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Abstract

Transport model of droplets injected axially or transversely into a plasma jet is presented. The droplets contain a
ceramic precursor that precipitates in the vaporizing droplets. Droplet temperature and solute concentration distribu-
tions were predicted to estimate precipitation zones based on a homogeneous nucleation hypothesis. Effects of droplet
size, injection velocity and injection angle were parametrically studied and the results were compared for axial and
transverse injection. Axial injection is found to result in more rapid heat-up and precipitation than transverse injection.
Computations suggest that small droplets form solid spherical particulates whereas larger droplets may form ceno-
spheres and thin shell structures.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic coatings are used in high temperature appli-
cations to protect hardware against direct exposure to
high temperatures and heat fluxes. For instance, yttria-
stabilized zirconia coatings are typically applied as a
top coat to protect components in applications such as
gas turbines and combustors [1,2]. In other applications,
alumina based coatings provide resistance to wear and
prolong component service life [3]. The typical micro-
structure of thermal barrier coating contains 15–25%
volume porosity to reduce the thermal conductivity of
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the coating [2]. Depending on the coating process,
porosity can be in the form of interlamellar pores
formed during rapid solidification of molten particles
as in air plasma spray (APS) process [4]. Defects in the
form of porosity and cracks contribute to both desirable
and undesirable characteristics. While porosity and
cracks lower the thermal conductivity, horizontal cracks
can promote coating spallation.

Microstructure of the wear and corrosion resistant
coatings is different from those of thermal barrier coat-
ings. Defects present in the form of porosity and cracks
are detrimental to the performance of wear and corro-
sion resistant coatings. Presence of these defects degrade
the strength of the coating and allow diffusion of corro-
sive material into the coating and as such, eventually
cause spallation and failure of the coating. In these
applications, a ceramic coating is required to be dense
so that the coating performance is acceptable. Several
ed.
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Nomenclature

BM Spalding mass transfer number, BM =
(vv,1 � vv,s)/(1 � vv,s)

BT Spalding heat transfer number, BT ¼
ðCP ;vðT1 � T sÞÞ=ðhfg þ QL= _mÞ

CD drag coefficient
CP specific heat
D12 mass diffusivity of vapor phase into plasma

gas
Dza mass diffusivity of zirconium acetate into

water
F film thickness factor due to surface blowing,

F(B) = (1 + B)0.7 ln(1 + B)/B
hfg latent heat of vaporization for liquid
k thermal conductivity
Le Lewis number, Le = D/a
_m mass flow-rate at the droplet surface due to

vaporization
Nu* Nusselt number corrected for the surface

blowing effect, Nu* = 2 + (Nu � 2)/F(BT)
Nu Nusselt number for a non-vaporizing sphere
Pe Peclet number, Pe = RePr

Pr Prandtl number, Pr = m/a
QL heat transfer rate into the liquid
rs instantaneous droplet radius
�rs non-dimensional instantaneous droplet ra-

dius, �rs ¼ rs=r0
Re Reynolds number based on the droplet ra-

dius and the relative velocity between the
droplet and the plasma

Sh* Sherwood number corrected for surface
blowing effect, Sh* = 2 + (Sh � 2)/F(BM)

Sh Sherwood number for a porous sphere
t time
T temperature
T non-dimensional temperature, T ¼ ðT�

T 0Þ=T 0

U axial component of the droplet velocity
Us velocity of the circulating liquid at the drop-

let surface
U1 axial plasma velocity
V radial component of the droplet velocity
Vr radial component of the circulation velocity
V r non-dimensional radial component of the

circulation velocity, V r ¼ V r=U s

Vh angular component of the circulation veloc-
ity

V h non-dimensional angular component of the
circulation velocity, V h ¼ V h=U s

Greek symbols

a thermal diffusivity
b non-dimensional surface regression rate,

b ¼ 0.5ðd�rs=dsÞ
v mass fraction
�v non-dimensional mass fraction, �v ¼

ðv� v0Þ=v0
g non-dimensional radial coordinate, g = r/rs
m kinematic viscosity
q density
s non-dimensional time, s ¼ aLt=r20
h angular coordinate

Subscripts

g gas phase
L liquid phase
0 initial value
s at the droplet surface
v vapor phase
z solute (zirconium acetate)
1 plasma gas field at the far field
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different coating deposition techniques, such as high
velocity oxy-fuel (HVOF) combustion spraying [5] and
D-gunTM spraying [6–8], have been used in producing
such coatings.

The solution precursor plasma spray process involves
a solution of ceramic precursor salts which is sprayed
into a plasma gas environment (as opposed to powder
in conventional APS), as schematically shown in
Fig. 1. Thermal barrier coatings produced by the solu-
tion precursor plasma spray (SPPS) process have been
shown to possess desirable microstructures composed
of porosity in the form of an interconnected network
of micrometer and nanometer sized voids generated
due to the decomposition of the unpyrolyzed precursor
and vertical cracks for strain tolerance under thermal cy-
cling [9–11]. One of the main advantages of this process
is the simplicity of the liquid precursor injection in the
form of a spray as opposed to powder feeding with all
its attendant problems. Other beneficial aspects of the
process include ability to spray multi- layered or graded
coatings. However, the porous microstructure favored in
the thermal barrier coatings needs to be eliminated to
generate dense coatings for other applications using
the SPPS process. Porosity and vertical cracks appearing
in the microstructure of the SPPS coatings are believed
to be due to the tensile stresses that build up during
the pyrolyzation of the precursor arriving at the surface
in partially pyrolyzed or unpyrolyzed state [11].

In the SPPS process, the precursor is atomized into a
spray by a pressure atomizer that generates droplets in
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Fig. 1. Schematics of the solution precursor plasma spray
process (a) for transverse injection and (b) for axial injection.
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the range of 2–100 microns with velocities from 5 to
30 m/s resulting in a wide range of droplet momenta.
These droplets are injected transversely into the plasma
jet where they are entrained and heated. Some of the low
momentum (small size, low velocity) droplets could not
penetrate into the high velocity plasma jet and they are
convected towards the substrate around the outer
periphery of the plasma jet. They arrive on the substrate
in a partially pyrolyzed form. These partially pyrolyzed
droplets are further exposed to the hot plasma jet as the
plasma torch scans the deposition surface. Decomposi-
tion of the partially processed droplets on the coating
surface results in the micro and nanometer sized voids
that constitute the porosity in the coating microstructure
[12].

High velocity oxy-fuel (HVOF) spray process has
been used in the production of dense ceramic coatings
by spraying metallic or ceramic powders [5]. In this pro-
cess, the powder is sprayed into the flame in an axial
arrangement. Powder particles are accelerated towards
the substrate with very high velocities (�500 m/s) as
compared to a plasma process (�150 m/s) but the parti-
cle temperatures are significantly higher in the plasma
process [13,14]. Dense coatings are formed in the HVOF
process as a result of the high particle impact velocity. In
the literature, axial injection of liquid precursor droplets
has been implemented in a plasma spray to produce
nano-sized ceramic powder and deposits [15]. The
deposits of the yttria-stabilized zirconia were reported
to be dense. The current understanding of the SPPS pro-
cess suggests that if all of the liquid spray is introduced
into the plasma, the pyrolysis on the substrate can be
minimized or totally avoided resulting in a dense and
potentially crack-free coatings.

Solution precursor plasma spray process has been
extensively studied for the transverse injection of the
precursor spray and a numerical model has been devel-
oped to analyze the heat and mass transfer in and
around individual droplets [16]. The modeling approach
utilized the measured, time-averaged velocity and tem-
perature fields [14,17] into which the droplets were in-
jected. The droplet vaporization and heat-up were
computed along with the droplet trajectory. The pre-
dicted temperature and solute concentration profiles
within those droplets were evaluated to estimate the for-
mation zones of precipitates inside the droplets. In this
study, vaporization and precipitate formation in drop-
lets that are axially injected into the plasma jet are stud-
ied based on the numerical analysis of heat and mass
transfer. Axial and transverse injection of the precursor
droplets are compared to evaluate the differences for
these two injection schemes. In the following, we first
give a description of the model that was described in
more detail earlier [16]. We then utilize the model results
to highlight the differences between the axial and trans-
verse injection schemes. The article is concluded by a
summary of our findings.
2. Model description

Axial injection of precursor into the plasma jet is
considered to be in the form of a spray that enters into
the plasma core. As the droplets travel downstream in
the plasma, they are accelerated towards the substrate
by the plasma gases. From the point of entry into the
plasma, droplets begin to heat up as they enter the hot
plasma jet. During this process, the solvent starts to
vaporize resulting in the increase of the solute concentra-
tion near the droplet surface. The precipitation of the
solute ultimately results in the formation of ceramic pre-
cipitate. In the case of yttria-stabilized zirconia forma-
tion, the solution is composed of zirconium acetate
and yttrium nitrate as solute and water as solvent.

The droplet motion in the plasma medium is calcu-
lated to determine the instantaneous location and size
of the evaporating droplet. The plasma temperature
and velocity fields were taken from the previous experi-
ments [14,17]. Around each droplet, the vapor phase
analysis includes the heat and mass transfer interactions
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between droplet and the surrounding plasma field. In
these computations, only single droplet injection was
considered, thus neglecting the effects of neighboring
droplets limiting the simulations to the dilute spray
limit. The solute concentration distributions were then
used to estimate the precipitation zones within each
droplet by employing a simple, homogeneous nucleation
hypothesis based on the critical supersaturation concen-
tration of the solute.

Droplet motion in the plasma was calculated under
the assumption that it is solely controlled by its aero-
dynamic drag. Neglecting the gravitational effects, the
equations of droplet motion are written along with the
droplet size variation as

oU
ot

¼ 3CD

8rs

q1
qL

jU1 � U jðU1 � UÞ ð1Þ

oV
ot

¼ � 3CD

8rs

q1
qL

V 2 ð2Þ

ors
ot

¼ � _m
4pqLr2s

ð3Þ

Variables used in these equations are defined in the
nomenclature. The thermophysical properties of the
plasma medium were determined from the property
database given in the literature [18] based on the plasma
gas composition (80% mole Ar, 20% mole H2) and the
measured plasma temperature field. The drag coefficient,
CD, is modified for the surface blowing effects as sug-
gested by Yuen et al. [19] as

CD ¼ 24

Reð1þ BMÞ
ð4Þ

Above set of equations require the mass vaporization
rate, _m, which is obtained from the vapor and liquid
phase analyses. The flow relaxation times for the liquid
phase is much longer than the vapor phase, therefore,
the vapor phase solution can be approximated as
quasi-steady state. The mass vaporization rate can be
calculated from both the Nusselt number for heat trans-
fer and the Sherwood number for mass transfer as

_m ¼ 2pqgD12rsSh
� lnð1þ BMÞ ð5Þ

_m ¼ 2p
kg
CP ;v

rsNu� lnð1þ BTÞ ð6Þ

In these equations, Nusselt number, Nu*, and Sherwood
number, Sh*, are based on the non-vaporizing sphere,
modified for the vaporization effects because of the vary-
ing film thickness around the droplet. The mass vapori-
zation rate, _m defined in Eqs. (5) and (6) cannot be
calculated since the Spalding heat and mass transfer
numbers, BT and BM, includes droplet surface tempera-
ture and vapor concentration, which are determined as a
part of the coupled solution. These equations are supple-
mented with the Clapeyron equation and Raoult�s Law
to determine the mass vaporization rate, surface temper-
ature and surface vapor concentration.

The surface temperature and mass vaporization rate
are then used as boundary conditions in the solution
of the conservation of energy and species equations in
the liquid phase. The droplet sizes are small (1–40 lm)
such that the surface tension forces maintain the drop-
lets in spherical shape. As the droplets travel towards
the substrate, the shear around the droplet due to the
relative velocity between the droplet and the surround-
ing gas flow generates an axisymmetric recirculation
within the droplet. Although this droplet internal flow
field can be determined by the solution of the Navier–
Stokes equations, an approximation of this field to the
well known Hill�s spherical vortex has been shown to
be adequate [20]. Non-dimensionalized conservation of
energy equation and the associated initial and boundary
conditions can be written in the axisymmetric spherical
coordinates as [16]

�r2s
oT
os

þ ð0.5PeLV r�rs � bgÞ oT
og

þ 0.5PeL
V h�rs
g

oT
oh

¼ 1

g2
o

og
g2

oT
og

� �
þ 1

g2 sin h
o

oh
sin h

oT
oh

� �
ð7Þ

s ¼ 0 ! T ¼ 0

g ¼ 1 !

oT
oh

¼ 0
Z p

0

oT
og

sin hdh ¼ QL=ð2prskLT 0Þ

8>><
>>:

h ¼ 0; p ! oT
oh

¼ 0

ð8Þ

In a similar manner, the conservation of species equa-
tion and its initial and boundary conditions can be writ-
ten as [16]

LeL�r2s
o�vz
os

þ ð0.5PeLLeLV r�rs � LeLbgÞ
o�vz
og

þ 0.5PeLLeL
V h�rs
g

o�vz
oh

¼ 1

g2
o

og
g2

o�vz
og

� �
þ 1

g2 sin h
o

oh
sin h

o�vz
oh

� �
ð9Þ

s ¼ 0 ! �vz ¼ 0

g ¼ 1 !

o�vz
oh

¼ 0Z p

0

o�vz
og

sin hdh ¼ _m=ð2prsqLDzavz;0Þ

8>><
>>:

h ¼ 0; p ! o�vz
oh

¼ 0

ð10Þ

Given the initial droplet size and injection velocity, solu-
tion of these equations along the droplet trajectory are
sought. The details of the solution methodology have
been presented previously [16]. Briefly, the system of
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equations is numerically solved using the DuFort–Fran-
kel method by second order discretization in time and
space. The convergence and consistency of the numerical
routine is ensured by properly selecting the time and
space intervals. The model results were compared with
the experimental results of Daif et al. [21] for a binary
fuel droplet whose composition was 75% decane and
25% heptane as presented in [16]. The maximum devia-
tions in the droplet size and temperature between the
model results and the experiments were found to be
6% and 5%, respectively.
3. Results and discussion

Computations were performed for different initial
size droplets and injection velocities for the axial injec-
tion scheme. The analysis also included effects of slightly
angled axial injection of the droplets. In this analysis,
initial droplet sizes were taken as 10, 20, 30 and 40 lm
with the nominal injection velocity of 12 m/s. The drop-
let injection velocity variation was studied by consider-
ing 0, 12, 24 and 36 m/s for a 20 lm droplet to reflect
the distribution of different velocities obtained from
the precursor atomizer used in the SPPS process.
For the atomizer used in the transverse injection exper-
iments, the half cone angle of the spray was measured to
be approximately 10�, therefore droplet injection angle
variations were performed by considering the injection
angles of 0�, 5�, and 10� for the baseline case of 20 lm
droplet injected with 12 m/s velocity. The results of the
Fig. 2. Axial plasma velocity (a) and temp
axially injected droplets were compared with those for
the transverse injection by performing computations
for the transverse injection for the two conditions of
20 and 40 lm droplets injected at 12 m/s velocity.

The plasma velocity and temperature field used in
this study are shown in Fig. 2. The velocity field was
measured by laser Doppler velocimetry and the temper-
ature field was determined by emission spectroscopy of
argon [17]. Thermophysical properties of the plasma
gases and the precursor solution were obtained from
the data in the literature. The thermophysical property
database for the plasma gases was obtained from refer-
ence [18] which contains property tables as a function of
plasma gas composition and temperature. The data were
fit into temperature dependent expressions as listed in
Table 1 for the plasma gas mixture of 80% mole Ar
and 20% mole H2. The density, thermal conductivity
and specific heat of solvent (water) were obtained from
the temperature dependent data as listed in Table 2.
Even though the binary diffusivity and saturation mass
fraction of the solute (zirconium acetate) are tempera-
ture dependent, they were taken as 10�9 m2/s and
0.562, respectively based on the only available data in
the literature [22,23].

3.1. Droplet size effects

The droplet size effects were studied by considering
10, 20, 30 and 40 lm initial size droplets injected into
the plasma field axially. For comparison, 20 and
40 lm droplets were also injected transversely at
erature (b) fields used in this study.



Table 2
Thermophysical properties of the liquid and vapor phases

Liquid and vapor properties

Mass diffusivity of zirconium
acetate into water [22] (m2 s�1)

Dza = 1.0 · 10�9

Saturation concentration of
zirconium acetate in
water [23] (kg, ZA-kg, mix�1)

vsat = 0.562

Mass diffusivity of vapor
into ambient [25] (m2 s�1)

D12 = 2.6 · 10�5

Density [25] (kg m�3) qL = a + bT + cT2

a = 1.119 · 103

b = 1.705
c = �3.517 · 10�3

qs = aexp(b/T)
a = 2.248 · 105

b = �4.869 · 103

Thermal conductivity
[26] (W m�1 K�1)

kL = a + bT + cT2

a = �3.509 · 10�1

b = 5.017 · 10�3

c = �6.059 · 10�6

Dynamic viscosity
[26] (kg m�1 s�1)

lL=aexp(b/T)Tc

a = 4.217 · 10�30

b = 4.425 · 103

c = 8.035 · 100

Enthalpy of
vaporization [27] (J kg�1)

hfg = a + bT + cT2

a = 2.350 · 106

b = 2.348 · 103

c = �6.875 · 100

Specific heat [27]
(J kg�1 K�1)

CP,L = a + bT + cT2

a = 7.453 · 103

b = �1.915 · 101

c = 2.747 · 10�2

CP,s = a + bT + cT2

a = 6.626 · 103

b = �2.909 · 101

c = 6.618 · 10�2

Liquid and vapor properties are taken from various sources as
indicated. Liquid properties are curve-fitted in the temperature
range of 273–400 K, whereas, vapor properties are curve-fitted
in the temperature range of 273–700 K.

Table 1
Thermophysical properties of the plasma gas

Plasma properties [18]

Density (kg m�3) q = a(T + b)c

a = 1.397 · 103

b = 1.376 · 102

c = �1.160

Dynamic viscosity (kg m�1 s�1) l = a + bT + cT2

a = 2.130 · 10�5

b = 3.454 · 10�8

c = �9.669 · 10�13

Specific heat (J kg�1 K�1) CP = a + bT

a = 9.376 · 102

b = 1.974 · 10�1

Thermal conductivity (W m�1 K�1) k = a + bT

a = 1.125 · 10�2

b = 5.499 · 10�5

Tabulated data available in the property database [18] is curve-
fitted in the temperature range of 500–7000 K.
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12 mm offset from the plasma jet centerline in the radial
direction as schematically shown in Fig. 1a. All of the
droplets were injected with a nominal initial velocity of
12 m/s. A comparison of the plasma temperatures and
velocities experienced by these droplets along their
trajectories is shown in Fig. 3. For the axially injected
droplets, the plasma temperatures along the droplet tra-
jectory decrease from initially very high temperatures
(�9000 K) as the droplets travel along the plasma axis,
whereas the plasma temperature increases as the trans-
versely injected droplets begin to penetrate into the plas-
ma. The plasma temperature to which droplets are
exposed influences the droplet heat-up and vaporization.
Similarly, the plasma gas velocities experienced by the
axially injected droplets are very high in the plasma core
and droplets travel to lower velocity regions further
downstream. The plasma temperatures and velocities
experienced by the two transversely injected droplets
are significantly different. The 40 lm droplet that re-
duces in size (Fig. 4a) during the flight experiences high-
er plasma temperatures and velocities as a result of its
high initial momentum allowing it to penetrate deeper
into the plasma. In this and subsequent figures, the com-
putational results terminate at different convection times
for different size droplets. This is because the computa-
tion is stopped when the droplet surface solute mass
fraction reaches unity by which time the precipitation
should have commenced. The time at which this condi-
tion is reached is different for different size droplets since
they traverse different regions of the plasma and the
internal transport characteristics are different for differ-
ent sizes.

Variation of instantaneous droplet sizes and droplet
surface temperatures are shown in Fig. 4. The droplet
size reduction for smaller droplets is high since the
droplet surface temperature for the axially injected
droplets increases faster for smaller droplets. This is
due to the lower levels of internal circulation within
the smaller droplets resulting in less effective mixing
within the droplet and consequently higher droplet sur-
face vaporization. In the case of larger droplets, more
efficient internal circulation within the droplet carries
away the high temperature liquid near the droplet sur-
face and has a suppression effect on the rate of vapor-
ization. It is noteworthy that the droplets reach the
solute saturation earlier for the axial injection than
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the transversely injected droplets as indicated by the
termination times of the calculation in Fig. 4a. This
is due to the lower plasma temperatures that the drop-
lets are exposed to and the slower vaporization rates in
the transverse injection case. Although the transversely
injected 40 lm droplet reaches higher temperatures in
the core of the plasma, the large droplet mass and
higher degree of internal circulation result in slower
vaporization rates. The calculations are stopped when
the surface concentration of the droplet reaches unity
(pure solute) after which no vaporization is expected
since pure solute prohibits the diffusion of the solvent
(water) onto the droplet surface. It is also expected
that precipitation would have commenced by that time.
In the transverse injection case, the transport of solute
from high concentration (surface) to low concentration
(droplet interior) regions allow the solvent to diffuse
towards the outer surface more efficiently and
thus the surface concentration reaches unity at later
times.

The droplet surface temperatures are shown in
Fig. 4b. The surface temperatures of the axially injected
droplets increase rapidly to values around 370 K,
whereas the surface temperatures of the transversely in-
jected droplets show an initial depression and then grad-
ually increase at later times. The axially injected droplets
experience a high temperature difference and large rela-
tive velocity at the initial stages of injection which



time (ms)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

D
im

en
si

on
le

ss
 S

iz
e 

(d
/d

o)

0.75

0.80

0.85

0.90

0.95

1.00

1.05

20 m

30 m
40 m

20 m

10 m

40 m

Axial

Transverse

Transverse Injection

Axial Injection

time (ms)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

D
ro

pl
et

 S
ur

fa
ce

 T
em

pe
ra

tu
re

 (
K

)

280

300

320

340

360

380

20 m

30 m
40 m

20 m

10 m

40 m

Axial

Transverse

Transverse Injection

Axial Injection

(a)

(b)

Fig. 4. Comparison of (a) droplet size reduction and (b) droplet surface temperature of 10, 20, 30 and 40 lm droplets injected axially
and 20 lm droplet injected transversely as they are convected downstream towards the substrate.

4374 A. Ozturk, B.M. Cetegen / International Journal of Heat and Mass Transfer 48 (2005) 4367–4383
enhances the heat transfer from the high temperature
plasma to the droplet. On the other hand, the trans-
versely injected droplets first experience ambient temper-
ature conditions which lead to evaporative sub-cooling
and the depression in the droplet surface temperature.
As the droplets penetrate into the high temperature re-
gions of the plasma, the droplet surface temperature in-
creases; eventually approaching those for the axially
injected droplets. The 40 lm droplet experiences a sec-
ond depression in its surface temperature at later times.
This is because of the enhanced mixing effect within the
droplet due to the higher relative velocity as the droplet
penetrates into the plasma jet.
3.2. Injection velocity effects

Injection velocity is also considered to be one of the
important factors affecting the droplet heat up and vapor-
ization. In order to analyze the effects of injection velocity,
four cases of axial injection were compared with the trans-
verse injection at nominal conditions. In this study, drop-
let injection velocities of 0, 12, 24 and 36 m/s were
considered for the axial injection along with 12 m/s for
the transverse injection. The initial droplet size was
20 lm in all cases. In Fig. 5, the plasma temperatures
and velocities experienced by the droplets are shown.
Plasma temperatures for the axially injected droplets show
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a faster decay for the droplets that are injected at higher
velocities as depicted in Fig. 5a. This is expected since res-
idence time in the high temperature core of the plasma for
droplets with higher initial velocities would be shorter, and
these droplets would travel faster towards the cooler
downstream regions (see plasma temperature distribution
in Fig. 2b). The droplets injected at 36 m/s reside in a re-
gion where the plasma temperature is about 6000 K when
the surface concentration reaches unity (pure solute). In
contrast, the transversely injected droplet experiences
lower peak temperatures of the order of 2500 K since it
does not penetrate into the high velocity plasma core
due to its relatively low momentum. Similarly, plasma
velocities along the droplet trajectory, shown in Fig. 5b,
indicate that the axially injected droplets experience much
higher velocities compared to the transversely injected
droplets as expected. Droplets with high injection velo-
cities travel faster through the plasmaand experience faster
decay of the local plasma velocity. On the other hand, the
transversely injected droplet experiences stagnant ambient
environment initially, and then as it penetrates into the jet,
plasma velocities start to increase as shown in Fig. 5b.

The droplet size reduction and droplet surface tem-
peratures are shown in Fig. 6. It is seen that low injec-
tion velocities result in faster vaporization rates and
this is because of the high initial relative velocity be-
tween the droplet and the plasma. On the other hand,
as the droplets are injected at higher velocities, the



time (ms)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

D
im

en
si

on
le

ss
 S

iz
e 

(d
/d

o)

0.75

0.80

0.85

0.90

0.95

1.00

1.05

12 m/s

24 m/s
36 m/s

12 m/s

0 m/s
Axial

Transverse

Transverse Injection

Axial Injection

time (ms)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

D
ro

pl
et

 S
ur

fa
ce

 T
em

pe
ra

tu
re

 (
K

)

280

300

320

340

360

380

12 m/s

24 m/s
36 m/s

12 m/s

0 m/s
Axial

Transverse

Transverse Injection

Axial Injection

(a)

(b)
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plasma velocity and the droplet velocity become compa-
rable, thus the relative velocity decreases resulting in a
similar droplet size variations and vaporization rates
for 24 and 36 m/s injection velocities. The similarity of
the droplet size reduction for the axially injected drop-
lets at 12, 24 and 36 m/s can be explained as follows.
The increasing droplet injection velocity translates to a
reduction in the initial relative velocity between the
droplet and the plasma resulting in weaker internal cir-
culation. Due to this weak circulation, droplet surface
temperatures reach higher values as shown in Fig. 6b.
While this would result in higher rate of vaporization,
the solute build-up near the droplet surface inhibits the
transport of solvent to the droplet surface by diffusion
in these cases of weaker internal circulation. Hence,
the two effects combine to yield similar droplet size
reduction rates as shown in Fig. 6a. Transverse injection
shows an initial droplet surface temperature depression
when the droplet is traveling in the outer edge of the
plasma followed by a steep increase as it penetrates into
high temperature region. The time for the surface solute
concentration to reach unity is significantly longer in
this case.

3.3. Injection angle effects

Droplets generated by air-blast atomizers are typi-
cally confined to a conical region. In the solution-precur-
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sor plasma spray process where the droplets are injected
transversely as a spray, the spray cone or initial droplet
injection angle has been shown to influence the droplet
temperatures and trajectories [16]. In the axial injection
case, injection angle is still an important factor as the
droplet may be launched into the plasma within a nar-
row angle with respect to the plasma axis. Thus, the ef-
fect of the injection angle was studied for a total spray
cone angle of 20�. The simulations were performed for
axially injected droplets at 0�, 5� and 10� from the plas-
ma jet axis to cover the spray cone angle as well as for a
transversely injected droplet at the same nominal condi-
tions. Trajectories of these droplets in the plasma jet are
shown in Fig. 7. It is found that the axially injected
droplets follow almost straight line trajectories whereas
the transversely injected droplet is deflected by the plas-
ma jet and enters into the jet gradually.

The plasma temperatures experienced by the axially
injected droplets are quite similar for the early stages
of droplet trajectory as depicted in Fig. 8a. At the latter
stages, however, the temperature differences can amount
to about 1000 K due to the differences in the droplet tra-
jectories. Similarly, it is seen in Fig. 8b that the plasma
velocities for droplets injected at initially different angles
are similar, but they differ considerably from that for the
transversely injected droplets. At residence times greater
than 1.3 ms, axially injected droplets reach plasma re-
gions where the velocities are lower than those for the
transversely injected droplets. These results indicate that
the vaporization rate and droplet surface temperature
would not be significantly affected due to the variation
in the injection angle for axial injection. The droplet size
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Fig. 7. Trajectories of droplets injected axially with 0�, 5� and 10�
convected downstream towards the substrate.
variations shown in Fig. 9a, indicate that the injection
angles of 0�, 5� and 10� result in almost identical rates
of droplet size reduction in the early stages, due to sim-
ilar plasma jet conditions. Later on, the variations in the
droplet sizes begin to emerge. The transverse injection
has slower vaporization rates and diameter variation
due to lower temperatures experienced by these droplets.
Also, the axially injected droplets have similar surface
temperatures throughout their residence in the plasma
jet, whereas, the transversely injected droplets experi-
ence low temperatures in the early stages, and then these
temperatures gradually increase as they penetrate into
the plasma as depicted in Fig. 9b.

3.4. Temperature and solute concentration distributions

Determination of temperature and solute concentra-
tion distributions within a droplet was one of the main
objectives of this study. With these distributions, one
can estimate the precipitation zones around the droplets
by employing a simple homogeneous nucleation hypoth-
esis. The precipitation of zirconium acetate within the
droplets is a process which is a function of both local
temperature and solute concentration under equilibrium
conditions. It could however involve kinetic effects
under conditions of rapid concentration and tempera-
ture variation. Typically, the solution is supersaturated
locally due to vaporization of the solvent and upon
reaching a critical supersaturation level, the precipita-
tion would be initiated resulting in the precipitation of
acetate groups within the droplet at locations where
the saturation concentration is exceeded as suggested
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Fig. 8. Comparison of (a) plasma temperature, and, (b) plasma velocity fields experienced by droplets injected axially with 0�, 5�, and
10� injection angle and droplet injected transversely as they are convected downstream towards the substrate.
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in the literature [22]. Heterogeneous nucleation, which
consists of multiple nucleation sites within the droplet,
is expected to result in more complex precipitation pat-
terns. However, only homogeneous nucleation is consid-
ered in this study, due to the complexities associated
with heterogeneous nucleation and the lack of adequate
models for implementation.

The solute concentration and temperature distribu-
tions within a droplet need to be known to determine
the initiation of precipitation. However, there are cur-
rently no available data on the temperature dependent
saturation concentration in the literature for the mate-
rial system in this application. Given this, the value of
the saturation concentration was taken as constant,
vz = 0.562, as suggested by Zhang and Messing [23].
The highest concentrations within the droplet are ex-
pected to occur near the droplet surface since solvent
loss occurs there. As the high levels of supersaturation
is observed at the surface, the precipitation is expected
to begin in these regions and subsequently catalyze the
precipitation in the supersaturated regions. In this study,
the temperature and concentration histories of the drop-
lets were determined for droplets of different sizes. This
information was used to estimate the precipitation zones
within droplets suggesting the possible morphologies of
the particulates.

The baseline case for the axially injected droplets was
taken to be 20 lm droplet injected at a velocity of 12 m/s
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along the plasma jet axis. The temperatures and concen-
tration distributions within the droplet at two instants in
time are shown in Fig. 10. These two time instants were
chosen as the time when droplet surface reaches to pure
solute state (0.4 ms) and half of that time (0.2 ms). It is
seen that in the early stages of the droplet lifetime, the
diffusion and advection processes are comparable and
temperature gradients are slightly higher near the for-
ward stagnation point as a result of circulation within
the droplet. At longer times, the relative velocity be-
tween the droplet and the plasma gases diminish (and
hence the circulation within the droplet weakens) and
the heat transfer mode becomes almost purely conduc-
tion as evident by the concentric shapes of the isotherms.
One should note that, the temperature variation within
the droplets is very small and droplets are essentially iso-
thermal. On the other hand, the mass transfer Peclet
number is very high due to the low diffusivity of zirco-
nium acetate in water and consequently the concentra-
tion distributions exhibit a highly convective behavior
where the iso-concentration lines almost coincide with
the flow streamlines within the droplet. In contrast to
the axially injected droplet, transverse injection at simi-
lar times after injection has different characteristics as
depicted in Fig. 10. Overall, the droplet temperatures
for transverse injection are lower than those for axial
injection. The temperature distributions exhibit mostly
diffusive nature with some convection effects. Early on,



Fig. 10. Temperature and concentration distributions within an axially injected 20 lm droplet and a transversely injected droplet
0.2 ms and 0.4 ms after injection.
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the surface temperature of the transversely injected
droplet is lower than the droplet interior indicating that
the droplet is in the evaporative cooling phase and the
droplet has not yet penetrated into the plasma. Concen-
tration distributions show that the surface solute
concentrations build up primarily as a result of low cir-
culation and slow diffusion creating a thin layer of high
concentration zone near the surface of the droplet. The
surface solute concentrations at 0.4 ms after injection
are significantly higher for the axially injected droplet
as compared to those for transverse injection.

Size variations in the axially injected droplets were
also studied and are shown in Fig. 11. The temperature
and concentration distributions are shown for 10 lm
and 30 lm droplets. For 10 lm droplet, it is seen that
the temperature distributions show low Peclet number
characteristics, and the dominant heat transfer mode
throughout droplet�s lifetime is conduction as evident
by the concentric shapes of the isotherms. Uniformly
high temperatures are observed within the droplet and
temperatures reach high values rapidly and an equilib-
rium is sustained between the rate of heat transfer to
the droplet and the rate of vaporization from the sur-
face. The concentration distributions show the high con-
centration regions penetrating into the core of the
droplet and showing large areas at high concentration
levels at 0.36 ms after injection. In comparison, larger
30 lm droplet exhibits temperature distributions domi-
nated by convective effects in the early stages which
diminish as the relative velocity between the droplet



Fig. 11. Temperature and concentration distributions within an axially injected 10 lm droplet 0.18 ms and 0.36 ms after injection and
an axially injected 30 lm droplet 0.28 ms and 0.55 ms after injection.
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and plasma jet approaches zero in the latter stages of
droplet lifetime.

3.5. Precipitation zones within the droplets

One of the main objectives of this study was to esti-
mate the precipitation zones within the droplets such
that the possible precipitate morphologies can be evalu-
ated. Based on the simple homogeneous nucleation
hypothesis employed in this study, the estimates of pre-
cipitation zones within the droplets were made for differ-
ent droplet sizes as depicted in Fig. 12. First, the
comparison of the axial and transverse injection is
shown in Fig. 12a and b. It is seen that 0.4 ms after injec-
tion, the axially injected droplet generates a shell struc-
ture around the droplet, whereas, the transversely
injected droplet has no solute concentration saturation
regions for the onset of precipitation. This droplet is still
in the heat-up phase and it is in liquid phase. The thin
shell formed in the axially injected droplet prohibits dif-
fusion of solvent onto the droplet surface trapping the
liquid within a shell. Upon further heating as the droplet
travels, several different scenarios are possible. In one of
these, the internal liquid might start boiling and due to
the build up of the internal pressure, the droplet might
burst exposing the internal liquid to further atomization
or fragmentation as well as producing a fractured thin
shell of precipitates. Another probable scenario includes
gelation and similar formation paths. However, present
model cannot incorporate these possible scenarios due
to complex nature of these phenomena and the lack of
adequate models for these processes. Smaller drop-
lets result in formation of interesting structures as
shown in Fig. 12c and d. Simulation of a 5 lm droplet
shows a very large precipitation zone, and suggests that
the droplet is almost fully precipitated. On the other
hand, when the surface concentration reaches pure sol-
ute, the internal structure of a 10 lm droplet consists
of a ceno-sphere interconnected along the axis of the
droplet.



Fig. 12. Precipitation zones within the droplets for (a) axially injected 20 lm droplet 0.4 ms after injection, (b) transversely injected
20 lm droplet 0.4 ms after injection, (c) axially injected 5 lm droplet 0.2 ms after injection, and, (d) axially injected 10 lm droplet
0.36 ms after injection.
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4. Conclusions

The solution-precursor plasma-spray process can pro-
duce ceramic coatings with nanometer size features. In
the earlier studies, it has been shown that thermal barrier
coatings can be produced with superior properties, and
due to the generic nature of the process, it can be ex-
panded into other ceramic microstructures. Dense cera-
mic coatings can be obtained by axial injection of
precursor into the plasma jet and in this study, a compu-
tational analysis for the heat and mass transfer around
precursor droplets is presented that enables the estima-
tion of zirconium acetate precipitation zones. Effects of
droplet size, injection velocity and injection angle on
droplet trajectory, droplet size reduction and surface
temperature of axially injected droplets are investigated
and the baseline cases are compared to the transversely
injected droplets. It has been shown that the plasma tem-
perature and velocity fields experienced by the axially
injected droplets are significantly different than the trans-
verse injection and the axially injected droplets heat-up
much faster than the transversely injected droplets. The
homogeneous nucleation hypothesis employed in this
study suggests that the precipitation is observed at much
earlier stages of the droplet lifetime for axial injection,
when compared to the transverse injection. Further heat
up of these droplets in the plasma is hypothesized to lead
to the shattering of the formed crust and eventual break
up of the internal liquid into droplets. Smaller droplets
result in thicker shells and interconnected ceno-spherical
structures. Very small droplets (d 6 5 lm), result in full
precipitation within the droplet and hence they are pre-
dicted to form solid spheres. Although there is experi-
mental evidence suggesting shell-type structures are
formed in transverse droplet injection into a plasma
[24], experimental evidence is highly desirable to support
these axial injection results.
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