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ABSTRACT

Fixed Bed Reactors are multi-phase reactors where flow of gas, liquid or both phase reactants

occurs over a packed bed of solid catalyst. These systems are common in industry as they are easy

to construct, operate and maintain. They provide significant contacting of phases with low pressure

drop and exhibit relatively low catalyst attrition rates. The complex flow patterns often lead to

flow mal-distribution and liquid channeling which in turn leads to non uniform catalytic activity.

A manifestation of such consequences is hot spot formation and catalyst and product degradation,

which are key concerns with these reactors. This behavior is primarily dictated by the bed structure

which influences the flow distribution and catalytic activity. Bed packing configurations produce

contacting surfaces for the fluid phases and also aid in catalytic reactions. The configurations

developed while packing the beds play an important role in the operation of reactor as they effect

the hydrodynamics of the operation by altering the fluid flow behavior. Also, extremely dense

beds are known to produce high pressure drops because of the highly tortuous paths. This leads to

under utilization of catalyst beds, mal-distribution issues and eventually compromises the safety

and product quality.

In this study, the bed characteristics of two highly relevant catalyst shapes, spheres and cylin-

ders, are studied. Spherical particle structures comprised of mono-disperse and poly-disperse par-

ticle samples and cylinder particle structures comprised of mono-disperse particle samples with

two different aspect ratios are generated using the Discrete Element Method (DEM). The beds are

prepared using three different loading strategies: Uniform, Sock and Wall, wherein the radial entry

position of the particles is varied. Geometric properties of these beds were studied and their po-

tential influence on the flow phenomena is evaluated. Lastly, the spherical particle structures were

analyzed using Computational Fluid Dynamics to study the interstitial flow behavior among the

spherical particle beds.
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1. INTRODUCTION

1.1 Multi-Phase Reactors

Multi-phase flows involving fluid-fluid and fluid-solid contact are commonly found in the

chemical industry, facilitating many important chemical operations including absorption, adsorp-

tion distillation and catalytic reactions [1, 2, 3, 4]. The primary goal of devices in which these

flows are housed is to enhance the contact area, resulting in increased mass and heat transport,

and reaction rates [5, 6, 7]. Heterogeneous chemical reactions that rely on all the three mentioned

phenomena are the workhorse of the chemical industry [8]. A wide range of gas-liquid-solid con-

tactors have been devised with relative movement of phases to accomplish both heterogeneous and

homogeneous reactions [9, 10]. The number of fluid phases, flow configurations and solid phase

properties can be altered to meet desired needs. Figure 1.1 shows different multiphase reactor

configurations where either the solid and/or fluid phase are in motion. In the Slurry reactor, the

gas and liquid are fed into a slurry comprising of catalyst particles where the reaction occurs. In

the Carberry reactor, the solid particles are fixed in a stationary basket around which continuous

fluid flow occurs. In the case of Fluidized beds, the solid particles are suspended in a fluidized

state by the fluid flowing within the interstitial volume. In the Moving Bed Reactor, the solid and

the fluid phase undergo simultaneous motion with spent catalyst cycling through regenerator be-

fore re-entering the reactor, while the fluid phase is allowed to exit the reactor. Lastly, the Fixed

Beds comprise of a stationary solid bed over which multiple fluid phases flow in either counter or

co-current directions.
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(a) Slurry Reactor (b) Carberry Reactor

(c) Fluidized Bed Reactor (d) Moving Bed Reactor

(e) Co-CurrentFixed Bed Reactor (f) Counter-CurrentFixed Bed
Reactor

Figure 1.1: Multiphase reactors used in the chemical industry
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Despite development of several techniques and devices for housing multiphase phenomena,

fixed-beds have been the most commonly used in the industry. Fixed-Beds are usually preferred as

they result in minimum damage to the solid entities, which often contain expensive catalysts and

absorbents/adsorbents. The solid bed comprising of particles of various shapes (spheres, cylinders,

trilobes etc) serves multiple purposes by providing contacting surfaces for different fluids and also

housing catalyst particles that play a strong role in heterogeneous reactions [6, 11]. The stationary

nature of the solid bed results in housing single or multiple fluid phases (trickle-bed reactors) [5]

and different flow patterns (upflow,downflow etc) [4] as well. Fixed beds have also been used

to house novel chemical processes like unmixed combustion [12], exo-endo coupling [13] and

energy storage [14] and offer potential for process intensification. This flexibility in operation,

ease of construction and absence of moving parts makes fixed beds a preferred choice for chemical

processing.

Fixed beds have been of continuous interest to both academic and industrial researchers [15,

16, 17]. Studies have focused on packing, hydrodynamics and reaction studies associated with

these fixed bed reactors. Initial studies focused on obtaining bulk parameters like overall voidage,

pressure drop and liquid holdup [18, 19, 20]. These parameters coupled with relevant heuristic

approaches dictated the guidelines for scale up and operations [10]. However, they do not provide

insights into the local phenomena occurring inside the fixed-beds. With advancement in experi-

mental visualization [21, 22] and modeling techniques [11, 23], better insights have been obtained

into the working of fixed beds. Fixed Bed behavior is dictated by the solid particle activity, fluid

flow distribution and the solid-fluid interactions. While the fluid phase serves the purpose of con-

vective supply and removal of mass and heat, the solid particles house the expensive catalyst which

results in the reactive conversion. Though in operation for more than half a century, the design and

operational criteria for these fixed beds have been largely empirical. With increase in demand

for more processed material, stringent energy and environmental constraints fixed beds are being

re-investigated to enhance their performance. Although cheap and easily replaceable, optimizing

fixed-bed performance can increase the efficiency of the process flow and aid in enhanced function-
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ing of several other process units downstream of the fixed-bed. Importantly, malfunctioning fixed

beds result in hot-spots, catalyst degradation, under-utilization of catalyst and excess energy usage

leading to severe safety and economic consequences. In the current scenario, empiricism based

approach for design of fixed-bed reactors has severe limitations and needs to be reconsidered. As a

result, several researchers are employing advanced experimental and computational techniques to

gain fundamental and mechanistic understanding of the fixed beds to develop better design, oper-

ational and control strategies. This requires development of mechanistic tools which can provide

significant insights into operation and scale up of these units. To this end, important aspects of

fixed bed operation are discussed below highlighting associated issues. Figure 1.2 provides a rep-

resentation of the working of fixed beds, where the loading of particles dictates the solid phase

structure. These solid phase structures impact the overall flow behavior, affecting the velocity and

temperature fields. A summary of each component is provided in the following sections.
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Figure 1.2: Schematic description of the work-flow

1.1.1 Solid Packing

The solid packing used in fixed beds significantly influences the mass transfer, fluid flow pat-

terns and, in turn, the overall performance of fixed beds [24]. Different catalytic shapes as shown

in Figure 1.3 have been used in fixed bed reactors. While the isotropic shape of spherical particles

provides less resistance to the flow, the non-isotrpic shape of cylinder like particles provides more

surface area for surface reactions. The choice of the catalyst shapes is dictated by factors including

desired reaction rates, diffusion limitations and the overall pressure drop [25].
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(a) Sphere

(b) Cylinder (c) 1-Hole Cylinder (d) 4-Hole Cylinder

(e) Trilobe (f) 1-Hole Trilobe

Figure 1.3: Catalyst shapes employed in the chemical industry

Initial studies accounted for the effect of solid packing through an averaged parameter bulk

voidage εb, which represents the total empty space available for fluid flow [26, 27, 28]. This pa-

rameter provided an estimate of important properties like pressure drop and fluid hold-up through

previously established empirical correlations [29, 30, 31]. With increase in bed diameter, conti-

nouos fluid flow and oscillations induced by vibration or tapping, bulk voidage is bound to reduce

as a consequence of particle compaction [32]. However, the use of a global averaged parameter

does not provide insights into the local heterogenities exhibited by the solid packing which affects

the local transport and reaction rates [11, 22, 23, 33]. Solid structures comprised of spherical and

non-spherical particles exhibit local variations in voidage. Figure 1.4 shows the radial variation in

the voidage profiles along with the axial velocity fluctuations from the wall to the center of the bed

as observed by Nguyen et al. [21] for the case of monodisperse sphere packed beds. The oscilla-
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tions tend to create non-uniform velocity profiles. Variation of the voidage in both radial and axial

direction has been of an important subject of study [34, 35, 36]. These variations arise from the

local ordering of particles induced by wall [26] or any other perturbations induced during loading

or bed operation [25]. These variations result in deviations from plug flow behavior within the

fixed-bed. In case of cylindrical particles, orientational ordering of particles is also observed [37]

and is known to create varied hydrodynamic [38, 39] and reaction behavior [40]. These effects

need to be considered to gain a holistic understanding of fixed-bed operation.
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Figure 1.4: Radial Voidage profiles and corresponding axial velocity profiles [21]
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With better computational and experimental techniques, significant insights into local structure

of the bed packing have been gained [41, 42, 43, 44]. Spherical and non-spherical particle exhibit

different characteristics in terms of bulk and local voidages, but more importantly the particle fluid

interactions are different for each case. Recent advances in the experimental visualization tech-

niques have provided insights into the local particle structure (position and orientation). Lately,

loading/dumping methodologies used to load the solid particles into the bed have shown promis-

ing developments in terms of generating fixed beds with homogeneous voidages, less tortuous

interstitial spaces and dense or loose packing of particles depending on the applications. Also,

a wide range of operations like that of tapping and vibration are performed on the fixed bed to

ensure any local instabilities are eliminated. This makes study of fixed bed structures with respect

different particle shapes and different loading strategies pivotal to understanding and enhancing

fixed bed behavior.

1.1.2 Fluid Flow

Fluid flow behavior is a key component of fixed-bed operation. A plethora of modeling and

experimental studies exist which provide good understanding of the fixed-bed reactors [45,46,47].

Initial studies dealt with measuring global properties like overall pressure drop, fluid holdup and

saturation which resulted in development of correlations widely used in scale up and operation

of fixed beds [29, 48]. In case of two phase flows of gas-liquid, researchers have also identified

different operation regimes based on measurements from the above mentioned parameters [49,50].

However, obtaining the flow and phase profiles from bed interior is still a limitation with very few

studies able to address this issue [22,51,52,53]. Therefore the scale up and operation of these fixed

beds is still largely driven by empirical correlations without accounting for the localised phenom-

ena. Simultaneously, efforts have focused on developing both homogeneous and heterogeneous

models for fluid flow prediction which are validated against the experimental studies [54, 55, 56].

The interstitial pores between the solid particles create tortuous flow paths for fluids and thereby

result in complex flow patterns. In beds with tortuous flow paths high pressure drop, severe mal-

distribution and under utilization of catalyst bed is noticed with a decrease in reaction conversion.
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In the case of gas-liquid flows, partial catalyst wetting is noticed which results in varying reaction

rates across the bed structure. Lastly, with decreased fluid supply there is a reduction in effective

mass and heat removal from the solid particles which results in hot spot formation which has se-

vere safety and economic concerns. These observations imply that there are significant insights to

be gained by studying the behavior of fluid flow among the solid packing.

1.2 Objectives

It is evident from the above discussion that overall operation of fixed beds is strongly dictated

by the local packing structure and the ambient fluid and temperature fields. Current work aims at

developing a work flow which can predict the behavior of a fixed bed reactor while accounting for

the above aspects. The objectives of the current work are to study the impact of loading methods

on the generation of packed bed structures comprised of both spherical and cylindrical particles.

The generated fixed-bed structures are evaluated for the intrinsic properties like bulk voidage, ra-

dial voidage, orientation distribution and radial particle size distribution. The generated fixed bed

structures of spherical particles are then used to study the flow behavior in a gas-solid downflow re-

actor and capture its impact on the hydrodynamics. The major tasks associated with the objectives

are as follows:

• Develop a methodology to assemble a packing of spherical particles inclusive of the poldis-

persity of packing sample and loading methodology.

• Develop a methodology to assemble a packing of cylinders of different aspect ratios inclusive

of loading methodology.

• Develop a computational fluid dynamics framework to study the impact of the particle scale

geometry on the fluid flow behavior in a gas-solid downflow reactor.

1.3 Research Methodology

As a first step to achieve the objectives of the dissertation packing methodologies were devel-

oped. For this, two commonly used catalyst shapes have been selected: spheres and cylinders.
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The packing structures were generated in cylindrical vessels using the Discrete Element Method

(DEM). Three commonly used loading methodologies Uniform, Sock and Wall have been em-

ployed to load the solid particles. The generated output files comprised of the location and ori-

entation of particles in the packed structure. This data was subjected to post-processing to obtain

bed characteristics like bulk voidage, radial voidage and orientation details (in case of cylindrical

particles). This study will quantify the effect of loading methods and particle poly-dispersity on

the fixed-bed structure.

The solid geometry generated by above algorithms is used to obtain the volume domain through

which the fluid flow occurs. This flow domain is suitable treated to obtain a mesh which is further

used for finite volume analysis. The simulations are carried out using air as the fluid. Local

velocity and pressure fields are obtained from these simulations. This study provides insights into

the impact of loading methods and poly-dispersity on the fluid distribution in fixed beds. The

Discrete Element Method and Computational Fluid Dynamics simulations were performed using

the academic license of STAR-CCM+ 12.06.011 package [57].

1.4 Dissertation Outline

The above mentioned methodology is explained along with results in detail in the following

chapters:Chapter 2 provides a detailed literature review while explaining the novelty of current

work taken up. Chapter 3 provides description of the Discrete Element Methods and Computa-

tional Fluid Dynamics methods employed to study solid packing and fluid flow behavior. Chapter

4 discusses the impact of different loading methods and polydispersity on the spherical packing

structures. Chapter 5 discusses the impact of loading methods on cylinder packed structures.

Chapter 6 provides a case study for the implementation of computational fluid dynamics to study

flow fields in fixed beds of spherical particles. Chapter 7 concludes the dissertation and provides

recommendations for the future work.
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2. LITERATURE REVIEW

2.1 Fixed Bed Reactors

Fixed-beds are characterized by fluid flow over stationary beds of solid particles retained by

screens fixed at the bottom of the bed. Figure 2.1 represents a generic fixed-bed packed with mono-

disperse spherical particles with downward interstitial fluid flow generated in STAR-CCM+ [57]

(see chapter 3). The number of fluid phases, flow configurations and solid phase properties can be

altered to meet desired needs.

Figure 2.1: Schematic representation of a down flow fixed bed reactor

Initial studies on fixed-bed studies focused on quantifying the overall properties like pressure-

drop [29,30,58], adiabatic temperature rise [59,60], heat and mass transfer rates [61,62], reaction

rates [63, 64] and phase hold-up [15, 39, 50]. Studies have been performed to optimize the bed

behavior by monitoring the above mentioned parameters as well [65, 66, 67]. Based on these

observations, several mathematical models have been proposed to study the fixed-bed behavior.
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Homogeneous and pseuod-homogeneous models treat the entire bed as as single interpentrable

continua have been employed to model fixed beds [68, 69, 70]. Along with the classical reaction

engineering models, these models have been effectively applied to predict reaction rates, adiabatic

temperature rise and for multiplicity analysis in fixed-beds [71, 72, 73]. A common theme among

the above models is the simplistic treatment of the fluid flow behavior and the fluid-solid interac-

tions. A wide range of intrusive [42, 74, 75] and non-intrusive techniques [22, 33, 34, 44, 46] have

been developed over the past few years which provide ample evidence regarding the heterogeneity

in the local flow fields and the solid structure. Numerous non-intrusive techniqu1es have studied

the variation of the local flow fields and showed that oscillatory velocity fields are related to the

local voidage structure [21, 76]. These flow fields significantly impact the radial and axial thermal

conductivity as evidenced by many researchers [67, 77]. These variations arise from the different

flow, thermal and mass concentrations in the ambiance of the catalyst particle leading to varied

reaction rates across the bed [78, 79, 80].

The classical homogeneous models do not account for the above mention variations and hence

there is an increase in the number of studies dealing with heterogeneous models wherein individual

phases are modeled inclusive of their heterogeneity. The fluid phase and solid phase are modeled

separately and coupled through closure equations for heat and mass transfer. This heterogeneity

impacts the overall bed behavior and has to be accounted in developing fixed bed models as de-

picted in Figure 2.2. The following sections explain relevant fluid and solid phase modeling studies

performed to gain an understanding of fixed bed systems.
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Figure 2.2: Schematic representing the interaction between fluid flow and solid catalyst

2.2 Fluid-Phase Modeling

Empirical models obtained from lab or pilot scale experiments served the community success-

fully regarding design and scale up of fixed beds. However, they suffer from universal agreement

owing to their strong dependency on experimental conditions. Also, they provide rough estimate

for averaged process parameters like pressure drop, fluid saturation and particle wetting but cannot

predict the localized phenomenon occurring in the fixed beds. Hence, there is a strong drive in

the research community to develop models with a mechanistic understanding of the flow physics.

Several researchers have developed models for predictive analysis of fixed bed reactors involving

single and multiple phases as described in Table 2.1.
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Table 2.1: Mathematical models developed for analysis of fixed beds.

Models Description Application
Deans and Lapidus [68] Discretized the bed into a two

dimensional network of perfectly
stirred tanks

Studied the radial mixing char-
acteristics and extended the
model to reactive systems

Ramachandran et al. [71] Discretized the bed into a one di-
mensional network of connected
perfectly stirred tanks

Applied the model to oxidation
of formic acid and compared the
results with a slurry and a trickle
bed reactor

Holub et al. [48] Developed a pore scale model by
simplifying the pore scale voids as
two parallel planes

Calculated two phase pressure
drop and showed it to be a good
match with experimental data

Attou et al. [81] Developed a phenomenological
model based from the principles of
continuity and momentum balance

Predicted two phase pressure
drop and compared with exper-
imental correlations

Schnitzlein [82, 83] Modeled fixed beds as an intercon-
nected network of stirred tanks and
plug flow reactors depending on
the porous network of solid phase

Modeled single phase reactors
to predict conversion and two
phase reactors to predict liquid
distribution

Funk et al. [84] Generated a two dimensional ran-
dom packing of fixed beds and em-
ployed a liquid distribution model
to predict

Studied liquid distribution and
reaction rates using multiple dis-
tribution schemes

Khadilkar et al. [85] Developed a one dimensional un-
steady state model comprising of
particle scale and bed scale models

Studied the effect of periodic
variation in fluid supply to reac-
tor and found reactor enhance-
ment with such modulations

Jiang et al. [86] Developed a model combining the
mixed cell approach and computa-
tional fluid dynamics

Compared the model predic-
tions for local velocities and
species conversion with experi-
mental predictions

Dixon et al. [11] Developed a full fledged 3D CFD
models to study bed scale and
particle behavior. Subsequently
employed micro-kinetic models to
predict reaction behavior inclusive
of the random nature of bed pack-
ing.

Studied steam methane reform-
ing and compared the local ve-
locity, temperature and species
concentrations with experimen-
tal predictions and found a good
match.

Du Wei et al. [87] Generated a network of uniformly
spaced spherical a particles and
employed CFD to study local liq-
uid flow characteristics

Studied the impact of thermo-
physical properties on liquid dis-
tribution in 2 phase flows.
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Solving the mechanistic models is computationally expensive and requires knowledge of parti-

cle scale geometry. Fortunately, better computational infrastructure have made mechanistic models

a reliable approach for studying fluid flow in fixed beds. Computational fluid dynamics(CFD) has

emerged as a reliable tool for analysis of fixed beds. With advancement in computational capac-

ities it has become possible to resolve flow fields at low time and length scales [88]. The CFD

models can be broadly classified into two sets: porous media (lumped or mixture models) ap-

proach [23,89] or discrete phase approach [55,90]. In lumped models the entire bed is assumed to

behave like a homogeneous mixtures and flow fields are solved by using average bed properties.

Momentum and heat balance equations are solved by using phase averaged thermo-physical prop-

erties. The solid phase effects are considered by using bulk and radial voidage profiles available

in literature [91, 92]. Though these studies provide good insights into overall bed behavior and

hydrodynamics, local interactions are not taken into consideration necessary to account for local

particle effects.

In discrete models [93] each phase is treated like a separate entity along with accurate represen-

tation of the soli geometry and the phases are coupled through closure equations [48,81]. Through

representation of individual phases in lieu of averaged phase parameters, insights into local phase

interactions can be obtained. Volume of fluid (VOF) approach has also been used to study two

phase flows where the actual interface between the fluids can be reconstructed [42, 94]. Discrete

models provide a reliable tool to study the effect of phase heterogeneity on the overall bed behav-

ior. These models have the capability to account for the variations in the solid phase geometry to

rigorously model the axial and radial variations in bed voidage along with the particle shape effect.

In this context, 3-D simulation of fixed bed reactors resolved at particle scale has emerged as

a potential tool for fixed bed analysis [11, 95]. These models do not make any ideal assumptions

of different phases involved and hence provide a rigorous analysis of fixed bed behavior. As the

fundamental equations to be solved remain same compared to lumped models, a major challenge

with discrete models is realization of actual geometry and overcoming meshing difficulties [95,96].
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The Discrete models, commonly known as Particle-Resolved models are effectively applied

for fixed-bed analysis. Dixon and Niejmeisland [93] provide an excellent review of the single

phase flows in packed beds. Efforts have been focused on gaining understanding of localized flow

phenomena and associated heat and mass transfer effects [42, 88]. With better computing power,

along with hydrodynamics and energy distribution, chemical species balance through reactions also

has been performed by researchers [97]. Recently, in order to be consistent with the length and time

scales involved with CFD simulations, reduced micro-kinetic models have been included in the

simulations [90,98,99]. However, efficient incorporation of these kinetic models is still a challenge

for less complex CFD simulations and efforts are being directed to address this issue [100, 101].

Initially, researchers studied fluid flow among manually arranged set of small number of spheres

to study momentum and heat transfer effects in fixed beds [93, 102]. Though not representative

of the actual fixed bed scenarios, these studies are quite pivotal in validating the CFD simulations

with experiments and developing meshing strategies. With access to rapid fixed-bed generation

tools described in Section 2.3, researchers began to investigate 3D simulations of fixed beds with

representative geometries. This has also allowed researchers to study other complex particle shapes

used in industry [88,103,104]. It can be concluded that CFD provides a strong alternative for fixed

bed analysis and heterogeneity introduced by solid phase can be accounted for through this method.

In the following sections, solid phase heterogeneity and methods to model and capture them will

be discussed in detail.

2.3 Solid-Phase Modeling

Solid phase morphology strongly impacts the flow phenomena and catalytic reaction occuring

within the fixed-beds. Particle shape and size distribution have strong impact on the fluid behav-

ior in terms of flow uniformity, pressure drop and thermal conductivity [105]. This impact also

translates to the relevant transport phenomena at particle level affecting the mass and the thermal

exchange between the fluid and solid phases [40, 106]. The loading practices employed to pack

these fixed bed reactors has received significant attention and has been studied to increase catalyst

loading density and minimize pressure drop [25, 107]. Though initial studies accounted for aver-
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aged solid phase properties in terms of bulk and radial voidage, the spatial distribution of the solid

phase is not taken into consideration. Particularly, the non-spherical particle studies have revealed

interesting insights into the orientation distribution of the particles and their subsequent impact on

the bed behavior [37]. This has motivated researchers to capture the local solid phase structure in

fixed-beds [21, 33, 44]. However, this methodology relies on expensive measurement techniques

and high resolution is required to capture the structure adequately. Alternatively, generation of syn-

thetic beds using various mathematical models has been successfully employed. Particularly, the

Discrete Element Method with classical Newtonian dynamics has demonstrated to be a potential

tool for study of solid phase in fixed beds [90, 104]. The following sections describe experimental

and modeling efforts to study spherical and cylinder packed structures and the impact of loading

methods on packing structures

2.3.1 Sphere Packing

While a wide range of particle shapes have been employed for packing fixed-beds, spherical

particles remain a preferred choice, owing to ease of manufacture, isotropic shape devoid of ori-

entation effects [38] and availability of a wide range of impregnation techniques for patterning of

catalyst [108].

The global and local properties of fixed-bed structures have been extensively investigated

[26, 27, 28, 43, 44, 109, 110, 111, 112, 113] as summarized in Table 2.2. A wide range of struc-

tures exhibiting different global voidage are possible, depending on the packing method em-

ployed [114, 115]. Correlations have been developed by researchers to predict global voidage

as a function of bed and particle properties [26, 27, 28, 116]. It has been consistently observed that

bed voidage tends to an asymptotic value of 0.36-0.40 [26, 28] with an increase in bed diameter

as any constraining effect of the bed wall diminishes. Both invasive and non-invasive techniques

have provided significant insights into the local structure of particle packing, specifically the wall-

induced oscillations in radial voidage profiles [109, 111]. Suzuki et al. [44] used X-ray micro-

tomography on cylindrical beds packed with spherical particles to observe a damping oscillatory

behavior in radial porosity consistent over a range of different particle and bed sizes. Based on
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Table 2.2: Experimental studies on sphere packed structures

Author, Year Experiment Remarks
Roblee et al. [109] Solidification of molten wax Studied impact of wall on ra-

dial porosity
Benenati and Broslow [110] Solidification using epoxy

resin
Corroborated the work of
Roblee,1958

Thadani and Peebles [111] Radiography Noticed the cyclic tendency in
radial voidage

Dixon [26] Weight measurement Obtained correlations for
overall voidage

Benyahia [27] Image analysis Studied radial voidage be-
havior for different catalyst
shapes

Foumney and O’Neill [28] Water displacement method Improved overall voidage cor-
relations by including shape
factors

Ismail et al. [112] Water displacement Studied global bed properties
of ternary mixtures

Ismail et al. [113] Image analysis Developed radial voidage cor-
relations for ternary mixtures

deKlerk [43] Weight measurement Developed correlations for ra-
dial voidage in sphere packed
beds to capture oscillations

Suzuki et al. [44] X-Ray Radiography Measured radial porosity and
proposed a damped oscillation
correlation.

these experimental observations, several correlations have been developed to predict these wall in-

duced oscillations [43, 44], which tend to disrupt uniform fluid flow and impact the heat and mass

transfer in the wall region [117] especially in the case of beds with DB/Dp < 20 where DB is the

bed diameter and Dp is particle diameter.

Though experimental studies provide good insights into bed structure, replication of this data

for further fluid flow analysis is a tedious task [118, 119]. As an alternative several modeling

strategies with varying levels of complexities have emerged to provide insights into the complex

fixed-bed structures. Geometrical modeling employs drop and roll calculations to add particles

in a sequential fashion wherein each particle is placed in the most mechanically stable config-
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uration [120, 121]. Nandakumar et al. [122] used an optimization algorithm to pack particles by

placing them in the lowest stable position possible without any overlap between particles. Abreu et

al. [123] used Monte-Carlo[MC] simulations to subject particles to a sequence of MC motions so

that they ultimately converge to a final pseudo-thermodynamic equilibrium which is equivalent to a

fixed-bed structure. These models are categorized as hard sphere models wherein particles cannot

overlap. Salvat et al. [124] developed a soft sphere model which generated packed bed structures

by minimizing the overlap between particles from an initially dense overlapping packing config-

uration. Though computationally easy to execute, these models are not dynamic in nature and do

not consider the physical phenomena related to the packing process (eg. momentum transfer upon

wall-particle and particle-particle collision). Likewise, they do not account for the filling method

employed and often result in generating either overly loose or densely packed beds. In contrast,

Caulkin et al. [125] developed a packing algorithm which relied on digitization of the vessel and

packing particles such that each were represented by a collection of pixels/voxels. The movement

of pixels was governed by principle that a pixel/voxel cannot be occupied by more than one parti-

cle and could be easily extended to particles with complex shapes. The model was later modified

to include realistic forces associated with particle-particle collision during the bed loading [33].

Strategies implementing simplified mechanics, specifically soft-sphere approaches combined with

a ’frozen-bed’ assumption wherein each particle settles in the absence of friction and subsequently

is frozen i.e. experiences infinite friction have proven to be effective in simulating non-spherical

structures as well [126, 127]. However, these studies remain limited to mono-disperse particle

samples with no variation in loading strategies employed for packing.

With the advent of high performance computing, Discrete Element Modeling [DEM] [128,

129,130,131] has become a preferred tool for generating packed bed structures. Similar to molec-

ular modeling, interaction forces between particles are calculated by employing the principles of

Newton’s Laws and time integration. This process is repeated over several discrete time steps to

capture the behavior of involved solid phases. This formulation provides the opportunity to study

various interactions among the particles as well as surrounding fluid. Different time schemes have
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been implemented for this integration and their pros and cons have been studied with respect to

computational speed and stability of the solution [132, 133].

DEM methods have been employed to study the structure of fixed beds comprised of spherical

and non-spherical particles. Theuerkauf et al. [134] have used this model to study voidage variation

in low DB/Dp beds. Ookawara [135] generated beds comprised of spherical particles for fluid

flow analysis and commented on the impact of modifying friction parameter to generate realistic

bed structures. Zobel et al. [117] studied the impact of wall structure on voidage distribution

for monodisperse spheres using DEM methods. Schulze et al. [136] have used this methodology

to pack ∼ 105 particles to study the impact of polydispersity on porosity distribution in packed

beds and subsequent flow behavior. DEM simulations provide accurate packing structures as they

account for a wide range of forces acting among the particles and consider force and moment

modeling.

2.3.2 Cylinder Packing

Cylindrical particles are of significant importance as they provide higher surface area compared

to their spherical counterparts at the cost of increased pressure drop [25]. Also majority of indus-

trial process employ cylindrical particles or suitable variants of them which makes study of these

particles relevant [40]. In the current study, impact of cylindrical particles on fixed-bed structures

is elucidated.

Significant amount of studies have focused on elucidating the properties of cylindrical particle

structures as summarized in Table 2.3. Initial studies focused on obtaining the global and radial

voidage of these structures. Roblee et al. [109] used wax impregnation techniques to obtain the

radial voidage patterns in beds packed with equilateral cylinders. They observed dampened oscil-

latory patterns in the vicinity of the wall and an overall voidage of about 0.25. Stephenson and

Stewart [137] perfromed flow experiments in beds packed with quartz cylindrical particles and

used water displacement method to obtain voidages of magnitude 0.354− 0.361. Dixon [26] used

water displacement techniques to measure voidage exhibited by equilateral cylinders and observed

an asymptotic bed voidage of 0.36 with increase in bed diameter. Benyahia [27] employed a image
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Table 2.3: Experimental studies on cylinder packed structures

Author,Year Experiment Measurement tech-
nique

Remarks

Dixon,1988 [26] Packed tubular ves-
sels with equilateral
cylinders

Water displacement Developed correla-
tions to predict bulk
voidage as function
of DB/Dp

Benyahia and
O’Neil,2005 [28]

Packed tubular reac-
tors with holed cylin-
ders

Water displacement Developed correla-
tions to predict bulk
voidage as function
of diameter

Zhang et al. 2006,
[37]

Packed tubes with ex-
trudate particles

X Ray microtomogra-
phy

Measured the orienta-
tion effects within the
bed

Mathias and Mul-
downey 2000, [107]

Packed reactors with
a orifice device from
different heights

Measured porosity
defects through tem-
perature response
methods

Observed that loading
methods determine
the homogeneity in
packing structures

Montillet and Le Coq,
2001, [138]

Consolidated packed
beds of non-isotropic
particles with resin

Image analysis Elucidated the effects
of wall and floor on
packing configuration

Nguyen et al., 2005,
[21]

Beds prepared with
trilobes and cylinders

Image analysis, MRI
and water displace-
ment

Enhanced radial
porosity correlations
compared to water
substitution method

analysis technique to obtain the bed characteristics of both equilateral and non-equilateral cylin-

ders and concluded that non-equilateral cylinders display a dampened oscillatory profile in radila

voidage when compared to their equilateral counterparts. Foumeny and Roshani [116] developed

correlations for different sizes of equilateral cylinders with water displacement technique and ob-

served a minimum voidage of 0.30. Montillet and Le Coq, [138] used image analysis to observe

bed characteristics of long cylinders and flat plates. In addition to the characteristic dampened os-

cillations in radial voidage, they also observed that oscillations were random in nature at different

axial positions along the bed.

Enhanced measurement techniques have provided better insights into the structures of cylin-

drical packing. Zhang et al. [37] used X-ray micro-tomography to study the packing patterns
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exhibited by equilateral cylinders. They observed that equilateral particles exhibit a wide range

of bed voidages and orientation patterns when subjected to different packing methods. Nguyen

et al. [21] employed magnetic resonance imaging to study local voidage patterns in beds packed

with different particle shapes and observed dampening oscillatory profile from wall. Caulkin et

al. [33] performed X-ray computerized tomography to study packed structures of different parti-

cle shapes. They reported the orientation distribution exhibited by cylindrical particles as well.

Sharma et al. [41] utilized water substitution and Magnetic Resonance Imaging(MRI) to measure

bed voidage for different particle shapes. Cylinder packing demonstrated voidages in the range

of 0.4 and voidage dropped to 0.28 − 0.31 on being subjected to tapping. It can be concluded

that cylindrical particles exhibit global voidages lower compared to their spherical counterparts.

Structures also exhibit oscillatory patterns in the radial voidage profiles which extend few particle

diameters into bed.

Synthetic packed beds generated through several modeling techniques provide a strong alter-

native to gain significant insights into fixed-bed structures. Simulated beds packed with spherical

particles have been studied significantly [124,134,136]. These methods rely on evaluating the con-

tact dynamics and subsequent motion of the particles. Wide range of schemes have been employed

to perform force and moment balances to track motion of particles [120, 122, 123]. Among these,

Discrete Element Method (DEM) has emerged to be a reliable method to study granular flows and

bed packing [130, 134]. However, the aspect of non-trivial contact detection for cylindrical parti-

cles made the studies limited to spherical particles with few exceptions as mentioned in Table 2.4.

Different shape representation techniques have been employed to address the problem of contact

detection amongst cylindrical particles [131]. Discrete shape representation has been employed by

Marek [126] to study packing configurations in equilateral cylinders. The algorithm was further

extended to study orientation distribution in beds packed with cylindrical particles [139]. Eppinger

et al. [103] used glued sphere approach where cylinder shape is replicated by a number of lumped

spheres to perform DEM simulations. Kodam et al. enlisted different contact scenarios and ob-

tained geometrical criteria for contact detection to be used in DEM simulations [131]. Guo et al.
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modified these geometrical schemes and developed a contact detection scheme relevant for high

aspect ratio particles [140]. Caulkin et al. [33] employed a digitization scheme wherein the entire

bed volume is digitized into pixels and contact detection is performed by checking if more than

one particles are occupying the same pixel representative of particle-particle overlap. Boccardo et

al. [141] employed a computer graphics code Blender employing Bullet physics library(BPL) to

simulate packing of different particle shapes and obtained a good match with that of experimental

works. Behnam and Dixon [142] further used this framework for fluid flow simulations in beds

packed with complex shapes.
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Table 2.4: Modeling studies on cylinder packed structures

Author,Year Particles packed Modeling technique Remarks
Caulkin et al.,2009
[33]

Used complex cylin-
der shapes with holes

Used digitization and
pixel tracking for
packing particles

Predicted radial and
bulk voidage values

Kodam et al.,2010
[131]

Packed right cylinders Used geometric
calculations for con-
tact detection and
used DEM to pack
cylinders

Packed column with
cylinder particles and
obtained values close
to experimental re-
sults

Marek,2013 [126] Packed right cylinders Used discrete shape
representation to pack
cylinder particles

Matched the experi-
mental work of Zhang
et al., 2006 [37]

Niegodajew and
Marek, 2016 [139]

Packed cylinders with
different aspect ratios

Used method of
Marek,2013, [126]

Analysed the orienta-
tion of particles near
wall and bulk region

2.3.3 Loading Methods

Packing methods employed for assembling fixed-beds ultimately dictate unit efficiency [143].

The development of improved filling devices has enabled reduction in bed voidage or greater com-

paction of the bed in order to achieve high volume catalyst loading [25, 115]. Spatial arrangement

of particles near the wall has also been explored to dampen the radial voidage oscillations and thus

enhancing radial flow uniformity [117, 144]. Šmid et al. [145] observed that addition of particles

uniformly across the bed generated uniform voidage compared to loading the particles in the cen-

ter of the bed. They attribute this effect to the difference in particle interactions with the column

wall for each method. Mathias et al. [107] varied the height of the loading device from the free

catalyst surface, such that as drop height increased the radial spread of catalyst particles increased

resulting in greater bed voidage uniformity. Using poly-disperse particle sets for loading beds has

also been shown to dampen the wall induced oscillations in radial bed porosity compared to the

mono-disperse set [112, 113]. Afandizadeh et al. [25] noted in the case of cylindrical particles,

beds prepared by slow rates of particle addition showed lower voidage compared to faster rates of

particle addition. Pottbäcker et al. [115] showed that addition of particles with different physical
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properties and filling techniques altered the global voidage as well and demonstrated the need for

global voidage correlations to be inclusive of loading method employed. Given their significant

impact upon resulting bed structure there is a great value in developing computational tools capa-

ble of accurately and efficiently predicting local bed structure in fixed-beds inclusive of the above

discussed variants.

Non-isotropic particle structures exhibit a wide range of packing structures depending on the

methodology used to pack the beds. Wooten [146] studied the packing developed by sock and

dense loading and commented on the differences observed in these structures. Smid et al. [145]

used radiogauging method to study three different loading methods to pack beds with cylindrical

particles and observed that uniform filling method("rainy filling") using a grid distributor generated

a homogeneous distribution of catalyst. Bazmi et al [38, 39] performed sock and dense loading of

trilobe particles and observed that dense loading provided a more compact and tortuous bed which

resulted in increased pressure drop resulted in maldistribution of fluids. Dense loading comprised

of sharp corners and resulted into higher pressure drop. Potbacker [115] also demonstrated loading

methods to significantly effect the overall voidage in fixed-beds for spherical particles.

From the above discussion, it can be concluded that DEM is capable of studying fixed bed

structures. In this study, DEM methods are employed to study the effect of loading methods, par-

ticle shape and particle sample polydispersity on the resulting fixed bed structures. The generated

structures are evaluated for their geometric features. This analysis is performed on two commonly

found particle shapes: spheres and cylinders.

The DEM structures generated are converted to CAD geometries. The interstitial flow domain

is extracted and the impact of loading strategies, particle poly-dispersity is studied using CFD

analysis.
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3. MATHEMATICAL MODELS

This chapter describes the mathematical models employed in this study for the fixed-bed anal-

ysis: Discrete Element Method(DEM) and Computational Fluid Dynamics(CFD). In this chapter

the mathematical formulation of both these techniques are described in detail. Discrete Element

Method is employed to study the packed structures comprised of spherical and cylindrical particles.

Later, spherical packed structures are used to study the interstitial fluid flow using computational

fluid dynamics analysis. The chapter also describes the methods employed to transfer the ge-

ometric data obtained from DEM simulations to suitably modified CAD geometries capable of

generating robust meshes for solving the conservation equations of fluid flow models.

3.1 Discrete Element Method

The Discrete Element Method has been successfully employed to study granular media. DEM

method has been consistently used to generate stationary solid structures to study global and local

properties of the medium [134]. DEM models have been employed to study granular flows in

hopper and chute devices [147]. This methodology provides significant insights into modeling of

physical and chemical processes [88, 148, 149]. DEM is a Lagrangian based framework to study

granular media by modeling the particle level interactions. A rigorous review of different types

of DEM has been provided by Dziugys and Peters [130]. In this study, DEM based on classical

Newtonian dynamics was used for generating packed bed structures and is described in detail.

3.1.1 Mathematical Model

DEM solves the Newton’s second law of motion over a discretized time step to evaluate the

motion of particles. [88, 90, 134, 135, 136] . Both translational and rotational motion equations are

solved to calculate the displacement the particle undergoes over a given time step by evaluating

surface forces ~Fs, body forces ~Fb and torque ~τ .

26



mp
d2~yp
dt2

= ~Fs + ~Fb (3.1)

I
d2~θp
dt2

= ~Γ (3.2)

Particle’s linear velocity, momentum, angular velocity and angular momentum are updated at

each time step δt by integrating the Newton’s second law over the given time step. During this

time step, the velocities and acceleration are considered to be constant.

~vp =
d~yp
dt

(3.3)

~ωp =
d~θp
dt

(3.4)

Also, the collisions between particles are considered to be elastic in nature and are modeled

using coefficient of restitution and Poisson’s hypothesis [130]. All the collisions are considered to

be instantaneous in nature and influence the motion of the particles. The particles are allowed to

undergo partial overlap during the collision, and the overlap geometry dictates the contact forces

that arise from the collisions. In addition, depending on the surface roughness, frictional forces

modeled after coulomb’s law are also included in the simulation. A wide range of contact force

models have been studied and developed for DEM simulations [150].

3.1.2 Contact Detection

Contact detection is the most rigorous part of the DEM simulations. To determine the contact

forces, overlap amongst the particles has to be determined. At the end of each time step, the

geometric position and orientations of particles are calculated. Based on these, contact detection

algorithms are applied to calculate the overlap distances. The overlap distances are used in the

force modeling and moment modeling calculations. Contact detection being the most repetitive

step of the DEM simulation has received lot of attention to minimize the computation time [140].

27



Broadly, the contact detection can be divided into coarse and fine levels. During coarse contact

detection level, the neighborhood of the particles among which possible contact could occur is

established. This is followed by a fine contact detection where pairwise examination of overlap is

performed. Many strategies have been proposed to optimize this procedure [131].

Contact detection among spheres is trivial owing to their isotropic geometric shape. As shown

in Figure 3.1, after the neighborhood of particles with possible contact is established, the fine

contact detection is performed by calculating the distance between the geometric centers. In case,

the distance between the centers is less than the sum of radii of the spheres, overlap exist. Similarly,

if the distance between the wall and the center of the sphere is less than the radii, overlap with the

wall exist. Lastly, if the distance between center of spheres and the floor of the reactor is less than

the radii, the sphere has an overlap with the floor.
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Figure 3.1: Schematic of overlap among spherical particles

However, the contact detection for the case of cylinders is a complex task and is not straight-

forward. The non-isotropic shape and multiple overlap configurations make contact detection

amongst cylinders a non-trivial task. Several strategies have been proposed to perform contact

detection among cylinders [105, 131]. The objective of these strategies is to reduce the geometri-

cal complexity of contact detection for cylinders. Different shape representation techniques have

been employed to this end to perform contact detection. Marek et al. [126] used discrete shape

representation to represent a cylinder, wherein the surface of the cylinder was densely distributed

with points. By calculating the relative position of these points with other cylinder, contact detec-
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tion checks could be performed. The cylinder surface has to be densely distributed with points to

ensure a good representation of the cylinder shape is obtained. Though discrete shape representa-

tion eliminates the geometrical complexity of the issue, it results in heavy computational cost and

high memory allocation to achieve a desired resolution. Sphero-cylinder representation where the

ends of the cylinders would be capped by hemi-spheres was also used to model contact detection

among cylinders where the contact checks could be reduced to sphere-sphere,sphere-cylinder and

cylinder-cylinder scenarios [123]. However, the methodology of glued spheres has been the most

successful strategy applied so far to study cylindrical particles [103]. In this method, the cylinder

is represented by a set of spheres lumped together to provide a cylinder shape representation. The

number of spheres and their locations can be altered suitably to provide an accurate representation

of the cylinder shape. The entire contact detection scheme is executed by checking intersection

among spheres from different cylinders. These schemes generate the final cylinder position and

can be subsequently used to represent cylinder shapes for CFD simulations. These schemes have

also been employed to study granular media comprising other particle shapes as well [149]. How-

ever, the ability of these approaches to capture the sharp end effects of cylindrical particles is still

debated and may result in overlaps that might not be otherwise present when studying cylindrical

particles [105].

Kodam et al. [131] studied various overlap configurations among cylindrical particles and pro-

vided geometric rules to quantify the overlap among cylinders without any shape representation

modifications. Figure 3.2 demonstrates the different contact scenarios that occur during cylinder

particle simulations. A total of 9 distinct cases were identified and through a set of geometric rules,

the overlap is quantified. After the overlap is obtained evaluating the contact force is performed

using relevant models.
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Figure 3.2: Schematic of overlap among cylindrical particles, modified from Kodam et al. [131]

Guo et al. [140] modified these rules and applied them to high aspect ratio cylinders. Recently,

polyhedral meshing of cylinder particles to calculate overlap among the cylinder particles has been

employed for packing studies [105, 141]. This modification provides accurate representation of

cylinders resulting in better predictions for cylinder like structures.

In the current study, contact detection scheme for spherical particles was by geometric compu-

tation whereas for cylinder particles the methodology proposed by Kodam et al. [131] was used.
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3.1.3 Force Modeling

Evaluation of contact forces during a collision is an important aspect of DEM simulations.

The forces comprise of body forces like gravity and surface forces arising from contact between

the particles. Among these, the calculation of contact forces has received significant attention as

evidenced by the number of models that have been developed. The models either rely on empirical

constants to extract the contact forces or employ constants derived from the physical properties

of the solids involved. In this study, two different force models have been considered: Hertz-

Mindilin Contact force model for spherical particles and Linear Spring contact model for the case

of cylindrical particles. It has to be noted that the models applied in the study do not address the

non-elastic deformations that might occur during the particle collisions and is major limitation of

the above mentioned models [150]. Similarly, particle breakage during the practice of loading is

not considered in this study.

3.1.3.1 Hertz-Mindilin Contact Model

Hertz-Mindilin Contact model is a hybrid combination of the Hertz theory for normal contact

and Mindlin theory for spherical shapes [151]. The model has been commonly applied for granular

media where elastic collisions are considered. The net contact force that arise when solids collide

is a combination of normal and tangential forces at the contact as shown in Figure 3.3.
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(a) Normal Contact (b) Tangential Contact

Figure 3.3: Schematic representation of a) Normal contact b) Tangential contact forces among
particles

~Fcontact = ~Fn + ~Ft (3.5)

The normal contact force ~Fn is given by:

~Fn = −Kndn −Nnvn (3.6)

where Kn is the normal stiffness coefficient, Nn is the dampening coefficient, dn is the normal

overlap between the solids and vn is the normal component of the velocity.

The tangential contact force ~Ft is given by:

33



~Ft = −Ktdt −Ntvt (3.7)

whereKt is the normal stiffness coefficient,Nt is the dampening coefficient, dt is the tangential

overlap between the solids and vt is the tangential component of the velocity. The tangential force

is modified in case the magnitude of tangential force is less than frictional force.

~Ft =
|Kndn|Cfsdt
|dt|

, if |Ktdt| < |Kndn|Cfs (3.8)

The above mentioned stiffness coefficients are obtained from the physical properties of the mate-

rials involved through following equations:

Kn =
4

3
Eeq
√
dnReq (3.9)

Nn =
√

5KnMeqNndamp (3.10)

Kt = 8Geq

√
dtReq (3.11)

Nt =
√

5KtMeqNndamp (3.12)

The equivalent radius Req and equivalent mass are given by:

Req =
1

1
RA

+ 1
RB

(3.13)

Meq =
1

1
MA

+ 1
MB

(3.14)
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The damping coefficients are evaluated from the normal and tangential coefficients of restitu-

tion as follows:

Nndamp =
−ln(Cnrest)√
π2 + ln(Cnrest)2

(3.15)

Ntdamp =
−ln(Ctrest)√
π2 + ln(Ctrest)2

(3.16)

The equivalent Young’s modulus Eeq and equivalent shear modulus Geq are given by:

Eeq =
1

1−ν2A
EA

+
1−ν2B
EB

(3.17)

Geq =
1

2(2−νA)(1+νA)
EA

+ 2(2−νB)(1+νB)
EB

(3.18)

In the case of wall and floor contact Rwall =∞ and Mwall =∞. This model is well suited for

study of spherical particle packing studies.

3.1.3.2 Linear Spring Model

Linear spring model was first proposed by Cundall and Strack [128]. The model follows similar

mathematical formulation as described in Hertz-Mindlin model. However, the stiffness coefficients

Kn and Kt are pre-defined and normal damping coefficients are given by:

Nn = 2Nndamp

√
KnMeq (3.19)

Nt = 2Ntdamp

√
KtMeq (3.20)

The linear spring model facilitates force calculation with the contact detection scheme em-

ployed for cylinder particles [131]. The stiffness coefficients are user-defined and are selected

to replicate the experimental and correlations from literature. while ensuring the overlap among

cylinders is as minimum as possible.
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3.1.4 Time Integration

DEM method tracks the motion of particles by evaluating and updating the linear and angular

velocities and thereby the position of particles. Several time integration schemes have been pro-

posed to ensure stability of the simulation. A key aspect of stability is the critical time step called

Rayleigh time step:

tcritical = 2

√
m

Keff

(3.21)

A time step less than the critical time step ensures convergence. However, for systems with high

stiffness coefficients small time steps need to be chosen which increase the computation time. To

circumvent this aspect, modification of Young’s Modulus which increases the stiffness coefficients

is employed as a preferred strategy [152]. For the simulations performed, a time step not more

than 20% of tcritical is employed.

3.2 Computational Fluid Dynamics

Computational Fluid Dynamics provides a framework to solve the constitutive equations of

continuity, conservation of momentum and conservation of energy to obtain detailed flow, pres-

sure and temperature fields in fixed bed reactors [5, 55]. The equations are solved iteratively using

finite volume methods [153] to obtain the local interstitial flow fields. In addition, temperature

and species distribution can also be obtained using this technique. Although some simplified flow

models have provided good insights into flow behavior [eg: Ergun equation, Darcy’s Law], they do

not capture the local fields and hence do not provide in depth insights into the flow configuration.

However, computational fluid dynamics provides a rigorous framework to obtain numerical solu-

tion to these flow fields. The study aims at understanding the influence of the catalyst geometry on

the flow phenomena. To achieve this goal, the geometrical data (particle location and orientation)

and the bed tube are obtained from the DEM simulations. A sequence of boolean operations are

performed to obtain the interstitial flow domain through which fluid flow occurs. This domain is
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meshed using a set of constraints to obtain robust meshes. Lastly, the constitutive equations are

solved over this discretized domain to obtain the local flow and pressure fields.

3.2.1 Governing Equations

The model solves for equation of continuity given as follows:

∂ρ

∂t
+
∂ρui
∂χi

= 0 (3.22)

The conservation of momentum is as follows:

∂ui
∂t

+
∂uiui
∂χj

= − ∂p

∂χi
+
∂τij
∂χj

+ ρgi + Fi (3.23)

In the above equation p represents static pressure, τij is the stress tensor, ρgi is the gravitational

body force and Fi is any external force the fluid experiences. In the current study, all fluids are

treated as Newtonian fluids where τij is given by:

τij =

[
µ(
∂ui
∂χj

+
∂uj
∂χi

)

]
− 2

3
µ
∂ui
∂χi

δij (3.24)

Similarly, the equation for conservation of energy can be given as:

∂ρH

∂t
+
∂ρuiH

∂χi
=

∂

∂χi
λ
∂T

∂χi
− ∂ΣjHiJi

∂χi
+
DP

Dt
+ (τik)

∂ui
∂χk

+ SH (3.25)

Many researchers have observed that the traditional superficial velocities employed in fixed

bed reactors exhibit highly unsteady and chaotic flows. Particle Reynolds Number (Re) greater

than 300 are described by turbulent models.

Re =
ρvindp
µ

(3.26)
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Several strategies have been applied to model turbulence in fluid flow. While solving the time

dependent Navier-Stokes equation called as Direct Numerical Simulation (DNS) [97] is the most

straightforward choice, it is highly restrictive in terms of the geometrical complexities and the

computational demand for simulating fluid flow [11]. Alternatively, Large Eddy Simulations (LES)

[154] and Reynolds Averaged Navier Stokes [55] models provide viable options for solving the

fluid flow. The transient formulation of LES makes it less suitable for fixed-bed simulations [90].

Considering the above aspects, RANS has been successfully applied to study fluid flow in fixed-

beds [99].

RANS model decomposes the vector component into a mean component and a fluctuating

component.

vi = vi + v′i (3.27)

The modified velocity components are substituted into the conservation of momentum equa-

tion. The resulting equations are averaged which eliminates the terms with single fluctuating com-

ponents:

∂(ρvi)

∂t
+

∂

∂χj
(ρvivj + ρv′iv

′
j) +

∂p

∂χi
+
∂τ ij
∂χj

= ρgi (3.28)

Several models have been developed to predict the product of the fluctuating components in

the above equation and have been rigorously investigated regarding their applicability for fixed-

bed analysis [23, 96]. The modified k − ε model has been found to be the most suitable for fixed

bed analysis. Following equation shows the prediction of fluctuating components from the model .

(−ρvivj) = µt

(
∂vi
∂χj

+
∂vj
∂χi

)
− 2

3

(
ρk + µt

∂vi
∂χj

)
δij (3.29)
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The above equations are solved to obtain the steady state flow, velocity and pressure fields in

the fixed bed reactors. The entire model has been simulated using the academic license of STAR-

CCM + package.

3.2.2 Meshing Strategies

Meshing the interstitial domain of packed beds is a challenging task. Several aspects related

to the size and nature of the geometry make meshing a tedious task. CAD representation of DEM

generated particle packing structures are not suitable for generating meshes that can efficiently

solve and converge the governing equations for fluid flow analysis. In order to minimize memory

requirements, CAD geometries only provide an approximate representation of the intended solid

particle. The soft sphere approach followed during DEM simulations also results in minimal over-

lap among the solid particles. The above constraints often result in "dirty geometries", which need

post-processing before proceeding to fluid flow simulations. The complex geometries of sphere

and cylinder packing requires fine meshing to avoid highly skewed and low quality cells. How-

ever, extremely fine meshing often results large number of cells resulting in heavy computational

cost. Several researchers have addressed this issue by suitable modifying the bed geometry with-

out altering the overall bed behavior [96]. The mesh generation comprises of surface meshing and

volume meshing. Following sections describe generation of meshes for reliable computations.

3.2.2.1 Surface Meshing

After obtaining the flow domain, the bed and particle surfaces are remeshed to obtain smooth

surfaces. This surface mesh provides a base over which the volume mesh is generated. The surface

meshing is done by either using the surface wrapper or surface remesher [57]. The motivation

for surface meshing is to generate a water tight mesh which provides a smoother and continuous

representation of the solid surfaces over which the volume mesh can be generated. The objective

of the surface mesh is to provide the best possible representation of the solid catalyst particles that

can reflect the impact of packing geometry on the fluid flow simulation.
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As mentioned earlier, spherical and cylindrical particles exhibit contact points which require

extremely fine meshing to avoid skewed cells [96]. In order to mitigate this issue, several modifica-

tions of the geometry have been proposed as shown in Figure 3.4. They can be broadly classified as

global [55,149] where the particle size is either increased or decreased to eliminate the fine contact

points and local [103, 135] using bridges at contact points or using caps where local flattening of

particle shape is performed at the contact points. Compared to the global methods where the bed

geometry is modified and corrections have to be applied while post-processing [11], local methods

are promising with minimal change to the actual geometry. In this study, local flattening (caps

method) is applied where the contact surfaces is flattened to create a finite volume which can be

meshed to provide reliable volume mesh.

Figure 3.4: Geometry modifications to generate reliable surface and volume meshes
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3.2.2.2 Volume Meshing

Volume meshing comprising of polyhedral and prism layers is used to generate the volume

mesh from the bed wall and particle surfaces. The prism layers are grown along the surface of the

particles to capture the boundary layer effects for velocity and temperature as shown in Figure 3.5.

Figure 3.5: Generated prism layers along the surface to capture velocity and temperature gradients

The remainder of the volume is suitable meshed with polyhedral mesh as shown in Figure

3.6. The mesh generation process is constrained to quality parameters in order to generate reliable

meshes [57, 95, 99, 103].
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Figure 3.6: Generated volume mesh in the interstitial flow domain
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4. SPHERE PARTICLE PACKING

4.1 Overview

Cylindrical vessels representing the beds to be packed are generated and spherical particles are

added to bed sequentially until a minimum bed height h = 35Dp is generated. Preferential loading

of particles is obtained by suitably modifying the particle injector zone. After a desired loading

strategy is selected, the particle positions and radii are randomized and introduced into the bed.

The particles are allowed to settle under the influence of gravity and simulation is stopped when

the maximum velocity of the particles in the bed falls below a magnitude of 0.0001 m/s.

4.1.1 Loading Methods

Figure 4.1 depicts three loading methods simulated by modifying injector zone to introduce

particles at desired radial positions. Uniform loading refers to particles added uniformly across the

bed cross-section, and sock loading introduced the particles in the center of the bed whereas wall

loading introduced the particles along the bed wall.
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(a) Uniform (b) Sock (c) Wall

Figure 4.1: Initial loading positions and corresponding initial packing structure of monodisperse
spherical particles for (a) Uniform (b) Sock and (c) Wall loading in DB/Dp = 20

4.1.2 Discrete Element Method

Discrete Element method[DEM] solves Newton’s second law over a discretized time step to

evaluate the motion of particles and has been effectively employed to study fixed-beds as well.

[88, 90, 95, 117, 134, 135, 136]. Both translational and rotational motion equations are solved to

calculate the displacement the particle undergoes over a given time step by evaluating surface

forces ~Fs, body forces ~Fb and torque ~Γ .

Interactive forces between particles are calculated using the Hertz-Mindlin contact model where

the normal and dampening forces are calculated from the overlap and velocities of particles in-

volved [128, 130]. The rolling resistance model was used for friction calculations. Glass was used

as material for both particles and the wall. However, a reduced Young’s modulus was used for

the calculation which results in faster computation by increasing the time step over which calcu-
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lations can be performed [152, 155, 156]. DEM simulations were performed using STAR-CCM +

(academic license) software package [90, 95, 117, 157].

4.1.3 Implementation

The entire set of simulations were performed on a LINUX based IBM/Lenovo x86 HPC Cluster

super computer facility capable of parallelization provided by Texas A&M University. In all cases,

output was collected comprising of tabular data representing the particle number, radial, vertical

and angular positions and radii of the sphere.

4.1.4 Analysis Of Results

Sufficiently long beds were generated to mitigate any end effects produced by the reactor floor

[32]. Also, the topmost layer of the bed can be loosely packed and hence the top five particle

diameters are not included for voidage analysis [103] The bulk and radial voidages of the simulated

fixed-beds are calculated as follows:

A plane perpendicular to the axis of the cylindrical bed is drawn at an arbitrary height h from the

base. The number of particlesNp with geometrical centers enclosed within the resulting cylindrical

volume can be obtained from the output file. Through a set of geometric computations, the net solid

volume(vsolid) enclosed is evaluated. The resulting bulk voidage εB is given as:

εB = 1− vsolid
πD2

Bh/4
(4.1)

The edge-based technique proposed by Mueller [36] is used to predict the radial voidage at a

specific axial and radial position as follows. Firstly, the bed is dissected into planes perpendicular

to the axis of the cylindrical bed, secondly this plane is divided into annular rings from center of

the bed towards the wall with an increment in the radius by R/100 as suggested by [34] where R

is the mean radius of the particle sample. For each annular ring, the length of the arc intersecting

a spherical particle s(r) is evaluated using the following equation:
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s(r) = 2θr (4.2)

where r is the radius of the annular ring and θ is angle subtended at the center of the bed by

the intersecting arc passing through the sphere [36]. Such evaluation is performed for the entire

annular ring to obtain the radial porosity at that specific radial position and height,

ε(r, h) = 1− Σs(r)

2πr
(4.3)

which can be further averaged across multiple vertical planes to obtain the axially averaged

radial voidage.

Tortuosity represents the ratio of length of the path traversed by the fluid to actual length of

bed (vertical direction in current case). PathFinder algorithm [158, 159, 160] has been used to

estimate the geometrical tortuosity demonstrated by simulated beds. The algorithm evaluates the

shortest possible path the fluid can travel through by connecting adjacent void throats throughout

the bed. The bed base is discretized into a set of points from which these possible paths can be

traced. Through this process, localized tortuosity values can be obtained across the bed and have

been presented in this study for different loading methods. In addition to the tortuosity analysis,

particle segregation induced by the loading methods has been studied for poly-disperse mixtures

for the case of DB/DP = 20.

4.2 Results And Discussion

4.2.1 Parameter Selection And Validation

Table 4.1 provides the particle and bed dimensions used for simulations aimed at investigating

the relative impact of loading method and poly-dispersity of particle sample.
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Table 4.1: Particle and Bed dimensions used for investigating the effect of loading method on bed
structure

Dp(m) DB/Dp

0.00635 8

0.00635 14

0.00635 20

In order to study the reproducibility of the model, a total of 15 beds across the three bed-particle

diameter ratios were generated using Uniform loading. The bulk voidage calculated showed a

maximum standard deviation of 0.3 % establishing the reproducibility of the models. Table 4.2

shows the relevant parameters used for the model employed in this study.

Table 4.2: Simulation parameters used for generation of sphere packed structures

Parameters Values Units

Young’s modulus Y 1e7 N/m2

Density ρ 2500 kg/m3

Poisson’s Ratio ν 0.235 -

Restitution e 0.94 -

Static friction α 0.4 -

Time step ∆ t 0.0001 s

Bulk voidage characteristics of the fixed-beds were compared with correlation provided by

Benayahia and O’ Niell [28]. Figure 4.2 shows the bulk voidage values for monodisperse beds

withDB/DP 8, 14 and 20 compared with correlation [28] with a multiple correlation coefficient of

93% and a standard deviation of 1.5% with DEM simulations for the cases of DB/DP = 8, 14 and
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20. The plot also shows decrease in bulk voidage with increase in bed diameter due to elimination

of constraining effects of the wall. The bulk voidage profiles stabilize to an asymptotic value of

0.39 as observed in other similar studies [136, 157].
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Figure 4.2: Bulk voidage measurements of the simulations compared with Benyahia and O’Neill
correlation [28]

Radial voidage profiles for the monodisperse beds were compared with correlation of deKlerk

[43] in Figure 4.3 and show good agreement.
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Figure 4.3: Radial voidage profiles of simulated beds compared with deKlerk correlation [43]

4.2.2 Relative Influence Of Loading Methods

Figure 4.4 and 4.5 depict the bulk and radial voidage profiles obtained for monodisperse par-

ticle beds with DB/DP 8, 14 and 20 respectively. The bulk voidage profiles for the monodisperse

beds show similar trends irrespective of the loading methodology employed. In line with experi-

mental measurements of [44], the radial voidage patterns demonstrate an oscillatory profile in the

proximity of wall caused by the ordering of particles. The tortuosity plots for the monodisperse

packing are presented in Figure 4.6. The tortuosity plots provide show that the beds exhibit a tor-

tuosity distribution with a mean value of 1.18. It can be seen that loading methods do not influence

the packing configurations generated by monodisperse spherical particles.
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Figure 4.4: Bulk voidage of simulated monodisperse particle beds obtained from Uniform, Sock
and Wall loading for DB/DP = 8, 14, 20
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Figure 4.5: Radial voidage of simulated monodisperse beds obtained from Uniform, Sock and
Wall loading for DB/DP = 8, 14, 20
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Figure 4.6: Tortuosity distribution of monodisperse beds obtained from Uniform, Sock and Wall
loading for DB/DP = 20
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4.2.3 Relative Influence Of Particle Size Distribution

In addition to studying the impact of loading methods on the mentioned particle-bed dimen-

sions, each run was performed with three particle size distributions. Monodisperse particle sample

comprised of spheres with uniform diameter of 6.35 mm and polydisperse samples with a mean

diameter of 6.35 mm and spread of 10% and 20% were used. Figure 4.7 shows the distribution of

polydispersity obtained from the packing simulation and depicts a normal distribution with a mean

diameter of 6.35 mm and desired standard deviations.
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Figure 4.7: Polydispersity distribution generated from Uniform Loading for DB/DP = 20

The bulk and radial voidage profiles for beds generated with polydisperse samples are shown

in Figure 4.8 and 4.9 respectively. It can be seen that bulk voidage profiles are similar to the case

of mono-disperse loading and lead to an asymptotic value with increase in bed diameter. The

impact of polydispersity is noticed in the dampening of oscillatory profiles of radial voidage. The

oscillations exhibit higher amplitude in case of monodisperse packing and decreases with increase

in polydispersity. The void spaces present in between larger particles are occupied by smaller

particles and results in dampening of voidage profiles.
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Figure 4.8: Bulk voidage profiles of monodisperse and polydisperse beds obtained from Uniform,
Sock and Wall loading for DB/DP = 8, 14, 20
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Figure 4.9: Radial voidage profiles of monodisperse and polydisperse beds obtained from Uni-
form, Sock and Wall loading for DB/DP = 8, 14, 20

Preferential loading of polydisperse particles by varying the radial entry positions into the bed

tends to create particle segregation [161, 162]. DB/Dp of 20 was used for this study and three

different beds corresponding to each loading and polydispersity were generated for this study. The

entire bed was divided into annular rings of thickness Dp. For each of the annular rings, the mean

particle diameter of the particles with centers in the given annular rings is evaluated. Figure 4.10

represents the variation of the mean particle diameter along the radial position of the bed from

center to the wall. It can be seen that for the case of uniform loading the mean particle diameter
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does not show significant variation across the bed radius, however for the case of sock loading, the

mean particle diameter tends to decrease from center towards the wall and for wall loading mean

particle diameter tends to increase from the center towards the wall of the bed. This behavior is

further validated by the skewness values presented in Figure 4.11 where sock loading demonstrated

positive skewness towards the wall and wall loading shows positive skewness towards the center

of the bed. As larger particles tend to experience higher resistance to be displaced when compared

to smaller particles, larger particles are found in the vicinity of introduction zone whereas smaller

particles are displaced further. Thus for the case of poly-disperse mixtures, the loading techniques

tend to create a gradient of particle sizes from the zone of the introduction. This will bound to

create non-isotropic void behavior and needs to be taken account of while packing the fixed-beds.
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Figure 4.10: Normalized mean diameter along the radial distance from center to wall for 10 %
and 20 % polydisperse beds for DB/Dp = 20
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Figure 4.11: Skewness of particle size distribution along the radial distance from center to wall
for 10 % and 20 % polydisperse beds for DB/Dp = 20

Lastly, the tortuosity plots for polydisperse beds were generated using the PathFinder algorithm

and are presented in Figure 4.12. The tortuosity values depicted by the bed are similar to the

values . However, more rigorous interstitial fluid flow studies have to be performed to gain better

understanding of the influence of polydispersity and loading methods.
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Figure 4.12: Tortuosity distribution for 10 % and 20 % polydisperse beds for DB/Dp = 20

4.3 Conclusions

DEM simulations were performed to study the influence of different loading methodologies

on spherical packing structures. STAR-CCM+ was used for performing the packing simulations

and generated beds showed good match with the correlations from literature. The loading methods

did not show any significant difference in the voidage and tortuosity behavior of the generated bed

structures and could be attributed to the isotropic nature of spherical particles. However, for the

case of polydisperse mixtures along with dampening of oscillations in the radial voidage profiles,

segregation of particles depending on the loading methodology employed was noticed. This may

lead to significantly altering the subsequent fluid flow behavior observed in the beds.
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5. CYLINDER PARTICLE PACKING

5.1 Overview

DEM has been employed in this study to generate fixed-beds comprised of cylindrical particles.

Rigid cylinder particle model provided by STAR-CCM+ was used for the packing simulations

[104]. Particles are introduced into the bed via different loading methods wherein the radial entry

position of the cylinders is varied specific to the method chosen. This is achieved by suitably

modifying the injector and bed geometry. After selecting the loading method, particle positions

and orientation are randomized at the top of bed and are allowed to settle under the influence of

gravity. Particles are introduced simultaneously into the bed until a minimum packing height h ∼

30DP is generated. The simulation is stopped after the bed reaches the desired height and particles

reach a state of rest. As the simulation is completed, the position and orientation vector of the

cylinder are exported for further analysis.

5.1.1 Loading Methods

The loading methods employed in this study test the effect of preferential loading of particles

across the cross-section of bed. Three different loading methods are employed in this study. Par-

ticles are added uniformly across the bed cross-section which is a commonly practiced loading

method in earlier packing studies. In addition, simultaneous addition of particles in the central

zone of bed and addition of particles along the wall of bed are taken up to study effect of wall

on structures developed in fixed beds. Figure 5.1demonstrates the three loading methods used in

this study. Uniform loading is performed where particles are added uniformly across the bed, Sock

loading is performed to add particles in the center of the bed and Wall loading is performed to add

particles along the wall of the bed.
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(a) Uniform (b) Sock (c) Wall

Figure 5.1: Loading methods and corresponding initial packing structure of cylindrical particles
(a) Uniform (b) Sock and (c) Wall loading in DB/Lp = 20

5.1.2 Discrete Element Method

Discrete Element methods (DEM) have been accepted as a reliable method to perform random

packing generation and have been used for subsequent fluid flow analysis [88, 95, 103, 104, 163].

The method solves Newton’s second law of motion to track the translational and rotational motion

of particles. This is performed by evaluating the contact forces arising from particle-particle and

particle-wall interactions. Linear spring model is used to determine the contact forces along with

rolling resistance model for friction calculations. Glass was used as a material for both particle

and wall. However, a reduced Young’s modulus was used for the calculation which results in faster

computation by increasing the time step over which calculations can be performed [152,155,156].
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5.1.3 Implementation

The entire set of simulations were performed using STAR-CCM + 12.06.011 on a LINUX

based IBM/Lenovo x86 HPC Cluster super computer facility capable of parallelization provided

by Texas A&M University. The output comprises of tabular data representing the particle number,

geometric position and orientation of the cylinder.

5.1.4 Analysis Of Results

Bulk voidage and radial voidage for the simulated fixed-bed structures were calculated as fol-

lows. For any given cylindrical volume of height h, the number of cylindrical particles enclosed

can be obtained from the output file. From this, the geometric volume enclosed by the solid parti-

cles is evaluated and resultant bulk voidage is given as:

εB = 1− vsolid
πD2

Bh/4

The non-isotropic shape of cylindrical particles makes geometric evaluation of radial voidage

non-trivial. In order to overcome this issue, the entire bed volume is densely distributed with

points. Entire bed is divided into annular volumes of thickness dp/5. In each of the annular rings,

the number of points interior to cylindrical particles Np are evaluated. The ratio of these points to

the total points in the annular region Mp provides a measure of the voidage at the corresponding

radial positions.

Orientation distribution is an important aspect of cylinder packing structures [40, 139]. Apart

from the bulk and radial voidage, they provide additional insights into spatial arrangements of

cylindrical particles. The orientation distribution of cylindrical particles with the vertical and the

radial of the bed are reported in this study.
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5.2 Results And Discussion

5.2.1 Parameter Selection And Validation

Table 5.1 provides the details of the particle and bed dimensions used in this study. All the

particle samples were mono-disperse with aspect ratios of 1 and 5. To establish reproducibility of

the model, five different beds for each bed diameter to particle length ratio were generated using

equilateral cylinders employing uniform loading. Figure 5.2 shows the bulk voidage of the beds

generated compared with correlation of Benyahia and O’Neill [28]. It can be seen that the beds

generated exhibit a mean value close to the correlation with a maximum standard deviation of

0.79%.

Table 5.1: Particle and Bed dimensions used for investigating the effect of loading method on bed
structure

DP (mm) LP/DP DB/Lp

6.35 1 10

6.35 1 20

6.35 5 10

6.35 5 20

60



5 10 15 20 25

0.28

0.3

0.32

0.34

0.36

0.38

D
B
/D

P

ε B

 

 

STAR-CCM+

Benyahia & O'Neill

Figure 5.2: Bulk voidage of simulated beds compared with Benyahia and O’Neill correlation [28]

Caulkin et al. [33] generated fixed-beds comprising of cylinder particles with diameter 3.42

mm and length of 3.46 mm. X-ray tomography analysis was performed on these beds to obtain

X-ray tomography study [33] performed on fixed-beds packed with cylinder particles provided

significant insights into the radial voidage and particle orientation distribution. Beds were gener-

ated comprising of cylindrical particles with a diameter of 3.42 mm and length of 3.46 mm similar

to the study [33]. The radial voidage and particle orientation profiles for generated beds were

compared with reported results of tapped bed packing. Figure 5.3 shows that the generated radial

voidage profiles exhibit oscillatory patterns which propagate from wall into the bed similar to the

tomographic data.
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Figure 5.3: Radial voidage profile generated and compared with experimental data of Caulkin et
al. [33]

Figure 5.4 shows a good agreement between the orientation distributions of the generated beds

and tomographic data. However, the DEM simulations under predict the orientation distribution in

the range of 0-10 degrees as observed in other studies as well [33, 139] and is usually attributed to

differences in the material properties and constants used for simulation.
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Figure 5.4: Orientation distribution of simulated beds compared with experimental data of Caulkin
et al. [33]

Table 5.2 shows the final set of parameters used in this study. The resulting beds were analyzed

for bulk voidage, radial voidage and orientation distribution.
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Table 5.2: Simulation parameters used for generating cylinder packed structures

Parameters Values Units

Young’s modulus Y 1e7 N/m2

Density ρ 2500 kg/m3

Poisson’s Ratio ν 0.235 -

Restitution e 0.5 -

Static friction α 0.1 -

Time step ∆ t 0.0001 s

5.2.2 Bulk Voidage

The bulk voidage of the beds for a packing height of h ∼ 25DP were calculated and presented

in Table 5.3. The values are in agreement with the correlation provided by Benyahia and O’Neill

[28] and show a maximum deviation of 4.5%. It can be seen that the bulk voidage values are not

effected by the loading method employed for both equilateral and non-equilateral cylinders.
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Table 5.3: Bulk voidage values obtained from simulated cylinder packed beds

LP/DP DB/LP Loading Mean Standard Dev Correlation Error(%)

Uniform 0.329 0.016 4.47

1 10 Sock 0.314 0.002 0.315 0.22

Wall 0.324 0.001 3.015

Uniform 0.305 0.003 0.65

1 20 Sock 0.303 0.002 0.307 1.30

Wall 0.309 0.003 0.84

Uniform 0.415 0.001 2.35

5 10 Sock 0.401 0.009 0.425 5.43

Wall 0.419 0.005 1.29

Uniform 0.410 7E-4 1.55

5 20 Sock 0.410 4E-4 0.417 1.65

Wall 0.400 0.011 4.07

5.2.3 Radial Voidage

Figure 5.5 provides the radial voidage plots for the case of equilateral cylinders for DB/Lp of

10 and 20. It can be seen that the radial voidage shows an oscillatory pattern in the vicinity of the

wall which gradually dampens out as the distance from wall increases. This behavior which is also

demonstrated by spherical structure packing arises from the ordering of particles near the wall.
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Figure 5.5: Radial voidage profiles of simulated beds generated with equilateral cylinders

However for the case of non-equilateral cylinders in Figure 5.6 the oscillations dampen out

rapidly when compared to case of equilateral cylinders. High aspect ratio cylinders tend to min-

imize the wall ordering effect as a consequence of the non-isotropic particle shape. Among the

different loading methods, wall loading induces strong order compared to others. Addition of

particles along the wall creates an ordering effect resulting in increased amplitude of voidage os-

cillation.
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Figure 5.6: Radial voidage profiles of simulated beds generated with non equilateral cylinders

5.2.4 Orientation Analysis

Particle orientation distribution is an important characteristic of cylindrical particles. Figure

5.7 shows the alignment of equilateral particles with the vertical axis of bed. The loading methods

tend to create similar orientation distribution for the case of equilateral cylinders and is similar in

nature to tomographic studies of Caulkin et al. [33]. High aspect ratio cylinders exhibits different

behavior compared to equilateral cylinders in Figure 5.8. In this case particles exhibit a strong

tendency to align perpendicular to the vertical which is the most stable position for the case of

long cylinders. The tendency to align horizontally becomes stronger with increase in bed diameter.

Wall loading provides unhindered settling of particles which results in particles aligning in the

most stable position. This results in creation of isotropic voidage profiles which ensures better

fluid distribution [164, 165].
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Figure 5.7: Orientation distribution with vertical axis for equilateral cylinders
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Figure 5.8: Orientation distribution with vertical axis for non equilateral cylinders
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Figure 5.9 shows the alignment of particles in radial direction for case of equilateral cylinders.

As can be seen particles show a preference to align either along the radial direction or perpen-

dicular to it with other alignments present as well. This behavior is consistently seen with all

loading methods. Figure 5.10 shows the study for non equilateral cylinders. Wall loading shows

an increased alignment of particles in the radial direction. A possible reason for this preferential

alignment is due to the unhindered settlement of particles along the wall.
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Figure 5.9: Orientation distribution with radial direction for equilateral cylinders

71



0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90
0

5

10

15

20

25

DB/LP = 10

angle(degree)

Fr
eq

ue
nc

y
%

Uniform
Sock
Wall

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90
0

10

20

30

40

DB/LP = 20

angle(degree)

Fr
eq

ue
nc

y
%

Uniform
Sock
Wall

Figure 5.10: Orientation distribution with radial direction for non-equilateral cylinders
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From the above results, it can be inferred that loading methods do not influence the voidage

parameters. While voidage parameters are important, they do not truly capture the intricate details

of packing structures. As can be seen, structures with similar voidage parameters can exhibit varied

local orientation resulting in different flow patterns altering the transport properties.

5.3 Conclusions

Discrete Element Method was employed to study the impact of loading methods on the pack-

ing configurations generated using cylindrical particles in a circular tube. Three different loading

methods employing preferential addition of particles uniformly, in the center of the bed and to-

wards the wall of the bed were studied. Also, the studies were carried out using equilateral cylin-

ders with aspect ratio of 1 and non equilateral cylinders with aspect ratio of 5. While equilateral

cylinders exhibited dampening oscillatory profiles in radial voidage towards the center of the bed,

non-equilateral cylinders did not show strong oscillations except for the case of wall loading where

particles were added along the wall. Also, there was strong difference in the orientation distribu-

tion profiles for equilateral and non-equilateral cylinders. While equilateral cylinders showed a

range of alignment orientations with the vertical, high aspect ratio cylinders were predominantly

horizontal. The equilateral cylinder packing was not influenced by the loading methods employed

similar to the behavior of mono disperse spherical particles. Whereas wall loading employed in the

study aligned the high aspect ratio particles in the radial direction when compared to other load-

ing methods. It can be concluded that loading methods tend to impact the packing configurations

generated in the beds and should be taken into consideration for future studies especially in low

bed-particle diameter cases.
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6. FLUID FLOW MODELING

6.1 Overview

The bed geometries generated from the DEM simulations using different loading methods were

studied using Computational Fluid Dynamics. Initial set of validation studies were performed on

monodisperse sphere beds packed with uniform loading for DB/Dp ∼ 8 and a bed height h ∼

15DP . The model validation was performed by comparing the interstitial velocities profiles and

overall pressure drop with experimental data and correlations. Mesh independence was established

by varying the mesh size until no further change in the accuracy of solution was noticed. After

finalizing the model and mesh parameters, the influence of loading methods and polydispersity

was studied using beds with DB/Dp ∼ 20. Among bed generation, meshing and solving for

the constitutive equations, meshing is the most computationally intensive parts and limits the size

of geometries that can be investigated [103] . This addressed by suitably modifying the size of

geometries investigated for fluid flow analysis. In the initial mesh parametric studies of spherical

particle packing, beds with DB/Dp of 8 and height of 15Dp was chosen for the simulation. After

finalizing the mesh parameters, the influence of polydispersity and loading methods was studied

using DB/Dp of 20. As meshing of the entire bed is not viable, the volume of the bed investigated

is modified. The symmetry of the bed is exploited to prepare a suitable flow domain. Tabib et

al. [148] has demonstrated that CFD analysis of sections of large scale industrial reactors can

provide insights into velocity profiles and pressure drop within the bed. They identified a bed

length ∼ 5DP to simulate flow fields devoid of entrance effects. Also, as the loading methods

employed exhibit radial symmetry, the fluid flow simulation was performed in a quarter of the bed

volume. Thus for beds with larger diameters, flow analysis was performed over a bed height of

5DP and a quarter section of the bed.
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6.2 Geometry Description and Meshing

The stationary bed obtained by employing different loading methods serves as the geometry

for fluid flow analysis. The solid particles (spheres and cylinders) and the bed tube obtained from

the DEM simulations are converted to CAD geometries. CAD geometries are topographical rep-

resentations of the solid particles and bed tube using faces, edges and vertices and provide an

approximate representation of the particle and bed shape. The interstitial flow domain is obtained

through a series of boolean and meshing operations over which the conservation equations are

solved.

The CAD geometries imported from DEM simulations are initially remeshed using a surface

remesher. This remeshing performs two important operations of generating a smooth mesh and

eliminating the contact points by using the method of caps [11, 103]. After generating the surface

mesh, the volume of the interstitial domain is meshed with a combination of prism layer and

polyhedral meshing. Velocity inlet was set as the boundary condition at the inlet of the bed and

the outlet of the bed was set to atmospheric pressure. The catalyst and bed wall were set to no-slip

boundary condition. For the case of large beds, the planes restricting the bed to a quarter segment

were set to symmetric plane conditions. The bed was extruded outward for a length of 2DP at inlet

and 15DP at outlet to minimize re-circulations and facilitate smooth convergence.

6.3 Implementation

The entire set of simulations were performed using STAR-CCM + 12.06.011 version on a

LINUX based IBM/Lenovo x86 HPC Cluster super computer facility capable of parallelization

provided by Texas A&M University.

6.4 Results And Discussions

6.4.1 Parameter Selection and Validation

Initial hydrodynamic investigations were performed to obtain the overall pressure drop and the

results were compared with the correlation of Einsfeld and Schnitzlen [30]. This correlation was

chosen as it accounts for the influence of bed-particle diameter ratio give by
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(a) Validation studies (b) Loading studies

Figure 6.1: Bed geometries used for fluid dynamics analysis
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Simulations were carried out with air as the fluid and the properties listed in Table 6.1.

Table 6.1: Thermophysical properties of air used for simulation

Property Value Units

Density 1.18415 kg/m3

Dynamic Viscosity 1.855e-5 Pa-s

Hydrodynamic studies were performed by varying the particle Reynolds Number between

100, 200, 300, 500 and 1000. A base size representative of the geometry is chosen and the remain-

ing parameters related to surface proximity, surface size, prism layer thickness and polyhedral

mesh fixed relative to the base size. The parameters were obtained from similar studies used to

study fluid flow among spherical particles and are listed in Table 6.2 [104, 157].

77



Table 6.2: Mesh Parameters used for the simulation

Property Value

Base size 3 - 6.35 mm

Surface Size 4-10 %

Surface Growth Rate 1.5

Prism Thickness 3 %

Number of Prism layers 2

Minimum distance between Surfaces 10 %

Figure 6.2 shows the predicted pressure drop compared with Eisfeld and Schnitzlien correla-

tion [30]. It can be seen that the overall pressure drop increases with inlet velocity. A maximum

deviation of 17% was observed for all the meshes which is within the engineering approximations

for design. With mesh refinement, it can be seen that the results do not change significantly es-

tablishing grid independence. As can be seen from Table 6.3 selection of fine mesh increases the

mesh cells without any significant increase in the accuracy of the predictions. Therefore, a mesh

with base size of 3.5 mm was used for the rest of the simulations.
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Figure 6.2: Predicted pressure drop compared with Eisenfeld and Schneitzlen correlation [30]
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Table 6.3: Mesh cells and error% with base size parameter

Base Size Number of cells [106] Maximum Error

6.35 mm 2.20 17.95

3.50 mm 6.89 10.46

3.17 mm 8.89 9.56

3.00 mm 11.36 5.16

Further model validation was performed by comparing the normalized axial velocities in a bed

with DB/DP = 8 for Re = 532 with the work of Giese et al. [166] where light dopplometry

was used to measure axial velocities in beds with DB/DP = 9.3 . It can be seen from Figure 6.3

that the model predictions are in good agreement with the experimental work near the wall with

deviations increasing towards the center of the bed. A possible difference could be arising from

the different packing material and bed diameters in both the studies.
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Figure 6.3: Comparison of axial velocities with experimental data [166]

Figure 6.4 represents the velocity magnitudes in the interstitial flow domain along the plane

z = 0. The interstitial flow velocities reach magnitudes∼ 10 the inlet velocity and show significant

deviations from the assumed plug flow behavior. This is a significant deviation from the ideal

behavior predicted by the homogeneous or porous models discussed in Chapter 2. As can be seen

from the Figure 6.4, the distribution of these velocities is dependent on the presence of narrow

throats in the fixed bed and has to accounted for while analyzing the reactors. This mandates study

of the local solid structure in fixed beds to develop mechanistic models.
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Figure 6.4: Velocity profiles of interstitial flow for Re = 532 along the plane y = 0
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After the initial validation studies, impact of the loading methods and the polydispersity on fluid

flow were studied. Prior to this analysis, the minimum bed length required to capture developed

flow profile was investigated . Pressure drop measurements were made against the bed height as

shown in Figure 6.5. It can be seen that after an entry length of 2.5DP , the variation of pressure

drop with length becomes linear indicative of developed flow. This length will further decrease in

case of poly-disperse mixtures and cylinders as the re-distribution of fluid is more significant in

them owing to their random nature of packing.
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Figure 6.5: Variation of pressure drop with bed height
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A total of six beds (three monodisperse and three polydisperse) corresponding to each loading

method were studied. Each of the bed was simulated for two different inlet velocities of v =

0.246m/s with Re = 100 corresponding to laminar flow and v = 1.23m/s with Re = 500

corresponding to turbulent flow.

6.4.2 Velocity Profiles

Figure 6.6 shows the circumferential averaged velocity profiles across the bed height. The av-

eraged velocity profiles do not show any dependency on the loading methods or the polydispersity.
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Figure 6.6: Circumferential averaged velocities across the bed height on a radial plane θ = 45 for
Re = 100
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Figure 6.7: Circumferential averaged velocities across the bed height on a radial plane θ = 45 for
Re = 500
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Figure 6.8 shows the interstitial velocity profiles on a radial plane. The plane shows distribution

of the spheres and the interstitial velocities. It can be seen that zones with interstitial velocity∼ 10

times inlet velocity are observed. The position of these zones is dependent on the presence of

narrow throats and is more prominent in the case of poly-disperse mixtures. Also wall loading

shows higher distribution of the narrow throats when compared to sock and wall loading. The

behavior is similar for the case of Re = 500 with increase in magnitudes of interstitial velocity.

(a) Uniform (b) Uniform-20%

(c) Sock (d) Sock-20%

(e) Wall (f) Wall -20%

Figure 6.8: Velocity profiles on a radial plane θ = 45 for Re = 100
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Figure 6.9: Velocity profiles on a radial plane θ = 45 for Re = 500

6.5 Conclusions

The loading and poly-dispersity samples of spherical particles developed using DEM simula-

tions were subjected to fluid dynamics analysis. Suitable mesh processing was performed on these

geometries to develop robust meshes. The model validity was established by comparing the ve-

locity profiles and pressure drop with experimental data and correlations. The analysis was further

extended to larger beds to study the influence of loading methods and poly-dispersity. In order

to minimize the meshing and computational issues, bed length required for developed flow was

identified as ∼ 5Dp. This bed height was used to compare interstitial flow profiles in DEM gen-
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erated beds. Although, averaged axial velocity profiles did not show any variation with loading

methods and poly-dispersity, the interstitial flow profiles were different for loading methods and

poly-dispersity. Local velocities as high as ∼ 10 inlet velocities were noticed and distribution of

these velocities is dependent on the presence of narrow throats within the bed. From this study, it

can be concluded that local velocity distributions can be significantly different to the inlet velocity.

The velocity profiles are strongly dependent on the solid structure, which needs to be accounted

for analyzing fixed beds and this study provided a reliable workflow to draw insights into fixed bed

operation, which were otherwise not possible with homogeneous and lumped models.

87



7. CONCLUSIONS AND RECOMMENDATIONS

The current work intended to develop a workflow which could investigate the effect of the

loading methods, particle shape and poly-dispersity on fixed-bed behavior through following three

aims:

• Develop a methodology to assemble a packing of spherical particles inclusive of the poldis-

persity of packing sample and loading methodology.

• Develop a methodology to assemble a packing of cylinders of different aspect ratios inclusive

of loading methodology.

• Develop a computational fluid dynamics framework to study the impact of the particle scale

geometry on the fluid flow behavior in a gas-solid downflow reactor.

The objectives were attained by employing a combination of Discrete Element Methods and

Computational Fluid Dynamic tools using the academic license of STAR-CCM + v 12.06.011

package.

In Chapter 4, three different loading methods Uniform, Sock and Wall were employed to study

packing of spherical particles. Sphere particle packing was generated using glass particles in a

cylindrical tube. The simulations were carried out in DB/DP of 8, 14 and 20 representative of

commonly used multi-tube reactors and forDP of 0.00635m. In addition, the particle sample poly-

dispersity was varied with 0%,10% and 20% dispersity. The packing structures were evaluated by

measuring the bulk voidage, radial voidage and bed tortuosity. It was observed that polydisperisty

alters the radial voidage by dampening the wall induced oscillations. Loading methods did not

alter the packing structure in the case of mono-disperse spheres, however segregation of particles

based on the particle size was observed in the case of poly-disperse mixtures. Sock loading lead to

a decrease in particle size from center to wall, whereas the wall loading created an opposite trend

where larger particles settled at the wall and smaller particles were found in the center of the bed.

88



In Chapter 5, similar packing exercises were carried out for cylinder particles with DP of

0.00635m and aspect ratio of 1 and 5. The simulations were performed for DB/DP of 10 and

20. The beds were analyzed for radial voidage and particle orientation distributions. The behav-

ior of uniform cylinders was similar to the trends exhibited with mono-disperse particle packing.

However, the oscillations in radial voidage were dampened when compared to the spherical coun-

terparts. For the case of high aspect ratio cylinders, the behavior was significantly different with

minimized oscillations. Among the three loading methods for high aspect ratio cylinders, wall

loading showed stronger oscillations compared to uniform and sock loading. The loading methods

impacted the particle orientation distributions for the cylinder particles. While all the three loading

methods created particles being aligned with the floor, wall loading created a strong alignment

in the radial direction when compared to uniform and sock loading. This results in creation of

isotropic voidages.

In Chapter 6, Computational Fluid Dynamics analysis was carried on the packed beds of spher-

ical particles prepared with different loading methods and polydisperse mixtures of dispersity

∼ 20%. The model was validated by comparing overall pressure drop and axial velocity pro-

files and a good match with experimental data was observed. As scale of geometry that can be

analyzed is a limiting factor, suitable representative geometries were identified that could provide

good insights into operation of fixed-bed reactors. Model predicts varying velocity profiles across

the bed cross-section dependent on the local solid structure. This causes different transport and

reactive activity in the bed and needs to be accounted for while modeling fixed beds.

The research work developed a workflow to analyze loading methods and their impact on the

behavior of fixed-beds. The Discrete Element Method has been proven to be an effective strategy

to study the fixed bed structures and has been applied to study loading. The methodology could be

extended to following studies:

• In the current study, loading of particles was studied in presence of air as surrounding fluid.

Settling of particles is impacted by the viscous drag of surrounding fluid and can be investi-

gated using the DEM methods.
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• The DEM methods were applied to spherical and cylindrical particle packing structures and

can be extended to trilobes and other cylinder like particles.

• The aging behavior of these beds could be studied by subjecting beds to vibration and tap-

ping.

• The flow behavior among spherical particles was analyzed in this study and could be ex-

tended to other shapes of relevance.

• In addition to flow studies, energy distribution can also be studied using CFD to obtain the

axial and radial conductivity parameters in fixed beds.

• Species balance can be performed to study the behavior of relevant industrial reactions.

• The models can be suitably extended to two phase flow analysis which are quite pivotal in

Trickle Bed Reactors.
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[4] M. P. Duduković, F. Larachi, and P. L. Mills, “Multiphase catalytic reactors: a perspective

on current knowledge and future trends,” Catalysis Reviews, vol. 44, no. 1, pp. 123–246,

2002.

[5] V. V. Ranade, R. Chaudhari, and P. R. Gunjal, Trickle bed reactors: Reactor engineering

and applications. Elsevier, 2011.

[6] G. Eigenberger and W. Ruppel, “Catalytic fixed-bed reactors,” Ullmann’s Encyclopedia of

Industrial Chemistry, 2000.

[7] G. Q. Wang, X. G. Yuan, and K. T. Yu, “Review of mass-transfer correlations for packed

columns,” Industrial and Engineering Chemistry Research, vol. 44, no. 23, pp. 8715–8729,

2005.

[8] J. B. Powell, “Application of multiphase reaction engineering and process intensification to

the challenges of sustainable future energy and chemicals,” Chemical Engineering Science,

vol. 157, pp. 15–25, 2017.

[9] M. P. Dudukovic, “Challenges and innovations in reaction engineering,” Chemical Engi-

neering Communications, vol. 196, no. 1-2, pp. 252–266, 2008.

91



[10] M. P. Dudukovic, “Reaction engineering: Status and future challenges,” Chemical Engi-

neering Science, vol. 65, no. 1, pp. 3–11, 2010.

[11] A. G. Dixon, “Local transport and reaction rates in a fixed bed reactor tube: Endothermic

steam methane reforming,” Chemical Engineering Science, vol. 168, pp. 156–177, 2017.

[12] R. K. Lyon and J. A. Cole, “Unmixed combustion: an alternative to fire,” Combustion and

Flame, vol. 121, no. 1-2, pp. 249–261, 2000.

[13] Z. A. Aboosadi, M. Rahimpour, and A. Jahanmiri, “A novel integrated thermally coupled

configuration for methane-steam reforming and hydrogenation of nitrobenzene to aniline,”

International Journal of Hydrogen Energy, vol. 36, no. 4, pp. 2960–2968, 2011.

[14] R. Anderson, L. Bates, E. Johnson, and J. F. Morris, “Packed bed thermal energy storage: A

simplified experimentally validated model,” Journal of Energy Storage, vol. 4, pp. 14–23,

2015.

[15] J.-C. Charpentier and M. Favier, “Some liquid holdup experimental data in trickle-bed reac-

tors for foaming and nonfoaming hydrocarbons,” AIChE Journal, vol. 21, no. 6, pp. 1213–

1218, 1975.

[16] C. N. Satterfield, “Trickle-bed reactors,” AIChE Journal, vol. 21, no. 2, pp. 209–228, 1975.

[17] Y. Wu, M. R. Khadilkar, M. H. Al-Dahhan, and M. P. Duduković, “Comparison of upflow
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