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Abstract

The objective of the paper is a numerical study of the partial oxidation of methane to synthesis gas in a monolith reactor with Pt/Ce-Zr-La catalyst.
A dynamic one-dimensional two-phase reactor model of the processes with accounting for both transport limitations in the boundary layer of a
fluid near the catalyst surface and detailed molecular unsteady-state kinetic model for surface reactions have been developed and verified with the
transient experiments data. The mathematical model was used to explain a transient behavior of the process in the monolith reactor during start-up
(ignition). Also studied is the influence on the process dynamics such parameters as linear velocity, equivalent diameter of triangular channel and
effective thermal conductivity of the monolith. It was found that higher linear velocity and equivalent channel diameter as well as the worse axial
conductivity of solid phase favor decreasing a time delay in syngas production in the Pt/Ce-Zr-La/a-Al, O3 honeycomb monolith with a triangular

shape channels.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is known that during the partial oxidation of hydrocarbons
in a monolith reactor at short contact time (<0.1 s), ignition is
characterized by a sharp increase in the surface temperature in
the front part of the catalytic bed. Moreover, radial and axial
temperature gradients may also develop in a monolithic catalyst
[1-4]. The sharp temperature profile taken along the reactor axis
makes the temperature in the front part of a catalytic monolith to
differ markedly from the outlet temperature. Also, throughout
the cross-section, even at the monolith diameter of a few cen-
timeters, the radial gradients of 100-200° could be observed.
The high temperature over the catalyst is a major threat to the
stability of supported noble metal catalyst: the catalyst may sin-
ter, lose activity and, most importantly, the exposure of noble
metals to oxygen at these temperatures will form volatile oxides
resulting in the metal loss. The catalyst temperature is defined
by a complex interaction of reaction kinetics on the specific cat-
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alyst and transport processes. Main properties of the methane
partial oxidation in a short contact time monolith reactor were
formulated by Schmidt in [2]:

- all properties of gases vary by a factor of more than 10 between
feed and reactor conditions;

- mostreaction occurs within one cell diameter where properties
are varying;

- surface reaction events may be different than those calculated
or measured at lower temperatures;

- very large temperature and concentration gradients exist in
these experiments;

- radial and axial concentration gradients cause quite unpre-
dictable conditions for homogeneous reaction and flames;

- homogeneous reactions and flames are tightly coupled to the
presence of surface reactions and to cold or to hot surfaces
which can alter free radical concentrations;

- multiple steady states may be expected in these systems for
both homogeneous and heterogeneous processes;

- transitions between different steady states may be expected in
these experiments which may lead to quite different behavior
for nearly the same geometries or conditions.
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Nomenclature

Cp
Dim

de

5
Ey, Ey
See
AH

Ji
kg

heat capacity, Jkg~! K—1)

mixture-averaged diffusion coefficient between
species i and the remaining mixture (m2s~')
equivalent channel diameter (mm)

thermal diffusion coefficients of ith compound
(kgm~1s™1)

activation energies of forward and back reactions
(kcal/mol)

the molar site density for Pt (mol m~2)

heat of reaction j (J mol™1)

mass flux of ith compound (kgm~2s~!)
preexponential (s~ 1) or sticking coefficient of for-
ward reactions

preexponential (s~!) of back reactions

exponent in diffusion coefficient temperature
dependence

molecular weight of ith compound (kg mol~!)
Nusselt number

pressure (Pa)

Prandtl number, Pr=ic, /A
jth reaction rate in gas
(gm3s71), (mol mol;tl s7h
Reynolds number, Re = vdeq g/ 1t

specific surface area (m™')

specific surface area occupied with Pt (m~1)
Schmidt number, Sc = 1/ pg/Dim

Sherwood number

time (s)

temperature (K)

superficial velocity (ms™!)

mole fraction in gas phase

reactor axial coordinate (m)

dimensionless axial coordinate

and solid phase

Greek letters

heat transfer coefficient Jm—2s~ ! K1)

o

B mass transfer coefficient (ms™!)

g8 void fraction in monolith and in coverage pores

g emission coefficient

Aeff effective heat dispersion coefficient
Om~'s K™D

Wij, vij  stoichiometric coefficients

w viscosity (kgm~!s™1)

0; surface coverage

Pg, Pg  mass density in gas phase and in coverage pores
(kgm™3)

o Stefan—Boltzmann constant Jm~2s~! K=%)

v interstitial velocity (ms~')

wi, ®; weight fraction in gas phase and in coverage
pores.

Subscripts

g gas phase

in inlet

mix mixture

o initial

out outlet

s solid phase
w surrounding

Fundamental understanding of the processes occurring in the
multiscale levels, their interrelation and interaction is essen-
tial to control such intensive, fast reaction in a specific reactor.
Information about dynamics of the local temperature and con-
centrations may have a considerable influence on rational design
of both reactor and catalyst as well as the choice of design
materials. By the mathematical simulation studies the process
in the monolith reactor may be examined in details. For correct
mathematical modeling it is necessary to create a reliable, valid
mathematical model providing for a good agreement between
numerical and experimental data and accounting for all par-
ticularities of the complicated reaction kinetics. These models
should be able not only to explain physicochemical processes
in the reactor, but predict the behavior of reacting system. The
multidimensional models, in which energy and mass balances
are coupled to the Navier—Stokes equations in the actual channel
geometry, are the most accurate and, at the same time, the most
computationally expensive, as well as being difficult to solve
[4-6]. The one-dimensional (1D) mathematical models formu-
lated under some simplifications in the process description are
practically feasible and therefore most often used. In the 1D
models both a gas phase species composition and temperature
are taken as constant throughout the reactor cross-section, while
the temperature and concentration gradients between gas and
solid phases are located in a thin film near the surface. At the
numerical simulations of the reactive monolith by the 1D models
with unsteady-state equations for heat and mass transport, the
catalyst surface dynamics is often neglected [7,8]. Veser and
Frauhammer [9] used an unsteady-state mathematical model
accounting for dynamics of the processes on the catalyst sur-
face, but one simplification was still made: the mass transfer
limitation in the boundary layer near the surface was neglected.

If gas phase homogeneous chemical-reactions are included
into the mathematical model the axial diffusive transport is
important to the flame stabilization mechanism [10]. Further-
more, if molecular weights of species are strongly different,
the thermodiffusion transport phenomenon should be taken into
account also. Heat transport phenomena by the thermal conduc-
tivity of the catalyst matrix [11] and of radiation [12] play a
significant role in the high-temperature process as well.

In this paper we studied partial oxidation of methane in a
monolith reactor by means of a dynamic 1D reactor model with
accounting for detailed molecular, unsteady-state kinetic model
for surface reactions. Heat and mass transfer limitations in the
boundary layer near the surface, axial diffusion, thermodiffu-
sion, thermal conduction of the solid phase and heat losses due
to radiation from the monolith edges are taken into account.
The numerical study of the reaction ignition was compared with
transient experimental data of start-up to show sufficient relia-
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bility of the mathematical model developed. The effect of such
parameters as equivalent diameter of the triangular channel, lin-
ear velocity and effective thermal conductivity of the monolith
on dynamics of the partial oxidation of methane in a shot contact
time monolith reactor is also studied.

2. Mathematical model

A 1D reactor model is developed on the base of differen-
tial equations of mass and energy changes. The reactor model
contains one-dimensional detailed species mass and energy bal-
ances both for gas and solid phases, equations for adsorbed
species and intermediates. The model implements molecular,
non-steady-state kinetics. Accumulation terms were considered
in all equations. The following assumptions are considered in
the model:

non-steady-state heat and mass transfer;

heterogeneously of the system;

both axial and thermo diffusions in the gas phase;

thermal conduction of solid phase by means of effective axial
thermal conductivity;

heat loss due to radiation at the reactor inlet and outlet;

e adiabatic monolith reactor (sidewalls of the monolith reactor
are isolated).

Model equations, boundary and initial conditions are listed
below:

The mass balance equations:

solid phase

=(1- 8) Aeff—
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The changes in a local concentration of the ith component due
to mass transport of all components in the system are described
by the last term on the right-hand side of Eq. (1) and next to last
on the right-hand side of Eq. (2). The last term on the right-hand
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for the mixture-averaged diffusion coefficients Dj, between
species i and remaining mixture
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where Dy is described as (Reid and Sherwood [13])
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The thermal diffusion coefficient of ith component is
described by the dependence [14]

T M;
D; = Dinwipg M

mix

—1>(Z—m)

The transport properties via local heat and mass-transfer coef-
ficients a(B) were accounted for by the specific heat and mass
transfer correlations for Nusselt and Sherwood numbers Nu(Sh)
in a triangular channel (Groppi and Tronconi [15]):

—0.43

Nu(Sh) = 2.495 + 6.507(z*10%) " exp(—44.022%)

The coefficients of diffusions, thermal conductivity and
viscosity that depend on composition and temperature were
calculated in every axial position along the channel. The heat
capacity of the gas flow was calculated against a current com-
position as:

cp= g CpiXi
i

The heat capacities c,, were taken at the average temperature
[16].

Table 1

Surface reaction mechanism for oxidation of methane over Pt/Ce-Zr-La/a-Al> O3

The present study emphasizes the effect of the surface reac-
tions on the process dynamics, so the gas phase reactions are
neglected.

3. Unsteady-state kinetic model of surface reactions

The implications of the reliable detail kinetic model for
reactor simulation and scale-up are significant. Parameters of
elementary steps are often borrowed from surface science exper-
iments whenever available, and the missing (a few) parameters
are fitted to a single set of experiments [17]. Similar approach
was applied in the development of the kinetic model for the
Pt/Ce0,-ZrO,-LayO3/a-Al,O3 honeycomb monolith. At first,
the literature data [18-20] of partial oxidation of methane over
Pt catalyst were used. Detailed heterogeneous chemistry mech-
anism proposed by Aghalayam et al. [19] includes all possible
species transformations on the Pt catalyst. The reaction mecha-
nism contains 31 elementary steps describing methane oxidation
on platinum, 14 gaseous compounds and 11 intermediates. The
authors have carefully listed all necessary parameters for the
quantitative description of kinetics and heat effects in every
elementary step of the surface mechanism. However, some dis-

No. Reaction k preexponential E¢ (kcal/mol) ki, preexponential s™H Ey, (kcal/mol) AH (kcal/mol)
s Hor sticking
coefficient
1 OH +*<H +0" 5.60 x 101 18.3 1.70 x 1010 13.4 4.9
2 H,O" +* < H" +OH" 1.20 x 1010 39.1 3.50 x 10! 0.0 39.4
3 H,0" +0" < 20H" 1.00 x 10! 34.1 1.00 x 10'! 0.0 34.1
4 Hy+2" < 2H" 0.09 0.0 3.33 x 1012 20.0 —-16.0
5 0,+2" 20" 0.03 0.0 1.00 x 10'! 19.0 —15.0
6 H,0 + * <> H,0" 1.00 0.0 5.33 x 10!2 10.0 —-10.0
7 OH+* < OH" 1.00 0.0 1.00 x 10'3 30.0 -30.0
8 H+*<«H" 1.00 0.0 1.00 x 1013 60.2 —60.2
9 0+*«<0" 1.00 0.0 1.00 x 10'3 67.0 —67.0
10 CH4+2" <> CH3*+H" 0.68 12.0 3.97 x 1010 5.5 6.5
11 CH;* +* < CHy" +H" 1.32 x 1013 25.8 4.04 x 1010 6.1 19.7
12 CH," +* < CH" +H" 1.00 x 10! 25.0 1.00 x 10! 122 12.8
13 CH +*<C +H" 1.00 x 10! 5.4 1.00 x 10! 37.6 —31.4
14 CH3"+0" <> CH," +OH" 1.00 x 10! 17.7 1.00 x 10M! 3.1 14.6
15 CH"+OH" & CH," + 0" 1.00 x 10! 13.2 1.00 x 10! 20.5 -73
16 C"+OH" < CH" +0" 1.00 x 10! 38.2 1.00 x 10™! 1.5 36.7
17 CH," +H,0" < CH;3" + OH" 1.00 x 10! 19.5 1.00 x 10'! 0.0 19.5
18 CH" +H,0" <> CH," + OH" 1.00 x 10! 26.7 1.00 x 10M! 0.0 26.7
19 C"+H,0< CH" +OH" 1.00 x 10'! 70.9 1.00 x 10'! 0.0 70.9
20 CO" +¥ < C"+0" 1.00 x 101! 74.2 1.00 x 10! 0.0 75.
21 CO," +* < CO" +0O" 1.00 x 10! 43.1 1.00 x 10! 0.0 43.1
22 CO+" < CO" 0.71 0.0 1.00 x 1013 34.0 —34.0
23 CO, +* < COy” 0.7 0.0 1.00 x 10'2 17.0 -17.0
24 CO," +H" <+ CO" +OH" 1.00 x 101! 38.2 1.00 x 10M! 0.0 38.2
25 CO"+H" < CH" +0" 1.00 x 10! 106.0 1.00 x 10! 0.0 106.0
26 CO"+H" < C"+OH" 1.00 x 10! 69.2 1.00 x 10! 0.0 69.2
27 CHj3 +* <> CH3" 1.00 0.0 1.00 x 103 38.0 —38.0
28 CH, +* < CH," 1.00 0.0 1.00 x 1013 68.0 —68.0
29 CH +* <> CH" 1.00 0.0 1.00 x 10'3 97.0 -97.0
30 C+' < C" 1.00 0.0 1.00 x 10'3 150.0 —149.0
31 2C0" & C*+CO," 2.40 x 10'2 31.0 4.17 x 10° 0.0 31.9
32 0" +Z < *+Z0 0.2 x 103 14 0.2 x 103 14 0.0

The site densities were assumed: for the Pt, 1.65 x 10~ mol/m? and for ZO, 1.65 x 1072,
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crepancy was found to be in both the enthalpies and equilibrium
constants for the main reaction routes. For example, for a reac-
tion rout CHs +0.50, — CO +2H; consisted of the steps 4,
5, 10, 11, 12, 13, 20, 22, the value for the heat evolved was
AH=+6.6kcal/mol instead of —8.51 kcal/mol calculated on
base of the thermodynamics laws. After some corrections, the
mechanism proposed by Aghalayam et al. [19] was taken as a
basis for the unsteady-state kinetic model to be implemented
in the dynamic reactor model developed. The implemented
detailed mechanism containing 32-elementary-step of methane
oxidation, 14 gaseous compounds and 13 intermediates on the
catalyst surface with corresponding kinetic parameters is given
in Table 1.

The Pt/Ce-Zr-(La)/a-AlO3 honeycomb monolith is a
complex catalytic system where washcoat (fluorite-like nano-
crystallites of solid solution CeZr/CeZrLa) closely interacts with
active component Pt. Study of detailed kinetic and mechanism
of the partial oxidation reaction using the step response tech-
nique has made it clear that active oxygen of the bulk quickly
re-oxidizes the reduced platinum [21]. The simplified reaction
scheme illustrates the reaction mechanism over Pt/CeO;-ZrO;

catalyst:
COy, H,Oy CH4+0,

X/

e £—= prO
70

The unsteady-state kinetic models of the partial oxidation
of methane over both Pt/CeO;,-ZrO,/a-AlO3 and Pt/CeO,-
Zr0,-Lay03/a-Al, O3 monoliths account for the interaction of
washcoat (Z, ZO) with active catalyst sites (Pt, PtO) (reac-
tion 32 in Table 1). The difference between both catalysts
consists in the amount of active sites and numerical val-
ues for the kinetic parameters of the reaction elementary
steps.

4. Development of the numerical algorithm

The model balance equations form a set of differential equa-
tions in partial derivatives. An efficient robust algorithm was
developed for solving the system.

A method of lines was used to treat the system numerically.
Discrete approximation of differential operators on the spatial
variable, functions of reactions, heat and mass exchange terms
and boundary conditions was based on the mass and heat con-
serving integro-interpolation method [22]. Integral form of the
equations was applied at each increment [z;—12, z+1/2] of the
axial direction. A reaction term in the mass balance equations
was represented as a sum of two terms to extract a linear part
with respect to the ith component. This allows the assigned
linear part to be transferred to diagonal of the system, thus
increasing a monotony of the system and securing non-negativity
of the concentrations [23]. As a result, a large system of the
non-linear ordinary differential equations was obtained. The
methods of Gauss—Seidel iterations and a second-order Rozen-
broke algorithm with an automatic choice of the integration
interval were used to solve the set of equations [24]. The For-

tran computed code was developed to implement the algorithm
described.

5. Start-up experiments procedure

The start-up (light-off) experiments for the partial oxida-
tion of methane over the Pt/CeZrLa deposited onto the alumina
based monolith were carried out in a flow reactor. The catalyst
was prepared according to procedures described in References
[3,21,25]. The reactor consisted of a 25 cm long quartz tube
with an internal diameter of 60 mm and equipped with sev-
eral thermocouple wells. Honeycomb monolith with following
parameters: a hexagonal side of 28 mm, monolith length of
50 mm, wall thickness of 0.25 mm, equivalent channel diam-
eter of 1.9 mm, surface area of 3-10 m?/g, was employed in the
experiments. Unloaded monoliths were placed in front of and
behind the catalyst to reduce radiation heat loss. A ceramic cloth
wound around the catalyst, 1 mm thick, prevented gas bypass.
Chromel-alumel thermocouples were used to monitor gas tem-
perature at various positions along the catalyst axis. The reactor
was operated at atmospheric pressure. In 56.7% N dilution,
CHy4 and O, with a molar ratio of 1.76 were fed at 673 K into
the preheated monoliths with flow rate of 3.5 to 5.5 x 103 1(n)/h.
The product composition was determined by gas chromatogra-
phy (GC) and quadrupole mass spectroscopy (QMS). The latter
was applied for transient measurements such as the ignition
experiment of this study. A furnace was used to ignite the reac-
tion by heating up the monolith using a temperature ramp of
5 K/min. As soon as ignition occurred, the furnace was turned
off.

6. Results and discussion
6.1. Comparison of modeling results and experimental data

Due to the high-temperature operating conditions and the
typically very fast chemistry of oxidation reactions, a direct
experimental investigation of all steps of the reaction mechanism
is difficult if possible at all under realistic conditions. There-
fore, simulation studies could be also used to elucidate both
the underlying mechanism and kinetic parameters. To achieve
this, the reactor model coupled with the detailed elementary step
unsteady-state kinetic model was applied to test the simulation
results against available transient experimental data of the reac-
tion ignition during start-up. Due to their high sensitivity to the
specific reaction path taken during the transient excursion of the
reaction system, good correlations in such comparison approve
a reliability of the mathematical model applied [9,26-30].

The experimental data with the full-scale hexagonal corun-
dum extruded monoliths with triangular shape channels
washcoated by the 0.4% platinum on ceria-zirconia-lanthanum
fluorite-like solid solution were taken for the comparison with
the numerical results.

The numerically predicted gas phase axial temperature pro-
files in the Pt/CeO;-ZrO,-Lay O3 monolith as the functions of
time (curves) in comparison with the measurements (symbols)
arerevealed in Fig. 1. Generally, the simulation is in good agree-
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Fig. 1. Gas temperature evolution during start-up. Feed mixture: 0.24 mole
fraction of CHy in air, 7=420°C, P=1atm, u=0.5m(n)/s. Lines, modeling
predictions; symbols, experimental data.

ment with the experimental results, yet for the first 20s the
predicted temperature in the front part of the monolith increases
slightly faster than the experimentally measured temperature.
During this time the hottest part was found to be at the length of
0.01 m in the experiment and at 0.005 m in the simulations. The
error bar of the measurements certainly existed, but the slower
temperature rise in the experiments in comparison with the 2D
modeling data was also noted by Schwiedernoch et al. [29].
These authors assumed that that was due to the heat capacity
of the thin quartz tube, in which the thermocouple was placed.
There were no the quartz tubes in the experiments in our case.
Other reasons of both chemical and transport nature could be
advanced. In addition, the start-up behavior is also dependent
on a prehistory of the catalyst. To clarify the matter discussed a
special study will be undertaken.

In Fig. 2, the numerically predicted concentrations of com-
ponents in the product gas (Fig. 2a) are compared with the
experimentally derived data (Fig. 2b). Again, a fair qualitative
agreement between the measured and simulated species profiles
is observed. There are almost no both CO and H> at the ignition
point, the total oxidation to CO; occurs at first. The concen-
tration of CO; goes through a maximum in both the numerical
and real experiments. On the contrary to the data derived from
the experiment with the rhodium coated monolith [29], where
CO formation starts before hydrogen formation, hydrogen is
detected first during at the ignition of Pt/Ce-Zr-La/a-Al,O3
monolith. And again, the simulated gas phase composition
reaches steady-state faster than it was in the transient experi-
ment. This fact was also observed by Schwiedernoch et al. [29].
As to quantitative agreement between the data discussed, the
model slightly overestimates CO; concentration due to the high
rate of the water gas shift reaction route. It might be due to the
fact that transient kinetic experiments were carried out with the
massive Pt/Ce-Zr-La catalyst [20], while the washcoated mono-
lith Pt/Ce-Zr-La/a-Al, O3 was used in the transient experiment.
Despite of the deviations mentioned, the results of the numerical
experiments are in sufficient agreement with the experimental
data, thus indicating that the model developed is reliable enough
to be used for the numerical study of the partial oxidation of
methane over Pt/Ce-Zr-La/a-Al, O3 monolith.
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Fig.2. Time dependencies of main components in the product gas. Feed mixture:
0.267 mole fraction of CHy in air, T=400°C, P=1atm, u=0.34 m(n)/s. (a)
Experimental data and (b) modeling results.

6.2. The numerically predicted temperature and
concentrations profiles

The numerically predicted distribution of the temperature (a)
and gas phase molar fractions (b—d) and coverage of the free
surface sites (f) in the monolith as a function of time is shown
in Fig. 3. During first 5s total oxidation of CH4 to CO, and
H>0 occurs (Fig. 3a and b), due to which the temperature in
the front part of the monolith is sharply increased. There is no
CO (Fig. 3¢) and H; (Fig. 3d) produced in the first few second
after ignition. At 5s the temperature (Fig. 3e) is high enough
for hydrogen formation, and CO appears in 2 s later. Complex
dynamic behavior of the surface species is revealed. Fig. 3f
shows that at the very short times dramatic changes in the sur-
face coverage occur, the vacancies coverage reaches steady-state
rather slowly due to the multi-step heterogeneous reaction mech-
anism. The adsorption—desorption equilibrium of the species
shifts with increasing the temperature leading to changing the
rate-limiting steps and prevailing reaction routes in the surface
reaction kinetics. Calculated molar gas phase concentrations at
steady-state of methane oxidation in the monolith reactor are
showed in Fig. 4. It can be seen that the conversion of oxygen
reaches completion after 10% of length behind the monolith
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entrance. The length of the oxidation zone depends on both a
superficial velocity and stoichiometry of the reactants. Methane
concentration drops with the same rate as long as oxygen is
present, and keeps decreasing slowly downstream. Some CO»
is formed in the oxidation zone, the concentration plot goes
through the maximum and gradually diminishes toward the end
of the catalyst bed. All most important changes in the concen-
trations of gas phase species, including those for the desired
products—H> and CO, occur in the oxidation zone. The numer-
ical predictions are in a good qualitative consistency with the
first experimentally measured species profiles for methane par-
tial oxidation on Rh-coated foams [31]. However, the published
data indicate clearly that the gas phase reactions with consump-
tion of oxygen and formation of water occur before the catalyst
edge. Obviously, hydrogen diffusion following by reaction with
incoming oxygen does exist. This motivates a further work on
the reactor model.

6.3. The influence of the process parameters on the start-up
dynamics

The influence of such parameters as linear velocity, equiva-
lent channel diameter and effective thermal conductivity of the
monolith on the ignition dynamics in the methane partial oxi-
dation process has been also studied. Duration of the start-up
period, a delay in syngas production after a moment of feeding
the reagents into the preheated monolith, is very important to
know in many applications. According to the numerical predic-
tions with the model adopted in this work, for a given operational
parameters the time delay in syngas production during the light-
off decreases from 18 to 6 s with increasing equivalent diameter
(deq,) of the triangular channel from 0.38 to 0.67 mm, as shown
in Fig. 5. In case of the higher channel diameter, the initial rapid
increase in the temperature in the entrance zone is predicted due
to the large amount of heat release, which allows minimizing the
time delay. However, at steady-state the worse interphase trans-
port properties in the monolith result in the lower temperature
along the monolith axis, methane conversion, and CO selectivity,
while slightly higher H» selectivity is calculated.
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Fig. 5. Effect of equivalent diameter of the triangular channel on the time delay
in syngas production during ignition. Feed mixture: 0.25 mole fraction of CHy
in air, 7=400°C, P=1atm, u=0.3 m(n)/s, £=0.59. (a) deq =0.67 mm and (b)
deq=0.38 mm.

The dynamics of the temperature in the monolith are driven by
both the heat release in the surface reactions and heat removal
due to the gas—solid convective heat transfer [32]. Increasing
linear velocity favors decreasing the start-up period due to the
large amount of heat evolved in the reaction zone. As the rate of
mass transfer controls O, consumption in the hot spot, a more
sharp temperature profile is formed along the reactor axis in the
steady-state mode, while the outlet temperature is found to be
lower for the given conditions with the corresponding negative
effect on both methane conversion and CO selectivity, while
selectivity to hydrogen is improved.

The results of the numerical experiments with the axial chan-
nel conductivity varied are in line with the finding published
elsewhere [33,34]: increasing the conductivity smoothens the
temperature peak in the channel. However, this may results in
the higher value for the time delay in syngas production during
start-up.

7. Conclusions

A monolith short-contact time syngas reactor is simulated
using a dynamic mathematical model with detailed molecu-
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lar, unsteady-state kinetic model for surface reactions of the
methane partial oxidation over Pt/Ce-Zr-La catalyst. The 1-D
model developed enables the underlying physics of the pro-
cess to be captured and not only to explain but also to predict
a transient behavior of the monolith reactor. Both algorithm
and numerical codes were developed as well. The model was
applied to test the simulation results against available tran-
sient experimental data of the reaction ignition in a full-scale
hexagonal corundum extruded monoliths with triangular shape
channels. In spite of some differences observed, rather good
correlations were obtained that encouraged both the present and
future numerical study of the process dynamics by using the
reactor model developed. Also studied is the influence on the
ignition dynamics such parameters as linear velocity, equiva-
lent channel diameter and effective thermal conductivity of the
monolith. It was found that increasing linear velocity and equiv-
alent channel diameter as well as decreasing axial conductivity
of solid phase favors decreasing a time delay in syngas produc-
tion in the Pt/Ce-Zr-La/a-AlpO3 honeycomb monolith with a
triangular shape channels.

Further work will be carried out on the refinement of the
mathematical model of the methane partial oxidation process
in a monolith reactor, to account for the gas phase reactions,
particularly, in the frontal part of the catalyst.
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