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Y,O3:Eu micronic particles synthesised by spray pyrolysis:
Global modelling and optimisation of the evaporation stage
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Abstract

There are a number of some major advantages to be gained in processing micronic europium-doped yttrium oxide Y,Oj3 particles for phosphor
applications using spray pyrolysis. In order to maximise production rates, it is tempting to use relatively dense sprays, but then coalescence occurs
increasing final particle diameters, which must be prevented. Moreover, the influence of the operating conditions on the process behaviour is poorly
understood. A complete one-dimensional model of the evaporation stage of micronic water/Y(NO3); droplets considering only the evaporation
process and then both evaporation and gravity-induced coalescence phenomena has been established. Calculations of pure evaporation have shown
that the amounts of evaporated water and droplet compositions depend only on the local temperature and not on the thermal history of the spray.
Coupled calculations have shown that, in comparison with evaporation, coalescence plays a minor role on droplet diameter, but non-negligible as
the increase of the final mean droplet diameter due to coalescence reaches up to 10% at low flow rates in the operating conditions tested. Injecting
a preheated air flow directly into the nebuliser is a promising method to minimise coalescence effects: optimal operating conditions for which

coalescence is completely insignificant were obtained by simulation.
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1. Introduction

Spray pyrolysis (SP) is an aerosol process commonly used to
form a wide variety of materials in powder form [1,2] includ-
ing metals, metal oxides, ceramics, superconductors, fullerenes
and nanostructured materials. The sizes of the processed parti-
cles are most often micronic and sub-micronic (50 nm-5 pm).
This technology has been used for many years in the material,
chemical and food industries. It consists of five main steps: (i)
generation of a spray from a liquid precursor by an appropri-
ate droplet generator, (ii) spray transport by an air flow during
which solvent evaporation occurs then concomitant solute pre-
cipitation when the solubility limit is exceeded inside droplets,
(iii) thermolysis of the precipitated particles at higher tempera-
tures to form micro/nano-porous particles, (iv) intra-particulate
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sintering to form dense particles and (v) finally, extraction of
the particles from the gas flow. SP offers specific advantages
over conventional material processing techniques [1,2] (gas-to-
particle conversion processes, liquid or solid-state processing
followed by milling), such as a higher purity of the produced
powders, a better uniformity in chemical composition, a nar-
rower size distribution, a better regularity in shape and the
synthesis of multicomponent materials. Another advantage is the
relative simplicity of the process which allows easy scale-up [3].
However, challenges still exist for SP, e.g. to increase production
rates, to better understand the influence of the operating condi-
tions to control particle size, shape and internal morphology
(filled or hollow particles).

Europium-doped yttrium oxide (Y,03:Eu) discovered
decades ago, is still considered to be one of the best red inor-
ganic phosphors, due to the sharp emission (A =611nm) of the
europium ion activator (Eu?*) in the host lattice (Y203), its
excellent luminescence efficiency, colour purity and stability [4].
SP is a promising alternative process for its large-scale produc-
tion [3,5]. Y20Os3:Eu micronic particles synthesised by SP from
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yttrium nitrate solutions are hollow spheres: we have shown [6]
that the origin of this morphology was in the thermolysis step
and not in the evaporation step. Indeed, the analysis of the phe-
nomena occurring during the thermolysis step between 95 and
300 °C has revealed that a partial liquefaction of the hydrated
yttrium nitrate occurs with concomitant release of gaseous water
and N>Os. As a consequence, a crust of lightly hydrated yttrium
nitrate probably appears, followed by particle inflation, leading
to the formation of hollow spheres.

However, the study of the evaporation stage remains impor-
tant to be able to increase production rates and to reduce
coalescence phenomena. The general aim of the present work
was therefore to determine the main parameters controlling
this stage, including heat and mass transfer and coalescence
phenomena, and to establish guidelines allowing its global
optimisation.

Most of the modelling studies in the literature on this topic
use 1D numerical approaches [7—10]. As it will be shown in this
paper, this kind of model is often sufficient to describe the main
phenomena occurring in this process and offers valuable infor-
mation for its optimisation. However, few studies on sprays deal
with both evaporation and coalescence phenomena [11-14], and
only for applications in which the description of the evaporation
process is quite simple (i.e. evaporation rates not affected by the
presence of solutes). This can be explained by two main rea-
sons: first, most of the previous works on SP were carried out
in processing conditions in which no coalescence occurred. But
scaling this process for significant production rates implies using
denser sprays, so the problem of coalescence appears. Second,
this is a very complex problem.

Two kinds of numerical approaches exist to simulate coa-
lescence phenomena in droplet or bubble sprays: the first
one is based on a physical description and the second one
on a stochastic description. The former is the most rigorous
approach but can hardly be used to model coalescence phe-
nomena when droplet trajectories are multidimensional. The
latter uses either the stochastic algorithm of O’Rourke and
Bracco [15] (or an improved algorithm based on it) and requires
a 2D (or 3D) Euler-Lagrange unsteady frame or the multi-
fluid Eulerian model introduced by Tambour and co-workers
[16]. Although stochastic approaches can be very efficient to
model complex coalescence phenomena in relatively small areas
[11,17], they are quite time-consuming and thus not really
well suited for so long geometrical domains such as drying
columns.

A pilot-scale SP set-up has been assembled in our group and
tested with water solutions of yttrium nitrate. The very high
cost of europium imposed the use of pure yttrium nitrate for the
experiments, as large amounts of particles were needed. Since
the thermo-chemical properties of Y and Eu are very close and
moreover the molar doping level in the red phosphor is low
(1Eu/19Y), we can safely assume that the results of experiments
and modelling for SP from pure yttrium nitrate are also valid for
the red phosphor precursor.

In order to optimise the process, a 1D modelling study was
performed and the influence of the main operating parameters
numerically studied. Firstly, only evaporation was considered.

Solute concentrations and temperatures were assumed to be uni-
form inside the droplets: these assumptions are easily justified
estimating the characteristic times of mass and heat diffusion
[7,10]. Gas and liquid temperatures, droplet diameters and solute
concentrations inside droplets were calculated along the column
axis for various processing conditions.

Secondly, coalescence was also taken into account. The
configuration of our experimental set-up (i.e. a vertical dry-
ing column) and the nature of the coalescence phenomena
involved (i.e. gravity-induced coalescence) allowed to develop
a 1D numerical approach based on physical models. Calcu-
lated droplet diameters were compared to experimental data
and the respective influences of coalescence and evaporation
on the droplet size evolution were analysed. Finally, methods
are proposed to minimise final droplet diameter.

2. Process description and operating conditions

An ultrasonic generator (ARECO/ARIV) working at
1.6 MHz formed micronic droplets from Y(NO3)3 diluted in
water at 0.6mol1~!. The droplets were transported by an air
flow through successively:

- avertical drying column: 20 cm internal diameter, 1.8 m long;
- then a horizontal decomposition/densification column: 20 cm
internal diameter, 1.8 m long.

The heating system was composed of juxtaposed electrical
furnaces of 12kW of total power. Thermocouples are put on
the outer wall of the reactor and allowed the temperature to be
adjusted up to 250 °C in the drying zone and up to 1000 °C in
the decomposition/densification zone. The solid phase was then
separated from the vapour phase by a bag filter.

For the experiments described here, the inlet spray temper-
ature was equal to 31°C, and the outer wall temperature of
the drying zone was fixed at 225 °C. Four air flow rates were
considered: 2, 3.5, 5 and 8.2m>h~! STP. The flow rates of
the nebulised solution depended on the configuration of the
apparatus:

- When the flow escapes freely out of the column in the absence
of filter (i.e. open configuration), the flow rates of solution are
given by the following law:

Fviiqg = 2.2 x 107*Fv, (law 1)

which gave rise to solution flow rates equal to 0.44, 0.77, 1.1
and 1.81h~! STP, respectively.

- In fully operational conditions, a bag filter is put at the outlet
of the pyrolysis column (i.e. closed configuration), a slight
overpressure appears in the whole apparatus resulting in lower
flow rates of solution, given by:

Fviig = 1.17 x 10™*Fv, (law 2)

which led to solution flow rates of: 0.23, 0.41, 0.58 and
0.961h~! STP, respectively. Note that pure water sprays were
also generated in the same operating conditions for the needs
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Fig. 1. Inner wall temperatures measured along the reactor axis for several air
flow rates/pure water flow rates following law 1—fitted temperature profiles
used for calculations.

of the modelling study. Laws 1 and 2 are also valid for pure
water.

Droplet diameter distributions have been measured with
a Spraytech™ Malvern laser size analyser positioned at the
entrance and at the exit of the drying column, at the half-radius.
Measurements have been first performed on a cold spray of the
solution, and then, some attempts have been made at the column
exit with the heating activated, but these latter measurements
could unfortunately not be used for this study because we noticed
that the temperature of the spray was significantly altered by the
presence of the granulometer.

The droplet volume mean diameters measured at the column
inlet were, respectively, of 5.4, 5.3,5.2 and 5.9 pum in the order of
increasing air flow rates, giving around 1.4 x 10° droplets cm 3.

As presented in Fig. 1, inner wall temperatures have been
measured along the column height for the four air flow rates
tested and for sprays of pure water following law 1 (i.e. open
configuration). It appears that the first 30 cm of the column are
not heated by the furnaces. Then, temperatures increase along
the column height and finally tend to reach a plateau. Logi-
cally, the higher is the air/water flow rate, the lower are the wall
temperatures along the reactor height.

Finally, it must be emphasised that preliminary calculations
showed that, over the whole range of operating parameters,
evaporation was extremely intense at ambient temperature
as long as the air was not completely saturated with water
vapour at the droplet surface (i.e. an interfacial relative humid-
ity of 100%). Since this fast evaporation occurred between
the nebulisation area and the reactor inlet, the air at the
droplet surface was already completely saturated with water
vapour at the reactor inlet and the solute concentration inside
the droplets was no longer 0.6 mol1~!, but 0.75mol1~!. The
inlet value of the specific humidity of air Yy was therefore
0.026.

3. 1D model of evaporation

3.1. Assumptions, equations and physical properties of the
Sfluids

A model which is 1D at the column scale and 0D at the
droplet scale was developed first. The following assumptions
were made:

(1) Gas flow is laminar since the Reynolds number varies
between 200 and 1000.

(i1) All parameters are uniform inside the droplets: in our
range of operating parameters, the ratio (R) of the char-
acteristic time of diffusion for solute diffusion in a droplet
[7,18,19] to the total time of evaporation remains lower
than 5 x 10~%, which is very weak, meaning that solute
concentration gradients can a priori be ignored. Note
that some accurate calculations performed using a pre-
cise 1D spherical model, by considering convection and a
precise description of diffusion, have confirmed that con-
centration gradients can be ignored [6]. Xiong and Kodas
[10] came to the same conclusion for similar process-
ing conditions. Likewise, we estimated the ratio (Ry) of
the characteristic time for heat diffusion in the droplet
[7,10,19] to the total time of evaporation: this ratio is lower
than R by several orders of magnitude. The assumption of
uniform temperature in droplets is therefore fully justified.

(iii) At the column scale, momentum, heat and mass trans-
fer phenomena in the radial direction were ignored. This
assumption is justified since measurements showed that
the mean radial temperature gradient was 3.5 °C cm~! and
only 1.2°C cm™! between a radial position of 2.5 cm from
the wall and the centre of the column. 2D axisymmetric
calculations were performed and showed that radial heat
diffusion was mainly due to radiation between droplets
and reactor walls.

(iv) The heat flux density g brought from the furnaces to the
spray through the column walls is proportional to the
difference between the inner wall and spray temperatures:

q = «(Tyan — Tspray) (D

The spray temperature Tpray can be defined as an average
between gas and droplets temperatures (balanced by their
respective flow rates). But these two temperatures were
always equal over our whole range of processing condi-
tions as evidenced by calculation. The value of the overall
heat transfer coefficient k¥ was adjusted for each air flow
rate such that the temperatures calculated fit the mean
temperatures measured in the droplets/air fluxes along
the column, for sprays of pure water and for the open
configuration. The same values of « and the associated
temperature profiles were used for the whole study what-
ever the spray nature (pure water or water/Y(NO3)3) and
the configuration of the column (open or closed).

(v) The relative velocity between droplets and carrier gas is
zero and there is no interaction between droplets.



(vi) Axial diffusion of water vapour in air is negligible.
(vii) The Kelvin effect is negligible because droplets remain
much larger than 0.1 pum [19].
(viii) The solute begins to precipitate as soon as the saturation
concentration is reached, supersaturation concentration of
yttrium nitrate in water being unknown.

The mean mass fractions of water inside droplets/particles
and in air are given by the following dimensionless expressions:

it lig\—
X = wwq(wsq)
Y = wvwapw_1

1

(@)

a

Four equations must be solved: that of mass conservation at
the reactor scale (3) and at the droplet scale (4), the energy
equation at the reactor scale (5) and at the droplet scale (6).
Considering the assumptions previously detailed, they take the
following form:
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where air, water and solute flow rates F,, Fy and Fs are
expressed in kg s~!'. The main physical properties of the fluids
are given in Table 1 [20-23]. Note that these equations have been
successfully validated by Yu and Liao [9] from experimental
investigations of evaporation of water/NaCl and water/NH4NO3
droplets performed by Ranz and Marshall [24].

The reduced mass fraction of water Y, at the liquid/gas
interface at the saturation pressure is defined as:

Vgashd Cpd

Yint = Gy My (My Po) ™! Peyy 7

Table 1
Physical properties of water and aqueous Y(NO3)3

where ay, is the water activity, dependent on X, P the total pres-
sure at the column inlet and Pgy is the water vapour saturation
pressure in air.

The droplet mass can be written as:

ma=my(1+X) = piq (4) 7R )

where myg is the mass of solute in a droplet, pjiq the droplet
density and R is its radius. From the latter equation, the following
expression for the droplet radius can be deduced:

. 1+x\1/3
R =Ry <:011q,0 + ) )
pig 1+ Xo

where Ry, Xo and piiq 0 are the initial values of R, X and pyiq. The
expression of the droplet radius R;, at the onset of precipitation
is given by:

1/3

pligo 1+ X

R, = R0< = 1;“) (10)
Plig + Xo

where X and pft

liq are, respectively, the values of X and the
droplet density at the solubility limit.

Depending on the droplet temperature at the onset of pre-
cipitation, note that the precipitate actually formed can be
Y(NO3)3-6H,0 or Y(NO3)3-5H,0 [23].

We also used this system of equations to calculate the evapo-
ration of a pure water spray taking a small solute mass flow rate
Fs (10~'2kgs™1), a droplet density equal to the water density
pw and a water activity equal to 1.

All these equations were implemented in the finite element
solver FlexPDE [25], which uses a modified Newton—Raphson
iteration process and a mesh generator with automatic refine-
ment. The code implemented in FlexPDE was numerically
validated using the results of Yu and Liao [9] as a basis and
by calculations performed with the ODE solver Scilab [26] over
the whole range of our operating conditions.

3.2. Results and discussion

Spray temperatures were measured in four radial positions
and in six axial positions along the reactor for each flow
rate studied in the open configuration. Radial average values
were considered; these and the calculated ones are reported

Density (kg m~3), from [20]

piig (25°C)=ay +ax/X +as/X"3 +aa/X? +as/X> + as/X> + ar/X> +ag/X* + ag/X*3, with: a1 =995; a =0.8178; a3 =2.855 x 1072; ay = —0.8367;

as=2.2764; ag=—4.1271; a7 =3.9393; ag = —1.8699; ag =0.3532

Water activity, from [20]

Ay (25 °C) =exp[(—4/X)(18/275)(1 — (bo/X3) + (b1/XOT3) + (b2/X) + (b3/X"2) + (ba/ X" T7) + (bs/X?) + (b7/X>2))], with: by =5.4939; by = —7.8834;
by = 164.4546; by = —555.8051; by =913.9005; bs = —814.9047; be =378.477; by = —71.97

Water vapour saturation pressure in air (Pa), from [21]
Pet = (10°/760) exp(18.3036 — (3816.44/(Tiiq — 46.13)))

Solubility (g/100 g of water) fitted from experimental results [22,23]

S=co+c1Thig + ¢z arctan(c3 Tiiq — ¢4), with: ¢o=—150.3776; ¢; =1.1185 K_l; 2 =25.3241; ¢3=0.1588 K_l; c4 =54.5378
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Fig. 2. Average spray temperatures measured along the reactor axis for several
air flow rates/pure water flow rates following law 1 compared to the calculated
spray temperatures.

in Fig. 2. A good agreement was obtained using the follow-
ing values of « in order of increasing flow rates: 55, 42, 28
and 27Wm~2K~!. This variation of « is difficult to inter-
pret: as specified by Bird et al. [27], the overall heat transfer
coefficient depends in a complicated way on many variables,
including the fluid properties, the flow velocity, the value of
the characteristic temperature difference and the temperature
distribution.

For a given position in the column, the spray temperature
decreases if the flow rate increases. Calculations were stopped at
the onset of precipitation, which always occurs at a temperature
of about 71 °C for these processing conditions.

Then, calculations were carried out again considering the
column in the closed configuration (i.e. solution flow rates fol-
lowing law 2).

First, the evaporation stage was studied for an air flow rate
of 3.5m>h~! STP. Fig. 3 presents the evolution of the droplet
diameter and of gas and liquid temperatures calculated along
the reactor axis for pure water and water/Y(NO3)3 solutions.
It can be observed that the decrease of the radius of pure water
droplets is faster than the decrease of the radius of water + solute
droplets: evaporation is complete at a position of 0.66 m for pure
water droplets whereas the solubility limit is reached at 0.78 m
for water + solute droplets. This is due to the fact that in the
latter case, the lower water activity involves a lower interfacial
saturation pressure and therefore a lower evaporation rate. It can
be deduced that the water of the solution requires a higher energy
to be vapourised, about 18% more in the operating conditions
tested.

For both pure water and Y(NO3)3 solutions, the temperature
of the liquid phase remains always equal to that of the gas phase
asreported in Fig. 3. This result is due to the high value of the heat
transfer coefficient at the liquid/gas interface. Evaporation of
pure water droplets is complete at 56 °C whereas water + solute
droplets reach the onset of precipitation at 95 °C.

Droplet Diameter (um) Temperature (°C)
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Fig. 3. Variation of the droplet diameter, gas and liquid temperatures along
the reactor axis for pure water and water + Y(NO3);—Fv,;=3.5 m3h~! STP,
Fvy, =0.411h~! STP, dy=5.3 pm.

Fig. 4 presents the temporal evolution of (R/R¢)? for pure
water and water + solute droplets at the four air flow rates in
the closed configuration. It can be observed that once the spray
enters the hot zone, evaporation occurs and droplet diameters
follow roughly the so-called D?-law (i.e. the variation of droplet
surface area vs. residence time is linear) [24,28]. For the three
lowest air/solution flow rates, the onset of precipitation is always
reached for a ratio R/Ry equal to 0.5, a solute concentration of
5.9 mol 17! and a droplet temperature equal to 95 °C. Thus, final
droplet diameters (R, is given by (10)) are of 2.7, 2.65 and
2.6 pm, after 30, 24 and 23.5 s of evaporation, respectively, in
the order of increasing air flow rates. However, for the highest
air/solution flow rate, the onset of precipitation is never reached
and the droplet diameter stabilises at a value of 3.1 pm towards
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Fig. 4. Variation of (R/Rp)? vs. residence time for pure water and water +
Y(NO3)3, for several air flow rates/solution flow rates following law 2.
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the end of the drying column. This is due to the fact that for these
operating conditions the inner wall temperature does not exceed
86 °C as can be seen in Fig. 1 and therefore the spray cannot be
heated to 95 °C.

Moreover, calculations showed that the reactor height neces-
sary for a complete evaporation increases with the air/water flow
rate. Actually, the total energy consumed during the evaporation
stage is proportional to the air/solution flow rate and is equal
to about 2520kJ 1~! of solution for the evaporation stage (i.e. a
total power of 700 W).

The variations of the dimensionless droplet radius and of the
solute concentration into droplets versus spray temperature are
reported in Fig. 5: they are the same whatever the initial flow
rates in the range studied. This can be explained by the fact that
the limiting step here is clearly heat transfer from reactor walls
to the spray, not mass transfer at the air/water interface and/or
inside the droplet. Actually, at a given position in the reactor,
the local temperature determines the interfacial saturation pres-
sure and therefore the total amount of evaporated water. It can
be deduced that the droplet radius and the solute concentration
depends only on the local temperature and not on the thermal his-
tory of the spray. This result is verified for a wide range around
our operating parameters, and it remains valid for heat flux den-
sities up to 10 times higher and spray densities up to 10 times
lower.

3.3. Evolution of droplet size distribution

Before studying the effect of coalescence, it is necessary to
apply the 1D model of pure evaporation of Section 3.1 consid-
ering an initial distribution of droplet sizes.

In the case of a spray of pure water, Eq. (4) can be written as:

dR>
Pw e = —4nRDypy AY (11D

Then, let us consider two populations of droplets of different
initial radii R0 and Rjp with Rjo <Rjo. From Eq. (11), we can
write:

dR;/dt R,

= 12
dRj/dt  R; 12)

Therefore, small droplets evaporate faster than larger ones and
we can deduce the following relation:

R — R; = Rj — R; (13)

which is valid as long as the smallest droplets have not com-
pletely evaporated. However, as mentioned in the previous part,
note that the total amount of evaporated water still depends only
on the local temperature for the operating conditions tested.

In the case of a spray of water + solute, we can write:

d(pliqR?)/dt . & Aw; Pae — Pvap
d(piiqR3)/dt — Rj aw,; Psat — Pyap

(14)

where ay,; and ay ; are the water activities in the droplets of
radius R; and R;, and Py, is the partial pressure of water vapour
in air. No direct interpretation can be deduced from this relation
because water activities (dependent on solute concentrations)
act on the evaporation rate in an opposite way of the radius.

Consequently, it was necessary to perform complete cal-
culations of the evaporation of water + Y(NO3)3 droplets with
different initial radii: the equation of mass conservation at the
droplet scale (4) was implemented three times for three popula-
tions of droplets of different initial radii (in the range 1.5—4 pm).
As a result, we found that the temporal decrease of radius (i.e.
d(Ri/Rjp)/dt) is the same whatever the droplet radius.

Since the total amount of evaporated water still only depends
on the local temperature, we can write the following relation
whatever the initial droplet radius:

N ) (15)
Rio
where fis a function which can be determined by 1D calcula-
tions. Moreover, this result implies that the compositions of all
the droplets are the same at a given height in the column and
that R;/Rjy still follows the evolution shown in Fig. 5.

With processing conditions involving much more rapid heat-
ing, in which the limiting step is the evaporation and not the
heat transfer from reactor walls to the spray, relation (15) is of
course no longer valid: calculations show that the evaporation
of the different populations of water + solute droplets occurs in
the same way as for pure water and droplet radii follow relation

(13).
4. 1D model of coalescence and evaporation
4.1. 1D model of coalescence
Coalescence of droplets in a spray can have various origins.

The commonly encountered causes of coalescence are the fol-
lowing [19,29]:



- Brownian motion,
gravitational motion,
- shear flow,
turbulence,
thermophoresis.

For our operating conditions, coalescence induced by Brow-
nian motion (or thermal coagulation) is insignificant because
the droplet concentration number (2.35 x 10° cm_3) is too low:
for typical residence times considered in this study (i.e. a few
tens of seconds), thermal coagulation would become important
for sprays about 100 times denser [19,29]. The flow is lam-
inar in the drying column, so coalescence cannot be induced
by turbulence. However, Reynolds numbers may be very high
in the droplet generator and there, coalescence due to turbu-
lence can be significant. Then, except perhaps in the immediate
vicinity of the walls of the drying column, radial gradients of
droplet velocities and of temperature are too small by several
orders of magnitude for coalescence to be induced by shear flow
or thermophoresis [30,31]. Therefore, only the gravity-induced
coalescence remains.

As a consequence, the droplets introduced into the drying
column mainly undergo the gravity and the drag forces of the
carrier gas. The drag forces depend on droplet mass and diam-
eter. Thus, small droplets travel more quickly than bigger ones
and as a result coalescence occurs. In this part, we will con-
sider undeformed spherical droplets of same density pjiq and
will assume that no evaporation occurs.

Consider a spray composed of two populations of droplets i
and j, of different radii: R; > R; and therefore different velocities:
v; > v;. The carrier gas rises vertically in the drying column
along e; axis at the velocity vg,s. The coalescence frequency of
droplets i with a droplet j can be written [29,32-34] as:

fij = (R + R ni(v; — v))s;j (16)

where n; is the number density of droplets i and ¢&;; is the coa-
lescence efficiency (i.e. the probability that two neighbouring
droplets of different sizes moving initially on the same trajec-
tory collide effectively multiplied by the probability that these
two colliding droplets coalesce effectively).

Then, the coalescence frequency of droplets i with droplets j
can be written as:

Fij = m(R; + Rj)zninj(v,- — V))& (17)

During an infinitesimal time dt, the carrier gas achieves a dis-
tance dz equal to vgys dz. A time equal to vgasv;] dr is required
for droplets j to accomplish the same distance dz. Therefore, the
variation of the number density of droplets i along dz can be
written as:

dn; - Vgas

Dl i
dt vj

(13)

Following a similar reasoning about droplet volumes, we can
write:

3
dR;
dt

v
LS 19
vj

Then, it is possible to generalise Eqgs. (18) and (19) to a spray
composed of n populations of droplets with different radii (with:
Ry,>Ry 1>-->Rj>-->R;>-->Ry):

dl’l,‘ - Vgas

ek N 20

de j;rl v 0
i—1

Gkt

il ;fﬂ ; @

Droplet velocities are calculated using the equation of momen-
tum conservation [27]. For a droplet j, this equation is given
by:

dp;

m =Fp,j+Fi.;+P; (22)

where Fp; is the drag force applied by the carrier gas on the
droplet j, F;_, ; the force resulting from the transmission of
momentum from droplets i to a droplet j and P; is the gravity
force.

First, we took the transmission of momentum into account in
the model (see Appendix A for further developments), but calcu-
lations revealed it to be negligible for our operating conditions.
Considering only the drag and gravity forces, and assuming that
the droplet has reached a constant velocity (actually done after
few tenths of seconds for our droplet diameters, see [19]), Eq.
(22) becomes:

8 pliqg Ri
g 7‘1g (23)
3 Pgas Cp,

Vj = Vgas —
where Cpj is the drag force coefficient (see Appendix A).

The second term of relation (23) is the so-called terminal set-
tling velocity [19,29] of the dropletj. Since Cp j depends on v ; by
quite a complex relation, v; cannot be determined analytically,
so preliminary calculations are needed (see (A.13)).

Thus, Egs. (20) and (21) provide a consistent system of 2n
equations and 2n variables allowing the 1D problem of coales-
cence to be solved.

4.2. Coupling of coalescence and evaporation

We will only consider the case of a spray composed of
water + solute droplets. If coalescence occurs, relation (15) is no
longer strictly valid, but, between two collisions, each individ-
ual droplet continues to follow it. Thus, the evaporation process
is still controlled by the local temperature and compositions
and densities of all droplets remain locally equal. Actually, con-
sidering the effect of coalescence, relation (15) is still valid if
Rjp is replaced by a virtual radius Rjo taking into account the
coalescence process:

3

dRly _ Vgss
SE=0) Lkl (24)
j=1

Vi




Then, we can write:

AR _ 4 Rt sy = R
dt — dr O -

p 9f3 dT
09T dr

i—1
3 Vgas pt?
+f (T)Ti.zlff’R "
Jj=
(25)
Eq. (20) remains unchanged. Then, the numerical scheme to
solve the coupled problem is the following:

- The 1D problem of pure evaporation is solved first with a
unique droplet radius (the mean size of the distribution, for
instance). This gives the function f{7T) and d7/dr.

- Egs. (20) and (25) are solved by taking the previously calcu-
lated function f{T) into account. Of course, the calculation is
stopped at the onset of precipitation.

It is important to note that such a scheme is usable because
the total evaporation rate does not depend on the coalescence
process.

Coalescence equations were implemented in the ODE solver
Scilab [26]. Regarding the high number and the complexity of
equations (21 equations and 21 variables in the heaviest case),
a Fortran program was first written to generate the source files
directly usable by Scilab. Time steps of 1 ms were used.

4.3. Results and discussion

First, it must be emphasised that the following results depend
on the precision of the measurements. Uncertainties on measured
droplet diameters are not directly imputable to the granulomet-
ric measurements themselves (accuracy: +1%) but rather due to
difficultly avoidable variations of operating conditions in such
a large experimental set-up and to the sensitivity of the coales-
cence process to these variations. Uncertainties on mean volume
droplet diameters measured can be estimated at +5%.

4.3.1. Cold spray

In the case of an unheated spray, evaporation does not occur
and only the coalescence process has to be modelled. Droplet
size distributions measured at the entrance of the column in the
open configuration were used as initial data for the calculations
and measured droplet size distributions at the drying column

Table 2

exit were compared to the calculated ones. For instance, the
volume distribution of the droplet diameters measured at the
column entrance for the open configuration and an air flow rate
of 3.5m>h~! STP is reported in Table 2: droplet diameters vary
in the range of 3.6-7.4 wm, the droplet volume mean diameter is
equal to 5.3 wm and the standard deviation of the distribution to
0.55 wm. The volume distribution measured at the column exit
for the same configuration and air flow rate is also presented in
Table 2: droplet diameters now vary in the range of 4.3-8.8 um,
the droplet volume mean diameter is equal to 6.5 um and the
standard deviation to 0.7 wm. Thus, an increase of 23% of the
mean diameter and of 27% of the standard deviation is observed.

Calculations could not be achieved for the lowest flow rate
because the larger droplets reached the critical size for which
the terminal settling velocity is equal to the gas velocity: this
means that they necessarily finish by falling down, capturing
yet more and more droplets throughout their fall. Such events
cannot be taken into account by our model. Note that the effect
of momentum transmission proved to be no longer negligible
when droplets diameters were close to their critical value.

The coalescence efficiency was considered as constant, what-
ever the diameters of the colliding droplets, and was adjusted for
the best agreement to be obtained between the calculated and
the experimental results in terms of final droplets volume mean
diameters. This was the case for a value of ¢;; equal to 0.39.

The volume distribution calculated at the column exit for the
air flow rate of 3.5m3h~! STP is reported in Table 2: droplet
diameters vary in the range of 4.1-13 wm, the calculated droplet
volume mean diameter of 6.6 um is very close to the measured
one whereas the standard deviation of the distribution of 1.7 pum
is overestimated. Further calculations showed that uncertainties
of £10% on the values of the coalescence frequencies led to
uncertainties lower than 5% on the final droplet volume mean
diameter and lower than =15% on the final standard deviation.
Therefore, reasonable changes of the values of the coalescence
frequencies have a relatively limited effect on the results of our
calculations.

Initial and final droplet volume mean diameters measured
versus air flow rate are presented in Fig. 6. Initial diameters vary
in the range of 5.2-5.8 wm, the maximum value being obtained
for the highest flow rate. The standard deviation of the distribu-
tions varies slightly around 0.58 pm. Final droplet volume mean

Volume droplet diameter distributions measured at the column inlet and at the column exit at the half radius and calculated at the column exit, for Fv, =3.5 m3h~!

STP, Fvy =0.771h~! STP and a cold spray

Inlet: measurements Exit: calculations

Exit: measurements

Diameters (um) Volume fraction Diameters (um)

Volume fraction Diameters (pum) Volume fraction

3.21 0 -
3.61 5% 107 3.61
4.07 0.029 4.07
458 0.12 4.59
5.16 0.54 5.26
5.81 0.23 6.77
6.54 0.076 9.38

7.37 5% 1074 13.3
8.3 0 -

- 3.25 0
1.8 x 10~ 3.74 1074
0.012 431 0.001
0.062 4.97 0.0063
0.39 5.75 0.33
0.31 6.58 0.45
0.22 7.61 0.21
0.0029 8.77 0.0025
- 10.11 0
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Fig. 6. Volume droplet mean diameters measured and calculated for several air
flow rates/solution flow rates following law 1, cold spray.

diameters vary in the range of 6.4—6.9 pwm, thus it has increased
from 9.5% for the highest flow rate to 27% for the lowest flow
rate. The standard deviation of the distributions varied in the
range of 0.65-0.78 wm: it increased from 3% for the highest
flow rate to 32% for the lowest flow rate. Therefore, the lower is
the flow rate, the stronger the effect of coalescence. It was quite
an expected result since the residence time of the spray in the
column increases as the flow rate decreases.

Final droplet volume mean diameters calculated versus air
flow rate are also presented in Fig. 6: they vary in the range
of 5.95-6.6 pum and the standard deviation in the range of
0.97-1.7 pm with a minimum value for the highest flow rate.
Thus, the agreement is also acceptable concerning the droplet
volume mean diameter calculated for the highest flow rate, but
it is less good for the intermediate flow rate: the droplet volume
mean diameter calculated is underestimated by 7.5%. Calculated
standard deviations were always overestimated.

As for the measurements, calculations show the effect of a
coalescence decrease when the flow rate increases. A minimum
final droplet diameter is found for the intermediate flow rate but
this result is only due to the fact that a larger initial droplet mean
diameter was measured for the highest flow rate.

A coalescence efficiency of 0.39 is higher than expected:
from the theoretical investigations of Zhang and Davis [33,35],
it should not exceed 0.1 for droplet diameters of about 1-10 pm.
However, as mentioned by [29], the experimental investigations
of Barbes Le Borgne [36] on bimodal aerosol of diameters of
1 wm/3 pm also led to coalescence efficiencies in the range of
0.3-0.4. Actually, the notion of coalescence efficiency covers
extremely complex phenomena [37] which are not dealt with
in our study. In particular, the presence of the dilute salt in
the droplet could increase the coalescence efficiency modifying
interparticle forces and droplet surface tensions.

It is also difficult to interpret the discrepancies between the
standard deviations of the distributions calculated and of those
measured. No conclusive argument has been found to explain it.

A better discretisation of the initial distributions would probably
not change the results significantly. However, taking a coales-
cence efficiency of 0.1, the standard deviations calculated are in
good agreement with the measured ones. But, of course, in this
case, the final droplet diameters are greatly underestimated.

Considering the large experimental uncertainty, the complex-
ity of the phenomena involved, and the absence of literature
dealing with gravity-induced coalescence in such a long col-
umn, deeper investigations will be needed to probe the origins
of these discrepancies. Nevertheless, the results obtained are
worthy of interest for the following stages of this study.

4.3.2. Heated spray

For these calculations, the same operating conditions as for
the pure evaporation modelling have been used: i.e. flow rates
of solute + water droplets following law 2 (i.e. closed configura-
tion), but the spray velocities at the half-radius position were
considered instead of the mean velocities. The same initial
droplet size distributions as previously were used. A coalescence
efficiency still equal to 0.39 was considered.

The mean particle diameters calculated at the column exit for
the four flow rates are reported in Fig. 7, considering only pure
evaporation (results logically identical with those of Section 3.2)
and evaporation + coalescence. Thus, we can see that the effect
of coalescence on the final particle diameter increases as the
flow rate decreases: it is almost negligible for the highest flow
rate (+2.5% on final diameter) whereas it is significant for the
lowest flow rate (+10%). A longer time of evaporation for the
lowest flow rate obviously promotes coalescence. The fact that
the largest final droplet diameter is obtained for the highest flow
rate is not due to coalescence but to the larger initial droplet
mean diameter (see Fig. 6) and to the incompleteness of the
evaporation process.

Fig. 8 reports the temporal evolutions of growth rates of the
mean droplet radius (i.e. R, ! (dR/dt)) induced by coalescence

Particle Volume Mean Diameter (um)
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Fig. 7. Volume particle mean diameters calculated for several air flow
rates/solution flow rates following law 2 considering only evaporation and
evaporation + coalescence, heated spray.
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Fig. 8. Growth rates of droplet mean radius induced by coalescence/evaporation
phenomena vs. residence time, for Fv, =3.5 and 8.2 m3h~! STP.

on the one hand and by evaporation phenomena on the other, for
the two highest air flow rates. The sum of the two contributions
gives the total growth rate of the droplet radius, which is first
positive since only coalescence occurs and then negative since
the evaporation process predominates. Actually, coalescence is
really significant only during the first half of the evaporation
stage. The evaporation process is maximum around the middle
of the heated zone, whereas the coalescence-driven growth rate
is already half that calculated at the column inlet: this is not
surprising since coalescence frequencies vary with RZ. Coales-
cence is negligible at the end of the evaporation stage. Broadly,
coalescence plays a minor role in comparison with evaporation
on the change occurring in droplet diameter.

Finally, the results of the calculations show that the best oper-
ating conditions to minimise the mean diameter of the formed
particles are obtained with the third flow rate (Fvy,3 =5 m3>h~!
STP).

4.4. Global optimisation of the evaporation stage

The aim of this modelling study is to suggest ways to reduce
coalescence and thus final particle diameters keeping high pro-
duction rates of powder. This could be done by improving the
features of the nebuliser so droplet size distributions would be
narrower. Obviously, to generate droplet size distributions with
smaller mean diameters would be also favourable, but would
necessarily lower production rates. The unheated zone of the
column could be also slightly shortened. Optimisation could
finally act on some process parameters so as to reduce the total
duration of the evaporation stage:

- increasing the walls temperature;

- injecting additional air (possibly preheated) at the bottom of
the column, just after the generation of the spray;

- injecting a preheated flow of air directly in the nebuliser.
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Fig. 9. Variation of the droplet radius, gas and liquid temperatures along the
reactor axis for water + Y(NO3)3—Fv, =5m?h~! STP, Fv,, =0.581h~! STP,
do=5.2 pm.

The first two suggestions would have the drawbacks of
increasing the temperature gradients or inhomogeneities in the
flow. The last suggestion seems a priori the most attractive.

For the third air flow rate (Fva3 =5 m? h~! STP) and the same
processing conditions as previously, excepted the initial temper-
ature of the air flow rate injected in the nebuliser, a modelling
study was performed. It was assumed that the droplet size distri-
bution generated by the preheated air flow is initially the same
as that generated by cold air.

A quite interesting condition was obtained when injecting an
air flow at a temperature of 140 °C. Evolutions of mean droplet
diameter and of air and droplet temperatures calculated along the
column axis are reported in Fig. 9. One millimetre (i.e. two-tenth
of second) after the area of spray generation, heat transfer from
air to droplets was already complete and liquid and gas temper-
atures of 71.5°C. Obviously, during this first stage, the mean
droplet diameter has decreased sharply and reached 3.3 pm.
Then, the experimental thermal profile of Fig. 1 is considered
for calculations (and reported in Fig. 9): the spray is now heated
by the heating flux from the walls. The onset of precipitation
is reached at a height of 0.37 m for a mean droplet diameter of
2.9 pm.

Note that the first stage of evaporation is so rapid that solute
concentration gradients can appear inside droplets. All the same,
any solute concentration gradient appearing during this stage has
largely sufficient time to disappear during the second one.

From calculation, coalescence is completely insignificant for
these operating conditions.

5. Conclusion

Spray pyrolysis is an efficient process to prepare micronic
particles of europium-doped yttrium oxide Y,03:Eu used for
luminescent applications. However, the influence of the main



operating conditions was not well understood. Moreover, coa-
lescence phenomena often occurred resulting in greater final
particle diameters than expected and enlargement of particle
size distributions.

To progress in understanding and optimising the process, a
modelling study of the evaporation stage was performed at the
scale of the column and of the individual droplets. Pure evapo-
ration then both evaporation and coalescence phenomena were
considered. Different processing conditions were tested on the
basis of experimental data.

For the conditions simulated, it was demonstrated that the
limiting step of the process is heat transfer from reactor walls
to the air flow. As a consequence, the temperature of the lig-
uid phase is always equal to that of the gas phase and droplet
diameter and solute concentrations only depend on the local
temperature. Thus, the onset of precipitation always occurs at
the same temperature (here 95 °C).

A numerical approach based on physical models was devel-
oped to simulate gravity-induced coalescence. Conditions of
pure coalescence and then of coupled evaporation/coalescence
were simulated. As a general result for the conditions tested,
coalescence plays a minor role, in comparison with evapora-
tion, on the temporal evolution of droplet diameter. It appeared
that the increase of the final droplet diameter due to coalescence
is maximum for the lowest air flow rate reaching a value of 10%.

Finally, we considered the different ways to reduce coa-
lescence without loss of production rates. The most attractive
method a priori is to inject a preheated air flow directly in the
nebuliser: the conditions used were found by calculation to be
optimal, coalescence being completely insignificant.
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Appendix A

Assuming that:

1. The transmission of momentum from droplets i to a droplet
Jj is total during collision/coalescence events,

2. The density piiq is locally the same for all the droplets. It is
obviously the case for a spray of pure water droplets, it is
also the case for a spray of solute + water droplets in our pro-
cessing conditions since the compositions of all the droplets
are locally the same (see Section 3.3),

the force F; _, ; resulting of the transmission of momentum from
droplets i to a droplet j is given by:
Ugas

4
3
— fijma; vie; = 37Plig JijR; vie;
J J

Ugas

Fij= (A1)

The drag force Fp; applied by the carrier gas on droplet j is
given by [19,29]:
Fp ;= %CD,jnRipgas(Ugas - Uj)zez (A2)

where Cpj is the drag force coefficient. It can be estimated by
the Stokes law for Re; < 1:

. (A3)
D.J = Re; ’

or by the following relation for 2 < Re; < 800 [29]:

Cp,j = 14 (A4)
DI = R0 '

We will use the following relation a priori valid for
0.6 <Re<3[29]:

24 0.85

Cp,j = -—(1+0.13Re;™) (A.5)
Re;

Actually, we verified from (A.3) and (A.4) that relation

(A.5) gives a good estimation of the drag force coefficient for:

0.001 < Rej <40, which is quite a sufficient range for our study.
The particle Reynolds number Re; is given by:

_ Zpgast(Ugas - Uj)

Re; (A.6)
Mgas
The gravity force P; is given by:
P; = —57R piigge; (A7)

Then, the variation of the momentum versus time can be
written:

3
d(R3v))
dr

dp.e d(mgq,v; 4
P;e: _ ( d; ]) - R3U]
dr dr 3 J

dpiiq
dr

=+ plig
(A.8)

It can be easily shown by numerical applications that the first
term in brackets of the previous expression is very insignificant
with regard to the second one, therefore we can write:

dpje; ﬂnp d(Rivj)
i~ 37T

Thus, from (A.1), (A.2), (A.5)—(A.7) and (A.9), the equation
of momentum conservation for a droplet j (22) can be written
as:

(A.9)

d(Ritvj) . gﬂgas

— R: —
dr ) Piq ](Ugas v;)
2 oo RN 085
x [140.13 (pgas J) (vgas — vi)0.85
Mgas
v
+ 52 fijRivi — gR} (A.10)

vj



Writing now: Z; = Ri-vj, Eq. (A.10) becomes:

Zj
R] Ugas — F
J
0.85
2peas R\ O%° Z;
X 1 =+ 013 <;0ga§j> vgas - 7:];
Mgas Rj

7.
+ UgasRifijZ*l - gR3'
J

2 _ 9
ot 2 plig

; (A.11)

Generalizing this equation to a spray composed of n popula-
tions of droplets with different radii, the following equation is
obtained:

dz; 9 Z;
L — *@Ri (Ugas — ;)
dr 2 piig R

2o R 085 7.3, 085
1+0.13<pga‘“’> <vgas - ;)
M gas Ri

v R~3 i—1
+ gazs" > fiiZj— gR;
1 .

Jj=1

X

(A.12)

IfF;_,;isignored, relation (23) is obtained and calculations show
that the terminal settling velocity Vrs; can be very well fitted by
the following relation in our range of processing conditions:

Visj =a+ bcos(cR; +d)

with: a=0.29082902, b5=0.29081879,
d=3.1407123.

(A.13)
c=28228.518 and

Appendix B. Nomenclature

ay water activity
Cp drag force coefficient
Cp specific heat (Jkg~ ! K~1)

Cpw?  specific heat of water vapour (J kg=! K~1)

d droplet diameter (m)

Dy binary diffusion coefficient of air/water vapour
(m?s~")

fij coalescence frequency of droplets i with a droplet j
1

AD) function defined by relation (15)
F mass flow rate (kg s
Fp drag force (N)

F;_; force resulting from the transmission of momentum
from droplets i to a droplet j (N)

Fij coalescence frequency of droplets i with droplets j (s 1)

Fv volume flow rate (m> h~! STP)

g universal constant of gravitation (m s_z)

hyap vapourisation enthalpy of water (Jkg~!)

mq droplet mass (kg)

mg mass of solute in droplet (kg)

M molar weight (kg mol~!)

n droplet number density (m~3)

P momentum of a droplet (kg ms~2)
P gravity force (N)
Pgat saturation pressure of water vapour in air (Pa)

Pyap partial pressure of water vapour in air (Pa)

Py ambient pressure (Pa)

q heat flux density at the inner column walls (W m™2)
R droplet radius (m)

RT virtual droplet radius (m)

R, column radius (m)

Rp droplet radius at the onset of precipitation (m)
Re particle Reynolds number

S solubility (g/100 g of water)

t time (s)

T temperature (K)

Tspray  temperature of the spray (K)

Twall inner wall temperature (K)
v axial velocity (m s_l)
vap . . .
w,, Wy mass fractions of air/water vapour in gas

qu mass fractions of Y(NO3)3 in droplet

wy”™  mass fraction of water present as hydrates of yttrium
nitrate in droplet

wlvlvq mass fraction of liquid water in droplet

X, Y relative mass fractions defined by relation (2)

Xsat X at the solubility limit
Yint Y defined by relation (7)

z axial coordinate (m)

Greek symbols

&jj coalescence efficiency

K overall heat transfer coefficient (W m—2K~!)
A thermal conductivity (W m~ K1)

u dynamic viscosity (Pas)

P density (kgm™)

Subscripts

0 initial value

a air

d droplet

gas gas

i,] droplet i or j

int at the gas/liquid interface

liq liquid

S solute

sat in the saturated solution (i.e. at the solubility limit)
w water
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