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Abstract

Flame assisted vapour deposition (FAVD) has been used to deposit porous lanthanum strontium manganese oxide (LSM) films

for solid oxide fuel cell (SOFC) cathodes. The variation of microstructure of the deposited films with the processing parameters has
been described in Part 1 of this paper. In parallel with the experiments, complementary modelling work of the turbulent flame was
carried out using the finite volume CFD package FLUENT*. This was the first attempt in FAVD process modelling. The effects of

varying experimental parameters such as the ratio of alcohol to water and the concentration of the precursor solution, have been
investigated. The temperature distributions obtained from the modelling are consistent with the experimental results. The highest
combustion temperature predicted from the model indicates the complete combustion process which yields powdery film in Part 1.
Hence, the results in this paper confirm the trends for the experimental work.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Flame assisted vapour deposition (FAVD) has been
exploited as a novel oxide ceramic film fabrication
technique. Films fabricated via this technique include
yttria stabilised zirconia (8 mol% Y2O3 in ZrO2, YSZ),1

barium titanate (BaTiO3),
2 and lanthanum strontium

manganese oxide (La1�
x SrxMnO3, LSM).3,4 Part 1 of this

paper5 reported the experimental results for the depo-
sition of LSM films, and showed the effects of the
following processing parameters: amount of fuel in the
precursor solution, the concentration of the precursor,
the flow rate of the precursor, the pressure of the com-
pressed air used in atomising the precursor solution, and
the distance between the spray nozzle and the substrate.
Mathematical modelling is a cost-effective way to

supplement experimental work or assist in process
design. Modelling of the deposition process has been
applied to the chemical vapour deposition (CVD) tech-
nique.6�8 However, these models were not applicable to
other types of processing technique. There were also
some commercially available models for CVD9 and
thermal spray techniques. There was only one paper on
the chemistry model in combustion CVD in which the
focus was not on the processing parameters.10 Never-
theless, no relevant modelling work on the process para-
meters of FAVD has been reported in the literature.
This is the first attempt to model FAVD. The com-

bustion process was modelled using FLUENT, which
has the facility to deal with the processes governing
chemical reactions in a turbulent flame. The simulation
produced a 2D contour map of the relevant physical
and chemical quantities, in which the temperature was
signified as the most critical parameter. The effect of
changing a number of processing parameters was simu-
lated. It was then possible to predict the effect of such
changes on the deposition process, which was governed
by the conditions prevailing in the flame.
In order to streamline the modelling process, some

approximations and simplifications of the actual experi-
ment were introduced. Hence, detailed quantitative
agreement with experiment was not expected. Instead, the
model had the following goals. Firstly, to obtain qualit-
ative agreement with experiment in terms of the response
to variation of key processing parameters. Secondly, to
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gain a better understanding of the experimental results.
Finally, to test the feasibility of modelling FAVD,
before sinking substantial resources into an attempt to
obtain close quantitative agreement with experiment.
2. Experimental setup

FAVD involves many chemical processes and the
apparatus consisted of many components i.e. a flame
source, spray nozzle, precursor flow control, air com-
pressor, air flow control, hot plate, and temperature
measurement unit. A liquid precursor, mainly ethanol
and water mixed with soluble metal salts of required
cations, was atomised through the spray nozzle by
means of compressed air. The atomised precursor was
in the form of fine droplets, which are assumed to be in
the form of an aerosol. These droplets then combusted
when ignited by a flame source. The heat of combustion
provided thermal energy during the decomposition and
vapourisation of these droplets, which underwent
vapour phase reactions, resulting in an oxide film being
deposited on a substrate surface underneath the spray
nozzle. The substrate was placed on a hot plate, which
provided thermal environment in addition to the flame
source.
All of these experiments were carried out in an open

atmosphere with no physical barriers apart from the
substrate located on a hot plate underneath the spray
nozzle. The flow rates of the compressed air and the liquid
precursor were measured. The temperature at the sub-
strate surface was monitored throughout the deposition.
The ratio of ethanol to water in the liquid precursor was
varied together with the pressure of the compressed air.
This experimental part was carried out as described in
part 1 of this paper.
3. Model geometry

It was found convenient to model the experiment as
an axisymmetric cylinder, 25 cm high and 15 cm in
radius. The model was a horizontal cylinder with an
inlet at the bottom left corner which represented the air
nozzle at the top in real experiments. This was slightly
larger than the real experimental setup, to prevent flow
deflected by the hot plate from disrupting the flame.
Fuel and air were injected along the axis of symmetry
from an inlet on the top face of the cylinder which was
shown as the left corner in the model. This inlet repre-
sented separate fuel and air nozzles. At the opposite side
to the inlet was the hot plate, which was set to a tem-
perature of 227 �C at its centre. The deposition occurred
on the substrate at the surface of this hotplate. All other
boundaries were treated as outlets at atmospheric pres-
sure because our experiment was carried out in an open
atmosphere. Fig. 1 shows a typical computational grid
(25 � 20 cells) used for this setup comparing with
the real experimental setup. The geometry used in
this model was similar to the real experimental setup
with only assumption on the droplet size (one of the
modelled parameter).
4. Physical processes and theory

FLUENT uses a finite volume approach to solve the
Navier-Stokes equations for viscous fluid flow in addi-
tion to the basic conservation equations, in this case the
fluid is considered incompressible. Since the precursor
was atomised in the real system on exit from the spray
nozzle, the fuel spray coming out of the inlet was trea-
ted as a dispersed secondary phase of liquid droplets.
The droplets then evaporated into the primary gas
phase and underwent combustion when ignited by the
flame source. During vapourisation, the rate of
vapourisation is governed by gradient diffusion, with
the flux droplet vapour into the gas phase related to
the gradient of the vapour concentration between the
droplet surface and the bulk gas. The heat change in
the droplet during vapourisation includes the con-
vective and latent heat transfer between the droplet
and the gas.
The k–" model was used to deal with the turbulent

nature of the flame including shear flows and wall-
bounded flows. Since turbulence strongly affects trans-
port processes, including diffusion, it must be taken into
account when considering chemical reactions. This
model is an eddy–viscosity model in which the Reynolds
stresses are assumed to be proportional to the mean
velocity gradients, with the constant of proportionality
being the turbulent viscosity, �t. This assumption is
known as the Boussinesq hypothesis with the following
expression for the Reynolds stresses:11
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The turbulent viscosity, �t, plays the same role as the
molecular viscosity. However, � is replaced by an effec-
tive viscosity, �eff:

�eff ¼ �þ �t ð3Þ

The turbulent viscosity is assumed to be proportional
to the product of a turbulent velocity scale and length
scale. These velocity and length scales are obtained from
two parameters: k, the turbulent kinetic energy and ",
the dissipation rate of k. The velocity scale is

ffiffiffi
k

p
and

the length scale is
ffiffiffiffi
k3

p

" . �t then becomes:
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where Cm is an empirically derived constant of pro-
portionality.
FLUENT uses a mixture fraction model of the com-

bustion process, combined with a probability density
function approach to simulate the effect of turbulent
fluctuations.12

f ¼
mF

mF þmO
ð5Þ

where f is a mixture fraction, subscripts F and O denote
the mass of the fuel and the oxidant inlets.
Individual species transport equations are not solved.

Instead, a single conserved scalar, the mixture fraction,
is calculated and individual component concentrations
are derived from the predicted mixture fraction dis-
tribution. This model has been specifically developed
for the simulation of turbulent diffusion flows, for
which it offers many benefits. The turbulence effects in
the conserved scalar approach are accounted for with
the help of a probability density function or PDF.
The reacting system is treated via chemical equili-
brium calculations. Physical properties of chemical
species and equilibrium data are obtained from a
chemical database. The mixture fraction method
allows intermediate species formation, dissociation
effects, and the coupling between turbulence and
chemistry to be accounted for in a rigorous way. It
allows quite accurate estimation of the flow field mean
density.
This approach requires the calculation of probability

density functions, which is carried out by the pre-
processor PrePDF*. PrePDF accesses a database of
thermodynamic properties, which does not currently
include data for ethanol. For this reason, a methanol/
water mixture was substituted for the actual ethanol/
water mixture as fuel. The deviation influenced by this
approximation on the results was likely to have been
less than that caused by other approximations i.e. sim-
plified geometry and uncertainty regarding the exact
spectrum of droplet sizes. Qualitative trends should be
the same for the two alcohols from their thermo-
dynamic properties.
5. Boundary conditions

FLUENT applies boundary conditions by using arti-
ficial boundary cells of various types.13 The types used
here were ‘wall’, ‘inlet’, ‘outlet’, and ‘symmetry’ bound-
aries, as shown in Fig. 2.
Fig. 1. (a) A computational grid of the model setup and (b) A real experimental setup.
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The surface of the hot plate (substrate position) is a
wall boundary, where the normal velocity component is
constrained to zero. For a turbulent flow, it is a stan-
dard practice to use empirical ‘wall functions’ at the
near wall grid point to estimate the effect of the wall on
the turbulent flow. This eliminates the need to fully
resolve all regions of a turbulent boundary layer and
allows the near wall grid point to be placed relatively far
from the wall. This approach helps saving the compu-
tational resources in turbulent flow simulations for the
standard high-Reynolds-number.
Appropriately, the axis of symmetry, inlet and outlet

are boundaries of symmetry, inlet and outlet types
respectively. At the axis of symmetry, the radial flow
velocity is zero and the radial derivatives of all other
variables vanish. These conditions are necessary to avoid
unphysical singularities at the axis. At the inlet, the
velocity, temperature and composition of the primary
phase flow were specified. The k–"model also required an
estimate of the intensity and characteristic length of the
turbulence in the incoming flow. The dispersed second-
ary phase was also introduced at the inlet with a given
composition, range of velocities, and spectrum of droplet
size. The droplet size spectrum turned out to be a crucial
process parameter. At the outlet, combusted vapours
were exhausted at atmospheric pressure. Values for all
variables at the outlet boundary were extrapolated from
the interior cells adjacent to the outlet. More details of
the model may be found in the author’s thesis.14
6. Modelling approaches

In Part 1 of this paper, five processing parameters
which affect the microstructure and properties of the
deposited films are the ratio of ethanol to water, the flow
rate of the precursor, the air atomiser pressure, distance
from the spray nozzle to the substrate, and the concen-
tration of the precursor. During each deposition, the
particular shape of the combustion flame roughly indi-
cated the types of microstructure to be expected as
explained in Part 1. Using preliminary modelling results
and physical arguments, three key process parameters
were identified for modelling.

6.1. Effect of mixture fraction

Apparently, the amount of fuel in the fuel/air mixture
had a strong effect on the reaction. In the experiment
this was adjusted by altering the mass flow rate through
the fuel nozzle and the air atomiser pressure. In the
model, this ‘mixture fraction’ was set at the inlet.
Fig. 2. Boundary conditions of the model used in this paper.
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6.2. Effect of amount of alcohol

The ratio of alcohol to water in the liquid precursor (the
fuel in the model) also affected the mixture of reactants
available for combustion. The amount of alcohol was
included in the mixture fraction in the model.

6.3. Effect of droplet size

Finally, the size of liquid droplets determined their
rate of evaporation, which influenced the speed at which
gaseous fuel was supplied to the combustion process.
The droplet size is varied by adjusting the flow rate of
precursor and the air atomiser pressure in the experi-
mental part.
Eventually, the mixture fraction at the inlet, the pro-

portion of alcohol in the fuel and the droplet size spectrum
closest to real experiments were chosen as the parameters
of this study. Since the set geometry of the reaction is lar-
ger than the real experimental setup, the distance between
the spray nozzle to the substrate can be shown from the
temperature contours.
7. Results and discussion

The maximum flame temperature was selected as the
principal output parameter of the study. The flame
shape and size were indicated by temperature contour
maps. Some observations were made regarding to the
chemical composition of the gaseous phase.

7.1. Effect of mixture fraction

The temperature contours at different mixture frac-
tions (m.f.) from 0.05 to 0.5 for a 70% alcohol solution
are shown in Fig. 3. The temperature range in each fig-
ure is defined in a control legend beside each contour.
The maximum temperature is indicated in red while the
minimum temperature is indicated in blue. The max-
imum temperatures for each mixture fraction are plot-
ted in Fig. 4.
The length of red, hot flame area represents the region

of intense combustion. If the red area is elongated, this
means that intense combustion occurs over a longer
distance and hence, over a greater length of time. The
area beyond the red area is where the combustion com-
pleted. At this point, all species in the vapour phase
have undergone a gas phase homogeneous reaction, by
which oxide powders are obtained experimentally.1

In Fig. 3(a) and (b), the maximum temperature
occured at 14–16 cm from the nozzle, thus combustion
completed well before reaching the hot plate (and the
substrate). From the results of Part 1, it can be deduced
that only a powdery film would be deposited. Con-
versely, in Fig. 3(c)–(f), the combustion of the fuel still
continued at the substrate. Therefore, some non-com-
busted vapour must reach the substrate. This led to a
heterogeneous reaction, which resulted in either a dense
oxide film or a porous film by the interaction between
species in the vapour phase and solid phase nucleation.
A high maximum temperature was desirable as it sig-

nified complete combustion. From Fig. 4, the highest
temperature occurred at a mixture fraction of 0.1 and
that the temperature fell off sharply above 0.3, pre-
sumably due to a shortage of oxygen (as oxidant).
The above results suggested optimum processing

conditions occur when the mixture fraction was 0.1 and
the substrate was placed at 15 cm underneath the spray
nozzle while the distance between the spray nozzle and
the substrate was set at 12 cm in real experiments. Since
complete combustion took place at a distance around
14–16 cm, the substrate placing at shorter distance would
allow heterogeneous reaction to occur resulting in dense
or porous films. The effect of mixture fraction also indi-
cated the same trend of results as observed by Hunt15 for
the effect of oxygen content. The maximum flame tem-
perature increased with the increase of oxygen content in
the atomising gas. The shape of flame described also
matched the temperature contours in this paper.
The maximum temperature from modelling work was

around 1600 �C in Fig. 3(b). However, the maximum
flame temperature from experiments never exceeded
1300 �C, possibly due to the thermodynamic properties
difference of the alcohol used (ethanol in experimental
work) and the addition of metal salts. Other approx-
imations and uncertainties involved in the modelling
process might be responsible.

7.2. Effect of amount of alcohol

The comparison of maximum temperatures among
selected mixture fractions, using 50%, 70%, and 80%
alcohol solutions was plotted in Fig. 5. The combustion
length and temperature were low for the low fuel and
much greater for the high fuel fractions. From all the
observations, the shapes of the temperature contours at
various mixture fractions did not differ much in the low
fuel models but showed significant changes in the high
fuel models. Only at the mixture fraction of 0.3 of 80%
alcohol solution was the maximum combustion tem-
perature at the substrate, while in other conditions the
combustion was completed prior to reaching the sub-
strate. These observations could be explained in the
same way as for the effect of mixture fractions. Note
that 70% alcohol led to the greatest maximum tem-
peratures in which this parameter was much more sen-
sitive to changes in alcohol content than to changes in
mass fraction. Hence, it was important to control the
alcohol content closely. Fortunately, it was easier to do
this than to control the mass fraction, which could only
be indirectly controlled.
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Additional insight may be gained by considering the
chemical species involved in the reaction. The amounts
of chemical species from the combustion process were
compared for 50, 70 and 80% ethanol in the precursor
while the mixture fraction was fixed at 0.2. The chemi-
cal species detected were oxygen gas, water, carbon
monoxide and carbon dioxide. The maximum and
minimum mass fractions of each gas were summarised
in Fig. 6.
The reaction below describes the complete combus-
tion reaction taking place between the spray nozzle and
the substrate as in this model.

CH3OH þ 3
2O2 ! 2H2O þ CO2 ðAÞ

At the same time, CO and CO2 coexist at equilibrium,
as in reaction B.

2CO þO2 $ 2CO2 ðBÞ
Fig. 3. Temperature distribution contours at different mixture fractions for 70% alcohol solution.
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From these two reactions, water and carbon dioxide
are the products of the complete combustion process.
The combustion process is turbulent, and the reactions
involved are not at equilibrium. The amounts of all
species involved in the reactions are compared in Fig. 6.
From Fig. 5, the model indicated that the optimum
combustion reaction should occur when methanol was
mixed with water at around 70% alcohol mixture (by
volume). The results for the chemical species supported
the trend above that the amount of oxygen gas was the
lowest in the combustion area of 70% alcohol mixture.
The products of the combustion process (water, carbon
monoxide, and carbon dioxide) were found to be richest
in the 70% alcohol mixture, not at 80% or above. This
led to the conclusion that at this mixture, the combus-
tion process occurred at the greatest efficiency since it
consumed the maximum amount of reactant and
released the maximum amount of products. The results
from this model agreed well with the experimental
results that a porous film was obtained from a 70%
ethanol precursor solution while a powdery film was
typically obtained from a higher percentage of ethanol
in the precursor solution. The temperature contours
also support this argument that their shapes are similar
to the combustion zone shape b as proposed in Part 1.
When all the mixtures have vapourised and com-

busted, the first intermediate product of carbon was
carbon dioxide. This carbon dioxide gas flew towards
the substrate while in equilibrium with carbon mon-
oxide gas when the temperature has reached its max-
imum. Carbon monoxide gas was in equilibrium with
carbon dioxide gas over a short distance before being
converted fully to carbon dioxide gas, although some of
it reached the substrate.
8. Effect of droplet size

Fig. 7 showed the temperature distribution contours
as a result of different droplet sizes from uniform size at
(a) 10 microns, (b) 50 microns, and (c) 100 microns, and
ranges of sizes from (d) 10–50 microns, (e) 10–100
microns, and (f) 50–100 microns when the mixture
fraction was fixed at 0.2.
When different sizes and ranges of droplet size have

been modelled, the temperature distribution patterns
changed as shown in Fig. 7. If we consider the uniform
size droplets in Fig. 7(a)–(c), all the combustions were
incomplete from the temperature contours for the dis-
tance of interest. The smallest droplet size started com-
busting at a shorter distance from the spray nozzle to the
larger size droplets, and the maximum temperature for
smaller droplet sizes was also greater than that for the
larger sizes. Therefore, a faster ignition and higher tem-
perature flame was expected for smaller droplets, so that
the overall combustion completed in a shorter period of
Fig. 4. Maximum temperature versus mixture fraction for the 70%

alcohol.
Fig. 5. The maximum temperature for various percentages of alcohol

and mixture fractions.
Fig. 6. Mass fraction of chemical species present for 50, 70, and 80%

alcohol mixtures.
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time. For the largest droplet size used here (100
microns), the combustion was not complete upon
reaching the hot plate but continued on the walls, which
was not desirable in real experiments.
When ranges of droplet size were considered, the
shapes of the temperature contours were different from
those of the uniform sizes that the contour shape was
more tapered. The smaller size of droplet initiated the
Fig. 7. Temperature distribution contours of various droplets size (a) 10, (b) 50, (c) 100, (d) 10–50, (e) 10–100, and (f) 50–100 microns when the

mixture fraction was fixed at 0.2.
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combustion earlier and easier than the larger sizes. In
Fig. 7(d) and (e) the combustion started at about the
same distance while the combustion in Fig. 7(f) started
at a distance further from the substrate. The maximum
temperature of a droplet with size in the range 10–50
microns was slightly lower than those with uniform sizes
of 10 microns and 50 microns. Particle size ranges of
10–100 and 50–100 microns gave maximum temper-
atures in between those of the uniformly small sizes (10
and 50 microns) and 100 microns.
A few small droplets caused early ignition, which

increased the temperature and hence, increased the eva-
poration rate for the larger droplets. The whole ignition
process then occured over a longer distance and a
longer period of time.
The effect of droplet size could be compared with the

effect of flow rate of the precursor solution (high flow
rate produces large droplet size) and the air atomiser
pressure (high pressure produces small droplet size) in
Part 1. In the conditions of low flow rate of precursor
solution (5.5 ml/min) and the high air atomiser pressure
(26 psi), the deposited film was powdery because the
combustion completed at a shorter distance than the
condition for the larger droplet size.
It has been shown that a few large droplets or a few

small droplets can have a significant effect on the
results. The sensitivity of the process to the detailed
spectrum of droplet sizes means that great care must be
taken with this aspect of experimental setup.
9. Conclusions

The FAVD process was modelled using CFD techni-
ques. The effect of changing three important process
parameters was investigated. The results show good
qualitative agreement with a parallel experimental
study. The experimental and model parameters are
correlated in the following way. The effect of mixture
fraction, amount of fuel and the sizes of droplets are
equivalent to the combination effect of the flow rate
of fuel (precursor solution), ratio of alcohol to water,
and air atomiser pressure in experiments. The com-
plete combustion position in the model also indicates
the suitable distance of the substrate from the spray
nozzle of that particular combination of processing
parameters.
Experimental results and theoretical considerations

regarding the deposition process indicate that complete
combustion at the substrate is desirable. Suitable pro-
cess parameters indicated by the modelling work are
given in Table 1 which are very close to the best combi-
nation of experimental parameters. It should be clear
from this work that experiments and modelling can
make complementary contributions to the under-
standing and optimisation of the FAVD process. It has
been shown that FAVD can usefully be modelled using
standard CFD techniques.
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Table 1

Summary of optimum condition from modelling work
Mixture fraction
 0.1–0.2
Amount of alcohol in the fuel
 70%
Droplet size
 10–50 microns
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