
PARTICLE-RESOLVED SIMULATIONS
OF FLUID FLOW, TRANSPORT

PROCESSES AND DEACTIVATION
FOR GAS-PHASE CATALYTIC

REACTIONS

KARTHIK G. M.

DEPARTMENT OF CHEMICAL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY DELHI

OCTOBER 2019



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Indian Institute of Technology Delhi (IITD), New Delhi, 2019





Dedicated to my wife (Vaenil Mathi K) and daughter

(Avira K V).



Certificate

This is to certify that the thesis entitled ”Particle-resolved Simulations of Fluid

Flow, Transport Processes and Deactivation for Gas-phase Catalytic Re-

actions”, being submitted by Karthik G. M. to the Indian Institute of Technology

Delhi, is worthy of consideration for the award of the degree of Doctor of Phi-

losophy and is a record of the original bonafide research work carried out by him

under my guidance and supervision. The results contained in the thesis have not

been submitted in part or full, to any other University or Institute for the award of

any degree or diploma.

I certify that he has pursued the prescribed course of research.

Dr. Vivek V. Buwa

Professor

Department of Chemical Engineering

Indian Institute of Technology Delhi

New Delhi-110016, India

i



Acknowledgements

First & foremost, I would like to thank my mind and body for providing the will

power and strength for completing this research thesis. I also express my heartfelt

gratitude to the universe in supporting me during the research work.

I owe my profound gratitude and sincere thanks to my supervisor, Prof. Vivek

V. Buwa for his continuous encouragement, guidance and support throughout my

research work. I am also forever grateful for his honest and constructive feedback,

advice, and suggestions on my research work and career, which always motivated to

bring out the best in me.

I am pleased to acknowledge my Ph.D. research committee members, Prof. K.K.Pant,

Prof. Sreedevi Upadhyayula and Prof. Prabal Talukdar for their insightful feedback,

which helped to develop in-depth knowledge in my research area. I would also like

to thank the Indian Institute of Technology Delhi, for providing me an opportunity

and the ecosystem to conduct my research work.

I am indebted to my wife, Mrs. Vaenil Mathi K for her great moral and emotional

support throughout my research work, which provided significant self-confidence

to propel in my research work. I thank my daughter, Ms. Avira K V for her

unconditional love, and curious attitude, which acts as a source of inspiration in my

life. I also owe my profound thanks to my wife and daughter for their sacrifice, and

patiently accepting all my absence during the research work. I am always grateful

to my parents and parents-in-law, for providing their unconditional support in all

my endeavors.

I owe special thanks to my nice colleagues at Haldor Topsoe for providing constant

moral support during my research work. I also deeply acknowledge the Haldor

iii



Acknowledgements iv

Topsoe company for providing the CFD hardware and software for this research

work.

I express many thanks to my colleague and friend, Mr. Abhijeet H. Thaker for his

contribution on the experimental measurements used in my research work. I also

gratefully acknowledge the financial grant received from the Department of Science

and Technology, New Delhi, Government of India, through its FIST program to set

up the PIV facility in our research lab.

I thank my ex-colleague and friend, Dr. V. M. Rajesh for introducing me to the var-

ious research tools during the initial phase of my research work. I owe my heartiest

thanks to my close friend, Dr. Balaji Subramanian for providing a strong mental

support during the troubled times in the entire course of my research work.

Last but not the least, I sincerely thank all the wonderful colleagues (Parul, Abdul,

Saroj, Brajesh, Ekta, Sirisha, Aniket) in my research lab, for lending their willing

and unconditional support for various administrative and research related activities

during my research work. I also owe my special thanks to them for sharing their

knowledge during the technical discussions, which helped me to learn a lot.

Thanks again for all the support and encouragement.

Karthik G. M.



Abstract

Packed bed reactors (PBR) are commonly used in the chemical process industries to

perform gas-phase catalytic reactions (e.g., methane steam reforming (MSR)) due

to their high surface area to volume ratio offered by the catalyst particles of different

sizes and shapes that are randomly placed inside these reactors. Fluid flows over

the catalyst particles, reactions and heat transfer take place simultaneously on the

external (particle-scale) and internal (pore-scale) surfaces of the particles. Particle

shape influences the local fluid flow (in the vicinity of the particle) and therefore

the pressure drop (∆P ), heat transfer and reaction performance of PBR. This is

even more crucial for PBR with low tube-to-particle diameter ratio (< 10) as in

MSR where the confining walls also influence the local fluid flow. Therefore, the

performance of PBR can be improved by understanding the complex interactions

between the particle shapes and the surrounding flow field.

Common particle shapes (e.g., spheres and cylinders) have been widely studied in

the literature using particle-resolved CFD simulations. However, there is a lack of

information in the literature on the impact of particle shape on reactor performance

and also on the choice of optimal particle shape for a particular catalytic process.

Also, a reasonable method to simulate the transient catalyst deactivation process

which includes the changes in the particle properties and the effect of particle shape

on catalyst deactivation is still lacking. In addition, there is a lack of information

in the literature on the application of monolith and foam structure as bulk catalyst

which can offer significant advantages compared to the conventional pellets. Apart

from that, a validation of particle-resolved CFD simulations with detailed particle-

scale measurements under the turbulent flow conditions, in particular, the effect of

different turbulence models on the particle-scale flow predictions is still lacking.
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Abstract vi

In the present thesis, particle-resolved CFD simulations are performed in a packed

bed with different particle shapes to understand and to quantify the effect of particle

shape on the ∆P , dispersion, heat transfer, effectiveness factor and reactant con-

version using the MSR reactions. Also, a modified ∆P correlation is developed for

different particles shapes considered in the present work. Later, the work is extended

to other industrial catalytic reactions with varying extents of heat/mass transfer lim-

itations to demonstrate a computational approach for selection of optimal catalyst

shape for a particular catalytic reaction. In addition, a method to simulate the tran-

sient catalyst deactivation process which includes the change in particle properties

is demonstrated using propane dehydrogenation (PDH) reactions, and the method

is used to understand the impact of particle shape on catalyst deactivation. Further,

numerical investigations are performed to understand the performance of monolith

and foam as bulk catalyst against conventional pellets using the MSR reactions, and

on catalyst deactivation using the PDH reactions.

Apart from that, a comparison of the particle-scale PIV measurements with the

corresponding particle-resolved CFD simulations (using the SST k − ω model) is

performed in a packed bed under the turbulent flow conditions. Later, the particle-

resolved CFD simulations with different turbulence models (standard k − ε, SST

k − ω, SSG Reynolds-stress, BSL Reynolds-stress and LES WALE) are validated

with the PIV measurements to understand the influence of different turbulence mod-

els on the particle-scale flow predictions. In addition, numerical investigations are

performed in a packed bed to understand the influence of different turbulence mod-

els on the heat transfer and reaction performance using the MSR reactions. The

methodology presented in this thesis can be applied to different particle shapes and

industrial catalytic reactions and thereby aid the development of optimal particle

shape for a particular catalytic reaction to improve the reactor performance.



सार 

पैक्ड बेड रिएक्टि (PBR) का उपयोग आमतौि पि िासायनिक प्रनिया उद्योगोों में गैस-चिण 

उते्प्रिक प्रनतनियाओों (उदाहिण के निए, मीथेि स्टीम रिफॉनमिंग (MSR)) के निए नकया जाता है, जो 

निनिन्न आकािोों औि आकािोों के उते्प्रिक कणोों द्वािा पेश नकए जािे िािे िॉलू्यम अिुपात के निए उिके 

उच्च सतह के्षत्र के कािण होता है। नक इि रिएक्टिोों के अोंदि बेतितीब ढोंग से िखा जाता है। द्रि उते्प्रिक 

कणोों पि प्रिानहत होता है,  नजसे अनिनियाएँ औि ऊष्मा स्थािाोंतिण कणोों के बाह्य (कण-से्कि) औि 

आोंतरिक (निद्र-से्कि) सतहोों पि एक साथ होते हैं। कण आकाि स्थािीय द्रि प्रिाह (कण के आसपास 

के के्षत्र)  को प्रिानित किता है औि इसनिए दबाि डर ॉप (ΔP), गमी हस्ाोंतिण औि पीबीआि की 

प्रनतनिया प्रदशशि प्रिानित होती हे। एमएसआि की तिह कम टू्यब-टू-पानटशकि व्यास अिुपात (<10) 

के साथ पीबीआि के निए यह औि िी अनिक महत्वपूणश है, जहाों सीनमत दीिािें  स्थािीय तिि प्रिाह को 

िी प्रिानित किती हैं। इसनिए, कण आकाि औि आसपास के प्रिाह के्षत्र के बीच पिस्पि की प्रनिया 

को समझकि पीबीआि के प्रदशशि में सुिाि नकया जा सकता है। 

आम कणोों के आकाि (जैसे, गोिे औि नसनिोंडि) का व्यापक रूप से कण-हनित सीएफडी 

नसमुिेशि का उपयोग किके सानहत्य में अध्ययि नकया गया है। हािाोंनक, रिएक्टि प्रदशशि पि कण 

आकाि के प्रिाि औि एक निशेष उते्प्रिक प्रनिया के निए इष्टतम कण आकाि की पसोंद पि सानहत्य में 

जािकािी की कमी है। इसके अिािा, क्षनणक उते्प्रिक निष्क्रियकिण प्रनिया को अिुकिण कििे के 

निए एक उनचत निनि नजसमें कण गुणोों में परिितशि शानमि हैं औि उते्प्रिक निष्क्रियकिण पि कण 

आकाि के प्रिाि में अिी िी कमी है। इसके अिािा, थोक उते्प्रिक के रूप में मोिोनिथ औि फोम 

सोंिचिा के आिेदि पि सानहत्य में जािकािी का अिाि है जो पािोंपरिक ििों की तुििा में महत्वपूणश 

िाि प्रदाि कि सकता है। इसके अिािा, अशाोंत प्रिाह की ष्क्रस्थनत के तहत निसृ्त कण-से्कि माप के 

साथ कण-हनित सीएफडी नसमुिेशि, निशेष रूप से, कण-से्कि प्रिाह िनिष्यिानणयोों पि निनिन्न 

अशाोंनत मॉडि के प्रिाि में अिी िी कमी है। 



ितशमाि थीनसस में, कण-हनित सीएफडी नसमुिेशि को अिग-अिग कण आकाि के साथ पैक 

बेड में प्रदशशि नकया जाता है तानक एमएसआि प्रनतनियाओों का उपयोग किके, ΔP, फैिाि, गमी 

हस्ाोंतिण, प्रिािशीिता कािक औि प्रनतनियाशीि रूपाोंतिण पि कण आकाि के प्रिाि को दशाशया 

गया हे। इसके अिािा, ितशमाि कायश में एक सोंशोनित ΔP कोरििेशि निनिन्न कणोों के आकृनतयोों के निए 

निकनसत नकया गया है। बाद में, कायश को अन्य औद्योनगक उते्प्रिक प्रनतनियाओों के निए निस्ारित नकया 

जाता है, नजसमें नकसी निशेष उते्प्रिक प्रनतनिया के निए इष्टतम उते्प्रिक आकाि के चयि के निए 

कम्प्यूटेशिि दृनष्टकोण प्रदनशशत नकया गया हे। इसके अिािा, क्षनणक उते्प्रिक निष्क्रियकिण प्रनिया 

को अिुकिण कििे के निए एक निनि नजसमें कण गुणोों में परिितशि शानमि है उसे प्रोपेि 

नडहाइडर ोजिेशि (पीडीएच) प्रनतनियाओों का उपयोग किके नदखाया गया है नजसे इसको निनि उते्प्रिक 

निष्क्रियकिण पि कण आकाि के प्रिाि को समझिे के निए उपयोग नकया जाता है। इसके अिािा, 

एमएसआि प्रनतनियाओों का उपयोग किते हुए पािोंपरिक उते्प्रिक के ष्क्रखिाफ मोिोनिथ औि फोम के 

प्रदशशि को समझिे के निए सोंख्यात्मक जाोंच की जाती है नजसे पीडीएच प्रनतनियाओों का उपयोग किके 

उते्प्रिक निष्क्रियता पि िी समजा जा सकता हे। 

इसके अिािा, पीआईिी माप औि सुिझे-कण सीएफडी नसमुिेशि (एसएसटी k-ω मॉडि का 

उपयोग किके) के की तुििा अशाोंत प्रिाह ष्क्रस्थनतयोों के तहत एक की गयी हे। बाद में, अिग-अिग 

टबुशिेंस मॉडि (मािक k-ε, एसएसटी k-ω, एसएसजी िेिॉल््डस-स्टर ेस, BSL िेिॉल््डस-स्टर ेस औि LES 

WALE) के साथ नकए गए CFD नसमुिेशि को अिग-अिग टबुशिेंस मॉडि के प्रिाि को समझिे के 

निए PIV मापोों के साथ मान्य नकया जाता है। इसके अिािा, MSR प्रनतनियाओों का उपयोग किके गमी 

हस्ाोंतिण औि प्रनतनिया प्रदशशि पि निनिन्न अशाोंनत मॉडि के प्रिाि को समझिे के निए सोंख्यात्मक 

जाोंच की गयी है। इस थीनसस में प्रसु्त पद्धनत को निनिन्न कण आकाि औि औद्योनगक उते्प्रिक 

प्रनतनियाओों पि िागू नकया जा सकता है जो इस तिह रिएक्टि के प्रदशशि को बेहति बिािे के निए एक 

निशेष उते्प्रिक प्रनतनिया के निए इष्टतम कण आकाि के निकास में सहायता किता है। 
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Nomenclature

Symbols

t Mean reisdence time, s

U Fluid velocity, m/s

Ĉp Fluid specific heat capacity, J/kg.K

Ĉp,s Particle specific heat capacity, J/kg.K

As Particle surface area, m2

CC,t−1 Accumulated carbon at the end of previous timestep , mol/m3

CC,t Accumulated carbon for the current timestep , mol/m3

Ci Species concentration in ith species in fluid domain, mol/m3

Cs,i Species concentration in ith cell inside particle volume, mol/m3

Cs
s,i Species concentration in ith cell on particle surface, mol/m3

D Axial diffusion coefficient, m2/s

dh Hydraulic diameter of inlet cross-section, m

Di Mass diffusivity of ith species due to molecular transport in fluid domain,

m2/s

dp Particle diameter, m

dt Tube diameter, m

dhole Hole diameter of 7-hole pellets, m

DK,i Knudsen diffusivity of ith species in particle domain, m2/s

xxi



Nomenclature xxii

dp,avg Mean particle diameter, m

dp,piv PIV seeding particle diameter, m

Ds,eff,i Effective mass diffusivity of ith species in particle domain, m2/s

Ds,i Mass diffusivity of ith species due to molecular transport in particle domain,

m2/s

Dt,i Mass diffusivity of ith species due to turbulent transport in fluid domain,

m2/s

h Specific static enthalpy , J/kg

k Turbulent kinetic energy, m2/s2

Keq,i Equillibrium rate constant of ith reaction

Ki Adsorption constant of ith species

ki Rate constant of ith reaction

Lbed,glass Bed height packed with glass particles, m

Lbed,hydrogel Bed height packed with hydrogel particles, m

Lbed Bed height, m

Lp Particle height, m

Lt Tube height, m

Mi Molecular mass of ith species , kg/kmol

P Fluid pressure, Pa

Pi Partial pressure of ith species, Pa

Prt Turbulent Prandtl number

Qsink Particle heat sink, W

R Universal gas constant , J/mol.K

rj Reaction rate of jth reaction, mol/m3.s

rj,0 Reaction rate of jth reaction at time t = 0 s, mol/m3.s

rj,t Reaction rate of jth reaction at time t , mol/m3.s

Rep Particle Reynolds number
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Ret Tube Reynolds number

Rebed Bed Reynolds number

S Strain rate, 1/s

Sh Heat source or sink due to chemical reactions, W/m3

Si Species formation or consumption due to chemical reactions, kg/m3

SC,t−1 Rate of carbon formation at the end of previous timestep , mol/m3.s

Sct,i Turbulent Schmidt number of ith species

T Fluid temperature, K

Ts Particle temperature, K

Ts,i Temperature in ith cell inside particle volume, K

T ss,i Temperature in ith cell on particle surface, K

Us Superficial fluid velocity, m/s

Vi Fluid velocity in ith direction, m/s

Vs Particle volume, m3

v′i Fluid velocity fluctuations in ith direction, m/s

XCH4 CH4 conversion, %

Yi Mass fraction of ith species in fluid domain

Ys,i Mass fraction of ith species in particle domain

Greek symbols

α Catalyst deactivation constant, m3/mol

αi,j Stoichiometric coefficient of ith species in jth reaction

∆CC,∆t Carbon formed during the previous timestep , mol/m3

∆Hj Enthalpy of jth reaction, kJ/mol

∆P Pressure drop, Pa

εs Particle porosity

εbed Bed porosity

εs,0 Particle porosity at time t = 0 s



Nomenclature xxiv

εs,t Particle porosity at time t

ηi Effectiveness factor for ith reaction

λ Fluid thermal conductivity due to molecular transport, W/m.K

λs Particle thermal conductivity, W/m.K

λt Fluid thermal conductivity due to turbulent transport, W/m.K

λs,eff Effective thermal conductivity in particle domain, W/m.K

µ Fluid viscosity, Pa.s

µt Turbulent viscosity, Pa.s

ω Turbulence eddy frequency, Hz

τt Turbulent stress tensor, N/m2

τ Viscous stress tensor, N/m2

ρ Fluid density, kg/m3

ρs Particle density, kg/m3

σ Standard deviation

τs Particle tortuosity

ε Turbulence eddy dissipation, m2/s3

Ω Vorticity, 1/s

ϕs Particle sphericity

ϕs,c Corrected particle sphericity



Acronyms

ADM Axial Dispersion Model

CFD Computational Fuid Dynamics

DEM Discrete Element Method

DME DiMethyl Ether synthesis

DNS Direct Numerical Simulation

FPS Frames Per Second

MSR Methane Steam Reforming

LDA Laser Doppler Anemometry

LES Large Eddy Simulation

MeOH Methanol synthesis

MRI Magnetic Resonance Imaging

NRMSD Normalised Root Mean Squared Deviation

PBR Packed Bed Reactor

PDF Probability Density Function

PDH Propane DeHydrogenation

PIV Particle Image Velocimetry

PMMA PolyMethyl MethAcrylate

RBD Rigid Body Dynamics

RI Refractive Index
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Acronyms xxvi

RSM Reynolds Stress Model

RTD Residence Time Distribution

SST Shear Stress Transport

STV Surface area To Volume

TPD Tube to Particle Diameter

WGS Water Gas Shift
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