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Résumé

Ce travail fait partie d’un projet de recherche qui consiste a développer un réacteur auto
cyclique (ACR) pour le traitement du méthane imbralé des effluents des moteurs au gaz
naturel pour les autobus. Le ACR est un réacteur catalytique composé de deux lits fixes
concentriques concu pour permettre la récupération de la chaleur générée par la réaction de
combustion du méthane. Du lit se trouvant dans le tube interne, la chaleur est transférée
vers le lit externe annulaire du réacteur. Cette configuration permet de préchauffer les gaz

d’alimentation et d’améliorer ’autothermicité dans le réacteur.

Ce projet de maitrise porte sur le transfert thermique dans le ACR, Tobjectif étant
d’approfondir la compréhension du phénomene de transfert de chaleur impliqué pour
permettre Pamélioration de la conception et de 'opération du ACR. D’une part, il s’agissait
de modéliser le transfert de chaleur afin de concevoir Iisolation et les ailettes fixées au tube
mnterne du réacteur ACR incorporé a une unité pilote de laboratoire. D’autre part, de réaliser
des expériences avec I'unité pilote afin de vérifier expérimentalement 'influence du transfert
de chaleur sur la performance du réacteur et de comparer les résultats obtenus avec les

prédictions numeériques.

Dans un premier temps, un modele en deux dimensions a été développé pour concevoir
Iisolation du réacteur et les ailettes envisagées. Ce modele résout les équations de
conduction de chaleur en utilisant la méthode des éléments finis en 2D avec le logiciel
FEMLAB et permet d’estimer le profil de température dans le matériau isolant ou dans les

ailettes.
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Les résultats du modeéle 2D montrent que la présence des ailettes augmente
significativement le transfert de chaleur entre les deux tubes concentriques formant le
réacteur. Les simulations réalisées indiquent que l'installation sur le tube interne de 14
ailettes droites en aciet inoxydable permet d’augmenter le transfert de chaleur entre les
tubes pat un facteur de 'ordre de 1,4 par rappott au scénario sans ailettes. Le modele 2D a
également permit d’évaluer sept matériaux pour l'isolation de I'unité pilote. Le Kaowool a
été choisi comme isolant et les dimensions de la boite ou doit étre installé le réacteur est

40X40 cm, pour une température maximale 2 la paroi du réacteur isolé de 60-65°C.

L’unité pilote a été construite et une série d’expériences a été réalisée pour étudier la
petformance du réacteur avec des conditions expérimentales réelles. Ces expériences ont
permis d’obtenir le profil de température a différentes positions dans le réacteur et de
mesurer la conversion du méthane pour différentes températures et compositions du gaz
p g
d’alimentation. Il a été trouvé que la combustion catalytique du méthane est pratiquement
compléte pour toutes les concentrations en méthane étudiées et ce, si la température

d’alimentation est plus élevée que 350°C.

Finalement, un modele appelé HT 1D-t, a été élaboré en collaboration avec Zanoletti pour
simuler le profil de température et de concentration dans le réacteur. Ce modele résout les
équations de bilan de matiere et d’énergie en 1D pour chacune des phases, en utiisant la
méthode des différences finies et une stratégie de couplage des équations de bilans. En
général, le modele HT 1D-t produit des prédictions comparables aux mesures

expérimentales provenant de 'unité pilote. Ces résultats suggerent que ce modele simplifié
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produit une approximation raisonnable du profil de température et de concentration dans le
réacteur, permettant de ainsi décrire le transfert de matiere et d’énergie et éventuellement

d’améliorer la conception du ACR.

En résumé, les modeles utilisés dans ce travail ainsi que les résultats expérimentaux sur
'unité pilote ont permis d’approfondir la compréhension des phénomenes de transfert de
chaleur dans le ACR. Les modeéles ont notamment permis de concevoir Fisolation et les
ailettes pour le ACR. Finalement, le modele HT 1D-t prédit raisonnablement les profils de

température et de concentration devenant ainsi un outil pour étudier la performance du

ACR.
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Abstract

This work is a part of the research project which consists to develop an auto-cyclic reactor
(ACR) as a post combustor for the treatment of unburned methane in exhaust emissions
from natural gas fueled engines. The project was motivated by the need to remove methane
from emissions of natural gas engines since the unburned methane contributes significantly
to green house effect. The ACR 1is a catalytic bed type reactor consisting of two concentric
catalyst filled tubes. The design of the ACR permits to transfer the heat released by the
methane combustion from the internal tube towards annulus in order to warm up the feed

flow m the annular tube and thus improve the autothermicity.

The objective of this master project was to model the heat transfer involved in the ACR in
order to improve understanding of reactor performance. Numerical techniques solving
energy and mass balance in 1D and 2D were utilized to model heat transfer in the ACR.
These models were used to describe the temperature profile and to design the insulation
part and the fins effectiveness of a new pilot unit reactor. Then, experiments with the pilot
unit were carried out to assess reactor performance under experimental conditions and to

compare them with numerical prediction.

Numerical simulations in two dimensions, based on energy balance, were used to design the
msulation part of the reactor and to determine the performance of the internal fins.
Commercial software FEMLAB, using the finite element method, was utilized to solve the
thermal problem with temperature dependent correlations for the physical parameters and

the heat transfer coefficients. Using this model, seven different insulation materials were



studied and Kaowool bulk fiber was chosen to insulate the reactor and enclosed it in a
metallic box, with the simulated cross sectional dimensions of 40X40 cm. Investigation of
the fin performance indicates that the choice of 14 straight fins is a good compromise,

which increases significantly the heat transfer between the internal and annular tube.

The ACR pilot unit was constructed and experiments were conducted to study the
petformance of the reactor under different operating conditions. From these expetiments, it
was found that the combustion reaction 1s almost complete for all inlet methane

concentration if inlet temperature is above 350°C.

Finally, the 1D heterogeneous transient model (HT 1D-t) for the catalytic combustion in
the ACR was elaborated in collaboration with Zanoletti. This model solves the energy and
mass balance for both the gas and solid phases using the finite difference method in order
to estimate the axial temperature and concentration profile of the gas flowing inside the
reactor. Results obtained with the HT' 1D-t model are in a reasonable agreement with the
experimental data from the pilot unit. This suggests that this simplified model provides a
useful approximation for axial temperature and concentration profile, and can be used to

describe the heat and mass transfer in the reactor and potentially improve the design of the

ACR.

In summary, this wotk concerns the modeling of heat transfer involved in the auto-cyclic
catalytic reactor by using both numerical and experimental techniques. Simplified strategies

in 1D and 2D show good potential to model the complex multi-physics problem of
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transport phenomena in the ACR. These models permit to progtress the understanding of
the influence of heat transfer on reactor performance and to improve design and operation
of the reactor. Moreovet, experimental results are in agreement with numerical predictions
and indicate that the methane combustion is almost complete if the inlet temperature is

sufficiently high.
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Condensé en frangais

Ce travail de maitrise fait partie d’un projet de recherche, réalisé a en collaboration avec le

Centre des Technologies du Gaz Naturel (CTGN), qui vise a mettre au point une’
technologie rendant plus écologique l'utilisation du gaz naturel comme carburant pour les

moteurs d’autobus. Ce projet consiste a évaluer la possibilit¢ d’utiliser un réacteur auto

cyclique (ACR) pour éliminer les émissions de méthane imbralé des moteurs au gaz naturel

pour les autobus. Pour ce faire, un réacteur auto cyclique, a échelle pilote de laboratoire,

est en développement au département de génie chimique a I'Ecole Polytechnique de

Montréal.

Dans le contexte actuel de 'augmentation des besoins et des couts en énergie a ’échelle
mondiale ainsi que du défi de réduction des gaz a effet de serre, beaucoup d’efforts sont
mis en ceuvre pour développer des alternatives aux combustibles fossiles provenant du
raffinage du pétrole. En particulier dans le domaine du transport, qui est responsable d’une
quantité importante de la consommation d’énergie et des eémissions de gaz a effet de serres.
Parmi les alternatives, le gaz naturel est reconnu comme le plus propre des combustibles
fossiles en terme d’émissions de CO, et de NO,. De plus, des grandes réserves de gaz
naturel sont disponibles, a un prix raisonnable en comparaison avec le pétrole ce qui rend

cette option encore plus attrayante.

La combustion complete du gaz naturel est par contre difficile puisque la structure de la
molécule du méthane est tres stable. Dans les effluents des moteurs fonctionnant au gaz

naturel, on retrouve une concentration relativement élevée de méthane imbrulé, de 'ordre
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de 500-1000 ppm ou méme plus s1le moteur est froid. Puisque la contribution du méthane
a Peffet de serre est plus de vingt fois plus importante que celle de dioxyde de carbone, les
émissions de méthane non bralé des moteurs au gaz naturel réduisent significativement

Pavantage de l'utilisation du gaz naturel comme alternative aux produits pétroliers.

En réalité, la présence d’émissions de méthane s’avere un obstacle important pour
I'acceptation des moteurs au gaz naturel dans le domaine des transports, méme si la
concentration en méthane imbralé est faible. Dans les circonstances, une technologie de
traitement des effluents des moteurs au gaz naturel doit étre développer afin de minimiser
les émissions de méthane et de permettre I'acceptation du gaz naturel comme carburant

alternatif dans le domaine du transport.

Parmi ces technologies, la combustion catalytique est une solution prometteuse pour traiter
les émissions de méthane imbralé. Par contre, 1l existe plusieurs défis reliés a la combustion
catalytique du méthane. D’une part, la réactivité du méthane est faible et la température des
effluents de combustion des moteurs au gaz naturel est elle aussi relativement faible
(<550°C). D’autre part, la concentration et la température des effluents varient en fonction
du travail réalisé par le moteur. Avec ces vatiations, il est difficile de maintenir un front de
combustion stable et Pautothermicité dans le réacteur a lit fixe en raison des phénomenes

de wreeepingy.

Le réacteur auto cyclique (ACR) est composé de deux tubes concentriques formant un lit

catalytique annulaire qui entoure le lit catalytique dans le tube interne. Les gaz sont
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alimentés dans le réacteur par le tube extérieur. Arrivés a 'autre extrémité, les gaz s’écoulent
a contre-courant par le tube intérieur avant de sortir du réacteur. Cette configuration permet
d’utiliser la chaleur dégagée par la combustion catalytique pour réchauffer les gaz
d’alimentation et favoriser le démarrage de la réaction catalytique a I'entrée du réacteur, ce

qui permet une sorte d’autorégulation du ACR.

Ce projet de maitrise porte sur le transfert thermique dans le ACR, lobjectif étant
Papprofondissement de la compréhension du phénomene de transfert de chaleur impliquée
dans le ACR pour permettre d’en améliorer la conception et Popération. Il s’agissait d’une
patt de modéliser le transfert de chaleur afin de permettre la conception de l'isolation du
réacteur a I’échelle pilote et d’évaluer la performance des ailettes internes. Il s’agissait aussi
d’autre part de faire ressortir I'influence du transfert de chaleur sur la performance du ACR
en comparant des données expérimentales de I'unité pilote avec les prédictions des

solutions numériques.

La modélisation des phénomenes de transfert thermique dans le ACR présente plusieurs
défis. 11 s’agit d’une part d’un systeme multiphasique ou se déroulent des phénomenes de
transfert de matiére, d’énergie et de quantité de mouvement qui sont représentés par des
équations différentiels. D’autre part, la géométrie du réacteur est complexe en raison de la
présence des deux tubes concentriques munis d’ailettes et nécessite 'utilisation de méthodes
numériques pour obtenir et par la suite simuler les profils de température et de

concentration dans le ACR.



Dans un premier temps, un modele en deux dimensions a été développé pour concevoir
Iisolation du réacteur et évaluer la performance des 14 ailettes envisagées pour le
combusteur de P'unité pilote. Ce modele est basé sur les équations de conduction de chaleur
en deux dimensions. Le profil de température dans le matériau isolant ou dans les ailettes
est résolu a I'aide du logiciel FEMLAB, un logiciel basé sur la méthode des éléments finis et
bien adapté aux problemes de conduction thermique. Il permet aussi d’introduire les
propriétés physiques et les coefficients de transfert comme fonction de la température. Les
conditions opératoires du ACR sont, quant a elle, prises en compte en spécifiant la

température des gaz dans le réacteur lors du choix des conditions aux limites.

Les résultats du modele 2D indiquent que la présence des ailettes augmente
significativement le transfert de chaleur entre les deux tubes du réacteur. Les simulations
réalisées indiquent que linstallation sur le tube interne de 14 ailettes droites en acier
moxydable permet d’augmenter le transfert de chaleur entre les tubes par un facteur de

Pordre de 1,4 par rapport au scénario sans ailettes.

D’apres Pétude de sensibilité aux différents parametres, la performance des ailettes est un
compromis entre la résistance de convection entre le gaz et les ailettes et la résistance
thermique de conduction, qui est associé au matériau et a la géométrie des ailettes. En effet,
la présence des ailettes introduit davantage de surface d’échange, ce qui diminue la
résistance de convection, mais introduit davantage de matériau, ce qui augmente la
résistance de conduction. Amsi, 1l s’avere que la performance des ailettes est d’autant plus

élevée que la conductivité thermique des ailettes est élevée et que la surface d’échange est
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élevée. En conséquence, lutilisation de matériau un peu plus conducteur que lacier
inoxydable, comme le fer, permettrait d’augmenter légerement la performance des ailettes.
Par contre, pour des raisons de résistance a la corrosion le choix de Pacier moxydable

s’avere incontournable.

Le modele 2D a également permis d’évaluer différents scénarios pour la conception de
Pisolation sur I'unité pilote ACR. Concretement, la performance de sept matériaux isolants
utilisés pour envelopper le ACR a été comparée. Pour ce faire, les profils de température
cotrespondant a différentes épaisseurs d’isolation ont été simulés pour chacun des sept

matériaux isolants avec le modele 2D.

La comparaison de la température de surface de la paroi du réacteur apres isolation indique,
comme prévu, que c’est 'isolant le moins conducteur qui nécessite la plus faible épaisseur
pout atteindre une température de surface raisonnable, d’environ 60-65°C. Ainsi, en
utilisant le Kaowool qui est le matériau le moins conducteur parmi ceux étudiés, une
épaisseur minimum de 15 cm d’isolant est nécessaire. Avec ce matériau, les dimensions de la
boite dans laquelle a été installée le ACR ont été estimées a 40X40 cm pour une

température maximale 2 la surface de 60-65°C.

Dans un deuxieme temps, un modeéle HT 1D-t pour représenter la combustion catalytique a
été élaboré en collaboration avec I'étudiant au doctorat M. Zanoletti. Ce modele a été mis
au point pour prédire le profil axial de la température et la concentration du gaz s’écoulant

dans le ACR. Pour ce faire, les bilans de mati¢re et d’énergie des phases solide et gazeuse
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ont été couplés et résolus en utilisant la méthode des différences finies en une dimension
combinés a une stratégie de couplage des équations. En somme, ce modele permet
d’estimer les profils de température et de concentration dans le ACR en spécifiant
seulement les conditions opératoires du gaz alimenté au réacteur, tel que la température, la

concentration en méthane et le débit.

Les résultats obtenus avec le modéle HT 1D-t ont été comparés avec des données de
températutres prises a différentes positions a Iintérieur du réacteur de Punité pilote, et ce
pour différentes conditions opératoires. La comparaison entre les résultats expérimentaux et
les prédictions du modele HT 1D-t est relativement bonne. Les profils de température
suivent la méme tendance et les valeurs prédites sont similaires aux valeurs mesurées. De
plus, les positions et les valeurs des maximums en température correspondent bien.
Finalement, les concentrations du méthane mesurées a la sortie du ACR correspondent bien
aux valeurs prédites par le modele. Le modele HT 1D-t permet donc une approximation
raisonnable du profil axial de température a intérieur du réacteur, ainsi que du profil axial

de concentration.

Il est important de souligner que le modele HT 1D-t est une version simplifiée d’un
probléme tridimensionnel de phénomeéne d’échanges. Sommes toutes, une dimension n’est
pas suffisante pour prendre en compte adéquatement le transfert de chaleur entre les deux
tubes du réacteur et les ailettes. C’est pourquoi un modele complet en 3D devrait étre
développé pour les travaux futurs afin de mieux prendre en compte I'échange de chaleur

entre les tubes.



XVIII

La stratégie utilisée dans ce travail pour modéliser le transfert de chaleur dans le ACR a
montté de bons résultats avec des simplifications en 1D et 2D. Cela indique aussi qu’un
choix approprié des corrélations a été utilisé pour définir les propriétés physiques et les
coefficients de transfert pour le modele. De plus, la méthode utilisée pour résoudre le
couplage des équations de bilan de maticre et d’énergie pour chacune des phases peut

s’appliquer en 3D.

L’unité pilote du ACR a été construite a IEcole Polytechnique et une série d’expériences a
été réalisée pour évaluer la performance du réacteur. L’instrumentation de I'unité pilote a
été congue pour étudier la combustion catalytique dans le ACR, a partir des mesures de
température et de composition du gaz a la sortie du réacteur. La température et la
composition du gaz alimenté au réacteur sont controlées par Pusager. Des thermocouples
installés a différentes positions a lintérieur du réacteur permettent de mesurer la
température tandis que la composition du gaz de sortie du réacteur est déterminée par

chromatographie.

Le programme expérimental réalisé dans le cadre de ce travail a permis de mesurer le profil
de température pour différentes conditions opératoires. Tel que mentionné précédemment,
ces mesures ont été utilisées pour comparer les prédictions du modele HT 1D-t. 11 a aussi
été observé que la conversion en méthane est pratiquement complete lorsque la température
des gaz d’alimentation est supérieure 2 350°C et ce, pour toutes les concentrations de

méthane testées.
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Toutefois, il est important de mentionner que les expétiences et les simulations réalisées
dans ce travail, ont été effectuées en absence d’inhibiteur de combuston, tel le CO, et
IH,O présents dans les effluents des moteurs. Puisque la conversion du méthane peut étre
influencée par la présence de ces inhibiteurs, il serait important dans le futur de considérer
ces composés dans la composition du gaz d’alimentation de I'unité pilote afin d’en évaluer la
performance dans des conditions plus représentatives des émissions des moteurs au gaz

naturel.

En résumé, ce travail portait sur la modélisation des phénomenes de transfert de chaleur
dans le réacteur auto cyclique (ACR) en utilisant des méthodes numériques et
expérimentales. Les stratégies simplifiées en 1D et 2D ainsi que les résultats expérimentaux
sur 'unité pilote, ont permis d’améliorer la compréhension des phénomenes de transfert de
chaleur dans le ACR. Conctetement, le modele 2D a permis de concevoir 'isolation de
P'unité pilote du ACR ainst que d’évaluer la performance des ailettes. Le modele 1D et une
série d’expériences ont permis d’étudier la performance du ACR en terme de conversion du
méthane et de profil de température et ce, en fonction de différentes conditions

d’alimentation du réacteur.

En conclusion, ce projet de maitrise a permis de contribuer au développement de la
technologie de traitement des émissions de méthane des moteurs au gaz naturel. Les
modeéles utilisés pour simuler le profil de température dans le réacteur sont utiles pour
comprendre les phénomenes de transfert de chaleur et améliorer la conception du ACR. 11

est également important de souligner que les résultats expérimentaux présentés dans ce



travail montre que la conversion du méthane dans le ACR est pratiquement complete si la
température d’alimentation est suffisante. Cela suggére que cette technologie est
envisageable comme traitement pour éliminer le méthane imbralé des effluents des moteurs
au gaz naturel et ainsi réduire I’émission de ce gaz a effet de serre lorsqu’on utilise le gaz

naturel comme carburant pour le transport par autobus.



XXI

Table of contents

DIEAICACE ... ieriiiintiiiinciiiiitticnnietiecstee et esssretesssssseesssssssaesesassssssssssssstansssanaasense Iv
ACKNOWIEAZIMENTS . .cccuviiirieriiiisuinsressuiisesssnessinessesssneessssssssessssessssesssssssanssssassanssssessass v
RESUIME....ciiiiiiiirrsassrrssisissnnnneeeesscssssssssnneeriesssssssssnnssesssssssssssussessnassssssssssssssssssnssasesssssen VI
ADSTIACE «vvvvrrnerenreirrerieeiiiiiisiiinssuseesseecissssssssassesssssssssssssssnsssssssssssssssssssssnsassesasssssssssassess IX
Condensé en fLANCAIS ...ccovvvrerirrecisirensssrenssrsecsriiesssseeessssenssssiesssssassssasesssssassssssessasessas XII
Table Of COMENLS....ccciiiriiirnneriinininreesissnntesisisrttisissistiessssssnesisssssseesssssssssesessssssnssssssnans XXI
LiSt Of taDIES .uveiririreeiiireriisrutniistrsisecsssessssnnissssissssssescsstsssssanessssssnessssnssssssssssanesaas XXV
LiSt Of fIGULES «eeeerrirunerrerrrecsssnensssnessssrecsssnessssneessnneessasasssssessssnnesessnsnssssssessssnesssansns XXVI
List Of aPPENAICES ...eeeirureeeriuneniiiienssinecssnesseressisteesssesssaesssssasssssssssssasssosnsssosasessans XXX
NOMENCIALULE ....coeiriiinnrreriiiiiinitiininttesssttetisisrtesesssssstesssssssttesssssssseaeissssassesssssees XXXI
CHAPTER 1 INtroduction .....cuecieicsueicsunesneissensnisssnesssesssnesssseisssssssassssssssssssssessansasess 1
1.1 ODJECHVES couuvrerercriirrentetnie sttt bbb bbb s s s s bes 5
1.2 MethodOlOZY ...ccruiiiiiceiterieriisiriitntei bbb st 6
CHAPTER 2 Modeling of auto-cyclic catalytiC 1€aCtOr ......ccovvuvriirreecssurensneessanssnns 10
2.1 ACR deSCHPHON .ottt bbb bbb ssa s b ene 10
2.1.1 CAtAlYSt.ouviririitiietenieic s 11
2.2 Balance eqUAtIONS ...cceuueeierisiesiesessererssrssssstesssss sttt s e e 12

221 Energy balance eqUation..........ecieirinniniinisinstesinsiss st sssissssense 14



XXII

22141 Heat transfer cOeffiCIents......ccocoueceveeinnrcniniininnnnnincccsisiesecsescnssaenenns 16
222 Continuity and momentum balance equations..........ocereiciniieneneisnicressesne. 23
223 Mole Balance EQUatiOn.........ccuerieriitiiininireressse s ssssssssesssssssnnes 25
2.3 SUMMALY cooctetititetitnttste ittt bbb bbb bbb bbb bbb bbb nbans 27
CHAPTER 3 Numerical simulations of heat transfer.........coocevveersuericnvecssecseesuenaes 28
3.1 Numetical Methods. ..ottt es s sseaenes 28
311 Finite element method and SOftware .......cococvvviviiiicnccininiiiccccceeeeeee, 28
3.2 ACR 2D model SIMUIAHON w..evveeeiiiiiiitcececterereeete e esesesstessssaseseseseassesenss 29
3.21 INSUIAHON oottt 30
3211 Mathematical MOdel ..ot 31
3212 Boundary conditions ... 31
3213 Insulation thickness and temperature profile .........ccevenriecnieieriniininens 32
3.3 Pre-heater 2D model SImMulation ... eeenes 36
3.31 INSUIAHON .ottt 37
3.4 FiN PerfOrmMAanCe ..ottt s s bbb bbb b 39
3.4.1 Mathematical MOEL.....ccoimiccuieerrccr e resere s ene 40
3.4.2 Boundary conditions ...t 40
343 Fin performance calculation ... senses 41
344 Influence Of MESh SIZE .cuoouiiiiiiiiniiieice ettt e e e 44
3.5 Evaluation of sensitivity of the model to heat transfer parameters..........cc.cevvrrerevrrnncs 49
3.51 Influence of different parameters on fin effectiveness .........cccevvvvirireivniinrserannn. 49

3511 Thermal CONAUCHVILY ....ovuuverriirriirensitnisesess s sssssssassssssssesens 50



XXIII

3.51.2 Inlet @as VElOCItY ... .o ivucecrceiietce ettt 54
3.51.3 Inlet and outlet gas tEMPELAtULE........cuueveriereitniieiiireesitesces e 56
3514 NUMDEL OFf fINS ..ttt resessssans 61
3.5.1.5 Geometty Of fifiS....uiiciiri 62
3.52 Influence of different parameters on insulation thickness.........ccccccecnniirinsnenene. 64
3.5.2.1 Thermal CONAUCHVILY ..cuvriirceirinisiiinise s s sressessesns 65
3522 Maximum inside temperature of TeACtOL........vvcrrmverieriitiserereisssieseianssniaens 66
3523 Tube and annulus AIAMELEr .....c.cuevvvrvieeveiiiiniiicienrece e 67
3524 Ambient teMPEIAtULE ....cvueverrieiterseieissesiest et enes 68
3.6 SUMMALY ..ottt bbb bbbt 69
CHAPTER 4 Experiments with ACR pilot unit.......ccceeeieensinsenrecssennsensensicssensanes 71
4.1  EXperimental SEt-UP ..ottt aesaees 71
4.2 Pre-heater OPErAtON ...ttt bbb st 77
4.3 AdiabatiC tEMPELAULE TISE ..o.vuvemieriirirtiisiscisisri bbb s st ens 78
4.4 Initial ACR petformance evaluation........cceciniercisii i 79
4.4.1 Time to heat the ACR and light off..........ccccorriic 80
4.4.2 Steady-state temperature Profile........miieiiniiinin s 82
443 Response to inlet temperature change..........coocveevevinriiciennnniniseisnncsnessane, 83
4.4.4 Conversion as a function of inlet cCONdIioNS ....cocevvrverrernirrrsrnerreerenrrreseceseecereeens 85
4.4.5 Heat 1088 StHMAtION ....ccvmiiiiirieiiiiereereececeenertscesteseesesessenssnsseseseessssesenenennsons 88
4451 Heat loss without methane combustion..........ceennrrinenenencreneccccneeeneenee 89

4.45.2 Heat loss with methane coOmbUSHON. .....cccveriiiiriiererrireeeieesrerinreereseesseessens 90



XXIV

4.4.6 PLessure DIOP ..ttt s b 93
CHAPTER 5 1D heterogeneous transient model.......ceeerveineeeiiiniineenseiiiensinnnnnen 94
B IOtEOQUCHOM ettt e et e et ee e s e ssassa s e e s ass e s sene s et anessanssssanssesansssensanensasnes 94
5.2 Problem fOrmMUIAtioN ...o.iiciieiiieeiieitietese et esreesreeestsetsssesssessrsssressssssssesssssstsssssssssssesssssnss 94
5.3  MathematiCal tESOIIHON uuviieeieeeeeeeeee ettt eesteeeeessstsestesesseessneesesstesassesssnnssastsasassosaesans 96
5.3.1 Finite difference method ...ttt et e sr s ebe s 96
53.2 Coupling-scheme algotithim ..........cccvvveiireeccn s 98
5.4 SIMUIAtION TESUILS cueevereniiiiiicreeiisreereeisrt st e sts st st ssresree e esssstssseessesnsesnesstssssssesnesssesssntonesnes 100
5.4.1 Comparison with experimental data........ccoeuvocivcicniinicccn, 100
5.4.2 Influence of operating cONAILONS ...vvvivmucmsiiirircri s 103
CHAPTER 6 Conclusions and Recommendations........cccecvuverreeerrnnnecsiiiceeseesesesssenes 106
RELELEICES «.oeuvreeerirererreirerereraseressisesssssessssoressssassessrsrossssosesssssssasassesesssnnassssasessassrssenssen 110



XXV

List of tables

Table 1-1: List of INSUlation MAterIals. ....uvveveveurvererireereceinereereciereereeeeneereretstsresesesssesessesesssssesssens 8
Table 2-1: Physical dimensions of monolith (CPSI=400)/washcoat.....cc.cooerrinrierreniriinnns 18
Table 3-1: Shape factor a for free laminar convection in equation (3.4) [24] ...cccorvevrririnen. 32
Table 3-2: Insulation thickness with different materials ........c.cccceerreneennnernienenerennenenee 34
Table 3-3: Fin effeCtiVenesS .oouer ettt ettt ettt et sae b s e e 43
Table 3-4: Influence of mesh size in the tube without fins ......c.ccocoeviieiiiiiciiniiecceeene 47
Table 3-5: Influence of mesh size in the tube With fiNs .....cccccoeeicinnccciinnecceeeereeenee 48
Table 3-6: Thermal conductivity of different materials...........coovevivoieiiieiiiiieiiie, 52
Table 3-7: Influence of number of fins on fin effectiveness........coovewevevcvceevrcrrccrcuceeceennas 61
Table 3-8: Influence of fin dimension on fin effectiveness.........cccccvvuvevveciicinvcvvicccciiininnan 62
Table 3-9: Influence of different type of fin on fin effectiveness ........couvveiireiviinnririnninnnnes 63
Table 3-10: Influence of mnside temperature of reactor on box dimension .......cccccoevevveveenneee. 66
Table 3-11: Influence of tube and annulus diameter on insulation thickness ......ccccccececunene. 67
Table 3-12: Influence of ambient temperature on msulation thickness ........c.cocoveviereennee, 68
Table 4-1: The inlet gas composition of the ACR ..., 76
Table 4-2: Pre-heater Operation (StIATEEY) ......ccvuvvrveririveirimversiiierinreieisrerssetesessere e sssas s nes 78
Table 4-3: Heat loss from the reactor without methane, Q=140 L/min.....cccceoevereeereernnnes 90
Table 4-4: Heat loss from the reactor with methane........ccccevvnneencnnniinnnnccccnneans 92
Table 4-5: Pressure drop in pre-heater and ACR........coomercce e 93
Table 5-1: Energy and mole balance equations 1n HT 1D-t oo, 95

Table 5-2: Available experimental £eSUIS......co.ovvivivirireceentc s 100



XXVI

List of figures

Figure 1-1: Canada’s 2004 green house gas Inventory [1]. oo 2
Figure 1-2: Schematic of the auto-cyclc 1@ACTOL ....ivivieiiiiiii s 5
Figure 2-1: Schema of the experimental laboratory ACR......c.coviieinienninniininnenennen 11
Figure 3-1: Dimensions of ACR ... 29

Figute 3-2: FEM meshes for alumina silica fiber (31062 elements) with cross sectional box
AIMENSION 30X 30 CNL.uveeeierceiecce ettt ctsaetes sttt et eb e ae sttt s s s sasasasaeies 33
Figure 3-3: Temperature profile for alumina silica fiber with cross sectional box dimension
BOX30 TNttt se sttt sttt e et bttt et ettt n e e 33

Figure 3-4: Maximum side wall temperature of the metallic box vs. box length side of the

FEACTOT wetteuiaeeeeueerteseaceteeee s et e e b ae s eee s s s b sae bbb emt s b e bt e e b e s b s b s e st bdsd e Rt o ao b d e beae AR b s e RSt a e R bbbt e n s 34
Figure 3-5: Temperature profile of Kaowool insulation material around the reactor............ 36
Figure 3-6: Photogtraph of the Pre-heater, showing two of the elements........c.ccooevrverenece. 37
Figure 3-7: Maximum side wall temperature of the metallic box vs. box dimension............. 38
Figure 3-8: Temperature profile of insulation material around pre-heater ............ccecuvvvnnncne. 38
Figure 3-9: Geometry and dimensions of the reactor with fins 1n 2D.......o.oovorrerrinriciinn 39
Figure 3-10: Boundary conditions of fins ..........eveuevieiivieeieriicicenien s 41
Figure 3-11: Temperature profile of the tube ..o, 42
Figure 3-12: Temperature profile of the fIns ... 43
Figure 3-13: Analytical solution of the tube without fins ......ccooevveiveiririicie 46

Figure 3-14: Coarse mesh (188 elements) and finer mesh (12032 elements) for tube without



Figure 3-16:
Figure 3-17:
Figure 3-18:
Figure 3-19:
Figure 3-20:
Figure 3-21:
Figure 3-22:
Figure 3-23:
Figure 3-24:
Figure 3;25:
Figure 3-206:
Figure 3-27:
Figure 3-28:

Figure 3-29:

Figure 3-31:

40X40 cm...

XXVII

: Coarse mesh (465 elements) and finer mesh (29760 elements) for tube with

........................................................................................................................................ 48
Influence of thermal conductivity on total heat transfer........cc..coovveveiviveernininnes 53
Influence of thermal conductivity on fin effectiveness ........coocvvreivceiicncicnnaes 53
Heat transfer coefficients vs. inlet gas veloCity ..o 55
Influence of inlet gas velocity on total heat transfer ..o, 55
Influence of inlet gas velocity on fin effectiveness........ccoeuvivuvrninccincvinineninne 56
Overall heat transfer coefficient vs. inlet gas temperatuse .......ccocevceeuvieiinienennes 57
Influence of inlet gas temperature on total heat transfer .........ccoovrivvirirvinnnnines 58
Influence of variation of inlet temperature on fin effectiveness...........cccceeevnnes 58
Overall heat transfer coefficient vs. outlet gas temperature..........couvuevevvcueveerencnns 59
Influence of outlet gas temperature on total heat transfer.........coccvvvicinvncninnes 60
Influence of variation of outlet temperature on fin effectiveness.......c.ccvuuvueccee 60
Variation of number of fins a) 14 fins, b) 28 fins....cccovvvvvinicccne, 62
Triangular and rectangular fin GEOMELY ... 63
Influence of thermal conductivity of msulation materials on insulation
........................................................................................................................................ 65

Figure 4-1: Schematic of the ACR experimental set-up 1) ACR, 2) Electrical pre-heater, 3 )

Gas supply, 4) Water pump, 5)Gas chromatograph........cccoeeeeiviiiiicccna 72



XXVIIH

Figure 4-2: ACR with insulation and thermocouples in the metallic BOX ....cccovvireernreecennnnne. 73
Figure 4-3: Complete ACR ...ttt 73
Figure 4-4: Inner tube of the ACR With fI1S .....coovceieiiiiiniiiniieisis e 74
Figure 4-5: Catalyst pellets after imptregnation and calcination (0,9% Pd/ALO,) .......oecvueees 74
Figure 4-6: Monoliths before impregnation and calcinations (400CPSI) ......ccoovviirinceriennnnn 74
Figure 4-7: Monolith section 11 ACR .......ocoriiiiiiiiiiiiciec e 75
Figure 4-8: Position of 15 thermocouples in the ACR ..o, 77
Figure 4-9: Adiabatic temperature rise of methane combustion ..., 79

Figute 4-10: Temperature profiles in the ACR as a function of time; T, =350°C, 0.2%

INICHIATIC /BIL cvveeveeveieieet ettt te st este s s s e st s st et e bes st s besasat e s s s sesssbssssasssessarserteereenseabeeaesnsenis 81
Figure 4-11: Temperature profiles in the ACR as a function of time; T,,,=400°C, 0.2%
IEHADNIE /LT oottt st n st e et s neene e s e neentetesreensenes 82

Figure 4-12: Steady-state temperature profiles in the ACR measured after 4-5 hours for

0.2% methane/air flowing at 140 L/min, T

inlet

Z400°C ittt 83
Figure 4-13: The response of the ACR to the decrease in the feed temperature of 0.2%
methane/ait, flowing at 140 L/MiN ..ot 84
Figure 4-14: Steady-state tempetrature profile versus position for the entrance temperature
change, 0.2% methane/air, flowing at 140 L/mif......cccooviimriiniiiiciiecciinssines 84
Figure 4-15: Conversion of methane in the ACR as a function of inlet temperature for
different inlet methane in air concentrations; 140 L/Mmin .......ovveervveevvvivvimveerereeiesneeeseeeresssenes 86
Figutre 4-16: Outlet temperature from the ACR versus inlet temperature for different

INEthANIE COMCEITIATION. «.ccvveeeeeiiiitieeeeeeee ettt eeer e srr e s et e e e st essbeessseesstesabesssatssessnesnssesentssosaessnseas 87



XXIX

Figure 4-17: Maximum temperature inside the ACR versus inlet temperature for different

METNANE CONCENIIAION. 1.veveverererterererierreeeseseceeseeseess s ereseaesse et se st st sae b ebesesntessssbsssbosossbesesesssnonnens 88
Figure 4-18: Placement of the manometer before pre-heater ..o, 93
Figure 5-1: Schematic of the grids ...t e 97
Figure 5-2: Algorithm of the numerical solution according to [16] ....cc.covvvvriereiriicieniiiirnnnne. 99

Figure 5-3: Comparison of the simulated temperature profile (lines) with the experimental
data (points); 140 L/MiN ...ttt i 101
=400°C

Figure 5-4: Molar fraction and conversion of methane with 0,3% methane/air; T

inlet

Figure 5-5: Molar fraction and conversion of methane with 0,1% methane/air; T,,,=350°C

inlet
Figure 5-6: Influence of inlet temperature of the ACR on the simulated temperature profile,
0,2% methane/air; 140 L/MiN..c.c.cooieieiiiiiieiessssssessssssssesesesessssssssssssssssssssssesesssssasassssasas 104

Figure 5-7: Influence of flow rate of the ACR on temperature profile for 0,2% methane/air;

T

inlet

T 500C et eee ettt et ettt s et et e oAt ettt et r e etsan e e e s st entete et aneosserbesone et asans 104
Figure 5-8: Influence of the inlet methane concentration in air on temperature profile in the

ACR; 140 L/min and Ty m450°C coovvoooooeeeeeeoeeeeseseeeoeeeeseseseeeeeseesssesssssmseesesesssmreeesssesse 105



List of appendices

Appendix A: Physical properties of materials...........orvceiviiieiverninnreinnteeeetenece s 114
Appendix B: Analytical solution of the tube without fins .......c.coevomereicvieccinen. 120
Appendix C: Time to heat the ACR and light off.........cccvevvvrviinniniccnne, 121

Appendix D: Mass transfer cotrelations in HT 1Dt oo 123



Nomenclature
Symbols Description
a, Sutface area of channels per unit volume of monolith, or

RN

Cp inlet

CP outlet

Chw

of pellets per unit bed volume
Cross-sectional area of channel or packed bed
Heat transfer surface with fins

Heat transfer surface without fins

Molar gas concentration of feed

Constant pressure heat capacity of gas

Heat capacity of flowing gas at inlet temperature of the
ACR

Heat capacity of flowing gas at outlet temperature of the
ACR

Heat capacity of the monolith wall

Diameter

Effective radial dispersion coefficient in packed bed or
monolith

Effective axial dispersion coefficient in packed bed or

monolith

XXXI

units

mol/m’
J/mol.K or
J/kgK
J/mol.K ot
J/kgK
J/mol.K or
J/kgK
J/molK ot
J/kg K

m

m?/s

m?/s



Symbols

Deﬁ

Description
Effective angular dispersion coefficient in packed bed or
monolith
Hydraulic diameter
Equivalent particle diameter
Fanning friction factor
Momentum exchange force per unit of volume

Molar flow rate of methane

Mass flow rate per unit cross-sectional area

Heat transfer coefficient

Heat transfer coefficient between gas and catalyst surface
Heat transfer coefficient between gas and monolith

Heat transfer coefficient between gas and wall

Heat transfer coefficient between wall and catalyst surface
Heat of reaction

Heat transfer factor

Thermal conductivity

Permeability of the monolith

Gas thermal conductivity
Mass transfer coefficient of methane

Reaction rate constant

XXXII

units

m?/s

m

m
dimensionless
N/m’

mol/s

Kg/m’s
W/m2K
W/m~K
W/m*K
W/m* K
W/m2K
J/mol
dimensionless
W/mK

m2

W/m.K
m/s

m/s



Description
Particle thermal conductivity
Radial gas thermal conductivity in a packed bed
Thermal conductivity of catalyst particle in radial direction
Thermal conductivity of monolith in radial direction
Thermal conductivity of stainless steel
Thermal conductivity of monolith wall
Axial gas thermal conductivity in a packed bed
Thermal conductivity of monolith in axial direction
Thermal conductivity of catalyst particle in axial direction
Angular gas thermal conductivity in a packed bed
Thermal conductivity of monolith in angular direction
Thermal conductivity of catalyst particle in angular
direction
Characteristic kinetic energy per unit of volume
Length
Mass flow rate of air
Molar mass of a substance
Nusselt number
Nusselt number between gas and reactor wall
Nusselt number in monolith channels

Pressure

XXXIIT

units
W/mK
W/m.K
W/m.K
W/mK
W/m.K
W/mK
W/m.K
W/mK
W/mK
W/mK
W/m.K

W/m.K

)/’

m

kg/s

kg/kmol
dimensionless
dimensionless
dimensionless

Pa



Symbols
Py
P,
Pe
Py
Pr
9
9
Gns
Ginside
G outside

qu/itlmut  fins

Q2
Q

Oren
Qinl et
Do
Qoutl et

Re,

Description
Wetted perimeter
Pressure at entrance
Peclet number
Pressute at position L
Prandtl number
Heat flux
Heat flux when the entire fin was at base temperature
Heat flux by fins
Heat flux from inside of the internal tube
Heat flux from outside of the internal tube
Heat flux without fins
Heat flow rate
Volumettic flow rate

Heat generation

Heat flow rate enters the reactor
Heat loss from the reactor

Heat flow rate leaves the reactor

radius
Reynolds number

Bed Reynolds number in a packed bed

XXXIV

units

m

Pa
dimensionless
Pa
dimensionless
W/m?

W/m?

W /m?

W/m®

W /m?

W /m?

W

L/min

W

m

dimensionless

dimensionless



Symbols

Re.

7

(Rews)s

R sithous fins
Sf

t

t

T

T

ambient

T,

&

Tinlet

T,

—

outlet

S

c

Description
Reynolds number as defined in (2.10)
Rate of disappearance of methane at catalyst external
surface
Thetrmal resistance in the case of the tube with fins
Universal gas constant, 8,314
Convection resistance inside of the internal tube
Convection resistance outside of the internal tube
Conduction resistance in the tube
Thermal resistance in the case of the tube without fins
Shape factor
Time
Thickness of the fins
Temperature
Temperature of ambient
Temperature of gas
Inlet gas temperature of the reactor
Temperature at node k in finite difference method
Outlet gas temperature of the reactor
Temperature on catalyst surface
Temperature of ambient

Overall heat transfer coefficient

units
dimensionless
mol/g.s ot
mol/m?s
°C/W
J/mol K
°C/W
°C/W
°C/W
°C/W

dimensionless

°Cot K
°Cot K
°CortK
°CotK
°CotK
°Cot K
°CorK
°CortK

W/m2K



Symbols
Us

u

w

Description
Overall heat transfer coefficient with fins

Overall heat transfer coefficient without fins

Average velocity (when subscripted with 7,3, 6 indicated

velocity component in that direction)
Average superficial velocity

Volume flow rate of methane

Fractional conversion

Mesh size of grid in finite difference method
Mole fraction of methane

Mole fraction of methane in gas phase

Mole fraction of methane on catalyst surface
Shape factor in equation (3.4)

Monolith reactor wall thickness

Bed porosity in a packed bed

Monolith porosity

Effectiveness factor

Viscosity of gas

Viscosity of gas at the wall temperature
Mass density

Mass density of gas

XXXVI

units
W/m2K
W/m>K

m/s

L/s

dimensionless
m
dimensionless
dimensionless
dimensionless
dimensionless
m
dimensionless
dimensionless
dimensionless
Pa.s

Pa.s

3

kg/m

3

kg/m



Symbols
P,
Py

%

Description
Mass density of catalyst pellet

Density of the washcoat

Stress tensor of gas

XXXVII

units
kg/m’
kg/ m’

dimensionless



CHAPTER1 Introduction

In tecent years, one important challenge in industrialized countries all over the world
concerns the climate change and so-called green house effect (GHE) resulting in global
warming. It is known that emissions from fossil fuels combustion are responsible for the
GHE and world-wide efforts are done to reduce the effect of the polluting emissions, such
as the Kyoto Protocol. Among emissions components, catbon dioxide is known to
contribute the most to GHE because of the large quantity that are emitted and that is why,
important efforts must be done to reduce this emission, even if the green house effect of

CO,1s small in comparison to CH, or N,O.

Latge part of the GHE emissions comes from combustion of fossil fuels serving as an
energy source for transportation vehicles. The transportation sector accounts for about one
quarter of Canada’s green house gas emissions and is also a major contributor to smog in
the urban areas (Figure 0-1). Approximately 70 percent of GHG emissions from
transportation are a result of people driving cars and goods being moved by truck and two-

thirds of these emissions are generated within urban areas [1].
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Figure 1-1: Canada’s 2004 green house gas inventory [1]

In the context of GHE reduction strategy for transportation vehicles, natural gas (NG) has
been recognized as an attractive alternative to classical fossil fuels, such as gasoline or diesel.
In fact, the main advantage of NG is the highest hydrogen-catbon ratio (H/C) compating
to other fossil fuels. For the same amount of energy, NG produces not only less CO, but
also less noxious emissions. As an example, NG combustion generates about 23% less CO,
than gasoline, 80% less NO, and more than 99% less SO, [2]. Thus, natural gas is
considered as the cleanest fuel among the existing fossil fuels. Furthermore, NG is available
in large amount at relatively low cost. For example, the two largest natural gas fields are

probably Urengoy Gas Field in Russia and South Pars Gas Field in Iran with resetves of the



order of 1200 TcF'. In Canada, proven reserves of NG are about 57 TcF, while in 2003 the
production was close to 6400 BcF?, which is mote than double the amount consumed in

Canada [3].

The molecule of methane has a very stable structure and it is difficult to combust
completely. Thus, in exhaust emissions from natural gas engines, there is relatively high
level of unburned methane, typically 500-1000 ppm (0,05-0,1%), or even higher when the
engine 1s cold. Since methane contribution to GHE is more than twenty times stronger
than that of carbon dioxide, the unburned methane reduces the advantage of NG. In fact,
this is an obstacle for accepting transport engines using natural gas, even if unburned
methane concentration is small. In this context, reduction of at least 60% of methane
emission should be reached [2, 4]. Catalytic post-combustion treatment could potentially

assure the required reduction of unburned methane emissions.

However, since the methane reactivity is poor [5] and the temperature of the NG engines is
relatively low (<550°C), efficient system requires special design. Moteover, concentration
and temperature of exhaust emissions vary with time. With all these variations, it is difficult
to achieve the autothermicity in a fixed bed reactor because of the creeping phenomenon
which means the movement of the reaction zone with time toward outlet of the fixed bed
reactor [6]. Consequently, the reaction zone can arrive at the outlet of the reactor and the

catalytic conversion will be extinguished.

t Trillion cubic Feet

2 Billion cubic Feet



Cyclic change in flow direction by a series of valves, facilitates keeping the combustion
tront in the catalyst layer [7] and different designs and their applications were proposed [8].
Furthermore, reactor with cyclic feed greatly improves the autothermicity of gas mixtures

containing low fuel concentration having low calorific value [9].

A cyclic feed type of reactor was even proposed for post-combustion treatment of NG
engines [10, 11]. However, these systems are rather complex and thus not very practical for

application in average transportation vehicles.

However, Klvana ez a/. [12] proposed a different reactor (auto-cyclic reactor; ACR) to
mutigate the problem of a creeping zone and demonstrated the feasibility of its application
for a vatiety of fuels [13]. Concurrently, similar type of reactor was also studied by

Sheintuch and Nekhamkina [14].

As shown in Figure 1-2 this new reactor consists of two concentric tubes. The feed enters
the outer annular catalytic bed and at the extremity, the flow returns in counter current
direction by inner tube catalytic bed from where it exits. This ACR 1s applicable for catalytic
combustion and other exothermic reactions and takes the advantage of the heat released by
chemical reaction to warm up the feed flow before the reaction front leaves the catalytic
layer. The heat recuperation makes it possible to re-ignite the reaction at the entrance of the
ACR, giving a self-regulating auto cyclic operation. Thus, such reactor can be called auto-

cyclic fixed bed reactor.



Figure 1-2: Schematic of the auto-cyclic reactor

11 Objectives
This research project is a part of a collaboration project with Centre des Technologies du Gag,
Naturel (CTGN) to evaluate the possibility of ACR operation for eliminating the unburned

methane in exhaust emissions from natural gas buses engine.

The general objective of this work is to improve undetstanding of heat transfer in auto

cyclic reactor.

The specific objectives of this project are to:
¢ Evaluate the heat transfer effect on the performance of the auto cyclic reactor
e Limit the thermal loss from the external tube
® Increase the heat transfer between the two compartments (from the internal tube

towards external tube)



12  Methodology

This section presents the methodology followed to reach the objectives of the project.
Firstly, research activities were done in collaboration with the Ph.D. student M. Zanolett,
aiming to elaborate a model for the catalytic combustion in the ACR in transient regime. As
a starting point, the HT 1D-t model for the catalytic combustion in the ACR was
elaborated. This model was implemented with MATLAB 7.0.1 in order to simulate the
temperature and concentration profiles inside the reactor in axial direction. Efforts were
done to develop the 31D model for the catalytic combustion. However, this 3D model 1s still

in progress and the simulations are not terminated.

Also, two-dimensional simulations of heat transfer were done to model temperature profiles
for the insulation and the fin material of the ACR. To solve energy, mass and momentum
balance equations, various correlations characterizing the heat transfer in the ACR were

needed and literature review was performed to find and justify available correlations.

The correlations found from literature were combined with the appropriate energy balance
to define a 2D model. The resulting model is in partial differential equation with a set of
boundary conditions. However, since the geometry of the ACR 1s complex, no analytical
solution exists and numerical techniques were needed to solve the temperature profile in
the ACR. For that purpose, the commercial software FEMILLAB (COMSOL, Version 3.2)
using the finite element method (FEM) was chosen. Hence, the simplified two-dimensional
simulations of heat transfer in ACR were done and the sensitivity of the model was

evaluated. This study was useful to estimate the insulation thickness and the fin



performance of the ACR in order to propose a configuration of the ACR which improved

its performance and operability, from the heat transfer point of view.

As mentioned before, one of the objectives of this project is to reduce the heat loss from
the exterior tube of the reactor. Therefore, a high performance insulation material should
be chosen and installed atound the reactor in order to decrease the heat loss as much as
possible. The temperature in the reactor is high (300-600°C), thus the insulation materials
should be non-combustible and resist high temperature. The seven insulation materials
studied in this work ate listed in Table 1-1 with their desctiptions, taken from the thermal
insulation handbook [15]. These insulation materials with different thermal conductivities
were studied and compared using 2D model in order to design the insulation part of the

ACR pilot unit.



Table 1-1: List of insulation materials

Kaolin ceramic fiber Flexible rolls or sheets 48 to 64
Kaolin ceramic fiber Flexible rolls or sheets 96 to 128
Mineral wool Formed into blankets 160 to 224

Formed into rope, cord

and yarn 400

Alumina silica fiber

Formed into woven

Silica fibers blankets and felts 96 t0 152

Kaowool [16] Fiber 128

Kaowool [106] Fiber 256

Another specific objective of this project is to increase the heat transfer from the inner tube
towards annulus in order to warm-up the entrance feed of the reactor to improve re-
ignition of the reaction. Extended surfaces are a good choice to enhance the heat transfer
between a surface and a fluid. In fact, application of extended surfaces provides a
combination of conduction and convection systems while heat is conducted through the
material and dissipated to the surroundings by convection. In this work, the choice of 14
mternal fins to transfer the heat of reaction was evaluated using the 2D model under

different operating conditions.

Finally, the new pilot unit of ACR was constructed and experiments were done to study the

reactor performance under real experimental conditions. In this pilot unit, the temperatures



along the reactor length were measured using K-type thermocouples, and concentration of
the outlet gas was monitored by Gas Chromatograph (GC). However, the temperature,
concentration, and flow rate of the reactor feed were controlled by the operator. These
expetimental data were useful to understand the reactor performance in term of methane
conversion and also to compare with the prediction of axial temperature and concentration

profiles given by HT 1D-t model.
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CHAPTER 2 Modeling of auto-cyclic catalytic reactor

This section presents modeling of the ACR for catalytic combustion of unburned methane
in exhaust emissions from natural gas engines. After a btief introduction of the ACR
opetation, the consetvation equations for energy, momentum, and material balances are
derived in this section. Furthermore, cotrelations fot heat transfer coefficients and physical

propetties needed in these balances are presented.

2.1 ACR description

The auto-cyclic catalytic reactor designed for this work consists of two concentric tubes,
which ate made of standard stainless steel AISI 304 with dimensions given in Figure 0-1.
The catalytic bed consists of a combination of pellets and catalytic monoliths. The gas
enters through a layer of bate precalcined Alcoa CSS100 3/16 alumina pellets (Zone 1), and
then passes through the fins filled by catalytic pellets (0,9 wt%Pd/ALO,, Zone 2) and
finally flows into the annular monolith section (Zone 3). At the extremity (Zone 4), the gas
enters in counter current direction in the central compartment filled with 6 pieces of
monolith (Zone 5) followed by 0,9 wt%Pd/ALO; catalyst pellets (Zone 6) before exiting
the reactor. The outet region of the inner tube is equipped with rectangular outer fins to
improve the heat transfer from the inner part toward annulus. This physical coupling of
heat transfer between the outlet (inner tube) and inlet (annulus) of the reactor, improves the
autothermicity by providing continuous heat recuperation; if the front moves to the outlet

of the reactor, its heat may re-ignite the incoming feed in the annulus and a new cycle
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begins. In order to decrease the heat loss from the ACR, the reactor should be wrapped

with an insulation material and enclosed in a metallic box.

§“‘r“5

L VL L,
Zone 1 Zone 2 Zone3 Zone 4

Alcoa CSS100 3/16 alumina pellets % 5,25 cm L,=18 cm

du=102 L,=28 cm
3-mm spherical catalyst pellets o~ 10,2 cm s=28 ¢

L;=50cm Ly=25cm

Cordierite washcoated monoliths

Figure 2-1: Schema of the experimental laboratory ACR

2.11 Catalyst

Supported palladium oxide has been found to be the most efficient catalyst for the
oxidation of methane to carbon dioxide and water under lean butn conditions [4]. Hence,
the catalytic bed in the ACR consists of commercial 0,2 wt%Pd/ALO; of 3 mm pellets
(Procatalyse PC263) enriched with Pd to teach 0,9 wt%Pd in order to increase its
performance. This catalyst was impregnated with an ammonia solution of PdCl, (12,5
mg/ml) and was calcinated at 650°C for 12 houts in air to convert to palladium oxide which
is more active than palladium for methane combustion. The resulting enriched PC263

catalyst (5,5 g Pd/L) is mote active than the original catalyst.
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The other part of catalytic bed consists of a highly active PdO catalyst supported on
alumina coated cordierite monoliths (400 CPSI), which gives high geometric area and low-
pressute drop through the system. The monoliths were coated with Y-alumina stabilized by
2% CeO, (91 wt%) and then impregnated by an ammonia solution of PdCl, (25 mg
Pd/ml). Finally they were calcinated at 550°C for 12 hours. The resulting monoliths (6 g

PdAO/L) are highly active.

2.2  Balance equations
The basis of reactor analysis is to derive the conservation equations for energy, momentum,
and mass. Each of these equations has a paramount importance since they describe the

relation between temperature, velocity and concentration inside the ACR.

In packed bed reactors, the balance equations could be based on a pseudo-homogeneous or
heterogeneous model. In pseudo-homogeneous model, the reactor bed is considered as a
single continuous phase, defined by single balance equation. Heterogeneous model
considers the fluid and the solid phase separately, hence balance equations are written for

each phase.

The pseudo-homogeneous model gives a simplified prediction of reactor performance,
considering continuity of temperature and neglecting the difference between fluid and solid.
However, in the ACR there 1s a significant temperature difference between gas and solid. In

that context, assumption of temperature continuity between the phases seems inappropriate
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to model the gas-solid flow in the ACR and that 1s why it is preferred to use heterogeneous

two-phase model.

For a catalytic combustion, the energy, momentum and mass balances are indeed dependent
and should be coupled. Since coupling of these balance equations is mathematically
difficult, many cotrelations are necessatry and simplifications are often useful. For instance,
when the pressure drop in catalytic combustor is low, coupling with momentum balance
may not be necessaty since its effect on the solution of the mass and energy balances i1s
small [16]. Since, temperature has a significant effect on the rate of reaction, energy and

mass balance must be solved simultaneously.

Moteovet, because the fluid flows through the porous media formed by the randomly
packed particles, the velocity profile in a packed bed is quite complex. The macroscopic
velocity profile in the central part of the packed bed is mostly flat and increases near the
wall boundary. However, this rise is negligible and the velocity profile can be considered flat
along the cross sectional area of the bed [16]. Furthermore, in monolith channels the
velocity 1s maximum at the centerline and minimum at the wall. Nevertheless, again this rise
is negligible and the velocity distribution is considered uniform. In short, the superficial
velocity (#) which 1s the velocity based on the total cross sectional area is utilized mn this
project. The superficial velocity is computed by dividing the volumetric flow rate of the gas
by the cross sectional area of the bed. This assumption gives the opportunity to consider a

constant velocity profile in the energy balance.



14

2.2.1 Energy balance equation
Energy balance equation permits to describe the temperature changes along the reactor
while the reaction proceeds. Energy balance equation is required for estimating the amount

of energy transferred between different sections of the reactor.

The general form of energy balance for steady-state is

liRateofenergy }_[Rate of energy }_ 0 2.1)

entering the system | | leaving the system

Since catalytic combustion in the ACR involves heterogencous reaction: the methane is in
gas phase and the catalyst is in solid phase, the energy balance equation is applied for gas

and solid phase separately.

The energy balance for gas phase in packed beds is given by

101, el 2f, T\, 10}, o Yy T,)=0 2.2
r or " or dy| ¥ oy o0 " 06 PGP dz g.ﬂ,ﬂ}' “g)_ ’ 22)

where 7 is the radius, £, , £, and £, are the thermal conductivity of gas in radial, axial, and

angular direction, p,and Cp, are density and heat capacity of the gas respectively, 4, is the
heat transfer coefficient between gas and catalyst surface, 4, is surface area of the pellets per
unit bed volume, T, is the gas temperature, T is the temperature on catalyst sutface, 2 is the
supetficial velocity of gas which would exist in the tube if the packing were absent. It is

related to the average velocity in the potes of the bed (interstitial velocity ») by

V.=EV. 2.3)

A
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where ¢ 1s the bed porosity considered constant.

The enetrgy balance for the gas phase in the monolith section is simiar to the energy
balance for the gas phase in packed bed. It should be noticed that the porosity of the

monolith 1s different from the packed bed.

The energy balance for solid phase in packed beds is given by

10 oT 0 aT, | 1 d oT
; ar|: Tk, —ér_} gl:'é;v a‘: :l 90 |:'é0.c a_ﬁf}' AHyn(-Repy )5 p.(1-¢)

+h,a(l,-T.)=0

g

24

where 7 is the radius, £, £, and £, are the thermal conductivity of catalyst particles in

radial, axial, and angular direction, p, is density of catalyst pellet, AH; is the heat of

reaction, 7 is the effectiveness factor of catalysts, (-R.,)s is the rate of disappearance of
methane at catalyst external surface, b, is the heat transfer coefficient between gas and
catalyst sutface, g, is the surface area of pellets per unit bed volume, T is the temperature on

catalyst surface, ¢ is the bed porosity.

The energy balance for solid phase in monolith section is given by

19 oT. | d aT, | 1 d aT,
/é 5 _ 5
r ar[ ™ ar }_l‘ a'Z [/éqm av } 7" aﬁ [/éﬁw aﬁ } a AHR’](R(HJ)X

" @5
b (T -T,)=0

where £ /é ,and £

(2

are the thermal conductivity of monolith 1 radial, axial, and angular

O

direction, 4, 1s the heat transfer coefficient in the monolith, and 4, is the surface area of
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channels per unit volume of monolith. It should be noticed that the units of (-R.y,), vary
for packed bed and monolith section. The unit of (-R ;) , is (mol/g.s) in packed bed and

(mol/m’s) in monolith section.

To deal with these energy balance equations it is necessary to define heat transfer
coefficients and thermal conductivities. In addition, the bed to wall heat transfer coefficient
and the fins heat transfer coefficients must be defined since they are involved in boundary

conditions defining the differential equations of these energy balances.

Because of the high operating temperature, heat transfer by radiation between reactor wall
and flowing gases should in principle be considered. However, due to small dimensions of

the system, the radiation interactions can be neglected [16].

2.2.1.1 Heat transfer coefficients

2.2.1.1.1 Heat transfer coefficients in packed beds

In literature, there are many cotrelations for heat transfer coefficients in packed beds. Hayes
and Kolaczkowski [16] desctibed the heat transfer coefficients in terms of dimensionless /

factor

. b;g.r 2/3
=2 (2.6)
G

&8

where G is the mass flow rate per unit cross-sectional atea (G = p,,). The Prandtl number

(P#) 1s defined as
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pr=- @.7)

Bird ez al. [17] suggested the following correlations which fit the most experimental data
J=091Re}7'S, Re, <50, (2.8)

J=061RES, Re, > 50, (2.9)

I
where S is the shape factor, which is 0,79 for a Rashig ring, 0,91 for a short cylinder, and 1

for a sphere. As alumina pellets were used in the ACR, §=1 should be employed. The

Reynolds number (Re ) in equation (2.8) and (2.9) 1s given by

prD, GD,
Re,=—£0 = , 2.10)
To6(1-guS,  6(1-gus,

where D, is the equivalent particle diameter, 4 is the viscosity of gas, ¢ is the bed porosity
and determined experimentally as 0,42, which is in the typical range of bed porosity for

packed bed [16] , p, is density of ideal gas obtained from

_ M

Pi= T 2.11)

Thus, the heat transfer coefficient between gas and solid particles in packed beds can be

estimated from equations (2.6) to (2.11).

The porosity of the monolith is the ratio of flow area to total area which is the area available
for the flow passing through the channels. The dimensions of the monolith are shown in
Table 2-1. The porosity of the monolith was estimated around 0,66 [16] for the coated

monolith.
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Table 2-1: Physical dimensions of monolith (CPSI=400)/washcoat

Inside channel width (uncoated) 1,1 mm

Wall thickness between channels 0,15 mm
Washcoat cross sectional atea 0,175 mm”

Wetted perimeter of channel (with washcoat) 3,8 mm

2.2.1.1.2 Bed to wall heat transfer coefficients in packed beds
There are two wall heat transfer coefficients involved in the reactor. One 1s the heat transfer
coefficient from the solid particles to the wall (5,) and the other is heat transfer coefficient

from the gas to the wall (4,,) [16].

For the solid particles, heat transfer coefficient from the solid to the wall is defined as

b =212% 2.12)

P2
D/’

k. 1s the thermal conductivity of the particles and D, is equivalent particle diameter.

For the gas phase, correlations between Nusselt, Reynolds and Prandlt number are used to
estimate the heat transfer coefficient between the gas and the wall (4,). Yagi and Wakao
[18] presented the Nusselt number (N#,) as a function of bed Reynolds number (Re)) and

o

Prandlt number

Nu,, =0.6Pr'""Re,” 1< Re, <40, (2.13)

Nu,, =0.2Pr'"Re,* 40 < Re, < 2000, (2.14)
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where Re, is the bed Reynolds number given by

GD
Re, =—21, (2.15)
7

Since the Nusselt number at the wall is defined by

_hD,
& k ?

kS

Nu

(2.16)

the heat transfer coefficient between wall and gas 4,, can be calculated from equation (2.16)

with /ég the thermal conductivity of the gas and Dp the equivalent particle diameter.

2.2.1.1.3 Heat transfer coefficient for fins

Many studies deal with the estimation of heat transfer coefficient on fins. In general, there
are two heat transfer coefficients for fins to consider; heat transfer coefficient at the tip
and heat transfer coefficient on the lateral part of fins. Heat transfer coefficient at the fin
tip is often assumed equal to heat transfer coefficient on the lateral or taken to be equal to
zero which is adiabatic tip condition [19]. Furthermore, Razelos and Kurikkis {20] showed
that the difference between the two cases is negligible in most of the cases such as for
effective fins which increase the heat transfer between the primary surface and adjacent
fluid. Based on these studies, in this work it was assumed that the heat transfer coefficient

at the fin tip is equal to the heat transfer coefficient on the lateral.

In the present work the assumption of uniform heat transfer coefficient was applied which

means the heat transfer coefficient is not a function of position on the lateral surface of the
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fins. Furthermore, heat transfer coefficient from gas to wall (4,) in packed beds was

employed as the heat transfer coefficient on fins surface

0.2Pr"" Re,” &,
Il’g - 9y
Dl)

2.17)

where Pris the gas Prandtl number, Re, is the bed Reynolds number, £, is the gas thermal

conductivity, and D, is the equivalent particle diameter.

2.2.1.1.4 Heat transfer coefficient in monolith channels

Each channel of the monolith can be considered as a tube. Thus, the empirical relations for
pipe and tube flow can be employed. Since the maximum Reynolds number in monolith
channels is less than 400, the heat transfer coefficient can be evaluated by the empirical
correlations for laminar flow. Sieder and Tate [21] proposed a empirical relation for laminar

flow heat transfer in tubes

Nu, =1.86(Re Pr)’”(l—)Ll J AN | 2.18)

where Re 1s the Reynolds number in monolith channel, Pr is the Prandlt number at bulk

temperature, L is the length of monolith, 4 is the gas viscosity at bulk temperature, 4, is

the gas viscosity at the wall temperature, and D,, is hydraulic diameter defined by

44
DH = (@ s (219)

P
P,

where A, is the cross sectional area of the flow and £, is the wetted perimeter.

Heat transfer coefficient in the monolith channel can be obtained by
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: (2.20)

wherte £, 1s the thermal conductivity of the gas at bulk temperature.

2.2.1.1.5 Physical properties

In heterogeneous energy balance given by equations (2.2), (2.4), and (2.5) thermal
conductivities in axial, radial, and angular directions are required for the solid phase and for
the gas. Dixon and Cresswell [22] showed that solid thermal conductivities in packed bed
are a function of bed porosity, gas thermal conductivity and thermal conductivity of

patticles (alumina)

k,
1)
_2k,(1-¢) £,

( b 05 2
RN IR
’ép ok

4

/él)

V4 + .
p| S| BT BT , (2.21)
Bk, | 2 { /eB}

Where

1 10/9
B=C {—i} , (2.22)

&

and C=1.25 for spheres and 1.4 for crushed particles.
The effective axial thermal conductivity in the monolith section can be related to the

thetmal conductivity of the monolith wall (£,) and monolith porosity (¢,)

k, =(1-¢,)k,. (2.23)
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The effective radial and angular thermal conductivity of the monolith depends on the

monolith structure.

For the gas phase, radial, axial, and angular thermal conductivities can be calculated from

equation (2.24) through (2.29) [22] with

GCp,D
k, = i ') , (2.24)
(Pe),
_C D, , (2.25)
ST,
and
GCp,D
s el (2.26)
- ﬂ)e)ﬁg

Peclet number (Pe) in radial, axial, and angular direction can be estimated from equation
(2.27) through (2.29) respectively

1 0.66e

- 0. 7+ > (2'27)
ﬂ’e)yg Re, Pr
1 _ 073 + 0.5 ’ (2.28)
(Pe),  Re,Pr - 9.7¢
Re, Pr
and
=4 200 (2.29)

(Pe),, e RebPr.
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2.2.2 Continuity and momentum balance equations
The equation of continuity is employed to relate the density and velocity of the gas as

follows
.:..a%(gpgm,ﬁa%(gp v{)+§%mvﬁ) =0. (230)

Momentum balance equations provide information about the varation of velocity and
pressure profile across the reactor. Since there may be a large temperature gradient in
catalytic combustion reactor, density and viscosity are not constant and their variation

should be considered 1n momentum balance.

The general form of momentum balance i steady-state regime 1s

[Rate of momentum} B [Rate of momentum} N [Sum of forces } _0. 2.31)

entering the system | | leaving the system acting onthe system

As mentioned in section 2.2, there are in fact two phases involved in the ACR, which are
the solid catalyst and the flowing gas. To apply momentum balance for the whole volume
of ACR (gas and catalyst), bed porosity and momentum exchange (F) between gas and solid
catalyst should be considered in momentum equation. Equation (2.32) represents the
equation of momentum in packed bed

V.iepm)-V. ez, )+eVp+F=0, (2.32)

where ¢ 1s bed porosity, which 1s constant, 7, is stress tensor defined in equation (2.33) by

Newton’s law of viscosity

_ 2 T
7 = (&, -;,u)(V.v)—,u[(Vy)+(Vv) } (2.33)
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The definition of the momentum interaction between solid and gas (F) is not trivial and
empirical correlations are often used. The term F represents the force per unit of volume
assoclated with the kinetic behavior of the gas. For instance, Tiemersma e 4/. [23] defined

the momentum interaction force in the packed bed reactor by Ergun equation

e U e
F :750_(.7__25.)_._/[_6”;1.;.7.757__‘{_‘&’
&£ D; £ Dp

(2.34)

where ¢ is the bed porosity, #, is the superficial velocity, and D, is particle diameter.

The monolith section can be considered as a porous media and I can be derived by Darcy’s

law

vyl

Il
& |

Ty

<

(2.35)

mTs?

where K,is the apparent permeability of the monolith that presents the ability of the

monolith bed to transmit the fhud. This force can be defined as the product of the
perimeter of cross sectional atea of the monolith channel P, the length of the monolith L,

the characteristic kinetic energy per unit of volume K, and the friction factor f [17],
F=PLKf. (2.36)
For fully developed flow, the force balance on the reactor in the direction of the fluid is
F=®-P )A., (2.37)
where P, 1s the pressure at entrance, P, is the pressure at position L and, 4. is the cross

sectional area. Combining the equation (2.36) and (2.37), using the definition of the kinetic

energy per unit volume, and 1solating the term of pressure
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B-h)_2 ),

v f, 2.38
T p” v (2.38)
D,, is hydraulic diameter 1s defined by
D, = A . (2.39)
By

Applying equation (2.38) and Darcy’s law, the permeability &, is expressed as

T — (2.40)
— |pw
( D, jp J
Friction factor can be estimated by
14.227
= ) 2.41
f== @41

2.2.3 Mole Balance Equation
Mole balance equation provides information about the composition of the species and

variation of concentration along the reactor.

The general form of mole balance in steady-state regime is

Molar flow of | | Molar flow of Disappearance
methane into  |-| methane out of |-| of methane =0. (2.42)

the system the system by reaction

Equation (2.43) shows the mole balance equation of methane i gas phase in radial, axial,

and angular direction.
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10 aYCH d aYCH 10 oY, (H a(C 4 ch )
——\|\m C —\+—~| D C — \+——|D.C -4
ror (r T4 or ) aq( . ool " 96 dz (2.43)

,00,4C,(Yen, o - Yeu, ) =05

where D,, D,, and D, are the effective radial, axial, and angular dispersion coefficient in

packed bed or monolith bed respectively, C, is the feed gas molar concentration, Y, 1s the

mole fraction of methane, #, is the supetficial velocity, £, 4, is the mass transfer coefficient

w1,
of methane, 4, is the external surface area of the catalyst packing per unit volume of reactor.

It should be noticed that the dispersion coefficients and bed porosity in the packed bed and

the monolith section should be distinguished.

Mole balance equation for the solid phase in packed bed is shown by equation (2.44), which

is a balance between mass transfer and reaction rate.

7 a aYCH 5 a aYCH 5 7 a aYCH s
M C ——i+—| D C —=- D C 2
r ar( T8 or ) 8‘7( R I r 0\ 7T 98 (2.44)

NRey, )P AT-8) T &, o, ,C Yen, g Yen,,) =0

(-Repp), 1s the rate of disappearance of methane at catalyst external surface, £, 1s the
mass transfer coefficient of methane, C,is the feed gas molar concentration of gas, 7 is the

effectiveness factor of catalyst, and p, is the mass density of catalyst pellet.

Mole balance equation for solid phase in monolith section is described by equation(2.45)

19 Yy, d Y, 7 0 e
D C —= D C —— D, C -
rar( Tf o JJra"[ R r L 96 (2.45)

(- Rcm )t 'é;}z,CH4Cg (YCH4, o LH4,:) =0.




Equations (2.43), (2.44), and (2.45) describe the mole balance equation for methane. For a
single reaction, only one mole balance equation is required and the concentration of other

species can be obtained by the stoichiometry of the reaction.

2.3  Summary

This section presented the operation of the reactor and a description of the catalyst material
used in the ACR. Afterward, the balance equations for energy, momentum, and mass
governing the ACR, were discussed in this part. Correlations from literature for heat

transfer and thermal properties were also presented.

The presented balance equations are partial differential equations that must be solved by
numetical methods. In the following chapter the strategy used to solve these equations is

presented.
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CHAPTER 3 Numerical simulations of heat transfer

As presented in chapter 2, temperature, velocity, pressure and concentration of methane in
ACR are governed by partial differential equations. For the complex three-dimensional
geometry of the ACR, direct analytical solution does not exist and numerical methods were
needed to solve balance equations presented in chapter 2. In this chapter, finite element
method was used to model heat transfer in ACR. These simulations were performed to

estimate the insulation thickness around the reactor and the fin performance.

3.1 Numerical methods

Numerous numerical methods were developed to find approximate solutions for partial
differential equations involved in many engineering problems. Classical techniques are finite
difference method (FDM), finite element method (FEM), and finite volume method
(FVM). In this section, finite element method was chosen as a reliable technique to solve

the partial differential equations involved in describing operation of the ACR.

311 Finite element method and software

Finite element method was developed in the mid 1950’s to solve the complex geometry in
transport phenomena problems. This robust method allows dealing with non-linear
equations, complex geometries, and different boundary conditions. Another advantage of
FEM is the possibility of using not only uniform meshes, but also non-uniform meshes of
different element sizes in different parts of the domain. FEM uses interpolation function
defined on each element of the mesh giving a continuous interpolation of the unknown

variables over the entire domain based on discrete nodal values. In general, linear or



quadratic basis can be chosen for these interpolation functions and discrete values of the

variables are found by the resolution of a system of equations.

FEM implementations are now part of many commercial softwares available for engineers,
such as FEMLAB (COMSOL, version 3.2) chosen in this project. In most of these
softwares, the user needs to create the geometry, generate the mesh, select the desired
physical equations and define the boundary conditions in order to properly define the FEM
problem. One advantage of FEMLAB is the possibility to define user expressions, which
permit to employ non-isothermal physical properties. Moreover, recent FEMLAB software
is able to deal with multiphysics problems, which are suitable for the future development of

complete ACR model with coupling of energy, momentum and materials balances in 3D.

3.2 ACR 2D model simulation
The auto-cyclic catalytic reactor consists of two concentric cylinders of 50 cm long
standard stainless steel pipe; the annular tube has 10,2 cm inside diameter with thickness

0,15 cm and the central tube has 5,25 cm inside diameter and thickness 0,39 cm.

50om

A 4

10,2 em

Figure 3-1: Dimensions of ACR
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The aim of this section is to model the temperature profile of msulation material,
temperature profile of fins, and to estimate the fin performance. For this purpose, only
energy balance equation was employed. Thus, the application mode of heat transfer by

conduction was selected in FEMLAB with steady-state model.

For three-dimensional simulations of heat transfer by conduction in the ACR, temperature
profile of the gas should be specified to define the boundary conditions of the problem.
Since this temperature profile should be determined by solving the complete multiphysics
problem of the ACR, simplified model was considered in this project. The inlet and outlet
gas flows were considered at same constant mass velocity and at temperature of 400°C and
600°C respectively as the boundary conditions. Moreover, there is symmetry of heat
conduction in axial direction, thus only two-dimensional (cross sectional) geometries were

used for all of the simulations performed in this chapter.

Since the concentration of methane in exhaust emissions from natural gas engine is very
low (~1000 ppm) and it 1s desired to have no methane in outlet of the reactor, the physical

properties of air were used for the gas as the first step of approximation.

3.21 Insulation
The reactor must be wrapped with insulation material and placed into a metallic box in
order to decrease the heat loss from exterior tube of the reactor. The purpose of this study

1s to find an insulation material requiring the smallest thickness of insulation. Hence, the
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idea is to estimate, for different material, the smallest box dimension having the reasonable
temperatures on the surfaces of the box during the ACR operation. For security reasons,
60-65°C was considered the reasonable temperature on the surface of the metallic box. This
temperature is in fact an upper limit that one can touch the metallic box without risk of

burning.

3.2.1.1 Mathematical model

For the insulation part, the heat balance equation 1s
p2LV.wv=0, 6.1
4

where T is temperature, 0 is density of insulation, Cp is heat capacity of insulation material,
£ 1s thermal conductivity of insulation, and () is heat source which is zero in this case.
When a steady-state is reached, the temperature does not change with time, thus 07 /9¢ =0
and the first term of equation (3.1) disappears, leading to

V.(VT)=0. (3.2)

3.2.1.2 Boundary conditions
Since the side walls of the box have convection heat transfer with ambient ait, heat flux
boundary conditions were assumed on side walls

n(kVT)= T, T), (3.3)
where 4 is the heat transfer coefficient on side walls of the box and it was estimated for

each side of the box separately [24]



1/4
b= a(%) , (3.4

where o is a factor depending on the type of convection and the surface (Table 3-1), AT is
the temperature difference between box wall and ambient, and L is the length of the box

side.

Table 3-1: Shape factor « for free laminar convection in equation (3.4) [24]

Vertical plane 1,42

Heated horizontal plate facing 132
upward ’

Heated horizontal plate facing 0.59

downward

Furthermore, the maximum inside temperatutre of the reactor was fixed at 600°C all along
the length and continuity boundary conditions were chosen for interior boundaries.

n(k VT -£VT,)=0 (3.5)
In addition, all the thermal conductivities involved in equation (3.2), (3.3) and (3.5) were

considered a function of temperature (Appendix A).

3.2.1.3 Insulation thickness and temperature profile

Seven different non-combustible insulation materials were investigated using seven box
dimensions from 25 cm to 55 cm, in order to determine the appropriate insulation material
for the ACR. For each box dimension, FEM mesh was generated, temperature iaroﬁle was

simulated for each insulation material, and surface temperatures on side walls were
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compared. An example of mesh and simulated temperature profile is given in Figure 3-2
and Figure 3-3 while the results of all the simulations are summarized in Figure 3-4 and

Table 3-2.

Figure 3-2: FEM meshes for alumina silica fiber (31062 elements) with cross

sectional box dimension 30%30 cm
Max 600°C

527
427
327
227

127

Min 33°C

Figure 3-3: Temperature profile for alumina silica fiber with cross sectional box

dimension 30x30 cm
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Figure 3-4: Maximum side wall temperature of the metallic box vs. box length side

of the reactot

Table 3-2: Insulation thickness with different materials

Kaowool 256 0,098 15 40x40
Kaowool 128 0,111 17,3 45X45
Silica fibers 128 0,120 17,3 45X45
Kaolin ceramic fiber 112 0,125 17,3 45X%45
Mineral wool 192 0,150 20 50x50
Alumina silica fiber 400 0,163 20 50%x50
Kaolin ceramic fiber 56 0,170 223 55%55
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As expected, by increasing the box dimensions the surface temperature on side walls
decreases. Also, the insulation with the material having the smallest thermal conductivity
requites the smallest insulation thickness. The insulation thickness is the length of the box

minus the diameter of the reactor.

As documented in Table 3-2 the use of Kaowool leads to the smallest insulation thickness
among the studied materials by considering reasonable temperature on side walls of the
box. Therefore, the box dimension for the ACR was estimated as 40X40 cm with Kaowool

insulation (p =256 kg/m’) and the hottest zone on upper wall and side walls is at

60-65°C as shown in Figure 3-5.

Moreover, the two-dimensional heat loss from the reactor was estimated by FEMLAB. This
amount is the result of integration of heat flux g over the exchange boundary I" as presented
in equation (3.6). The heat loss from the reactor box (40X40 cm) per unit length using
Kaowool was computed as 163 W/m. The overall heat loss from the reactor can be
estimated by multiplying this amount by length of the reactor box (70 cm). Thus, the overall

heat loss from the reactor 1s 114 W.

Q= [qar (3.6)

r
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(o]
T =65°C Max 600°C

527

"1 427

} 307

T, =63°C T, . =63°C

227

127

40 cm

A
v

Min 29°C
T,..=96°C

Figure 3-5: Temperature profile of Kaowool insulation material around the reactor

3.3 Pre-heater 2D model simulation
The pre-heater (Figure 3-6) consists of four heating elements (1,33 cm) with total power of
4280 W to warm up the entrance feed of the ACR to the typical temperature of exhaust

emissions from natural gas engines. The pre-heater tubes housing the heating elements

have the internal diameter of 3,2 cm and length of 25 cm.
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Figure 3-6: Photograph of the Pre-heater, showing two of the elements

3.3.1 Insulation

The same insulation material was used for pre-heater section in order to decrease the heat
loss. The objective is to estimate the box dimension by having still the same reasonable
temperatutes on the box sutfaces (60-65°C). The same boundary conditions as for the box
surfaces for the ACR were used here and the maximum inside temperature of the pre-
heater was fixed at 550°C. The same insulation material Kaowool fiber was used to wrap

the pre-heater.

Figure 3-7 shows the variation of maximum surface temperature on the box versus the box
dimension. To maintain the reasonable temperature on the box surfaces, the length side of
the box was estimated as 35 cm demonstrated in Figure 3-7. In addition, Figure 3-8
presents the temperature profile of insulation material for the pre-heater. The two-

dimensional heat loss from the pre-heater was calculated to be 150 W/m by integrating the
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heat flux ¢ over the total exchange boundary I'. Thus, the estimated overall heat loss from

the pre-heater being enclosed in a box 40 cm long is 60 W.

x®
o]

~J
Ul
Il

-1
[a]
!

-

. * Kaowool(p=256 kg/m3)

Maximum side walls temperature (°C)
o
S

40 T T T T T
20 25 30 35 40 45 50 55

Box dimension (cmy)

Figure 3-7: Maximum side wall temperature of the metallic box vs. box dimension
T, =65°C Max 550°C
527
477
427
377
327
T,...=63°C

T,...=63°C 277

227
177

127
77

3dm —m8 >

T, =96°C

A

Min 29°C

Figure 3-8: Temperature profile of insulation material around pre-heater
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Fourteen straight fins of rectangular profile were welded around the inner tube to improve

the heat transfer toward annulus in the ACR in order to warm-up the entrance feed of the

reactor and re-ignite the reaction. This number of fins was recommended by «Thermafin»

company (located in Montreal) as an optimum number of fins, on a tube of diameter 5,25

cm. In this project, the performance of fins for improving heat transfer in the ACR was

studied using FEM model of ACR.

The cross sectional geometry of the reactor with fins section and dimension of the fins are

presented in Figure 3-9. The objective is to obtain the temperature profile, quantify the

heat transfer in the presence of fins and finally estimate the fin performance.

d, annulus 10,2 cm
d,_tube 525 cm
annulus thickness 0,15 cm
tube thickness 0,39 cm
fin height 1,6 cm
fin thickness 0,32 cm
fin length 18 cm
no. of fins 14

Figure 3-9: Geometry and dimensions of the reactor with fins in 2D
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3.41 Mathematical model
Since the heat transfer m fins proceeds by conduction, the same equation (3.2) was

employed in FEMLAB simulation.

3.4.2 Boundary conditions
In view of the fact that the gas enters between the fins and returns in counter current
direction by the internal tube, heat flux boundary conditions were assumed on the fin
surface and on the mternal tube wall as shown in Figure 3-10. Equation (3.7) represents
the heat flux boundary condition,

n(&NVT)=h,(T,-T). (3.7
T, 1s the temperature of the gas and T is the temperature of the wall which is variable, and
£ 1s the thermal conductivity of fin material (stainless steel). As mentioned in section

2.2.1.1.3, the heat transfer coefficient between wall and gas in packed beds is defined as,

_ 0.2 Prgi/ﬁ RebO'X £,

g
D[’

b (3.8)

For purpose of simulation, the temperatute of the inlet gas was fixed at 400°C as a typical
average temperature of exhaust gases from mnatural gas fuelled engines while the
temperature of the outlet flow was assumed at 600°C, which is the maximum expected

temperature in the reactor.
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Heat flux boundary
T, =400°C
hug2=169 W/m2K

boundary
T, =600°C

hyyr=181 W/m2K

Figure 3-10: Boundary conditions of fins

3.43 Fin performance calculation
Fin performance can be expressed either as fin efficiency or fin effectiveness. Fin
efficiency i1s defined as the heat transferred by the fin over the heat that would be

transferred if the thermal conductivity of fin were infinite.

Fin Efficiency = Do (3.9

9
where g, is actual heat transferred by fin and ¢, is the heat that would be transferred if the
entire fin was at base temperature. The fin efficiency was estimated approximately 0,65 for
the same geometry and the same operating conditions in ACR using charts provided in

[24] page 46.
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On the other hand, fin effectiveness is defined as the ratio between the heat transferred

with fins and the heat which would be transferred without fins

Fin Effectiveness = —?ﬁL (3.10)

G vithont fins
In this case, we need to know the heat transferred for the two situations, with and without
fins. Both can be computed easily from FEM solution by integrating heat flux 4 over
exchange surfaces I', representing the perimeter simulated temperature profile using

equation (3.6).

The temperature profile for the case without fins 1s shown in Figure 3-11 and result of the
simulation for temperature profile for the case with fourteen fins is presented in Figure

3-12.
Max 498.2°C

498

-
Ll 497
496.5

496

495.5

Min 495.3°C

Figure 3-11: Temperature profile of the tube
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Max 459.3°C

457

452

447

442

437

432

Min 427.4

Figure 3-12: Temperature profile of the fins

Using temperature profile of Figure 3-11 and Figure 3-12, the fin effectiveness was
estimated and is shown in Table 3-3.

‘Table 3-3: Fin effectiveness

As a conclusion, by adding the fourteen fins in this case the rate of heat transfer increases

by a factor 1,4.
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Moreovet, for the case of the tube without fins, analytical solution can be found because of
the simplified geometry and boundary conditions; in fact this 1s a one-dimensional problem
(see Appendix B). Equation (3.11) shows the total heat flux in the tube without fins which
is the ratio of overall temperature difference to the sum of the thermal resistances

27A4T,

thont fins 3.11
qzmlm/n‘ Sins L N /” (7'2 /,} ) . L ( )
nho kg b
Thermal resistance in the case of the tube without fins is expressed as
7 In(r, 7
without fins = + ”(r./’}) + s (312)
5 2mh, 2mk,  21nb,
hence
AT,
qﬂ’if/lal/l Jins = (313)

“without fins
The analytical solution for the tube with fins is not available because of the complex

geometry, however the total heat flux with fins can be expressed as

AT,
.= =, 3.14
q_/mt Rﬁm ( )
Since fin effectiveness can alternatively be expressed as
—. . _ Rn'illmltl Jins
Fin Effectiveness = ——— | (3.15)
fins
Equation (3.15) and data in Table 3-3 indicate thatR , <R, ... -

3.44 Influence of mesh size
When using numerical techniques such as finite element methods, it is always important to

check the influence of mesh size on simulation results in order to choose an appropriate
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mesh size. From FEM theory, it is known that the numerical error of a FEM solution
reduces by decreasing mesh size. In practice, the choice of the mesh size for the simulation
of most real industrial applications (including the ACR) is a compromise between CPU

time, memory, available disk space, and the desired accuracy.

In this project, influence of mesh size was first mvestigated for the case of the tube without

fins where analytical solution 1s available because of the simplified geometry and boundary

conditions (Appendix B).

The analytical solution for temperature along the radial direction takes the following form
-C
T=7’/m’+C_,, - (3.106)

where, C; and C, are constants of integral presented in Appendix B, £ 1s the thermal
conductivity of tube material, and r1s the radius of the tube. Figure 3-13 shows the graph of
analytical solution of temperature as a function of the radius of the tube without fins. As
can be seen, the analytical solution for this range of r can be approximated as a linear

solution.
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+ Analytical solution

» Numerical solution, coarse mesh

| # Numerical solution, fine mesh

Figure 3-13: Analytical solution of the tube without fins

Analytical solutions are generally useful to study the performance of numerical methods

since numerical error can be easily estimated. However, in our case the solution given by

equation (3.16) is almost linear and the decrease of the mesh size does not significantly

affect the precision of the solution (Figure 3-13). This can be explained by the use of

quadratic interpolations for FEM, providing precise solution in the case of quasi-linear

problem.

In more complex geometry, such as the tube with fins, the analytical solution is not

available and another error criterion must be defined, for example equality of heat flux

entering and leaving the exchange surface. Equation (3.17) describes the relative error of

heat flux,
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relative error = Lo Jur (3.17)

G arerage
Table 3-4 and Table 3-5 present the heat flux for internal and external perimeters for both
cases with and without fins. As it was expected, the relative difference between the heat
fluxes is very small for the case without fins, while the relative error 1s significant for the
case with fins. It can be noticed that decteasing the mesh size, reduces the relative error of
the heat flux at the price of more degrees of freedom. Consequently, by raising the number

of equations, the CPU time and the required memory increase.

Table 3-4: Influence of mesh size in the tube without fins

Coarse 188 468 305545 | 3055,12 | 1,1E-04
Fine 752 1688 3055,72 | 3055,63 |  2,9E-05
Finer 3008 6384 3055,83 | 3055,81 |  7,9E-06

Figure 3-14: Coarse mesh (188 elements) and finer mesh (12032 elements) for tube

without fins



Table 3-5: Influence of mesh size in the tube with fins

Coarse 465 1149 4290,62 | 4584,20 6,60E-02
Fine 1860 4158 425787 | 4407,52 3,50E-02
Finer 7440 15756 425487 | 4337,19 1,90E-02

48

Figure 3-15: Coarse mesh (465 elements) and finer mesh (29760 elements) for tube

with fins
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3.5 Evaluation of sensitivity of the model to heat transfer parameters

The mathematical models presented in section 3.2 permit us to simulate the heat transfer in
the ACR in order to design the insulation thickness and the fin performance. However,
these two tesponses depend also on different parameters such as temperatures, gas velocity,
heat transfer coefficients and physical properties. This section 1s the second step of the
ACR modelling where sensitivity of the model was investigated. After choosing the
insulation material and estimating the fin performance, it is appropriate to study the
sensitivity of the model to different conditions and improve understanding of the thermal

sensitivity of the auto-cyclic reactor.

In brief, in previous sections, insulation material and box dimensions were fixed and kept
constant while in this section, the response of the ACR to various operating conditions was
studied. Moreover, since many cotrelations were used in the model, it is crucial to know if a
small error in correlations produces a big difference in the response of the model. Thus, it 1s
essential to study the sensitivity of the model to the precision of the correlations. Therefore,
this section represents the sensitivity of the ACR to heat transfer and the sensitivity of the

numetrical model to quality of the used correlations.

3.5.1 Influence of different parameters on fin effectiveness
In this section the sensitivity of fin effectiveness to different characterizing parameters was
studied. The objective is to verify the influence of thermal conductivity of fin material, inlet

gas velocity, inlet and outlet gas temperature, number of fins, and geometry of the fins on
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fin effectiveness. For the putpose of simulation, the temperature of the gas at the inlet and

at the outlet of the reactor was considered 350°C and 600°C respectively.

3.5.1.1 Thermal conductivity
Thermal conductivity of fin material (stainless steel) can affect the overall heat transfer.
Thermal conductivity (&) appears in overall heat transfer coefficient (U) which is a

combination of convection and conduction defined by

1 1
U=—= . (3.18)
R R,JW7+R,€+R,,‘7
The overall heat transfer is
Q=UAAT,, (3.19)

where A is the heat transfer sutface. R,,; and R,,, are the convection resistance inside and
outside of the internal tube, and K, is the conduction resistance in the tube. It 1s expected
that an increase in thermal conductivity decreases the thermal resistance K,. Consequently,
according to equation (3.18) and (3.19) the overall heat transfer coefficient and heat transfer
rate enhance. Thus, higher thermal conductivity of materials leads to higher heat transfer
rate. This is illustrated in Figure 3-16. If the material of the fins (stainless steel) was replaced
with mote conductjve materials in Table 3-6, total heat transfer would increase gradually
until reaching a constant value. This can be explained by the fact that, when the thermal
conductivity tends to a higher value, then the resistance from heat conduction (R,) tends to
a smaller value and the heat transfer is limited by convection on inner and outer surface of

the internal tube. Hence, for high conductivity values, increase of thermal conductivity does
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not raise significantly the total heat transfer rate since heat transfer is then dominated by

convection.

As demonstrated in Figute 3-17, higher thermal conductivity tends to increase fin
effectiveness. However, the increase is not very considerable. For instance, if stainless steel

is replaced by silver which is 30 times more conducting, the fin effectiveness will be raised

only 9% from 1,403 to 1,523.

The cutve presented in Figute 3-17 also indicates that there is a value for thermal
conductivity for which fin effectiveness asymptotically teaches a constant value. This
suggests the use of a material more conductive than stainless steel would improve the
petformance from heat transfer point of view. The critical value of thermal conductivity in
out ACR model is about £/£,= 5 which corresponds to iron. However, from the practical
point of view, like cotrosion, only stainless steel is suitable for the ACR. Moreover, using
very high thermal conductivity material 1s unnecessary since the overall heat transfer 1s
dominated by convection coefficients. Thus, no further improvement in fin effectiveness is

obtained when increasing the thermal conductivity by more than an order of magnitude.

It should also be noted that the precision of thermal conductivity correlations may influence

the calculated fin effectiveness (Figure 3-17), but this effect 1s relatively small.



Table 3-6 : Thermal conductivity of different materials
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Figure 3-16: Influence of thermal conductivity on total heat transfer
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Figure 3-17: Influence of thermal conductivity on fin effectiveness
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3.5.1.2 Inlet gas velocity
The variation of inlet gas velocity affects Reynolds number, thus heat transfer coefficients

on the inner and outer surface of the internal tube are influenced. By increasing imlet gas
velocity, convection heat transfer coefficients increase with 4 o< »"* (equation (3.8) and

Figure 3-18). Hence, the terms containing convection resistance (R, and R;, ;) in equation
(3.18) decrease and conduction resistance becomes motre important. Thus, total heat
transfer from the internal tube towards annulus is expected to increase at higher inlet gas

velocity. This behavior is illustrated in Figure 3-18 and Figure 3-19.

Conversely, the fin effectiveness reduces when convection coefficients increase. In fact,
extending the heat transfer surface by fins is useful to decrease convection resistance, but
on the other hand, the presence of fins involves more material, which tends to increase the
conduction resistance R,. According to these results, the fins are most efficient when the
convection resistance is dominant since it increases the surface without increasing too much
the conduction resistance. In short, when the value of heat transfer coefficients 1s large, as it
is with fluids with high velocity, the conduction resistance becomes dominant so in this case
the presence of fins produces a reduction in overall heat transfer coefficient and in fin

effectiveness as well.
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Figure 3-18: Heat transfer coefficients vs. inlet gas velocity
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Figure 3-19: Influence of inlet gas velocity on total heat transfer
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Figure 3-20: Influence of inlet gas velocity on fin effectiveness

3.5.1.3 Inlet and outlet gas temperature
The temperature of the entrance gas of the reactor is variable depending on acceleration of
the NG engine, and the distance of the ACR from this engine. Thus, the sensitivity of fin

effectiveness to different entrance gas temperature was studied in this work.

Both inlet and outlet temperatures of the reactor affect the physical properties of gas.
Similatly, the convection heat transfer coefficient which is function of physical properties
vaties (see equation (3.8)). Moreover, the temperature gradient between inlet and outlet gas

temperatures has a direct effect on total heat transfer (see equations (3.13) and (3.14)).
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If the temperature of inlet gas changes from 250°C to 550°C with constant outlet

tempetature T, ,=600°C, the convection heat transfer coefficient on the outer surface of

outlet

the inner tube increases. Therefore it is expected that the overall heat transfer coefficient

rises as shown in Figure 3-21.
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Figure 3-21: Overall heat transfer coefficient vs. inlet gas temperature

Conversely, as presented in Figure 3-22 and Figure 3-23, the overall heat transfer and fins
petformance are reduced by increasing inlet gas temperature. This phenomenon can be
explained by the influence of temperature gradient on total heat transfer between the inlet
and outlet gas of the reactor. As the temperature gradient decreases, it reduces the heat

transfer and the fin effectiveness.
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Figure 3-22: Influence of inlet gas temperature on total heat transfer
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Figure 3-23: Influence of variation of inlet temperature on fin effectiveness
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The outlet temperature of the reactor depends on the temperature of the inlet gas, the

methane concentration, and the rate of conversion in the reactor. However, regardless the
methane concentration, if the temperature of the outlet gas increases from 400°C to 650°C
with constant inlet gas temperature T, =350°C, the heat transfer coefficients in the outer
and inner compartments, the overall heat transfer, and fin effectiveness raise as well. When

the outlet temperature rises, there is a greater temperature gradient in the system, thus more

heat is transferred and fin effectiveness is enhanced.
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Figure 3-24: Overall heat transfer coefficient vs. outlet gas temperature
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1.410

1.405

1.400 -

1.395 -

Fin effectiveness

1.390

1.385 -

1.380

T T T T T T

350 400 450 500 550 600 650 700

Toutlet (°C)
Tinlet=350°C
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3.5.1.4 Number of fins

In this section the effect of the number of fins was studied by keeping the same geometry
of the fin. An increase of around 9% of fin effectiveness was observed by increasing the
number of fins from 8 to 14. However, by doubling the number of fins from 14 to 28, there
is only 12% of raise on fin effectiveness as shown in Table 3-7. In this table, A; and A,
indicate the heat transfer surface with fins and without fins respectively while U and U,

present the overall heat transfer coefficient with fins and without fins.

Table 3-7: Influence of number of fins on fin effectiveness

8 1,28 2,32 0,55
14 1,40 337 0,42
28 1,57 5,68 0,28

By raising the number of fins, the exchange heat transfer surface increases and the total heat
transfer i1s expected to increase. However, if conduction in the fins is the limiting thermal
resistance of the overall heat transfer, the augmentation of total heat transfer can be limited
by conduction thermal resistance. In fact, the results of Table 3-7 indicate that an
augmentation of number of fins results in augmentation of exchange surface A,/ A, while

there is a diminution of U,/U_ from the thermal resistance of the fins.

On the other hand, the increase of the number of fins would result in the teduction of the
space for the pellets and also of the cross-sectional area for flowing gas. Thus, the choice of

a number of 14 fins recommended by the constructor seems to be a good compromise.
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Figure 3-27: Variation of number of fins a) 14 fins, b) 28 fins

3.5.1.5 Geometry of fins

The geometry of fins has an influence on heat transfer surface and fins performance. The
thickness and the height of the fins are 0,32 cm and 1,6 cm respectively. If the fins were
thinner (t=0,32/2 cm) or shorter (L=1,3 cm), the fin effectiveness would decrease because

of smaller heat transfer surface.

Table 3-8: Influence of fin dimension on fin effectiveness

Real Dimensions (L=1,6, t=0,32) 1,40 3,37 0,42
Thinner (L=1,6, t=0,16) 1,36 3,32 0,41
Shorter (1.=1,3, t=0,32) 1,37 2,74 0,50

Furthermote, if the geometry of the fins changes from rectangular profile to triangular

profile, the fin effectiveness decreases because of the same reason.



Table 3-9: Influence of different type of fin on fin effectiveness

Rectangular(14 fins)

1,40

0,42

Triangular(14 fins)

1,37

0,44

Figure 3-28: Triangular and rectangular fin geometry
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3.5.2 Influence of different parameters on insulation thickness

In this section the sensitivity of insulation thickness to different parameters was studied. As
it was mentioned before, the inside temperature of the reactor was considered constant in
calculation of insulation thickness. Therefote, there are two thermal resistances in this case;
one is heat transferred by conduction in insulation material (R,), and the other one is heat
transferred by convection on the surface of the box with ambient air (R)). The overall heat

transfer is defined by

oQ = U A a;rz.rz‘(/e - TOO) > (3’20)
whete U is the overall heat transfer coefficient. Using the resistance analogy, one can
expressed U as

=7 (3.21)

U= .
R R, +K,

The objective i1s to find the sensitivity of the insulation thickness to the following

parameters:
e insulation material,
¢ maximum inside temperature in the reactor,

e ambient temperature.

Note that for all of these cases, the reasonable temperature for the surface of the metallic

box was desired to be 60-65°C.
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3.5.2.1 Thermal conductivity

In theory, lower thermal conductivity of insulation material leads to thinner insulation layer
around the reactor and smaller box dimensions. This is demonstrated in Figure 3-4 and
Table 3-2. Indeed, reducing the thermal conductivity increases the thermal resistance R,

thus smaller overall heat transfer coefficient 1s obtained which leads to lower total heat loss

of the ACR.

Different insulation matetials, listed in Table 3-2, were examined and the smallest insulation
thickness was estimated around 15 cm for the reasonable surface temperature using the
Kaowool bulk fiber. Figure 3-29 depicts the insulation thickness of materials versus thermal

conductivity at 500°C.

21 4 + Kaowool bulk fiber
20 - = Silica fibers

4 Mineral wool

x Alumina fibers

. ® X x Kaolin ceramic fiber

Insulation thickness (cm)
e

0.08 0.1 0.12 0.14 0.16 0.18
Thermal conductivity at T=500°C

Figure 3-29: Influence of thermal conductivity of insulation matetials on insulation

thickness
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3.5.2.2 Maximum inside temperature of reactor

For the intended application, the temperatute of the reactor is not expected to exceed
550°C. However, for security treasons, an uppet limit of 600°C for temperature was
considered for simulations. By this assumption, the length side of the box was estimated as
40 cm for a maximum surface temperature of 60-65°C on upper and side walls. In this
section the vatiation of maximum inside temperaturé of the reactor on box dimensions was
investigated and results are summarized in Table 3-10. As expected, by lowering the

temperature inside the reactor, the size of the box reduces along with the total heat

transferred.

Table 3-10: Influence of inside temperature of reactor on box dimension

650 45 122
600 40 114
550 35 108

Alternatively, the influence of inside temperature of the reactor on surface temperature of
the box was studied with keeping the box dimension as 40X40 cm. By decreasing the
maximum temperature inside the reactor, the maximum temperature on the side walls of

the box reduces as depicted in Figure 3-30.
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Figure 3-30: Influence of inside temperature of the reactor on temperature of side

walls of the box

3.5.2.3 Tube and annulus diameter
By decreasing the diameter of the tube and annulus compartments of the ACR, the box side
length reduces as shown in Table 3-11. It is obvious that by decreasing the dimension of

the reactot, the whole size of the system becomes smaller.

Table 3-11: Influence of tube and annulus diameter on insulation thickness

12,7 10,16
8,89 5,25
45 40
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3.5.2.4 Ambient temperature

In general, the ambient temperatute is considered 25°C. However, it is interesting to study
the vatiation of ambient temperature and observe the response of the model. As it is shown
in Table 3-12, by increasing the ambient temperature, the box side length would need to be

larger in order to maintain the reasonable temperatures on side walls (60-65°C).

Table 3-12: Influence of ambient temperature on insulation thickness

Furthermore, if the ambient temperature changes for any reason in the laboratory, the
tempetatute on side walls of the box varies. If the ambient temperature rises, the

temperature on side walls of the reactor gets higher as illustrated in Figure 3-31.
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Figure 3-31: Influence of ambient temperature on temperature of side walls of the
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3.6  Summary

Chapter 3 presented the mathematical model for estimating the insulation thickness and fin
effectiveness using software FEMLAB based on finite element method. Kaowool bulk fiber
(p =256 kg/m’) was chosen to insulate the reactor enclosed it in a metallic box, with cross
sectional dimensions estimated as 40X40 cm for the reactor and 35X35 cm for the pre-
heater. The overall heat loss from the reactor and the pre-heater was calculated to be 114 W
and 60 W respectively. Fin performance is limited by both the conduction and convection
resistance of heat transfer. If the inlet and outlet gas temperatures are considered 350°C and

400°C respectively, the fin effectiveness is estimated as 1,4.
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Sensitivity study indicates that by increasing the thermal conductivity, the fin performance
increases. Furthermore, there is a condition under which extending the surfaces does not
significantly improve the heat transfer. This condition happens with high velocity fluids that
results in large convection heat transfer coefficients. Thus, the conduction resistance could
become dominant and fin effectiveness decreases by adding motre surfaces. Thus, if the gas

enters the reactor with high velocity, the fin effectiveness reduces.

Additionally, the quality of the used correlations to estimate the fin effectiveness is
considerable but not very significant. However, there is a linear variation between the
insulation thickness to insulation thermal conductivity, maximum inside temperature of the

reactot, and ambient temperature and insulation thickness is sensitive to these parameters.
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CHAPTER 4 Experiments with ACR pilot unit

4.1 Experimental set-up

The ACR pilot unit, occupying an area of 1,5 m*1,5 m, was constructed in the laboratory in
spring 2006. As depicted in Figure 0-1 the overall experimental set-up consists of 5 sections.
Section (1) is the reactor where the chemical reactions take place. The ACR was wrapped
with Kaowool fiber and installed in a metallic box with dimensions 40X40X70 cm. The gas
mixtute enters first the elécttical pre-heater (section (2)) to be heated up to a desired
temperatute in a typical range of exhaust emissions from NG engines. The pre-heater was
also wrapped with Kaowool fiber and placed in a metallic box with dimensions 35X35X40
cm. The feed gas composition simulating the emissions from NG engines was adjusted by
mixing in appropriate proportion of compressed air, carbon dioxide, and methane using
three mass flow meters (section (3)). Water was added to the gas mixture by water pump
(LMI Milton Roy, Model A741) (section (4)). Finally, gas chromatograph (Perkin-Elmer,
Sigma 300) (section (5)) was used to monitor methane concentration in the inlet and the

outlet gas of the reactor.
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Figure 4-1: Schematic of the ACR experimental set-up 1) ACR, 2) Electrical pre-

heater, 3 ) Gas supply, 4) Water pump, 5)Gas chromatograph

Figure 4-2 shows the reactor, the Kaowool bulk fiber, the metallic box and the fifteen K-
type thermocouples. Figure 4-3 presents the dimensions of the reactor made of AISI 304
stainless steel. Figure 4-4 presents the internal tube of the ACR with fourteen fins in order

to improve the heat transfer between the outlet of the reactor and entrance.
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Figure 4-2: ACR with insulation and thermocouples in the metallic box

Figure 4-3: Complete ACR
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Figure 4-4: Inner tube of the ACR with fins
The space between the fins in the annular tube and cylindrical tube were filled with 3 mm
catalyst pellets shown in Figure 4-5. The 0,9% Pd/ALO; pellets were prepatred by enriching

the commercial PC263 catalyst with 0,7% Pd as mentioned in section 2.1.1.

Figure 4-5: Catalyst pellets after imptregnation and calcination (0,9% Pd/ALO;)

Figure 4-6: Monoliths before impregnation and calcinations (400CPSI)

The other part of the annular and cylindrical tube of the reactor was filled with six pieces of

alumina cordierite monolith (400CPSI) (bate shown in Figure 4-6). The monolith pieces
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were coated with Y-alumina (9£1%) and impregnated with 1,2+0,05% PdO as explained in

section 2.1.1.

It was crucial to assemble the reactor in the way that the gas passes through the pellets and
monoliths uniformly. This was simple and direct for the pellet section. However, for the
monolith section, because of its fixed structure, it was more complex to make sure that the
gas mixture passes exactly through the monoliths and the monoliths are concentric. Thus,
to position correctly the monoliths, a space of 4 mm between the monolith and the reactor
walls was tightly filled with Kaowool fiber as shown in Figure 4-7. The Kaowool fiber used
in this section was impregnated with PdO and calcinated similar to the catalysts to avoid

un-reacted gas slippage.

Figure 4-7: Monolith section in ACR
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The entrance gas flow rate to the reactor was mostly adjusted to 140 L/min which
cotresponds to one tenth scale-down of real average flow rate of NG engines of a bus.
Desired gas mixture was obtained by selecting appropriate flow rate of individual
components (air, CH,, CO,). When water was needed, it was injected at the appropriate rate
by water pump. Selected experimental gas composition (without methane) is shown in
Table 4-1 where it is compared with published exhaust composition. For practical reasons
the high O, concentration was accepted as a reasonab.le compromise. In addition,

concentration of methane varied between 500 to 3000 ppm.

Table 4-1: The inlet gas composition of the ACR

CO, 7,32% 7,32%

H,0 13,37% 13,37%
N, 62,66% 73,71%
0, 16,66% 5,6%

However, initial ACR performance evaluation was carried out with air containing methane

(500-3000 ppm).

To monitor the temperatures along the reactor, the ACR was equipped with 15 K-type
thermocouples as illustrated in Figure 4-8. There is one thermocouple in the entrance of the

reactor (1), five thermocouples are mserted in the fins section (I'}-T5), six thermocouples
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are situated in the annular part of the monolith section (T-T',), two ate in the internal pellet

section (1',-T;), and one in the outlet of the reactor (T ).

~v
(1.1 2

Figure 4-8: Position of 15 thermocouples in the ACR

4.2  Pre-heater operation

As mentioned before, the actual pre-heater consists of four electrical elements 1070 W
each, housed individually in a tube where the gas mixture is admitted. To reach the desired
temperature of the gas mixture the power of the first and the second element is fixed by
Labview application, while the power of the third and the fourth element is regulated using
the temperature difference between the required temperature and the measured temperature
m the entrance of the reactor. Thus, when the measured temperature is lower than the
required temperature, the power of the third and the fourth elements increases m order to
reach the required entrance temperature and vice versa. It takes a relatively long time before
the required temperature is attained. Example of the pre-heater operation strategy is given

in Table 4-2.
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Table 4-2: Pre-heater operation (strategy)

4.3  Adiabatic temperature rise

The adiabatic temperature is the maximum temperature rise in the reactor for different
concentration of fuel when the conversion is complete and there is no heat loss with the
exterior of the system. In order to determine the temperature region for the reactor
operation, it is useful to make a plot of adiabatic temperature rise as a function of fuel
content. The adiabatic temperature 1s given by

— 'AHRYCPH .

o= 4.1
adiabatic C p ( )

Fot methane combustion AHy and Cp are considered -802.7 kJ/mol and 32 J/molK

respectively. Figure 4-9 shows the adiabatic temperature rise for methane combustion with

! 'Time to reach the required temperature
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different methane concentrations. For instance, when the concentration of methane is 2000

ppm, the maximum temperature rise in the reactor could be 52°C.
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Figure 4-9: Adiabatic temperature rise of methane combustion

4.4  Initial ACR performance evaluation

Several sets of experiments were executed in the laboratory to study the performance of the
ACR. For technjcal reasons the initial ACR performance evaluation was restricted to
combustion of methane in air, but under a wide range of inlet temperatures (300 to 450°C)
and methane concentration (0,05 to 0,3%), mostly at 140 L/min. Complete evaluation
under conditions closely simulating the exhaust gases from the NG engines, conducted by

M. Zanoletti, was outside the scope of this thesis.
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4.4.1 Time to heat the ACR and light off

As a first step, it was of interest to determine the time it takes to heat the reactor under a
selected inlet temperature to a steady state both under air (i.e. without combustion) and mn
the presence of methane. Two sets of experiments involving monitoring the temperature

from the onset of heating until an apparent steady state at a selected inlet temperature was

= 350°C, the other T,

inlet

attained. One set covered T,

inlet

= 400°C. In each set the temperature
profiles for heating only with flowing air are compared with those obtained when heating
under a flow of 0,2% methane in air. By comparing the profiles for heating by hot air with
those for heating in the presence of methane, the temperature of light-off and the time it

took to be reached were determined for the case of each temperature.

Figure 4-10 and Figure 4-11 show the temperature profiles for these two experiments for
the four first thermocouples. The temperatures of 15 thermocouples in transient are
presented in Appendix C. When heating the reactor from 25°C to 350°C ot 400°C by
feeding the 2000 ppm methane in air, the reaction does not initiate immediately because of
the low temperature. The reaction starts (lights off) only when a sufficiently high
temperature is attained. In these experiments the time needed to attain the reaction was
measured. From Figure 4-10 and Figure 4-11 after about 30 minutes, the graph of methane

leaves the graph of air, which corresponds to the beginning of the reaction in the reactor.

Furthermore, the reaction in the reactor appears by an increase in temperature. From the

graph in Appendix C it was observed that the highest temperature in the reactor, i.e 380°C
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when T, = 350°C and 430°C when T,,,,=400°C, was located at the thetmocouple T,. This

indicates that the reaction zone is located in the pellets section between the fins in annular
part. Moteovet, it can be observed from Figure 4-10 that the temperature of T, increases
from 332°C (with air) to 380°C (with methane) and in Figure 4-11 T, raises from 383 (with
ait) to 430 (with methane) which indicates the maximum tempetature tise of around 50°C.
Moreover, no methane was detected in the outlet, indicating a complete conversion. As it

was shown in Figure 4-9, AT, ., . is 52°C for 2000 ppm of methane.

== Tin(Methane)

= T1(Methane)

/8 = T2(Methane)
L — start-up time

= 13(Methane)

— Tin(Air)

Temperature (°C)

— T1(Air)

— T2(Air)

— T3(Air)

T T T

0 50 100 150 200

Time (min)

Figure 4-10: Temperature profiles in the ACR as a function of time; T, ., =350°C,

0.2% methane/air
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Figure 4-11: Temperature profiles in the ACR as a function of time; T, ,.,=400°C,

0.2% methane/air

4.4.2 Steady-state temperature profile

The steady state temperature profile in the reactor is illustrated in Figure 4-12 for
T,1=400°C with 2000 ppm (0,2%) of methane in air. Thete is a rise of temperature on T,
(between fins-pellets section) which indicates the zone of reaction, then the temperature
declines but increases again on T, (internal tube-pellets section). Notice that the position of

the maximum temperature in the internal tube (T;) corresponds to the position where there

is the maximum temperature in the annular tube (T)).
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Figure 4-12: Steady-state temperature profiles in the ACR measured after 4-5 hours

for 0.2% methane/air flowing at 140 L/min, T

inlet

4.4.3 Response to inlet temperature change

=400°C

Another experiment was performed to study the response of the reactor to the decrease of

inlet gas temperature from 350°C to 300°C with concentration of 2000 ppm of methane

and flow rate of 140 L/min. The treactor responded fast to the decrease in temperature,

although it took more than two hours to reach a new steady-state (Figure 4-13).

Furthermore, as depicted in Figure 4-14 the position of the front (the hottest point) moves

along the ACR axis from T, to T, and Ts.
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4.4.4 Conversion as a function of inlet conditions

Maximum methane removal, i.e. high methane conversion is the main requirement for the
efficient ACR operation. To delimit the conditions under which acceptable conversion 1s
achieved, a seties of expetiments was catried out in which the inlet conditions were varied
and the tesponse of the ACR was monitored. In addition to the temperature profiles, the
conversion of inlet methane concentration was determined when an apparent steady-state
was reached, typically after 4-5 h. The inlet temperature was varied from 250 to 500°C for

four different methane inlet concentrations: 500, 1000, 2000, and 3000 ppm.

Conversion is a measurement of the amount of reactants that participated in the reaction.
The definition of the conversion 1s

X = C(fH4_in - C(,‘u{am , (4.2)

CHH_in

where Cyy, ;, and Cyy, ,,, are the concentration of methane in inlet and outlet flow of the
reactor respectively. To obtain the conversion of the reaction, the concentration of methane

in inlet and outlet flow of the ACR 1is required.

Figure 4-15 presents the experimental results obtained for the methane conversion in the
ACR as a function of inlet methane concentration and inlet gas temperature. Results
indicate that above an inlet temperature of 350°C the reaction is almost complete for all
methane concentrations. Just below this temperature, the conversion is still relatively high,

but the reaction will be extinguished more rapidly.
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Figure 4-15: Conversion of methane in the ACR as a function of inlet temperature

for different inlet methane in air concentrations; 140 L/min

It 1s also interesting to compare the outlet temperature as a function of the inlet
temperature and methane concentration. As seen in Figure 4-16 the higher the
concentration of methane, the higher 1s the outlet temperature of the reactor. Moreovert,
when the imnlet concentration of methane is high, there is more heat of reaction which
increases the conversion and leads to higher temperature in the outlet of the ACR. Figure
4-17 presents the maximum temperature inside the reactor as a function of inlet
temperature and methane concentration as well. The maximum temperature is mostly

located in pellets section between the fins in annular tube.
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Figure 4-17: Maximum temperature inside the ACR versus inlet temperature for
different methane concentration

In Figure 4-15 and Figure 4-16, it is interesting to notice that for T,;,=300°C the

inlet
conversion and the outlet temperature vary significantly according to concentration. First, it
can be observed that higher conversion is obtained for 3000 ppm, because there is more
heat generated by the reaction, which promotes reaction and leads to an increase of the

conversion and the outlet temperature. Thus, higher concentration of methane results in

higher outlet temperature and tends to increase conversion.

However, the conversion at 500 ppm of methane is higher than the conversion of 1000
ppm or 2000 ppm of methane. At low concentration of methane, there 1s, in proportion,
more catalyst surface available for the reaction and that results to a higher conversion at 500
ppm. In other words, for a given quantity of catalyst there is a2 maximum of methane that
can react and that can correspond to a higher conversion at low concentration. Moreover,
methane combustion produces CO, and H,O, which are considered as inhibitors to the
reaction. So at high concentration, production of these inhibitors can also contribute to

limit the conversion.

4.4.5 Heatloss estimation
In order to estimate the heat loss from the reactor at a flow rate Q =140 L/min, two sets of
experiments were performed; one was without methane, and the others were with different

concentrations of methane. Heat loss was estimated by applying energy balance and using
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the measurements of temperature of gas flowing into the reactor given by the
thermocouples as well as methane concentration determined by GC analysis. These
temperatures corresponded to apparent steady state, i.e. when no measurable temperature

variation was observed for about 30 min.

4.4.5.1 Heat loss without methane combustion
To estimate the heat loss from the reactor with air flow, energy balance equation for the

case of air flowing at constant mass flow is given by

OQ/OII - cQz'ﬂ/el - Qalfﬂel 5 (43)
with
on'n/et - 777 Cp inlet ’I;'ﬂ/el s (44)

Qaﬂt/et = 777 CP outlet ];ut/el s (45)

where (p,,, and Cp,,,, are the heat capacities of flowing gas at inlet and outlet temperature
computed using correlations for air, given in Appendix A. The mass flow rate of air,

denoted by m , 1s obtained by

m=pQ, (46)
where Q is the volumetric flow rate of the gas (140 L/min) and p is the gas density at

atmospheric pressure and ambient temperature obtained from the ideal gas law

p=—, @.7)
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with M as molecular mass of air (28,09 g/mol) and R, as universal gas constant (R,=8,314
J/molK). At atmospheric pressure and ambient temperature (25°C), density of air (0)
computed by equation (4.7) is 1,15 kg/m’, giving a mass flow rate (72) of 0,00277 kg/s.

Thus, for a given inlet temperature (T,,,) of gas (air) entering the reactor the heat loss (QJ,,)

was estimated by measuring the cotresponding outlet gas temperature and solving equations

(4.3) to (4.5).

Table 4-3 presents the results of heat loss calculated for these experimentally determined

mlet and corresponding outlet temperatures.

Table 4-3: Heat loss from the reactor without methane, Q=140 L/min

350 T 308 | 128
400 348 163
450 390 192

As expected, outlet temperature and the corresponding heat loss are almost proportional to
the inlet temperature. So, when inlet temperature of air increases, then outlet temperature

and total heat loss are higher.

4.4.5.2 Heat loss with methane combustion
When methane 1s present, heat generated by its combustion, Qgen, has to be added to the

energy balance equation, thus



91

oQ/ns.r = cQz'n/el - oQout/el + o'Q gen (4'8)

whete O,

inlet

and Q, ., are the same as equations (4.4) and (4.5) respectively. The heat

tlet

generation QJ,,, is given by

0, =XAH F, 4.9)

R L CH, >
where AH, is heat of reaction (AH, =802,7 KJ/mol), X is conversion measured

experimentally from the results of GC analysis as presented in section 4.4.4. The molar flow
rate of methane F;m (mol/s) is computed using the ideal gas law at atmosphetic pressure

and ambient temperature of 25°C,

, (4.10)

where V(,'H4 is the volume flow rate of methane defined as the product of the methane

concentration Cgyy, (ppm) and the volume flow rate of gas (140 L/min),

Ve, =Ce Q. (4.11)
In the case of methane combustion the estimation of the heat loss necessitates the
temperature of inlet and outlet gas, but also the information about the methane
concentration of these streams. Hence, the heat loss with methane combustion was
estimated experimentally for selected temperatures and compositions of inlet gas, by
measuting the temperature and the concentration of (outlet) gas leaving the reactor when an

apparently steady state was observed. By using these data, heat loss was obtained by using

equation (4.8) to (4.11)



Experimental results of heat loss at various temperatures and various methane

concentrations of inlet gas are summarized in Table 4-4.

Table 4-4: Heat loss from the reactor with methane

350

143

375
3000 400 421 163
450 465 181
350 360 115
2000 400 410 121
450 460 121
350 333 129
1000 400 380 140
450 430 141
350 325 115
500 400 373 123
450 420 135

As expected, the higher the temperature and methane concentration, the higher is the heat

loss from the system.

By comparing the heat loss values obtained experimentally (Table 4-3 and Table 4-4) with

the heat loss simulated by FEMILAB in chapter 3 which is 114 W, it is observed that the

simulated heat loss is lower than the average experimental heat loss (130 W). This

difference could be explained by the fact that the experimental temperatures were not

completely stabilized. It takes about one day to reach a true steady state, while the

experiments for the heat loss were done in 4-5 hours.
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4.4.6 Pressure Drop

To measure the pressure drop in the reactor and pre-heater, a manometer was placed before
the pre-heater (Figure 4-18). As it is demonstrated in Table 4-5, the pressure drop in the
system 1s reasonable. Moreover, the pre-heater causes larger pressure drop than the ACR

because of the pipe connections.

Pre-heatet

Figure 4-18: Placement of the manometer before pre-heater

Table 4-5: Pressure drop in pre-heater and ACR

PSI PSI PSI PSI PSI PSI
5.5 3.2 2.3 11 6 5
7 4 3 15 8 7
9.5 5.9 3.6 19 12 7
11 7 4 22 14 8

As it is observed from Table 4-5, the higher the temperature, the higher is the ptessure

drop. When the temperature increases, the volume of gas raises as well; thus the velocity
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increases since the cross sectional area and mass flow are constant which leads to a higher

pressure drop.

CHAPTER 5 1D heterogeneous transient model

5.1 Introduction

In this chapter a 1D heterogeneous transient model (HT 1D-t) for the ACR, is presented.
This model aims to predict the concentration and temperature of gas flowing in axial
direction of the ACR. To develop this model, the conservation equations introduced in
chapter 2, were adapted for a 1D problem and transient terms were included. In this
simplified model, only the energy and mole balances were considered while the momentum
balance equations were neglected because of the small pressure drop. Also, thermal

radiation and homogenous reactions were neglected as well.

For simplicity, it was presumed that the reactor is filled only with monoliths with physical
dimensions given in Table 2-1. Notice that only one channel of monolith is considered
since the concentration and temperature vary only in axial direction. Moreover, the
continuity was assumed between the outlet of the annular section and the entrance of the
internal tube for temperature and concentration. Also, the heat exchange between the two

compartments was not considered in the 1D HT-t model.

5.2 Problem formulation
Table 0-1 resumes the energy and mole balance equations for HT 1D-t model and the

boundary conditions for the gas and the solid phase. These equations and boundary
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conditions form a system of 4 partial differential equations, with temperature and

concentration as unknown variables.

Table 5-1: Energy and mole balance equations in HT 1D-t

Energy balance equations
Gas 4 (T - ) c aTg c aTa | N
I V.3 ¥ - g - p poﬂ 7)J = pg p . a"[‘q
phase D, ! 0 * ot — =0
oz,
. T|., =
Solid | @ oT oT, | “l= = Lels
B kré\r—J _b;// § -T,)- 7_‘9;/1 AH ’énC'Y‘ s = )I’C ﬂﬁul_L
a{( Wy a'Z ) ) (I' g) ,7( ) R £ CH, p Ib at aT
phase -a_%— . =
Mole balance equations
<H, e = Y:;HJ,AO
Gas aYCHJ 4 — aYCH«ué’ oY
- T v, - "5"’ 'éw,cm (Y CH,,g~ ch,f) - 3 i =0
phase < H ! 9% |,
L =T
Solid o ) '
/élll,CH4 (Y(,HJ,g - Yv(,H_,,.c ) - oléuYCH_,,x =0 T =0
phase o |,
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The heat transfer coefficients and physical properties of the gas (air) were presented in
chapter 2. The thermal conductivity (£,) and heat capacity (Cp,) of the cordierite (monolith

wall) were presented in Appendix A. The monolith reactot wall thickness (9, ), the density
of the washcoat (p,), and the monolith porosity was calculated as 1,3882x10* (m),

1,5179x10° (kg/ m’), and 0,66 respectively. The related correlations to calculate the

effectiveness factor (77), reaction rate constant (&), and mass transfer coefficient of

methane (&, ) are presented in Appendix D [16] .

5.3  Mathematical resolution

Efficient mathematical strategy must be used to solve the 4 differential equations of Table
5-1, which are in fact coupled. In this work, this strategy includes the finite difference
method to solve each differential equation in the ACR and iterative procedure to couple

these equations together.

5.3.1 Finite difference method

The finite difference method was used to solve each differential equation given in Table
5-1. Using finite difference method, the ACR geometry is described by mesh grid with a set
of nodes whete the unknown temperature and concentration are solved. Thus, the domain
is subdivided into a set of nodes equally distant as shown in Figure 5-1. Also, in the grid the

mternal tube is placed directly after the annular tube.
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Ansolar tube Toiernnl tube
1 2 k-1 k k1 . n-1
» & & » L @ & 4 ]
b G

Figure 5-1: Schematic of the grids

In the finite difference method, the first and the second derivatives are approximated using
finite difference formula derived from Taylor development. For instance, centered finite
difference formula for the first and second dernvative are given by

27; — T/e+z N TM

5.1
ox 24x G-1)

T Ty, -2T +T,,
dx”’ (Ax) .

(.2)

Using these approximations, an equation can be derived for each node of the grid and be
assembled for all the nodes of the grid that leads to a linear system of equations. The

resulting system of equations can be solved efficiently by the Jacobi method.
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5.3.2 Coupling-scheme algorithm

An algorithm for coupling the 4 differential equations of Table 5-1 was suggested by Hayes
and Kolaczkowski [16] (Figure 5-2). This procedure mnvolves using initial estimation of the
unknown temperature and concentration and solving each differential equation in turn in
order to produce new estimation of the unknown vatiables. This procedure is repeated

tteratively until a final convergence is obtained.

Notice that each of the conservation equations requires various values for physical
propetties, reaction rates, and mass and heat transfer coefficients. These all depend on the
temperature, concentration and velocity in the reactor. The functions of these parameters

are stored in a hibrary and called as necessary.
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Figure 5-2: Algorithm of the numerical solution according to [16]
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5.4 Simulation results
In this section, the simulation results obtained with the HT 1D-t model are presented and
compared with available experimental results. The influence of operating conditions of the

ACR (inlet temperature, composition, and flow rate) on the temperature and concentration

profiles is also investigated.

5.4.1 Comparison with experimental data
First, simulations results of HT 1D-t model were compared with experimental data given
for two cases in Table 5-2. The results of these simulations for temperature profile, molar

fraction of methane, and conversion are presented in Figure 5-3 to Figure 5-5.

Table 5-2: Available experimental results

Figure 5-3 shows the temperature profile in axial direction in the ACR numerically and
experimentally for Case 1 and Case 2. The comparison indicates that the HT 1D-t results
exhibit similar trends to experimental data, with values which are mostly in agreement with
experimental data. Also, the position of the maximum temperature of numerical prediction

corresponds to the experimental data.
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Figure 5-4 and Figure 5-5 present the molar fraction and conversion of methane along the
reactor. As shown the molar fraction of methane tends to be zero in the outlet of the
reactor and the conversion would be close to 100%. In' Case 1, the molar fraction of
methane reaches the value of zero (position x=0,2 m) more rapidly than in Case 2 (position
x=>0,6 m). This can be explained by the fact that the inlet temperature in Case 1 1s higher
than in Case 2. Furthermore, in Case 1, more heat is released because of higher methane

concentration.

—HT 1D-t

® Pilot unit

3000 ppm, Tinlet=400°C

Temperature (°C)

W (3]

+ [

<o o
! I

320 -

1000 ppm, Tinlet=350°C
300 v T T T T i T

0.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Axial position (m)

Figure 5-3: Comparison of the simulated temperature profile (lines) with the

experimental data (points); 140 L/min
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5.4.2 Influence of operating conditions

Figure 5-6 shows the influence of different inlet temperatures on axial temperature profile
in the reactor for a constant methane concentration of 2000 ppm. It is clear that when the
inlet temperature of the reactor is higher, the axial temperature profile will be higher as well.
Furthermore, the change in gas temperature from inlet condition is almost the same for all

these simulations.

Figure 5-7 shows the influence of flow rate on the temperature profile in the ACR with
constant concentration of methane (2000 ppm) and inlet temperature (T, =450°C). It is
observed that the higher the volume flow rate, the higher is the temperature profile in the

ACR.

As shown in Figure 5-8 when the inlet concentration of methane increases, the axial
temperature profile tends to increase in the ACR due to the more generation of heat by the

reaction.
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Figure 5-6: Influence of inlet temperature of the ACR on the simulated temperature

profile, 0,2% methane/ait; 140 L/min
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Figure 5-7: Influence of flow rate of the ACR on temperature profile for 0,2%

methane/air; T, =450°C
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As a conclusion, HT 1D-t model can be used to estimate the temperature and

concentration profile in the ACR corresponding to operating conditions defined by inlet

temperature, concentration, and flow rate. The comparison between experimental results

and simulated values shows that HT 1D-t model produces an approptiate concentration

and temperature profile in the ACR.

One dimension was not sufficient to include the heat exchange between two compartments,

especially in the fins section in the HT 1D-t. Thus the 3D model should be developed to

simulate effectively the transfer phenomena in the ACR.
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CHAPTER 6 Conclusions and Recommendations

This Master’s Degtree wotk is a part of a research project aiming to eliminate the unburned
methane in exhaust emissions from natural gas fueled engines by using an auto-cyclic
reactor (ACR). The ACR designed at the Department of Chemical Engineering of Ecole
Polytechnique, is a catalytic bed consisting of two concentric tubes: an annular and an
internal tube. This configuration takes the advantage of the heat released by reaction to

warm up the feed and thus improve the autothermicity of the reactor.

The objective of this (Master Degree) project was to improve understanding of the heat
transfer involved in the ACR. The main task was to model the temperature profile in the
ACR using numerical methods in order to design the insulation part and to determine the
performance of the internal fins. Participation in construction of the experimental ACR and
experimental studies of the pilot unit conducted to study the influence of heat transfer on
the reactor performance were also an important part of the project. Finally, experimental

data were compared with predictions by a simple HT 1D-t numerical model.

The fin performance and the insulation part of the ACR were modeled by numerical
simulation of heat transfer in two-dimensions. This 2D model used the commercial
softwate FEMLAB, based on the finite element method, to solve the thermal balance
equation with temperature dependent correlations for the physical parameters and the heat

transfer coefficients.
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Results of 2D model indicate that fin petformance is limited by both the conduction and
convection resistance of heat transfer. The use of 14 straight fins of stainless steel appears
to be a good compromise, which improves the heat transfer in the ACR. However, the
conduction resistance of stainless steel is significant and could limit the fin performance
when convection resistance is small. From thermal transfer point of view only, the use of
material more conductive than stainless steel, for example iron or even coppet, would
decrease the mfluence of conduction resistance and increase performance of internal fins.
However, for practical reasons, like corrosion, stainless steel is the most reasonable

material.

The performance of seven different non-combustible insulation matertals was estimated
with the 2D model by comparing the temperatures of the reactor side walls for different
msulation thickness. As expected, the material having the lowest thermal conductivity needs
the smallest insulatién thickness to reach the same target for the side wall temperature of
the reactor. According to this study, Kaowool bulk fiber was chosen as the insulation
material of the laboratory ACR pilot unit. The cross sectional box dimension was estimated

as 40X40 cm for reasonable side wall temperatures of 60-65°C.

The HT 1D-t model for the catalytic combustion was elaborated in collaboration with the
Ph.D. student M. Zanoletti. The HT 1D-t model was implemented in order to predict the
temperature and concentration profiles of gas flowing in axial direction of the ACR. The
related balance equations for catalytic combustion were solved by the finite difference

method in one dimension. In spite of its simplicity, the HT 1D-t model predicted
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reasonably well both the temperature and concentration profiles in the ACR. Thus, this

simplified model represents a useful tool for preliminary simulations.

From the experimental monitoring the gas temperature profile and the methane
concentration in the inlet and outlet gas, the catalytic combustion of methane in the ACR
can be understood. It was found that the combustion reaction is almost complete for all

inlet methane concentration if inlet temperature is above 350°C.

It 1s important to point out that HT 1D-t and 2D models are simplifications of a complex
3D multi-physics problem. To simulate more closely the transfer phenomena in the ACR,
in particular the heat exchange between two compartments and in the fins section, a
complete 3D model should be developed. However, full 3D multi-physics simulation is a
difficult challenge and needs significant computational capacity and time. Nevertheless, the
coupling strategy of multi-physics equations used in this project for the HT 1D-t model

provides good results and should be adapted for the 3D case.

Also, all the experiments and simulations considered in this study were executed in absence
of combustion inhibitors (CO,, H,O) m the inlet feed gas of the reactor. Hence,
performance of the ACR in real operating conditions should be included in future

experimental programs and in the HT 3D-t model.

In resume, this work concerned the modeling of heat transfer in the ACR by using

numerical and experimental approach. Simplified 1D and 2D models and also experimental
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results on pilot unit were used to improve understanding of thermal transfer in ACR and
mmprove design and operation. In concrete, 2D model allows to design the isolation part of
the pilot unit in order to decrease the heat loss from the exterior tube of the reactor and
also to study the performance of internal fins to increase the heat transfer between two
compartments. Moreover, the HT 1D-t model and the expetimental measurements on pilot
unit permit to study the performance of the ACR, in term of methane conversion and

temperature profile, for different operating conditions of reactor.

In conclusion, this Master’s Degree project was contributed to the development of a
technology for the treatment of methane emissions from natural gas engines. Models and
strategies used in this work permit to understand better the transfer phenomenon in the
ACR and improve its design and operation. It is also interesting to highlight that
experimental studies almost reached a complete combustion of methane if the inlet
temperature of gas is sufficiently high. In this context, the ACR technology seems to be
feasible and promising solution to eliminate the unburned methane in emissions from
natural gas engines and thus reduce the green-house effect from emissions of buses

transportation.
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Appendix A: Physical properties of materials
Air [24]

Thermal conductivity

E=1.679%107 +5.073x10° T L&
m.K

Heat capacity

Cp=-4x10"T’ +0.0009T" - 0.3945T +1053.8 ZJ—K—
44

Viscosity
U=(0.2198T" +609.26T +17607)x10° Pa-s

Prandlt number
Pr=(4x10"T"* + 5x107T” +0.0002T" - 0.4398T + 813.09)x10°

Density

ok
p=3648T""" 2%
V)

The values of &, Cp, #, and Prare not a strong function of pressure and may be used in the

range of 1 to 20 bar. All the temperatures are in Kelvin.

CO, [24]

Thermal conductivity

k= (0.0411T7 + 51.452T - 2541.5)%10° L&

m.K
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Heat capacity

Cp=(0.0006T" +1.2813T + 530.52)x10° 7611-5
g.

Viscosity
U=(-2x10"T" +0.0587T +0.7673)x10° Pa-s
Prandlt number
Pr=(0.0002T - 0.557T + 922.76)x10’
Density

A

3
/3

p=584.69T""""

H20 (water vapour) [24]

Thermal conductivity

) . W
k= (0.0138T° +66.35T - 2673.6)x10" —

7.

Heat capacity

Cp=(-0.0006T’ +1.3241T7 - 846.33T + 369709) %10’ Z]—E
4

Viscosity
L =(0.0001T" + 360.64T - 9892.2)x10""  Pa-s
Prandlt number

Pr=(7x10"T" -0.0019T" + 2.0904T7 - 998.41T + 275304)x10’
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Density

3

p=(0.0118T - 21.205T +12123)x10” A
m

02 [24]

Thermal conductivity

k=(0.0333T" +101.88T - 828.92)x10°

7.

Heat capacity

Cp=(0.0001T" +0.1697T" - 57.843T + 96993)x10” I

Viscosity

U=(-0.3594T" +757.58T +10624)x10" Pa-s
Prandlt number

Pr=(-0.0001T" +0.201T* -115.77T + 90491)x10’
Density

P = (0.0004T° +0.602T° - 289T + 57240)x10" /i{
m

N2 [24]

Thermal conductivity

k= (-0.0246T* +87.507T + 2048)x10° —Lfk—
.
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Heat capacity

Co=(-3x107T> +0.0703T7 - 33.348T +108426) %10~ ]
7 kg.K

Viscosity
1=(0.1347T7 +496.62T + 39835)x10""  Pa-s
Prandlt number
Pr=(-0.0024T" - 9.8155T" +15356T° - 9x10°T + 9x10” ) x10™"
Density

&

3
7

p — 3 % 706 T—i.()()(B

Stainless steel AISI 304 [25]

Thermal conductivity

k= (-0.0044T7 + 22.323T + 7789.4)10° KK
.

Heat capacity

Cp=143.68Ln(T)-370.51 -—!—
kg.K

All the temperatures are in Kelvin.

Cordierite [16]

Thermal conductivity of the monolith wall

by =0.9558 -2.09x107 T La
mK
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Heat capacity

Cp, =948+0.2268 T ]
kg.K

All the temperatures are in Kelvin.

Insulation materials [15]

e Kaolin (Density=48 to 64 25 )
m

2 174
£ =(0.0024T% +0.3498T - 34.926)10" ——
m.K
) . kg
* Kaolin (Density=96 to 128 —)
m
> 174
k=(0.0028T° -1.0314T + 364.54)107 ——
m.K
i . kg
® Mineral wool (Density=160 to 224 —-)
m
) |14
£ =(0.0024T" - 0.2866T + 281.53)10" ——
m.K
D . kg
* Alumina silica fiber (Density=400 —-)
m
, , W
k=(0.0038T" -1.2243T + 301.66)10"7 —
m.K
- . kg
¢ Silica fiber (Density=96 to 152 —-)
m
174

k=(0.0045T7 - 3.8757T +1439.1)107 ——
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k
o Silica fiber (Density=144 —‘g;)
m

k=(0.0019T" - 0.3782T + 227.05)10™ L
m.K
. kg
* Kaowool (Density=128 —-) [26]
m
, w
£=(0.0001T° +0.0321T + 21.526)10 ——
m.K
) kg
® Kaowool (Density=256 —) [20]
m
k= (0.0006T" +0.7809T + 50.14)10” KK
2.

T 1s in Kelvin.

Alumina (Pellets) [27]

Thermal conductivity

, , W
k= (0.0591T7 - 74.318T + 32568)10° —
.

T 1s in Celsius.
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Appendix B: Analytical solution of the tube without fins

Here 1s the energy balance equation

dry) _,

ar ’

ng‘
r

The convection boundary conditions are

)T, =St

rh,

r=n—gq, =/9,(];7-T

Yy

o0,

7':7”_7 %qrz :b.?ﬂ;',—Tw,)_—)’I:m = C/;’ +T
h - : 7.

242

By applying Fourier’s law
_G T _C
r or 1k’
T= £ Inr+C,,
£
with following boundary conditions
r= ’; - T = ’I;l//’
r=r,—>T=T,.

After rearrangement C, and C, can be computed as

C, SIS LI C,=T,+Ca,,

where

1/ 1/
a,=—-ﬁ and a, = + 2

rh, & rh, k&




Appendix C: Time to heat the ACR and light off

Temperature(°C)

400

350
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Transient temperature profile in ACR, Tin=350°C, Methane=2000ppm,
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Transient temperature profile in ACR, Tin=400°C, Methane=2000ppm
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Appendix D: Mass transfer correlations in HT 1D-t

Mass transfer correlation used for simulations in HT 1D-t presented in chapter 5*

Symbol

Description Formula
il
-1,307 1307
n Effecttveness factor n= |:1 + (__1_,_992_} :|1 0
O
L &,
[} Thiele modulus = :
Dé’ff
Effective length
L, Ac
C _ L. =—+=4,6053¢-5
(thickness) of washcoat W,
-57300, RT
£, Reaction rate constant |, = exp(12,77)ex ) (1-¢,)L.
‘ = ep(12,TMexp(Zm)——p, (1=¢, )L
Deff Effective diffusivity D, =1,165D,.
Diffusion coefficient 1 1 1
Dy D D D
inside a pore ! CH, air K
Bulk diffusion coefficient 7
D, i Dy, =5,538%107 ——
for methane in air P
Dy Knudsen diffusivity D, =5,362x107 T
-57300, RT
k, Reaction rate constant &, = exp(12,77)exp( )

1-£ )L
RT ’101325’0”( e

4 Determined by M. Zanoletti
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Symbol Description Formula
be DCH air
k,cn:  |Mass transfer coefficient e, = E
, o, D,
Sh=0,5(sh_H-D,—=H |
Sh_T
Sh Sherwood number -
(Sh_H-D,—==)*+4D,Sh_H)*
Sh_T
kD,
D Damkohler number D, = ey
' 4DCH4,uir
Sh_T = 2.977+6.854X((1000 / Gz)*")x
Sh-T exp(-42.49 / Gg)
Sherwood (
Sh_H Sh_H = 3.095+8.933%((1000 / G2)***)x
exp(-6.7275 / Gg)
o Graetz number o _ D, X Pe_m
o Y
=4
Pe Peclet number Pe= ReX S¢
Re Reynolds number Re = p,UD,, / u,
T
U Velocity U=y




