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Abstract

The influence of three independent variables (atomizing air pressure, flow rate of binder solution and
polyvinylpyrrolidone concentration) on the parameters describing the droplet size distribution from a pneumatic
nozzle (volume of droplets under 18.9 um, median and 90% fractile of droplet size) was studied using a normal 33
factorial design. The droplet size measurement was carried out by laser diffractometry. The dependence of the
response variables on the independent variables was studied by a multilinear stepwise regression analysis. On the
basis of this study, it was concluded that a high atomizing air pressure led to an increased volume of small droplets.
Thereafter, the polyvinylpyrrolidone concentration and the binder flow rate affected this response variable inversely..
Increasing the atomizing air pressure resulted in a fall in the droplet size. A larger droplet size was obtained with
increased binder flow rate and polyvinylpyrrolidone concentration. In addition to main and quadratic effects, the
regression analyses revealed some interactions between independent variables. For example, the atomizing air
pressure had a stronger effect on the median of droplet size when the polyvinylpyrrolidone concentration was lower.
This was supposed to be due to changes in viscosity.
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1. Introduction Marshall, 1961; Kim and Marshall, 1971;
Aulton and Banks, 1979);

(ii)  The spray angle (corrected by the setting
of the air dome) (Schafer and Worts,

So far, droplet size studies have revealed that
the mean droplet size from pneumatic nozzles is
primarily affected by the following factors:

. . . 1977);
() The nozzle construction (Gretzinger and (i) The liquid orifice (Schafer and Werts,
1977);
* Corresponding author. Tel. +358-0-708 59145; Fax (iv)  The liquid flow rate and air-to-liquid mass
+358-708 59144. ratio (Gretzinger and Marshall, 1961; Kim
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and Marshall, 1971; Schefer and Warts, (vi)  The temperature of the granulating solu-
1977); tion (Aulton and Banks, 1979);

(v) The atomizing air pressure (Kim and (vii)  The addition of surfactants (Aulton and
Marshall, 1971; Aulton and Banks, 1979; Banks, 1979; Yliruusi et al., 1992).
Yliruusi et al., 1992); The air-to-liquid mass ratio is often used to

Table 1
Measured values for parameters describing the droplet size distribution from a pneumatic nozzle
Amount of PVP Atomizing air Flow rate of Volume of droplets Fractiles of
(%) in solution pressure (bar) binder solution (%) under 18.9 droplet size (um)
(g /min) umx+e?
Target Real 50% x + € ? 90% x + € ¢
0 1.0 100 102 18.6 + 1.0 371+09 68.7+2.6
0 1.5 100 105 411+ 1.0 243403 433405
0 2.0 100 101 61.8 £ 0.5 15.4 4 0.2 33.6+0.2
0 1.0 150 156 16.3 £ 0.1 41.6 + 0.2 104.7 + 0.7
0 1.5 150 154 309+03 28.6 + 0.2 56.4 +£0.2
0 2.0 150 156 545+0.2 177+ 0.1 379+ 0.1
0 1.0 200 210 13.0+ 04 451 £ 0.3 1948+ 1.8
0 1.5 200 207 2724 0.1 315+ 041 722105
0 2.0 200 210 487+ 0.4 194402 463 + 0.4
10 1.0 100 104 143+ 0.3 405 £ 0.2 75.6 £ 0.7
10 1.5 100 106 253403 312101 526 +0.1
10 2.0 100 105 359+0.8 247 +04 433404
10 1.0 150 166 139+ 03 459+ 0.3 1779+ 11.0
10 1.5 150 169 235+0.8 357403 75.0+04
10 2.0 150 167 305 +0.6 284 +04 62.1+4.2
10 1.0 200 208 100+ 0.2 56.0 +0.5 277.4 +£0.7
10 1.5 200 210 21.1+09 39.4+04 1241+ 54
10 2.0 200 209 26.0+ 0.1 324 +0.2 96.4 +0.2
20 1.0 100 117 163+ 1.7 414404 790+79
20 1.5 100 126 216+ 0.3 355+0.2 60.5 + 0.4
20 2.0 100 119 252109 319+ 03 521+13
20 1.0 150 147 149+ 12 455+ 0.7 166.2 + 19.0
20 1.5 150 151 192+ 04 375405 99.2 + 14.0
20 2.0 150 145 21.8 +£0.7 347+ 0.7 113.7+ 3.7
20 1.0 200 196 9.1+05 59.5+3.5 336.5 +21.0
20 1.5 200 195 152+ 03 43.8+0.7 198.5 + 8.5
20 2.0 200 194 18.8 + 04 389+ 0.7 1448 + 24
Corner point parallel tests
0 1.0 100 103 168 +1.2 38.0+0.2 68.7+1.2
0 2.0 100 103 582+04 16.2 + 0.1 339+0.1
0 1.0 200 209 11.0+ 0.1 453+ 0.2 230.7 £ 13.0
0 2.0 200 191 46.5+ 0.1 21.0+0.1 41.7+0.1
20 1.0 100 99 126+ 0.2 424+ 0.0 80.4 + 0.3
20 2.0 100 101 206 £ 0.2 314+ 0.1 49.4 + 0.4
20 1.0 200 203 9.0+0.2 514+ 038 264.8 + 8.4
20 2.0 200 212 19.2+ 0.2 341403 675 +0.9
Central point parallel tests
10 1.5 150 160 19.7 £ 3.1 352+08 65.0 +2.2
10 1.5 150 162 20.1+0.8 348 +0.7 652+ 14
10 1.5 150 163 202 +33 340+1.0 658 +3.3

? x is the mean and e denotes the maximum error calculated as 1/2(max — min)Xrn = 3).
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describe atomization (Kim and Marshall, 1971;
Schafer and Wgrts, 1977). For calculation of the
ratio the atomizing air flow rate must be known.
The droplet size is also affected by the surface
tension and viscosity of the liquid (Kim and Mar-
shall, 1971; Yliruusi et al.,, 1992) and by the
density of the liquid and the atomizing air (Kim
and Marshall, 1971).

In the accompanying paper (Juslin et al., 1995),
the 33 factorial design was used to study the
influence of three independent variables (atomiz-
ing air pressure, flow rate of binder solution and
polyvinylpyrrolidone concentration) on the
droplet size distribution from a pneumatic nozzle.
In the present paper, the effect of different vari-
ables was studied by multilinear stepwise regres-
sion analysis in order to determine to what extent
different variables influence parameters describ-
ing the droplet size distribution (volume of
droplets under 18.9 ym, median and 90% fractile
of droplet size). The volume of droplets under
189 um was chosen as a response variable be-
cause it describes the volume of small droplets
which was thought to be a critical parameter in
granulation. The median and 90% fractile of
droplet size were chosen to describe the average
size of droplets and the size of large droplets,
respectively.

2. Materials and methods
2.1. Study design

The study was based on a 3 factorial design.
The levels of independent variables and the ma-
trix of experiments are presented in the preced-
ing paper (Juslin et al., 1995).

2.2. Regression analysis

Multilinear stepwise regression analysis was
used to study the dependence of response vari-
ables (volume of droplets under 18.9 wm, median
and 90% fractile of droplet size) on the indepen-
dent variables atomizing air pressure (P), flow
rate of binder solution (Q) and PVP concentra-
tion (C). The real flow rates (flow rates were

impossible to keep at the target values) were
taken into account when creating the regression
model but for practical reasons ignored when
drawing the response surfaces. In principle ex-
trapolation is not acceptable in this kind of exper-
imental model. However, it was believed that
because the response surface plots acted quite
regularly, no significant error was made. The
analysis was performed by backward selection
technique. The general form of the regression
equation has been given earlier (Juslin et al.,
1995). Only the terms of a significance level of
about 5% were accepted. Modelling was per-
formed by Design-Expert Software (v. 3.0.6c,
Stat-Ease, Inc., USA). The surface plots were
drawn by Graftool (v. 3.3, Graphical Analysis
System, 3-D Visions Corp., USA). Analyses of
variance were performed using the SYSTAT sta-
tistical package (v. 5.0, Systat Inc., USA) to evalu-
ate the levels of significance.

2.3. Materials

The binder solutions studied were purified wa-
ter and 10 and 20% aqueous dispersions of
polyvinylpyrrolidone (PVP) (Kollidon® K25,
BASF, Germany).
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Fig. 1. Effect of independent variables on the volume of
droplets under 18.9 pm. Each variable moves from the chosen
reference point while the other two variables are kept con-
stant at the reference value (coded zero level of each factor).
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2.4. Droplet size measurement

Droplet sizes from a pneumatic nozzle were
measured by laser diffractometry (Malvern 2600C
Droplet and Particle Sizer, Malvern, UK). A de-
tailed description of the method used for the
determination of droplet sizes and droplet size
distributions has been given earlier (Juslin et al.,
1995).

3. Results and discussion

3.1. Effect of different variables on the volume of
droplets under 18.9 um

Table 1 shows the measured values of the
parameters describing the droplet size distribu-
tion. Real flow rates are also presented. To facili-
tate the interpretation of the results, the effect of
different variables on the response variables was
studied by multilinear stepwise regression analy-
sis. The volume of droplets under 18.9 um (Vg
#m) is described by the following equation (coded
factors) calculated by the regression analysis:

V18.9/J,m(P’Q’C)
=225+11.2P-3440Q0 —-8.57C - 736 PC
+1.160C + 3.50C? (1)

where P is the atomizing air pressure, Q denotes
the flow rate of binder solution and C is the PVP
concentration. The same equation presented in
terms of actual factors is:

Vigoum( P.Q,C)
= —7.20 + 37.0P — 0.0921Q + 0.302C
— 1.47PC + 0.00232QC +0.0350C%  (2)

The former equation is useful because it im-
mediately shows the effect of different variables
on the response variable. In this study, the latter
equation was used when creating the three-di-
mensional response surface. The squared multi-
ple regression coefficient (R?) was 0.973, indicat-
ing a good explanation degree. This means that
about 97% of the variability in the volume of
droplets under 18.9 um can be explained by the
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Fig. 2. Three-dimensional surface plot showing the effect of
different variables on the volume of droplets under 18.9 um
(atomizing air pressure constant on each surface).

model. It is observed that there are first-order
interactions between the pressure and the con-
centration, and the flow rate and concentration.
The former interaction which has a quite high
absolute regression coefficient, 7.36 (Eq. 1), is
important.

It is seen (Fig. 1) that only the PVP concentra-
tion has a quadratic effect on the V4 ,,, (curved
line). This perturbance plot shows how the re-
sponse variable (Vg4 ,,,) changes as each vari-
able moves from the minimum to the maximum
value while the other two variables are kept con-
stant at the reference value (coded zero level of
each factor). It is observed that changing the
atomizing air pressure from —1 (1.0 bar) to +1
(2.0 bar) increases linearly the volume of droplets
under 18.9 um. Increasing the flow rate from —1
(100 g/min) to +1 (200 g/min) causes an oppo-
site effect although this change is not so appre-
ciable: the absolute value of regression coefficient
is 3.44 for Q and 11.2 for P (Eq. 1).

The three-dimensional surface plots (Fig. 2)
were drawn on the basis of Eq. 2 by giving con-
stant values to the atomizing air pressure. It can
be seen that increasing the PVP concentration
decreases the volume of small droplets, but not
linearly (slightly curved response surfaces). It is
also observed that the atomizing air pressure has
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Table 2

Analysis of variance: effect of atomizing air pressure (P), PVP
concentration (C) and target flow rate of binder solution (Q")
on the median of droplet size.

Source Sum of DF Mean F ratio P
squares square

P 2036 2 1018 236 0.000
C 753 2 377 87 0.000
Q! 431 2 216 50 0.000
PC 119 4 30 7 0.005
PQ! 54 4 13 3 0.061
Q'c 19 4 5 1 0.394
PQ'C 17 8 2 0.5 0.842
Error 48 11 4

a greater effect on Vigq ,,, when the PVP con-
centration is lower. This is probably due to the
effect of viscosity: increasing the amount of PVP
in binder solution results in higher viscosity;
hence, the same dynamic force of atomizing air is
not able to disperse 20% PVP solution as effec-
tively as water. Also, with a low PVP concentra-
tion the flow rate affects the volume of small
droplets more than with a high concentration
because of the change in viscosity. The volume of
small droplets varies from about 10 to 60% de-
pending of the levels of independent variables
(Fig. 2). It is supposed that a very large number
of small droplets may result in the poor granula-
tion of starting materials. This can be explained
by the fact that small droplets dry more easily
than large ones in the air before reaching the
bed, and they can become elutriated (Maroglou
and Nienow, 1985).

3.2. Effect of different variables on the median of
droplet size (ds,q,)

According to this study, the atomizing air pres-
sure which has the highest F ratio is the most
significant factor affecting the median of droplet
size (Table 2). The analysis of variance shows that
the flow rate of binder solution and the PVP
concentration are also highly significant (p <
0.001). To facilitate the interpretation of the re-
sults, a reduced quadratic model was constructed

to describe the effect of different variables on the
median of droplet size (ds;q):

dSO%(P’Q:C)
=345-922P+4.16Q +5.60C — 1.55PQ

+2.29PC +0.990QC + 2.44P% — 1.74C?,
(3)

where P is the atomizing air pressure, () repre-
sents the flow rate of binder solution and C is the
PVP concentration. The equation in terms of
actual factors is:

dsyq,( P,Q,C)
=60.1 —43.0P + 0.156Q — 0.0742C
—0.0621 PQ + 0.458 PC + 0.00198QC

+9.75P%* - 0.0175C>. (4)

The squared multiple regression coefficient was
0.971, indicating again a good explanation degree.
This model shows that all variables studied affect
the dsy,, and that all factors except the flow rate
have a quadratic effect on the median of droplet
size. The equations reveal that there are interac-
tions between all variables in decreasing order
(absolute regression coefficient values) PC > PQ
> QC.

Increasing the flow rate and the PVP concen-
tration increases the median of droplet size (Fig.
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Fig. 3. Perturbation plot illustrating the effect of different
variables on the median of droplet size.
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Fig. 4. Dependence of the median of droplet size on the
independent variables.

3). An explanation for the former is the dynamic
force of the pressurized air which is not able to
atomize the fast flowing liquid so effectively be-
cause the liquid flow increases within a certain
time. The latter result is in accordance with
Schaefer and Werts (1977) and is due to increas-
ing viscosity with increasing PVP concentration.
The response surfaces (Fig. 4) are slightly
curved because of the quadratic terms P2 and
C2. It is observed that with increasing atomizing
air pressure the median of droplet size falls
clearly; this fall in mean droplet size has been
reported earlier (Kim and Marshall, 1971; Aulton
and Banks, 1979; Yliruusi et al., 1992). It can be
explained as being due to an increase in the
dynamic force of atomizing air with increasing
pressure. The response surfaces at each constant
pressure are not close to each other describing
the dominating effect of the pressure on the
median of droplet size. The pressure has more
effect on the median of droplet size when the
PVP concentration is lower. Fig. 4 also shows
that the median of droplet size varies from about
16 to 54 wm in this procedure. Many studies have
proved that there is a correlation between droplet
and granule size (Thurn, 1970; Schefer and
Worts, 1978; Waldie, 1991). Hence, it could be
assumed that the largest granules will be ob-
tained when the highest PVP concentration and

Table 3
Levels of significance according to analysis of variance
Source Vigo um dsye, dgge,
P < < C
C [ C C
t < c c
}Q,C c b _
PO" - - ¢
o'c - - -
PQ'C - ~ -

QU the target flow rate of binder solution.
Level of significance: ¢ p < 0.001, bp <0.01, * p<0.05 - non-
significant (p > 0.05).

flow rate and the lowest atomizing air pressure
are used.

3.3. Effect of different variables on the 90% fractile
of droplet size

The effect of different variables on the 90%
fractile of droplet size was also studied by the
regression model. The following equation in terms
of coded factors (R? = 0.913) was created:
d90%(P?Q?C)

=72.0-46.6P+5220Q +253C—-379PQ

+21.2Q0C +36.1P2, (5)

where P is the atomizing air pressure, Q denotes
the flow rate of binder solution and C is the PVP
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Fig. 5. Perturbation plot illustrating the effect of different
variables on the 90% fractile of droplet size.
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Fig. 6. Dependence of the 90% fractile of droplet size on the
independent variables.

concentration. When actual factors are used in-
stead of coded ones, the equation has the follow-
ing form:

dQO%(P’QaC)
=77.8—300P +2.890Q —3.82C — 1.51PQ

+0.0424QC + 145P2. (6)

The equations show that only the pressure has
a quadratic effect on the 90% fractile of droplet
size distribution. There is an important interac-
tion between pressure and flow rate (highly sig-
nificant, Table 3) and some interaction between
flow rate and concentration.

It is seen (Fig. 5) that with increasing pressure
the 90% fractile of droplet size decreases in a
non-linear way. Increasing the pressure near its
highest value does not change the dg;,, any fur-
ther. Both the flow rate and the PVP concentra-
tion affect the dy, linearly: with increasing val-
ues the dgy,,, increases.

Only the lowest and the highest pressures were
selected on the response surface plots (Fig. 6)
showing the effect of different variables on the
90% fractile of droplet size., The intermediate
pressure of 1.5 bar was rejected from Fig. 6 in
order to avoid intersecting of the response sur-
faces. This intersecting might be due to the fact

that the model is fitted to measurement results so
that the model covers the results well on average
or because some extrapolation was made with
flow rates. Fig. 6 shows that dyy, varies from
about 40 to 290 pum in this study. It is observed
that increasing the amount of PVP in binder
solution at low flow rate affects only slightly the
90% fractile of droplet size, while at higher flow
rate the effect is marked. Not even the effect of
pressure is so clear when flow rate is low.

Table 3 summarizes the effect of independent
variables on the parameters describing the droplet
size distribution according to analysis of variance.
It can be noted that some interactions are not
significant according to analysis of variance al-
though their regression coefficients are large. This
is probably due to the fact that the real flow rates
could not been taken into account in the analysis
of variance.
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