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In comparison to the established twin-screw machines, the application of a planetary roller granulator
for continuous operation of melt granulation is a promising alternative based on the unique process
concept. An initial study focused on the material transport during processing as a key driver for the
overall performance. Hereby, the impact of direct process parameters on the residence time distribution
was the main objective.

These investigations are complemented in this study by considering the free processing volume, which
is defined by the number of planetary spindles applied within a module. The impact on the processing
conditions is evaluated with respect to the process setting in terms of feed rate and rotation speed.

The results highlight the potential of altering the underlying transport function in planetary roller melt
granulation (PRMG) via the investigated direct process and equipment parameters. The impact of the
feed rate is lower in comparison, while a higher rotation speed as well as a higher free processing volume
promote material mixing. Moreover, a normalization of the determined residence time distribution
(RTD) model data was feasible with respect to the process settings and the number of applied planetary
spindles in the processing zone. This demonstrates the key role of the free processing volume in the
fundamental mechanisms of material transport and mixing during PRMG.

© 2024 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Granulation is a central unit operation of powder processing,
which is usually applied to improve the bulk properties with
respect to handling (Serno, Kleinebudde, & Knop, 2007). Here, two
major trends of current research are the establishment of tech-
nologies for continuous manufacturing as well as for melt granu-
lation. In the first case, this paradigm shift of production especially
in the pharmaceutical industry aims for a reduction of the product
quality fluctuations (Kleinebudde, Khinast, & Rantanen, 2017). In
the second case, a main driver is a solvent-free processing, which
e.g. enables the handling of materials prawn to hydrolytic effects
(Weatherley, Mu, Thompson, Sheskey,& O'Donnell, 2013). Lately, in
addition to the standard co-rotating twin-screw systems for
continuous melt granulation (Forster, Dippold, & Chiang, 2021;
Pradhan et al., 2022; Sekyi, Kelly, & Rahmanian, 2023; van de
Steene et al., 2023b), the use of a planetary roller granulator has
artsch).
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been introduced (Nesges, Lang, Birr, Thommes, & Bartsch, 2023) as
a promising alternative. The characteristics of this method refer to
the unique process concept based on the orbital motion of plane-
tary spindles in a static roller cylinder driven by a rotating central
spindle. At the same time, the inner and outer limit of the process
zone are heated independently of each other (Fig. 1). For an initial
study, the spindle number was kept constant in order to focus on
the impact of direct process parameters on the material transport
and mixing (Lang, Bramb€ock, Thommes, & Bartsch, 2023). Hereby,
the residence time distribution (RTD) served as basis for the
experimental characterization and was complemented by the
application of a corresponding model.

This approach fits a trend of the last decade as the RTD has been
a central element of research focus for various processes in powder
technology including blending (Gyürk�es et al., 2020; Razavi et al.,
2023; Tian et al., 2022), extrusion (Ellwanger, Pernice, Karbstein,
& Emin, 2023; Gottschalk et al., 2022; Wesholowski, Podhaisky, &
Thommes, 2019), granulation (Plath, Korte, Sivanesapillai, &
Weinhart, 2021; Tomita, Takeuchi, Natsuyama, & Takeuchi, 2021),
tableting (Forgber et al., 2022; Peterwitz, Gerling, & Schembecker,
hinese Academy of Sciences. Published by Elsevier B.V. This is an open access article
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Nomenclature

Afree Free area of the planetary roller processing cross
section, m2

ARC Inner cross-sectional area of the roller cylinder, m2

c0 Signal strength of initial tracer concentration, * (unit
dependent on measurement method)

dCS Diameter of central spindle, mm
dPS Diameter of planetary spindle, mm
dRC Diameter of roller cylinder, mm
E Residence time density function, s�1

F Cumulative residence time function
fs Correction factor regarding contacted surface per

spindle rotation
hcs Pitch of central spindle, mm
k0 Scaling parameter, s�1

lcs Length of central spindle, mm
_m Feed rate of material pre-mix, kg h�1

n Rotation speed of central spindle, min�1

NPS Number of planetary spindles in a module
SFL Specific feed load
t Time, s
t50 Median of residence time distribution, s
t Mean residence time, s
tdead Process dead time, s
t*dead Dimensionless process dead time
t*dead;norm:

Normalized, dimensionless process dead time
tmix Process mixing time, s
t*mix Dimensionless mixing time
t*mix;norm: Normalized, dimensionless mixing time
rbulk Untapped bulk density of material pre-mix, kg m�3

s Transport function width, s
s* Dimensionless width of transport function
s*norm: Normalized, dimensionless width of transport

function
t Hydrodynamic mean residence time, s

Fig. 1. Schematic cross-sectional area of the planetary roller granulator for a minimum (left) and maximum (right) number of planetary spindles within a module for the lab-scale
machine size. Adapted and expanded from (Lang et al., 2023).
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2022; Puckhaber, Eichler, Kwade,& Finke, 2020) and coating (Rosas
et al., 2023; Sibanc, Turk, & Dreu, 2018). In this context, the resi-
dence time distribution is a measure to reflect the dynamics of a
single process unit or a whole process line (Karttunen et al., 2019;
Pauli, Kleinebudde, & Krumme, 2020) and consequently a suitable
design tool for the continuous manufacturing (Bhalode et al., 2021;
ICH, 2023; Karttunen et al., 2019).

With respect to process design, the characteristic parameters of
the residence time distribution offer manifold information on the
process itself, e.g. the available time for solution of a drug in a
molten matrix carrier for the production of an amorphous solid
dispersion (Van Renterghem et al., 2017; Winck, Daalmann,
Berghaus, & Thommes, 2022) or the maximum thermal stress
applied to the material with respect to degradation effects
(Aldhafeeri, Alotaibi, & Barry, 2022; Liu & Zhang, 2023; Yaghini &
den Doelder, 2023). Of course, the physical interpretation of the
RTD characteristics depends on the connected process. For melt
granulation, the relevance of the RTD refers to the fundamental rate
processes of granulation (van de Steene et al., 2023a). These were
elaborated by Iveson et al. (Iveson, Litster, Hapgood,& Ennis, 2001).
The phase of nucleation and growth depends on the contacting of
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the molten binder with the material that shall be granulated.
Hereby, the on-set of the RTD as the first detected tracer signal is
crucial representing the minimal available time for melting and/or
distributing the binder. The phase of agglomeration and attrition
depends on the interaction of particles. Therefore, the mixing
extent symbolized by the width of the RTD is a controlling factor in
this respect. At the same time, the attrition and breakage of granules
during processing relies on the applied mechanical stress and the
duration of this. Therefore, the maximum hereby is reflected by the
off-set of the residence time.

The aim of this study is to expand the approach of the previous
one (Lang et al., 2023) on characterizing the processing conditions
during planetary roller melt granulation (PRMG). Hereby, the main
objective is the impact on the residence time by the variation of the
planetary spindle number within the processing section. This
aspect of the module configuration next to the spindle type defines
directly the free processing volume and thereby the material
transport and mixing mechanisms with respect to the general
process concept. These aspects are reflected by a RTDmodel, which
is fit to the experimental data, and the corresponding characteristic
parameters.
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2. Materials and methods

2.1. Planetary roller melt granulation

For the melt granulation experiments, a model compound
(Lactose monohydrate, Lactose 310, Foremost Farms USA, Baraboo,
USA) at 90 wt% and a meltable binder (Hydroxypropylcellulose,
Klucel EXF Pharm, Ashland Inc., Covington, USA) at 10 wt% was
blended a priori (RRM ELTE 650, J. Engelsmann AG, Lugwigshafen,
Germany) and then fed with a gravimetric system (DDW-M-DS(R)
28, Brabender GmbH & Co. KG, Duisburg, Germany) into a lab-scale
planetary roller granulator (PWE 30, Entex Rust &Mitschke GmbH,
Bochum, Germany). The processing sectionwas build-up of a single
module with an effective length of 222 mm. The corresponding
diameter of the mechanical parts were 35.4 mm for the roller cyl-
inder, 17.7 mm for the central spindle and 8.8 mm for the planetary
spindles. At the end, the granular product was discharged virtually
pressure-free through an open orifice. During processing, the
temperature for both heating systems was constantly set to 150 �C.
A schematic of the set-up is given in (Lang et al., 2023).

2.2. Experimental design space

Main experimental focus was the variation of the free process-
ing volume. Therefore, the planetary spindle number in the module
was altered. The minimum was three due to mechanical stability
with a free cross-sectional area of 553 mm2 and the maximumwas
seven for the lab-scale granulator with a free cross-sectional area of
308 mm2 (Fig. 1). A number of five planetary spindles was also
applied as mean value in-between with a free cross-sectional area
of 430 mm2. However, in all cases the module was only equipped
with the standard spindle type (SSP).

For the residence time determination, an experimental design
space valid for all three investigated configurations was defined
according to Nesges et al. (2023). The directly varied process pa-
rameters included the feed rate ( _m) in the range of 0.3e1.2 kg h�1

and the rotation speed (n) from 60 to 240 min�1. Each on four
equidistant levels. Only exception is the combination of lowest
rotation speed and highest feed rate for the maximum spindle
number, which could not be executed due to themotor torque limit.
The process parameters variations are condensed in the specific
feed load (SFL) as a surrogate (Eq. (1)).

SFL¼ _m
n rbulk hcs Afree

(1)

This indirect measure adapted from twin-screw processes
(Kohlgrüber, 2016; Wesholowski, Hoppe, Nickel, Muehlenfeld, &
Thommes, 2019) to PRMG (Lang et al., 2023) symbolizes the
generated mass flow per one revolution of the central spindle in
comparison to the feed rate. Therefore, the SFL considers also the
bulk density (rbulk), the free cross-sectional area (Afree) for a module
configuration and the pitch length of the central spindle (hcs),
which equals the diameter of the central spindle due to the 45�

toothing of the mechanical parts.

2.3. Characterization of the residence time

In general, the residence time distribution is a probability
function describing the exit time (t) of a single integrity after
entering a process represented by the density function (E) or the
cumulative time function (F). Both are mathematically linked, as
one is the integral of the other with a limit value of 1 (Eq. (2)).
Characteristic parameters are themedian (t50) of the distribution or
the mean residence time (t) as the first momentum of the residence
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time density function (Eq. (3) and (4)). Both parameters are equal
for the special case of a normal distribution, but differ for any other
type.

F ðt/∞Þ¼
ðt/∞

0
EðtÞdt¼1 (2)

ðt50
0

EðtÞdt¼0:5 (3)

t¼
ðt/∞

0
EðtÞ tdt (4)

The residence time density distribution for the different direct
process parameter sets and module configurations was experi-
mentally determined with pulse-signal experiments. Hereby, E104
or Ponceau 4R (ExtruVis, MeltPrep GmbH, Graz, Austria) was used
as marker at a ratio of 20.83 s�1 with respect to the feed rate. The
response signal was measured at the material discharge via an on-
line camera system (ExtruVis, MeltPrep GmbH, Graz, Austria). The
suitability of this method has already been demonstrated for PRMG
(Lang et al., 2023) and other processes (Forster, Dippold, Haser,
Emanuele, & Meier, 2023; Wilms & Kleinebudde, 2021). Based on
the experimental data, the RTD is further evaluated via the Two-
Compartment-model (Reitz, Podhaisky, Ely, & Thommes, 2013).
This model comprehends a process as the superimposition of an
axial transport with ideal mixing in a continuous stirred tank
reactor. The first function is represented by the dead time (tds) and
the distributionwidth (s), while the mixing time (tmix) refers to the
second function (Eq. (5)). In addition, the model considers a scaling
parameter (k0), while the integral function is represented by initial
signal intensity (c0). This parameter should equal 1, when the fitted
data sets are pre-treated and normalized to derive the density
distribution. When a concentration function is represented, c0 re-
fers to the initial marker signal applied.

EðtÞ¼ k0
c0

0:5 e0:5 tmix
�2s2�tmix

�1ðt�tdsÞ erfc
�
tmix

�1s2 � ðt � tdsÞffiffiffi
2

p
s

�

(5)

For PRMG, a correlation to the SFL for the dimensionless form of
these characteristic model parameters considering the rotation
speed (Eq. (6), (7) and (8)) has been identified, which follows a
Power-approach (Lang et al., 2023).

t*ds ¼ tds n (6)

s*¼ s n (7)

t*mix ¼ tmix n (8)
3. Results and discussion

3.1. Impact on general transport function of PRMG

Suitable indicators for the process parameter effect on the
residence time are the median of the distribution (t50) or the mean
residence time (t) (Table 1). For the executed experimental in-
vestigations, the impact of the parameter variations is the same for
both. This is expected with respect to their mathematical definition
(Eq. (3) and (4)). Hereby, the values of t are shifted to larger values
due to the general positive skewness of the RTD profile for screw



Table 1
Overview on specific feed load, determined median of the residence time distribution and mean residence time at each set point in dependency of the module configuration.
Parameter set marked with * could not be executed experimentally due to a restriction of the motor torque.

_mset (kg h�1) nset (min�1) SFL ð� Þ t50 ðsÞ t ðsÞ
3 SSP 5 SSP 7 SSP 3 SSP 5 SSP 7 SSP 3 SSP 5 SSP 7 SSP

0.3 60 0,0047 0,0061 0,0081 255 331 284 283 367 298
0.3 120 0,0024 0,0030 0,0042 254 282 241 289 329 263
0.3 180 0,0016 0,0020 0,0028 215 285 222 241 323 245
0.3 240 0,0012 0,0015 0,0021 185 266 192 218 296 214
0.6 60 0,0093 0,0118 0,0166 169 194 167 191 218 186
0.6 120 0,0047 0,0060 0,0083 134 174 153 163 203 175
0.6 180 0,0031 0,0040 0,0055 131 143 136 161 168 150
0.6 240 0,0023 0,0030 0,0042 125 140 137 155 163 152
0.9 60 0,0141 0,0180 0,0233 135 132 120 157 156 133
0.9 120 0,0069 0,0090 0,0126 113 117 115 135 141 128
0.9 180 0,0047 0,0061 0,0084 102 118 105 128 141 116
0.9 240 0,0035 0,0045 0,0063 104 106 111 131 128 125
1.2 60 0,0180 0,0239 * 125 127 * 146 149 0
1.2 120 0,0093 0,0119 0,0165 98 115 91 122 138 103
1.2 180 0,0062 0,0082 0,0110 90 100 85 114 122 92
1.2 240 0,0046 0,0060 0,0083 91 92 89 121 109 102
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machines (Wesholowski, Podhaisky, & Thommes, 2019). For a
constant module configuration, an increase of the feed rate ( _m)
respectively of the rotation speed (n) result in a shift of the RTD to
shorter exit times. This is in agreement to the findings presented in
(Lang et al., 2023) for PRMG. The shift of the residence time in these
cases has been addressed to a change of the fill level. For higher
throughputs at a constant rotation speed, the fill level increases, but
proportionally lower. Therefore, the mean transport velocity in-
creases. For higher rotation speeds at a constant feed rate, the
applied shear energy increases leading to a reduction of the accu-
mulated material in the granulator and consequently of the trans-
portation time.

In comparison, the effect of the free process volume is not as
clear and has to be evaluated in more detail. The highest residence
times are typically connected to the medium level of planetary
spindles, while the assignment of the lowest residence times varies
from the lowest number of planetary spindles (0.3, 0.6, 0.9 kg h�1)
to the highest number of planetary spindles for the highest feed
rate applied. This varying effect of the free process volume indicates
an alteration of the residence time distribution in more than one
way, which is illustrated by the determined RTDs for a represen-
tative parameter set (Fig. 2).

A reduction of the free process volume by a shift from three
(green) to five (orange) planetary spindles leads to a shift to higher
exit times, while the profile itself seems to remain rather un-
changed with respect to the peak height and relative width. In
Fig. 2. Determined residence time distribution for a number of three (green), five
(orange) and seven (blue) planetary spindles within the module at a representative
process parameter set within the experimental design space (Table 1). Symbols
represent experimental data; lines represent fitted Two-Compartment-model.
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contrast, a further reduction of the free process volume by seven
(blue) planetary spindles results in a narrower RTD symbolized by a
higher peak. At the same time, the on-set is not affected and the off-
set appears earlier in time. Consequently, the median is located at
shorter exit times (Table 1). Overall, the free process volume in-
fluences the transportation function and for a reduction the results
indicate hereby a shift towards plug flow.

However, in all cases the experimental data (symbols) are rep-
resented sufficiently by the Two-Compartment model. Therefore, a
further evaluation of the fitted data is suitable to substantiate the
insights on the process volume impact on the RTD. A sufficient
approach in this context is to utilize the normalized residence time
density function (E t), since here the time domain is relativized by

the mean residence time (W ¼ t t�1). This data transformation is
considered in reverse for the probability values as well. Thereby, a
scaling of the density distribution by the time is faded out, which
allows a comparison of the fundamental residence time profile
respectively transportation function (Fig. 3).

The residence time profiles at each constant rotation speed are
ordered in classes according to the free process volume represented
by the colors for the different feed rates. This implies a minor
impact of the varied feed rate on the transportation characteristic in
comparison to the other investigated factors. Hereby, an increase of
the screw speed leads in general to wider normalized RTDs. This
can be addressed to the higher applied shear energy and number of
mixing events. Thereby, the group for seven planetary spindles
(blue) is always connected to the narrowest distributions with the
highest peak. In contrast, the other two groups overlap and
represent awider distributionwith a lower peak. Consequently, the
minimization of the free process volume must have an influence on
the fundamental transportation mechanisms of PRMG in order to
lead to a shift of the resulting transportation function. A detailed
analysis of this correlation is feasible via the evaluation of the
characteristic parameters of the fitted RTD-model.
3.2. Impact on axial transport during PRMG

According to the applied Two-Compartment-model for the RTD
data representation, the axial material transport is symbolized by
the dead time respectively the width (Table 2).

In general, the dimensionless duration of axial transport (Fig. 4,
top) and the corresponding width (Fig. 4, bottom) follow an
exponential decay for larger feed loads at a constant module



Fig. 3. Normalized residence time density distribution for the fitted Two-Compartment model to the experimental data sets. Colors encode for three (green), five (orange) and
seven (blue) planetary spindles within the module, color saturation for the feed rate and line type for the rotation speed within the experimental design space (Table 1).

Table 2
Overview on determined characteristic parameters for the fit of the Two-Compartment-model to the experimental data for each set point in dependency of the module
configuration. Parameter set marked with * could not be executed experimentally due to a restriction of the motor torque.

_mset (kg h�1) nset (min�1) tDS ðsÞ s ðsÞ tmix ðsÞ
3 SSP 5 SSP 7 SSP 3 SSP 5 SSP 7 SSP 3 SSP 5 SSP 7 SSP

0.3 60 136 206 213 62.1 56.9 56.4 157 172 95.8
0.3 120 95.7 168 168 42.0 42.6 47.8 249 159 91.5
0.3 180 104 171 145 59.0 47.3 40.6 143 155 102
0.3 240 100 169 130 33.3 51.3 40.9 118 127 78.4
0.6 60 94.7 126 118 36.9 34.0 26.1 97.5 88.5 61.7
0.6 120 64.6 102 101 25.9 26.0 21.7 96.6 100 69.9
0.6 180 55.3 73.9 90.8 20.7 23.9 23.9 108 93.0 58.4
0.6 240 50.7 80.9 84.3 17.3 25.2 22.3 108 79.6 69.5
0.9 60 72.8 69.9 81.7 29.6 19.8 21.6 82.6 86.7 49.7
0.9 120 56.2 60.0 75.2 23.1 17.3 19.1 75.7 79.7 53.4
0.9 180 42.6 58.1 68.3 15.7 19.9 18.7 83.8 82.7 47.0
0.9 240 42.7 53.6 64.0 16.0 19.1 16.9 87.7 72.3 62.6
1.2 60 65.3 68.8 * 24.2 24.5 * 82.0 77.7 *
1.2 120 44.1 58.6 60.7 15.0 18.9 16.8 75.9 77.3 40.0
1.2 180 37.1 45.7 58.0 14.0 14.1 17.2 75.9 75.7 34.6
1.2 240 32.5 45.0 53.4 11.1 14.8 17.9 86.0 63.4 47.7
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configuration. This is in agreement with a previous study, where
the fill level inside the machine was identified as origin for the
described correlation balancing the applied shear force to the
material and the transport resistance based on thematerial velocity
(Lang et al., 2023). Therefore, an increase of the feed rate at a
constant rotation speed results in an enhanced transportation ve-
locity as the corresponding increase of the fill level is proportionally
lower. Consequently, tds and s (Table 2) as well as t*DS and s* (Fig. 4)
are reduced. At the same time, a decrease of the rotation speed at a
constant feed rate results in a proportionally lower increase of the
fill level. Therefore, tds and s increase as the transport velocity is
lower, while t*DS and s* decrease due to the consideration of the
rotation speed within the dimensionless form of these parameters.

In addition, an increase of the applied planetary spindles per
module leads for constant direct process parameters to a longer
lasting axial transport of the material during processing (Table 2)
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and therefore higher values for the dimensionless parameters at a
constant feed load in comparison (Fig. 4, top). This is counter-
intuitive in the first moment as the reduction of the free process
volume and the enhanced number of shearing events should
overall lead to a higher transport velocity. The first aspect is re-
flected per definition in the SFL, while the second aspect is not
addressed so far. Here, a suitable surrogate is the created contact
surface (Scontact) by the rotation of the planetary spindles. This
needs to be related to the overall inner surface (Sinner) within the
processing section for an overarching approach with respect to the
machine size (Eq. (9)).

fS ¼
p dPS lCS NPS

p ðdRC þ dCSÞ lCS
(9)



Fig. 4. Dimensionless dead time (top) and width (bottom) of the fitted Two-
Compartment model to the experimental data sets. Colors encode for three (green),
five (orange) and seven (blue) planetary spindles within the module, color saturation
for the feed rate and symbol type for the rotation speed within the experimental
design space (Table 1).

Fig. 5. Normalized, dimensionless dead time (top) and width (bottom) of the fitted
Two-Compartment model to the experimental data sets. Colors encode for three
(green), five (orange) and seven (blue) planetary spindles within the module, color
saturation for the feed rate and symbol type for the rotation speed within the
experimental design space (Table 1).
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t*ds;norm: ¼
t*ds
fS

(10)

s*norm: ¼
s*

fS
(11)

The correction factor (fS) for the contact surface depends on the
number (NPS) and diameter (dPS) of these in comparison to the
diameter of the roller cylinder (dRC) and the central spindle (dCS).
This ratio is constant for the processing section length (lCS) and
applied to normalize the dimensionless parameters (Eqs. (10) and
(11)).

The normalized dimensionless parameters of the Two-
Compartment model related to the axial material transport coin-
cide to a master curve for each case individually (Fig. 5). This in-
dicates a fundamental transport mechanism, which is indeed
related to the contacted surface by the rotation of the planetary
spindle. However, in this context the impact of an individual
element must be constant. Otherwise, the variation of the spindle
number could not be balanced by the correction factor. Further-
more, the overall sufficient correlation of the normalized parame-
ters to the SFL following a power approach imply the relevance of
the fill level with respect to the transport mechanism as well.
Thereby, the coefficient of determination are categorized as suffi-
cient with respect to an experimental determination and the
covered design space. The lower value in comparison for the
dimensionless width can be addressed to the setting of on-and off-
set, which is naturally more subject to fluctuations as the location
of the peak location instead.
Fig. 6. Normalized, dimensionless dead time (top) and width (bottom) of the fitted
Two-Compartment model to the experimental data sets. Colors encode for three
(green), five (orange) and seven (blue) planetary spindles within the module, color
saturation for the feed rate and symbol type for the rotation speed within the
experimental design space (Table 1).
3.3. Impact on material mixing during PRMG

According to the applied Two-Compartment-model for the RTD
data representation, the mixing time refers to the blending of the
material during processing (Table 2). In general, the dimensionless
265
mixing duration follows an exponential decay for larger feed loads
at a constant module configuration (Fig. 6). This refers to the
applied shear rate in relation to the fill level inside the apparatus
and is in agreement with previous studies (Lang et al., 2023). For a
constant rotation speed, the increase of the feed rate leads to an
accumulation of material in the granulator (Lang et al., 2023) and
an overall reduction of the median residence time (Table 1). In
combination with a constant shear rate, this results in less mixing
of morematerial. For a constant feed rate, a decrease of the rotation
speed leads to a diminished shear stress applied and an enhanced
fill level. Consequently, more material inside is mixed less.

At the same time, a clear visual deviation between the different
module configurations is hardly feasible as the individual values of
the different configurations overlap. In contrast, the non-
transformed values (Table 2) allow a categorization according to
the applied number of planetary spindles in two groups as only the
values for the lowest free processing volume are significantly lower
(a ¼ 0.01) in comparison to the configuration with the highest free
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processing volume. This is in agreement with the findings con-
cerning the impact on the RTD profile in general and the differen-
tiation of two classes, where the configurations with three and five
planetary spindles form one and seven planetary spindles the other
one.

Consequently, the dimensionless approach has to be com-
plemented in order to normalize the data with respect to the
module configuration. As the mixing time refers to the overall
mixing volume according to the model theory (Reitz et al., 2013),
the applied approach extension (Eq. (12)) considers a surrogate for
the relative fill level (t50 t�1) referring to (Lang et al., 2023) as well
as the free-processing area related to the inner cross-sectional area
of the roller cylinder (ARC). This reflects mathematically the filled-
up material inside relative to the machine size. Here, the theoret-
ical maximum transport time (t) symbolizes an idealized material
transport with no backmixing in a fully filled machine (Eq. (13)).

t*mix;norm: ¼ t*mix

�
t50
t

Afree

ARC

��1

(12)

t¼
�
SFL n

lCS
hCS

��1

(13)

The normalized dimensionless mixing time of the Two-
Compartment model coincide for the different module configura-
tions to a master curve (Fig. 7) with an overall coefficient of
determination beyond 0.95 for the fit to a power approach. This
indicates a fundamental mixing mechanism, which is indeed
related to the material inside the granulator during processing as
well as the rotation of the planetary spindles and the specific feed
load.
4. Conclusion

The variation of the free process volume via the spindle
configuration of the processing section is a suitable tool to modu-
late thematerial transport during planetary roller melt granulation.
The normalization of the fitted residence time functions highlight a
lower impact of the feed rate on the underlying transport function
in comparison to the rotation speed or free processing volume.
Thereby, an increase of the rotation speed leads to a wider resi-
dence time distribution enhancing the material mixing, while a
higher planetary spindle number leads to a characteristic shift to-
wards a narrower residence distribution connected to plug flow.
Furthermore, the results in terms of the experimentally determined
residence times and the applied model are in general in a good
Fig. 7. Normalized, dimensionless mixing time of the fitted Two-Compartment model
to the experimental data sets. Colors encode for three (green), five (orange) and seven
(blue) planetary spindles within the module, color saturation for the feed rate and
symbol type for the rotation speed within the experimental design space (Table 1).
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agreement to the previous investigations. The normalization of the
data concerning the characteristic RTD model parameters demon-
strated the need to differentiate two aspects regarding the funda-
mental transport mechanism. While the axial transport is
apparently connected to the generated contact area, the mixing
extend depends on the actual material inside the granulator.
Hereby, both mechanisms also seem to be directly related to the
rotation speed.
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