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Finely structured ceramic coatings can be obtained by solution precursor plasma spraying. The final
structure of the coating highly depends on the droplet size and velocity distribution at the injection, the
evolution of the spray in the jet, and droplet breakup and collision within the spray. This article describes
a 3D model to simulate the transport phenomena and the trajectory and heating of the solution spray in
the process. O�Rourke�s droplet collision model is used to take into account the influence of droplet
collision. The influence of droplet breakup is also considered by implementing TAB droplet breakup
models into the plasma jet model. The effects of droplet collisions and breakup on the droplet size,
velocity, and temperature distribution of the solution spray are investigated. The results indicate that
droplet breakup and collision play an important role in determining the final particle size and velocity
distributions on the substrate.

Keywords droplet breakup, droplet collision, solution pre-
cursor plasma spraying, spray parameters

1. Introduction

The injection of liquid sprays into thermal plasmas has a
number of important applications. Examples include
thermal plasma chemical vapor deposition (TPCVD),
suspension plasma spraying (SPS), and solution precursor
plasma spraying (SPPS). The solution precursor plasma
spraying is used to generate finely structured ceramic
coatings with nano- and sub-micrometric features (Ref 1).
In this process, a solution spray of ceramic salts instead
ceramic powders is injected into the plasma jet. Rapid heat
up and evaporation of the solution droplets result in the
formation of the solid particles, which are heated up and
accelerated to the substrate to generate the coating. The
properties of the coating highly depend on the process
parameters, such as the torch operating conditions and the

injection parameters of the solution spray (Ref 2). Studies
have shown that droplet collision and breakup have
important effects on the droplet size distribution of the
spray (Ref 3) and also on the dispersion and velocity dis-
tribution of the droplets (Ref 4). As a result, droplet colli-
sions and breakup can influence the coating quality of the
SPPS. In this article, a 3D model is developed to simulate
the solution precursor plasma spraying process. O�Rourke�s
droplet collision model and Taylor Analogy Breakup
(TAB) model are implemented into the model to consider
the effect of droplet collision and droplet breakup on the
droplet size and velocity distributions of the solution spray.

2. Mathematical Models

2.1 Plasma Jet

The following assumptions are made in this model: (1) the
flow is time-dependent, incompressible, and turbulent with
temperature-dependent properties, (2) the plasma is in local
thermodynamic equilibrium and optically thin, (3) the solu-
tion is introduced into the jet transversely via a pressure
atomizer, and no carrier gas is introduced. On the basis of
these assumptions, the time-dependent equations to be
solved for the gas phase are conservation of mass, momen-
tum, energy, species, and turbulent kinetic energy and its
dissipation. The RNG k-e model (Ref 5), instead of the
standard k-e model is used to take into account the turbulent
characteristics of the plasma jet. The details of this model,
and initial and boundary conditions can be found in Ref (6).

2.2 Solution Droplet Evolution

When the solution droplet penetrates into the plasma
jet, it is heated up rapidly. Evaporation takes place from
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the surface of the droplet. As a result, most of the droplets
lose the solvent, and higher concentration solute builds up
on the droplet surface. When the droplet temperature
reaches its boiling point, the boiling process begins and the
solvent moves away from the droplet surface more
quickly. With increasing solute concentration in the
droplet, saturation level of the solute concentrations is
reached, and finally the solution droplet forms a solid
particle when all the solvent moves away. Then, those
solid particles are heated and accelerated to substrate to
produce coatings. Some droplets which are not heated
effectively will reach the substrate in a state of liquid
solution. These droplets are exposed to high temperature
as the jet scans the substrate during the spraying. Evapo-
ration and decomposition of these droplets result in the
micro- and nano-size voids that constitute the porosity in
the coating microstructure (Ref 7, 8). During the evolution
of the solution spray, droplet breakup and collision also
occur. To simulate the above physical processes, the
temperature within the droplet and the pressure around
the droplet are assumed to be uniform, the radiation and
rarefaction effects on the droplet are neglected. Since the
thermophoretic force is small comparing with the aero-
dynamic drag force (Ref 9), it is not taken into account in
the model. On the basis of these assumptions, Lagrangian
equations of motion and heat and mass transfer are used
to simulate the droplet behavior in the plasma jet. The
details of the evolution of the solution droplet can be
found in Ref (6).

2.3 Droplet Collision

When a large number of droplets travel in a flow, there
exists a possibility that the droplets may collide. During
collisions, droplets may undergo coalescence, grazing, and

separation depending on droplets� properties and sur-
rounding gas properties. The droplets collision model used
here was developed by O�Rourke (Ref 10). In this model,
a binary collision assumption is used, and two types of
collisions, coalescence and grazing collisions, are ac-
counted for. To describe the outcomes of droplet colli-
sions, three nondimensional parameters are defined.

The droplet Weber number which compares the inertia
to the surface tension forces as follows:

Wed ¼
qd ~v1 �~v2j j2r1

að�TdÞ
�Td ¼

r3
1Td1

þ r3
2Td2

r3
1 þ r3

2

� �
ðEq 1Þ

where qd and aðTdÞ are the droplet liquid phase specific
mass and surface tension, respectively; ~v1 and ~v2 are the
velocities of the smaller and larger droplets, respectively.
r1 and r2 are the radii of the smaller droplet and larger
droplet (r1 £ r2), respectively. Td1

and Td2
are the tem-

peratures of the smaller and larger droplets, respectively.
The droplet size ratio c:

c ¼ r2

r1
: ðEq 2Þ

The dimensionless impact parameter B:

B ¼ b

r1 þ r2
ðEq 3Þ

where b is the collision impact parameter and is calculated
by taking the distance from the center of one droplet to the
relative velocity vector placed on the center of the other
droplet (Fig. 1). If the impact parameter is less than a
critical impact parameter, then the result of every collision
is coalescence; if the impact parameter is greater than or
equal to a critical impact parameter, then the droplets just
graze. The critical impact parameter bcr is given by

21 vv −

b

1r

2r

Fig. 1 Definition of impact parameter b
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b2
cr ¼ ðr1 þ r2Þ2Ecoal ðEq 4Þ

where Ecoal is the coalescence efficiency, which is defined
as the probability of coalescence after the collision. It is
expressed as follows:

Ecoal ¼ B2 ¼ min 1:0;
2:4gðcÞ

Wed

� �
ðEq 5Þ

where the complex function g(c) is approximated by a
polynomial for simplicity as follows:

gðcÞ ¼ c3 � 2:4c2 þ 2:7c ðEq 6Þ

The discrete droplet parcel approach is used to model the
outcomes of droplet collisions. A droplet parcel is as-
sumed to having a certain number of droplets with iden-
tical properties. The collision calculation is performed
only when two parcels are located in the same computa-
tional cell. The collision frequency of one droplet in parcel
2 (larger droplets) with all the droplets in parcel 1 (smaller
droplets) is given by

Ic ¼
N1

Vc
pðr1 þ r2Þ2 ~v1 �~v2j j; ðEq 7Þ

where N1 is the number of droplets in parcel 1; Vc is the
volume of the computational cell that the two parcels
occupy. The collision impact parameter b is used to
determine the outcome of the collision. If b < bcr, then the
outcome of every collision is coalescence. The coalescence
number nc for each droplet in parcel 2 is determined by

Xnc�1

k¼0

ðIcDtÞk

k!
e�IcDt � XX <

Xnc

k¼0

ðIcDtÞk

k!
e�IcDt: ðEq 8Þ

For each droplet in parcel 2, nc droplets in parcel 1 are
subtracted. Then, the size, velocity, and temperature of
the coalesced droplets in parcel 2 are modified based on a
mass-averaged method.

r2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r3

1 þ r3
2

3

q
ðEq 9Þ

v2 ¼
ncv1r3

1 þ v2r3
2

r3
1 þ r3

2

ðEq 10Þ

Td2
¼ ncTd1

r3
1 þ Td2r

3
2

r3
1 þ r3

2

: ðEq 11Þ

The time step limitation associated with the droplet coa-
lescence calculation is that the computational time step be
small compared to the collision time, which is given by

Dtc ¼
Vc

N2pðr1 þ r2Þ2 ~v1 �~v2j j
; ðEq 12Þ

where N2 is the number of droplets in parcel 2.
If b ‡ bcr, the outcome of each collision is a grazing

collision. In this case, droplets maintain their sizes and
temperatures but undergo velocity changes. The droplet
velocities after collisions are given by

~v01 ¼
r3

1~v1 þ r3
2~v2 þ r3

2ð~v1 �~v2Þ b�bcr

r1þr2�bcr

r3
1 þ r3

2

ðEq 13Þ

~v02 ¼
r3

1~v1 þ r3
2~v2 þ r3

1ð~v2 �~v1Þ b�bcr

r1þr2�bcr

r3
1 þ r3

2

: ðEq 14Þ

2.4 Droplet Breakup

2.4.1 TAB Model. This model is based on an analogy
between an oscillating and distorting droplet and a spring-
mass system (Ref 11). The restoring force of the spring is
analogous to the surface tension force. The external force
on the mass is analogous to the gas aerodynamic
force. The damping force is analogous to the liquid viscous
force. Droplet breakup was considered in this model by
tracking the value of the distortion y of a droplet. The
droplet will experience a breakup if the droplet distortion
y exceeds unity. After the breakup, the radii of product
droplets are assumed to follow a x-squared distribution:

gðrÞ ¼ 1

r
e�r=r; ðEq 15Þ

where �r is the number-averaged droplet radius, which is
related to the Sauter Mean Radius (SMR) r32 by:

r32 ¼ 3�r ¼ rd

7
3þ 1

8

qdr3
d

aðTdÞ _y2
; ðEq 16Þ

where a(Td) is the droplet surface tension coefficient. The
product droplet velocities also differ from that of the
parent droplet by a velocity with magnitude wd and with a
direction that is randomly distributed in a plane normal to
the relative velocity vector between the parent droplet and
gas. The quantity wd is given by

wd ¼
1

2
rd _y: ðEq 17Þ

The distortion and oscillation of the droplets are calcu-
lated as follows:

y ¼We

12
þ e

t
tdm y0 �

We

12

� �
cosxt

�

þ 1

x
_y0 þ

1

tdm
y0 �

We

12

� �� �
sinxt

�
; ðEq 18Þ

_y ¼ 1

tdm

We

12
� y

� �
þ e

t
tdm _y0 þ

1

tdm
y0 �

We

12

� �� �
cosxt

�

�x y0 �
We

12

� �
sinxt

�
; ðEq 19Þ

where We is the parent droplet Weber number, tdm is the
viscous damping time, and x is the oscillation frequency,
which are given as follows:

We ¼
qg ~u�~vj j2rd

aðTdÞ
ðEq 20Þ
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tdm ¼
2

5

qdr2
d

ldðTdÞ
ðEq 21Þ

x2 ¼ 8
aðTdÞ
qdr3

d

� 1

t2
dm

: ðEq 22Þ

If the droplet is very small or stable, it is possible that
x2 £ 0. In this case, the distortion y and the distortion rate
of change _y for the next time step is set as zero. If x2 > 0,
the amplitude A of the undamped oscillation is calculated.

A2 ¼ y�We

12

� �2

þ _y

x

� �2

ðEq 23Þ

If We
12 þA
� �

� 1:0; breakup will not occur. The distortion y
and the distortion rate of change _y for the droplet will be
updated using Eq 18 and Eq 19. If We

12 þA
� �

>1:0; then the
breakup time tb is calculated by assuming that the droplet
oscillation is undamped for its first period. This will be
true for all except very small droplets. The breakup time tb
is therefore the smallest root greater than the current time
step tn of an undamped version of Eq 18.

We

12
þA cos xðt � tnÞ þ a½ � ¼ 1; ðEq 24Þ

where cos a ¼ y�We
12

A and sina ¼ � _y
Ax : If tb > tn+1, no

breakup occurs on the current time step. The distortion y
and the distortion rate of change _y for the droplet are
updated using Eq 18 and 19. If tb £ tn+1, a breakup occurs.
The Sauter mean radius (SMR) r32 of product droplets is
calculated from Eq 16, and the velocity wd is calculated
from Eq 17. The distortion y and the distortion rate of
change _y for the products droplet are set as zero.

2.5 Initial and Boundary Conditions
for the Spray Model

At the solution injector exit, droplet size distribution is
determined based on the experiment observation (Ref 6).
The initial temperature, mass flow rate of the solution
spray, oscillating parameters, and injection velocity are
specified at the injector exit. The distortion of all injected
droplets is assumed to be zero. During the calculation, if a
droplet hits a wall, the TRAP boundary condition applies,
which terminates the trajectory calculations and records
the droplet as ‘‘trapped.�� To simplify the calculation, the
entire mass of the droplet is assumed to instantaneously
pass into the vapor phase and enter the cell adjacent to the
boundary. If a droplet crosses a free boundary or flow
boundary, the ESCAPE boundary condition applies,
which reports the droplet as having ‘‘escaped�� when it
encounters the boundary. Trajectory calculations are
terminated.

3. Numerical Technique

Fluent V6.2 code (Ref 5) is used to solve the governing
equations of the plasma jet using control volume method

and the SIMPLE algorithm of Patankar (Ref 12) with
second order upwind scheme. The method used for solving
the spray evolution and droplet collision and breakup is
based on the ideas of Monte Carlo method and of discrete
particle method. The droplet parcels are introduced into
the jet during the time of injection. Each parcel is com-
posed of a number of droplets with identical properties.
The parcels are sampled randomly from assumed proba-
bility distributions that govern droplet properties at
injection and droplet collision and breakup behavior after
injection. To consider the effect of the heat, mass, and
momentum exchange between the spray and the plasma
jet, two-way coupling is accomplished by alternately
solving the discrete and continuous phase equations until
the solutions in both phases have stopped changing.

4. Results and Discussion

4.1 Calculating Conditions

The validity of the plasma jet model is shown in Ref (6).
In following sections, a solution spray is injected into the
plasma jet. The operating conditions are shown in Table 1.
The mass flow rate of the plasma gas is 0.0018 kg/s. The
maximum axial velocity and temperature on the centerline
at the torch exit are um = 1000 m/s and Tm = 11,500 K,
respectively. The computational domain is 0.02 m · 2p ·
0.08 mm and divided into 22 · 50 · 40 grids points acc-
ording to the (r · h · z) cylindrical coordinate system. The
injector locates at the position (0.01 m, 0�, 0.003 m). The
diameter of the torch exit is 7.8 mm. The concentration of
the solution is 0.5 M. The solvent is water. The final
product of the solute is (La0.85Sr0.15)MnO3 (LSM)
(specific mass: 6570 kg/m3, specific heat 573 J/kg K, and
melting temperature 2153 K). Initial droplet size distribu-
tion is chose based on experiment observation. The mini-
mum droplet diameter is set to 5 lm and the maximum
droplet diameter is set to 50 lm. The injection velocity is
20-50 m/s. The initial temperature is 300 K.

4.2 Effect of the Droplet Breakup

In this section, only TAB breakup model is turned on
to evaluate the effect of droplet breakup. Figure 2 shows
the computed droplet size, axial velocity, and temperature
distributions on the substrate without considering droplet
collision and breakup. The results in Fig. 2 are set as a
base case in following sections. Figure 3 shows the com-
puted droplet size, axial velocity, and temperature distri-
bution on the substrate with considering droplet breakup
only. It can be seen that the droplet size decreases due to

Table 1 Operating parameters

Torch current 700 A
Torch voltage 28 V
Ar flow rate 62 slpm
H2 flow rate 2 slpm
Stand off distance 0.08 m
Solution mass flow rate 0.0002 kg/s
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the breakup. The mean diameter of the droplet sizes in
Fig. 2a is 10.2 lm. In Fig. 3a, the mean diameter of the
droplet size is 6.05 lm. Compare the droplet velocity
distributions under these two cases, it can be seen that the

portion of the droplets with lower velocity increases due to
droplet breakup (Fig. 3b). This is because the droplet
breakup produces smaller droplets and the smaller drop-
lets accelerated by the plasma jet have low momentum.
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Fig. 2 Computed droplet size (a), axial velocity (b), and tem-
perature (c) distribution on the substrate without considering
droplet collision and breakup
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Fig. 3 Computed droplet size (a), axial velocity (b), and tem-
perature (c) distribution on the substrate considering droplet
breakup only
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When the jet velocity decreases, the smaller droplet
cannot remain at its high velocity gained from the up-
stream of the jet. As a result, the portion of the droplets
with lower velocity increases due to droplet breakup. In

the temperature distribution figures, the temperature of a
large portion of droplets is less than 400 K. This indicates
that these droplets arrive on the substrate in a state of
liquid solution, and their temperatures remain at the
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Fig. 4 Computed droplet size (a), axial velocity (b), and tem-
perature (c) distribution on the substrate with considering
droplet collision only
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Fig. 5 Computed droplet size (a), axial velocity (b), and tem-
perature (c) distribution on the substrate with considering
droplet collision and droplet breakup
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boiling point of the solvent (water). Since the droplet size
decreases due to the breakup, more droplets will com-
pletely evaporate and form solid particles. Therefore, the
portion of the droplets at boiling temperature decreases
and the portion of the solid particles increases (Fig. 3c).

4.3 Effect of the Droplet Collision

In this section, only droplet collision model is turned on
to evaluate the effect of droplet collision. Figure 4 shows
the computed droplet size, axial velocity and temperature
distributions on the substrate considering droplet collision
only. It can be seen that the droplet size increases due to
the droplet collision (compare Fig. 2a with Fig. 4a). The
mean diameter of the droplet sizes in Fig. 4a is 16 lm,
which is greater than the one in Fig. 2a. It can be seen that
the portion of the droplets with higher velocity increases
due to droplet collision. As explained in the previous
section, this is because the droplet collision produces
bigger droplets, and the bigger droplets accelerated by the
plasma jet have high momentum. When the jet velocity
decreases downstream, the bigger droplet can remain at its
high velocity gained from the upstream of the jet longer
than the smaller droplet. Since droplet sizes increase due
to droplet collision, the portion of the droplets at boiling
temperature increases and the portion of the solid parti-
cles decreases (Fig. 4c).

4.4 Combined Effect of the Droplet Collision
and Breakup

Figure 5 shows the computed droplet size, axial veloc-
ity, and temperature distributions on the substrate with
considering both droplet collision and breakup. It can be
seen that although some very large droplets are produced
due to droplet collision, the average droplet size is less
than that of the case considering droplet collision only
(the mean diameter in Fig. 5a is 12.2 lm), but it is greater
than that of the case considering droplet breakup only.
The effect on the droplet velocity and temperature
distribution is also in between.

5. Conclusions

A 3D model has been developed to study the solution
precursor plasma spraying process. Droplet collision and
breakup are considered. The effects of droplet collision
and breakup on the droplet size, velocity, and temperature
distribution of the solution spray are investigated. It is
found that droplet collision increases the average droplet

size of the spray, while droplet breakup decreases the
average droplet size of the spray. The combined effect of
droplet collision and breakup play an important role in
determining the final particle size and velocity distribu-
tions on the substrate.
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