MODELING STUDIES OF THERMAL CRACKING
IN A TUBULAR REACTOR AND IN A DIRECT
HYDROCARBON SOLID OXIDE FUEL CELL:

REACTOR SIMULATION, KINETICS AND
EQUILIBRIUM

by
RAJEEV KUMAR

DEPARTMENT OF CHEMICAL ENGINEERING

Submitted in fulfillment of
the requirements of the degree of

DOCTOR OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY, DELHI
April, 2008



1.8 T 8.
| I SR
Acc. NOTH"‘SSCH

Li.T. DELHI
<




CERTIFICATE

This is to certify that the thesis entitted “MODELING STUDIES OF

THERMAL CRACKING IN A TUBULAR REACTOR AND IN A DIRECT
HYDROCARBON SOLID OXIDE FUEL CELL: REACTOR SIMULATION,
KINETICS AND EQUILIBRIUM ” being submitted by Rajeev Kumar Garg to the
Indian Institute of Technology, Delhi for the award of degree of Doctor of Philosophy is a
record of bonafide research work carried out by him under our guidance and supervision

in conformity with the rules and regulations of Indian Institute of Technology, Delhi.

To the best of our knowledge, the results contained herein have not been
submitted in part or in full, to any other University or Institute for the award of any

degree.

L e Srtvndors lofnpng

(Dr V. V. Krishnan) (Prof. V. K. Srivastava)

Assistant Professor Professor

Department of Chemical Engineering Department of Chemical Engineering
Indian Institute of Technology, Delhi Indian Institute of Technology, Delhi

New Delhi -110016 New Delhi -110016



ACKNOWLEDGEMENT

First of all, I am grateful to my supervisors Prof. V. K. Srivastava and Dr. V. V.
Krishnan, Chemical Engineering Department, for their guidance and support during the
Ph.D. project. Prof. Srivastava has shown keen interest in ensuring my development and
shaping up the progress of this project. He has been a very patient teacher who guided me
through many ups and downs during my research work. He has been a constant source of
inspiration and affection to me which has enabled me to complete my work. Dr.
Krishnan has been a great person to work with. He has always been open and friendly in
our discussions. His constructive criticism, reflections and encouraging attitude have
helped bring out many good ideas in me.

Their willingness to help me both professionally and personally shall always be
appreciated. The confidence and efforts put in by them to solve tricky, seemingly
unsolvable problems dealt within the course of research work are heartily acknowledged.
They have inculcated confidence, analytical capability and perseverance in me. It has
been an unforgettable experience to work under them.

I also express my sincere thanks to Prof S. K. Gupta, Head, Chemical
Engineering Department, for providing me with all the necessary facilities during my
research work. My thanks are also due to Prof. B. K. Guha, ex-Head, Chemical
Engineering Department for his invaluable help.

I also express my gratitude to my research committee members, Professor G. P.
Aggrawal, Prof. A. K. Gupta and Prof. K. D. P. Nigam who have evaluated my research
work and gave necessary suggestions at every step during the course of study. I wish to
convey my sincere thanks to Prof. A. K. Gupta for the encouragement, invaluable

suggestions and discussions during my research work. The inputs and encouragement



given by Dr. K.K. Pant, Dr. Shantanu Roy, Dr. Anupam Shukla and Dr. Rattan Mohan
are duly acknowledged.

I convey my sincere thanks to Prof. H.B.Sharda, Principal, SBSCET Ferozepur,
for allowing me an opportunity to pursue my research work. Special thanks are due to
Mrs. Anila Gupta and Mr. Surinder Singh, my colleagues, for their unconditional help
and support.

I would like to thank Ms. Akanksha for being a very helping and patient friend
who could be approached anytime for any discussions and suggestions. I thank Ms.
Navdeep Kaur, for being a lively and supportive friend. Thanks are also due to my friend
Mr. Kanti Verma for all the help and support. I would like to thank my friends, Mr.
Anand Singh, Mr. Hari Shankar, Dr. Nandini, Dr. Arun Asati and Mr. N. K. Grover, who
were always an immense source of inspiration for me. I cannot forget the long association
with these fellows. Also, I acknowledge Mrs. Srivastava, Arpita and Prashant for their
inspiration and affection. I am also thankful to Mr. N. K. Gupta for his help. Thanks are
due to all those persons who have directly or indirectly contributed in my project.

I convey my sincere thanks to my colleagues in Department of Chemical
Engineering, SBSCET, Ferozepur for their support and encouragement. I am also grateful
to Mr. Rajiv Arora, my colleague, who has rendered endless help to me during my
research work. The support from Mr. Amit Arora and Mr. Raj Kumar is gratefully
acknowledged.

I would always be indebted to my parents for their divine support and blessings.
My wife Abha Garg, who single handedly looked after my kids during whole of this
period, deserves the great thanks for her huge patience and morale boosting. Without her
continuous support, perhaps it would have been difficult for me to carry this research

work. I express my special love to my kids Awadhesh and Shreya, who have been

iii



through a tough time. I am thankful to my brother Mukesh and sister Meena for helping
and encouraging me in every possible way. Finally, I bow my head in reverence to GOD,

for giving me an opportunity and strength to complete this task. .

/R (2 \(\,wvm
Rajedy Kumar

iv



ABSTRACT

Ethylene is a vital feed stock in the production of petrochemicals. The production
of ethylene is accomplished by using cracking of petroleum based feeds along with the
production of a number of by-products. Thermal cracking of naphtha and ethane, to
produce ethylene and other olefins, is accomplished by a tubular reactor in a furnace,
where the product distribution is controlled by temperature, pressure and residence time.
Modeling studies for thermal cracking are mostly based on plug flow model disregarding
the radial variations in the tubular reactors.

In this work, a 2-D r-z model for a tubular reactor is used to simulate the
conditions inside the thermal cracker where the cracking chemistry is described by a set
of molecular reactions involving eight species (instead of free radical reactions). The
model is solved numerically by backward difference finite difference scheme followed by
the validation of the numerical scheme. Assuming constant transport properties
(independent of temperature and composition), simulations for the reactor have been
carried out for dilute ethane feedstock. On comparison of the simplified 2-D model
predictions with those from plug flow model, the conversion from the former (2-D model)
is found to be higher than that from the latter (plug flow) model due to the consideration
of the radial gradients.

The rigorous 2-D model, consisting of simultaneous momentum, mass and energy
balances, is applied for a concentrated ethane feed stream. The predictions are validated
against experimental results available in literature. The product distribution throughout
the reactor shows that certain species achieve maxima within the reactor due to the
reaction chemistry. The rigorous model is applied for both the heat transfer conditions i.e.

constant wall temperature and constant heat flux at the wall. The parametric study to



evaluate the effect of operational conditions on the reactor operation like space time, wall
temperature/heat flux etc. has been done.

Detailed reaction chemistry is available for some hydrocarbon species. The
mechanism for the thermal cracking of methylcyclohexane has been taken from literature.
The mechanistic model consisting of free radical mechanism reactions along with plug
flow reactor model, leading to a set of ODEs, has been used to simulate the reactor output
conditions. The system of stiff ODEs has been integrated along the reactor length and the
simulated values are found to be in error as compared to the experimental values available
for thermal cracking of methylcyclohexane. The results hai/e been optimized by
manipulating the pre-exponential factors for the various reactions using Lavenberg-
Marquardt method. A run for the simulation optimization strategy considering the
reported conversion and yield as the objective functions has been successfully done.

Hydrocarbbns are potential feeds for Solid Oxide Fuel Cells (SOFC) and may be
fed directly to the anode (Direct Hydrocarbon SOFCs), leading to a combination of
several reactions. Due to the high temperatures encountered at the anode the hydrocarbon
feed molecules undergo dissociations (cracking), steam reforming and electrochemical
oxidation to give a wide range of product species. Due to large number of reaction
pathways, the Nernst potential can not be modeled based upon a single reaction. This is a
problem involving multi-reaction equilibria. The behaviour of this reaction system will
dictate the Nernst potential values and V-I characteristics of the SOFC.

The equilibriurﬁ state of the SOFC at the open circuit condition (Nernst potential)
has beer. calculated based on reaction combinations involving species like hydrogen,
syngas, methane etc. The dilution of reactant stream with the reaction products due to
reaction upstream of the location under consideration is taken in terms of pre-conversion.

The predicted Nernst potential is in good agreement with the experimental results of OCV
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for hydrogen, syngas and methane as a feed to SOFC in literature. The effect of
operational conditions on Nernst potential has also been investigated. At open circuit, for
methane as.a feed, the operational conditions that describe the onset of coke formation are
examined. At lower temperatures, coking tendency is found to be higher as compared to

that at higher temperatures. This has been explained based on thermodynamic behaviour

of the various reactions involved.
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