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Abstract: In the pharmaceutical industry, tablets are a common dosage form. As part of the manufac-
turing process, powder in a tablet press passes through a feeding system called the feed-frame before
reaching the die cavity. Under different manufacturing conditions (e.g., paddle speed, turret speed),
issues such as segregation of powder blend components, over lubrication, and drug particle attrition
often occur in the tablet press feed-frame, which affect the final drug product quality. Therefore,
developing a particle-scale understanding of powder behavior in a feed-frame is essential. This paper
used the discrete element method (DEM) to study powder flow in the feed-frame of a kg-pharma
RoTab tablet press. Simulation results show that an increase in paddle speed has less effect on
tablet mass than turret speed and that an increase in turret speed reduces tablet mass and increases
variability in the tablet mass. The effect of paddle speed and turret speed on the API content in the
tablet is small, but large paddle speeds exacerbate the segregation of powder blend components in
the feed frame, increase particle traveled distance, particle shear work, and torque on the paddle
wheel, thereby increasing particle over lubrication and attrition. However, the increase in paddle
speed reduces the mean residence time of drug particles and prevents over lubrication at low turret
speeds. Increasing the turret speed reduces tablet mass, particle shear work, paddle torque, and
mean residence time. Although increasing turret speed can effectively prevent particle attrition and
over lubrication, short residence times are not conducive to mixing excipients and API components,
leading to higher tablet mass variability. This study not only gives us a particle-level insight into the
process but can also be used to inform and optimize the design of experimental studies.

Keywords: kg-pharma RoTab tablet press; active pharmaceutical ingredient (API); discrete element
method (DEM); residence time; shearing of particles; particle traveled distance; segregation; particle
attrition; over lubrication

1. Introduction

The flow of particulate material is encountered in many industries, such as agriculture,
pharmaceutical, and chemical industries [1-8]. Of particular interest in this study is powder
flow in a tablet press’s feed-frame. In the pharmaceutical industry, a tablet press compresses
formulated powder into tablets of uniform size and mass [9]. Before powder reaches the
die turret, it flows through a feed-frame system that usually consists of a hopper, a feeding
chamber, and a paddle. The formulated powder blend is thoroughly mixed by stirring
the paddle wheel in the feed-frame chamber. The powder blend that goes into the tablet
press generally consists of different excipients and one or more active pharmaceutical
ingredients (APIs). Excipients are additives used in tablet formulations to improve the
tablet’s bulkiness, disintegration, dissolution rate, and bioavailability [10,11]. The tablet
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press operation is divided into two processes: filling and tableting [12]. The powder
flow into the hopper and mixing in the feed-frame chamber is the filling process, and the
process in which the powders enter the die and are compressed into a tablet is the tableting
process [13].

There are many types of tablet presses, kg-pharma RoTab (Stockholm, Sweden) is one
of the models in the instrumented multiple press rotary tablet press. The kg-pharma RoTab
model uses one paddle to stir and mix the powders in the chamber, so that the powders
flow into the high-speed rotating turret die. The kg-pharma RoTab has 8 D-type punch
stations, and its maximum tablet output per hour (TPH) is 19,200 tablets. The kg-pharma
RoTab model adopts the main compression force control. When operating a tablet press,
feed-frame paddle speed and turret speed are the two most critical operating parameters
that affect the quality of the tablets produced [14]. Paddle and turret speeds are generally
selected using literature data, practical operating conditions, and powder properties [15].
Large paddle speeds are beneficial for lowering the relative standard deviation (RSD)
of tablet mass, resulting in better tablet mass distribution but increase the potential for
particle attrition and over lubrication [16]. Lubricants are powder particles added during
the tableting process. Lubricant particles are sheared into pieces and coated on the surface
of other particles to lubricate. Overlubrication may reduce tablet tensile strength [17] and
cause slow tablet dissolution [16]. Increasing paddle speed has a negligible effect on the fill
ratio (ratio of powder volume in die to die cavity volume) of the powders in the die, but if
using cohesive powders, increasing paddle speed slightly increases the fill ratio [18]. Large
turret speeds reduce over lubrication and particle attrition but result in a decrease in tablet
quality and an increase in quality variation [15]. Large turret speeds significantly reduce
the fill ratio (fill ratio < 0.8), resulting in an inclined surface of the powder in the die and a
considerable variation in the total amount of powder per die [18].

In addition to paddle speed and turret speed, factors such as powder properties, paddle
shape, etc., can also affect the tablet’s quality. Powders of different components will inevitably
segregate because of different properties, such as weight and friction coefficient. Segregation
causes smaller particles to settle in the chamber, resulting in widely variable API content
across the produced tablets. The use of cohesive powders mitigates segregation [19], but
these are sticky and have poor flow properties that may cause significant variations in tablet
mass [15,16,19]. Small friction coefficients mitigate segregation, and powders with large
friction coefficients should be avoided in tablet manufacture [14,19]. The excessive shear force
between powder particles can affect tablet tensile strength, disintegration, and dissolution [14],
and the coefficient of restitution of powder particles does not affect tablet quality [15].

Residence time is the time the powder particles stay in the tablet press chamber and
is affected by process operating conditions, equipment design, and powder properties.
Residence time is an important parameter that determines powder mixing, over lubrication,
segregation, and attrition behavior in a feed frame. The large diameter hub reduces the
amount of powder resident in the feed-frame for long time [16]. The distance between
the chamber and the turret affects the creation of dead zones where particles cannot be
pushed into the die, which results in some particles staying longer in the dead zone [16].
Particle-wall friction has a significant effect on powder flow in the feed-frame, especially
on particle size segregation [14]. Large cohesion is not conducive to particle flow, which
significantly affects the die filling process [16]. Diille et al. [20] investigated the effect of
scraper shape on residence time. In the die filling process, some particles flow into the die
and some remain above the turret. An inner scraper is a device that aids in the recovery
of particles by scraping them from the turret back into the feed-frame. The outer scraper
is a device that scrapes the particles above the turret to the outside so that the particles
cannot be recirculated. Diille et al. [20] found that using inner scrapers resulted in a longer
residence time for the powders. The use of a round rod paddle has no effect on the mass
of the produced tablets, but the mean residence time of the powder increases slightly,
and the difference in the residence time of different powders becomes more significant,
which is not conducive to improving the tablet quality [21]. Ketterhagen [16] studied the
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effect of three different wheel shapes on tablet quality: standard wheel, angled wheel, and
large hub wheel. Large hub wheels result in a more uniform tablet mass, reducing the
potential for powder attrition and over lubrication. However, the choice of paddle wheel
shape usually depends on experience because of the different types of tablet presses [22].
The shape and size of the powder particles can also affect the tablet quality; using large
particle sizes and round particle shapes will increase the filling ratio of the powder in the
die [18]. Mendez et al. [23] found that changing the paddle speed had less effect on particle
size distribution in the die for small feed-frames (Manesty Beta Press, Merseyside United
Kingdom) than bigger feed-frames (Fette 3090, Schwarzenbek Germany). The quality of
tablets produced by different sizes and types of tablet presses differ in sensitivity to changes
in a single parameter, e.g., paddle speed and turret speed. However, the literature data can
only be used as a reference, and corresponding experiments and simulations are required
to optimize the operating parameters for different tablet press feed-frames.

Numerical simulation techniques, such as the discrete element method (DEM), have been
used in many industries, such as civil, petroleum, chemical, and pharmaceutical [24-32]. DEM
simulations have also been used to model the mechanical behavior of granular assemblies [33].
In recent years, DEM simulations have been used in the pharmaceutical industry to simulate
the flow of drug powder particles in the feed-frame of a tablet press [15,16,22,29,34-38]. In
this study, DEM is used to simulate the powder flow in the feed-frame of a kg-pharma RoTab
tablet press and to study the effect of operating conditions, e.g., paddle speed and turret speed,
on particle properties, such as residence time, distance traveled, shear work, and segregation
behavior, as well as tablet mass and content uniformity produced by the kg-pharma RoTab
tablet press.

In this article, first, the equations of DEM are briefly introduced, followed by a dis-
cussion of the dimensions of the tablet press and the working principle of the tablet press
feed-frame. The DEM is then used to model the powder flow in the feed-frame. Finally, the
impact of paddle and turret speed on particle properties and tablet quality is discussed.
This study only simulates powder flow, and powder compaction is out of scope.

2. The Discrete Element Method Model Development

This study uses ASPHERIX® version 5.3.0, a cutting-edge DEM simulation software
based on LIGGGHTS®, to simulate the particle flow [39]. The simulation visualization and
post-processing have been performed using OVITO® version 3.3.0 [40] and MATLAB® version
R2019b (MATLAB®) [41]. In this study, DEM simulations treat particles as spheres of different
sizes and compute the particle trajectories and rotations using Equations (1) and (2),

mia; = F, + F i+ Fp, (1)
dw;
Iz“Ttl =tie x Fi+ T, )

where the subscript i is the particle i, m is the particle mass, a is the particle acceleration,
F,, is the particle-particle normal contact force, F; is the particle-particle tangential contact
force, Fy, is the body force, w is the angular velocity of the particle. The variable I is the
moment of inertia, r; . is the distance between the overlapping circular cross-section and the
center of the particle, T, is an additional moment that can be used to model non-sphericity
by means of a ‘rolling friction’ model given in Equations (6) and (7) [42] and the direction
of the moment is along the axis that passes through the center of the particles in contact
and is perpendicular to the line joining the center of the overlapping circular cross-section
to the center of the particle.
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2.1. Hertz-Mindlin Contact Force Model

DEM computes the forces and moments between the particles, and particles and
walls [43—45]. In this study, we use Hertz-Mindlin model. The DEM allows a small overlap
between contacting particles, and particles and wall to calculate the movement of the
particles according to Equations (3) and (4),

Fn = knd/? + yndndl/4, (3)
Fi = kt5r11/2‘5t + 7t5t5r11/4, (4)

where Jy, is the maximum constant overlap, ¢; is the relative tangential displacement, SH is

the relative velocity in the normal direction of the contact, 5t is the relative velocity in the
tangential direction of the contact, k, = %Eeq \/Req is the normal stiffness, ki = 8Geq \/RTq

5knmeq
(log(e))”+72

and vy = —log(e),/ &Zi% is the tangential dissipation constant. The variable £ is

is the tangential stiffness, v, = —log(¢) is the normal dissipation constant,

. . S 1—0v2 1-0? . . .
the coefficient of restitution, Eeq = [(Ev‘) + (E’)] is the equivalent elastic modulus,
1 )

mim]- . .
-y 1S the equivalent

-1
Geq = [(26:}1) + (25:)’)} is the equivalent shear modulus, meq =

RiR; . . . . . . . .
mass and Req = g7 is the equivalent radius. During the simulation, a large simulation
1 ]

time step should be avoided, which can cause excessive particle overlaps and erroneous
simulation results.

2.2. Cohesion Model

The “modified simplified JKR—Johnson-Kendall-Roberts” (5JKR2) model is used to
simulate the cohesion between drug particles [46,47]. If two particles are in contact, the
SJKR2 model adds an extra normal force to maintain contact,

F, = cAj, (5)

where c is the cohesion energy density and Aj; = 2716nReq is the particle contact area.

2.3. Rolling Friction Model

In this study, the alternative elastic-plastic spring-dashpot (EPSD2) model [48,49] is
used, which adds an additional moment,

K _
Tirj = Tirj = —krAby i, (6)
where Tirj’k is the moment component modeled as a mechanical spring, k, = kthq is the

rolling stiffness and A6, j is the incremental relative rotation between the two particles. The
magnitude of the moment is bounded by:

T,k
Tij

< _HrRean; ()
where 1, is the rolling friction coefficient.

2.4. Shear Work Done on Particles
The shear work of a particle (W) is calculated by

N
Wi =) Fly, 8)
m=1
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where m is the number of contacts at each time step, N is the total number of contacts of
the particle, and 1;; is the tangential displacement at the contact. The tangential shear work
is added after each time step to the particle. The tangential shear work is used here as an
indicator for particle over lubrication and attrition behavior.

2.5. Particle Properties Calibration

In this study, a static angle of repose and mass flow rate have been used as a methodol-
ogy with the same particle size distribution to calibrate powder flow properties following a
previous work done by Hildebrandt et al. (2019) [26]. The experiments were done using the
ERWEKA® GmbH GTB Granulate Flow Tester. A snapshot from the experiment performed
on the GTB Granulate Flow Tester using Avicel® PH200, a widely used excipient in the
pharmaceutical industry, is shown in Figure 1a. In this experiment, 50 g of Avicel® PH200
material was loaded into a 0.1 L hopper with an outlet hole size of 6 mm. The hopper outlet
is then opened to let the powder flow out, and accurate values of the angle of repose and
mass flow rate has been experimentally measured. The average angle of repose measured
from five experiments was 37.2° & 2.3° and mass flow rate was 1.46 g/s (Figure 1c). The
DEM simulation was performed to mimic the angle of repose (Figure 1b) and mass flow
rate (Figure 1d) experiment using the particle size distribution given in Table 1 and material
properties shown in Table 2. The material properties of particles were tuned such that the
resulting angle of repose (36.8° & 3.1°) and the mass flow rate (1.68 g/s) match closely with
the experimental measurements. The same material properties and particle size distribution
were later used in the feed frame DEM simulations. The simulated powder heap is shown
in Figure 1b. In the DEM simulation, we only created the circular base (the base in the
right figure of Figure 1). A portion of the fallen particles flow out of the base from the
edge of the base. In the experiments, we used the annular space to store this part of the
fallen particles, while in the simulation, this part of the fallen particles flowed out of our
simulation area and was thus removed to reduce the computation time. Generally, in a
pharmaceutical blend, active pharmaceutical ingredients (APIs) are the smallest particle,
and so in this simulation, the smallest particle with 0.55 mm diameter has been marked as
API and colored in red and was monitored to understand segregation behavior and tablet
quality in this study, rest of the particles are marked as excipients and colored in yellow.

Table 1. Particle size distribution of powder particles.

Volume Fraction Particle Diameter, (mm)
20% 1.300
20% 1.150
40% 1.000
10% 0.825
5% 0.650
5% 0.550

Table 2. Powder material properties and simulation parameters used in the DEM simulations.

Material Properties Value

Young’s modulus (E) 1 x 107 Pa

Poisson’s ratio (v) 0.3
Cohesion energy density (c) 50,000 J/m3
Density (p) 1400 kg /m?

P-P static friction (fpp) 0.2

P-W static friction (fow) 04

P-P rolling friction (rfpp) 0.1

P-W rolling friction (rfpw) 0.1

Simulation time-step 5x107%s
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Excipient particles

@ Active pharmaceutical ingredients (API) particles

Static angle of repose (experiment) Static angle of repose (simulation)

Slope = 1.68

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time [sec] Time [sec]

(c) (d)

Figure 1. Particle calibration using angle of repose and mass flow rate experiment: (a) Experimental
setup using Erweka GTB Granulate; (b) DEM simulation set up; (c) Mass flow measured through the
experiment; (d) Mass flow measured through the DEM simulation.

2.6. Kg-Pharma RoTab Tablet Press Feed-Frame

In this study, the flow of powder particles in the kg-pharma RoTab tablet press was
simulated. Figure 2a shows a schematic of kg-pharma RoTab feed frame with the rotating
die turret, the feed frame consists of a hopper and a chamber with a paddle. The hopper is
cylindrical with a diameter of 50 mm and is attached to the chamber, which is an annular
area with a diameter of 154 mm and has a paddle fitted in it. The clearance between the
paddle and wall has not been considered due to particle size limitation. The die turret has
eight circular dies in it with a 12.5 mm die cavity, such that the angle between two adjacent
dies is 45 degrees. The particle-to-hole ratio for hopper opening is around 55 and for die
cavity is around 14. During tablet manufacture, powder particles are put into the hopper
from where they flow into the chamber and eventually to the die cavity (Figure 2b). The
smallest particles were colored red and represented the API for the purpose of segregation
analysis, while other particle sizes are colored yellow and represented excipients. The
seal connects the opening through which, the powder flows from the feed frame chamber
to the dies. As the particles flow from the feed frame chamber to the die in the turret,
they first flow into the seal opening and then to the turret dies. Both the turret and the
paddle rotate in a counterclockwise direction at a constant angular velocity. In this study, a
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Side view
plane

Top view
plane

(a)

total of 16 simulations were run at four different paddle and four different turret speeds.
Both the paddle and turret speeds varied from 20 RPM to 80 RPM with an interval of
20 RPM. Figure 2a also shows two planes; the top view plane and the side view plane,
where continuous maps of particle properties have been plotted. The top view plane is a
horizontal slice passing through the center of the feed frame chamber and the side view
plane is a vertical slice passing through the center of the hopper and is perpendicular to the
top view plane.

Excipient particles

. Active pharmaceutical ingredients (API) particles

(b)

Figure 2. (a) Schematic of the feed frame system of the kg-pharma RoTab tablet press. Both the
paddle and the turret rotate in counterclockwise (CCW) direction. (b) A snapshot from the DEM
simulation showing the filled hopper and the feed-frame.

3. Results and Discussion

In this study, residence time distribution, particle travel distance distribution, shear
work done on particles, and torque on the paddle were calculated. These parameters can be
used as indicators to assess the risk of particle over lubrication and attrition. Furthermore,
to evaluate the tablet quality, tablet mass distribution and API content within tablets were
calculated. The results were extracted once the simulation reaches a steady state. Steady
state means that the tablet weight has become stable, and the variation from the mean
weight is 5-7%. In addition to the standard plots, continuous surface maps were created to
provide visually intuitive images of powder flow behavior within the feed frame. Top-view
surface plots are created by using the top view plane (Figure 2a) and plotting the average
particle properties within spherical control volumes of diameter equal to the height of
the feed-frame chamber. Similarly, the side view surface plots are created by using the
side-view plane (Figure 2a) and averaging a property within spherical control volumes
with a diameter equal to the feed-frame chamber height.

3.1. Residence Time

Residence time in this study is defined as the time a particle spends moving from the
hopper feeder interface until it exits from the feed-frame chamber. The exit point of the
simulation is when the particle enters the die. Figure 3 shows the method for marking
particles and calculating residence time distributions. Particles in the lower quarter of
the hopper at the hopper feeder interface are marked as tracer particles (Figure 3a), and
the tracer particles of different sizes are marked with different colors based on their sizes
(Figure 3b). Each tracer particle is tracked until it exits the feed frame chamber. In the
simulation in Figure 3, the paddle speed and turret speed are both set at 20 RPM. A portion
of the particles preferentially enter the chamber as the paddle rotates in the counterclock-
wise direction; additionally, the left-over portion starts to rise to form a recirculation region
(Figure 3c,d). As the paddle rotates, particles from one side of the hopper, which encounter
the paddle blades first, fill the space between the paddles, leaving no room for the particles
on the other side and creating a preferential flow. In addition, the rotating paddle provides
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Mark the tracer

particles

continuous shear to the remaining powder particles, leading to a clockwise circulation in
the hopper. The recirculation of particles can be seen in Figure 3c,d, where particles in the
stagnant zone start to rise as time progresses.

Rotations

(b) Simulation time=0s
Particle size [mm)]

(c) Simulation time = 60 s (d) Simulation time =120 s

Figure 3. (a) Marked particles in the lower quarter of the hopper at the hopper feeder interface. The
paddle speed and turret speed are both set at 20 RPM. (b) The positions of the tracer particles before
the simulation starts. (c) The positions of the tracer particles when the simulation time is 60 s. (d) The
positions of the tracer particles when the simulation time is 120 s.

The effect of paddle speed and turret speed on the residence time of powder particles is
shown in Figure 4. The lubricant forms a coating on the particles due to mixing under shear
(Figure 4a). Over lubrication occurs due to excessive and more uniform lubricant coating
on excipient or API particles. Residence time is a significant factor that impacts lubrication
such that a longer residence time may result in over lubrication, while a short residence
time may result in uneven mixing of excipients and APIs. Increasing the turret speed
reduces mean residence time because of higher powder particle throughput as the turret
rotates faster (Figure 4c,d). An increase in paddle speed reduces the mean residence time at
low turret speeds, but it has less impact on the mean residence time at large turret speeds
(Figure 4b), which indicates that turret speed has a more significant influence on residence
time than paddle speed. Therefore, changing the turret speed can be more effective than
changing the paddle speed to reduce residence time and over lubrication, mainly when
the tablet press is operated at higher turret RPMs. The images shown in Figure 4c,d also
show the preferential flow at the hopper feeder interface, where particles in the stagnant
zone rise and recirculate into the hopper, as discussed in the previous paragraph. The
magnitude of recirculation depends on the paddle and turret speed combination, higher
paddle speed and lower turret speed increase recirculation and vice versa. It can also be
seen that the number of particles in the feed-frame chamber reduces as the turret speed
goes up from 20 RPM (Figure 4c) to 80 RPM (Figure 4d).
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l Particles in contact
with lubricant particle

Paddle wheel speed = 20 RPM
Paddle wheel speed = 40 RPM
Paddle wheel speed = 60 RPM
Paddle wheel speed = 80 RPM
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(c) Paddle speed =20 RPM (d) Paddle speed =20 RPM
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Figure 4. (a) Schematic showing the spread of lubricants on particles. (b) Effect of paddle speed and
turret speed on the mean residence time of powder particles. (c) The state of the tracer particles when
the simulation time is 30 s. Paddle speed = 20 RPM. Turret speed = 20 RPM. (d) The state of the tracer
particles when the simulation time is 30 s. Paddle speed = 20 RPM. Turret speed = 80 RPM.

The effect of paddle speed and turret speed on the residence time distribution of tracer
particles is shown in Figure 5a—d. Each powder particle spends a different amount of time
in the chamber, depending on the spatial location of particles and operating conditions.
Increasing the turret speed allows more particles to flow into the die, so more particles
have a shorter residence time. The increase in paddle speed has relatively little effect on
the mean residence time of particles, especially when the turret speed is large. However, at
large paddle speeds, the distribution of particle residence time has two peaks (Figure 5d).
When the paddle rotates, particles on one side of the hopper, which comes into contact with
the paddle blade first, flow more easily into the chamber and take up the space between the
paddles, while the particles on the other side stay in the hopper, creating a stagnant zone.

Furthermore, a continuous shear from the counterclockwise rotating paddle creates a
clockwise circulation at the hopper feeder interface. This phenomenon leads to the creation
of a preferential flow channel on one side of the hopper and a stagnant zone on the other,
from where the particles recirculate and gradually enter the flow channel. Because of this
phenomenon, a bimodal residence time distribution emerges at higher paddle speeds and
a longer tail at lower paddle speeds. At lower paddle speeds, the longer tail becomes
smaller because the rate of particle circulation increases with paddle speed. Although not
included in this study, the particle circulation behavior at the hopper feeder interface will
be impacted by the hopper outlet’s size and design, and the paddles’ design.
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Figure 5. (a) Effect of paddle speed and turret speed on residence time distribution: (a) paddle speed
20 RPM; (b) paddle speed 40 RPM; (c) paddle speed 60 RPM; (d) paddle speed 80 RPM, at four turret
speeds of 20 RPM, 40 RPM, 60 RPM, and 80 RPM. Image d also shows snapshots from the DEM
simulation showing the recirculation phenomenon and stagnant particles.

In addition to the DEM simulation graphics and residence time distribution plots,
visually intuitive continuous surface plots were created on the two surface planes, the
top-view plane and the side-view plane, shown in Figure 2a. A continuous surface plot is
the average distribution of particle properties per unit volume. The continuous surface plot
is the spatial average of all particle data, not a slice of the model. This methodology will
assist in developing a visual understanding of particle residence time throughout the feed
frame system. To do this, the individual particle residence time was calculated and used
for coloring those particles while the particles were held at their initial spatial locations.
Figure 6 shows the continuous surface maps of the top and side views of the feed frame.
The calculation of residence time in this figure is different from the method in Figure 4. In
this figure, at some point, we make it the initial time, at which point we track all particles
throughout the feed-frame chamber and hopper. We then run the simulation over a period
of time to check which part of particles is more likely to flow out of the chamber. From
these figures, one can observe the preferential powder flow happening in the hopper and
the dominant impact of turret speed on the residence time compared to the paddle speed.
Furthermore, these images show the regions of higher and lower residence time. From the
top view and side view shown in Figure 6, it is observed that the areas of higher residence
time are the periphery of the paddle hub, the periphery of the feed frame chamber, and
the front of the paddle blades. It also shows an impact of turret speed and paddle speed
interaction, in which a higher turret speed reduces the residence time while higher paddle
speeds improve the uniformity of residence time within the feed frame chamber.
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Figure 6. Continuous spatial images showing averaged residence time in the feed frame where each
column corresponds to a different turret speed and each row corresponds to a different paddle speed:
(a) top view plane at 16 different paddle and turret speeds; (b) side view plane at 16 different paddle
and turret speeds (left: half of the chamber; right: half of the chamber and the hopper). Blue color
indicates smaller residence times, and red color indicates larger residence times.

3.2. Particle Traveled Distance

The particle traveled distance is another parameter that has previously been used
to predict over lubrication of particles in the feed-frame of a tablet press [16]. Like the
residence time distribution, particles are tracked to calculate the particle travel distance
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distributions at different operating conditions. The hypothesis is that the longer the particles
travel, the higher the probability that the particles will shear against each other and the
wall exacerbating the over lubrication issue. However, if the powder is highly cohesive it
will tend to move as a block and the relationship between the distance traveled and particle
shear may not high correlation. In the DEM simulation, individual particles are tracked
from the hopper feeder interface until it exits the feed-frame chamber. The particle distance
traveled distribution is shown in Figure 7a, b for four different paddle speeds and two
extreme turret speeds in terms of number of circulations per rotation. One circulation is
defined as the ratio of particle distance traveled to the circumference of the feed frame
chamber. The normalized particle distance will vary between 0 to 1, as a particle cannot
travel more than the absolute distance traveled by the tip of the paddle. The normalized
particle distance collapse on each other for all paddle and turret speed combinations
indicating that the number of circulation per paddle rotation stays the same. Although not
shown for brevity, the paddle speed is the factor driving the absolute distance traveled and
higher paddle speeds also mean more circulation. The turret speed has an insignificant
effect on the particle distance traveled. Additionally, the distance traveled does not account
for the contact shear force, which is another factor playing a role in the lubricant particle
breakage and spread. So, the distance traveled, and the contact shear force is combined
into contact shear work in Section 3.3.

6 6
—Paddle speed =20 RPM —Paddle speed =20 RPM
—Paddle speed = 40 RPM —Paddle speed =40 RPM
5 —Paddle speed = 60 RPM 5 —Paddle speed = 60 RPM
Paddle speed = 80 RPM Paddle speed = 80 RPM
4 4
3 3
& &
% 2 B2
1 1
0 L — - SESS— | 0 - J
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Number of circulation per rotation Number of circulation per rotation
(a) Turret speed = 20 RPM (b) Turret speed = 80 RPM

Figure 7. Effect of paddle speed on normalized distance traveled defined as number of circulation
per paddle rotation at different turret speeds; (a) 20 RPM; (b) 80 RPM for four different paddle speeds
20 RPM, 40 RPM, 60 RPM, and 80 RPM.

Similar to the residence time, continuous surface plots (Figure 8) of particles distance
travelled for both top-view and side-view surfaces were plotted to get a visual under-
standing within the whole feed frame chamber. From these images, it can be observed
that increased paddle speed increases the particle traveled distance. Increasing the turret
speed reduces the particle traveled distance near the paddle wheel, and the paddle speed
significantly affects the particle traveled distance. From both the top view and the side
view surface plots, it is seen that the regions of higher distance traveled are always located
near the periphery of the feed frame chamber. This is expected because the paddle tip has
the maximum speed and hence the maximum distance traveled with time; however, at
lower turret speeds, particles also have higher residence times, and the overall distance
traveled becomes significantly higher for all particles in the domain. The stagnant zone in
the hopper region, colored in blue, can also be seen in Figure 8.



Processes 2023, 11, 119

13 of 24

Paddle
speed
[RPM]

(b)

Turret speed [RPM]

Paddle Turret speed [RPM]
speed
[RPM]

20

X
-
<

w

=

-~
Time averaged particle traveled distance (m/sec)

20

=

Figure 8. Continuous spatial plots showing averaged particle distance traveled in the feed frame where

L3

each column corresponds to a different turret speed and each row corresponds to a different paddle
speed: (a) top view plane at 16 different paddle and turret speeds; (b) side view plane at 16 different
paddle and turret speeds (left: half of the chamber; right: half of the chamber and the hopper). Blue color
indicates smaller particle traveled distance, and red color indicates larger particle traveled distance.

3.3. Shear Work Done

In addition to residence time and particle traveled distance, tangential shear work is
also an indicator of particle attrition and overlubrication. Mixing is a shear-driven process;
the higher the shear, the higher the mixing efficiency [49]. Previous work has shown that
in the case of over lubrication, the surfaces of primary powder particles are covered with
lubricant particles, thereby reducing the adhesion between particles [17]. The particle over
lubrication propensity increases as the lubricant particles break into smaller particles or
deagglomerate into smaller pieces. The spread of lubricant on particle surfaces is primarily
driven by particle-particle and particle-wall shear interaction. The particle distance traveled
is an indication of shear displacement, but the shear contact force is not considered. Hence,
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a parameter incorporating both the contact shear displacement and the shear force is the
shear work done on a particle, and it can be calculated using Equation (8).

Figure 9 shows the top and side views of the DEM simulation of the feed-frame
(Figure 9a—d) at a given time instance (30 s) and the effect of paddle speed and turret speed
on time averaged shear work done over 30 sec (Figure 9¢,f). In Figure 9a—d, the particles are
colored based on the shear work done once the system reaches a steady state. At a paddle
speed of 20 RPM (Figure 9a,b), the shear work done on the particles is significantly smaller
than that at a paddle speed of 80 RPM (Figure 9¢,d). The increase in turret speed (80 RPM)
reduces the shear work because the residence time of particles in the chamber decreases
with the increase in turret speed. However, an increase in paddle speed significantly
increases shear work because of the increased shear work done by the paddle wheel on the
particles. Therefore, the simulation with minimum turret speed (20 RPM) and maximum
paddle speed (80 RPM) has the maximum shear work (Figure 9c¢). Figure 9e,f also confirm
this. The slope of the curve in Figure 9f is more significant than that of the curve in Figure 9e,
which indicates that the paddle speed has a larger effect on the shear work than the turret
speed. To better understand the normalized spatial distribution of shear work over a
time interval within the feed-frame, Figure 10a shows surface plots of the top view of the
feed-frame chamber. Figure 10b shows the surface plots of the side view of the feed-frame
chamber at different paddle and turret speeds. The shear work is highest at the end of the
paddle wheel (red region in Figure 10a), which suggests that over lubrication and particle
attrition would occur mainly at the periphery of the paddle wheel. This is because the end
of the paddle wheel is farthest from the center of the paddle, so the linear velocity and the
shear work on the particles is also the largest. There also appears to be a higher shear work
concentration close to the paddles at the periphery of the feed-frame chamber. Similar to
the top-view images, the side-view pictures (Figure 10b) show more extensive shear work
at the edge of the paddle wheel. Furthermore, an interesting trend emerges at the hopper
feeder interface, where high shear work can be seen to propagate in the hopper region,
especially at higher paddle speeds. This can be attributed to the circulation of the particles
at the stagnant hopper feeder interface because of the shear induced by the rotation of
the paddle wheel. This suggests that the potential for over lubrication as well as attrition
increases at higher paddle speeds even within the hopper region.

Shear work (J) 0 0.005 0.010 0.015 0.020

(a) Paddle speed =20 (b) Paddle speed =20  (c) Paddle speed =80 (d) Paddle speed = 80
RPM, Turret speed =20 RPM, Turret speed =80 RPM, Turret speed = RPM, Turret speed =80
RPM RPM 20 RPM RPM

-6-Paddle speed = 20 RPM & Turret speed = 20 RPM
ed = 40 RPM
ed = 60 RPM
ed = 80 RPM
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Figure 9. Image showing the top view and the side view of the spatial distribution of particle distance
traveled at a given time instance (30 s) for four different operating conditions (a-d) and mean shear
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work done at different operating conditions (e f) at a given time instance (30 s). (a) Paddle
speed 20 RPM and turret speed 20 RPM; (b) Paddle speed 20 RPM and turret speed 80 RPM;
(c) Paddle speed 80 RPM and turret speed 20 RPM; (d) Paddle speed 80 RPM and turret speed
80 RPM; (e) mean shear work varying with turret speed for different paddle speeds; (f) mean shear
work varying with paddle speed for different turret speeds.
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Figure 10. Continuous spatial plots showing time averaged (over 30 s) particle shear work done in

the feed frame where each column corresponds to a different turret speed and each row corresponds
to a different paddle speed: (a) top view plane at 16 different paddle and turret speeds; (b) side view
plane at 16 different paddle and turret speeds (left: half of the chamber; right: half of the chamber
and the hopper). Blue color indicates smaller shear work, and red color indicates larger shear work.
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3.4. Torque on the Paddle and Work Done

Another factor that plays an important role in particle attrition in an agitated system
is the total work done by the paddles on the particles. The total work done per unit of
time can be calculated by multiplying the torque acting on the paddle wheel by the paddle
speed [50,51]. The torque acting on the paddle acts along the rotating axis of the paddle
and is shown in Figure 11a, and the work done on the particles per unit of time is shown
in Figure 11b. Both torque and work done per unit time increase with paddle speed and
decrease with turret speed. This behavior can be attributed to the amount of powder in
the feed-frame chamber, the torque, and the work done increase as the paddle has to push
more mass per rotation. While Figure 11a shows that the turret speed has more effect
on the torque, the work done shows a different significance to turret speed (Figure 11b),
especially at lower paddle speeds. The work done increases as the paddle speed increases,
and an increase in turret speed reduces torque because more particles can move out of
the chamber, resulting in less overall powder mass in the feed-frame chamber. These
observations suggest that during the tablet manufacturing process, appropriate reduction
of paddle speed can reduce particle attrition.

3
4 Turret speed = 20 RPM —+Turret speed = 20 RPM
~+Turret speed = 40 RPM
2.5 ~HTurretspeed = 60 RPM F
Turret speed = 80 RPM “d

Mean work done [J/sec]

40 50 60 70 80 20 30 40 50 60 70 80

Paddle speed [RPM] Paddle speed [RPM]

(a) (b)

Figure 11. The effect of paddle speed and turret speed on, (a) the torque on the paddle wheel; (b) the
work performed by the paddle wheel on the particles per unit of time.

3.5. Tablet Mass and API Content

In tablet manufacturing, tablet thickness, mass, and API content uniformity are critical
quality attributes (CQAs). Given that this DEM study focuses primarily on powder flow and
die filling, powder compaction is out of scope, and therefore tablet thickness information
is unavailable. However, tablet mass and API content uniformity data can be extracted
from the DEM simulations and could provide a good qualitative understanding of die
filling phenomenon during the tableting process. The tablet mass distributions are plotted
to understand the effect of paddle speed and turret speed on tablet mass and process
variability (Figure 12a—d). Each sub-plot corresponds to a given paddle speed for four
different turret speeds. The tablet mass decreases with increasing turret speed, while the
width of the tablet mass distribution increases with increasing turret speed. The high turret
speed not only reduces the overall fill time but also increases the variability of the die filling
process. Paddle speed does not significantly affect tablet mass distribution at lower turret
speeds, but it did affect tablet mass at higher turret speeds. Although not shown here for
brevity, increasing paddle speed increases the mass hold-up by bringing more particles
into the feed-frame chamber, thus contributing to more uniform die fill mass and reducing
the tablet mass variation. Figure 13 shows a plot of mean tablet mass versus turret speed,
succinctly summarizing the die filling behavior. Tablet mass decreases with increasing
turret speed, and paddle speed begins to affect tablet mass at higher turret speeds.
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Figure 12. Images showing the effect of paddle speed and turret speed on tablet mass distribution
at different paddle and turret speeds: (a) Paddle speed = 20 RPM; (b) Paddle speed = 40 RPM;
(c) Paddle speed = 60 RPM; (d) Paddle speed = 80 RPM, at four different turret speeds of 20 RPM,

40 RPM, 60 RPM, and 80 RPM.
1000 :
950
e
£
2
=]
=
N
=
=
=
ot
700
650 ‘
20 30 40

-+Paddle speed = 20 RPM
—+Paddle speed = 40 RPM
—+Paddle speed = 60 RPM
—Paddle speed = 80 RPM

50 60 70 80

Turret speed [RPM]

Figure 13. Effect of paddle speed and turret speed on mean tablet mass. Tablet mass decreases with
increasing turret speed, and paddle speed begins to affect tablet mass at larger turret speeds.

The powder undergoes a significant amount of shear in a tablet press before it reaches
the turret die for tableting. Even before the particles enter the feed-frame chamber from the
hopper, they are recirculated because of shear from the rotating paddles. Once the particles
reach the feed-frame chamber, they are further sheared by the rotating paddle, causing
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mixing and size-based segregation due to percolation. Before the particles enter the die,
they enter the opening at the narrow seal between the feed-frame chamber and the turret
and are further sheared by the paddle wheel from the top and from the turret at the bottom.
This can lead to substantial segregation and may affect the uniformity of final tablet content.
Therefore, it is vital to understand the overall segregation behavior and how particles of
different sizes are spatially distributed in the feed-frame system.

To understand this phenomenon, the API (smallest particle of size 0.55 mm with 5%
w/w concentration) spatial distribution surface plots were created once a steady state was
reached following the same methodology used for previous parameters. The top-view
images of the API spatial distribution are shown in Figure 14a, and the side-view images
of the API spatial distributions are shown in Figure 14b. from the top-view images, it
can be seen that API spatial distribution is impacted by the paddle speed and the turret
speed. As the paddle speed increases, the shear stress increases, and the API distribution
within the feed-frame becomes increasingly non-uniform (Figure 14a). The API distribution
becomes more uniform as turret speed increases, and this is because the residence time of
the particles is reduced; thus, the time for the particles to interact with the paddle is also
reduced. Primarily, two types of segregation patterns are observed in the feed-frame. The
first is the segregation of particles caused by centrifugal force due to paddle rotation. As
the paddle wheel rotates, larger particles experience greater centrifugal force than smaller
particles, which causes the larger particles to move outward while the smaller particles
accumulate near the hub. The second mode of segregation is gravity-driven percolation
segregation, which subjects the smaller particles to vertical gravity from the above particles.
Smaller particles percolate to the bottom and accumulate at the feed-frame bottom wall
and the paddle blade periphery. The vertical distribution of API spatial distribution cannot
be gauged by just looking at the top-view and one has to look at the side-view images.
The side-view of the API particle distribution (Figure 14b) shows that particle segregation
becomes more uniform as the paddle speed decreases and the turret speed increases. API
accumulates near the hub, while in areas away from the paddle hub, API particles are
primarily deposited at the bottom of the feed-frame chamber. At high paddle and low
turret speeds, particle circulation at the hopper-feeder interface makes the API distribution
in this region non-uniform.

Before the particles enter the die for compaction, the particles enter the opening at
the seal between the feed-frame and the turret. The resulting API distribution in this
region impacts the resulting table content uniformity. Figure 15 shows the top view of the
API concentration distribution in the seal opening at different paddle and turret speeds.
Gravity-driven percolation segregation, caused by shear from both the paddle and the
turret, causes API particles to settle at the bottom of the seal. The API particles at the
bottom are sheared by the rotating turret, so at any paddle speed and turret speed, the API
particle concentration will accumulate in the direction of turret motion. The accumulation
of API in the seal opening depends on a combination of factors. A higher turret speed
will not only provide a higher shear but also have higher mass throughput, so there is a
balance between two counter effects that needs to optimized. While a higher paddle speed
will always create a more non-uniform API distribution upstream and in the seal opening.
The seal opening is usually larger than the die opening, and the rotating turret is set such
that the center of the die stays in the central portion of the seal for unobstructed material
transfer. However, this causes deposition of API particles at the side walls, especially for
lower turret speeds conditions, because of the smaller mass throughput leading to higher
residence time and more segregation. It is an important observation because any leak in
the seal due to overuse or improper fitting can lead to the loss of smaller particles, in this
case, the AP, and cause tablet content uniformity issues.
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Figure 14. Continuous spatial plots showing the API (the smallest particle) distribution in the feed
frame where each column corresponds to a different turret speed and each row corresponds to a
different paddle speed: (a) top view plane at 16 different paddle and turret speeds; (b) side view plane
at 16 different paddle and turret speeds (left: half of the chamber; right: half of the chamber and the
hopper). Blue color indicates smaller API concentration, and red color indicates larger API concentration.

Although, the spatial distribution of API concentration is essential to get a more granular
understanding of the feed-frame powder flow behavior. At the end of the process, the tablet
characteristic is of utmost importance is the tablet’s API content uniformity. To understand
this phenomenon, the tablet API concentration is evaluated until the simulation reaches a
steady state. The tablet API concentration evolution is shown in Figure 16a—d, where each
subplot corresponds to a given paddle speed and four turret speeds. A horizontal dotted
line shows the target tablet API concentration of 5%. From these plots, it can be observed
that the initial API concentration increases with paddle speed, especially for lower turret
speeds, and takes longer to reach a desired steady state of 5% API concentration. The API
concentration stabilizes faster as turret speed is increased due to higher mass throughput. The
impact of residence time at the different operating conditions is apparent in these plots. The
higher the residence time longer it takes the API concentration to stabilize. However, the API
concentration eventually stabilizes for all operating conditions irrespective of upstream API
concentration distribution. It may be happening due to scaled-up particle sizes considered in
this DEM study due to computational limitations. Smaller particles could provide a better
resolution into tablet mass and tablet mass variability.
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Figure 15. Top view of the API particle concentration distribution in the seal opening at different paddle
and turret speeds, where each column corresponds to a different turret speed and each row corresponds to
a different paddle speed. The arrow in the upper left corner indicates the direction of rotation of the turret.
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Figure 16. The change in API content during tablet manufacture using different paddle and turret
speeds. An increase in turret speed and a decrease in paddle speed significantly increase the API
content of the tablet. The API content eventually stabilizes at 5%. (a) Paddle speed = 20 RPM;
(b) Paddle speed = 40 RPM; (c) Paddle speed = 60 RPM; (d) Paddle speed = 80 RPM.
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4. Conclusions

The DEM simulations were used to study the movement of the API and excipient
particles in the feed-frame of a kg-pharma RoTab tablet press. Based on the simulation results,
the effects of paddle speed and turret speed on residence time, particle traveled distance,
particle shear work, paddle torque, tablet mass, and API content were studied. The effects
of changes in these parameters on particle over lubrication, attrition, and segregation are
analyzed. Furthermore, the continuous top view and side view surface maps of the feed-frame
provide a comprehensive particle-level understanding of the powder flow behavior.

The main findings from this study have been summarized as follows:

e Increasing the turret speed and the paddle speed reduces the mean residence time,
with turret speed having a more significant effect on residence time than paddle speed.
Therefore, changing the turret speed is more effective at controlling over lubrication.

e  Increasing the paddle speed increases the particle traveled distance and thus increases
particle attrition. Turret speed has a small effect on the particle traveled distance.

e Anincrease in turret speed reduces paddle torque and particle shear work slightly; an
increase in paddle speed significantly increases paddle torque and particle shear work.
In tablet manufacturing, proper reduction of the paddle speed can reduce the particle
shear work in the feed-frame chamber, thereby reducing the particle attrition.

e An increase in paddle speed has less effect on tablet mass than turret speed. An
increase in turret speed reduces tablet mass but also increases its variability. Increasing
paddle speed only increases tablet mass at low turret speeds.

e At the beginning of tablet manufacture, increasing turret speed or decreasing paddle
speed significantly increases the tablet’s API particles (the smallest particles) content
and results in particle separation. The impact of paddle speed and turret speed needs
to be further investigated with smaller particles to achieve better resolution.

Future work should study the effect of paddle design, material properties, and particle
size on powder flow behavior and final tablet API content uniformity. Future studies
should also evaluate which simulation results out of residence time, distance traveled, and
shear work is most suitable for predicting overlubrication and attrition in the feed frame.
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Nomenclature

Aj Particle contact area

c Cohesion energy density

dp Particle diameter

E Young’s modulus

Eeq Equivalent elastic modulus
fop Particle-particle static friction
fow Particle-wall static friction

Fn Normal contact force

Fy Tangential contact force
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F, Additional normal force for the SJKR2 model

G Shear modulus

Geq Equivalent shear modulus

kn Normal stiffness

k¢ Tangential stiffness

ke Rolling stiffness

L Tangential displacement at the contact

my Mass of particle i

m; Mass of particle j

Megq Equivalent mass

N Total number of contacts of the particle

rfpp Particle-particle rolling friction

rfpw Particle-wall rolling friction

Ry Particle radius of particle i

Rjj Equivalent particle radius

I Particle radius of particle j

Req Equivalent redius

S Number of contacts at each time step

Tirj Additional torque modeled by EPSD2 model

Tir]!k Torque component modeled as a mechanical spring
Wi Shear work of a particle

Yn Normal dissipation constant

Yt Tangential dissipation constant

P Particle density

v Poisson’s ratio

E Coefficient of restitution

On Maximum constant overlap

5n Relative velocity in the normal direction of the contact
Ot Relative tangential displacement

5t Relative velocity in the tangential direction of the contact
Ay jj Incremental relative rotation between the two particles
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