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Abstract
This study proposes a new sample-.r Jevendent mixing index, termed the Coefficient of

Blending Performance (CBP), for monitoring the formation of undesired API (Active
Pharmaceutical Ingredient) agy:."merates in continuous mixing processes. The sensitivity of the
proposed index is testec on «. DEM-simulated twin-screw blending of pharmaceutical powders
with a novel mixing desia’.. Model excipient and APl are used in simulations with their physical
and mechanical properties being within the typical range of properties of generic
pharmaceutical powders. Results suggest that the CBP is an effective index for monitoring the
formation of APl agglomerates in the mixer. Using this index, DEM results suggest a high
possibility of formation of APl agglomerates during the first stage of twin screw mixing. The
results show that adding a kneading zone to the twin screw mixer enhances the blending quality

by breaking the API agglomerates, making the mixture ready for the next operating unit.
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mixing index; agglomeration; surface energy

1 Introduction

Securing a high-quality granular blending/mixing is a vital step for many industries, and
designing suitable and efficient mixers is central for delivering a homogeneous mixture. Mixer
design depends on the nature of an industry, type of material, desired production rate, and the
maximum acceptable variance in the product composition. This includes the mixer geometrical
aspects, such as the blades/impellers shape and the mixer size 1¢ well as the operating
mechanisms, namely the type of mixing (batch or continuous) ina *he power input per unit
mass [1-7]. There are various types and models of mixers ¢ vaile ble which can be classified into
two main categories of batch and continuous, each of v..>'~1, has its own advantages and
disadvantages [8]. Although in recent decades the prccesc of designing mixers has become
more scientific, they still fall short in meeting the r.~ac's of industries, and compared to the effort
put into mixing the outcome is not as satis’yine, [9, 10]. The pharmaceutical industry is one of
those industries which benefit the mos. from enhancement in the quality of mixers.

In pharmaceutical processing, Active 2"1ainaceutical Ingredient (API) is usually mixed with
excipient for the formulation of th2 .nal products. API particles are very fine (< 5um) and as a
result, their attractive electrostau. and van der Waals forces are very large compared to their
inertial forces (high granular Bnd number [11]), contributing to their high cohesivity and poor
flowability [12, 13]. The AP particles are commonly mixed with a large quantity of excipient
materials to increase their flowability and dispersion efficiency; nevertheless, during the
blending process, the cohesive fine particles stick to each other and form agglomerates. These
agglomerates are not generally desirable, because they change the homogeneity and size
distribution of the mixture. To enhance the efficiency of blending, understanding the underlying
mechanisms and the tendency of formation of API-API agglomerates at each stage of the
blending process is highly crucial.

The conventional experimental methods for assessing the efficiency of blending in a mixer are
mainly based on the variance of particles concentration in the mixture [14-16]. To find a
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sampling methodology affects the value of concentration variance. Size of a sample is
commonly defined based on the scale of scrutiny, which depends on the application of the
powder mixture. In spite of the prevalent usage of sample-dependent methods, some features
of mixing/segregation process, e.g. the agglomeration of API particles, cannot be captured by
these methods. It is utterly difficult and expensive to experimentally assess the spatial
homogeneity of a mixture in a non-destructive way; however, using modelling techniques based
on Discrete Element Method (DEM) it is possible to monitor particle contacts and
formation/breakage of agglomerates, from which the aforemen’ioned assessments can be
easily conducted. Chandratilleke et al. [17] proposed a samp'z-.>dependent index for assessing
quality of DEM simulated powder mixtures. Although their me.hod works well for monosized
particulate systems, itis not applicable for evaluating hinc.v systems or mixtures in which
particles have size distribution. Even though tracking pc-ticle collisions and contacts is feasible
in DEM, there is still a lack of a suitable criterior /iid¢;x for monitoring the formation of
agglomerates during mixing.

The emergence and development of *he DENi technique has paved the road towards designing
more efficient and practical mixers. 3¢ 1>, the blending process in different types of
mixers/blenders, namely the sim.Nle-rutating drums [18, 19], tumbling blenders [20-22], bin
blender [23], v-blenders [24-2.' 1win screw mixer [28], tote blenders [29, 30], paddle mixers
[31], double-cone blende |5, slant cone mixers [33, 34], agitated tubular mixer [35], bladed
mixers [5, 7, 17, 36, 37],  nd ribbon mixer [38], has been simulated using DEM. Continuous
mixing is receiving more and more attention by pharmaceutical industries due to its advantages
over the batch mixing. Among the continuous mixers, twin screw mixers have shown great
potential in pharmaceutical manufacturing processes owing to their flexibility in design, low
throughput, and relatively short residence time. Powder mixing with twin screw is a variant of
high-shear mixing where extruders are installed to blend the powders in a continuous manner
[39]. In spite of their ever-rising popularity, investigations on the agglomeration of low-level
content APIs during the continuous mixing are still lacking. In this regard, defining a versatile

criterion to quantify the rate of formation of these undesired agglomerates is necessary.
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also play a significant role in the quality of the final mixture. The particles size [7], size
distribution [40, 41], shape [42, 43], density [7], and surface energy [44] are all amongst the
most influential properties to be mentioned [7]. The significance of each property is also a
function of other properties; for example, when particles are very fine the adhesive forces
related to the surface energy become dominate, which eventually lead to their agglomeration
and/or segregation in the mixture.

In this study the process of blending of pharmaceutical powders in a continuous twin screw
mixer is studied using DEM technique. To monitor and analyse the formation/breakage of the
API agglomerates, a sample-independent mixing index is propr,sc 1 Lased on the number of
contacts of similar and dissimilar particles. The sensitivity o the blending process to the
operating conditions, such as mixer design and impeller ro.ctional speed, as well as material
properties, i.e. particles surface adhesion, is investigateu. The proposed index is compared to
the commonly used relative standard deviation (F' <O method for selected cases of the

simulations.

2 Computational methodology

DEM is a method for modelling the vnamic behaviour of assemblies of individual elements.
This method, initially developed cna used for geotechnical problems by Cundall and Strack [45],
is now used extensivelv ir vari»us fields of engineering, particularly for simulation of powder
handling and processing. Ir DEM, particle movements are predicted by using the Newton’s
second law of motion in translational and rotational forms and the particles interactions are
defined using appropriate contact models [46]. In this study, EDEM2.7.1 software, provided by
DEM Solutions, Edinburgh, UK, is utilised to simulate the blending process.

2.1 Contact models

Particles collisional forces are generally divided into normal and tangential components, where
the normal term is calculated based on the Hertz model [47] and the tangential term is obtained
using the Mindlin theory [48]. More details for these theories are available elsewhere [46, 49].
As mentioned before, the pharmaceutical particles are generally cohesive and very fine;
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effect of adhesion on particles interactions, the JKR (Johnson-Kendall-Roberts) [50] model is
used. This model is an elastic non-linear model and is generally suitable for soft materials, in
comparison with the DMT model [51], which is mostly utilised for hard materials.

One of the mainissues with using adhesive contact models is how to translate the level of
adhesivity of particles to a meaningful parameter in DEM simulations, e.g. which value should
be selected for the particles interfacial energy. In addition to the surface energy, the adhesive
forces present between two particles depend on their material properties, size, shape, and
surface roughness as well. In DEM simulations, using particles with larger size, simplified
shapes, and lower Young’s modulus is inevitable, owing to th7: 1..vh computational demand of
the DEM. Thus, the interfacial energy used in simulations sho.'ld be a scaled version of its real
value by which similar bulk behaviour to that of the exnrar.ental one is achievable. For this
purpose, Behjani et al. [52] recently proposed a dimens nless Cohesion number for inferring
the particles interfacial energy with respectto th.~'; s >aled size and stiffness. This number is
defined based upon the work of cohesior rec uired for detaching a particle from a surface over

its gravitational potential energy, as €voressed in Equation (1),

1
1( 1° 3
C\/h = p-g(w) (1)

where g, p, and I are gravitai.ona. acceleration, envelope density, and interfacial energy of the
particles respectively. R* ar! £* are the reduced radius and Young’s modulus of elasticity of the

spheres, respectively:

R*_<1 1) 2
Ry R,
-1
1—-v2 1—-v,2
E* = 3
( E B ©

where R, and R, are the radii of the spheres, E; and E, are their Young’s moduli, and v; and v,
are their Poisson’s ratios. This method of scaling has been used in other researches

successfully [53-55].
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Two model materials, i.e. an APl and excipient, are considered in the formulation of the target
pharmaceutical powder mixture. The material properties of these model particles are extracted
from the literature in a way to resemble two common pharmaceutical ingredients, i.e.
Paracetamol as the APl and Lactose as the excipient. The average values found in the

literature are used in calibration of the DEM input parameters, as given in Table 1.

The geometry used in the simulations belongs to a twin screw mixer displayed in Fig. 1. It
consists of an initial long mixing zone and a kneading zone, folloaed by a short secondary
mixing zone. This geometry is built using the open source mes!iynerator software, Gmsh, and
the .st/meshfile is exported to the EDEM software. In the F Dt/ software, the particles are
generated and discharged into the funnel located on the le\. hand side of the mixer and then
introduced into the mixer according to the feed rate men.ned in Table 2. Afterwards, the

rotating screws mix the particles and push them ¢.di ally to the exit.

2.3 Simulation setup

The particles input parameters used i1 *.\> simulations are given in Table 2. To reduce the
computation time, lower Young’s i:*odu.us values and larger particle diameters are used
compared to their real experime~ta: values. To find a suitable value for the interfacial energy of
the scaled particles the Crnew'on number is used as described in section 2.1. For scaling the
surface energy, the value «f the Cohesion number using the real particle properties (Table 1)
should be equated with that of the simulation as expressed below:

1 1—-5 . 1/3 1 I‘S 1/3
Cohgyp = Cohgjy = < S > = ( aid > (4)

2 8 - 2 8
Psim8 E* simR* sim pexpg E* epr* exp

where indices exp and sim denote experimental and simulation, respectively. The Cohesion
number is around 2.9 for realistic particles properties as given in Table 3. Using a similar value
for the Cohesion number of the scaled particles, i.e. simulated particles, with their new Young'’s
modulus and particle size, the interfacial energy of the API (e.g. Paracetamol-Paracetamol) is

approximately 400 mjm~2 in DEM modelling.
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on mixing quality. It should be mentioned that the excipient interfacial energy is maintained low
(40 mjm~2) and constant for all cases in this study in order to only study the effect of API
properties. Also, the APl-excipient interfacial energy is taken as the average of the APl and

excipient surface energies.

The speed at which the process of mixing is conducted can cause a significant difference in the
final quality of the mixture. For this to be studied, simulations are carried out using 500, 600,
and 700 rpm rotational speeds of the mixer as presented in T=i !~ . The feed rates of the API
and excipient are kept constantat 7.2 and 0.72 gs~1, respzcu ‘ely, for all the rotational speeds
(9% APl and 91% excipient by mass). The feed consists of approximately 9% APl and 91%
excipient, which is in a range of the feed ratio that is nc. nally used by pharmaceutical
industries. Variation in feed ratio may have an iinar ton blending performance, however, it is
not studied in this work.

3 Mixing quantification

There are various ways in the literalure o quantify the quality of a mixture most of which are
based on the variance of the corn.nonents mass/volume concentration [14-16]. The relative
standard deviation (RSD), whiLhis the ratio of the standard deviation of a variable over its
mean value, is a commcnind'ex utilised by researchers and engineers [42]. In spite of being
widely used, this index is 1ighly dependent on the sampling method and sample size, both of
which are sources of uncertainty.

In this study, the whole mixer is divided into number of bins as presented in Fig. 2. As shownin
the figure, the cross section of the mixer geometry is divided into bins based on the radial
symmetry of the mixer, so that all the bins have equal chance for accommodation particles. This
is performed to avoid variation in sample size, which is a source for uncertainty in the final
results. The mass concentrations of the API and excipient particles, C;, are calculated in each

bin using Equation (5).
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where m; is the mass of component i in the bin. Using the concentration values obtained for all

the bins, the RSD of the API and excipient are determined using Equation (6),

»N(c;—C)?
S N —1
RSD="= =7 —— (6)
NZIfCi

where SD stands for the standard deviation of the concentrations, C is their mean value, and N

is the number of bins.

Due to the complexity of the geometry of the mixer, only two bi'r 5.7es are defined for
calculating the RSD values. Discretising the mixture to sme ler . amples will lead to the
formation of semi-empty bins and a non-homogeneous <ai."nling. In other words, some bins
cannot be completely filled by particles because of the in.~rvening and dynamic geometry or
due to the location of the bin. Here, as presented 'r. F'J. 2, the cross section of the mixer is
divided into equal sections based on the r7dia synimetry of the mixer to reduce the sampling
issue. This issue can also be addresscA by andlysing the variation of composition of the
discharging mixture at the outlet of th : ra. :2r throughout the blending time. Nevertheless, this
method is still sample-dependent, e. tie RSD alters with changing the scale of scrutiny. It is a
fact that relying on sample-depe~aent indices for analysing a mixture quality can sometimes be
misleading. As illustrated i1 F. . 3, the composition ratios of the APl and excipient in the bins
are similar for the three ca: es presented, based on which the RSD for all these cases would be
similarly low (0.09 < RSD < 0.11). In the first two cases, shownin Fig. 3 (A) and (B), changing
the size or arrangement of the bins may vary the RSD value significantly. For example, in the
cases A and B if each bin is divided with a horizontal line into two similar bins (i.e. reducing bin
size to half of its original size) the RSD jumps from 0.11 up to 0.33., while, this value increases
only to 0.14 for the case C. To solve the sampling issue and also be able to analyse the
formation and depletion of APl agglomerates during the blending, two new indices are defined
based on the number of contacts of similar and dissimilar particles, i.e. API-API and API-

excipient. These indices are shown in Equations (7) and (8).
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A

CR 4. shows the ratio of the APIl-excipient contact number over the total number of excipient
particles, and CR,, is the ratio of API-API contacts over the total number of API particles. These
values are calculated for the cases with different operating conditions and the results are
compared. As a final evaluating step, the ratio of the CR,4, and “R,, is defined as the coefficient
of blending performance (CBP), as expressed in Equation (9', by which the efficient blending
scenarios are more easily distinguished.

CRAe _ NAe &

CBP = =4
CRAA NAA NA

(9)

It is noteworthy that CBP can be used for asses si"ig mixtures which have monosized particles
as well as particles of different sizes and ~.v. 1 v.ith a size distribution.

4 Results and discussion

4.1 Effect of twin screw mixer g zc.mery

The geometry of a mixer is undc'btelly one of the mostimportant factors in its performance.
Conventional twin screw mixe s ¢7ntain a section to mix particles with each other and deliver a
well-mixed system at the er. 3 or the process. However, there is a high chance of agglomeration
of fine particles while inte -acting with each other. To overcome this issue, a new geometry for
twin screw mixing is proposed, which consists of a kneading zone and a secondary mixing zone
as well. The effect of incorporating the kneading zone and secondary mixing zone into the base

model on the efficiency of mixing and formation and breakage of agglomerates is studied.

4.1.1 Steady state condition

Mass hold-up in the TSM is monitored versus time to evaluate the steady state conditions. As
presented in Fig. 4, the mass hold-up in the TSM increases constantly till t=27 s, after which

hold-up gradually plateaus, which shows that the process has reached a steady state. The

9
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levels of the mixer in both cases. It should be noted that the excipient’s hold-up reaches the
steady state slightly earlier than that of the API. Furthermore, increasing the interface energy of
the API particles has caused a slight reduction in accumulation of APIs in the TSM, suggesting

that higher stickiness of constituents helps in maintaining the composition ratio of the mixture.

4.1.2 Blending assessment using RSD

To evaluate the effect of various sections of the twin screw mixer on blending quality, the RSD
of mass concentrations of the AP| and excipient particles is calc ilated. Two bin sizes are used,
as shownin Fig. 2, to consider the effect of sample size on the ~nCD. Large bins contain around
800 particles each, and small bins have less than 80 particl :s ¢ 1 average. As presented in Fig.
5, the RSD values for the API particles are much higher thc.~ those of the excipients. It is
observed that using fine bins in the sampling has increas d the API and excipient RSD values
by two times. This is because reducing the size ¢’ *ne scale of scrutiny lowers the number of
particles in each sample which is directly 2s0 iated with the randomness of the particles
composition ratio. In other words, highar variavility in particles composition ratio is expected
when the sample size is reduced. Ne' eru ~iess, the RSD values are found to be insensitive to
the mixer geometry, i.e. no changc in e RSD values is observed when particles move from

one section to another, either tu. the coarse or the fine bins.

4.1.3 Blending assessh.2nt using the contact ratios (CR)

To evaluate the particles’ arrangements more closely, contact ratios of the particles are
calculated as well and presented in Fig. 6 and Fig. 7. Lower values for the CR,,4 and higher
ones for the CR,, are indications of a more uniformly mixed system. As it is clear in Fig. 6, for
all the cases simulated, kneading zone has the lowest CR,, compared to the first and the
second mixing zones. Also, it is observed that the number of API-AP| contacts has increased
largely in the second mixing zone. This means that adding the secondary mixing zone to the

whole mixer has practically deteriorated the blending quality and hence is useless.

10
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CR4. in Fig. 7. This graph shows that for most of the simulations the maximum contact number
of the API and excipient particles occurs in the kneading zone. The higher API-API contact ratio
in the mixing zones are due to their high cohesivity which leads to their local accumulation and
agglomeration; this can be easily observed through the particles distribution in the mixer as
presented in Fig. 8. Local accumulation of the API particles in the first and second mixing zones
is evident, particularly close to the areas which experience high shear rates like the screw walls.
On the other hand, the kneading zone shows a more uniform particle distribution corroborating

the quantitative results.

4.2 Effect of the particle surface energy

The effect of the surface condition of particles on the fu.2l quality of the mixture is studied by
doing simulations with three various values of tt.» st rface energy. Looking at Fig. 6 and Fig. 7,
a general increasing trend for the contac’ rat s I1s observed at the mixing zones 1 and 2 when
the surface energy is increased. This is not ti.e case for the kneading zone, where the trends
differ from one rotational speed to ac.u.2:. For the CR,, there is an increasing trend at the 500
rpm while for the 600 and 700 rc. the lowest CR,, occurs when the surface energy is 400
mJ/m?.

It is also worth to mentic 1thct the role of the kneading zone in improving the quality of the
mixture is more observab 2 when the surface energy is lower; i.e. the highest increase in the

values of the CR, are obtained at the lowest surface energy values.

4.3 Effect of the mixer rotation rate

The mixer rotation rate is an important operating parameter which affects the quality of mixing
as well as the speed of the process. For the surface energy values of 200, 400, and 800 m]J/m?
the API-AP| and APl-excipient contact ratios are calculated at various rotational speeds of the
mixer. As depicted in Fig. 9, a unique trend for the CR,4 and CRy, cannot be observed. For the
first mixing zone, a general increasing trend for the API-API contacts is observed when the

11
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a minimum value at 600 rpm followed by a slight increase at 700 rpm. At the Kneading zone,
however, both CR44 and CR4, show similar decreasing-increasing trends with slight variations.
Here the optimum rotational rate cannot be easily found, nevertheless, based on the CR4,4, 600
rpm rotational speed shows a better performance in terms of breaking the API-API

agglomerates.

4.3.1 Blending assessment using CBP index

Variance-based indices, like the RSD, are useful tools for assessing the spatial distribution of
mixture components. The extent of variability in the compositior “auc of species is the base for
these indices and highly influenced by sampling methodolor;y. Segardless of the
aforementioned drawback, such indices are fundamentah, incapable of giving information about
particles arrangement in a sample. In this regard, an ur.J=sired phenomenon during the
blending process of pharmaceutical powders is tt e acglomeration of APls, which is hard to
monitor experimentally. Monitoring this phe w.mei.on, however, is feasible by DEM analysis,
albeit by using a suitable index. The coefficie: * of blending performance, CBP, is an index
which provides information on the cor..o >t number of similar and dissimilar species. Variation in
this index is an indication of formation ~r breakage of undesired agglomerates.

To have a better understanding o\ *he performance of blending in each section of the twin
screw mixer, CBP is calcu'sica wi various particle surface energies and mixer rotational speeds,
as presented in Fig. 10. Ui~arly, the highest CBP values for the CBP are achieved by far at the
kneading zone, where the CBP > 4 at 200 and 400 m]/m? surface energies. These values drop
slightly when the surface energy is increased to 800 m]/m?2. On the other hand, the lowest CBP
values observed belong to the second mixing zone, where the blending performance remains
nearly constant at CBP=1 for all the surface energy values and rotational speeds. The first
mixing zone, however, has a different behaviour, where the best performance of the mixing
zone 1 is achieved at 500 rpm rotational speed, and as the rotational speed increases the CBP

decreases. Also, the CBP values reduce slightly when the surface energy of the particles is

12
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making it a robust and reliable approach for assessing the mixture quality.

5 Conclusions

High-quality mixing of pharmaceutical powders has two aspects: 1) uniform distribution of all
ingredients and 2) minimal formation of undesired API agglomerates. There is still a lack of a
rigorous methodology for the assessment of the agglomeration of low-level content AP| within
continuous mixers. Along with the traditional variance-based RSD index, a sample-independent
index, CBP, is proposed for assessing the formation of undesit 2A API agglomerates. To
examine the efficacy of this index, a case study is conducted abc 1t the effect of geometry
design on blending performance of a continuous twin scre w m’xer, using DEM simulations.
Also, the sensitivity of the blending process to the miy.: roiation rate and particles
cohesivity/adhesivity is examined using the proposer: inu~x.

The results suggest that the coefficient of blerdi” ¥ rerformance (CBP) has the capability to
capture the formation of agglomerates w'ihir the mixer; while this cannot be observed using the
RSD index. Based on the CBP resuli. the best blending performance is achieved in the
kneading zone; whereas, the poorec.t m ature quality (the highest number of agglomerates) is
observed in the second mixing zue. fhis indicates that by adding the kneading zone to the
design of a conventional TSM, the API agglomerates which are formed during the blending
process break down to their \riginal form before being fed into the next operating unit. In
contrast, adding the seco 1d mixing zone to the operation reduces the mixture quality
significantly. At the first mixing zone, the best blending performance is obtained when the
rotational speed is the lowest (500 rpm), however, the dependence of the blending performance
on mixer rotational speed is not considerable at the kneading and second mixing zones. In
addition, variation in the CBP does not follow a unique trend when differing the adhesivity of the

components in various sections of the mixer.
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Table captions

Table 1. Physical and mechanical properties of the common pharmaceutical ingredients [56-59].
Table 2. Physical properties of the APl and excipient particles used in the DEM simulations.

Table 3. The table used to scale the surface energy of the API particles in the DEM simulations.
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Figure captions

Fig. 1. The top, side, and front views of the mixer geometry used is the simulations.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2. Sampling methods for obtaining the RSD values of the species mass concentration. Red particles
are APl and the rest are excipient.

3. Schematic of the effect of sampling on local segregation and agglomeration of API particles (red
colour), Blue particles resemble the excipient.

4. Variation of mass hold-up in the TSM through mixing time, for excipient and API particles.

5. RSD values of the mass concentration of AP| and excipient particles at w = 500 rpm and [, =
400 m/m~2. The RSD values are calculated using fine and coarse bins.

6. Comparison between the contact ratios of the API particles with each other at different zones of the
mixer.

7. Comparison between the contact ratios of the APl and excipient pa.*icles at different zones of the
mixer.

8. Particles distribution in various sections of the twin screw mixer ‘w =500 rpm and [, =

400 m/m™2).

9. Variation of the API-API and APl-excipient contact rat.os v rsus the mixer rotational speed at
different mixer zones.

10. A regime map for the blending performance of thr tvin screw mixer at various surface energies
and rotational speeds.
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Paracetamol) | Lactose)
Particle diameter (um) 20 40
Density (kg/m3) ~1200 ~1500
Young’s modulus (GPa) 9-12 11-15
Poisson’s ratio ~0.33 ~0.30
Surface energy (mJ/m?) 40-50 40
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viatct ia A LAUIDIGHIL | wall
(Paracetamol) | (Lactose)
Particle size (um) 500 1000 -
Density (kg/m3) 1200 1500 7500
Shear modulus (GPa) 0.1 0.1 70
Poisson’s ratio 0.30 0.30 0.25
CoR 0.01 0.01 0.01
CoF 0.5 0.5 0.5
Generation rate from funnel (g/s) | 0.72 7.2
TSM rotational speed (rpm) 500, 600, 700
Interfacial energy (mJ/m?) 200, 400, 800
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Size (um) 50 500 500 500
R*(um) 25 250 250 250
Interfacial energy (m]/m?) | 40 200 400 800
Density (kg/m3)) 1200 2500 |2500 | 2500
Young’'s modulus (GPa) 4 0.055 | 0.055 | 0.055
E* (GPa) 2 0.028 |0.028 | 0.028
Cohesion Number 2.9 0.76 |242 |7.67
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the Discrete Element Method.
A kneading and secondary mixing zone is incorporated into the original design.
A new sample-independent index is proposed to assess unwanted API agglomeration.

Cohesive Active Pharmaceutical Ingredients (API) form unwanted agglomerates in the
mixing zones.

Adding a kneading zone significantly improves the performance of blending.
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