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Abstract 

One of the most e~~ient techniques used in the 
preparation of high quality precursor powder for the 
synthesis of high temperature superconducting 
ceramics (HTSC) involves spray drying of a solu- 
tion of metal nitrates. This study describes our 
experiments in whi&h particle size, shape and parti- 
cle size distribution of the resulting products were 
examined by means of optical microscopy and 
SEM. To understand the formation of the powder a 
semi-empirical model which simulates the formation 
of the droplets and describes their drying path. was 
developed. 0 1996 Elsevier Science Limited. 
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Chemical compound 
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Fraction of water remaining 
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V Axial or radial component of velocity 
W Liquid mass flow rate 
X Co-ordinate 

Y Co-ordinate 

Greek symbols 
V Nabla operator 
ff Shape factor 
s Dispersion coefficient 
5, Droplet size distribution 
r Gamma function 

P Viscosity 
v Constant (3.1415...) 

P Density 
correlation coefficient 

iT Surface tension 
Standard deviation 
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For chemical compound A 
For chemical compound B or for area B 
Critical 
With D: of the particle 
With C: drag coefficient 
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With d: of the nozzle 
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Of the solid 
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Volume to surface or Sauter diameter 
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1 Introduction Table 1. Typical spray drying conditions for superconductor 
precursor 

From their synthesis point of view, high T, super- 
conducting ceramics (HTSC) are mixed oxides 
with special physical characteristics and whose 
preparation in bulk quantities involves the reaction 
of a mixture of metal oxides at elevated tempera- 
tures.’ The reaction rate for their synthesis and 
the electrical, magnetic and mechanical qualities 
of the resulting HTSC are strongly influenced by the 
characteristics of the starting precursor mixture 
(homogeneity, particle size, chemical identity and 
composition,...). The easiest way to produce this 
precursor is through mechanical mixing of the 
different metal oxides. This simple process has 
been widely used in the ceramic industry.* Often 
however, the low homogeneity and purity of the 
powder results in a superconductor with poor 
physical and mechanical properties. To improve 
the properties of the HTSC several techniques, 
based on the conservation of the homogeneity of a 
precursor solution of metal salts, have been devel- 
oped (coprecipation,’ sol-gel,4 spray drying,5 freeze 
drying,6 hydrothermal synthesi#). One of the aims of 
these techniques is to produce a very homogeneous 
oxide mixture with small particle size and narrow 
particle size distribution. Although most of these 
techniques succeed in reproducibly producing a 
precursor with a fixed chemical composition and 
definite powder characteristics like particle size, shape 
and distribution, they lack flexibility when the ability 
to change the chemical composition or powder char- 
acteristics and a high throughput of material are 
required. Therefore spray drying holds much poten- 
tial in the area of research on new superconducting 
materials. As shown in literature’ and in contrast to 
most other techniques, the low complexity of spray 
drying makes modelling possible thus allowing the 
prediction of some powder characteristics. This 
approach reduces the number of preliminary experi- 
ments and accelerates the optimization of the process. 

Inlet temperature 
Outlet temperature 
Air flow rate 
Liquid flow rate 
Furnace temperature 
Drying air flow rate 
Solution concentration 

473.15 K 
363.15-373.15 K 

750 Nl/h 
5 mlimin 
973.15 K 
30 m3/h 

0.05 M for Y(N03),.6Hz0 

Therefore one must choose a particle size analysis 
(PSA) technique which takes the characteristics of the 
process into account. In the case of spray drying, this 
means that individual particles must be measured. 

In this report we show that the combination of 
a correct PSA technique and a semi-empirical 
model allows a good description of the spray dry- 
ing process. Based on some approximations, to be 
discussed, one can predict particle size and distri- 
bution with reasonable accuracy. 

2 Experimental 

Stoichiometric quantities of Cu(N0,),.3H,O, 
Ba(NO& and Y(N0,),.6H,O were dissolved in 
distilled water to form an aqueous nitrate solution. 
Spray drying was performed using a modified 
Buchi spray dryer equipped with additional thermal 
insulation, an additional dryer furnace, exhaust 
cooler and gas scrubber (see Fig. 3). Typical spray 
drying conditions are given in Table 1. Nebulizing 
and drying was achieved using a two-fluid pneu- 
matic nozzle in co-current configuration. Approxi- 
mately 60 weight % of the original material can be 
recovered as a fine blue-grey powder in the cyclone 
collector. 

We have been using spray drying of nitrate 
solutions for the production of high quality 
Y BaCu07_a, * BiPbSrCaCuO: (2212 and 2223) 
superconductors using several spraying techniques 
encompassing high pressure capillary nozzles, two 
fluid concentric nozzles with co-current drying 
and piezo-electric mist production in a reactive 
spray drying configuration employing decomposition 
of the mist at elevated temperature (423-523 K). 
This study deals with the analysis of the powder 
characteristics obtained by a two-fluid co-current 
nebulizer used in conjunction with a modified, 
commercial spray drying apparatus. 

Solution density was measured using a Paar 
Precision Density Meter, viscosity measurements 
were performed using Hiippler Viscosity Meter. 
Surface tension was measured using the ring 
method. In order to measure the particle size, a 
small amount of the spray dried powder collected 
was suspended in canada balsam. Spots of this 
mixture were deposited on an object glass and 
were examined with an optical transmission micro- 
scope. The micrographs are scanned and analyzed 
using ImageViewTM software. For SEM, a Phillips 
501 scanning electron microscope was used. 

3 Results 

To compare the predictions of the granulometry 
with the actual powder characteristics, one needs a 
good definition of the particle size and shape. 

3.1 Particle size analysis 
Each particle is regarded as a two-dimensional 
distribution of points (see Fig. 1) characterized by 
the ellipse of concentration: lo 
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Fig. 1. Particle as two~imensional distribution. 
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Fig. 2. Exclusion of agglomerates using the shape factor. 

_& 

i 

@;;I* _ 2PC-~I ti-7) + WI2 - = 4 (1) 
I %a, a: 1 

where x and y are co-ordinates and p the correla- 
tion coefficient. The second-order central moments 
of the ellipse are equal to those of the distribution. 
After equalization of the surface of particle and 

fitted ellipse, the particle size is defined as the 
arithmetical mean of the major and minor axes of 
the ellipse. A shape factor is calculated as follows: 

minor axis 
(Y= 

perimeter of ellipse 
major axis ’ perimeter of particle 

(2) 

It can be shown mathematically that this shape 
factor is independent of the particle size. This 
shape factor can be used to separate the primary 
particles from the agglomerates. The combination 
of several primary particles creates a ‘particle’ 
whose perimeter is much larger than the one of 
the fitted ellipse and has a greater probability to 
be elongated. The combination of those two 
effects drastically reduces the shape factor. In 
order to study only the primary particles of a 
spray dried sample, all particles with a shape factor 
below the 25th percentile of the shape factor dis- 
tribution were excluded (see Fig. 2). The particle size 
analysis used here was calibrated using diamond 
grinding powders and HPLC silica powders of 
known particle size. 

3.2 Mathematical modelling 
The spray drying process can be subdivided into four 
separate stages: (i) the transfo~ation of the liquid 
into a spray, (ii) the mixing between the spray and 
the drying air, (iii) the drying of the droplets and (iv) 
the separation between the dried particles and the 
wet air.’ As this separation process occurs mechan- 
ically in a cyclone and is not believed to influence 
formation of the particles, only the first three 
phenomena have been modelled as follows: 

3.2.1 ~$~~s~or~~~~on of the liquid into a spray 
For the calculation of the droplet size distribution 
(DSD) we used the two equations proposed by 

Al 
1. RristaItic feed pump 

2. drying air heater A2 If 

3. Nebulizer 

4. drying furnace 

6. exhaust cooler and 
scrubber 

Fig. 3. Formal subdivision of the drying chamber and the modified Bikhi spray dryer. 
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Nukiyama and Tanasawa for small capacity pneu- 
matic nebulizers.” 

This first equation gives the Sauter diameter of the 
DSD as a function of the liquid characteristics, 
the ratio between liquid and mass flow rate and 
the relative velocity between nebulizing air and 
liquid. The second equation gives the DSD as a 
function of the Sauter diameter and the dispersion 
coefficient 6. This coefficient is independent of the 
liquid characteristics and depends only on the 
nozzle itself. The Sauter diameter is defined as: 

(4’) 

3.2.2 Mixing between the spray and the drying air 

The drying chamber of the spray dryer was con- 
ceptually divided into five areas (see Fig. 3). There 
is no mixing between the drying and nebulizing air 
in the A areas. The mixing starts to occur in the B 
area. As the nebulizing air expands (B2), the sur- 
rounding air (Bl) is entrained. By using the equa- 
tions of Baron and Alexander,‘* one can calculate 
the entrainment rate. The mass flow through a 
horizontal section of the cone can be written as 
follows: 

MB, = = 6 Vg,h,o de cm h (5) 

Using the law of conservation of mass through the 
drying chamber, one can calculate the cone angle 
by iteration. In area C the mixing is complete and 
the droplets continue their path to the furnace and 
subsequently to the separating cyclone and filter 
bags. 

3.2.3 Drying of the droplets 

The equations describing the motion of the particles 
through the spray dryer are based on the results 
of Coulson and Richardson:13 

d% _ c 3P, --- 
dh 

n KD d(Vh-Vgh)2 + (vrpvgr)2 

(6) 

dv L=- 
dh 

Table 2. Spray drying conditions of stearic acid 

Flow rate nebulizing air 
Air temperature 
Average flow rate liquid stearic acid 
Average temperature of stearic acid 

750 Nlih 
293.65 K 

4.20 mlimin 
363.15 K 

The velocity of the fluid is described by the equa- 
tions of Baron and Alexander’* for a free jet: 

The heat transfer from the drying air to a particle 
is described by: 

(9) 

An analogous equation can be written for the 
mass transfer from the particle to the surrounding 
air. The droplet temperature is assumed to be the 
wet bulb temperature. 

The overall mass balance is written as follows: 

A similar equation can be written for the overall 
heat balance. 

Based on these equations it is possible to calculate 
F, the fraction of water remaining, for each diameter 
class of the DSD. It is also possible to calculate 
the velocity, the change of the droplet temperature 
and density and the characteristics of the drying 
air (humidity, temperature). The influence of some 
spray drying parameters (initial temperature of 
drying air, flow rate of liquid and nebulizing air) 
on the overall fraction of water remaining can be 
simulated. The implementation of this model was 
written in Fortran-77. 

4 Discussion 

The dispersion coefficient, used to calculate the 
DSD in eqn (4) was determined from the measure- 
ments of the size of the droplets generated by the 
nozzle. The technical problems related to such a 
measurement can be solved by spray drying stearic 
acid which melts at 343.15 K and immediately 
solidifies when sprayed. Spray drying conditions 
are given in Table 2. To exclude possible effects of 
the cyclone, the spray dried particles were collected 
in a large vessel. After PSA, using above men- 
tioned technique, eqn (4) was fitted to the experi- 
mental particle size distribution (PSD), resulting 
in the acceptable value7 for 6 of 0.6648 (see Fig. 4). 
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Fig. 4. Fitting of Nukiyama-Tanasawa distribution to experi- 
mental PSD of spray dried stearic acid. 

Fig. 6. SEM image of spray dried particle (magnification: 
11,000 x). 

In the concentration range used here, the liquid 
characteristics of the solution are almost equal to 
those of water. Nevertheless, the true liquid char- 
acteristics (viscosity, density and surface tension) 
were measured and used to calculate the DSD of 
the spray dried solutions. 

As further research has shown,‘4 the evapora- 
tion of water, at elevated temperatures, results in 
chemical decomposition of the nitrates of Y and 
Cu with the formation of hydroxy nitrate com- 
pounds. The reactions occurring during this reactive 
spray dry process can formally be written as: 

aA+bB 

To transform the DSD, in a first approach, into a 
PSD we can use eqn (11) which is based on the 
conservation of mass within each solid particle: 

(11) 

By comparison of the theoretical PSD with an 
experimental PSD of spray dried superconductor 
precursor (see Fig. 5) a shift is noticed: the experi- 
mental particle size is much larger than the pre- 
dicted size. 

However, a detailed SEM investigation showed 
that the spray dried particles consisted of hollow 

15 - theoretical 

0 2 4 6 8 10 

diameter 

Fig. 5. Theoretical and experimental PSD for a spray dried 
YBaCuO, A precursor. 

spheres (see Fig. 6). To take this effect into 
account we introduced the variable C, which is the 
ratio between the inner diameter and the outer 
particle diameter. After complete drying, eqn (11) 
can be transformed as follows, using the final 
value of C: 

(12) 

Based on the shift between the experimental and 
theoretical distribution (see Fig. 5), C, or the 
crust thickness, can be calculated. In the case of 
the spray dried precursor (see Fig. 5) we calcu- 
lated that the crust thickness is in the order of 
0.1-0.2 pm. 

Experimental results of Charlesworth” and 
Par@ indicate that the drying process can be further 
subdivided in two stages. In an initial stage the 
evaporation of water results in a decrease of the 
droplet diameter. At a later stage, the droplet 
diameter stays constant as the solid crust becomes 
thicker. At a certain value of C, C,,, a transition 
from the first to the second stage occurs. C,, can 
be deduced from the experimental value C,: 

v ’ co MM, ~sPs@s-Pl) PJs+ (Ps+Plw?_ -- 
(PD,lrPJd Ps Ps 

-C&(13) 

For non-reacting materials, no further approxima- 
tions have to be made. In the presence of a chemical 
reaction, eqn (13) can only be used if one assumes 
that the reaction occurs after the particle has been 
dried and the influence of the reaction on the par- 
ticle diameter is small. 

Using C,, in the mathematical model, the whole 
spray dry process can be simulated. To evaluate 
quality of the simulation, we spray dried a refer- 
ence solution of Ba(NO,), under the conditions 
given in Table 3. After PSA, a value for C,, = 0.99 
was obtained. Simulations show that the largest 
droplets produced by the nozzle employed here, 
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cannot be totally dried in the Buchi spray dryer If we exclude the diameter classes of those ‘wet’ 

(see Fig. 7). This is not only due to the fact more particles (resulting water content > 5%) from the 

water has to be evaporated but also, as Fig. 8 theoretical PSD, the comparison with the experi- 

shows, because the relative velocity of the largest mental one (see Fig. 9) yields a good agreement 

droplets versus the surrounding air is too high and between the particle size ranges but a much nar- 

decreases too slowly for them to avoid hitting the rower experimental PSD. This last observation 

wall of the drying chamber. can be attributed to the action of the cyclone. 

Table 3. Spray drying conditions for a Ba(NO& solution 
Several other spray drying parameters were also 

simulated. In Figs lCL12 the effects of some param- 
eters on the fraction of water remaining F are 
displayed. It is obvious that the use of hotter drying 
air reduces F. An increase of the flow rate of the 
nebulizing air reduces the average droplet size, 
while increasing the liquid flow rate has the oppo- 
site effect. 

Solution temperature 
Nebulizing air temperature 
Inlet temperature 
Outlet temperature 
Flow rate nebulizing air 
Flow rate liquid 
Solution concentration 

298.15 K 
298.15 K 
478.15 K 
372.15 K 
700 Nl/h 
5 ml/min 
0.05 M 

10 20 30 40 

initial diameter (pm) 

Fig. 7. Evaporated fraction as function of the initial class 
diameter of the DSD. 
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Fig. 8. Relative velocity of the droplets. 
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Fig. 9. Comparison between theoretical and experimental 
PSD on spray dried Ba(NO& 
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Fig. 10. Influence of the initial drying air temperature on F. 
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Fig. 11. Influence of the nebulizing airflow rate on F. 
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Fig. 12. Influence of the liquid flow rate on F. 
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5 Conclusion 

Precursors for high T, superconducting ceramics 
were spray dried from a nitrate solution. The par- 
ticles obtained are hollow spheres with a average 
diameter of 4 pm and possessing a thin crust. Our 
mathematical model explains the shape of the 
PSD and correctly predicts the characteristics of 
the drying air, the droplets and the resulting powder. 
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