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Abstract: Spray coating is widely used in the manufacture of deposited layers of electronic devices due
to its unique advantages of high-speed deposition over a large area. To improve the spray deposition
process for further low-cost and uniform production, the uniformity of the spray deposition should
be systematically investigated. The current study, however, mainly focuses on the experimental trials
with few numerical directions especially for the mixing nozzle sprayers with heating conditions.
In the paper, we conduct a theoretical study on the uniformity of the internal and external mixing
nozzles. The influencing factors include the initial angle, the total ink flow rate, the transporting gas
velocity and the distance from the nozzle to the substrate. Then, the orthogonal test method is adopted
to obtain the optimal combination of the parameters. Finally, the effects of different heating modes on
the uniformity have been further studied. The results show that these factors influence the uniformity
with the two types of nozzles to a different degree. The evaporation of the atomized droplets can
effectively improve the uniformity in a certain temperature range. The heating temperature with the
highest uniformity is various depending on the heating modes, which should be carefully addressed
during the actual production.
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1. Introduction

With the rapid development of modern technology, precision and miniaturization of the electronic
devices have become the trends in electronic fabrication. Therefore, higher requirements of efficiency
and precision have been raised for the manufacturing of organic electronic devices, including thin-film
transistors, light-emitting diodes, photovoltaic devices and storage memories. These electronic
components with similar structures are composed of various layers with distinct functions [1].
In addition, the thickness and uniformity of these deposited layers affect the electrical properties
and the performance of devices greatly. Thus, it is important to produce deposited layers with high
uniformity. In the last decade, the processing methods have made great progress that allows fast
deposition of materials on a large area at low cost and high throughput, forming a systematic organic
large-area electronics (OLAE) technology [2]. These methods mainly include soft lithography, inkjet
printing, and spray coating. Among them, spray deposition has been studied by many scholars for it
has a unique advantage of high-speed deposition over large areas at low cost.

The applications of the spray deposition technique include spray-deposited organic thin-film
transistors, top electrodes, organic solar cells, etc. Ishikawa [3] et al. fabricated a thin layer of
an organic bulk heterojunction photovoltaic cell (OPC) by the evaporative spray deposition from
ultradilute solution (ESDUS) technique. The flatness or thickness of the resulted films can be controlled
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by the spraying rate, chamber temperature, and substrate temperature. Vak [4] et al. fabricated
active layers of organic solar cells (OSCs) using conventional handheld airbrushes. Although the
spray deposited film showed a relatively rougher surface than spin-coated ones, pinhole-free and
constant thickness films could be obtained. Green [5] et al. used airbrush spray deposition to fabricate
the active layer in ambient conditions, and improve homogeneity of the layer. Bernardin [6] et al.
developed a universal method for spray-deposition of polymeric semiconductor blends, and adjustable
experimental parameters are flow rate, solvent, material concentration, nozzle-substrate distance, and
substrate temperature. Girotto [7] et al. used internal mixing airbrush Badger 200 NH to spray coating
Ag nanoparticle solution, the fabricated cells show performances comparable to those of reference
devices with evaporated top-contacts. Azarova [8] et al. used an Iwata Kustom THK9200 airbrush
with a nozzle diameter of 0.50 mm, and the transistors show very good homogeneity. Chan [9] et al.
fabricated high-performance organic thin-film transistors, and the spray-deposited film was estimated
to be 100 nm thick on average. Owen [10] et al. demonstrated the performance of spray-deposited
transistors is similar to spin-coated devices while utilizing a 20 times smaller amount of organic
semiconductor than the wasteful spin-coating procedure. Rigas [11] et al. performed a spray printing
experiment of organic semiconducting single crystals by using two types of spray coater, which have
an external air-paint mix system and internal mixture system, respectively. By altering the angle,
distance, and type of airbrush from which the solution was ejected, they controlled the shape and the
size of single crystals.

Although these studies show that direct spray coating can effectively obtain a relatively uniform
deposition layer, most of the current research is still in the stage of the laboratory with lots of experiments.
The uniformity is influenced by various factors, and it is difficult to carry out many experimental trials
completely. Therefore, it is very necessary to conduct simulation studies to guide practical applications
with more complete data. For this purpose, the computational fluid dynamics (CFD) method is used to
simulate the spray process. At first, the effects of four factors on the uniformity are studied separately,
including the initial angle, the total ink flow rate, the transporting gas velocity and the distance from
the nozzle to the substrate. These factors are hereinafter referred to as initial angle, flow rate, gas
velocity and substrate distance for convenience in the following study. The mathematical evaluation
indexes have also been proposed to evaluate the uniformity numerically. Then the orthogonal test
analysis is performed to obtain the optimal combination. Finally, based on the optimal parameter
combination, the spray deposition uniformity is further improved by evaporating the ink droplets by
different heating surfaces with various temperatures.

2. Problem Description and Mathematical Models

2.1. Geometry Description

The liquid in the nozzle is commonly atomized by two methods in spray deposition/coating: one
is by ultrasound and the other is by applying pressure to a transporting gas [2]. The latter method is
more widely used in real production, including two types of air-assisted spray nozzles: the internal
mixing nozzle and the external mixing nozzle. Figure 1 shows their basic structure that the gas is mixed
with the liquid ink inside or outside the nozzle, respectively. The diameters of the liquid passage of the
two nozzles are both set to 0.2 mm here. As is shown in Figure 1a, the size of the reactor chamber, i.e.,
the simulation zone after the spout, much larger than the diameter of the nozzle, is a cylinder with a
diameter of 20 mm and a height of 10 mm in order to reduce the influence of the wall on the jetting
process. Besides, the distance between the nozzle and the substrate is controllable during the actual
spray process, so the height of the reactor chamber is divided every 0.1 mm in the post-processing
to represent different control distances. In the simulation cases, the reactor chamber is in ambient
conditions. The boundary conditions are set to the velocity inlet and the pressure outlet, and the
selected liquid ink materials have similar properties to ethanol for convenient analysis.
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Figure 1. (a) shows the cylindrical regional grids and (b) shows the structure of the two mixing nozzles.

2.2. Mathematical Models

Since the volume fraction of the droplets is less than 10% in the carrier gas, the Euler–Lagrange
method is adopted, that is, the liquid phase is regarded as a discrete phase, and the gas phase is
regarded as the continuous phase. For the gas phase, excessive speed will cause more uncertain effects
on uniformity, which is not easy to control, so the velocity of the gas is lower, and the fluid is laminar
flow. For the liquid phase, the air-blast atomizer model is adopted, and the focus is on the motion of
the particles and the exchange of heat and mass. The governing equations are given as follows.

2.2.1. The Gas Phase

The equation for conservation of mass can be written as

∂ρ

∂t
+∇ · (ρ

→
v ) = Sm. (1)

The source Sm is the mass added to the continuous phase from the dispersed second phase. In
this study, it is due to vaporization of liquid droplets.

Conservation of momentum in an inertial reference frame is described by [12] as

∂
∂t
(ρ
→
v ) + ∇ · (ρ

→
v
→
v ) = −∇p +∇ · (τ) + ρ

→
g +

→

F , (2)

where p is the static pressure,
=
τ is the stress tensor (described below), and ρ

→
g and

→

F are the gravitational

body force and external body forces, respectively.
→

F also contains other model-dependent source terms.
The stress tensor

=
τ is given by

τ = µ
[(
∇
→
v +∇

→
v

T)
−

2
3
∇ ·
→
v I

]
, (3)

where µ is the molecular viscosity, I is the unit tensor, and the second term on the right hand side is the
effect of volume dilation.

2.2.2. The Liquid Phase

As for the discrete phase of the droplets, which interacts with the gas phase, that is, it will exchange
the energy or mass during the process, so it is necessary to solve their coupled flow. If the liquid
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particles are all spherical, for a single liquid particle, the equilibrium equation for the various forces
acting on the droplet is computed as

dup

dt
= FD

(
ug − up

)
+

gx
(
ρp − ρ

)
ρp

+ Fx , (4)

where up is the velocity of the droplet, ug is the velocity of the gas fluid phase, gx is the acceleration of
gravity, and ρp is the skeletal density of the droplet. Fx is the additional force term which refers to
other forces, including thermophoretic force, Brownian force, Saffman’s lift force and so on FD

(
ug − up

)
is the drag force per unit particle mass [13], and

FD =
18µ

ρpd2
p

CDRed
24

, (5)

where dp is the diameter of the droplet particles, Red is the relative Reynolds number, which is defined as

Red =
ρdp

∣∣∣ug − up
∣∣∣

µ
. (6)

CD is the drag coefficient which can be expressed as

CD = a1 +
a2

Red
+

a3

Re2
d

. (7)

For spherical droplets, a1, a2 and a3 are constant in a range of Reynolds number.
When the particle temperature Tp is less than the vaporization temperature Tvap, that is, Tp < Tvap,

the particle satisfies the heat transfer equation is

mpcp
dTp

dt
= hAp

(
T∞ − Tp

)
+ εpApσ

(
θ4

R − T4
p

)
, (8)

where mp is the mass of the particle, cp is the heat capacity of the particle, Ap is the surface area of the
particle, T∞ is the local temperature of continuous phase, h is the convective heat transfer coefficient,
εp is the particle emissivity, σ is the Stefan–Boltzmann constant, θR is the radiation temperature.

The convective heat transfer coefficient h is evaluated using the correlation of Ranz [14]
and Marshall

Nu =
hdp

k∞
= 2.0 + 0.6Re1/2

d Pr1/3, (9)

where dp is the particle diameter, k∞ is the thermal conductivity of the continuous phase, Pr is the
Prandtl number of the continuous phase.

When the temperature of the droplet reaches the vaporization temperature, Tvap, and continues
until the droplet reaches the boiling point, Tbp′ , that is, Tvap ≤ Tp < Tbp, the particle satisfies the mass
and heat transfer equations is

mpcp
dTp

dt
= hAp

(
T∞ − Tp

)
−

dmp

dt
h f g + Apεpσ

(
θ4

R − T4
p

)
, (10)

where dmp/dt is the rate of evaporation, h f g is the latent heat.
When the droplet temperature reaches the boiling point, that is, Tp > Tbp, the boiling heat transfer

equation is applied [15] as

d
(
dp

)
dt

=
4k∞

ρpcp,∞dp
(1 + 0.23

√
Red) ln

1 + cp,∞
(
T∞ − Tp

)
h f g

, (11)
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where cp,∞ is the heat capacity of the gas.

3. Results and Discussion

3.1. Uniformity Assessment

In the studies, the fluent software was used, and, specifically, the DPM discrete phase model
is selected. In order to analyze the uniformity of the spray quantificationally, various indicators in
the spray process need to be defined. Traditional uniformity evaluation indicators include atomized
droplet size, droplet distribution and spray angle [16], but these indicators can only qualitatively
denotes the obtained results with single factors. Therefore, some numerical indicators including
average and standard deviation are adopted based on the particle mass concentration that is also called
DPM (discrete phase model) concentration.

Figure 2 shows the droplet distribution on the substrate at a certain distance. S is the actual
deposition area of the atomized droplets while s0 is the area of the deposited substrate. These two
zones are discretized by the grid. The symbols of si and s j represent the area of the ith and jth location,
respectively. In addition, the diameter of the selected circular substrate is 2 mm, so s0 is a fixed value.
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Figure 2. The particle distribution on one of the deposition surfaces at a certain substrate distance.

Therefore, the average of DPM concentration can be defined as

φ =
n∑

i=1

ϕi
si
s0

, (12)

where ϕi is the DPM concentration of ith location. The uniformity is represented by the standard
deviation of

SUP =

√
n∑

i=1
(ϕi −φ)

2 si
s0

φ
× 100%. (13)

When the value of this parameter is smaller, the uniformity is higher. In addition, the utilization
ratio is defined to indicate the proportion of droplets deposited on the substrate to the total droplets,
which is defined as

γ =

n∑
i=1

ϕisi

n∑
j=1

ϕ js j

× 100%. (14)
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The value is as large as better when ensuring high uniformity in production.

3.2. Effects of Single Factors

The uniformity is affected by various factors, and the degree of influence is different for the
factors. In this paper, the initial angle, the flow rate, the gas velocity, and the substrate distance may be
the dominant factors. When one of the factors is changed, the other factors remain the same in the
following studies.

Figure 3 shows the uniformity and the utilization ratio of the two nozzles under the influence of
the four single factors.
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angle, (b) flow rate, (c) gas velocity and (d) substrate distance. The solid line represents the variable of
the internal mixing nozzle, while the dotted line represents the variable of the external mixing nozzle.

For the internal mixing nozzle, the solid curves in Figure 3a shows the uniformity and utilization
ratio of different initial angles. With the increase of the angle, the SUP decreases more and more
slowly, and reaches the minimum value at 60◦, indicating that the uniformity is the highest there.
By increasing the initial angle, the distribution of atomized droplets becomes more dispersed, and,
hence, improves the uniformity. However, when the droplets are dispersed sufficiently, the effect of
increasing the angle on uniformity is not as great as before, so the growth rate of uniformity becomes
smaller. The utilization ratio decreases with the increase of the angle and varies approximately linearly.
As can be seen from Figure 3b, with the increase of flow rate, the SUP is unchanged at first, then
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increased and finally decreased. This may be because the change of flow rate has little effect on the
distribution of droplets in the current investigated range of the flow rate. The utilization rate decreases
with the increase of flow rate and decreases slowly. The effect of different carrier gas velocities on
uniformity is shown in Figure 3c. When the speed is 10 m/s and 15 m/s, the SUP is approximately
equal. When the velocity increases to 20 m/s, the SUP is reduced without much difference from the
value at 25 m/s. It indicates that there may be a certain velocity value in the range of 15~25 m/s to
make the uniformity the highest. The utilization rates at different velocities are not much different,
ranging from 60% to 70%. Figure 3d presents that the SUP of different substrate distances decreases
first and then increases, suggesting that the uniformity is the highest when the distance is 4.0 mm.
The utilization rate decreases sharply with increasing distance, so the substrate distance cannot be too
large to ensure a certain utilization.

For the external mixing nozzle, Figure 3a shows that the SUP varies at different initial angles, and
the uniformity is the highest when the angle is 30◦. There is no obvious change law in the dotted curve
of the SUP, only fluctuating within a certain range. The utilization rate remains almost unchanged
at different initial angles. As the flow rate increases, the SUP decreases first and then increases in
Figure 3b, and the uniformity is highest when the flow rate is 1 × 10−7 kg/s. The change of utilization
ratio is opposite to the trend of the SUP dotted curve, first increasing and then decreasing. It is noted
that the flow rate at the highest utilization is also 1 × 10−7 kg/s, which is the closest to the ideal situation
for the requirement to guarantee both high uniformity and high utilization. Figure 3c presents that
with the increase of velocity, the uniformity fluctuates significantly, while the utilization ratio increases
evidently. Therefore, when the uniformity is the highest at a velocity of 20 m/s, the utilization rate is
also high. The two dotted curves in Figure 3d have the same trend and are apparently reduced as the
distance increases, revealing that the larger the distance, the higher the uniformity and the lower the
utilization ratio.

3.3. Orthogonal Experimental Design

The above-mentioned factors, i.e., the initial angle, the flow rate, the gas velocity, and the substrate
distance influence the uniformity together. The challenge is how to evaluate the extent of the impact
of these factors efficiently. Therefore, the orthogonal test method is adopted, which is based on the
orthogonality to select some representative points that are uniformly dispersed from the comprehensive
test and is considered as a highly efficient, fast and economical experimental design method [17].
Orthogonal analysis of the influencing factors of the uniformity is given in Table 1. The four factors are
denoted by the characters from A to D, while E represents error terms. Therefore, the orthogonal table
is selected of L1645, including five factors and four levels, with a total of 16 arranged cases. Table 2
shows the simulation results of the uniformity of the internal mixing nozzle and the external mixing
nozzle. Tables 3 and 4 are the further results calculated from Table 2, in which R represents significance
level of the factors, and k1 to k4 represent values of Levels 1 to 4. More specifically, K1 to K5 are the
summaries of each level’s values, and k1 to k5 are the averages. According to the orthogonal test
theory, the factor of a larger R is more important than other factors. Variations of uniformity for the
internal and external mixing nozzle for different factors are presented in Figure 4. Inversely, a smaller
SUP represents higher uniformity, and the level with a smaller k is superior to other levels.

Table 1. Influencing factors of the uniformity for an orthogonal analysis.

Factors
Levels

Unit
1 2 3 4

A, Initial angle 15 30 45 60 ◦

B, Flow rate 1 × 10−8 5 × 10−8 1 × 10−7 5 × 10−7 kg/s
C, Gas velocity 10 15 20 25 m/s

D, Substrate distance 2.0 4.0 6.0 8.0 mm
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Table 2. Orthogonal table of L1645, and the simulation results of two types of mixing nozzles.

Case A B C D E
SUP of Different Mixing Nozzles

Internal External

1 1 1 1 1 2 3.2276 3.7342
2 1 2 2 3 4 1.1610 1.6961
3 1 3 3 2 1 2.0814 2.7416
4 1 4 4 4 3 1.8127 1.9235
5 2 1 3 3 3 1.2185 1.8031
6 2 2 4 1 1 2.6091 4.8399
7 2 3 1 4 4 0.9009 1.5205
8 2 4 2 2 2 1.0424 2.8867
9 3 1 2 4 1 1.0924 1.3503
10 3 2 1 2 3 1.0807 1.9559
11 3 3 4 3 2 1.2041 2.2941
12 3 4 3 1 4 1.6351 6.2980
13 4 1 4 2 4 0.6975 3.0473
14 4 2 3 4 2 0.9910 1.6768
15 4 3 2 1 3 0.8918 4.5730
16 4 4 1 3 1 0.8669 1.7176

Table 3. Analysis of the results using range method for the uniformity of internal mixing nozzle.

Parameters A B C D E

K1 8.2827 6.2359 6.0760 8.3636 6.6498
K2 5.7708 5.8418 4.1877 4.9019 6.4650
K3 5.0123 5.0781 5.9260 4.4505 5.0037
K4 3.4472 5.3571 6.3233 4.7970 4.3945
k1 2.0707 1.5590 1.5190 2.0909 1.6624
k2 1.4427 1.4604 1.0469 1.2255 1.6163
k3 1.2531 1.2695 1.4815 1.1126 1.2509
k4 0.8618 1.3393 1.5808 1.1992 1.0986
R 1.2089 0.2894 0.5339 0.9783 0.5638

Order A > D > E > C > B
Optimal combination A4D3E4C2B3

Table 4. Analysis of the results using range method for the uniformity of external mixing nozzle.

Parameters A B C D E

K1 10.0954 9.9350 8.9282 19.4450 10.6493
K2 11.0502 10.1687 10.5060 10.6316 10.5918
K3 11.8983 11.1291 12.5196 7.5109 10.2555
K4 11.0147 12.8258 12.1048 6.4711 12.5619
k1 2.5238 2.4837 2.2321 4.8613 2.6623
k2 2.7625 2.5422 2.6265 2.6579 2.6480
k3 2.9746 2.7823 3.1299 1.8777 2.5639
k4 2.7537 3.2065 3.0262 1.6178 3.1405
R 0.4507 0.7227 0.8978 3.2435 0.5766

Order D > C > B > E > A
Optimal combination D4C1B1E3A1
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For the internal mixing nozzle in Table 3, the order of the influences on the uniformity is A, D,
E, C, and B, which means the most influential factor is the initial angle, followed by the substrate
distance. Moreover, the optimal combination is A4D3E4C2B3, in which the specific values of each
parameter can correspond in Table 1. Among them, the optimal initial angle is 60◦, consistent with
the result of the single factor analysis, indicating that the initial angle is as large as better within the
allowable range. It is because the larger the initial angle, the more dispersed the atomized droplets are,
the higher the uniformity is. The optimum substrate distance is 6.0 mm and, the gas velocity is 15 m/s,
which are different from the results of the single factor analysis in Section 3.2. This may be caused
by a combination of various factors. Besides, the flow rate within the range given in the paper has
very little effect on uniformity, which also confirms the analysis in single-factor analysis. As for the
external mixing nozzle in Table 4, the order is D, C, B, E, and A, that is, the substrate distance, the gas
velocity, the flow rate, and the initial angle. The optimal combination for the highest uniformity is
D4C1B1E3A1. From these results, the larger the substrate distance, the better, which is consistent with
the single factor analysis result. This may be because, for the external mixing nozzle, the droplets have
not completely dispersed within a short distance. Furthermore, if the distance continues to increase,
the uniformity is likely to become higher. Besides, the initial angle has the least impact on uniformity,
and its optimal value is 15◦, which is slightly different from the single factor analysis.

3.4. Effects of Heating Conditions

From the orthogonal test results obtained above, the optimum combination of the internal mixing
nozzle and the external mixing nozzle are A4D3E4C2B3 and D4C1B1E3A1, respectively. It is necessary
to introduce another dominating factor, heating the droplets, to improve the deposition uniformity.
Under the premise of optimal combination, the spray is heated respectively by the top, side and bottom
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heating wall of the reactor chamber, in order to improve the uniformity by evaporating the atomized
droplets. The reactor chamber is at room temperature (293 K) when not heating, and when heating,
the boundary conditions of the wall temperature remain 293 K except the heating wall.

During the simulation, the heating temperature is set from 323 K to 623 K with a temperature
interval of 50 K. Since the entire reactor chamber is axisymmetric, the temperature distribution
of the entire flow field can be characterized by the temperature distribution on the axial section.
The temperature distribution of the flow field and the droplets of the two nozzles are given in the
following chapters. The results of the SUP are compared with that of unheated conditions to obtain the
optimum temperature for maximum uniformity.

3.4.1. Internal Mixing Nozzles

For the internal mixing nozzle, most of the flow field area remains 293 K except for the area near
the axis when not heated as shown in Figure 5a. Closing to the center region of the axis, the temperature
is lower due to the temperature boundary conditions at the inlet. The temperature distribution of the
atomized droplets is similar, that is, the temperature of the droplets on the outside of the spray is 293 K,
and the temperature of the droplets toward the center is lower to 276 K.
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Figure 5. The temperature distribution of the flow field and droplets at different heating temperatures
of the internal mixing nozzle. (a) shows the temperature distribution of the flow field and droplets
without heating. (b) shows the temperature distribution of the flow field under different heating
surfaces and (c) represents the temperature distribution of the droplets under different heating surfaces.

In Figure 5(I) and (i), the temperature of the flow field region decreases from top to bottom under
the condition of top heating. The temperature gradient becomes smaller as the temperature goes
down. After the middle of the flow field, the temperature hardly changes and reaches the minimum at
the bottom wall. The corresponding droplet temperature distribution also exhibits a similar pattern,
that is, the temperature of the atomized droplets near the top heating wall is the highest, and the
temperature from the middle to the bottom of the reactor chamber is not much different. As the heating
temperature increases, the temperature distribution in the upper part of the flow field changes little.
The main change is that the temperature near the lower half of the axis gradually increases, and the
area gradually expands. The temperature of droplets is higher around the top wall. As the heating
temperature increases, the proportion of particles with higher temperatures is larger. This indicates
that although the atomized droplets are thermally evaporated near the nozzle spout, as the carrier
gas transporting, the temperature of droplets will rapidly decrease until it is close to the ambient
temperature. Therefore, the effect of top heating on uniformity is primarily dependent on the initial
state of the droplet at the inlet.

Figure 5(II) and (ii) show that when the spray is heated by the side heating wall. The temperature
near the heating wall and of the upper half of the simulated zone is drastically increased due to the
heating. The droplets evaporate along the spraying path, which causes the lower temperature along
the axis of the simulated zone. As the temperature increases, the temperature of the flow field changes
significantly, especially near the bottom surface. The patterns of the droplet temperature distributions
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are similar for the heating temperatures. The spray temperature is gradually reduced from the outside
to the inside. In addition, the higher the temperature, the more the droplets evaporated, and the
smaller the number of droplets in the flow field.

When the heating surface is the bottom wall as shown in Figure 5(III) and (iii), the bottom
temperature is the highest, and the temperature at the top wall is the lowest. It is worth noting that
since the central portion is the region where the droplets exist, the temperature near the axis is also
lower due to droplet evaporation. The overall distribution of atomized droplets is different from that
of the two heating conditions mentioned above. In the lower zone, the distribution of the droplets
is close to the cylinder shape, rather than the circular table shape as above-mentioned cases. This is
because some of the outer layer droplets in this region are evaporated completely, while the droplets
concentrated near the axis cannot be evaporated entirely. It can be inferred that the bottom heating can
significantly change the droplet distribution, thereby changing the uniformity of droplet distribution
during the spray deposition.

In order to study the effects of different heating temperatures further, Table 5 shows the uniformity
of SUP at the heating conditions from the top, side and bottom walls. The trend with temperature is
shown in Figure 6. The conclusion can be made that the optimum temperature for heating at the top,
side and bottom surface are 373 K, 473 K and 323 K, respectively.

Table 5. Uniformity of the three heating positions at the different heating temperatures.

SUP Unheated Heating Temperature

Heating surface 293 K 323 K 373 K 423 K 473 K 523 K 573 K 623 K
Top

0.8316
0.7204 0.6758 0.7275 0.7571 0.9049 0.8807 0.9970

Side 0.7237 0.7337 0.7162 0.6909 0.8769 0.8137 0.9252
Bottom 0.7031 0.8004 0.8148 0.8131 0.8389 0.9798 0.9376
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Figure 6. Uniformity of different heating temperatures of internal mixing nozzles at different
heating modes.

3.4.2. External Mixing Nozzles

In Figure 7a, for the external mixing nozzle, since the speed and flow rate is small, the temperature
variation of the entire flow field is only about 2 K, which can be considered substantially as constant.
The temperature distributions of the droplets have not much difference either.
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Figure 7. The temperature distribution of the flow field and droplets at different heating temperatures
of the external mixing nozzle. (a) shows the temperature distribution of the flow field and droplets
without heating. (b) shows the temperature distribution of the flow field under different heating
surfaces and (c) represents the temperature distribution of the droplets under different heating surfaces.
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Figure 7(I) and (i) show the temperature distribution of the flow field and droplets at different
heating temperatures of the top heating wall. The upper part of the flow field has a lower temperature
from the top wall to the bottom wall, and the central area near the lower half of the axis is higher than
that of the outer part with the lowest temperature. The temperature at the spout of the nozzle is the
highest. The closer to the bottom wall, the lower the temperature. When the heating temperature
increases, the evaporation rate becomes larger. Since the flow rate is small, the atomized droplets are
completely evaporated before arriving at the bottom wall outlet.

When the spray is heated by the side heating wall, the temperature distribution in the flow field
is similar to that of the internal mixing nozzle, given in Figure 7(II) and (ii). The temperature of the
sidewall is the highest, while the temperature at the top wall, the spout, and the outer ring of the
bottom wall are the lowest. Because it is heated all around, the droplets on the outside of the spray are
first evaporated, and the range of spray has become shorter.

In Figure 7(III) and (iii), the temperature distribution in the flow field resembles that of the internal
mixing nozzle for the different heating temperatures of the bottom wall. It is worth noting that if
the droplets are completely evaporated before moving to the outlet at certain heating temperature,
the different heating positions will cause the different farthest moving distance of the droplets.
The distance is the largest under the condition of side heating, followed by the bottom heating and
finally top heating.

Table 6 shows the uniformity of SUP at the heating conditions and Figure 8 shows the temperature
trend. In Figure 8, the top heating curve is in a state of fluctuation, which refers that there is no
obvious regularity between the uniformity and the temperature. The SUP in Table 5 is the smallest
at 323 K with the highest uniformity. When the spray is heated around, with the increase of the
temperature, the SUP decreases first and then increases, and the highest uniformity is at 423 K. After
the temperature reaches 523 K, the SUP fluctuates within a small range. When the spray is heated
by the bottom wall, the uniformity is lower than when it is not heated, and the curve rises sharply
after the temperature reaches 423 K. It is worth noting that the SUP is null when the temperature is
623 K. This is because the liquid flow rate is too small under the optimal combination of the external
mixing nozzle. If the temperature is too high, meaning the high evaporation rate, the droplets will be
completely evaporated before reaching the outlet, resulting in the absence of SUP value at a certain
substrate distance. Furthermore, the conclusion can be made that the optimum temperature for heating
at the top, side, and bottom surfaces are 323 K, 423 K, and 323 K, respectively.

Table 6. The uniformity of the three heating positions at the different heating temperature.

SUP Unheated Heating Temperature

Heating surface 293 K 323 K 373 K 423 K 473 K 523 K 573 K 623 K
Top

1.3362
1.2664 1.2691 1.6101 1.4152 1.6553 1.4009 1.8180

Side 1.2549 1.1988 1.1970 1.4209 1.7873 1.6491 1.7776
Bottom 1.3249 1.6006 1.4096 2.0065 3.2478 12.874 null

Therefore, no matter the internal mixing nozzle or the external mixing nozzle, the temperature with
the highest uniformity is different for the three heating conditions. In most instances, the uniformity
can be improved by increasing the temperature appropriately. However, when the temperature is too
high, the uniformity may fluctuate or drop sharply due to the excessive temperature that causes the
large evaporation rate, which should be avoided in practice. Besides, the temperature interval in the
study is as large as 50 K.
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4. Conclusions

In this paper, based on computational fluid dynamics (CFD) theory, the effects of different factors
on the uniformity of two types of nozzles, the internal mixing nozzle, and the external mixing nozzle,
have been well studied. The influencing factors include the initial angle, the total liquid flow rate,
the transporting gas velocity and the distance from the spout to the substrate. Every single factor
is studied before the orthogonal experiment is carried out to obtain the optimal combination with
the highest uniformity. Additionally, the spray is heated at different modes based on the optimal
combination to improve the uniformity further. The conclusions can be made as follows. Through the
orthogonal test, for the internal mixing nozzle, the impact sequence of the influencing factors for the
uniformity is A > D > E > C > B, and for the external mixing nozzle, the order is D > C > B > E > A.
Furthermore, heating the spray based on the optimum combination can appropriately improve the
uniformity, but the uniformity would be greatly reduced when the temperature is too high. For the two
nozzles, the optimum temperature varies under different heating conditions. Specifically, the optimum
temperature for heating at the top, side and bottom surface are 373 K, 473 K and 323 K for the internal
nozzle, and those for the external nozzle are 323 K, 423 K, and 323 K. For the actual production, since
uniformity is usually controversial, the strategy is to maintain uniformity at the required level with
maximum utilization through the controlling factors. The study in this paper systematically evaluates
the effects of parameters on the spray as a theoretical direction for this purpose.
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Nomenclature

ρ density (kg/m3) Tvap vaporization temperature (K)
t time (s) mp mass of the particle (kg)
v overall velocity vector (m/s) cp heat capacity of the particle (J/kg·K)

Sm
mass source added to the continuous phase
(kg/m3

·s)
Ap surface area of the particle (m2)

p static pressure (Pa) T∞ local temperature of continuous phase (K)
=
τ stress tensor (Pa) h

convective heat transfer coefficient
(W/m2

·K)
ρ
→
g gravitational body force (N) εp particle emissivity
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→

F external body forces (N) σ
Stefan-Boltzmann constant (5.67 × 10−8

W/m2
·K4)

µ molecular viscosity (Pa·s) θR radiation temperature (K)

I unit tensor k∞
thermal conductivity of the continuous
phase (W/m·K)

up velocity of the droplet (m/s) Pr Prandtl number of the continuous phase
ug velocity of the gas fluid phase (m/s) Tbp′ boiling point (K)
gx acceleration of gravity (m/s2) h f g latent heat (J/kg)
ρp skeletal density of the droplet (kg/m3) cp,∞ heat capacity of the gas (J/kg/K)
Fx additional force (N) φ average DPM concentration (kg/m2)
dp diameter of the droplet particles (m) ϕi DPM concentration of ith location (kg/m2)
Red relative Reynolds number S actual deposition area (m2)
CD drag coefficient s0 area of the deposited substrate (m2)
Tp the particle temperature (K) si area of the ith location (m2)
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