MODELING AND SIMULATION IN THE FIELD OF
ENVIRONMENTAL AND AIR POLLUTION
ABATEMENT;

SPECIAL EMPHASIS ON
CATALYTIC CONVERTERS

BY
SANCHITA CHAUHAN
CHEMICAL ENGINEERING DEPARTMENT

SUBMITTED
IN FULFILMENT OF THE REQUIREMENTS OF THE DEGREE OF
DOCTOR OF PHILOSOPHY
TO THE

INDIAN INSTITUTE OF TECHNOLOGY, DELHI
JUNE 2003



L
Ce 1
. “> .«
. . . 1
Lu./ﬁ:ﬁ?.éz
— A
i
:; p . O_‘.\z

%
/ FRCOCFSSED %)

s s A st DB J



DEDICATED TO MY PARENTS



CERTIFICATE

This to certify that the thesis entitled, “Modeling and Simulation in the
field of Environmental and Air Pollution Abatement; Special emphasis
on Catalytic Converters”, being submitted by Ms Sanchita Chauhan to
Indian Institute of Technology, New Delhi, for the award of degree of
Doctor of Philosophy is a record of bonafide research wbrk carried out by
her. She has worked under my guidance and supervision and has fulfilled the
requirements for the submission of this thesis, which to my knowledge has
reached the requisite standard.

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.

Gl =5 Ao, ’Bfﬁ‘é)og

Prof. V.K. Srivastava,

Dean I.R.D. and Professor,
Chemical Engineering Department
Indian Institute of Technology,
New Delhi — 110 016



ACKNOWLEDGEMENTS

I would like to use this unique opportunity to thank m}./ guide Professor
V.K. Srivastava, Dean Industrial Reséarch and Development, and Professor
of Chemical Engineering, Indian Institute c:f Technolbgy, New Delhi for
sowing and nurturing this Ph.D Research work. I acknowledge my gratitude
for his valuable advice and constant supervision and support. The keen
interest shown by him with unfailing patience and indefatigability has been a
source of inspiration to me and has enabled mé to bring this work to a
successful completion, which may not otherwise have been possible.

I am highly indebted to Prof. A. K. Gupta, Head, Department of Chemical
Engineering for his encouragement and valuable advice.

Deep gratitude is expresséd to Prof. K. D. P. Nigam, Department of

Chemical Engineering for his support and help, extended during this period

of research.

I am profoundly thankful to all the faculty members of Department of
Chemical Engineering, especially Prof B. K. Guha, Dr. A. N. Bhaskarwar
and Dr. K. K. Pant fqr their encouragement and valuable suggestions

regarding this work.



I would also express my gratitude to Prof. H. M. Chawla, Head
Department of Chemistry, for his encouragement during the progress of
this work.

I would like to thank Mr. K. P. Singh, Assistant Registrar (P.G Section) for

his kind support.

I would like to thank Mr. N. K. Gupta of Chemical Engineering
Department and Mrs Neelan;jof IRD Section for their help. The invaluable

assistance of Mr. Jagdish Chand of IRD Section, is greatfully acknowledged.

Dated: 18 June, 2003

New Delhi. ke, (et
- JESE——

(Sanchita Chauhan)



ABSTRACT

This thesis concerns Modeling of Automotive Catalysts for the
rutomotive Ladl

purpose of controlling tail-pipe emissions. The work focuses on

R

development of a model capable of simulating various components
present in exhaust gas after-treatment system during cold start. The
model developed was a simplc model that could give fast and
reasonably satisfactory results for speeies conversion and simulates
both for the thermal transient and the steady state conversion for the
desired specices.

Keeping this as the objective a transient model to simulate for both
thermal and conversion characteristics of adiabatic monolith
converter operating under warm-up conditions was made. The
transicnt responsc of the catalytic converter for hydrocarbon systems
during cold-start period in the converter was analysed. During this
warm-up period when the engine has just started, the catalyst is at the
ambient temperature (i.e., has the samc temperature as the
surroundings), usually in the range of -20°C to 45°C depending upon

the climatic conditions of the place.



Lor the reactions to get initiated on the catalyst surlace the catalyst
requires pre-heating to a temperature of about 250-300°C. During a
normal operation the incoming hot cxhaust gas pre-heats the catalyst
till the later achieves its operational temperature commonly referred
to as the light-off temperaturc (is a measure of activity and is
normally defined as the temperature at which 50% conversion of
pollutants is achicved). This catalyst warming-up process takes about
1-2 min and during this time as much as 60-80% of the total
hydrocarbon emission occurs. Solution to this problem is still under
development.

Improvement of design requires fundamental understanding of the
complex processes taking place in the converter involving fluid flow,
hcat and mass transfer and chemical reactions. The design
improvements also requirc in addition to experimental testing (which
is very expensive), an ability to numerically simulate the models and
predict the converter performance.

Hydrocarbon composition in the exhaust is a function of the engine
temperature and operating conditions. With conventional analysers it
is not possible to have time dependent information about the activity
of different hydrocarbons present in the exhaust [Koltsakis et al.,
1997]. So a rough approximation is made in such computations.

Initially single fast oxidising hydrocarbon propylene was considered



representing the total hydrocarbons and later another relatively slow
oxidising hydrocarbon propane was added to sce the combined cffect
on the system. Both homogenous as well as catalytic reaction terms
arc accounted for in the mass and cnergy balance equations for the
gas as well as the solid phase. The variations in gas concentration,
gas temperature and solid temperaturc along the length of the
converter with respect to time arc determined.

For gas concentration and gas temperature the equations are
ordinary differential equations of first order and for the catalyst
temperaturc the equation is partial differential. All these equations
arc coupled, representing a quasi steady-state system and  their
solutions arc interdependent. The ordinary differential equations are
solved by Runge-Kutta method of fourth order and the partial
differential equation is solved using Backward Implicit Scheme. Also
the cffect of changes in various parameters like inlet gas temperature,
catalyst loading, cell -density, initial solid temperature, and
concentration of the rcactant ctc on conversion of the rcactant gas
was studied.

Comparison of modeling for two-gas system using a quasi steady-
statc system was made with results later derived for unsteady state
system. In the former case as already stated a combination of three

ordinary diffcrential cquations and one partial differential equation

iii



represented the system and in the later case of unsteady state system
four partial diflerential equations, representing the gas phase
concentrations, temperature and solid temperature respectively was
constdered.

Nitrogen oxide enginc-out cmissions during cold start are not
considered as it has been reported that these emissions are very low
for engine operating at low loads. Also duc to high hydrocarbon
emission ratcs at cold start, the cffect of carbon monoxide emissions
i1s also neglected in the present work.

As only warm-up of the converter is being considered, model
analysis providing cxhaust gas composition averaged over distinct
driving opcration modes (idling, acceleration, constant speed and

deccleration) is not taken into account for modcling purpose.

iv
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(3000ppm) EXHAUSTS ENTERING TOGETHER AT 900°C
FOR BOTH THE CATALYTIC REACTIONS ONLY AND

CATALYTIC-HOMOGENOUS REACTIONS.

COMPARISON OF SOLID TEMPERATURE VARIATION
ALONG THE LENGTH WITH RESPECT TO TIME FOR A
MIXTURE OF PROPYLENE (6000ppm) AND PROPANE
(3000ppm) EXHAUSTS ENTERING TOGETHER AT 900°C
FOR BOTH THE CATALYTIC REACTIONS ONLY AND

CATALYTIC-HOMOGENOUS REACTIONS.

COMPARISON OF CONCENTRATION VARIATION OF
PROPANE ALONG THE LENGTH WITH RESPECT TO
TIME FOR A MIXTURE OF PROPYLENE (6000ppm) AND
PROPANE (3000ppm) EXHAUSTS ENTERING TOGETHER
AT 1000°C FOR BOTH THE CATALYTIC REACTIONS

ONLY AND CATALYTIC-HOMOGENOUS REACTIONS.

COMPARISON OF CONCENTRATION VARIATION OF
PROPYLENE ALONG THE LENGTH WITH RESPECT TO
TIME FOR A MIXTURE OF PROPYLENE (6000ppm) AND
PROPANE (3000ppm) EXHAUSTS ENTERING AT 1000°C

FOR BOTH THE CATALYTIC REACTIONS ONLY AND

Xxxi
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6.34

6.35

6.36

CATALYTIC-HOMOGENOUS REACTIONS.

COMPARISON OF CONCENTRATION OF PROPYLENE
ALONG THE LENGTH WITH RESPECT TO TIME FOR
SOLUTIONS OBTAINED USING TWO TYPES OF
MODELS (1) QUASI STEADY STATE CONDITIONS AND
(2) UNSTEADY STATE CONDITIONS FOR A MIXTURE
OF PROPYLENE (1900ppm) AND PROPANE (950 ppm)

EXHAUSTS ENTERING AT 390°C.

COMPARISON OF CONCENTRATION OF PROPANE
ALONG THE LENGTH WITH RESPECT TO TIME FOR
SOLUTIONS OBTAINED USING TWO TYPES OF
MODELS (1) QUASI STEADY STATE CONDITIONS AND
(2) UNSTEADY STATE CONDITIONS FOR A MIXTURE
OF PROPYLENE (1900ppm) AND PROPANE (950 ppm)

EXHAUSTS ENTERING AT 390°C.

COMPARISON OF GAS TEMPERATURE ALONG THE
LENGTH WITH RESPECT TO TIME FOR SOLUTIONS
OBTAINED USING TWO TYPES OF MODELS (1) QUASI
STEADY STATE CONDITIONS AND (2) UNSTEADY
STATE CONDITIONS FOR A MIXTURE OF PROPYLENE

(1900ppm) AND PROPANE (950ppm) EXHAUSTS
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6.37

6.38

7.1

ENTERING AT 390°C.

COMPARISON OF SOLID TEMPERATURE ALONG THE
LENGTH WITH RESPECT TO TIME FOR SOLUTIONS
OBTAINED USING TWO TYPES OF MODELS (1) QUASI
STEADY STATE CONDITIONS AND (2) UNSTEADY
STATE CONDITIONS FOR A MIXTURE OF PROPYLENE
(1900ppm) AND PROPANE (950ppm) EXHAUSTS

ENTERING AT 390°C.

COMPARISON OF GAS CONCENTRATIONS, GAS AND
SOLID TEMPERATURES ALONG THE LENGTH WITH
RESPECT TO TIME FOR SOLUTIONS OBTAINED USING
TWO TYPES OF MODELS (1) QUASI STEADY STATE
CONDITIONS AND (2) UNSTEADY STATE CONDITIONS
FOR A MIXTURE OF PROPYLENE (190Cppm) AND

PROPANE (950 ppm) EXHAUSTS ENTERING AT 390°C.

CHAPTER -7

CONCLUSION AND RECOMMENDATIONS

CONCLUSIONS

xxxiii

397

398

475



7.2

RECOMMENDATIONS ON FUTURE R&D IN

AUTOMOTIVE CATALYSIS.

REFRENCES

CROSS-REFRENCES

APPENDIX

APPENDIX-A

SOME COMMONLY USED PROPERTIES OF

CERAMIC MONOLITH

APPENDIX-B

COMPARISON OF METALLIC AND CERAMIC

CATALYST SUPPORT

APPENDIX-C
MODIFIED RATE EXPRESSION FOR

HOMOGENOUS REACTIONS

APPENDIX-D

SOME USEFUL CONVERSIONS

APPENDIX-E

SOME MODEL PARAMETERS THAT CAN BE
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TUNED TO REPRESENT A PARTICULAR

CONVERTER FEATURE.

APPENDIX-F
TEMPERATURE DEPENDENCE OF

PHYSICAL PROPERTIES

APPENDIX-G
CORRELATION’S AVAILABLE FOR
DETERMINING HEAT AND MASS TRANSFER
COEFFICIENTS.
COMPUTER PROGRAMMES

CATALYTIC REACTION FOR ONE GAS

CATALYTIC AND HOMOGENOUS REACTIONS FOR
ONE GAS

CATALYTIC REACTION FOR TWO-GAS SYSTEM
CATALYTIC AND HOMOGENOUS REACTIONS FOR

TWO-GAS SYSTEM

CATALYTIC AND HOMOGENOUS REACTIONS FOR

TWO-GAS SYSTEM FOR UNSTEADY STATE SYSTEM.
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