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Abstract

Powder mixing is a crucial and complex step in pharmaceutical production. Mixing and
segregation processes can be monitored using process analytical technologies to
improve product quality. Passive acoustic emissions were examined during mixing in a
V-blender. Vibrations from the emissions were measured through an accelerometer
affixed to the outer V-shell arm lid. Horizontal and vertical loading configurations of
particles were examined. Stable mixtures were reached when the measured amplitude
plateaued around the approximate weighted average of the particles in the outer V-shell
arm. Horizontal loading trials mixed faster and reached stable mixtures in fewer
revolutions. Fill level impacted mixing and segregation efficiency inside the V-blender.
Passive acoustic emissions examination with different loading orders and fill levels
emphasized how to improve mixing efficiency and mitigate segregation. Passive
acoustic emissions confirm its effectiveness for monitoring powder mixing and
segregation in pharmaceutical production which can enhance product quality and

manufacturing efficiency.
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Summary for Lay Audience

Tablets and capsules are the most common dosage forms produced of all
pharmaceuticals. During tablet and capsule production, several powders are mixed
together until the needed uniformity is reached. Mixing is crucial during
pharmaceutical production to prevent quality issues such as incorrect concentration of
active constituents. Powder mixing must be monitored to ensure that products meet
quality standards. Pharmaceutical industry currently uses monitoring methods that are
expensive, invasive, destructive, and inefficient. Passive acoustic emissions are non-
invasive, non-destructive method and offer effective monitoring of powder mixing at

low cost.

Passive acoustic emissions were measured using an accelerometer attached to the lid of
the outer arm of the V-shell. During powder mixing, segregation can develop and affect
product quality. Segregation occurs when ingredients with different properties start to
separate from each other. Experiential trials were completed to evaluate the effect of
different loading configurations and fill levels of particles on mixing and segregation.
One particle size was loaded on the bottom of the V-shell and the second particle size
was loaded on top in case of horizontal loading and one particle size was loaded in the
inner arm and the second one in the outer arm in case of vertical loading. Initially, the
amplitude measured was similar to the particle loaded on top and in the outer arm.
While mixing, the amplitude begins to change moving towards the amplitude of the
particle loaded on the bottom and in the inner arm, before reaching a stable mixture and
plateauing around the weighted average amplitude based on the relative fractions of the

two particle sizes in the outer V-shell arm.

The results showed that horizontal loading mixed faster and reached stable mixtures in
fewer revolutions. Also, by increasing the fill level the segregation decreased and the
mixing efficiency was impacted. The results from this research can help develop ways
to improve mixing efficiency and mitigate segregation in pharmaceutical production.
Overall, this research helps support the potential for passive acoustic emissions to be

used for monitoring powder mixing and segregation to improve final product quality.
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Chapter 1

1 Introduction

Pharmaceutical formulations are commonly developed as capsules and tablets; these
solid dosage forms account for approximately 80% of all available pharmaceutical
formulations. Capsules and tablets offer a convenient route for drug administration due
to their ease of use, transport, stability, and cost-effectiveness (1,2). To make tablets or
capsules, the process entails mixing two or more powder ingredients and compressing
them into tablets or filling the mixture into capsules. A tablet or capsule must contain
an active constituent responsible for the therapeutic effect of the medication, called the
Active Pharmaceutical Ingredient (API). Other constituents may be added to the API
named additives or excipients. The addition of the excipients may aid in the
manufacturing process, protect the oral dosage form, also it may enhance the stability
and bioavailability of the product. Additionally, the excipients may act as fillers,

surfactants, binders, and lubricants.

During the production of tablets and capsules, several mixing procedures are done to
make sure that the API is well distributed in the formulation. Tablet formulation is a
multi-stage manufacturing process. The process commonly involves the addition of the
API and the excipients, mixing the powder materials altogether, and then granulating
the mixture. After the granulation process is finished, the materials are dried to remove
excess water, then compressed followed by coating and packaging of the final product.
Since most of these ingredients are chemical compounds and can be toxic at high doses
if over-administered and can lead to serious adverse events, the API in a formulation
must contain a calculated pre-specified dose to be able to deliver its specific therapeutic
effect. Moreover, if the dose is inadequately low and is under-administered, it will not
give the desired therapeutic effect. The tablet may be produced with quality, texture,
composition inconsistency and variations in colors and shapes, which is why it is very
important to account for proper mixing and control of the tablet and capsule ingredients

to ensure high quality, effective and safe oral dosage forms (3).



1.1 Foundations of Powder Mixing

Powder mixing is a particularly important process in many industries and fields such as
the food industry in freeze-dried products, the cosmetics industry in makeup and
creams, and the pharmaceutical industry in drug preparations, yet it is very challenging
and not completely understood (9). The final product must have specific features,
qualities and specifications that match and are agreed upon, one of these specifications
is uniform composition. This is especially important in the pharmaceutical industry
where the quality index and expectations for the final product are extremely strict, and
it must involve accurate drug content and dosage. The main goal of performing powder
mixing is to make all the constituents added mixed to a specified level based on the
characteristics of the mixed materials until reaching the level of homogeneity suitable
for the product's end use. However, the mixing process faces many difficulties due to

the diversity and characteristics of the powders that are being mixed.

1.2 Pharmaceutical Powder Mixing Process

Pharmaceutical powder mixing and sampling are considered important in tablet and
capsule dosage forms. In the normal mixing process, the APl and added excipients are
all mixed until the required mixture is reached, then the mixed materials are emptied
into a vessel onto a tableting press machine to compress the tablets or a machine to fill
the capsules reaching the final stage of the product. If insufficient mixing occurs along
the way, it may result in poor powder product quality and the whole batch can be
rejected. Controlling the powder mixing process is especially important in the
pharmaceutical industry. Reaching the desired homogeneity and uniformity of the final
product at the desired scale will help in attaining the required characteristics and quality
of the product. The quality control and assurance of the products must be validated at
every step of the process to ensure that the final product will meet all the expected
standards and specifications. That is why achieving homogenous materials that can
result in the final product with certain quality and specifications is a very crucial step in
the pharmaceutical industry, especially in formulations with small amounts of potent

active constituents (43,44).



The production of all solid dosage forms that include powder mixing requires optimal
mixing which plays a crucial role in establishing content uniformity. Optimal powder
mixing depends on powder behavior and characteristics which are considered important
factors needed to be able to understand and control the mixing process. However, due
to a poor understanding of powder mixing, it is still not a clear and efficient process, as
many factors can influence and interfere with powder mixings, such as particle
diameter, density, shape, flowability, hygroscopicity, segregation, and size distribution,
as well as the type of mixer used. Process design and operation are very challenging
and have traditionally relied on judgment and experience rather than real scientific data.

That is why the mixing process is still considered more of an art rather than science.

There are two main classes of materials: cohesive materials and cohesionless materials.
The cohesive materials are considered non-free-flowing materials that can acquire their
cohesiveness due to chemical or physical reasons. Individual particulates can stick to
other particulates forming a large, agglomerated mixture that eventually may lead to
agglomerate segregation. Cohesive materials are not easy to handle in bulk.
Cohesionless materials are considered free-flowing materials that move easily and have
a well-defined path of movement. Cohesionless materials are easy to handle in bulk.
However, cohesionless materials can cause segregation while being mixed due to
different powder characteristics such as shape, size, mass, density, and flowability
(4,41).

1.3 Mixing Mechanisms

Powder mixing mechanisms in any mixing apparatus are classified into two groups.
The first group is based on the driving force for mixing while the second one is based
on the scale that mixing occurs. The first group that is based on the driving force for
mixing can be done through three primary mechanisms which are convective mixing,
dispersive mixing, and shear mixing. Convective mixing involves the bulk movement
of particles inside the mixer whether by tumbling under rotational effects or by a force
of action from an impeller or shaft (4). Convective mixing is a rapid process that is easy
to scale up, but it has a major drawback which is the segregation of flow structures that

lead to random mixture creation (10). Dispersive mixing is a slow process which



involves small random motions of individual particles that result in a more homogenous
mixing. It is like diffusion in fluids with the exception that there is a dispersion
coefficient instead of the diffusion coefficient for fluids. The dispersion coefficient is
seen due to the non-ideal flow patterns of the particles. The dispersion coefficient can
be scale-dependent making this type of mixing challenging to be scaled up (4,5,6,10).
Shear mixing involves blending by the addition of the materials travelling along driven
slip planes of the mixer and there is a velocity gradient within the streams of the
powder (5). Often shear mixing decreases agglomeration and can lead to a product with

a good consistency. However, it is very challenging to scale up (4,10).

The second group that is based on the scale that mixing can be categorized as macro-
mixing or micro-mixing. Macro-mixing involves completely mixing different
components or particles at a larger scale, typically at the level of the entire mixture or
batch. It is done by convective mixing. In contrast, micro-mixing involves the complete
mixing of different components or particles at a small scale, typically at the level of
individual particles, which helps to ensure that the final product has uniform

composition and properties (7,8).

In the mixing vessels, the type of mixer determines the predominant mechanism of
mixing. However, most of the powder mixing processes involve the first group of
mixing which relies on the driving force for mixing and the three mechanisms
mentioned happen simultaneously and together across the length and time scales. This
indicates that the process is unlikely to be dominated by a single mixing mechanism,
but a combination of mechanisms that produces homogeneous mixtures. When powders
are mixed, the aim is to obtain a uniform mixture in which each particle is evenly
distributed throughout the mixture. Various mixing techniques and equipment may be
used to achieve this purpose. The type of mixer used in mixing can determine the basic
mixing method. For example, some mixers rely on convective mixing, in which
particles are transported throughout most of the mixture. Other mixing techniques rely
on mixing dispersion, in which particles move due to the positioning of the mixtures.

However, regardless of the mixing method used, most powder mixers have an initial



mixing mechanism, which is based on a mixing driving force. This driving force can

also include shear, gravity, or electrostatic force. (10,11).

There are two types of homogeneity, long-range and short-range homogeneity. Micro-
mixing and macro-mixing can be used to differentiate between the two types of
homogeneity. Long-range homogeneity is the variation within a material batch, while
the short-term is the variation within the particle level. Micro-mixing is the randomly
normal mixed variance mentioned previously. As a result of the presence of expected
sampling errors, while measuring the expected variance it is advised to use small
samples and increase the expected variance value to account for the errors that may
result in incomplete homogeneous mixing. However, the increase in the expected
variance can lead to the masking of long-range variations that can give wrong results
(36,40). When it comes to sampling, it is important to account for sampling for micro
and macro-mixing to account for detecting long-term and short-term variation. This can
be achieved by making large samples to check and test for long-range variations and
making small samples to be able to recognize and address the agglomeration of
materials. It is possible to reduce the effect of the final issue by increasing the mixing
process, but for the current issue, different techniques like increasing shear may be
needed (36,39,40). This relates to the scale of scrutiny of powder mixing. Danckwerts
introduced the term “scale of scrutiny” to describe the minimum size of the regions of
segregation in a particular mixture, which would cause it to be regarded as
insufficiently mixed. A poor mixture will have a large scale of segregation and a good

mixture will have a small scale of segregation.

1.4 Types of Mixtures

The three main types of mixtures are segregated, random, and ordered mixtures.

1.4.1 Segregated Mixture

If differences in the physical properties or the nature of particles are present in the
mixer, segregation can occur. Segregation can be seen due to the sticking of some
particles to other particles resulting in agglomeration. When the particles agglomerate,

they result in a certain degree of homogeneity that is more than the random mixture.



This is the ideal scenario, but usually what happens is that the particles get distributed
and stick to each other and the number of one particle to the other varies. This can
result in a homogeneity mixture which is lower than that of the random mixture. Figure

1.1-A shows an example of a segregated mixture system (13).

1.4.2 Random Mixture

In a two-ingredient system, both types of particles have a chance of being sampled
equally to their average composition. This is known as a random mixture. A random
mixture is challenging to reach if the used material has strong interparticle interactions.
Figure 1.1-B shows an example of a random mixture of almost equal gray and black tile
spots. It is created with noninteracting particles that have almost identical
characteristics. In pharmaceuticals, the mixing usually occurs with materials that have
different characteristics. It is difficult to achieve this type of mixture in a complete and

uniform pattern (13).

1.4.3 Ordered Mixture

The ordered or perfect mixture was named to describe a completely homogenized
mixture where the ingredients are uniformly distributed, and units are in order. The
mixture should contain the exact ratio of the two ingredients. However, the perfect
mixture is an ideal situation that can rarely happen in industry or nature as materials are
only mixed to a specific level needed for the level of scale of scrutiny. Figure 1.1-C

shows an example of an ordered mixture (13).
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Figure 1.1: Types of different mixtures (adapted from Archer, 2017 (12))

1.5 Powder Mixing Modes

Powder mixing and blending are done through two main methods which are batch and

continuous mixing.

1.5.1 Batch Mixing Process

Batch mixing is a process used in many industries. It involves adding a specific number
of raw materials into a mixer, subject to certain conditions, and allowing the mixture to
blend for a specified period. After the mixture has been blended, it is discharged from
the mixer and tested using offline analysis methods to ensure the quality product. This
process can be used in a variety of industries, including food and beverage, chemical,
and pharmaceutical industries. After the resulting mixture is tested and ensured it is

desired, it can proceed to the next step (14).

A batch mixer can be a large cylinder which can be closed appropriately upon adding
the constituents and then rotated until the desired time. A typical mixer size used in the
pharmaceutical industry ranges from approximately 1 L to over 4000 L. Mixing occurs
with rotations of the mixer. Batch mixing results in more precise control over the
process than continuous mixing, allowing for extra accuracy and consistency in the
results as the net resulting product is extensively tested after each step. Additionally,

batch mixing can be more cost-effective since it requires less equipment and material
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handling (14,15,16). However, batch mixing has some drawbacks when compared to

continuous mixing such as:

1) Product variations in the quality of the final products can happen in a batch process
due to several factors such as temperature and/or pressure change, mixing times,
and materials ratio. This can lead to batch differences which can eventually lack
product quality and standards consistency. The temperature change can result in
changing the chemical or physical properties of the mixed materials which can lead
to unacceptable results in the final product like changes in color, shape, and texture.
Also, pressure change and mixing times may lead to changes in the composition of
the final product. These are some of the examples of why the whole batch can be
discarded if the final products do not match the expected quality and standards
needed which can lead to more waste products (16,17).

2) Batch processes often lack real-time information resulting in mixtures being
allowed to operate for a longer period than what is needed, thereby possibly causing
product damage. If the mixing time is too long or too short, the final product may
not reach the required consistency or homogeneity or even damage the final product
impacting its quality and effectiveness (14,16).

3) Thief probe monitoring is often used as part of offline monitoring; however, thief
probe sampling can result in disturbing the bed, and loss of product due to over-
testing and analysis, and can lead to sampling errors (4,16,18,19). Thief probe
sampling is regarded as an inaccurate sampling method because it provides a small
sample size that can lead to inaccuracies while analyzing the materials. Moreover,
thief probes can be difficult to clean properly which can result in cross-
contamination when used and this can impact the product quality. In the
pharmaceutical industry, accurate and precise measurements, analyses, and proper
equipment cleaning are crucial to avoid several consequences due to sampling
measurement errors (44).

4) Batch processes do not have enough accepted mathematical models due to the lack
of process control and quality, and a lack of choices for process optimization is
present. This can lead to an increase in waste, and production of products with

inadequate quality, standards, and yield (16,21).



5) Batch processes need more mixing time for the same materials than continuous
processes, the reason is due to the lack of real-time monitoring that can lead to
larger constitutes added in the first place or more mixing time than needed. Batch
mixing usually uses large machines such as vessels, tanks and mixers which use
more time and energy to be loaded, cleaned, and prepared for every batch run.
Furthermore, the batch mixing process needs the production line to be stopped
between runs limiting the overall throughput and consuming more time (14,16).

6) Scaling up is particularly challenging due to the large equipment used in the batch
mixing processes. As the batch size increases, the dimensions of the integration
vessel and the amount of material being mixed also increase. This can cause
demanding situations in terms of device design, processing time, and combining
performance (13). Another undertaking in scaling up batch mixing strategies is the
processing time. As the batch size increases, the processing time required to attain a
homogenous mixture additionally increases. This can cause longer processing
times, which may be a problem if the process is time-sensitive or if there is limited

production capacity.

1.5.2 Continuous Mixing Process

Continuous mixing is a process where the materials are continually supplied unmixed
in the mixer, mixing occurs inside the mixer and on the other side of the mixer, the
materials are continually removed in a well-mixed pattern. The mixer does not need to
be stopped between the batches like batch mixing process. Continuous mixing is an
ongoing process. Most of the mixers have impellers inside the vessel that help the
powder to move along the mixer by the action of convection which puts a lot of force
on the powder to blend. (13,14). There are some factors for the continuous mixing
process to be implemented such as real-time, accurate monitoring, and quality control
checks over different periods while the mixing process is happening (16). Continuous

mixing has some advantages over batch mixing such as:

1) Real-time information control and online monitoring are more easily incorporated
(13).
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Continuous mixing processes consume less time than batch processes due to the
lack of distinct and separate loading and discharge operations (14,16,21).
Continuous mixing processes have widely used and accepted mathematical models
that can result in improving the quality and standards of the final products by
enhancing the product quality, production rate, mixing time and reducing waste.
The flow rate of the materials is constant allowing for more optimization and
control of the materials. (16,21).

Continuous processes are easier to scale up than batch processes due to the smaller
types of equipment used that allow for efficient production of the required materials
without stopping the processes like in batch systems (13).

In continuous mixing processes, there is a lower risk for segregation than in batch
processes due to its automated discharge cycle that makes the products move from
one stage to the next to be processed easily and smoothly. There is no need to stop
the production line to add materials or clean the mixer like in a batch system
process. Moreover, the presence of a wide variety of blenders in the continuous
mixing process makes it superior in mixing highly segregating powders (13,16,20).
Continuous mixers make it easier to change process settings, enhancing the

process's adaptability and reducing waste from improperly mixed products (16,20).

1.6 Mixture Homogeneity Assessment

There are several methods to assess the homogeneity of the materials being mixed. One

of the accepted and used methods to evaluate the relative homogeneity of a mixture in

the industry is by taking multiple samples from the mixer randomly and then determining

the composition variance of the mixture. If the results of the composition variance are

low, that means the mixture is homogenous (the lower the variance, the more

homogenous the mixture). An equation can be used to calculate the expected variance of

the mixture composition being analyzed since the nature of the particles used may vary

differently. The expected variance can be limited for different natures of particles

(36,40). The equation can be described as follows:

g2 =P (Equation 1.1)

N
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Where o is the expected variance, p is the overall fraction number of one of the

components, and N is the number of particles withdrawn randomly from the mixture.

1.7 Mixers Geometries and Types

There are several types, geometries, and shapes for mixers in the pharmaceutical
industry that are used to mix various materials. There are two main classifications for
mixers: moving or rotating mixers which are also called tumbling mixers and fixed or

stationary shell mixers (4.16).

The first type of mixer is the moving or tumbling mixer which consists of a moving
shell piece that rotates while the powder is present inside it. In these types of mixers,
the main mixing mechanisms used are shear, mixing, and diffusion. Tumbling mixers
are easy to clean and used in the cosmetics, food, and pharmaceutical industries (4,16).

Some examples that fall under the umbrella of this type of mixer are:

1) Double-cone blender. A double-cone blender is a batch mixer that consists of two
conical parts linked at the base (4).

2) Tote blender. Tote blenders are sealed, attached on an axis, and rotated to allow
mixing. Tote blenders are used with an asymmetrical angle to make irregular
mixing patterns for the sake of improving the mixing process by breaking up any
flow happening inside it while mixing (4).

3) V-shell blender. This type of blender is one of the widely used blenders in the
pharmaceutical industry. VV-blenders consist of two inclined cylinders attached in a
"V" shape. A V-blender is a usually used kind of mixer in batch processing. The V-
formed vessel creates a natural flow pattern that promotes mixing (4). More details

about VV-blender will be discussed in Section 1.8 of this Chapter.

The second type of mixer is the fixed or stationary shell mixer also called the
convective blender. A convective blender consists of a non-moving shell with a rotating
central shaft that helps to mix the powders. Convective blenders use convection as the

mixing mechanism (4,16). Some examples of stationary shell mixers are:



12

1) The ribbon mixer. This type of mixer consists of one or two spiral blades. If there
are two spiral blades, the first one will be rotating in an axial direction towards the
center of the mixer, while the second one will be rotating in the opposite direction
near the walls of the mixer (4).

2) The orbiting screw blender. It looks like an inverted cone with a screw at the base.
It is operated by convection and diffusion mixing mechanisms (4).

3) The centrifugal mixers. This type of mixer is also called a planetary mixer. The
centrifugal mixer consists of a vessel with a central rotating shaft with mixing
blades attached to it. There are two types of centrifugal mixers: the vertical-axis
centrifugal mixer and the horizontal-axis centrifugal mixer. The vertical-axis
centrifugal mixer is more suitable for cohesive materials and agglomerate formation

and treatment than the horizontal-axis centrifugal mixer (4).

1.8 V-blender

A V-blender was used for all the experimental trials of this research (Figure 1.2). The
V-blender is a type of tumbling mixer that is commonly used in many industries. It is
quite common in the pharmaceutical industry to mix various materials such as powders
and granules (16,27). It consists of two inclined cylinders attached to form a “V”
shaped shell which is rotated on a horizontal axis. The materials to be mixed are loaded
through the top opening of the shell. By the action of mechanical transmission, the
powder materials inside the shell of a \V-mixer are tumbled and moved back and forth
to reach the desired mixing pattern of the powder inside with the help of the two shell
arms. While mixing, the tumbling process is considered gentle on the powder to
minimize possible physical damage to fragile particles. The normal average cycle time
of a VV-blender is in the range of 10-15 minutes. The mixing cycle is dependent upon
several factors such as the rotation rate, fill level, and the powder material

characteristics being mixed (16,27).
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Figure 1.2: 16-quart schematic Patterson Kelly V-blender used in this research

The number of revolutions and speed are crucial factors to get the desired homogeneity
of a mixture. The final quality of the mixed product can be affected by the mixing time.
The homogeneity of the final mixture product will not be reached if the mixing period
is not long enough to allow for proper material mixing. However, if the powder is left
to mix for a prolonged period it may cause the materials to be damaged or de-mix
(16,27,28). Certain parameters can be changed to ensure the desired mixing outcome is
reached such as the filling rate of the mixer, rotation rate, rotation speed, materials
loading pattern, and the size of the V-blender used (16,30). There are various materials
and sizes for the outer shells of a VV-blender and usually, the joint angle ranges between
70 °to 90 ° (16,27,28). Some designs can have blades or baffles to improve the mixing

process especially if the mixed materials are cohesive (45).

Due to the uncomplicated design of the shells of the V-blender, they are considered
easy to clean and use. Also, the V-blenders can be used with various materials such as
granules and powders making them widely used (4,27,46). However, VV-blenders have
some drawbacks even though they are commonly used in many industries because of
the geometry of their shells. For example, in the VV-shell arms, there is a lack of mixing
due to the angle that results in a dead-end area where mixing is hard to occur. Most of

the material mixing in a VV-blender occurs in each shell arm. When the V-blender
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reaches 180° to 360° angle, that is the only time when the materials in the two arm
shells interact with each other at the base of the V-blender (4,16,22,27). Another
drawback for the V-blenders is that they can induce segregation of the materials that are
being mixed inside them. The induced segregation can be a result of the dead ends that
are found at the corner of the V-shell where the material does not mix properly which
can lead to the formation of agglomerated materials that can induce segregation. Also,
as the V-blender starts to tumble and the materials inside get mixed, the larger particles
more likely tend to settle at the base of the V-shaped shell. In contrast, the smaller
particles tend to stay at the top of the V-shell. The separation of the particles based on
their size can further induce segregation. This is considered one of the biggest problems
that are faced in the industry and contributes to a lot of significant issues such as

segregation development (4,22,29).

1.9 Segregation

Segregation is a process in which the materials or powder separate or de-mix.
Segregation is a phenomenon that occurs when the particles of a powder mixture
separate from each other, leading to a non-uniform distribution of particle sizes,
densities, and/or chemical composition within the mixture. This can result in uneven
flow, mixing, or processing, and affect the quality and consistency of the final product
(16,32,42). Segregation occurs due to the tendency of materials that are different in the
process and particle properties that tend to segregate (29). It was discovered that the
properties of these particles that have the major effect on segregation are density,
shape, cohesivity, and size. Due to the difference in these properties, the particles
condense and segregate into separate parts in the mixer (4,16,29,32). Mixer design and
geometry are key factors in promoting or decreasing segregation. For example, mixers
such as orbiting screw mixers, tote blenders, V-blenders, and planetary mixers have
been shown to promote segregation (4,22). Upon mixing, segregation of materials can
also happen when particles with distinctive characteristics tend to stick to each other
forming certain shapes. The more the difference in the characteristics between the

particles, the more segregation can occur (16,29).
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1.9.1 Mechanisms of Segregation

All powder materials have a certain tendency to de-mix and segregate while being
operated in a mixer which can lead to non-homogeneous and not well-mixed powder
material resulting in poor-quality products. Different known factors can lead to
materials segregation and de-mixing including agglomeration degree, differences in
particle shape, size, density and flowability, and mixer design and geometry (32,36).

There are two main types of mechanisms for powder segregation which are:

1) Trajectory mechanism. This type of segregation happens when mixing a powder
with high momentum and another powder with low momentum. While moving the
powder particles with varying masses and/or sizes, acceleration and deceleration
will occur making the smaller particles accumulate in the center of the mixer while
the bigger particles will move toward the outside of the mixer, thus leading to
powder separation.

2) Percolation mechanism. In the percolation mechanism, gravity makes the smaller
particles accumulate in the gaps found between the bigger particles which leads to
powder segregation based on the particle size. Upon vibration of the powder inside
the mixer, the smaller particles move in a pattern that makes them fall through the
gaps of the bigger particles which can lead to de-mixing or separation of the

particles based on the size difference.

Trajectory segregation is defined as segregation that occurs while mixing particles with
high inertia. Due to inertia, particles with smaller diameters tend to separate from
particles with larger diameters of the granular mixture. Particles that tend to have
higher inertia or momentum will tend to follow a more straight-line trajectory, while
particles with lower inertia or momentum will tend to follow a more curved trajectory.
As a result, particles of different densities or sizes may separate into different regions in
the used mixer or blender, leading to uneven distribution and potential segregation. The
faster the rotations of the V-shell of the V-blender, the higher the inertia of the particles
will acquire. At first, the mixtures with slower speeds of rotations will induce the
smaller particles with low inertia to accumulate near the walls of the V-shell due to the

friction, and the larger particles will accumulate near the base of the V-shell in the
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center due to the higher inertia. After some rotations, the opposite will happen with the
larger and smaller particles switching places due to the force of inertia increasing
leading to a decrease in the friction between the particles making the larger particles
present near the walls of the V-shell and the smaller particles near the center of the V-
shell. That is why trajectory segregation decreases at the wall by increasing the
rotational rates. All these factors are the reason for the identification of the four types of

segregation patterns (16,29,33).

The literature discussed the mechanism and pattern formation of segregations in
different mixers. Alexander et al, (2003) used a 1.8 L V-blender filled with glass beads
at 50% fill capacity. There were two size ranges of glass beads, one of size 150-250
micrograms and the other one of size 700-850 micrograms. It was observed that four
main types of segregation mechanisms occurred during powder mixing which are
“Small-out phenomena,” “Left-right phenomena,” “Stripes phenomena,” and “Inverse
stripes phenomena” (16,29,33). The segregation mechanisms depend on the fill rate of
the mixer and the rotation speed, also the density and velocity of the materials being
mixed vary throughout the wall and the shell joint which can influence the pattern
formation and the mechanism of mixing. Trajectory segregation can happen in a mixer
which controls the mixture development and that is for the V-shell joint and the surface

wall.

The first phenomenon is the “small-out” which represents a core of bigger particles
arising with smaller particles at the sides next to the outer shell. It is a pattern where the
small material particles move in a horizontal pattern to reach the arms shells on the
outer side, while the bigger particles are left in the base of the V-shell, which can result
in almost no mixing of the materials and leads to major segregation in the V-blender.
This phenomenon usually happens when the particle velocity at the shell joint and the
wall is slow, also it may occur due to the fill level and rotational rates that correspond
to 30 — 60 % fill level of the materials in the mixer and 4 - 12 rpm of rotational rates,
respectively (16,29,33).
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The second phenomenon is the “stripes”. It is a pattern formed in which the smaller
particles accumulate in the center of each arm shell of the V-blender and the bigger
particles are left on both sides of the smaller ones of each arm shell. The literature has
shown that the stripes pattern phenomenon can occur when there are high fill levels of
62 — 80 % of the materials in the V-blender and with high rotation rates that were found
to range from 4 — 30 rounds per minute. This pattern phenomenon is formed when the
velocity of the particles is fast at the surface wall and slow at the V-shell joint
(16,29,33).

The third phenomenon is the “inverse stripes”. This is the opposite of the stripes
phenomenon, the pattern formed is the bigger particles accumulate in the center of each
arm shell of the V-blender and the smaller ones are left on both sides of the bigger
particles of each arm shell. The inverse stripes pattern phenomenon is seen where the
rotation rate of the V-blender ranges between 6 — 12 rounds per minute and the fill rate
is about 30 — 45 % of the V-shell. It usually happens when the particle velocity is slow
at the wall surface and fast at the V-shell joint which is the opposite of the stripes
pattern discussed above (16,29,33).

The fourth phenomenon is the “left-right.” This pattern is described by the
accumulation of the smaller particles in the outer arm shell and the bigger particles in
the inner arm shell of the V-blender. However, the left-right pattern is not completely
understood, and some mixing mechanisms and theories are going on and investigated
as to why this pattern is formed while mixing the materials. The main problem in this
pattern formation is not the segregation issue but the concentration of particles that are
affected in each arm shell of the V-blender and the concentration can be affected by the
factors of operation and the characteristics of the used materials. This left-right
segregation pattern can be seen with a rotational rate of 6 — 30 rounds per minute and at
a fill level ranging between 30 — 80 %. The pattern is seen when the velocity of the
particles that are being mixed is fast at the V-shell joint and the surface of the wall
(16,29,33).
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There is a transitionary pattern that is seen temporarily while the left-right segregation
pattern is being formed which is called the “Big-out” pattern. This temporary big-out
pattern is characterized by the bigger particles moving horizontally to the outer arm
sides of the V-blender and the smaller particles are seen in the base of the V-blender.
The literature and previous research found that the big-out pattern can be seen after 50

revolutions, and it switches back at approximately 250 revolutions.

Wilson and Briens (2022) used starch granules that were sieved into four different size
ranges and tried binary mixtures of different size combinations to observe the
segregation of the particles. One of the size fractions of the starch granules was dyed to
distinguish between other particles allowing for visual observation of segregation. The
mixture was 50-50% by mass ratio, and the mixture was loaded and tumbled in a V-
blender. It was found that the mixtures with larger differences in the size range

exhibited more segregation patterns than others. (16).

The mixing time, fill level, axis of rotation and loading pattern are all factors that
contribute to the mixing quality. Top-bottom loading pattern was shown to increase the
homogeneity and results in well-mixed powders rather than a side-to-side loading
pattern. Moreover, allowing the mixer to mix in a direction that is perpendicular to the
axis of rotation also increases the mixing homogeneity and produces a mixture with a
prominent level of mixing qualities, while a high fill level of the mixer was seen to

decrease the mixture homogeneity and adversely impacted the mixing process (37).

1.9.2 Factors Affecting Segregation

Many factors affect the segregation of powders during mixing. Those factors can be

classified into four main groups which are:

1) Handling processes
2) Material characteristics
3) Environmental conditions

4) Mixer operational parameters
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1.9.2.1 Handling Processes

While handling the materials that are being mixed, different segregation patterns are
observed. Segregation can occur while filling the materials inside the mixer or
discharging the materials from the mixer. It can happen while mixing, upon deposition,
and/or during packing. During the filling process, three segregation mechanisms can be
seen which are sieving, fluidization, and trajectory. Sieving and trajectory segregations
are seen mainly when a heap is formed. Fluidization segregation can be seen due to the
free fall height and/or the use of fine particles. To be able to minimize different
segregation patterns, different methods can be used such as using different inserts and

distributors to prevent heap formation or reduce free fall height and heap size (62).

1.9.2.2 Material Characteristics

The main material characteristics that play a role in promoting segregation are particle
shape, density, cohesivity, surface texture, flowability, adhesion, elasticity, ability to
absorb moisture, chemical and physical affinities, brittleness, morphology, particle size,
distribution, use of fine particles, and size ratio. All those material features can
contribute to segregation, some play a significant role in impacting segregation while
others have minimal roles. Physical characteristics are considered one of the key
features that can impact segregation and have received more attention than other
characteristics. Particle shape, the concentration of fine particles used, particle density,
size ratio, distribution, and mean size are all considered to be from the physical

characteristics that contribute primarily to powder segregation (62).

Particle shape is one of the physical characteristics that can promote segregation as well
as affect the flowability of the particle. Mixtures with multiple particles that have
irregular particle shapes are more prone to segregate when compared with regular
similarly shaped particles. Tang et al, (2003) stated that segregation is drastically higher
in a binary mixture containing irregular coarse-shaped particles with spherical-shaped
fine powder compared to when a mixture is used containing spherical-shaped particles
that are both fine and coarse. This segregation notice that was found can be explained

as the irregularly shaped particles can settle between the void gaps and when
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comparing the void gaps that are formed from the irregularly shaped coarse particles
and the spherical-shaped particles, it was found that the void gaps from the irregularly
shaped coarse particles are significantly larger than spherically shaped ones. The
authors agreed that the influence of the particle shape on segregation is smaller than the

influence of the size ratio effect (64).

The size ratio of the particle is considered one of the physical characteristics that affect
the segregation of a mixture to a great extent. When the particle size ratio increases for
free-flowing particles, the segregation potential is increased. For sieving segregation to
be seen, the particle size ratio needs to be at least 2:1 to 3:1. Mean particle size is
another physical characteristic that can promote segregation. As the particle size
decreases the chance of segregation to occur decreases, typically segregation decreases
with a mean particle size below 500 um. Due to decreasing particle size, the different
inter-particle forces between the particles such as Van der Waals, capillary, mechanical,
and electrostatic forces dominate due to the surface tension. The inter-particle forces
are dominating instead of the gravity force. It was found that a minimum mean particle
size from 70 to 200 um in range prevents sieving segregation from appearing. Another
characteristic is the fine particle concentration. If the mixture contains 15-30% of fine
particles, sieving segregation will appear significantly. Sieving segregation usually can
be seen with lower fine particle concentration compared to fluidization segregation
which can be seen when the fine particles are over 60-80% of the mixture. When the
level of fine particle concentration reaches 60%, segregation starts to decrease

noticeably and can reach almost zero (63,64).

Particle density can affect the segregation of the mixture. The higher the particle
density, the higher segregation can occur. For example, fine particles with higher
particle density have a higher segregation rate than fine particles with lower particle
density. One more important characteristic that is related to segregation and can have
an impact on segregation is particle flowability. Free-flowing granule materials that
have wide particle size distribution can often be segregated. Cohesive particles can
initiate a segregation pattern with the particles moving to stick to each other and

moving together forming a thick agglomerate patch. Many small agglomerates of
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individual mixtures retain their structure during the mixing process which can lead to a

small segregation pattern but with high intensity.

The last physical characteristic that can affect the segregation of a mixture is the
particle size distribution. However, there are few studies in the literature that
quantitively and effectively linked the effect of the segregation with the particle size
distribution, but most researchers reached a common point of view that is considered
accepted which is the wider size distribution the particles have, the more segregation

can appear (62-64).

1.9.2.3 Environmental Conditions

Segregation can be impacted by environmental conditions such as temperature,
vibration, and humidity. Humidity and vibration are widely studied and found in the
literature. Humidity or an increase in moisture content can affect the segregation.
Generally, increasing humidity can lead to increasing the likelihood of segregation
because of the increased moisture content that can affect the particle surface properties
resulting in the agglomeration and the powder sticking to each other. Furthermore, if
the particles have different characteristics such as different sizes, densities, and shapes,
increasing the humidity can lead to the smaller particle accumulating on the bottom of
the mixer, while the larger particle remains on the top because of gravitational settling.
These mechanisms can result in the segregation of the mixture. However, humidity
effect on the segregation of a powder mixture can be dependable on many
circumstances such as the type of mixer used, mixer design, mixing rate, mixing time,
and properties of the particles being mixed. Increasing moisture content can lead in
some scenarios to decrease the segregation probabilities specifically if the mixed
mixture can agglomerate and stick to each other if not provided with enough moisture
content. Vibrations can cause large particles to move upwards through a mass or finer
particles which can lead to an increase in segregation with increasing acceleration but
at a constant frequency. Temperature changes can influence segregation development
by increasing the tendency of particles to agglomerate. Also, temperature changes can
induce chemical reactions within the material being mixed which may result in

alteration of the properties of the particles leading to segregation (62,65).
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1.9.2.4  Mixer Operational Parameters

Some operational parameters are related and can affect the segregation such as free fall
height, size of the heap, feed rate, and velocity rate. The velocity rate can change in the
various positions in the mixer. Usually, the velocity in the center of the mixer is much
faster compared with the velocity at the wall of the mixer. That velocity gradient in the
mixer can lead to potential segregation because of interparticle motion and movement.
The velocity gradient and the inter-particle motion that is present inside the mixer can
lead to material variability before and after the mixing of the powder. Feed rate is one
of the important operational parameters that can affect segregation. The increase in the
feed rate will lead to less segregation. Lawrence and Beddow (1969) reported that
segregation is reduced when the fill rate and time are reduced. The last parameter is the
heap size. It is extremely hard to quantitatively know and estimate the effect of the heap
size on segregation. However, it is qualitatively considered that increasing the heap size
can result in increasing the potentiality of segregation (62). Prescott and Hossfeld
(1994) reported that in the center of the mixer, the velocity is five times more than at

the walls which eventually leads to segregation.

Mehrotra et al, (2009) employed a mathematical model to compare mixing rates under
various conditions, such as different fill levels, mixer types, and loading patterns. The
findings revealed that mixing rates were more efficient when a top-bottom loading
pattern was used in comparison with a side-to-side loading pattern. The mixing
performance was improved when blenders with the dual axis of rotation were employed
in mixing compared with blenders with or without baffles. Furthermore, when the fill
levels were low compared to a high fill level, it resulted in an improvement in the

mixing performance of the mixtures.

1.10 Mixing Monitoring Methods
1.10.1 Offline Monitoring

In the pharmaceutical industry, different techniques are used to check the quality and
standards of the product that is being produced. These methods are considered essential

in all industries, especially in industries like the pharmaceutical industry. The thief
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probe is considered one of the most common sampling methods within the
pharmaceutical industry that is used in the analysis of the powder mixing process and
the product quality. (4,16,18). The thief probe consists of an inner rod and an outer rod
containing openings or holes to account for sample collection. When the thief probe is
used to collect a sample from a mixture, the inner rod is rotated allowing the powder to
be filled in the rod openings or holes then the sample can be analyzed. (16,18,49). To
use the thief probe in analysis, samples are withdrawn from the powder mixture from
several locations from the mixer and then analyzed through different tests. Several
types of thief probes are used such as the groove thief probe, plug thief probe, and
globe-pharma thief probe. The groove thief probe is considered the least one that may
result in errors (16,48,49).

Thief probes are commonly used in the pharmaceutical industry, but they possess some
drawbacks that make their use result in inaccurate and error-prone data. Some of the

drawbacks are:

1) Thief probes disturb the bed while withdrawing the sample from the mixture which
may lead to channeling which disrupts the internal structure of the powder materials
leading to de-mixing (18,50).

2) Thief probes are prone to errors while sampling. One of the main errors is that the
withdrawn sample from the mixture may not represent the entire mixture (16,18)

3) In the thief probe, the sample withdrawn from the mixture is susceptible to damage
and product loss due to the destructive testing methods required such as UV
spectroscopy. (16,47).

4) The excessive cost of the sampling due to the loss of the product due to using
highly destructive testing methods. Furthermore, if the batch does not meet the
required standards and qualities, it will be thrown away resulting in more cost and
waste products (16,47).

5) Thief probes can result in inaccurate results if the materials being mixed are
cohesive due to the inability of the cohesive materials to flow well in the rod holes

resulting in inaccuracies while sampling (16).
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In powder mixing processes, there must be new sampling methods and techniques that
must be improved to allow for more accurate, easy, and precise sampling and analysis.
Thief probes hinder real-time information and analysis from being available due to their
offline nature which may lead to throwing away the unaccepted batches resulting in

increased costs and increased waste products (16).

1.10.2 Quality by Design

Quality by design (QbD) is defined as an organized and systematic process for
developing pharmaceutical products in a way where the quality of the product is
designed and checked along the manufacturing and developing processes as a core
focus through the process. Dr. Joseph M. Juran was the first one to introduce the theory
of quality by design. Dr. Juran thought that a product’s quality should be designed from
the start of the development process and most of the errors or quality problems that
happen are initially due to a problem in the design of the product. Quality is not a
secondary consideration or a performance indicator that is only considered during
testing; rather, the whole product or process is created to retain and exceed high
standards of quality (16,51). The US Food and Drug Administration (FDA)
recommends the adoption and use of the QbD approach and process in the
pharmaceutical industry and drug manufacturing, regulation, and development to
ensure that the products meet the required qualities. FDA stresses using QbD as the
product quality must be initially designed in the product (51). Woodcock (52) defined a
product with high quality as a product that is free of contamination and delivers its

therapeutic effect.

Pharmaceutical QbD has issued some documents and systems along the way to guide
the industry and provide directions to improve product quality, some of those
documents are produced by the International Council of Harmonization (ICH) and
include ICHQ8 (R2) (Pharmaceutical Development), ICH Q9 (Quality Risk
Management), and ICH Q10 (Pharmaceutical Quality System). These documents give
directions on how to use and imply QbD in industrial processes for the sake of
designing and implementing product quality to be able to develop pharmaceutical

products (53-55). The main aims of pharmaceutical QbD are to improve product
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development and manufacturing practices, to reach product quality standards that rely
upon clinical performance, to increase root cause analysis, and to enhance the product
design, understanding, control, and quality by decreasing the variability of the product,
decreasing the errors, and enhancing the process capability. These aims can be attained
by making a link to the quality of the product and the required clinical performance
followed by designing a valid formulation and manufacturing process to be able to

reach and produce the desired quality of the product (51).

QbD involves determining Critical Process Parameters (CPPs) and Critical Quality
Attributes (CQAS). CPPs can be determined when the process variations are known
which can affect the product quality, while the CQAs include the product
characteristics which have the most impact on the product quality. CQAs can be
chemical, physical, or microbiological features of a material which can impact product
quality. That is why a design process should be implemented to make sure that these

factors are controlled (51,53). The key elements of QbD are:

1) Risk Assessment. To be able to determine possible variability and error sources in
the production process and define the critical quality attributes and critical process
parameters, a risk assessment must be used in the first step.

2) Experiment Design. In the second step after determining the CPPs and CQAs, an
experiment design needs to be executed to know how the product quality is affected
by these factors.

3) Process Analytical Technologies. Process analytical technologies (PATS) are used
to ensure that the QbD process philosophy is followed to be able to check, control,
and observe the production process in real-time, which helps prevent errors that
may occur.

4) Regulatory Compliance. QbD is considered a systematic process that is aligned
with regulatory authorities. As mentioned previously, the FDA recommends the use
of QbD processes in the development and manufacturing of pharmaceutical
products to improve product consistency, quality, and production. Nevertheless, it
decreases the production variabilities, rejections, and defects and decreases the cost

and the waste from unapproved batches.
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This introduction to QbD in the pharmaceutical industry does not cover all the aspects
and details. More details can be found in the study by Yu et al., (2014).

1.11 Process Analytical Technologies

Process analytical technologies (PATs) are defined as a “system for designing,
analyzing, and controlling manufacturing through timely measurements (i.e., during
processing) of critical quality and performance attributes of raw and in-process
materials and processes to ensure final product quality” (56). PATs rely on the QbD
process that is used in many industries such as the pharmaceutical industry. By using
PATSs in QbD processes, the pharmaceutical manufacturing process can be monitored
and controlled in many aspects, which can result in more improvement in the quality of
the product in addition to reducing the variabilities and errors that can happen along the
production stages (51,53).

The main goal of the PATSs is to design and develop well-understood processes that will
result in a more consistent quality final product. A well-understood process is defined
when all main causes of variation and variability are explained, recognized, and
controlled. Lastly, the product quality characteristics can be anticipated precisely and
effectively across the design that is specified for the utilized materials and production
process (57). Some PATS are not fully developed and utilized. The processes are under
development to improve the production process and increase the quality of the powder
mixture used in the pharmaceutical industry. Moreover, if PATs are employed well, it
may help shift the pharmaceutical processes to continuous processing which can help in
improving the efficiency of the tablet manufacturing process and can lower the cost and
waste generated in the industry. When PATS are used in monitoring and improving the
quality of the powder mixture, it aids in addressing some of the thief probes sampling
drawbacks such as inaccurate results and analysis, the need to use destructive testing
techniques, and disturbing the bed when a sample is withdrawn (16,57). There are
many PATSs available and in development for implementation in the industry to
improve the powder mixing process. PATs can be different in the monitoring way that
is used for powder mixing. Each method has advantages and disadvantages that can

allow or restrict the use of the method in the industry. PATs can be classified into four
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main groups: Passive acoustic emissions, Spectroscopic, Tomographic, and
Velocimetric. Each PAT method will be discussed further in detail regarding its

application, advantages, disadvantages, and other features in Chapter 2 of this thesis.

1.12 Thesis Objectives and Overview

The mixing process in the pharmaceutical industry is not fully understood as many
factors can influence and interfere with powder mixing. Process design and operation
are challenging and have traditionally relied on judgment and experience rather than
real scientific data. That is why the mixing process is still considered more of an art
rather than science. Further research is required to better understand the process and to
develop techniques for its control and monitoring. Also, the mechanism of some
segregation patterns is not fully understood, and it remains challenging to monitor their
processes and minimize their development. Additionally, more studies and research are
needed to investigate and evaluate passive acoustic emissions applications in
monitoring powder mixing and segregation in the pharmaceutical industry which is the

main motive and aim behind the research conducted in this thesis.

The main objectives of the research completed in this thesis were to expand further on
the application of passive acoustic emissions for monitoring powder mixing and
segregation in the pharmaceutical industry. This included extended experiments for the
different-sized binary mixture combinations and how they mix and behave inside a V-
blender. Also, different loading configurations, orders, and patterns were applied for
particle loading to evaluate the effect of loading configurations on powder mixing and
segregation development as well as identifying stable mixtures with different loadings.
Moreover, trials were completed using different intensifier bars attached to the V-
blender inner shell arm to test the effect of the little arm that projects in the inner V-
shell arm on segregation development. Additionally, experimental trials were
completed to understand the effect of different process parameters on mixing and
segregation such as V-blender fill level which led to more information extracted from
the emission processes and provided more information on powder mixing and
segregation while changing V-blender fill levels. With more measurement analysis,

improvement and further research, the mixing process and ways to improve and
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monitor the process and how to avoid some disruption that may be seen while mixing
like segregation could be improved and implemented. The objectives of the research

completed in this thesis are addressed over the subsequent chapters, as follows:

Chapter 3 discusses the use of glass beads and starch granules in the V-blender with
different loading configurations, patterns, and orders. In addition to the usage of
different-sized intensifier bars to monitor mixing and segregation processes while using

passive acoustic emissions and exploring its application to the pharmaceutical industry.

Chapter 4 discusses the effect of process parameters on mixing and segregation mainly
the effect of different VV-shell fill levels of starch granules on powder mixing and

segregation development in the VV-blender.

Chapter 5 discusses the work completed to date as well as discussing potential future

work.
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Chapter 2

2  Process Analytical Technologies Review

Powder mixing in the pharmaceutical industry is one of the most important processes
and this process requires the mixing of several powder components. Mixing is a very
complicated process and is dependent on many factors like particle properties, mixer
type and design, and environmental factors. Monitoring methods are needed during
powder mixing to ensure that the final product will meet the high-quality requirements
and good manufacturing practices for pharmaceutical production. Nowadays powder
mixing in the pharmaceutical industry is primarily monitored through offline
monitoring methods like thief probes. Offline monitoring methods can result in
inaccurate and unreliable data. Thief probe analysis employs the withdrawal of a
powder sample from the powder bed using a probe and analyzing the sample using
destructive methods. Thief probe comes with some disadvantages as this method is
invasive and destructive, and sampling error is usually present (1-5). Even with careful
considerations and strict adherence to procedures while sampling, there are still several

error risks present (6-8).

Process Analytical Technologies (PATS) are potential methods to be used in the
pharmaceutical industry and there are some methods currently being used such as Near-
Infra-Red (NIR) spectroscopy. PATSs are methods used for analyzing, monitoring, and
controlling manufacture during the processing of critical quality and performance
features of raw and in-process materials and processes to ensure the quality of the final
product. The application of these technologies enables the acquisition of real-time, in-
line of critical information regarding powder behaviors and the quality of mixtures
(9,10). The absence of real-time, inline monitoring methods restricts the transition of
pharmaceutical processing from batch to continuous processing. Shifting the
pharmaceutical industry from batch to continuous processing can result in many
advantages including decreasing equipment size, cost, waste, segregation development,

and mixing times. Moreover, mathematical models can be employed in continuous
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processes by understanding the behavior and motion of the particles while mixing that

can lead to improving the quality and monitoring of the mixing process (11,12,13).

Continuous processing is very challenging without accurate real-time and inline
monitoring techniques. PATSs application in the industry can help improve process
designs and operation parameters to further improve the quality, efficiency, and safety
of the mixing processes. Although PATS are supported by different regulatory groups
like FDA and have some studies in the literature and their use supports the Quality by
Design (QbD) philosophy, the industry has been hesitant to adopt the use and
application of PATSs (9,10). Expanding and providing more studies that support PATs
application and advantages may help to encourage the industry to adopt PATs more

readily.

PATS can be classified into four main groups: Passive acoustic emissions,
Spectroscopic, Tomographic, and Velocimetric. Passive acoustic emissions rely on the
released acoustic emission when the particles and the mixer wall or different particles
collide with each other. (14-16). Spectroscopic PATSs rely on electromagnetic radiation.
The specific resonance wavelength of the particles is recorded when the particles are
exposed to electromagnetic radiation. NIR spectroscopy and Raman spectroscopy are
examples of spectroscopic PATSs (17). Tomographic PATS rely on the reflectivity and
conduction of the energy wave applied to the bulk powder material. X-ray computed
tomography and magnetic resonance imaging (MRI) are examples of tomographic
PATSs (18). Velocimetric PATSs rely on tracking the particles while mixing through the
particle bed. Optical image analysis and positron emission particle tracking are

examples of velocimetric PATs (20).

2.1 Passive Acoustic Emissions

Acoustic emissions are the result of the generation of waves as an energy source then
transmission of the energy followed by receiving the energy in the form of vibrational
waves of the matter. Acoustics can be identified as the study of vibrations and sound
(21,22). The fundamental mechanics of wave transmission and the transmission

principle are the two main factors on which acoustics are based upon. The transmission
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principle is the change in the position of a particle due to its equilibrium. The
fundamental mechanics of wave transmission can address the propagation concept upon
expansion of the transmission principle. If a source triggers a particle to move out of
equilibrium, this particle will behave as a source for the particles next to it followed by
shifting positions for these particles to become a source for other particles nearby and
so on. Following this pattern, the waves can be propagated throughout the medium
(21,23). Passive acoustic emissions have the potential to be a monitoring mixing
method by measuring the stress waves that are generated upon the collision of particles
with each other or with the walls of the mixer. The stress waves generated can be
recorded and measured using sensors that can be placed externally on the mixer. The
energy released from the collision of the particles is affected by several factors such as

the powder flow and particle characteristics (14-16).

Acoustic waves can travel through liquids, solids, and gases. The waves produced upon
collision of the particles can be classified as longitudinal, transverse, and Rayleigh
waves. The acoustic waves would be longitudinal if the waves travel through liquids,
solids, or gases. Upon hitting the matter, the propagation of the wave energy by the
vibration of the particle is parallel to the wave direction leading to compressions which
are regions with high-pressure and high-density wave series. Rarefactions are also
formed which is the opposite of compression that have regions of low pressure and low
density. The propagation of the wave energy by the vibration of the particle is
perpendicular to the wave direction resulting in a transverse wave. Transverse waves
can only exist in the solid phase and propagate perpendicularly to the energy source.
Rayleigh waves are a mixture of longitudinal and transverse waves forming an ellipse
in a semi-infinite medium (21,23). In the experiments conducted in this research, the
acoustic waves were transmitted and travelled through a solid object and measured. A
combination of both longitudinal and transverse acoustic waves was formed by the
source upon transmission through the object. Velocity and displacement can be used as

particle diameters when defining the acoustic wave magnitude.

All waves can be characterized by several features such as frequency, speed, amplitude,

and wavelength. The wavelength is defined as the distance between two consecutive
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points on the wave that is in phase with each other. The wavelength of a wave is
represented by the symbol (1), also named lambda. The frequency of the wave is
defined as the number of cycles or oscillations of the wave that happen per unit of time.
The frequency of a wave is represented by the symbol (f). The frequency can be
classified into three magnitude regions; infrasonic (<20Hz), audible (20-20,000 Hz),
and ultrasonic (>20,000 Hz) and is the reciprocal of the period of the wave (21,23). The
amplitude is defined as the maximum displacement of the wave from its equilibrium
position or the maximum amplitude of its oscillations. The amplitude of a wave is
represented by the symbol (A). The amplitude is a crucial wave feature in passive
acoustic emission analysis. The energy released upon collision of the particles is
proportional to the wave amplitude squared. A percentage of the energy transferred
after particle collision is diminished. This diminishing happens through particle
rotation, sound, heat, and scattering. If the particle collision happened away from the
sensor, more diminishing of the wave will be seen due to the necessity of the wave to
travel further. The change in amplitude of the wave needs to be measured and analyzed
to be able to monitor a powder mixture (23,24). Speed is the rate at which the wave’s
energy travels across a medium or through space. The speed of a wave is represented
by the symbol (c). The speed of a wave is related to its wavelength and frequency and

can be described by the following equation:
C=A*f (Equation 2.1)

Passive acoustic emissions have been measured in many different processes including
mixing, granulation, compaction, fluidization, drying, direct energy deposition, powder

bed fusion, absorption, pneumatic and hydro transport (Table 2.1).

Table 2.1: Summary of the available literature on applications using passive acoustic

emission
Reference Mixer Powder components Application = Objectives
Boyd and V-blender | Glass beads, Mixing To monitor passive
Varley (22) Magnesium stearate, acoustic emissions in the
Pharmaceutical mixing process of
granules particles with added

lubricant



Tily et al.
(25)

Cameron
and Briens
(26)

Cameron
and Briens
(16)

Crouter and
Briens (27)

Bellamy et
al. (28)

Allen et al.
(29)

Whitaker et
al. (30)

Hansuld et
al. (31)

Kenwood
blender

V-blender

V-blender

V-blender

High shear
blender

Convective
mixer with
three
blades

Non-
available

Non-
available

Many components
were used

Pharmaceutical
granules, Glass beads,
Magnesium stearate

Pharmaceutical
granules, Glass beads,
Magnesium stearate

Pharmaceutical
granules, Sugar
spheres, Magnesium
stearate

Cellulose, Aspirin

Aspirin,
Microcrystalline
cellulose, Citric acid

Lactose monohydrate,
Microcrystalline
cellulose, Aqueous
polyvinylpyrrolidone
solution

Cornstarch,
Microcrystalline
cellulose, Mannitol,
Croscarmellose
sodium, Hypromellose
2910

Mixing

Mixing

Mixing

Mixing

Mixing

Mixing

Granulation

Granulation
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To monitor powder
mixing

To determine the effect
of the fill level of the
mixer and loading
configuration on
pharmaceutical granules
and magnesium stearate
mixture

To determine passive
vibration reliability and
effectiveness in
monitoring the mixing
process of particles with
added lubricant

To assess the ability of
passive acoustic
emissions to monitor the
mixing process of
particles with added
lubricant

To determine the benefits
of using passive acoustics
compared to NIR in
powder mixing
monitoring

To monitor powder
mixing and to determine
the effectiveness of
passive acoustics in
monitoring the effects of
the mixtures with
secondary compounds

To monitor the changes
in physical properties

To monitor the changes
in process conditions



Hansuld et
al. (32)

Hansuld et
al. (33)

Hansuld et
al. (34)

Papp et al.
(35)

Briens et al.

(36)

Gamble et
al. (37)

Daniher et
al. (38)

Vervloet et
al. (39)

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

MCC spheres, Sugar
spheres, Anhydrous
dextrose,
Microcrystalline
cellulose, Mannitol,
Croscarmellose
sodium, Hypromellose
2910

Microcrystalline
cellulose
Magnesium stearate,
Mannitol, Maize
starch, Anhydrous
dextrose,
Croscarmellose
sodium,
Hypromellose 2910

Cornstarch,
Microcrystalline
cellulose, Mannitol,
croscarmellose
sodium, Hypromellose
2910

Microcrystalline
cellulose,
Hydroxypropyl,
Lactose monohydrate,
Deionized water

Lactose monohydrate,
Polyvinylpyrrolidone

Lactose monohydrate,
Povidone, Cross-
linked Povidone,
Microcrystalline
cellulose, Deionized
water

Corn starch, Lactose
monohydrate,
Polyvinylpyrrolidone,
Water

Lactose monohydrate,
Microcrystalline
cellulose,
Croscarmellose,
HPMC, USP distilled
water

Granulation

Granulation

Granulation

Granulation

Granulation

Granulation

Granulation

Fluidization
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To monitor the
relationship between
particle size

To identify the process
endpoint

To monitor the density
and size

To monitor the changes
in physical properties

To monitor the
granulation process

To identify the process
endpoint

To identify the process
endpoint and monitor the
changes in granule
characteristics

To monitor the changes
in process conditions



Tsujimoto
et al. (40)

Hou et al.
(41)

Albion et
al. (42)

Albion et
al. (43)

Albion et
al. (44)

Albion et
al. (45)

Kouprianoff
et al. (46)

Briens et al.
(47)

Serris et al.
(48)

Hansuld et
al. (49)

Whiting et
al. (50)

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Non-
available

Crystalline cellulose
Silica flour

Glass beads,
Polyethylene pellets,
Polyvinylchloride

Glass beads,
Polyvinylchloride

Oblong tablets

Rocks, Silica sand
slurry
Ti6Al4V ELI pre-

alloyed gas atomized
powder

Stainless steel gas
atomized powder

Aspirin AC 360,
Cornstarch,
Saccharose

Ceramic Raschig

rings, Ceramic intalox

saddles, Glass
marbles, Water

Stainless steel gas
atomized powder

Fluidization

Pneumatic
transport

Pneumatic
transport

Pneumatic
transport

Pneumatic
transport

Hydro
transport

Powder
Bed Fusion

Drying

Compaction

Absorption

Direct
energy
deposition

2.1.1 Passive Acoustic Emissions Advantages

43

To monitor fluidization
during granulation

To monitor the changes
in process conditions

To identify the flow
regime

To identify the flow
regime

To identify the breakage
of tablets

To identify the defects of
oversized components

To monitor the real-time
defect detection and
balling effect

To monitor the mass flow
rate

To identify process
defects

To monitor absorption
processes

To monitor the mass flow
rate

Passive acoustic emissions (PAE) have several advantages over other monitoring

methods. PAE is a non-invasive method because the sensors can be attached outside the

mixer which allows the measurements to be recorded compromising the integrity of the

mixer. PAE can be used to extract information regarding powder mixing. PAE is a non-

destructive method as the measurements recorded are passive acoustics generated by

the process itself. Also, the product being analyzed is not lost due to the requirement of

destructive testing processes like other methods. All that makes PAE a less expensive

monitoring method to set up compared to other spectroscopic and radiation methods.

The sensor can be attached to the equipment without changing the design or alteration
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of the equipment making PAE a method that can be used in several applications and
fields.

2.1.2 Passive Acoustic Emissions Disadvantages

PAE results in a large volume of data produced that requires proper handling and
analyzing to be able to extract the relevant data and information needed for monitoring.
Moreover, it needs more processing and space for storage due to the need for high
frequencies to make sure that the vibrations and emissions are recorded within the
desired range. The application of PAE in pharmaceutical powder mixing is relatively
new and there is a lack of guidelines for the research making this method a potential for
more research and discovery which is the current motivation behind the work and

research presented in this dissertation.

2.2 Spectroscopic Techniques

Spectroscopic technigues rely on the interaction of electromagnetic radiation generated
with an object. Upon the interaction of the object with electromagnetic radiation,
electromagnetic energy is generated that leads to vibration of the molecules because of
photons’ absorption and emission. Every individual component has a unique
wavelength that resonates, making the components in a mixture identifiable. Near-
infrared spectroscopy (NIR) and Raman spectroscopy are examples of spectroscopic

techniques that are used in some industries such as the pharmaceutical industry (16).

2.2.1 Near-Infrared Spectroscopy

NIR spectroscopy can help in identifying the components in a mixture and monitoring
the mixing process. This can be achieved by analyzing how the particles react when
exposed to the NIR light. Upon exposure of the molecules to the NIR light, the
molecules absorb some of the NIR light causing the molecules to vibrate. Each
molecule vibrates in a way that is different from others due to different bond
compositions between molecules making them absorb energy differently. The
vibrations of the molecules can result in compression, stretching, and bending between

the bonds of the molecules changing the bond angle and distance (17,51,52).
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During the use of NIR spectroscopy, the main bonds seen are C-H, N-H, S-H, and O-H
bonds with a wavelength range of NIR light of 780 nm to 2500 nm (53-55). The NIR
spectra collected can have variations in vibrations measured and a large amount of
overlapping data that needs more analysis and pre-treatment to be used in assessing the
homogeneity of a mixture in a mixing process. The NIR spectra pre-treatment is used to
correct the overlapping and weak absorption bands generated and decrease the spectral
contributions that are seen because of the physical characteristics of the used materials

such as particle density and size. It also counts for the measurement volume (17,56).

The pre-treatment of the NIR spectra data can be done through several methods such as
normalization, Standard Normal Variate (SNV), Savitzky—Golay algorithm,
Multiplicative Scatter Correction (MSC), and De-Trending (DT). The DT method is
commonly used with the SNV pre-treatment method (57,62,63). Post-treatment
methods can be used on NIR spectra data such as Partial Least Squares (PLS) and
Principal Component Analysis (PCA). Those are two methods that are commonly used.
Other post-treatment methods include relative standard deviation, moving block
standard deviation, and principal component regression. NIR usage in the observation
of mixing and homogeneity has been studied and applied in several different processes

and various mixer types (Table 2.2).

Table 2.2: Some of the available literature that used NIR spectroscopy in mixing

Reference = Mixer Powder Pre- Post- Objectives Result and
components treatment  treatment conclusion
Berntsson = Nauta Two powders, = MSC, PLS New in-line  The results
etal. (55) mixer one coarse and = mean method for indicated that
one fine spectrum monitoring the new NIR
powder method can
mixtures be used for
using NIR inline real-
spectroscopy  time
monitoring
of mixture

homogeneity



Scheibelh
ofer et al.
(66)

Portillo et
al. (68)

El-
Hagrasy
etal. (71)

Quinones
etal. (73)

2211

Stainless
steel
mixing
vessel with
four bladed
stirrers

Continuous
horizontal
stationary
angled
drum
mixer

Batch V-
blender

Continuous
low-shear
tumble
mixer

Acetylsalicylic
acid, a-lactose
monohydrate

Milled
acetaminophen
, Lactose
100M, Lactose
125M

Salicylic acid,
Fast-Flo
lactose,
Methanol

Naproxen
sodium,
Lactose
monohydrate,
Magnesium
Stearate

NIR Advantages

Wave-
number

averaging,

cutting of
the
spectral
band,
SNV

Un-
specified

Second
derivative

Relative
standard
deviation
and roots
mean
standard
error of
prediction

PLSR

Relative
standard
deviation

Multiterm
linear
regression,
principal
component
regression,
PLS

PCA, PLS,
MCS

Monitoring
mixing
behavior in
the powder
bed using a
multi-probe
NIR

Determine
the effect of
changing
process
parameters

Determine
blend
homogeneity

Determine
the
effectiveness
of the
proposed
model
strategy for
inline
modelling
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The results
showed that
the multi-
probe NIR is
successful in
monitoring
blending,
particle
motion, and
segregation

The results
confirm the
potentiality
of using NIR
to monitor
process
parameters

The results
showed that
the calibrated
model
proposed
was effective
in using NIR
to predict the
blend
homogeneity

The results
of the
proposed
model
strategy for
NIR showed
effectiveness
in controlling
the process
of mixing

NIR spectroscopy is one of the methods used in the pharmaceutical industry for mixing

procedures. It can provide an effective way to monitor in-line mixing by using the

correct and appropriate calibrations. Previous research and studies confirmed that the

NIR spectroscopy method can determine endpoints, detect multi-component

compositions, assess homogeneity, and utilize various optimization strategies. NIR

spectroscopy can identify the chemical compositions of the particles and can be
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integrated with other methods. Moreover, NIR spectroscopy can be used for both

offline and online monitoring systems, allowing for a wide application scope.

2.2.1.2 NIR Disadvantages

NIR spectroscopy has a wide application scope; however, this method comes with
some disadvantages. NIR spectroscopy is a very expensive method that involves high
costs, labour, and regulatory steps. This is because it requires equipment modifications
such as ports or windows and probes added to different places for accurate sensor
measurements. As well, it requires many pre- and post-processing treatments that make
data analysis and interpretation more difficult and time-consuming (75,76). The
interpretation of NIR spectra is challenging. The NIR probe measurements collected
can be impacted by mixing process factors such as polymorphism, moisture content,
particle size, and material characteristics. The sensor port and probe must be clear to
record and produce accurate measurements. This is a challenging process to control in a
pharmaceutical mixing process, specifically in a tablet mixing process with cohesive,

fine, and hygroscopic powders.

2.2.2 Raman Spectroscopy

Raman spectroscopy is a monitoring method that involves the powder mixture being
exposed to radiation by monochromatic light and detecting the scattered light with
various frequencies to the incident beam. Raman spectroscopy is based on differences
in light scattering. Upon exposure of the powder mixture to the monochromatic light,
the light will initially scatter in the sample elastically then the particles in the mixture
will absorb some of the light and the remaining light will be scattered differently
depending on the particle characteristics, polarizability, and molecular composition
(77,78). The spectral lines have unique peaks that are specific to every particle sample.
Raman spectrum is known as the spectrum produced from the scattered light which can
help to identify the mixture composition (79,80). Raman spectroscopy can be used to
monitor the differences in the homogeneity of mixtures by the measurements and

specific vibrational frequencies of each molecular composition.
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Raman spectroscopy has been studied and used in some of the pharmaceutical

production processes such as granulation (81,82), fluidization (83), tablet analysis (84),

mixing (3,85-87), coating (88,89), and freeze-drying (90). However, there are limited

studies and publications on monitoring powder mixing using Raman spectroscopy

(Table 2.3). The available literature on mixing focuses on proving and expanding the

effectiveness of Raman spectroscopy and comparing it to other monitoring methods

such as High-Performance Liquid Chromatography (HPLC), acoustic emission, and

NIR spectroscopy and few studies are available on powder mixing and identifying

homogeneity endpoint (3,85,87,91). The most common light wavelengths used are

between 532 and 1064 nm with probes using 785 nm light wavelength.

Table 2.3: Summary of some of the available literature that used Raman spectroscopy in

powder mixing

Reference Mixer
Bridgewater = Planetary
J.(3) mixer
Vergoteet  V-blender
al. (85)
De Beeret  Gral™ 10
al. (86) high shear
mixing
system

Powder
components

Paraffinic
wax, Drum
dried corn
starch,
Sodium starch
glycolate,
Drug pellets

Azimilide
dihydrochlori
de, Spray-
dried lactose,
Crospovidone
, Magnesium
stearate

Diltiazem
hydrochloride
, Avicel PH
102, lactose
DCL 21,
Silicium
dioxide

Wavelength

1064 nm

785 nm

785 nm

Obijectives

To assess the
effectiveness of
Fourier Transform
Infrared Raman
(FTIR)
spectroscopy for
in-line powder
mixing monitoring

To assess the
effectiveness of
Raman
spectroscopy using
univariate and
multivariate
methods for low-
dose mixtures

To determine the
endpoint for
monitoring powder
mixing by using a
new strategy
through Raman
spectroscopy

Result and
conclusion

The results showed
that FTIR is
effective as a
powder-mixing
monitoring method

The results showed
that Raman
spectroscopy is
effective in
monitoring low-
dose mixtures

The results showed
that Raman
spectroscopy is an
effective method to
determine the
endpoint and
mixture
homogeneity
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2.2.2.1 Raman Spectroscopy Advantages

Raman spectroscopy can be used in the automation of controlling batch processes
helping with improving the quality and efficiency of the processes. Raman
spectroscopy allows for real-time inline monitoring. This method is considered to have
more advantages over other spectroscopic methods such as NIR spectroscopy. It is
considered less expensive and time-efficient than NIR spectroscopy due to the minimal
pre-treatment processes and sample preparation required. Also, Raman spectroscopy
uses simpler methods than NIR spectroscopy. Moreover, it can be used with various
mixtures such as mixtures with crystalline compounds, several compounds, and moist
powders. Raman spectroscopy can detect sensitive features within a mixture and can be
used with polymorphic compounds. The measured peaks produced from Raman
spectroscopy are more intense and sharper than other spectroscopic methods resulting

in higher chemical specificity therefore it can be used for several component mixtures.

2.2.2.2 Raman Spectroscopy Disadvantages

Raman spectroscopy has some similar disadvantages to NIR spectroscopy such as the
use of windows or ports to be attached to the mixing vessel, the addition of several
probes to allow for accurate monitoring that increases the cost, fouling of the probe tip,
and more extensive analysis is needed due to the use of multiple measurements.
Fluorescence can be seen and interfere masking the peaks obtained. The Raman signals
produced are relatively weak compared to other spectroscopic methods which can limit
the sensitivity, especially for samples with weak Raman scattering and low

concentrations.

2.3 Tomographic Techniques

Tomographic techniques are imaging techniques that use the information from the
transmission and reflection of energy waves that penetrate a sample to reconstruct
image cross-sections. X-ray computed tomography and magnetic resonance imaging

are examples of tomographic techniques.
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X-ray computed tomography (X-ray CT) is one of the available tomographic

techniques used. X-ray CT is an imaging technique that uses X-ray to pass through the

materials being analyzed to generate images. X-ray CT can be used for inline

monitoring. This technique utilizes a high form of electromagnetic energy that is used

to generate images. Every particle has a different atomic number and density and the X-

rays absorbed can vary producing different images of the powder bed depending on the

particles used. X-ray CT has shown the potential to monitor mixing processes and

several studies have been conducted confirming the use and effectiveness of this

application in powder mixing monitoring (Table 2.4). X-ray CT was used in monitoring

different mixing applications including monitoring mixture homogeneity, segregation

of powders, and mixing dynamics. The quality of the powder mixture used and

analyzed can be affected by fill level, rotation speed, and material characteristics such

as particle shape, size, and density.

Table 2.4: Some of the available literature that used X-ray CT in mixing

Reference

Chester et
al. (94)

Liu et al.
(19)

Yang and
Fu (95)

Mixer

Double-
cone mixer

Cylindrical
drum
mixer

V-blender

Powder Obijectives
components
Pellets To research

powder mixing
dynamics

To extract more
insights about

Non-spherical
starch granules,

Spherical mixing and
Celphere assess mixture
(Microcrystalline = segregation and
cellulose) homogeneity
Celphere To develop a
particles labelled = material

with lead (1) labelling
acetate trinydrate = method

Result and conclusion

The results showed that X-ray CT
is effective in monitoring powder
mixing dynamics and can identify
several mixture features including
axial and radial mixing, density
gradient, and dead zones

The results of X-ray CT produced
3D images and more information
on powder mixture segregation
and mixing

The results showed that the X-ray
CT technique helped to develop a
method and the impregnated
particles for monitoring powder
processes including mixing.
Loading order and particle size
effects on mixing were also
identified
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2.3.1.1 X-ray Computed Tomography Advantages

X-ray CT is a potential, efficient, non-invasive, non-destructive, and fast monitoring
method used in mixing. This method can provide images of particles at micron
resolution allowing for more detailed analysis and understanding of the particle motion
in the mixer (96).

2.3.1.2 X-ray Computed Tomography Disadvantages

X-ray CT is considered an effective monitoring method in research and lab scales.
However, it is not very practical when applied on a large or industrial scale due to the
complicated processes, extensive equipment, and high cost associated with this
monitoring method. The time required for a single scan is very long making X-ray CT

in real-time mixing monitoring particularly challenging.

2.3.2 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) monitoring method uses certain frequencies of the
atomic nuclei which are affected by magnetic fields. MRI is also called Nuclear
Magnetic Resonance (NMR) imaging because it is based on the nuclear magnetic
resonance of the particle. Atomic nuclei possess a magnetic moment around a magnetic
field towards the gravity direction. There is a unique rotation frequency for each atomic
nucleus within a certain magnetic field called the Larmor frequency. A known spatial
difference in the magnetic field will make the nucleus at each point rotate at different
Larmor frequencies. MRI analysis can monitor the spatial distribution of various nuclei
in the mixture and detect mixture components (97,98). Available literature showed the
use of MIR in various applications (Table 2.5). Previous studies completed using MIR
analysis in mixing processes have been used in monitoring mixture concentrations,
uniformity, and segregation. Also, those studies addressed how other process

parameters can affect the mixing process.



52

Table 2.5: Some previous studies that used MRI analysis in mixing monitoring

Reference = Mixer
Nakagawa Cylindrical
etal. (98)  Drum
Mixer
Hill et al. Cylindrical
(99) Drum
Mixer
Maneval et = Cylindrical
al. (102) Drum
Mixer
Sommier Turbula
etal. (103) Shaker
Mixer
Kawaguchi = Rotating
etal. (105) Horizontal
Drum
Hardy et Rotating
al. (106) Drum
2.3.2.1

Powder
components

Mustard seeds

50-50 binary
mixture of
plastic spheres
and
pharmaceutical
pills

3 mm diameter
spherical
particles
containing
liquid cores

Sugar Beads,
Sugar Beads
with Silicon
Oil
Polystyrene
spheres,
Gelatin
spheres filled
with vitamin E
liquid
Microcapsules
filled with oil,
Solid polymer
spheres

Objectives

To determine if
MRI can be used
to monitor solid
mixture

To study bulk
segregation

To monitor the
effects of end
wall property on
particle flow

To monitor
particle mixing
and segregation

To monitor axial
and radial mixing
and segregation

To monitor the
mixing and blend
uniformity
processes

Result and conclusion

The results showed that MRI is a potential
method used in mixture monitoring
applications and it can determine velocities,
concertation, and components in a mixture

The results determined the bulk complex
segregation structure

The results showed that MR is effective in
identifying the effect of wall frictions on
mixture flow in a cylindrical drum mixer

The results showed that MRI effectively
monitored mixing and segregation

The results showed that MRI effectively
monitored the mixing and segregation of the
mixture

The results showed that MRI effectively
monitored the mixing and blending
uniformity processes

Magnetic Resonance Imaging Advantages

MRI analysis can be used to indicate mixture uniformity as it can provide spatial

information about a mixture. MRI is a completely non-invasive monitoring method that

does not require any modification or additions of additional parts.
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2.3.2.2 Magnetic Resonance Imaging Disadvantages

MRI requires extensive and expensive equipment, and it is difficult to operate,
restricting its use mostly in academia. One more disadvantage of MRI is that the
mixture analyzed must have a visible free proton whose distribution is representative of
the mixture uniformity to be detected. Non-sensitive particles can be coated with oil to
counteract this disadvantage. The oil coating must have no remarkable impact on the

mixture.

2.4 \Velocimetric Techniques

Velocimetric techniques can explain the mixing dynamics using a tracer particle that
can be tracked and detected over time. Optical image analysis and positron emission
particle tracking are examples of velocimetric techniques. Colored particles can be used
as tracers in optical image analysis while in positron emission particle tracking,

radioactive tracers are used.

2.4.1 Optical Image Analysis

Optical image analysis provides a non-invasive technique for inline monitoring powder
mixing and homogeneity. Optical image analysis uses cameras to take images and
record videos for observing and monitoring the change of colors in the mixture. Over
time the endpoint can be determined with the help of the changes in the mixture color
in the bed and tracer particles (23,107). The color changes in the mixture are used in
studies to monitor multi-color powder mixture homogeneity while the tracer particles
are used to monitor certain elements of particle motion in powder mixing. Mixtures can
be observed during the mixing process. The mixers must have windows or be
transparent to allow for the cameras to be incorporated and take images and videos in
the mixer. The images and videos taken are then analyzed through different analysis
software. Optical image analysis requires proper calibration of the software and
selecting appropriate post-analysis methods is essential in the monitoring process
(108,109).
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Optical image analysis is one of the oldest monitoring techniques used and many

research and studies have been conducted on this technique. There is a lot of literature

available on the use of this monitoring technique in mixing (Table 2.6). Previous

studies have been conducted using different mixer geometries, camera locations,

powder materials, and types of mixers. The studies proved that optical image analysis is

an effective technique to monitor powder homogeneity, mixing and segregation of

mixtures.

Table 2.6: Some of the available studies that used optical image analysis in mixing

Reference

Bulent
Koc et al.
(107)

Le Coent
etal.
(110)

Malhotra
etal.
(112)

Kuo et al.
(114)

Mixer

Batch style
vessel
mixer

Glass shell
with anchor
and helical
ribbons

Acrylic
cylindrical
vessel with
impeller
Acrylic
rotating
drum mixer

Powder
components

White
plaster,
black and
red powder
dyes

Unspecified
powder
components

Glass beads

Rigid glass
beads, non-
rigid rubber
sphere
particles

Camera
location

Above the
mixing
chamber

75 cm away
outside the
glass shell
horizontally
facing the
center of the
shell

At the wall
of the
vessel

Non-
available

Obijectives

To monitor
the overall
mixture

To determine
the mixing
time

To study the
powder
mixing
principles
To monitor
axial
segregation
during
powder
mixing

Result and conclusion

The results showed that
optical image analysis was
able to determine the
mixture’s degree of
uniformity by monitoring
the mixture in real-time

The results determined the
mixing time by identifying
the mixture uniformity
endpoint

The results provided
information regarding
particle motion in a vessel
with an impeller

The results showed that
optical image analysis
effectively monitored the
segregation during powder
mixing as well as the
parameters that influenced
segregation
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Daumann | Discontinuo = Cement, Above the To determine = The results showed the
etal. us Ultramarine = mixing the mixing effectiveness of optical
(115) horizontal blue chamber time image analysis in
twin-shaft determining the mixing
paddle time
mixer
Berthiaux = Non- Semolina Above the To monitor The results showed that
etal. available dyed and conveyor and optical image analysis was
(116) undyed with = belt determine able to monitor mixture
iodine mixture homogeneity and
homogeneity = determine some of the
and ratio segregation in the mixture
Ammarch = Hemi- Couscous Above the To monitor  The results showed that
aetal. cylindrical ' dyed and conveyor the optical image analysis is an
(118) continuous  undyed with = belt outside ~ homogeneity effective monitoring
mixer with | iodine the mixer of the mixer | method to provide
a screw information about mixture
blade segregation
Liuetal. = Drum mixer Redand In front of To compare  The results showed that
(119) with glass white the mixer between overall image analysis
plate on the  plastic balls = glass plate different should be standardized
front end image because of the possible
analysis deviances in the methods to
techniques calculate the mixing time
2.4.1.1 Optical Image Analysis Advantages

Optical image analysis has shown its effectiveness in monitoring the mixing

homogeneity and segregation pattern non-invasively with low-cost equipment. Optical

image analysis is a mature method that is well understood and backed up with lots of

literature available.

24.1.2

Optical Image Analysis Disadvantages

Optical image analysis has some disadvantages including the requirement for a

transparent vessel to record images and videos. Multiple windows need to be inserted

into the equipment as well. This results in modifications being implemented to the

equipment leading to higher costs. Optical image analysis requires the particle materials
to be of various colors. Most of the pharmaceutical powder mixtures are white in color,

restricting the use of optical image analysis to certain applications. One way to mitigate
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this issue is to dye the powder materials. However, the properties of the powder
materials must not be impacted by the dye. The image analysis results may not be
representative of the full mixture as the images are taken at the powder surface or the
port window (110). Multiple measurements at various locations may be needed leading
to more cost increases. Some equipment may not have access to the window locations

or even do not support the addition of windows.

2.4.2 Positron Emission Particle Tracking

Positron emission particle tracking (PEPT) is a radioactive monitoring technique that
uses radioactive particle tracking (RPT). PEPT can be used to provide information
about the mixing dynamics and flow. PEPT works by tracking the location of the tracer
particle by utilizing the sensor to detect the radioactive particle disintegration. Photons
are produced by the released positrons when interacting with electrons in the powder
material. Sensors can detect the photons produced in the opposite direction of the bulk
powder (122-124). Tracers are selected to have similar powder surfaces and physical
characteristics and do not change anything in the mixture that can lead to segregation.
The velocity of the tracer particle and the segregation can be determined. PEPT has
been used to study the mixing dynamics and was used in various mixers with different
tracers and powder components (Table 2.7). The literature available provides potential
use for PEPT to be used to monitor the effects of process parameters on mixing. Also,
PEPT can be used to monitor and provide essential information about particle behavior,

circulation, and dispersion within a mixture.

Table 2.7: Some of the available literature that used PEPT in mixing

Reference Mixer Powder Tracer Objective | Result and conclusion
components
Portillo et  Continuous Edible lon- To The results showed that PEPT
al. (123)  cylindrical  lactose, exchange determine  effectively monitored the mixture
mixer with | Fast Flo resin tracer | the process = providing information on
impeller lactose with parameters' = understanding the process

absorbed F  effectson  parameters effects on powder flow
the powder = and particle motion during mixing.
flow The results aided in the validation of
during the available literature on particle
mixing motion
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Kuoetal. V-blender @ Glassbeads Glassbeads @ To monitor = The results showed that PEPT was
(124) irradiated particle effective in monitoring the particle
with 8F motion motion giving information on
within the  particle flow pattern, circulation,
V-blender = and axial dispersion

during
mixing
Perrault V-blender = MCC Radioactive ~ To monitor =~ The results showed that PEPT was
etal. PH101, magnesium | powder effective in monitoring powder
(125) Spray-dried = stearate mixing mixing and determined the effect of
lactose monohydrate with added = magnesium stearate addition and the
magnesium  validation of magnesium stearate as
stearate a tracer

2.4.2.1 Positron Emission Particle Tracking Advantages

PEPT monitoring can be used effectively to provide detailed and essential information
for process characterization and parameters during powder mixing as well as it can be
used to examine mixing dynamics. PEPT is a completely non-invasive monitoring
technique used in powder mixing and no equipment modifications are required like
other monitoring techniques. PEPT can accurately monitor and track small tracer
particles within the mixture resulting in detailed monitoring of the tracer particle

motion as particle velocity, behavior, and location.

2.4.2.2 Positron Emission Particle Tracking Disadvantages

PEPT monitoring requires appropriate sensors and radioactive trace particles to monitor
processes such as mixing and segregation. Also, PEPT monitoring is not easily
applicable as it only monitors the tracer particles (126). Tracer particles must be
appropriately selected for their effectiveness with no impact on the mixture.
Optimizations and calibrations are used to make sure that the sensors are placed in
certain locations. All these factors lead to higher costs and more processing time

limiting the use of PEPT to a small scale such as in laboratories.

2.5 Conclusions

Monitoring of powder mixing and mixing efficiency are key elements in the
pharmaceutical manufacturing process to ensure quality, safety, content uniformity, and

material distribution are met. However, it is one of the very challenging processes and
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not easy to achieve. Nowadays, the pharmaceutical industry mainly uses thief probes

for monitoring powder mixing. Thief probes have several disadvantages as being

inaccurate, offline, destructive, invasive, and inefficient method. PATS can be used to

improve powder mixing monitoring, quality, and efficiency. There are several

technologies have been investigated and tested to be used in pharmaceutical powder

mixing to evaluate the mixture blend uniformity, identify the required mixing time and

segregation, and improve the quality of the final product. Near Infrared Spectroscopy,

Raman Spectroscopy, Magnetic Resonance Imaging, X-ray Computed Tomography,

Optical Image Analysis, Positron Emission Particle Tracking, and Passive Acoustic

Emissions are all considered examples of PATs underdevelopment. Table 2.8 is a

summary of each technology as adapted from Crouter and Briens (14).

Table 2.8: Comparison and summary of major PATSs currently under development and

their applications

PAT

Passive
Acoustic
Emissions

Near Infrared
Spectroscopy

Raman
Spectroscopy

X-ray
Computed
Tomography

Optical
Image
Analysis

Application

Mixture,
uniformity,
and endpoint

Mixture
composition,
uniformity,
and endpoint
Mixture
composition,
uniformity,
and endpoint

Mixture,
uniformity

Mixture

uniformity and
velocity profile

Measured
Parameter

Vibrations

Absorbed
energy

Scattered
light
detection

X-ray

Color

Advantages

Low cost, non-
invasive, and non-
destructive

Suitable for multi-
component mixture
and online monitoring

Suitable for multi-
component mixture,
relatively low cost, and
time efficient, and
allows for online
monitoring

3D image, non-
invasive, and non-
destructive

Low cost and easy to
use

Disadvantages

Underdevelopment, requires
more processing and storage
space, and results in large
volume of data

Probe window fouling,
equipment modification and
installation, and difficult
analysis

Fluorescence can be seen in
addition to probe window
fouling, equipment
modification and installation,
and difficult analysis

Limited to one component
analysis, no real time
monitoring, very expensive,
and particles used must be X-
ray sensitive

Sensor window fouling,
equipment modification and
needs component contrast
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Magnetic Mixture Magnetic 3D image, non- Limited to one component
Resonance uniformity and | field invasive, and non- analysis, very expensive,
Imaging velocity profile destructive difficult to operate, restricted

to development and particles
must be MRI sensitive

Positron Velocity Radioactive Non-invasive Limited to one component

Emission profile particle analysis, restricted to

Particle tracking development, and high cost

Tracking (Positron and processing time
detection)

In the experiments conducted in this research, passive acoustic emissions were used to
monitor mixing and segregation in a V-blender. Passive acoustic emissions are defined
in a VV-blender as the kinetic energy of the particles that are transformed into vibrational
waves upon hitting an object. This transformation of kinetic energy into vibrational
waves can happen due to particle-particle and particle-shell collisions. Passive acoustic
emissions are considered one of the PATSs as the vibrational waves propagated during
particle collision with each other or with the shell of the V-blender while mixing is a
result of sudden changes in the localized stress. Compared to other PATs methods,
passive acoustic emissions have some advantages. One of the advantages of passive
acoustic emissions over other PATS is that this method is considered safe and not
destructive. Another advantage is the low cost of setup for this method compared with
others like spectroscopic methods. One more advantage is that passive acoustic
emissions are considered a non-invasive method as the sensor that measures all the
vibrational waves can be attached to the outer part of the equipment. Moreover, passive
acoustic emission analysis does not require the mixture used to be exposed to any
outside stimulus, such as X-rays and MRI methods. However, passive acoustic
emissions have a few disadvantages such as the large volume of data produced upon
measuring that needs to be precisely analyzed and extracted to gather the relevant and

required information that can be used in monitoring (14,23).
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Chapter 3

3 Investigating Particle Loading Configuration in a V-
blender during Powder Mixing Using Passive Acoustic
Emissions

3.1 Introduction

Oral dosage forms such as tablets and capsules account for approximately 80% of all
available pharmaceutical formulations (1). That is due to their ease of transport, use,
cost-effectiveness, and stability. During the production of oral solid dosage forms, the
powder materials need to be well-mixed. Mixing is one of the essential processes in the
pharmaceutical industry to ensure the tablets and capsules produced contain the desired
amounts of active ingredients and other additives. Furthermore, mixing is crucial to
ensure that the products have uniform weight and consistent characteristics. However,
mixing is a challenging process that depends on many factors such as powder
characteristics, blender design, operation, and geometry (2,3). Mixing is not a fully
understood process and still requires more research to better understand the mixing

process and develop techniques for its control and monitoring.

Most of the pharmaceutical tablet manufacturing is done offline using different batch
processes. Process analytical technologies (PATS) are being studied as potential
methods for monitoring and analyzing powder mixing in the pharmaceutical industry
(9,10). These potential technologies are intended to replace the offline methods
currently being used. One of the offline methods currently used in the pharmaceutical
industry is using thief probes to determine mixture quality and homogeneity by
analyzing samples at different time intervals. Thief probes can result in inaccurate and
unreliable data and their application is limited and has several disadvantages.
Moreover, thief probes are not always effective in identifying segregation in a precise
and reliable way. Wilson and Briens (2022) showed more data on the sampling and
analysis of thief probes and demonstrated that thief probes can give inaccurate and

unreliable results (6).



76

The literature has studies and research for several PATSs in monitoring powder mixing.
Most of the research on applying PATSs has focused on near-infrared (NIR)
spectroscopy. Although NIR spectroscopy demonstrated potential and consideration, its
use in the pharmaceutical industry is limited. It has several disadvantages such as
expensive equipment modifications, sensor port issues blockage, and the long pre- and

post-processing time needed to get NIR measurements (11-20).

Powder mixing in the pharmaceutical industry primarily occurs in opaque metal mixers.
Equipment that is used in pharmaceutical industrial facilities would require costly
modification to install windows to allow for visual observation. Furthermore,
pharmaceutical powder mixtures are often made up of various powders of similar
colors, mostly white, which leads to a restricted ability to visually observe and identify
segregation developed in the powder mixture. Changing the color of these powders can
result in various issues, such as the risk of changing the properties of the powders
unintentionally and that can lead to serious side effects. As a result, visually identifying

segregation in the pharmaceutical industry setup is very challenging and impractical.

There are other PATs under development and are included in several studies and
research supporting their use in powder mixing, monitoring, and analysis including
Raman Spectroscopy (21-27), Passive Acoustic Emissions (6,28-34), X-ray Computed
Tomography (35-37), Image Analysis (38-35), and Magnetic Resonance Imaging
(46,47,48). Passive acoustic emissions are defined as the formation of energy as waves
produced by a source, then transmission of energy through a medium, and receiving
this energy by a receiver. It is the study of vibrations and sound waves (49). In the V-
blender, the energy is generated as stress waves as the result of particle-particle and
particle-V-shell interactions during powder mixing (28). The stress waves generated
from particle interactions are measured as vibrations by an accelerometer attached to
the lid of the outer arm of the V-shell. The vibrations recorded by the accelerometer
due to particle mixing and collision are dependent on several factors including particle
characteristics such as size, density, and shape. Particles with larger sizes have more

kinetic energy and upon collision with each other or with the V-shell, more dissipated
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energy is generated leading to more vibrations as stress waves that are recorded by the

accelerometer.

Passive acoustic emissions have available research in the literature discussing and
supporting acoustics use in different processes such as mixing (6,28-34), granulation
(50-58), fluidization (59,60), drying (61), compaction (62), direct energy deposition
(63), hydro transport (64), and pneumatic transport (65-68). Previous research
conducted on passive acoustic emissions determined preliminary connections and data
for particle motion and behaviors inside the V-blender and provided guidelines for
extracting the data needed from the recorded vibrations (6,28-31). Particle collisions
with the V-shell lid where the accelerometer is attached provided the most important
and reliable information regarding the particle properties and their flow within the V-

shell from the recorded vibrations.

Segregation is known as areas of particles within a mixture with a high concentration of
particles sharing similar properties. In the pharmaceutical industry, segregation can
develop while mixing powders due to using different particles with different physical
characteristics such as size, density, shape and flowability. It is crucial to account for
these differences in physical characteristics to avoid segregation development.
Segregation can affect mixture homogeneity and uniformity. Segregation is also known
as de-mixing (69). Various factors can affect the segregation likelihood. Large
differences in particle size, density, cohesiveness, and flowability can increase the
probability of segregation. The more differences in the characteristics between the

particles, the more segregation can be seen. (3,69,70).

The mixer type and geometry can increase the risk of segregation development.
Previous literature showed that tote mixers and V-blenders are not the best mixers to be
used for segregation-prone mixtures and cohesive particles due to the motion and flow
of the particles in these mixers that lead to the development of trajectory segregation
(70,71). Trajectory segregation is a type of segregation that can be seen in the V-
blender. It can happen when mixing a powder of high inertia with another powder of

low inertia. Due to differences in inertia, the smaller diameter particles will tend to
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separate from particles with larger diameters. The particles with higher inertia will flow
in a straight-line path, while the particles with lower inertia will flow in a curved path

(69-72).

Trajectory segregation can be further enhanced in the V-blender because of the
collisions with the V-shell joint on the flow path. Segregation can develop while
mixing particles inside a V-blender. The main mechanisms that can be seen while
mixing particles inside a V-blender are primarily due to trajectory and percolation
segregations. These types of segregation can be seen with particles that have high
flowability, are subjected to a curving flow field, and have a range of various sizes.
However, the starch granules used in the experimental trials completed in this research
are not spherical and have irregular shapes of various diameter ranges with a spherical
value of 0.70. Also, the starch granules have good flowability due to the low avalanche
times below 4.8 seconds (6). The literature discussed segregation development patterns
and how the physical characteristics, mixer design, fill level, and process parameters
can affect the segregation pattern. It was found that the fill level and rotational speed
have a significant impact on segregation pattern development in the V-blender. Four
major different patterns were seen to develop in the V-blender which are “Small-out”,
“Stripes”, “Inverse stripes”, and “Left-right” patterns. There is another fifth pattern
seen called the “Big-out” pattern, but it is seen transiently while the “Left-right” pattern

is being developed (70,71).

Passive acoustic emissions have several advantages when compared with other methods
used in the pharmaceutical industry for monitoring powder mixing and segregation.
Acoustic use is relatively inexpensive, non-invasive, non-destructive, requires no
equipment modifications, and could be used as an in-line monitoring method. Previous
research has focused on monitoring the mixing of a specific number of particles with
uniform properties in one loading order. However, tablets in the pharmaceutical
industry are formed from various particles and therefore it is important to develop a
method that can be applied to industrial settings (6,28-31). The main aim of this
research was to further investigate the potential of passive acoustic emissions for

monitoring the mixing of multiple particles of different properties that are likely to
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segregate and explore different loading configurations for loading these particles in the
V-blender. Identifying segregation during powder mixing is crucial in the
pharmaceutical industry and can result in higher quality control and assurance
standards and enhance good manufacturing practices in the industry. This can be

achieved by developing monitoring methods using passive acoustic emissions.

3.2 Materials and Methods

3.2.1 Materials

Experimental trials were conducted and completed using starch granules and glass
beads. The starch granules were irregular in shape and had a range of different sizes.
The starch granules were sieved into five different-size fraction cuts using different-
size meshes. Cut#1 is the largest size fraction with a size range of 2.00 — 2.36 mm,
Cut#2A has a size range of 1.70 — 2.00 mm, Cut#2B has a size range of 1.40 — 1.70
mm, Cut#3 has a size range of 1.18 — 1.40 mm, and Cut#4 is the smallest size fraction
with a size range of 0.006 — 1.18 mm. Samples of starch granules from each size
difference were dyed with iodine solution to allow for visual observations of any
segregation that may develop while mixing. Preliminary testing trials confirmed that
the dye did not significantly affect the other properties of the granules. Wilson and
Briens (2022) measured the apparent density of the starch granules through estimation
by volume displacement measurements using 4°C distilled water and photos of the

starch granules were taken and examined with Image Pro software to estimate the

Perimeter?

circularity of the granules. Image Pro defines circularity as ipAren with a perfectly

circular particle having a value of 1.00 (6). The glass beads were selected as a model
system because of their uniform composition and spherical size. The glass beads were
selected to be in close range to the granule sizes used in the pharmaceutical industry.
Experimental trials were completed using glass beads with three different diameter
sizes: 1 mm, 2 mm, and 3 mm. All starch granule and glass bead experimental trials
were completed in triplicate with average values reported. Table 3.1 shows the particle

characteristics.



Table 3.1: Summary of particles and their characteristics

Particle

Starch granules
Cut#l

Starch granules
Cut#2A

Starch granules
Cut#2B

Starch granules
Cut#3

Starch granules
Cut#4

Glass beads
Glass beads

Glass beads

3.2.2 Equipment

Size

(mm)
2.00-2.36
1.70-2.00
1.40-1.70
1.18-1.40
0.006 —1.18
1.00

2.00

3.00

Average size

(mm)

2.18

1.85

1.55

1.29

0.593

1.00
2.00
3.00

Apparent density
(g/cm?3)

1.3

1.3

1.3

1.3

13

2.5
25
25

80

Sphericity

¢

0.70

0.70

0.70

0.70

0.70

1.00
1.00
1.00

A Patterson-Kelly V-blender with a fixed rotation speed of 25 Rotations Per Minute

(RPM) was used in all the experimental trials completed in this research. A 16-quart

(15.1 liter) transparent acrylic V-shell was used. The V-shell was filled by particle mass

corresponding to approximately 25% fill level ratio by mass. The V-shell of the blender

has inner and outer arms with two lids attached to them and a bottom plate. Figure 3.1

shows a schematic diagram of the V-blender with all its properties.
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Accelerometer

Axis and
direction of
rotation

Figure 3.1: Schematic diagram for the V-blender (A) showing its dimensions and (B)

showing accelerometer location

PCB Piezotronics Accelerometer of model 353B3 combined with an ICP signal
conditioner of model 480EQ were used to measure the vibrations generated from
passive acoustic emissions. The accelerometer combined with the signal conditioner
was attached to the lower front center of the outer arm of the V-shell at a radial position
of r/R = 0.74 using adhesive wax. Figure 3.1-B shows the location of the
accelerometer. Labview with a National Instruments DAQ-6036E card was used to
record the vibrations from passive acoustic emissions. The vibrations were recorded at
an acquisition frequency of 40,000 Hz. The choice of an acquisition frequency of
40,000 Hz was used to exceed the Nyquist frequency of the signal of interest. The
Nyquist-Shannon Sampling Theorem states that to accurately construct a signal, the
sampling frequency must be at least twice the highest frequency present in the signal.
In the case of audio signals, where the human hearing range is up to 20,000 Hz, a
common choice is to use a sampling frequency of at least 40,000 Hz to ensure that all
audible frequencies are adequately captured and avoid aliasing and to make sure that

the signal preserves the original characteristics of the analog signal (76,77).

Daubechies wavelet filter in Matlab was used to filter the measurements recorded to
remove the V-shell oscillations motion to primarily focus on the vibrations generated
from the particle collision inside the V-shell. Noise generated due to the oscillation

motion of the V-shell can interfere with the wavelets recorded. That is why it was
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important to remove wavelets coming from V-shell oscillations to be able to focus on

the wavelets needed that are generated from particle collisions (78).

3.2.3 Experimental Trials

Experimental trials were conducted using various size fractions of starch granules and
glass beads as well as different intensifier bar additions to the inner VV-shell arm. The
starch granules were sieved into five different size fractions as shown in Table 3.1. One
of the starch granule size fractions were dyed using iodine solution to allow for visual
observations of any segregation that may develop. All size fractions were in a 50-50%
ratio by mass and the mixture combinations were loaded horizontally and vertically in
the V-blender at a 25% fill level by mass ratio and tumbled. Rotations of different size
fractions were completed allowing for mixing and segregation patterns were
photographed. All segregation for different size fraction combinations was observed
and photographed. Individual particle material trials for each particle size of starch
granules and glass beads shown in Table 3.1 were conducted. Table 3.2 shows the
experimental trials conducted for starch granules binary mixtures and the loading
configuration used. All starch granules and glass beads trials were conducted in
triplicate for reproducibility and confirmation of the results obtained; however, as

replicates were similar, only one trial was shown for each condition.

The weighted average amplitude was determined in all trials based on the percentage of
small and large particles in the outer VV-shell arm of the V-blender. This was done by
sieving and weighing the particles in the outer VV-shell arm after 100 revolutions. The
percentages found in the outer VV-shell arm along with the average amplitude recorded
of each size fraction were then used to determine an approximate weighted average
amplitude value. The percentage of the large particles found in the outer arm was
multiplied by the average amplitude recorded of the large particles and then summed up
to the percentage of the small particles found in the outer arm multiplied by the average
amplitude recorded of the small particles giving the weighted average value for every
trial. The weighted average was determined in each set of trials and demonstrated on

the graph. Each trial was done in triplicate therefore the weighted average was



83

calculated three times. The total weighted average for all trials is much of a zone seen

on the graph that corresponds to three trials completed.

Table 3.2: Trials conducted for starch granules binary mixtures and their loading

configurations

Trial  Binary mixture (50-50% by mass ratio) Loading configuration
I Cut#1 and Cut#4, where Cut#1 on top Horizontal loading
I Cut#l and Cut#4, where Cut#4 on top Horizontal loading
11 Cut#l and Cut#3, where Cut#1 on top Horizontal loading
v Cut#1 and Cut#3, where Cut#3 on top Horizontal loading
\ Cut#2A and Cut#4, where Cut#2A on top Horizontal loading
VI Cut#2A and Cut#4, where Cut#4 on top Horizontal loading
VIl Cut#2A and Cut#3, where Cut#2A on top Horizontal loading
VIl Cut#2A and Cut#3, where Cut#3 on top Horizontal loading
IX Cut#2B and Cut#4, where Cut#2B on top Horizontal loading
X Cut#2B and Cut#4, where Cut#4 on top Horizontal loading
A Cut#l and Cut#4, where Cut#l in inner arm Vertical loading

B Cut#1 and Cut#4, where Cut#4 in inner arm Vertical loading

Cc Cut#1 and Cut#3, where Cut#1 in inner arm Vertical loading

D Cut#1 and Cut#3, where Cut#3 in inner arm Vertical loading

E Cut#2A and Cut#4, where Cut#2A in inner arm Vertical loading

F Cut#2A and Cut#4, where Cut#4 in inner arm Vertical loading

G Cut#2A and Cut#3, where Cut#2A in inner arm Vertical loading

H Cut#2A and Cut#3, where Cut#4 in inner arm Vertical loading

| Cut#2B and Cut#4, where Cut#2B in inner arm Vertical loading

J Cut#2B and Cut#4, where Cut#4 in inner arm Vertical loading

3.2.3.1 Individual Particle Size Cuts

Vibration measurements were recorded and completed with individual particle size cuts

of starch granules and glass beads. The starch granules and glass beads were separately
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loaded in the 16-quart transparent acrylic V-shell in a 100% ratio at a 25% fill level
based on mass. The accelerometer was attached to the outer arm lid of the V-shell as
shown in Figure 3.1-B. The vibrations were measured and recorded over 50 revolutions
of the V-shell. After the vibrations were measured, the measurements were filtered and

analyzed using Matlab.

3.2.3.2 Horizontal Loading Configuration

Vibration measurements were recorded and completed with binary mixtures of the
starch granules. The binary mixture of starch granules was loaded in the 16-quart
transparent acrylic V-shell in a 50-50% ratio at a 25% fill level based on mass. The
starch granules were loaded into the V-shell in a horizontal loading configuration. The
main objective of this horizontal loading configuration was to obtain a symmetrical top-
bottom loading pattern for the geometry of the V-blender shells. The accelerometer was
attached to the outer arm lid of the V-shell as indicated in Figure 3.1-B. The vibrations
were measured and recorded over 100 revolutions of the V-shell. After the vibrations

were measured, the measurements were filtered and analyzed using Matlab.

While the V-blender was tumbling and rotating, the V-shell was stopped at different
revolutions to take photos and sieve the mixture inside. Sieving of the mixture was
done for both inner and outer V-shell arms using different size meshes based on starch
granule size fraction cuts in the mixture. This was performed to observe the extent of
segregation developed and quantify the amount of smaller and larger particles seen in
each arm of the V-shell. Photos of the dyed starch granules mixture allowed for visual
observations of any segregation pattern development and monitored the mixing stage.
Moreover, the sieving data allowed for confirmation of mixing and segregation
observed in each arm of the V-shell. In the sieving analysis, the V-shell was stopped
while inverted, and the inner and outer arms were unloaded separately. Each arm
emptied contained a mixture which was then sieved to determine the percentage
composition by weight of each particle component. The mixtures from each arm were
unloaded after 100 revolutions. Preliminary trials were conducted, and stable mixtures

were determined in all trials.
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3.2.3.3 Vertical Loading Configuration

Vibration measurements were recorded and completed with binary mixtures of the
starch granules. The binary mixture of starch granules was loaded in the 16-quart
transparent acrylic V-shell in a 50-50% ratio at a 25% fill level based on mass. A
technique for proper and repeatable vertical loading of binary mixtures was developed
and the starch granule size fraction cuts were loaded in a vertical configuration into the
V-shell. The V-shell was stopped in a position that was parallel to the ground and then
the particles were loaded in each V-shell arm. Then the VV-blender was returned to its
upright position with particles inside reaching a vertical loading configuration. The
main objective of this vertical loading configuration was to obtain a symmetrical side-
to-side loading pattern for the geometry of the V-blender shells. The accelerometer was
attached to the outer arm lid of the V-shell as indicated in Figure 3.1-B. The vibrations
were measured and recorded over 100 revolutions of the V-shell. After the vibrations

were measured, the measurements were filtered and analyzed using Matlab.

The V-shell was stopped to take photos and sieve the mixture inside. Sieving of the
mixture was done for both the inner and outer V-shells. This was performed to observe
the extent of segregation developed and quantify the amount of smaller and larger
particles seen in each arm of the V-shell. The sieving data allowed for confirmation of
mixing and segregation to be observed in V-shell arms. In the sieving analysis, the V-
shell was stopped while inverted and the inner and outer arms were unloaded separately
after 100 revolutions and sieved. Preliminary trials were conducted, and stable mixtures

were determined in all trials as done in horizontal loading trials in Section 3.2.3.2.

3.2.3.4 Intensifier Bar Addition

Vibration measurements were recorded for binary mixtures of the starch granules. The
binary mixture of starch granules was loaded in the 16-quart transparent acrylic V-shell
in a 50-50% ratio at a 25% fill level based on mass. Cut#1 was dyed using iodine
solution to observe any segregation pattern that may develop while mixing. The starch
granule particles were loaded in a horizontal loading configuration in the V-shell with

the addition of different intensifier bars to examine their effects on mixing and
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segregation. Particles were loaded in a horizontal configuration to obtain a symmetrical
top-bottom loading pattern for the geometry of the VV-blender shells. The accelerometer
was attached to the outer arm lid of the V-shell as indicated in Figure 3.1-B. The
vibrations were measured and recorded over 50 revolutions of the V-shell. After the
vibrations were measured, the measurements were filtered and analyzed using Matlab.
Sieving of the binary mixture was completed by stopping the V-shell after 50
revolutions to take photos and sieve the mixture inside. Sieving of the mixture was
done for both inner and outer V-shell arms as performed with horizontal loading trials
in Section 3.2.3.2.

3.3 Results

3.3.1 Individual Particle Size Cuts

Experimental trials were performed using different starch granules and glass beads size
cuts. Each size fraction cut of starch granules and glass beads was loaded separately in
the V-blender at a 25% fill level by mass and trials were completed over 50 revolutions.
The vibration amplitudes were recorded for different glass bead size fractions. Figure
3.2 shows the average vibration amplitude recorded varied nearly linearly with the
glass beads. Vertical bars showing the average maximum and minimum amplitudes
were added that correspond to three trials over 50 revolutions for each trial; however,
the values were very small and almost negligible which makes them not visible on the
graph. The vibration amplitude recorded was seen to increase with increasing the size
of glass beads with a significant well-fitting linear trend as indicated by an R value >
0.99 and a P-value of 0.04 (Figure 3.2). The average vibration amplitudes were
recorded for different starch granule size cuts. Figure 3.3 shows the average amplitude
and average granule size for each cut for three trials of 50 revolutions each. Vertical
bars show the maximum and minimum amplitudes and horizontal bars show the
maximum and minimum granule size. The increase in vibration amplitude with granule
size was not quite linear (Figure 3.3); the trend was significant and slightly exponential
as indicated by R? of 0.97 and a P-value of 0.02. Figure 3.4 shows an example of
individual Cut#1 amplitude distributions recorded over 150 revolutions across three

trials of 50 revolutions for each trial and their vibration distribution.
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Figure 3.2: Average vibration amplitude of different-sized glass beads in V-shell with
trendline
R? and P-values were calculated and showed significant values for a linear trendline with

average amplitude increasing with increasing the glass bead size
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Figure 3.3: Average vibration amplitudes of starch granules with trendline and R? value
Horizontal bars represent the maximum and minimum cut size values and vertical bars

represent the maximum and minimum amplitudes
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Figure 3.4: Amplitude distribution of Cut#1 starch granules across three trials of 50

revolutions each

There are different features for each signal based on the flow of particles inside the V-
shell and how particles move and interact with V-shell walls and with each other. The
flow of particles in the V-shell can be classified into three main parts. The first part is
associated with the flow of particles while the V-shell is inverted and is called
Feature#1. The second part is associated with the flow of particles along the V-shell
arms of the outer side and is called Feature#2. The third part is associated with the flow

of particles reaching the V-shell base and is called Feature#3 as shown in Figure 3.5.

Feature #1 consists of three sub-features. Initially, particles interact with the inner arms
of the V-shell flowing along these arms towards the V-shell lids (Feature 1a). Then
collisions occur between particles that are accumulating in the upper V-shell arms and
the V-shell lids (Feature 1b). Finally, particles accumulating in the upper V-shell arms
flow past the lids towards the outer arms of the V-shell. These three events occur

continuously with overlapping durations (4).

Figure 3.6 shows the filtered raw signals of Cut#1 starch granules after 10 revolutions
recorded by the accelerometer attached to the outer V-shell arm as shown in Figure 3.1-

B. Signals were recorded and filtered with each full signal corresponding to one V-shell



89

rotation. While the V-shell is rotating, energy is dissipated as stress waves as particles
collide with each other and with the V-shell walls. This energy is recorded by the
accelerometer which translates into amplitudes. For each revolution, the average of the
largest amplitudes in Feature 1b corresponds to one amplitude value for each V-shell
revolution. This was continued for 50 revolutions resulting in 50 recorded amplitude
values. The amplitude value recorded corresponds to the energy dissipated after 50
revolutions. Individual-sized particles were rotated over 50 revolutions in the V-shell,
and 50 amplitude were recorded. The average of these 50 amplitude values was
calculated and plotted on the graph versus the size range of different starch granules as

shown in Figure 3.3.

Feature 1
400

2007 Feature 2

Feature 3

-200

Filtered signal (mV)

-400 4
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Figure 3.5: Cut#l isolated filtered raw signal after 1 V-shell revolution
The granules were loaded at a 25% fill level in the V-shell and the filtered signal show different

features of particle motion in the VV-blender
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Figure 3.6: Filtered acoustic signals of Cut#1 starch granules

Filtered signals were recorded at 10 V-shell rotations and granules were loaded at 25% fill level

3.3.2 Horizontal Loading Configuration

All starch granule size fractions were in a 50-50% by mass ratio and the mixture
combinations were loaded horizontally in the V-blender at 25% fill level by mass and
tumbled. Rotations of different size fractions were completed, and mixing and
segregation patterns were photographed. The segregation pattern was observed to be
larger for mixtures with larger differences in their fraction size. The photos and sieving
data confirmed the results. Visual observations of the starch granule mixtures confirm
that segregation was higher with larger differences in the fraction size. Segregation for
all different size fraction combinations was observed and photographed. Stable
mixtures were reached and identified in all different size fraction trials. A stable
mixture is generally defined as the combination of substances that remain without

changing their properties over a certain time under defined conditions.

Figure 3.7 shows the extent of segregation between different size combinations of
starch granules every 10 revolutions. Figure 3.7, column A shows a large difference in
size fraction cuts, the larger size fraction Cut#1 (2.00 — 2.36 mm) was mixed with the
smaller size fraction Cut#4 (0.006 — 1.18 mm). The larger undyed starch granules were
loaded horizontally on top of the smaller dyed starch granules. The smaller dyed starch

granules segregated towards the outer arm of the V-blender, and the larger undyed



91

starch granules segregated towards the inner arm. Figure 3.7, column B shows a small
difference in starch granule size fraction cuts, Cut#2A (1.7 — 2.00 mm) was mixed with
Cut#3 (1.18 — 1.40 mm). The larger dyed starch granules were loaded horizontally on
top of the smaller undyed starch granules. The smaller undyed starch granules
segregated towards the outer arm of the V-blender and the larger dyed starch granules
towards the inner arm. This segregation pattern is named left-right” segregation,
which is seen in Figure 3.7 after around 20 revolutions. Experimental trials continued
for 100 revolutions and showed that this left-right segregation pattern remained stable

with no changes.
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Inner Arm Outer Arm Inner Arm Outer Arm

Before mixing Before mixing

After 10 revolutions After 10 revolutions

After 50 revolutions After 50 revolutions

Figure 3.7: Visual observations of different starch granule size fractions horizontally
loaded in the V-blender
Mixtures were in a 50-50% by mass ratio, Column A: Cuts 1 and 4 where undyed Cut#1
(yellow) loaded on top of dyed Cut#4 (black) and Column B: Cuts 2A and 4 where dyed
Cut#2A (black) loaded on top of undyed Cut#3 (yellow)
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Sieving of the mixtures was completed for both V-shell arms using various-sized
meshes based on starch granule size fraction cuts used in each mixture. In the sieving
analysis, the V-shell was stopped while inverted and both the inner and outer arms were
unloaded separately. Each arm emptied contained a mixture which was then sieved to
determine the percentage of each size fraction in each V-shell arm. The sieving results
showed that smaller size fraction cuts were seen with higher percentages in the outer
arm of the V-shell and the larger size fraction cuts were seen to segregate towards the
inner arm with higher percentages. These results confirm the visual observations seen
in Figure 3.7 with different starch granule size fraction mixtures. Table 3.3 shows the
sieving results for different starch granule mixtures and their percentages in the outer
arm of the V-shell. Table 3.3 shows only sieving results for the trials conducted for the
largest and smallest combination mixtures; Cut#1 and Cut#4 and Cut#2A and Cut#3
binary mixtures, respectively. All other sieving data for remaining size fraction

combination mixtures are reported in the Appendix section of this thesis.

Table 3.3: Sieving results in the outer arm of the V-shell for different size cut trials

Trial = Size cuts Loading order Loading Sieving results in outer arm (%)
configuration
I Cut#land Cut#lontopand @ Horizontal Trial 1: Cut#4 (68), Cut#l (32)
Cut#4 Cut#4 on bottom  loading Trial 2: Cut#4 (70), Cut#1 (30)

Trial 3: Cut#4 (67), Cut#l (33)
Average: Cut#4 (68), Cut#l (32)

I Cut#l and Cut#l on bottom | Horizontal Trial 1: Cut#4 (66), Cut#l (34)
Cut#4 and Cut#4 ontop  loading Trial 2: Cut#4 (67), Cut#l (33)
Trial 3: Cut#4 (70), Cut#1 (30)

Average: Cut#4 (68), Cut#l (32)

Vil Cut#2A Cut#2A on top Horizontal Trial 1: Cut#3 (55), Cut#2A (45)
and Cut#3 | and Cut#3 on loading Trial 2: Cut#3 (61), Cut#2A (39)
bottom Trial 3: Cut#3 (58), Cut#2A (42)

Average: Cut#3 (58), Cut#2A (42)
VIII | Cut#2A Cut#2A on Horizontal Trial 1: Cut#3 (53), Cut#2A (47)
and Cut#3 | bottom and Cut#3 | loading Trial 2: Cut#3 (57), Cut#2A (43)
on top Trial 3: Cut#3 (57), Cut#2A (43)

Average: Cut#3 (56), Cut#2A (44)
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The vibration amplitude profiles of starch granule size fraction cuts were recorded. All
trials were conducted with 50-50% binary mixtures by mass ratio. Figure 3.8 shows the
acoustic vibration amplitude profiles recorded of the largest and the smallest starch
granule size fractions of Cut#1 and Cut#4 and their binary mixtures, respectively.
When Cut#4 was loaded horizontally on top of Cut#1, the initial mixture vibration
amplitude recorded was around 15 mV which was similar to the amplitude of the small
size fraction of Cut#4. The vibration amplitude then increased to around 27 mV after
about 25 revolutions and maintained the amplitude in the zone of 25 — 30 mV
throughout the remaining revolutions. When Cut#1 was loaded horizontally on top of
Cut#4, the initial mixture vibration amplitude recorded was around 45 mV which was
similar to the amplitude of the large size fraction of Cut#1. The vibration amplitude
then decreased to around 25 mV after about 25 revolutions and maintained the

amplitude in the zone of 20 — 25 mV throughout the remaining revolutions.
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Figure 3.8: Acoustic profile of combined trials of Cut#1 (2.00 — 2.36 mm) and Cut#4
(0.006 — 1.18 mm)
Mixtures were in a 50-50% by mass ratio and were loaded horizontally in the V-blender

Figure 3.9 shows the vibration amplitude profiles of two very closely sized starch

granule size fractions and their binary mixtures, Cut#2A and Cut#3. When Cut#3 was
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loaded horizontally on top of Cut#2A, the initial mixture vibration amplitude was
around 19 mV, similar to the amplitude of the small size fraction of Cut#3. The
vibration amplitude then increased to around 28 mV after about 25 revolutions and
maintained the amplitude in the zone of 24 — 29 mV throughout the remaining
revolutions. When Cut#2A was loaded horizontally on top of Cut#3, the initial mixture
vibration amplitude was around 31 mV, similar to the amplitude of the large size
fraction of Cut#2A. The vibration amplitude then decreased to around 23 mV after
about 30 revolutions and maintained the amplitude in the zone of 21 — 28 mV
throughout the remaining revolutions.
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Figure 3.9: Acoustic profile of combined trials of Cut#2A (1.70 — 2.00 mm) and Cut#3
(1.18 - 1.40 mm)

Mixtures were in a 50-50% by mass ratio and were loaded horizontally in the V-blender

Figure 3.8 shows a large difference in starch granule size fraction cuts used. In this
trial, Cut#1 and Cut#4 were used. Cut#1 has an average size of 2.18 mm and Cut#4 has
an average size of 0.593 mm. By subtracting Cut#1 average size from Cut#4 average
size, 1.587 mm will be the average size difference between the two cut sizes. Figure 3.9
shows a small difference in starch granules size fraction cuts used. In this trial, Cut#2A
and Cut#3 were used. Cut#2A has an average size of 1.85 mm and Cut#3 has an

average size of 1.29 mm. By subtracting Cut#2A average size from Cut#3 average size,
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0.56 mm will be the average size difference between the two cut sizes. Table 3.1 shows

the size range of each starch granule cut size and their average size values.

The weighted average amplitude was determined based on the percentage of small and
large particles in the outer V-shell arm. This was done by sieving and weighing the
particles in the outer V-shell arm after 100 revolutions. The percentages found in the
outer V-shell arm along with the average amplitude recorded of each size fraction cut
were then used to determine an approximate weighted average amplitude value. If the
weighted average is 50-50% by mass ratio for each particle size, there will not be any
segregation of particles seen and the recorded amplitude will be halfway between the
amplitude of the two single-sized starch granules. However, in the trials conducted in
this research, the weighted average was not 50-50% by mass ratio and segregation was
observed with the composition of the system reflected the segregation of the
combination mixtures used. If there is segregation, it is expected that the measured

signal will plateau around the weighted average amplitude zone.

Stable mixtures were observed and identified in all trials for horizontal loadings. The
minimum mixing needed for each mixture was calculated based on the average
Standard Deviation (STD). The STD was calculated for the last 20 revolutions of the
mixture while getting the average +1 and -1 of the STD. The first point to drop below
the +1 STD or go above the -1 STD is set to be the minimum mixing in revolutions
needed to reach a stable mixture as shown in the example in Figure 3.10 with the
minimum mixing highlighted in an orange “X” shape for the binary mixture of Cut#2A
and Cut#3. Table 3.4 shows the minimum mixing required for combination mixtures in
the V-blender. Figure 3.11 shows the average minimum mixing for different mixtures
loaded horizontally with different orders versus the size difference between different
cuts. There was no significant trend observed with different size fraction binary
mixtures with the loading order. Binary mixtures of Cut#1 and Cut#4 and Cut#2A and
Cut#3 are the main trials reported with their profiles in this Chapter as they have the
biggest and smallest size differences between the two cuts, respectively. Other trials
were completed using different starch granule size combinations which showed similar

results and their acoustic profiles are found in the Appendix section of this thesis
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Table 3.4: Minimum mixing required to reach stable mixtures for different trials

horizontally loaded in the V-blender and their loading order

Trial

Vi

VIl

VIl

Size cuts

Cut#1 and
Cut#4

Cut#l and
Cut#4

Cut#1 and
Cut#3

Cut#l and
Cut#3

Cut#2A and
Cut#4

Cut#2A and
Cut#4

Cut#2B and
Cut#4

Cut#2B and
Cut#4

Cut#2A and
Cut#3

Cut#2A and
Cut#3

Loading order

Cut#1 on top and
Cut#4 on bottom

Cut#1 on bottom
and Cut#4 on top

Cut#1 on top and
Cut#3 on bottom

Cut#1 on bottom
and Cut#3 on top

Cut#2A on top
and Cut#4 on
bottom

Cut#2A on
bottom and
Cut#4 on top

Cut#2B on top
and Cut#4 on
bottom

Cut#2B on
bottom and
Cut#4 on top

Cut#2A on top
and Cut#3 on
bottom

Cut#2A on
bottom and
Cut#3 on top

Loading
configuration

Horizontal
loading

Horizontal
loading

Horizontal
loading

Horizontal
loading

Horizontal
loading

Horizontal
loading

Horizontal
loading

Horizontal
loading

Horizontal
loading

Horizontal
loading

Minimum mixing

(revolutions)

Trial 1: 27
Trial 2: 27
Trial 3: 25
Average: 26
Trial 1: 24
Trial 2: 19
Trial 3: 23
Average: 22
Trial 1: 29
Trial 2: 29
Trial 3: 28
Average: 29
Trial 1: 21
Trial 2: 17
Trial 3: 19
Average: 19
Trial 1: 22
Trial 2: 18
Trial 3: 21
Average: 20
Trial 1: 15
Trial 2: 11
Trial 3: 14
Average: 13
Trial 1: 16
Trial 2: 16
Trial 3: 17
Average: 16
Trial 1: 26
Trial 2: 23
Trial 3: 23
Average: 24
Trial 1: 14
Trial 2: 13
Trial 3: 12
Average: 13
Trial 1: 17
Trial 2: 15
Trial 3: 17
Average: 16
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Figure 3.10: Calculation of the minimum mixing time needed to reach a stable mixture
using +/- 1 STD
Calculations were based on the last 20 V-shell revolutions with Cut#2A and Cut#3 binary
mixture used where Cut#3 was loaded on top
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Figure 3.11: Average minimum mixing time in revolutions for horizontal loading trials vs

size difference between cuts in millimeters

3.3.3 Vertical Loading Configuration

Starch granule size fraction cuts were vertically loaded into the V-blender and tumbled

in a 50-50% at 25% fill level by mass ratio. Rotations of the V-shell allowed for mixing
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of particles and segregation patterns were photographed. Larger differences in fraction
sizes resulted in more segregation as observed with horizontal loading trials. The
results were confirmed by photos and sieving data, indicating that segregation increased

with larger differences in fraction size combination mixtures.

Figure 3.12 shows segregation levels every 10 revolutions between two size fraction
combination mixtures having large differences in their diameter sizes, Cut#1(2.00 —
2.36 mm) and Cut#4 (0.006 — 1.18 mm). In Figure 3.12 column A, the larger dyed
starch granules of Cut#1 were loaded in the inner arm of the V-shell and the smaller
undyed starch granules of Cut#4 were loaded in the outer arm. The photos and sieving
data confirm that the larger dyed granules segregated towards the inner arm of the V-
shell, while smaller undyed granules segregated towards the outer arm. Figure 3.12
column B shows another trial with same size fraction combination mixtures but with
opposite loading order, where larger dyed starch granules of Cut#1 were loaded in the
outer arm of the V-shell and the smaller undyed starch granules of Cut#4 were loaded
in the inner arm. Similar segregation patterns were observed, and the results were

confirmed by visual observations and sieving data.

Figure 3.13 shows segregation levels every 10 revolutions of very close two-size
fraction mixtures with small differences in their diameter sizes, Cut#2A (1.70 — 2.00
mm) and Cut#3 (1.18 — 1.40 mm). In Figure 3.13 column A, the larger dyed starch
granules of Cut#2A were loaded in the inner arm of the V-shell and the smaller undyed
starch granules of Cut#3 were loaded in the outer arm. Figure 3.13 column B shows
another trial with same size fraction combination mixtures but with opposite loading
order, where larger dyed starch granules of Cut#2A were loaded in the outer V-shell
arm and the smaller undyed starch granules of Cut#3 were loaded in the inner arm. The
photos, sieving data, and visual observations showed and confirmed that the
segregation pattern developed for both trials was similar as seen with trials in Figure
3.12. The left-right segregation pattern was observed in all vertical loading trials which
complemented and confirmed findings from horizontal loading trials. Vertical loading
trials continued for 100 revolutions and showed that the left-right segregation pattern

remained stable with no changes.
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Figure 3.12: Visual observation of Cut#1 and Cut#4 binary mixtures vertically loaded in
the V-blender
Mixtures were in a 50-50% by mass ratio, Column A: Cuts 1 and 4, where dyed Cut#1 (black)
loaded in inner arm and undyed Cut#4 (yellow) in outer arm and Column B: Cuts 1 and 4,

where dyed Cut#1 (black) loaded in outer arm and undyed Cut#4 (yellow) in inner arm
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Figure 3.13: Visual observation of Cut#2A and Cut#3 binary mixtures vertically loaded in
the V-blender
Mixtures were in a 50-50% by mass ratio, Column A: Cuts 2A and 3, where dyed Cut#2A
(black) loaded in inner arm and undyed Cut#3 (yellow) in outer arm and Column B: Cuts 2A

and 3, where dyed Cut#2A (black) loaded in outer arm and undyed Cut#3 (yellow) in inner arm
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Sieving of the mixtures was completed for both V-shell arms using the same procedure
performed as for horizontal loading trials. The sieving results confirmed the visual
observations shown in Figures 3.12 and 3.13. Table 3.5 shows the sieving results for
different starch granule mixtures when loaded in a vertical configuration pattern in the
V-blender. Table 3.5 shows only sieving results for the trials conducted for the largest
and smallest combination mixtures, Cut#1 and Cut#4 and Cut#2A and Cut#3 binary
mixtures, respectively. All other sieving data for remaining size fraction combination

mixtures are reported in the Appendix section of this thesis.

Table 3.5: Sieving data in the outer arm of the V-shell for different trials

Trial | Size cuts = Loading order Loading Sieving results in outer arm (%)
configuration
A Cut#land Cut#lininner  Vertical Trial 1: Cut#4 (64), Cut#1 (36)
Cut#4 armand Cut#4  loading Trial 2: Cut#4 (62), Cut#1 (38)
in outer arm Trial 3: Cut#4 (63), Cut#l (37)
Average: Cut#4 (63), Cut#1(37)
B Cut#l and = Cut#l in outer Vertical Trial 1: Cut#4 (67), Cut#1 (33)
Cut#4 armand Cut#4  loading Trial 2: Cut#4 (64), Cut#1 (36)
in inner arm Trial 3: Cut#4 (63), Cut#l (37)
Average: Cut#4 (64), Cut#4 (36)
C Cut#2A Cut#2A in inner = Vertical Trial 1: Cut#3 (59), Cut#2A (41)
and Cut#3 armand Cut#3  loading Trial 2: Cut#3 (58), Cut#2A (42)
in outer arm Trial 3: Cut#3 (58), Cut#2A (42)
Average: Cut#3 (58), Cut#2A (42)
D Cut#2A Cut#2A in outer = Vertical Trial 1: Cut#3 (58), Cut#2A (42)
and Cut#3 armand Cut#3  loading Trial 2: Cut#3 (59), Cut#2A (41)
in inner arm Trial 3: Cut#3 (61), Cut#2A (39)

Average: Cut#3 (59), Cut#2A (41)

The vibration amplitude profiles of starch granule size fractions were recorded. All
trials were conducted with 50-50% by mass ratio of binary mixtures of each size
fraction and were loaded in a vertical configuration in the VV-blender. Figure 3.14 shows
the vibration amplitude profiles of the largest and the smallest starch granule size
fractions of Cut#1 and Cut#4 with their binary mixtures, respectively. When Cut#1 was
loaded in the inner arm and Cut#4 in the outer arm, the initial mixture vibration
amplitude recorded was around 16 mV which was similar to the amplitude of the small

size fraction of Cut#4. The vibration amplitude then increased to around 26 mV after
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about 30 revolutions before decreasing to 25 mV at about 100 revolutions while
maintaining the amplitude in the zone of 25 — 30 mV after reaching a stable mixture.
When Cut#4 was loaded in the inner arm and Cut#1 in the outer arm, the initial mixture
vibration amplitude recorded was around 46 mV which was similar to the amplitude of
the large size fraction of Cut#1. The vibration amplitude then decreased to around 26
mV after about 35 revolutions before increasing to 29 mV at about 100 revolutions
while maintaining the amplitude in the zone of 25 — 30 mV after reaching a stable

mixture.
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Figure 3.14: Acoustic profile of combined trials of Cut#1 (2.00 — 2.36 mm) and Cut#4
(0.006 — 1.18 mm)
Mixtures were in a 50-50% by mass ratio and were loaded vertically in the V-blender

Figure 3.15 shows the vibration amplitude profiles of two very closely sized starch
granule size fractions and their binary mixtures, Cut#2A and Cut#3. When Cut#2A was
loaded in the inner arm and Cut#3 in the outer arm, the initial mixture vibration
amplitude was around 19 mV which was similar to the amplitude of the small size
fraction of Cut#3. The vibration amplitude then increased to around 26 mV after about
40 revolutions before decreasing to 23 mV at about 100 revolutions while maintaining
the amplitude in the zone of 20 — 27 after reaching a stable mixture. When Cut#3 was

loaded in the inner arm and Cut#2A in the outer arm, the initial mixture vibration
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amplitude was around 31 mV which was similar to the amplitude of the large size
fraction of Cut#2A. The vibration amplitude then decreased to around 25 mV after
about 35 revolutions before increasing to 28 mV at about 100 revolutions while
maintaining the amplitude in the zone of 25 — 30 mV after reaching a stable mixture.
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Figure 3.15: Acoustic profile of combined trials of Cut#2A (1.70 — 2.00 mm) and Cut#3
(1.18 —1.40 mm)

Mixtures were a in 50-50% by mass ratio and were loaded vertically in the V-blender

The weighted average was determined based on the percentage of small and large
particles in the outer V-shell arm of the V-blender after 100 revolutions. This was done
using the same procedure performed for horizontal loading trials as well as identifying
stable mixtures and the minimum mixing times for vertical loading trials. Table 3.6
shows the minimum mixing required for each size fraction mixture. Figure 3.16 shows
the average minimum mixing for mixtures loaded vertically in the VV-blender versus the
size difference between different cuts. There is no significant trend observed with
different size fraction binary mixtures as seen with horizontal loading trials. Binary
mixtures of Cut#l and Cut#4 and Cut#2A and Cut#3 are the main trials reported with
their profiles as they have the biggest and smallest size differences between the two

cuts, respectively. Other experimental trials were completed using different starch



granule size fraction mixtures with similar results observed. The acoustic vibration

profiles for these trials are found in the Appendix section of this thesis.

Table 3.6: Minimum mixing required to reach stable mixtures for different trials

vertically loaded in the V-blender and their loading order

Trial

A

Size cuts

Cut#l and
Cut#4

Cut#1 and
Cut#4

Cut#l and
Cut#3

Cut#1 and
Cut#3

Cut#2A and
Cut#4

Cut#2A and
Cut#4

Cut#2B and
Cut#4

Cut#2B and
Cut#4

Cut#2A and
Cut#3

Cut#2A and
Cut#3

Loading order

Cut#l in inner arm and
Cut#4 in outer arm

Cut#1 in outer arm and
Cut#4 in inner arm

Cut#l in inner arm and
Cut#3 in outer arm

Cut#1 in outer arm and
Cut#3 in inner arm

Cut#2A in inner arm and
Cut#4 in outer arm

Cut#2A in outer arm and
Cut#4 in inner arm

Cut#2B in inner arm and
Cut#4 in outer arm

Cut#2B in outer arm and
Cut#4 in inner arm

Cut#2A in inner arm and
Cut#3 in outer arm

Cut#2A in outer arm and
Cut#3 in inner arm

Loading
configuration

Vertical loading

Vertical loading

Vertical loading

Vertical loading

Vertical loading

Vertical loading

Vertical loading

Vertical loading

Vertical loading

Vertical loading

Minimum mixing

(revolutions)
Trial 1: 33
Trial 2: 34
Trial 3: 35
Average: 34
Trial 1: 29
Trial 2: 35
Trial 3: 30
Average: 31
Trial 1: 35
Trial 2: 37
Trial 3: 31
Average: 34
Trial 1: 33
Trial 2: 35
Trial 3: 32
Average: 33
Trial 1: 39
Trial 2: 37
Trial 3: 35
Average: 37
Trial 1: 41
Trial 2: 41
Trial3: 40
Average: 41
Trial 1: 38
Trial 2: 36
Trial 3: 39
Average: 38
Trial 1: 32
Trial 2: 37
Trial 3: 33
Average: 34
Trial 1: 42
Trial 2: 39
Trial 3: 36
Average: 39
Trial 1: 34
Trial 2: 34
Trial 3: 33
Average: 34
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Figure 3.16: Average minimum mixing in revolutions for vertical loading trials vs size

difference between cuts in millimeters

Figure 3.17 shows both horizontal and vertical loading trials for starch granules binary
mixture of Cut#1 and Cut#4 plotted on the same graph and how the loading pattern
affects the acoustic vibrations. The mixing profiles were similar for the different
loading patterns. For both loadings, the amplitudes were initially similar to Cut#4 and
then increased to a plateau of about 27 mV and remained constant around this value.
The rate of increase varied with the loading pattern with the horizontal loading reaching
the plateau faster than the vertical loading trial. Figure 3.18 also shows the trials for
starch granules binary mixture of Cut#1 and Cut#4 but in opposite loadings. The
mixing profiles were again similar for the different loading patterns. Both started at
amplitudes similar to Cut#1 and then decreased to a plateau. The plateau values were
slightly higher in the range of 25— 30 mV for the vertical loading compared to a range
of 20 -25 mV for the horizontal loading trial.
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Figure 3.17: Horizontal versus vertical loadings of Cut#1 and Cut#4 binary mixture
Mixtures were in a 50-50% ratio by mass at 25% fill level with Cut#4 loaded vertically in the

outer arm and horizontally on top
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Figure 3.18: Vertical versus horizontal loadings of Cut#1 and Cut#4 binary mixture
Mixtures were in a 50-50% ratio by mass at 25% fill level with Cut#4 loaded vertically in the

inner arm and horizontally on bottom
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Figure 3.19 shows both horizontal and vertical loading experimental trials for starch
granules binary mixture of Cut#2A and Cut#3 plotted on the same graph. Those two
cuts are very close in size and measured vibration amplitudes. Figure 3.19 shows the
horizontal loading configuration when Cut#3 was loaded on top of Cut#2A while the
vertical loading configuration was completed when Cut#3 was loaded in the outer arm
and Cut#2A in the inner arm. Figure 3.20 shows another trial for the same starch
granule size cuts but in opposite loadings. In the horizontal loading configuration,
Cut#2A was loaded on top of Cut#3 while the vertical loading configuration was
completed when Cut#2A was loaded in the outer arm and Cut#3 in the inner arm. For
both loading patterns, the vibration amplitudes were initially similar to one of the
individual sizes cut fractions of Cut#3 in Figure 3.19 and Cut#2A in Figure 3.20. The
signals then changed and reached a plateau. As the differences in sizes are small and
the range of vibration amplitudes is small as well, it is challenging to identify the
minimum mixing times reliably and accurately, especially for the vertical loading trials.
It appears that the horizontal loading may still reach a stable mixture with fewer

revolutions of the V-shell.
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Figure 3.19: Horizontal versus vertical loadings of Cut#2A and Cut#3 binary mixture
Mixtures were in a 50-50% ratio by mass at 25% fill level with Cut#3 loaded vertically in the

outer arm and horizontally on top
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Figure 3.20: Vertical versus horizontal loadings of Cut#2A and Cut#3 binary mixture
Mixtures were in a 50-50% ratio by mass at 25% fill level with Cut#3 loaded vertically in the

inner arm and horizontally on bottom

It appears that mixtures used with horizontal loading configuration started to mix and
reach stable mixtures faster than mixtures used with vertical loading with fewer
revolutions of the V-shell as seen in Table 3.7. Also, Figure 3.21 shows a graph with
the average minimum mixing time plotted versus the size difference between cuts for
both horizontal and vertical loading configurations. There is no significant trend
observed with different size fraction binary mixtures with the loading order. All vertical
loading trials in blue needed more time to mix and reach stable mixtures compared to
horizontal loading trials in black and the average minimum mixing in revolutions for
vertical loading trials was higher than for horizontal loading trials.
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Table 3.7: Vertical versus horizontal loading trials and their average minimum mixing in

revolutions required to reach stable mixtures

Size Vertical Average minimum Horizontal Average minimum
fractions loading mixing for vertical loading order mixing for
order loading horizontal loading
Cut#land @ Cut#lin 34 Cut#1 on top 26
Cut#4 inner arm
Cut#1 and Cut#l in 31 Cut#1 on bottom @ 22
Cut#4 outer arm
Cut#1 and Cut#l in 34 Cut#1 on top 29
Cut#3 inner arm
Cut#1 and Cut#l in 33 Cut#1 on bottom | 19
Cut#3 outer arm
Cut#2A Cut#2A in 37 Cut#2A on top 20
and Cut#4 inner arm
Cut#2A Cut#2A in 41 Cut#2A on 13
and Cut#4 outer arm bottom
Cut#2B and = Cut#2B in 38 Cut#2B on top 16
Cut#4 inner arm
Cut#2B and | Cut#2B in 34 Cut#2B on 24
Cut#4 outer arm bottom
Cut#2A Cut#2A in 39 Cut#2A on top 13

and Cut#3 inner arm

Cut#2A Cut#2A in 34 Cut#2A on 16
and Cut#3 outer arm bottom
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Figure 3.21: Average minimum mixing time in revolutions for horizontal and vertical

loading trials vs size difference between cuts in millimeters

3.3.4 Intensifier Bar Addition

Trials with Cut#1 and Cut#4 binary mixture loaded horizontally in the VV-shell were
conducted with two intensifier bar additions (Figure 3.22). After 50 revolutions, the
content of each arm was unloaded and sieved to measure any segregation developed.
The results are provided in Table 3.8 along with the corresponding data provided from
Table 3.3 for the trials without intensifier bar additions. Sieving of the mixtures was
completed in the same procedure performed for horizontal and vertical loading trials.
The sieving results shown in Table 3.8 suggest that the intensifier bar additions may

decrease segregation development for the starch granules particles and tested
conditions.



Figure 3.22: (A) Small and (B) large intensifier bar additions with their dimensions

Blades

Length =17 cm

(A)

Diameter = 4.5cm
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Table 3.8: Sieving results of Cut#1 and Cut#4 binary mixture loaded horizontally in the

V-blender with and without intensifier bar additions

Size
cuts

Cut#l
and
Cut#4

Cut#l
and
Cut#4

Cut#l
and
Cut#4

Cut#l
and
Cut#4

Cut#l
and
Cut#4

Cut#l
and
Cut#4

Loading
order

Cut#l
on top

Cut#4
on top

Cut#l
on top

Cut#4
on top

Cut#l
on top

Cut#4
on top

Intensifier
bar

Small bar

Small bar

Large bar

Large bar

None

None

Sieving
results in
outer arm
for trial 1
(%)

Cut#1: 39
Cut#4: 61

Cut#l: 38
Cut#4: 62

Cut#l: 42
Cut#4: 58

Cut#l: 38
Cut#4: 62

Cut#l: 32
Cut#4: 68

Cut#l: 34
Cut#4: 66

Sieving
results in
outer arm
for trial 2
(%)

Cut#1: 40
Cut#4: 60

Cut#1: 40
Cut#4: 60

Cut#l: 40
Cut#4: 60

Cut#l: 42
Cut#4: 58

Cut#l: 30
Cut#4: 70

Cut#1: 33
Cut#4: 67

Sieving
results in
outer arm
for trial 3
(%)

Cut#1: 38
Cut#4: 62

Cut#l: 42
Cut#4: 58

Cut#l: 40
Cut#4: 60

Cut#l: 39
Cut#4: 61

Cut#l: 33
Cut#4: 67

Cut#l: 30
Cut#4: 70

Average
sieving
results in
outer arm
(%)

Cut#1: 39
Cut#4: 61

Cut#1: 40
Cut#4: 60

Cut#l: 41
Cut#4: 59

Cut#1: 40
Cut#4: 60

Cut#l: 32
Cut#4: 68

Cut#l: 32
Cut#4: 68
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3.4 Discussion

Particles in motion have kinetic energy when they collide with an object. Upon
collision, some of the energy is retained by the particles while some energy is
dissipated as stress waves. Stress waves are propagated from particle-particle and
particle-wall collisions (29). In the V-blender, upon collision of the tested starch
granules and glass beads with each other and with the V-shell, most of the energy was
dissipated in the form of stress waves. Most of the energy dissipated as stress waves
while other energy was retained by the particles. The stress waves were transmitted
through the V-shell and the vibrations from these transmitted waves were measured
using an accelerometer that was securely attached to the lid of the outer arm of the V-

shell as shown in Figure 3.1-B.

The dissipated energy measured by the accelerometer depended on many factors. The
dissipated energy is proportional to the kinetic energy of a particle upon collision and
Kinetic energy is dependent upon the mass and velocity of the particle. Figure 3.2
shows that the measured vibration amplitudes increased almost linearly with an
increase in the mass of the glass beads. The largest measured vibration amplitudes also
occurred with particles that had high velocities. These particles fell almost the entire
height of the V-shell unimpeded before colliding with the V-shell lid and therefore had
high velocities and kinetic energy. The measured vibration amplitudes from dissipated
energy of starch granules collisions indicated the additional impact of particle shape
(4). The measured amplitudes for the starch granules were lower (10 — 50 mV) than for
the glass beads (150 — 450 mV). This was expected as the apparent density of the glass
beads was close to twice the value of the starch granules (Table 3.1). Moreover, glass
beads have higher recorded vibration amplitudes due to their uniform and spherical
shape that retains more energy within the particles as well as glass beads have higher
mass. More energy retained by the glass bead particles leads to more energy release in

the system and more energy measured by the accelerometer as acoustic vibrations.

For the starch granules, however, there was a range of measured amplitudes for each

size cut and an increasing slightly exponential trend was observed (Figure 3.3). Starch
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granules were non-spherical with a measured sphericity of 0.70. Due to their irregular
shape, starch granules may have spined and rolled during collision which would have
resulted in less energy dissipated as stress waves to be measured by the accelerometer
(79). The size distribution of starch granules led to a range of energies recorded at
collision and therefore gives some fluctuations in amplitudes recorded (Figure 3.4). The
properties of starch granules provided a range of measured vibration amplitudes for a
given flow pattern within the V-shell. It is important to determine and identify the
properties of the materials used as they can influence the recorded amplitude of
acoustic emissions. These properties affect how particles respond to external forces and

generate acoustic signals.

The dissipation of energy as particles collided with the V-shell walls depended on the
angle of collision. Collisions with a surface normal to the particle trajectory allowed
more dissipated energy as stress waves compared to collisions with an angled surface
(31). Therefore, collisions with the V-shell lids dissipated more stress wave energy than
collisions with the V-shell side walls. This difference was further enhanced by velocity;
velocities of particles colliding with the lids could reach higher values compared to side
collisions as possible unimpeded particle trajectories were longer. The vibration
amplitudes measured by the accelerometer attached to the outer V-shell arm were
affected by attenuation. The highest measured amplitudes were from direct particle
collisions with the outer arm lid that is close to the accelerometer location as shown in
Figure 3.1-B. Measured amplitudes from collisions with the wall of the V-shell arms
were low due to the angle of collision and attenuation of the dissipated stress waves.
Measured amplitudes from collisions with the bottom plate of the V-shell were very
low due to the distance and attenuation through the rubber gasket attaching the plate to
the V-shell (4).

“Left-right” segregation pattern was the main type of segregation seen to develop in the
V-blender while mixing particles in this research. This pattern is characterized by the
accumulation of higher amounts of the smaller particles in the outer VV-shell arm and
larger particles in the inner V-shell arm of the \V-blender. This type of segregation is

seen to develop while mixing particles of high inertia with other particles of low inertia.
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As a result of inertia, particles with smaller size diameters tend to separate from
particles with larger size diameters of the combined mixture. Particles that tend to have
higher inertia will tend to follow a more straight-line trajectory, while particles with
lower inertia will tend to follow a more curved trajectory. As a result, particles of
different sizes may tend to separate into different regions in the VV-blender, leading to
uneven distribution and potential segregation. During mixing at initial rotations of the
V-shell, the smaller particles with low inertia will tend to accumulate near the walls of
the V-shell due to the friction, and the larger particles will accumulate near the base of
the V-shell in the center due to the higher inertia. After some rotations, the opposite
will happen with the larger and smaller particles switching places due to the force of
inertia increasing leading to a decrease in the friction between the particles making the
larger particles migrate near the walls of the V-shell and the smaller particles will

accumulate at the center of the V-shell.

Dyed starch granules and a transparent acrylic VV-shell allowed for visual observations
of particle motion and identification of segregation. Figure 3.7 shows photos of the
observations for two horizontal loadings, one with a large difference in the average size
of the two components and the other one with a small size difference. For these and all
other horizontal loading trials, left-right segregation pattern was observed by 50
revolutions and then remained stable for 50 more reaching 100 revolutions in total.
Figures 3.12 and 3.13 also show that left-right segregation pattern also developed with
vertical loading trials. This segregation of smaller particles in the outer arm of the V-
shell even occurred when the smaller particles were loaded vertically into the inner V-
shell arm. The extent of the segregation for both loading patterns was visually observed
to be higher as the difference in size of the two components increased. The segregation
did not appear to be significantly affected by the loading configuration; segregation was
similar for both horizontal loading order and vertical loading sides. Visual
observations, however, indicated that more revolutions of the VV-shell were needed for

the segregation pattern to develop with vertical loading compared to horizontal loading.

Sieving of the particles in each of the VV-shell arms after 100 revolutions confirmed the

visually observed segregation. The sieving data for both horizontal and vertical loading
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configurations were similar with minimal differences as shown in Table 3.3 for
horizontal loading trials and Table 3.5 for vertical loading trials. For the large size
difference between the two components of Cut#1 and Cut#4, 68% by mass of the
smaller particles of Cut#4 segregated to the outer arm for horizontal loading for both
loading orders when Cut#4 was loaded both on top and on bottom and 63% and 64% by
mass of Cut#4 segregated to the outer arm for vertical loading trials when Cut#4 was
loaded in the outer and inner arms, respectively. For the small size difference between
the two components of Cut#2A and Cut#3, there was less segregation in the outer arm
with 56% and 58% by mass of the smaller particles of Cut#3 when loaded horizontally
on top and bottom respectively while segregation was seen with 58% and 59% by mass
of Cut#3 when loaded vertically in the outer and inner arms, respectively. That is due to
smaller size fractions having close size diameters making it challenging for particle
separation in a mixture. Also, kinetic energy and forces such as rolling and sliding of
particles are more noticeable with larger differences in particle size. Additionally,
percolation effect was seen with mixtures with large differences in fraction size where
smaller particles can roll and percolate through the interstitial spaces formed by larger

particles, resulting in more separation of different-sized granules.

Experimental errors for the sieving can be present and variations of some data can be
seen. Attrition of starch granules can be one of the factors for these variations. While
starch granule particles rotate in the V-blender then sieved using the meshes, some
particles may break and go down the holes of the mesh which eventually can result in
incorrect particle size distribution in different meshes. Each mesh used has a size range
that only allows specific particles with that size range to pass down through the holes.
However, preliminary trials were conducted using a 100% by mass ratio of Cut#1 and

the results showed that attrition was only 7% from the initial amount used.

In pharmaceutical production, segregation during tablet manufacturing must be avoided
to ensure high product quality. Current sampling methods such as thief probes to
identify segregation have challenges. Development of a method using passive acoustic
emissions through vibration measurements to monitor powder mixing and identify

segregation would provide significant manufacturing advantages. Figure 3.8 shows the
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mixing profiles from the amplitudes for the horizontal loadings of two components with
a large size difference, Cut#1 and Cut#4. Initially, the amplitudes were similar to those
of the individual component that is loaded on the top. For the loading of the large
component on the top, the amplitudes decreased as the V-shell was rotated until a
plateau of 20 — 25 mV was reached. For the loading of the smaller component on the
top, the amplitudes increased with the V-shell rotation until a plateau of 25 — 30 mV
was reached. The horizontal mixing profiles reflected the flow pattern of particles
within the tumbling V-shell and the measurement of the particle collisions with the lid

on the outer VV-shell arm.

As shown in the acoustic profiles of different binary mixtures of both horizontal
loading (Figures 3.8 and 3.9) and vertical loading (Figures 3.14 and 3.15), the mixtures
started out differently and the acoustic signals were different before the binary mixtures
mixed and particles collided with each other and with V-shell walls. After the mixture
plateaued around the weighted average, the acoustic signals recorded were very similar
and the loading orders plateaued around similar regions. However, the binary mixtures
were not identical and there will always be some variation between different binary
mixtures even with the same size components. These variations can be in acoustic
profiles generated, mixing speed, and reaching stable mixtures. This is because of the
different loading order and configuration of the particles that contribute to some of the

variations seen.

As shown in Figure 3.23-A, in the few initial rotations while the VV-blender was rotating
and mixing was happening, most of the particles on the top were the particles that
collided with the V-shell lid and their energy was transmitted to the accelerometer and
recorded before starting to trend towards the bottom particle’s amplitude. After the
initial few rotations and as the V-shell continued to rotate, the two components mixed
such that particles collided with each other and with the V-shell. The measured
vibration amplitudes either increased or decreased as the ratio of particles collided with
the lid and their relative contributions to the measured amplitudes changed. Segregation
eventually developed, and the amplitude value plateaued around the weighted average

Z0ne.
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Figure 3.23: Schematic diagram for particle motion in the few initial rotations with (A)

particles loaded horizontally and (B) particles loaded vertically in the V-blender

The vertical mixing profiles also reflected particle flow patterns and vibration
measurements of particle collisions with the lid on the outer VV-shell arm. As shown in
Figure 3.14, for the vertical loadings of the two components with a large size
difference, initially the measured average amplitudes corresponded to the amplitudes of
the individual component loaded in the outer arm of the V-shell. For the first few
revolutions of the V-shell, the particles that directly collided with the outer arm lid
were the particles vertically loaded into the outer arm of the V-shell (Figure 3.23-B).
As the particles mixed, the vibration amplitudes either increased or decreased as the
ratio of particles colliding with the lids changed. The measured amplitude plateau of the

vertical loading mixing profiles also identified segregation development.

The measured average amplitude of the stable mixture reflected the segregation of
particles in the outer V-shell arm. For the combinations shown in Figure 3.8, an
average of 68% by mass of the smaller particles segregated in the outer arm when the
large component was loaded on top. The plateau of the vibration measurements
reflected this: the plateau was near 23 — 25 mV range, closer to the measurements near
15 mV of the smaller particles. A uniform mixture with no segregation was expected to

have an average measured amplitude of around 30 mV.
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At around 20 revolutions, there is a high percolation potential that is associated with the
horizontal loading order of smaller particles loaded on top of larger particles.
Percolation is seen when smaller particles fall through the gap spaces between larger
particles (4). At the start of the mixing process when smaller particles are loaded on top
of larger particles, percolation is seen to be high. When the V-shell tumbles and reaches
its upright position, the smaller particles percolate through the larger particles, which
then flow reaching the V-shell's bottom plate. When larger particles are loaded on top
of smaller particles, percolation would only occur when the V-shell is in its inverted
position. The mixture is separated into each arm when the V-shell reaches an inverted
position and the smaller particle over larger particle areas would decrease the frequency
of percolation to develop. The time required to reach a stable mixture is affected by the

different flow of particles, particle characteristics, loading configuration, and order.

The mixing profiles shown in Figures 3.8 and 3.14 were for a binary mixture of
components with a large size difference: Cut#1 had a range of 2.00 — 2.36 mm particle
diameter with an average diameter of 2.18 mm and Cut#4 had a range of 0.006 — 1.18
mm with an average particle diameter of 0.59 mm (Table 3.1). As shown in Figure 3.3,
there was a large difference of about 28 mV in measured average amplitudes between
these two components. This large difference allowed for distinct mixing profiles with
relatively easily identified transitions and plateaus reflecting stable mixtures. Mixing
profiles for components with a small size difference are shown in Figures 3.9 and 3.15.
The components were Cut#2A with a size diameter range of 1.70 — 2.00 mm and an
average diameter of 1.85 mm and Cut#3 with a size range of 1.18 — 1.40 mm and an
average diameter of 1.29 mm. Moreover, Cut#2A and Cut#3 binary mixture had an
average size difference of 0.56 mm between the two size components (Table 3.1). The
average amplitudes from these particles were 29 and 22 mV with an average difference
in measured amplitudes between these two components of only 7 mV. These individual
ranges were close and similar but did not overlap. The -1/+1 STD for the average
vibration amplitudes recorded for Cut#2A and Cut#3 were about 6 mV and 9 mV,
respectively. Considering the average amplitudes and STD values, the amplitudes were

below 10 mV difference between the two components. However, these similar ranges
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resulted in full profiles that relatively overlap with transitions and plateaus reflecting

stable mixtures that were challenging to identify.

The very narrow diameter difference between Cut#2A and Cut#3 binary mixture along
with the small amplitude difference makes the segregation and separation of starch
granules particles while mixing in the VV-blender a not easy and smooth process to
happen as well as stable mixtures were seen to be challenging to reach and identify.
Also, this can be due to the starch granules with close size differences may follow
similar trajectories during mixing in the V-blender leading to fewer variations in the
acoustic signals recorded. This can result in similar acoustic signals making it difficult
to distinguish between the two size components. This can lead to overlapping acoustic
profiles. Moreover, large particles have higher kinetic energy and may dominate the
acoustic signals, overshadowing contributions from smaller particles. The measured
vibrations of the mixture reaching a plateau can be seen, but it appears that detecting
segregation and indicating a precise stable mixture appears not to be very distinct and
challenging to determine for mixtures with very close size and amplitude differences.
However, it was still possible to identify a stable mixture. It is hypothesized that very
close size fraction mixtures with recorded amplitude and particle size differences less
than 10 mV and 1.00 mm respectively appear not to be accurately and reliably
monitored using passive acoustic emissions as a monitoring process analytical

technology.

The amplitude and diameter difference between binary mixtures of Cut#2A and Cut#3
and Cut#2B and Cut#4 were less than 10 mV and 1.00 mm, respectively. That is why
those mixture components show relative overlapping in their acoustic profiles and
estimating stable mixtures was challenging to determine. This is also can be confirmed
by acoustic profiles for larger size fraction components with amplitude and particle size
differences of more than 10 mV and 1.00 mm, respectively. The acoustic profiles for
these binary mixtures show no overlapping between loading orders and segregation was
seen with stable mixtures that were relatively easily identified as shown in Figure 3.6

for Cut#1 and Cut#4 binary mixtures and the remaining acoustic profiles of binary
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mixtures of Cut#1 and Cut#3 and Cut#2A and Cut#4 found in the Appendix section of
this thesis.

The mixing profiles from the measured vibration amplitudes showed a transition to a
plateau. This transition corresponded to the minimum number of VV-shell revolutions
required to reach a stable mixture. Figure 3.10 illustrates the procedure used to estimate
this minimum mixing time in revolutions. A defined procedure helped to reduce visual
bias estimates, especially for mixtures of components with small size differences.
Figures 3.11 and 3.16 summarize the estimates for the horizontal and vertical loading
trials, respectively. The minimum mixing time did not vary significantly as the size
difference between the components changed. However, as shown in Figure 3.21, the
required minimum number of revolutions to reach a stable mixture was higher for the

vertical loadings than for the horizontal loadings.

The weighted average was determined based on the percentage of small and large
particles in the outer V-shell arm after 100 revolutions. Sieving and weighing the
particles in the outer arm was completed to get the percentage of large and small
particles. The percentages found in the outer V-shell arm along with the average
amplitude recorded of each size fraction were then used to determine an approximate
weighted average value. For example, the weighted average was calculated for one trial
as shown in Figure 3.8 for binary mixture of Cut#1 and Cut#4 as: (32%) of Cut#1 was
found in the outer V-shell arm that was multiplied by (42.5 mV) which is Cut#1
average amplitude then summed up to Cut#4 percentage found in the outer arm (68%)
that was multiplied by (15 mV) which is Cut#4 average amplitude to give the result as
follows:

“(0.32 x 42.5) + (0.68 x 15) =23.8 mV”. Figure 3.3 and Table 3.3 show the amplitude
recorded for starch granule cuts and sieving results in the outer V-shell arm. This was
done in triplicate for every combination mixture and plotted as an average on the graph.
The weighted average matches the acoustic profiles for the combination mixtures and
the zone was seen around where the mixture amplitudes for different loading orders

plateaued.
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The mixing rate depends on the particle flow patterns as the V-shell rotates. All the
tested granules were confirmed to exhibit good flowability (4). Therefore, the minimum
mixing time did not vary significantly with changes in the particle sizes. Particle
motion within a V-shell occurs primarily in the vertical direction as shown
schematically in Figure 3.24. Horizontal particle motion primarily occurs for only a
small fraction of the particles moving across the axis of symmetry into the other arm of
the V-shell as the V-shell rotates into the upright position. In this position, all of the
particles flow into the restricted space at the bottom of the V-shell. For horizontal
loadings, the particles were already distributed across the V-shell arms and mixing was
only required vertically. For vertical loadings, horizontal particle motion was also
required for mixing. As this particle motion was slower, minimum mixing times were
slower for vertical loadings than for horizontal loadings. Cameron and Briens (2019)
also showed that mixing of magnesium stearate into granules occurred faster when the

lubricant was added across both arms compared to loading only into one arm (30).

Acoustics emission monitoring of mixing is dependent on differences in measured
vibrations between the particles to be mixed. The mixing profiles were therefore easier
to identify for the particles with a larger size difference and challenging for those close
in size. This is also reflected in the reliability of identifying a minimum mixing time.
To implement acoustic emission monitoring in powder mixing and segregation, it is
recommended that the vibration amplitudes of each component are distinct as well as

differences in diameter size are not similar.
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Figure 3.24: Schematic diagram for particle motion in the vertical direction of mixing in
the V-blender

The “V” shape of the V-blender promotes the flow of particles as the blender rotates.
This cascading motion allows for mixing by facilitating the movement of particles from
the top to the bottom of the V-blender in a vertical direction as shown in Figure 3.24.
Horizontal loading configuration where the particles were loaded in a pattern as shown
in Figure 3.23-A where one size cut is loaded on top and the other one on bottom works
in favour of how the V-blender operates and tumbles with mainly vertical mixing
happening. Rotations then occurred where normally the V-blender tumbles and
cascading motion works in a vertical direction, therefore enhancing the mixing process
and mixtures can mix and reach stable mixture faster. Conversely, in vertical loading
configuration, the particles are loaded in a pattern where one component is loaded in
the outer arm and the other component in the inner arm of the V-shell (Figure 3.23-B).
In this loading pattern, the rotation of the V-shell with mainly vertical mixing
happening does not allow for faster mixing due to the nature of the V-blender operation

and how it rotates which results in slower mixing time.

Stable mixtures were observed and identified in all trials for both horizontal and
vertical loading configurations. A stable mixture is generally defined as the
combination of substances that remain without changing their properties over a certain
time under defined conditions. The minimum mixing time in revolutions was calculated
based on the average, +1, and -1 STD for the last 20 revolutions of the V-shell. The
first point to drop below the +1 STD or go above the -1 STD was set to be the

minimum mixing time in revolutions needed to reach a stable mixture. Another way
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was used to identify the minimum mixing time by getting the STD for the last 50
revolutions of the V-shell, but it resulted in a wider range of points across the acoustic
profile for combination mixtures that led to less accurate estimations of stable mixtures
as seen in Figure 3.25 with a minimum mixing time of 11 revolutions compared to a
more accurate estimation in Figure 3.10 with a minimum mixing time of 17 revolutions
for the same binary mixture of Cut#2A and Cut#3. Table 3.7 shows the average
minimum mixing time in revolutions required for each size fraction mixture

combination for both horizontal and vertical loading configurations.
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Figure 3.25: Estimation of minimum mixing time required in revolutions to reach a stable
mixture for binary mixture of Cut#2A and Cut#3 using +/- 1 STD

Calculations of the minimum mixing time were based on the last 50 rotations of the V-shell

During rotation of the V-shell, segregation of particles that flow well, but have different
sizes is primarily due to a trajectory segregation mechanism. As the V-shell rotates into
an inverted position, the particles fall vertically into the inner and outer arms of the V-
shell. The particles followed different trajectories based on their size with the smaller
particles followed a curved flow path into the arms while the larger particles due to
their higher inertia followed a more rectilinear trajectory and many collided near the

joint and inner arms before flowing along the arms to impact the lids as shown in

Figure 3.26-A.



125

Small
Particles

Large
Particles

(A) (8)

Figure 3.26: Schematic diagram showing particle trajectories based on size when (A) V-

shell was inverted and (B) V-shell was in an upright position

Following inversion, only a small number of particles fall reaching nearly the full
height of the V-shell to collide directly with the lids. Consequently, particles tend to
accumulate along the inner arms and on the top of the lids, leading to increased
collisions between particles rather than direct contact with the V-shell lids or walls. As
the V-shell continues to rotate, particles flow across the lids to the outer walls and slide
towards the bottom of the V-shell. The particles continue to slide, predominantly
colliding with the lower walls and accumulating on the bottom plate. When the V-shell
was rotated into an upright position, trajectory segregation forced the larger particles
toward the outer walls while the small particles followed a more curvilinear flow

toward the center of the V-shell as shown in Figure 3.26-B.

As the V-shell rotates from an inverted position back to its upright position, there are
further different observed particle motions and measured vibration profiles. The
particles flow along the outer wall arms towards the base of the V-shell. The particle
velocities and energies are low as the particles continuously collide with each other and
with the V-shell walls. The vibrations reaching the accelerometer on the lid have low
amplitudes due to a combination of the low energies and tilted collisions with the walls
and these energies decrease through the walls to the lid. The particles then fall towards
the base of the V-shell and collide with the bottom plate and surrounding walls near the

base of the V-shell. Recorded vibrations by the accelerometer are very low in amplitude
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due to significant attenuation as the bottom plate is separate and attached through a

rubber gasket and lock.

Percolation segregation occurs when smaller particles move downwards or percolate
through the voids between the larger particles. When the V-shell was in the inverted
position, the smaller particles percolated through the larger particles in each arm of the
V-shell. Followed by percolation of the smaller particles near the center of the V-shell
through the larger particles when the V-shell rotated back into an upright position
reaching the V-shell base. Percolation segregation was more difficult to observe
through the transparent acrylic V-shell and appeared to be not as significant relative to
trajectory segregation. Trajectory segregation is the main driving force for left-right
segregation pattern development. Trajectory and percolation mechanisms segregated
the smaller particles towards the center of the V-shell and the larger particles towards
the V-shell walls. This was partially observed for the particles with a large size
difference. The primary segregation, however, was left-right with smaller particles
segregated to the outer arm and larger particles to the inner arm. Therefore, there must

have been another influence on the particle motion within the V-shell.

Figure 3.27-A shows the support arm protruding into the inner arm for rotating the V-
shell. It is hypothesized that this support arm enhanced trajectory differences of the
particles to promote the observed left-right segregation pattern of more larger particles
in the inner V-shell arm. The support arm interfered with the motion of the particles as
the particles fell vertically through the V-shell and as the particles flowed along the
outer wall of the inner arm. During V-blender rotations, particles in the inner arm may
collide with the projecting arm support. Because of the large inertia of the particles and
the tendency to follow a straight-line flow pattern, larger particles would potentially
collide more frequently with the arm support when compared to smaller particles.
These collisions decrease the kinetic energy of the particles and therefore the particles
are even more likely to travel in a straight-line pattern rather than in a curved pattern as
shown in Figure 3.27-B. After many revolutions of the VV-blender, the larger particles

will start to accumulate in the inner arm leading to left-right segregation development.
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Figure 3.27: (A) Schematic diagram of the support arm protruding into the inner V-shell

arm and (B) trajectory segregation of larger particles flow path inside the V-blender

To test the hypothesis that the support arm influenced left-right segregation
development by interfering with vertical particle flow, two intensifier bars were added
to the V-shell inner arm. One intensifier bar protruded 17 cm into the V-shell (Figure
3.22-A) while the other one protruded 28 cm (Figure 3.22-B). Therefore, the shorter
intensifier bar spanned only one V-shell arm while the longer intensifier bar spanned
both V-shell arms. The sieving results from these trials are provided in Table 3.8 and
showed that the intensifier bars decreased left-right segregation slightly. The decrease
in the percentages for both the small and larger particles in the outer arm was not very
significant and the sieving results were close to the trials completed without the added
intensifier bars as shown in Table 3.3. This means that the suggested hypothesis is not
completely valid, and it appears that other factors are contributing to the left-right
segregation development due to trajectory mechanism and the little support arm that
projects slightly into the inner VV-shell arm has an insignificant impact on left-right
segregation development. Trials to test the hypothesis that the support arm interfered
with flow along the wall were not developed and conducted. It is recommended that

these trials be included in future work.

It is hypothesized that the reason for left-right segregation pattern development may be
due to the centrifugal forces generated while the V-blender is rotating and how it may

exert an influence on particle movement. These forces act radially outward from the



128

center of rotation, pushing particles toward the outer regions of the blender. With
smaller particles being lighter and more susceptible to these forces, smaller particles
tend to segregate towards the outer arm by the effect of these forces compared to the
larger and heavier particles that end up with more amount in the inner arm. This is due
to smaller particles having less resistance to the centrifugal forces, making them more
easily pushed toward the outer arm of the V-shell. Also, the V-blender geometry and
design with its sloping walls and angled arms, may contribute to the development of
left-right segregation. The geometric configuration of the V-blender combined with its
rotational motion, creates conditions that favor the development of left-right

segregation during mixing.

3.5 Conclusions

Horizontal and vertical loading configurations were used with starch granules in the V-
blender and the minimum mixing time in revolutions and stable mixtures was
determined for each combination mixture. Horizontal loading configuration in the V-
blender showed more promising results in terms of monitoring the mixing and
segregation of starch granule particles. When compared to vertical loading
configuration, horizontal loading configuration resulted in faster mixing of combination
mixtures and stable mixtures were reached in fewer time or revolutions. Left-right
segregation pattern was observed with both horizontal and vertical loading trials with
smaller particles seen to segregate in the outer arm and the larger particles in the inner
arm of the V-shell even with adding external intensifier bars attached to the inner arm
of the V-shell.

Passive acoustic emissions are a potential PAT method for inline monitoring of multi-
component powder mixtures. Passive acoustic emissions provide reliable particle flow
process information that will allow for improved inline control and monitoring of
mixing and segregation. Acoustics is a reliable method to be used in the pharmaceutical
industry to investigate and monitor powder mixing and segregation. It has a lot of
advantages such as its ease of use, low cost, inline monitoring, non-invasiveness, and
non-destructiveness, and it does not require any further equipment modifications like

other PATSs. Passive acoustic emissions have some disadvantages such as the large
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volume of data produced and the need for processing and space for storage. To
implement acoustic emission monitoring in powder mixing and segregation, it is
recommended that the vibration amplitudes of each component are distinct as well as
differences in diameter size are not similar. It is also recommended to use particles of
diameter size and amplitude differences of more than 1 mm and 10 mV, respectively.
Also, a horizontal loading configuration of particles is recommended rather than a
vertical loading configuration. This allows for better monitoring and identification of
powder mixing and segregation. This research supports the potential of passive acoustic

emissions in monitoring pharmaceutical powder mixing and segregation development.
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Chapter 4

4  Effect of Fill Level on Powder Mixing and Segregation

in a V-blender Using Passive Acoustic Emissions

4.1 Introduction

Most of the pharmaceutical formulations are produced in the form of solid dosage
forms. Tablets and capsules are the most common formulations and approximately
account for around 80% of all pharmaceuticals produced in the form of solid doses (1).
The reason capsules and tablets account for that high percentage is due to their
convenient route for drug administration because of their ease of transport, use, cost-
effectiveness, and stability (1,2,3). The pharmaceutical tablet manufacturing process
consists of several batch steps and each step must be monitored and controlled to
ensure quality standards are met. Most of the pharmaceutical tablet manufacturing is
done offline using different batch processes. Process analytical technologies (PATS) are
recommended techniques to improve pharmaceutical efficiency, stability, and quality of
products produced to monitor product quality better and improve process understanding
(4,5).

Powder mixing in the pharmaceutical industry is considered one of the very important
processes. The active pharmaceutical ingredient (API) is added with excipients, and all
ingredients are mixed until the required mixture is reached. If insufficient mixing
occurs, it may result in poor product quality and rejection of the batch. That is why it is
crucial to monitor and control powder mixing in the pharmaceutical industry (7,8). In
pharmaceutical manufacturing, optimal mixing of powders must be reached which is
crucial in establishing content uniformity. Powder mixing depends on powder
properties and behavior inside a mixer which are important factors to monitor and
control powder mixing. However, powder mixing is not fully understood, and the
processes are not clear and defined. Many factors can affect powder mixing such as

particle density, size, shape, and flowability. Moreover, mixer type and geometry can



141

interfere with and affect powder mixing. Mixing is considered an art rather than science
(6,9).

The production of pharmaceutical solid dosage is still often done batch-wise. Following
each batch mixing step, samples are extracted and examined offline to verify the
uniformity and consistency of the blend. This ensures that the final product will have
all the desired properties (10). PATSs refer to techniques utilized in pharmaceutical
manufacturing to design, analyze, and regulate processes in pharmaceutical
manufacturing. These methods involve the measurement of critical process parameters
that influence the quality attributes of the API in a specified dosage form (4). There are
many methods and techniques used to measure and monitor the process parameters for
mixing including image analysis, magnetic nuclear resonance imaging, near-infrared

spectroscopy, and passive acoustic emissions.

These PATSs are intended to replace the offline methods currently being used in the
pharmaceutical industry. One of the major offline methods used in the industry is thief
probes to determine mixture quality and homogeneity. Samples are extracted using
thief probes at regular time intervals and analyzed. Thief probes can produce inaccurate
and unreliable results. Preliminary studies included research for several PATSs in
pharmaceutical powder mixing with most of the research done on the application of
PATSs focused on near-infrared (NIR) spectroscopy (23,24).

Passive Acoustic Emissions (PAE) are the study of vibrations and sound waves that are
generated by a source, transmitted through a medium, and received by a receiver as a
form of wave energy (11,12). Within the VV-blender, energy is generated in the form of
stress waves because of interactions between particles and the V-shell during powder
mixing (13). The energy released as stress waves are recorded as vibrations. An
accelerometer, affixed to the lid of the outer arm of the V-shell records this energy as
vibrations. The recorded vibrations due to particle collision are dependent on various
factors including particle characteristics and mixer design. Larger particles usually have
more kinetic energy and upon collisions, they release more energy that leads to

increased vibrations in the form of stress waves recorded by the accelerometer.
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PAE is under exploration across different industries to gain insights into the
physicochemical changes that happen during a process. PAE is being investigated in
the pharmaceutical industry in monitoring powder mixing and few studies have been
completed. Previous research into PAE determined preliminary connections and data
for particle motion and behaviors inside the V-blender and provided guidelines for
extracting the data needed from the recorded vibrations. Also, previous studies
identified preliminary connections between the different motion phases of particles
within the V-shell and the emissions as well as provided guidelines for extracting
information from the recorded vibrations. Particle collisions with the outer arm V-shell
lid where the accelerometer is attached provided the most important and reliable
information regarding the particle properties and their flow within the V-shell from the
recorded vibrations. Additionally, preliminary studies have focused on monitoring the
mixing of some particle components with uniform and regular properties with limited
loading configurations (13-18). Mixing can occur between particles having different
properties and hence it is crucial to develop methods that can be applied to industrial

conditions and setup.

Segregation or de-mixing refers to the presence of areas within a mixture where
particles with similar properties are seen to accumulate. In the pharmaceutical industry,
mixing of powders can lead to segregation when particles with different physical
characteristics, such as shape, flowability, size, and density are used in the mixture.
These differences in physical characteristics should be accounted for to prevent the
occurrence of segregation development. Segregation can be seen when particles
separate due to variations in physical characteristics, affecting the homogeneity and
uniformity of the mixture (19). Several factors influence the possibility of segregation
development. Differences in particle properties can increase the chances of segregation.
The more the difference in particle properties, the more segregation development can
be developed (19,20).

Preliminary studies discussed segregation development patterns and how the physical
properties of the particles, fill level, and process parameters can influence the

segregation pattern. It was found in the literature that fill level and rotational speed has
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a significant impact on segregation pattern development in the V-blender. Four major
different segregation patterns are seen to develop in the VV-blender while mixing based
on rotation speed and fill level of the blender. The four segregation patterns are “Small-
out”, “Stripes”, “Inverse stripes”, and “Left-right” patterns. (20,21). The literature also
discussed the effect of other factors on particle mixing and segregation. Mixing rates
and uniformity were compared while changing some process parameters such as fill
level. It was found that mixing rates were more efficient when the fill levels were low
compared to a high fill level, which resulted in an improvement in the mixing
performance of the mixtures (21,23). Cameron and Briens (2019) tested the effect of
fill level on particles coated with magnesium stearate lubricant and found that the
optimum fill level to promote effective mixing was 21-23% by volume and higher fill

levels resulted in less efficient mixing.

Left-right segregation pattern is the main type of segregation seen to develop in the V-
blender because of the trajectory segregation mechanism. Trajectory segregation can be
seen to develop when mixing powders of high and low inertia. Differences in inertia
result in distinct behaviors in particle movement in the V-blender. Smaller particles
tend to move away and separate from larger particles. Particles with higher inertia
follow a more linear trajectory, while those with lower inertia tend to follow a curved
path (19,20,21,25). In a V-blender, trajectory segregation can be further enhanced by
collisions with the V-shell joint along the flow path. Segregation is a phenomenon that
can be seen during particle mixing in a V-blender, primarily through trajectory and
percolation mechanisms. These segregation types become more apparent with particles
characterized by high flowability, exposure to a curving flow field, and a range of sizes.
However, the starch granules used in this research are not spherical and have irregular
shapes of different diameter size ranges with a spherical value of 0.70, but they have

good flowability due to the low avalanche times below 4.8 seconds.

Acoustics offers numerous advantages in comparison to alternative techniques used for
monitoring powder mixing and segregation in the pharmaceutical industry. PAE
monitoring is non-invasive, cost-effective, non-destructive, requires no modification to

equipment, and can be integrated as an in-line monitoring method. Previous research
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has focused on monitoring the mixing of a specific number of particles with uniform
properties and with limited loading configurations and orders. Moreover, changes in
process parameters were not widely applied to monitor their effect on powder mixing
and segregation (13-18). The main aim of this research was to further explore and
investigate the potential of PAE in monitoring mixing and segregation while adjusting
the V-blender fill level and evaluating the effect of fill level on mixing and segregation.
Monitoring powder mixing and identifying segregation to prevent its development are
critical processes in the industry and can result in higher quality control and assurance
standards as well as enhance good manufacturing practices in the industry. This can be

achieved by developing real-time and in-line monitoring methods using PAE.

4.2 Materials and Methods
4.2.1 Materials

Starch granules were the particles used in the experimental trials completed in this
research. The starch granules used had irregular shapes with a range of different sizes.
Using various meshes with different sizes, the starch granules were sieved into five
distinct size fraction cuts. Only Cut#1 and Cut#4 were used. Cut#1 has the biggest size
fraction with a diameter range of 2.00 — 2.36 mm and Cut#4 has the smallest size
fraction with a diameter range of 0.006 — 1.18 mm. lodine solution was used to dye
Cut#l, allowing for visual observation of any segregation that may develop.
Preliminary testing indicated that the iodine solution used had no substantial effect on
the other characteristics of the starch granules. Wilson and Briens (2022) measured the
apparent density of the starch granules through estimation by volume displacement
measurements using 4°C distilled water and photos of the starch granules were taken

and examined with Image Pro software to estimate the circularity of the granules.

Perimeter?

Image Pro defines circularity as , with a perfectly circular particle having a

4p*xArea
value of 1.00 (6). Starch granules experimental trials were measured in duplicates with
average values reported. Table 4.1 shows the characteristics of the particles used for

this study.
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Table 4.1: Summary of particles used and their characteristics

Particle Size (mm) Apparent density (g/cm?®) = Sphericity (-)
Starch granules Cut#1 2.00-2.36 1.3 0.70
Starch granules Cut#4 0.006 —1.18 1.3 0.70

4.2.2 Equipment

A Patterson-Kelly V-blender with a fixed rotation speed of 25 rotations per minute
(rpm) was used in all the experimental trials completed in this research. A 16-quart
(15.1 liter) transparent acrylic VV-shell was used. The V-shell was filled by starch
granule particles corresponding to different percentages ranging from 5% to 75% ratio
by mass. The V-shell of the blender has inner and outer arms with two lids attached to
them and a bottom plate. Figure 4.1 shows a schematic diagram of the V-blender with

all of its properties.

f...
"'-./ Accelerometer

Axis and
direction of
rotation

Inner Arm

(A) (B)

Figure 4.1: (A) Schematic diagram for the V-blender and its properties and (B) schematic

diagram showing accelerometer location

PCB Piezotronics Accelerometer of model 353B3 combined with an ICP signal
conditioner of model 480E0 were used to measure the vibrations generated from PAE.
The accelerometer combined with the signal conditioner was attached to the lower front
center of the outer arm of the V-shell at a radial position of r/R = 0.74. Figure 4.1-B

shows the location of the accelerometer. Labview with a National Instruments DAQ-
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6036E card was used to record the vibrations from PAE. The vibrations were recorded
at an acquisition frequency of 40,000 Hz. The acquisition frequency of 40,000 Hz was
used to exceed the Nyquist frequency of the signal of interest. The Nyquist Shannon
Sampling Theorem states that to accurately construct a signal, the sampling frequency
must be at least twice the highest frequency present in the signal. In the case of audio
signals, where the human hearing range is up to 20,000 Hz, a common choice is to use
a sampling frequency of at least 40,000 Hz to make sure that all audible frequencies
were sufficiently captured and to avoid aliasing and as well to ensure that the signal

preserves the original characteristics of the analog signal (26,27).

Daubechies wavelet filter in Matlab was used to filter the measurements recorded.
Daubechies wavelet filter was used to remove the oscillation motion generated due to
the V-shell to focus mostly on the vibrations generated from the particle collision inside
the V-shell. Noise generated from the rotations of the V-blender can affect the wavelets
recorded due to particle collision and interaction with other particles or with the V-
shell.

4.2.3 Experimental Trials

Experimental trials were completed using starch granule size fractions of Cut#1 and
Cut#4 as shown in Table 4.1. Starch granule particles were loaded in the V-blender
while changing the V-blender fill levels. The mixture combinations were loaded
horizontally in the V-blender and tumbled. Rotations of mixtures were completed with
varying fill levels allowing for mixing and segregation. Mixing for individual size
fraction cuts and mixture combinations was observed and any segregation developed
was photographed. All starch granules experimental trials were conducted in duplicates

for reproducibility and confirmation of the results.

4.2.3.1 Fill Level for Individual Size Fractions

Vibration measurements were recorded for individual starch granule sizes of Cut#1 and
Cut#4. The starch granules were loaded in the 16-quart transparent acrylic VV-shell with
varying fill level percentages from 5% to 75% of the V-shell at intervals of 5% by mass

ratio. The height of the starch granules in the V-shell relative to the VV-shell geometry
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was measured for each loading. An accelerometer was attached to the outer arm lid of
the V-shell as indicated in Figure 4.1-B to record the vibrations generated upon V-
blender rotations. The vibrations were measured and recorded over 50 revolutions of
the V-shell. After the vibrations were measured, the measurements were filtered and

analyzed using Matlab.

4.2.3.2 Fill Level for Mixture Combinations

Vibration measurements were recorded for binary mixtures of starch granules from
Cut#1 and Cut#4 in a 50-50% ratio based on mass. Cut#1 and Cut#4 size fractions were
loaded in the V-shell with varying fill level percentages from 10% to 70% at intervals
of 10%. Cut#1 was dyed using iodine solution to observe any segregation pattern that
may develop while mixing. The size fraction of starch granules was loaded in a
horizontal loading configuration in the V-shell. Particles were loaded in a horizontal
configuration to obtain a symmetrical top-bottom loading pattern for the geometry of
the V-blender shells. An accelerometer was attached to the outer arm lid of the V-shell
as indicated in Figure 4.1-B. The vibrations were measured and recorded over 50
revolutions of the V-shell. After the vibrations were measured, the measurements were

filtered and analyzed using Matlab.

While the V-blender was tumbling and rotating, the V-shell was stopped at 50
revolutions to take photos and sieve the mixture inside. Sieving of the mixture was
done for both inner and outer V-shell arms using meshes based on the size mixture.
This was performed to observe the extent of segregation developed and quantify the
amount of smaller and larger particles found in each arm of the V-shell. Photos of the
dyed starch granules mixture allowed for visual observations of any segregation pattern
development and monitored the mixing stage. The sieving data allowed for
confirmation of mixing and segregation to be observed in each arm of the V-shell. In
the sieving analysis, the V-shell was stopped while inverted and both the inner and
outer arms were unloaded separately after 50 revolutions. Each arm emptied contained
a mixture which was then sieved to determine the percentage composition by weight of

each component.
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4.3 Results

4.3.1 Fill Level for Individual Size Fractions

Starch granules were loaded in the V-blender and tumbled at different fill levels. Size
fractions of Cut#1 and Cut#4 were used, and rotations were completed at varying fill-
level percentages. Trials were conducted in duplicate, and the average values were
reported. Vibration amplitudes were recorded throughout 50 rotations. Figure 4.2
shows the average vibration amplitudes recorded in the V-blender for the individual
size fractions of Cut#1 and Cut#4 at different fill level percentages from 5% to 75% at
intervals of 5%. The fill level and amount of loaded materials inside the V-shell
affected the recorded vibration amplitudes for both starch granule individual cuts. The
average vibration amplitude did not show a consistent and significant trend with the fill

level of the material.
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Figure 4.2: Average vibration amplitudes of individual Cut#1 and Cut#4 at different fill
levels with vertical error bars representing +/- 1 STD values

4.3.2 Fill Level for Mixture Combinations

Starch granule size fractions were used in a 50-50% composition by mass ratio and the
mixture combinations were loaded horizontally in the VV-blender and tumbled. Cut#1

and Cut#4 binary mixture were used, and rotations of the binary mixture were
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completed and allowed for mixing and segregation patterns were photographed. Figure
4.3 shows the extent of segregation between Cut#1 and Cut#4 after 50 revolutions with
varying fill levels from 10% to 70%. There is a large difference in size fraction cuts
used, the larger size fraction Cut#1 (2.00 — 2.36 mm) was mixed with the smaller size
fraction Cut#4 (0.006 — 1.18 mm). Cut#1 was dyed using iodine solution and loaded on
top of the smaller undyed Cut#4. Cut#4 segregated towards the outer arm and Cut#1
segregated towards the inner arm of the V-shell. Visual observations of the starch
granule mixtures show that a left-right segregation pattern was developed for the low

fill levels.
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Figure 4.3: Visual observation of Cut#1 and Cut#4 binary mixture at varying fill levels in
the V-blender
Mixtures were in a 50-50% by mass ratio at 25% fill level with dyed Cut#1 (black) loaded
horizontally on top of undyed Cut#4 (yellow)
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Sieving of the mixture was completed for both V-shell arms at varying fill level
percentages from 10% to 70% using meshes based on mixture size fraction. Sieving
was performed with the same procedures for horizontal and vertical loading trials in
Chapter 3 of this thesis. The sieving results confirmed the visual observations shown in
Figure 4.3. Table 4.2 shows the sieving which are then visualized in Figure 4.4. By
increasing the fill level of the V-shell, the segregation development was seen to

decrease and mixing efficiency was also decreased.
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Table 4.2: Sieving results of Cut#1 and Cut#4 binary mixture in the outer arm of the V-

shell at different fill levels

Size cuts

Cut#1 and
Cut#4

Cut#1 and
Cut#4

Cut#1 and
Cut#4

Cut#1 and
Cut#4

Cut#l and
Cut#4

Cut#l and
Cut#4

Cut#l and
Cut#4

Cut#l and
Cut#4

Cut#1 and
Cut#4

Cut#1 and
Cut#4

Cut#1 and
Cut#4

Cut#1 and
Cut#4

Cut#1 and
Cut#4

Cut#1 and
Cut#4

Loading
order

Cut#l on
top

Cut#l on
top

Cut#l on
top

Cut#l on
top

Cut#l on
top

Cut#l on
top

Cut#l on
top

Cut#4 on
top

Cut#4 on
top

Cut#4 on
top

Cut#4 on
top

Cut#4 on
top

Cut#4 on
top

Cut#4 on
top

Loading

configuration

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Fill
level
(%)

10

20

30

40

50

60

70

10

20

30

40

50

60

70

Sieving

results in
outer arm
for trial 1

(%)

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#1:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

25
75

35
65

36
64

37
63

39
61

49
51

50
50

30
70

33
67

34
66

35
65

39
61

47
53

49
51

Sieving

results in
outer arm
for trial 2

(%)

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#1l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

27
73

33
67

37
63

39
61

42
58

47
53

49
51

31
69

33
67

35
65

37
63

41
59

48
52

50
50

Average

sieving

results

in

outer arm

(%)

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#1l:
Cut#4:

Cut#1l:
Cut#4:

Cut#1l:
Cut#4:

Cut#1:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

Cut#l:
Cut#4:

26
74

34
66

36.5
63.5

38
62

40.5
59.5

48
52

49.5
50.5

30.5
69.5

33
67

34.5
65.5

36
64

40
60

47.5
52.5

50
50
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Figure 4.4: Effect of fill level on sieving of Cut#4 in the outer arm of the V-shell with

trendlines and RZand P-values

The vibration amplitude profiles of Cut#1 and Cut#4 binary mixture were recorded.
Experimental trials were conducted with 50-50% by mass ratio of binary mixtures of
each size fraction and were loaded in a horizontal configuration in the V-blender.
Figure 4.5 shows the vibration amplitude profile of Cut#1 and Cut#4 binary mixture at
10% fill level. When Cut#1 was loaded on top of Cut#4, the initial mixture vibration
amplitude recorded was around 40 mV which was similar to the amplitude of the large
size fraction of Cut#1. The vibration amplitude then decreased to around 20 mV after
about 20 revolutions while maintaining the amplitude in the zone of 18 — 25 mV. When
Cut#4 was loaded on top of Cut#1, the initial mixture vibration amplitude recorded was
around 17 mV which was similar to the amplitude of the small size fraction of Cut#4.
The vibration amplitude then increased to around 25 mV after about 20 revolutions

while maintaining the amplitude in the zone of 20 — 27 mV.

The weighted average was determined based on the percentage of small and large
particles in the outer V-shell by sieving and weighing the particles after 50 revolutions.
This was done using the same procedure as mentioned in trials of Chapter 3 of this
thesis. The percentages found in the outer V-shell arm along with the average
amplitude recorded of each size fraction were then used to determine an approximate

weighted average value. The weighted average was calculated in duplicates to account
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for reproducibility and confirm the results therefore the weighted average was

calculated twice and displayed on the graph as a zone that corresponds to two trials
completed.
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Figure 4.5: Acoustic profile of combined trials of Cut#1 (2.00 — 2.36 mm) and Cut#4
(0.006 — 1.18 mm) at 109% fill level

Mixtures were in a 50-50% by mass ratio and were loaded horizontally in the VV-blender

Figure 4.6 shows the vibration amplitude profiles of Cut#1 and Cut#4 binary mixture at
30% fill level. When Cut#1 was loaded on top of Cut#4, the initial mixture vibration
amplitude recorded was around 38 mV. The vibration amplitude then decreased to
around 25 mV after about 20 revolutions while maintaining the amplitude in the zone
of 24 — 30 mV. When Cut#4 was loaded on top of Cut#1, the initial mixture vibration
amplitude recorded was around 15 mV. The vibration amplitude then increased to
around 28 mV after about 25 revolutions while maintaining the amplitude in the zone
of 24 —30 mV.
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Figure 4.6: Acoustic profile of combined trials of Cut#1 (2.00 — 2.36 mm) and Cut#4
(0.006 — 1.18 mm) at 30% fill level

Mixtures were in a 50-50% by mass ratio and were loaded horizontally in the V-blender

Figure 4.7 shows the vibration amplitude profiles of Cut#1 and Cut#4 binary mixture at
70% fill level. When Cut#1 was loaded on top of Cut#4, the initial mixture vibration
amplitude recorded was around 47 mV. The vibration amplitude then decreased to
around 37 mV after about 20 revolutions while maintaining the amplitude in the zone
of 35— 50 mV. When Cut#4 was loaded on top of Cut#1, the initial mixture vibration
amplitude recorded was around 17 mV. The vibration amplitude then increased to
around 39 mV after about 20 revolutions while maintaining the amplitude in the zone
of 35-45mV.
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Figure 4.7: Acoustic profile of combined trials of Cut#1 (2.00 — 2.36 mm) and Cut#4
(0.006 — 1.18 mm) at 70% fill level

Mixtures were in a 50-50% by mass ratio and were loaded horizontally in the V-blender

The sieving results combined with individual particle size cut average amplitudes
allowed a mixture amplitude to be estimated. For low fill levels (Figure 4.5), the
measured and estimated amplitudes were similar. As the fill level increased, the
measured mixture amplitudes were higher than the estimated values (Figures 4.6 and
4.7).

4.4 Discussion

Particle collisions with other particles or with the shell walls result in the propagation
of some kinetic energy in the form of stress waves while other energy is retained by the
particles (14). Upon collision of the tested starch granules with each other and with the
V-shell, most of the energy was either retained by the particle or dissipated mainly as
stress waves. The energy dissipated as stress waves were propagated and measured
using an accelerometer securely attached to the outer arm of the V-shell as seen in
Figure 4.1-B. In the V-blender, while starch granules were colliding with each other
and with the V-shell wall, less energy was retained by the starch granule particles and
less energy was dissipated as stress waves. That is due to the non-spherical and

irregular shape of the starch granules. Due to their shape, starch granules may have
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rotated and rolled during collision which would have resulted in less dissipated energy

as stress waves that were recorded by the accelerometer (17).

The dissipated energy is proportional to the kinetic energy of the particles upon
collision and the kinetic energy is dependent on the mass and velocity of the particles.
Particles with high velocity fell almost the entire height of the VV-shell unimpeded
before colliding with the V-shell lid and therefore had high kinetic energy and
velocities. The dissipation of energy because of particle collision with the V-shell
depended on the angle of collision. Collision with a surface normal to the particle
trajectory allowed more energy dissipation as stress waves. In contrast, collisions with
an angled surface resulted in less energy dissipation as stress waves (15). Therefore,
collisions with the lids of the V-shell resulted in more stress waves dissipation than
collisions with the V-shell side walls. These dissipations were further enhanced by the
velocity of the particles where the velocity of the particles colliding with the lids could
reach higher values when compared to particles colliding with the side walls due to
unimpeded particle trajectories being longer with particles colliding with the V-shell
lids.

The flow pattern of particles was reflected as the result of the horizontal mixing profiles
of the particles within the V-shell rotations and the recorded vibrations due to particle
collisions with each other and with the V-shell lids and walls. In the first initial
revolutions, most of the starch granule particles collided with the lids of the V-shell
were the particles that were loaded on top of the bed. As the V-shell continued to rotate,
the two components loaded in the V-shell started to mix with both components directly
collided with the V-shell lids. Then the measured vibration amplitudes were either
increased or decreased as the ratio of the particles colliding with the V-shell lids and

their relative contributions to the measured amplitudes changed.

The mixing rate depends on the flow of particles in the V-shell while it rotates. The
motion and flow of the particles in the V-shell occur mainly in the vertical direction.
Horizontal particle motion occurs only for a small portion of the starch granule

particles moving across the axis of symmetry into the V-shell's other arm as the V-shell



158

rotates into an upright position. Vertical particle movement is the main motion that
dominates while rotation of the V-shell due to the V-shell geometry and how it
operates. When the V-shell reaches an upright position, all of the particles flow into the
restricted space at the bottom of the V-shell. For horizontal loading of particles in the
V-shell, the particles were already distributed across the V-shell arms and mixing was

only required in a vertical movement.

Increasing the fill level in the VV-shell of the VV-blender increased the mass of particles
loaded in the V-shell and simultaneously reduced the available height for particle
movement. More particles will result in more collisions between the particles with each
other and with the V-shell walls but collisions with less kinetic energy. That is due to
the velocity of an individual particle will be lower as the distance that a particle will fall
unimpeded before collision with another particle or with the V-shell walls is shorter
because of increasing the fill level in the V-shell. This change in collision dynamics
affects the mixing process and can influence the resulting mixture's homogeneity and
uniformity. Additionally, by increasing the fill level the flow of the particles inside the
blender will change as there are more particles present and less available space for
movement and interaction between particles with each other and with the V-shell walls.
This change in particle flow can affect the overall mixing behavior and the pattern of
measured acoustic emissions generated during mixing. Due to the presence of factors
such as collision dynamics, particle flow, and acoustic emissions, acquiring a clear and
consistent trend with fill level can be complex. The relationship between fill level and
mixing efficiency and segregation may not follow a straightforward pattern and the
trend observed can be hard to analyze clearly as seen in Figure 4.2 with individual size
components and Figures 4.5, 4.6, and 4.7 with binary mixtures at different fill level

percentages in the V-shell.

Figure 4.3 shows the fill level percentages of particles loaded in the V-blender and the
available height relative to the V-shell before mixing. Upon increasing the fill level of
the V-shell, the height of the V-shell was reduced due to the addition of more starch
granule particles and consequently more particle mass. The high fill level of particle

mass significantly restricted particle movement and interaction inside the V-shell. The
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distance from the top of the bed of particles resting at the bottom of the V-shell to the
top lid decreased from 43 cm to 27 cm as the fill level in the V-shell was increased
from 10% to 70% by mass ratio. The change in the height of the V-shell resulted in a
decrease in the ability of the particles to move and interact with each other and with the
V-shell walls. Also, this change in the V-shell height reflected the decrease in distances
that a particle could fall unimpeded within the V-shell before collision with another
particle or with the V-shell walls. Shorter unimpeded distances reduced the potential of
a particle reaching its maximum velocity or momentum before a collision. Therefore,

starch granule particles would have low velocities and low kinetic energies.

At low fill levels, the probability that the starch granules will fall the height of the V-
shell unimpeded as it is inverted before collision with the lid is high. A relatively high
Kinetic energy is reached and dissipated into stress waves with measured high
amplitudes at low fill levels. As the fill level increased, the total mass of starch granules
colliding with the lid increased but collision with less kinetic energy as the velocity of
the individual particle is lower due to the small distance that is available for the
particles before collision. The kinetic energy of a starch granule upon collision with the
lid begins to decrease with corresponding lower dissipated measured stress wave
energy. With more addition of starch granules and increasing in the fill level of the V-
shell, a starch granule will collide with many other starch granules before its collision
with the lid and consequently, the kinetic energy at collision and the amplitude of stress
waves recorded by the accelerometer continue to decrease. The vibration amplitudes
measured by the accelerometer attached to the outer VV-shell arm will be affected by
attenuation due to decreasing the kinetic energy and velocities of the starch granule
particles. The acoustic emissions reflect mainly the impact of particles with the V-shell
surfaces and the amplitude of the emission is associated with the particle momentum
(25).

The flow of particles in the VV-shell upon inversion can be classified into three main
parts. The first part is associated with the flow of particles while the VV-shell is inverted
which is named Feature#1. The second part is associated with the flow of particles

along the V-shell arms of the outer side which is named Feature#2. The third part is
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associated with the flow of particles reaching the V-shell base which is named
Feature#3. Feature#1 showed the most information about particle properties and
behaviour inside the V-blender (26). Feature#1 had three sub-features. The first sub-
feature is when the particles collide with the inner arms of the V-shell and then flow
along the arms toward the V-shell lids. The second sub-feature is when collisions
happen with the V-shell lids and between particles accumulating in the upper V-shell
arms. The third sub-feature is seen when the particles accumulating in the upper V-shell
arms flow across the lids toward the V-shell outer arms. All these three events are not
distinct, but they overlap in duration (17). Wilson and Briens (2022) explained more
about particle movement and behavior inside the VV-blender and named the three sub-

features: Feature#la, Feature#1b, and Feature#lc.

Figure 4.8 shows the filtered raw acoustic signals for low and high fill levels of 10%
and 70% by mass ratio in the V-shell, respectively. As the fill level increases, the
characteristic groupings of vibrations change. At a very high fill level of 70% of the V-
shell mass capacity, the filtered signals were seen to change in characteristics intensity
and groupings (Figure 4.8-B). The second and third groupings were seen to merge at
70% fill level. With the merge of the second and third groupings, the flow of particles
along the V-shell arms of the outer side and the flow of particles reaching the V-shell
base were seen to happen simultaneously with no distinct time observed for each
particle movement and flow across the V-shell. These changes can be due to the large
masses of particles that resulted in overlapping of the sliding of particles along the side
of the V-shell and falling and impacting particles at the bottom side of the V-shell.
Also, it can be due to the restricted movement of particles in the V-shell which led to
less energy dissipated as stress waves that resulted in particles with lesser velocities and
kinetic energy and less energy travelled across the VV-shell and recorded by the

accelerometer.
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Figure 4.8: Filtered raw signals of binary mixtures of Cut#1 and Cut#4 at (A) 10% and
(B) 70% fill levels by mass ratio of the V-shell

Visual observations showed that a left-right segregation pattern was seen to develop
with the binary mixture of Cut#1 and Cut#4 after 20 revolutions and was fully
developed at 50 revolutions at low fill levels (Figure 4.3). Furthermore, visual
observation and sieving data showed that by increasing the fill level, the blend
uniformity and segregation were affected and minimized, and less mixing can be seen
to be happening between particles. At 70% fill level by mass ratio, left-right
segregation development was negligible, and this can be supported by the sieving
results shown in Table 4.3 with the larger component of Cut#1 seen in the outer arm
with a 50% and the smaller component of Cut#4 with a 50%. This indicates inefficient
mixing and no segregation development with the two components having equal
percentages in each V-shell arm. This can be due to the restriction of particle
movements and interactions at high percentages of fill levels of 70% that can hinder the
mixing process leading to inefficient mixing between starch granule particles.
Additionally, at low fill levels, more space was available in the V-shell for the
movement of particles. While the V-blender tumbles, the particles collide with each
other and with V-shell walls, and with the available space in the V-shell at 10% fill

level, vertical mixing was seen to happen as well as lateral mixing and movements that
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allowed for starch granules mixing. These mixing mechanisms enhanced the mixing
process and blend uniformity of the mixture. Vertical mixing in addition to lateral
mixing can be seen at low fill levels due to the presence of space allowing for more
particle movements and interaction, therefore enhancing mixing efficiency. Left-right
segregation was seen to develop also at low fill levels of the V-shell. As the fill level
increased, there was no space for lateral mixing which minimized the left-right
segregation development as seen with a higher fill level of 70%. The sieving changes
seen in percentages of larger and smaller particles in the V-shell outer arm were
majorly observed between 10% — 20% and 50% — 60% fill levels, especially between

50% — 60% fill levels which aligns with the visual observation in Figure 4.3.

4.5 Conclusion

Different V-shell fill levels were used with starch granules individual cuts and binary
mixtures and were loaded horizontally in the V-blender to evaluate the effect of varying
fill levels on mixing and segregation. At a very low fill level of 10% by mass ratio, left-
right segregation was seen to develop with segregation of small particles in the outer
arm and large particles in the inner arm of the V-shell. By increasing the fill level, the
mixing and segregation were seen to change. At a high fill level of 70%, the mixing
efficiency was decreased as well as left-right segregation was significantly decreased
with no segregation seen to develop. At low fill level, there was more space available in
the V-shell for particles which allowed for vertical and lateral mixing and movements.
These mixing mechanisms resulted in more particle interactions and efficient mixing
allowing for collisions between particles. By increasing the fill level, less space was
available for lateral mixing which affected the mixing and segregation development.
The sieving data confirmed the visual observations. The data from the trials conducted
in this research suggests that there is indeed an effect of fill level on vibration
amplitudes in the V-blender. However, the relationship between the fill level and
mixing efficiency and segregation is complex. This highlights the need for further
research to fully understand the underlying factors influencing mixing behavior at
different fill levels. This research further supports the potential of passive acoustic

emissions in monitoring powder mixing and segregation.
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Chapter 5
5 Conclusion

5.1 General Discussion and Conclusions

Powder mixing is a particularly important process in the pharmaceutical manufacture of
tablets and capsules. Tablets and capsules account for approximately 80% of all
available pharmaceutical formulations as solid dosage forms (1). Powder mixing is
required at different points through the process of tablet and capsule production due to
the use of multistage batch processes. The process of powder mixing must be done very
carefully to ensure that the Active Pharmaceutical Ingredient (API) is well mixed along
with the other excipients and additives used. If the mixing processes were done
incorrectly, the produced tablets may have an incorrect amount of API and physical

characteristics (1,2).

Different monitoring methods and techniques are required to control and monitor
powder mixing in pharmaceutical production. Effective inline monitoring is crucial,
especially with particles with large differences in physical properties like particle size,
density, and flowability which can lead to segregation development. Segregation can
affect the final product quality which can lead to batch rejection. (3-5). Optimal powder
mixing depends on powder behavior and characteristics which are considered important
factors needed to be able to understand and control the mixing process. However, due
to a poor understanding of powder mixing, it is still not a clear and efficient process.
That is due to the presence of many factors that can influence and interfere with powder
mixing. Powder mixing still requires more research to further understand the process

and develop methods to better monitor it.

Currently, the pharmaceutical industry uses offline methods for powder monitoring and
control with samples required to be withdrawn from different areas of the mixture bed.
After the samples are withdrawn, they are tested with destructive testing methods
which are invasive, expensive, and inefficient methods (4). Process Analytical

Technologies (PATS) are potential methods that can be used to monitor mixing in
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pharmaceutical production. PATs provide mechanisms to maintain high-quality
standards and improve processes (7). Some PATSs are currently in development, and
some are used in the industry, but most of these PATS require expensive alteration in
equipment to function as needed or have some limitations for the processes involved.
Passive acoustic emissions (PAE) provide a potential inline monitoring method for
powder mixing and segregation that is effective, non-invasive, non-destructive, and has

a comparatively low cost.

Preliminary studies identified the best location for the sensor and extraction of
information from the emissions using the amplitude of the measured vibrations as well
as observing particle movements and behaviors inside the VV-blender. Moreover, some
studies focused on the connections between particle motion and passive acoustic
emissions from a V-blender and identified methods to best extract relevant process
information as well as apply passive acoustic emissions in detecting segregation (8-13).
The objective of the current research was to further investigate and apply PAE in
monitoring powder mixing and segregation with different loading configurations and
orders. An additional objective was to monitor mixing and segregation while changing
fill levels of the VV-shell of the V-blender. An accelerometer was attached to the lid of
the outer VV-shell arm to allow for the measurement of PAE while mixing. Starch
granules and glass beads with a similar density to those commonly used pharmaceutical
granules were used in five different size cuts of starch granules and three diameter sizes

of glass beads.

Experimental trials were completed using starch granules and glass beads to understand
the connection between particle motion and measured vibrations. Moreover, starch
granule trials were conducted by loading the starch granules into the V-shell in two
configurations, horizontally and vertically with different loading orders. In Chapter 3
trials, the rotation rate of the \V-shell and the fill level were kept consistent at 25 rpm
and 25% fill level by mass ratio, respectively. Left-right segregation pattern was
developed with all trials of horizontal and vertical loading even with intensifier bar
additions. The PAE amplitudes recorded were initially similar to that of the particle

loaded on top in case of horizontal loading and the outer arm in case of vertical loading
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before starting to trend towards the bottom and inner arm particle’s amplitude and
reaching a plateau. The plateau amplitude was representative of the weighted average
amplitude area based on the particle composition in the outer V-shell arm. Stable
mixtures were identified in all trials according to the minimum mixing time needed.
From these trials, it was concluded that horizontal loading trials resulted in faster
mixing and stable mixtures were reached in fewer revolutions compared to vertical
loading trials. In Chapter 4 trials, the rotation rate of the VV-shell was kept consistent,
but the fill level was changed with low and high fill levels ranging from 5% to 75% by
mass ratio at 5% and 10% intervals. The results showed that at low fill levels, the
mixing efficiency was high, and left-right segregation was seen to develop while at
high fill levels, the mixing efficiency was low, and blend uniformity was reduced as
well as segregation was negligible with no left-right segregation development during

mixing.

This research demonstrated the ability of PAE to monitor powder mixing and allowed
for the identification of segregation during mixing. The findings of this thesis support
the potential use of PAE as a process analytical technology for monitoring multi-
component powder mixtures. PAE provides reliable particle flow process information
that will allow for improved inline control and monitoring of mixing and segregation.
However, PAE has some limitations in monitoring powder mixing and segregation

when used with particles with close diameter and amplitude differences.

5.2 Future Work and Recommendations

Current research should be expanded upon to further develop and improve the
application of PAE for monitoring powder mixing and segregation. The research
conducted in this thesis has been completed using offline analysis of the signals.
Additional studies should establish techniques and approaches to apply PAE for inline
and real-time monitoring. Moreover, other research is required to help commercially
implement PAE for monitoring powder mixing and segregation on an industrial scale.
The pharmaceutical industry is still uncertain about adopting new technologies even
when supported and approved by governing groups such as the Food and Drug

Administration (FDA). Having large amounts of supporting studies and research can
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reveal the advantages of PAE and increase the possibility of this technology being
implemented by the pharmaceutical industry for monitoring powder mixing and

segregation.

Monitoring powder mixing and segregation using PAE still requires more future
development. In this research, the process conditions selected resulted in a left-right
segregation pattern; consequent research should be performed to assess the
effectiveness of PAE for identifying other segregation patterns as well as changing the
process parameters used. By further exploring these applications, a greater number of
potential future industrial applications can be identified. Generally, PAE provide an
effective method for monitoring powder mixing. By using this method in industry,
process quality, safety, control, and monitoring can be achieved while helping to detect
and take actions to mitigate segregation development during mixing that results in

improved product quality.
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Appendices

Appendix A: Sieving data for different horizontal loading trials in the outer arm of the V-

shell

Trial

VI

\1

VIl

Size cuts

Cut#l and
Cut#4

Cut#l and
Cut#4

Cut#l and
Cut#3

Cut#l and
Cut#3

Cut#2A
and Cut#4

Cut#2A
and Cut#4

Cut#2A
and Cut#3

Cut#2A
and Cut#3

Cut#2B
and Cut#4

Cut#2B
and Cut#4

Loading order

Cut#1 on top
and Cut#4 on
bottom

Cut#1 on
bottom and
Cut#4 on top

Cut#1 on top
and Cut#3 on
bottom

Cut#1 on
bottom and
Cut#3 on top

Cut#2A on
top and Cut#4
on bottom

Cut#2A on
bottom and
Cut#4 on top

Cut#2A on
top and Cut#3
on bottom

Cut#2A on
bottom and
Cut#3 on top

Cut#2B on
top and Cut#4
on bottom

Cut#2B at
bottom and
Cut#4 on top

Loading
configuration

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Sieving results in outer arm (%)

Trial 1: Cut#4 (68), Cut#1 (32)
Trial 2: Cut#4 (70), Cut#1 (30)
Trial 3: Cut#4 (67), Cut#l (33)
Average: Cut#4 (68), Cut#l (32)

Trial 1: Cut#4 (66), Cut#1 (34)
Trial 2: Cut#4 (67), Cut#1 (33)
Trial 3: Cut#4 (70), Cut#1 (30)
Average: Cut#4 (68), Cut#l (32)

Trial 1: Cut#3 (64), Cut#1 (36)
Trial 2: Cut#3 (65), Cut#1 (35)
Trial 3: Cut#3 (61), Cut#1 (39)
Average: Cut#3 (63), Cut#l (37)

Trial 1: Cut#3 (63), Cut#1 (37)
Trial 2: Cut#3 (63), Cut#1 (37)
Trial 3: Cut#3 (62), Cut#1 (38)
Average: Cut#3 (63), Cut#l (37)

Trial 1: Cut#2A (60),Cut#4 (40)
Trial 2: Cut#2A (62),Cut#4 (38)
Trial 3: Cut#2A (61),Cut#4 (39)
Average: Cut#2A (61),Cut#4 (39)
Trial 1: Cut#2A (58),Cut#4 (42)
Trial 2: Cut#2A (62),Cut#4 (38)
Trial 3: Cut#2A (61),Cut#4 (39)
Average: Cut#2A (60),Cut#4 (40)

Trial 1: Cut#3 (55), Cut#2A (45)
Trial 2: Cut#3 (61), Cut#2A (39)
Trial 3: Cut#3 (58), Cut#2A (42)
Average: Cut#3 (58), Cut#2A (42)
Trial 1: Cut#3 (53), Cut#2A (47)
Trial 2: Cut#3 (57), Cut#2A (43)
Trial 3: Cut#3 (57), Cut#2A (43)
Average: Cut#3 (56), Cut#2A (44)
Trial 1: Cut#2B (61), Cut#4 (39)
Trial 2: Cut#2B (62), Cut#4 (38)
Trial 3: Cut#2B (59), Cut#4 (41)
Average: Cut#2B (61), Cut#4 (39)

Trial 1: Cut#2B (56), Cut#4 (44)
Trial 2: Cut#2B (61), Cut#4 (39)
Trial 3: Cut#2B (63), Cut#4 (37)
Average: Cut#2B (60), Cut#4 (40)



173

Appendix B: Sieving data for different vertical loading trials in the outer arm of the V-

shell

Trial

A

Size cuts

Cut#1 and
Cut#4

Cut#1 and
Cut#4

Cut#1 and
Cut#3

Cut#l and
Cut#3

Cut#2A
and Cut#4

Cut#2A
and Cut#4

Cut#2A
and Cut#3

Cut#2A
and Cut#3

Cut#2B
and Cut#4

Cut#2B
and Cut#4

Loading order

Cut#1 in inner
arm and
Cut#4 in outer
arm

Cut#1l in outer
arm and
Cut#4 in inner
arm

Cut#l in inner
arm and
Cut#3 in outer
arm

Cut#l in outer
arm and
Cut#3 in inner
arm

Cut#2A in
inner arm and
cut#4 in outer
arm

Cut#2A in
outer arm and
Cut#4 in inner
arm

Cut#2A in
inner arm
and Cut#3 in
outer arm

Cut#2A in
outer arm and
Cut#3 in inner
arm

Cut#2B in
inner arm and
Cut#4 in outer
arm

Cut#2B in
outer arm and
Cut#4 in inner
arm

Loading
configuration

Vertical

Vertical

Vertical

Vertical

Vertical

Vertical

Vertical

Vertical

Vertical

Vertical

Sieving results in outer arm (%)

Trial 1: Cut#4 (64), Cut#1 (36)
Trial 2: Cut#4 (62), Cut#1 (38)
Trial 3: Cut#4 (63), Cut#1 (37)
Average: Cut#4 (63), Cut#1(37)

Trial 1: Cut#4 (67), Cut#l (33)
Trial 2: Cut#4 (64), Cut#l (34)
Trial 3: Cut#4 (63), Cut#1 (37)
Average: Cut#4 (65), Cut#4 (35)

Trial 1: Cut#3 (63), Cut#l (37)
Trial 2: Cut#3 (67 ), Cut#1 (33)
Trial 3: Cut#3 (66), Cut#l (34)
Average: Cut#4 (65), Cut#l (35)

Trial 1: Cut#3 (62), Cut#1 (38)
Trial 2: Cut#3 (65), Cut#l (35)
Trial 3: Cut#3 (66), Cut#l (34)
Average: Cut#4 (64), Cut#l (36)

Trial 1: Cut#4 (62), Cut#2A (38)
Trial 2: Cut#4 (63), Cut#2A(37)
Trial 3: Cut#4 (64), Cut#2A(36)
Average: Cut#4 (63), Cut#2A(37)
Trial 1: Cut#4 (65), Cut#2A (35)
Trial 2: Cut#4 (61), Cut#2A(39)
Trial 3: Cut#4 (62), Cut#2A(38)
Average: Cut#4 (63), Cut#2A(37)
Trial 1: Cut#3 (58), Cut#2A (42)
Trial 2: Cut#3 (59), Cut#2A (41)
Trial 3: Cut#3 (58), Cut#2A (42)
Average: Cut#3 (58), Cut#2A (42)

Trial 1: Cut#3 (61), Cut#2A (39)
Trial 2: Cut#3 (58), Cut#2A (42)
Trial 3: Cut#3 (59), Cut#2A (41)
Average: Cut#3 (59), Cut#2A (41)

Trial 1: Cut#4 (61), Cut#2B (39)
Trial 2: Cut#4 (61), Cut#2B (39)
Trial 3: Cut#4 (62), Cut#2B (38)
Average: Cut#4 (61), Cut#2B (39)

Trial 1: Cut#4 (61), Cut#2B (39)
Trial 2: Cut#4 (60), Cut#2B (40)
Trial 3: Cut#4 (61), Cut#2B (39)
Average: Cut#4 (61), Cut#2B (39)
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Appendix C: Starch granules combined trials with 50-50% binary mixture by mass ratio,
Cut#2B (1.40 — 1.70 mm), Cut#4 (0.006 — 1.18 mm) horizontally loaded in the V-blender

35

@® Binary mixture, Small on top

< ® Binary mixture, Large on top
£
- x Cut 2B
]
3
= ACutd
=3
g [7] Total weighted average

10

5

0 20 40 60 80 100 120
Revolutions (#)

Appendix D: Starch granules combined trials with 50-50% binary mixture by mass ratio,
Cut#l (2.00 — 2.36 mm), Cut#3 (1.18 — 1.40 mm) horizontally loaded in the V-blender

50
45 &x X @ Binary mixture, Small on top
TR e

—~ 40 ® Binary mixture, Large on top
S ‘
£ x Cut 1
o 35 ~
-] N
‘g 30 A Cut3
s )
g [[1Total weighted average

%5 - s

A
20 G s £ AM’%A A%%QA’%A
15
0 20 40 60 80 100 120

Revolutions (#)
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Appendix E: Starch granules combined trials with 50-50% binary mixture by mass ratio,

Cut#2A (1.70 — 2.00 mm), Cut#4 (0.006 — 1.18 mm) horizontally loaded in the V-blender

40
35
» " @ Binary mixture, Small on top
XX
=30 XK X >2§<X XXX X3
E o P4 %ﬁ&xxg&x%x’«&x X x ?2@3( @ Binary mixture, Large on top
=25 L r x e
% X Cut 2A
2 20
= ACut4d
£
15 [l Total weighted average
10
5

100 120

40 60 80
Revolutions (#)

Appendix F: Starch granules combined trials with 50-50% binary mixture by

mass ratio, Cut#2B (1.40 — 1.70 mm), Cut#4 (0.006 — 1.18 mm) vertically loaded in
the V-blender

35

30 @ Binary mixture, Large in the outer arm
S5 ® Binary mixture, Small in the outer arm
E
()
B20 x Cut 2B
b=
_g' ACut4d

u

<15

[] Total weighted average

0 20 40 80 100 120

60
Revolutions (#)
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Appendix G: Starch granules combined trials with 50-50% binary mixture by mass ratio,

Cut#l (2.00 — 2.36 mm), Cut#3 (1.18 — 1.40 mm) vertically loaded in the VV-blender

55
50 @ Binary mixture, Large in the outer arm
45 M X X X
— SROY X X | % 8 LR ® Bi ; i
% % inary mixture, Small in the outer arm
T | PR
% X Cutl
S
=
= A Cut3
€
<

[[] Total weighted average

0 20 40 60 80 100 120
Revolutions (#)

Appendix H: Starch granules combined trials with 50-50% binary mixture by mass ratio,
Cut#2A ((1.70 — 2.00 mm), Cut#4 (0.006 — 1.18 mm) vertically loaded in the V-blender

40

@ Binary mixture, Large in the outer arm

SOK K s % < @ Binary mixture, Small in the outer arm

Z ) ‘. % Cut 2A
& %

ACut4
A A A A
15 %ﬁﬁ%ﬂmﬁ%@mﬁf 24

IV ] Total weighted average

N
o

Amplitude (mV)
X
X
X
%
f 4

10

5

0 20 40 60 80 100 120
Revolutions (#)
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