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ABSTRACT

A laboratory spray gun and a production spray gun were
investigated in a scale-up study. Two Schlick spray guns,
which are equipped with a new antibearding cap, were used
in this study. The influence of the atomization air pressure,
spray gun-to tablet bed distance, polymer solution viscos-
ity, and spray rate were analyzed in a statistical design of
experiments. The 2 spray guns were compared with respect
to the spray width and height, droplet size, droplet velocity,
and spray density. The droplet size, velocity, and spray densi-
ty were measured with a Phase Doppler Particle Analyzer.

A successful scale-up of the atomization is accomplished if
similar droplet sizes, droplet velocities, and spray densities
are achieved in the production scale as in the laboratory
scale. This study gives basic information for the scale-up of
the settings from the laboratory spray gun to the production
spray gun. Both spray guns are highly comparable with re-
spect to the droplet size and velocity. The scale-up of the
droplet size should be performed by an adjustment of the
atomization air pressure. The scale-up of the droplet velocity
should be performed by an adjustment of the spray gun to
tablet bed distance. The presented statistical model and
surface plots are convenient and powerful tools for scaling
up the spray settings if the spray gun is changed from lab-
oratory spray gun to the production spray gun.

KEYWORDS: Atomization, film coating, spray gun, scale-
up, design of experimentsR

INTRODUCTION

The atomization of the coating dispersion is an important
step during film coating.Many film defects can be ascribed by
wrong settings of the atomization process. A general charac-
terization of the atomization process was given by Lefebvre.1

The influence of formulation factors such as density, sur-
face tension, viscosity, and process factors such as spray rate,
atomization air pressure, distance from spray gun, spray
shape, spray gun design, and liquid nozzle diameter on drop-
let size, droplet velocity, and spray density was described
by Aulton and Twitchell.2 The polymer dispersion viscosity
is one of the most important formulation variables. The ef-
fects of different parameters (spray rate, gun-to-tablet bed
distance, atomization air pressure, spray shape, and spray
gun design) on the film coat quality were examined for dif-
ferent spray guns.3

In addition to the atomization process, a combination of many
other process and formulation variables is necessary for a
good coating result.4 In film coating, many different spray
guns are used. Two-component jets are the most commonly
used spray guns in film coating.

The scale-up of film coating processes is an important issue
in the pharmaceutical industry. The key concept of scale-
up in film coating is ensuring that the spray characteristics,
tablet dynamics, and drying dynamics are all equivalent,
and that these 3 elements are combined, so that the system
dynamics are equivalent. A scale-up of the drying process
in order to achieve equivalent thermodynamic conditions
was described.5,6 A comprehensive overview of scale-up ap-
proaches for a pan coating process was given by Porter.7

The quality and specifications of the coated tablets pro-
duced in the laboratory scale should be transferred into the
production scale. In scale-up, the settings for the laboratory
spray gun should be carefully transferred to the production
spray gun in order to achieve equivalent spray character-
istics. Many parameters have to be taken into consideration.
Scale-up includes changes in the spray rate, gun-to-tablet
bed distance, nozzle diameter, spray gun model, and, conse-
quently, a change in air flow rate for atomization and pat-
tern air. In this study, the influence of the atomization air,
gun to bed distance, spray rate, and solution viscosity on the
droplet size, droplet velocity, and spray density were inves-
tigated for both, a laboratory spray gun and a production
spray gun. Two spray guns from Schlick (Duesen-Schlick
GmbH, Untersiemau/Coburg, Germany), both equipped with
a new antibearding cap (ABC), were used in this inves-
tigation. The new geometry of the antibearding cap leads to
a reduction in buildup of medium and less clogging. The
established spray gun cap in horn-design (A) and the new
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spray gun cap with antibearding design (B) are illustrated
in Figure 1. A detailed characterization of the new air cap
was given by Gerstner.8 These 2 Schlick spray guns are fre-
quently used in pan coaters of different machine suppliers.

The droplet size, droplet velocity, and spray density were
measured with a Phase Doppler Particle Analyzer. Further-
more, the width and height of the flat spray ellipse were
also determined since the geometry of the flat spray cone
was crucial for scale-up.

MATERIALS AND METHODS

Spray Solutions

Aqueous solutions of different viscosities based on hydroxy-
propylmethylcellulose (HPMC) (Pharmacoat 606, Syntha-
pharm GmbH, Muelheim an der Ruhr, Germany) were used
for all spray trials. HPMC used concentrations were 1.6%,
7.7% and 9.5%.

Preparation of HPMC Solutions

The exact amount of HPMC was weighted and suspended
in well-stirred hot (95-C) tap water. After the whole powder
was wetted, cool water was added to the end volume. Then,
the solution was cooled down to 25-C.

Viscosity of HPMC Solutions

The HPMC solutions of 1.6%, 7.7%, and 9.5% were tested
in a rotational viscometer at 25-C with a coaxial cylinder
system M45 (Rotovisco RV20, Haake, Karlsruhe, Germany).
At a shear rate of 300 seconds−1 the viscosities were deter-
mined to be 4, 88, and 175 mPa•s, respectively.

Spray Guns and Nozzle Diameter

The spray guns Schlick model 970/7-1 S75 ABC (Schlick,
Untersiemau/Coburg, Germany) with a nozzle diameter
of 1.0 mm as a laboratory spray gun (lab) and the Schlick
model 930/7-1 S35 ABC with a nozzle diameter of 1.5 mm
as a production spray gun (prod) were investigated. A peri-
staltic pump with 2 pump heads (model 505Di, Watson-
Marlow, Falmouth, UK) was used.

Determination of Width and Height of the Spray Zone

The spray gun was mounted at the predetermined distance
to an absorptive blue paper. The solution was sprayed onto
the paper. The width and height of the spray zone were mea-
sured with a ruler (Figure 2).

Determination of Droplet Size, Droplet Velocity and Spray
Density With a Phase Doppler Particle Analyzer

Phase Doppler Particle Analyzer (PDPA) is an optical tech-
nique to measure the size and velocity of spherical particles
simultaneously. The PDPA is an extension of Laser Doppler

Figure 1. (A) Spray gun with a horn cap and (B) spray gun with
antibearding cap.

Figure 2. Experimental configuration.
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anemometry, and the fundamental principles were explained
by Ruck.9 A further detailed description using PDPA was
given in the literature.10

The droplet size, the velocity of the droplets, and the spray
density were measured with a PDPA (with a Coherent In-
nova 70-5 Argon Ion Laser System wavelength λ = 514.5 nm,
Laser Innovations [Santa Paula, CA], transmitting optics -
fiber flow, Dantec Dynamics [Royal Portbury, UK], receiv-
ing optics detector 58N81 and processor P60, Dantec Dy-
namics). The scattering angle ϕ of the detector was 30-
(Figure 2), and the focal lens length was 500 mm.

Experimental Configuration

A low-power laser beam is split into 2 beams that then intersect
again at a point referred to the probe volume (Figure 2).The
droplets pass the probe volume and the scattered light is an-
alyzed by the detector. The left part of Figure 2 shows a com-
mon configuration of a PDPA, and the right part depicts the
experimental configuration of the spray gun. Depending on
the width of the spray, 5 until 9 positions (in Figure 2: outer
rim positions are Position 1 and 5, center is Position 3) within
the spray were measured. For this purpose, the position of
the spray gun was adjusted in vertical direction by a motor.

For each setting according to the experimental plan (section
statistical design) particles were determined until a maximum
measurement time of 60 seconds or several 50 000 particles
were reached. The droplet velocity was only measured along
the y-axis (Figure 2).

Data Analysis and Pretreatment

Droplet Velocity

The median of the droplet velocity distribution (v50%) was
used for the statistical evaluation of the droplet velocity.

Close to the spray rim, negative droplet velocity values were
observed (Figure 3). Droplets with negative velocity were
eliminated prior to further evaluation. Examples of the drop-
let velocity distributions for the spray center and spray rim
are shown in Figure 3. The median droplet velocity for the
spray rim was calculated as the arithmetic mean of the val-
ues for the 2 outer measurement points (Figure 2).

Homogeneity of Droplet Velocity Within the Spray

The standard deviation of the droplet velocity (sv50%) across
the spray was calculated according to Equation 1 in order to
characterize the full spray with respect to the droplet velocity
distribution. The median droplet velocity as a function of the
distance from the spray center is depicted in Figure 4.

sv50% ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1

ðv50%i−v50%Þ2
n−1

s
ð1Þ

where v50% is the median of the velocity in the position i
within the spray; v50% is the average of all median veloci-
ties; and n is the number of measured points in the spray
(n = 5, 7, or 9).

Droplet Size

The median volume diameter (MVD) was used for the sta-
tistical evaluation of the droplet size. The droplet diameters
are evaluated in a range of 0.1 to 120 µm. The MVD for the
spray rim was calculated as the arithmetic mean of the values
for the 2 outer measurement points (Figure 2).

Homogeneity of Droplet Size Within the Spray

The standard deviation of the MVD (sMVD) across the spray
width was used to express the variation in droplet size
within the spray. The MVD subject to the distance from the

Figure 3. Raw data velocity distributions for droplets at the
spray center and spray rim (with and without droplets of negative
velocity).

Figure 4. Examples of 2 velocity distributions in the spray
(9 positions are measured).
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spray center is depicted in Figure 5. The standard deviation
within the spray was calculated according to Equation 2.

sMVD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1

ðMVDi−MVDÞ2
n−1

s
ð2Þ

where MVDi is the median volume diameter in position i
within the spray; MVD is the average of all median vol-
ume diameters; and n is the number of measured points in
the spray (n = 5, 7, or 9).

Determination of Spray Density

The spray density in cm³/cm²/s of the droplets could be mea-
sured with respect to a reference cross-sectional area. A de-
tailed mathematical description to determine the spray density
by PDPAwas given in the literature.11

Statistical Design

For this study, a central composite face-centered design (CCFD)
with 2 additional repetitions on the zero level and a total num-
ber of 27 runs was used. The variables including atomization
air pressure (AA), spray rate (SprR), gun-to-tablet bed distance
(ie, nozzle to laser beam distance, Dis), and solution viscosity
(Vis) were investigated on 3 levels. Two CCFDs were created
to investigate the 2 models of Schlick spray guns. The levels
for the CCFDs with the laboratory spray gun and production
spray gun are listed in Table 1.

The results were evaluated with the programModde 7 (Umet-
rics, Umea, Sweden) using multilinear regression. The re-
sponse variables were the droplet size expressed as theMVD
(µm), the droplet velocity expressed as the median droplet
velocity (m/s), the width and the height of the spray zone

(cm), the spray density (cm³/cm²/s), and the standard devia-
tion of all measured points within the spray for theMVD, the
median velocity, and the spray density. The response Y was
described as a regression model of the 4 independent vari-
ables (AA, SprR, Dis, and Vis) given by the general formula
(Equation 3):

Y ¼ β0 þ β1AA þ β2SprR þ β3Dis þ β4Vis

þ β5AA� SprR þ β6AA� Dis þ β7AA� Vis

þ β8SprR� Dis þ β9SprR� Vis þ β10Dis� Vis

þ β11AA
2 þ β12SprR

2 þ β13Dis
2 þ β14Vis

2

whereβ1…..β14 were the regression coefficients and β0 was
the regression constant. When the equation is presented with
coded values, the magnitude of the coefficient specifies the
change in response variable if the variable is altered from
the lower level to zero or from zero to the upper level and
the sign indicates the direction of the change. The model
was simplified with a backward regression, which means
that some terms were removed stepwise from the model if
their P values were higher than .05 in order to increase the
coefficient of determination (R2

adj). First, the term with the
highest P value was removed. A main factor was only
eliminated if none of its interactions was significant.

Surface plots were used for the graphical illustration of
the results.

RESULTS AND DISCUSSION

The results for the 2 CCFDs are summarized in Table 2.
The regression constants and regression coefficients includ-
ing the 95% confidence intervals for all response variables
are given in Table 3.

Adjustment of the Pattern Air

The pattern air (PA) was adjusted to obtain an appropriate
ellipsoid spray cone. Thereby, the pattern air was adjusted
that a maximal spray width was obtained without forming a

Figure 5. Examples of the distributions of the median volume
diameter within the spray for 2 settings for the laboratory spray
gun (distance 20 cm, spray rate 10 g/min).

Table 1. Variables for the Laboratory and Production Spray Gun
CCFD*

Variable −1 0 +1

Spray gun Lab Prod Lab Prod Lab Prod
AA (bar) 1.00 1.00 1.75 2.00 2.50 3.00
SprR
(g/min)

10 50 30 100 50 150

Dis (cm) 10 15 15 25 20 35
Vis (mPa•s) 4 88 175

*CCFD indicates central composite face-centered design; Lab, laboratory
spray gun; Prod, production spray gun; AA, atomization air; SprR,
spray rate; Dis, gun-to-tablet distance; and Vis, viscosity.

ð3Þ
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dumbbell pattern. The settings for the pattern air pressure in
bar and in norm cubic meter per hour (Nm3/h) for the pro-
duction spray gun and the laboratory spray gun are listed in
Table 4. A lower air flow ratio of atomization and pattern
air was observed for the laboratory spray gun. For the labo-
ratory spray gun, a relative high amount of pattern air was
required to form an appropriate spray cone compared with
the production spray gun.

Air to Liquid Mass Ratio

Based on the density and the volume flow of air, the mass
flow of atomization air was calculated. The air to liquid mass
ratio was calculated as the ratio of the mass flow of atomi-
zation air to the mass flow of polymer solution. The cal-
culated results are shown in Table 5 for both CCFDs.

The air to liquid mass ratio for a spray rate of 10 g/min was
clearly higher than the other settings (Table 5). An increase
in air to liquid mass ratio up to a value of around 4 leads to a
reduction in droplet size. However, a further increase in the
ratio is unlikely to result in any reduction in droplet size.2

Droplet Size

Different droplet diameters for the evaluation of atomiza-
tion processes were described by Aulton and Twitchell.2

The median volume diameter, the sauter mean diameter, or
the length mean diameter were often used as mean diam-
eters. In this study, the MVD was used for the evaluation
of droplet size. Figures 6 and 7 show the surface plots for
the influence of the atomization air and spray rate on the
MVD. The absolute droplet size for all trials with the labo-
ratory spray gun ranged from 13 to 33 µm in the spray center
(Figure 6B). The highest MVD of 33 µm at the spray cen-
ter was determined for a viscosity of 175 mPa•s, a spray
rate of 50 g/min and an atomization air of 1.0 bar. The ad-

ditional atomization effect of the pattern air in the spray
center was probably a reason for these small droplets pro-
duced by the laboratory spray gun. A higher pattern air re-
duced the droplet size in the spray center for both Schlick
spray guns.12 The laboratory spray gun used a lower atomi-
zation air/pattern air ratio (Table 4) than the production
spray gun to produce a flat spay cone. The higher pattern
air mass flow could have caused smaller droplets for the
laboratory spray gun. Since the droplets were already small,
it was difficult to reduce the size further by an increase of
atomization air.

In contrast, the production spray gun produced a maximum
droplet size of 55 µm (Table 2). For this spray gun, an in-
crease in atomization air pressure resulted in a remarkable
reduction in droplet size. For the same air to liquid mass
ratio the droplet size at the spray center was slightly bigger
(~5-15 µm) for the production spray gun than for the labo-
ratory spray gun. An often described equation13 for predict-
ing droplet sizes produced by pneumatic atomization is given
in Equation 4 in adapted form:

Ds ¼ 585 ⋅ 103

v

� �
⋅

σ
ρ

� �0:5
þ 1683η0:45 ⋅ ½ σ ⋅ ρ�− 0:225 ⋅

1000

J

� �1:5

where Ds is the surface mean diameter also referred to as
the sauter mean diameter [µm]; v is the velocity of air rel-
ative to liquid at the nozzle exit [m/s]; σ is the liquid surface
tension [N/m]; ρ is the liquid density [kg/m³] for HPMC
solution ~1020 kg/m³; η is the liquid viscosity [Pa • s]; and
J is the air to liquid volume ratio [dimensionless].

The droplet diameter after atomization depends on the phys-
icochemical properties of the liquid (density, surface tension,

Table 2. Results of the Study, Range of Yield Values*

CCFD Unit Production Spray Gun Laboratory Spray Gun

Spray width cm 11.0-24.0 7.00-30.0
Spray height cm 4.0-10.0 3.0-8.0
MVD center µm 15.9-55.3 12.8-33.1
MVD rim µm 15.5-93.5 12.2-72.1
v50% center m/s 9.8-31.7 13.3-35.0
v50% rim m/s 1.3-6.6 0.7-3.6
Spray density center cm³/cm²/s 0.016-0.100 0.0180-0.076
Spray density rim cm³/cm²/s 0.0007-0.0275 0.000 23-0.0285
sMVD µm 0.4-19.3 0.5-18.8
sv50% m/s 3.2-11.9 4.6-15.9
Standard deviation spray density cm³/cm²/s 0.005 89-0.039 80 0.007 10-0.062 22

*CCFD indicates central composite face-centered design; MVD, median volume diameter; v50%, median droplet velocity; sMVD, standard deviation of
the MVD; and sv50% , standard deviation of the median droplet velocity.

ð4Þ
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and viscosity), the velocity of the air relative to the liquid at
the atomization nozzle exit, and the air flow to liquid volume
ratio. The higher the ratio is, the smaller the diameter of the
droplets.

The droplet size at the spray center was significantly in-
fluenced by all main variables (Table 3). Both spray guns
resulted in large linear and quadratic coefficients for the
viscosity. A higher viscosity led to larger droplets for both
spray guns, whereas the coefficient for the production spray
gun was higher than the laboratory spray gun at the spray
center (Table 3). The absolute higher distance interval for
the production spray gun might be the reason because a
higher gun to bed distance intensified the influence of the
viscosity on the droplet size, which could be seen from the
interaction viscosity to distance (Table 3). The influence of
the atomization air on the droplet size was different for
both spray guns as already discussed.

In addition, the droplet size at the spray center increased
with increasing distance and spray rate. These results co-
incided with the results reported in literature.2 With in-
creasing distance, the droplet size increased because of the
collision and coalescence.

The droplet size at the spray rim was clearly bigger than in
the spray center (Figure 7A and B). The change in droplet
size at the spray rim was obviously more influenced by the
variables than in the spray center. An increase in viscosity

and spray rate led also to an increase in the droplet size, as
the magnitude of the coefficient was twice as high for both
spray guns at the spray rim compared with the spray center.
As expected, a higher atomization air pressure resulted in
a reduction in droplet size, and the influence of the atomi-
zation air on the laboratory spray gun was clearly higher than
at the spray center. The bigger droplet size (up to 72 µm)
might be the reason for the influence of atomization air on
the droplet size of the laboratory spray gun at the spray rim.
These bigger droplets disintegrated easier with increasing
atomization air than the small droplets (maximum 33 µm) in
the spray center.

An influence of the distance on the droplet size at the spray
rim was not observed for both spray guns. The MVD at the
spray rim was independent of the gun-to-bed distance, and
the absolute value of the coefficient for the gun to bed dis-
tance at the spray center was low (less than 2 µm). Hence,
it could be assumed that the factor gun to bed distance
was negligible for the scale-up of the droplet size for both
spray guns. Therefore the droplet size should be scaled up
by adjusting the atomization air and considering the spray
rate.

However, the droplet velocity and spray density were af-
fected by the distance that is described in the following sec-
tions. Surface plots for the influence of viscosity and distance
on the MVD at the spray center are shown in Figure 8.

Table 4. Settings for the Air Pressure, the Corresponding Air Flow, and the Ratio of the Air Flow*

Production Spray Gun Laboratory Spray Gun

CCFD AA PA AA/PA AA PA AA/PA

Levels Bar Nm3/h Bar Nm3/h Bar Nm3/h Bar Nm3/h

–1 1.0 7.8 1.0 4.7 1.7 1.0 3.1 1.5 3.6 0.9
0 2.0 12.0 2.0 7.1 1.7 1.75 4.3 2.0 4.3 1.0

+1 3.0 16.0 3.0 9.3 1.7 2.5 5.3 2.8 5.3 1.0

*CCFD indicates central composite face-centered design; AA, atomization air and PA, pattern air.

Table 5. Calculated Air-to-Liquid Mass Ratios for Laboratory and Production CCFD*

Laboratory CCFD Production CCFD

Atomization Air Bar 1.00 1.75 2.50 1.00 2.00 3.00
Nm3/h 3.1 4.3 5.3 7.8 12.0 16.0

Spray Rate (g/min) Air-to-Liquid Mass Ratio

10 6.2 8.6 10.6 — — —
30 2.1 2.9 3.5 — — —
50 1.2 1.7 2.1 3.1 4.8 6.4

100 — — — 1.6 2.4 3.2
150 — — — 1.0 1.6 2.1

*CCFD indicates central composite face-centered design.

AAPS PharmSciTech 2007; 8 (1) Article 3 (http://www.aapspharmscitech.org).

E7



Homogeneity of Droplet Size Within the Spray

For a good coat quality it is necessary that the droplets are
all of a consistent size or have a small size range. The stan-
dard deviation from all measurement points of the MVD
across the spray is an indicator for the uniformity of the
droplet size within the spray. An increase in viscosity and
spray rate led to a higher standard deviation ofMVD for both
spray guns (Table 3). Both spray guns are in good agree-
ment with respect to these parameters. The standard devia-
tion decreased with increasing atomization air.

Droplet Velocity

The median of the velocity distribution was used to evalu-
ate the droplet velocity. The droplet velocities were nor-
mally distributed at the spray center. The main trajectory of
the droplets at the spray center was in y-direction (Figure 2).
In contrast, the trajectory of the droplets at the spray rim was
in y- and x-direction. In this study, the PDPA only measured
the velocity along the y-axis that led to a slightly lower
measured absolute velocity at the spray rim, as the correct

Figure 6. Response surface plots for median volume diameter at
the spray center (viscosity = 88 mPa•s, distance = 15 cm). (A)
Production spray gun (B) Laboratory spray gun. MVD indicates
median volume diameter.

Figure 7. Response surface plots for median volume diameter at
the spray rim (viscosity = 88 mPa•s, distance = 15 cm). (A)
production spray gun (B) laboratory spray gun. MVD indicates
median volume diameter.
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velocity was calculated from the vector of the x-velocity
and y-velocity components. Negative velocities due to turbu-
lences were observed at the spray rim. These droplets passed
through the laser beam twice. Thus, droplets with a negative
velocity were eliminated from the evaluation.

The coefficients from the CCFDs for the droplet velocity at
the spray center and spray rim are listed in Table 3. The
atomization air and the gun to bed distance were the main
parameters that influenced the droplet velocity. The drop-
let velocity increased with increasing atomization air for
both spray guns, whereas the coefficient for the atomization
air for the production spray gun was higher because of the
larger factor space in the CCFD of the production spray gun.

The droplet velocities were in similar ranges for same atomi-
zation air pressures and gun to bed distances for both spray
guns (Figure 9). The average droplet velocity drops rapidly
after leaving the spray gun, which is illustrated in the surface
plots. The droplet velocity at the spray rim was significantly
influenced by the atomization air and the gun-to-tablet bed
distance for both spray guns; however, the magnitudes of the
coefficients were clearly lower at the spray rim (Table 3).

The influence of the atomization air on the coat quality was
investigated by Twitchell.14The film coat roughness was
determined in this study depending on the atomization air.
The film coat roughness decreased with increasing atomi-
zation air pressure, whereby the droplets possessing greater

Figure 8. Response surface plots for the median volume
diameter at the spray center. (A) Production spray gun with AA
2.0 bar, PA 2.0 bar, and SprR 100 g/min; (B) Laboratory spray
gun with AA 1.75 bar, PA 2.0 bar, and SprR 30 g/min. MVD
indicates median volume diameter.

Figure 9. Response surface plots for the droplet median velocity
v50% at the spray center, viscosity 88 mPa•s. (A) Production spray
gun, SprR 100 g/min; (B) Laboratory spray gun, SprR 30 g/min.
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momentum when they impinge on the substrate result in an
enhanced droplet spreading that leads to a smoother coat.

The change in viscosity did not influence the droplet ve-
locity at the spray center of the production spray gun and
led to a very low increase of droplet velocity of the labora-
tory spray gun. An increase in the spray rate led to a small
(~1 m/s) decrease in droplet velocity in the center (Table 3).

The gun to bed distance should be used to scale up the drop-
let velocity and can be set according to the statistical mod-
els derived in the present study. A scale-up of the spray rate
and the gun to bed distance should be also performed with
respect to the total spray area, which determines the number
of passes of tablets through the spray zone and the amount
of coating solution that is applied per pass.15

Homogeneity of Droplet Velocity in the Spray

The droplet velocity at the spray rim was definitely lower,
because the droplets were decelerated more effectively at
the spray rim. The velocity difference between the center
and the spray rim can be 33 m/s. These differences can re-
duce the coating quality because the droplets impinge at
different speeds on the tablet surface. Hence, it is desirable
to choose the settings that minimize the differences in ve-
locity by an acceptable droplet velocity at the spray center
(Figure 4). If the atomization air was increased, the varia-
tion of the droplet velocity within the spray also increased
(Table 3). With increasing distance from the spray gun, the
velocity was slower (Figure 9). This effect led to a compen-
sation of the droplet velocity at the spray center with the
droplets at the spray rim and, consequently, decreased the
standard deviation of the droplet velocity within the spray.
In addition, a change in viscosity did not affect the varia-
tion in droplet velocity within the spray for both spray guns.
The absolute standard deviation of the median velocity of
the production spray gun was slightly lower due to the ab-
solute higher distance.

Spray Width and Height of the Spray Zone

The width of the spray zone was significantly influenced by
all main factors for both spray guns (Table 3). Increasing the
viscosity, distance, and the spray rate led to a higher spray
width for both spray guns. At higher viscosity and spray
rate, the droplet size increased. These bigger droplets have
a higher working surface for the air. Thus, the flat spray
could be wider and the spray angle increased.

In contrast, increasing the atomization air led to a smaller
spray width. The lower coefficient for the gun to bed dis-
tance for the laboratory spray gun was due to the smaller
factor space (5 vs 10 cm) in the laboratory scale design. The
spray width of the production spray gun was less influenced

by the spray rate compared with the spray width of the labo-
ratory spray gun. Furthermore, an interaction between the
viscosity and the atomization air for both spray guns could
be observed. If the atomization air was on the low level, the
spray width was more affected by the viscosity.

The spray height was significantly influenced by the gun to
bed distance for both spray guns. A distance increase led to a
higher spray height for the production spray gun (15-25 cm)
of ~2 cm (Table 3) and for the laboratory spray gun (10-
15 cm) of 1 cm. An increase in spray height results in a higher
surface time per pass (ie, the time that tablets spend per pass
in the spray zone).16

Spray Density

The spray rate was the main factor influencing the spray
density in the center and rim of both spray guns. The spray

Figure 10. Response surface plots for the spray density of the
spray density in the center, viscosity 88 mPa•s. (A) Production
spray gun for atomization air (AA), 2.0 bar; (B) Laboratory spray
gun for AA 1.75 bar.
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density increased with increasing spray rate in center and rim
and decreased with increasing distance as a consequence of
the expansion of the spray. A decrease in spray density with
increasing distance for both spray guns at the spray rim
could not be observed. The change of the gun to bed distance
had more influence on the spray density in the center of the
production spray gun than the laboratory spray gun (Table 3)
because of the absolute higher distance setting for the
production spray gun. Furthermore, a quadratic influence of
the viscosity was found for both spray guns.

Figure 10 shows the surface plot of the spray density. A
negligible difference in the absolute spray density range was
observed between the compared spray guns (Table 2). The
spray density of the production spray gun was slightly higher
because of the absolute higher spray rates. The parameters
that affected the homogeneity of the spray density are listed
in Table 3. The same parameters affected the spray density
as well as the distribution within the spray. The gun to bed
distance should be increased and the spray rate decreased in
order to achieve an even spray density across the full spray.

CONCLUSIONS

The droplet size and velocity are the basic parameters and
should be transferred in a narrow range from laboratory
spray gun to production spray gun. The gun to bed distance
has a low influence on the droplet size, and the droplet size
should be therefore scaled up by adjusting the atomization
air and considering the spray rate. The gun to bed distance
should be used to scale up the droplet velocity in order to
achieve the same droplet velocity in the production scale.
The proposed scale-up approaches can certainly be used among
similar laboratory and production 2 component nozzles of
other suppliers.
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