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Abstract

Modeling of liquid ceramic precursor droplets axially injected into a plasma is presented. Droplets undergo heating and solvent
vaporization leading to high solute concentration near droplet surface. At a critical solute super-saturation concentration, precipitation
is postulated to occur forming a precipitate shell around liquid core. Internal pressurization and rupture of shell occur subsequently.
Droplet size, shell porosity and thickness effects were studied. Timescales of internal pressurization and precipitate formation are of
the order of microsecond and millisecond, respectively. Small droplets (d 6 5 lm) tend to form thick shells and are less likely to undergo
shell fracture compared to larger droplets.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Production of high value materials in the form of pow-
ders and thin coatings is a large multi billion dollars man-
ufacturing enterprise. Specific functional materials have
been synthesized by different processes including spray dry-
ing and pyrolysis [1] as well as combustion and plasma pro-
cessing [2]. Among the different processing techniques,
plasma and high velocity oxy-fuel (HVOF) techniques [2]
have been successfully employed for generation of high-
value protective coatings on hardware components such
as thermal barrier coatings on gas turbine blades and cor-
rosion and wear resistant coatings in other applications. In
all these, a powder of the coating material is typically
heated in a plasma or HVOF jet to deposit partially or fully
molten particles onto a substrate forming a thin coating [2].

An alternate route to this process is the injection of a
liquid spray composed of droplets containing the dissolved
salts of the materials to be deposited [3–8]. In this case,
droplets, injected into a high temperature plasma or HVOF
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environment, vaporize and concentrate the salt solutes
followed by heterogeneous or homogeneous nucleation of
solid intermediates, their chemical transformations and
melting before deposition on a substrate surface. This
in-situ processing of liquid containing droplets in a high
temperature environment critically determines not only
the chemical make-up of the generated coatings but also
its microstructural characteristics depending on the phys-
ico-chemical processes that occur at the droplet scale. For
example, depending on the heating rate of droplets and
the nature of precipitation during heat-up and vaporization
phases, different particle morphologies are obtained includ-
ing solid particles, hollow shells, and fragmented shells as
schematically shown in Fig. 1. When droplets are small
and the solute diffusivity is high, increase of solute concen-
tration occurs uniformly throughout the droplet leading to
precipitation throughout and consequent formation of solid
particles as shown as path (A) in Fig. 1. When rapid vapor-
ization occurs on the droplet surface and the solute diffusiv-
ity is low such that a high solute concentration builds up
around the droplet periphery, as shown in path B in
Fig. 1, there could be different outcomes including frag-
mented shells (B-I) as a result of internal pressurization
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Nomenclature

BM spalding mass transfer number, BM ¼ ðvv;1�
vv;sÞ=ð1� vv;sÞ

BT spalding heat transfer number, BT ¼ Cp;vðT1�
T sÞ=ðhlv � QL= _mÞ

CD drag coefficient
Cp specific heat
D12 mass diffusivity of the vapor phase into plasma
Ds mass diffusivity of Zirconium acetate into water
hlv latent heat of vaporization for liquid
F film thickness factor due to surface blowing,

F ðBÞ ¼ ð1þ BÞ0:7 lnð1þ BÞ=B
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 surface blowing

Nu*=2þ ðNuo � 2Þ=F ðBTÞ
Nu0 Nusselt number for a non-vaporizing sphere
Pr Prandtl number, Pr = m/a
_QL heat transfer rate into the droplet surface
rs instantaneous outer radius of the droplet
�rs non-dimensional radius of the droplet, �rs ¼

rs=r0

Re Reynolds number based on droplet radius and
relative velocity between the plasma and droplet

Sh* Sherwood number corrected for surface blowing
Sh� ¼ 2þ ðSh0 � 2Þ=F ðBMÞ

Sh0 Sherwood number for a non-vaporizing sphere
t time
T temperature
T non-dimensional temperature, T ¼ ðT � T 0Þ=T 0

U axial velocity of the droplet

U1 axial plasma velocity
e porosity of the solid shell formed
Ts solid phase temperature
Tl liquid phase temperature
Tv vapor phase temperature
rl radius of the liquid core
d thickness of the shell
Vpore velocity of vapor venting through the pore
Apore total area of the pores
v mass fraction in the before precipitation regime
vs mass fraction in the liquid core after precipita-

tion regime
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=r2

0

r yield stress
pv vapor pressure inside the solid shell
p1 pressure outside the droplet
Dp diameter of the spheres forming the solid precip-

itate
R universal gas constant
k mean free path
r0 initial droplet radius

Subscripts

0 initial value
l liquid phase
v vapor phase
s solid phase
1 far field
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for low vapor permeability through the formed shell, hol-
low spherical shells (B-II) for the case of high permeability
through the shell, or rapid disintegration of the shell con-
taining some of the liquid leading to secondary atomization
(B-III) as a result of rapid internal pressurization and shell
rupture. Another path is that of formation of a elastic shell
that inflates due to internal liquid vaporization and eventual
rupture and collapse of the deformed shell (Path C in
Fig. 1). The particle morphology obtained from droplets
is sensitive to the solute chemistry, diffusivity and solute sol-
ubility, droplet size as well as the thermal history of drop-
lets. Typically, high heating rates and large droplets tend
to form hollow particles while small droplets at low heating
rates generate solid particles. Fig. 2 shows the schematic of
the droplet morphology. The typical initial droplet surface
heating rates in a DC arc plasma or an oxy-fuel flame can
range from 105 to 107 K/s which are much higher than those
studied in the spray pyrolysis literature [9,10] which are typ-
ically 102 to 103 K/s.
1.1. Review of previous studies

The spray pyrolysis literature contains both experimen-
tal and modeling studies that have explored conditions
under which different types of particles are formed. Mess-
ing et al. [9] and Jain et al. [10] reviewed this subject
presenting both experimental data and modeling results
pointing to the different morphologies. Che et al. [11] car-
ried out studies in which the particle structure was con-
trolled by reactions within the droplets in spray pyrolysis.
They achieved dense or hollow single crystal or layered
particle structures by carefully controlling the reactions
within droplets, sintering and phase transformations.
Zhang et al. [12] studied experimentally the formation of
zirconia from different zirconium salts and determined
the conditions and the types of precursor solutions that
yield solid particles. Nimmo et al. [13] studied generation
of zirconia from zirconium nitrate sprayed with a diameter
of less than 5-lm into a controlled heating furnace. They
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Fig. 1. Solute containing droplet vaporization and precipitation routes:
(A) uniform concentration of solute and volume precipitation leading to
solid particles; (B) super-saturation near the surface followed by (I)
fragmented shell formation (low permeability through the shell, (II) un-
fragmented shell formation (high permeability), (III) impermeable shell
formation, internal heating, pressurization and subsequent shell break-up
and secondary atomization from the internal liquid; (C) elastic shell
formation, inflation and deflation by solids consolidation.

= rd – rjδ 

Fig. 2. Schematic of the droplet before and after precipitation.
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were able to produce tetragonal phase ultrafine zirconia
powers under certain operating conditions.

Linn and Gentry [14] performed an experimental study
of single droplet precipitation of different aqueous solu-
tions of calcium acetate, sodium acetate, sodium carbon-
ate, ammonium chloride, lithium manganous nitrate and
barium alumino silicate. They found that after a period
of uniform shrinkage due to evaporation in a hot gas envi-
ronment, crystallization, crust formation and fracture of
the crust were observed. Ammonium chloride and lithium
manganous nitrate showed bubbling and inflation of the
precursor droplets after the initial shrinkage. While these
studies illustrate the different nucleation, precipitate forma-
tion and in some cases inflation of droplets upon heating,
these experiments are conducted at low heating rates where
droplets are suspended in a relatively low gas temperature
environment (with respect to flame or a plasma) and low
velocities. Since the precipitation morphology is expected
to be strongly dependent on the droplet heating rates, the
actual processes taking place in a droplet can be altered sig-
nificantly. Modeling of precipitation of solute salts in a
liquid droplet has been primarily based on the homoge-
neous nucleation hypothesis [15]. It is assumed that onset
of precipitation occurs when the solute concentration
reaches a super-saturation level and engulfs all regions of
the droplet that exceed the equilibrium saturation concen-
tration. While fundamental studies of precipitation onset in
solution droplets have been undertaken [16,17], these stud-
ies have revealed that the parameters affecting the precipi-
tation onset are difficult to determine even for the simple
single component solutions under well-controlled condi-
tions. Models based on the minimization of the Gibbs
energy have been considered to predict the onset of precip-
itation [16]. In practice, validity of homogeneous precipita-
tion hypothesis is in question firstly due to the more likely
possibility of the heterogeneous precipitation as a result of
impurities and secondly because of the effects of very rapid
heating of droplets.

Computational modeling of droplet vaporization, solute
concentration and precipitation has been reported in the
literature. Early studies by Fuchs [18] and Ranz and Mar-
shall [19] included analytical studies of diffusion and evap-
oration in droplets. Due to the limitations of these studies
such as constant droplet diameter during evaporation,
more detailed solutions of droplet vaporization and the
resulting solute concentration fields were obtained from
numerical solutions [15]. Most of these studies only consid-
ered droplets vaporizing in a surrounding high temperature
stagnant gas environment. Precipitation of the solute salts
in these and other models is based upon attainment of a
certain super-saturation concentration of the solute before
the onset of precipitation followed by precipitation in all
regions of the droplet that are above the equilibrium satu-
ration concentration. This assumption of homogeneous
precipitation has been used widely in modeling, yet its
validity for different material systems and droplet heating
conditions is uncertain.

Recently, Ozturk and Cetegen [20–22] published several
articles on modeling of single droplet vaporization for
droplets convecting in high temperature plasma or oxy-fuel
combustion jets. In these models, a detailed numerical solu-
tion of temperature and concentration fields have been
obtained and homogeneous precipitation hypothesis has
been invoked to estimate precipitation zones in these drop-
lets. Motivated by the large body of research in droplet
combustion [23], these models accounted for the shear-
induced internal flow recirculation within the droplet and
its effects on precipitate morphology. These computations,
carried out for aqueous solution of zirconium acetate, have
revealed thin shell type morphologies for large droplets and
solid particle morphologies for smaller than 5-lm droplets
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under rapid plasma and flame heating conditions [21].
Qualitative evidence of these morphologies was found in
single pass sample collection experiments performed in a
flame environment [24].

Formation of a precipitate shell around a vaporizing
droplet encapsulates that droplet which then undergoes fur-
ther internal heating in the plasma or flame. Depending on
the porosity and other physical characteristics (rigidity or
ductility) of the formed precipitate shell, the internal heat-
ing and vaporization of the liquid within the shell could
result in one of the scenarios identified in Fig. 1. In this arti-
cle, we present a model that considers the thermo-physical
processes occurring following the precipitate shell forma-
tion assuming the formed shell is rigid and can have differ-
ent levels of porosity. In the following sections, we first
briefly summarize the simplified liquid droplet model that
was adopted from our earlier work. We then extend the
model to formation of a vapor layer between the liquid core
and the shell. We present results of the model computations
for different initial droplet sizes injected axially into a DC-
arc plasma jet. The paper is concluded by the key findings
and possible particle morphologies that result from rapid
heating processes in a plasma environment.
2. Model description

2.1. Vaporization and solute concentration leading to shell

formation

This part of the model is the same as in Refs. [20–22]
except that the internal recirculation within the droplet
due to shear at the liquid–gas interface has been neglected.
This simplification leads to spherically symmetric concen-
tration and temperature distributions within the droplet
and thus does not account for the fore-to-aft variations
of these quantities within the droplets. The binary (sol-
ute + solvent) droplets are injected axially into a high tem-
perature plasma jet where solvent portion of the droplet
starts evaporating with simultaneous reduction in droplet
size and increase in surface concentration of the solute.
The considered droplets are composed of zirconium acetate
(solute) dissolved in liquid water (solvent) with an initial
zirconium acetate mass fraction of 0.2.

Droplet motion in the hot convective gas environment is
governed by the droplet momentum equation given by [20–
22],

oU
ot
¼ 3CD

8rs

q1
qL

jU1 � U jðU1 � UÞ ð1Þ

oV
ot
¼ 3CD

8rs

q1
qL

V 2; ð2Þ

where U, V are the droplet velocities in x and y directions,
CD is the drag coefficient due to the relative motion between
the droplet and the surrounding hot gases with U1 being
the free stream flow velocity, i.e., local plasma flow velocity.
The change in the droplet radius is given by [20–22],
ors

ot
¼ _m

4pqLr2
s

; ð3Þ

where _m is the mass rate of vaporization, qL is the liquid
density and rs is the radius of the droplet. The drag coeffi-
cient, CD, is modified for the surface blowing effects as [20–
22],

CD ¼
24

Reð1þ BMÞ
; ð4Þ

where Re ¼ 2q1rsDV
l , with DV being the relative velocity be-

tween the droplet and the external flow. Continuum expres-
sions for drag coefficient and Nusselt numbers were
employed in this study since the calculated Knudsen num-
bers Kn ¼ k=2r0 are below 10�2 even for the smallest drop-
lets considered in this study.

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
typically 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 heat and mass transfer rates at the droplet surface as
[20–22],

_m ¼ 2pqgD12rsSh� lnð1þ BMÞ ð5Þ

_m ¼ 2p
kg

cP;F

rsNu� lnð1þ BTÞ; ð6Þ

where D12 is the diffusivity of the vapor in the plasma gas
while CP,F is the average heat capacity of the vapor near
the surface of the droplet. BM and BT are Spalding’s mass
and heat transfer numbers as defined in the nomenclature.
In Eqs. (5) and (6), Nusselt number, Nu* and Sherwood
number, Sh* are based on the non-vaporizing sphere, mod-
ified for the vaporization effects because of the varying film
thickness around the droplet. The mass vaporization rate _m
cannot be calculated explicitly since the Spalding heat and
mass transfer numbers, BT and BM, include droplet surface
temperature and vapor mass fraction that are determined
as a part of the coupled liquid phase solution. These equa-
tions are supplemented with the Clausius–Clapeyron equa-
tion and Raoult’s law to determine the mass vaporization
rate, surface temperature 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. For small droplets less than 100-lm, surface tension
forces maintain the droplets in spherical shape justifying
the assumption of spherical symmetry. Under these
assumptions, the conservation of solute mass and energy
equations can be written in simplified form as [20–22],

LeL�r2
s

ov
os
� 0:5LeL

drs

dt
g

ov
og
¼ 1

g2

o

og
g2 ov

og

� �
ð7Þ

�r2
s

oT
os
� 0:5

drs

dt
g

oT
og
¼ 1

g2

o

og
g2 oT

og

� �
; ð8Þ



3282 S. Basu, B.M. Cetegen / International Journal of Heat and Mass Transfer 50 (2007) 3278–3290
where following dimensionless quantities are employed:
�rs ¼ rs=r0, s ¼ aLt=r2

0, g ¼ r=rs, v ¼ ðv� v0Þ=v0 and
T ¼ ðT � T 0Þ=T 0, with r0 is the initial radius, aL is the
liquid thermal diffusivity, t is time, rs is the droplet surface
radius, T is temperature with T0 being the initial value and
correspondingly v being the solute mass fraction with v0

being its initial value. LeL is the liquid phase Lewis num-
ber. The initial and boundary conditions within the droplet
can be written as,

v

T

� �
ðs ¼ 0Þ ¼ 0 and

o

og

v

T

� �����
g¼0

¼ 0 and

o

og

v

T

� �����
g¼1

¼
_m

2prsqLDsvz;0

_QL

2prskLT 0
;

8<
: ð9Þ

where _QL is the heat flux to the droplet, kL is the liquid con-
ductivity, qL is liquid density, Ds is the mass diffusivity of
solute in solvent.The Nusselt and Sherwood numbers are
defined as follows [20–22] for a non-vaporizing sphere

Nu0 ¼ 1þ ð1þ Re � PrÞ1=3f

Sh0 ¼ 1þ ð1þ Re � PrÞ1=3f
ð10Þ

where Pr ¼ l
Cp

�k
; Sc ¼ l

qD12
. The averaged property values are

evaluated at T surface þ 1
3
½T1 � T surface�.

The factor f in Eq. (10) is taken as f = 1 for Re 6 1 and
f ¼ Re0:077 for Re > 1. The Nusselt and Sherwood numbers
are modified for surface blowing as,

Nu� ¼ 2þ ðNu0 � 2Þ=F M

Sh� ¼ 2þ ðSh0 � 2Þ=F T
ð11Þ

where F i ¼ ð1þ BiÞ0:7 lnð1þBiÞ
Bi

. For each time step, BM and
BT are found iteratively such that the vaporization rate,
_m from Eq. (5) and (6) are same. The heat flux at the drop-
let surface is given by

_QL ¼ _m Cp;vapor

ðT1 � T surfaceÞ
BT

� hlv

� �
; ð12Þ

where hlv is the latent heat of vaporization. Once the solute
concentration distribution is determined from the above
analysis, onset of precipitation and its extent is based on
the homogeneous precipitation hypothesis [15]. It is
assumed that precipitation of the ceramic precursor (zirco-
nium acetate salt) occurs once the droplet surface concen-
tration reaches a critical super-saturation value. Once this
occurs, all regions of droplet with solute concentrations
greater than its equilibrium saturation value precipitate.
While this precipitation mechanism is quite simplistic, it
has been employed extensively in the spray pyrolysis liter-
ature for the lack of a better more detailed model. In the
following, thermal models for subsequent processes are
described.

2.2. Internal vaporization and pressurization

The model detailed above describes the physical pro-
cesses until the onset of precipitation and formation of a
precipitate shell. Subsequent to shell formation, further
heating of the particle containing a liquid core is modeled
as follows. The particle motion through the hot plasma is
still governed by Eqs. (1) and (2) except that the particle
size is now fixed to the outer diameter of the precipitate
shell. The Nusselt number for the particle is obtained from
Eq. (10) for the impervious shell and Eqs. (10) and (11) for
the porous shell with vapor blowing through its surface.
Heat flux into the particle is evaluated from,

_QL ¼ 2prsð1� eÞNu��kðT1 � T surfaceÞ; ð13Þ

where e is the shell porosity ð0 6 e < 1Þ. The model of the
interior of the particle is divided into three zones: solid
shell, liquid core and vapor annulus as schematically
shown in Fig. 2.
2.3. Thermal model for the shell

The energy equation for the shell is written as,

oT s

ot
¼ as

r2

o

or
r2 oT s

or

� �
ð14Þ

Boundary conditions are:

At r ¼ rs; �4pr2
s ksolidð1� eÞ oT s

or
¼ _QL � qvCp;vT surfaceAporeV pore; ð15Þ

where qvCp;vT surfaceAporeV pore designates the enthalpy car-
ried away by the gas venting through the pores. Apore is
the area of the pores and Vpore is the velocity of the gas
through the pores. For an impervious shell, this term is
zero.

At r ¼ rs � d (solid–vapor interface)

4pr2ksolid

oT s

or
¼ 4pr2kvapor

oT v

or
ð16Þ
2.4. Thermal model for vapor annulus between shell and

liquid core

Heat supplied to the particle from the plasma heats the
solid shell and starts vaporizing the liquid within the shell
and forms a vapor annulus between the shell and the liquid
core. This vapor annulus grows with time while the liquid
core size reduces towards the center. For the vapor annu-
lus, assumed to be spherically concentric, energy equation
is given by,

oT v

ot
¼ av

r2

o

or
r2 oT v

or

� �
þ rd � r

rd � rl

drl

dt
oT v

or
; ð17Þ

where rd is the outer radius of the vapor layer while rl is the
radius of the liquid core. drl

dt denotes the rate of decrease of
the liquid core radius due to the vaporization process.
Boundary conditions are:
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At r ¼ rs � d ¼ rd; 4pr2ksolid

oT s

or
¼ 4pr2kvapor

oT v

or
ð18Þ

At r ¼ rl; �4pr2kl
oT l

or
þ 4pr2qvhlv

drl

dt
¼ �4pr2kvapor

oT v

or
ð19Þ
2.5. Model for the liquid core

The liquid core slowly gets depleted with time as more
and more vapor is formed. The energy equation for the
liquid is given by,

oT l

ot
¼ al

r2

o

or
r2 oT l

or

� �
þ r

rl

drl

dt
oT l

or
ð20Þ

Boundary condition at r = rl is given by Eq. (19) and sym-
metry condition oT l

or ¼ 0 is employed in the droplet center.
The liquid phase species equation is given by,

ovs

ot
¼ Ds

r2

o

or
r2 ovs

or

� �
þ r

rl

drl

dt
ovs

or
; ð21Þ

where Ds is the mass diffusivity of the solute in the solution
and vs is the mass fraction of solute in the solution. Bound-
ary conditions are:

At r ¼ rl; �Ds

ovs

or
þ vs

drl

dt
¼ 0 ð22Þ

At r ¼ 0; from symmetry;
ovs

or
¼ 0 ð23Þ
2.6. Internal pressurization due to vaporization within the
shell

Depending on the type of shell formed, it may or may
not have any venting effect through the pores in the shell.
However, for the general case of a shell of porosity e, one
can write the following mass balance equation for the
vapor.

dmv

dt
¼ � dml

dt
� dmout

dt
; ð24Þ

where the mv is the vapor mass within the shell, ml is the
remaining core liquid mass and the last term is the rate
of vapor mass leaving the porous shell. Assuming ideal
gas law for the vapor phase,

dmv

dt
¼ V v

RT v

dpv

dt
þ pv

RT v

dV v

dt
; ð25Þ

where Vv is the vapor volume, Tv is the average tempera-
ture of the vapor phase and pv is the vapor pressure. dV v

dt
is the rate of change of volume of the vapor phase and
can be written as 4pr2

l
drl

dt

�� ��. Also,

dml

dt
¼ 4pr2

l ql

drl

dt
ð26Þ

and

dmout

dt
¼ qvAporeV pore ð27Þ
Combining Eqs. (25)–(27) results in,

dpv

dt
¼ RT v

V v

4pr2
l qv

drl

dt

����
����� 4pr2

l ql

drl

dt
� qvAporeV pore

� �
ð28Þ

This equation gives an expression for the internal pressure
rise as a function of the vapor velocity escaping through
the pores and the rate at which the liquid front is receding
towards the droplet center.

2.7. Vapor convection through porous shell

Eqs. (15) and (28) contain the unknown vapor velocity
through the porous shell. This velocity is estimated from
the Carman–Kozeny [25] equation given by

V pore ¼
pv � p1

d

e3D3
p

180lvð1� eÞ2
; ð29Þ

where d is the thickness of the shell, Dp is the diameter of
the particulates forming the shell. It should be emphasized
that this equation is valid only for spherical particles. This
shows that with pressure increase within the droplet, vapor
velocity through the pores increases linearly with the pres-
sure difference. Eq. (29) allows closure for Eqs. (24)–(28)
for calculating Tl, Tv, Ts, pv, vs.

2.8. Shell fracture criterion

Internal pressurization of the shell due to vaporization
of the liquid within it can lead to shell rupture or inflation
depending on the type of shell that forms during precipita-
tion. This obviously depends on the solute and solvent
characteristics and the thermo-physical conditions under
which the precipitation occurs. Considering the case of a
solid precipitate shell, the simplest shell fracture criterion
is related to the yield stress of the shell material. In this
approach, the fracture criterion becomes,

pv ¼
2dr
rs

; ð30Þ

where r represents the yield stress of the material of the
shell. While, it is difficult to prescribe the yield stress of a
precipitate shell which may depend on a multitude of
parameters, some estimates based on published pure solute
oxide (such as zirconium oxide) yield stresses are useful to
study possible outcomes.

In the following section, we present the results obtained
from the model computations and discuss these results in
the context of solution precursor plasma process.

3. Results and discussion

Four different droplet diameter of 5, 10, 20 and 40-lm
were injected into a plasma flow field axially at a velocity
of 12 m/sec. The velocity and temperature field of the
plasma obtained from the experimental data of Semenov
and Cetegen [26] were used in the calculations. Fig. 3 shows



Fig. 3. Velocity field of the plasma in m/sec (a) and temperature field of the plasma in K (b).
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the velocity and temperature distribution in a 38 kW DC
arc plasma interpolated from the experimental data. At
the exit of the plasma nozzle, velocity and temperature
are in the range of 600 m/s and 10,000 K. Upon being
injected axially into this plasma flow field, droplets follow
straight line paths along the centerline of the plasma and
undergo rapid heating and vaporization leading to decreas-
ing droplet radius and increase in the surface concentration
of the solute (zirconium acetate). Precipitation is triggered
as soon as the surface mass fraction of the solute exceeds
0.95, which is taken as the critical supersaturation value
for zirconium acetate. The precipitation is assumed to be
instantaneous and all the parts of the droplet with mass
fraction of solute greater than the saturation mass fraction
(0.56) are assumed to precipitate forming a shell of varying
thickness around the droplet with a liquid core.

Fig. 4 shows the radial distributions of temperature and
mass fraction of solute within the droplet at the instant
when precipitation is triggered for initial droplet diameters
of 5, 10, 20 and 40-lm. In all cases, the temperature varia-
tion within the droplets is small as compared to the solute
concentration variation as a consequence of the much lar-
ger thermal diffusivity compared to the solute mass diffu-
sivity. As a result of more uniform increase in the solute
concentration within the 5-lm droplet shown in Fig. 4a,
a large region of the droplet is expected to precipitate as
indicated by a 1.36-lm thick shell after droplet shrinkage
of about 18% due to vaporization. The shell formation
occurs after a residence time of 0.395 ms in the plasma.
The shell region spans solute concentrations greater than
vZr P 0:56.

For larger droplet sizes shown in Figs. 4b–d, the shell
thickness can differ as a steeper solute concentration gradi-
ent develops in these larger droplets. For 10-lm initial size
droplet as shown in Fig. 4b, 1.85-lm thick shell forms
when the droplet radius reaches 4.2-lm at a residence time
in the plasma of 1.18 ms. The maximum temperature at the
droplet surface is 376.2 �C and is fractionally lower than
that for the 5-lm droplet. For a 20-lm initial size droplet
shown in Fig. 4c, mass fraction of the solute remains con-
stant in the central part of the droplet to a radial distance
of 7-lm. A precipitate shell of about 1-lm thickness forms
when the droplet radius reaches 9.4-lm. The variation in
temperature within the droplet is approximately 2 �C with
the maximum temperature being about 6–7 �C lower than
that for the 10-lm initial diameter droplet. The residence
time of the 20-lm droplet in the plasma when the shell is
formed is 1.66 ms. Fig. 4d shows the radial distribution
of temperature and solute mass fraction for a 40-lm initial
size droplet. The mass fraction of the solute remains con-
stant at its initial value within a core of 15-lm radius.
The formed shell is approximately 0.9-lm thick around
the droplet of 18.8-lm radius at the instant of precipita-
tion. The temperature variation within the droplet is about
2 �C with the maximum temperature being 7 �C lower than
the 20-lm droplet. The residence time of the 40-lm droplet
in the plasma until it forms the shell is 4.0 ms. It is clear
from these results discussed above that smaller droplets
form a precipitate shell faster than the larger droplets.
The relative thickness of the shell when compared to the
final radius of the droplet increases with decreasing initial
droplet size. Droplet temperatures also reduce slightly with
increasing droplet diameter.

The results predicted from the first part of the model
provides the initial conditions for the second part of the
model that involves heating of liquid precursor containing



Fig. 4. Variation of mass fraction and temperature within 5-lm (a), 10-lm (b), 20-lm (c) and 40-lm (d) initial diameter droplets at onset of precipitation.
The dotted lines signify the precipitated zone formed instantaneously.
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shell. The shell thickness, droplet size, temperature and sol-
ute mass fraction are utilized for the next part of the model.
Typically, the droplet temperatures and solute mass frac-
tions are averaged and assumed constant throughout the
liquid core for this part of the model. The plasma temper-
ature and velocity fields are provided as inputs to the model
as in the previous stage. No experimental data is available
for the porosity of the precipitate shell formed around the
liquid core in the plasma environment. Hence, a parametric
study is performed for various levels of porosity to deter-
mine the effect of the porous shell structure on the build
up of internal pressure and temperature within the particle.

Fig. 5a shows the internal pressure rise for a 10-lm ini-
tial diameter droplet for the impervious shell and for two
levels of porosity. It is seen that the internal pressure rise
is the fastest for the impervious shell since the impervious
shell does not allow escape of any vapor from the particle.
An initial rapid pressure rise occurs due to formation of the
vapor layer between the liquid core and the shell. This is
followed by continuous rise of pressure due to vaporization
within the shell. For 20% porosity of the shell, the rate of
pressure rise is reduced as compared to the impervious shell
case due to venting of the formed vapor from the pores in
the shell. For 40% shell porosity, the rate of pressure rise is
much smaller after a relatively constant pressure period
where rate of vapor generation and escape from the shell
are equilibrated. In all cases, the internal pressure rise
occurs over a period of microseconds as compared to the
time scale of precipitate formation of milliseconds indicat-
ing a three orders of time separation between the two pro-
cesses. Once the precipitate shell forms, the subsequent
internal pressurization is almost instantaneous.

Fig. 5b shows the pressure rise behavior for 20-lm ini-
tial droplet diameter. As in the previous case, a rapid rise
of pressure occurs initially followed by a more gradual
increase depending on the porosity level. It is also observed
that a pressure decay occurs in the early part of the process
particularly for the porous shells. This is due to the fact
that during the early stage the shell is not heated sufficiently
enough to trigger a significant phase change in the liquid
core leading to negligible pressure rise. However, as the
liquid vaporization rate increases, the rate of vapor gener-
ation becomes greater than the counteracting venting effect
through the pores. A glance at Eq. (28) confirms the fact
that if the last term on the right hand side is larger than
the combined sum of the first two terms which is the case
during the early time period when drl

dt is very low, then the
pressure gradient may be negative. This is precisely what
happens with increase in porosity as the term qvAporeV
increases with increase in Apore, although this may not be
physical.

Fig. 5c shows the pressure rise for a 40-lm initial diam-
eter droplet. The trends are similar with the 20-lm droplet
case except that the pressure rise occurs more slowly for the



Fig. 5. Internal vapor pressure variation within the formed shell for 10-lm (a), 20-lm (b) and 40-lm (c) initial diameter droplets. Shell fracture pressures
based on Eq. (30) are labeled for each size.
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larger droplet. The main objective of calculating the inter-
nal pressure rise is to determine if and when the shell would
fracture due to internal pressurization. While there is no
quantitative data on the yield stress for the shell material,
which may or may not be porous, an estimate of this can
be based on the yield strength of amorphous zirconia shell
material. Based on the values reported in the literature for
the yield strength (r = 2 Mpa), the internal pressure at
which fracture is expected can be calculated from Eq.
(30). These fracture pressure values are labeled in Fig. 5
and suggest that the fracture occurs at a higher internal
pressure for the smallest droplet and decreases as the shell
thickness relative to the droplet size decreases. For the 40-
lm droplet based on the above yield strength and Eq. (30),
an internal pressure of 2.5 atm is enough for shattering.
However, we carried out the simulations up to a pressure
rise of 15 atm as a very conservative estimate for fracture
to occur. For 10-lm droplet the internal pressure rise
needed for fracture is 18 atm while for the 20-lm droplets
it is about 5 atm. Physically it is obvious that the porous
shells will be weaker than the non-porous ones but due
to the lack of experimental data, the same fracture criteria
was used for all the cases irrespective of porosity. Although
the ‘‘pre-precipitation” model gives us the shell thickness, it
cannot predict the porosity of the shell formed. A special
case of high fracture criteria of 40 atm was investigated for
a 10-lm initial diameter non-porous droplet. The pressure
rise was also computed for a 20% porous droplet of initial
diameter 10-lm for a long duration.

Fig. 6a–c shows the temperature rise at three interface
locations for nonporous shell as a function of time for dif-
ferent initial droplet sizes. It is seen that the surface temper-
ature for each of the three droplet sizes increases almost
linearly with time. This temperature rise is due to the fact
that vaporization of the solvent from the droplet surface
has ceased and all the heat transferred from the plasma is
utilized for heating the outer shell. It is seen readily that
the temperature at the droplet surface reaches the highest
value of 440 �C for the 10-lm droplet while it is progres-
sively lower for the larger size droplets. The temperature
rises to only about 375 �C for the 40-lm droplet. The tem-
perature at the vapor–solid interface shows almost linear
temperature rise lagging behind the surface temperature
after a short initial period of constant temperature. The
maximum temperature rise is greatest for the 10-lm drop-
let and progressively diminishes for the larger sized drop-
lets after the same time period. This is explained by the
fact that as the smaller droplet precipitates quicker than
the larger droplets, the temperatures of the plasma to
which they are exposed after precipitation is much higher
than the larger droplets which travel further downstream
of the plasma jet where the temperature is lower thus lead-
ing to reduced heat transfer. The 40-lm droplet shows a
much slower temperature increase that lags behind 10



Fig. 6. Temperature variation at the shell surface, the vapor–solid interface and the liquid–vapor interface for 10-lm (a), 20-lm (b) and 40-lm (c) initial
droplet diameters for non-porous shell.
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and 20-lm droplets. The temperature at the liquid vapor
interface shows very slight temperature increase for all
the three droplet sizes as the majority of the heat is
expended for phase change and only a small portion of
the heat actually passes into the liquid core. This coupled
with the high heat capacity of the liquid leads to an essen-
tially constant temperature of the liquid interior.

Figs. 7a–c show the comparison of the temperature rise
at the particle surface for varied levels of porosity for each
of the three sizes. It is found that the effect of porosity and
associated surface blowing of the vapor through the shell
result in a decrease of shell surface temperature. This is
due to two effects. First one is the surface blowing effect
increasing the thickness of the thermal boundary layer
and consequently reducing the heat transfer rate to the par-
ticle. This effect reduces the surface temperature of the
droplet. Second effect is due to the heat carried out by
the venting gas as this effect also reduces the heat trans-
ferred to the shell. For nonporous shell, both effects are
absent. It is seen that the effect of porosity on surface tem-
perature becomes more pronounced with the increasing
droplet size. For a 10-lm droplet, the surface temperature
rise is within 0.4 �C and it increases to maximum tempera-
ture deviations of about 1.5 and 2 �C for 20 and 40-lm
droplets, respectively. It should also be noted that the 10-
lm droplet is exposed to the hottest part of the plasma
while the 20-lm and 40-lm droplets experience lower
temperatures due to the greater time needed for
precipitation.

Figs. 8a–c show the radial distributions of temperature
and solute mass fraction for different levels of porosity. It
is seen that the profiles for all levels of porosity for a 10-
lm droplet shown in Fig. 8a, are indistinguishable. A sig-
nificant temperature drop in the solid shell and a precipi-
tous drop in the vapor film due to the low thermal
conductivities are observed. However, in the small time
scales of internal vaporization, the temperature of the
liquid core rises by only 0.2 �C as is confirmed by the tem-
poral variation of temperature near the vapor–liquid inter-
face. Majority of the liquid core remains at the initial
condition and is in a way shielded from the heat of the
plasma by the solid shell and the vapor annulus. The mass
concentration profiles show maximum rise at the liquid–
vapor interface by about 0.010 from the base value of
0.45. Fig. 8b shows similar set of results for a 20-lm drop-
let. However, the temperatures in the solid shell decrease
with increasing porosity but no significant difference is
observed in the liquid and vapor phase temperature pro-
files. It is worth noting that a large temperature drop
occurs in the shell, which is much thinner than the 10-lm
case. The liquid core shows very small temperature increase
while the vapor film shows a sharp temperature drop. Sim-
ilar trends are found in Fig. 8c for a 40-lm droplet. The
increase in mass concentration near the surface is about



Fig. 7. Temperature variation with time at the shell surface for 10-lm (a), 20-lm (b) and 40-lm (c) initial droplet diameters for different levels of porosity.
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0.02 for droplets of sizes 20 and 40-lm. No major differ-
ences in trends are found for different porosity levels except
in the solid shell.

It is also of interest to determine the possibility of sec-
ondary precipitation, i.e. shell within a shell if the
employed fracture criterion is different and the droplet
can sustain high levels of internal pressure. 10-lm droplet
with 0% and 20% porosity is chosen to study this effect.
Fig. 9a shows that the internal pressure within a nonporous
shell rises to 40 atm in about 4.4 microseconds. The inter-
nal pressure rises exponentially with increasing time.
Fig. 9b shows the radial variation of the temperature and
mass fraction profile within the shell at 4.4 microseconds.
It is seen that the mass fraction at the liquid vapor interface
has reached only 0.465 which is 0.015 above the initial
value. The surface temperature rises to about 460 �C.
Fig. 9c shows the pressure rise for a 20% porous shell
exposed to the plasma for longer period of 12.5 microsec-
onds as compared to the non-porous shell. The pressure
rises to only about 18 atm with a diminishing rate after
about 2 microseconds. The surface concentration of the
solute rises to about 0.6 from the nominal value of 0.45
as shown in Fig. 9d suggesting that secondary precipitation
inside the solid shell may occur at the liquid–vapor inter-
face. The surface temperature rises to about 540 �C due
to prolonged exposure to the plasma.

Once the internal pressure rises to a value at which the
shell fracture is expected, the fate of the remaining liquid
can only be speculated. While one can not describe the
fragmentation of the liquid core quantitatively, a number
of equal size droplets can be produced. Based on the con-
servation of the liquid volume at the time of shell rupture
among these droplets, the new droplets would be of a diam-
eter, dn ¼ n�1=3d0, where dn is the diameter of the formed
droplets and d0 is the diameter of the liquid core. In the
limiting case of the internal liquid dividing into a two drop-
lets, each droplet diameter would be 0.79d0, yielding the
following droplet sizes. For 10-lm initial droplet diameter,
divided droplets would be 3.2-lm diameter. Considering
that the solute concentration is high in these liquid drop-
lets, they will form solid spheres upon being further
exposed to the plasma flow field. For 20-lm initial droplet
diameter, each of the two formed droplets would be 12.8-
lm in diameter. Given the low solute mass fraction in the
parent droplet (see Fig. 4c), it is expected that the child
droplets will undergo a secondary precipitation and shell
formation. For the 40-lm initial droplet size, each child
droplet would have a diameter of about 28-lm and they
would also undergo secondary precipitation and shell for-
mation. However, for these larger initial size droplets, if
more than two droplets are formed during the shell rup-
ture, the resulting smaller droplets may undergo volumetric
precipitation and thus form solid particles. In experiments
where plasma processed precursor was deposited on a sub-
strate, it has been found that fractured hollow spherical
shells and small spherical particles are omnipresent. These



Fig. 8. Temperature and zirconia mass fraction variation along droplet radius for 10-lm (a), 20-lm (b) and 40-lm (c) initial droplet diameters for different
levels of porosity.

Fig. 9. Internal pressure rise (a) and temperature and zirconia mass fraction (b) for a 10-lm initial droplet diameter with a impervious shell for a fracture
criteria of 40 atm; (c) and (d) are those for 10-lm initial droplet diameter with 20% porous shell.
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observations provide a qualitative credibility of the model
results discussed here.

4. Concluding remarks

A detailed model for liquid droplets injected axially into
a thermal plasma jet has been presented in this article. The
injected liquid ceramic precursor droplets first undergo
vaporization and solute concentration within the vaporiz-
ing droplet leading to formation of a precipitate shell. Once
formed, further heating of the droplet interior results in the
formation of a vapor annulus and eventual rupture of the
shell if it is sufficiently impervious to the vapor escape.
Model results were obtained for different initial diameter
precursor droplets composed of water and zirconium ace-
tate. It is found that the smallest size droplets rapidly form
a thick precipitate shell. Temperature distribution within
droplets prior to precipitation is almost uniform while
the solute mass fraction shows a significant variation near
the droplet surface, particularly for the larger size droplets.
In the post precipitation stage, the surface temperature of
the smallest droplet rises more rapidly than the larger drop-
lets and internal vapor pressure rises depending on the
porosity of the formed precipitate shell. The droplet is
assumed to fragment at a particular value of fracture
strength based on the internal pressure rise and shell thick-
ness. As expected, the highly porous shell vents the formed
vapor and reduces the pressure rise significantly. Heating
rate is not significantly affected due to porosity except in
the solid shell. Upon fracture of the shell, it is expected that
the internal liquid core is divided into a number of smaller
droplets. Those originating from the smaller initial size
droplets (10-lm and less) are predicted to form solid
spheres as they would undergo volumetric precipitation
after shell rupture. For larger size droplets such as 20
and 40-lm, secondary surface precipitation or volumetric
precipitation may be expected depending on the number
of droplets formed.
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