POLYTECHNIQUE

POLYPUBLIE

A [
UNIVERSITE o

Polytechnique Montréal D'INGENIERIE
Titre: . . . e .
Title: Dynamique particulaire dans des lits fixes et rotatifs
Auteur: | .. . ,
Author: Olivier Dubé

Date: 2013
Type: Mémoire ou thése / Dissertation or Thesis

JEA . Dubé, 0. (2013). Dynamique particulaire dans des lits fixes et rotatifs [These de
Reférence: doctorat, Ecole Polytechnique de Montréal]. PolyPublie.

Citation: https://publications.polymtl.ca/1128

Document en libre acces dans PolyPublie
Open Access document in PolyPublie

URL de PolyPublie: ) C
PolyPublie URL: https://publications.polymtl.ca/1128/

Directeurs de
recherche: Francois Bertrand, & Jamal Chaouki
Advisors:

Programme

*|Génie chimique
Program:

Ce fichier a été téléchargé a partir de PolyPublie, le dépot institutionnel de Polytechnique Montréal
This file has been downloaded from PolyPublie, the institutional repository of Polytechnique Montréal


https://publications.polymtl.ca/
https://publications.polymtl.ca/1128/
https://publications.polymtl.ca/1128/

UNIVERSITE DE MONTREAL

DYNAMIQUE PARTICULAIRE DANS DES LITS FIXES ET ROTATFS

OLIVIER DUBE
DEPARTEMENT DE GENIE CHIMIQUE

ECOLE POLYTECHNIQUE DE MONTREAL

THESE PRESENTEE EN VUE DE L'OBTENTION
DU DIPLOME DE PHILOSOPHIAE DOCTOR
(GENIE CHIMIQUE)

AVRIL 2013

© Olivier Dubég, 2013.



UNIVERSITE DE MONTREAL

ECOLE POLYTECHNIQUE DE MONTREAL

Cette thése intitulée:

DYNAMIQUE PARTICULAIRE DANS DES LITS FIXES ET ROTATFS

présentée par : DUBE Olivier

en vue de 'obtention du dipldme de : Philosoplidaetor

a été diment acceptée par le jury d’'examen coasdigu

M.FRADETTE Louis, Ph.D., président

M.BERTRAND Francois, Ph.D., membre et directeuratsherche

M.CHAQUKI Jamal, Ph.D., membre et codirecteur dshezche

M.HENRY Olivier, Ph.D., membre

M.RQOY Shantanu, Ph.D., membre




Celui qui a besoin d’'un protocole n’ira jamais lpies génies lisent peu, pratiquent beaucoup et

se font d’eux-mémes.

Denis Diderot

Rien de grand ne s’est accompli dans le monde gasson.

Georg Wilhelm Friedrich Hegel



DEDICACE

A qui de droit



REMERCIEMENTS

Je tiens tout d’abord a remercier mes directeurthélse, Francois Bertrand et Jamal Chaouki,
pour m'avoir permis de réaliser ce travail au skrleur groupe de recherche. Leur support, leurs
encouragements, leurs critiques ainsi que leudiggité ont été des plus appréciés au cours de

ces longues années.

J'aimerais également remercier Mark Ackley et Ceslikde PRAXAIR Inc ainsi que Francgois
Chouinard de TEVA/Ratiopharm sans qui une granddiepae cette thése n’aurait tout

simplement pas pu étre réalisée.

Je remercie aussi particulierement Jocelyn et Banatleux collegues devenus de tres bons amis,
sans qui cette expérience n'aurait pas été aussitidisante et enrichissante. J'aimerais aussi
remercier Ebrahim, Hamed, Alexandre, Majid, Vingelsabelle, Marc, ainsi que tous les
membres de 'URPEI, pour les nombreuses discussjongn’ont permis de faire avancer ma
pensée, que ce soit sur ma thése ou la vie enalédémremercie également tous les membres du
département de génie chimique, particulieremenh®iayne, Louise, Jean, Yazid, Carole, Gino,

Martine, et Robert.

Je tiens également & souligner le soutien de Ip@ydi réacteur nucléaire Slowpoke de I'Ecole,
Cornelia Chilian, Rahma Kada, Greg Kennedy et XaRierre. Un grand merci a vous pour

votre aide et pour avoir répondu a mes nombreus@suwddes d’activation.

Finalement, je tiens a remercier chaleureusementemae ainsi que mes parents, mes fréres,
ma sceur et toute ma belle-famille pour leur écetites innombrables fois ou leur aide a été plus
gu'indispensable. Un merci spécial a Angy, bima@amalla’ seret docteur, sar dawré ta’ellik :

Attends, je t'explique!



Vi
La thése a été financée par une bourse de do¢kEBaD) du conseil de recherche en sciences

naturelles et génie (CRSNG).

Toutes les simulations réalisées pour cette thas&€té rendues possibles grace aux ressources

informatiques de Calcul Canada.



Vil

RESUME

Les matériaux particulaires sont couramment empglay&ns une grande variété d’industries
(pharmaceutique, alimentaire, céramique, polymekémique, métallurgique, traitement des
déchets, etc.) ou ils sont soumis a un large éwvedi@pérations unitaires (p.ex. mélange,
réduction de taille, séchage, réaction chimiques lécoulements particulaires peuvent étre
regroupés selon trois régimes: quasi-statique, edensrapide. Les régimes quasi-statiques et
rapides sont ceux qui ont été le plus souvent ésudi’étude des écoulements particulaires
denses est plus complexe étant donné que ce réggrmeupe une grande variété d’écoulements
ou la contribution relative des contraintes duéa fiction et aux collisions a I'écoulement est

inconnue. Cette these propose donc de caracti&sseécoulements denses en lits fixes et rotatifs.

Les lits particulaires fixes sont utilisés lors pmcédés catalytiques hétérogenes et pour la
purification de gaz. Bien qu'il s’agisse de litgds, plusieurs événements font en sorte que les
particules peuvent se déplacer. L’écoulement dixétde particules sphériques pouvant survenir
lors de la pré-purification de l'air réalisée dams réacteur a flux radial (RFR) a l'aide d’'un
procédé d’adsorption par oscillations thermiqueSAJ est étudié. Ce type de procédé a été
sélectionné étant donné sa grande popularité indllest Les parois soutenant le lit fixe peuvent
se contracter et/ou se dilater suite aux importadii#erences de température entre les différentes
phases d’opération du procedé TSA. Ces mouvemenpaimbis sont susceptibles d’endommager
les particules du lit fixe, entrainer la créatioa dides locaux, provoquer la ségrégation de
particules ainsi que mélanger les adsorbants. delatpeut évidemment avoir des conséquences
sur l'uniformité de I'écoulement du gaz a traveeslit fixe ainsi que sur le rendement et
I'efficacité du procédé. Il est donc nécessairevaliéer I'effet d’'une contraction et d'une
expansion thermique cyclique des murs d'un RFRsatibour la pré-purification de gaz sur un
lit particulaire fixe. A cette fin, la méthode déi€ments discrets (DEM) a été employée puisque
les techniques de mesure expérimentale perturbatr@mu non-perturbatrices ne sont pas

facilement applicables a I'étude de ce genre d’lecoant.



viii

Les cylindres rotatifs, aussi appelés fours raatfont couramment utilisés dans une grande
variété de procédés industriels étant donné leandg simplicité d’opération, leur efficacité
adéquate de transfert de masse et de chaleur quesileur capacité a traiter des matieres
premieres hétérogenes. La compréhension fondareedés phénomenes qui se produisent a
I'intérieur de cylindres rotatifs est essentielleup concevoir et opérer de maniére optimale ce
genre d’équipement. De trés nombreuses étudesmét d’'élucider les mystéeres de I'écoulement
granulaire a l'intérieur de cylindres rotatifs. @apant, la grande majorité d’entre elles se sont
limitées au cas de particules sphériques. Pourtamiyme il a été mentionné, un des avantages
des cylindres rotatifs est de pouvoir traiter omegtiere premiéere ayant une large distribution de
taille et/ou de forme. Il s’avere donc nécessa@earactériser la dynamique de particules non-
sphériques a l'intérieur d'un cylindre rotatif. Bane cas-ci, une approche expérimentale a été
employée puisque les méthodes de simulations ngoesi comme la DEM ne sont pas
parfaitement adaptés pour étudier la dynamiqueaitticples non-sphériques. La technique de
suivi de particules radioactives (RPT) est, a gerd, appropriée pour effectuer cette étude. Dans
le cadre de cette these, des comprimés pharmagestigont choisis pour représenter les
particules non-sphériques. Cependant, leur uiiisatomme traceur pour la RPT implique que la
source d’émission de rayons gamma n’est pas pdhect® ce fait, une plus grande incertitude
guant a la reconstruction de la position du tragstrattendue. Par conséquent, il est nécessaire
de développer une stratégie d’optimisation permetiadentifier un positionnement optimal des
détecteurs a scintillation pour la technique devisdie particules radioactives pour ainsi

minimiser I'erreur commise par a l'utilisation d'@msource non-ponctuelle.

La premiere partie de cette thése présente I'étratude I'effet, sur un lit particulaire fixe, d’en
contraction et d’'une expansion thermique cycliqes dnurs d’'un RFR utilisé pour la pré-
purification de gaz a l'aide de la DEM. Il s’agie da premiére étude réalisée sur ce genre
d’écoulement. La précision du modele DEM constaiiété évaluée en utilisant les valeurs
expérimentales de porosité d'un lit fixe, les vaseanalytiqgues de pression prédites par la théorie
de Janssen ainsi que les valeurs expérimentalpsedsion mesurée aux parois du lit fixe d’une
unité commerciale de pré-purification de lair. tilisation de la DEM dans le cadre de cette
étude a permis d’évaluer la dispersion particulpwavant survenir a I'interface des adsorbants
composant le lit fixe. Cette mesure peut permettégaluer la qualité du lit fixe apres plusieurs



années d'utilisation. Il est important de noter dgienodeéle DEM développé ne considéere pas
I'effet du gaz circulant a travers le lit fixe d&me que les changements au niveau des propriétés
particulaires pouvant survenir en cours de cyckaminoins, les résultats obtenus avec le modele
montrent que la DEM est un outil utile pour I'étudie ce type de dynamique lente, a condition

qu’une calibration minutieuse ait été préalableméalisée.

La seconde partie de cette thése présente lagigrak@ptimisation développée pour identifier un
positionnement optimal des détecteurs a scinviatCelle-ci utilise une méthode de recherche
directe a maillage adaptatif (MADS) comme algoriéhdoptimisation ainsi que la résolution des
détecteurs comme fonction-objectif. La validatidr’@pplication de cette stratégie a permis de
démontrer que celle-ci permet l'identification dauoonfiguration optimale des détecteurs qui est
propre a l'objectif de I'étude ainsi qu’aux condiis expérimentales. Elle peut donc facilement

étre appliquée a d’autres types d’'études que dElesée dans le cadre de cette thése.

Finalement, la troisieme partie de cette théseeptésla caractérisation de la dynamique de
particules non-sphériques a l'intérieur d’un cyhmdotatif. Les données recueillies ainsi que les
observations réalisées en laboratoire permettersugeoser que les particules non-sphériques
s’écoulent selon une orientation préférentiellett€Cderniére semble étre une des raisons pouvant
expliquer les différences observées entre certgma@Bcules non-sphériques et les particules
sphériques. Le mélange et la ségrégation a I'eérd’'un cylindre rotatif de particules de formes
similaires mais de tailles différentes ainsi quentiesses similaires mais de formes différentes a
aussi été étudiés. Une ségrégation radiale traditibe, ou les particules petites ou denses se
retrouvent au centre de I'écoulement alors qugiesses et Iégeres se retrouvent en périphérie, a
éte observée dans la plupart des cas. Une ségnégatiiale inverse a toutefois été observée dans
le cas ou de grosses particules longues et pleenemélangées a de petites particules denses.
Dans ce cas-ci, les petites particules denses r#erswouvées en périphérie de I'écoulement
plutbt que dans le centre. Les résultats obtentigp@mis pour la premiére fois de mettre en
évidence l'effet que peut avoir la forme de la ijgate sur la dynamique, le mélange et la

ségrégation de celle-ci.



ABSTRACT

Particulate materials (also referred as granulaenads) are widely used in a great variety of
industries (pharmaceutical, food processing, caramolymer, chemical, metallurgical, waste
treatment) where they are subjected to a wide rafggperations (e.g. mixing, size reduction,
drying, chemical reaction). Granular flow can beugred into three regimes: quasi-static, dense
or fast. The quasi-static and rapid granular fllxase been studied the most. The study of dense
granular flows is more complex since this regimeludes a broad range of flows where the
relative contribution of frictional and collisionatresses is unknown. Hence, this thesis proposes
to characterize the dense granular flows occuinrftxed and rotating beds.

Fixed beds are mostly used in heterogeneous datggicesses or for gas purification. Even
though they are considered fixed, several fact@ns induce particles motion. The flow of
spherical particles that could occur during air-puefication using a thermal swing adsorption
(TSA) process in a radial flow reactor (RFR) isdétal. This type of process was selected due to
its wide industrial use. When a RFR is used injuaetion with a thermal swing regeneration
step, the reactor mechanical components (e.g.araessel) contract and expand because of
substantial temperature differences between thierdift operating phases. The axial and/or
radial relative motions between the vessel walld #re bed of adsorbents can damage the
adsorbents bed by breaking the particles, creatnds, inducing particle settling and promoting
mixing of layered adsorbents. All of this will ineably affect flow uniformity as well as process
efficiency. It is thus needed to study the effecthos cyclic expansion and contraction of the
RFR vessels on the fixed bed. The discrete elemmesthod was used to conduct this
investigation as most experimental measuremennigebs, whether they are invasive or non-

invasive, are either not readily applicable or extely costly to implement in this situation.

Rotating drums, also referred as rotary kiln, ardely used to process granular materials in a
great variety of industries due to their adequabeng and heat transfer efficiency as well as
their ability to handle heterogeneous feedstockdddstanding the phenomena occurring inside
rotating drums at a fundamental level is esserftaloptimal design and operation of this
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equipment. A considerable amount of experimentatkwioas been performed in order to
elucidate the behavior of granular flow inside #&ating drum. However, a majority of these
investigations have involved spherical or nearlyhespral particles. Yet, as was previously
mentioned, one advantage of rotating drums is thbility to handle varied feedstocks, i.e.
granular material having a wide distribution ofesizlensity, shape, roughness or else. It is
therefore necessary to characterize the dynaminsmpherical particles inside a rotating drum.
In this case, an experimental approach was usee e numerical methods like the DEM are
not well suited for studying dynamics of non-spbalrparticles. The radioactive particle tracking
(RPT) technique is appropriate to carry out thigestigation. In the context of this thesis,
pharmaceutical tablets were used to represent ploersal particles. However, the use of a large
pharmaceutical tablet as a tracer particle in ti Rechnique implies that the source of the
gamma rays emission is no longer a point sourceerefbre, a greater uncertainty in the
reconstruction of the tracer particle trajectoryedpected. Hence, it is needed to develop an
optimization strategy to find an optimal set of ifioas for the scintillation detectors used in the

RPT technique in order to minimize the error introeld by the use of a non-point source.

The first part of this thesis presents an evalnabibthe effect, on a bed of adsorbents, of a cycli
thermal expansion and contraction of the vessetsRIFR used for gas pre-purification using the
DEM. This is the first reported study of granulbow of this kind. The accuracy of the DEM-

based model was assessed using experimental vafubed porosity, analytical values of

predicted wall pressure based on Janssen’s thaod/,experimental values of wall pressure
measured during the operation of a full-scale unitthis study, the use of DEM simulations
enabled the computation of a dispersion coefficignthe interface of the adsorbents. This
dispersion coefficient could be used to assesdixbd bed quality after several years of use. It
must be noted that the DEM-based model developesk dwt consider the effect of the

circulating gas and the changes in particle progeeiikely to occur in the course of a cycle.
Nevertheless, the results obtained with the prapposedel show that the DEM is a valuable tool

for the investigation of such slow dynamical prasss provided a careful calibration is done
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The second part of this thesis presents the opimiz strategy developed to determine an
optimal set of scintillation detector positions antentations. This strategy uses a mesh adaptive
direct search (MADS) optimization algorithm and tHetectors resolution as an objective
function. The results of this work showed that tipgimal positioning found by the optimization
strategy is sensitive to both the objectives of shaly and the experimental conditions. It can
therefore be easily applied to studies differenirfithe one conducted in this thesis.

Finally, the third part of this thesis presents ¢haracterization of the dynamics of non-spherical
particles in a rotating drum. The data collected #me observations made in the laboratory
showed that non-spherical particles tend to flowhwa preferred spatial orientation. This
preferred spatial orientation can be one of theara that could explain the differences observed
between the flow of spherical and non-sphericaligdas. Mixing and segregation of bi-disperse
mixtures of mono-shaped tablets and bi-disperseturag of bi-shaped tablets were also
investigated. A traditional core segregation patterhere the smaller/denser particles are found
in the center of the bed while the larger/lightartggles are found on the outside, was observed in
most cases. However, a reverse core segregatioarrpatas observed when long and large
particles were mixed with small compact particlesthis case, the smaller/denser particles were
found on the outside of the bed instead of in tleater. The results obtained with this
investigation are of interest in that they hightigbr the first time the effect that the shape of a

particle may have on flow dynamics as well as orimgi and segregation inside a rotating drum.
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INTRODUCTION

La science des matériaux particulaires (aussi éppetatériaux granulaires) intéresse une
multitude de disciplines de recherche, allant dstfophysique a la géophysique et les sciences
de I'environnement, en passant par les procédassinels. De plus, les matériaux particulaires
sont couramment employés dans une grande varigtdudtries (pharmaceutique, alimentaire,
céramique, polymére, chimique, métallurgique, éragnt des déchets, etc.) ou ils sont soumis a
un large éventail d’opérations unitaires (p.ex. angk, réduction de taille, séchage, réaction

chimique) a des fins de transformation en diveosipits intermédiaires ou terminaux.

L’étude des écoulements particulaires n’est pasnimee entreprise. Dans son édition spéciale
du 125 anniversaire, la revugciencea identifié la question des écoulements granidaicenme
'une des 125 plus importantes questions toujoarsitéente de réponse (Collection of authors,
2005). Plusieurs raisons expliquent la complexitgope a ce genre de matériaux. Tout d’abord,
I'étude du comportement d'une seule particule esateinteraction avec une autre ne permet pas
d’avoir un apercu du comportement macroscopiqua gysteme complet ou de la dynamique
d’écoulement des particules (Juarez, 2009; Mei@d,/2 Les patrons de ségrégation obtenus a
l'intérieur d’'un systéme particulaire composé défédents types de particules en sont un
exemple. Les liens entre les propriétés microsamsi.e. a I'échelle de la particule) et les
propriétés macroscopiques (i.e. pour un ensemblpadicules) ne sont pas encore totalement
établis. De plus, tout dépendant des conditiongr@mvantes, les matériaux particulaires peuvent
présenter des caractéristiques qui sont spécifiquesgaz, aux solides ou aux liquides. De
surcroit, leur nature opaque entraine des limitationajeures quant a leur caractérisation
expérimentale. Finalement, ils sont difficiles ad@éliser puisque I'ensemble des éléments du
systeme particulaire doit étre intégré au modelgneentant ainsi significativement la complexité

du modele mathématique (Doucet, 2008).

Les écoulements particulaires peuvent étre regs@i®n trois régimes: quasi-statique, dense ou
rapide. Les régimes quasi-statiques et rapides saumt qui ont été le plus souvent étudiés



(Meier, 2007). Dans le premier cas, I'écoulementdesniné par les contraintes de friction entre
les particules alors que celles-ci subissent desacts prolongés (Herminghaus, 2005; Savage,
1984). La mécanique des sols ainsi que les modiEgslasticité sont souvent employés pour
décrire ces écoulements (GDR MiDi, 2004; Nedderr2@05). Dans le second cas, les particules
interagissent par le biais de collisions binairesves. Une théorie cinétique s’apparentant a la
théorie cinétigue des gaz a été développée pouirelée régime (Campbell, 1990, 2006;
Savage, 1984). L’étude des écoulements particsla@iemses est plus complexe étant donné que
ce régime regroupe une grande variété d’écoulenmenta contribution relative des contraintes

dues a la friction et aux collisions a I'écoulemesitinconnue.

En ce qui a trait au régime dense, le Groupemematderche Milieux Divisés (GDR MiDi) a
regroupé les écoulements particulaires denses lles §tudiés selon deux catégories : les
écoulements confinés et de surface (GDR MiDi, 2004)s procédés ayant recours a des
écoulements particulaires entrant dans I'une outriéade ces catégories sont nombreux. Cette
thése s’intéresse spécifiguement aux cas d’écousmmnfinés a lintérieur de lits fixes et

d’écoulements de surface a I'intérieur de cylindmatifs.

D’une part, les lits particulaires fixes sont @##s lors de procédés catalytiques hétérogeénes et
pour la purification de gaz. Bien gu'il s’agisse lids fixes, plusieurs événements font en sorte
que les particules peuvent se déplacer. Le pasbagdluide a travers le lit particulaire peut étre
une de ces raisons. Cependant, d'autres phénornmahiescts peuvent entrainer un mouvement
particulaire non-désiré. Le cas de la pré-puriforatde I'air réalisée a l'aide d'un procédé
cycliqgue d’adsorption par oscillations thermiqueghermal swing adsorption », TSA) en est un
parfait exemple. Des colonnes d’adsorption composde lits fixes d’adsorbants sont
généralement employées dans ce type de procédédefeieres servent a retirer de lair les
impuretés tels I'eau, le dioxyde de carbone, legdex nitreux, les hydrocarbures légers, ou
autres produits, pour qu’il puisse ensuite étreeathé a une unité de séparation cryogénique
servant a la séparation de l'oxygene et de l'az@es impuretés sont retirees de maniere
sélective par différents adsorbants spécifiquesrtaines impuretés suite au passage de l'air a

travers le lit fixe ordonné. L'ordre dans lequed Impuretés sont retirées est important. Ainsi, le



mélange des différents adsorbants doit absoluntemtégité. Suite aux importantes différences
de température entre les différentes phases d'opémdu procédé TSA, les parois soutenant le lit
fixe peuvent se contracter et/ou se dilater (Ack@glik, Nowobilski, & Schneider, 2012; Libal,
Fierlbeck, & Von Gemmingen, 1998). Ces mouvements pmhrois sont susceptibles
d’endommager les particules du lit fixe, entraitercréation de vides locaux, provoquer la
ségrégation de particules ainsi que mélanger Iesrhdnts a leurs interfaces. Tout cela peut
évidemment avoir des conséquences sur l'uniforaet&écoulement du gaz a travers le lit fixe
ainsi que sur le rendement et I'efficacité du pd#céAucune étude n’a examiné l'effet de tels
phénomeénes de transfert thermique sur la structure lit fixe ainsi que sur la dynamique des

particules le constituant.

D’autre part, les cylindres rotatifs, aussi appétess rotatifs, sont couramment utilisés dans une
grande variété de procédés industriels, notammaunt le traitement thermique de rejets solides
ou la production de ciment, étant donné leur grasideplicité d’opération, leur efficacité
adéquate de transfert de masse et de chaleur (Dgstorion, & Howes, 2005) ainsi que leur
capacité a traiter des matieres premieres hétéesgéBoateng, 1998). La compréhension
fondamentale des phénomenes qui se produisenttérigur de cylindres rotatifs est essentielle
pour concevoir et opérer de maniere optimale ceaegeféquipement (Heydenrych, Greeff,
Heesink, & Versteeg, 2002; Khakhar, McCarthy, Stohb& Ottino, 1997; Mellmann, 2001).
Ainsi, la caractérisation de I'écoulement particndlast d’une importance primordiale. Bien que
les cylindres rotatifs représentent une géomeétlativement simple, I'écoulement granulaire
survenant a l'intérieur est complexe (Boateng, 199i®g, Forster, Seville, & Parker, 2002a;
Ndiaye, Caillat, Chinnayya, Gambier, & Baudoin, @D1De plus, si les particules composant le
lit réagissent et/ou subissent un changement deefau de taille en cours d’opération, comme
dans des applications de pyrolyse, combustiotadyét ou réduction de taille, le probléme devient
beaucoup plus complexe puisque de nouveaux phémena#fectant la dynamique particulaire
peuvent survenir. Une quantité considérable d’'&uate été réalisées afin d’élucider les mysteres
de I'écoulement granulaire a lintérieur de cyliedrrotatifs. Cependant, la grande majorité
d’entre elles se sont limitées au cas de partiepbgriques. Pourtant, comme il a été mentionné,
un des avantages des cylindres rotatifs est degioutvaiter une matiére premiere ayant une
large distribution de taille et/ou de forme. Il eshnu depuis un certain temps déja que la forme



des particules affecte leurs propriétés dynamig@Bsdgway & Rupp, 1971). Plus

spécifiguement, le comportement des particules sphrériques difféere de celui de particules
sphériques par leur efficacité de compactage, rigsistance au cisaillement, leur dilatation sous
I'effet de cisaillement, leur transfert de quanti& mouvement entre la translation et la rotation

d’une particule ainsi que leur capacité a blogié=olulement (Cleary, 2010).

L’objectif général de la présente these est dect@niger la dynamique particulaire pour des
écoulements denses en lits fixes et rotatifs. Uinpmene de transfert thermique est a I'origine
de I'écoulement de particules sphériques dansitedites. Les lits rotatifs sont pour leur part

composeés de particules non-sphériques.



CHAPITRE1 REVUE DE LA LITTERATURE

Ce chapitre présente une bréve revue de la litiéradu il sera, entre autres, question des
écoulements particulaires denses ainsi que desodegthde caractérisation expérimentale et de

modélisation des écoulements particulaires.

1.1 Ecoulements particulaires denses

Tel que mentionné précédemment, les écoulementisydaires denses sont regroupés en deux
catégories : les écoulements confinés et de surf@&®@R MiDi, 2004). L'ensemble des

écoulements confinés contient, entre autres, lesl@ments par cisaillement entre plans (« plane
shear »), par cisaillement annulaire (« annulaashg et en chute verticale (« vertical-chute »)
tandis que I'ensemble des écoulements de surfdégranles écoulements le long de plans
inclinés (« inclined plane »), les écoulementsade(« heap flow »), ainsi que ceux se produisant
a l'intérieur de cylindres rotatifs. Ces écoulensesbnt représentés a la Figure 1-1. Les
écoulements de surface sont en fait gouvernésipailecnent par la force de gravité. Pour tous

ces types d’écoulements, les particules ont lailpdiss de se mélanger ou méme de ségréger.



Ecoulements confinés Ecoulements de surface
B ] p
/ | i i
a) b) <) d) e) f)

Figure 1-1 Classification des eécoulements selo@rieupement De Recherche Milieux Divisés:
a) cisaillement entre plans b) cisaillement anmela) chute verticale d) plan incliné e) tas f)
cylindre rotatif. Adapté de GDR MiDi (2004).

Lacey (1954) a identifié trois mécanismes princkpde mélange particulaire soit les mélanges
par convection, diffusion ou cisaillement. Le méanpar convection est défini comme le
déplacement de groupes de particules d'un endrdiaudre. Le mélange par diffusion fait
référence au réarrangement particulaire se dérbalbéchelle de quelques particules. Comme |l
a été noté par Lemieux (2006), l'utilisation dumer diffusion pour qualifier un mécanisme de
mélange particulaire est un abus de langage. Lmetatispersion est plus approprié et est
employé dans cette thése. Finalement, le mélangeipaillement consiste en I'échange de
particules entre deux couches de particules en emeant et est difficilement dissociable du
mélange par dispersion (Berthiaux, 2002). Dansake de cylindres rotatifs, il est globalement
reconnu que le mélange se produisant selon I'ax®tdéion du cylindre (i.e. mélange axial) est
purement dispersif alors que celui se déroulantusn@ section transversale du cylindre (i.e.
mélange radial) est en fait une combinaison de mgélaconvectif et dispersif (Elperin &
Vikhansky, 1998; Gray, 2001; Khakhar, 2011; KhakiMcCarthy, Shinbrot, et al., 1997; Rao,
Bhatia, & Khakhar, 1991). Dans le cas de lits fixesdes contractions/expansions des parois

sont responsables de I'écoulement particulairmédi&nge est plutdt de nature dispersive.

La manipulation de matériaux particulaires dont Gmmstituants possedent des propriétés

physigues ou physico-chimiques différentes entrgiméralement la ségrégation de ceux-ci, a



plus ou moins grande vitesse (Ottino & Khakhar,®08larnby et al. (1992) mentionnent que les
principales propriétés responsables de la ségoggstint, par ordre d’'importance, les différences
de taille, de morphologie et de densité. L’ensendae conditions et propriétés pouvant affecter
la ségrégation complexifie grandement I'étude depleénomene. De plus, il est pratiguement
impossible d’établir des regles infaillibles prédis I'occurrence de la ségrégation. L'ampleur et
la structure de la ségrégation obtenue dépendenbiidreux paramétres comprenant I'origine
du mouvement particulaire (ex. vibrations, écoulethda géométrie du systéeme ainsi que les
propriétés des particules (Khakhar, 2011). Les pim@mes de ségrégation due a la taille et a la
densité sont ceux qui ont été le plus fréquemmerié&s (Jain, Ottino, & Lueptow, 2005). La
ségrégation due a la forme particulaire n'a étéiéaique par Makse et al. (1997) dans le cas
d’écoulements de tas. Cependant, le patron de gag® observé n’était pas spécifique a la
forme des particules utilisées mais dépendait pligeda difféerence entre les angles de repos des
particules utilisées. L'étude de l'effet de la farnparticulaire sur la ségrégation est ardue
puisqu’il est difficile de développer un contextgérimental ou I'effet de la forme est discriminé

des autres facteurs pouvant affecter la ségrégation

Cette thése a pour objet la dynamique particukaifentérieur de lits fixes ou un phénomene de
transfert thermique est responsable du mouvemast @ir'a I'intérieur de cylindre rotatif ou le
lit particulaire est composé de particules non-gpghés, les deux prochaines sections traiteront

donc respectivement de ces aspects.

1.1.1 Lits particulaires fixes

Etant donné sa grande utilité et sa popularité dtraklle, le cas de la pré-purification de I'air
réalisée a l'aide d’'un procédé cyclique d’adsompfpar oscillations thermiques (TSA) est idéal
pour étudier la dynamique particulaire pouvant soiv a l'intérieur de lits fixes (Hidano,

Nakamura, & Kawai, 2011). Comme il a été souligo@,type d’écoulement particulaire n'a

jamais été étudié auparavant. Cette section seemtentdonc de présenter sommairement les



particularités de la pré-purification de l'air aille d’'un procédé de TSA ainsi que les raisons

pouvant expliguer la présence d’'un mouvement paddii@ au sein du lit fixe.

La premiere étape du cycle TSA consiste en la prssdion du lit a I'aide du gaz qui sera
ensuite passé a travers le lit pour que les contams puissent étre adsorbés. Puis, le lit est
dépressurisé et alimenté avec un gaz de régémécdtanffé a contre-courant afin de permettre la
désorption des contaminants, régénérant ainsidesrbants. Finalement, le lit est alimenté avec
un gaz de refroidissement pour 'amener a sontikéaimique initial. Les deux principales étapes
du cycle TSA, soit I'adsorption et la désorptiomtsprésentées a la Figure 1-2. Un cycle TSA
s'étale généralement sur plusieurs heures (RuthV@84). Les températures nécessaires pour la
régénération des adsorbants sont relativementesevariant entre 150°C et 300°C, et dépendent
du type d’adsorbant utilisé de méme que des im@sir@tretirer (Hidano et al., 2011; Kalbassi &
Golden, 1999; Ko, Kim, Moon, & Choi, 2002; Kumarl&ssinger, 1986; Ruthven, 1984).

Alimentation A+B Extrait A+P

OVO

o)

o)

Raffinat B pur (+P) Purge P

a) b)

Figure 1-2 Etapes de a) adsorption et b) désorpliorycle TSA. Adapté de Ruthven (1984).

Un réacteur a lit fixe axial (Figure 1-3a) est gate@ment employé pour pré-purifier de l'air a

I'aide d’'un procédé de TSA. Le terme axial faitéméince au fait que le gaz passe a travers le lit



fixe selon I'axe du cylindre composant le réact®ans ce genre de réacteur, au minimum deux
types différents d’adsorbants sont empilés axiatgmka premiere couche est généralement
composeée d'alumine activée, servant a retirer I'dad’air, alors que la deuxieme couche est
composeée de zéolites synthétiques de type X, ptamede retirer le dioxyde de carbone et
d’autres contaminants mineurs (Ackley et al., 20#Rjano et al., 2011; Kalbassi & Golden,
1999; Kumar, Huggahalli, & Bllow, 2002). Ces dewpes d’adsorbants présentent des
propriétés physiques et des granulométries géméeale significativement différentes. Les
réacteurs a flux radial (RFR) (Figure 1-3b) sonssauréquemment utilisés pour ce type de
procédé (Ackley, Celik, Nowobilski, & Schneider, 120 Libal et al., 1998). Dans de tels
réacteurs, I'air circule radialement a traversitdixe, ce qui implique que les adsorbants sont
aussi empilés de cette maniere. Comparés aux véadelit fixe axial, ces derniers présentent
comme avantage de nécessiter une perte de chaigs gnande pour I'opération, d’augmenter la
surface de circulation du gaz et de permettre it dé gaz plus élevé. La plupart des études sur
ce type de réacteur se sont concentrées sur lamit#® de la distribution du gaz le long de la
hauteur du lit puisque leur efficacité ainsi querleentabilité dépendent essentiellement de cet
aspect (Celik & Ackley, 2012; Heggs, Ellis, & Ishdi995a, 1995b; Kareeri, Zughbi, & Al-Ali,
2006; Lobanov & Skipin, 1986; Ponzi & Kaye, 1979).
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Ny

a) b)

Figure 1-3 Représentation schématique d’'un a) e@aaxial et d’'un b) réacteur a flux radial

contenant deux types d’adsorbants.

En raison des avantages techniques que préseaseRFR, I'utilisation de ces derniers pour des
procédés d’adsorption a grande échelle est fortefagnrisée. Cependant, lorsque ce réacteur
est utilisé en combinaison avec un procédé impliyde larges oscillations thermiques comme
le TSA, ses composantes mécaniques, dont les pateignt le lit d’adsorbants, se contractent et
se dilatent (Ackley et al., 2012; Libal et al., 899Ceci engendre inévitablement un mélange des
adsorbants a leur interface et peut aussi entrdénegégrégation de ceux-ci. Aprés plusieurs
cycles, le mélange et la ségrégation des adsorh@misent étre tels que l'uniformité de
distribution du gaz d’alimentation ainsi que l'eficité et le rendement du procédé en sont
significativement affectés. Le type d’écoulementtipalaire dense confiné dont il est question
dans cette thése n’entre pas dans une des caggepertoriées par le GDR Midi (Figure 1-1) et

est schématisé a la Figure 1-4.
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a) b)

Figure 1-4 Schéma de I'écoulement particulaire elgrmaivant survenir dans le cas de lits fixes

contenu dans un a) réacteur axial et un b) réaatélux radial.

1.1.2 Lits particulaires rotatifs

La dynamique particulaire a lintérieur de cylindgreotatifs a été considérablement étudiée
principalement a cause du grand nombre d’applicati@yant recours a ce type d’équipement
mais aussi parce que, utilisés comme modeéle expétah les cylindres rotatifs présentent un
écoulement ne possédant essentiellement que denensiions, amenant ainsi de nombreuses

simplifications.

Le régime d’écoulement particulaire prenant pladén&rieur de cylindres rotatifs peut étre
classifié selon quatre catégories : avalanchessianent (« avalanching/slumping »), roulement
(« rolling »), déferlement (« cataracting ») ettcéumge (« centrifugating ») (Figure 1-5) (Ottino
& Khakhar, 2000). Pour certains auteurs (HeneimimBcombe, & Watkinson, 1983; Mellmann,
2001), le régime de type roulement inclut le régmppelé cascade (« cascading »). Le régime

obtenu dépend du nombre de FrOL(cE'e), représentant le ratio entre les forces inersediela

force gravitationnelle, et obtenu par :

Fr=

(1.1)
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ou w est la vitesse de rotation angulaire du cylindRele rayon du cylindre egy I'accélération

gravitationnelle.

Augmentation du nombre de Froude

d

Y

Vs s

N

B~

Bso

B
a) b) 0 d)

Figure 1-5 Régimes d'écoulement particulaire &fiaur de cylindres rotatifs: a) avalanche, b)
roulement, c) déferlement et d) centrifuge. Adajgdvieier (2007).

Les valeurs du nombre de Froude correspondant téateition entre les différents régimes
dépendent des propriétés particulaires (taillemégr coefficient de friction), du niveau de
remplissage, de la vitesse de rotation angulairg gue du ratio entre la taille des particules et
taille du cylindre (Henein et al., 1983; Mellmang001). Le Tableau 1-1 présente les
caractéristiques propres a chacun des régimesu&uent ainsi que les plages du nombre de
Froude correspondantes a chacun (Brucks, Arndnd)#: Lueptow, 2007; Henein et al., 1983;
Meier, 2007; Mellmann, 2001). Le régime d'écouleinda type roulement est celui le plus
souvent utilisé pour opérer les cylindres rotapfsisqu’il permet un meilleur mélange des
particules et donc un meilleur transfert de masskeehaleur a l'intérieur du cylindre (Fantozzi,
Colantoni, Bartocci, & Desideri, 2007; S. Q. Li, iChi, Yan, & Cen, 2002; Liu, Specht,
Gonzalez, & Walzel, 2006).
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Tableau 1-1 Caractéristiques des régimes d'écouledrigntérieur de cylindres rotatifs

Régime Nombre de Froude Caractéristiques
Avalanche 10° < Fr < 10° Avalanche sporadique des particules a la surfadi.du
Roulement 10* < Fr < 10* Couche mince, appelée couche active, a la suriatie d

ou les particules s’écoulent rapidement.

Déferlement 10 <Fr <1 Détachement des particules a la surface du linemna
de I'écoulement.

Centrifuge Fr>1 Les particules sont centrifugées et adherent arai plu
cylindre rotatif.

Des phénomenes de ségrégation radiale et axialepesgurvenir a l'intérieur des cylindres
rotatifs si des particules de différentes densitidsu tailles sont utilisées. Dans un régime de
roulement, la ségrégation radiale se produit esdlement dans la couche active suite a la
percolation de petites particules a travers lesrstices entre les grosses particules ou par une
différence de densité entre les particules légétdsurdes (Khakhar, Orpe, & Hajra, 2003). Le
patron de ségrégation radiale traditionnellemergeol® est celui ou les particules petites ou
denses se retrouvent au centre de I'écoulemerg glog les grosses et Iégéres se retrouvent en
périphérie (Alizadeh, Dubé, Bertrand, & Chaoukil20Jain et al., 2005; Meier, 2007). Il est
aussi possible d’obtenir un patron de ségrégatwersé, c’est-a-dire un patron ou les petites
particules se retrouvent en périphérie et les gogmrticules se retrouvent au centre, suite a
'augmentation de la vitesse de rotation du cykndNityanand, Manley, & Henein, 1986).
Différentes formes de patrons de ségrégation, cotampeesence de stries radiales, peuvent aussi
étre obtenues pour divers types de particulesatiesrde la taille des particules sur la taille du
cylindre, de niveaux de remplissage, de vitessestdéion ainsi que de combinaisons de taille et
de densité (Jain et al., 2005; Khakhar, Orpe, &nOit2001a). La ségrégation radiale est
généralement tres rapide et peut survenir a lietérd’une ou deux rotations du cylindre (Meier,
2007). La ségrégation axiale fait quant a ellerg#fée a I'apparition de bandes riches en un type
de particules aprés quelques centaines de rotatiorsysteme (Meier, 2007). Cependant, ces
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bandes de ségrégation ne contiennent pas nécessairgu’'un seul type de particule; elles
peuvent aussi faire I'objet de ségrégation radiedditionnelle et ainsi contenir un cceur plus
riche que la périphérie en un type de particulaB, (Baprihan, & Kakalios, 1997; Meier, 2007).
La plupart des études mentionnent que la ségrégaki@mle peut étre attribuée a une différence
d'angle de repos des particules du systeme (Daakhér, & Bhatia, 1991; Hill & Kakalios,
1994, 1995; Zik, Levine, Lipson, Shtrikman, & Staga1994). Toutefois, des résultats obtenus
par Hill et al. (1997) suggérent que la ségrégadixinle ne peut étre exclusivement expliquée par
une différence d’angle de repos. Chen et al. (20@®htionnent que I'écoulement axial des

particules peut aussi étre responsable de I'ajauie ségrégation axiale.

1.2 Méthodes expérimentales de caractérisation des édements

particulaires

Les méthodes expérimentales de caractérisatio@amgdements granulaires sont nombreuses et
variées. La qualité et la quantité d’informationg’'efjes permettent d’obtenir varient aussi
grandement d’'une méthode a une autre. Lemieux j2@0@lassé les méthodes les plus
couramment employées selon leur caractere perauba@t non-perturbateur. Le choix d’'une
méthode dépend essentiellement des objectifs dedéé(dynamique, mélange, ségrégation,
dispersion, etc.), des propriétés particulairesiajoe du systeme particulaire a caractériser.

1.2.1 Méthodes perturbatrices

Une méthode dont l'utilisation entraine une moditficn de I'écoulement particulaire ou bien de
la structure du lit granulaire est dite perturluari Les techniques de solidification du lit
particulaire (Brone, Alexander, & Muzzio, 1998; Wigman & Muzzio, 1998), les méthodes de
prélevements avec sondes voleuses (Lemieux, Bdrti@haouki, & Gosselin, 2007; Muzzio,

Robinson, Wightman, & Dean, 1997; Perrault, Bedra8a Chaouki, 2010) ainsi que les mesures

réalisées a l'aide de fibres optiques (Boateng & BED97; Pugsley et al., 2003) sont toutes des
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méthodes perturbatrices. Ces méthodes présentamaintage de pouvoir étre appliquées
facilement ainsi que d'étre peu codlteuses, étanhéau’elles requiérent une instrumentation
généralement moins sophistiquée. Cependant, leactéae perturbateur est un inconvénient
majeur pour l'étude de la dynamique d’écoulementti@daire. La mesure peut ne pas

représenter exactement les conditions normalegceulement.

1.2.2 Méthodes non-perturbatrices

Les méthodes non-perturbatrices peuvent étre @assélon leur nature intrusive ou non-
intrusive. Une méthode est dite intrusive si untachavec les particules est nécessaire pour en
évaluer la composition. Selon Lemieux (2006), lectmscopie proche infrarouge (NIR)
(Arratia et al., 2006), la fluorescence par lumiérduite (LIF) (Lai et al., 2001) ainsi que
I'effusivité (Leonard, Bertrand, Chaouki, & Gosseli2008) sont des exemples de méthodes
intrusives. Le principal inconvénient de ces mé#wdst de ne pouvoir analyser que la surface
des écoulements. Ainsi, dans le cas d’'un écoulerngnil y a présence de ségrégation, les

mesures obtenues par ces méthodes ne sont pasergptives de I'ensemble de I'écoulement.

A l'opposé, les méthodes non-intrusives sont celigisne nécessitent pas de contact avec les
particules pour en caractériser I'écoulement. Chiaeual. (1997) présentent une revue détaillée
des différentes techniques tomographiques et valtciques non-invasives utilisées pour la
caractérisation d’écoulements poly-phasiques. Seldls techniques fréquemment employées
pour étudier les écoulements particulaires deneast discutées ici. Ainsi, il est question des
techniques de vélocimétrie par imagerie de pad&PIV) ou par suivi de particules (PTV),
d’'imagerie par résonnance magnétique (MRI), deislavparticules par émission de positrons
(PEPT) et de suivi de particules radioactives (RPT)

Les techniques de PTV/PIV sont celles les plus sougmployées pour I'étude de la dynamique

bY

particulaire. Contrairement a la majorité des médso non-perturbatrices, celles-ci sont
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relativement simples a appliquer et utiliser. Ltmsnentation nécessaire est aussi disponible a
colt abordable. Ces techniques ont notamment éli€ées pour étudier I'écoulement se
produisant a I'intérieur de cylindres rotatifs pantre autres, Alexander et al., (2002) Jain et al.
(2002) ainsi que Orpe et Khakhar (2007). Récemn@&ming et al. (2010) ont adapté la PTV au
cas de particules non-sphériques, permettant Erttermination des vitesses de translation et
de rotation de ces dernieres. Malheureusement,tedmiques ne peuvent que quantifier
I'écoulement a la surface libre des particules ousda surface si le montage expérimental est
constitué de parois transparentes. Cependant, aanas, I'écoulement particulaire mesuré est
affecté par la présence de ces parois et la mesalisée peut ne pas étre représentative de
I’écoulement prenant place loin des parois (Alizadgertrand, & Chaouki, 2013).

La technique de MRI utilise I'émission de fréequencadio et un champ magnétique pour faire
interagir les spins de noyaux atomiques des maédwydrogénées et ainsi obtenir des profils de
vitesse et de concentration (Leonard, 2005). Getieniqgue a notamment été appliquée a I'étude
d’écoulements particulaires a l'intérieur de cyhesl rotatifs (Kawaguchi, Tsutsumi, & Tsuji,
2006; Nakagawa, Altobelli, Caprihan, Fukushima, &odg, 1993) et de lits fluidisés
(Kawaguchi, 2010). L’instrumentation sophistiquézessaire a cette méthode et I'opération de
I'équipement peuvent s’avérer tres colteuses (Kaualig2010). De plus, la taille ainsi que le
type de systémes particulaires pouvant étre étydiesette méthode sont grandement limités par
I'instrumentation nécessaire et la sensibilité @ttec derniere aux conditions environnantes
(Kawaguchi, 2010).

La PEPT suit le mouvement d’'un traceur radioaatiicg a la détection simultanée de paires de
rayons gamma colinéaires ayant une énergie de ¥lékeemis suite a la collision entre un
positron et un électron. Les radio-isotopes usilipéur cette technique sont généralemehife

le *’Cu ou 1e*®Ga et le marquage radioactif d’une particule atorigbtope désiré s'effectue a
l'aide d’'un cyclotron, soit par activation directeansfert d’ions ou bien par modification de
surface (Parker & Fan, 2008). La technique de ¢altion et d’activation du traceur dépend
fortement de la composition ainsi que de la tailkece dernier. La taille des traceurs utilisés est

généralement de I'ordre de quelques millimétrele put aussi étre inférieure a 1000 si les
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propriétés du traceur permettent le marquage dredrapar transfert d’'ions. La PEPT a été
appliguée avec succes, entre autres, a I'étudeaddymamique particulaire a lintérieur de
cylindres rotatifs (Ingram, Seville, Parker, Fan,R&rster, 2005; Parker, Dijkstra, Martin, &
Seville, 1997), de mélangeurs en V (Kuo, Knightrtkieg & Seville, 2005) et de lits fluidisés
(Van de Velden, Baeyens, Seville, & Fan, 2008). iéeents développements de la PEPT se sont
concrétisés au niveau de la création d’algorithpersnettant de reconstruire les trajectoires de
plusieurs traceurs utilisés simultanément (Yang, Bakalis, Parker, & Fryer, 2008; Yang et al.,
2007) ainsi que de la conception de nouvelles casnénodulaires (Leadbeater, Parker, &
Gargiuli, 2011; Parker et al., 2008). Malheureusaiménstrumentation nécessaire a la PEPT est
complexe et tres dispendieuse (Chaouki et al., 199¢ plus, le type de caméra utilisée limite
grandement la taille des systémes qui peuventédtidiés grace a cette méthode ainsi que les
vitesses de particules pouvant étre mesurées. efmealt, des complications de nature
réglementaire ainsi que des colts élevés reliaspaoduction et au transport des radio-isotopes
limitent davantage I'utilisation de la PEPT, notaemhdans le cas ou un accélérateur cyclotron

n'est pas disponible sur place.

La RPT est une technique permettant de suivre acedr radioactif grace a la détection de
rayons gamma (Figure 1-6). Contrairement a la PERS,derniers n'ont pas a étre colinéaires
pour pouvoir reconstruire la trajectoire du traceua RPT utilise plutét une relation
phénomeénologique pour relier le nombre de rayonsnga recus et effectivement comptés par un
détecteur a scintillations a la position du traceadioactif (Knoll, 2000; Larachi, Kennedy, &
Chaouki, 1994; Tsoulfanidis, 2011). La redondancwoduite par l'utilisation de plusieurs
détecteurs permet de localiser le traceur radibacic une grande précision. Contrairement a la
PEPT, la RPT est une méthode basée sur l'attémudis rayons gamma dans le systeme a
I'étude. Ainsi, les frontiéres de ce dernier de raémue les interfaces de matiéres doivent étre
connues pour pouvoir appliquer la technique. Léscjpaux radio-isotopes utilisés sont*fSc,

le *®Au et, plus récemment, Ié"Na (Alizadeh, Dubé, et al., 2013; Godfroy, Laradtgnnedy,
Grandjean, & Chaouki, 1997; S. Roy, Larachi, Al-bah, & Dudukovic, 2002). La taille des
traceurs utilisés est généralement de I'ordre ddoges millimetres. Tout comme la PEPT, la
RPT a été employée avec succes, pour étudier, autires, la dynamique particulaire a l'intérieur
de cylindres rotatifs (Alizadeh, Dubé, et al., 20$Beritt, Chaouki, Mehrotra, & Behie, 2003),
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de mélangeurs en V (Doucet, Bertrand, & Chaoukd82@t de lits fluidisés (Larachi, Chaouki,
& Kennedy, 1995; Upadhyay & Roy, 2010). Les pluserés développements réalisés au niveau
de cette technique ont consisté a étendre la métpodr pouvoir considérer des systéemes ayant
des frontieres mobiles irréguliéres (Doucet, Badtraet al., 2008) et a intégrer le codente
Carlo N Particle Version §MCNP5) a l'algorithme de la RPT pour ainsi pouvoonsidérer
davantage de phénomenes d’interactions entre l@&matt les rayons gamma (Mosorov &
Abdullah, 2011). La RPT a l'avantage d’étre moirspedndieuse que la PEPT et la MRI. De plus,
elle n'est pas limitée par la taille du systemeumlicelle peut étre appliquée. Cependant, la
considération des surfaces particulaires irrégesieat variantes dans le temps n’est pas simple.
De plus, lincertitude quant aux résultats obtermyv&c la RPT pour I'étude de systemes
hautement hétérogenes possédant une structurenantesiriable peut étre grande, voire
inacceptable. Aussi, la RPT requiert une étape abration pour mesurer l'atténuation des
rayons gamma dans la matiere. Cette calibrationidéalement étre réalisée dans des conditions
identiqgues a celles dans lesquelles la mesure réalisée. Ceci peut nuire sensiblement a

I'application de la RPT.
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Figure 1-6 Montage expérimental RPT typique. Adal@d®oucet et al. (2008).
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En résumé, les méthodes non-perturbatrices norsives sont idéales pour étudier les
écoulements particulaires denses. Cependant, rellggerent généralement une instrumentation
plus sophistiquée et dispendieuse, les rendant pius difficiles a appliquer et utiliser. Il est
important de mentionner que dans le cas des mé&hdadisant des particules traceurs, celles-ci
doivent absolument présenter des propriétés idesdidtaille, forme, densité, surface, etc.) a
celles des particules a I'étude. Cette contraisteseuvent trés difficile a surmonter (Bridgwater,
1995). De plus, dans le cas de la RPT et de la P&ERI reconstruction précise de la trajectoire
du traceur n’est souvent possible que si la portlantraceur émettrice de rayons gamma est
petite, idéalement ponctuelle. L'utilisation decars de I'ordre du centimétre ne permet souvent

pas d’obtenir des résultats d’'une qualité satiafdes

1.3 Modélisation des écoulements particulaires

Les modeles numériques permettant de simuler dadetnents particulaires sont classés selon
leur nature continue ou discréte. L'utilisationlime ou l'autre de ces méthodes dépend en fait
de l'application étudiée. Il est fréquent gu'unemgwéhension complete d’'un écoulement
particulaire passe par une utilisation complémeatde ces deux types de méthodes (McCarthy,
Khakhar, & Ottino, 2000; Meier, 2007).

Meier (2007) mentionne qu'’il est souvent préférabBletiliser une méthode de modélisation
discrete lorsque les interactions particule-paliaffectent grandement I'écoulement, qu’il y a
présence de forces a long rayon d’action (i.e. sion¢, que les propriétés de surface des
particules telle la rugosité sont importantes o dgs couches d'écoulements ne sont pas
simplement connectées, comme dans le cas ou lé&oaumt est causé par les pales d'un
mélangeur. A l'inverse, une approche continue egisageable lorsque les interactions entre les
particules sont moins importantes ou, par exenmpisque 'effet de la géométrie d’'un systeme

sur I'écoulement particulaire est étudié.
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1.3.1 Approches continues

Les modéles continus sont composés d'une sérieudtimps différentielles partielles
constitutives, représentant la conservation de tiféarclés, tels la masse, le moment et I'énergie,
ainsi que des conditions limites (Cleary, 2008)s @®deles sont généralement beaucoup moins

exigeants au niveau computationnel que les moditesets.

La théorie cinétique des gaz est un exemple de im@d@tinu qui a été modifié pour ainsi étre

appligué aux écoulements particulaires rapides (bafh 2006). Malheureusement, les études
ont montré que ce type de modele n’est utile qus d&a cas d’écoulements dilués de particules
sphériques ayant un coefficient de restitution sepé a 0.9 et respectant I'hypothése du chaos
moléculaire de Boltzmann (i.e. aucune corrélatioimecles positions et les vitesses des particules
qui entreront en contact) (Campbell, 2006). Ce tgpemodele n’est donc pas approprié pour

modéliser la dynamique particulaire d’écoulemerdasgs comme ceux considérés dans cette

thése.

Une des grandes difficultés rencontrées lors dmdaration d’'un modéle continu pour la
simulation d’écoulements denses consiste a identii contribution relative des contraintes de
friction et de contact a I'écoulement (Meier, 20079 modele nommé JFP proposé par Jop et al.
(2006) ainsi que les approches de profondeur mayariitisant des bilans de masse et de
quantité de mouvement (Khakhar, Orpe, Andresentt#h@ 2001; Savage & Hutter, 1989) sont
des exemples d’approches continues qui ont étdajies. Ces dernieres ont été appliquées a
des écoulements denses le long de plans inclings atl'intérieur de cylindres rotatifs (Ding,
Seville, Forster, & Parker, 2001; Gray, 2001; Khek2011; Khakhar, McCarthy, Shinbrot, et
al., 1997).
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1.3.2 Modeles discrets

Les modeles discrets simulent le déplacement deudeades particules d’'un systeme et
appliquent un traitement particulier en cas deigiols particulaires (Bertrand, Leclaire, &
Levecque, 2005). Ces modeles peuvent essentielte@tien regroupés selon deux catégories :
probabiliste ou déterministe. Les modeles probste#i se basent sur un générateur de nombres
aléatoires pour simuler le déplacement des paescalors que les modéles déterministes utilisent
la force totale agissant sur la particule pourdpldcer (Bertrand et al., 2005). Cette sectionetrai
exclusivement de la méthode discréte la plus éélissoit la méthode des éléments discrets
(DEM).

La DEM est une méthode lagrangienne déterministealoule les interactions entre les éléments
d’'un systéme ainsi qu’entre ces éléments et leviramement (Langston, Al-Awamleh, Fraige,
& Asmar, 2004). Originalement introduite par Cundatl Strack (1979), la DEM consiste en
I'application de la deuxiéme loi de Newton a chaxules particules d’'un systeme pour ainsi
simuler leurs déplacements. Conséquemment, un ddaorce et de quantité de mouvement est

réalisé sur chacune des particules :

X - ey —
Mz = mg+2( F+ E) (1.2)
| do _ z(ﬂﬁ) (1.3)
dt
ol X, m, |, @ sont respectivement le vecteur position, la massepoment d'inertie et le

vecteur de vitesse angulaire d’une particujel’accélération gravitationnellel le couple etV

le couple de friction de roulement. Sous sa plogpk application, la DEM integre les forces

gravitationnelles(mﬁ) ainsi que celles de contacts particule-particule particule-paroi,

exprimées en composantes norme(lgrs) et tangentielle#ft). Il est a noter que diverses forces

hydrodynamiques (p.ex. poussée d’Archimede, foc&rainée) ou non-hydrodynamiques (p.ex.

forces cohésives capillaires ou colloidales) peuvére intégrées au bilan de force. Lors de



22

simulations DEM, les particules sont considéréanrme étant des solides viscoélastiques. La
déformation particulaire engendrée suite a un cbnést représentée par un chevauchement
particulaire. Un modele de force de contact (aappelé relation force-déplacement) permet de
relier les composantes normales et tangentielles fdeces de contact au chevauchement
particulaire. Des exemples de contact particuléiqde ainsi que de modele de force de contact
sont présentés a la Figure 1-7. Une analyse exthauwds différents modeéles de force développés
pour la DEM a été réalisée par Di Renzo et Di M2084), Zhu et Yu (2006) et Thornton et al.
(2011, 2013).

Particule 2
Particule 1

Vo

Vi

u %
Fne,l?
/ ke

a) b)

[

Figure 1-7 Représentation schématique de a) la Ojadlapté de Bouffard (2012)) et b) un
modéle de force de type ressort-amortisseur (adbp@undall et Strack (1979)).

La DEM est basée sur I'idée qu’en prenant un paenips assez faible, qui est généralement de
I'ordre de 1(s, les perturbations dues aux contacts ne se peopaigpas au-dela des particules
directement voisines (Cundall & Strack, 1979; Mackngston, Webb, & York, 2011). Ainsi, le
pas de temps adéquat pour la réalisation de simoéaDEM dépend des propriétés particulaires.
Le choix de celui-ci est une étape critique etélétsujet de nombreuses publications (Doucet,
2008; Y. Li, Xu, & Thornton, 2005; O'Sullivan & Bya 2004). Une itération typique de
I'algorithme de la DEM consiste a 1) déplacer lagsrde la géométrie, 2) détecter et résoudre

les contacts particule-particule ainsi que paréqueiroi et 3) intégrer I'équation de Newton pour



23

ensuite déplacer les particules (Leclaire, 2004tape consistant en la détection des contacts est
la plus importante et la plus exigeante en terneeteohps calcul possédant un ordre variant entre

O(Nlog N) et O(cN), ou N est le nombre total de particules simulées @funjiza, Latham,

& John, 2003; Perkins & Williams, 2001; WilliamseRins, & Cook, 2004) est une constante.
L’efficacité au niveau de ['utilisation du tempslaa et, dans une moindre mesure, I'exactitude
des résultats de simulations DEM dépendent audsi uie€thode d’intégration numérique utilisée
pour intégrer I'équation de Newton. Etant donnégtande variété de méthodes disponibles,
plusieurs études se sont penchées sur les perfoemat les conséquences de ces dernieres
(Fraige & Langston, 2004; Kruggel-Emden, Stepadekjunjiza, 2011; Kruggel-Emden, Sturm,
Wirtz, & Scherer, 2008; Rougier, Munjiza, & Johi©02).

La DEM a été utilisée pour étudier une grande v&rie procédés particulaires. Pour n’en
nommer que quelques-uns, elle a notamment été qageli avec succés pour étudier le
remplissage, le stockage et la décharge de pasical I'intérieur de trémies (Balevicius,
Sielamowicz, Mroz, & Kacianauskas, 2011; Goda & MEb&005; Gonzalez-Montellano,

Ramirez, Gallego, & Ayuga, 2011; Ketterhagen, GuMVassgren, & Hancock, 2009; Masson &
Martinez, 2000) ainsi que le mélange et la ségi@gatarticulaire a l'intérieur de mélangeurs a
tambour (Lemieux et al., 2007; Sudah, Arratia, Aleder, & Muzzio, 2005) ou de cylindres
rotatifs (Rapaport, 2007).

La capacité de la DEM a prédire ou reproduire despmenes granulaires réalistes ainsi que des
propriétés et parametres d’écoulements particglaispose essentiellement sur une mesure
méticuleuse des propriétés particulaires, une sétedgoureuse du modele de force de contact
approprié et surtout, une vérification et/ou undidation expérimentale du modéle utilisé
(Balevicius et al., 2011; Gonzalez-Montellano et, @&011). Les propriétés physiques des
particules peuvent étre évaluées a l'aide de mesxpérimentales a I'échelle de la particule ou
bien par une calibration utilisant des simulatidDEM auxiliaires simples permettant la
discrimination de l'effet d’'une propriété spécifejuCependant, I'incorporation des propriétés
physiques réelles, tels les coefficients de fricted d’amortissement de méme que la durete, a

l'intérieur des modeéles de force, rend fréequemniestable les simulations DEM et/ou en fausse
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les résultats. Deux raisons peuvent en partie gux@ti ces difficultés. Premiérement, les
propriétés particulaires mesurées expérimentalemersiont pas celles qui doivent étre utilisées
dans les modeles de force. Par exemple, les ciegifscde friction mesurés a l'aide d’'une cellule
de cisaillement de type Jenike ne correspondentapascoefficients de friction d’interaction
particule-particule se retrouvant dans les modé&esorce mais sont en fait des coefficients de
friction d'assemblage de particules. Deuxiememarglgré le fait que les véritables propriétés
particulaires soient incorporées aux modeéles deefyrune stabilisation de la simulation ne peut
étre obtenue qu’en la ralentissant significativemére. en diminuant le pas de temps).
Cependant, les ressources computationnelles airesilgl temps disponible pour réaliser les
simulations DEM sont souvent limités. Il est pasfampossible de ralentir suffisamment les
simulations pour permettre I'obtention de résuliasbants a l'intérieur d’'un délai raisonnable.
Etant donné les limitations et les difficultés indrétes associées aux modéles de forces ainsi qu’a
leurs parametres, de nombreux chercheurs se résigtes a calibrer ces derniers selon leurs
besoins, les ressources disponibles et I'applinatmuhaitée. Cette technique de calibration « fit-
for-purpose » présente I'avantage de permettraditinn de résultats rapidement, donnant ainsi
une idée générale de la dynamique particulaire Isin outefois, elle a comme inconvénients
d’étre spécifigue a l'application développée, ddiifficlement généralisable, et de ne pas
permettre une validation exhaustive du modele DEMns le meilleur des cas, elle n'en
permettra qu’une vérification limitée. Dans cetrerd’idées, il est important de mentionner qu'il
est pratique courante d’utiliser une valeur anoemant basse pour représenter la dureté des
particules (module de Young), permettant ainsi graanter significativement le pas de temps
des simulations (Gonzalez-Montellano, Ramirez, Feger& Ayuga, 2012).

La grande majorité des simulations DEM utilisent gearticules de formes sphériques non-
cohésives. L'incorporation de la non-sphéricitésain de la DEM fait surgir de nombreuses
difficultés supplémentaires. En plus de nécessites temps de calculs prolongés, plusieurs
complications surgissent au niveau de la reprégentanathématique exacte d’'une forme
arbitraire, des algorithmes de détection de cositawtre particules, de I'identification rigoureuse
du point de contact, du calcul du chevauchemertdi ajne de l'orientation de la normale de
contact et finalement, de la résolution de I'équatdu moment angulaire nécessaire pour
déterminer 'orientation propre de la particule ¢jde, 1998; Jia & Williams, 2001; Langston et
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al., 2004; J. Li, Langston, Webb, & Dyakowski, 200ters & Dziugys, 2002; Wachs, Girolami,
Vinay, & Ferrer, 2012). De nombreuses approchesmmposées dans la littérature pour intégrer
la forme particulaire aux simulations DEM. En efi¢s assemblages de sphéres (Langston et al.,
2004; Song, Turton, & Kayihan, 2006), des polyedfesige, Langston, & Chen, 2008; Hart,
Cundall, & Lemos, 1988), des ellipsoides (X. LinNg, 1995), des superquadriques (Cleary,
2008), des représentations par fonction discretg(id, 1998; Williams & O'Connor, 1995) ainsi
que des méthodes probabilistes (Dubé, Chaouki, &r&e, 2012; Jin, Xin, Zhang, & Sun,
2011) peuvent étre employés pour représenter taefat’'une particule en DEM. Cependant, la
grande majorité de ces approches n’ont malheurearsejamais fait I'objet d’'une validation
rigoureuse et exhaustive. Une simple vérificatiamsaire et qualitative est généralement
réalisée. Par exemple, Wachs et al. (2012) ongiéténe nouvelle approche pour la simulation
DEM de particules ayant une forme arbitraire comvexais ont seulement pu comparer les
résultats de leur approche a des expériences inguitcdes particules sphériques. Pour leur part,
Kodam et al. (2010) ont développé les algorithmescdntact nécessaires pour la simulation
DEM de cylindres mais ils ont seulement évalué leadele en le comparant a des données
expérimentales des angles de repos dynamiquestarigur de cylindre rotatif ainsi que des
hauteurs de remplissage. Les lacunes au niveaua delidation des modeles DEM non-
sphériques proviennent en grande partie du faifl qst difficile de créer un contexte
expérimental, facilement reproductible numériquethen I'effet de la forme particulaire est
discriminé des autres facteurs influencant la dygas) et ou une technique de mesure adéquate,

permettant une quantification détaillée de la dyioamen particulaire, peut étre appliquée.

De nombreux groupes de recherches a travers le ententent de corriger, adapter et améliorer
les modeles DEM actuels en se basant sur les @tesits avancements scientifiques au niveau de
la physique particulaire de méme qu’en employawerdi artifices numériques, computationnels
et logiciels. En plus de tous les travaux concdrantraitement de la forme particulaire
présentement en cours, plusieurs groupes ceuvrevgraent, entre autres, a l'incorporation de
modeles de cohésion particulaire (S. Li, Marshhili, & Yao, 2011; Mishra, Thornton, &
Bhimiji, 2002), a I'adaptation des programmes DEM anvironnements massivement paralléles
(Longmore, Marais, & Kuttel, 2013; Radeke, GlasgeKhinast, 2010) ou a I'implantation de
phénomeénes de transfert thermique (Chaudhuri, Mu&ziTomassone, 2010; Figueroa, Vargas,



26

& McCarthy, 2010; Zhang, Zhou, Xing, & Muhlhaus, 12). Parallélement, afin de pouvoir
prendre en considération une autre phase que diel#lide (i.e. les particules) ou bien de tout
simplement accélérer les simulations, plusieuraiessde combiner la DEM a d’autres méthodes
de simulation numérique tels la dynamique des dsidcomputationnelle (CFD) (Fries,
Antonyuk, Heinrich, Dopfer, & Palzer, 2013; Shi, rdas, & McCarthy, 2008), les chaines de
Markov (Doucet, Hudon, Bertrand, & Chaouki, 200$akra, Bao, Hudon, & Yang, 2013), la
méthode de Lattice-Botlzmann (LBM) (Feng, Han, & €@w2010; Monitzer, 2012) ou les bilans
de population (PBM) (Bouffard, Bertrand, & ChaouR@12; Freireich, Li, Litster, & Wassgren,
2011), développant ainsi des approches multi-éehell
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CHAPITRE2 ORGANISATION DE LA THESE

Il a été démontré au Chapitre 1 que I'étude desiléotents particulaires est complexe. Une
panoplie d’approches expérimentales et/ou numésiqevent étre utilisées pour réaliser ce
genre détude. Le choix de l'approche dépend desprgtés des particules, du systeme

particulaire étudié ainsi que des objectifs deutiét

La pré-purification de I'air réalisée a I'aide d'ymmocédé cyclique d’adsorption par oscillations
thermiques (TSA) est le cas idéal pour étudieroldement particulaire pouvant survenir a
I'intérieur de lits fixes. L’écoulement particulaia I'intérieur d’un réacteur a flux radial (RFR)
est étudié puisque, comme il a été mentionné aeldidh 1.1.1, l'utilisation de ce type de
réacteur est fortement favorisée. Les techniquesndsures expérimentales perturbatrices ou
non-perturbatrices ne sont pas facilement appksaldl I'étude de ce genre d’écoulement ou
peuvent étre tres colteuses a implanter. La natursystéme (colonne d’adsorption) et des
particules le composant (adsorbants quasi-sphé&jqgiaorisent I'utilisation d’'une méthode
numérique. Dans ce cas-ci, il est attendu quenliesactions entre les particules ainsi que leurs
propriétés affecteront grandement la nature deolikment simulé. Ainsi, la méthode des
éléments discrets (DEM) est une méthode numériguprédilection pour réaliser cette étude.
Cependant, puisque les propriétés particulaires isgportantes, il est essentiel de ne pas tenter
d’'accélérer la DEM en modifiant ces derniéres. Ladéle DEM développé doit étre calibré et

vérifié avec soin.

Dans le cas d’écoulements particulaires de litstifstcomposés de particules non-sphériques, les
méthodes de simulations numériques comme la DEMyjuie souligné dans la Section 1.3.2, ne
sont pas parfaitement adaptés pour étudier la dignenae particules non-sphérigues étant donné
leurs lacunes au niveau de la vérification et/oladealidation des modeles. Il est donc préférable
de développer une approche expérimentale. Pouraice, fil est nécessaire d’identifier une
technique d’investigation expérimentale approprédesi que de choisir des particules non-
sphériques adaptées a cette technique. Parmiirdrieales méthodes décrites a la Section 1.2, la
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technique de suivi de particules radioactives (R&t)une technique appropriée pour effectuer
cette étude. Dans le cadre de cette these, desrico@sppharmaceutiques ont été retenus pour
représenter les particules non-sphériques. Cedgpmatériaux a essentiellement été choisi pour
trois raisons. Premierement, il est facile, dares cartaine mesure, d’en contréler la composition.
Conséquemment, un composé produisant un radiopsgiouvant étre utilisé avec la RPT peut
étre introduit dans le mélange servant a la fabdnades comprimés. Deuxiémement, la masse et
la taille de chacun des comprimés peuvent étrairregsement contrblées lors de leur fabrication.
Finalement, des poingons et des matrices de foretede tailles variées sont largement
disponibles. Cependant, I'utilisation de comprimpéarmaceutiqgues comme traceurs pour la RPT
implique que la source d’émission de rayons gamtast pas ponctuelle. De ce fait, une plus
grande incertitude quant a la reconstruction dekition du traceur est attendue. Par conséquent,
il est nécessaire de développer une méthode pamhele minimiser I'erreur commise par

I'utilisation d’une source non-ponctuelle.

Ainsi, les objectifs spécifiques de cette thesd:son

1. Evaluer a l'aide de la méthode des éléments dsdieffet d’une contraction et d’'une
expansion thermique cyclique des murs d’'un réacéeflux radial utilisé pour la pré-

purification de gaz sur un lit particulaire fixe;

2. Développer une stratégie d’optimisation permettdiitientifier un positionnement

optimal des détecteurs a scintillation pour la téghe de suivi de particules radioactives;

3. Caractériser la dynamique de particules non-sphési@ 'intérieur d’'un cylindre rotatif.

L’atteinte de chacun de ces objectifs spécifiqusts pgesentée dans les Chapitres 4, 5 et 6,

correspondant en fait aux trois articles scientidisjissus de cette thése.

Le Chapitre 4 traite donc de la modélisation DEMaldynamique particulaire a I'intérieur d’'un
RFR utilisé pour la pré-purification de gaz. Lesitables propriétés particulaires sont intégrées

au modele DEM. Aprés avoir assuré une vérificatiétaillée du modele, ce dernier est utilisé
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pour mesurer la dispersion particulaire survenarltinderface de deux types d’adsorbants

couramment utilisés pour la pré-purification derl'a

Le Chapitre 5 présente la stratégie d’optimisaf@mmettant d’identifier un positionnement
optimal des détecteurs de la RPT. La stratégieldgpée est validée et ensuite appliquée dans
des cas de figure intéressants pour le génie chaniges forces ainsi que les limites de la
stratégie sont présentées a travers ces applisatBmite étape d’optimisation de la technique de
RPT est essentielle pour pouvoir étudier la dynamide grosses particules non-sphériques a

I'intérieur de cylindres rotatifs.

Le Chapitre 6 discute de la dynamique de particatessphériques a I'intérieur d’un cylindre

rotatif. Plus spécifiguement, ce chapitre traite l@lemodélisation du temps de résidence des
particules, du mélange et de la ségrégation décpkas de formes et/ou de tailles différentes
ainsi que de la dispersion axiale des particulesit &u long de ce chapitre, le comportement des

particules non-sphériques testées est comparéiddesparticules sphériques.

La thése se termine par une discussion générakep{ttd 7) présentant les principales avancées
réalisées dans le cadre de cette these et pagédamation de recommandations pour des travaux

futurs (dernier chapitre).
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CHAPITRE3 METHODOLOGIE

Ce chapitre présente sommairement la méthodologiployée pour atteindre les objectifs
spécifigues de cette thése. Davantage de détaitie gtistifications sont présentés dans les
chapitres propres a chaque article.

3.1 Dynamique particulaire dans des lits fixes

Pour évaluer l'effet d’'une contraction et d’'une ampion thermique cyclique des murs d'un
réacteur a flux radial utilisé pour la pré-puritica de gaz sur un lit particulaire fixe a I'aide d

la méthode des éléments discrets (DEM), il est sgxiee de calibrer le modéle DEM, de
dimensionner le domaine de simulation, d’élabomercycle d’expansion et de contraction des

murs ainsi que de planifier les simulations numégja réaliser.

3.1.1 Calibration du modele

Les deux types d’adsorbants généralement utilises pa pré-purification de I'air, soit de
I'alumine activée et des zéolites synthétiquesype X, appelés « molecular sieve », constituent
des particules sphériques et sont utilisés poute cétude. Des photos de ces deux types
d’adsorbants ainsi que les distributions granuloiges (PSD) sont présentées a la Figure 3-1. Il
est a noter que la PSD a été fournie par PRAXAIR dh est directement implantée dans le
modéle DEM.
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Figure 3-1 Photographies a) des particules d'aleminb) des zéolites synthétiques de type X

(« molecular sieve ») utilisées ainsi que c) letritiutions granulométriques de chacun.

Les trois principales propriétés particulairestagner au modéle DEM sont le module de Young,
le coefficient d’amortissement et le coefficient fdetion. Les valeurs de module de Young de
chaque adsorbant sont mesurées expérimentalemiaid@ d’'une méthode de contacts par
ultrasons (Akseli & Cetinkaya, 2008; C. Li & Cetmja, 2006). Quant aux coefficients
d’amortissement et de friction a intégrer au mod2#eM, ils sont mesurés et calibrés a l'aide

d’expériences auxiliaires permettant de discrimlears effets.
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Ainsi, les coefficients d’amortissement sont évalad’aide des coefficients de restitution (CoR)

mesurés experimentalement suite a un impact nosaraline plaque d’acier d’une particule en

chute libre. Pour mesurer les CoR, les expériedeeshute libre sont filmées a l'aide d’'une

caméra haute vitesse utilisant une fréquence di@strement de 120 images par seconde. Un
exemple de ce type d’expérience est présenté aglae-3-2. Ces expériences sont ensuite
reproduites numériquement a l'aide de la DEM endliai varier le coefficient d’amortissement

utilisé dans le modele. Une courbe de calibratiorCdR numérique en fonction du coefficient

d’amortissement est obtenue, permettant ainsi «fifier la valeur du coefficient

d’amortissement correspondant a la valeur du Cosurge expérimentalement.

Figure 3-2 Exemple de la mesure d'une particulehere libre réalisée a l'aide d'une caméra

haute vitesse.

Les coefficients de friction sont quant a eux étaks a I'aide de mesures d’angle de talus d’'un
tas de particules. L'appareil servant a réaliser meesures est illustré a la Figure 3-3. Pour
réaliser ces mesures, I'appareil est d’abord redwplparticules (Figure 3-3a). L'angle de talus se
forme suite a la création d’ouvertures de chaqué dé I'appareil (Figure 3-3b). Un exemple

d’angle de talus obtenu pour chacun des adsorkbahfwésenté a la Figure 3-3c et d. Encore une

fois, ces expériences sont reproduites numériqueamdaide de la DEM en faisant varier les
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coefficients de friction utilisés dans le modéleesLvaleurs des coefficients de friction
appropriées sont celles permettant de reproduie kvplus d’exactitude les expériences.

c) d)

Figure 3-3 Appareil servant a la mesure d'anglesallss des adsorbant [a) et b)] ainsi qu'un
exemple d'angle de talus obtenu pour c) les pdesadialumine et d) les zéolites synthétiques de
type X.
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3.1.2 Dimensionnement des domaines de calcul

Dans un réacteur a flux radial (RFR) (Figure 3-d@a)gaz a traiter est alimenté au lit fixe par le
canal annulaire en phase d’adsorption et par le fakerieur en phase de régénération. La
simulation DEM d’une unité de taille industrielléest pas possible étant donné le nombre de
particules impliquées. Une petite section du réactest donc simulée. Cette derniere est
représentée a la Figure 3-4b et c. Des conditi@m®giques sont imposées dans le sens de la
largeur du domaine pour ainsi éviter que des effetparois affectent la dynamique particulaire.
Pour compléter cette étude, deux domaines de dimmlaont utilisés. Les spécifications de
chaque domaine sont détaillées dans le TableauL® Jremier domaine (A) est utilisé pour
vérifier le modele DEM alors que le deuxiéme doradiB) est utilisé pour étudier la dynamique
particulaire a I'interface d’adsorbants. Il faut@oque pour des raisons de stabilité numeérique, la

partie supérieure du lit d’adsorbants est une sarfiare.

Outer basket Inner basket

l I
| |
I
| :
()
S | S |=
2 8 £
g | | 2 2
o
| |
)_ . _)_ Bed
width
(2
Molecular sieve Alumina  Simulated wedge Bed length (x)
a) b) c)

Figure 3-4 Représentation schématique du RFR: e@)deuface, b) vue de haut et c) domaine de

simulation DEM.



Tableau 3-1 Spécifications des domaines de sinoulati

Nombre de particules

(Fraction volumique)

: . : #Coeurs
Domaine| Dimensions (m)
Zéolite synthétique de type X CPU
Alumine
(« Molecular sieve »)
Longueur| 0.16
222 925 0
A Hauteur 1.28 16
1) (0)
Largeur | 0.025
Longueur| 0.32
51 467 547 513
B Hauteur | 0.64 48
(0.24) (0.76)
Largeur | 0.025

3.1.3 Spécification du cycle d’expansion et de contractio

La Figure 3-5a présente I'évolution de la tempémtmesurée aux parois interne et externe d’'une
unité commerciale d’adsorption par oscillationsrhigues (TSA). Ces données sont une
gracieuseté de PRAXAIR Inc.
matériau constituant les parois du réacteur, ipessible d’évaluer I'expansion et la contraction
attendues en cours de cycle (Figure 3-5b). Puisguia changement de température ne se
produit durant la premiére moitié du cycle, cettrtiopn de cycle peut étre éliminée des

simulations DEM. Ainsi, le véritable cycle simulgt eelui présentée a la Figure 3-5c.

35

A laide du coeffidiede dilatation thermique linéaire du
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Figure 3-5 Spécifications du cycle de TSA: a) étiolude la température aux parois internes et
externes du RFR, b) variations de rayon correspttedaaux changements de température et c)

mouvements des murs simulés a l'aide de la DEM.

3.1.4 Planification des simulations numérigues

Comme il a été mentionné a la Section 1.1.1, uteaye TSA s’étend généralement sur plusieurs
heures. Evidemment, la simulation DEM d'un cyclelr@'est pas possible. Il faut donc
déterminer une fréquence de cycle appropriée. Wneebsupérieure de 2Hz pour la fréquence
peut étre identifiee. Davantage de détails concgroette borne supérieure sont présentés a la
Section 4.2.3.2.5. Des fréquences de 0.5Hz, 1.0H2.@Hz sont testées. Les simulations
numériques réalisées a l'aide de chacun des doma&@oet présentées au Tableau 3-2. Ces
simulations sont effectuées sur le serveur de thlaute performance Mammouth-Série Il de

I'Université de Sherbrooke.



37

Tableau 3-2 Planification des simulations DEM

Domaine Objectif de la simulation  Fréquence de cyel

A Veérification du modele 0.5Hz
A Veérification du modele 1.0Hz
A Veérification du modele 2.0Hz
B Dynamique patrticulaire 1.0Hz

3.2 Optimisation du positionnement des détecteurs de l@chnique de suivi de

particules radioactives

Cette section décrit la méthodologie employée paévelopper la stratégie d’optimisation
nécessaire a l'identification d’'un positionnemeptimal des détecteurs de la technique de suivi
de particules radioactives (RPT). Cette méthodelaminsiste en la sélection d'un algorithme
d’optimisation adéquat ainsi qu’en la déterminati@s cas tests permettant de valider, évaluer la

performance et, finalement, appliquer la stratégpptimisation.

3.2.1 Ildentification de 'algorithme d’optimisation appro prié

La fonction-objectif permettant d’identifier un gibonnement optimal des détecteurs de la RPT
dépend de l'objectif de I'expérience réalisée. @elamt, il est évident que celle-ci est, d’'une
maniere ou d’'une autre, liée a la relation phénatogique reliant le nombre de comptes recus
par un détecteur a la position du traceur radibdetiisque cette relation est évaluée grace a une
méthode de Monte Carlo (Larachi et al., 1994)silimpossible d’obtenir une évaluation précise
des dérivées de la fonction-objectif. La composasttechastique de cette relation garantit

également que la fonction-objectif est non-lisse. [us, deux évaluations successives de la
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fonction-objectif produisent deux résultats gérgrant différents. Il est donc nécessaire
d’identifier une classe d’algorithme d’optimisatiaqui est capable de composer avec les

particularités de la fonction-objectif.

L’éventail de méthodes d’optimisation disponiblesiprésoudre des problémes d’ingénierie est
extrémement large. Audet et al. (2008) a dresseélistee exhaustive des algorithmes les plus
utilisés pour résoudre des problemes issus deélimgie chimique. Tel que mentionné, la plupart
de ces algorithmes doivent étre adaptés lorsguenietion-objectif est non-lisse, d’autres ont
besoin de relaxation pour évaluer la fonction-ofifeuix frontieres du domaine d’optimisation,
d’autres ne sont pas en mesure de traiter desgmnelsl possédant un domaine de solution non-
convexe, d’autres nécessitent un réglage inteesiéars parametres pour pouvoir étre efficace et
d’autres ne présentent pas des propriétés de amne® théorique rigoureuses. Une classe de
méthode peut cependant étre utilisée dans le capbEmes non-dérivables, non-linéaires, non-
convexes ou déconnectés. Il s'agit de la méthodeedberche directe (Lewis, Torczon, &
Trosset, 2000) dont [l'utilisation est ici fortemefavorisée. Dans le cadre de cette thése,
NOMAD, une implémentation C++ de la méthode de eeche directe a maillage adaptatif
(MADS), est sélectionné pour optimiser le positiement des détecteurs (Abramson et al., 2012;
Le Digabel, 2011).

3.2.2 Validation, évaluation et application de la stratége d’optimisation

La stratégie d’optimisation développée doit towhdird étre validée a l'aide d’'un systeme dont
le positionnement optimal des détecteurs est coRour ce faire, un systeme bidimensionnel
constitué d'un cercle de 0.10m de rayon est utillséest évident que dans ce cas précis,
l'agencement optimal pour les détecteurs consiskes adisposer aussi prés que possible du
systéeme et a les répartir uniformément autour die-ce La stratégie d’optimisation est testée

avec 3, 4 et 6 détecteurs a scintillations.
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Une fois validée, la performance de la stratégmptimisation est évaluée a l'aide du systéme le
plus fréquemment étudié avec la RPT soit une caomylindrique verticale pouvant
correspondre a un lit fluidisé, une colonne a lsula autre. Dans ce cas-ci, la colonne présente
une hauteur de 0.61m et un rayon de 0.075m. Etamélla taille limitée du systéme, la stratégie

d’optimisation est testée avec seulement six détesta scintillations.

Finalement, la stratégie d’optimisation est ap@eg@u systeme pour lequel cette derniére a éte
développée : un cylindre rotatif horizontal patéeient rempli possédant un rayon de 0.127m et
une longueur de 0.381m. La stratégie d'optimisatesmt testée avec le méme nombre de

détecteurs a scintillation qui est utilisé poutlis&a I'expérimentation, soit dix détecteurs.

3.3 Dynamique particulaire dans des lits rotatifs

Pour étre en mesure de caractériser la dynamiqueardieules non-sphériques a I'intérieur d’'un
cylindre rotatif il faut d’abord concevoir et fafjuer les particules non-sphériques et ensuite,

planifier les expériences a réaliser.

3.3.1 Fabrication des particules non-sphériques

L’élément le plus facile a introduire dans la fabtion de comprimés pharmaceutiques pouvant
produire un radio-isotope adéquat pour la RPT eesodium (Na). Sous le flux de neutrons du
réacteur nucléaire SLOWPOKE de I'Ecole Polytechaicle Montréal, le sodium (Na) se
transforme erf’Na et émet deux rayons gamma de haute énergie8(£t38.754 MeV). Il faut
noter que la demi-vie dtfNa est relativement courte & seulement 14.95 heLigeguantité de
sodium a introduire a l'intérieur de la matrice @esnprimés est dictée par un seul critére : un

comprimé introduit dans le réacteur nucléaire dtgindre un niveau d’activité de gCi (2.22

MBq) en moins de 20 minutes. Cette limite de tempserBEmement importante pour éviter
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tout changement au niveau des propriétés physiduesomprimé lors de son activation. Les
poudres organiques, principaux constituants degpdoms pharmaceutiques, sont affectées par
une exposition prolongée au flux de neutrons ajusi par la température régnant aux alentours

du ceceur du réacteur.

Trois formulations différentes ont été testées ptabriquer les comprimés. La premiere
formulation utilise un mélange de cellulose micrstadline (MCC), de lactose monohydrate et de
sel, qui est d’abord granulé a laide d'un procédiéxtrusion-sphéronisation, et ensuite
comprimé, en y ajoutant du mannitol, a l'aide d’'ymmesse a comprimés. Malheureusement,
I'utilisation de ces granules n'a pas permis ladpiciion de comprimés ayant des propriétés
physigues adéquates (i.e. une dureté élevée dailnhe friabilité) pour répondre aux objectifs de
I'étude. La seconde formulation, présentée au BabB3, utilise un mélange de MCC, mannitol,
sel micronisé et de MgSt qui est directement com@ra 'aide d’'une presse. Trois types de
comprimés, illustrés a la Figure 3-6, présentant dareté et friabilité adéquates, ont été
fabriqués a l'aide de ce mélange en utilisant uresge a comprimé 10-stations PICCOLA®
(Riva, Aldershot, Hampshire, Angleterre). Les réssl d’expériences utilisant ces comprimés
ont d'ailleurs fait I'objet d’une présentation lads 8" World Congress of Chemical Engineering
(Dubé, Bouffard, Legros, Bertrand, & Chaouki, 2009alheureusement, cette formulation s’est
également avérée inadéquate pour plusieurs raigons.d’abord, le chlore (Cl) contenu dans le
sel produit du*®Cl lors du passage du comprimé dans le réacteuéaive. Malgré que cet
isotope ait une courte demi-vie (i.e. 37 minutass),présence nuit de maniére substantielle au
déroulement des expériences RPT. Ensuite, la prés#msel dans la matrice des comprimés les
rendent extrémement sensibles a I'humidité ambjaditeinuant ainsi significativement leur

durée de vie.
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Tableau 3-3 Seconde formulation

Composé Concentration

(Provenance)

Cellulose microcristalline

(Avicel® PH-200, FMC, Philadelphie, Pennsylvanie, fats- 29.5%
Unis)
Mannitol

29.5%

(Pearlitol® 200 SD, Roquette, Waterloo, Ontario, Caada)
Sel micronisé 40%

Stéarate de magnésium monohydrate

(Peter-Greven Fett-Chemie GmbH, Bad Miinstereifel, 1%

Allemagne)

a) b) c)

Figure 3-6 Formes des comprimés produit avec larskeformulation: a) pomme, b) diamant et

c) capsule.

Finalement la troisiéeme formulation, détaillée aablBau 3-4, est grandement inspirée de la
seconde formulation et est celle qui a été utiligéer compléter la recherche. Dans celle-ci, le
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sel est remplacé par du bicarbonate de soudeneaitmitol par un de grade plus fin, améliorant
ainsi significativement les propriétés de comparctio mélange. Des comprimés de cing formes
différentes ont été fabriqués a I'aide de cettenfdation et sont présentés a la Figure 3-7. Ces
derniers ont été produits a l'aide d'une presseosmprimés 10-stations KORSCH XL100
(KORSCH America Inc., South Easton, Massachuséitats-Unis) opérée a une vitesse de
60RPM.

Tableau 3-4 Troisieme formulation

Composé
Concentration
(Provenance)
Cellulose microcristalline
) 29.75%
(Avicel® PH-200, FMC, Philadelphie, Pennsylvanie, tats-Unis)
Mannitol
29.75%
(Pearlitol® 100 SD, Roquette, Waterloo, Ontario, Caada)
Bicarbonate de soude
(Arm&Hammer®, Church and Dwight Co., Ewing, New Jersey, Etats- 40%
unis)
Stéarate de magnésium monohydrate
0.5%

(Peter-Greven Fett-Chemie GmbH, Bad Minstereifel, Aemagne)
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Tablet A: smaII convex oval Tablet B: flat bevel edge round Tablet C: convex round
8 25mm (d 5.61mm (d;) 5.70mm (dp) 6.07mm (d;) 6.52mm (dp)
<“—> <> “—r <——>
4 98mm
Tablet D: convex oblong Tablet E: Iarge convex oval
| 4 18mm 4 66mm

Figure 3-7 Formes et dimensions des comprimés figdvec la troisieme formulation.

Pour améliorer les propriétés mécaniques des camapriet prolonger leur durée de vie, un
enrobage 2% massique de mélange polymérique Opallfgdige (Colorcon®, West Point,
Pennsylvanie, Etats-Unis) a été appliqué a I'aideel turbine perforée Vector LCDS (Freund-
Vector Co., Marion, lowa, Etats-Unis). Les propgg@ties comprimés sont présentées au Tableau
3-5.
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Tableau 3-5 Propriétés des comprimeés

Comprimé A B C D E

Masse (mg) 206.8+2.1 219.8+3.0 276.1+3.7 P2&®B.3 2844+3.1
Volume (mn) 147.2+04 139.0+0.8 169.0+1.6 181.9+1.32092*1.6
Surface (mrﬁ) 1626 £0.5 143.2+0.6 1576+1.1 176.1£0.71955+ 1.3

Densité particulaire (mg/mth ~ 1.40+0.01 1.58+0.02 1.63+0.02 1.54 +0.02 .29 0.01

Densité apparente (kg/m3) 1072 +3 1035+ 3 1029+ 9682 1031 +6
Sphéricité 0.83 0.91 0.94 0.88 0.90
Rapport d’aspect 1.84 1.02 1.07 2.48 1.84

3.3.2 Planification d’expériences

L’étude de la dynamique des particules non-sphésaest effectuée dans un cylindre rotatif fait
entierement en acryliqgue, possédant une longudarnim de 0.3556m et un rayon interne de
0.2413m. Un volume de remplissage de 35 % a éiééupour 'ensemble des expériences. La
majorité d’entre elles ont été réalisées a uness@eade rotation du cylindre de 10RPM. Cette
vitesse a été sélectionnée pour maximiser la g@adé données récoltées lors d’expériences
RPT, tout en se maintenant dans le régime d’écanérde type «roulement », le régime de
prédilection pour I'opération des fours rotatifhaQue expérience a duré 180 minutes et a utilisé
une période d’échantillonnage de 10ms. Dix détestaiscintillations ont été utilisés pour suivre
la trajectoire du traceur radioactif et ceux-ci été placés suivant les recommandations issues de

I'atteinte du second objectif spécifique de cétEse.

La planification d’expériences compléte est présenau Tableau 3-6. Les cing types de
comprimés ont été testés individuellement. Paultesdes mélanges de comprimés de formes

similaires mais de tailles différentes ainsi qudatenes différentes mais de masses similaires ont
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été testés. Ces deux types de mélange ont été&imdiexrs pour représenter le cas ou des
changements de taille et de forme se produisenbers d’opération. La concentration de chaque
type de comprimé dans chacun des mélanges a éigecpour représenter une situation ou
seulement une faible fraction du contenu subit langement de forme et/ou de taille. Ainsi,
85vol% du mélange est constitué du plus gros campset 15vol% du plus petit comprimé. Les
expériences E, BC.B et CD.C ont été répétées paaluér la variation des résultats due a

I'instrument de mesure.



Tableau 3-6 Planification des expériences RPT
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Identification de Spécification du

Vitesse de rotation

Type . i Particule traceur
I'expérience mélange (RPM)
A 100vol% A 10 A
B 100vol% B 10 B
]
n
g C 100vol% C 10 C
%
g D 100vol% D 10 D
=
E 100vol% E 10 E
GB6 100vol% 6mm 10 6mm
AE.A 15v0l% A A
10
AE.E 85vol% E E
AE.A* 15vo0l% A A
5
AE.E* 85vol% E E
BC.B 15vol% B B
10
g BC.C 85vol% C C
g
0
©
= CD.C 15v0l% C C
10
CD.D 85vol% D D
CE.C 15v0l% C C
10
CEE 85vol% E E
10
GB56.6 85vol% 6mm 6mm
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CHAPITRE4  SIMULATION PAR ELEMENTS DISCRETS DE LA
DYNAMIQUE D'’ADSORBANTS DANS UN REACTEUR A FLUX
RADIAL UTILISE POUR LA PRE-PURIFICATION DE GAZ

4.1 Présentation du premier article

Accepté pour publication dagisorptionle 30 avril 2013.

Auteurs : Olivier Dubé, Mark Ackley, Cem Celik, JahChaouki, Frangois Bertrand.

Ce chapitre présente I'évaluation, a l'aide de Ethude des éléments discrets, de l'effet d’'une
contraction et d’'une expansion thermique cycliges thurs d’'un réacteur a flux radial utilisé

pour la pré-purification de gaz sur un lit partaicd fixe

4.2 Discrete Element Simulation of the Dynamics of Adsbents in a

Radial Flow Reactor Used for Gas Prepurification

4.2.1 Abstract

Radial flow reactors (RFR) are used in thermal gwadsorption (TSA) processes for gas
prepurification. The aim of this work is to showethalidity of the discrete element method
(DEM) to simulate the effect of thermal expansiard aontraction cycles occurring in such
processes on the packed bed of RFR reactors. Botiottayered and bi-layered packed beds of
adsorbents are investigated. A DEM-based model ffilascale size unit was developed, the
parameters of which were calibrated by means digbeuscale experimental measurements and
simple auxiliary DEM simulations. The DEM-based rabdsed is isothermal and the thermal
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expansion and contraction phenomena are modelledigh the displacement of the inner and
outer walls of the computational domain. First, Hezuracy of this model is assessed using
analytical values of the static wall pressure (vg&h no wall motion) as well as experimental
measurements of the dynamic wall pressure (i.éh will motion) of a bi-layered bed. Next,
simulation results for a few process cycles indhse of a bi-layered packed bed indicates that
little mixing occurs at the interface between twe types of adsorbents. To our knowledge, this
is the first time that simulation is used to invgate the behavior of the packed bed of a RFR in a
TSA process. The results obtained with the proposedel show that the DEM is a valuable tool
for the investigation of such slow dynamical praess provided a careful calibration is done.

4.2.2 Introduction

Nitrogen and oxygen are the most common and extelysiused industrial gases with
applications in various process industries likerggtemical, metal, food, etc. They are typically
produced using a cryogenic air separation unit (A8Uwhich air is cooled, liquefied and
separated using a distillation process. A pre-mation unit (PPU) is needed prior to cryogenic
ASU to remove air impurities and contaminants sashwater, carbon dioxide, nitrous oxide,
light hydrocarbons, etc. Thermal swing adsorptidi8A) is commonly used for air pre-
purification and is the technology of choice prior cryogenic distillation (Kumar & Deng,
2006). In an optimized TSA PPU, a typical axial ket bed reactor is filled with layers of at
least two different adsorbents. The first layeussially made of activated alumina, to remove
water from the gas feed, and the second one is cmyrmade of a synthetic zeolite X material
(NaX type like 13X molecular sieve), to remove @arhdioxide and other minor contaminants
(Ackley et al., 2012; Hidano et al., 2011; Kalba&sGolden, 1999; Kumar et al., 2002). TSA
processes are normally operated on a cyclic bRsithyen, 1984; Seader & Henley, 1998). The
cycle involves the basic steps of 1) pressurizivghied with feed gas, 2) passing the pressurized
feed stream through the bed of adsorbents (adearpti contaminants), 3) depressurizing the
bed, 4) passing a heated regenerating gas coumtentdy to the normal feed direction
(desorption of contaminants) and 5) passing a rgalias through the bed to bring it back to its

initial thermal state. The regeneration part of ghgcess usually adopts the thermal pulse concept
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wherein a heat front or wave is created and it mdoevard and causes a fraction of the bed to
heat up entirely to the hot regeneration tempegaturhe cool purge is then initiated and the
effect is to begin cooling the hot portion of thedbwhile simultaneously carrying forward the
previously stored heat into the remaining forwaedlt pf the bed to complete the desorption of
contaminants. Regeneration temperatures in a T34 &B sufficiently high, ranging typically
from 150°C to 300°C, and depend on the adsorbesgd and the components to be desorbed
(Hidano et al., 2011; Kalbassi & Golden, 1999; Koak, 2002; Kumar & Dissinger, 1986;
Ruthven, 1984).

The annular packed bed (APB), also called rad@k ffeactor (RFR) or radial flow fixed bed
reactor (RFBR), is generally used for heterogenemitalytic processes and gas purification
systems (Heggs, Ellis, & Ismail, 1994; Kareeri ket 2006). The main advantages of RFR over
traditional axial flow packed bed reactors are ltheer pressure drop needed for operation, the
increased flow area and the higher flow rate tlzat bbe achieved. Many studies of RFR have
mainly focused on gas stream uniform distributiorerothe active material bed height since
process efficiency as well as profitability of RFRgely depend on this aspect (Celik & Ackley,
2012; Heggs et al., 1995a, 1995b; Kareeri et 8062 Lobanov & Skipin, 1986; Ponzi & Kaye,
1979). Kareeri et al. (2006) and Lobanov and Ski@if86) showed that low bed porosity
improves flow distribution. They also insisted oroper active material loading so that tight

packing of active material is maintained throughopgration.

Due to the aforementioned technical advantages FER,Rhere is great benefit to use this
configuration for full-scale adsorption processdswever, when RFR is used in conjunction
with a thermal swing regeneration step, the reactechanical components (e.g. reactor vessel)
contract and expand because of the substantialet@type differences between the different
operating phases (Ackley et al., 2012; Libal etE98). The axial and/or radial relative motions
between the vessel walls and the bed of adsorlantbe the source of induced thermal loads. It
can also damage the adsorbent bed by breakingaittielgs, creating voids, inducing particle
settling and promoting mixing of layered adsorbet8 of this will inevitably affect flow

uniformity as well as process efficiency.
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While limited, previous RFR studies have solelyused on the gas phase. Using experiments,
phenomenological numerical models or computatidhatl dynamics (CFD), flow direction,
configuration and distribution as well as reactioonversion and selectivity in isothermal,
incompressible and steady-state conditions have beestigated. No study has explored the
effect of a TSA cyclic process on the particles stibating the packed bed of a RFR.
Experimental investigation of particle dynamicexremely tedious, particularly in the case of a
TSA process in a RFR. Most experimental measurerteshiniques, whether they are invasive
(e.g. sampling technique, fiber optics) or non-siva (e.g. tomography or velocimetry
techniques), are either not readily applicable xtreznely costly to implement. Also, each

measurement technique provides only a limited armotimformation on particle behavior.

The discrete element method (DEM) is a powerful etoal simulation technique internationally
recognized and used to gain valuable insight intdics or dynamic behaviour of granular
materials. First introduced by Cundall and Strat870), the DEM consists of simulating the
motion of each individual particle using Newtoné&cend law of motion. Even if the particles are
considered rigid, they are allowed to overlap sot@asnimic particle deformation occurring
during contact. A contact model (force-displacemiemt) is used to relate the contact force
between the particles to their overlap. DEM hasnbesed to study a wide variety of granular
processes. To name just a few, it has been suoldgss$ed to investigate discharge of silos
(Balevicius et al., 2011; Gonzalez-Montellano et2011; Ketterhagen et al., 2009), pressure and
shear exerted by stored materials (Goda & Ebef@528asson & Martinez, 2000), granular
mixing and segregation inside pharmaceutical blenfileemieux et al., 2007; Sudah et al., 2005)
or cylindrical tumblers (Rapaport, 2007). DEM caifigb of predicting realistic granular
phenomena as well as flow parameters and propeateonly achievable through meticulous
identification of material properties, careful sgien of an appropriate contact model and, most
importantly, experimental verification and/or valtbn of the DEM-based model used
(Balevicius et al., 2011; Gonzalez-Montellano et 2011). Material physical properties can be
evaluated by experimental measurement of a propetiye particle scale or by calibration using

simple auxiliary DEM simulations discriminating te#fect of a specific property.
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In this study, the effect of cyclic thermal expamsand contraction of the vessel of a RFR, used
in a TSA process for air pre-purification, on momd bi-layered packed beds of adsorbents is
investigated using the DEM. A simplified DEM-basaddel of a full-scale unit is created. The
DEM model is carefully calibrated using both experntal measurements and auxiliary DEM
simulations. Then, the model is assessed using aof#l&yered packed bed computational
domain. To complete its assessment, the modelngpaced against analytical and experimental
data of a full-scale size unit for verification awmdlidation. A specific wall motion cycle,
representing one temperature cycle of a TSA prosesas considered for the simulations. Walll
pressures are investigated over the course of nogales. Finally, the DEM-based model is
applied in a bi-layered packed bed computationahala in order to investigate adsorbent
migration. The results obtained with the proposemtieh show the usefulness of the DEM for

investigating slow dynamical processes.
4.2.3 Methodology

4.2.3.1 Discrete element method

The DEM is based on a force and momentum balaneaoi particle. For this study, it is written

as:

d’x - — -
m-— = mg+2( F+ E) (4.1)

|Z—?=Z(f+|v|) (4.2)

where ;<, m, | and » denote the position vector, mass, moment of in@ia angular velocity

vector of a particle. These equations are solvadgua half-step leapfrog Verlet (HSLV)
integration scheme (Fraige & Langston, 2004). Thecds involved in this model are the

gravitational force(m_gj) and the inter-particle contact forces decompoetmlriormal(ﬁ) and
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tangential componer(tﬁ). Drag and buoyant forces are neglected due ttothalensity of the

fluid phase (air) and cohesion forces are alsoautgil because of the particle sizes, which are in

the order of a few millimeters. and M are the torque and rolling friction torque. Theg given

by:

T=rxF, (4.3)

(4.4)

wherer is the vector from the center of a particle to¢batact point angk, is the coefficient of

rolling resistance and has length units. To accéamthe elastidel) and dissipatioridis) forces,
the normal and tangential components of the corftaces are modeled using a generalized
spring-dashpot model:

=R R

3 1 (4.5)
=K.02n+y 02V,
Fofe F®
t t_» t B (4.6)
=K@+%W

;
i

deformation, ands, andv, are the normal and tangential components of thaive velocities

where n=—, &, and 5, are respectively the normal deformation and vedtotangential

between the particles in conta@ is evaluated with the Hertz theory Whiﬁ? is evaluated

with the Tsuji model (Tsuji, Tanaka, & Ishida, 199Zhe tangential deformation vector is given

by:

S, =min I;°\7t(t')dt',6 LS

t,max

4.7)

t

wheret, is the contact lifetime. The maximum tangentigbdmation is given by:
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5 —u (2-v) 5
t,max 2(1—1/) n

(4.8)

wherev is the Poisson ratio and is the dynamic friction coefficient. Constarks k., y, and

7, are given by:

k. :—g\/ﬁ E (4.9)
1
Vo= —Cn(6m* Eﬁ)z (4.10)
-
g.t’ 2 ‘Fnel
=—u|1-|1- il (4.11)
kt ﬂ 5t,max §t
1
1-[a]l/5, . I°
=6 6um | R — [ (4.12)

t,max

. . - 11 1 .
where, for a contact between particleand j, R is the reduced radl{sE:E+—j, E is

I J

. 1 1 1 . .
the effective Young's modulus ?=E+—, m is the geometric mean mass

5

1 1

(—* :—+—J, U, is the static friction coefficient, angl and ¢, are the normal and tangential
m

m m ]

damping constants, respectively. The Coulomb aoiter||F,
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4.2.3.2 Simulation specifications

4.2.3.2.1 Particle properties

Two types of adsorbents are used to carry outstinidy: activated alumina and molecular sieve.
They each represent a specific layer of adsorhgtdlly used in a TSA PPU. The ability of a
DEM model to simulate a physical phenomenon ratienly on the particle properties used in
the contact force model. They need to be preciselgsured or, at least, properly calibrated. The
calibration of a parameter must be done in suctay tiat the effect of this particular parameter
is discriminated from the effect of the other paedens. In this study, the particle parameters are
set using a mix of direct measurement and calimmathethods. The particles density, Young’s
modulus and Poisson ratio presented in Table 4-ewexperimentally measured and

incorporated directly into the DEM-based model.

Spherical particles were used to model the adstslsnce their sphericity is greater than 0.90.
The particle porosity is 0.32-0.35 and 0.42-0.46tf@ sieve and alumina particles, respectively.
The Young's modulus is one of the most importantapeeters of a DEM model. If proper
pressure measurements are to be obtained usiriggNE its value must be measured with great
accuracy. The Young’s modulus values were deteminirsgng a contact ultrasonic measurement
method (Akseli & Cetinkaya, 2008; Cetinkaya, 20@9;Li & Cetinkaya, 2006). The Young’'s
modulus determined for the activated alumina ofpfessent study is consistent with that obtained
for the similar alumina beads (catalyst supporingigshe single particle contact deformation
method (Couroyer et al., 1999).

The specific particle size distribution (PSD) otleadsorbent is also integrated into the DEM-

based model. Figure 4-1 displays the respective. PSD
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Figure 4-1 Particle size distributions of the twisarbents.

The damping coefficients for the DEM-based modelrenealibrated using experimental
measurements similar to the ones performed by Sgadel et al. (1990). In these experiments,
the coefficients of restitution (CoR) of each adismt type were measured following their impact
on a horizontal steel plate after a free fall unglavity. Particles were dropped from a height of
208 mm as many times as needed to have 50 valid far each particle type. Since neither type
of adsorbents is perfectly spherical, only thelgridat resulted in a close to 90-degree rebound
with respect to the surface were considered. Paftiee falls were recorded by means of a high-
speed camera at a frame rate of 120 fps. The nddoBl values of the alumina and molecular
sieve adsorbents were measured at 0.68 + 0.02.@8dt(0.01, respectively. The same free fall

experiment was simulated using the DEM-based muitbl a varying normal damping factor

(cn) in order to obtain a calibration curve. Normal gamg factors of 0.135 and 0.110 for the

alumina and molecular sieve adsorbents best fittedexperimental CoR values. The same value
of the normal damping factor was used for the plarparticle and particle-wall interactions.
Also, like in previous work presented by Zhou et (d999) and Landry et al. (2004), it was

assumed that the value of the tangential dampiciprfavas the same as the normal one.

The friction coefficients for the DEM-based modeler& calibrated using experimental

measurements of the angle of repose of a heaprb€lpa. The same experiments as the ones
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described in Zhou et al. (2002) were carried outie Tangles of repose were measured at
27.7°x1.7° for the alumina particles and at 30.88%Zor the molecular sieve particles. After

these trials, a complete numerical design of expents (DOE) was performed to identify two

friction factors (i.e. the particle-particle frioti factor(,upp) and the particle-particle rolling

friction factor(yr‘pp)). It was found that, for both types of particleg,, =0.133¢ and

4, ., = 0.05 provided the best fit with the experimental d&mulated angles of repose of 27.0°
and 28.4° were obtained for the alumina and motecsieve particles, respectively. Following

Zhou et al. (1999; 2001; 2002), the values of theesponding particle-wall frictimﬁ,upw) and

rolling friction (/ur,pw) coefficients were set tar,, =1.5¢ and g, ,, =24, ;-

Table 4-1 presents a summary of the particle ptagsensed in the DEM simulations.
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Table 4-1 Particle properties for the DEM-based ehod

. Value
Properties ) .
Alumina  Molecular sieve
Density(p,kg/ rﬁ) 1130 1060
< Young's modulug E, GPa) 9.02 3.57
‘% Poisson ratiqv) 0.2 0.3
3
c . ..
5 Normal damping coefficierfc, ,, ) 0.135 0.110
8
é Tangential damping coefficierﬁt;,pp) 0.135 0.110
@
S Static friction coefficient(,u& pp) 0.1335 0.1335
3
o Dynamic friction coefficiem(upp) 0.1335 0.1335
Rolling friction coeﬁicient(,u,’pp, m) 0.05 0.05
5 Normal damping coefficier(tcnv pw) 0.135 0.110
3]
g Tangential damping coefficierﬁtnv pw) 0.135 0.110
k=
°=§ Static friction coefficient 4 ,, 0.2 0.2
% Dynamic friction coefficiem(,upw) 0.2 0.2
3
o Rolling friction coefficient(yr'pw, m) 0.1 0.1

4.2.3.2.2 Simulation time-step

The value of the simulation time step should beraald-off between numerical errors and
stability, computational time and contact mechanRsgarding the contact mechanics criterion,

it was previously reported that, in the case of @eh using non-linear springs (e.g. Hertzian

dynamics), the critical time steft;) should be a fraction of the Rayleigh wave propagat

time (Y. Li et al., 2005). The Rayleigh tin{¢;) is defined as (Johnson, 1985):
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(= 2R P (4.13)

p NG
whereR is the mean particle radius afthe particle shear modulus given by:

E

G= (4.14)
2(1+v)
Finally, g is approximated by (Y. Li et al., 2005):
£ =0.8766+ 0.163 (4.15)

Li et al. (2005) and Gonzalez-Montellano et al.l2Pboth used 20% of the Rayleigh time as the
simulation time step. Unfortunately, even the u$eadraction of the critical time step may

sometimes yield numerically unstable results. ldeorto minimize the computational time, one
must consider how the DEM software is programmedihis study, a custom-made DEM

program developed at Ecole Polytechnique de Mohtwea used (Bertrand et al., 2005). This
program is based on parallel programming and coimguas well as other efficient data

structures to reduce computational time signifisamspecially when a large number of particles
are simulated (Leclaire, 2004). The fact that thdaéa structures (e.g. list of neighboring
particles) are shared by the processors (or cones)ved in a simulation and the use of an
inappropriate time step may render a DEM simulatingtable. In particular, it was observed that
updating these data structures at evBryiterations, which entails the exchange of inforiorat

between cores, may speed up the simulation sigmifig while preserving the accuracy of the
solution. For this study, preliminary investigatsorevealed that the use of3a5x 10° second
time step withN =50 required less computational time than the use Bf5a 10" second time

step, corresponding t0.2;, with an update of the data structures at evengiion (N =1). It

should be noted that the DEM simulations perforroedhis study are extremely CPU intensive.
It is also worth mentioning that it is common pregtto use an abnormally low value of the
Young’s modulus in order to increase the time ¢see equation (4.13) ) and reduce significantly
the computational time (Gonzalez-Montellano, Ramiret al., 2012). This strategy is useful
especially when only flow patterns are of interd¢bwever, it cannot be applied here since
studies of pressure measurements as well as patralamics are investigated.
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4.2.3.2.3 Simulation domain

A schematic of the RFR is shown at Figure 4-2. @imgo be treated enters from the bottom of
the unit and is fed to the radial packing throuigé annular channel during the adsorption phase
and through the inner pipe during regeneratiorthis configuration, the axial flow directions in
the annular channel and in the inner pipe are d@nges This configuration is identical to the “RZ
arrangement” from Heggs et al. (1994) and the sleac&Cp z-flow” from Kareeri et al. (2006).

T Outer basket Inner basket
I - | | |
I | | I | |
I | I | |
I | | I | 8 |
B g I | 3 o
= [ (=]
I | 1 | . om = | = :
| | | | 2 8 £
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r‘ width
(2
Molecular sieve Alumina  Simulated wedge Bed length (x)
a) b) c)

Figure 4-2 Schematic of the RFR: a) front viewtdy view) and c) the DEM simulation domain.

Because of the large amount of particles in thetogathe value of the simulation time step and
the computational resources available, a simulatwin the whole reactor would be

computationally out of reach. Therefore, a smaluute element of this reactor, the shape of
which represents a “wedge”, such as the one idedtifn Figure 4-2b, is used as the
computational domain. The wedge is representedregtangle in the figure due to the large bed
length to bed width ratio. Periodic boundary coiodis are imposed on both sides along the
width direction, which means that one patrticle flogvout of one side re-enters into the domain

through the opposite side. It has been previowsbpnted that the simulation domain size in the
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direction of the periodic boundary conditions slibal least be five times the particle diameter in
order to have no significant effect on the numenieaults (Bertrand, Gange, Desaulniers, Vidal,

& Hayes, 2004). Also, Landry et al. (2004) showhkdtta width of2d (6 being the particles

mean diameter) represents the transition from dildbbehavior to a 3D-like behavior. Here, the
largest particle has a 4mm diameter, so a 25mmhwiltused. Such a scaled portion of the
reactor is justified because it is axisymmetric dretause of the occurrence of mainly radial

dominated transfer mechanisms in the case of thalr@axpansion and contraction of the vessel.

To carry out this study, two computational domans used. The specifications of each domain
are presented in Table 4-2. The first computaticie®hain (A) is used to calibrate and assess the
DEM-based model. It serves to investigate the wadksure evolution over the course of many
wall motion cycles. For this part of the study,yalumina particles are considered since they are
harder than the molecular sieve particles. For dioisiain, the height of the bed is emphasized
and its length is compromised, which is justifiedthe fact that some relief in wall pressure is
expected near the free surface. In other wordsusieeof a higher bed reduces the effect of the
walls near the free surface. The second computdtidomain (B) contains both types of
adsorbents and is used to study particle dynanmdsnaxing of the adsorbents at their interface
(Figure 4-2c). Here bed length is emphasized aprdbdd height is compromised because the
length is the main direction along which mixing eéakplace when the walls are moved. The use
of a shorter bed results in a larger effect offtee surface upon mixing, which can be viewed as
a conservative strategy as less intense mixingpeaed further away from the free surface. It
should be noted that the top of the adsorbent $etso a free surface in the full-scale unit. There
is no horizontal plate at the top of the reactod articles therein are free to move upward

during wall motion.
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Table 4-2 Computational domain specifications

Number of particles

(Volume fraction)

Domain  Dimensions (m) #Cores
) Molecular
Alumina .
sieve
Length  0.16
_ 222 925 0
A Height  1.28 16
. (1) (0)
Width  0.025
Length  0.32
_ 51 467 547 513
B Height 0.64
. (0.24) (0.76)
Width  0.025

The simulations of this work were done using a lperamplementation of the DEM based on the
MPI library. All computations were performed usibgtween 16 and 48 cores (Table 4-2) of the
Compute Canada Mammouth supercomputer. The aveoagpeutational time was in the order of

600 hours for one second of simulated time.

4.2.3.2.4 Reactor filling

The computational domain is filled using a techeigealled “en masse” filling. With this
technique, all particles are generated at the damee They are loosely and evenly spread over
the computational domain. They are then allowedsétile under gravity. Even though this
technique is frequently used to save computatitined (Gonzalez-Montellano, Ramirez, et al.,
2012), it is used here for another important reagauring the filling process, the larger the
height of the bed, the larger the velocities of gaeticles impacting its surface. These large
particle velocities help to create a uniform tighacking, which is essential for a realistic
simulation of the packed bed of a RFR. To fill thayers of particles in domain B, a zero
thickness virtual wall is placed between the twpety of adsorbents during the settling process.

This wall is used to prevent any mixing of the atdeats during the initial filling step. The two
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respective subdomains corresponding to each typesirbent are then clearly defined. Once the
filling phase is complete, the virtual wall is remeol and the particles are again allowed to settle

in order to fill the voids that may have been cedaby the presence of this virtual wall.

4.2.3.2.5 Wall motion

The DEM-based model is isothermal. The thermal egpm and contraction phenomena
occurring in a TSA process are taken into accounthe DEM-based model through the
implementation of the corresponding wall motiontyfical temperature cycle of a full-scale unit
TSA process is shown in Figure 4-3a. Using thefameht of thermal expansion of the materials
used to build the RFR baskets, the correspondidysachange cycles for a full-scale unit are
obtained (Figure 4-3b).
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Figure 4-3 Original temperature cycle (a) and cponding radius change (b).

TSA cycles usually last many hours (Ruthven, 1984)e DEM simulation of such a long
process is not feasible due to the small time stepired. Some modifications must then be
made to the original cycle so that it can be siteadausing the DEM. It can be noticed that no
temperature change occurs for approximately 50%hetycle. To save computational time, this
portion of the cycle is removed for both baskets.nfake sure that the particle dynamics is not
affected significantly by this removal, a small fp@n of inactivity must be kept so that the
energy gained during a cycle has time to dissifm®re a new cycle begins. Figure 4-4
compares the original wall motion cycle and the tre was used for the DEM simulations. It
must be mentioned that the radius change is né¢dcewn and corresponds to the wall motion
occurring in the full-scale unit. Here again, sacstrategy is deemed conservative as less mixing
is then expected further away from the free surface
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Figure 4-4 Adapted wall motion cycle for the DENhsilations.

Finally, a cycle frequency needs to be chosenHerdimulations. Similar to the compromises
made in the selection of the time step, the cycégmuency should be a trade-off between
numerical stability, computational time and accenatediction of the real TSA process. In fact,
an adequate frequency is the one that allows thdb&sed model to simulate both dynamically
and accurately a full-scale unit. Preliminary tremulations revealed that it is possible to
identify an upper bound for the wall cycle frequgnin order for the simulation to be stable, it

was found that the following criterion should hold:

n,max

v >1q (4.16)

wall,max
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where t, is defined in equation (4.13) and, .., is the normal overlap experienced by the

smallest particle of the system following a norrmapact with a wall velocity,, which

all,max ?

corresponds to the maximum wall velocity attainedd specific wall cycle frequency. In other

. {9, .
words, the characteristic impact ti eﬂ] inherent to the wall cycle frequencly should

wall, max

be higher than the characteristic time associatéti whe model (i.e. the Rayleigh wave
propagation timet;). The maximum wall velocity is linearly proportiainto the wall cycle

frequency:

\Y/

wall,max —

kf (4.17)

where k is a proportionality constant, which is equal taStn/cycle for the wall motion cycle

displayed in Figure 4-4. The stability criteriorr the wall cycle frequency then becomes:

5
Cnmax o g (4.18)
Kft,

Figure 4-5 shows the relationship between thisegdh and the wall cycle frequency. It can
readily be noticed that, in order for the simulatto be stable, the wall cycle frequency should be
lower than 2Hz. Frequencies of 0.5, 1 and 2Hz weex for the DEM simulations of this work.

The results are compared to experimental data megsu a full-scale unit in the next section.
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Figure 4-5 Stability criterion vs wall cycle frequey.

4.2 .4 Results and discussion

4.2.4.1 Model assessment

The DEM-based model is assessed by comparing hedipoas well as static and dynamic wall

pressures to both analytical and experimental tesul

4.2.4.1.1 Bed porosity

If reliable numerical results are to be obtainenifrDEM simulations of a TSA process, the
packed bed resulting from the filling process mheste a porosity close to the one measured in a
full-scale unit. RFR are filled using a dense logdtechnique that generates a uniformly tight
packed bed (Schneider, Smolarek, Ackley, & Nowdil$999). Kareeri et al. (2006) and Heggs
et al. (1995a) respectively used bed porosity \v&abfed.3 and 0.4 to conduct their investigations.
Most DEM studies have reported values varying betw@.38 and 0.42 after the filling process
(Balevicius et al., 2011; J. W. Landry, Grest, 8ith& Plimpton, 2003).Figure 4-6 displays bed
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porosities of the two computational domains aftettling. A uniform porosity of 0.367 is

observed for the alumina layer in both cases, andl@e of 0.360 is obtained for the molecular

sieve particles layer in computational domain Be Tower bed porosity obtained here can be

attributed to the high polydispersity as well as ttigh impact velocities of the particles. Bed

porosities of 0.35 for alumina and 0.34 for molecdieve were measured experimentally. These

differences between the DEM results and the exparial data are deemed reasonable.
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Figure 4-6 Bed porosity with respect to bed heifgihta) domain A, b) domain B and c¢) DEM

packed bed after filling for domain B (particleg @olored by size).
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4.2.4.1.2 Static stress analysis (no wall motion)

The wall pressure and shear stress computed bpHEM with no wall motion are compared to

values predicted by Janssen’s analysis. Janssealgtiaal solution for wall normal pressure

(c,) and wall shear stregs,) is given by (Nedderman, 2005):

o, =0, = &[1— e(‘“DKy)] (4.19)
4y,
T, = M0, (4.20)
where
7=p9=p,9(1-¢) (4.21)

In these equations; is the weight of the granular materiai, the bulk density,0, the particle

1-sing
1+ sing

density, 4, the friction coefficient between the bulk of paltis and the wallK = the

Janssen constant anydthe depth below the top surface of the bed. Is $hiidy, for comparison

purposes, the internal friction anglg¢ is approximated usingé:tan‘lypp. The hydraulic

diameter(D,, ) is defined as:
D, =2 (4.22)

where A and P are respectively the cross-sectional area angdfimeter. It can be shown that,
in the case of infinite parallel twin walls sepadhtby a distanceb, which applies to

computational domains A and B, the hydraulic disanéet simply:
D, =2b (4.23)
Note that Janssen’s formulation for an annularibadentical to the one presented here. Indeed,

the hydraulic diameter of an annular bed with aasiceb between the walls of two concentric

cylinders is:
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20=(D,-D,) (4.24)

where D, and D, are the external and internal diameters of theianied.

A comparison of the wall pressure and shear stvasses from the DEM simulations and
Janssen’s equations (4.19) and (4.20) using thicleaproperties of Table 4-1 are presented in
Figure 4-7. A quantitative match is obtained foe tomputational domain B while, for the taller
computational domain A, an overshoot of the norste¢ss when the depth becomes twice as
large as the bed hydraulic diameter is observeds dhiershoot has been reported before in
different circumstances (Balevicius et al., 2011\WJ Landry et al., 2003). Two explanations for

this overshoot in the case of the taller domainloagiven.
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Figure 4-7 Normal and shear stress values for ctaipnal domains a) A and b) B.

The first possible explanation is related to th@dtiiesis made in Janssen’s original analysis,
which relies on three main assumptions: a) thessé® are uniform across any horizontal section
of the material, b) the vertical and horizontaksses are the dominant ones, and c) the forces in

play are at incipient failure on the basis of th@uldmb yield criterion (James W. Landry et al.,

2004; Nedderman, 2005). The mobilized frictipn,,), corresponding to the ratio of tangential
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forces to normal forces (Gonzalez-Montellano, GplleRamirez-Gomez, & Ayuga, 2012), was

computed to verify the last assumption. As candensn Figure 4-8, the mobilized friction is

always lower than the particle-wall frictiofy,,, = 0.2) used for the simulations. Just like in the

work of Gonzalez-Montellano et al. (2012) and Lanelral. (2004), a region at the top of the bed

(Y/ D, —» 0) having a significantly lowm is observed. It indicates that this region of liled is

far away from the Coulomb vyield value; the wallppgort less stress so a hydrostatic stress

profile is obtained. As for the rest of the bednean value 0.16 is obtained fgy. This value is
lower than 4, (0.2), which partially explains why a larger hydrostatgion is predicted by the

DEM. Gonzalez-Montellano et al. (2012) studied gtail the effect of the “en masse” filling
technique and concluded that this technique indesshlices mobilization of friction. They
specified that this filling technique could potetfly lead to errors when predicting the wall
pressures that develop during the filling of a .silb must be noted that an incomplete
development of friction is expected with the DEMc® friction is mobilized by both the particle
interactions and the particle shape (Hartl & Od0&). In particular, the representation of the
granular material by perfect spheres contributeshto decrease in friction mobilization. This
means that the third assumption from Janssen’snatignalysis does not seem to apply in DEM
simulations, which would explain the discrepancietween the numerical results and the
analytical data. On the other hand, note that #y@ldindependent region of the normal stress
profile, as obtained from Janssen’s analysis, hdls r®t been reached in the simulation.
Consequently, it is possible that, with a talledba quantitative agreement for the maximum
normal stress would be obtained, like in Landralet(2003). Moreover, Figure 4-7 shows that

Janssen’s equation best approximates the DEM diéttaawalue of ., =0.112. This is lower

than the value ofu,,, 0.16, obtained from Figure 4-8 as discussed abblierefore, this first

explanation alone cannot elucidate completely wiere is an overshoot in normal pressure in
Figure 4-7.
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Figure 4-8 Mobilized friction in computational domaA.

The second possible explanation is related to thearpeters used in equation (4.19). The

nonlinear fits displayed in Figure 4-7 were obtdirafter applying a nonlinear least-square

regression to determine values for coefficiepis and K. A quasi-identical value foK (0.71
instead of 0.76) and a much lower value faf (0.112 instead of 0.2 (from Table 4-1) are

obtained. The coefficient,, used in Janssen’s formulation should be the aoeffi of friction

between the bulk of particles and the wall (maappgcfriction) while the one used in the DEM-
based model is the particle-wall interaction caéint of friction (microscopic friction).

Ketterhagen et al. (2009) presented a relationbkipveen the macroscopic wall friction angle
and the particle-wall friction coefficient for paes used in the simulation of a Schulze ring
shear tester. This relationship indicates thaheafparticles are allowed to rotate, the macroscopi
friction can be significantly lower than the miccopic friction. Consequently, the lower values
of the normal stress predicted by the Janssen’semoduld simply be explained by the

inappropriate higher friction factor used in eqoati(4.19). To confirm this, three additional
simulations were performed. They consist of varytimg particle-wall friction coefficien(ﬂpw)

and filling domain A with a larger amount of paltis (360 000), in order to have a taller bed and
thus get closer to the asymptotic behavior andeeme friction mobilization. Values of 0.1, 0.2

and 0.4 foru,, were tested. Figure 4-9 presents the wall presgrofles obtained with the
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DEM-based model as well as the ones yielded bylémssen’s formulation whea,,, is directly

used in equation (4.19).
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Figure 4-9 Comparison of wall pressure for difféeraralues of the wall-particle friction

coefficient.

It can be observed that the agreement between EM Esults and Janssen’s formulation is
excellent wheny,, is low, the discrepancies getting larger g, increases. Figure 4-10 shows
the relationship between the macroscopic frictioefficient 1, and the particle-wall friction

coefficient 1, found by Ketterhagen et al. (2009) as well asréseilts obtained with the three
DEM simulations. For the latter, the macroscopiction coefficient 1, corresponds to the value

for which the DEM results best fit Janssen’s foratigin in Figure 4-9. It can be noticed that the

numerical results comply with those of Ketterhageal. (2009).
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Figure 4-10 Relationship between the macrosco(pi@) and microscopic friction(ypw)

coefficients.

It must be recalled that, for the simulation of #terter domain A, a value ¢f,, =0.112 was
found for x,,=0.2 (Figure 4-7). This value of., is well below the one found (0.166) with the

taller bed (Figure 4-10). This variation may inddedattributed to the different bed heights used
in the simulations of domain A. It also suggestst the two explanations proposed here for the
overshoot in normal pressure (Figure 4-7a) aresiiéer Further investigation would be required

to fully identify the sources of these discrepasacie

4.2.4.1.3 Dynamic stress analysis (with wall motion)

As was previously mentioned, a DEM simulation of tieal experimental cycle, which is in the
order of many hours, is not feasible. A much higtyale frequency must then be chosen, which
must however be such that the DEM-based model datd ynumerical results that are
phenomenologically accurate. One way to assesgetiability of the DEM-based model under

dynamic conditions is to compare the numerical experimental normal wall pressure values
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over the course of many cycles using the computatidomain A. As already mentioned, the bed
height is emphasized and the bed length is comenhin this computational domain, which is
justified by the fact that some relief in wall psese is expected near the free surface of the bed.
The normal pressures for the full-scale unit anel BEEM simulations are presented at Figure
4-11. More precisely, experimental data for 10 egobf the full-scale unit as well as 9, 7 and
almost 4 cycles of DEM simulations with 2Hz, 1Hdal5Hz cycle frequencies, respectively,
are shown. Pressures in the full-scale unit weeasured using load cells (Stellar Technology,
Ambherst, NY) mounted at various heights to the svafiboth the inner and outer baskets. There
was no significant variation in wall pressure wrdspect to height for the number of cycles

compared.
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Figure 4-11 Normal pressure evolution a) for thegaale unit and b) the DEM simulations.

It can be readily noticed that a qualitative agreetmbetween the numerical results and the
experimental data is obtained. In all cycles, a imam normal pressure peak is obtained
followed by a drastic drop to zero. The pressusntlevels off to an intermediate value before
the beginning of the next cycle. Figure 4-12 digplthe maximum pressure evolution in all cases
and a progressive increase is observed. The irectisa@noother with the DEM and a 0.5Hz or
1Hz frequency than with both the DEM and a 2Hz diestcy and the full-scale unit. It can also be
noticed that the curves corresponding to the DENRuation with a 1Hz cycle and the full-scale

unit level off to similar values aroun#5x 10 pa. The simulation results with a 0.5Hz frequency
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also indicate a similar trend after 4 cycles. Oa ¢hher hand, the DEM simulation with a 2Hz
frequency overestimates the normal pressure meahsarthe full-scale unit after 9 cycles by
more than 10 kPa. In fact, while the maximum presswrve at this frequency follows a trend
similar to the experimental curve, the results fuFe 4-12 reveal that reducing the frequency
from 2Hz to 1Hz and 0.5Hz improves the asymptothdvior significantly. As mentioned
before, the wall cycle frequency should be strithyer than 2Hz. When analyzing the results of
this figure, one should also keep in mind thatwiadls of the full-scale unit are elastic while the
DEM-based model assumes rigid wall conditions. Nbé& the progressive increase in stress is a
manifestation of thermal racking (Nedderman, 20@B)e observation here is that, by accounting
for these thermal changes by means of radial exparesd contraction, the DEM is able to
reproduce this phenomenon. To our knowledge, tihasfirst time that this phenomenon can be
predicted using the DEM.

5e+5

® Commercial unit
v Domain A-2.0 Hz
8 Domain A-1.0Hz
¢ Domain A-0.5Hz

1 2 3 4 5 6 7 8 9 10
Cycles

Figure 4-12 Wall maximum pressure evolution.

The accuracy of the DEM-based model cannot be ssdeasgorously by comparing only the
maximum value of the normal stress. Since partidpersion is going to be evaluated below, the
evolution of the numerical pressure with respecth® bed length should also match the one
measured on the full-scale unit. The fact thatréwd reactor is much larger and the real cycle
time is much longer does not allow a priori forieedt comparison. However, a closer look at the
time variation of the compression/expansion spddteogranular bed for the full-scale unit and
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the DEM simulation reveals that it is possible tentify three similar characteristic phases
within one single cycle. To identify these phasi® compression/expansion spegd,.)is

introduced:

AR. . —-AR
Vye = — Rt +Zt* : (4.25)

where AR is the bed length (i.e. the difference between dheer basket and inner basket
positions) and” is the cycle time. A negative value @f, implies that the granular bed is being
compressed while a positive value implies thas iexpanding. These characteristic phases are
clearly identified in Figure 4-13. A detailed evbain of the normal pressure over the course of a

single cycle (cycle 8 for the full-scale unit angcle 6 for the DEM simulation with a 1Hz

frequency) is also presented in this figure.



79

Inner basket

Full-scale unit — — —  Outer basket DEM simulation
0,006 0,006
| | | | | | | |
0,005 | | | | | | I'l 0.005
= I I I I I I \ I T
~ 0,004 { | | | | | | Il |+ 0,004 —
S I R Lo I\ [ °
S 0,003 | | | | \ | | | II It 0003 <
< | | | | | | | \ | 5
o 0,002 1 | | /I \ | | /I | o002
2 | | | | | | | | 3
g 0,001 1 1= \ | | | | | o001 T
|~ | | | | o
1 1 +
0,000 - —Y 1~ I/ 0,000
-0,001 I I ' ' I I I I -0,001
' [ a) | | | [ | b) | [
| | | | | | | |
1 1 1 1 1 1 1
] ) ) ) T ) ) )
0.3 4 I =1 5 fl o« = | 5 | ~ |t o3
) ° 9 f
, lst1 o2 [ 51 bs 1z 1 5 ,
= 21 s JIl %2 I @ | s | a | =
~ 024 el x| el e X | e |y 02 <
= I 21 < |l | I 2 1 o | | -
x £ @ £ £ ° £ x
< o1 Il g1 4y |l 81 Il s | @ | S Il g1 =
L | T | | ° | | T | | T | L
4 | o o | | o | | o | <
+ | +
& 001 P00 5
= | | | =
| | |
0.1 I I I o
] ] ] ]
T T T T
| | | |
c
1o | |
4e+5 : : : : 4e+5
| | |
3e+5 - : : : b 3e+5
_ | | | —
& | | | &
— 2e+5 A | | | r 2e+5 =g
o
bc I | I o
| | |
1e+5 1 | b 1e+5
|
| |
0 | il | | ! | : ‘ | 0
7,0 7.2 7.4 7.6 7.8 8,0 5,0 5,2 5.4 5,6 5,8 6,0
Experimental cycles DEM cycles
e) f)

Figure 4-13 Comparison over one single cycle of-@- experimental data and (b-d-f) DEM
simulation results: a) and b) radius change, c)d@ntbmpression/expansion velocity and e) and

f) normal pressure..

At the end of the first compression phase, bothlbedths are reduced by approximately 2.5mm
(Figure 4-13a and b). Since the bed is smaller itsaimitial length, a maximum pressure peak is
expected in this phase. This can indeed be selkotinthe experimental and the numerical cases.
However, the maximum pressure peak is obtaineldea¢nd of the first compression phase in the
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full-scale unit while it is obtained in the middiegf this phase for the DEM simulation.
Nevertheless, it can be noticed that the intertfithese peaks is similar.

At the end of the expansion phase, both beds ane lmger than at the beginning of the cycle. It
is expected that the normal pressure reaches mebmth cases. This is exactly what can be
noticed in Figure 4-13e and f. However, the de@eagressure in the DEM simulation is faster
and sharper than in the full-scale unit. Also, tinge that the simulated pressure spent near the
OPa value is longer. This is due to the discretareaof the wall motion. The first step of a DEM
iteration consists of moving the walls. Then, tletigle-particle and particle-wall contacts are
detected and solved. The particles are moved legiating Newton’s second law only at the end
of the iteration. So, if the bed is expanding, sitice particles are not moved immediately, the
number of contacts detected at the walls will dishirgreatly and can even be zero. This explains

the near-zero values of the wall pressure in th&#Binulation during the expansion phase.

In the last compression phase, both beds get casguateuntil their initial lengths are regained.
For this reason, during this phase, the presswgrpscted to steadily increase and level off to the
value it had at the beginning of the cycle. It bamnoticed in Figure 4-13e and f that the pressure
increase is slightly higher in the DEM simulatidran in the full-scale unit, although, at the end

of the cycle, a similar wall pressure is obtainedaoth cases.

In summary, good quantitative agreement betweeneiperimental data and the numerical
results was achieved in the different phases offtha cycle when a 1Hz frequency is used for
the simulation. These pressure results altogethew ghat the DEM-based model used in this

work is accurate enough to predict the granulaateh in a RFR.
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4.2.4.2 Investigation of particle dynamics

Particle dynamics and, in particular, mixing of thelecular sieve and alumina particles at their
interface was simulated with the calibrated DEMduhsnodel. The simulation domain B was
considered for this part of the study. The goal waderive a particle dispersion coefficient that
could be used to predict the long-time mixing bebwaef the particles. As already mentioned, the
bed length is emphasized and the bed height is mmniped in this computational domain
because the bed length is the main direction alamgh mixing takes place when the walls are
moved. The domain walls were moved with a 1Hz fesmy. Figure 4-14 displays the evolution
of the “surface” concentration of molecular sieatigles for 10 cycles near the initial position
of the interface. It represents the fraction of @salar sieve particles (the surface occupied by the
molecular sieve patrticles divided by the surfaceupted by all the particles) on a cross-section
plane covering the entire domain height. This fegatearly shows that the concentration of
molecular sieve particles left of the initial pasit of the interface decreases with time, which
indicates that alumina particles are migrating itlhds region. Quite obviously, a similar
phenomenon occurs right of this interface, where tloncentration of alumina particles

diminishes with time owing to the migration of molégar sieve particles into this region.
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Figure 4-14 Evolution of the molecular sieve sugfaoncentration near the initial position of the

interface.

The evolution of the molecular sieve concentrabeer the course of 10 cycles on cross-section
planes on both side of the initial interface arat tre 1mm and 5mm away from it are presented
in Figure 4-15. It can be noticed that the decréasgeve concentration 1mm left of the interface

is sharper than the increase 1mm right this intexfahis is explained by the smaller average size
of the molecular sieve particles. Also, no chamgthé molecular sieve concentration 5mm left of
the interface can be observed while some changesi@rceable 5mm right of this interface.

Again, this is a direct consequence of the sizieihces between the two particle types. Since
the bed of particles is slightly denser on the @ sieve side and since the alumina particles
are bigger on average than the molecular sieve, dhese alumina particles are expected to be

hampered and slowed down significantly. Neverttglssme particle migration is observed.
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Figure 4-15 Molecular sieve concentration on speafoss-section planes located at specific

distance from the initial positioning of the intace.

To quantify the extent of the particle migrationdiapersion coefficient (Einstein, 1905) was
computed as:

N

Z(Ax Ax)

N N T (4.26)

O
|
NIXN

xx_

In this expressiont stands for the time in cycle unitax is the particle displacement along the

radial direction (perpendicular to the interfaca)k the mean particle displacement aNdthe
number of particles in a rectangular box circunisog the interface. Figure 4-16a shows that the
dispersion coefficients in the x-direction for bqthrticle types decrease rather rapidly initially,
but then level off to values around 1€L67%/cycle for the alumina particles and 2€1M?/cycle

for the molecular sieve particles. The differenetnzen the two coefficients is likely due to the
fact that the alumina particles are larger thanntioéecular sieve particles, thereby reducing their
mobility near the interface. The higher value aé thispersion coefficients observed in the first
few cycles can be attributed to the free spacbairterface, which is due to the removal of the
invisible wall used during the filling process toepent the two types of particles from mixing.
The dispersion coefficients in the y-direction (g 4-16b) exhibit the same behaviour as in the
x-direction except that they level off to the samadue (1x1G m?cycle). It must be noted that,
since the motion of the simulated walls is moremse than that in the full-scale unit because of
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the differences in the temperature cycles, the eaatpdispersion coefficients represent an upper

bound.
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Figure 4-16 a) Radial (Dxx) and b) axial (Dyy) desgion coefficients.

These dispersion coefficients could be used irmstent diffusion equation to predict the extent
of mixing occurring at the interface of a full-seaize RFR. It is known that particle mixing can
have a significant deteriorative effect on the teaefficiency. In this way, the dispersion

coefficients could also be used to set an uppst fon the bed operation lifetime. Nevertheless,

the results obtained here indicate that particldonacross the interface is relatively slow.
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4.2.5 Conclusion

A DEM-based model was successfully applied to stilndydynamics of adsorbents used in the
RFR of a TSA process. The thermal swing cycle viasllated by a corresponding wall motion
cycle in the DEM. It was shown that, if the modglproperly calibrated using a mix of direct
measurements of particle properties and simple liaoki simulations, it can predict
phenomenologically the granular flow behavior ifulli-scale unit. The accuracy of the DEM-
based model was assessed using experimental vafubsd porosity, analytical values of
predicted wall pressure based on Janssen’s thaony,experimental values of wall pressure
measured during the operation of a full-scale uQualitatively and quantitatively good
agreement was obtained for porosity as well agcdia. with no wall motion) and dynamic (i.e.
with wall motion) wall pressure. It was noticed tthia the case of a tall computational domain,
the DEM vyielded wall pressure values that exceedvlues predicted by Janssen’s analysis.
Further investigation would be required to cleaitientify the cause of this discrepancy.
Moreover, the dynamic pressure obtained by the Bdtivulation was observed to comply well
with every phase of a full-scale unit cycle. TheNDBased model was also able to reproduce the
thermal racking phenomenon occurring is this typeeactor. Finally, the dispersion of particles
during many wall motion cycles was investigatechgshe simulation of a packed bed containing
layers of alumina and molecular sieve particlesilgviine corresponding dispersion coefficients
indicate that little mixing occurs at the adsorbemterface, they show that mixing could
potentially affect the efficiency of the reactorthe long run.

To our knowledge, this is the first time that siatidn is used to investigate the behavior of the
packed bed of a RFR in a TSA process. The reshtered with the proposed model show that
the DEM is a valuable tool for the investigationsafch slow dynamical processes, provided a

careful calibration is done.
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CHAPITRES  OPTIMISATION DU POSITIONNEMENT DES
DETECTEURS POUR LA TECHNIQUE DE SUIVI DE PARTICULE
RADIOACTIVE

5.1 Présentation du second article

Soumis @Applied Radiation and Isotopes avril 2013.

Auteurs : Olivier Dubé, David Dubé, Jamal Chao&kancois Bertrand.

Ce chapitre présente la stratégie d’optimisatiom guété développée pour identifier un
positionnement optimal des détecteurs a scintkatour la technique de suivi de particules
radioactives.

5.2 Optimization of Detector Positioning in the Radioative Particle Tracking

Technique

5.2.1 Abstract

The Radioactive Particle Tracking (RPT) technigsi@ inon-intrusive experimental velocimetry
and tomography technique extensively applied tosthdy of hydrodynamics in a great variety of
systems. In this technique, arrays of scintillatii@tectors are used to track the motion of a single
radioactive tracer particle emitting isotropicrays. This work describes and applies an
optimization strategy developed to find an optireed of positions for the scintillation detectors
used in the RPT technique. This strategy emplogsotrerall resolution of the detectors as the

objective function and a Mesh Adaptive Direct Shai®MADS) algorithm to solve the
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optimization problem. More precisely, NOMAD, a Ci#mplementation of the MADS algorithm

iIs used. First, the optimization strategy is vakdausing simple cases with known optimal
detector configurations. Next, it is applied tohaee-dimensional axisymmetric system (i.e. a
vertical cylinder, which could represent a fluiddbdéubble column, riser or else). The results
obtained using the optimization strategy are ineagrent with what was previously

recommended by Roy et al. (2002) for a similareaystFinally, the optimization strategy is used
for a system consisting of a partially filled cyimcal tumbler. The application of insights gained
by the optimization strategy is shown to lead tsignificant reduction in the error made when
reconstructing the position of a tracer particlee Tesults of this work show that the optimization
strategy developed is sensitive to both the typebpéctive function used and the experimental

conditions. The limitations and drawbacks of th&éropzation strategy are also discussed.

5.2.2 Introduction

5.2.2.1 Background

Radioactive particle tracking (RPT) is a non-inivesexperimental velocimetry and tomography
technique extensively applied for the study of leglyinamics in a great variety of systems. Ever
since it was first introduced by Lin et al. (198BRT has been successfully used to investigate a
wide range of reactors involving single or multipadlow. A thorough summary of previously

studied systems is presented in Table 5-1.
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Table 5-1 Summary of systems studied using the REfinique

System Phase(s) in play

Researchers

Bubble column

Gas-liquid

(Devanathan, Moslemian, & Dudukovic,
1990; Salierno et al., 2012)

Cylindrical tumbler

Solid

(Alizadeh, Dubé, et al., 2013; Sheritt et al.,
2003)

Fluidized bed

Gas-solid

(Bhusarapu, Al-Dahhan, & Dudukovic, 2006;
Khanna, Pugsley, Tanfara, & Dumont, 2008;
Mabrouk, Chaouki, & Guy, 2007;
Tamadondar, Azizpour, Zarghami, Mostoufi,
& Chaouki, 2012)

Gas-solid-solid

(K. Kiared, Larachi, Chaouki, & Guy, 1999;
Lefebvre, Guy, & Chaouki, 2007a, 2007b;
Upadhyay & Roy, 2010)

Gas-liquid

(K. Kiared, Larachi, Cassanello, & Chaouki,
1997)

Gas-solid-liquid

(M. Cassanello, Larachi, Marie, Guy, &
Chaouki, 1995; M. C. Cassanello, Fraguio,
Larachi, & Chaouki, 2006; Fraguio,
Cassanello, Larachi, & Chaouki, 2006;
Fraguio, Cassanello, Larachi, Limtrakul, &
Dudukovic, 2007; Karim Kiared, Larachi,
Guy, & Chaouki, 1997; Larachi, Cassanello,
Chaouki, & Guy, 1996; Larachi, Cassanello,
Marie, Chaouki, & Guy, 1995; Larachi,
Chaouki, et al., 1995; Larachi et al., 1994)

Riser

Gas-solid

(S. Roy et al., 2002)

Liquid-solid

(S. Roy, Chen, Kumar, Al-Dahhan, &
Dudukovic, 1997; S. Roy, Kemoun, Al-
Dahhan, & Dudukovic, 2005)

Spouted bed

Gas-solid

(M. Cassanello, Larachi, Legros, & Chaouki,
1999; Djeridane, Larachi, Roy, Chaouki, &
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Legros, 1998; Larachi, Grandjean, &
Chaouki, 2003; D. Roy, Larachi, Legros, &
Chaouki, 1994)

V-blender

Solid (Doucet, Bertrand, et al., 2008)

The concepts behind RPT are rather simple: usirgyay of scintillation detectors, it is possible
to track the motion of a single radioactive traparticle, emitting isotropig-rays, by counting
the number of theserays received by each detector during a sample pieriod. The position of
the tracer particle in time can be reconstructedgua rigorous phenomenological relation which
correlates the number of photons received and tefédg counted by a detector and the position

of the emitting source. Figure 5-1 presents acBIdRPT experimental setup.

TRACER POSITION
RECONSTRUCTION

Nal DETECTOR
ANALYSIS —

DRUM TUMBLER
.gf.;e-"‘% 3&:; - R |
RADIOACTIVE |~ 9ine¥- i
TRACER -—
..,:‘ - @@f“-@ia >
: R > a;.;f“@“.‘@iﬂ >
\__/ =
| , B ’ 1‘ HIGH SPEED
T @i nees COUNTERS

AMPLIFIER/
DISCRIMINATOR

Figure 5-1 Typical RPT setup. Sodium iodide (Nalipsllation detectors are strategically placed
around the system of interest. They are connectecmplifiers/discriminators for signal
adjustments. The latter are connected to high-speedter cards which transfer the information

to a data acquisition system.
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The latest progress achieved in the field of RP3 I@en on extending the traditional RPT in
order to take into account systems with irregulavimg boundaries (Doucet, Bertrand, et al.,
2008), as well as on integrating into an RPT progeaad applying the so-called Monte Carlo N-
Particle code version 5 (MCNP5) (Mosorov & Abdull#011). MCNP5 is an internationally
recognized code to analyze neutron anay transport, developed and maintained by the Los
Alamos National Laboratory ("MCNP User Manual, Mers5," 2003). It has the advantage over
current traditional RPT codes to treat a wider eargf y-ray interactions and transport

phenomena.

5.2.2.2 Motivation

Even though the experimental application of the RieGhnique is rather straightforward,
obtaining highly reliable and quality data may @du be extremely difficult. Several factors will
inevitably affect the gathered data and/or theckfficy of the tracer particle position
reconstruction step. Such factors can be organitedwo categories; they are either related to
the RPT technique hardware or the experimentalpsahd conditions. More specifically, the
hardware of the RPT technique refers to the trpadicle and the data acquisition system, which
includes the scintillation detectors, the ampldidiscriminators as well as the high-speed

counters. Table 5-2 presents some of these factors.
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Table 5-2 Factors affecting the quality of RPT data

Hardware

Tracer particle Isotope type
Strength (activity)
Size

Shape

Scintillation detectors Crystal size
Crystal shape
Crystal material
General conditions:
e Age
e Defects

e Damages

Experimental setup and conditions

Setup Number of available detectors
Maximum number of detectors that can be used

Detector position

Conditions Sampling time
Inhomogeneous media

Flow regime

Tracer particle strength and isotope type as veetletector crystal size, shape and material are all
important factors that were extensively studiedRoy et al. (2002). Their impact on the RPT
technique resolution and sensitivity as well asrtbptimal choices are thoroughly analyzed and
well explained in that paper. The effect of the pkng time was also studied by Godfroy et al.
(1997) and Mostoufi et al. (2003).

Using a numerical analysis, Roy et al. (2002) gdsssented guidelines and analyzed practical
scenarios to help position detectors efficientlpeToptimum hardware was chosen to perform
their analysis, which they restricted to a systamsesting of an ideal axisymmetric geometry
(i.e. vertical cylinder) as well as a limited st detector configurations. However, several
reasons can explain why the optimal hardware cabeaised in practice. Such reasons may be

related, for instance, to the specific objectivéshe study to be carried out (Alizadeh, Dubé, et
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al., 2013) or the hydrodynamics to be captured Quéizadeh, Chaouki, & Bertrand, 2013). To
our knowledge, the impact of the experimental setag conditions on detector positioning has

never been thoroughly studied.

In this article, a numerical optimization strateégydetermine an optimal set of detector positions
and orientations, given a set of constraints oci§ipations that are either related to the detegtor
tracer particle and/or experimental setup, is priesk and applied. In the next section, the
concepts behind RPT are briefly presented. Tharopdition strategy (i.e. the objective function,
the optimization algorithm and its implementatios)then described in detail followed by a
verification and validation of this strategy usitggt cases with known analytical solutions. The
optimization program is also tested in a case amo the one discussed by Roy et al. (2002).
Finally, the strategy is applied in a situation vehexperimental conditions influence detector
positioning. The limitations and drawbacks of th®imization strategy are discussed through

these applications.

5.2.3 RPT basics

The fundamentals of the RPT are recalled here.

5.2.3.1 Phenomenological model

For a nonparalyzable counting system, the phenological relation between the number of
gamma ray photons received and effectively coubied scintillation detector and the position

of the emission source is given by (Knoll, 2000pdlganidis, 2011):

c(})— vag(&)

14 rvAgs () (5-1)
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whereT is the sampling period (s), the number of distinct energyrays emitted by the source,

A the activity of the source (Bq); the detector dead-time (sf the detector absolute

efficiency, C the number of photons counted by the detectoraride position of the emission
source (m).¢ is the fraction of the energy spectrum capturedheydetector. Its value depends
on the settings of the signal discriminator anddsial to the peak-to-total ratio only if the full-

energy peak of the source is considered. The detabsolute efficiency¢) is given by:

£()=gpenlr)dlr) THA (52)

wherer is the vector starting fronx and pointing in the direction of the detector aue, d A

the normal vector of an element of area on thectl@tesurface,Q the solid angle subtended by

the radiation andp, and p,, the probability functions of the-ray interaction with the detector
crystal and the phases present inside the sysespectively. These functions depend on the
distance travelled by therays inside the detector and the matter as wethasnergy of the
emission. The detector efficiency can be rigorowshaluated using a Monte Carlo technique
developed by Beam et al. (1978). This techniquesisté of tracking a large number of photon
histories starting from the emission at the sowngeo the absorption within the detector. Using
this technique, the equation to evaluate the dategticiency is:

5( )_Ilm ZQ e”mm(l e""'d) (5.3)

n—)OOnkl

wheren is the number of photons emitted towards the dete©“ the solid angle fraction of the

k™ photon, 4, and u . the coefficients of total linear attenuation ire tHetector crystal and
matter, respectively, and finally; and ¥ the lengths travelled by thke™ photon inside the

detector crystal and the matter, respectively.theowords, the detector efficiency is equivalent
to a solid angle weighted by the probability tHet{-rays do not interact with the matter yet do
interact with the detector crystal. Previous stadi@ve suggested that a thousand photon

histories are sufficient for a good approximatidrite detector efficiency (Godfroy et al., 1997;



99

Larachi et al., 1994). In a typical RPT experimemj, r and ¢ are all found using a calibration

procedure whiley, is taken from the literature.

5.2.3.2 Reconstruction algorithm

In order to reconstruct the tracer particle trajegt a tetrahedral mesh of the studied system is

first created. Then, using the phenomenologicaitiat (Equation (5.1)), a theoretical count rate

is associated with all nodé®( x, y, 7 of the mesh, for all detectors. These are knowtetsctor

count dictionaries. Using the experimental datdectéd (i.e. the count rate received by each

detector), a search through all nodes is conduntedder to find the nod® that satisfies:

mgni(c:—cd(mx ¥ a)]z 5.4

G+ Co(P(x ¥ 9)

wherec and Cd(P( XY, 3) are respectively the experimental and theoretioaht rates, and
D is the total number of detectors. A further refmiof the solution is performed by searching

within each tetrahedron containing the ndeldound previously for a positior that satisfies:

o [ CF'-Cy(X)

C A cr+Cy(¥) &9

. 2
min

The values ode(i) are obtained by a linear interpolation using tbenputed values at the

nodes of the corresponding tetrahedron. The pasitiotested in this last minimization step are

generated using an appropriate optimization algrit
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5.2.4 Optimization strategy

The objective is to find the optimal position andkeatation of a set of detectors given specific
experimental conditions and/or restrictions. Toia@eh this goal, a suitable objective function

and algorithm must be chosen.

5.2.4.1 Objective function

Like any experimental measurement technique, itasirable to optimize its accuracy and
precision. The RPT accuracy is partially associatéti the phenomenological model used to
link the tracer particle position to the measurednts of the detectors. This part of the accuracy
essentially depends on the appropriateness of tiieihparameters (Equation (5.1)) as well as
the computation of the detector efficiency (Equat{b.3)). It is generally recognized that, given
the right parameters and a sufficient amount oft@idistories, the model will be accurate.
However, because of the probabilistic nature oféh@ssion and counting processes, a single
tracer particle position will result in a distrilbrt of counts recorded. When the tracer particle
position is reconstructed using a single measuréewedne of the count rate, it is assumed that
this value corresponds to the mean value of thentcdistribution that would be recorded if

multiple measurements were available. As can be ged-igure 5-2a, if the measured count

(Cy) is greater than the true mean corresponding toethietracer particle positig¢@; ), a tracer

particle position closer to the detector will beria.
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Figure 5-2 Schematic representation of the accugagynd precision (P) of the RPT technique
in the case of a) a single detector (AS, PS), biipte detectors (AM, PM) and c¢) multiple
optimized detectors (AO, PO).

The statistical nature of the emission and counpiregesses is then responsible for the existence
of a sphere of uncertainty surrounding the reconttd position of the tracer particle. This
sphere of uncertainty, which can also be viewethasninimum distance that must exist between
two neighboring positions of the tracer particletlsat a detector can discriminate one from the

other, is defined as the detector radial resolufi®n) (S. Roy, 2000). The RPT overall resolution

can be reduced by purposely adding redundancy endiétermination of the tracer particle
position (i.e. by increasing the number of detectsed) (see Figure 5-2b). In this study, it is
supposed that the RPT overall resolution can alsofusther enhanced with an optimal
configuration of detectors (see Figure 5-2c). FrBigure 5-2, it is clear that the detector
resolution gives an indication about both the mmiea (i.e. the degree to which repeated
measurements of the tracer particle position urdintical conditions give the same value) and
the accuracy (i.e. the degree of closeness of #asurements of the tracer particle position to its
true value) of the RPT technique. The finer theed®ir resolution is, the more accurate and
precise the technique will be. It then follows thia¢ objective function to solve the optimization

problem at hand should ideally depend on the dateesolution.
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In order to derive a relation for the detector shdiesolution, Equation (5.1) needs to be

reformulated. Lin et al. (1985) first approximatéee relation between the number of counts
recorded and the tracer particle position with:

where

c=c(r) (5.6)

r=\/(x—x0)2+(y— y0)2+(z— %)2 (5.7)

is the distance between the tracer particle pcmsi(im, y,2) and the geometric center of the

detector crystalx,, Y. %). Figure 5-3a presents a graph @ffor the distances associated

with the nodes of Figure 5-3b.
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Figure 5-3 a) Counts and resolution for b) the isodea 2D plane surrounding a scintillation

detector.
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Using the error propagation formula, it can thersbewn that:

dr
O, =——0, = 0, =0,

— 5.8
dr r r C dC ( )

where o is the error associated with the count measureniegbrresponds to the standard

deviation of the measured counts. Given that thmtog process follows a Poisson distribution,
the standard deviation in counts is simply the sguwaot of the mean value of counts (Knoll,
2000). Roy et al. (2002) also established thatdiselution in specific directions x, y, and z are
given by:

=O'C%;O' =0'Cﬂ;0' =c _dz (5.9)

o ac’ %

X

For reasons that will be explained in a subsequection, it is desirable to evaluate the
resolution in a specific direction using a functiointhe radial resolution. Using Equations (5.8)
and (5.9), it can be shown that:

o=—"—0,=—"—0,=— (5.10)
Cosx coy’? cog

where cosx, cosp and cosy are the direction cosines of the vector

F=(x—x0)7+(y— yo)]+(z— zo)qk.

If multiple detectors are used, since the set oint® for all these detectors can be considered as

independent measurements having unequal errorsovbeall radial resolutiono, can be

obtained by:
=) (5.11)

where D is the total number of detectors amsd, is the radial resolution of detectat as
calculated by Equation (5.8). Similarly, the overasolution in specific direction x, y or z is

obtained by Equation (5.11) and the appropriatalareisolution(axyd,O'yydoro-zd) instead of the
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radial resolution(o-ryd). The choice of the objective function depends o problem. In this

work, two objective functions were used and ares@néd in Section 5.2.5.

5.2.4.2 Optimization algorithm

5.2.4.2.1 Description

Several factors restrict the choice of the appedprioptimization algorithm to solve this
optimization problem. Due to the phenomenologicaldei (Equation (5.1)) and its stochastic
component (i.e. the Monte Carlo technique used,nbt possible to have an accurate estimation
of the objective function derivatives. Its stocl@stomponent also means that the objective
function will lack smoothness. Moreover, two susies evaluations of the objective function
will generally provide two different results. Itédso expected that the objective function contains
many local optima. Finally, as will be shown inaelr section, the evaluation of the objective
function for a single set of detector positionsc@nputationally expensive. The optimization
technique must then be able to search efficiemtfgugh a large region of possible solutions in
order to find an optimal set of detector positiohse spectrum of readily available optimization
methods to solve engineering problem is wide. Awdetl. (2008) presented a concise listing of
the most popular and common ones used for chemngaheering applications. Unfortunately, as
they mention, some of these optimization algorithmeged to be adapted when dealing with
nonsmooth functions, require a special proceduey&buate the objective function at the domain
boundaries, cannot treat problems with non-convemains, require an intensive parameter
tuning step to be efficient, or do not presentnigs theoretical convergence properties (Audet et
al., 2008). However, one class of optimization rod#) the direct search methods, can handle

non-differentiable, non-linear, non-convex or discected problems (Lewis et al., 2000).

For all the above reasons, a direct search mettasdfawvored for this study. More precisely, a

non gradient-based iterative Mesh Adaptive DirezarSh (MADS) algorithm was used to solve
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the optimization problem. This type of algorithmused for minimizing a nonsmooth function
f :R" - Ru{+w} under general nonsmooth constraints and essgntiatisists of three steps:
1) search, 2) poll and 3) update (Audet & DennB)®&). At the beginning of the algorithm, an
initial mesh M of size Ay’ representing a discretization of the solution dionand a feasible

initial solution x, e R" are specified. Then, the algorithm uses a firitategy to generate a list
of trial points lying on the current mes¥, of size A;', seeking for a better incumbent solution,
i.e. X, €Q with f,(x.,)< f,(%) (Step 1). If the search step fails to find an ioved mesh
point, the poll step is invoked (Step 2). In thieps the objective functiorf, is evaluated at

neighboring trial points lying on a fran of size A; . The frame is built in a way that] <A/

For this study, the poll directions are generatetbeding to the ORTHOMADS instantiation of
the MADS algorithm (Abramson, Audet, Dennis, & LegBbel, 2009). They are orthogonal and
deterministic thereby ensuring a better reprodlitytof the algorithm as well as minimizing the
risk of having a large unexplored region of possibblutions. Finally, for the last step, if the
search and poll step fails to find a better sohytithe mesh size is reduced and step 1 is

performed again from the current incumbent solutionHowever, if either the search or poll

step is successful, the mesh size is increasedstapl 1 is performed again from the new

incumbent solutionx,,. It must be noted that the optimization mesh arainé are only

conceptual and are not actually constructed. Maild about the MADS algorithm can be
found in Audet and Dennis Jr. (2006), Abramson.g2809) and Audet et al. (2010).

5.2.4.2.2 Implementation in RPT software

NOMAD, a C++ implementation of the MADS algorithrAl{ramson et al., 2012; Le Digabel,
2011), is used in this study. It is directly intatgd into the RPT software developed at Ecole
Polytechnique de Montreal. Figure 5-4 presentsaterithm of the entire optimization strategy.



106

Initialization:

- Create volume and surface meshes of the system
- Initialize the detector positions and orientations

- Set detector and source parameters i
- Set optimization parameters and constraints

forn =1
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v s
ford =1 Monte Carlo technique
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Figure 5-4 Optimization strategy algorithm.

During the initialization phase, a tetrahedral metkthe geometry is created, the initial positions
and orientations of the detectors are specifiedthagarameters for the detectors (i.e. the dead-

time () and the photopeak-to-total rat{g)), the source (i.e. activityA), coefficient of linear
attenuation in the crystdly,) and the matte(., ) and the number of-rays emitted(v)), the

experiment (i.e. the sampling periQdf)) as well as those for the optimization algoritheng(

optimization constraints, convergence criteriarcealirection specifications, etc.) are set. The
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optimization constraints are also defined. In #tigdy, they are mainly related to the positions of
the detectors and are problem-dependent. Theséraions are the following:

e no detectors can be oriented in such a wayytnays would enter through the back of the

crystal,

¢ the minimum distance between a detector and theaggy must be higher or equal to the

saturation length of a detector;

It must be noted that no restriction on the overlag of detectors is imposed. There is no need
to do so since overlapping detectors are never paran optimal configuration. If the
optimization is truly capable of finding an optimanfiguration, it should never converge to a

solution in which detectors overlap.

The specifications of the initialization phase pessed along to NOMAD. For a given set of
detector positions and orientations, the databaskded to each detector are computed. It
consists of computing the efficiencies as welllas ¢ount dictionaries for every node of the
geometry and for all detectors, using the Monte Carlo technique previously démati Using
this information, NOMAD computes the overall resan (Equation (5.11)) on every node.
Then, the objective function is evaluated. If tfmwergence criterion has not been reached, a
new trial point, issued from a list of trial pointgenerated by NOMAD, is tested. This
corresponds to moving the detectors. If the corsrerg criterion has been reached, NOMAD
stops and gives the optimal set of detector pastand orientations found. It must be noted that,

for all the applications considered in this work, explicit convergence criterion was used, and

NOMAD stopped as soon as the mesh size reachedimom value(AL“ < A{:m).

5.2.4.3 Numerical computation of the objective function

The detector resolution is computed for every nofléhe volumetric mesh of the geometry
created in the initialization phase of the strateBiygure 5-5a displays an example of such

computation.
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Figure 5-5 Schematic representation of a) the wvésol computation and b) the weight

computation.

For every detectod and for every neighboring node of a noden, the radial resolution is

approximated using the following relation:
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(5.12)

The node radial resolutioa’ | is taken as the mean of the resolutions betweee noand its

neighbors:
o’y =120'r”’{j (5.13)
mi3

where m is the total number of neighboring nodes. Notd tha node resolutions in specific
directions x, y and z can be obtained using Eqoat®10), which brings into play the node

radial resolutions’, . The node overall resolution is then obtained gigiquation (5.11):

1Y & 1Y)
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where D is the total number of detectors. In order to Hbk optimization strategy discriminate
an optimal set of detector positions from non-optilmnes, it was decided to add a weight to the
computed node overall resolutions. Ultimatelysibest that all nodes can be adequately reached
by a sufficient amount of detectors. Since the ltggm is mainly a function of the distance
between the detectors and the tracer particle (Eigu3a), the use of weights based on this
distance is natural. Figure 5-5b presents a schemgiresentation that explains how weights

were calculated.

More precisely, the mean distance of nadérom the D detectors is calculated as:

e

D
Dl (5.15)
d=1

(ol

Then, the weighwy, to apply on the overall resolution of nodeis defined as:

W= 1”_
Nz

1=n

(5.16)

where N is the total number of nodes. Clearly, this weigttreases the overall resolution of

poorly reached nodes and reduces the overall résolof the strongly reached ones.

5.2.5 Results and discussion

The proposed optimization strategy is first assssgng a simple case with known optimal
detector configurations. Next, it is applied tcheee-dimensional axisymmetric vertical cylinder,
which could represent a fluid bed, bubble colunserror else. Finally, the optimization strategy
is tested for a more complex system consisting pawially filled cylindrical tumbler. All the

parameters used to obtain the results presentttsiisection are shown in Table 5-3. It must be

mentioned that the value chosen far is representative of the attenuation measuregstems

filled with 3mm glass beads used in combinatiorhwitracer particle made of scandium-46.
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Table 5-3 Parameters of the optimization strategy

Parameters Value
Nature Scandium
Number ofy-rays (v) 2
Energy ofy-rays 889 and 1120 keV
% Coefficient of total linear attenuation - crystal, ) 21.477m
@ Coefficient of total linear attenuation - matigs_) 10nit
Activity (A) 2 000 000 Bg (54.Ci)
Photopeak-to-total rati§¢) 0.4
Crystal type Sodium lodide (Nal)
Crystal length 7,62cm (3inches)
% Crystal diameter 7,62cm (3inches)
& Dead-time(7) 1x10%s
Sampling time(T) 1s

5.2.5.1 Assessment and validation of the optimization stragy

A two-dimensional circular geometry having a 0.1fadius and a 0.014m triangular mesh size
(i.e. 208 nodes) is used to assess and validateptwmization strategy (see Figure 5-5b). It is

known that, in this case, the optimal arrangementtlie detectors is to put them as close as
possible to the geometry and distribute them evantyind it. Therefore, the angle between each

detector should be36%. The optimization strategy is assessed with thfear and six

detectors. The initial position of all detectorghe same; they are placed at a distance of 0.15m

from the center of the geometry and at a countekelese 180° angle(e) from the x-positive

axis (see Figure 5-5b). Given the nature of thistesy, the optimization is done in cylindrical
coordinates and the detectors are allowed to move and &, r being the distance from the
center of a detector crystal to the center of thengetry. The domains for each of these variables

are specified in Table 5-4.
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Table 5-4 Domains of the and ¢ variables

Variable Domain

R [0.110m, 0.200n]

0 [0°, 360

It must be mentioned that periodic boundary condgiare used fof . Moreover, the geometry

is considered empty since it is two-dimensionalngsmuently, the length, traveled by a photon

does not need to be computed by the Monte Carlntgae and is set to zero. In other words,

there is no attenuation of theays inside the geometry.

The objective function used in this case is simply:
max(w'o7) (5.17)

In other words, the optimization strategy seeksmioimize the maximum weighted overall
resolution. It can already be noticed that an itdimumber of solutions exist. While the angles at

which the detectors are placed by the optimizattrategy are not unique, the optimal angle

between each pair of consecutive detectors shcmﬁﬁ% .

Table 5-5 displays the results obtained for thfeey and six detectors. More precisely, the

number of NOMAD evaluations needed to reach thevexgence criterion, the final value of the

objective function, the distance of each deteadahe center of the geomet(y?) and the angles
(49”. )between the pairs of consecutive detectorand j are presented. In all three cases, the

results are for ten runs of the optimization sggtend the uncertainties are the standard

deviations.



Table 5-5 Optimization results for three, four anddetectors

Number of detectors

3

4

6

Number of NOMAD

evaluations

422 + 27

539 +40

875 + 68

Obijective function

value

3.87x10* + 3x10°

3.00x10* + 3x10°

2.57x10" + 4x10°

Distance from the

geometry (R)

R;=0.1118 + 0.0025m
R,=0.1129 + 0.0029m
Rs=0.1114 + 0.0028m

R;=0.1117 £ 0.0028m
R,=0.1122 £ 0.0027m
Rs= 0.1115 + 0.0022m
R,=0.1120 * 0.0020m

R;=0.1115 + 0.0023m
R,=0.1125 + 0.0026m
Rs=0.1113 + 0.0020m
R,=0.1118 + 0.0021m
Rs= 0.1121 + 0.0027m

Re= 0.1116 + 0.0029m
0,-53.3+14.2°
0,5=54.9 + 12.0°
05=53.0 £ 12.6°
0,5=67.3 £ 15.7°
056=54.5 + 15.8°
06:=67.0 + 14.6°

01,=90.2 + 2.4°
0,5=89.6 + 2.8°
05,=90.8 + 2.6°
0,1=89.4 +2.1°

0,,=120.5 + 2.3°
0,5=119.1 + 2.0°
02,=120.4 + 2.2°

Angle between two

consecutive detectors

It is noteworthy that, in all cases, the optimiaatstrategy invariably brings the detectors clase t

the geometry, less than 3mfR=0.113m) from its boundaryR ;,, = 0.110m), corresponding to

the saturation length of the detector. This resoifhplies with the graph of Figure 5-3a.

A closer look at the evolution of the objective dtion value with respect to the number of
NOMAD evaluations performed for ten runs of theatdgy in the case of three detectors is
displayed in Figure 5-6a. One can notice that tbhgative function value levels off after

approximately 150 NOMAD evaluations. This meanst,tfeven though the strategy needs

422+ 27 NOMAD evaluations to reach the convergence cdre(mﬂ“ <An

ms). less than half of
these iterations would suffice to find an optimahfiguration for the detectors. This is likewise
observed in the case of four and six detectorgurEi5-6b presents the probability of finding a
detector in a particular range éf, in the case of a three-detector optimization.obtain this

figure, the optimization strategy was launched boerdred times. It can be observed that each
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detector has comparable probabilities of being d®ye around the domain. Again, similar
results were obtained in the case of four and steaors.
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Figure 5-6 a) Objective function evolution with pest to the number of NOMAD evaluations
for ten runs of the optimization strategy and lhability distribution ofo for one hundred runs

of the optimization strategy and three detectors.

In the case of three and four detectors, the angdéween two consecutive detectors are very

close to 36%, the errors varying between 2° and 3° (Table SFEwever, the optimization

procedure is less efficient when six detectorsirarelved, with angles between 53° and 67°, and
an uncertainty between 12° and 16°. This can béasqu by Figure 5-7, which displays the
evolution of the maximum overall resolution witlspect to the number of detectors. The optimal
configuration for the detectors was used to comphite quantity and each point represents the
mean value obtained following ten runs of the dasabcomputation part of the optimization
strategy. Not surprisingly, the maximum overall ale§on converges to zero if an infinite
number of detectors is used because of the presgngeconvergent series in Equation (5.14).
Most importantly, one may notice that, above foetedtors, the maximum overall resolution

stops decreasing significantly with a further irage in the number of detectors. This loss of
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sensitivity of the objective function, combined lithe use of a Monte Carlo technique to
compute the count dictionaries, means that it widcome increasingly difficult for the

optimization algorithm to find an optimal configtian as the number of detectors increases.
This behaviour, which is due to the fact that tlgective function only depends on the overall

resolution, is an important limitation of the opization strategy.

In order to grasp a better understanding of the R&formance, one has to take into account
both the overall resolution and the sensitivitythie system as well as the way the data are post-

processed.

The sensitivity corresponds to the fractional cleimgcountsC that will be registered following

a small change in the tracer particle position.d&emngle detector, it is given by (S. Roy, 2000):

1dC dinC
_ -2 5.18
S C dr dr ( )

When N detectors are used, the overall sensiti8jtys obtained with the following relation:

$=3 S, (5.19)

As shown in Figure 5-7, , the minimum overall séngy continues to increase significantly with
an increase in the number of detectors. This sugghat it would be better to use as many
detectors as possible for an RPT experiment, ehengh the resolution stops decreasing
significantly after a certain amount of detectorowever, one should keep in mind that the RPT
data are generally analyzed by projecting the trpeaeticle trajectory on an Eulerian grid that is
either two-dimensional or three-dimentional. Thenber of times that the tracer particle is found
in each cell of the grid and the resulting mearoeiy vectors can then be computed. To ensure
that statistically reliable results are obtaindtg grid size and the total experimental time are
chosen in order to have between 200 and 1200 tiaasticle occurrences in each cell. The
practical consequence of these choices is thabtbeall sensitivity becomes irrelevant since it
concerns the variation of the number of counts watfpect to a change in position that is much
smaller than the grid size. This means that equgtlgd results can be obtained using fewer
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detectors. In other word, a large number of detsa®not needed to ensure the convergence of
the velocity field. The sensitivity curve preseniadrigure 5-7 is therefore less important than
the resolution curve when analyzing RPT results.ngéquently, the objective function

underlying limitation is adequate for the deterntima of an optimal number of detectors to be
used for a specific RPT experiment.

2,5e-3

50
2,0e-3 A - 40
— £
E 1563 - L 30 %
- Resolution 2
o S,
<X O Sensitivit -
% 1.0e-3 - YL o0 o
= <
£
5,0e-4 - 10
< © A4 O
0,0 T T T 0
0 5 10 15 20

Number of detectors

Figure 5-7 Evolution of the maximum resolution amdnimum sensitivity for the circular
geometry as the number of detectors increases.

5.2.5.2 Application of the optimization strategy to a threedimensional axisymmetric
system

The optimization strategy is next considered far tost frequently studied system using RPT: a
vertical cylindrical column that can represent @dlbed, bubble column, riser or else. In this
study, the column has a 0.61m height, a 0.075musadind is discretized by means of a
tetrahedral mesh size of 0.015m (i.e. 3010 nod@s)en the limited size of this system, the
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optimization is performed on the position and ai@ion of 6 detectors. Since the geometry is a
vertical cylinder, the optimization is again reelizin cylindrical coordinates. The optimized
variables for each detector are the angular posiib and height z. The distanceR,
corresponding in this case to the distance betileegeometrical center of the detector crystal to
the central axis and the vertical cylinder, is cohsidered since the results presented in Section
5.2.5.1 showed that the optimization strategy iy converges to its lowest value (i.e. the
detector is as close as possible to the geomelhg.domain of each variable is specified in
Table 5-6.

Table 5-6 Domains of variables and @

Variable Domain

z [-0.30m, 0.30m|

0 [0°, 360]

Periodic boundary conditions are again used #ar At the beginning of the optimization
procedure, all the detectors have the same postidnorientation; they are placed at a distance
of 0.085m from the column axis, an angleof 180° and a heighz of Om. For this particular

optimization, two objective functions are testedheTiirst one is the same as in the previous

section,max(v\/“aT”), and the second one is:
n

max(wW'o?) (5.20)

n

With the second objective function, the optimizatgirategy attempts to minimize the maximum
weighted axial resolution. This objective functignested since many researchers have reported
poor axial resolution and poor quality resultshe tirection of the cylinder axis (Godfroy et al.,
1997; Larachi et al., 1994; Mostoufi et al., 2003).
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5.2.5.2.1 Reference configurations

To evaluate the performance of the optimizatioratetyy, reference detector configurations,
which are deemed potentially adequate for RPT éxyasts, are introduced. They are presented

in Figure 5-8 and are similar to those studied by Bt al. (2002).

Figure 5-8 Reference configurations a) A b) B ap@cand results obtained by the optimization

procedure using as the objective function mix(w's") (configuration D) and e)nax(w's!)

(configuration E).
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The performance of the optimization strategy wéldvaluated by comparing the results to these

reference configurations.

5.2.5.2.2 Optimization results

Figure 5-9 shows the evolution of both objectivexclions with the number of NOMAD

evaluations performed for ten runs of the optimaratstrategy in each case. It can be readily
observed that, for these objective functions, th#ntization strategy invariably converges to a
configuration having a lower objective function walthan any of the reference cases. It took
1540 + 144 evaluations and 1541 + 127 evaluatiotgn using the first and second objective
function respectively, for the optimization procesluto reach the convergence criterion.
However, it took only 640 = 198 and 680 * 169 ew#ibns in each case to find an optimal

configuration.
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Figure 5-9 Objective function evolution with themiober of NOMAD evaluations for ten runs of

the optimization strategy using a) the first obijeetfunction (max(w's!')) and b) the second

objective function(max(w's!)).
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In order to gain a better understanding of theesgysbverall radial and axial resolutions, the
cumulative distribution function (CDF) of the casp®nding non-weighted resolutions for the
reference configurations as well as the best resildtained are displayed in Figure 5-10. In this
figure, configurations D and E refer to the besutes obtained using the first and second
objective functions, respectively. It must be notiedt, while these CDF curves do not indicate
how the resolution varied with respect to positibrgllows for a global assessment of it across

the entire system.
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Figure 5-10 Cumulative distribution function ofthg overall radial resolution and b) the overall

axial resolution.

In the case of the first objective function, it da@ noticed that, even though the optimization

strategy found a configuration (D) with a much lovebjective function value than any of the

reference cases (Figure 5-9a), the distributiothefoverall radial resolutiofo, ) in the system

is not significantly different from the one obtaith&vith the reference configurations (Figure
5-10a). The maximum overall radial resolution isemvsimilar to the one obtained using
configuration B. In fact, a closer look at the #Hdimensional representation of configuration D
(Figure 5-8d) reveals that it is quite similar tin@iguration B: there are 3 planes of detectors, 2

detectors per plane, and an angle of 180° betweemeétectors on the same plane. The major
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differences between configuration B and D are tiguar step and the presence of a little gap in
the height of the almost coplanar detectors. HowelWgyure 5-10a suggests that such small
variations do not cause significant differencethimdistribution of overall radial resolution ireth

system. B-like configurations were obtained 70%heaf time when the optimization strategy was

executed with the first objective function.

In the case of the second objective function, th@mzation procedure found a configuration (E)
that has an objective function value similar to tme obtained from configuration B (Figure
5-9b). In fact, the maximum value of the seconceatdye function is just slightly lower than the
one obtained from the reference configuration 8. (l.14x10' m + 3.2x10°m for E vs 1.33x18

m + 3.1x10°m for B). However, it can be seen in Figure 5-100&t the overall axial resolution
CDF of E diverges slightly from the one of configtion B, mainly in the higher axial resolution
region. The three-dimensional representation offigaration E is presented in Figure 5-8e.
Quite clearly, it cannot be associated with anglsineference case; it is more a combination of
configurations A and C. Furthermore, there are oplanar detectors. In fact, it makes perfect
sense to distribute the detectors over the axiseo€olumn in order to minimize the overall axial
resolution. This configuration obtained using thecand objective function is significantly
different from configuration D obtained using thest one. Similar configurations were obtained

40% of the time when this second objective functi@s used.

The results presented in this section show thatagpkmization strategy yields an optimal

configuration that is specific to the objective ¢tion used. Moreover, even when starting with
the worst possible initial configuration, the stgy is capable of finding optimal configurations
that are similar to the reference configurationslsd and recommended by Roy et al. (2002).
Finally, the results presented here suggest tlabpimization strategy should be run multiple

times in order to get a good idea about an opteuoafiguration.
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5.2.5.3 Application of the optimization strategy to a threedimensional asymmetric system

The optimization strategy is applied here to aeystonsisting of a partially filled horizontal
cylinder (Figure 5-11a). The radius and lengthhef tylinder as well as the tetrahedral mesh size
used are respectively 0.127m, 0.381m and 0.018m4815 nodes). The cylinder has a filling
fraction of 35vo0l% and it is assumed that the argjlehe surface made by the matter is 23°,
representing the cylinder in a slow rotating regiive rolling regime). This case is similar to the
one studied by Alizadeh et al. (2013) and Dubd.€R813). The same number of detectors as in
Dubé et al. (2013) is optimized (i.e. ten detedtddince the geometry of the system consists of a
horizontal cylinder, the optimization is again reatl in cylindrical coordinates. As in the
optimizations of Section 5.2.5.2, initially all éetors have exactly the same position and
orientation; they are placed at a distance of Gri&bBm the cylinder axis, an angt of 180°

and a positionz of Om. Two types of optimization are considereok the first optimization, the
detectors are only allowed to movezrand 6 (Figure 5-11b). They are not allowed to be placed
at the extremities of the system. A total of 20iatales are optimized. For the second
optimization, six detectors are only allowed to mon zand & while the other four detectors,
placed at the extremities, are allowed to moveRn zand ¢ (Figure 5-11c). These four

detectors are also allowed to be inclined along dhender axis. To do so, an angle

representing the angle between a detector axighendylinder axis is added as a variable to be

optimized, leading to a total of 28 variables. Both optimization cases, a single objective

function is testedmax(v\/“ar”), which is evaluated using only the mesh nodesienthie matter
n

since it is only at these nodes that the tracergbais found.
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Figure 5-11 Schematic representation of the partfdled horizontal cylinder: a) side view, b)

top view and variable domain for the first optintiea test and c) top view and variable domain
for the second optimization test.

5.2.5.3.1 Reference configuration

The results of the two optimization tests are camgdo a reference configuration inspired by
Alizadeh et al. (2013). In this configuration (fpresented in Figure 5-12a, eight detectors are

placed at 120° from each other, six near the parbed and two above it, and one detector is
positioned at each end of the horizontal cylinder.
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)

Figure 5-12 Three-dimensional representation dfi@yeference configuration F, and the optimal
configuration found by b) the first optimizationste(configuration G) and c) the second
optimization test (configuration H).

5.2.5.3.2 Optimization results

It must be noted that, since the second test i rmomplex and involves a greater number of
variables, the CPU time required for convergence gignificantly higher (Table 5-8). For this
reason, the optimization procedure was successdiguted four times as opposed to ten for the

first test. Moreover, it was manually stopped wiies value of the objective function remained
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unchanged for a relatively long period of time. Thw® optimization tests involved 2699 + 522
and 3412 = 1231 NOMAD evaluations, respectivelygetiher reach completion or be stopped
manually. As can be seen in Table 5-7, the optitiirastrategy successfully found a
configuration having a lower maximum overall wemgght resolution than the reference
configuration (F) for the first test. However, stmot the case for the second test where only two
of the four trials resulted in a lower objectiveaétion value. The best configuration found in this
latter case gave an objective function value of.819“m + 1.4x10°m. This objective function

value is not statistically different from the omat would be obtained using configuration F.

Table 5-7 Comparison of the average objective fanctalues for the reference case and both
optimization tests. Ten and four runs were perfatiioe the first and second tests respectively.

max(w"aT”)
Configuration F 3.31xIbm + 4.6x1m
First optimization test 2.98x10m + 2.1x10° m
Second optimization test 3.48x1t £ 4.1x10° m

The best configurations (i.e. the ones with thedstwobjective function value) found by each
optimization test (configuration G for the firstemand H for the second one) are presented in
Figure 5-12b and c. In Figure 5-12b, it can beawatithat all detectors are either placed below
the surface of the bed or close to its limits.dotf similar results were obtained for all ten rohs
this first optimization test. This result is difést from what was observed in Section 5.2.5.2,
where the detectors were positioned all arounctiteeimference of the vertical cylinder without
any particular discrimination o&. Figure 5-13, which presents the CDF of variaBlier all
detectors of all ten trials, clearly indicates ttieg¢ detectors have a uniform probability of being
placed anywhere below or close to the surface efltld. A similar conclusion can be drawn
from the configurations of the second optimizatiest. This is expected since, for such a small
fill level (35vol%), it is when the detectors areldw the bed surface that the distance between
them and any point inside the material is minimuvhjch results in a better resolution. More
importantly, the results presented here show thatconfiguration found by the optimization
strategy is specific to the experimental conditions
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Figure 5-13 Cumulative distribution function of \able ¢ for the first optimization test.

Figure 5-12c shows that the second optimizationn yeslds overlapping detectors at both
extremities of the horizontal cylinder. This is isedt consequence of the decrease in sensitivity
of the objective function as the number of detexinocreases (see Figure 5-7). To confirm this,
the database computation part of the strategy wastan times using configuration H and a
configuration identical to H but for which the olsy between the detectors was resolved. No
significant differences were found between theesponding objective function values (3.21x10
“m + 1.4x10°m for configuration H and 3.27xT + 1.3x10°m for the modified configuration).

It must be mentioned that the first optimizatiostt@so frequently yielded overlapping detectors.
These results suggest that equally good resultsl @muobtained using fewer detectors. To verify
this, the evolution of the objective function wittspect to the number of detectors was computed
(Figure 5-14). Because of the computational timguired to find an optimal position in this
system (Table 5-8), the optimization strategy was launched for every number of detectors
tested. Instead, each point of Figure 5-14 reptegbie mean value obtained from ten runs of the
database computation part of the algorithm whery ¢iné detectors having the best overall

resolution of configuration H were kept. This med#mat the value for 10 detectors corresponds
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to configuration H, that for 9 detectors correspotulthe 9 best detectors of configuration H, and
so on. As can be observed in Figure 5-14, the maxinoverall resolution stops decreasing
significantly at 6 detectors, meaning that this antoof detectors should be sufficient to carry

this type of experiment. Of course, this assumptvonld need to be verified experimentally.
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Figure 5-14 Evolution of the maximum resolution anhimum sensitivity for the partially filled
horizontal cylinder as the number of detectorseases.

In order to thoroughly evaluate the two configuas (G and H) found by the optimization

strategy, Figure 5-15 displays the CDF of the dVeadial (o, ) and axial(c,)resolutions in the

system. It can be observed that both configuratressilt in a substantial improvement in the
overall radial resolution with respect to referermmnfiguration F (Figure 5-15a) while only
configuration H yield a significant improvementthre axial resolution (Figure 5-15b). Hence, for
this particular system (i.e. 35vol% filled cylindal tumbler and ten detectors), it can be deduced
that placing every detector below or close to thdage improves the overall radial resolution
while placing at least two detectors at each extseaf the tumbler leads to a significant gain in

overall axial resolution without causing any lo$®werall radial resolution.
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Figure 5-15 Cumulative distribution function ofthg overall radial resolution and b) the overall

axial resolution.

Finally, configurations F and H were tested expentally, with as much accuracy as possible, in
order to assess the improvement obtained in thenstaiction of the tracer particle position
throughout the system. It must be mentioned thaptisition of the two overlapping detectors of
configuration H was slightly modified to remove ttreerlap. Two tracer particles were tested: a
3mm spherical glass bead and a large non-spheranéicle, like the one presented in Figure
5-16a. These two tracer particles were used byadéh et al. (2013) and Dubé et al. (2013),
respectively. In each instance, the cylindrical ilen was filled with particles identical to the
tracer particle. The tracer particle was placediva different known locations. The positions
tested, which are presented in Figure 5-16b anglece chosen to cover the whole axis of the
cylinder. The error between the experimental anal rconstructed positions is simply the
distance between them. Figure 5-17 presents the regar for each configuration and both
tracer particles. The error bars displayed reptegenstandard deviation. It can be noticed that
the error is lower with the use of configuration Fhe improvement is more significant in the
case of the large non-spherical particle. The apttion strategy developed is then all the more

useful when big tracer particles are used.
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Figure 5-16 Schematic representation of a) theelan-spherical tracer particle as well as b) the

side view and c) top view for the five known loceus tested.
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Figure 5-17 Mean error in the reconstruction of fiked position of both tracer particle: 3mm
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5.2.5.4 Computational time

The optimizations performed for this study were elom three different computers. A summary
of the computational time required to complete eagtimization process is presented in Table
5-8.

Table 5-8 CPU time required to reach convergencalfahe optimization tests of this study

Number of )
Geometry Number of ) CPU used for the CPU time for
variables )
(Number of nodes) detectors o computation convergence
to optimize
3 6 3.9 £ 0.5 minutes
Circle (208) 4 8 Intel® Core™ i7-2620M 6.1 £ 0.8 minutes
12 12.3 £ 1.7 minutes
Vertical cylinder (3010) 6 12 Intel® Xeon® E5620 82 1.7 hours
. ) 10 20 ) 3.3+0.9 days
Horizontal cylinder (4815) Intel® Core® i7-3820
10 28 10.2 £ 0.1 days

It can be noticed that the computations becomesasingly expensive as the number of nodes,
detectors and variables increase. The most comgdse requires approximately 10 days of
computational time to converge. The optimizatitnategy has a tremendous amount of data to
process and dozens of variables to optimize. Sowwdifitations could be made to improve the
optimization strategy performance. For example ude of a cache for detector count dictionaries
would provide a substantial gain in computatiomalet at the cost of memory usage. Further
work could also be done on the data structure tsexpeed up the computation of the length
traveled in the matter for photon the historiesu@tres such as regular and non-regular space
binning data constructs (grid, octree) could alsemployed to speed up the computation of ray-

volumetric mesh intersections.

Advances in computing technologies such as magspaallel processors (GPUs) could help
further reduce the computational time. The dataalorof the various steps of the optimization

strategy described in Figure 5-4 is highly suitdblecomputational parallelization. The database
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computation is essentially an embarrassingly pelrplioblem where each photon history used in
the Monte Carlo technique can be computed indepglydevith a minimum of intertask
communication. As shown in Table 5-9, the critipath is the computation of the length traveled
in the matter by the photons and the paralleliratibthis part of the optimization strategy would

provide an interesting speedup.

While much of the computation on different partdted data domain can be done in parallel, the
use of massively parallel processors is not triviiadleed, many issues need to be addressed in
order to implement an efficient parallel code: #mount of parallelism, the size of the parallel
tasks, the frequency and nature of intertask conmation, the synchronization and the
appropriate use of parallel code constructs in dpémization strategy context (Hennessy,
Patterson, & Arpaci-Dusseau, 2007; Kirk & Hwu, 2R1¥ork has already started in our group
in order to overcome such issues and achieve ampajgte compromise between computational

efficiency and level of parallelism.

Table 5-9 Breakdown of the computational time

Step of the optimization strategy CPU Time peraitien (%)
Length traveled in the matter 88.3%
NOMAD 5.3%

Length traveled in the detector 3.4%

Solid angle 1.7%

Other functions 0.6%
Efficiency and count dictionary 0.5%
Resolution <0.1%
Objective function <0.1%

5.2.6 Conclusion

An optimization strategy was developed and apptiedind an optimal set of scintillation

detector positions and orientations used in the REChnique, given many constraints and
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specifications that are either related to the detscthe tracer particle and/or the experimental
setup. This strategy uses the detector overalluggpn as an objective function, with the aim of
minimizing the maximum overall radial or axial regn in the system, as well as NOMAD, a
C++ implementation of the MADS algorithm, as thetimization algorithm. Following its
validation, the optimization strategy was applie@tthree-dimensional axisymmetric system (i.e.
a vertical cylinder, which could represent a flbied, bubble column, riser or else) and a system
consisting of a partially filled cylindrical tumbleln particular, for the first application, the
strategy was observed to converge to configuratsaméar to the ones suggested by Roy et al.
(2002), while, for the second one, the experimeantgblication of guidelines gained by the
optimization strategy was shown to lead to a sigait reduction in the error made when

reconstructing the fixed position of a large tragarticle.

The results of this work showed that the proposatthozation strategy is sensitive to both the
type of objective function used and the experimerdgaditions. In fact, the lack of sensitivity of
an objective function that depends only on the aVeesolution can limit the application of this
optimization strategy. A more sensitive objectivedtion would be needed to overcome this
issue. However, this same limitation could be usqaractice to determine an optimal number of
detectors for a specific RPT experiments. Moreoiewras found that the optimization strategy
may have to be run multiple times in order to dieatentify an optimal configuration. It was
also found that, depending on the complexity of gieblem (e.g. domains of the different
variables, number of variables, etc.), the techmigould take up to several days to converge to
an optimal configuration. Substantial improvement®uld be needed as regards the
computational efficiency of the underlying algonthin order to make it readily applicable to
bigger and more complex systems. Work on the pizdtion of the optimization strategy has
already started in order to overcome this issueally, for the optimizations performed in this
study, all the detectors had exactly the same ptiegge.g. crystal shape and crystal size, dead-
time, saturation length, etc.). It must be mentitieat, even though it was not applied here, the

proposed strategy could easily handle detectormgaignificantly different properties.
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CHAPITRE6 DYNAMIQUE DE PARTICULES NON-SPHERIQUES
DANS UN CYLINDRE ROTATIF

6.1 Présentation de l'article

Soumis &Chemical Engineering Scienea avril 2013.

Auteurs : Olivier Dubé, Ebrahim Alizadeh, Jamal @&, Francois Bertrand.

Ce chapitre présente la caractérisation de la dgpaarde particules non-sphériques a l'intérieur
d’un cylindre rotatif.

6.2 Dynamics of Non-Spherical Particles in a Rotating Bum

6.2.1 Abstract

Considerable amount of experimental work has bemfopned to elucidate the behavior of
granular flow inside a rotating drum and it has tgebe clearly understood. However, a majority
of these investigations have involved sphericahearly spherical particles. The extent of the
experiments involving non-spherical particles poegly carried out was limited by the
experimental technique used for the investigatiomthe inability to single out the effect of the
particle shape. In this work, the radioactive péstiracking technique (RPT) is adapted to follow
large non-spherical particles inside a rotatingmdrd'he particles consist of pharmaceutical
tablets containing a suitable compound, thus engltheir use as a tracer particle. Three crucial
aspects of particle dynamics inside a rotating dawenstudied: residence time in the active and

passive layers, mixing and segregation, as wedlxgd dispersion. The results obtained for non-
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spherical particles are compared to those whichldvba predicted using models developed for
spherical of nearly spherical particles. For thiégedent shapes studied in this work, it is found
that particles having an aspect ratio greater thvancan lead to significant deviations in velocity
profile and residence time. In addition, the miximigdifferent shaped particles is observed to
lead to unexpected core segregation patterns.y.asik found that the non-spherical particle
higher degree of spatial orientation in the aclaxer leads to a lower axial dispersion coefficient

than the ones obtained with spherical particles.

6.2.2 Introduction

Rotating drums are widely used to process gramukerials in a great variety of industries such
as pharmaceutical, food processing, polymer, cerahhemical, metallurgical, solid waste
treatment, etc. Due to their adequate mixing arad ttansfer efficiency (Descoins et al., 2005) as
well as their ability to handle heterogeneous $¢éeck (Boateng, 1998), they are used in a broad
range of processes which involves, for exampleg seduction, sintering, mixing, drying,
heating, cooling, chemical reactions or solid th&radecomposition (e.g. incineration, pyrolysis,
combustion) operations. Heat and mass transfeerrdeted by solid transport and particulate
mixing, control and/or limit these operations (Hemdych et al., 2002; Liu et al., 2006;
Mellmann, Specht, & Liu, 2004). The rotating druars usually operated in the so-called rolling
regime since it provides superior particle mixirggulting in enhanced heat transfer (Fantozzi et
al., 2007; S. Q. Li, Yan, Li, Chi, & Cen, 2002; L&t al., 2006). This regime is characterized by
two regions: a passive layer found near the cylindal, where particles move as a solid body,
and an active layer, where the particles avalameitecascade downward. It is widely accepted
that mixing, segregation, heat transfer or othangport phenomena mainly occur in the active
layer (Cheng, Zhou, Keat Tan, & Zhao, 2011; Dingakt 2001; Ingram et al., 2005; Liu &
Specht, 2010; Liu et al., 2006). Understandingphenomena occurring inside rotating drums on
a fundamental level is essential for optimal desigd operation of this equipment (Heydenrych
et al., 2002; Khakhar, McCarthy, Shinbrot, et d997; Mellmann, 2001). In particular,
characterizing the transverse flow of particlesfiprimary importance. Although rotating drums

represent a relatively simple geometry, the grarfldav occurring inside them is rather complex
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(Boateng, 1998; Ding et al., 2002a; Ndiaye et 2010). If the particles are reagents and/or
change size or shape over the course of the proliessn incineration, pyrolysis, sintering,
combustion or size reduction operations, the problecomes much more complex as new

phenomena affecting the particle dynamics may occur

Experimental studies of granular flow are tediousmy because of the opaque nature of such
materials. Nevertheless, a considerable amountxpéramental work has been performed in
order to elucidate the behavior of granular floveidle a rotating drum. To perform these
investigations, a wide selection of experimentahteques, such as in situ bed freeze (Wightman
& Muzzio, 1998), magnetic resonance imaging (MRHill(et al., 1997; Kawaguchi, 2010;
Nakagawa et al., 1993), fiber optics probe (Boat&nBarr, 1997), positron emission particle
tracking (PEPT) (Ding et al., 2001; Ingram et @005; Parker et al., 1997), particle image
velocimetry (PIV) and particle tracking velocime{RTV) (Alexander et al., 2002; Felix, Falk, &
D'Ortona, 2002, 2007; Jain et al., 2002; Jain,nOft& Lueptow, 2004; Mellmann et al., 2004;
Thomas, 2000) and radioactive particle tracking TRfAlizadeh, Dubé, et al., 2013; Sheritt et
al., 2003), have been used. However, a majorithede investigations have involved spherical or
nearly spherical particles. As it was previouslyntiened, one advantage of rotating drums is
their ability to handle varied feedstock, i.e. griam material having a wide distribution of size,
density, shape, roughness or else. It has beenrkfamquite some time now that the particle
shape affects the dynamical properties (Ridgwayupi 1971). The behavior of non-spherical
particles differs from that of spherical particlagerms of their compaction efficiency, resistance
to shear, dilation under shear, transfer of monrarivetween translational and angular motions
as well as their ability to form arches and blodle tflow (Cleary, 2010). Experimental
investigations of granular flow in rotating drumsvolving non-spherical particles drums are
rather limited: Boateng and Barr (1997) used limestand rice grains, Van Puyvelde et al.
(2000) used shale, Woodle and Munro (1993) usetitfg made from and with ovoid, shell and
tube shapes, Henein et al. (1983; 1985) used $sarektone and gravel, and Ingram et al. (2005)
used sand. In the pharmaceutical field, the dynamimon-spherical particles is particularly of
interest for particle and tablet coating applicasiowhich are generally conveyed in a pan coater
consisting of a rotating drum. Wilson and Crossi(k897) as well as Tobiska and Kleinebudde
(2003) studied the effect of the tablet shape arel @an the tablet film coating uniformity and
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efficiency. While useful, the results and extentlwse studies involving non-spherical particles
were restricted by either the experimental techamigsed, the inability to single out the effect of

the particle shape or the objectives of the study.

This work aims at investigating three crucial aspexf the particle dynamic inside a rotating
drum containing non-spherical particles: the rastgetime in the active and passive layers, the
mixing and segregation of these particles, andatkial dispersion. To do so, the radioactive
particle tracking (RPT) technique was adapted tmviothe motion of non-spherical particles,
which are in fact non-spherical tablets suitablyitto become radioactive tracer particles. The
results obtained for the non-spherical particles@mpared to models previously developed for

spherical or nearly spherical particles.

6.2.3 Methodology

As previously mentioned, numerous non-intrusiveegxpental techniques have been used to
study granular flow. In particular, PIV and/or PTd¥n solely provide information on flow at the
bed surface or, if the rotating drum has a traregaside, flow under the surface. In the latter
case, the flow measured is affected by the presehdbe end wall as well as the material
constituting it, and may not represent what is gan inside the particle bed. Using PIV and/or
PTV is then limited to two-dimensional systems anoperties like axial dispersion can hardly be
quantified. MRI and PEPT can also be used thougly tiresent limitations on the size and
constitution of the system that can be studied,taanention they are also expensive. On the
other hand, RPT does not present any limitationshensystem size and is much cheaper than
these two methods. However, its extension to asystaving irregular moving boundaries is not
trivial (Doucet, Bertrand, et al., 2008). This teifue was used to carry out the investigations of
this work since the rotating drum possesses simuleing boundaries. The next section briefly

describes the RPT technique and the adaptatiofaiped to apply it to this work.
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6.2.3.1 RPT

RPT is a non-invasive experimental velocimetry gmdography technique that can be used to
study the hydrodynamics inside a variety of systdmshis technique, the trajectory of a single
tracer particle emitting isotropig -rays can be reconstructed using a phenomelogicalem
relating the number of -rays received and effectively counted by an améyscintillation

detectors strategically placed around the systessuming a nonparalyzable counting RPT

setup, the phenomenological relation linking thenbar of y -rays C counted by a scintillation

detector to the position of the tracer particle is given by:

=/ (6.1)

R vag(?)
C(r)_1+wA¢;(F)

where T is the sampling period (s)y the number of distinct energy -rays emitted by the
source, A the activity of the source (Bqy, the detector dead-time (sJ, the detector absolute
efficiency and¢ the fraction of the energy spectrum captured leydatector.l is rigorously

evaluated using a Monte Carlo technique developgdBbam et al. (1978). Following a

calibration procedure, equation (6.1) is used tonmate the detector count dictionaries,

corresponding to theoretical count rates associatiédspecific positions inside the system.

In this study, the detectors were positioned adogrtb guidelines coming from an optimization

strategy to find an optimal configuration for detes given specific experimental conditions, as
developed by Dubé et al. (2013). Further detailstlom traditional application of the RPT

technique can be found in Larachi et al. (1994) Bioal. (2002) and Dubé et al. (2013).

Similar to Alizadeh, Dubé et al. (2013), this warkes a tracer particle containing the isotope
#Na. This isotope emits twd -rays at energy levels of 1.368 and 2.754 MeV, had a
relatively short half-life (14.95 hours). Explarats on why this particular isotope is used are
provided in Section 6.2.3.2.1. To account for thers half-life, Alizadeh, Dubé et al. (2013)

suggested using a second tracer particle havingaime activity as the first tracer particle, placed
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outside of the vessel, to monitor the source ldssctivity throughout experiments. This method
yielded satisfactory results when the tracer pl@rgonsisted of a 3mm to 6mm radius glass bead.
However, since the count dictionaries with thisatgtgy are corrected according to count values
obtained from an emitting sentinel having a differgpecific absolute efficiency because it does
not take into account the particle bed, the ermothie tracer particle trajectory reconstruction
increases with the experimental time. In this wahe decrease in activity is instead accounted

for by introducing the equation for the isotopeftié in the phenomenological model (equation

(6.2)):

A= A= A exp[—tltr:/(z)] 6.2)

2

wheret is the time elapsed since the beginning of theeemyent, t,, the half-life of the isotope

and A the activity of the tracer particle at the begihtnof the experiment. The quality of each

RPT experiment was assessed and, under the corsdibiothis work, the RPT technique was
shown to be able to reconstruct a given traceigbangposition with an accuracy of 2.5mm and a

precision of 2.0mm.
6.2.3.2 Experiments

6.2.3.2.1 Material

One of the biggest challenges encountered wheryiagplhe RPT technique is how to build a
tracer particle which has the exact same physicgdgaties (e.g. density, mass, shape, etc.) as the
material under study. When studying the effecthaf particle shape on the hydrodynamics, the
shape of the tracer particle is all the more imgoatrtIn this study, pharmaceutical tablets were
used to investigate non-spherical particle dynanmca rotating drum. Pharmaceutical tablets
were chosen for three main reasons. First, themposition can be controlled to some extent.

Consequently, an isotope suitable for the RPT teciencan easily be introduced in the powder
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mixture used for manufacturing. Second, the madssae of a given pharmaceutical tablet can
be carefully controlled during the manufacturinggess, thus ensuring that tablets are nearly
identical. Finally, punches and dies of a broadjeanf shapes and sizes are readily available for

tablet manufacturing.

The composition of the pharmaceutical tablets és@nted in Table 6-1. The sodium contained in
the sodium bicarbonate was used as the suitaligpisdor the RPT technique. More precisely,
the isotop&“*Na was produced from the sodium bicarbonate by mefithe Slowpoke reactor of

Ecole Polytechnique de Montreal. Sodium bicarbomsitthe ideal choice for a sodium-based
compound in that it possesses adequate flow angression properties for the tableting process.
The amount of sodium bicarbonate needed insideatblets was dictated by a single criterion:

the smallest tablet produced needs to reach awitgotif 604 Ci (2.22MBq) in less than 20

minutes when activated in the Slowpoke nucleartogadhis time limit is extremely relevant in
order to avoid any changes in the physical propeif the tablets during the activation process.
Computations revealed that a 40% concentrationodiusn bicarbonate is sufficient to respect

this criterion. Ultimately, it was decided to use activity of 45, Ci (1.665MBq) for the

experiments, therefore all tablets needed less1Baninutes to complete their activation.

Table 6-1 Tablet composition

Components Mass %
Sodium bicarbonate (NaHGD 40%

Mannitol 100 29.75%
Avicel PH-200 29.75%
Magnesium stearate (MgSt) 0.5%

Five different pharmaceutical tablets were produggidg a fully instrumented 10-station small-
scale rotary tablet press KORSCH XL100 (KORSCH Apzitnc., South Easton, MA). Their
shapes and dimensions are shown in Figure 6-1themdproperties are presented in Table 6-2.
These shapes were chosen so as to cover varioggcsds and aspect ratios, but also to have

tablets with similar shapes yet different size®ider to study mixing and segregation. For the
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purpose of improving the shear resistance of trerphceutical tablets, a 2% weight Opadry®
lI-red coating (Colorcon®, West Point, PA) was aggblon all tablets using a Vector LDCS pan

coater (Freund-Vector Corporation, Marion, 1A).

Tablet A: smaII convex oval Tablet B: flat beveled-edge round Tablet C: convex round
3 25mm (d 561mm (d) 5.70mm (d,) 6.07mm (d;) 6.52mm (d)
“—> <—> “«—> «—>

4 98mm

Tablet D: convex oblong Tablet E: Iarge convex oval

0 i~

| 4 18mm 4 66mm

Figure 6-1 Schematic representation of the fivéetahused in this study
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Table 6-2 Tablet properties

Tablet A B C D E

Mass, M (mg) 206.8+21 219.8+3.0 276.1+3.7 280.1%+3.284.4+3.1
Volume, V (mmg) 147.2+04 139.0+0.8 169.0+16 181.9+1.3 .9201.6
Surface,S (mnt) 1626 +0.5 1432+06 1576+11 176.1+0.7 .3951.3

Particle density,0,, (mg/mm’)  1.40+0.01 158+0.02 1.63+0.02 1.54+0.02 9kD.01

Bulk density, p, (kg/m3) 1072 +3 1035+ 3 1029 +2 968 £ 2 1031 +6
Sphericity 0.83 0.91 0.94 0.88 0.90
Aspect ratio 1.84 1.02 1.07 2.48 1.84

6.2.3.2.2 Design of experiments

The experiments performed for this study used &L16otating drum made from acrylic with a
0.3556m internal length and a 0.2413m internal ét@m A single filling fraction (35vol %) was
used for all experiments. The mass of materiaimmitle the rotating drum was based on the bulk
density of the individual tablets. The design gbenxments applied is presented in Table 6-3. The
five different tablet shapes were tested individuahd bi-disperse blends of tablets were also
tested. The blends were chosen so as to studyspeidie mixtures of mono-shaped tablets (i.e.
mixtures made from tablets A-E and B-C), and bpdise mixtures of bi-shaped tablets (i.e.
mixtures made from tablets C-D and C-E). Thesekinds of mixture were chosen to represent
cases when a varied feedstock is used or when ekangsize (mono-shaped mixture) or shape
(bi-shaped mixtures) occur over the course of tb&ating drum operation. The blend
compositions were chosen to represent situatioreyevbnly a small fraction of the particle bed
changes size or shape. Hence, these blends wemgosethof 85vol% of the bigger tablet and
15vol% of the smaller tablet. Moreover, in ordeictoimpare the non-spherical particle dynamics
to the spherical one, three experiments involvipgesical glass beads were performed. One
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experiment involved mono-disperse 6mm glass be@@s6 (in Table 6-3) while the other two
were a blend of 5mm and 6mm glass beads (GB56.5GB86.6 in Table 6-3). All the
experiments were performed in the rolling regime&egi that it is the one used in most
applications. Because of the tracer particle hidf{~15 hours), a 10RPM drum rotational speed
was used to gather as much data as possible vatt@rsingle experiment. Only one experiment
was performed with at 5RPM to verify the effecttbé drum rotational speed on the particle

dynamics. Each experiment used a 10ms samplingcb(eﬁ) and lasted at least 180 minutes,

resulting in a total of 1 080 000 tracer partictesiions. A total of eighteen experiments were
performed.

Table 6-3 Design of experiments

. Blend Rotational Tracer
Type Experiment o )
specification  speed (RPM) particle

A 100vol% A 10 A
& B 100vol% B 10 B
% C 100vol% C 10 C
E D 100v0l% D 10 D
2 E 100vol% E 10 E
GB6 100vol% 6mm 10 6mm
AE.A 15vol% A 0 A
AE.E 85v0l% E E
AE.A* 15vol% A ] A
AE.E* 85v0l% E E
. BC.B 15vol% B 0 B
] BC.C 85v0l% C C
2 CD.C 15v0i% C c
i CD.D 85v0l% D 10 D
CE.C 15vol% C o C
CE.E 85v0l% E E
GB56.5 15vol% 5mm 10 5mm
GB56.6 85vol% 6mm 6mm

* Indicates a rotational speed of 5 RPM.
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6.2.4 Results and discussion

Three important characteristics of granular flovsigde a rotating drum are presented and
analyzed in this section: the residence time indbve and passive layers, the mixing and
segregation of the particles and finally, the axdapersion. The results of this study were
obtained using the tracer particle trajectoriesuaeq from the RPT experiments. Using such a
trajectory, the tracer particle velocity was congouand projected onto an Eulerian grid. Given

that the granular flow inside a rotating drum isesgially two-dimensional, a two-dimensional
grid with a 2.5x 2.5mnT cell size was used. To avoid any interferencehefdrum axial end

walls, only the part of the tracer particle tragagtaxially located in a 20cm region around the
drum center was considered. It is believed thatssitzally reliable data was obtained since the

tracer particle was found to pass anywhere bet86rand 1200 times in each cell.

Before going any further, the variables used sulxseily must be defined. Figure 6-2 presents a
schematic cross-section view of the drum. In tlgark, it can be seen that the bed is composed
of two different layers: a passive layer found ribarcylinder wall, where the particles move as a
solid body, and an active layer, where the pari@d®alanche and cascade downward. The

interface between the two layers is defined asyik&l line (Boateng & Barr, 1997) and is

represented in Figure 6-2b by thgx) curve. The turning point line, found above thdd/iine
and denoted by the (x) curve in Figure 6-2b, is where the streamwige, y) velocity changes

direction (u(x, y)=0). The space between the yield and turning poirgslits known as the

transition region and is sometimes neglected duts teelatively small size (Khakhar, McCarthy,
& Ottino, 1997). In such a case, the active layeurigary is singularly defined by the turning

point line. In this work, both boundaries are cdesed. The depth of the active layer based on

the yield or the turning point line is given k¥(x)or «(x), respectively, withs (x=0) =4,

anda(x= 0) =q,. Table 6-4 defines the variables displayed in fadi+2.
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Figure 6-2 a) Cross-section view of the rotatingndrand b) a close-up on the active layer

Table 6-4 Definition of the variables used

Variable Definition
X Streamwise direction (m)
y Transverse direction (m)
u Streamwise velocity (m/s)
\Y Transverse velocity (m/s)

Drum radius

Normal distance between the bed surface centettendrum center of rotation (m)

R

h

LS Half-length of the bed surface (m)

L Half-length of a streamline in the active layer (m)
B

Angle between the horizontal axis and the yield line

Va Inclination angle of the yield line at the toptbé material bed
0 Dynamic repose angle
o Angular velocity (rad/s)@ < O since the rotation is clockwise

Bed height
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6.2.4.1 Modelling of the residence time

Much information about particle flow is needed tompute and model the residence time in the
active and passive layers. In this section, prinargervations related to the static and dynamic
angles of repose, the bed effective rotational deel dilation are first reported. The velocity

profiles, the active layer thicknesses as well les dctive and passive layer residence times

obtained for all the experiments are then preseatedanalysed.

6.2.4.1.1 Primary observations

Significant differences can be observed betweerflthe of spherical particles and that of non-
spherical particles. Primary observations regardhg static and dynamic repose angles, the
effective particle rotational speed and the bedhatidh are reported in Table 6-5. The
experimental measurement of these quantities agesat importance since the models developed
for the granular flow inside a rotating drum fregtlg use one or all of them (see Sections
6.1.4.1.2.t0 6.1.4.1.4).

The static repose angle corresponds to the angtie rog the stationary free surface of the
particles once the cylinder operating under steémly conditions stops rotating. The dynamic
repose angles were computed using the velocitg.flelgure 6-3 displays a typical velocity field
obtained from the RPT experiments. The reportedesbf the dynamic repose angle correspond
to the mean angle between the velocity vectorstaadorizontal axis, for vectors belonging to
the range -0.05< x< 0.0t and —(h+0.005)< y<—h. For the bi-dispersed mixtures, the
dynamic repose angles were obtained from the caatibim of the two tracer particle velocity
fields. Note that the reported values match thealisneasurements made in the laboratory but
are more accurate and not affected by end waltesffd he rotational speed was computed using

the mean streamwise velocityat x =0 and —-R< y<—R+0.015. Finally the filling fraction f

was measured using the bed heighk at0, as inferred by the velocity field (Figure 6-3).



Table 6-5 Primary observations

Static repose Dynamic repose Rotational Filling

Case angle angle speed fraction

0, () 0 () Q RPM)  f (%)
A 29.1+4.1 32.24+0.95 8.83+0.38 35.9
B 32.8+4.6 34.00+1.72 8.82 +£0.39 39.0
C 33.2+£5.0 3501111 8.36 £ 0.13 40.0
D 30.6+22 35.55+1.93 8.38+0.19 37.4
E 27.4+4.2 29.27 +1.59 8.78 £ 0.15 36.9
AE 28428 30.40+1.24 8.84 £0.17 38.5
BC 33.0+£3.6 34.39+1.64 8.23+0.18 38.5
CD 33.2+1.38 35.34+1.25 8.73 £ 0.05 41.6
CE 325+23 35.23+0.92 8.55+0.13 41.6
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It can be readily noticed that the use of tabletSCBand D resulted in a significantly higher

dynamic repose angle than tablets A and E. Thisbeaexplained by the shape of the tablets
(Figure 6-1). Tablets B, C and D all exhibit a lengtraight side which enables them to form
stable structures upstream, near the wall of tHmdsr, thus yielding higher dynamic repose

angles. It can be noticed that even if the asps of tablet D is 2.5 times greater than those of
tablets B and C (Table 6-2), similar dynamic repasgles were measured. When tablets having
similar dynamic repose angles are mixed, the regsufepose angle is the same as the individual
ones. However, in the case of the binary mixturelenfaom tablets C and E, even though tablets

C only represent 15% of the whole volume, they tizgless dictate the resulting dynamic repose
angle.

All the experiments presented in Table 6-5 werefgoered at 10RPM. Even though the
experimental setup encoder confirmed that the dglirotational speed was 10+0.5 RPM, the
one experienced by the particles was approximateBRPM lower. This confirms the
experimental observation that the particles seetoedip against the cylinder wall. Slipping of

the particles is attributed to the friction betwdbe bulk of the particles and the acrylic of the
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cylinder. Given that the tablets were all coatem@gishe same substance, it is not surprising that
all individual tablets and blends experienced apipnately the same rotational speed.

As it was specified in Section 6.2.3.2.2., all thgeriments involved a 35vol% filled cylinder.
From Table 6-5, it can be noticed that bed dilabacurred in all cases. More precisely, a bed
dilation of more than 10% was measured in four £48¢ C, CD and CE). This phenomenon,
which was not observed with the spherical glassibesed by Alizadeh, Dubé et al. (2013), is a
characteristic of non-spherical granular flow (Cje2010).

6.2.4.1.2 Velocity profiles

The computation of the active layer boundary esantrelies on the velocity profiles. Figure
6-3 displays the velocity fields in the case of @xpents E and AE. At the exception of the bed
dilation which can be appreciated by comparingeha pictures, every experiment presented a
qualitatively similar velocity field.

0.1 0.1

\242 m/s
0.05

£ o £
> >
-0.05f -0.05
-0.1 -0.1 JIIIIIIIzs
-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
x’ (m) X’ (m)
a) b)

Figure 6-3 Typical velocity field for a) tablet Bdb) blend AE (at 10RPM)
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To make an efficient comparison and observe thecefif the shape on the velocity fields, one
has to analyze the streamwise and transverse camgsoaf the velocity at specifi€ positions

and along the surface bed.

6.2.4.1.2.1 Streamwise and transverse velocity profiles atiipecpositions

Figure 6-4 shows the streamwise and transverseityefarofiles for the individual tablets as well
as for the different blends, at=0. As representative examples of the individual etbland
blends, Figure 6-5 presents the same profiles dbtet C and blend AE, but at variouds
positions.

In the passive Iaye(V—Rs y<—(5(%)+ h)) since the particles are moving according to & sol

body rotation (SBR), the streamwife,.,.) and transversv,,....) velocity profiles follow:
upassive( X y) =0 y (63)
Vpassive( X y) =-0X (64)

The linear variation of the streamwise and transyerelocities in the passive layer predicted by

the previous equations can be appreciated in Figidrand Figure 6-5.

In the active Iayer(—(5 (x)+ h)s ys—h), the streamwise and transverse velocities likewise
display a linear profile except in the transitiaygion —(5(x)+ h)s ys—(a( X) + h), where a
non-linear variation of the streamwise velocitg.(ia non-constant shear rib‘ez 7(y))) can be

observed (Figure 6-4a and c, Figure 6-5a and ojeder, most models consider a constant shear

rate (7 #7(y)) in the active layer (Khakhar, Orpe, & Ottino, 260 Makse, 1999; Meier,

Lueptow, & Ottino, 2007). Figure 6-5a and c alsggasts that the shear rate depends on the



154

streamwise positiOIﬁj/ = 7(x)). Again, for modeling purposes, it is often assurthed 7 # 7 (X)
. Knowing thatu(x, y)=0 at y=—(a(x)+ h), the streamwise velocity in the active layer can b
modeled by (Alizadeh, Dubé, et al., 2013):

Uneive ()], = Usur (N (1+E( X Y) (6.5)

y+h

a(x)

dimensionless depth in the active layer based eruiming point line. An expression fag,, (x)

where u,,(X) is the streamwise velocity at the surface afgk, y)=

represents a

will be presented in Section 6.2.4.1.2.2. Lettmg 0 at y=—h and knowing thatv=-oXx at

y=—(5(x)+ h), the transverse velocity in the active layer camhitten as (Meier et al., 2007):

_a)x(y+ h)
3(x)

As mentioned by Alizadeh, Dubé et al. (2013), tihedr behaviour of the streamwise velocity

Vactive( X’ y) = (66)

profiles has been extensively reported in theditme. Furthermore, Alizadeh, Dubé et al. (2013)
and Jain et al. (2004) showed that the transvesbxity profiles atx = 0 oscillate around zero

in the active layer. The same phenomenon was obgdrere for all the tablets and blends tested
(Figure 6-4b and d). In Figure 6-5c, it can be cedithat the streamwise velocity profile near the
surface seems to be more parabolic than linear.dEelopment of a parabolic velocity profile
for non-spherical particles has been observed bdigrBoateng and Barr (1997) for long-grain
rice. This parabolic velocity profile suggests ttta shear rate near the surface is close to zero,
which means that the particles at the surface afedvamillimeters under move together (at the
same velocity). It can be observed in Figure 648 @that the streamwise velocity profiles in

the active layer are not symmetric with respecth® y axis. In other words, thex=+0.04

profiles are different as well as those correspogdit x=+0.08. This is more evident when
looking at the streamwise velocity evolution aldhg bed surface. Finally, it can be observed in
Figure 6-5b and d that the transverse velocityilg®in the passive layer are in agreement with

what is predicted by equation (6.4). Figure 6-Sodmghlights the fact that the active layer
boundary as defined by the turning point lie=0) can easily be identified using the RPT

results, unlike the one based on the yield linslidd line), especially whex== 0.
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Figure 6-4 Streamwise velocity profiles at x=0 &rthe individual tablets and c) the different

blends, and transverse velocity profiles at x=0dpthe individual tablets and d) the different

blends.
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Figure 6-5 Streamwise velocity profiles for a) &tbC and c) blend AE,
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profiles for b) tablet C and d) blend AE, at xm,2:0.04m and +0.08m

6.2.4.1.2.2 Streamwise velocity profile along the bed surface

156

and transverse velocity

The evolution of the streamwise velocity along lieel free surface is another significant feature

of granular flow inside the rotating drum that ne¢d be analyzed thoroughly. This particular

profile is essential to evaluate the residence timéhe surface as well as in the active layer.
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Figure 6-6 Streamwise velocity profiles along thezl bree surface for a) the individual tablets
and b) the different blends, and the scaled straaenvelocity profiles along the bed free surface
for ) the individual tablets and d) the differéhnds.

Figure 6-6a and b display the streamwise veloaditfiles on the bed surface for the individual
tablets and all the blends. The results obtainedguémm glass beads and a mix of 5mm
(15vol%) and 6mm (85vol%) glass beads are alsauded to allow a comparison between
spherical and non-spherical particles. It must beedh that the mass of a 6mm glass bead is
approximately the same as that of tablets C, D ¢r.eE ~280mg). It can be noticed that the
individual tablets B and D as well as the blendsienfrom either of these tablets present the
highest velocity peaks in comparison to the othepes and blends. All the individual tablets

and blends exhibit a higher velocity profile théwe glass beads. Suzzi et al. (2012) and Wilson
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and Crossman (1997) mentioned that, if the shagetablet is relatively flat, this tablet is likely

to have a preferred spatial orientation on theaserfand inside the bed, thereby causing to slide
rather than rotate. Even though the RPT technigee in this study did not measure the angular
velocity, the larger streamwise velocities obseriredrigure 6-6a and b for the non-spherical
tablets seem to corroborate these findings. Unfaitiely, the comparison of these profiles cannot
be made directly as each experiment used diffepanticle sizes and resulted in different
effective rotational speeds and dynamic reposeeanlable 6-5). On the one hand, the increase
in the streamwise velocity peak could potentiaiip@y be attributed to the difference in the
dynamic repose angle. Indeed, the dynamic repagle af the glass beads was measured at 27°,
which is lower than those measured in involvingleéth On the one hand, the increase in the
streamwise velocity peak could potentially simpéy dttributed to the difference in the dynamic
repose angle. Indeed, the dynamic repose angleedjlass beads was measured at 27°, which is
lower than those measured in involving tablets. t@s other hand, the fact that no slipping
between the glass beads and the wall of the cylim@s observed suggests that the glass beads
have a higher velocity than the non-spherical tahitethe passive layer, which means that these
spherical particles should start cascading downbixg: free surface with a larger momentum.
Alexander et al. (2002) found that, for a rotatiosi@eed below 30RPM, the streamwise velocity

of spherical particles at the bed surface scales as

16
o Ro*| 9.
Uoc R (dj (6.7)

p

where g is the gravitational acceleration artj is the particle diameter. Since this relation

incorporates the particle diameter as well as th&ional speed, the streamwise velocity profiles

were normalized by the expression on the right-reade of equation (6.7) using fak the values

of Figure 6-1. The new profiles are presented gufgé 6-6¢ and d. They indicate that tablet D
and the 6mm glass bead have a behavior significdifterent than that of the other tablets. The
same phenomenon can be observed in Figure 6-6dewine profiles of the mixture containing
tablet D and the mixture of 5mm and 6mm glass behifisr from the other profiles. These
results further confirm that tablets D, which extibe highest aspect ratio (Table 6-2) and the

flatter shape, have a tendency to slide on the sethce, whereas the glass beads have a
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tendency to rotate. The other shapes behave somewhbetween, combining translational and

rotational motion.

According to Khakhar et al. (1997), the streamwiskocity along the bed surfaag,, (x) can

be expressed as:

X2
Ugy (X) = Unax (l_ FJ (68)
with
L2
=2 (6.9)
Uy

where the distance,, shown in Figure 6-2b, correspondsyte —(a(x: 0)+ h) :

Figure 6-7a and b confirms that this equation atlyemodels the streamwise velocity profiles
for both the individual tablets and the differem¢rms, at the exception of the blend AE with a
5RPM rotational speed. As was observed by Dingle{2802b) and Alizadeh, Dubé et al.
(2013), the downstream part of the flow is bettevdeled by adding 2/3 as an exponent to
equation (6.8), which complies with the asymmetoyiged in Section 6.2.4.1.2.1 and presented
in Figure 6-5.
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Figure 6-7 Normalized streamwise velocity profisgghe bed surface for a) the individual tablets
and b) the different blends, and under the bedasarfor c) tablet C and d) tablet D.

The blend AE with a rotational speed of 5RPM digpla skewed streamwise velocity profile

with a peak velocity attained past the mid-chorgifion (x/L,=0), whereas its profile at

10RPM is symmetric. The occurrence of an asymmetotile for a smaller rotational speed has
been observed previously by Alexander et al. (20Baateng and Barr (1997) and Nakagawa et
al. (1993). In particular, Alexander et al. (2002¢ntioned that the asymmetry in the profile may
be due to the fact that the frictional/collisiohaséses within the cascade do not balance, before
the particles reach the mid-chord position, theiglarkinetic energies imparted by the rotational

speed of the blender, thereby allowing these peastito accelerate beyond this point.
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Finally, the streamwise velocity profile under thed surfaceu,(x) is analyzed. For this

purpose, the evolution of the profile with respicthe bed depth for tablets C and D is provided
in Figure 6-7c and d, respectively. Note that tesbke D, E as well as blends AE, BC and CE all
follow the same trend as the one shown for tabletvlereas blend CD and tablet D exhibit

similar profiles. For all these cases, the velopibfile can be approximated by:

X2
X”@_PJ (6.10)

This expression is similar to the one obtained gisipherical particles by (Alizadeh, Dubé, et al.,

Us (%) = Uzgine( Y)

2013). However, as can be seen in Figure 6-7dptbfle for tablet D deviates from equation
(6.10) as it becomes more asymmetric as the distander the free surface increases.
Nevertheless, the downstream portion of the flollo¥es the profile predicted by equation (6.10)
. The deviation of the upstream portion can be arpll by the shape of the particles. The long
flat side of tablet D enables it to form a staliteiture near the cylinder wall. By doing so, only
the tablets at or near the surface will easily adecdownstream. This creates an asymmetric
profile under the surface, much more pronounced tbatablet C, whereby the tablets accelerate
past the mid-chord position. As Weir et al. (20@%ntioned, complex repositioning within the

shear layer is expected for particles having aelagpect ratio.

The results presented in this section showed keaparticle shape can have a significant impact
on the velocity profile. They also evidenced thatrencomplicated structures can form within the
bulk of particles. At the exception of tablet D wsll as blends CD and AE (at 5RPM), the
models previously developed could adequately reptethe streamwise and transverse velocities

of the non-spherical systems considered in thikwor
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6.2.4.1.3 Active layer thickness

The active layer thickness is a key parameter asnmi segregation, heat transfer or other
phenomena mainly occur in this region. Many cotretes can be found in the literature to
predict the thickness of the active layer, basédeeion the turning point or yield line. These
correlations often use parameters that are ditfitnimeasure experimentally (e.g. the surface

velocity profile or the angle between the activgelaboundary at its extremities and the
horizontal plane ¥, in Figure 6-2b), operating conditions, materiabgerties, geometrical
characteristics of the rotating drum, fitting paeders, or a combination of any of these). In this

section, some of these correlations are compareddtate their performance in predicting the

active layer thickness for the non-spherical pesi@and blends used in this study.

6.2.4.1.3.1 Active layer thickness based on the turning poiré |

The active layer thickness based on the turningtpivie can easily be identified using the results
from the RPT experiments. The profiles for tablBXsE, and for the 6mm glass beads are
displayed in Figure 6-8. Note that tablets A, B &dand blends AE, CB and CE all present
profiles similar to that of tablet E, while the file for the blend CD is similar to that of tablet
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Figure 6-8 Normalized active layer depth profil€x)/«, for tablets D and E, and 6mm glass

bead

It can be observed that, at the exception of tabl@bok at the results downstream fraxa=0),

the active layer can be properly modeled by:

o (X) = 1-(%) (6.11)

S

This equation is different from that reported byzatleh, Dubé et al. (2013) for spherical glass
beads. As noted by Sturman et al. (2008), althdbglsquare root in equation (6.11) appears in

some models and not in others, both forms vyield pamable results. However, as will be

discussed in Section 6.2.4.1.4, the model usedxfor) has an impact on the prediction of the

residence time along streamlines in the activerlaljee asymmetric active layer profile of tablet
D is compliant with the corresponding streamwiskeigy profiles under the bed surface (Figure
6-7d).

The experimental values obtained f@y are presented in Table 6-6 and are compared &®tho

which would be obtained using the models develdpetiu et al. (2006), Weir et al. (2005) and
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Ding et al. (2001). The reader is referred to thederences for the detailed description of these
models.

The model derived by Liu et al. (2006) is baseda@revious one developed by Mellmann et al.
(2004), which uses mass and momentum balancesataad® the transverse solids motion in a
rotating drum. In order to compute the active lagfgckness, this model requires the particle

diameterd, (identified in Figure 6-1), the drum diametBr, the dynamic angle of reposke as

well as the inclination angle of the active layeubdary line at the top of the material bed (i.e.

the anglev, in Figure 6-2). This angle is difficult to measiMellmann et al., 2004) and could

not be backed out with adequate accuracy from tA& Rata. To overcome this limitation, a

correlation between, and ¢, developed by Mellmann et al. (2004), was useds Tarrelation

was experimentally derived using 15 different matsy including both spherical and non-
spherical particles, witl25° <6 < 5¢°, which matches the properties of the tablets dsethe

current work. The correlation needs f , R as well as» to computey,.

Weir et al. (2005) developed a regression modelguskperimental results obtained by various

authors. Their model required, R, », f as well as an author- and particle-dependentgditti

parameteri. This parameter depends on particle propertiesmgérical characteristics of the

rotating drum and operating conditions.

Finally, Ding et al. (2002b; 2001) proposed a mdag$ed on mass and momentum balances.
They also considered a quadratic polynomial to rhtidestreamwise velocity in the active layer

along the axis perpendicular to the bed surfagg%(y)L. Let us recall that this velocity was
introduced as a linear polynomial y for a givenx in equation (6.5). Their model, which can

be used to compute both active layer boundaigsxj and 5(x)), requires the knowledge of
o, f and the streamwise velocity along the bed surfagg(x). Note that onlyuacﬂve(o)|x=0 is

needed to compute, and J,. Ding et al. (2002a) provided a correlation tolaage this value
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for nearly spherically shaped particles having hggtitution coefficients, yet it was found to be
inadequate for the tablets used in this work. bt,fthe use of this correlation resulted in values

for uacﬂve(o)|x=0 that are 40% lower than the experimental ones.tkisrreason, experimental

values measured by the RPT technique were useshthst

Table 6-6 Values of the active layer thicknegsbased on the turning point line

c Measureda, Liu et al. (2006) Weir et al. (2005) Ding et al. (2001)
ase

[cm (%] [em (%] [em (%] [em (%]

A 3.1(33) 2.2 (24) 3.1(33) 2.2 (23)

B 3.4 (34) 2.3(23) 3.5 (35) 2.1(21)

C 3.2 (31) 2.4 (23) 3.3(33) 2.1(21)

D 2.8 (29) 2.6 (27) 2.8 (29) 1.8 (19)

E 3.1(33) 2.2 (23) 3.0 (32) 2.2 (23)
Average error (%) - 25 2 33

AE 3.3(33) 2.2 (23) 3.2 (32) 2.1 (22)

AE* 3.3(33) 2.0 (20) 2.7 (26) 1.8 (18)

BC 3.3(34) 2.3 (23) 3.3(34) 1.8 (18)

CD 3.8 (36) 2.6 (25) 3.3 (31) 1.9 (18)

CE 3.4 (32) 2.5 (24) 3.3(32) 2.1 (20)
Average error (%) - 32 8 43

*Percentage of bed depth

Previous studies reported an increase in the ataier thickness with an increase of the drum
rotational speed and polydispersity (Alizadeh, Dwéal., 2013; Boateng & Barr, 1997; Henein
et al., 1983; Van Puyvelde et al., 2000; Woodle &rnvb, 1993). From Table 6-6, it can be

noticed that the polydispersity does not increageexcept in the case of blend CD. In addition,
no change iny, can be noticed when the drum rotational speedcieased in the case of blend
AE. The model from Liu et al. (2006) invariably wrdredictsa, and presents a high average
errors. This model best predicts thg value of tablet D yet it fails to predict the higttrease in
o, observed in blend CD. The errors may be attribtagtie anglev,, which was obtained using

a correlation, as explained above. In fact, it feasd that, to adequately prediet using this
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model, v, has to be 6° higher than that predicted by theetattion. The model proposed by Ding
et al. (2001) also underpredictg and presents an even higher average errors tegoréivious
model. It is believed that the errors may be plytiattributed to the quadratic polynomial used
to modeluacﬁve(y)|x. A closer look at the results presented in Dinglef2001) reveals that their
model does underprediat(x) and that a linear approximation model for,,.(y)| would
reduce this under-prediction. Moreover, the requiesented in Section 6.2.4.1.2.1, indicate that,

for the solid particles of this work, a linear glefcan accurately mod&]amve(y)|x. Finally, the

model of Weir et al. (2005) results in the small@strage errors. This is not surprising as this
model uses a particle-dependent fitting paramgtelts value had to be set at 1 for tablets B and
C (just as for spherical particles), 0.8 for tablétand E, and 0.7 for tablet D. In other words,

rather close values fot were found for tablets of similar shapes.

6.2.4.1.3.2 Active layer thickness based on the yield line

The experimental values faf, are presented in Table 6-7 and are compared 8 thbtained

using the models of Orpe and Khakhar (2001), AktadDubé et al. (2013) and Ding et al.
(2001).

The model proposed by Orpe and Khakhar (2001) sedbaon a model developed by Makse

(1999), and obtained using a mass balance andsthengtion of constant shear rgte) along

the y direction in the active layer. In this modbk active layer thickness based on the yield line

§(x)= /W(Li—xz) (6.12)

with 7(x) given by (Khakhar, Orpe, Andresen, et al., 200ialkhar, Orpe, et al., 2001b; Meier

is expressed as:

et al., 2007; Orpe & Khakhar, 2001):
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, gcosp( x) siné -6,

7(x) = () sif0-6,) (6.13)
cd, cost cog,

where g is the gravitational acceleratiod, the static angle of reposﬁ’,(x) the angle between

the horizontal and the boundary of the active lagad ¢ a fitting parameter. It can be noticed

that 7 (x) depends mainly on particle properties. Previoudies reported a value af~ 1.5 for

two-dimensional systems (Khakhar, Orpe, et al.,1pQMeier et al., 2007; Orpe & Khakhar,
2001).

Alizadeh, Dubé et al. (2013) proposed a model basedhe intersection between the linear
streamwise velocity profiles in the passive andvadayers. This model gives a relation between

a, and o,. They suggested using it to computg using the value ob, obtained from equation
(6.12). Since this equation requires an a prioknanvn fitting parametec and 5 (x) is harder
to identify experimentally, it was instead decideduse the experimental value af to obtain

o, Aside frome,, this model only require$ to computes, .
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Table 6-7 Values of the active layer thickn@gdased on the yield line

Orpe and Alizadeh, Dubé Ding et al.

Measuredd,
Case Khakhar (2001) et al. (2013) (2001)
[em (%)] [em (%)] [em (%)] [em (%]
A 3.8 (40) 3.8 (41) 3.5(37) 2.3(25)
B 4.4 (44) 4.4 (45) 3.9 (39) 2.2 (22)
C 4.2 (41) 4.1 (40) 3.6 (35) 2.2 (22)
D 3.7 (39) 3.7 (38) 3.1(33) 1.9 (20)
E 4.2 (44) 4.6 (48) 3.5(37) 2.4 (25)
Average error (%) - 4 13 45
AE 4.6 (46) 4.5 (46) 3.7 (38) 2.2 (23)
AE* 4.4 (44) 4.5 (45) 3.8 (38) 1.8 (18)
BC 4.1 (41) 4.2 (43) 3.8 (38) 1.9 (19)
CD 4.7 (45) 4.4 (42) 4.4 (42) 1.9 (19)
CE 4.5 (43) 4.4 (42) 3.8 (27) 2.2 (21)
Average error (%) - 3 12 55

*Percentage of bed depth

Table 6-7 shows a slight increase of the experialevdlues ofg, with an increasing drum
rotational speed for blend AE. Furthermore, polgdisity seems to increasg in the case of
blends AE and CD. The model from Orpe and KhakR&0{) adequately predicts, in all
cases, with a very low average error. However usiie mentioned that, as in Alizadeh, Dubé et
al. (2013),c=1was used to match the experimental results. Moreavevas noticed that this
model is strongly dependent on the valuespofind 6,. As can be seen in Table 6-5, the
values present an uncertainty of approximately lterestingly, a different value @, lying in

the range of uncertainty, used in combination with1.5, could be found in each case so that

the model matches the experimental results. Thus,believed that a more precise valuedpf
should be obtained before concluding on the valu€.oThe model of Alizadeh, Dubé et al.
(2013) always underpredicts,. The underprediction is due to the fact that thedel computes
J, as the intersection between the two linear vejquibfiles of the active and passive layers and

does not consider the varying shear rate charatiteaf the transition region. Nevertheless, its

application results in acceptable discrepanciesseuting average errors of 13% and 12% for
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individual tablets and blends, respectively. Unfagtely, the model does not capture the increase

in 5, with an increasing drum rotational speed. This lsarattributed to the experimental data
used fore, . Finally, the results obtained using the moddDipfg et al. (2001) are completely off

the mark, presenting average errors between 45%%¥td Reasons for these large discrepancies

have already been provided in Section 6.2.4.1.3.1.

The results of this work indicate that there doesseem to be a significant effect of the tablet

shape on the values of, and J,, contrary to what has been previously reportedpther non-

spherical particles. At the exception of the modweisDing et al. (2001) and Liu et al. (2006),
most of them could predict with reasonable accutheysize of the active layer depth. However,

they all needed at some point a fitting parameier value of which is a priori unknown.

6.2.4.1.4 Residence time

Knowing the residence time in the active layer ofoation drum is important for many

applications such as those involving rotary kilim&ce the material renewal occurs mainly in this
region. Figure 6-9 presents the mean residenaegpent by the tracer particle in each cell of the
Eulerian grid, for tablets B and D. It can be rgadbserved that the shape of tablet D disrupts

the expected profile symmetry observed for sphepatticles.
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Figure 6-9 Mean residence time in cells of the Bategrid used for a) tablet B and b) tablet D.

Using the results presented in Sections 6.2.4A.2¢t.3, it is possible to compute the residence
times spent by the particles in the active andipadayers. In order to extract these residence
times from the RPT results, streamlines must betitled. To do so, massless tracers are
launched in the velocity fields of each experimeambng the linex=0 and —(¢,+h) < y<-h.

The time spent in the active and passive layerdloam be computed using these massless tracer
trajectories. Two criteria can be used to define bloundary between the active and passive
layers: the turning point and yield line. As wag\pously mentioned, the former can easily be
identified through the RPT data whereas the lat@@not be identified with enough accuracy. To

overcome this limitation, it is assumed that théora/\(x)za(x)/a(x) is constant, even

though the velocity profiles from Figure 6-5 andnDiet al. (2001) suggest it does vary.
Consequently, the yield line is defined as:

A=%:5(x)=¥ (6.14)

0

The residence time in the passive Ia@gr) is modeled using the angle of the streamliressge

Figure 6-2) and the angular velocify ) (Alizadeh, Dubé, et al., 2013):
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t = (6.15)

For this equation to hold, the angle of the stré@nmust be associated with the yield line
boundary and not the turning point boundary. AlefadDubé et al. (2013) modeled the residence

time in the active laye(t,) by neglecting the curvature at the beginning drel énd of the

streamlines and assuming that:
¢ the streamlines in the active layer are parall¢h&obed surface;
e the streamwise velocity profile in the active lagbéeys equations (6.5) and (6.10);

» the active layer boundary (x) is symmetric and follows:

a(X) = a, [1—(82} (6.16)

Given that it was shown in Section 6.2.4.1.3.1 #wiation (6.11) adequately model§x), the
model proposed by Alizadeh, Dubé et al. (2013)madapted to yield:

i = 3% ¥17% (6.17)

"ol (1+&)

y+h

where &, = , and y represents the height of the streamline in theveadayer. Equation

Oy
(6.17) holds only when the active layer is defitigdthe turning point line. It is proposed here to
modify this model so that it takes into account tifaasition region and thus brings into play the

yield line. SinceA is assumed constant, it then comes from equakidi) and (6.14) that :
a(X) 2
s(x) =2 % 1—(1] (6.18)

It is also assumed that, in the transition regioa. (for—(5(x)+h)< y<—(a(X+h), the
streamlines are oriented along thaxis. It can then be deduced from Figure 6-2b tthattime

spent by a streamline in the transition regfon, ) can be approximated by:
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L (E(-a(%)

v(xy)

(6.19)

where v(x, y) is the mean transverse velocity betweefx) and 5(x) which can be obtained

by equation (6.6). By letting. = L, it can be shown that:
‘m‘zéw(A+1) L (6.20)
where, from equation (6.11),
L=L+J1-&7° (6.21)
Finally, using the fact that the numerator of egpuraf{6.19) can be expressed as:
S(X)—a(x)=& (ay—5y) (6.22)
It comes from equations (6.19), (6.20) and (6.Baj:t

_ 4‘50 (a0—50)
o(A+1) L1+ &,

(6.23)

-3

The total residence time in the active layer isitgen by summing equations (6.17) and (6.23):

R o S GOl (6.24)
ol (1+&) o(A+)L.f1+&,

and the total residence time along a specific siliea (ta +tp) is simply the sum of equations

(6.15) and (6.24). Figure 6-10 displays the expental and predicted residence times in the
active and passive layers as well as the totafieesie time along streamlines for all tablets and
blends tested in this work. It must be mentioned the model developed for the residence time
in the active layer is not expected to work in tase of tablet D and blends AE (at 5SRPM) and
CD as their velocity profiles were shown in Fig@€ to deviate from equation (6.10). This is

confirmed in Figure 6-10, where a large deviatietmeen the model and the experimental data

can be noticed.
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In all cases, a good agreement is found betweenalies oft, predicted by equation (6.15) and

the experimental data. The small discrepancies that be observed fot,<-0.4 can be
attributed to the way (x) was defined (i.e. equation (6.14)) for the expental data. As was

already mentioned, only(x) could be identified experimentally. A constahtwas assumed in

order to evaluat®(x) . Since the experimental valuestgfare greater than the ones predicted by

equation (6.15), it seems that equation (6.14) tesdienateso(x) , thus confirming the findings

of Ding et al. (2001) who observed that decreases as the distance from the center ofawe f
increases. As for the residence time in the adtiyer, a good agreement is obtained between the

experimental results and equation (6.24), excepthi®three cases previously mentioned. In fact,
it can be readily noticed that the model generallgrestimateg, . Again, this can be attributed
to the identification of5(x) through equation (6.14). An even better agreenseabiained for the
total residence time along the streamline. Thexjsected as the total experimental time does not
neeed the identification af(x) . Finally, a comparison of the curves of Figure(tdr all tablets
and blends with a rotational speed of 10RPM reviesthe tablet shape has little effect on the

residence times in both layers with the exceptioialolet D that shows slight differences.
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Eq. (15)

ta — - Eq.(24) Blends
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Figure 6-10 Residence times in the active and padayers for all the tablets and blends tested.

The symbols correspond to experimental data.
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The good quality of the model developed here meéhatit could be used to predict the total

residence time along streamlines for any situatidinsimply needs the filling fractionf to
computel,, the drum rotational speed, equation (6.12) to evaluat§, the model of Alizadeh,

Dubé et al. (2013) to evaluate, from &,, and finally, equation (6.11) to link to ¢.

6.2.4.2 Mixing and segregation

The mixing and segregation of non-spherical pasickere investigated using the tablet blends
presented in Table 6-3. As already discussed, ikiras were chosen to represent cases when a
varied feedstock is used or when changes in sizm@rshaped mixture) or shape (bi-shaped
mixtures) occur over the course of the rotatingmmperation. The study of segregation inside
rotating drums is important as it can greatly dftee heat and mass transfer efficiency occurring
in the active layer. In order to compare the seafieg of non-spherical particles to that of
spherical particles, an experiment using 5mm (1%ahnd 6mm (85vol%) glass beads with a
10RPM drum rotational speed was realized. The veluhensity as well as the particle diameter
ratios of each blend are presented in Table 6-8.

Table 6-8 Blend characteristic ratios

Blend (ratio) Vratio p, ratio djratio d, ratio

AE (E/A) 15 0.92 1.26 1.26

BC (C/B) 1.2 1.02 1.14 1.08

CD (D/C) 1.1 0.94 1.84 0.80

CE (E/C) 1.3 0.79 1.60 0.87
5-6mm glass beads 1.7 1 1.2

Jain et al. (2005) conducted an impressive andtlghr study of the combined size and density
effect on mixing and segregation inside a rotatingm. They limited their study to cohesionless
spherical particles. Depending on the size or dgmatios of the mixtures, percolation (i.e. size)

and/or buoyancy (i.e. density) driven segregatiomda be observed. In the case where buoyancy
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and percolation acted in the same direction, thallsndenser particles were always found in the
center of the bed (core segregation), unless #eeratio of the small particle to the large paeticl
was lower than 0.5, in which case radial streakgaoficles of the same size would be observed.
In this work, it can be seen from Table 6-8 thabhlmercolation and buoyancy are expected to act
in the same direction: the particle with the smallelume, invariably has a higher (or nearly
equal) density. Thus, traditional core segregasaxpected in all cases.

To quantify the extent of segregation, the occupamd the location probability were computed.
The occupancy is simply the ratio of the numbettiofes the tracer particle was found in a
specific cell of the Eulerian grid to the maximuommber of times it was detected in a single cell.
The location probability is computed as the numdiietimes a tracer particle was found in a
specific cell to the total number of times thattbtracer particles (one for each tablet type) were

found in that same specific cell. The occupancylandtion probability for blends AE, AE*, BC
and the 5-6mm glass beads are presented as aofunétthe normalized bed depfly+H/ B, )

in Figure 6-11, while those for blends CD and CE ba found in Figure 6-12. It must be noted
that only the values of the occupancy and locaficobability along they axis atx=0 are

presented. In these two figures, the notation A8ldbifies blend AB and the use of Tablet C as a

tracer in the experiments.
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Figure 6-11 Values of (a and c) the occupancy énan@d d) the location probability for blends
AE, AE*, BC and the 5-6 mm glass beads. For a)l@nthe smaller particle was used as a tracer.

For c) and d), the larger particle was used aacetr

The location probabilities of Figure 6-11b showtttiee smaller particles (i.e. tablets A, B and
the 5mm glass bead) have a higher probability ofgofound in the center of the bed rather than
on the outside. The occupancy plot for the smailaticles (Figure 6-11a) also confirms this
trend. These results indicate the occurrence ditioaal core segregation. However, one may
notice that the occupancy curves of the largerigest (Figure 6-11c) are nearly uniform in all
cases. Similar occupancy profiles were obtainesiégmo-disperse experiments (not shown here),
suggesting that even though the core of the bedbi® likely to contain a greater concentration

of smaller particles, this does not seem to afthetflow pattern of larger particles. A similar
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result was obtained for a 4mm glass tracer in adot#f 3, 4, 5 and 6mm glass beads (Alizadeh,
Dubé, et al.,, 2013). From Figure 6-12, it can bensthat completely different results were
obtained for blends CD and CE. The smaller and eteparticle (i.e. tablet C) is never found in

the core of the bed as its occupancy and locatiobghbility both approach zero in this zone. This

Is an indication of a counter-intuitive phenomenon.

Two points of view can be provided to explain thessults. First, it is probable that the
buoyancy and percolation mechanisms are hamperdtiebgffect of the particle shape. The
preferred orientation taken by tablets D and E whening in the active layer may result in a
lack of the space required for tablet C to segeedmtween them. In fact, it was observed
experimentally that the preferred orientation takgniablets D and E enabled them to slide along
their longest edge. Second, perhaps the volume dates not dictate the observed segregation

patterns. Indeed, given that tablets D and E slideg their longest edgel( in Figure 6-1), it is
plausible that the widthd, in Figure 6-1) or the height of the tablets woh&la better criterion.

For instance, tablet C has a smaller volume buggeb width (d, ratio) than tablets D and E,

which may explain the reverse core segregation gunhenon described above. Further
investigations would be required to fully understdine segregation mechanisms observed in this
work. Nevertheless, the results presented herefairgerest in that they highlight for the first
time the effect that the shape of a particle mayeh@n mixing and segregation inside a rotating

drum.
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Figure 6-12 Values of a) the occupancy and b)dbation probability for blends CD and CE.

6.2.4.3 Axial dispersion

It is well known that tumbling blenders used withauensifier bars or baffles suffer from weak
axial mixing (Alizadeh, Hajhashemi, Bertrand, & ©hb&i, 2013; Lemieux et al., 2007).
Nevertheless, it is best to have efficient miximgbioth the radial and axial directions. In this
section, a comparison of the axial motion of the-spherical tablets and the spherical glass
beads is performed. To quantify the extent of adiablacement occurring in each experiment,

the axial dispersion coefficient was computed u&ngstein’s law (Einstein, 1905):

> (a2 -5 /oy
Dia = 2(N=1) (6.25)

where Az is the axial displacement of the tracer partialérdy theith cycle,A_Z the mean axial
displacement of the tracer particle for the cycles andAt, the time interval. To reduce the

effect of the measurement error on the computatifdhe dispersion coefficient, the time interval
for cycle i was taken as the residence time of the traceicfgaralong the corresponding
streamline (Alizadeh, Dubé, et al.,, 2013; Sherittak, 2003). The residence time was
approximated using the model presented in Sectidm8.4 (i.e. equation (6.24) and (6.15)).
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with respect to the active layer defithy) and Table

AE.A
AE.E
BC.B
BC.C
Ch.C
CD.D
CE.C
CE.E
GB56.5
GB56.6

As was reported by Alizadeh, Dubé et al. (2013yuFé 6-13 shows an increase in the axial
dispersion coefficient as the depth in the actayet decreases. This behavior is expected as the

particles found at or near the bed surface havefteedom to move and are in fact more likely

to move axially. There does not seem to be a natewalifference between thB,,,,, profiles of

the blends tested (Figure 6-13b), but a signifiadifierence can be noticed between the,,

profile of the 6mm glass beads and the ones olitdorehe non-spherical tablets (Figure 6-13a).

Previous studies using polydisperse mixtures otiggas have reported an increase in the

dispersion coefficient with the increase of thetipbr size, except when large particles occupy
the center of the bed (Alizadeh, Dubé, et al., 20b8ram et al., 2005). A similar trend is
expected here for the non-spherical tablets comgaaispecific blend. In other words, a higher

axial dispersion should be obtained for the pagsichost likely to be at or near the surface of the

bed: DaxiaI,AE. A < Daxial, AE E? DaxiaI,BC. B < D axial, BC C? DaxiaI,CD.D < DaxiaI,CD.C’ DaxiaI,CE. E < D axial, CE C and
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D e cess.s < Daia aass.e)- 1N the case of the mono-disperse experimentgnvwdomparing similar

shapes, it is expected that the largest tabletldhmasent a slightly higher dispersion coefficient

Daiar o < Dagia e @Nd D 5 < Doyiac)- Moreover, it is likely that a higher degree akferred

axial, A
spatial orientation in the active layer will leada lower axial dispersion coefficient. This means
that a higher dispersion coefficient for the glaead is expected. For the same reason, tablet D
should present a slightly lower coefficient thae tither shapes. The results presented in Table
6-9 confirm all these expectations. However, tliietBnces in axial dispersion are not significant

in all cases. Experiments E, BC.B, and CD.C wepead. The results obtained suggest that the
uncertainty onD,_ ., is approximatel$x10°m?/s. It must be noted that the values reported for

the 6mm glass beads and the blend containing 5min6arm glass beads are comparable to
those reported by Alizadeh, Dubé et al. (2013).

Table 6-9 Axial dispersion coefficient

Experiment

Type D D, x10° [mz / S:|
A 15.3
3 B 15.9
(]
2 C 20.0
2
S D 12.9
5
2 E 17.4
GB6 34.2
AE.A 13.4
AE.E 27.6
AE.A* 8.0
AE.E* 20.8
o BC.B 17.8
(%]
o BC.C 19.5
7]
S CD.C 25.2
@ CD.D 17.9
CE.C 271
CE.E 13.0
GB56.5 143

GB56.6 45.3
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6.2.5 Conclusion

In this work, the dynamics of non-spherical paescin a rotating drum was investigated using
pharmaceutical tablets. The tablets were composeddium bicarbonate, making them suitable
tracer particles for the radioactive particle tiagk(RPT) technique. Three important aspects of
the particle dynamics in rotating drums were iniggded: the active and passive layer residence
times, the mixing and segregation as well as thal akspersion. It was shown that models
previously developed using spherical or nearly sphkparticles could adequately predict the
velocity profile and the active layer thicknesscept when the non-spherical particles have a
high aspect ratio (i.e. greater than two). In ttase, significant deviations in the velocity plefi
were found under the bed surface. A model forrdmdence times in the active and passive
layers was developed and good agreement was othtaitie the RPT experimental data for most
of the non-spherical tablets tested. It was obskthat the mixing of non-spherical particles
having different shapes led to unexpected reverse segregation where the smaller and denser
tablets were found on the outside of the bed argktaand lighter tablets in the bed core. Lastly,
the non-spherical tablets displayed a lower axgpelsion coefficient than the spherical particles
which can partially be attributed to the higher egof spatial orientation of these non-spherical

tablets in the active and passive layers.
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CHAPITRE 7 DISCUSSION GENERALE

L’objectif principal de la these comporte deux \slgaités ici séparément, soit les écoulements
particulaires denses dans un lit fixe et ceux dembt rotatif.

7.1 Ecoulements particulaires denses dans un lit fixe

L’écoulement particulaire se produisant a l'intéried’un lit fixe suite a une expansion et
contraction thermique cyclique des murs d’'un réacéeflux radial (RFR) a été étudié a l'aide de
simulations utilisant la méthode des éléments disqiDEM). Ces simulations ont démontré que
si le modele DEM est adéquatement calibré a I'aldemesures expérimentales directes des
propriétés particulaires et par le biais d’expéremnauxiliaires simples, celui-ci est capable de
reproduire la phénoménologie de I'écoulement paldioe a I'intérieur d’un lit fixe. La précision
du modéle DEM a été évaluée en utilisant les valenpérimentales de porosité d'un lit fixe, les
valeurs analytiques de pression prédites par larihéde Janssen ainsi que les valeurs
expérimentales de pression mesurées aux paroig €iMel d’'une unité commerciale de pré-

purification de I'air réalisée a I'aide d’un pro&d’adsorption par oscillations thermiques (TSA).

Lors de la comparaison des résultats de pressidvt ®Eeux prédits par la théorie de Janssen, il
ressort que la DEM surestime la pression normasg|lee la hauteur du lit particulaire est grande.

Deux explications ont été avancées pour tentemdigxer ce phénomeéne. La premiere concerne
les hypothéses utilisées par Janssen lors de ¢edtibn de sa théorie alors que la seconde
concerne le lien existant entre les propriétés asmopiques, utilisées par la DEM, et les

propriétés macroscopiques, utilisées par la théeidanssen. Aucune de ces deux explications
ne peuvent a elles seules expliquer I'écart ob&ire la théorie de Janssen et les résultats DEM.
Une étude plus approfondie est nécessaire pourattbana cause des déviations observées.
Cependant, I'accord quantitatif obtenu entre lesgions mesurées par la DEM et celles prédites
par la théorie de Janssen pour les lits fixes ds pletite hauteur permet quand méme une
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vérification du modéle DEM. Le modele DEM a aust @érifié en comparant la pression
obtenue a l'aide de simulations DEM lorsque lesawlrr lit fixe se déplacent a celle mesurée sur
une unité d’adsorption commerciale en opérationpiession maximale mesurée a chaque cycle
DEM a présenté un comportement asymptotique sdlistatd a une valeur comparable a celle
mesurée sur l'unité commerciale. De plus, I'évantde la pression obtenue par les simulations
DEM a affiché un comportement qualitativement edrgitativement similaire a celui mesuré sur
'unité commerciale, confirmant ainsi que le moddd=M est capable de reproduire la
phénomeénologie de ce type d’écoulement. Il est mapbd de noter que la vérification du modele
DEM n’a été possible que parce que les véritableprfgtés particulaires et qu’'un pas de temps
extrémement faible ont été utilisés pour les simma. L'utilisation d’'un module de Young de
I'ordre du MPa plutét que du GPa aurait permisilisdation d'un pas de temps significativement

plus grand mais le modele DEM n’aurait pas pueérdié a I'aide de mesures de pression.

La vérification du modéle DEM a l'aide des pressionesurées sur une unité commerciale en
opération a permis d’identifier la fréquence deleya utiliser pour étudier la dispersion

survenant a l'interface des adsorbants. Ainsi,adesficients de dispersions radiaux relativement
similaires ont été obtenus pour les deux typesabdzhnts. Ces coefficients de dispersion ont
semblé se stabiliser rapidement, soient apres reeule quatre cycles. Ceux-ci peuvent étre
utilisés pour résoudre une équation de diffusi@mditoire et ainsi prédire I'état du mélange a

I'interface apres plusieurs années d’opération.

Il est possible de croire que I'étude DEM réalipéair caractériser I'écoulement particulaire a

l'intérieur d’un lit fixe a permis d’évaluer I'écéement maximal pouvant survenir. Tout d’abord,

les simulations réalisées ont considére les pawiRFR comme étant rigides alors qu’elles sont
élastiques. Le mouvement simulé des parois est gimuscgrand que ce qui est susceptible de se
produire en réalité. De plus, les mémes déplacesy@mimurs ont été reproduits a chaque cycle
alors qu’il est plutét fort probable que ceux-@armsenuisent avec le temps. Cependant, il ne faut
pas oublier que les propriétés des particules @nt@nsidérées constantes alors qu'il est possible
que ces dernieres changent en cours de cycle, ddaneé que la composition a la surface des

particules est modifiée due a I'adsorption de amirtants. De surcroit, I'effet de la circulation de
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I'air a travers le lit fixe n'a pas été pris en qum non plus. Il est possible que dans ces

circonstances, le passage du gaz amplifie ou derimdispersion particulaire mesurée.

7.2 Ecoulements particulaires non-sphériques denses daun cylindre rotatif

L’écoulement de particules non-sphériques a l'ietérd’un cylindre rotatif a été caractérisé a
l'aide de la technique de suivi de particules radives (RPT) et de comprimés
pharmaceutiques. Cependant, pour que la RPT pétssaitilisée pour suivre la trajectoire des
comprimés, il a été nécessaire de développer uaggie d'optimisation permettant d’identifier

un positionnement optimal des détecteurs a saitith.

La stratégie d’optimisation qui a été développéésatune méthode de recherche directe a
maillage adaptatif (MADS) comme algorithme d’opthaion ainsi que la résolution des

détecteurs comme fonction-objectif. La stratégi€té@ validée a l'aide d’'un systeme ou le

positionnement optimal des détecteurs est connle &l ensuite été appliquée a un cas
frequemment étudié a l'aide de la RPT (i.e. unemad verticale pouvant représenter un lit d’air
fluidisé ou autre) ainsi qu’au cas concerné pateciese, soit un cylindre rotatif partiellement

rempli. La stratégie développée permet d’identifiarpositionnement optimal qui est spécifique
a l'objectif de I'étude de méme qu’aux conditiongérimentales dans lesquelles I'expérience
RPT est réalisée. Par contre, le temps calcul séresa la réalisation d’une seule optimisation
augmente rapidement avec le nombre de variablesiraiser. De plus, les résultats obtenus avec
la stratégie d’optimisation ont démontré que celgeniére doit, dans la plupart des cas, étre
lancée plusieurs fois afin d’avoir une bonne idédadconfiguration optimale des détecteurs. Il a
aussi été démontré que le nombre de détecteursl@gusitionnement peut étre optimisé est
limité par le choix de la fonction-objectif. Ce nbre dépend essentiellement de la taille du
systeme auquel la RPT est appliguée. Si un tropdgreombre de détecteurs est utilisé, la
fonction-objectif n’est plus assez sensible pouuvwir réaliser une optimisation adéquate.
Cependant, la démonstration a été faite que detteation de la fonction-objectif pourrait servir

a identifier un nombre optimal de détecteurs asatilpour réaliser une expérience.
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L’application en laboratoire d'une configuration tiopale identifiee par la stratégie
d’optimisation a permis de réduire significativernberreur commise lors de la reconstruction de
la position d’'un comprimé pharmaceutique immobiteniprimé A présenté a la Figure 3-7)
utilisé comme traceur radioactif. Afin d’apprécavantage I'impact du positionnement sur les
résultats recueillis par la techniqgue RPT, la Fégthl compare le champ de vitesse de ce méme
comprimé obtenu a l'aide d’'un positionnement notiroal et optimal. Il est possible de
remarquer que le positionnement optimal a pernmgtirdiner le « bruit » mesuré a la surface du
lit particulaire ainsi qu’aux extrémités de I'écemient et d’améliorer significativement la qualité

des résultats.

0.1p 0.1

0.05r 0.051

y' (m)
o

y' (m)
o

-0.05f —-0.05r

-0.1 -0.05 0 0.05 0.1

Figure 7-1 Comparaison des champs de vitesse abt@rlaide d'un positionnement a) non-

optimal et b) optimal pour le comprimé A.

Grace aux connaissances acquises avec la stratégiamisation, la dynamique d’écoulement
de particules non-sphériques a I'intérieur d’unirayfle rotatif a pu étre quantifiée a l'aide de la
technique RPT. Pour ce faire, des comprimés degat de formes variées ont été employés. Il a
été constaté que les formes ayant un c6té drogeptént généralement un angle de repos
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dynamique plus élevé que celui des autres formesoté droit permet de former des structures
stables en amont de I'’écoulement. Dans le cas catédroit d'une particule est long, il appert
que les structures formées affectent significatieenies profils de vitesse ainsi que la position
de linterface séparant la couche passive de laleactive. L’analyse des profils de vitesse le
long de la surface de I'écoulement des particums-sphériques et des particules sphériques a
permis de constater que les particules non-sphesiqat tendance a glisser plutét que de rouler.
De plus, les particules non-sphériques testéegsoutés présenté un coefficient de dispersion
axiale plus faible que celui des particules sphesg La technique RPT employée pour
caractériser la dynamique particulaire n’a pas perde suivre l'orientation prise par les
particules lors de leur écoulement. Cependantjdemées recueillies ainsi que les observations
réalisées en laboratoire permettent de supposedegymrticules non-sphériques s’écoulent selon
une orientation spatiale préférentielle. Cette @een semble étre une des raisons pouvant
expliquer les différences observées entre certgi@@scules non-sphériques et les particules
sphériques.

A l'aide des données recueillies sur les profilsvidesse, il a été possible de modéliser le temps
de résidence des particules dans les couches attppassive du cylindre. Le modeéle peut étre
utilisé de maniére prédictive en autant que I'éemént particulaire considéré est en accord avec

les hypotheses qui ont servi a créer le modele.

Pour la premiere fois, le mélange et la ségrégatitmtérieur d’'un cylindre rotatif de particules
de formes similaires mais de tailles différentassiague de masses similaires mais de formes
différentes a aussi été étudié. Une ségrégatiomaleattaditionnelle, ou les particules petites ou
denses se retrouvent au centre de I'écoulemert glog les grosses et Iégéres se retrouvent en
périphérie, a été observée dans la plupart dedJrességrégation radiale inverse a toutefois été
constatée dans le cas ou de grosses particulesdsrag plates étaient mélangées a de petites
particules denses. Dans ce cas-ci, les petiteEplad denses se sont retrouvées en périphérie de
I’écoulement plutét que dans le centre. Davantagtudes sont nécessaires pour identifier la
cause de ce phénoméne mais celui-ci permet néasnweaxposer l'effet que la forme

particulaire peut avoir sur le mélange et la séafiég.



193

CONCLUSION ET RECOMMANDATIONS

L’objectif principal de la présente thése était aractériser la dynamique particulaire des
écoulements denses, en lits fixes pour I'écoulententparticules sphériques résultant d’'un

phénomene de transfert thermique, et en lits fetatiur des particules non-sphériques.

L’effet sur un lit particulaire fixe d’'une contragh et d’'une expansion thermique cyclique des
murs d’un réacteur a flux radial utilisé pour l&purification de gaz a pour la premiere fois été
évalué a l'aide de la méthode des éléments dis¢RfEd). L'incorporation des véritables
propriétés particulaires au modele DEM de méme Hutlisation d'un pas de temps
excessivement faible ont permis de vérifier le nb@a@imérique établi. L'utilisation de la DEM
dans le cadre de cette étude a permis d’évaludisfa@ersion particulaire pouvant survenir a
I'interface des adsorbants composant le lit fixett€ mesure peut permettre d’évaluer la qualité
du lit fixe apres plusieurs années d’utilisationest important de noter que le modele DEM
développé ne considere pas l'effet du gaz circukartravers le lit fixe de méme que les
changements au niveau des propriétés particulgimss/ant survenir en cours de cycle.
Néanmoins, les résultats obtenus avec le modeldremimque la DEM est un outil utile pour
'étude de ce type de dynamique lente, a condigorune calibration minutieuse ait été

préalablement réalisée.

La dynamique, le mélange et la ségrégation de quded non-sphériques a l'intérieur d'un
cylindre rotatif ont été caractérisés a l'aide detdchnique de suivi de particules radioactives
(RPT). Des comprimés pharmaceutiques de tailledeeformes variées ont été utilisés. Les
résultats obtenus ont permis pour la premiéredeisnettre en évidence I'effet que peut avoir la
forme de la particule sur la dynamique, le mélaagéa ségrégation de celle-ci dans le cadre
d’écoulements particulaires denses dans un cylinohaif. Un modéle, prédisant le temps de
résidence des particules dans les différentes zdeetécoulement, applicable aux cas de
particules sphériques et non-sphériques dont lepodiement est similaire a celui de particules
sphériques, a été développé. Etant donné les foreséintes testées, les conclusions tirées de
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cette étude sont difficilement généralisables. @dpet, I'orientation préférentielle prise par les
particules non-sphériques lorsqu’elles s’écoulemtitpexpliquer les comportements observés.
Davantage de formes doivent étre testées pourabéeinent identifier les effets de la forme

particulaire sur les écoulements denses danstdestiatifs.

Pour que la technique RPT puisse étre appligu@asdes particules non-sphériques considérées
dans cette these, une stratégie d’optimisation egamt d’identifier un positionnement optimal
des détecteurs a scintillation utilisés a d’abael developpée. Cette stratégie présente comme
avantage de pouvoir identifier une configuratiortimple des détecteurs qui est propre a
I'objectif de I'étude ainsi qu’aux conditions expientales. Elle peut donc facilement étre
appliguée a d’autres types d’études que celles@aldans le cadre de cette these. L'application
de la stratégie a montré que le nombre de détectbnt le positionnement optimal peut étre
identifié par cette stratégie est limité par lasieilité de la fonction-objectif employée pour
I'optimisation. Cette limitation peut cependantwea identifier un nombre optimal de détecteurs

a utiliser pour réaliser une étude a l'aide deetlhique RPT.

A la suite de cette thése, les recommandationsstés peuvent étre faites :

1. Développer une approche multi-échelle DEM-CFD paguantifier I'effet combiné de la
circulation du gaz et de la contraction/expansigaliigue des parois du lit fixe sur la
dispersion des particules ainsi que sur l'unifoémite I'écoulement du gaz selon la

hauteur du lit fixe.

2. ldentifier et tester une fonction-objectif équivate (« surrogate function ») dans le but
d’accélérer significativement la stratégie d’opsation et ainsi permettre I'optimisation

d’un plus grand nombre de variables.

3. Développer une stratégie d’optimisation permettdidentifier a la fois le nombre

optimal de détecteurs a utiliser pour une expéddRIeT et le positionnement de ceux-ci.

4. Etudier l'orientation préférentielle prise par lparticules non-sphériques lorsqu’elles

s’écoulent.
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Identifier la raison du phénoméne de ségrégatialiala non-traditionnelle observé a

I'aide des particules non-sphériques utilisées.

Développer, améliorer et valider des modeles despiréricité pour la DEM a l'aide des
résultats expérimentaux recueillis avec la techmigRPT et les comprimeés
pharmaceutiques. D’ailleurs, les formes utiliséarsdle cadre de cette thése présentent
I'avantage de pouvoir étre facilement reproduitas gn assemblage de sphéres, soit la
méthode la plus fréquemment utilisée pour représetés formes non-sphériques en
DEM.
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