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ABSTRACT

Global energy requirements are increasing day by day at a significant rate, and this
demand is being primarily met by fossil fuels like natural gas, coal, and fractions of petroleum.
On one hand, there is a threat of depletion of the finite fossil energy resources; on the other
hand, there is an equally imminent threat of global warming through non-judicious burning of
fossil energy. Hydrogen has been suggested as an attractive and clean energy carrier depending
on how it is produced, and serves as a remedy to the depletion of fossil fuels and the associated
environmental concerns. Aside from the major applications of hydrogen in the chemical, foods
and refining industries, it can be used in fuel cells to power vehicles, as well as for other
stationary and non-stationary applications.

“On-board” or “distributed” processing of fuel to produce hydrogen, on demand, seems
like an obvious concept, but is often not viable because of the fact that fuel reforming is
endothermic, and energy needs to be supplied to the reforming reactor in a way so as to offset
the drop in reactor performance due to the “cooling” induced by the reaction. One way of
offsetting this issue is to create a heat-integrated design. However, such designs have
exothermic and endothermic fronts that move in time and space, and hence the problem is non-
trivial. Effective design of such reactors require knowledge of the time and space movements
of such fronts. Thus, the final "success" of this technology will depend largely on modeling,
understanding and control of temperature excursions from the steady state situation.

In this thesis, such process concepts are evolved using mathematical modeling of the
ethanol steam reforming reactor, to produce hydrogen in a compact reformer under dynamic
operation.

In the first part of the study, various spatio-temporal evolutions of temperature and
conversions in the reaction zones were explored through models developed for recuperative
heat exchange and process integration. Further, a design alternative was investigated for the
effective transport of heat. The species flow in exothermic section was shifted in order to study
its impact on temperature fronts. The extensive modeling work revealed the way in which the
temperature fronts were expected to evolve, and how that affected the design alternatives.
Alternate designs by conducting the reforming reaction in monolith microreactors, rather than
packed beds, was also evolved. A design parameter ‘volumetric reactor activity’ to define an

optimal extruded and washcoated monolith configuration was given.



To have a complete picture of the ethanol steam reforming at the reactor level, catalyst
deactivation was also accounted. Several alternative inlet feed configuration schemes

(distributed feed) and recycle scheme were also explored.
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NOMENCLATURE

Lo length of reactor [m]

Dp catalyst particle diameter [m]

D reactor diameter [m]

F molar flow rate [mol s™]

Ac cross-sectional area [m?]

n reactor order [-]

c specie concentration [mol m]

Ea activation energy [kJ mol™?]

Re gas constant [kJ mol K]

AH heat of reaction [kJ mol™]

Cp specific heat [kJ kgtK™]

Cp molar heat capacity [kJ moltK]
6p volumetric heat capacity [k m=3K]
\Y volume of reactor [mq]

W weight of catalyst [kg]

C dimensionless concentration [-]

R radius [m]

r reaction rate [mol m= s?]

Krxtr catalyst activity on reactor volumetric basis [s?]
v volumetric flow rate [m® s]

Fapp apparent reaction rate [mol m=s?]
Featv reaction rate [mol m3c s7]

U, h heat transfer coefficient [W m2K™]
u velocity [m s?]

X conversion [-]

q heat flux [W m~]

u velocity vector [m s?]
p pressure [Pa]

| identity matrix [-]

N;j molar flux [mol m2s?]

k thermal conductivity [W m*K?]

|OI characteristic diffusion length [m]

Kk, intrinsic rate constant [(mol* m3)® s]
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Det effective diffusivity [m? s]

I effective molecular radius [m]

ry pore radius [m]

t time [s]

cg maximum surface coke concentration [kg m2]
Cc surface coke concentration at any instant [kg m2]
Dy Knudsen diffusion at any instant [m? s?]

Dwm Molecular diffusivity [m? s™]

C. dimensionless coke concentration [-]

Rc reaction rate of coke [mol m=s?]

T temperature [K]

n normal vector [-]

r,z space coordinates [m]

dn hydraulic diameter [m]

tw wall thickness [m]

tc washcoat thickness [m]

Da Damkohler number [-]

d tube diameter [m]

RRr recycle ratio [-]

P perimeter of reactor tube [m]

J dimensionless source [-]

Nt total number of distributed feed locations [-]
N distributed feed location (1, 2, ..., N7) [-]

H Hydrogen

CD Carbon dioxide

CO Carbon monoxide

M Methane

E Ethanol

S Steam

Greek letters
Peatb bulk density of catalyst [kg m=]
& particle voidage [-]
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Superscripts

0
C

Subscripts

SS

solid fraction [-]
bed voidage [-]

internal effectiveness factor [-]

thiele modulus [-]
dimensionless time [-]

Particle tortuosity [-]

dimensionless length [-]
dimensionless heat of reaction [-]
dynamic viscosity [Pa s]
dimensionless temperature [-]

bulk density of coke [kg m™]

dimensionless activation energy [-]

initial
combustion
reforming
dimensionless
backward

reaction
component
catalyst
solid

gas

inlet
backbone
steam

side stream
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