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Abstract

Heat and mass transfer effects in evaporating solution droplets (20–40 lm in diameter) containing dissolved hexahydrated cerium
nitrate in a stationary rf Ar–O2 thermal plasma were investigated using a model. The evaporation occurred under reduced pressure.
The impact of different plasma operating parameters on temperature and dissolved solid content profiles was studied: surrounding
plasma temperature, initial salt content and droplet size, plasma gas composition, and system pressure. Temperature and composition
dependant thermophysical properties were used. The model was solved in a moving frame (ALE method) and considered Stefan flow.
The results indicate that a salt supersaturation limit is reached at the droplet surface which leads to salt precipitation and formation of a
crust in all cases analyzed. This is favored by higher plasma temperatures, lower pressures, oxygen-rich plasma and higher salt content.
Smaller droplets developed a crust faster than larger droplets.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The manufacturing of ceramic powders from liquid pre-
cursors using radio frequency (rf) thermal plasmas has
been developed in the past 10 years [1–5]. This technique
consists of the evaporation and calcination of atomized
solution or suspension droplets injected axially to the
plasma core. In this paper only the case of solution droplets
was investigated. Most of these processes are operated
under reduced pressure and the droplets usually contain a
non-volatile salt (nitrates, acetates, chlorides, etc.) dis-
solved in water or any other suitable solvent. The hot
plasma environment provides the driving force for evapo-
ration and calcination of the salt, resulting in the produc-
tion of high-purity oxide particles. Thus, oxygen-rich
plasmas are often employed. The use of liquid precursors
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encompasses applications such as production of ceramic
materials for SOFC (solid oxide fuel cells) (perovskites,
Y2O3, CeO2, NiO, etc.) [6] and thermal barrier coatings
(ZrO2) [7].

One of the main advantages of rf thermal plasma over
other processing techniques is the ability to achieve a uni-
form chemical composition in the synthesized particles in
a clean electrode-free environment. It has been shown that
the stoichiometry of these powders can be controlled accu-
rately even when doped oxide particles are synthesized [8].
However, the resulting particles varied greatly in size from
few nanometers to micron size, suggesting that more than
one droplet-to-particle conversion mechanism was possible.
Few attempts have been conducted to understand this large
size variation by sampling particles in-flight [9], largely due
to the high plasma temperatures and the inaccessibility of
sampling in the plasma core. Therefore, studying the drop-
let-to-particle conversion in rf thermal plasmas through
numerical simulation seems to be a logical alternative.
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Nomenclature

C convective velocity (relative velocity between the
material V and mesh velocity W) [m/s]

Ci concentration of electrolyte i [mol/L]
Cs concentration of salt at the droplet surface
Cm mean concentration of salt in the droplet
Cp heat capacity [J/kg K]
D12 diffusion coefficient based on molecular concen-

tration [m2/s]
d droplet diameter [lm]
F Faraday constant
h enthalpy [J/kg]
K evaporation constant [m2/s]
Kp partition coefficient
k thermal conductivity [W/m K]
m molality of the solute [mol/kg solvent]
_m mass flow rate at the droplet surface due to

vaporization, [kg/m2s]
M molecular weight [kg/kg mol]
Mav average gas molecular weight [kg/kg mol]
P pressure [Pa]
Q source/sink term [J/m3s]
r radial distance [m]
R(t) radius of the droplet (function of time) [m]
Rg universal gas constant
_R change of droplet radius with respect to time

[m/s]
T temperature [K]
Td dimensionless temperature
t time [s]
Tr reference temperature [K]
V radial material velocity [m/s]
Wi mass fraction of i in liquid
xi mol fraction of i in liquid

Yi mass fraction of i in gas
zi mol fraction of i in gas

Greek symbols

c± mean ionic activity coefficient of the solute
k0
þ, k0

� limiting (zero concentration) ionic conductances
[(A/cm2)(V/cm)(mol/cm3)]

l plasma gas viscosity [kg/m s]
l1 water viscosity in the droplet [kg/m s]
q density [kg/m3]
ri coefficient characteristic of each ion
t+, t� valences of cation and anion, respectively
W mesh velocity [m/s]

Subscripts

1 component 1 (either in the solution or the gas
phase)

2 component 2 (either in the solution or the gas
phase)

ar argon
d dimensionless
G plasma gas phase
L solution droplet phase
0 initial value
ox oxygen
s anhydrous salt
w water
v referential domain or moving mesh
1 conditions at infinity (far away from the droplet)

Superscript

S saturated condition
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Droplets are injected into the plasma core by means of a
liquid blast atomizer that provides a log-normal droplet
size distribution centered around 20–30 lm in diameter.
This process is similar to the well known spray pyrolysis
technique [10], but the operating temperatures are higher,
the droplets are often in the low micro size range
(<50 lm) and the reactor chamber is operated under vac-
uum. As a result, the thermal plasma treatment is a more
‘‘rapid” version of spray pyrolysis, since the conditions
for solvent evaporation are enhanced. Previous theoretical
and experimental studies in spray pyrolysis of non-volatile
solute droplets have suggested the development of a thin
crust surrounding the evaporating droplet. The crust is
formed because the non-volatile salt precipitates out of
solution, primarily at the droplet surface. A fast evapora-
tion rate removes solvent from the droplet surface more
quickly than it can be replenished by mass diffusion, result-
ing in the formation of a crust [11]. Having a crust around
an evaporating liquid core retards the rate at which inner
solvent escapes from the droplet [12], because the solvent
must travel through a solid phase. This effect leads to an
increase of the solvent vapor pressure that causes fractur-
ing and/or bursting of the crust. As a consequence, after
calcination takes place, solid particles of different sizes
are formed. A recent study by Ozturk and Cetegen [13]
has shown that solid and hollow particles of ZrO2 can be
produced using thermal plasmas from zirconium acetate
depending on the plasma operating conditions. Ozturk’s
findings provide evidence that a comprehensive model
explaining droplet-to-particle conversion is needed.

Evaporating droplets were first studied experimentally
and theoretically by Charlesworth and Marshall [11]. They
suspended droplets containing various dissolved salts in a
hot-air stream and pointed out that mass diffusion in the
droplet played a key role in determining the onset of salt
precipitation. The work of Schlünder [14] and Gardner
[15] demonstrated that the product of the drop radius times
its rate of change over time remained constant for most of
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the evaporation process. More recently, Xiong and Kodas
[16] investigated the spray pyrolysis of sodium chloride
solution drops in air. In this comprehensive study small
micron size droplets [1–10 lm] were examined. It was
reported that the point of solute nucleation was relatively
independent of processing parameters, except solution con-
centration and initial droplet size. Their findings were
based on the evaporation of droplets in air at atmospheric
pressure. The change in droplet diameter was not rigor-
ously calculated from the solution of the heat and mass
transfer between the drop and the surrounding media. A
more formal treatment of the solution of the mass and heat
transport equations of these phenomena was conducted by
Javanthi et al. [17]. It was found that droplet shrinkage and
solute diffusion were the rate limiting processes, because
their characteristic time constants were larger than those
of heat conduction inside and outside the droplet and
vapor diffusion outside the droplet. However, bulk flow
as a result of solvent evaporation was neglected in this
study. A rigorous approach of droplet evaporation was
reported by Elperin and Krasovitov [12] for the case of
slurry droplets, but it was assumed that the evaporation
stage resembled that of a pure component droplet. There-
fore, there is a need for a rigorous treatment of evaporating
solutions droplets when heat-mass-momentum transfers
are considered. Also the rate of shrinkage of droplets over
time must be taken into account.

In this paper, the effect of temperature, pressure, gas
composition, initial solid content and initial droplet size
were examined on evaporating solution droplets under
thermal plasma conditions. The droplets contained a hexa-
hydrated salt, Ce(NO3)3 �6H2O, dissolved in water and the
mass and thermal history inside the droplet were studied.
The hexahydrated cerium nitrate salt was used as a precur-
sor to obtain CeO2, which is used as electrolyte material in
SOFCs. The onset of salt precipitation was predicted as a
function of different parameters. The droplet was allowed
to decrease in size as water was continuously being evapo-
rating. The purpose of this study is to derive understanding
of how plasma conditions affect droplet morphology and to
predict the onset of crust formation under typical rf ther-
mal plasma operating conditions.
I II

Fig. 1. Schematic of evapo
2. Model development

The physical model studied was the transient evapora-
tion of a solution droplet of approximately 30 lm in diam-
eter immersed in a mixture of stagnant argon–oxygen rf
plasma. The solution droplet was a hexahydrated salt,
Ce(NO3)3 �6H2O, dissolved in water. The dissolved salt
released all water of hydration and thus the total water
content in the droplet was a combination of water of
hydration and water already present in the solution. The
anhydrous salt was considered to remain largely in molec-
ular form (i.e. as Ce(NO3)3), since the solution droplet
possessed a large salt content, but whenever possible the
properties were calculated assuming dissociation of the
nitrate and the cerium ions.

Radiation and second-order effects, such as Soret and
Dufor effects, were assumed to be negligible, but Stefan
flow was taken into account. This flow is representative
of the diffusional transport of energy. The droplet was con-
sidered to be suddenly immersed in a stagnant plasma gas
and it reduced in size as water evaporated but remained
spherical. Plasma gas absorption on the surface was
neglected based on the low system pressures. Spherical
symmetry reduced the problem to a transient, two phase
process of one dimensional nature. The only fluid motion
present was a radial flow field in the gas phase induced
by water vaporization. Radial flow inside the droplet was
neglected on the basis of the large density difference
between the solution droplet and the gas. Viscous dissipa-
tion effects were neglected. Water evaporation occurred
at the droplet–gas interphase and both gas and liquid
phases are treated as ideal phases. The Kelvin effect due
to droplet curvature on the equilibrium vapor pressure
was negligible since the size of the droplet is larger than
1 lm. Finally, the surrounding gas obeyed the ideal gas
law. All the model results were calculated using variable
thermophysical properties, except when the comparison
between variable and constant properties was made.

Under these conditions the physics of the problem were
as follows (Fig. 1): solvent (i.e. water) evaporates from the
solution droplet which causes droplet shrinkage, the
remaining salt diffuses toward the centre of the droplet
III IV

Liquid solution Porous crust

rating droplet history.
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and a temperature profile is developed in the droplet. The
solvent vapors mix with the surrounding gas as a result
of bulk flow and diffusion. A temperature profile also
develops in the gas phase. This process occurs until the sur-
face of the droplet reaches the supersaturation limit of the
solution and salt precipitates out as small solid ‘‘clusters”.
At this point the most widely accepted theory is that
continuing solvent evaporation increases the number of
precipitated clusters and favors cluster agglomeration as
the droplet reduces in size. This results in the formation
of a porous and thin crust at the droplet surface (Fig. 1,
II and III). The droplet [10], surface tension forces keep
the solution droplet spherical. It is then hypothesized that
the precipitate undergoes thermolysis and the Ce(NO3)3 salt
is transformed into CeO2, followed by sintering. The present
study only considered the problem until the saturation point
(Fig. 1, III) was reached at the surface of the droplet and
the later phenomena are the subject of future investigation.

This model was solved using the Arbitrary-Lagrangian–
Eulerian (ALE) method which has been successfully
employed with moving boundary problems [18]. A deformed
mesh can be useful when the boundaries of the computa-
tional domain are moving in time as a function of a param-
eter, in this case, the rate of evaporation of the solution
droplet. Therefore, a new mesh is not needed to be generated
for each configuration of the boundaries; instead the mesh
nodes are perturbed so that they conform to the moved
boundaries [19]. In doing so, computational time could be
saved without losing resolution in the solution.

2.1. Liquid governing equations

For the liquid phase, r < R(t), (1) refers to the water and
(2) refers to the anhydrous salt (i.e. Ce(NO3)3). Note that the
term containing h1 and h2 in the energy equation for both the
liquid and gas phases is representative of the Stefan flow:

Species equation

o

ot
ðr2qLW 1Þ

����
v

þ o

or
�r2qLDL
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2.2. Gas governing equations

For the gas phase, r > R(t), (1) refers to the water and
(2) refers to the plasma gas argon–oxygen mixture. The
convective velocity is defined as C = V � w:

Continuity equation
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Momentum equation

o

ot
ðr2qGV Þ

����
v

¼ o

or
r2 2l

oV
or
� P

� �� �

þ r2 F � qC
oV
or
� 2ð2lV =r � P Þ

r

� �
;

F ¼ � o

or
2

3
l

oV
or

� �� �
ð6Þ
2.3. Boundary conditions

At liquid/gas interface:

Overall mass

_m ¼ qGðV � _RÞG ¼ qLð0� _RÞL ð7Þ
Species balance

ðniG � _RqGÞG ¼ ðniL � _RqLÞL;

niG ¼ qGY iV � qGDG

oY i

or
; niL ¼ �qLDL

oW i

or
ð8Þ

Energy balance

eG � _R
Xn

i¼1

qGY ihiG

 !
G

¼ eL � _R
Xn

i¼1

qLW ihiL

 !
L

;

eG ¼ �kG

oT
or
þ
Xn

i¼1

niGhiG; eL ¼ �kL

oT
or
þ
Xn

i¼1

niLhiL ð9Þ

Thermodynamics

Pzi ¼ P s
icixi; ci ¼ 1 and Kp ¼

P s
i

P
ð10Þ

The mol fractions zi and xi can be expressed in their corre-
sponding mass fractions Yi and Wi (considering their
respective molecular masses MG, Mw, Ms). Solving for
the mass fraction of water in the gas (Yi) Eq. (10) gives
Eq. (11).

Y 1 ¼
MG

MwKp

1þMw

M s

1

W 1

� 1

� �
� Kp

� �
þ 1

� ��1

ð11Þ

Temperature

T G ¼ T L ð12Þ



Table 1
Thermophysical properties

Property Method Mixing rule

Liquid properties

Density [kg/m3] Ideal mixing qL = aW1 + bW2; a = 1000; b = 1600a

Specific heat [J/kgK] Ideal mixing Cp1
¼ aþ bT þ cT 2 þ dT 3, a = 8.958 � 103, b = �4.053 � 101,

c = 1.124 � 10�1, d = �1.014 � 10�4 [22]
Cp2
¼ 358:06 [23]

CpL
¼ Cp1

W 1 þ Cp2
W 2

Thermal conductivity
[W/mK]

Riedel for aqueous solutions [24] k1ðT rÞ ¼ aþ bT þ cT 2; a = �3.838 � 10�1, b = 5.254 � 10�3, c = �6.369 � 10�6

kLðT rÞ ¼ k1ðT rÞ þ RriCi; rðNO�3 Þ ¼ �6:978� 10�5; rðCe4þÞ ¼ �43:61� 10�5

kLðT Þ ¼ kLðT rÞ � k1ðT Þ=k1ðT rÞ
Binary diffusion coefficient

[m2/s]
Nerst–Haskell equation
and Gordon approach for
concentrated solutions [24]

D0
12 ¼ RgT=F 2 � ð1=tþ þ 1=t�Þ=ð1=k0

þ þ 1=k0
�Þ=1� 104;

D12ðT rÞ ¼ D0
12ðgs=gÞðqsV sÞ � ð1þ mo ln c�=omÞc

D12ðT Þ ¼ D12ðT rÞðT=T rÞðl1ðT rÞ=l1ðT ÞÞ
o lnc±/om [25]b

Water viscosity [kg/ms] M1 = a + bT + cT2 + dT3; a = �2.471 � 101, b = 4.209 � 103,
c = 4.527 � 10�2, d = � 3.376 � 10�5 [24]

Enthalpy of water [J/kg] h1 = a + bT + cT2 + dT3; a = �2.248 � 106, b = 1.297 � 104,
c = � 2.291 � 101, d = 1.962 � 10�2

Enthalpy of Ce(NO3)3 salt [J/kg] H2 ¼ h0
2 þ Cp2

ðT � T rÞ

Gas properties

Density [kg/m3] Ideal gas P = PMav/RgT

Specific heat [J/kgK] Ideal mixing Cp1
¼ aþ bT þ cT 2 þ dT 3 þ eT 4, a = 1.652 � 103, b = 1.295 � 10�1,

c = 1.850 � 10�3, d = �1.959 � 10�6, e = 6.384 � 10�10 [26]
Cpox
¼ aþ bT þ cT 2 þ dT 3, a = 8.958 � 103, b = �4.053 � 101,

c = 1.124 � 10�1, d = �1.014 � 10�4

Cpar
¼ 520:4 [27]

Cp2
¼ Y arMar þ Y oxMox

CpG
¼ Cp1

Y 1 þ Cp2
M2

Thermal conductivity
[W/mK]

Wassiljewa equation with the
Mason and Saxena
modification [24]

K1 = a + bT + cT2 + dT3 + eT4 + fT5; a = �1.134 � 10�2, b = 2.402 � 10�4,
c = �6.519 � 10�7, d = 9.231 � 10�10,
e = �5.506 � 10�13, f = 9.944 � 10�17,
kar = a + bT; a = 1.944 � 10�2, b = 2.464 � 10�5,
kox = a + bT + cT2 + dT3; a = �1.197 � 10�2, b = 1.342 � 10�4,
c = �6.456 � 10�8, d = 1.782 � 10�11,
kG = z1k1/(z1 + z2U12) + z2k2/(z2 + z1U21)e

Viscosity [kg/ms] Wassiljewa equation with the
Mason and Saxena
modification [24]

M1 = a + bT + cT2 + dT3; a = �5.424 � 10�6, b = 4.855 � 10�8,
c = �5.722 � 10�12, d = �2.946 � 10�16

lar = a + bT; a = 2.975 � 10�5, b = 2.893 � 10�8

lox = a + bT; a = 2.326 � 10�5, b = 2.799 � 10�8

lG = z1l1/(z1 + z2U12) + z2l2/(z2 + z1U21),
U12 = [1 + (l1/l1)1/2(M2/M1)1/4]2/[8(1 + (M1/M2))]1/2,
U21 = U12(l2/l1)(M1/M2)d

Binary diffusion coefficient
[m2/s]

Lennard-Jones [28] D12 ¼ 1:8585� 10�7 � sqrtðT 3ð1=M1 þ 1=M2ÞÞ � 1=ðPr2
12X12Þf

Enthalpy of water [J/kg] h1 = a + bT + cT2 + dT3 + eT4; a = 3.443 � 106, b = �4.374 � 103,
c = 8.618, d = �4.515 � 10�2, e = 8.496 � 10�7,

Enthalpy of plasma
gas [J/kg]

har = a + bT; a = �1.551 � 10�1, b = 5.203 � 10�4,
hox = a + bT + cT2; a = �2.849 � 10�1, b = 9.213 � 10�4, c = 7.478 � 10�8,
h2 = harYar + hoxYox,

Molecular weights [kg/kgmol] M2 = zarMar + zoxMox; Mav = z1M1 + z2M2

Enthalpy of vaporization [J/kg] h1G � h1L

For the liquid, the subindex 1 refers to water and 2 to the anhydrous salt. For the gas, 1 refers to water vapor and 2 for the mixture of argon and oxygen
plasma gas.

a Experimental values.
b The values of Ce4+ were approximated from curve fitting values of Gd3+ and Sm3+.
c The product of these ratios are (gs/g)(qsVs) � 1.
d To obtain l2 the same mixing rule was applied but 1 and 2 are argon and oxygen respectively.
e The same formulae are used to calculate U12 and U21 for the thermal conductivity as for viscosity.
f Since argon and oxygen had similar Lennard-Jones potentials, only the values of oxygen are considered which allows the calculation of multicom-

ponent diffusion coefficients. Only, in this case 2 refers to oxygen.
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Overall mass conservation

�qL
_R
��
R
¼ _mþ

Z RðtÞ

0

r
R

	 
2 oqL

ot
dr ð13Þ

At droplet centre

oW i

or
¼ oT

or
¼ 0 ð14Þ

At infinity r ?1

Y i ¼ 0; T ¼ T1; V ¼ 0;
oP
or
¼ 0 ð15Þ
2.4. Initial conditions

In the liquid phase

W i ¼ W i0; T ¼ T L0 ð16Þ
In the gas phase

Y i ¼ 0; T ¼ T G0; V ¼ 0; P ¼ P 0 ð17Þ

Table 2
Experimental ranges of studied variables

T1 [K] Ws0 P [atm] zAr=zO2
D [lm]

500 0.3 0.3 0.2/0.8 20
600 0.4 0.4 0.3/0.7 30

700 0.5 0.5 0.4/0.6 40
2.5. Thermophysical properties

A more accurate formulation of the problem can be
derived taking into account temperature and concentration
dependence of the liquid and gas properties (Table 1).
0.2

0.25

0.3

0.35

0.4

0.45

0.55 0.6 0.65 0.7
K

C
s/

C
m

-1

Fig. 2. Model
2.6. Solution procedure

Comsol Multiphysics� was used to solve the model. The
model consisted of �12,300 elements distributed in a non-
uniform mesh, where a higher number of elements were
located at the droplet interface. Mesh independent solu-
tions were obtained. Quadratic Lagrange elements were
used for all variables with the exception of pressure in
which linear elements were employed. Lagrange multipliers
were used to improve solution convergence of the bound-
ary conditions. A Heaviside step function [20] was applied
to provide smooth temperature and concentration profiles
as initial conditions in the vicinity of the droplet inter-
phase.

3. Model validation

The model was validated by comparing the ratio of the
surface concentration (Cs) to the mean concentration (Cm)
minus one (Cs/Cm � 1) of a non-volatile solute in an
0.75 0.8 0.85 0.9
/4Dl

Calculated

Schlunder

Gardner

validation.
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Fig. 3. Mass fraction and temperature profiles in the droplet as a function of radial position for different times (T1 = 600 K, Ws0 = 0.5, P = 0.3 atm,
zAr = 0.3/zO2 = 0.7, D = 30 lm, t = 0 to 4 � 10�4 s. Same times in figure A and B).
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evaporating drop. These values were estimated by Schlün-
der [14] and further re-computed by Gardner [15]. Schlün-
der confirmed experimentally that the ratio approached a
constant asymptotic value, which allowed the simplifica-
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tion of equations describing the transient mass transfer
inside the droplet. Gardner further formalized that simpli-
fication by stating that the product of R(t) dR(t)/dt was con-
stant for the most part during evaporation. In these studies
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it was assumed that the diffusion coefficient of the salt in
the solution droplet was constant. The model presented
in this study was in agreement with Gardner’s findings with
less than 1.5% error and showed that Schlünder’s results
were off by roughly 20%, but that both had similar trends
(Fig. 2). It is worth noting that this agreement was con-
firmed for low values of K/4DL and a constant value of
DL was used to match their calculations. Further, the work
of Xiong and Kodas [16] also based their findings on Gard-
ner’s approach to investigate the evolution of the droplet
size in spray pyrolysis of sodium chloride aqueous solution
droplets; thus, giving credit to this method as a form of
model validation.

4. Results and discussion

The present simulation considered the effects of plasma
temperature, initial salt concentration, system pressure and
initial particle size on the temperature and mass profiles in
the evaporating droplet. The simulations were stopped
when the mass fraction of salt approached the supersatura-
tion limit, i.e. Ws = 0.7 (this limit was experimentally deter-
mined). In most cases, the supersaturation limit was
reached in approximately 4 � 10�4 s (almost half of a mil-
lisecond). Table 2 summarizes all the conditions analyzed
in this paper; the base case is given in bold. For instance,
to analyze the pressure of the system, all the other param-
eters were T1 = 600 K, Ws0=0.5, zAr = 0.2, D = 30 lm at
different pressures, P = 0.3, 0.4 and 0.5 atm. The condi-
tions for temperature at infinity are typical of rf plasma
systems where the liquid injection into the hot core of the
plasma causes a local quenching and thus temperatures
below 800 K are expected [21].

The salt mass fraction and dimensionless temperature
T1d = (T � TL0/(Ts � TL0)) profiles in the droplet are
shown in Fig. 3a and b. The radial position plotted is
referred to the moving frame which follows the droplet
decrease in size over time. The results indicate that the tem-
perature profile is clearly developed and has reached the
centre of the droplet prior to the moment of expected sol-
ute precipitation at R (droplet surface). On the contrary,
the developing of the salt mass fraction profile is much
slower. There is a large mass fraction difference (i.e. from
0.5 to 0.7) in the vicinity of the droplet surface, whereas
the remaining of the droplet still remains at its initial value.
The differences in profiles are because heat transfer by con-
duction is much faster than diffusion mass transfer. As a
result, a growing crust is expected to form at the droplet
surface where the supersaturation point has been reached.

4.1. Effect of plasma temperature

The surrounding plasma temperature (T1) was
increased from 500 K to 700 K and the results are pre-
sented in Fig. 4a and b at 4 � 10�4 s (onset of solute nucle-
ation at the surface). It can be seen that the mass fraction
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of salt is only slightly affected by the increase of plasma gas
temperature. It appears that more salt diffuses towards the
centre of the droplet as the temperature increases, since
mass diffusivity increases with increasing temperature.
However, this effect is minor. On the other hand, the tem-
perature profile inside the droplet is affected strongly.
Higher plasma temperatures result in more energy transfer
to the droplet. Therefore, higher temperatures are expected
in the evaporating droplet at the beginning of solute
precipitation.

The change of droplet diameter at different plasma tem-
peratures is illustrated in Fig. 5, where the ratio of the
droplet diameter (d) to the original diameter (do) is shown
as a function of time. As expected, as the temperature of
the plasma gas is augmented, more water is vaporized
and thus the droplet decreases in size at a faster rate. The
graph shows that the droplet has not significantly
decreased in size (almost 96% of the original size remains)
when its surface has already reached the point of super-
saturation.

4.2. Effect of initial salt content

The initial salt content was varied from Ws = 0.3 to
Ws = 0.5. The salt mass fraction at the surface (Fig. 6a)
and the temperature at the centre and surface of the droplet
were plotted (Fig. 6b) as a function of time. The mass pro-
file indicates that there are two regions. First, a rapid
change of mass content happens before 2 � 10�4 s, and sec-
ond, the mass fraction varies almost linearly until the limit
of supersaturation is achieved. There is no apparent change
in the way the vaporization occurs or the crust is formed as
a function of initial solute content. The differences among
the different initial solute concentrations are more related
to the time taken to reach the onset of crust formation.
The less solute is present (thus more solvent), the longer
it takes for the appearance of a crust. Similarly, the tempo-
ral temperature profiles in the centre and at the droplet sur-
face do not show a distinct variation as more solvent is
present in the droplet. Initially, the temperatures at the cen-
tre and surface are the same. Then there is a temperature
gradient that increases with time, and towards the end this
gradient slowly decreases as heat is conducted throughout
the droplet.

In summary, the addition of solvent to the droplet has
the effect of retarding the formation of a crust as a result
of a longer evaporation time. The results showed that mass
diffusion and heat conduction are weak functions of con-
centration for the range studied, even though density, ther-
mal conductivity, heat capacity and mass diffusivity were
all functions of solute content.

4.3. Effect of system pressure

The system pressure was varied from 0.3 atm to 0.5 atm
since most of the rf thermal plasmas used in this type of
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application operate under reduced pressure. The surface
salt content and the surface temperature and the centre
droplet temperature are plotted as a function of time in
Fig. 7a and b, respectively. Reducing the pressure, reduces
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the boiling temperature of the droplet which favors solvent
vaporization. Also, because the water is vaporizing into Ar
and O2, the boiling point is further lowered. As a result, the
droplet surface temperature is only a few degrees above
room temperature when the droplet salt content at the
droplet–gas interface reaches supersaturation values. Fur-
ther, lower pressures cause a faster achievement of the
nucleation point at a lower temperature. As expected, the
boiling temperature of the droplet surface is higher with
increasing pressure and the difference between centre and
surface temperatures is larger during the early stages of
evaporation.

As a conclusion, the lower the pressure, the faster the
onset of crust formation for a given set of operating
parameters.

4.4. Effect of plasma composition

The plasma gas composition was changed from 0.2/0.8
argon–oxygen (in mol fraction) to a 0.4/0.6 argon–oxygen
mixture. These are typical operating ranges in rf thermal
plasmas. The salt content temperature profiles at the onset
of crust formation were plotted as a function of radial posi-
tion (Fig. 8a and b). An oxygen-rich plasma has a higher
enthalpy at the same temperature. The results suggest that
this change of enthalpy has a small effect on the salt diffu-
sion and water evaporation, judging from the similarity of
the profiles in all cases. It is also shown that the limit of
supersaturation is achieved slightly faster when an oxy-
gen-rich plasma is employed.

The effect of plasma composition could be more impor-
tant as the temperature of the surrounding gas increases
(>3000 K), especially because, the thermal conductivity of
oxygen increases greatly with temperature. However, this
range was out of the operating window of the present study.

4.5. Effect of initial droplet size

Three different initial droplet sizes were tested, i.e.
20 lm, 30 lm, and 40 lm. Salt content and temperature
values were plotted as a function of time (Fig. 9a and b).
The results clearly indicate that droplet size has a major
effect on the crust-formation and evaporation processes.
Smaller droplets reached the point of crust formation faster
than larger droplets and the difference between the surface
and centre temperature does not seem to depend on droplet
size. Despite the small droplet diameter, temperature and
salt mass fraction are different from the centre to the
surface.

The change of droplet diameter with time is illustrated in
Fig. 10. The larger droplets show a less pronounced slope
and thus take longer to evaporate. Despite the change in
size, the phenomena affecting evaporation remain largely
unchanged, i.e. faster heat conduction due to smaller
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droplet sizes and slow development of mass fraction pro-
files as a result of mass diffusion.

4.6. Comparison between constant and variable properties

The model was solved with constant and variable prop-
erties to assess the effect on the predicted mass and temper-
ature profiles. The results are presented in Figs. 11a and b
and 12. The use of constant properties under predicts the
development of the mass and temperature profiles inside
the droplet and it also under estimates the droplet size
change. Therefore, the use of variable properties provides
a more realistic and accurate calculation of the onset of
crust formation and droplet evaporation.

5. Conclusions

The present work shows that crust formation in an evap-
orating solution droplet containing non-volatile com-
pounds is present in all cases. The change of parameters
demonstrated that all conditions that favor vaporization
will tend to promote crust formation in less time, i.e. higher
temperatures, more enthalpic plasma gas, less solvent,
lower pressure. Further, the initial droplet size has a
marked effect on the time at which crust formation is
achieved, and thus rendering droplet size an important
parameter to control in rf thermal plasmas.

A crust is formed in all cases as a result of salt precipi-
tation. The slower rate of mass transfer inside the droplet
in comparison with the faster heat transfer rate by conduc-
tion is responsible for crust formation. Also, the use of
temperature and composition variable properties in both
the gas and liquid phases results in a more realistic model
with increasing predicting scope.

The fact that the supersaturation point is always
achieved within the operating range studied at the droplet
surface provides encouraging evidence to support droplet
explosion. As a result of pressure buildup in the inner core
of an evaporating droplet in rf thermal plasma systems.
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