using a flat jet gun, the hydrodynamics
of droplets were simulated using the CFD Fluent code [11]. The air phase was modeled
according to the conservation equations of mass and momentum, and the trajectories of
the droplets were modeled by means of the Lagrangian tracking method. The realizable
k-e model was used to model the transport of turbulent gas. By using a high-speed rotary
bell sprayer, the droplet breakup in the spray painting process was modeled by the Euler—
Lagrange method [12]. The Fluent code utilized the volume of fluid method to model
the gas—droplet interface. Both the film formation on the sprayer surface and the air flow
around the rotary bell sprayer were predicted using the Lagrange method. Using a paint
gun, the spray deposition of droplets from a coaxial jet arrangement was modeled in the
paint gun spraying process [13]. The droplet motion as it exited the gun was tracked using
the Lagrange method of the Fluent code. The droplet film was predicted with different
wall inclinations. The droplet transfer efficiency was simulated using a multiscale method
alongside the gas phase standard k-¢ turbulence model [14]. The droplet collisions were
simulated using a statistical approach. The coating thickness and droplet trajectories were
predicted using an air-assisted spray gun [15]. The droplet trajectories were modeled
using a discrete phase model in the Fluent code. The thickness of the coating film was
simulated using the Euler-Lagrange method with a Rosin-Rammbler atomization model in
an airless spraying process [16]. The effect of the mixer blade orientations on the spray—wall
interaction was simulated using the Euler-Lagrange method in a channel [17]. The gas
standard k-w model was used to simulate swirling airflow characteristics, while discrete
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particle modeling was employed to track the spray droplets. The wall film model was
adopted to model droplet wall-film formation. The effect of momentum ratios of the liquid—
gas pintle injector on spray characteristics was studied using the Euler-Lagrangian particle
tracking method [18]. The predicted droplet diameter distribution using OpenFOAM code
was compared to experimental data in the spray atomization. The formation of coating
film was modeled using the Euler-Euler approach in the static spraying and dynamic
spraying processes [19]. The film formation and thickness distribution were predicted in
a V-shaped surface with an air cap of a spray gun. The simulated film thicknesses were
in agreement with experimental measurements. The film formation and thickness were
simulated by the Euler—Euler method in the airless spraying process [20]. The simulated
characteristics and coating film of the spray flow field were compared to experimental
measurements. Wu et al. [21] provided a comprehensive review of CFD simulations of
atomization characteristics and film formation mechanisms using Euler-Lagrange and
Euler-Euler methods in air and airless spraying processes. As mentioned above, the
interactions of droplet—droplet and wall-droplet collisions did not account for simulations
of droplet deposition of the walls during coating processes. Recently, the discrete element
method (DEM) was applied to model the motion of droplets since the interaction of
collisions has a major effect on droplet trajectories in the coating processes [22-25]. In DEM,
the motion of individual droplets is tracked in space and time according to the sum of
normal and tangential contact forces acting on droplets, using a set of force-displacement
expressions combined with friction laws [26]. To simulate the effect of cohesion force on
motion of droplets, the capillary force induced by a liquid bridge is taken into account in
CFD-DEM simulations. The capillary force relates to the separation distance and surface
tension of droplets. The coating mass distributions were predicted using CFD-DEM with the
coarse-grained parcel method in a top-spray fluidized bed coater [27]. The abovementioned
simulations indicate that CFD-DEM simulation is a suitable tool to analyze interactions of
droplet-droplet and droplet-wall collisions in droplet spray coating processes.

The purpose of the present study is to model the effect of rotation speed of a rotary
sprayer on droplet collision interactions in a droplet spray coating process using the CFD-
DEM approach. We focus on the collisional interactions between the droplets and wall since
this contact behavior of droplets has not been previously examined in the droplet spray
coating processes. The Hertz—Mindlin with JKR cohesion contact model is used to model
collisions of droplets, and the RNG k-e¢ model is applied to model gas turbulent transport.
The droplet velocities and droplet-wall collisional forces are predicted with changing rotary
sprayer rotation speeds. It is expected that the knowledge of the contact interactions of
droplet—droplet and wall-droplet collisions is very valuable for the improvement of airless
droplet spray coating processes.

2. Governing Equations
2.1. Gas Phase Equations

For an airless rotary spray process, air flow is induced by high-speed rotation of
the sprayer. The gas phase governing equations are expressed according to mass and
momentum conservations. The gas phase mass and momentum equations can be written
as follows:

aaitf + 8ixi (pfui) -0 (1)

d 0 dp 0T n d? Cdpf|ui —vi|(u; — v;)
3 (orm) +ach("f”f”f) - *;Txﬁa*xﬁzi:l* +orgi (2

8 Vi
where t is the time. p; and p are the gas density and pressure. u is the volume-averaged gas
velocity. v and d are the droplet velocity and diameter. g is the gravitational acceleration.
V is the cell volume. Cy is the drag coefficient between the gas phase and droplet, and is
expressed as a function of Reynolds number.
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The effective gas shear stress tensor 7 relates to gas kinematic viscosity irand turbulent
viscosity p;. The RNG k-¢ model is applied to model gas turbulent viscosity using the
renormalization group method as the function of turbulent kinetic energy k and turbulent
dissipation € [28,29]. The transport equations for k and e can be written as follows:

0 d d
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where G represents the generatlon of gas turbulence kinetic energy due to the mean
velocity gradients. o and o are the turbulent Prandt] numbers for the kinetic energy k and
dissipation ¢. S is the gas mean rate-of-strain tensor. C; and C; are constants, and they are
1.42 and 1.68.

2.2. Motion Equation of Droplets

It is assumed that the mono-sized droplets are spherical with mass m. The collision
forces include contact forces of droplet—droplet and droplet-wall surface. The trajectory of
individual droplets is resolved using the Newtonian equations of motion. The equations
for determining droplet linear velocity v and angular velocity w are as follows [30-33]:

dv;; md?
it = L Seis + g Capylus = vyl (15 = vy) + migy (6)

m;

dw]l
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where f. and T denote the droplet contact force and torque. I, is the inertia moment
of droplets.

For contact forces of droplets, the Hertz-Mindlin with JKR cohesion contact model [34]
is used to model the contact interactions of droplets in this study. In this model, the effect
of van der Waals and capillary forces on contact interaction is taken into account in the
contact zone. From Johnson-Kendall-Roberts theory [35,36], both normal and tangential
contact forces relate to droplet overlap J and surface energy < in the following forms:
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where e and p; represent the coefficients of restitution and static friction, respectively. a
denotes the contact radius. The equivalent droplet radius R¥, mass m*, and E* are expressed
in terms of droplet radius R and mass m, Young modulus E, and Poisson ratio v.

~1
1.1 (12)
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The relative velocity between colliding droplets is calculated from the liner velocity v
and angular velocity w at the contact point:

U rel = (Vik - Mig ) Mik (15)
Vprel = —Mjk X (Mjk X Vig) (16)
Vi = 0; — 0 + (Rjw; + Rgwy) X n (17)

where n;; is the normal unit vector.

2.3. Motion of Rotary Sprayer

The main function of the rotary sprayer is to blast droplets through centrifugal force.
Shown in Figure 1a,b, droplets pass from chamber I to chamber II through holes located
at the sprayer wall. According to the sprayer rotation speed (2, the local linear velocity
components at the sprayer wall (x, y, z) are expressed as

Upy = =0z, Uyy =0, Uy, =0x (18)

This indicates that the local sprayer wall velocity components vary with sprayer
rotation. The local contact forces of droplets touching the sprayer wall are calculated
according to instantaneous position (x, y, z) and relative velocities between the droplet and
the rotary sprayer wall.

2.4. Boundary and Calculation Conditions

Simulated performance of the droplet spray coating process is shown in Figure 1a,b in
a horizontal square duct. The smaller and larger outer diameters of the cone rotary sprayer
are 7.5 mm and 12.5 mm, with length and wall thickness of 12.0 mm and 1.0 mm. The
hole diameter is 2.0 mm. The total number of holes is 16 for sprayer I and 32 for sprayer
II from ring I to ring IV, as shown in Figure 1c. The height and width of the square duct
are 40.5 mm and 40.5 mm with the length of 32.0 mm. The no-slip boundary condition of
gas phase is used at the duct wall, and the moving boundary condition is used to specify
the rotational speed of the sprayer wall. The inlet gas velocity of the square duct is zero,
and the inlet droplet mass flow of the sprayer is specified as the inlet boundary condition.
The initial droplets are randomly positioned at the sprayer inlet. The exit gas pressure of
101.330 kPa is used as the pressure exit boundary condition of the square duct. Table 1 lists
the parameters used in numerical simulations.

The gas velocities and droplet trajectories are solved using a Fluent-EDEM coupled
code [37,38]. In the Fluent-EDEM method, the gas flow induced by rotation of rotary
sprayer is resolved using the governing equations of gas phase mass and momentum using
Fluent code. For motion of droplets, the trajectories are resolved, and the dynamics of
droplets account for collisional interactions between droplet-droplet, droplet-sprayer wall,
and droplet—duct wall using EDEM code. EDEM complements the Fluent solid phase by
adding momentum transfer term to the gas phase model. The coupling allows Fluent and
EDEM to run in co-simulation environments. For gas phase, the time step Atis 1.0 x 1075 s
in Fluent. The time step At; of droplets is selected according to the droplet mass and spring
stiffness in EDEM [38,39]. In this study, the time step Aty is 1.0 x 107 s, and the CPU
time required for one case is about 2-3 days on a PC computer with 500 GB hard disk and
3.3 GHz CPU.
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Table 1. Parameters used in numerical simulations.

Parameter Value Parameter Value
Horizontal duct size 40.5 x 40.5 mm Large diameter of sprayer 12.5 mm
Small diameter of sprayer 7.5 mm Length of rotary sprayer 12.0 mm
Gas density 1.2 kg/m?3 Gas viscosity 1.8 x 1075 Pas
Droplet diameter 0.2 mm Droplet density 1060 kg/m3
Diameter of holes 2.0 mm Hole number of sprayer I and II 16, 32

Mass flux of droplets 0.0044 kg/s Number of droplets 100,000 1/s
Wall Young modulus 2.5 x 108 Pa Young modulus of droplets 1.2 x 107 Pa
Wall Poisson ratio 0.23 Droplet Poisson ratio 0.25
Restitution coefficient of wall 0.7 Restitution coefficient of droplets 0.7

Wall static friction coefficient 0.5 Droplet static friction coefficient 0.15

Wall rolling friction coefficient ~ 0.05 Droplet rolling friction coefficient 0.05
Sprayer restitution coefficient 0.7 Sprayer static friction coefficient 0.5

Poisson ratio of sprayer 0.23 Surface energy of wall-droplet 100.0 J/m?
Surface energy of droplets 0.03 J/m? Surface energy of wall 0.04 J/m?

3. Selections of Discrete Element Parameter and Gas Turbulence Model

For simulations of flow of gas and droplets mixture, the Fluent-EDEM method in-
volves gas turbulence model and discrete element parameters. Hence, the choice of gas
turbulent model and discrete element parameters is the first step in the numerical simula-
tions of the spray coating process using the Fluent-EDEM method.

3.1. Virtual Calibration Test of Surface Energy

Two types of discrete element parameters are involved in the Hertz—Mindlin with
JKR contact model [40]. One is the contact parameters, including modulus, Poisson ratio,
restitution coefficient, and static friction coefficient. These parameters are related to the
properties of the contact materials, and can be measured by experiments or calibrated
by employing computational simulations. The other is the model parameters, which
includes the wall-paint droplet surface energy. This can be calibrated by means of virtual
simulations in the absence of experimental measurements.

In present study, the wall-paint droplet surface energy parameters in the Hertz—
Mindlin with JKR contact model are calibrated using a virtual simulation test. Generally
speaking, the virtual simulations include plate sinkage (PS) test [41], direct shear (DS)
test [42,43], and angle of repose (AoR) test [44,45]. The PS test is modeled using com-
paction behavior as a function of spring coefficients, whereas the DS test is modeled by
shear strength as a function of different friction coefficients. The repose angle relates
closely to surface energy, and can characterize flow properties. Therefore, the virtual AoR
test is chosen to calibrate the wall-paint droplet surface energy of paint droplet spray
coating process.

Using EDEM code, a series of the virtual AoR test is performed using a funnel device,
as shown in Figure 2. The funnel device consists of a horizontal flat plate located at the
bottom, and a storage bin located at the top. The storage bin is a discharge port for paint
droplets with small and large diameters of 3.0 mm and 5.0 mm, and height of 0.5 mm. The
flat plate diameter is 30 mm. The distance between the flat plate and the storage bin is
15.0 mm.
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Figure 2. Creation and repose of paint droplet accumulation in the funnel device.

The virtual AoR test of droplets is separated into two phases. The first phase is the
creation of paint droplets packing during the dropping process. The droplets are generated
randomly in the storage bin. Then, they fall toward the horizontal flat plate due to gravity.
The second phase is the accumulation of paint droplets during the collection process.
Here, droplets pile gradually on the flat plate until an accumulation of droplets is formed.
The accumulation angles of the paint droplet pile are calculated from the left and right
directions. The average repose angle 0 is calculated from four virtual calibration tests,
corresponding to specified wall-paint droplet surface energy.

Figure 2 shows the creation and repose of accumulation of droplets in the funnel
device. The restitution coefficient e is 0.7, and the coefficients of static frictions yg and
rolling frictions y,¢ are 0.3 and 0.1 for both paint droplet and flat plate. The wall-droplet
surface energy is 100 J/m?2. At t = 0.09 and 0.18 s, droplets fall downwards from the storage
bin to the flat plate at the initial velocity of 0.01 m/s. Droplets move along a horizontal
direction after they touch the flat plate. On the other hand, droplets pile as a form of
accumulation because of the kinetic energy loss during contact between the flat plate and
the droplets. Finally, a droplet pile appears with a stagnant zone at f = 0.35 s. The averaged
accumulation angle 0 is 16.5 degrees with the standard deviation of 7.2 degrees from four
virtual simulation tests.

Figure 3a shows the profile of accumulation angles of droplets as a function of wall-
droplet surface energies. The paint droplet accumulation angle increases with increasing
surface energies. In the Hertz-Mindlin with JKR contact model, the surface energy is
introduced to measure energy dissipation during paint droplet contact. The higher the
surface energy is, the larger the accumulation angle is, resulting in a high height of the paint
droplet pile. On the other hand, the accumulation angle is low at the surface energy range
of 1.0 to 50 J/m?2. In case I, the droplet accumulation angles change from a moderating
region, transitioning to an increasing region. Finally, it gradually increases with increase in
surface energy from 400 to 600 ] /m?. In the moderating region, the average AoR is about
15.2 degrees, indicating a paint droplet pile on the flat plate.

In case II, the AoR trends to zero with decreasing wall-paint droplet surface energy
in the moderating region. A droplet layer is formed, representing a droplet film on the
flat plate. On the other hand, the AoR becomes larger and larger with increasing surface
energies, representing a paint droplet accumulation with multiple layers in the increasing
region. Finally, the rate of change of AoR (i.e., A8/A) reduces at high surface energy,
representing the approximate upper limit of the accumulation angle at the surface energy
range of 500 to 600 J/m?. The results produce a straight line in the increasing region using
regression analysis. The relationship can be expressed approximately as

6 = —100.24 +20.52Iny (19)
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Figure 3. Profiles of accumulation angles. (a) AoRs at different surface energies. (b) AoRs at different
initial velocities.

The AoR trends to zero at point A, the intersection of two straight lines of line MR
from the moderating region and line IR from the increasing region. Two regimes exist from
the surface energy 4 at point A (74 = 132.3]/m?). One regime represents the formation of
the paint droplet layer at 7y < ya. The paint film is generated along the flat plate. The other
regime represents paint droplet accumulation at 7y > 4. This, therefore, suggests that the
wall-paint droplet surface energy of 100.0 ] /m? used in the present work, which is less
than the surface energy at point A4, is acceptable for simulations of the paint droplet spray
coating process.

Figure 3b shows the distributions of droplet accumulation angles as a function of
droplet initial velocities from the storage bin. With increasing initial velocities of droplets,
the AoR increases at first, and then declines. A multilayer of droplets is observed along the
horizontal flat plate. This tendency, resulting from the change in velocity, originates from
droplet mode of impact in the dropping process. The different impact modes of droplets
as they hit the wall were reviewed [46], including adhesion, spread, and splash modes.
These modes mainly relate to velocity of droplets perpendicular to the wall surface. The
droplets spread on the wall surface at low impact velocities. On the other hand, they splash
at high impact velocities as they collide with the wall surface. At low droplet initial velocity,
the AoR is not sensitive to droplet velocities. However, an increase in the initial velocity
affects the AoR of droplets. Hence, the effect of simulation parameters used in the virtual
simulation test on droplet AoR is further investigated in the funnel device.

A summary of the literature of AoR data from virtual simulation tests using the discrete
element method with JKR contact model is listed in Table 2. These virtual simulation tests
are undertaken according to the change of particle-to-particle contact parameters used as
input data in the JKR model. These indicate that the values of AoR depend on contact
parameters used in the JKR model. Shi et al. [47] pointed out that the surface energy not
only affected the simulated macroscopic AoR, but also had an impact on agglomeration
of particles. From virtual simulations of optimal parameter combination, Xia et al. [48]
found that the contact parameters of coal, surface energy and friction coefficient, had
significant influence on repose angle, while the restitution coefficient had no influence
on it. The calibrations using virtual simulation tests show that both particle—particle and
particle-wall contact parameters have an influence on AoR of particles. These indicate
that the droplet-droplet and droplet—wall friction coefficient and surface energy affect the
deposition of droplets on the wall. Hence, further virtual simulation tests are required in
this area to calibrate the effect of contact parameters used in the JKR model on AoRs of
droplets in spray coating processes.
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Table 2. Summary of some typical AoR and contact parameters in the published literature.
. . Density, Poisson’s Elastic Friction Restitution Surface
Source Particles Size, um kg/m? Ratio Modulus, Pa Coefficient Coefficient Energy, J/m? AR, Degree
Shietal. [47] Pollen 19.56 1259.76 0.1-0.5 5.25 x 10° 0.466 0.14 506 %107 566
g‘;slhi[jl;]ma Lactose 210 1700 0.25 10 x 10° 0.5 0.35 0.09 46.1
Xia et al. [48] Wet coal 6-8 mm 1500 0.3 2 x 108 0.198 0.54 0.008 27.82-39.94
Ajmaletal. [49]  Wetsand 2.8 mm 2083 0.3 1 108 0.41 0.3 5.0 11.25-40.35
Zhu etal. [50] Lunar soil 40 1360 02-0.3 (2572) x 107 01-09 0.3-0.7 0.02-0.06 23.2-49.2
simulant
Present study Droplets 200 1060 0.23 1.2 x 107 0.15 0.7 0.03 0.42-28.78
3.2. Selection of Gas Turbulent Model
In the Fluent-EDEM used, three different gas turbulence models, including realizable
k-¢ model [51], RNG k-¢ model [52], and shear-stress transport (SST) k-w model [53], are
applied to simulate velocities of gas and droplets using the rotary sprayer I in the square
duct. Figure 4a shows the distributions of gas velocity magnitude along the X line of the
square duct at the rotation speed of 17,500 rpm. The gas flow is induced due to the high
rotation speed of the airless rotary sprayer I. All gas turbulence models show that gas
velocities are minimum at the center of X = 0 m, and increase towards the sprayer wall in
chamber I. Gas penetrates through ring I-IV holes. In chamber II, three different regimes
appear according to velocity variations, as shown in Figure 4b at the ring III plane using
the RNG k-e model. In the first regime near the sprayer wall at 61, gas velocities are largest
at the sprayer wall due to sprayer rotation, but decrease rapidly away from the sprayer
wall. In the second regime at dj, gas velocities are low, and remain almost constant. In the
third regime near the duct wall at J, gas velocities increase, reach the maximum, and then
decrease towards the duct wall along X line. All gas turbulence models predict that gas
velocity magnitude is lowest at ring I and largest at ring IV. However, gas velocities using
the RNG k-e¢ model and the SST k-w model decrease at first, reach the minimum, and then
increase along holes. Gas velocities at J; are larger than those at 6y, and can be referred to
as the transition from low velocity at J( to high velocity at J,, whereas gas velocities using
the realizable k-e model decrease along holes. These indicate that a difference exists when
the three gas turbulence models are used along the X line.
40 (a) SST k. del 700
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&b 0.
§ 30 Top Realizable k-& model: = o 4.12
g >0 X line ——RingIV g E
% 2.0 Leérﬂlrlight - i?ng ﬁl ;:4: ] é 329
= —>— Rin
§1o] Povm e Ringl = 5 247
g
z (3)'2 RNG k-e model: 1.65
Q 2.V —o— Ring IV
S50/ o Ringlll § 0.82
n ——RingIl [
E R 0.00
[ mis]

-0.01

Distance along X direction (m)

0.01 0.02 Bottom wall
(b) RNG k-E& mode]

0.00

Figure 4. Profile of gas velocity magnitude using different gas turbulence models. (a) Velocity
distribution. (b) Gas velocity contour.

Figure 5a shows the instantaneous exit droplet velocity magnitude of holes using
three different gas turbulence models. Three different stages of droplet velocities exist at
different times. At the first stage at time ¢(, the exit droplet velocities of holes start to vary
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20.0

from zero at the beginning of sprayer rotation. In the second stage of 1, the exit droplet
velocities increase gradually, and then become stable at the third stage of t,. The exit droplet
velocities oscillate due to the interaction between gas and droplets as they pass through the
holes. The three gas turbulence models show that the instantaneous exit droplet velocities
of holes are low at ring I and large at ring IV.

15.0-

o W
>

(a) Sprayer I: Q=17,500 rpm

100] PAZF,
SST k-0 model
—=—Ring I —o— Ring I —+— Ring III —— Ring IV

—_
I
w

(b) Sprayer I

Il Rcalizable k-& model
I RNG k- model
I SST k-0 model

A\
A\Y

15.04

10.01 '

o
° 2

=}
<

15.09
10.0

Velocity magnitude of droplets (m/s)

o
°.°

RNG k- model:

m' i

0.05

Velocity magnitude and components (m/s)
(=3
(98]

—o—Ring I ——Ring I ——Ring IIl ——Ring IV
0.10 0.15 0.20 0.25 -0.6
Time (s) Yz

Exit droplet velocmes

Figure 5. Exit droplet velocities of holes using three turbulence models. (a) Instantaneous velocities.
(b) Time-averaged velocities.

The time-averaged exit droplet velocities of holes are calculated, and are shown in
Figure 5b. The exit droplet velocity magnitudes u from the three gas turbulence models
are close to each other. However, some differences exist among them. The existing droplet
velocity magnitude from the realizable k-¢ model is lowest, while it is largest for the SST
k-w model. That of the RNG k-¢ model falls in between them. The exit droplet velocity
components u, and u, obtained from the realizable k-e model are negative, but are positive
from both the RNG k-¢ model and the SST k-w model. Contrastingly, the exit droplet
velocity component u,, from the realizable k-¢ model is positive, and negative from both the
RNG k-¢ and SST k-w models.

When droplets pass through chamber II, they stick to the square duct walls. The wall
is divided into nine segments along its length. The droplet number N; is determined in
these segments. The droplet number fraction is defined as 1; = N; /Ny, where Nj is the total
droplet number in the wall. Figure 6a shows the distributions of droplet number fraction
along the wall length using three different gas turbulence models. All models show that
the droplet number fraction is low at the beginning and the end, and high at the middle
along length of the bottom and top walls and height of the left and right walls.

The standard deviation and skewness of droplet number fractions are calculated using
the following expressions.

o=\ (i = ) (20)

s (=D =2 g (11w’ o

where n,, is the mean value of droplet number fraction. Figure 6b shows the distributions
of standard deviation and skewness of walls. In addition to the top wall, the standard
deviation of droplet number fraction is largest using the realizable k-¢ model, and lowest
from the SST k-w model. Its value from the RNG k-e¢ model falls in between them. Except
for the left wall, the skewness using the RNG k- model falls in between those obtained
from the realizable k-¢ and SST k-w models in the right, bottom, and top walls.
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Figure 6. Simulations along walls using three turbulence models. (a) Droplet number fractions.
(b) Skewness and standard deviation.

In summary, all these gas turbulence models allow the representation of gas turbulent
transport in the airless spray coating process. A summary of simulations performed with
three different gas turbulence models is presented in Table 3. According to the gas and
droplet velocities, as well as standard deviation and skewness of droplet number fractions
from these models, the gas turbulence RNG k-e model is acceptable for the present work of
airless droplet spray coating process modeling.

Table 3. Summary of simulations using three gas turbulence models.

Realizable k-¢ Model RNG k-£ Model SST k-w Model

Gas velocity magnitude Unlike RNG and SST models Like SST model Like RNG model
Droplet velocity magnitude Low Medium High
Standard deviation of n; High Medium Low
Skewness of n; Small Medium Large

4. Comparison with Experimental Data in a Panel Using an Airless Sprayer

The paint droplet film thickness distributions were measured by Ye et al. [54] using an
airless sprayer gun along a vertical panel. The effective orifice diameter of the airless sprayer
gun ranges from 0.48 to 0.53 mm with a spray angle of 45 degrees. The measured mean
diameter of droplets dsy was 81.0 um, where ds refers to the droplet size corresponding
to the cumulative frequency of 50%. The flat plate panel length and width sizes were 800
and 200 mm. The distance from the sprayer gun to the vertical plate target was 300 mm.
The paint mass flow rate was 0.02733 kg/s. The measured droplet velocities were 110 and
80 m/s at the distance of 50 and 100 mm from the sprayer gun along the axial direction.

Spraying film thickness simulation was performed under the experimental conditions
listed in Table 4. Figure 7 shows the comparisons of the plate-paint droplet film thicknesses
obtained from calculations and experimental measurements using an airless sprayer gun.
From the mass balance of liquid film, the film thickness ; is calculated according to droplet
number N; in the segment i.
7'L'd3N,'
6L;B;

where B; and L; represent the segment length and width. The droplet data were collected
from a small rectangular segment along the vertical plate wall. The plate wall is evenly
divided into segments with the length and width of 8 mm and 2 mm, which is similar to the
nozzle size of the airless sprayer gun [11]. The numerical simulations show an agreement
with the experimental data. The mean film thicknesses from experiment and simulation are

i

(22)
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42 4 and 38.7 pm, respectively. The simulated and measured transfer efficiency of droplets
are 95.6 and 94.0% on the target panel.

Table 4. Simulation and experimental parameters.

Parameters Experimental Values Simulation Values
Droplet diameter 81.0 um 81.0 um
Droplet density 1317 kg/m? 1317 kg/m?
Inlet droplet mass flux 0.02733 kg/s at p = 200 bar 0.02733 kg/s
Inlet droplet velocity 110-80 m/s at z = 50 and 100 mm 140 m/s
Effective orifice diameter 0.48-0.53 mm A rectangular inlet of 8 x 2 mm
Spray angle 45 degree 45 degree
Sprayer-to-target distance 300 mm 300 mm
Robot velocity 900 mm/s 900 mm/s
(&) Thickness m i -
02 5.0 117183 25.0 31.7 383 45.0 51.7 (inicron 70 )
1 Experiments
— H 60+ —e— Simulations
E =
= E 50+
g | 5
5| 2 40
E 0.1 g
5 £ 309
! £
v £ 20+
a8
! 10 ﬂ
0
-0.2 -0.1 0 0.1 0.2 0 T T T T T T T
Distance along length (m) -0.2 -0.1 0.0 0.1 0.2

Distance (m)

Figure 7. Comparisons between simulations and experiments of film thickness. (a) Thickness contour.
(b) Thickness distributions of simulations and experiments [54].

Discrepancy between the experimental data and simulated results can be observed.
The simulated film thicknesses are lower than the experimental data at the distance of —0.1
and 0.1 m. There are several explanations for this discrepancy between the simulations
and experiments. First of all, the measured droplet size distribution is replaced by a mean
diameter of droplets used in numerical simulations. The experimental measurements
showed that an accumulation of large droplets appeared at the edges of the droplet sprayer.
Fine droplets were deposited mainly at the spray pattern center. The droplet Sauter mean
diameter was 68.5 um from the integral droplet size distribution [54]. The larger the droplet
diameter is, the higher the droplet velocities are as droplets impact on the target plate.
Another factor is that the initial droplet velocities are estimated from measured droplet
velocities at the axial distance of 50 mm and 100 mm. Ye et al. [6] found that the appropriate
initial droplet velocity conditions were very necessary for the determination of droplet
trajectories. The spraying injection data obtained at the gun exit positions were suggested
as input conditions for numerical simulations of the droplet spraying coating processes.
These indicate that the simulation of the droplet spraying process relies on measured inlet
parameters of droplet velocities and diameters. From the numerical simulation point of
view, these inlet conditions should be measured as close to the airless sprayer as possible
to avoid the interaction calculation of complex gun geometries. Therefore, simulation
improvements should focus on the prediction of collisional interactions of droplets with
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respect to the detailed inlet droplet velocities and diameter measurements in the spray
coating processes.

5. Discussions and Analyses

Using the rotary sprayer II, the instantaneous gas velocity vectors are shown in Figure 8
at ring III plane at the sprayer rotations of 4000 and 22,500 rpm in the airless droplet spray
coating process. In the rotary sprayer II, there are eight holes on each ring. Generally,
a circulation of gas is clearly observed, indicating that the flow of gas is induced by the
rotation of the rotary sprayer. These patterns of gas flow are quite complex at the corners
of the square duct, depending on sprayer rotation speed.

Top wall

Top wall

Tk A At e
- >

Right wall
Left wall
Right wall

el

T b A

.- e g T
R a5 o

Imis

(a) (b)

Figure 8. Profiles of gas velocity vectors at the ring III. Different arrow color and length represent gas
velocity magnitude. (a) Rotation speed of 4000 rpm. (b) Rotation speed of 22,500 rpm.

Figure 9 shows the distributions of gas velocity magnitudes at two rotation speeds.
Both cases show that these trends of gas velocities are similar along the x and diagonal
lines. A difference between them exists in chamber I and II. In general, the gas velocity
magnitude is low at X = 0 m in the center of chamber I. It increases toward the holes. Three
regimes exist in chamber II. In the first regime at J1, gas velocity decreases from exit gas
velocity u, at the hole exit. Then, gas velocity magnitude remains almost constant in the
second regime at 9. Near the duct wall in the third regime at J,, gas velocity increases,
and then trends to zero at the duct wall. For both sprayer rotations, the distributions of gas
velocity are similar. On the other hand, the exit gas velocities u, of the holes are larger at
the rotation speed of 22,500 rpm than they are at the rotation speed of 4000 rpm, resulting
in high gas velocity in chamber II with increase in sprayer rotation speed.

Figure 10 shows the typical trajectories of sampling droplets in the square duct. It
clearly shows that the droplets move from chamber I to chamber II through the holes.
Finally, droplets adhere to the square duct walls. These indicate that droplets gain kinetic
energy by means of centrifugal force as they penetrate through the holes. The sampling
time interval (f; — t1) is 0.0005 s. These lines represent the distance traveled by the droplets
in a given time interval. The larger the distances are, the higher the droplets velocities are
in the square duct. The tangential velocity component appears as droplets impact the duct
walls, leading to a decline in the normal component.
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Figure 9. Profiles of gas velocity magnitudes. (a) Velocities along X line. (b) Velocities along
diagonal line.

Figure 10. Typical trajectories of droplets in the square duct.

Figure 11a shows the distributions of exit droplet velocity magnitudes of holes in the
rings at two rotation speeds. In the first stage at time £, the droplet velocity increases from
zero. In this stage, droplets pass through the sprayer inlet to the hole exit. In the second
stage at t, droplet velocity decreases gradually with time at the rotation speed of 4000 rpm.
The oscillations of droplet velocity are caused by hydrodynamic interaction between gas
and droplets as well as collisional interactions of droplets. The droplet velocities are at a
steady condition in the third stage at time f;. The exit droplet velocities of holes are large at
high rotation speed. They are largest at ring IV and lowest at ring I, indicating that exit
droplet velocities depend on rotation speed and ring size.

Figure 11b shows the distributions of exit gas and droplet velocity magnitudes of
holes as a function of dimensionless Fr numbers. The dimensionless Fr number is defined
according to rotation speed (2 and radius R of the rotary sprayer as follows:

(PR
8

Fr (23)

The dimensionless Fr number represents a measure of centrifugal and gravitational
forces. Both exit gas and droplet velocities of holes increase with increasing Fr number. It
can be seen that the exit gas and droplet velocities are large in ring IV and low in ring L.
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Figure 11. Hole exit velocity magnitudes and discharge coefficients of gas and droplets. (a) Instanta-
neous exit gas velocities. (b) Time-averaged exit velocities and discharge coefficients.

As the fluid is subjected to a centrifugal force with a radius R and angular velocity
w, the rotating fluid is discharged from a hole with a free surface at r( in the rotating
cylinder [55,56]. Bernoulli’s equation would have the form

2 2 2 2
Wilp2_ 2\ P Y% _wW (po 2\, P1, Y
Z(R r0>+p+2—2(R r1>+p+2+Ah (24)

where Al is the energy loss. Assuming fluid pressure p; approximates to pg, and fluid
velocity vy is negligible, Equation (24) reduces to the following form at r; = R without
energy loss:

()= &

The discharge fluid velocity from the hole at R is
v1 = w4/ (R? —13) (26)

This indicates that the discharge fluid velocity is proportional to the angular velocity
of the rotating fluid, and also increases with increasing radius R. From Figure 11, the exit
droplet velocity increases with increasing rotation speed. Furthermore, the exit droplet
velocity of holes is lowest at the smallest ring size (i.e., ring I) and highest at the largest ring
size of ring IV. The equation can explain the trend of exit droplet velocity of holes observed
in simulations.

Considering the frictional energy loss during the passage through the hole, the
exit droplet velocity is expressed as a function of discharge coefficient C;, according to
Equation (26) [57]:

v =Cpy/(R2—13) (27)

Assuming rgp = R — d based on droplet diameter, the result from Equation (26) gives

exit droplet velocity.
Og = ChQ V2Rd — d2 (28)

This expression is also suitable for the exit gas velocity of holes. The value of discharge
coefficient is calculated according to exit gas velocity and droplet velocity. The mean
discharge coefficients of gas and droplets of holes of rotary sprayer II are 0.85 and 5.87 in
the droplet spray coating process.

Figure 12a shows the instantaneous droplet velocity magnitude at the left, right,
bottom, and top walls of the square duct at two different rotation speeds. The evolution
of wall droplet velocity is divided into three stages. During the time fy, at the first stage,
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the wall droplet velocities start to change from zero. In this stage, droplets travel from the
sprayer inlet, chamber I, holes, and chamber II to the duct walls. During the time ¢, at the
second stage, the wall droplet velocities decrease gradually from the maximum. In the last
stage at t;, the wall droplet velocity oscillates with a mean value, representing a steady

condition of droplet painting.
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Figure 12. Profile of droplet velocity magnitudes of square duct walls. (a) Instantaneous droplet
velocities. (b) Averaged droplet velocities.

The time-averaged wall droplet velocity is calculated at time #;, and is shown in
Figure 12b as a function of rotation speed. The wall droplet velocities are similar at the left,
right, bottom, and top walls. Furthermore, the averaged wall droplet velocities are larger
with increase in sprayer rotation speed.

Figure 13 shows the distributions of droplets sticking on the left, right, bottom, and
top walls of the square duct at two rotation speeds. Both simulations indicate that droplets
adhere to the vertical left and right walls and horizontal bottom and top walls. Droplets
impact the duct walls as they are released from the holes due to centrifugal force. The
number of droplets is reduced at the corners at the rotation speed of 22,500 rpm compared
to the rotation speed of 4000 rpm at the square duct walls.

0.02

X (m) 003

Figure 13. Droplets sticking on square duct walls. Four different colors represent droplets at four
walls. (a) Rotation speed of 4000 rpm. (b) Rotation speed of 22,500 rpm.

The duct wall is evenly divided into nine segments along the wall length, and the
number fractions of droplets N;/Nj is calculated for each segment. Figure 14a shows the
distributions of droplet number fractions along the wall length at three rotation speeds.
All cases show that the droplet number fractions increase from the beginning side. They



Coatings 2024, 14, 282 17 of 23
are high at the middle, and decrease at the end side along the wall length. The droplet
number fractions are low at the beginning and end sides as the rotation speed is changed
from 12,500 to 22,500 rpm, exhibiting nonuniform distribution of droplets along the duct
wall length.
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Figure 14. Profiles of droplet number fractions and film thickness along the wall length. (a) Droplet
number. (b) Film thickness.

The distributions of film thickness are shown in Figure 14b with changing rotation
speeds. All cases show that the film thickness is low at the beginning and end sides, and
high at the middle along the wall length. The film thickness reduces at the beginning and
end sides, and increases at the middle with increasing rotation speed. The nonuniform
film thickness is due to the corner effect in the square duct. It is also found that the film
thickness of the left and top walls is large in the beginning side and low in the end side
compared to the right and bottom walls at the rotation speeds of 12,500 and 22,500 rpm.
These means that the film thickness may be affected by the effect of rotating direction of
the rotary sprayer in the square duct.

The variance of the paint droplet number in the wall can be expressed as

1
04 = \/ 2y (N = Ni)® (29)
where Ny, is the mean droplet number of the wall.
The number index of droplets is defined according to droplet number variance as

0d
On

IN (30)
where 0, is the variance showing that the total droplets are located at one segment of the
wall, and represents a complete nonuniform distribution of droplets in the wall. From
definition, we see that the droplet number index varies from 0.0 to 1.0. When the droplet
number index IN is zero, the segment paint droplet number is equal to the mean droplet
number, representing a complete uniform distribution of droplets along the wall length.
If the droplet number index IN is equal to 1.0, droplets are concentrated in one segment,
representing a complete nonuniform distribution of droplets along the wall length. A
uniform distribution of droplets would have the droplet number index at a zero value.
Therefore, the closer to 0.0 the droplet number index is, the better the uniformity of paint
droplet distribution would be in the square duct.

Figure 15 shows the distributions of number index of droplets along left, right, bottom,
and top walls at five different rotation speeds. All cases indicate that the droplet number
indexes are not very different at the rotation speeds of 17,500 and 22,500 rpm. The droplet
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number index of the bottom wall is lowest compared to the left, right, and top walls. The
mean value of the square duct is 0.072, 0.069, 0.13, 0.16, and 0.18, respectively. These show
that the values of droplet number index are less than 0.1 at the rotation speeds of 4000 and
7500 rpm. With increase in the rotation speed to a range of 12,500 to 22,500 rpm, the droplet
number index changes within the range of 0.13-0.18. These indicate that nonuniform
distribution of droplets exists at high rotation speed. Reducing the rotation speed will
improve the uniformity of droplets of the square duct walls.
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Figure 15. Profiles of number index of droplets in the square duct.

Figure 16a shows the instantaneous droplet-wall collision normal force magnitude of
the left, right, bottom, and top walls at three different rotation speeds. The instantaneous
droplet-wall collision normal forces increase from zero to maximum at time #y. After
that, they reduce, and enter a steady condition at time t;. The droplet-wall collision
normal forces oscillate with mean values due to hydrodynamic interaction between gas
and droplets at time f;. It can be seen that large oscillations of droplet-wall collision normal
forces appear with increase in rotation speed.
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Figure 16. Profiles of droplet-wall collision normal and tangential force magnitudes of duct walls.
(a) Instantaneous normal forces. (b) Averaged normal and tangential forces.

The calculated mean values of droplet-wall collision normal and tangential forces are
shown in Figure 16b with changing rotation speeds. Generally, both mean droplet-wall
normal and tangential forces increase as the rotation speed varies from 4000 to 17,500 rpm.
On the other hand, the mean droplet-wall tangential forces increase, and the normal forces
of the left and top walls reduce at the rotation speed of 22,500 rpm. The average droplet—
wall collision forces are calculated from the left, right, bottom, and top walls. The average
droplet-wall collision normal forces are 3.28 X 104,347 x 1074,3.98 x 104,3.28 x 1074,
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4.67 x 107%, and 4.49 x 10~* (N), and the average droplet-wall collision tangential forces
are 2.92 x 107°,3.04 x 1072,4.73 x 107°,5.84 x 107>, and 7.45 x 107> (N) at rotation
speeds from 4000 to 22,500 rpm. The ratio of the normal force to the tangential force is
11.22,11.41, 8.39, 8.01, and 6.02 at five rotation speeds in the square duct. These indicate
that the droplet—wall collision normal force is almost an order of magnitude larger than the
droplet-wall collision tangential force. These further suggest that the droplet-wall collision
normal forces control adhesion of droplets at low rotation speed, and the droplet-wall
collision tangential forces significantly influence the adhesion of droplets at high rotation
speed in the square duct.

Figure 17 shows the distributions of droplet-wall collision normal and tangential
energy losses at the left, right, bottom, and top walls at different rotation speeds of sprayer II.
The normal and tangential energy loss represent energy lost during droplet—wall collisions
due to the normal and tangential contact interactions. Generally, both collision normal
and tangential energy losses increase with increasing rotation speeds. The mean energy
loss is calculated at the left, right, bottom, and top walls. The mean normal energy losses
are 2.97 x 1078,3.42 x 1078, 5.12 x 1078, 6.69 x 1078, and 7.52 x 1078 (J) for sprayer
rotation speeds of 4000 to 22,500 rpm. The ratio of the mean normal energy loss to the mean
tangential energy loss is 30.09, 30.81, 25.45, 19.66, and 15.11, respectively. These indicate
that the droplet-wall collision normal energy loss is at least one order of magnitude larger
than the droplet-wall tangential energy loss. The effect of tangential energy loss is more
pronounced at high rotary sprayer rotation speeds.
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Figure 17. Profiles of droplet—wall collision normal and tangential energy losses.

6. Conclusions

For the airless droplet spray coating process, the distributions of gas and droplets
velocities, film thickness, and collision forces were predicted using the CFD-DEM approach
with the JKR contact model at different rotary sprayer rotation speeds. The simulation
assessment was performed by comparing simulated results with film thickness distribution
data measured in a panel using an airless gun obtained from the literature.

This paper shows how a virtual accumulation angle test can be applied for the cali-
bration of the wall-paint droplet surface energy parameter. A series of virtual tests were
performed using a funnel device. A reasonable estimate of wall-paint droplet surface
energy value was suggested according to the relation of accumulation angles.

For our study, the test for the selection of gas turbulence model was performed using
the realizable k-¢, RNG k-¢, and SST k-w models by means of the rotary sprayer I. The
selection of gas turbulence model was dependent on how the gas and droplet velocities
and standard deviation and skewness of droplet number fractions are distributed at the
square duct walls. A rational gas RNG k-e¢ model was suggested and employed in an airless
droplet spray coating process of the square duct.
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The exit gas and droplet velocities of holes increased from ring I to ring IV of ro-
tary sprayer II. The expression was correlated with sprayer rotation speed and discharge
coefficient, with 0.85 for gas phase and 5.87 for droplets in the droplet spray coating process.

The distributions of droplet film thickness and droplet-wall collision normal force
were predicted at different rotation speeds. A droplet number index was proposed to
measure droplet distributions at the square duct walls. The droplet number index was
less than 0.1 at the rotation speed of 4000 and 7500 rpm, and ranged from 0.13 to 0.18 at
the rotation speeds from 12,500 to 22,500 rpm. The droplet—wall collision normal force
was approximately an order of magnitude higher than the droplet-wall tangential force of
collisions in the airless rotary spray coating processes of the square duct.
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Nomenclature

a contact radius, m

Cy drag coefficient

Cp, discharge coefficient

d droplet diameter, m

e coefficient of restitution

E modulus, Pa

fen normal contact force, N

fer tangential contact force, N

Fr Fr number

I; moment of inertia of droplet i, kg~rn2
g gravitational acceleration, m/ 2

Gy generation of kinetic energy, kg/m-s>
m mass of droplet, kg

n number fraction

[ unit vector between the droplet i and k
Nm mean number fraction

N droplet number

Ny mean droplet number

pr fluid pressure, Pa

R radius, m

Re Re number

T torque, N-m

u velocity, m/s
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vy discharge velocity, m/s

v; droplet velocity, m/s

(" normal relative velocity between droplet i and k, m/s
Ut ik tangential relative velocity between droplet i and k, m/s
Greek symbols

w angular velocity, rad/s

On normal displacement, m

Ot tangential displacement, m

of gas density, kg/m?

Hf gas viscosity, kg/s-m

Us friction coefficient

Ut turbulent viscosity, kg/s-m

o Prandtl number

oy variance

T gas phase stress, Pa

0 rotation speed, rpm

v Poisson ratio

0% surface energy, ] /m?

'y surface energy at the intersection A, J/ m?
0 accumulation angle, degree
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