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Abstract

Continuous powder blending is an essential operation au-ing continuous pharmaceutical
manufacturing. However, the complex granular dyran.ics in the blender is still poorly
understood. This study employs a graphic processo” u..it (GPU) enhanced discrete element
method (DEM) to analyse the granular dynaric. ir. a continuous blender. Numerical results
indicate that only a small fraction of pcvd-r distributes in the upper region of the blender,
while most of that distributes in the i.~iddle and lower regions. Besides, a higher impeller
speed leads to a smaller hold-up ™mac~ and a shorter mean residence time. Interestingly, the
maximum number of blade pe-ses s achieved at an intermediate impeller speed. There are
two distinct regimes durina coriinuous blending: i) a shearing regime at low impeller speeds;
and ii) a dynamic regne at high impeller speeds. This study demonstrates that the GPU-
enhanced DEM can be a robust tool for analysing powder flow during continuous
pharmaceutical manufacturing.
Keywords: DEM, Continuous blending, Continuous manufacturing, Residence time

distribution, Powder flow, GPU computing.

" Corresponding author: E-mail: c.y.wu@surrey.ac.uk (C.-Y. Wu)


mailto:c.y.wu@surrey.ac.uk

1. Introduction

In the past decades considerable efforts were made in various industries to adopt
continuous manufacturing (CM) with the aim to improve manufacturing efficiency and reduce
the lead time. CM lines were successfully utilised in food, catalysis, and fertiliser production.
Relatively recently, it became an attractive production technique for pharmaceutical
manufacturing [1-4], as the CM process provides more extensive control of product quality
with implementation of process analytical technology [5, 6]. Furthermore, it increases
flexibility in batch size as no geometrical scale up/down is i2auired, only changing the

process runtime.

Continuous pharmaceutical manufacturing lines aqunerally consist of various unit
operations, including continuous blending that is wiucly used to process pharmaceutical
powders to alleviate powder segregation £nu ~gyglomeration during production [7, 8].
Continuous powder blending was exter.civeqy investigated experimentally to obtain a good
understanding of powder flow in conduuous blenders [9-11]. In particular, the effects of
blender design, powder propertiez, a1.? operation parameters on blending performance were
explored. Portillo et al. [11] oc-formed an experimental study on continuous powder mixing
of Edible and Fast Flo La~tns: “vith a GEA blender, which had a length of 0.74 m, a diameter
of 0.15 m, and the imy~lier speed ranging from 16 rpm to 78 rpm. They found that the
impeller speed and the blender angle significantly influence the residence time distribution
(RTD) and the number of blade passes. Surprisingly, they also observed that the cohesion of
powders considered did not significantly impact the blending performance. Portillo et al. [12]
statistically investigated powder mixing with two different GEA blenders: one identical to
that used in reference [11], and the other with a length of 0.31 m and a diameter of 0.05 m,
and the impeller speed ranging from 16 rpm to 340 rpm. Their results showed that the

residence time was significantly dependent on the impeller speed and the inclination angle,



but the powder cohesion had an insignificant impact on the blending performance. Osorio et
al. [13] investigated the effect of process parameters and blade configuration on the blending
characteristics of a Glatt GCG-70 blender and showed that a higher impeller speed resulted in
a larger mean centred variance and a higher number of blade passes, but lower hold-up and
shorter mean residence time in the blender. It is also found that a higher feed rate led to a
larger hold-up, but a shorter mean residence time and a smaller number of blade passes. In
addition, the blade configuration had a significant influence on the hold-up and the mean
residence time. Pedersen et al. [14] used the near-infrare.' spectroscopy technology to
investigate the residence time distribution of a continuots pyowder mixing process and
illustrated that the mean residence time of powder could .= 1.sed as a valuable parameter to
characterise the CM process. Escotet-Espinoza et al. : 15] 2xperimentally investigated how the
tracing material properties impacted the RTT response during the continuous powder
blending. They showed that the tracing mztei.~l properties significantly affect the obtained
RTD results, which arose from different u,namic characteristics of tracing materials inside
the continuous blender. Therefore, 7. 1. assential to select a proper tracing material to match

the base material for characterisi- q the continuous blending system.

Numerical approaches, ~uch as discrete element modelling (DEM), population balance
modelling and surro~ate mr.dels, can provide more detailed information on the blending
process [16-19], which can enable an enhanced understanding of the blending process, guide
the selection of blender configurations and processing parameters. Among the above-
mentioned numerical approaches, the DEM approach is advantageous in capturing granular
dynamics, and is employed to analyze continuous blending processes. For instance, Toson et
al. [20] investigated the mixing dynamics in a vertical in-line continuous powder mixer using
DEM. In their study, a scaling factor was selected, while the shape of particle size distribution
was kept. In such a way, all particles were ensured to be smaller than the smallest gap in the

mixer geometry. Their results indicated that the RTD curves can be used to study the



downstream response of the continuous mixing device to upstream fluctuations in the inlet
material stream. Sarkar et al. [21] adopted DEM to analyse the powder dynamics in a
continuous blender, which has the same geometry investigated experimentally by Portillo et
al. [11]. To save computation resources, they only modelled a section of the continuous
mixer. Particles are modelled as monodisperse spheres with a diameter of 4 mm. They
revealed that the impeller speed and the fill level in the blender significantly impact the
particle flow and axial mixing, wherein a lower impeller speed with higher fill levels, as well
as larger impeller speeds with smaller fill levels contributed tc ~ better mixing effect. Sarkar
et al. [22] examined the powder flow behaviour inside a comr 1erc al bladed mixer using DEM,

in which the mixer was modelled using periodic slices. 7 ‘orm a polydisperse particulate
system, particle diameters are chosen randomly betw+en ¢ .8d, and 1.2d,, where d, is the mean
particle diameter of 3 mm or 4 mm. They founr. . at this approach could reproduce the flow
behaviour well for the central section of th~ hic.~der but could not describe the flow behaviour
in the sections close to the inlet and outle. satisfactorily, indicating that the assumption of
boundary conditions is less valid in .1~ regions. Gao et al. [23, 24] adopted DEM to model a
section of continuous blender wiu. periodic boundary conditions. For simplicity, the
simulation considers only non ~eyregating mixtures using identical particles (3 mm or 4 mm
in diameter). They foun { thct the blending performance could be significantly improved by
maintaining the axial vel)city constant while increasing the blade speed and adjusting the
blade angle or weir height during the blender design. Additionally, they found that the shaft
angle and blade speed are the two most important factors dominating the blending
performance. Using the periodic slice DEM method, Bhalode et al. [25] adopted a multi-zonal
compartment modeling strategy to study the powder flow in continuous blender, which had
the same configuration as used by Gao et al. [23]. Compared to the DEM simulation of the

entire blender, they found that the proposed multi-zonal hybrid model could significantly save

computational resources.



Experimental and numerical results can be further extracted to develop data-based models
for in-depth evaluation or prediction of the CM lines. Based on the collected data from
continuous manufacturing, Silva et al. [26] presented a statistical process monitoring strategy
to reveal process trends. Beke et al. [27] proposed a digital twin development for a continuous
pharmaceutical powder blending process by adopting the RTD model and the artificial neural
networks (ANN) method. They found that the RTD model is more suitable for industrial

development due to reasonable development efforts.

The CM process has been increasingly adopted in industrial |..2duction [28]. Generally, the
studies based on physical experiments have their limitations s.'ck as complex implementation
procedures and the requirement of bespoke component:, resulting in significant increase of
cost and time. The previous numerical studies gener.'lv adopted a reduced geometric model
or used periodic boundaries, mainly due to com v a@‘ional limits, to simulate the powder flow
in the blender, which is quite differom. frem the actual production. Therefore, our
understanding on continuous blending is s.ll limited. In addition, geometric design and
parameter optimisation for continuons wlending are still in their infancy, which urgently
requires further investigation. 1¢ the best of the authors’ knowledge, few DEM studies
performed on a full-size coi dnuous powder blender, incorporating complex impeller
configuration. Hence, th~» G°U-enhanced DEM approach is employed here to explore the
powder dynamics in a rutl-size blender, with the population of particles up to millions and
operation time up to hundreds of seconds. This paper aims to explore the effect of impeller
speed on blending process performance factors, e.g., the mean residence time, RTD, hold-up
mass, mean centered variance, and the number of blade passes, are comprehensively
investigated, aiming to guide the blender design and selection of operation parameters in

actual pharmaceutical CM processes.

2. Numerical model



2.1 Discrete element method
DEM is one of the most effective methods to model the bulk material by solving the motion
equations for individual particles. The translational and rotational motion of particles are

governed by the Newton’s second law as-

dv; _
m E_Fc'i +mg Q)
d(@) _
Ii T _Ti (2)

where m; is the particle mass, I; is the moment of inertia, V: is *h7 translational speed, g is the
gravitational acceleration, w; is the angular speed, Fc; i the total contact force, and T; is the

torque.

In this study, the Blaze-DEM, a GPU-enhanv-d 'DEM code developed by Govender et al.
[29-31], is adopted to simulate the po vde' flow in the blender. The Kelvin-Voigt linear

viscoelastic spring dashpot model is au>nted to model the normal contact force as-
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is the damping coefficient, VV represents the relative contact velocity,
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€ is the coefficient of restitution, meﬁ:(—+—j denotes the effective particle mass, and
ml mZ

t is the contact time.

contact
The Cundall-Strack tangential model is used to calculate the tangential contact force as-

Fr=—K; (V;dt)-C,V +F; (4)



where F, represents the projected tangential force, K; represents the tangential spring

) 2In(e)/K,m i . -
stiffness, and K;>k,/2, C.= (6) - " represents the tangential damping coefficient,
|n(e) +°

and V; represents the tangential relative velocity.
The torque exerted on the individual particle is expressed as-
I'=rxF, 5)

where I represents the vector between the contact point and the Mass centre. At time K , the

following expression is used to calculate the angular velocit:’ a.
— L
D=0, +a . (6)
. . -1 t
The acceleration of angular velocity &™ 1, calculated as a,° =1,1," , where

—vL ij . :
I knet ) = I’ represents the resultant crntart torque on the particle and I, represents the
inertia tensor. The particle oriectation is expressed with a unit quaternion
q{w,x,y,z} = {10,0,0}, where w represents an angle [-1:1], and (x, y, z) represents the

rotational axis. The followiny exgression gives the relationship between the quaternion and

the axis angle representa ion ‘0, x,,y,,z,) as-

q={cos(6/2),xsin(6/2),ysin(6/2),zsin(612)} )

The quaternion has a relationship with the angular velocity vector e as-

q:{cos<||wk||>,si“(”“’k"nz_in]} )

Then, the angular orientation of the particle at time k is written as-

0= XAq 9)



2.2 Blender model setup

The continuous blender is an important unit of the GEA ConsiGma® system. Figure 1
shows the general geometric information of the full-size continuous powder blender. The
inner diameter of the barrel is 118 mm, and that of the inlet and outlet tube is 100 mm. The
length of the main working domain is about 920 mm. In the current configuration, the
inclined angle of blender is 15°. According to the function of the blade elements, the impeller
assembled inside the barrel can be mainly divided into three different sections, which is the
so-called ‘forwards-alternating-forwards blade configuration. T:.~re are two types of elements
used for the blade configuration. One is called the transport ~leraent; the other is called the
transport-mix element. Sections 1 and 3 are both trarspo:. sections, while Section 2 is a
transport-mix section. When the blending process nonir.s, the powder is released from the
inlet with random orientations. The feed rate is | er.c ~onstant as 40 kg/h, which corresponds to
a line throughput in commercial manufac’an 1g. ~ive shaft speeds range from 150 rpm to 350

rpm with an increment of 50 rpm are ~onsideied in this study.
2.3 Material properties

Microcrystalline cellulose v.C), VIVAPUR® MCC Spheres 1000 (JRS Pharma GmbH &
Co. KG, Rosenberg, Gerrony;, is used in this study as the model material. Figure 2 presents
the micro-image of N ~C particles using a digital microscope (VHX-7000, Keyence
Deutschland GmbH, Neu-Isenburg, Germany). The powder presents a high degree of
brightness and excellent sphericity. The ring shear test indicted that the VIVAPUR® MCC
Spheres 1000 is a free-flowing powder. Figure 3 shows the corresponding volume percentage
and cumulative particle size distribution. It can be seen that the powder has a narrow size
distribution. The mean diameter of the VIVAPUR® MCC Spheres 1000 is about 1,197 pm.
The true density of the powder is 1,450 kg/m?, which is measured with a helium pycnometer

(AccuPyc Il 1340, Micromeritics, USA).



2.4 DEM parameter calibration

For DEM simulations, many input parameters need to be determined. As described in
Section 2.3, some of the parameters, such as density and particle size, can be measured
experimentally, and some parameters (i.e., normal stiffness and coefficients of restitution),
which may be less significant, can be obtained from literature [32, 33]. However, other DEM
parameters need to be calibrated, aiming to make the simulation reproduce the real bulk
response for the specific material. In this paper, the friction coefficient between particle and
particle (upp), the friction coefficient between particle and wall (..,-»), and the rolling resistance

() are calibrated.

To calibrate the DEM parameters upp, 1pw and ur, the 2umerical and experimental powder
discharge are performed. Figure 4 illustrates the nun.ccical and experimental setup for the
powder discharge tests, which uses the Flodex"V tester (Hanson Research, Chatsworth, CA,
USA). Each experiment uses 100 g samp’e. I'i this study, the orifice size is selected as 12 mm,
which makes the simulation time scai. not too long nor too short. According to the standard
operation procedure of the tester, the ornwder is put in the stainless cylinder first and settles
down, then the gate panel of *he vrifice is triggered to allow the powder flow through the
orifice. The accumulative 1..7ss collected in the bottom box is automatically measured and
recorded with a digita ~ca.2. The precision and sample frequency of the digital scale is 0.001
g and 2 Hz, respectively. The mass flow rate and the final accumulative powder mass in the
bottom box are used as two main indices to calibrate the selected DEM parameters. Table 1
lists all the cases run for calibration purpose. The three DEM parameters are varied to get
different bulk responses. Until a good match between the measured and simulated responses
is achieved, the set of DEM parameters is chosen for later DEM simulations of the continuous

blender.



Figure 5 plots the evolution of the discharged powder mass for three repeated experiments
and one selected DEM case. It can be seen that the DEM simulation can reproduce the
discharge process very well. With appropriately selected DEM parameters, a good agreement
of the discharge mass curve can be achieved between the numerical and experimental data.
Two parameters (the error of mass flow rate and the error of discharge mass) are calculated to
select proper DEM parameters for the powder. The error between numerical and experimental

data is defined as

D1'Dz

x100% (10)

2

where e is the error, D1 is the data obtained from DEM si~ulation, D, is the experimental

data.

Once the error of mass flow rate and the ~ro, or discharge mass are obtained, an overall
error is proposed to assist the DEM parai. .t :rs selection better. The overall error is defined as
the average value of these two above errors. Figure 6 shows the overall errors for all
simulation cases. It can be noted *i.ct cuses 1-5 give similar overall errors, which suggests that
particle-wall friction coefficie.t is insignificant in the present study. Among all cases
considered, it can be fourz *ha: Case No. 3 presents the minimal overall error, which indicates
that the corresponding =M parameters are sufficient for further simulations. These values
are chosen to final DEM input parameters for blender simulations and are listed in Table 2.
Polydisperse particle systems with three different particle sizes extracted from PSD
information are modelled in this study. For all cases, a total of about 6.0 kg powder, which
consists of about 5,000,000 particles, is used in the blender simulations. The total simulation

time is set as 600 s, with a particle time step of 5x10°° s.

2.5 Data acquisition and processing



The residence time distribution is vital for understanding the blending process. During the
simulation, a domain is defined for calculating particle residence time. When the particle
enters and leaves the domain, the time the particle resides in the blender is recorded. The
residence time distribution E(t) of the particle in the continuous blender can then be expressed

as [34, 35]

N(t _
£ = N (11)
J‘ N(t)dt Zi:o N; At
0
where N(t) is the number of particles crossing the outlet at tin.c t. 1! is the particle number in

the residence time bin i, At is the residence time bin size.

The mean residence time z, and the mean centred v riar ce ¢,° can be obtained using the

following equations

0

7= ()t 12)

0

s NG 2')2 E (t)dt )

T

The number of blade pa.ses N, can be defined to evaluate the amount of material
passed by the blade durin:: blending. It is a function of the shaft rotation speed w and the

mean residence time z, which can be expressed as [16, 18]
N, =ox7 (14)

3. Results and discussion

In this section, comprehensive analyses were performed on the obtained DEM results,

which included the particle flow pattern, particle dynamics and residence time



distribution. The effects of impeller speed were studied using critical performance
indicators namely the mean residence time (z), the RTD, the number of blade passes (Np)

and the mean centered variance (¢.%).
3.1 Particle flow and hold-up mass

DEM simulations make it possible to observe what happens inside the continuous blender.
It is valuable to visualise the particle flow in the continuous blender. Figure 7 shows the
particle distribution profiles at different times during the simulation of blending process over
600 s. The simulation begins with an empty blender. With the nu./der feeding to the blender
via the inlet, the amount of powder inside the blender i:..-2ases and the powder particles
occupy more space of the blender (see Fig. 7a). At the same time, some particles begin to
escape from the outlet until a steady state is reached (se. +igs. 7b and 7c).

The hold-up mass is one of the most criticar ‘nd.ces to identify and monitor whether the
blending system has achieved a steady-".cate. Figure 8 plots the hold-up mass distributed in
three sections of the blender during .~e entire blending process. It shows that the hold-up
mass linearly increases to 2.1 ko au2 "0 the fixed feed rate at the beginning phase of the
process up to approximately t-30u 3. Then the hold-up mass value keeps almost unchanged
until t=550 s, indicating the ler.ding system reaches the steady state during this period. After
t=550 s, powder feecn.2 15 zcopped, hold-up mass starts to decrease. The evolution of hold-up

mass further explains the change of powder distribution in the blender, as illustrated in Fig. 7.

Figure 9 depicts the hold-up mass distribution ratios at steady-state with various impeller
speeds. The hold-up mass distribution ratio is defined as the powder mass distributed in a
specified section divided by the hold-up mass in the blender. Interestingly, it is found that
most of the powder distributes in the middle and bottom section. Only a small fraction (<5%)
of powder distributes in the top section. It can be explained that the powder in the inclined

blender tends to accumulate and settles at a lower height of the blender due to gravity. This



finding implies that the mixing mainly occurs in the bottom and middle sections. According
to the function of these sections, the middle section is designed to facilitate powder mixing.
Compared to the mass ratios of the middle section at other impeller speeds, the mass ratio at
250 rpm is the largest (about 50%). Additionally, it is worth considering in future work how

screw elements in various blender configurations affect blending performance.

The evolution of hold-up mass in the blender at various impeller speeds is illustrated in
Figure 10. All the curves show a similar trend: the hold-up material first linearly increases
with time, then reaches a nearly constant value for a while, fina'.:* decreases with the time. At
the first 50 s, all curves collapse into one line with a slope exti2, to the fixed feed rate. It is
because the powder paticles accumulate in the inclinec blenuer at the beginning of blending
process. For the higher impeller speed, it is quicker to vea_h the steady state. At steady-state, a
higher impeller speed leads to a smaller hold-ur, mass in the blender. It is found that the
curves for 200 rpm and 250 rpm are verv cicse J each other, implying a similar flow pattern

during continuous blending in this spcad range.

Figure 11 plots the hold-up mass ai d :he time spent to achieve steady-state as a function of
the impeller speed. The time ‘0 s.>ady-state is the time period from the beginning of the
process to its steady-state. £2th the hold-up mass and the time to steady-state have a similar
trend, which dramatica!'v dicrease with increasing the impeller speed. Surprisingly, 250 rpm
is the transaction point for both hold-up mass and time to steady-state, where a bigger drop in
the hold-up and time to steady-state can be observed, implying that there are two different
regimes during the continous blending. The regime transition of powder flow within the
blender exists at an intermediate impeller speed, as also observed by Dubey et al. [19]. Even
so, a higher impeller speed generally leads to a smaller hold-up mass in the blender, which is

consistent with the observation of Osorio et al. [13].

3.2 Particle velocity and trajectory



At steady-state, the average particle speed and its relative standard deviation (RSD) usually
keep stable. Figure 12 plots the average particle speed and its RSD at steady-state with an
impeller speed of 250 rpm. The particles in the middle section of the blender present the
largest average speed; those of the top and bottom section have a lower speed. This result is
consistent with the blender configuration. The middle section of the impeller consists of
transport-mix elements, which promote shearing and conveying. At the same time, the blade
configuration in the middile section would lead to a higher resultant particle speed in the
circumferential direction. Additonally, particles in the middl: and bottom sections present
smaller RSD of speed. It may be explained that a denser enviiome 1t would form in the middle
and bottom section due to gravitional force. In a denser cnv.roment, a particle would have
more constant collions with neighboured particles ar1 wcll. Therefore, a smaller RSD can be

observed.

During the continuous blending procese, p. rticies are expected to travel through the blender
from the inlet to the outlet. It is interesting to observe how the individual particles move
inside the continuous blender. Figu-e 1 plots two types of particle trajectories for selected
particles. Fig. 13a gives a tyric.!' particle trajectory where the particle crosses the entire
blender. The particle path ~how: a spiral motion along the axis of the impeller, due to axial
transport. Meanwhil~ 1t:e rarticle rotates in the circumferential direction due to blade
rotation. Also, it is not.ule that particle trajectory is very dense at the bottom and middle
sections, while it becomes sparse in the top section. This can be explained that most of the
particles distribute in the bottom and middle sections, resulting in a low axial speed in the
blender. Dense particle packing contributes to more frequent particle collisions, which
constrain the particle motion and form a small particle displacement in the axial direction. By
contrast, some particles may have difficulities in travelling through the blender and follow the
trajectory in Fig. 13b. These particles can be trapped in the blender arising from complex

particle-particle and particle-wall interactions, and may cause non-desired blending



performance.

As proposed by Einstein [36], the path length is the total distance covered when a particle
moves from the initial position to the final position. When the particle travels in the blender,
the particle path is crucial for analyzing the process. The particle velocity and position are
recorded during the simulation. The motion history of a particle is saved with a time interval
At= 0.01 s. Therefore, the position of a particle at time t is written as (X, y, z). At time t+At,
the increment of particle position in XYZ coordinates can be recorded as (Ax, Ay, Az). Then,

the distance (L) for the particle i during the time interval (At) ce.. be calculated as follows:

Li:\/(AXiXAXi)"'(AyiXAy?‘/_'_\’\Zi—XAZi) (15)

The entire period can be discretised into N time in’ervls. Consequently, the total length of
particle path in the blender can be obtained by si'mining he distance of particle at each time

interval as:

L:

N
L (16)
=1
It is clear that L depends upor the time interval used to collect the data. Based upon their
experimental measurement ir, a scmnilar set-up, Portillo et al. [10] showed that a time interval

of 0.0169 s is small enouvgnh .1 capture the particle path with a sufficient resolution. Therefore,

the time interval of 0.01 s used in this study is adequate for calculating the particle path.

Figure 14 plots particle path length as a function of residence time in the blender. Six
particle paths are selected from each case with different impeller speeds. It is clear that a
longer residence time leads to a longer particle path in the blender. A close examination of the
data shows that the linear fitting can be used to describe the relationship between the particle
path and residence time confirmed by a goodness of fit R?=0.95. This is also consistent with
the report of Portillo et al. [10], who used the Positron Emission Particle Tracking (PEPT)

technique to track the particle path in a GEA blender.



3.3 Residence time distribution

The RTD is a vital parameter for any continuous process. Figure 15 shows the effect of
impeller speed on the residence time distribution (E-curve) in the continuous blender with a
feed rate of 40 kg/h. It is clear that the impeller speed has a significant impact on the RTD. A
higher impeller speed leads to a shorter residence time of particles in the bender. Interestingly,
the RTD at a lower impeller speed (i.e., 150 rpm) is a bit different from those at higher
impeller speeds (i.e., 300 rpm and 350 rpm). It could be attributed to the different regime that
exists at low and high impeller speeds, resulting in different k. regimes as well [19]. The
presented residence time distribution under various impeller sn.eds agrees with the results

reported in previous literature [19].

As described in Equation (12), the mean residence . e can be obtained by integrating the
first moment of the RTD function. Figure 1€ .'ots the corresponding mean residence time
under various impeller speeds. The mea’. residence time decreases from about 240 s to 70 s,
with the impeller speed increasing 1.~m 150 rpm to 350 rpm. Typically, higher impeller
speeds resulted in shorter residence i nes and shorter total path lengths. These findings are in
agreement with previous experimontal studies [9-11]. The abrupt decrease in the mean
residence time can be attri.''te’) to the substantial drop of hold-up mass in the continuous
blender. Interestingly,, *he Zecreasing rate before 250 rpm is -0.46 s/rpm and that after 250
rpm is -1.08 s/rpm, which is in line with the two regimes. This is consistent with the change

of hold-up mass, as shown in Figure 11.

The mean centered variance is a combined effect of convection and random movement of
particles [19], and can be considered a quantitative measure of particulate dispersion [37].
According to Equation (13), the mean centred variance of the residence time distribution is
plotted in Fig. 17. The mean centred variance increased with the impeller speed increasing

from 150 rpm to 350 rpm. Meanwhile, high impeller speed would result in short residence



time, which is not beneficial for good mixing. Hence, 350 rpm may not be the best impeller
speed, even though it contributes to the highest dispersion or axial mixing. Furthermore, the
mean centred variance is also affected by the feed rate and powder properties [19, 37, 38].

Hence, the process parameters need to be studied in conjunction in future work.

When the powder is fed into the blender, it is subjected to the blade shearing and
conveying. The amount of shear experienced by the powder particles is crucial for blender
and process design. Figure 18 illustrates the average number of blade passes experienced by
the particles when passing through the continuous blender. ‘ased on Equation (14), the
number of blade passes is strongly affected by the impeller su2ed and the residence time. The
number of blade passes increases when the impeller <1'eeu increases from 150 rpm to 250
rpm, then decreases when the impeller speed further \.~cr.ases from 250 rpm to 350 rpm. The
particles experience the maximum amount of stenr (mechanical work) in the continuous
blender at the intermediate impeller spe:a >f 250 rpm. Consequently, a larger number of
blade passes would contribute to a hizher degree of powder homogeneity at the blender’s exit
[10, 11, 38]. This finding can be tsra w0 select the optimal impeller speed for continuous
blending. A similar phenomencn 1.2s been observed and experimentally confirmed in previous
literature [9]. It is evident that . ere are two distinct regimes in the continuous blending: i) a
shearing regime whe~ tl.~ iripeller speed is lower than 250 rpm, and ii) a dynamic regime
when the impeller speec s higher than 250 rpm. This observation corresponds well with the
findings of hold-up mass (see Fig. 11) and the mean residence time (see Fig. 16). Under lower
impeller speeds (<250 rpm), the powder is relatively less mixed in the continuous blender,
and powder shearing dominates the process. The total shear experienced by the particle would
increase with the increase in impeller speed. At higher impeller speeds (>250 rpm), the
powder bed in the blender moves in a dynamic manner. At the intermediate speed 250 rpm,
the powder bed gets sufficient mixing; exceeding the intermediate speed, the mixing

performance may even be reduced. A higher impeller speed causes fewer internal contacts



between particles and a shorter residence time [39], consequently decreasing the number of

blade passes.

4. Conclusions

The granular dynamics in a full-size continuous blender for pharmaceutical drug product
manufacturing were analysed in detail. It is found that, at the steady-state, only a small
fraction of powder distributes in the upper region of the blender, while most of the powder
distributes in the middle and lower regions. Moreover, a larger impeller speed contributes to a
smaller hold-up mass in the blender and a shorter residence time. 'nterestingly, the maximum
number of blade passes is achieved at an intermediate imz2'e, speed (i.e., 250 rpm used in
this study), suggesting a possible optimal impeller spe~d for desired mixing. Through the
detailed DEM analyses, it is revealed that there arc (wo distinct regimes in continuous
blending: i) a shear regime when the impelle. spred is relatively low; and ii) a dynamic
regime when the impeller speed is high. it i¢ shown that the hold-up mass, the time to reach
the steady state, or the mean residen. *ime decreases at a higher rate in the dynamic regime
than that in the shear regime. It is alsc ir teresting to find that, in the shear regime, the number
of blade passes increases with 1ne wpeller speed, while in the dynamic regime it decreases as

the impeller speed increases.

This study demonstra~s that the simulation of full-size continuous systems is feasible and
can provide further insights into powder flow in actual continuous blending, which can guide
the geometric design and selection of process parameters. Further investigation can be
focused on the powder properties and blender configuration on the mixing behaviour of
pharmaceutical formulations. In addition, whether the demarcation impeller speed depends on

the blender design and powder properties is worthy further investigation.
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Figure captions:

Figure 1 Geometric model of the continuous blender assembly.

Figure 2 Micro-image of the VIVAPUR® MCC Spheres 1000.

Figure 3 Paritcle size distribution of the VIVAPUR® MCC Spheres 1000.

Figure 4 Experimental (a) and DEM (b) setup for the discharge experiment.

Figure 5 Measured and simulated discharge of powder mass over time.

Figure 6 Errors of mass flow rate and discharge mass.

Figure 7 Particle distribution profiles over a duration of 6Cu s in the continous blender
(=250 rpm).

Figure 8 Time evolution of hold-up mass in various ble::er sections.

Figure 9 Hold-up mass distribution ratios under variou- iinpeller speeds.

Figure 10 Evolution of hold-up mass under vari.s i mpeller speeds.

Figure 11 Hold-up mass and time to stea”.y-< :ate under various impeller speeds.

Figure 12 Particle speed and its RSD n varous blender sections (w=250 rpm).

Figure 13 Two types of particle trajuccories of escaped (a) and trapped (b) particles.

Figure 14 Particle path length s a function of residence time.

Figure 15 Residence time c¢'strindtion under various impeller speeds.

Figure 16 Impact of ",~oc''e’ speed on the mean residence time.

Figure 17 Impact of impeller speed on the mean centred variance.

Figure 18 Impact of impeller speed on the number of blade passes.



Table captions:

Table 1 Detailed parameters and bulk response for cases considered.

Table 2 List of the DEM input parameters.
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Table 1 Detailed parameters and bulk response for cases considered.

Case No. Uow () 1 (-)  Mass flow rate (g/s) Discharge mass (g)

)
1 020 0.20 0.015 13.58 85.57
2 020 0.25 0.015 13.56 84.98
3 020 030 0.015 13.4l1 84.41
4 0.20 0.35 0.015 13.35 84.12
5 020 0.40 0.015 13.34 83.74
6 0.25 030 0.015 12.86 83.56
7 030 030 0.005 12.97 87.39
8 0.30 0.30 0.010 12.78 85.73
9 0.30 0.30 0.015 17.4C 82.65
10 030 030 0.02» "2.28 82.05
11 030 030 0325 12.24 81.58
12 0.35 030 001> 12.04 82.09
13 040 0.35  0.015 11.71 81.53

Table 2 List of the DEM input parameters.



Category DEM parameters Value Unit

Particle density 1,450 kg/m’
Measured

Mean particle diameter 1197 um

Normal stiffness between particle and particle 1000  N/m
Obtained Normal stiffness between particle and wall 1000  N/m
literately Coefficient of restitution between particle and 0.3 i

particle ’

Coefficient of restitution between particle and wall 0.3 -
Common Gravity acceleration 9.81 m/s

Sliding friction between particle and jan.:le 020 -
Obtqlned Sliding friction between particle a1d w all 030 -

Iteratively
Rolling resistance 0.015 -
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Maximum number of blzade ~asses can be achieved at an intermediate impeller speed.
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