Arch. Pharm. Chemi Sci. Ed. 5, 1977, 178-193. Received August 3, 1977

Control of fluidized bed granulation
II. Estimation of droplet size of atomized binder solutions
Torben Schafer* & Ole Worts**

Water and aqueous solutions of gelatine, polyvinylpyrrolidone, sodium
carboxymethylcellulose and methylcellulose in varying concentrations
were atomized in a pneumatic nozzle ordinarily used for fluidized bed
spray granulation. The droplet size distributions were estimated by taking
photo-micrographs of the droplets collected on oil-covered slides and were
described by a logistic equation.

The mean droplet size increased with decreasing air-to-liquid mass
ratio and liquid flow rate and with increasing viscosity and spray angle.
The diameter of the liquid orifice did not affect droplet size except under
extreme experimental conditions. An cmpirical droplet size equation per-
mitting an approximate prediction of the mass median diameter for the
nozzle used in the experiments was derived.

Fluidized bed granulation is carried out by spraying an atomized binder
solution on the fluidized starting materials. It has been shown by Thurn
(25) that a decrease in droplet size resulted in decreased size of the final
granules, but only a few experiments were carried out and no simple
correlation was found.

Several authors have shown that increased nozzle air flow results in
a decrease in granule size (4,9,19,21,23), whereas others found no effect
of this factor (14,16). However, a direct comparison of the results of dif-
ferent authors is not possible, since droplet sizes have not been examined.

Davies & Gloor (5) concluded that type and concentration of binder
profoundly affected glanule size. To account for these results it is necessary
to examine the effect of these factors on droplet size of the atomized
binder solution. In a previous paper (23) the influence of spray angle on
granule size was considered to be a function of droplet size, an assump-
tion which can, however, only be confirmed by a droplet size estimation.

* The Royal Danish School of Pharmacy, Department of Pharmaceutics, 2 Univer-
sitelsparken, DK-2100 Copenhagen, Denmark.
** Novo Industri A/S, Pharmaccutical Research and Development Laboralory,
Novo Allé, DK-2880 Bagsvierd, Denmark.
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The reason that droplet size of binder solutions generally has not been
investigated in the above-mentioned works may be that the methods of
analysis usually are inaccurate and very time-consuming. Biirkholz (1)
has reviewed such methods. An analysis can be performed by taking
photographs of droplets directly in the spray cone (11,26) or after collec-
tion in a viscous oil (6,7,25), but various indirect methods may also be
used (7,8,18,20). The main sources of error are collection of an unrepre-
sentative sample as well as evaporation, ccalescense and flattening of the
droplets (7).

Usually the nozzles applied for fluidized bed granulation are pneuma-
tic. Thurn (25) found a pneumatic nozzle to be more suitable for granula-
tion in a fluidized bed than a pressure nozzle, an alteration of droplet
size being difficult by use of the latter.

Empirical equations have been set up to estimate the mean droplet
size obtained by pneumatic atomization (8,13,15), yet the equation of Kim
& Marshall (13) seems to be more generally applicable. The mean drop-
let size is primarily influenced by nozzle construction, air-to-liquid mass
ratio, and the dynamic force of atomizing air, and secondarily by surface
tension, density, and viscosity of the liquid and density of the atomizing
air (13).

The purpose of this work has been to select a simple method suitable
for droplet size analysis under the experimental conditions used for fluid-
ized bed granulation and to use the method to examine the applicability
of the existing droplet size equations for the actual nozzle. If necessary
an additional equation should be derived. Relationships between droplet
size and granule size will be described in a later paper.

Experimental

Binder solutions

Water and aqueous solutions of gelatine (Ph.Nord. 63), polyvinylpyrrolidone (Kolli-
don® 25 and 90, BASF), sodium carboxymethylcellulose (7L1, Hercules) (CMC) and
methylcellulose (15, DAK 63) (MC) in varying concentrations were used. As the
viscosity of binder solutions may be affected by the method of preparation and
storage conditions (2,3,12,22,24), the solutions were prepared under accurately speci-
fied experimental conditions as described below.

Kollidon 25, Kollidon 90 and CMC were dispersed by addition of water at room
temperature and were left to stand for about 24 h with occasional stirring. Gelatine
solutions were made immediately before use by dissolving gelatine powder in water
at 50° C. MC was dispersed in half the required amount of water at 80° C. The mix-
ture was stirred at intervals for 30 min and then filled up to the desired weight with
ice water, after which the dispersion was left to stand for about 24 h with occasional
stirring. The final binder solutions were kept at the desired temperature in a ther-
mostat for about 1 h before use.
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Table 1. Combinations of air flow rate (Nm3h) and liquid flow rate used in the
experiments,

Liquid Air-to-liquid mass ratio
flow :
rate 0.86 | 1.15 1.43 2.01 2.58

100 g/min 400Nm3/h 534Nm3h 6.67Nm¥%h 9.33Nm3/h 12.0 Nm3h
150 g/min 6.00 Nm3/h  8.00 Nm%*h 10.0 Nm%h 140 Nm3/h 18.0 Nm3h
200 g/min 8.00 Nm3/h 107 Nm%*h 133 Nm¥%h 18.7 Nm3h -

Nozzle

A pneumatic nozzle (Schlick, model 941-943/7) generally used in a fluidized bed
spray granulator (Glatt, model WSG 15) was used. Unless otherwise stated the air
dome on the nozzle head was set in number 5 position (23), and the diameter of the
liquid orifice was 1.8 mm. Air and liquid flow rates were controlled as previously
described (24); the combinations used for the atomization experiments are shown in
Table 1.

Methods

Viscosity. The viscosity of all solutions was measured with a falling ball viscometer
(Haake, model B/BH). Further, a rotational viscometer (Brookfield, model LVT)
was used for some of the solutions.

Surface tension. Surface tension was measured with a tensiometer (Kriiss, model
K8600E).

Droplet size analysis. A modification of the method described by Golitzine (7) was
used. A slide covered with a viscous Iubricating oil (Macoma R85, Shell) was man-
ually passed across the spray cone at a distance of about 45 cm below the nozzle
orifice. A photo-micrograph of the droplet sample was then taken immediately. The
negative was enlarged to a total magnification of 50 times (Fig. 1).

To delay evaporation of droplets after sampling the analysis was performed in a
room with a relative humidity of at least 80 %. To reduce the uncertainty from
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the sampling procedure 10 photographs were sampled for a single droplet size
analysis, and the mass median diameter, dsy, was estimated by counting a total of
about 1000 droplets. The droplet size distribution was characterized as described
later.

Results and discussion

Evaluation of the method for droplet size analysis

To examine the influence of evaporation of droplets photographs were
taken at varying intervals after sampling (Table 2). As increased viscosity
of the atomized liquid may delay evaporation, water was selected for the
experiments. Normally a photograph is taken within 15 sec after collec-
tion of the sample, and thus the results obtained show that evaporation
has no remarkable influence on the estimated droplet size of aqueous
solutions.

In over-exposure of the sample droplets coalesce, which results in a
systematic error. The influence of droplet concentration on the estimated
droplet size is shown in Table 3. The concentration was varied by chang-
ing the velocity of the slide. It can be seen from the Table that droplet
concentrations lower than 50 droplets per mm2 had no appreciable in-
fluence, whereas a remarkable increase in droplet size, due to coalescen-
se, was observed at higher values. In the subsequent experiments concen-
trations below this limit were used.

The method is not applicable at liquid flow rates exceeding ab. 200
g/min, since the maximum velocity of the manually handled slide sets a
lower limit to droplet concentration.

It has not been possible to examine the flattening of droplets after
collection in oil. The viscosity of the oil makes it probable that they re-
tain their spherical shape unless droplet sizes are extremely high when
flattening may cause a systematic error.

Table 2. Influence of evaporation on estimated droplet size after collection of a
droplet sample,

Liquid: Water, 30° C. Liquid flow rate: 200 g/min.

Air flow rate: 12 Nm?¥h.

Number of Time after Droplet size
droplets counted collection dsp, pm
1078 10 sec 83
1075 14 min 80
1125 1 min 80

1077 2 min 83
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Table 3. Influence of droplet concentration on estimated droplet size.
Liquid: Water, 30° C. Liquid flow rate: 200 g/min.
Air flow rate: 12 Nm¥h.

Number of Droplet concentration Droplet size
droplets counted Number of droplets dso, pm
> 15 um per mm?2
1078 ca. 30 83
1479 ca, 40 78
1237 ca. 50 50

1691 ca. 75 119

The relative standard deviation of the droplet size estimation was
found to be about 7 % at mass median diameters below ca. 150 pm. At
higher values an increase in the relative standard deviation was observed,

probably due to flattening and difficulties in collecting a representative
sample.

Viscosity of binder solutions

The viscosity of the solutions was measured by the falling ball viscometer
in the temperature range 20-80° C with the exception of solutions of
gelatine and MC where gelation occurred when below ca. 40° C (gelatine)
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Figure 2. Correlation between binder concentration and viscosity of the binder
solution,

Liquid temperature: 40° C (MC: 30° C).
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and above ca. 30° C (MC). Fig. 2 shows the results derived at the tempe-
ratures ordinarily used in the experiments,

Since atomization with the peristaltic pump and the nozzle system
used was impossible at viscosities exceeding ab. 150 ¢P, a low viscosity
type of CMC was applied. It is a prior requirement to the use of a falling
ball viscometer that the binder solutions are ideal viscous liquids, and
therefore solutions of the two highest concentrations (see Fig. 2) of every
binder were investigated with the Brookfield viscometer. CMC 6 % and
Kollidon 90 8 % showed a slight tendency to exhibit pseudoplastic be-
haviour, while no remarkable deviations from the ideal viscous behaviour
were observed for the other solutions examined.

The viscosity of a pseudoplastic liquid is dependent on the shear force
to which it is exposed during atomization. The actual viscosity of the bin-
der solutions is therefore unknown, a fact which possibly influences the
correlation between viscosity and droplet size,

Influence of spray angle on droplet size

The spray angle is corrected by the setting of the air dome on the nozzle
head. A decrease in spray angle results in a smaller droplet size (Table 4)
due to the more intense contact between air and liquid, and this change
in droplet size accounts for the previously described effect on granule
size (23). Since only a slight influence on droplet size is observed at higher
values of spray angle, the effects of air dome settings 5 and 1.2 on granule
size could not be separated (23).

Influence of mass ratio and liquid flow rate on droplet size

Comparison of experiments at varying liquid flow rates is facilitated if
atomization is described by the air-to-liquid mass ratio at the nozzle
(Table 1).

By a two-factor analysis of variance the influence of both liquid flow
rate and mass ratio were found (Table 5) to be significant at the 0.1 %-

Table 4. Influence of spray angle on droplet size (dsg, sm).
Binder solution: Gelatine 4 %6, 40° C. Liquid flow rate: 150 g/min.
Air flow rate: 10 Nm3/h.

Air dome'selting

2 5 1.2
(ca.30%)a (ca. 40%) (ca. 607)
56 89 100

a The values given in parcntheses are spray angles.
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Table 5. Influence of liquid flow rate and air-to-liquid mass ratio on droplet size
(dﬁ()’ |.lITl).
Binder solution: Gelatine 4 %, 40° C.

Mass Liquid flow rate (g/min)
ratio 100 150 200
129 99 98
LIS 123 113 98
106 90 79
L4 102 86 88

level, whereas no interaction was observed. It is evident that a slight chan-
ge in mass ratio results in an appreciable change in droplet size in accor-
dance with the results of Kim & Marshall (13). For unchanged values of
mass ratio an increase in liquid flow rate gives a higher air flow rate and
thus an increase in the dynamic force of atomizing air (13). This ac-
counts for the fall in droplet size observed at higher values of liquid flow
rate.

Influence of liquid orifice on droplet size

The liquid orifice of the nozzle can be exchanged without affecting the
area of the annular air orifice. Three different diameters are available,
and to examine a possible interaction the experiments were carried out at
two levels of mass ratio (Table 6).

By analysis of variance the effect of mass ratio was found to be signifi-
cant at the 0.1 %-level in agreement with the above-mentioned results,
and the effect of the liquid orifice was significant at the 5 %-level, while
no interaction was found. The smallest liquid orifice resulted in the largest

Table 6. Influence of liquid orifice and air-to-liquid mass ratio on droplet size
(ds0, pm).
Binder solution: Gelatine 4 %, 40° C. Liquid flow rate: 150 g/min.

Mass ' Diameter of liquid orifice (mm)
ratio J 12 18 22
145 111 114

135 133 112 120
2.01 66 57 64

89 74 73
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droplet size, whereas the effects of the orifices of diameters 1.8 and 2.2
mm could not be separated.

A slightly pulsating liquid flow due to the pump was observed when
using the smallest orifice, indicating a lower limit of the diameter below
which atomization is incomplete, Provided the liquid orifice is wide
enough to permit a uniform flow, the diameter has no significant influence
on droplet size.

Derivation of a droplet size equation

When comparing the results in Tables 4, 5 and 6 with droplet sizes cal-
culated from reported equations (8,13,15) no agreement was found. Va-
riation of the constants in the equations gave no satisfactory accommoda-
tion of the experimentally estimated droplet sizes. Differences in nozzle
construction used may account for the inapplicability of the existing
equations.

Consequently, experiments were carried out with the purpose of deriv-
ing an empirical droplet size equation to be used for describing the atom-
ization in the present nozzle. Mass ratio, binder concentration and flow
rate and temperature of the liquid were varied within the size range that
is generally used for fluidized bed granulation, and the influence of vis-
cosity and surface tension was examined. Due to small variations in the
surface tension of the solutions employed no correlation was found be-
tween surface tension and droplet size. All experiments were carried out
in duplicate, and the results are shown in Table 7.

The liquid temperature is expected to affect droplet size because of
the influence of temperature on viscosity. Since this influence is greatest at
higher viscosities, solutions of CMC and Kollidon 90 were used to exami-
ne the effect of liquid temperature. Analysis of variance lead to ambiguous
conclusions, and the fact that the experimental error exceeds the effect of
temperature might account for this.

Graphical presentation of the results on logarithmic paper indicates a

i
)
liquid flow rate (w), and viscosity () corresponding to a correlation
described by the power function y = b - x*. Examples are shown in Figs.
3,4 and 5.

By analysis of regression it was concluded that with a few exceptions
the correlations between droplet size and, respectively, mass ratio and
liquid flow rate could be described by straight lines in logarithmic coordi-
nates, whereas the correlation between viscosity and droplet size seems
to depend on type of binder. It appears from Fig. 4 that CMC results in a

linear correlation between droplet size and, respectively, mass ratio (
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Figure 3. Correlation between air-lo-liquid mass ratio and droplet size.
Binder solution: Gelatine 4 %, 40° C. Liquid flow rate: 150 g/min.

smaller and Kollidon 90 in a larger droplet size than might be expected
on basis of the regression line, with increasing deviations at higher visco-
sities. The results cannot be explained solely by the slightly pseudoplastic
properties of CMC and Kollidon 90, in that mechanical properties of the
binders, such as tensile strength (10) may influence the droplet size.

To obtain an approximate droplet size equation the correlation be-
tween viscosity and droplet size was described by the estimated regression
lines.

The value of the exponent in the equation, ds, = b -x* (where x is

350 -
300 |
250 F x
200 3

150 F

?0 i P | 1 1 1 . N B A s I 1 i 1 T I S NN W T

05 07 100 15 2 3 4 5678910 15 20 30 40 50 60708050100
Viscosity, cP

Figure 4. Correlation between viscosity and droplet size. Liquid flow rate: 150 g/
min. Air-to-liquid mass ratio: 1.15.

@ water A Kollidon 25 ) gelatine
[]: CMC & MC x: Kollidon 90
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Figure 5. Correlation between liquid flow rate and droplet size.
Binder solution: Gelatine 4 %, 40° C. Air-to-liquid mass ratio: 1.15.

mass ratio, viscosity and liquid flow rate, respectively) was estimated as
the mecan value of those found to describe the correlation between drop-
let size and the variable in question at the varying experimental conditions.
The following correlations were found:

_ /M, ~1.00
dsp = by - (E} (1)
% 0.17
dsg = by © 1y (2)
~-00.42
dso = by - W (3

where by, b, and by are constants depending on the other experimental
conditions. Egs. (1)-(3) were combined into a single equation

0.17
1

F M,y 100 0.42
S

| M,

where ds, is expressed in pm, viscosity in cP, and liquid flow rate in g/
min. Kim & Marshall (13) found a similar influence of mass ratio, but a
greater influence of viscosity.

Eq. (4) is valid when the present nozzle with an air dome setting in
position 5 and a liquid orifice of 1.8 mm is used. The applicability may be
questionable when using another nozzle construction, non-aqueous solu-
tions, or experimental conditions, which deviate appreciably from the
investigated values of mass ratio, viscosity and liquid flow rate.
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The agreement between calculated and experimental values of droplet
size is shown in Table 7 and Figure 6.
When viscosity exceeds ab. 50 cP, considerable deviation is observed due
to systematic differences between the binders. At lower viscosities eq. (4)
can be used for an approximate estimation of the droplet size of atomized
binder solutions.

Droplet size distribution

Since droplet size distribution did not follow the usual distribution func-
tions, such as normal, log-normal or square root normal, it was described
by the mass median diameter, dj, and x*45, X¥*gq, X*75, X*,5, x*;, and
x*g5. The reduced diameter x*; is defined as d /ds,, where d, is the
droplet diameter, corresponding to the y-% of the cumulative weight
distribution.
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Table 8. Influence of mean droplet size (dzp, pm) on droplet size distribution char-
acterized by the reduced diameters (x*) calculated on basis of results from experi-
ments in Table 7. The values given in parentheses are relative standard deviations
(%) of the reduced diameters.

dso ‘ X*95 | X*ag X*75 | X*25 ‘ x*10 ‘ X*o5

< 70 pm 246(16) 2.09(14) 151(10) 069010 049(15) 0.34 (26)
85-125 pm 1.91(10)  167(8) 134(5) 066(6) 040(7 031(9)
> 140 pm L88(11) 1.70(11) 136( 7 069( 6) 044(11) 0.32(12)

The results indicate that the reduced diameters depend on mean drop-
let size, and consequently mean values of x*_ were calculated within three
different size ranges of ds, (Table 8). Droplet size distributions differed
only slightly when ds, exceeded ca. 85 pm, whereas smaller droplets
showed a wider size distribution. However, it was apparently not affected
by other factors such as binder and binder concentration.

The logistic equation described by Pear! (17) was previously used (13)
to characterize droplet size distributions. The same method was applied
to the results in Table 8, and the following equation, showing the relation
between cumulative weight distribution (@) and reduced droplet dia-
meter (x*), was derived:

o, = 1.047 ~0.047 5)
1+ 21.3 - exp(-3.17 - x*)

Due to differences in nozzle constructions used the values of the con-
stants differed from those found by Kim & Marshall (13), as shown in
Fig. 7 where the distribution functions are compared with experimental
values. The results agree with eq. (5) when droplet size exceeds ca. 85
pm. A wider size distribution is observed at smaller values, but no accor-
dance with the equation of Kim & Marshall is found. Since actual droplet
sizes in fluidized bed granulation generally exceed 70 pm, eq. (5) is
suitable for an approximate description of droplet size distribution.

Conclusions

Since variation of droplet size distribution seems to be impossible at
maintained values of mean droplet size by use of the present nozzle, an
atomized binder solution is ordinarliy characterized solely by the mean
droplet size. It is shown that this is influenced by the type of binder,
especially at higher viscosities. However, further experiments concerning
the binder properties are necessary to explain this influence.
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Figure 7. Comparison of droplet size distributions {by weight) described by Kim &
Marshall (13) ........ and by eq. (5) ———— with experimentally determined
droplet size distributions (Table 8).

(O: dsg << 70 pm X B5 pm < dsp < 125 pm

At viscosities below ca. 50 cP the empirical equation derived can be
used for an approximate prediction of mean droplet size, which is pri-
marily influenced by mass ratio, liquid flow rate, and viscosity of the
solution. Varying the air flow rate is a simple and sensible way of altering
the droplet size without changing the wetting and binding properties of
the solution and consequently the most suitable way of controlling the
granule size, provided that further experiments confirm the assumption
of a correlation between droplet size and granule size.
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