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A dimensionless study of the evaporation and drying
stages in spray pyrolysis

N. Reuge, B. Caussat ∗
Laboratoire de Génie Chimique/ENSIACET/INPT, UMR CNRS 5503, 5 rue Paulin Talabot, BP1301, 31106 Toulouse Cédex 1, France

bstract

An original dimensionless study of the pure evaporation and precipitation stages of a spray pyrolysis process has been performed. An estimation of
he evaporation time is proposed and the influence of the main processing parameters has been investigated. For operating conditions corresponding
o industrial requirements, the main limiting step of the evaporation stage is thermal transfer from the column walls to the gas, not mass or thermal
ransfer at the droplet surface. Therefore, gas and liquid temperatures remain equal and constitutive equations can be greatly simplified. Moreover,
n these conditions, neither solute concentration nor temperature gradients exist inside micronic droplets. Some data from the literature have

een modelled and show the large range of validity of the equations and explanations proposed. Finally, with the assumptions made here, the
imensionless study of the precipitation stage shows that the presence of a crust can increase the drying time four-fold. However, a filled particle
an still be formed.
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. Introduction

Spray pyrolysis (SP) is an aerosol process commonly used to
roduce a wide variety of materials in powder form (Gurav,
odas, Pluym, & Xiong, 1993; Pratsinis & Vemury, 1996)

ncluding metals, metal oxides, ceramics, superconductors,
ullerenes and nanostructured materials. The technology has
een used for many years in the materials, chemicals and food
ndustries. It consists in five main steps: (i) generation of a spray
rom a liquid precursor by an appropriate droplet generator, (ii)
pray transport by air flow during which solvent evaporation
ccurs then concomitant solute precipitation when the solubility
imit is exceeded in the droplets, (iii) thermolysis of the precipi-
ated particles at higher temperatures to form micro/nanoporous
articles, (iv) intra-particle sintering to form dense particles,

v) finally, extraction of the particles from the gas flow. SP
ffers specific advantages over conventional material processing
echniques (Gurav et al., 1993; Pratsinis & Vemury, 1996) (gas-
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Hollow particles

o-particle conversion processes, liquid or solid-state processing
ollowed by milling), such as a higher purity of the powders pro-
uced, a more uniform chemical composition, a narrower size
istribution, a better regularity in shape and the synthesis of
ulti-component materials. Another advantage is the relative

implicity of the process, which allows easy scale-up (Joffin,
004).

However, challenges still exist for SP, e.g. to increase pro-
uction rates, to better understand the influence of the operating
onditions or to control particle size, shape and internal mor-
hology, . . . Three main types of particle morphology can be
btained: (i) completely filled or “solid” nanoporous particles,
ii) microporous particles and (iii) hollow (shell-like) particles.
or instance, Lyons, Ortega, Wang, and Kodas (1992) obtained
ollow MgO and ZnO particles and full Al2O3 particles from
itrate salt precursors. No change in particle size or morphol-
gy was observed in nitrate-derived ZnO or MgO by modifying
he initial air humidity or the heating rate. The addition of small
mounts of seed particles with or without (i) an initially saturated

rying environment and (ii) temperature gradient modifications
n the flow system also had no effect. However, Lengorro, Hata,
nd Iskandar (2000) observed a radical change in the morphol-
gy of ZrO2 particles with a diameter of about 3 �m, from hollow
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Nomenclature

aw water activity
Cp specific heat (J kg−1 K−1)
cs solute concentration in droplet (mol m−3)
cs,0 solute concentration in the initial solution

(mol m−3)
ccss

s critical super saturation concentration of the
solute (mol m−3)

�c/c defined by relation (21)
Dcr diffusivity of vapour through the crust (m2 s−1)
Dv binary diffusion coefficient of air/water vapour

(m2 s−1)
Dw,s binary diffusion coefficient of solute/liquid water

(m2 s−1)
D

p
v apparent diffusion coefficient of water vapour

through the crust (m2 s−1)
F mass flow rate (kg s−1)
hvap vapourization enthalpy of water (J kg−1)
H total distance required for the evaporation stage

(m)
K constant defined by relation (15) (m2 s−1)
M molar weight (kg mol−1)
Psat saturation pressure of water vapour in air (Pa)
P1, P2 dimensionless numbers defined by relations (7)
P3 dimensionless number defined by relation (20)
P4 dimensionless number defined by relation (26)
P5 dimensionless number defined by relation (33)
q heat flux density transferred from the column wall

to the spray (W m−2)
q* dimensionless heat flux defined by relation (6)
r distance along droplet/particle radius (m)
rint position of air/liquid interface along

droplet/particle radius (m)
R droplet radius (m)
Rc column radius (m)
Rp droplet radius at the onset of precipitation (m)
R* relative droplet radius (m)
R0D

p droplet radius at the onset of a volume
precipitation (m)

s* parameter defined by relation (33)
t time (s)
tevap total time of evaporation (s)
tdrying total time of particle drying (s)
tv characteristic time of diffusion of water vapour in

air (s)
tw,s characteristic time of diffusion of solute/water (s)
T temperature (K)
T* relative temperature defined by relation (6)
vz mean gas velocity along reactor axis (m s−1)
wa, w

vap
w mass fractions of air/water vapour in gas

w
liq
s mass fraction of solute in droplet

w
liq
w mass fraction of liquid water in droplet

X, Y relative mass fractions defined by relation (1)
Yint defined by relation (A.5)

�Y defined by relation (3)
z axial coordinate (m)
z* relative axial distance defined by relation (6)

Greek symbols
α thermal diffusivity (m2 s−1)
βc parameter defined by relation (18)
ε porosity of the crust
λ thermal conductivity (W m−1 K−1)
ρ density (kg m−3)
ρ̃ mean density (kg m−3)
τ tortuosity of the crust
χ parameter defined by relation (33)

Subscripts
a air
d droplet
gas gas
liq liquid
p precipitate
s solute

t
t

s
X
i
d
Z
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d
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w water
0 initial value

o completely filled spheres, by changing the process tempera-
ure.

Concerning the evaporation stage, some characteristic dimen-
ionless numbers have already been used by Lyons et al. (1992),
iong and Kodas (1993) and Sano and Keey (1982) to briefly

ntroduce or interpret their modelling results. A more detailed
imensionless description has been performed by Jayanthi,
hang, and Messing (1993), but only regarding their own pro-
essing conditions. It appears that ratios of characteristic times
f water vapour diffusion in air, of solute diffusion in water or of
hermal diffusion in the solution and the total evaporation time
re key dimensionless parameters to understand the phenomena
ccurring in the gas and in the liquid phases. But most of these
imensionless investigations only consider individual droplets
nd not the global behaviour of a spray.

Moreover, the precipitation/evaporation stage, also called the
rying stage (Messing, Zhang, & Jayanthi, 1993), has not been
eally seriously studied, excepted by Nesic and Vodnik (1991):
rom experiments and numerical investigations, they succeeded
n finding a good model to describe the diffusion of evaporating
ater through the particle crust.
In the present work, in a first part an exhaustive dimension-

ess study of the evaporation stage was carried out in a general
ay. The aim was to determine the influence of each operating
arameter on the process and the main limiting steps for a wide
ange of processing conditions. We first assume uniform solute
oncentrations inside the droplets and estimate in particular the

vaporation time, the difference between water vapour partial
ressures in air and at the droplet surface and the difference
etween gas and liquid temperatures as a function of processing
onditions.
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Then, we studied mass and thermal transfers inside droplets
o determine the conditions for which concentration and tem-
erature gradients do or do not exist inside droplets in SP. The
imensionless equations developed were then applied to data
rom the literature to demonstrate their large range of validity
nd also to discuss the mechanisms responsible for the results
btained by various authors.

In a last part, the precipitation/evaporation stage (or drying
tage) was investigated: the influence of the operating parame-
ers on the particle morphology and of the structural parameters
f the crust (i.e. porosity and tortuosity) on the drying time was
nalysed.

. Dimensionless study of the pure evaporation stage

.1. 1D dimensionless model assuming uniform solute
oncentration inside droplets

.1.1. Assumptions and equations
A 1D model at the scale of the column and a 0D model at

he scale of the droplet were developed first. It was of practical
nterest to use the following dimensionless expressions:

= wliq
w wliq−1

s , Y = wvap
w w−1

a (1)

here wa and w
vap
w are the mass fractions of air/water vapour in

he gas, w
liq
w the mass fraction of liquid water in a droplet, and

liq
s is the mass fraction of the solute in the droplet.
The equation of mass conservation of water is therefore given

y

aY + FsX = Fw (2)

here air, water and solute flow rates Fa, Fw and Fs are expressed
n kg/s.

Then, the following assumptions were made:

(i) gas flow is laminar,
(ii) all parameters are uniform in droplets (0D),

(iii) at the reactor scale, momentum, heat and mass transfer
phenomena in the radial direction can be ignored (1D), as
assumed by (Jayanthi et al., 1993; Lengorro et al., 2000;
Xiong & Kodas, 1993; Yu & Liao, 1998),

(iv) axial conductive heat transport in the spray and axial
diffusion of water vapour in air can be neglected over
convective phenomena,

(v) pure air is considered for the thermal properties of the gas
phase,

(vi) pure water is considered for the thermal properties and for
the density of the solution,

(vii) gas/spray velocity is constant along the reactor,
viii) the relative velocity between droplets and carrier gas is

zero and there is no interaction between droplets,
(ix) the Kelvin effect is negligible (i.e. droplets remain much
larger than 0.1 �m (Hinds, 1982)),
(x) the water activity aw in the solution remains equal to 1,

(xi) the specific humidity of air is equal to zero at the reactor
inlet,

t
w

Y

(xii) the heat flux density q transferred from the column wall
to the spray is constant along the reactor,

xiii) all water is evaporated during this stage (i.e. no solubility
limit is considered), and

xiv) Fs is much smaller than Fw.

In this approach, four equations must be solved: the mass
onservation at the reactor scale (2) and at the droplet scale (3),
he energy equation at the reactor scale (4) and at the droplet
cale (5). With the aforementioned assumptions, the dimensional
xpressions of the last three are given in Appendix A.1. In a
imensionless form, they can be written as

Y = Yint
T ∗

gas

T ∗
liq

− Y = ρw(3ρa)−1P2P
−2/3
1 (P1 − Y )−1/3 ∂Y

∂z∗
(3)

pwCp−1
a P1

∂T ∗
liq

∂z∗ + ∂T ∗
gas

∂z∗ + hvap(CpaT0)−1 ∂Y

∂z∗ = q∗ (4)

∗
gas − T ∗

liq = ρwCpwDv(3λa)−1P2(1 − P−1
1 Y )

2/3 ∂T ∗
liq

∂z∗

+ ρahvapDv(λaT0)−1�Y (5)

int is the reduced water mass fraction at the droplet/gas interface
t saturation pressure, depending on Tliq as detailed in Appendix
.1. Three dimensionless variables and two dimensionless num-
ers have been used:

∗ = zH−1, T ∗ = TT−1
0 , q∗ = 2πRcHq(FaCpaT0)−1

(6)

1 = (Fw + Fs)F
−1
a and P2 = tvt

−1
evap (7)

1 is a mass dilution ratio and P2 is a ratio of two characteristic
imes (Lyons et al., 1992), i.e., the characteristic time of water
apour diffusion in air tv (Jayanthi et al., 1993) and the total
ime of pure evaporation of the spray in the drying column tevap,
hich are given by

v = R2
0D

−1
v and tevap = Hv−1

z (8)

As demonstrated in Appendix A.1, the dimensionless radius
* can be written as

∗ = RR−1
0 = (1 − P−1

1 Y )
1/3

(9)

hus, the whole 1D + 0D problem depends on two dimension-
ess numbers (P1 and P2). Of course, the dimensionless flux q*

ust be adjusted in such a way that the stage of pure evapora-
ion is complete at z* = 1. Actually, this stage ends at the onset
f precipitation. Taking the supersaturation limit into account
ould introduce additional parameters specific to the salts that
ould prevent the feasibility of a general dimensionless study.
his is why assumptions (xiii) and (xiv) have been made. Thus,
he evaporation stage is assumed to be complete when all the
ater has been evaporated, i.e., when

= FwF−1
a ≈ P1 (10)
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r in other words, when R* = 0. This is not a severe limitation
f the study since its results could be easily corrected taking the
nset of precipitation as the end of this stage.

The dimensionless equations were implemented in the finite
lement solver FlexPDE (FlexPDE 5, 2006), which uses a modi-
ed Newton–Raphson iteration process, an automatic mesh gen-
rator with dynamic adaptative refinement. This latter function
s essential when numerous calculations have to be performed
ver a wide range of processing conditions such as in this study.
ote that the code has been numerically validated implementing

he same equations in the most conventional ODE solver Scilab
hich uses an Euler scheme.
Calculations were performed for a wide range of values of

1 and P2, initial values of Tliq and Tgas being fixed at 20 ◦C. In
ll, 54 different operating conditions were tested.

.1.2. Results and discussion
All the results obtained will be commented as a function of

1 and P2. So, it is obvious that such a study will be useful to
xperimentalists only if it is possible to determine the values of
he two dimensionless numbers from given processing parame-
ers. Unfortunately, the determination of P2 cannot a priori be
nown because the knowledge of the total time of the evapo-
ation stage tevap requires complete resolution of the problem.
owever, an analytical expression of tevap can be deduced from

he results of the dimensionless study for the whole range of
rocessing conditions studied as detailed below.

The calculated values of q* versus P1 and P2 are presented in
ig. 1. From these results, the following relation can be deduced:

∗ = 10P1 + 9200P2 (11)

or values of the ratio P2/P1 lower than 10−4, the calculated
alues of q* depend only on P1 and are equal to about 10P1.
mall values of P2/P1 correspond to small droplet diameters,

ow heating rates and/or dense sprays. This means that for these
onditions, the total flux needed for complete evaporation of
roplets is proportional to the mass dilution ratio. From this

esult and from relations (6) and (8), the following relation can
e obtained as detailed in Appendix A.1:

†
evap1

= 5(ρaCpaT0)RcP1q
−1 = 1.6 × 106RcP1q

−1 (12)

Fig. 1. Values of the dimensionless flux q* calculated vs. P1 and P2.
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Fig. 2. Mean values of �Y/Y calculated vs. P1 and P2.

elation (12) shows that the total time of evaporation is propor-
ional to the reactor diameter and to the mass dilution ratio and
nversely proportional to the heat flux density.

On the other hand, for values of P2/P1 greater than 10−4, q*

and therefore also tevap) varies with both P1 and P2. From (6),
8) and (11), the following relation can be obtained as detailed
n Appendix A.1:

evap1
= t

†
evap1

2
+

√√√√( t
†
evap1

2

)2

+ 4600(ρaCpaT0)R2
0RcD

−1
v q−1

= t
†
evap1

2
+

√√√√( t
†
evap1

2

)2

+ 1.49 × 109R2
0RcD

−1
v q−1

(13)

hus, when P2/P1 is greater than 10−4, the total time of evapora-
ion also varies with the droplet diameter. Note that if P2/P1 was
reater than 10−2 (conditions at the limit of the range of this
tudy, corresponding to the evaporation of an isolated droplet
ather than to a spray), the dimensionless flux and the evapora-
ion time would not depend on P1 anymore.

Then, mean values of the ratio �Y/Y along the column axis
ere calculated versus P1 and P2 as reported in Fig. 2. This

elative difference varies mainly with P2, and is negligible for
2 lower than 10−6. For these latter operating conditions, cur-

ently encountered in SP and corresponding to small droplet
iameters and low heating rates, the limiting step of the evapo-
ation process is thermal transfer from the column walls to the
pray and not mass transfer at the air/water interface. There-
ore, the water vapour pressure at the droplet surface is always
ery close to the interfacial saturation pressure and the reduced
ass fraction of water vapour in air Y is almost equal to

int(Tgas/Tliq). Hence, in these conditions, relation (9) and equa-
ions of energy (4) and (5) are sufficient to model the evaporation

tage.

Fig. 3 presents the difference between gas and liquid temper-
tures averaged along the column axis. As we can see, as long
s P2 is lower than 10−6, gas and liquid temperatures are almost
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ig. 3. Mean difference of gas/liquid temperature calculated vs. P1 and P2.

qual. This means that the limiting step of the evaporation pro-
ess is thermal transfer from the reactor walls to the gas and not
hermal transfer at the air/water interface. Hence, the first equa-
ion of energy (4) is sufficient to solve the evaporation problem
nd the droplet radius can be written as

∗ = (1 − P−1
1 Yint)

1/3
(14)

ince Yint is a function of liquid temperature, the dimensionless
roplet radius depends only on the local temperature and not on
he thermal history of the spray.

Then, analysing the temporal evolutions of R* calculated by
ur dimensionless study, we noticed that the so-called D2-law
i.e. linear plot of droplet area versus residence time) was a rela-
ively good approximation for the evaporation process whatever
he values of P1 and P2. This law, experimentally determined
y Schlünder (1964) and Ranz and Marshall (1952) and vali-
ated by modelling studies using the conventional equations of
vaporation spray (Yu, 1995; Yu & Liao, 1998), can be written
s

2 = R2
0 − Kt (15)

here K is a constant.
Note that all these results and tendencies do not depend on

ssumptions (xiii) and (xiv), excepted relations (12) and (13).
owever as detailed below, it is now possible to give an esti-
ation tevap2

of the total time of evaporation taking the onset of
recipitation as the end of this stage.

At the onset of precipitation, the droplet radius takes the fol-
owing expression:

0D
p = R0

(
cs,0

ccss
s

)1/3

(16)

here ccss
s is the critical supersaturation concentration of the

olute. Then, from (15) we can write
R2
0

tevap1

= R2
0 − R0D2

p

tevap2

(17)

d
b

t

nd from (16) and (17), we have

evap2
= βctevap1

with βc = 1 −
(

cs,0

ccss
s

)2/3

(18)

here tevap1
is given by relations (12) or (13). Thus, the afore-

entioned tendencies deduced from relation (13) are still valid
or (18). Additionally, this latter relation shows that the closer
he initial solute concentration is to the critical supersaturation
oncentration, the shorter the total time of evaporation.

As an example of numerical application, an experimental and
odelling study of Y(NO3)3/water droplet evaporation was car-

ied out in our group. For the following parameters: P1 = 0.1,
c = 0.1 m, q = 390 W/m2 and βc = 0.9, the total time of evapora-

ion calculated elsewhere by a precise model was of 35 s (Reuge
t al., 2006). It has been estimated at 34 s using relation (18).

Thus, relation (18) provides a good estimation of the total
ime of pure evaporation. Note that several methods exist to
etermine the heat flux density q. It is not usually constant along
he reactor, but its mean value can be considered.

.2. 1D model at the droplet scale

.2.1. Assumptions and equations
Knowing that the previously mentioned parameter K remains

onstant during the drying step and assuming that mass trans-
ort in the droplet is purely diffusive, it can be mathematically
hown that the solute concentration inside the droplet takes the
ollowing form in steady-state conditions (Gardner, 1964):

s(r) = cs(0) exp[P3r
2R−2] (19)

ith

3 = 1
4KD−1

w,s (20)

hus, the relative solute concentration between the centre and
he interface of the droplet can be written as

�c

c
= cs(R) − cs(0)

cs(0)
= exp(P3) − 1 (21)

s long as the relative concentration �c/c between the centre
nd the interface of a droplet is lower than about 0.2, a first order
aylor expansion of its expression (21) can be performed, and
s a result �c/c is equal to P3.

Then, from (10) and (16), we obtain the following estimation
or K:

= R2
0 − R0D2

p

tevap
= R2

0

tevap
βc (22)

nd therefore, the dimensionless number P3 is given by

3 = 1
4βctw,st

−1
evap with tw,s = R2

0D
−1
w,s (23)

n this expression, logically, the characteristic time of solute

iffusion in water tw,s and the total time of evaporation tevap
oth appear.

By using relations (14), (18) and (23), an estimation of
he relative solute concentration only dependent on operating
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ric skimmilk/water droplets) is large and greatly overestimated
by relation (22) (the reasons behind this discrepancy will be
explained later). Typically, the initial droplet radii of these lat-
ter studies (Sano & Keey, 1982; Yu & Liao, 1998) were larger

Fig. 4. Values of �c/c calculated vs. P3 from literature data.

Table 1
Values of P3 and �c/c obtained by the different authors cited in the text

Reference P3 �c/c

Xiong and Kodas (1993) 2.5 × 10−6 Insignificant
Reuge et al. (2006) 2 × 10−5 Insignificanta
arameters can finally be obtained:

�c

c
= P3 = 1

4
R2

0D
−1
w,s

[
8 × 105RcP1q

−1 +
√

(8 × 105RcP1q−

.2.2. Results
As long as P3 is lower than about 10−2, concentration gra-

ients inside droplets can be considered as negligible. From
elation (23), this condition is favoured by long times of evap-
ration and small droplet radii. Note that for salts, the binary
iffusion coefficient of solute/liquid water Dw,s is always in the
ange 10−9 to 2 × 10−9 m2 s−1 (Reid, Prausnitz, & Sherwood,
977) and varies little whatever the processing conditions.

From relation (24), the formation of large solute concentra-
ion gradients is promoted by rapid heating, large initial radii
f droplets and low dense sprays (i.e. small values of P1). The
maller the value of P2/P1, the greater the dependence on the two
atter parameters (i.e. R0 and P1). All these tendencies agree with
umerous modelling studies found in the literature (Jayanthi et
l., 1993; Reuge et al., 2006; Xiong & Kodas, 1993; Yu & Liao,
998).

If non-negligible solute concentration gradients exist inside
roplets, the critical supersaturation is obviously reached first
t the droplet surface. Thus, the droplet radius Rp at the onset
f precipitation is greater than R0D

p and can be determined from
elations (16) and (19) as detailed in Appendix A.2:

p = R0D
p

⎡
⎣2

3

(
P−1

3 −
√

π

2P
3/2
3

erfi(
√

P3)

eP3

)−1
⎤
⎦

1/3

(25)

or values of P3 lower than 1, the effect of the formation of solute
oncentration gradients inside a droplet on its final radius is not
ignificant: it is less than 10% greater than that obtained with
uniform solute concentration. Most size analysis techniques

re not sufficiently accurate to detect such small differences, as
entioned by Jayanthi et al. in their modelling study of drying of
HC/water droplets (Jayanthi et al., 1993). Values of P3 greater

han 1 are not usually encountered in SP.
In a manner similar to solute/water diffusion in the droplet,

he heat brought by the reactor walls and then by the carrier
as diffuses from the droplet surface to its centre. Thus, it can
e shown that the relative temperature gradients inside droplets
an be estimated by the following dimensionless number (Hinds,
982; Xiong & Kodas, 1993):

4 = βc(R2
0α

−1
d )t−1

evap (26)

here αd is the droplet thermal diffusivity. In this expression the
atio of the characteristic time of thermal diffusion in the solution
R2

0αd) logically appears as does the total time of evaporation
evap. Note that P4 is different from the classical thermal Biot
umber which is sometimes inadequately used to justify this

ssumption. The ratio of P4 and of P3 is equal to αdDw,s and its
alue is usually very small (typical values for Dw,s and αd are of
bout 10−9 and 10−7 m2 s−1, respectively, in aqueous solutions).
hus, the number P4 is usually lower than P3 by several orders of
agnitude. The assumption of uniform temperature in droplets

L
Y
J
S

1.49 × 109R2
0RcD

−1
v q−1

]−1

(24)

s therefore always true in SP, except in very unusual conditions
n which the heating is extremely rapid.

.2.3. Discussion of the results found in the literature
In our previous study of micronic Y(NO3)3/water droplet

vaporation (Reuge et al., 2006), P3 was about 2 × 10−5 (using
24)). Xiong and Kodas (1993) worked on the evaporation pro-
ess of a spray of micronic NaCl/water droplets; P3 was about
.5 × 10−6. Therefore, no gradient can appear for these spe-
ific conditions, nor in a wide range of conditions around them.
hese results were confirmed in these two studies by models and
alculations based on exact descriptions of mass transfer inside
roplets.

Different values of �c/c calculated at the onset of precipita-
ion reported in the literature are presented in Fig. 4 versus P3
calculated with (22)) and in Table 1: for Yu and Liao (1998)
millimetric NH4NO3/water droplets) and for Jayanthi et al.
1993) (ZHC/water droplets, R0 = 10 �m), the agreement is good
etween the calculated values of �c/c and the values of P3. The
alue of �c/c calculated by Sano and Keey (1982) (millimet-
engorro et al. (2000) 5 × 10−4 1.0
u and Liao (1998) 0.1 0.08
ayanthi et al. (1993) 0.38 0.43
ano and Keey (1982) 23.0 2.16

a Lower than accuracy of calculations.
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han the initial droplet radii in the former studies. In the case
f Jayanthi et al. (1993), solute concentration gradients exist
nside droplets despite their micronic size because an extremely
ntense heating rate is assumed in the simulation.

Lengorro et al. (2000) worked on micronic ZHC/water
roplet evaporation and calculated very strong solute concen-
ration gradients at the onset of precipitation (�c/c ≈ 1). As can
e seen in Fig. 4, such a value of �c/c is obtained with a P3 of
bout 0.4. However, their operating conditions lead to a value
f P3 of about 5 × 10−4: no solute concentration gradient can
priori appear. The reason for this disagreement has not been

dentified.
Then, consider cases for which significant solute concentra-

ion gradients logically appear. It must be noted that for given
perating parameters, the dimensionless number P3 is constant
nd does not depend on the degree of evaporation (or evapora-
ion time). As a consequence, with the considered assumptions,

c/c in the droplet should be constant all along the reactor. In
act, since the concentration profile is uniform just after droplet
eneration, at the onset of evaporation, there is first a short tran-
ient stage during which �c/c increases, and then a steady state
f diffusion during which it is constant. Let us consider calcu-
ated values of �c/c in the literature and let us try to estimate
he duration of the transient stage. In the case of Yu and Liao
1998), all the calculated values of �c/c are very close to 0.08
see Fig. 5 in Yu & Liao, 1998), and therefore the first reported
oncentration profile (at t = 32 s) belongs to the stationary stage.
n the case of Jayanthi et al. (1993), all calculated values of �c/c
re very close to 0.45 (see Fig. 1 in Jayanthi et al., 1993), and
herefore the first reported concentration profile (at t = 0.05 s)
lready belongs to the stationary stage. On the other hand, in
he case of Sano and Keey (1982), �c/c is always increasing
see Fig. 7a in Sano & Keey, 1982): here, the stationary stage is
ot reached even after a time of 52.7 s. This is a particular case
here the solute (skimmilk) is not a salt and where the diffusion

oefficient Dw,s (of about 10−11 to 10−10 m2/s) is much lower
han the previous ones (of about 10−9 m2/s). This explains the
ength of the transient stage and the discrepancy between the
alculated value of �c/c and P3. Note that the duration of the
ransient stage can be very roughly estimated by the value of tw,s
relation (23)); this time is equal to 100, 0.1 and 104 s for (Yu

Liao, 1998), (Jayanthi et al., 1993) and (Sano & Keey, 1982),
espectively.

From these results, the existence of a critical initial concen-
ration can be deduced. Indeed, if the initial concentration is
ower than a critical value, the stationary stage is reached before
he onset of precipitation, and the final solute concentration gra-
ient is the same whatever the initial concentration. If the initial
oncentration is greater than this critical value, the onset of pre-
ipitation occurs during the transient stage, and the final solute
oncentration gradient is dependent on the initial concentration.
he results reported by Jayanthi et al. (1993) in their Fig. 3 can
ow be explained: for initial concentrations of 0.5 and 4 mol/l,

he calculated final solute concentration gradient is almost the
ame (�c/c of about 0.86). However, for their initial concentra-
ion of 5.7 mol/l, very close to the solubility limit, the calculated
nal solute concentration gradient is lower (�c/c of about 0.39).

w
t
a

herefore, in this case the critical initial concentration is between
and 5.7 mol/l.
Finally, it appears that ultrasonic nebulisers are often used

s droplet generators for SP because they allow high produc-
ion rates well suited to industrial requirements (Joffin, 2004;

essing et al., 1993; Reuge et al., 2006; Xiong & Kodas, 1993).
uch generators produce relatively dense aerosols of micronic
roplets typically requiring several tens of seconds to be evapo-
ated (Messing et al., 1993). Our dimensionless study shows that
he evaporation stage of micronic or sub-micronic droplets with
uch conventional conditions does not involve the formation of
olute concentration gradients. However, these typical times can
e reduced by several orders of magnitude if the air flux used for
pray generation is preheated. For instance, in the experimental
nd modelling study performed by Shabde et al. (2005), which
eals with the drying of 10–80 �m droplets to produce hollow
icropolymeric particles, the heating of droplets by preheated

ir is so rapid that the model considers that evaporation only
egins to occur once the boiling point of the solvent is reached.
nd of course, strong solute concentration gradients appear.
In conventional conditions, as mentioned above, it can be

oncluded that modification of any of the operating parameters
ontrolling the evaporation stage has no impact on the final mor-
hology of the particles (provided P3 remains small). Regarding
he global optimisation of SP, this result can be quite useful.

Moreover, reduction of coalescence phenomena is another
ey issue of the process. It can be done, without loss of pro-
uction capacity by increasing the heating rate and/or the air
ow rate, or using a moderately preheated air flux to decrease

he evaporation time (after precipitation, coalescence does not
ccur anymore). Nevertheless, note that the increase of the air
ow rate is limited since the gas flow must remain laminar: tur-
ulence would promote additional coalescence phenomena.

. Dimensionless study of the precipitation stage and
onsiderations about the formation of hollow particles

.1. Modelling of the precipitation stage

Once the solute reaches the critical supersaturation concen-
ration somewhere in the droplet, the solution begins to precip-
tate.

If the solute concentration is uniform at this time, volume
recipitation occurs and usually particle of varying density is
uickly formed. In the case of homogeneous nucleation and
ssuming that the droplet/particle radius remains equal to R0D

p ,
he porosity of the formed particle is given by

= 1 − Msc
css
s

ρp
(27)

here Ms is the molar weight of the solute and ρp is the density
f the precipitate (the physical density, not the bulk density).
But as reported by Jayanthi et al. (1993) on the basis of the
ork of Zallen (1983) on percolation threshold, the volume frac-

ion filled by the precipitate in a particle of radius Rp must exceed
critical value to obtain a coherent porous network. This latter
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Calculated values of χ have been reported in Fig. 5 as a func-
tion of P5 and s*. The dashed areas correspond to domains in
which relation (33) no longer has any physical signification:
s of about 0.16, i.e., a formed “solid” particle cannot exceed
critical porosity of 0.84. In the case of a uniform solute con-

entration at the onset of precipitation, this constraint is usually
atisfied.

If a solute concentration gradient exists at the onset of precip-
tation, as previously said, the solution begins to precipitate at
he droplet surface where the solute concentration has reached
he critical supersaturation. Then, two cases must be considered
Jayanthi et al., 1993):

Case 1. The solute concentration at the particle centre is
greater than or equal to the equilibrium saturation concen-
tration.

In this case, the precipitation front moves quickly from the
particle surface to its centre. As previously, volume precip-
itation occurs and a solid particle is obtained provided the
volume fraction of the precipitate exceeds 0.16. The local
porosity of the particle formed is now a function of the radial
position and is given by

ε(r) = 1 − Mscs(r)

ρp
(28)

where cs(r) is the solute concentration at the radial position r
at the onset of precipitation. Therefore, the porosity increases
toward the particle centre.

If the volume fraction of the precipitate exceeds 0.16 toward
the particle surface but not toward the particle centre, a hollow
particle is obtained.
Case 2. The solute concentration at the particle centre is lower
than the equilibrium saturation concentration.

In this case, the precipitation front moves quickly from the
particle surface to the radial position for which the solute con-
centration is equal to saturation (still considering the volume
fraction of the precipitate exceeds 0.16). Toward the particle
centre, the solute concentration is too low to allow precipita-
tion and the phase remains liquid. Therefore, at this moment,
the particle formed is hollow. The porosity of the crust is also
given by relation (28).

But what occurs then during the next stages of the SP process?
uthors usually conclude that the fate of the particle is irreme-
iably to stay hollow. However, as long as the crust formed is
orous (which is necessarily the case if nucleation is homoge-
eous), water can continue to evaporate at the liquid/air interface
nside the pores and the inner liquid phase continues to precipi-
ate progressively. Eq. (A.1) is still valid to describe the process
f evaporation (X is now non-uniform, its value at the liquid/air
nterface must be now considered and R must be taken as equal
o Rp) considering the following modified diffusion coefficient
f air/water vapour:

p
v = Dv

(
1 + Dv Rp − rint

)−1

(29)

Dcr rint

here Dcr is the diffusivity of vapour through the precipitated
ayer and rint is the radial position of the liquid/air interface.
his latter expression of an apparent diffusion coefficient D

p
v

as experimentally determined by Nesic and Vodnik (1991).
he diffusivity Dcr can be expressed as a function of the crust
orosity ε and tortuosity τ:

cr = ε

τ
Dv (30)

orosity varies between rint and Rp, but for calculations we will
onsider its value at the crust surface where it is the smallest.

Then, Eq. (A.1) can be written as (see Appendix A.3):

˜ liq

(
dr2

int

dt

)
crust

= −2
Rp

rint
Dp

vρa�Y (31)

y considering now the same droplet of radius rint but without
crust, Eq. (A.3) becomes

˜ liq

(
dr2

int

dt

)
no crust

= −2Dvρa�Y (32)

hen, using P5 = ε/τ and s∗ = r2
int/R

2
p, we have

= (ds∗/dt)crust

(ds∗/dt)no crust
= (

√
s∗(1 − P−1

5 ) + P−1
5 )

−1
(33)

nowing that the evolution of s* would be linear with time if
here was no crust, we can perform an integration of 1/χ to know
he ratio of the drying time of the remaining water with crust and
f the drying time of remaining water without crust:

tcrust
drying

tno crust
drying

= 1

s∗0

∫ s∗0

0
χ−1 ds∗ = P−1

5 + 2

3
(1 − P−1

5 )
√

s∗0 (34)

ith s∗0 = r2
int,0/R

2
p, where rint,0 is the radial position of the liq-

id/air interface just after the onset of precipitation.
Note that tno crust

drying can be easily determined from the value of

evap and from the D2-law, and then, tcrust
drying can also be determined

rom relation (34).

.2. Results
Fig. 5. Values of χ calculated vs. P5 and s*.



a
p
o
c
i

c
w
t
c
t
e
f

(
o
e
c
n
h

r
i
w
w
i
S
v
a

t
f
t
c
c
i
T
p
g
s

t
f
t
t
(
s
e
a
r
e
d
T

p
a
i
t
c
(
e
a
t
c
p
i

c
i
p
d

•

•

•

v
e
t
e
H
o
r
m
s
l
t

n
y
n
d
a
c
t
i
b

s mentioned earlier, a coherent porous medium cannot have a
orosity greater than 0.84, and moreover, a percolation thresh-
ld exists (Hilfer, 1996) below which the pores are no longer
onnected (the critical porosity has been arbitrarily fixed at 0.05
n Fig. 5).

It appears that χ decreases when P5 and/or s* decrease: as
an be inferred, the relative evaporation rate of the liquid phase
ith and without crust decreases when the “permeability” (i.e.

he ratio ε/τ) of the crust decreases and when the thickness of the
rust increases. For instance, if P5 (i.e. porosity if we assume that
he tortuosity is close to one) is lower than 0.1, the instantaneous
vaporation rate can be 10 times higher than if there was no crust
or very small values of s*.

Consider now the total time of drying through relation
34). The worst cases which can be encountered are obvi-
usly the ones for which gradients of solute concentration are
xtremely strong at the onset of precipitation. Consider the limit
ase for which the gradient is so strong that the crust thick-
ess tends toward zero (i.e. s∗0 ≈ 1); from relation (34) one
as

tcrust
drying

tno crust
drying

= 2
3 + 1

3P−1
5 (35)

Then, assuming a very low crust porosity of about 0.1, from
elation (35) we obtain that the drying time of the remain-
ng water (and therefore the time of concomitant precipitation)
ould be four times longer than the drying time obtained if there
as no crust. The influence of the crust on the evaporation time

s significant and this point must be considered when designing
P equipment. Yet a filled particle can finally be obtained pro-
ided the volume fraction of the precipitate is sufficient to create
coherent porous medium.

As another example of numerical application, consider again
he modelling study of Jayanthi et al. (1993). In the most
avourable case, the gas temperature is set to 90 ◦C and when
he solute concentration at the droplet surface reaches the criti-
al supersaturation ccss

ZHC, the solute concentration at the droplet
entre is exactly equal to the saturation value (6 mol/l) (see Fig. 2
n Jayanthi et al., 1993): therefore, volume precipitation occurs.
he theoretical volume fraction of the precipitate formed at the
article centre is equal to 0.33 (Jayanthi et al., 1993): it is much
reater than the critical fraction of 0.16, and thus a solid particle
hould form.

In the most unfavourable case, the gas temperature is set
o 150 ◦C. When the solute concentration at the droplet sur-
ace reaches critical supersaturation, the solute concentration at
he droplet centre is equal to 4 mol/l, and therefore precipita-
ion occurs from the surface to a position rint,0/Rp equal to 0.72
where the solute concentration is equal to the saturation value,
ee Fig. 2 in Jayanthi et al., 1993). Knowing the following param-
ters: ccss

ZHC = 8 mol/l, MZHC = 159 g/mol and ρp = 2700 kg/m3,
surface crust porosity of 0.53 can be calculated. Thus, from
elation (34), we can estimate that the evaporation of water in
xcess (and the concomitant precipitation of the solute) occurs
uring a period 1.45 times longer than if there was no crust.
he theoretical volume fraction of the precipitate formed at the

d
t
i
h

article centre is equal to 0.23, thus volume precipitation may
lso occur, unless the interfacial saturation pressure of water
n air (which depends on the temperature and on the activity of
he solution) reaches atmospheric pressure before evaporation is
omplete: in this case, the solution boils, gas bubbles may form
Charlesworth & Marshall, 1960; Jayanthi et al., 1993; Reuge
t al., 2006) leading to inflation or even rupture of the crust,
nd hollow or fragmented particles would be obtained. Unfor-
unately, Jayanthi et al. (1993) did not performed experiments
orresponding to their simulations and the morphology of the
articles which would be obtained for their operating conditions
s unknown.

Finally, it can be concluded that the formation of solute con-
entration gradients inside droplets during the evaporation stage
s not a sufficient criterion to explain the formation of hollow
articles. Actually, we think that one of the three following con-
itions must be fulfilled:

The volume fraction of the precipitate is too low (Jayanthi
et al., 1993) toward the particle centre for a coherent porous
medium to be able to form.
Due to the viscoelasticity of some precipitates, an imperme-
able crust forms which prevents the remaining water from
evaporating and escaping (Lin & Gentry, 2003). This case
leads inevitably to the next one.
The temperature of the liquid phase exceeds the boiling point
before complete evaporation of the water. In this case, bub-
ble formation may occur, causing inflation or even rupture of
the droplet/particle, and hollow or fragmented morphologies
would be obtained.

To emphasize this latter point, the results obtained in our pre-
ious study on SP of micronic Y(NO3)3/water droplets (Reuge
t al., 2006) are very significant: it was found by modelling
hat solute concentration gradients appear neither during the
vaporation stage nor during the evaporation/precipitation stage.
owever, hollow Y2O3 particles are obtained. On the basis
n theoretical considerations and experimental data, our study
evealed that large amounts of water bound to the yttrium nitrate
olecules are still present at the beginning of the thermolysis

tage, and above the boiling temperature of the solvent, a partial
iquefaction of the hydrated yttrium nitrate occurs with concomi-
ant release of water vapour and N2O5.

We can assume that the evacuation of vapour water is easier
ear the particle surface, and therefore a crust of low hydrated
ttrium nitrate is formed whereas at the particle centre, yttrium
itrate is more hydrated and maybe liquid. Whereas the dehy-
ration front moves progressively from the surface to the core,
n increasing pressure gradient appears between the particle
entre and the particle surface. Due to this phenomenon, par-
icle inflation can occur, and yttrium based material, which
s rather viscous when it contains water molecules, tends to
e moved from the particle centre towards the surface. The

irect consequence is the formation of hollow swollen par-
icles, which can be broken if the permeability of the crust
s too low and/or the gas pressure inside the particles too
igh.
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Thus, hollow particles can be obtained by SP during the ther-
olysis stage without formation of solute concentration gradient

uring the evaporation stage.

. Conclusion

In order to get a better mastery of the spray pyrolysis pro-
ess and in particular to determine the main limiting steps
f the evaporation stage, a general dimensionless study was
erformed.

We have shown that this stage can be wholly determined by
hree dimensionless numbers depending on the operation param-
ters.

More precisely, relations were established to express the total
eat flux required for complete evaporation of the spray as a
unction of dimensionless numbers and to estimate the total
vaporation time directly as a function of operating parameters.

For operating conditions corresponding to industrial require-
ents (i.e. micronic droplet radii, relatively dense sprays, mod-

rate heating rate leading to evaporation times of a few tens of
econds), it has been shown that the difference between water
apour partial pressures in air and at the droplet surface is small
nd that gas and liquid temperatures are always equal since the
imiting step of the evaporation process is thermal transfer from
he reactor walls to the gas and not heat or mass transfer at
he droplet surface. For these conditions, phenomena can be
escribed by a very simplified set of equations.

Always for these classical conditions, solute concentration
nd temperature gradients cannot exist inside droplets. In fact,
oncentration gradients inside droplets are promoted by rapid
eating, large initial droplet radii and low dense sprays.

The wide validity of the equations proposed and of the trends
educed was demonstrated by modelling data from the literature
ver a wide range of operating conditions. These comparisons
llowed subtle interpretations of results obtained by the various
uthors.

Finally, phenomena occurring during the precipitation stage
ere analysed to account for the origins of the different particle
orphologies. If surface precipitation occurs, a crust is formed.
ut then, water continues to evaporate, diffusing through the
rust with concomitant precipitation progressing towards the
article centre possibly forming a filled particle. Considering
quite unfavourable case in terms of crust porosity, our dimen-

ionless model revealed that the total time of drying was four
imes longer than if there was no crust. This is significant and

ust be considered when designing SP equipment.
The formation of strong solute concentration gradients during

he evaporation stage does not necessarily result in the produc-
ion of hollow particles but certainly promotes it.
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ppendix A

.1

Dimensional form of equations:

vz

∂md

∂z
= −(4πR)Dvρa

(
Yint

(
Tgas

Tliq

)
− Y

)
(A.1)

(Fw + Fs)Cpw
∂Tliq

∂z
+ FaCpa

∂Tgas

∂z

− Fshvap
∂X

∂z
= q(2πRc) (A.2)

vzmdCpw
∂Tliq

∂z
= λaR

−1(Tgas − Tliq)(4πR2)

+ vzhvap
∂md

∂z
(A.3)

with

md = ρw
4
3πR3 (A.4)

and where Yint, the reduced water mass fraction at the
droplet/gas interface at the saturation pressure, is defined as

Yint = aw(MwPsat)(MaP0)−1 (A.5)

where aw is the water activity (actually dependent on X but
assumed equal to 1), Mw and Ma the molar weights of water
and air, P0 the atmospheric pressure and Psat is the water
vapour saturation pressure in air which is given by Reid et al.
(1977):

Psat = 105

760
exp

(
18.3036 − 3816.44

Tliq − 46.13

)
(A.6)

Derivation of relation (9):
From the following relation:

ms = 1

1 + X0
ρw

4

3
πR3

0 = 1

1 + X
ρw

4

3
πR3 (A.7)

the droplet radius R can be written as

R = R0

(
1 + X

1 + X0

)1/3

(A.8)

Using (2) and (A.8), the following expression can be obtained:

R = R0

(
Fs + Fw − FaY

Fs + Fw − FaY0

)1/3

and using assumption (xi):

(
Fa

)1/3
R = R0 1 −
Fs + Fw

Y

which gives relation (9) in a dimensionless form.
Adimensionalisation of equations:



•

A

(

c

o

c

W
5∫

w

c

S

R

A

c

T
p

R

T

A

m

T

I
t
r

T
E

R

C

F
G

G

H

Using (9) and (A.4), we have

vz

∂md

∂z
= vz

H

∂(ρw(4/3)πR3
0(1 − P−1

1 Y ))

∂(z/H)

= −4

3
πt−1

evapρwR3
0P

−1
1

∂Y

∂z∗

and (A.1) becomes (3):

�Y = Yint(T
∗
gas/T ∗

liq) − Y

= ρw(3ρa)−1t−1
evapR

3
0D

−1
v R−1

0 (1 − P−1
1 Y )

−1/3
P−1

1
∂Y

∂z∗

= ρw(3ρa)−1(tevapR
2
0D

−1
v )P−2/3

1 (P1 − Y )−1/3 ∂Y

∂z∗

= ρw(3ρa)−1P2P
−2/3
1 (P1 − Y )−1/3 ∂Y

∂z∗

Similar methods were applied to obtain (4) and (5) from (A.2)
and (A.3).
Derivation of relations (12) and (13):

From (6) and (8), we can write

q∗ = 2πRc(tevapvz)q(FaCpaT0)−1

Moreover, we have

Fa = ρavzπR2
c

and therefore

q∗ = 2tevapqR−1
c (ρaCpaT0)−1 (A.9)

which gives relation (12) when q* = 10P1.
From (11) and (A.10), one has

2qR−1
c (ρaCpaT0)−1t2

evap − 10P1tevap − 9200R2
0D

−1
v = 0

which is a quadratic equation giving relation (13).

.2. Derivation of relation (25)

The solute concentration profile inside the droplet is given by
19). Then, the average solute concentration can be written as

¯s = cs(0)

(4/3)πR3

∫ r=R

r=0
exp

(
P3

r2

R2

)
(4πr2) dr

r

¯s = 3cs(0)

R3

∫ r=R

r=0
r2 exp

(
P3

r2

R2

)
dr

ith the help of mathematical software such as Mathematica
.2, we find
x2 exp(ax2) dx = x exp(ax2)

2a
−

√
π erfi(

√
ax)

4a3/2

here erfi(x) = −ierf(ix).

H
J

Therefore, we obtain

¯s = 3

2
cs(0)

(
eP3

P3
−

√
π

2P
3/2
3

erfi(
√

P3)

)

ince the droplet radius is given by

= R0

(
cs,0

c̄s

)1/3

nd since the onset of precipitation is reached when

s(R) = cs,0(0) eP3 = ccss
s

he following expression of the droplet radius at the onset of
recipitation is obtained:

p = R0

⎡
⎣cs,0

(
3

2
ccss

s

(
P−1

3 −
√

π

2P
3/2
3

erfi(
√

P3)

eP3

))−1
⎤
⎦

1/3

(A.10)

hus, from (16) and (A.10), relation (25) is deduced.

.3. Derivation of equation (31)

The mass of the liquid phase in the droplet is given by

liq = ρ̃liq
4
3πr3

int

herefore, we have

dmd

dt
= dmliq

dt
= d

dt

(
ρ̃liq

4

3
πr3

int

)

= 4

3
π

[
r3

int
dρ̃liq

dt
+ ρ̃liq

d(r3
int)

dt

]

t can be easily shown by numerical applications that the first
erm in brackets of the previous expression is insignificant with
egards to the second one, therefore we can write

dmd

dt
= 4

3
πρ̃liq

d(r3
int)

dt
= 2πρ̃liqrint

d(r2
int)

dt

hus, taking R = Rp, Dp
v instead of Dv, and the latter expression,

q. (A.1) becomes Eq. (31).
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