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Abstract

The objective of this paper is the investigation and optimization of a micro-reformer for a fuel cell unit based on catalytic partial oxidation
using a systematic numerical study of chemical composition and inflow conditions. The optimization targets hydrogen production from
methane. Additionally, the operating temperature, the amount of carbon formation and the methane conversion efficiency are taking into
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ccount. The fundamental investigation is first based on simplified reactor models (surface perfectly stirred reactor (SPRS)).
urface chemistry mechanism is adopted in order to capture all the important features of the reforming process. As a conse
esidence time of the process is taken into account, which means that the products are not necessary in equilibrium. Subseque
o test the validity of the findings from the simplified reactor model, more detailed simulations (involving the Navier–Stokes equatio
erformed for the regions of interest. A region where all the targeted operating conditions are satisfied and the yield of hydrogen
0% is identified.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The interest in production of hydrogen from hydrocar-
ons has grown significantly in the last decade[1]. Efficient
roduction of hydrogen is an enabling technology, directly
elated to the fuel cell energy conversion device[2]. Most of
he fuel cells involve electrochemical reactions of hydrogen
n the anode. The obvious operating scenario of storing the
ydrogen and directly supplying it to the fuel cell is suffer-

ng from the safety point of view. There are few examples
f direct fuel conversion of hydrogen inside the cell, mainly

n high temperature fuel cells. As a consequence, fuel pro-
essors are considered an important unit in conjunction with
he fuel cell converter. Fuel processors are usually described
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as relatively heavy, bulky, requiring relative high reside
times and without practical dynamic response.

The optimal coupling of a fuel-processing unit with
fuel cell is generally considered essential in order to ach
high efficiencies. The reforming can be non-catalytic[3,4]
or catalytic[5–7]. The latter can achieve higher conversio
with lower operating temperatures and drastically sm
residence times compared to its non-catalytic counter
The small residence time is an essential parameter in
to reduce the size of the reformer and becomes nece
for portable fuel cell applications. The catalytic convers
of fuels to hydrogen can be carried out by three m
techniques: the steam reforming, the partial oxidation
the auto-thermal reforming. Steam reforming is the m
common method for producing hydrogen and it is base
the reaction of fuel with water. The main steam reform
reactions are strongly endothermic. The heat required fo
reaction is supplied from an external source and the re

378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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design is usually limited by heat transfer[8]. The partial
oxidation method relies on the reaction of the fuel with
air in order to produce carbon oxides and hydrogen. The
main reaction is exothermic leading to high temperatures.
The auto-thermal reformers combine the thermal effects
of partial oxidation and steam reforming. Fuel, air and
steam are fed to the reactor, the steam reforming reactions
absorb the heat generated by partial oxidation and decrease
the operating temperature. Together with the autothermal
reaction the shift-reaction and the total oxidation occur.

In the present work, we present a systematic numerical in-
vestigation of the catalytic reforming of methane with partial
oxidation. Rhodium (Rh) catalysts are preferred to reform
natural gas[6,9–11] which leads to high fuel conversion
and selectivities. The main advantages of catalytic partial
oxidation are its exothermic and the kinetically controlled
reactions. The exothermic character of partial oxidation has
as consequence low demand of energy and the kinetically
controlled reactions lead to short contact times. However,
the major challenge is that the partial oxidation path is
competing with the total oxidation. Hence, the reforming
based on partial oxidation is considered to have lower
efficiency compared to steam and auto-thermal reforming,
but it does not require any amount of water which would add
complexity to the system in particular for portable applica-
t
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The main goal of the present study is to define operating
conditions for a microscale reactor, which lead to efficient
hydrogen production from methane reforming with partial
oxidation. In order to optimize the reactor we first use sim-
plified low-dimensional models such as the surface perfectly
stirred reactor (SPSR). To ensure the validity of the find-
ings we also perform simulations using more comprehensive
models involving the Navier–Stokes equations. Using this ap-
proach we achieve optimization of the reactor with respect to
the chemical composition and inflow conditions in a rigorous
manner, while the computational cost is small.

2. Single channel reactor

In order to achieve high surface to volume ratio with
reasonable pressure drop, which is desirable in catalytic re-
actions, a usual reactor configuration are the monoliths[28].
Monoliths are arrays of regularly shaped channels (Fig. 1). In
our modeling we focused on a single monolith reactor con-
figuration. The single channel can be considered as a part of a
monolith structure and from the modeling point of view only
one channel needs to be investigated, assuming that symme-
try holds for the inlet conditions. The single channel reactor
is a cylindrical tube with diameter 1 mm and length 10 mm.
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There are several approaches in modeling cata

eaction systems[12,13]. A simple 1D approach is based
lug-flow reactor models. The plug-flow has zero gradi

n the radial direction and the surface reactions are appli
he entire section. These models are based on the deri
f balances for conservation of mass, energy and mome
ver finite differential slices in the flow direction. T
ransport along the transverse direction and axial diffu
re neglected[14]. In order to investigate the spatial profi
ith more detail, multidimensional models are requi
fter the work of Young and Finlayson[15] there are
everal 2D simulations published[13,16–19]based on th
avier–Stokes equations. The boundary layer model[20,21]

s often used, where the assumption of negligible a
iffusion simplifies the solution algorithm and the com

ational cost. A notable comparison of the boundary l
ormulation and the complete Navier–Stokes equation m
sing detailed surface chemistry kinetics is presented in[19]
here, surprisingly, it was observed that the sophistic
hemistry models are the driving mechanism and not th
ct description of all flow features of the process. Signifi
ffort aims at the investigation of chemical kinetics w
espect to the homogeneous and heterogeneous contrib
n order to understand the relative paths and investigat
pplicability of the chemical mechanisms[22–25]. Among

he multidimensional models 3D simulations of mono
hannels[26,27] and full-scale monolith simulations bas
n sub-grid scale approach[27] have appeared but they a
are. A complex detailed model is always necessary in o
o prove the validity and usefulness of simpler models.
s

he diameter of the channel was chosen to be 1 mm beca
s comparable to sizes proposed in many microscale rea
28,29]. The tube inner surface is covered by Rh with sur
ite density 2.7× 109 mol cm−2 [26,30]. The inlet mixture
s methane/air. Based on the partial oxidation of methan

H4 + 1
2O2 → CO+ 2H2 (1)

e can define the equivalence ratioφ as the ratio of the actu
uel/oxygen ratio to the stoichiometric fuel/oxygen ratio (
2)). Stoichiometric reaction occurs when all the oxy
nd methane is consumed in the reaction. If the equiva

Fig. 1. Sketch of a monolith and enlarged view of an individual chan
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ratio φ is equal to unity, the combustion is stoichiometric.
If it is less than unity, the combustion is lean with excess
oxygen, and if it is more than unity, the combustion is rich
with excess of methane.

φ ≡ (mass of CH4)/(mass of O2)

((mass of CH4)/(mass of O2))stoichiometric
(2)

The equivalence ratioφ is used in order to define the inlet
chemical composition of the reactor.

The channel wall is assumed to be thermally thin and axial
conduction is neglected. We note that axial conduction and
radiation may have some impact on the performance of the
reactor and will be considered in future investigations. All
the computations are performed with adiabatic walls at at-
mospheric pressure. In order to investigate the performance
of the reformer we focus on the production of hydrogen. For
this reason we define the hydrogen yield as

YieldH2 ≡ mass of H2
theoretically maximum mass of H2

(3)

where the “theoretical maximum” is calculated only from the
partial oxidation reaction.

The current work focuses on the effect of composition, in-
let velocity and inlet temperature (the reactor operating con-
ditions) on the performance of the reactor.
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mixture is assumed to follow the ideal gas law and the ther-
modynamic and transport properties depend on temperature
[31–33]. A detailed surface reaction mechanism of methane
on rhodium is used for all the simulations[26,30]. This
heterogeneous mechanism takes into account intermediate
reaction steps (38 elementary surface reactions) and species
(7 gas phase and 12 site species) and can describe precisely
partial and full oxidation of methane on rhodium. The
homogeneous gas phase reactions are neglected[17,19,29]
since the residence time of the heterogeneous reactions is
smaller. It is also reported[30] that for moderate temperature
the effect of gas phase chemistry is not significant.

3.1. Surface perfectly stirred reactor model

Perfectly stirred reactor models have been used exten-
sively for many years in simulations of reacting systems for
a variety of applications. Chemical vapor deposition systems
can be modeled using perfectly stirred reactor models that
include a detailed surface reaction mechanism[34]. Many
other catalytic and materials applications have been modeled
using the SPSR[35,36]. The basic assumption of the SPSR
is that mixing of the reactants is so complete that the conver-
sion of reactants to products is determined by the chemical
reaction rates rather than the diffusion, convection, or other
t e
i the
s actor.
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. Numerical models

Although monolith catalysts are currently commer
roducts[28], there are still open questions concerning t
ctivity and durability during extreme thermal conditio
proper design of reforming requires operation at spe

emperatures and conversion rates. Next to fundamen
ues of material science, modeling can be extremely u

n sizing the reactor, investigating its behavior in opera
nd predicting the dynamic effect of operating conditio
emperature, fuel and soot distributions in the channel
eeded information that determines the behavior of the m

ith. The high temperature along the channel can deac
nd damage the catalyst and high soot formation on the

yst can reduce the efficiency of the reactor. Experimenta
estigations are expensive, while theoretical models in w
ass, momentum and heat transfer are solved, need suf
hysicochemical data.

Our modeling strategy is based on some general ass
ions. The Reynolds number based on channel diamete
nflow conditions is smaller than 500 and the flow filed
onsidered laminar. The steady state results are used fo
arison[19]. Only one channel of the monolith is simula
nd the walls of the channel are considered adiabatic[30].
he conductivity of the walls and the heat flux by radia
re neglected[13,17,19]. An order of magnitude analys
howed that the heat conducted axially along the channe
or ceramic materials is indeed negligible (approxima
.05%) compared to the released energy of reaction. Th
t

-

ransport processes[34]. In our simulations we define th
nlet temperature, velocity and mixture, and we monitor
pecies fractions and temperature at the outlet of the re
ince the residence times of catalytic reactions is very s
nd the flow residence time of the channel we simulate is
mall, we consider that the outlet composition is not ne
ary in thermodynamic equilibrium but agrees with the t
odynamic equilibrium in the limit of long residence tim
or this reason, an optimization based on SPSR can pr
ore information compared to optimization based only

hermodynamic analysis using Gibbs free energy minim
ion [37–41]or, based on the atomic balance approach[42].
he modeling we present here is feasible only for fuels
atalysts for which we already have a reaction mechani

.2. Navier–Stokes equation model

In order to verify the results from the SPSR we also
orm detailed calculations based on the Navier–Stokes e
ions. The simulations are carried out using the CFD-AC
ommercial multi-physics computational application de
ped by ESI CFD in Huntsville, Al, USA. The CFD-ACE
oftware is capable of solving the governing system of e
ions of mass, momentum, energy and species coupled
oundary condition for surface reactions. More details
erning the numerical techniques required to solve the sy
f equations are beyond the scope of this article, and

ound elsewhere[43–45]. Validation of the CFD-ACE sof
are is presented in[27] where numerical catalytic combu

ion results of a hydrogen-methane-air mixture on a plati
oated monolith are compared to experimental results[46].
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The fundamental set of equations has the general form
[31]

∂ρ

∂t
+ ∇(ρU) = 0 (4)

∂ρU
∂t

+ ∇(ρUU) = −∇p + ∇ τ + B (5)

∂ρh

∂t
+ ∇(ρUh) = −∇ q+ � : ∇U+ dp

dt
(6)

∂ρYi

∂t
+ ∇(ρUYi) = −∇ Ji + ω̇i (7)

p = ρRT

NGas∑
i=1

Yi

Wi

(8)

whereρ is the fluid density,U is the velocity vector,p is
the pressure,� is the shear stress tensor,B is the body force
vector,h is the enthalpy,q is the heat flux,i is the gas phase
species index,Yi is the mass fraction of theith species,Ji
is the species diffusive flux,ωi is the production rate of the
ith species,T is the bulk temperature andWi the molecular

weight of theith species. The heat fluxq is written as

q = −k∇T + qR +
NGas∑
i=1

Jihi (9)

wherek is the conductivity,qR is the heat flux due to radiation
and the last term is the heat flux due to species diffusion.NGas
is the total number of gas species,Ji is the mass diffusion
fluxes of theith species andhi the enthalpy of theith species.
The mass diffusion species is written in the classical Fickian
form [47] as:

Ji = −ρDi∇Yi − DT
i

∇T

T
(10)

whereDi andDT
i are the mass and thermal mixture average

diffusion coefficients[33] where for the present simulations
we do not include any corrections[48], which is also the case
in most numerical simulations of monolith channels[19,49].
The influence of species on thermal transport (Dufour effect)
is of minor importance[50]. Radiation is also neglected, but
we recognize that may have some impact on the performance
of the reactor and will be considered in future investigations.

F
o

ig. 2. Reactor temperature, carbon soot, methane conversion and hydroge
f inlet temperature and space velocity for the equivalence ratio ofφ = 1.0.
n yield (calculated from the SPSR model using only surface reactions) as a function
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The chemical reactions on the catalytic surface lead to the
following boundary condition[51]

n · [ρYiUS + Ji] = ṡiWi (11)

wheren is the unit inward pointing vector to the surface,Us
is the so-called Stefan velocity which occurs when there is a
net mass flux between the surface and the gases andṡi is the
production rate of theith species due to chemical reaction at
the surface. More details concerning the implementation and
the solution procedure can be found in[45].

4. Results and discussion

In order to investigate the reformer and optimize the hy-
drogen production we performed systematic simulations of
the specific monolith channel described in Section2. The
chemical composition is described by the equivalence ratioφ

(Eq.(2)) and the inlet conditions by the inlet temperature and
gas hours space velocity (GHSV). (The GHSV is defined as
the ratio of the volumetric flow of reactants at standard con-
ditions (25◦C and 1 atm) to the total catalyst volume and has

units of inverse time).

GHSV =
(

ṁinlet

Volcatalyst ρinlet

)
ST

(12)

whereṁinlet is the mass flow rate of the reactants,ρinlet it the
density of the reactants and Volcatalystis the total catalyst vol-
ume.Out of the extensive set of cases that have been simulated
using the SPSR configuration, the reactor operating temper-
ature, the carbon sootC(s) (surface coverage), the methane
conversion and the yield of hydrogen are presented inFig. 2,
as a function of inlet temperature and inlet space velocity
for equivalence rationφ = 1. From the map of temperature
in Fig. 2 we can identify the ignition region of the mixture.
From similar simulations using SPSR for different values of
equivalence ratioφ we observe that the mixture of methane
and air is ignitable for inlet temperaturesT> 780± 20 K. In-
creasing the inlet temperature we observe inFig. 2 that the
operating temperature of the reactor increases and at the same
time the conversion of methane and the yield of hydrogen also
increase.

In Fig. 3 we present the reactor operating temperature,
the carbon soot, the methane conversion and the hydrogen

F
o

ig. 3. Reactor temperature, carbon soot, methane conversion and hydroge
f the equivalence ratioφ and space velocity for the inlet temperatureT= 850 K.
n yield (calculated from the SPSR model using only surface reactions) as a function
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yield as functions of the equivalence ratioφ and the inlet
space velocity for the inlet temperature ofT= 850 K. From
the operating temperature map inFig. 3we can identify the
high temperature region (0.2 <φ < 0.4) which corresponds to
full oxidation of methane and leads to high conversion of
methane but low hydrogen yield. The carbon soot increases
when the equivalence ratio increases and decreases when the
space velocity increases. The hydrogen yield exhibits a non-
monotonic dependence on the equivalence ratio. The region
(0.5 <φ < 1.0) in Fig. 3 shows an interesting behavior be-
cause the hydrogen yield exhibits a local maximum while
the operating temperature is relatively low (T< 1800 K), and
the carbon shoot is also low (C(s) < 0.01). The hydrogen
yield achieves values approximately 70–80% in the region of
equivalence ratio 0.5 <φ < 1.0 for low space velocities. This
region of equivalence ratioφ for low space velocities appears
to have at the same time high values of hydrogen yield and
appealing operating conditions regarding reactor temperature
and carbon shoot production compared to other regions of the
map with high yield. The reactor temperature is a quantity re-
lated to the lifetime of the catalyst, while the carbon soot is

related to the efficiency of the reactor. For the higher inlet
temperatureT= 950 K (Fig. 4) we observe the same qualita-
tive behavior as inFig. 3. In Fig. 4we can identify a relative
increase in temperature and carbon soot compared toFig. 3
and the region of equivalence ratio 0.5 <φ < 1.0 results in
high values of hydrogen yield (≈70%) for low space veloc-
ities. For even higher inlet temperatures (not shown here for
brevity) we observe an analogous behavior.

In Fig. 5the reactor operating temperature, the carbon soot
the methane conversion and the hydrogen yield are presented
as a function of the inlet velocity for the inlet temperature
of T= 875 K and for five different values of equivalence ra-
tio φ in the region of interest (0.5 <φ < 1.0) identified earlier.
We can observe that the temperature of the reactor and the
methane conversion decrease significantly with increasing
the equivalence ratio. For the region of interest, the effect of
velocity on the rector temperature is relatively small. The car-
bon soot is strongly related to the equivalence ratioφ (Fig. 5).
The hydrogen yield appears to markedly depend on the in-
let velocity. Additionally, we observe the local maximum of
hydrogen yield in the region 0.6 <φ < 0.7 which was also

F
o

ig. 4. Reactor temperature, carbon soot, methane conversion and hydroge
f the equivalence ratioφ and space velocity for the inlet temperatureT= 950 K.
n yield (calculated from the SPSR model using only surface reactions) as a function
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Fig. 5. Reactor temperature, carbon soot, methane conversion and hydrogen yield (calculated from the SPSR model) for different equivalence ratiosφ using
only surface reactions as a function of the inlet velocity for inlet temperatureT= 875 K.

observed inFig. 4. In Fig. 5, the graphs of rector tempera-
ture, carbon soot methane conversion and yield of hydrogen
delineate the counteractive behavior of the quantities of in-
terest. For the production of hydrogen it is better to have low
inlet velocities. The effect of inlet velocity is more visible in
Fig. 6where the yield of hydrogen is shown as a function of
the equivalence ratioφ for different inlet velocities. At the
same time, the low inlet velocities lead to higher fractions of
carbon soot which can degrade the efficiency of the catalyst
(Fig. 5). The low inlet velocities are also advantageous from
the mechanical point of view since they lead to a reasonable
pressure drop due to the monolith structure[27].

The results presented inFigs. 2–6are based on simulations
using the SPSR configuration. The SPSR configuration has a
number of fundamental differences compared to the mono-
lith channel reactor configuration. The SPSR simulations are
useful in order to extract qualitative results and conclusions.
In order to further quantify and verify the SPSR results, it is
necessary to perform more comprehensive multidimensional
simulations. For this reason we performed detailed simula-
tions, using the Navier–Stokes solver discussed in Section
3.2, for the region of interest of equivalence ratio 0.6 <φ < 1.0
and for low inlet velocities.

In Fig. 7, the numerical results of temperature, carbon
soot, methane and hydrogen mass fraction along the channel
are shown, using detailed surface reactions mechanism for
equivalence ratioφ = 0.7, inlet velocityU= 1 m s−1 and in-
let temperatureT= 875 K. The channel is discretized using a

Fig. 6. Hydrogen yield calculated from the SPSR model, for different inlet
velocities using only surface reactions as a function of the equivalence ratio
φ for inlet temperatureT= 875 K.
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Fig. 7. Temperature, carbon soot, methane, hydrogen, water and oxygen mass fraction along channel, calculated from the Navier–Stokes model using only
surface reactions for equivalence ratioφ = 0.7, inlet velocityU=1 m s−1 and inlet temperatureT= 875 K.

non-uniform mesh having 150 axial elements and 50 radial
elements. The nodes are concentrated near the wall and at the
beginning of the catalyst. A mesh resolution study confirmed
that the grid 150× 50 produces fully resolved numerical so-
lutions. From the temperature plot inFig. 7we observe that
the wall reaches very fast a maximum temperature, which
is followed by a significant reduction until the end of the
channel. The maximum temperature at the beginning of the
channel is due to the full oxidation of methane, which pro-

duces significant amount of water. The water in the presence
of methane at high temperature subsequently enhances the
steam reforming process (Eq.(13)) which produces more hy-
drogen. The endothermic character of steam reforming leads
to the temperature drop until the end of the channel.

CH4 + H2O → CO + 3H2 (13)

In order to determine the effect of the equivalence ratioφ for
the region 0.6 <φ < 1.0 a series of simulations was performed.
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Fig. 8. Temperature, carbon soot, methane conversion and hydrogen yield calculated from the Navier–Stokes and the SPSR model for different equivalence
ratiosφ using only surface reactions. The inlet velocity isU= 1 m s−1 and the inlet temperature isT= 875 K.

In Fig. 8we present the results for inlet velocityU= 1 m s−1

and inlet temperatureT= 875 K where we compare the find-
ings from the two-dimensional Navier–Stokes solver with
the SPSR results. The qualitative agreement between the
Navier–Stokes model and the SPSR model is indeed good.
The SPSR simulations predict all the trends of the depen-
dence of temperature, carbon soot and methane conversion
on the equivalence ratio. More important is the comparison of
the hydrogen yield. The detailed Navier–Stokes simulation
shows high values of hydrogen yield (≈70–80%) for the
region of interest 0.6 <φ < 1.0. The position of maximum is
only slightly shifted and is about 5–10% higher compared
to the SPSR prediction, underpinning the usefulness of the
latter

5. Conclusions

A systematic analysis has been conducted in order to
investigate the process of hydrogen production from methane
using partial catalytic oxidation. The analysis focuses on the
inlet conditions such as temperature, velocity and chemical

composition for a typical monolith configuration. The
investigation is first based on the surface perfectly stirred
reactor model. In the simulations detailed surface chemistry
mechanism is adopted in order to capture all the important
features of the reforming process. Regions of efficient
hydrogen production are so identified. These regions where
further investigated with comprehensive simulations using a
Navier–Stokes equations solver and detailed surface chem-
istry. The predictions of the Navier–Stokes model agree
satisfactorily with the SPSR model values of hydrogen yield.
The agreement between the simplified model (SPSR) and
Navier–Stokes equation model is due to the fact that in both
cases the apparently important surface chemistry is modeled
in detail and the residence time of the reactor is captured
accurately. The finite radial diffusion of the Navier–Stokes
model compared to the infinite diffusion of the SPSR seems
not be important in our case study, since the residence
time in the channel is a multiple of the radial diffusion
time.

The hydrogen production is strongly depended on
the equivalence ratioφ. The region of equivalence ratio
0.6 <φ < 1.0 is shown to produce high values of hydrogen
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yield (≈70–80%) with realistic operating conditions (inlet
velocityU= 1 m s−1 and inlet temperatureT= 875 K). Addi-
tionally, the operating temperature and the carbon soot on the
catalyst surface are relative low resulting in favorable opera-
tional conditions.

The investigation is not based on a thermodynamic equi-
librium analysis, but on the evaluation of the detailed surface
mechanism. As a consequence, the residence time is the guid-
ing parameter in the SPSR simulations. On the other hand,
the predictions and the results presented herein are strongly
influenced by the detailed surface chemistry mechanism em-
ployed. Future work aims at experiments that will further
evaluate our conclusions.

An important conclusion of the present work is the ef-
fectiveness of the optimization concept based on a simple
reactor configuration with low computational cost. Using the
SPSR configuration it is possible to perform many simula-
tions (of the order of thousands) in couple of hours on a stan-
dard 3.0 GHz Intel Xeon workstation. The parameter space
can be extended to different monoliths, with different surface
to volume ratio or catalyst coverage. Finally using different
surface mechanisms the optimization can be extended to dif-
ferent fuels and catalysts.
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