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Granular materials make up igrsficant portion of the products manufactured by
a variety of industries, including the pharmaceutical, bulk chemical, food, and
construction industries. Yet, despite the ubiquity of particulate systestising
fundamental understanding of their beloasiis lacking. In the pharmaceutical industry,
agitated drying of active pharmaceutical ingredients (APIs) is often a complex
manufacturing step because it requires a combined understanding of the flow, heat
transfer, mass transfer, and physicochemiagb@rties of granular materiaBuring the
process, a wet bed of APl is heated in a jacketed cylindrical vessel while being agitated
by a rotating impeller until the moisture content is reduced to a desired level.
Complications often plague the procedumejuding issues such as lengthy drying times,
overdrying, nonuniform drying, agglomeration, attrition, and form changes. These
circumstances make agitated drying a complicated process to understand and control.
When considering scale up, these challemgesoupled with the difficulties typically
associated with transferring knowledge from lab scale to pilot or manufacturing scale. As
a result, it can be difficult to design a drying protocol that optimizes performance and can

be translated from scale $eale while minimizing the risk for adverse conditions.



In this work, we decouple the problem and focus on studying the heat transfer
aspect of agitated drying using a combination of computational and experimental
techniques. Morspecifically, we stuigd the influence of material properties and
operating conditions on both the rate of heat transfer and the heating uniformity for a bed
of dry granular material in a bladed mixer. We conducted numerical simulations using the
discreteelement method (DEM) coupled with a conductive heat transfer model to assess
the effect of the material thermal conductivity and the agitation rate on the heating
performance. We also carried out experiments using a labosataly agitated dryer and
an nfrared camera to assess the effect of the agitation rate and compare with the
simulation results. Both the simulations and the experiments suggested that slowly
agitating the bed considerably improved heat transfer, but that rapid agitation did not
alwaysenhance heat transfer. The results indicated that there is a critical rotation rate
beyond which agitating the bed faster did not significantly improve heat transfer and that
the critical rotation rate depends on the thermal conduct¥itiyge material
Additionally, we developed a dimensionless scaling that enabled us to collapse the data
together and obtain an equation relating the heating time of the bed to the thermal
properties of the material and the agitation rate. We also quantified the heafimgiiy
and found that the temperature standard deviation depended on both the thermal
conductivity and the agitation rate. For the parameters studied, we found that the scaling
could be used to approximately predict both the mean temperature of theditbd a
standard deviation over time. Finally, we demonstrated that heat transfer in a bladed
mixer could also be studied using a more theoretical approach by calculating the

conduction and granular convection fluxes in the bed. Overall, the findingsHrom t



work improve fundamental understanding of heat transfer in a bladed mixer and provide
insights into how the performance of agitated filter dryers and apadé these processes

can be optimized.
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1. INTRODUCTION
1.1 Motivation and Significance

The processing and production of granular materials play a dominant role in a wide
variety of industries, including the pharmaceutiddl bulk chemical2], food[3], and
construction industriggl, 5], to name a fey6]. A closer look at the chemical sector shows
that nearly half of manufactured products and over thtesters of raw materials involve
particulates[7]. Yet, despite the ubiquity of particulate systems across nature and
manufacturing industries, a strong fundamental understanding of their behavior is lacking.
Granular materialsare composed of discrete particles, and hence, cannot easily be
represented by continuum mathematical models. The intrinsic stress and contact
heterogeneities that exist within particulate systems make the study of heat transfer in these
materials rathecomplicated8]. Particle interactions can further convolute things as they
make granular materials prone to effects such as agglomeration, attrition, and segregation
[9].

In the pharmaceutical industry, agitated drying of the drug substance, i.e., the active
pharmaceutical ingredient (API), is a manufacturingpsthat requires a combined
understanding of the flow, heat transfer, and mass transfer in granular materials within the
transient system. This understanding, however, exists in a rudimentary form. Agitated
drying is a process in which a wet bed of APHiged using heating and mixing, often
under vacuum. One of the more commonly used equipment units for API drying is the
bladed mixef10]. This geometry can be simplified as a vertical cylindricabekin which
wet particles rest at the bottom of the unit. Heat is typisaipplied via conductiotihrough

a heated jacket around the wall of the vessel while an impeller rotates to distribute heat and



promote evaporation throughout the bed. Heat ars$mansfer occur simultaneously: the
average temperature of the bed rises to approach the temperature of the heating jacket while
the moisture level decreases as the liquid (solvent or watapprates.

Drying is typically one of the last steps in ARhthesis and is arguably one of the
most delicatg¢11]. l'ts success directly ribmgséCOASy t he
and therefore has the potential to affect subsequent manufacturinfflatel3 Selecting
an optimal impeller agitation protocol is a key element of the agitated drying process.
Insufficient agtation can lead to nonuniform drying and hot spots, while too much agitation
can lead to attrition. Attrition affects the particle size distribution, which is often an
important CQA[14]. Finding an optimal agitation protocol that enhances heat transfer in
the bed, while minimizing the potential for attrition andé&mglomeration, is often an
important consideration in agitated drying. Other complications that often plague the
procedure include lengthy drying times, odeying, nonuniform drying, agglomeration,
and form change§l5]. These issues make agitated drying a complicated process to
understand and control. Furthermore, when dmrgig scalability of the process, these
challenges are coupled with the difficulties typically associated with transferring
knowledge from lab scale to pilot or manufacturing scale. As a result, designing an
appropriate drying protocol that optimizes heabhsfer and can be translated from scale to
scale while minimizing the risk for adverse conditions can be quite difficult.

To this day, despite the widespread implementation of agitated drying, fundamental
understanding of how heat transfer, mass transfed changes in physicochemical
properties occur during the process remains limited. The challenge stems from the fact that

too many phenomena occur simultaneously, making it difficult to understand how different



input variables (e.g.: material propesti®perating conditions, equipment scale) influence

the output respectively (e.g.: drying time, product quality). The research presented in this
dissertation tackles this challenge by isolating the different facets of agitated anging
focusing on the ha transfer. This approach significantly simplifies the problem and allows
for a deeper investigation of the contribution of heat transfer during agitated drying. More
specifically, the project consists of studying heat transfer through dry granularaiiateri

a bladed mixer using both numerical simulations and experiments. Of course, heat transfer
is only one aspect of agitated drying and more work is needed to understand how mass
transfer and physicochemical properties of the material influence thespratewever,
fundamental research like this has the potential to greatly aid in the development of more

efficient and robust drying protocols.

1.2 Background: Flow and Heat Transfer in Granular Materials

The presence of particulate systems around us iserteasive than most probably
realize or pay attention to. In our daily lives, granular materials appear in the form of
construction supplies (soil, rocks, sand), cooking ingredients (spices, sugar, flour, coffee,
nuts), and household items (laundry detatgdishwasher cleaner). However, despite the
ubiquity of granular materials, scientific knowledge of their properties and behaviors still
lacks in certain respects. The difficulty associated with granular materials stems from the
fact that they behave riker like a true solid, a true liquid, nor a true gas. One grain is a
solid and behaves as one, but the same cannot be said of a collection of grains. For example,
if a pile of sand rests at a slope below its angle of repose, the material will restdiiet a

despite the gravitational forces acting on it. If the pile reaches a slope greater than the angle



of repose, sand particles will flow down, similarly to a flowing liquid, until the pile reaches
the angle of repose agdib6]. Analogous phenomena are observed in snow avalanches,
where the mass of accutated snow exceeds the resistance of the slope and falls until a
balance can be achieved agfir]. The inability of particulate systems to be classified as
a solid, liquid, or gas has even led some scientists to argue that they should be considered
as an additional state of mat&6].

Granular media consist of a conglomeration of discrete particles. Wétibavior at
the macroscopic scale is often the primary scale of interest, phenomena occurring at
underlying scales can affect largeale behavior and therefore cannot be negldatid
Heterogeneities at the microscopic level can lead to uneven distribution of properties such
as stress at the macroscopic scale. To this end, the characteristics of granular materials must
be specified for either a single particle or bglkantities. A common example is true
density versus bulk densitjl9, 20] The true density of a single particle is easily
measurable if one can obtain a block of continuous material. Obtaining an accurate value
for the bulk density for a particulate system can prove to be more troublesome to measure
because it encompasses sbéd as well as the air between the particles. The amount of air
within the material can be altered if the material is compressible, making the bulk density
highly variable. Inhomogeneities within the material can also make it difficult to obtain a
singlevalue for bulk density that properly represents the material in its entirety.

Acquiring insight into the flow of particulate systems can be a convoluted matter.
Particles in granular media are subjected to body forces, frictional forces, and inelastic
cadlisions and can move using gliding, spinning, or rolling motions. Cohesive forces can

also exist between particles either due to electrostatic interactions or due to the presence of



moisture in the material. The flow of particulate systems has been Ga¢elgaccording

to three regimes: quastatic, intermediate, and rapid fld21]. The quasstatic regime is
characterized by low shear and high concentration, where particles have close nearly
constant contact with their neighbors. On the other end of the spectrum, a rapid flow regime
occurs in conditionwith low concentration and high shear. Considerable experimental and
simulation efforts have been undertaken to improve knowledge of the rheology of
particulate systems in various geometry, including plane sheafZiy23] Couette flow

[24, 25] and rotating drum$§26, 27] Pioneering work by Cundall and Strack on the
disaete element method has greatly benefitted modeling efforts geared towards simulating
particulate systems in these geometj2&s.

Heat transfer through granular material has also been studied extensively but some
scientific findings remain partially empirici8, 29]. Heat transfer in gramar materials is
complex and can take place simultaneously in the form of conduction, convection, and
radiation. Thermal diffusion occurs through a single grain when the core temperature is
different from that of the outer layer of the particle. Conducénsues when particles of
unequal temperature come into contact and exchange heat. Convection occurs between the
solid particles and the fluid in the void spaces. Lastly, heat transfer through radiation can
become important at high temperatu@s Typical mathematical models describing heat
transfer in granular beds are based on those applying to liquids and solids but may contain
fitting coefficients or lumped parameters to better describe the material otséis
interactions with its environment. Due to the discrete nature of granular materials, models
often contain Aeffectived parameters, such

conductivity, to describe heating of the bulk mate3&33]. This is further complicated



by the fact that bulk properties may vary with time if dynamic conditions exist. For
example, thermal conductivity of the bulk is a function of solid conductivity but also varies
according to parameters such as partibpe and sizE84], moisture[35, 36} and void
fraction[37], all of which may change with time during agitated drying.

Several dimensionless groupgist to describe how the different modes of heat
transfer scale in traditional states of matter, such as solids, liquids, and gases. For example,
the Peclet number describes the ratio of the heat transferred through the motion of a fluid
to the heat trasferred by thermal conduction. The Biot number refers to the ratio of the
heat transfer resistances inside of a solid and at the surface of a solid. The Nusselt number
is the ratio of convective to conductive heat transfer at a boundary in a fluid. In the
literature, several studies have proposed methods to adapt the use of these dimensionless

groups to granular materigi38-40].

1.3Background: Agitated Drying of Active Pharmaceuticallngredients

Despite the challenges associated with working with particulate systems, they
remain an essential part of the pharmaceutical industry. Oral solid dosage forms such as
tablets and capsules account for 80% of products for US consurfijtiand many of the
APIs and excipients used to make these drug products exist in the form of powders. As a
result, particulates are widely present throughout the drug production chain, in steps such
as drying, milling, granulation, blending, and tablet caotn [1]. Once the API is
synthesized, it is purified and crystallized to achieve the appropriate crystal form. After

crystallization, the produced slurry must be filtered and dniexntder to obtain a flowable



API powder that can later be blended with other excipients to form a drug product that can
be pressed into tablets.

While a variety of drying equipment are used in the pharmaceutical industry, one
of the most popular types a bladed mixdd.0]. The apparatus is composed of a cylindrical
vertical vessel with a heated jacket and an impeller, which can also be heated in some cases.
The bladed mixer geometry offers severatable benefits in terms of design, such as a
high thermal efficiency, the ability to process a wide variety of materials, low cost of
operation, and environmental advantadds. Furthermore, it can be equipped withiter
(in a unit called an agitated filtdred dryer) and thereby enable API filtration to be carried
out in the same unit prior to dryirfg2]. Using the same unit for multiple stages of the
process is a tremendous benefit becéiuseluces the potential for product I@ssd limits
the risk for worker exposure to potent and possibly toxic materials that can occur when
transferring material to a different equipment.

Drying of granular materials is a complex dynamic problem in which heat transfer,
mass transfer, and sometisng@hysicochemical changes occur simultaneously. Heat
transfer in agitated drying can ocqmmarily via twomodes: conduction and convection
[8]. Conduction occurs as the vessel wall jacket supplies thermayetoethe layer of
adjacent particles. Partiete-particle conduction also exists when particles collide and
exchange energy through the surface area in contact. Convection takes place between the
fluid and the adjacent particles. Radiation would becsigmficant only if the processing
temperatures were much higher than are currently used in the pharmaceutical industry and
SO its contribution to heat transfer can be deemed insignificant compared to that of

conduction and convectida3].



Mass transfer during agitated drying occurs as the solvent permeates through the

particle bed and evaporates. This procesmplex as the changing levels of solvent
during drying affect the degree of cohesion between the particlessigniicantly
influences how the bed flows. At the beginning of the process, the bed is very wet and

solvent at the surface of the bed readily evaporates so the drying rate is relatiyé4j fast

The high solvent content in the bed lubricates the particles and allows them to slide easily

past each other, leading relatively good flowabilityf45]. As the drying front advances,
it becones increasingly difficult for moisture to reach the surface leading to the formation

of wet pockets of solvent within the bgtb]. Mixing enables a more even distribution of

moisture across the bed by breaking these pockets of solvents and promoting mass transfer

to the free surface. This intermediate stage of moisture level, where tlsenadtther very
wet nor very dry, i's termed the fAsticky
exists amongst particles during this stpgd. Thin liquid bridges form between particles
such that two united neighboring particles experience a stmmgsive force preventing
them from detaching. The flowability of the powder during this phase of drying is poor and
mixing often leads to agglomeration of particlé8, 49] Further drying of the bed helps
reduce the cohesive forces induced by the liquid bridgesrardve the flowability of the
granular material50]. Eventually, the rheology of the bed approaches a more frictional

flow. At this point, too much mixing when the material is dry may result in attrition, as

shear forces from fast or | ong mixing may

crystallattice[51].
Many complications can occur during agitated drying. Because APIs tend to be

temperaturesensitive, heating must be carefully monitored and controlled to prevent



degradation of the APgeneration of impurities, loss of crystallinity, nonuniform drying,
or incomplete drying15]. A desired final liquid content must be decided upon in order to
design the heating protocol, as insufficient drying can result in: a) the presence of water
that can lead to microbial growth that can contaminate the product or jeenge of
residual solvents that exceed allowable toxicity linf8]. Differentiation between free
surface moisture and bound moisture in the drug substance must also bshesi&d].
Heating temperatures are typically kept at low levels, as using elevated temperatigres co
destroy the chemical stability of APl and hinder the therapeutic abilities of the molecule.
In addition to damaging the API, high temperatures could increase the solubility of the API
in the remaining solvent, leading to partial dissolution of the @&l the formation of
agglomerates[54]. Unfortunately heating large quantities wfet material at low
temperatures can lead to exceedingly long drying times, especially at the pilot plant level
or at the industrial scale. In fact, API drying is known to be a lengthy process that can
sometimes bottleneck the manufacturing chjail]. Depending on the market demand of
the drug and the rate at which it needs to be supplied, such lengthy processsngaiyne
be prohibitive. Additional physicochemical changes occurring during drying may lead to
potential complications and must be considered if the API in question is a hydrate or
solvate, or if it has multiple polymorphs. If the desired form of an APlhgdaate or a
solvate, then one must be careful not to alrgrthe material55]. Polymorphism changes
during drying can also impact crystal morphology, as shown for cubic and 4ti&edle
particles by Lekhagt al.[51].

Agitated drying can influence the CQAs of the APl and tmihgrefore be

conducted carefully. For example, if agglomeration or attrition occur during the process, it
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can change the particle size distribution of the API. Particle size can affect how readily an
API dissolves in gastrointestinal fluids, and therefanfluences its bioavailabilit{s6,

57]. Large particles of APl may be unable to dissolve quickly enough in the human body
and may thereforeat achieve the desired therapeutic efféé. While smaller particles

are typically desirable for bioavailability purposes, they can often cause processing
problems. Fine particles are known to fodost that endanger the safety of operators, are
susceptible to electrostatic or cohesive forces, and tend to séglifmment surfacgs8].
Attrition can also form multimodal particlsize distributions which can affect the
downstream stages of manufacturing, such as blending with excipients prior to tablet

compressiof59].

1.4 Literature Review: Experimental Work

Significant experimental work has been done to improve process understanding of
the different phenomena occurring during agtidrying. To overcome the challenges
associated with understanding the process, some researchers have simplified the problem
by isolating individual elements of drying and studying them on their own. For example,
Lambertoet al.[15] conducted experiments where they investigated form conversion and
solvent entrapment duriragitated drying at different scalésn Endeet al.[10] described
different moisture regimes (pendular, funicular, capillary) that occur during drying and
found that torque measurements could be used as a tool to determine when to agitate to
mitigateattrition and agglomeration based on these regimes. Leklal[47] discussed
the competition between attrition and agglomeration during drying and sedtiedtthey

happen based on the moisture content and whether it's above or below a "critical" moisture
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level. Papageorgioat al. [54] developed a screening protocol to deternthree rik for
agglomeration during agitated drying. They found that a resonant acoustic mixer could
replicate the conditions that are conducive to granule formation in an agitated dryer and
could be used to study agglomeration of APIs using a smaller quantitstefiah. Remy

et al.[60] studied segregation of pates using dry glass beads in an agitated dryer. They
found that the degree of polydispersity of the material strongly affects its propensity for
segregating. The influence of impeller properties on the rate of mixing have also been
examined. For exampl®&oonkanokwonget al. [61, 62] carried out experiments where
they tested the mixing performance of impellers with different numbers of blades and
several blade angles in a laboratsogle agitated dryer. Sahet al. [63] conducted a
parametric investigation of the operating conditions that affect drying performance. More
specifically, they quantified the effeof the wall temperature, the impeller speed, and the
fill level of the material on the drying performance of an agitated filtger.

Over the recent decade, the pharmaceutical industry has worked toward
incorporating numerous process analytical technologies (PAT) into their unit operations to
track the drying process. For example, as was previously discussed, torque is often used as
a tool to predict agglomeration and attrition in the particle bed during drying. Near infrared
spectroscopy (NIR) has also been used to monitor drying prodédsesb] Zhouet al.

[53] discussed how NIR could be used to determine and differentiate surface and bound
water in drug substances. Heat transfer during drying is often quantified by recording the
temperature of the bed over time. Typically, thermocouple grateinserted into the bed

and measure the temperat[66, 67] The challenge with using thermocouples stems from

thefact that they can only provide a temperature measurement at a single point in the bed.



12

As a result, the location of the thermocouple in the bed could significantly influence the
temperature measurement, particularly if the bed temperature is not céynpleterm.
Additionally, temperature data measured from thermocouples can only be collected when
there is no agitation or else if agitation is applied, the thermocouples should be positioned
at a point above the agitator so that they are not disturb#uelyotion of the impeller.
Otherwise, the probe could act as a baffle and influence the flow of the particles. Fewer
studies report on the use of noninvasive temperature measurements in agitated drying
processes. Thermal imaging using an infrared (IR)ectamhas been used in other
equipment, like a rotary drum for exampi8]. IR imaging works by measuring infrared
energy and reporting it as a temperature value. Itapture temperature data for an entire
surface and can therefore provide large amounts of informatpantil now, little work
had been published on the use of infrared imaging as a PAT tool for agitated drying.

Scale up of agitated drying is an important consideration in the pharmaceutical
industry. Scale up is challenging because several factors change as a furerfigproent
scale, such as the amount of material that needs to be dried, the shear forces in the particle
bed, the hydrostatic pressure in the bed, the rate of mixing, and the surface area available
for heat transfer among others. Lambestal. [69] carried out experiments where they
studied hydrostatic forces in agitated dryers at the laboratig and the pilgblant scale.
They placed a weight onto a particle bed in a laboratoayeagitated dryer and showed
that this method could be used to reproduce the large hydrostatic forces experienced by
particles in the pilot plant. Am Endat al. [10] used a similar experimental setupdan

described a protocol to predict eaal[7OQPI 6s

P
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further expanded on that work by using torque measurarteebrrelate the amount of

shear stress experienced by the API particles tdelyese of attrition.

1.5 Literature Review: Modeling Work

Another technique that researchers aseng to study the underlying physics of
particle beds in agitated dryers is mathen
Apenetrati on ofpatelesiundergoesva sdaquemce af static heating with
intermittent mixing stepg/1]. During the static period, heat penetrates through the wet bed
and is modeled as a drying front. Mixing is modeled with eiggdirelations based on the
Froude number and the contact time between the bed and the geometry. However, despite
their ease of use, penetration models have several limitations. Not only do such models
require adequate experimental data in order to fonctbut they also fail to provide
information about particle property distributions, and may be difficult to apply for scale up
scenariog72]. Additionally, their accuracy is particularly limited for scenarios where
complexities such as particle agglomeration ocfiB%

Due to the discrete nature of particulate materials, there has been a shift in the last
decades towards exploring models that make use of the discrete element method (DEM).
DEM modeling employs atimet eppi ng al gorithm thatf integ
motion for each particle in the system and
velocity, and resultant forces at a given tifp8]. The concept of DEM modeling is not a
new one, as it was first introduced in the 1970s by Cundall and 388f;Kkout recent

technological advances and improvements immatational power have increased the
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usefulness of DEM modeling and have made it a promising and popular tool to study
particulate systems.

DEM modeling has been successfully leveraged to evaluate the effect of numerous
parameters on flow and mixing ofegrular materials in bladed mixers. Notably, the effects
of particle polydispersity, particle shape, fill level, impeller positioning and rotation rate,
number of impeller blades, particle and wall friction, and moisture content have been
reported in litereure [60, 61, 7479]. These studies have generated valuable insights into
understanding how different operating parameters can influence mixing efficiency and
flow behaviors such as cohesion, segregation, and attrition. For example, ineRamy
[78], DEM modeling was used to demonstrate how the fill height of the material and the
vessel diameter affect mixing patternsd agfficiency, particle velocities, torque, and
hydrostatic pressure in the bed.

At the same time, considerably less DEM modeling work has been carried out for
heat transfer in bladed mixers. In the past, DEM modeling efforts for heat transfer in
granulamaterials have focused on geometries, such as rotary (48n&0-83], fluidized
beds[84], chute flows[85], pneumatic conveyin§B6], shear flows[39, 87] or static
packed bed§33]. Prior to this research, few publications existed on DEM modeling for
heated bladed mixer€haudhuri et al [11] have done simulations where they modeled the
drying process taking into account heat transfer between particles, heat transfer through the
liquid, evaporation of the liquid, and the effectliquid on the flow of the particles. This
leads to a fairly coplex model with a number of unknown or adjustable parameters. It is
therefore challenging to validate the model difficult to examine howhe resultchange

with scale. In this work, weisea simpler model where we onbonsiderheat transfer
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betweerthe particlesto shed light orthe effect of materiglropertiespperating conditions
and scalen the heating proces€8y focusing on heat transfenly, weisolateone aspect
of the drying procesandwe can more readily do validation experimefitss possible for
later work tointegratemass transfer and contrast the case of heat transfer alone with the

more complex case of drying.

1.6 Remaining Questions

Despite the widespreadmplementation of agitad drying, fundamental
understanding about how heat transfer, mass transfer, and changes in physicochemical
properties occur during the process remains limited, particularly when it comes to scaling
up the procesg0]. The research presented in this dissertation focusesestigatinghe
heat transfer aspect of agitated drying by studying dry granular material in a bladed mixer.
This approach simplifies the problem significantly and allows for a deeper analylsés of t

underlying phenomena. The objective of this work is to answer questions such as:

How do material thermal properties play a role in how a material heats up in a

bladed mixer?

- Which operating conditions influence heat transfer?

- How can operating protocadbie optimized to maximize the rate of heat transfer
while mitigating the risk for adverse effects?

- How does heat transfer change during scale up of the process?

- Can thermal imaging be used as a noninvasive PAT tool for quantifying heat

transfer in a blademixer?
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Chapter2 of this dissertation provides an overview of modeling and experimental
techniques used in this work. The methods section for the numerical simulations includes
a description of the heat transfer theory and the contact model usedwoithias well as
the input parameters. In Chapter 3, DEM modeling is used to investigate how the thermal
properties of a material and the agitation rate influence heat transfer in a bladed mixer. The
effects of these parameters on both the average tenmeeratbe bed and the temperature
distribution is analyzed. Nondimensionalization of the system is also discussed. Chapter 4
presents heat transfer experiments carried out in a labosataly agitated dryer using an
infrared camera. The experiments qifsirthe effect of the impeller agitation rate on the
surface temperature of the bed and its uniformity. Comparisons with the modeling results
are also presented. Chapter 5 describes how the model is applied to study scale up of the
process. More specifidgl DEM simulations are conducted to investigate hbefill
height and the mixer diameter influence heat transfer through a particle bed. Chapter 6 uses
a fundamental approach to explore heat transfer theory for granular material in a bladed
mixer by conputing the conduction flux and the granular convection flux for different
scenarios. Finally, Chapter 7 summarizes the significant findings and important

conclusions from this work and provides suggestions for future work.
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2. NUMERICAL AND EXPERIMENTAL METH ODS

2.1 Numerical Methods

Simulations were conductesing the commercial software EDEMwhile data
analysis and visualization was carried out using MATEABDEM® models each
particle as a distinct entity and considers a granular material to be an assktinebe o
particles. EDEM relies on a timestepping algorithm to update the position and velocity
of each particle. We assume roohesive particles and utilize a contact model based on
HertzMindlin theory[88] and a conduction heat transfer model. The model is applied to
an agitated dryer geometry. Such dryersfairgy simple in form in that they can be
approximated as a cylinder with a rotating impeller with heated jacketed walls. Figure 2.1
depicts a general visual of the bladed mixer simulated in this work. Table 2.1 provides
the corresponding values for thiengénsions shown in the schematic for our base case
simulations. The base dimensions were chosen to approximate a labscatierpladed
mixer, although other dimensions were also used to study scale up in Chapter 5 (see

Section 2.1.3).

Figure 2.1: Modeling approximation of the bladed mixer system.
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Table 2.1: Geometry dimension of agitated bed dryer for DEM simulations

Parameter (units) Symbol Value
Vessel diameter (mm) Do 50
Impeller diameter (mm) D1 5
Blade length (mm) L 22.5
Blade to top of vessel (mm) Ho 102.5
Blade height (mm) Hi 10
Blade to wall gap (mm) H2 2.5
Blade to bottom gap (mm) Hs 2.5
Number of impeller blades - 4
Impellerblade angle (degrees) - 45
Direction of blade rotation - Counterclockwise

2.1.1Flow and Contact Model
EDEM® enables the computatianf parti cl e dynamics by ir
| aws of motion to obtain information about

resultant forces. Equations 2.1 and 2.2 describe the motion of each particle:

0 E @] @) a Q (2.1)
& o s
25 l (2.2)

whered is the mass of particl@ is the velocity of the particl@is time, andQis the
acceleration due to gravifOD and™O are the normal and tangential forces,
respectively, resulting from the contact between parialed QIn Equation 2.2.Q1
andi are the moment of inertia, the angular velocity, and the radius of the patrticle,

respectively. The stress terin, , is obtained from

t © 0T (2.3)



19

where' s the rolling friction coefficientThe default contact model in EDEMor non
cohesive material is based on Havtindlin theories[88], where colliding spheres
experience a deformation related to the force of the contact. The normal component of

the contact forcéO is obtained byequation 2.4 below:

o o’ ri] (2.4)
where'Q is the normal stiffness coefficient, is the normal displacement, andis the
normal damping coefficient. The normal stiffness coeffici@nis given by

. O ql
0 —

, (2.5)
op

whereOi s t he Y oungbis therRoidson ratis. The affedive radius of the

particles in contact, denoted by, which is obtained from
i T (2.6)

withi andi being the radius of particl@nd QrespectivelyThe normal damping
coefficient’ is given by Equation 2.7.

o aQ
T — 2.7)

whereQis the coefficient of restitution.
The tangential component of the contact fofCeis given by the following
equation:
o o ri1 7 (2.8)
where'Q is the tangential stiffness coefficient, is the tangential displacement, andis

the tangential damping coefficient. The tangential stiffness coefficient is calculated from
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o SO (2.9)

where"Ois the shear modulus of the particle. The valu®sf assumed to be the same for

all particles. The tangentidisplacemernt is described:

1 U QO O 0 zZi 11 11 Q0o (2.10)
whereb s the relative tangential velocity, which in turn is defined by the velogity
radiusi , and angular acceleratipnof the particles. The parameteis the tangential
decomposition of the unit vector connecting the center of the particles in contact.

EDEM® updates the position and velocity of each particle using adiepping

algorithm, as shown by Equations 2.11 and 2.12.

v

wd YO wo 0voYo (2.11)

VO Yo 0o GoYo (2.12)
The variablendenotes the particle position atids the particle acceleration resulting
from a time chang¥®0. The time step needs to be small enough to ensure numerical
stability and accuracy but not so small that the computational time becomes prohibitively
long. Typically, the default time step value is chosen to be 20% to 30% of the Rayleigh
time [89]. The parameter values needed for the model are displayed in Taldlbe.2.
parameter value for thelling friction coefficient the sliding friction coefficientand the
coefficient of restitution were selected according to prevesgerimental and modeling
work by Remyet al.[79, 90]

Table 2.2: Parameter values for DEM simulations.

Parameter (units) Symbol Value
Wall temperature (K) Y 323
Initial particle temperature (K) Y 298
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Agitation rate (rpm) 1 0-100
Total number of particles 0 5000
Mean particle diameter (m) Q 0.0@
Mean particle radius (m) i 0.001
Particle size distribution type - Normal
Particle size distribution standard deviation (m - 0.00@
Particle size distribution bounds (m) - 0.0016 t00.024
Particle thermal conductivity (W/mK) o) 0.1- 100
Wall thermal conductivity (W/mK) Ko) 30
Particle density (kg/m3) ” 2200
Specific heat capacity (J/kg K) 0 840
Rolling friction coefficient 0.005
Sliding friction coefficient 0.5
Coefficient of restitution Q 0.6
Poisson ratio ’ 0.25
Elastic modulus (Pa) O 6500000
Shear modulus (Pa) O 2600000

2.1.2Heat Transfer Model and Assumptions

Heat transfer in dladed mixer systeroan take place in the form of conduction,
convection, and radiatioim this work, only particlgparticle and watparticle conductive
heat transfer was considered. Heat transfer through an interstitial fluid wamdeked
Conduction in a bed of partes is made up of two contributions: a direct mechanism or
direct conduction through the contact area between the particles and an indirect mechanism
or indirect conduction through the thin layer of interstitial fluid between the two particles
[91]. The work presented in this dissertation serves as a first step to understanding heat
transfer between the particles withole tcomplexities of the interstitial fluid. This work
therefore only models direct conduction through the contact area between the particles.
While this assumption may not be valid for certain casesagipsoach of isolating heat

transfer between partidefirst may provide insight into the contributions of direct and
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indirect conduction (conduction from one particle to the fluid to another particle). In
addition, a wide range of thermal conductivities have been sttmlieglto capture cases
where the ograll heat transfer is larger than would be due to direct conduction.
Furthermore, the hope is that like in classical heat transfer, further work on direct and
indirect conduction will lead to values for lumped, average, or effective thermal
conductivitiesor heat transfer coefficients that can be used in a dry particle simulation.

In this system, heat was supplied from the vessel wall/bottom, which was assumed
to remain at a constant temperature valuéYo{Table 2.2) Heat losses to the outside
enviraonment were not considered. The contribution of radiation to the overall heat transfer
would become significant only if the processing temperatures were much higher than those
generally used in the pharmaceutical industry, so it was deemed nedi@iplEor those
reasons, partickparticle conduction and waglarticle conduction were assumed to be the
dominant modes of heat transfer in our systeanticleto-particle conduction ensues when
two particles of unequal tempeuagscollide and exchange energy through the surface area

in contact The heat fluxd exchanged by two particlég&and Qs [8]:
0 O Y Y (2.13)
where”Y and”Y denote the temperature of each particle @ndis the heat conductance

between them. Batchelat al. [92] defined the conductance between two touching

particles with a circular contact area as:

0 Qo (2.14
where the conductance is a function of the effective particle thermal condudv;isnd
the contact radiusd , between particle€and’QThe effective particle thermal conductivity

is obtained from
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2 a0 2.15
0 O (2.15)
whereQ andQ are the thermal conductivities of particl€and 'Qrespectively. In this

work, we assume that all particles had the same conductivity, suc@thd® Q

The contact radius is given by

o0 i
10

(2.16)

where™O is thenormal force as defined by Equation,2.4 is the geometric mean of the
particles radii as defined by Equation 2&hd O ist he effective Young
obtained from
(¢) ﬂ (2.17)
0 ©
whereOandOar e the Youngés modulus of particle

the Youngb6s modulus is assumed G oOb® the s

Figure 2.2 illustrates the contact radius between two spherical particles.

Figure 2.2: Particle collision with contact radius=|= and normal overlap#. .

The temperature evolution of partié{es given by:

~
g

v
Qo " w0

(2.18
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where0 is the heat flux exchanged from each contéctis the number of touching
neighboring particles; is the particle densityp is the particle volume, and is the
specific heat capacity.

The equations for the heat flux between a particteaamall,0 , can be defined

as[93]:
. T Ay Y
' T p (2.19)
Q Q

where"Y is the temperature of the wall ai6?l is the thermal conductivity of the wallhe
temperature evolution of particl@s given by:

QY 0
Q0 " wod

(2.20

The heat transfer equations were addeBDEM® to allow for both the position
and temperature of particles to be tracked with time. Relevant parameter values for our
base case material (glass beads) are included in Table 2.2 in Section 2.1.1.

The particles studied in this series of simulagigrere &sumed to be perfectly
spherical and have the same physical properties, such that the thermal condQctivity
Q Youngo6® rnpdensity'u s”,andspecific heat capacity 6 . Overall,
the chosen parameter values for our base @aseonsistent with the properties of glass
beads. The Youngdés modulus wused in the DE
beads to decrease the computational time, although the resulting percent overlap between
particles were found to be small rela&tito the radius of the particles. Previous work has
shown that modi fying the Youngobés modul us

velocity profiles, and interparticle shear stresses forautresive particlept8]. For heat
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transfer, the dependence between the cont
influences the heat conductarioe However, because heat conductance also encompasses

the thermal conductivity (Equation 2.14), it can be assumed that testing a wgeeofan

thermal conductivities in this work effectively approximates cases for soft and hard
particles in terms of effective heat transfer. Moetisl.[94] describe a good solution for

dealing with the artificial softening where they propose to apply-tand areacorrective

approaches to compensate for the greater contact area and time induced by artificel particl
softening and thereby remove the impact it has on conductive heat transfer.

Particle sizes were chosen to have a normal distribution with truncated bounds to
avoid abnormally large or fine particles (see Table 2.2). Initially, monodisperse particles
weresimulated, but it was found that the scenario without agitation resulted in crystalline
packing, leading to voids in the bed and unrealistic heating of isolated particles in contact
with the walls. A similar phenomenon was observed by Eready.[43], where agitation
of monodisperse particles in a rotary drum led to unexpected flow patterns due to the
packing. Based on this, some polydispersity was incorporated into the system, which is
also more representative of typigadustrial pharmaceutical materials. The mean radius of
the particles was selected to be small enough to obtain an adequate number of particles in
the bed while also ensuring that the computation time would not be prohibitively long.
When modeling a shallbed, the fill height of the bed covered the blades of the impeller.
The work in Chapter 3 simulated a relatively small number of particles in order to be able
to carry out many simulations to investigate a wide range of thermal properties and

agitation ates.
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The aim of Chapter 3 was to analyze and quantify the effect of agitation rate and
thermal properties on heat transfer. Agitation rates ranging from 0 rpm to 100 rpm were
investigated. Although agitations rates of 100 rpm may seem fast, it is mgdessate
that scaling blade tip speed may be more relevant than scaling impeller rotation rate. For a
small geometry scale such as the one used here, particles mixed at 100 rpm can experience
tip speeds comparable to those mixed with slower rotatios edtéarge manufacturing

scale. In terms of studying the thermal properties, Equations 2.13, 2.14, and 2.18 suggest

that heat transfer is governed by the ratioand that doubling the conductivity or halving

the specific heat capacity should be slaene[43]. Simulations were run to confirm this,

so this work therefore focuses on varyigrhe thermal conductivitidsthat were studied
ranged from 0.1 W/mK to 100 W/mK. For comparison purposes, the solid condustivitie
of wheat flour, glass, stainless steel, and zinc are 0.45 W/mK, 1 W/mK, 16 W/mK, and 116
W/mK respectively[95]. In Chapter 4, we discuss experimental validation of the

simulations presented in Chapter 3.

2.1.3Modeling Scale Up

Chapter 5 investigates haseale up influences heat transfer through dry
cohesiofess granular material in a bladed mixer. More specificallyHiiieandD/d
ratios were varied to analyze the influence on the rate of heat transfer in the bedDThe
ratio refers to the material fill height in the bddlivided by the diameter of the vesgel
TheD/d ratio represents the diameter of the vessel divided by the average particle
diameterd. These ratios are common metrics when considering the scaleypadess

in a cylindrical vessdl78]. In agitated filter dryers, thid/D ratio is known to be a
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particularly important scaling relationship, as increasing the fill level of the bed increases
the hydrostatic pressure and can affect the rate of particle atf#p@0] TheD/d ratio

is a common scaling ratio that changes when comparing results for a material obtained
from laboratoryscale equipment versus pHstale or manufacturingcale equipment.

In the simulations investigating the H/D ratio, the fill level of material was varied
by changing the number of particles in the system, while keeping the vessel diameter
constant. The vessel diameter was that of a laboratmle mixer (Table 2.1). Thange
of fill heights studied was 2.1 cm (shallow bed with just enough material to cover the
impeller blades) to 14.5 cm (deep bed), leading to H/D ratios ranging from 0.42 to 2.91.
In the simulations investigating the influence of the D/d ratio, we caotied linear
scale up of the system where all dimensions were increased while the particle diameter
was kept constant. The vessel diameters studied ranged from 5.0 cm to 12.5 cm, leading
to D/d ratios ranging from 25.0 to 62.5. The vessel dimensiond lisfEable 2.1
represent the smallest vessel we tested, which describe a lab@ctrywessel with a
D/d ratio of 25.0. The larger vessels we simulated were linear scale ups of the laboratory
scale vessel. More specifically, the dimensions of the \@sstil D/d = 37.5, 50.0 and
62.5 had 1.5x, 2.0x, and 2.5x times the dimensions of the small vessel in Table 2.1. The
only dimension parameter that was kept constant across the different vesséls was
which is the size of the gap below the impeller béad@lis method of studying scale up
using the D/d ratio in a bladed mixer is consistent with previous work carried out by
Remyet al.[78]. Studying larger vessels to model manufacturing scale systems, while of
interest, was too computationally expensivedarent resources. The number of

particles in the model varied from 4,500 to 78,050 dependirigeofill height and the
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vessel size simulated. The parameter values for the material modeled in these simulations

are listed in Table 2.2 above.

2.2 Experimental Methods

Experiments using a laboratesgale agitated bed dryer were conducted to better
understand how operating conditions influence the rate of heat transfer in a bed of particles.
Additionally, the experimental results served to validate the numerical mesi&iibedn
Section 2.1. Most othe equipment used in this work was provided by a pharmaceutical

company as part of an ongoing research collaboration.

2.2.1Experimental Setup

The experimental setup is shown in Figure 2.3 and Figure 2.4 below. The
equipment includes a Chemgl&sylindrical glass vessel with a heating jacket, an
80/2¢° aluminum frame, a stainless steel impeller shaft with 2 blades, a fMaxotor, a
Hubef® circulator, a thermocouple, and a Red 'tbtuman Machinénterface (HMI).
The glass vessel has an internal diamet&ahm and a height of 170 mm. The impeller
shaft has a width of 12.5 mm. The two blades have a total length of 45 mm, a height of
15 mm, and an angle of 60°. The clearance between the bottom of the vessel and the
bottom of the blades is 10 mm. The frartensg holds the motor in place and permits
adjustment of the motor in 3D above the vessel. The impeller shaft was connected to the
motor using a rigid coupling to prevent the impeller from wobbling and accidentally
hitting the vessel walls. The circulatcedts liquid in a bath and circulates it to the

v e s s e |l 6jackehva insulatagipes. The fluid inside the circulator was deionized
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water with a few drops of algaecide from PolySciértoeprevent microbial growth
inside the circulator antthe heatirg jacket. The HMI serves as an equipment controller
and a data recorder. It is programmed to control the motor speed, set the circulator

temperature, and record the temperature data from the thermocouple.

Figure 2.3: Experimental setup of the agitated dryer system. The image shows the
cylindrical vessel with the heating jacket, the impeller, the motor, and the aluminum

stand.



30

2

Figure 2.4: Overview of the experimental setup. The image shows the agitated dryer
system, the HMI, and the circulator.

The material used in the experiments was dry sphericallsodaylass beads
from Mo-Sci® (GL0191). Glass beads are often used as a model for granaterials
since they can exhibit flow behaviors similar to pharmaceutical powders. Figure 2.5a and
Figure 2.5b depict images of the glass beads taken using a regular camera and an optical
microscope, respectively. Overall, the beads are relatively snanot cohesionless. The
material properties of the glass beads and the operating conditions are provided in Table
2.3. The material specifications were provided by the suppler material used in the

experiments was agceived.
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Figure 2.5: (a) Glass beads used in the heating experiments. (b) Optical microscope

image of the glass beads. Image credit: James Scicolone.

Table 2.3: Material properties of the glass beads and operating conditions.

Parameter (units) Symbol Value
Mean particle diameter (mm) Q 0.1
Particle size range (mm) - 0.09- 0.106

Particle density (kg/f) " 2500
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Bulk density (kg/m) " 1423
Jacket temperature (K) Y 323
Agitation rate (rpm) 1 0, 5, 10, 25, 100
Material fill height (mm) O 35

Bed mass (kg) 0 0.106

Temperature was measured in two ways during the experiment: with thermocouples
and with infrared imaging. One thermocouple was used to recostfatigmg temperature
of the beads before each experiment while another was used to measure the room
temperature during the experiment. The bed surface temperature was measured using an
infrared camera that was positioned above the vessel. Infrared meastg@mare carried
out using a FLIR C3 camera with 80x60 thermal resolution. Figure 2.6a and Figure 2.6b

show the experimental setup for the infrared camera.

Figure 2.6: (a) Side view and (b) top view of te experimental setup with the

laboratory-scale agitated dryer and the infrared camera.
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2.2.2Experimental Procedure

First, the vessel was secured tofilaene using a clamp and the assembly was
leveled with a bubble level. A set mass of glass beadsweigded and was placed into a
beaker until the start of the experiment. A thermocouple was inserted into the beaker to
measure the initial temperature of the glass beads. The temperature of the circulator was
set to 50°C using the HMI. The impeller was reated to the motor using the bearing.
The positioning of the motor and the impeller were adjusted such that there was a 1 cm
gap between the bottom of the blades and the bottom of the vessel. The infrared camera
was attached to the tripod and was placea imarked position where the entire surface of
the bed could be viewed from the top. The motor rotation was set to the desired agitation
rate using the HMI. When the setup of the experiment was ready, the beads were
carefully poured inside the vessel @ahd HMI started to log data from the motor, the
circulator, and the thermocouple. The infrared camera captured an image of the bed
surface every-iinute for the duration of the experiment. Each experiment was carried
out for 40 minutes. At the end, the Hibfata logging was stopped, the motor was turned
off, and the circulator heating was shut off. The vessel was disassembled from the frame,
and the beads were emptied out into a separate container. The vessel was cleaned with a
vacuum to remove any remaigiparticles. The data from the HMI were extracted using
a USB stick. The images from the infrared camera were uploaded onto a computer.

The goal of the experiments was to evaluate the effect of the impeller agitation
rate on the rate of heat transfer ie Hyitated dryer as well as the heating uniformity.
Experiments were conducted for five different agitation rates: O rpm (i.e.: no agitation), 5

rom, 10 rpm, 25 rpm, and 100 rpm. Each experiment was done three times, generally
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backto-back. Before starting new experiment, the impeller was left to cool down until

it returned to room temperature. The reason for this is because we had found during
preliminary experiments that the initial temperature of the impeller significantly

influenced the results. Bylaling the impeller to start at room temperature each time, it
allowed us to remove a variable that could have introduced experimental error into the
results. Similarly, a new batch of glass beads was used for each experiment to ensure that
the material strted at room temperature each time. The temperature of the laboratory
varied from dayto-day, so we made sure to record the room temperature for each

experiment.

2.2.3Analytical Procedure

The infrared images were analyaegsing the software FLIR ResearchlR. Each
pixel in the image has an associated temperature measurement. In this work, we were
only interested in collecting information about the bed surface. Other regions of the
image (i.e.: the edge of the vessel anddbebench as shown in Figure 2.6b) were not of
interest. The first step of the analysis was therefore to extract the temperature data of the
bed surface and to crop out the rest of the image. The software allows the user to draw a
Aregi on of )dnthe imagead export dat@ for that region. After selecting
the ROI, the temperature data for each pixel in the ROl were exported as a .csv file and
MATLAB ® was used to compute the mean temperature and the standard deviation of the
bed surface. The pcedure was repeated for each image (i.e.: each time point) for all

experiments.
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Initially, we drew a circular ROI on the surface of the bed around the patrticle bed
to perform our analysis. The circle also included part of the impeller shaft. Unfortunately,
we noticed that the impeller shaft did not always have the same temperature as the bed
and that it could affect the results. Removing the impeller shaft from each image-is time
intensive so we sought to quantify the extent to which the shaft influeneeésthts. We
selected images from a case where the impeller shaft was particularly prominent (trial 1,
25 rpm agitation rate) and carried out our analysis for a circular ROI with the impeller
and a polygon ROI without the impeller. The circular and poty8O@Is are illustrated in
Figure 2.7a. Figure 2.7a and Figure 2.7b show the influence of the shaft temperature on
the mean temperature and the standard deviation of the bed surface over time,
respectively. We see in Figure 2.7a that the effect of the ien@aft on the mean
temperature results of the ROl is relatively negligible. Overall, the mean temperature of
the ROI with the impeller is slightly lower than when the impeller is removed. However,
the difference between the circular ROl and the polyg@hin this analysis is fairly
minor. By contrast, we observe in Figure 2.7b that the impeller shaft strongly influences
the results for the temperature standard deviation. We see that the standard deviation for
the ROI with the impeller is considerablyghier than the ROI without the impeller

throughout the heating process.
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Figure 2.7: Effect of removing the contribution of the impeller on (a) the mean
temperature of the surface, (b) the standard deviatiomwf the surface.

Upon seeing the results from Figure 2.7b, we decided to proceed with removing
the impeller shaft from all the images for each experiment to minimize error in the results
for the bed uniformity. The mean temperature and the standard dedétite bed
surface were calculated for each experiment for each agitation rate. Heating times and
heat transfer coefficients were also computed for each condition. The results are

presented in Chapter 4.
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3. EFFECT OF THERMAL PROPERTIES AND AGITATION RATE ON HEAT
TRANSFER

In this chapter, DEM simulations were used to learn more about how heat transfer
occurs in dry granular material in a bladed mixer both visually and quantitatively. Two
important parameters were varied in the simulations: the agitat®wofréte impeller and
the material thermal conductivity. The agitation rate of the impeller is an essential
parameter to optimize during the design of drying protocols because it helps promote heat
transfer by bringing cold and hot particles together andaecing the temperature
uniformity of the bed. However, strong shear forces due to exeexgtation can induce
particle breakage which is typically undesirable. It is therefore important to understand
how heat transfer is influenced by agitation sa tih@ impeller speed can be chosen
carefully. The thermal properties of the material are important because each API is
different and has unique thermal properties. Understanding the influence of the thermal
properties helps shed light on how the heatiraggss differs for different materials. This
chapter provides an -depth analysis of the effect of mixing and material thermal
properties on heat transfer in the bed. First, the mean temperature of the bed isdcompute
over time for different thermal conductivities and agitation rates. Next, the heat transfer
coefficients are computed for each scenario. A dimensional analysis is carried out to define
relevant dimensionless groups and nondimensionalize the results. thexaffect of
conductivity and agitation on the distribution of temperatures in the bed is investigated.

Finally, the implications of these results are discussed.
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3.1Visualizing Heat Transfer

A significant advantage of the DEM simulations is that they pi@the ability to
track particles in the bed and visualize how theinperature evolves over time. Figure 3.1
depicts the temperature of particles in the bed at different time points for the col@ition
10 W/mK and = 10 rpm. The vessel side wallsdabase were both kept at a constant
temperaturéY. At the start of the simulation, the bed had an initial temperatui¥. of
Figure 3.1 shows some fairly typical results in terms of heat transfer in the system. One
can see that the particles at thettot of the bed heat up faster than the particles near the
side walls (see Figure 3.1 at 25s). The reason for this is that the gap between the blades and
the bottom of the cylinder wall is larger than the mean particle diameter. As a result, there
is a laye of particles which is fairly stationary at the bottom of the bed and while this layer
does mix with the rest of the bed, it spends more time in contact with the wall and heats up
quickly due to contact with the hot base of the cylinder. This createti@l/temperature
gradient; at 25 s the particles at the base of the cylinder have almost reached the wall
temperature, while particles on the surface are still at the initial temperature. As time
progresses, particles in direct contact with the sidesvaaitl base of the cylinder reach the
wall temperature (see Figure 3.1 at 100 s) and then transfer their heat to neighboring
particles until the entire bed content approaches the vessel wall temperature (see Figure 3.1

at 200s).
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start at room temperature (298 K) and are
heated by the walls ala temperature of 323 K.

Figure 3.2 captures the influence of agitation rate and thermal conductivity on
particle temperatures. Figure 3.2a shows beds with identical thermal conductivity but
differing agitation rates at the same point in time. The figlustrates that higher agitation
rates resulted in a better distribution of heat throughout the bed, as shown by increasingly

more uniform temperature gradients.
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W/mK when time < 30 s. (b) Effect of thermal conductivity for the same agitation
rate © = 10 rpm when time <« 60 s. (c) Effect of thermal conductivity for the same
agitation rate.

On the other end, slower agitating led to longer contact times for particles at the hot
wall, creating a more significant temperature gradient between the particles near the wall
and those near the center. For the lowest agitation rate (see Figure &g, the bed
heats up in a similar way to how a stationary ¢agitated) bed would heat up, with an
annular temperature gradient. Another observation was the appearance of a cross shaped

cooler core for higher agitation rates (see Figure 3.2a, 10 rpm¢hvean likely be
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attributed to the shape of the four angled impeller blades lifting warm patrticles from the
heated bottom of the vessel to the colder surface of the bed.

Figure 3.2b depicts temperatures for particles with different thermal condustivitie
mixed at the same agitation rate at the same point in time. As expected, it illustrates that
beds with a higher conductivity approach the wall temperature more rapidly. Since beds
with high thermal conductivities heat up much more rapidly than those laath
conductivity, it is also interesting to compare the beds at times when they are at the same

temperature. Figure 3.2c compares beds with different conductivities mixed at the same
agitation rate when they reach a mean bed temperatiive oF——=8As can be seen in

Figure 3.2c, for the cases with lower thermal conductivity, although heating occurred more
slowly, the material heated more uniformly. ®svas increased, the bed was heated more
rapidly but with a more significant temperature gradi&tile Figure 3.2c only captures

this phenomenon for a single point in time, it was observed for all times. The influence of
thermal conductivity and agitation rate on heating uniformity will be further discussed later
in Section 3.4 when the results omfeerature distributions are reported. The results in

Section 3.2 an&ection 3.3 focus on analyzing the mean temperature of the bed.

3.2 Effect on the Rate of Heat Transfer

The objective for these simulatiorssto not only understand general trends of the
relationship between agitation rate, conductivity, and heat transfer but also to quantify
these trends. For example, does doubling the agitation rate double the rate of heat transfer
through the bed? The answer to this question is not necessarily trivigirdoular

materials. Thus, it is important to quantify the relationship. As a first step to answering this
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guestion, Figure 3.3 provides a quantitative visualization of Figures 3.2a and 3.2b by
plotting the mean temperature of the bed as a function @& fon various thermal
conductivities and agitation rates. Because of the slight polydispersity present in the bed,
the mean temperature calculated at each time step was a pad&seaverage. Once again,

it can be observed that the beds with poorly cotide material (see Figure 3.3a) heated

up more slowlythan beds with higher thermal conductivity (see Figure 3.3b), as the mean
bed temperature approached the temperature of the wall in less time. In Figure 3.3a, we
notice that for a material with poor dimal conductivity, agitating at slow speeds
drastically improves the heat transfer since increasing the agitation rate from 1 rpm to 2
rom and to 5 rpm leads to a significant increase in the rate of heat transfer. Further
increasing the agitation speedld rpm and then 100 rpm does not lead to a significant
increase in the rate of heat transfer. In fact, the results for 10 rpm and 100 rpm almost lie
on top of one another (see Figure 3.3a). However, in Figure 3.3b we see tat 160

W/mK, there is wery little difference between the results for 1, 2, and 5 rpm, and it is only
when we increase the rate of agitation to 10 rpm and then 100 rpm that we start to see

differences between the rates of heat transfer.

























































































































































































































































































































































