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The Eulerian approach is an alternative numerical method to the traditionally
used discreet particle techniques for modeling powder flow, avoiding limitations
on particle number and diameter. The feasibility of an Euler-Euler simulation in a
pharmaceutical application was investigated. In two- and three-dimensional flow
simulations, computational fluid dynamics models and parameters were deter-
mined and verified based on comparison with experiments. Residence time distri-
butions were calculated to show the applicability of the Eulerian model with two
granular phases under the constraint of a continuous setup. Finally, this model
was implemented to improve the process understanding of the powder flow in an
artificial feed frame of a rotary tablet press.
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1 Introduction

Tablets are the most common dosage form for the administra-
tion of active pharmaceutical ingredients (APIs), as they offer
numerous advantages including high patient compliance, ease
of handling, and excellent dosing accuracy [1,2]. To enable
production capacities in excess of one million tablets per hour,
tablets are mainly produced on rotary tablet presses [2]. Most
rotary tablet presses contain a feed frame with rotating paddles
to facilitate the powder flow into the dies [3]. As powder par-
ticles and, hence, the product can be influenced by the resi-
dence time in the feed frame, knowledge of the powder flow as
well as the residence time distribution (RTD) is essential for
tablet manufacturing [3-5]. Here, the ascending slope of the
cumulative density function F”, which gives the total dis-
charged amount of tracer as a function of time [6], character-
izes the mixing behavior of the powder particles.

In the context of pharmaceutical production, the systematic
approach of quality-by-design (QbD) was implemented
according to the guidelines of the International Conference on
Harmonization (ICH) [7]. The goal of the concept is ensuring
and building quality into products throughout the manufactur-
ing process based on the correlation of material, as well as pro-
cess parameters, to the quality of the product [8]. In general, an
in-depth product and process understanding is emphasized for
the implementation of QbD [9]. Different tools to use the QbD
approach are available, such as process analytical technology
and numerical simulations [10].

1)  List of symbols at the end of the paper.
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For gaining insights into the powder flow in a feed frame via
numerical simulation, the most commonly used method is the
discrete element method (DEM) [11-18]. DEM is a Lagrangian
method, which is based on individually tracking each particle
[19]. The application of the Lagrangian method is advanta-
geous for getting detailed particle-scaled information, such as
particle trajectories [14,20]. This numerical method requires a
high degree of computational power, which is dependent on
the number of particles [21]. For simulating powder flows in
pharmaceutical applications, particle sizes were frequently
increased or studies focused only on small domains to reduce
the number of particles and, thereby, the computational effort
[13,15,22]. However, altering the particle characteristics could
potentially influence the result of a numerical simulation,
resulting in a false representation of the actual mechanism.

The Eulerian approach is an alternative numerical method
for simulating the powder flow that has been evaluated in liter-
ature [23-26]. Contrary to the Lagrangian method, the solid
phase is treated mathematically as an interpenetrating continu-
um with representative properties. The kinetics and the rheol-
ogy of the particles are modeled by supplementary closure
equations [23,26]. Simulations using the Eulerian model are
not limited by the number of particles, which is the main
advantage of this model. Additionally, the Eulerian approach
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provides better convergence behavior compared to the Lagran-
gian model [23].

The aim of this study is to investigate the feasibility of mod-
eling particulate flow by using the Eulerian approach with
granular phases. The simulation models and parameters are
determined by comparing two-dimensional flow simulations
with experimental data. In a subsequent step, the simulation
setup is transferred and verified on a geometry with increased
complexity. Finally, RTDs in a feed frame are calculated using
the Eulerian approach to increase both time- and cost-efficien-
cy with respect to the Lagrangian model and experiments,
respectively.

2 Materials and Methods
2.1 Materials

The materials used in this study included dicalcium phosphate
anhydrate (DI-CAFOS, DI-CAFOS A150, Chemische Fabrik
Budenheim, Budenheim, Germany), microcrystalline cellulose
(MCC, EMCOCEL 90M, JRS, Rosenberg, Germany), and Eosin
Y (Merck, Darmstadt, Germany). All materials were used as
received. The tracer formulation, consisting of 0.1% (m/m)
EosinY, was blended in a tumbling mixer (T 10B Turbula,
WAB, Muttenz, Switzerland) in batches of 2kg each (32 rpm,
10 min, 10-L mixing bin).

2.2 Computational Methodology

In this work, an Eulerian multiphase model with a granular
phase was employed [25,27,28]. For specifying the particulate
flow, the differential equations for mass and momentum con-
servation, as well as the constitution equations based on the
kinetic theory of granular flows, are solved for each phase.
Exchange coefficients, which are modeled empirically, are used
to calculate the interphase force between the gaseous and the
particulate phase [27]. The models for the granular phase,
which were chosen based on theoretical assumptions, are listed
in Tab. 1.

2.3 Simulation Setup

In the simulation, a gaseous and a granular phase were mod-
eled using the Eulerian approach. The gaseous phase described
the air, and the granular phase consisted of DI-CAFOS or
MCC. The particles were considered monodisperse, ideal
spheres. The simulation properties of the granular phase are
listed in Tab. 2.

Table 1. Simulation models for the granular phase of the Euler-
ian-Eulerian simulation.

Phase properties Simulation model

Drag model Schiller and Naumann [29]
Solids pressure Lun [30]

Collisional viscosity Gidaspow [31]

Kinetic viscosity Lun [30]
Frictional viscosity Schiffer [32]
Bulk viscosity Lun [30]

Frictional pressure Kinetic theory [27]

The angle of internal friction y of the granular phase and the
coefficient of restitution e between the particles were fitted by
comparing the simulation with the corresponding calibration
experiments using the method of least squares. In general, y
had a minor influence on the simulation result. The values
(Tab.2) were in good agreement with the non-compacted and
dynamic condition of the powder bulk. In contrast, the result
of the simulation was affected strongly by the coefficient of res-
titution. An increase in e caused a higher degree of interaction
between the particles, which is in accordance with experimen-
tally determined literature data [33, 34].

Two geometries were used to analyze the applicability of the
Euler-Euler approach, ie., a two-dimensional funnel and a
three-dimensional feed frame with a rotating stir-type agitator.
The size of the geometries equated to the experimental dimen-
sions (Fig.1). Different meshes, which consisted of tetra-
hedrons, were created. Mesh independency was proven for all
geometries.

The outlet of the geometry was defined as a pressure outlet
to enable powder discharge. The inlet was defined as a mass-
flow inlet. A no-slip condition was applied between the granu-
lar material and the wall. For the simulation of the funnel, the
axial symmetry of the geometry enabled the simulation of only
half of the geometry. In the second investigated geometry, a
feed frame, the paddle type-agitator rotated with varying speed.

For the initialization of the computational domains, the par-
ticulate phase was stacked to form a loose bulk with the friction
packing limit of the material. The mass flow rate of the granu-
lar phase at the inlet was set to zero for measuring the time of
powder discharge. In contrast, it was adjusted accordingly to
ensure an equal powder bed height during the continuous sim-
ulation for determining the RTD.

In the commercial software package FLUENT 19.3 (ANSYS,
Inc., Canonsburg, USA), the model equations were solved us-
ing a pressure-based solver with a finite volume method [27].

Table 2. Simulation setup for the granular phase of the Eulerian-Eulerian simulation.

Material ~ Particle diameter d, ~ Density p

Friction packing limit

Packing limit Angle of internal frictiony ~Coefficient of restitution e

(hm] [kgm™] (-] (-] (’] [-]
DI-CAFOS 170 2890 0.2536 0.2779 63 0.54
MCC 130 1500 0.2340 0.2830 75 0.94
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Figure 1. Two-dimensional funnel and three-dimensional feed frame for the

simulation of powder discharge and determination of the RTD.

The pressure-velocity coupling was realized by the SIMPLE-al-
gorithm. For spatial discretization, the first-order upwind
scheme was used. The time-step size was set to 10™*s and 107 s
in the two- and three-dimensional simulations, respectively.
Time-step size independence of the simulations was verified.
The threshold of the residual values was 107°. For lower residu-
al values, convergence was assumed.

24 Experimental Settings

For the selection of the simulation parameters and the verifica-
tion of the simulation results, experiments with the same con-
ditions compared to the simulations were conducted. In com-
parison to the two-dimensional simulation, the powder heights
in the funnels of the experiment were equal to ensure the same
POWder mass (mDI—CAFOS,funnel = 100 g MMCC,funnel = 40 g)
Four different funnels were used. The time for the powder dis-
charge was measured six times. Additionally, the powder outflow
from the feed frame was determined for six rotational speeds of
the stir-type agitator (10, 20, 30, 60, 90, and 120 rpm). The same
initial mass load for the experiments and the simulation was
used (mDI—CAFOS,feedframe = 250 8> MMCC feed frame = 150 g) and
the experiments were conducted six times.

For RTD determination, different powder layers of pure ma-
terial and tracer formulation were stacked in the feed frame in
the initial state. Experiments were conducted with three differ-
ent rotational speeds (10, 30, 90 rpm). During the experiments,
samples were taken every 10s over a period of 2 min. For anal-
ysis, a powder sample (Mpowder = 500 mg) was dissolved in
20mL demineralized water. Solid residuals were removed by
centrifugation (Centrifuge 5418, Eppendorf AG, Hamburg,
Germany). The supernatant was diluted, and the amount of
theophylline was quantified by UV absorption (Biomate 3,
Thermo Fisher Scientific, Waltham, USA) at 272nm. Each
tracer concentration measurement was conducted in triplicate.
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Parameters for the Eulerian
Simulation

For verification of the chosen simulation models
and parameters, both the simulated and measured
time of powder discharge fgischarge from four fun-
nels for DI-CAFOS and MCC are plotted in Fig. 2.
In all cases, the initial powder mass in the simula-
tion and the experiment were equal.

According to Fig.2, an increasing radius of the
funnel outlet led to a shorter powder discharge

top view time. In comparison, a slower powder outflow of
MCC compared to DI-CAFOS, due to the lower
flowability of MCC, was observed. For funnels 1
side view  and 2, tgischarge Of MCC could not be measured,

as the outlet was clogged by the particles. Overall,
the results of the simulation represent the experi-
mentally determined results well, based on a
maximum difference in fgicharge of 7.95% (DI-
CAFOS, funnel2). Consequently, the applicability
of the Eulerian model with a granular phase is reasonable for
the description of the powder behavior. No constraints
regarding particle number and diameter could be detected.
However, a limitation for static powder conditions was
observed: it was not possible to predict the clogging of the
funnel opening for MCC. This might be due to the fact that
the calculation of the frictional pressure was based on the
kinetic theory. This model seems to be suitable for describing
dynamic processes of a granular phase but might underesti-
mate the frictional viscosity and, hence, the solid shear stress
at the maximum packing limit.

[ i | T T T ]
N -
DI-CAFOS MCC T

1 1 | 1 1
funnel 1 funnel 2 funnel 3 funnel 3 funnel 4

time of discharge fcparge [S]
o [=] - - %] i8] w
o w o o o (4] o
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1

Figure 2. Experimentally determined (box plot, filled area be-
tween the 25th and the 75th percentile, whiskers from mini-
mum to maximum, median, n = 6) and simulated (dark grey
hexagon) time of powder discharge tgischarge from funnels with
different outlet radii (ro 1 < ro,4) for DI-CAFOS and MCC.

3.2 Verification of Simulated Powder Flow

The simulation models and parameters were transferred from
the two- to a three-dimensional geometry with a rotating stir-
type agitator to prove the applicability of the Eulerian model.
The results of the mean powder flow 7 from the feed frame for
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both the simulation and the experiment as a function of the ro-
tational speeds of the agitator are presented in Fig. 3.

frame were simulated and compared to experimentally deter-
mined profiles. The distributions were analyzed as a function
of dimensionless time to avoid possible inaccuracies caused by
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T deviations in mass flow between simulation and experiment.
3 ] Measurements were conducted three times for one experimen-
tal setup (DI-CAFOS, 30 rpm). Due to a small standard devia-
tion in the location parameter (2.24 %) and the width of the
8] distribution (2.62 %) between the repeated measurements,
‘ 7 repeatability was assumed for all experiments.

In a discontinuous simulation setup, two granular phases
- (pure material and tracer formulation) were layered in the
geometry. Both granular phases consisted of the same material,

0 20 40 80

rotational speed [rpm]

80

and thus, had the same simulation parameters. The ascending
curve of the simulated and experimentally determined F pro-

100 120

O Experiment (DI-CAFOS)
B Simulation (DI-CAFOS)
A Experiment (MCC)
A Simulation (MCC)

files were comparable, which highlights the feasibility of the
overall approach to predict the mixing behavior of two granu-
lar phases in a steady state by the Eulerian approach. However,

Figure 3. Experimentally determined (mean + s, n = 6) and sim-
ulated mean powder flow m (t = 30s) from a feed frame as func-
tion of rotational speed for DI-CAFOS and MCC.

In general, the mass flow for DI-CAFOS exceeded the mass
flow for MCC due to a higher flowability. Additionally, an
increase in the powder flow was caused by an increasing rota-
tional speed. Rotational speeds of 90 and 120 rpm for the mate-
rial DI-CAFOS were exceptions. For these experimental set-
tings, the particles were affected by high centrifugal forces,
which were generated by the fast agitator. Hence, the particles
were forced towards the wall. Because of the existing dead vol-
ume between the wall and the agitator, the mass flow was
reduced. The effect was only significant for DI-CAFOS as the

flowability of MCC is lower.

Similar to the results of the two-dimensional simulation, the
three-dimensional simulation describes the experimentally

determined powder flow from the
feed frame well (Fig.3), which
demonstrates the applicability of
the Eulerian approach to describe a
particulate phase. For DI-CAFOS
as an example of a free-flowing
material, deviations were observed
for high paddle speeds, since the ef-
fect of the centrifugal forces cannot
be presented adequately in the sim-
ulation. However, the apparent
limitation is not relevant practically
speaking due to the handling of
maximum easy-flowing materials
like MCC or the use of lower rota-
tional speeds.

3.3 Simulation of Residence
Time Distribution
For investigating the feasibility of

the Eulerian model with two gran-
ular phases, the RTDs in the feed

Chem. Eng. Technol. 2022, 45, No. 5, 853-859

the maximum tracer concentration was reached after a short
period. This overestimation of the mixing processes at the
beginning of the simulation cannot be explained physically.
The limitation regarding the onset might be caused by the
empirical basis of the exchange coefficients, which might result
in deviations of the simulation when modeling dense situa-
tions. For a steady-state process, the limitation is neglectable.
To avoid the maximum packing limit in combination with
the total segregation of both granular phases, a continuous sim-
ulation setup was used, in which only the pure material was
layered in the feed frame. The tracer was fed constantly across
the entire inlet in the geometry. The profiles of the tracer
weight fraction Wip,cer at the outlet and F for three rotational
speeds are presented in Fig. 4 (DI-CAFOS) and Fig. 5 (MCC).
For the simulations as well as the experiments, the tracer
fraction increased with increasing time until a maximum tracer
fraction was reached, since the pure material at the outlet was
exchanged by the tracer material. This mixing process was pro-

10 rpm 30 rpm

IR [ E TR

08 - - |- -

90 rpm

0.4 4 F -

02 ~ -8 .

weight fraction wy, .. [-]

ool 1y P TR AP RO B

08 | 4+ 4 F -

cumulative distribution F [-]

05 10 15 20 25 05 10 15 20 25 05 10 15 20 25

dimensionless time © [-] dimensionless time © [-] dimensionless time © [-]

Figure 4. Simulated (sliding average: 2s) and experimentally determined (mean + s, n = 3)
weight fraction of tracer wy,cer and cumulative distribution F as function of dimensionless time
O for a continuous simulation setup and three rotational speeds (material: DI-CAFOS).
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plotted in Fig. 6. The IQR is defined
as the ratio of the difference

Figure 5. Simulated (sliding average: 2s) and experimentally determined (mean + s, n = 3)  between ®;5 and ©,s5 to Os,.

weight fraction of tracer wy,cer and cumulative distribution F as function of dimensionless time
©® for a continuous simulation setup and three rotational speeds (material: MCC).

nounced for the free-flowing material (DI-CAFOS) and higher
rotational speeds. Unity was not reached by F because of the
short measurement period. Furthermore, a strong tailing was
observable in the simulated profiles after four hydrodynamic
residence times, which indicates the rather high mixing capaci-
ty of the feed frame.

Overall, the results of the continuous simulation are in good
agreement with the experimentally determined results. Again,
the consistency is an indicator for the applicability of the Euler-
ian approach to describe the mixing behavior of two granular
phases. For DI-CAFOS, the increasing and decreasing trends in
Wiracer Were caused by the movement of particle clusters, which
was especially relevant for small rotational speeds. The visibil-
ity of the trend was less distinct in the results of the experi-
ments due to the low frequency of the measurement and the
long sampling time. The overestimation of F for low rotational
speeds was a result of the overassessment of the first experi-
mental value. Because of the fast replacement of the powder in
combination with the comparably long sampling time, the on-
set of the experimentally determined profile of F cannot be rep-
resented well, which was a limitation solely related to the ex-
periments. For MCC, the increasing and decreasing trends in
Wiracer Were clearly smaller due to the lower flowability. The de-
viations between simulations and experiments were more dis-
tinct for MCC. Here, the phase properties were even more un-
equal to a continuum compared to DI-CAFOS, based on the
lower flowability. Nevertheless, the results of the simulations
represent the general trends of Wy, as well as F, except the
simulation with the highest rotational speed (90 rpm). In this
experiment, an unexpected low mass flow was observed, which
indicated a clogging of the outlet. The inadequate representa-
tion of this static behavior is in accordance with previous simu-
lations.

As illustrated in Fig.6, ®sy as
well as IQR were nearly constant
with respect to the rotational speed
of the stir-type agitator and, for both parameters, the differ-
ences were insignificant based on a regression analysis
(a = 0.05). Hence, the rotational speed did not influence the
mixing process. This finding is in good agreement with previous
studies, in which the influence of the feed frame paddle speed
was analyzed experimentally [35]. In conclusion, the Eulerian
approach is suitable to describe the powder flow and the mixing
process of two granular phases under given constraints.

3.0 | L L L ] 3.0
T2reee o o @28
H‘n i 7
o 20 | — 20
2 I ]
£ 15| 415
g L 4
g 10 o 410

L O O 0_

05 OGO - 05

ool 1 vt v 11 dgy

0O 20 40 60 80 100 120
rotational speed [rpm]

Figure 6. Mean dimensionless time ®s, (black hexagon) and
IQR (grey circle) of the simulated RTDs as a function of the rota-
tional speed (material: DI-CAFOS).

4  Conclusion

Within this study, the feasibility of the Eulerian approach,
which is an alternative numerical method for describing the
powder flow, was demonstrated. In two- and three-dimensional
simulations, the behavior of a granular phase was verified by
comparison with an experimentally determined powder flow.
Using the Eulerian model, no limitations regarding particle size
or number were detected. However, the simulation was limited
to dynamic conditions, as the effect of clogging cannot be mod-
eled well due to the chosen simulation models.
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The feasibility of determining the RTDs in a feed frame by
the application of the Eulerian approach was revealed consider-
ing particular constraints. The combination of the maximum
packing limit and the total segregation of both particulate
phases might result in a non-physical overestimation of the
mixing process at the beginning of the simulation. Neverthe-
less, the prediction of the mixing behavior of two granular
phases was possible, as the ascending slope of the simulated F
profile was in good agreement with the experimental values.

Finally, the applicability of the Eulerian approach in a phar-
maceutical context was demonstrated. For increasing cost- and
time-effectiveness, the numerical simulation can be used to
gain a deeper process understanding, which is demonstrated
for the influence of the stir-typed agitator on ®s, and IQR. In
accordance with previous experimental studies, neither of the
parameters was affected by the rotational speed.
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Symbols used

d, [um] particle diameter

e [-] coefficient of restitution

F [-] cumulative density function

IQR [-] interquartile range

m (g] mass

m (g st powder mass flow

mean [various] arithmetic mean

n [-] sample size

To [mm)] radius of the funnel outlet

s [various] standard deviation

tdischarge 8] time of powder discharge

Wiracer [-] tracer weight fraction

Greek letters

a [-] level of significance

B [°] upper angle of the funnel

y [°] angle of internal friction

® [-] dimensionless time

0 [-] dimensionless time to a quantile
value of 1%

p [kgm™] density

Abbreviations

API active pharmaceutical ingredient

DEM discrete element method

DI-CAFOS dicalcium phosphate anhydrate

MCC microcrystalline cellulose

QbD quality-by-design

RTD residence time distribution
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