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The role of the reactor geometry for catalytic partial oxidation of methane is numerically
investigated to improve catalyst thermal stability and at the same time to achieve high fuel
conversion and reforming efficiency. The performance of cylindrical-shaped foam mono-
lith reactors is compared with that of conical-shaped foam monolith reactors. A quasi-1D
heterogeneous mathematical model was developed to account for a variable reactor cross-
sectional area and for a variety of chemical and transport steps. Radiative heat transfer
within the cellular structure was properly accounted for with the zone method. The results
suggest that converging conical-shaped reactors allow a significant decrease of the
maximum surface temperatures and high reforming performance.
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1. Introduction

Catalytic partial oxidation (CPOx) of hydrocarbons is a strat-
egy to obtain synthesis gas (a mixture composed mainly by H,
and CO) through the application of specific catalyst formula-
tions, supports, reactor configurations and proper operating
conditions. Literature work on this field has been gaining in-
terest over the last twenty years after the pioneering work
carried out by Schmidt and co-workers [1,2]. Catalytic partial
oxidation of hydrocarbons has been considered suitable for a
large number of applications ranging from small- to medium-
scale fuel pre-processor units for on-board and stationary fuel
cell systems to the production of bulk chemicals, namely H,,
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ammonia, methanol and even liquid hydrocarbons through
the Fischer—Tropsch synthesis [3].

The packed bed reactor, the honeycomb monolith and the
foam monolith reactor are the most widespread reactor types
employed for catalytic partial oxidation. The choice of the
catalyst support structure is usually dependent on the inten-
ded application. A general agreement exists concerning the
most active catalyst materials for performing catalytic partial
oxidation: platinum group metals (except Os) are widely
assumed as the most active catalysts but their high prices
make them unattractive and often they are replace by other
inexpensive transition metals such as Ni [3]. Among the
platinum group metal catalysts Rh stands out as the noble
metal that offers the highest activity and syngas selectivity
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Nomenclature

A area; reactor cross-sectional area, m?

Agi pre-exponential factor in the rate coefficient of the
reaction Ri

Cp specific heat capacity at constant pressure,
J kg—l K—l

D, mean pore diameter, m

Feaygeo ratio of the catalytic surface to the total geometric
surface area

Hy, molar enthalpy of species k, ] mol™*

KK total number of species

Kmatr interphase mass transport coefficient of species k,
m st

L length, m

LHV low heating value, ] kg~*

Ny total number of volume zones

Ng total number of surface zones

P operating pressure, Pa

R universal gas constant, ] mol ' K!

Re Reynolds number

Sco carbon monoxide selectivity

Su, hydrogen selectivity

Sc Schmidt number

Sh Sherwood number

T temperature, K

Ml exchange temperature, K

Vi diffusion velocity of species k, m s~ % volume of
zone k, m®

w molecular weight, kg mol*

Xcn, methane conversion

Yi mass fraction of species k

Viotal  total volumetric flow rate, m® s=*

n molar flow rate, mol s=?!

ZZ; total exchange area between (surface — S — or

volume — G) zones i and j, m?
ay specific surface area, m~*
d internal reactor diameter, m
h interphase heat transport coefficient, W m—2 K*
k thermal conductivity, W m * K*

q’4 net radiative heat flux, W m—>

Qloss radiative heat loss, W

t time, s

u axial (interstitial) mean flow velocity, m s™*
X axial reactor coordinate, m

Greek letters

g8 extinction coefficient, m*

Bri temperature exponentin the rate coefficient of the
reaction Ri

O net molar production/consumption rate of species
k due to surface reactions, mol m2 s !

€ porosity

& emissivity of surface zone i

Nref reforming efficiency

r surface site density, mol m 2

YRi sticking coefficient of the adsorption reaction Ri

Ki absorption coefficient of volume zone i, m?!

A air to fuel equivalence ratio

Q relative radiative heat losses

w single scattering albedo

p density, kg m 3

o Stefan—Boltzmann constant, W m 2 K % site
occupancy number

T solid tortuosity factor
O surface coverage of species k
Subscripts
cat catalyst
g gas phase; gas species
gi volume zone i
k species k
solid phase; surface (adsorbed) species
S; surface zone i
w wall species
Superscripts
in inlet
out outlet

producing at the same time the lowest levels of carbon de-
posits [4,5].

Catalytic partial oxidation has been widely studied and
explored in the literature through the application of numerical
modeling tools. Several mathematical models have been
proposed to model the performance of catalytic partial
oxidation reactors ranging from pseudo-homogeneous and
heterogeneous 1D single-channel models (lumped models in
the radial and angular directions) to 2D multi-channel con-
tinuum or discrete models [6—10]. In particular, 1D heteroge-
neous models are largely employed due to their relative good
compromise between predictive capability and computational
cost requirements. This class of models allows for fast reactor
performance predictions being largely preferred for para-
metric investigations in early reactor design stages [10].

For methane catalytic partial oxidation several reliable
reaction mechanisms have been proposed in the literature.

The first detailed description on the reaction kinetics of
methane CPOx over noble metals (Rh and Pt) in high tem-
perature simulations was performed by Hickman and
Schmidt [11]. For Rh-based catalysts, improved versions of
the earlier mechanism were developed by Deutschmann
and co-workers for stationary and transient kinetic studies
[9,12]. Other kinetic schemes have been reported for
methane CPOx over Rh catalysts such as the molecular in-
direct and consecutive reaction mechanisms described
through Langmuir—Hinshelwood kinetic expressions devel-
oped by Tavazzi et al. [13] and Donazzi et al. [14] or
the 104-step C; microkinetic scheme developed by
Mhadeshwar and Vlachos [15] that was further enhanced by
Maestri et al. [16] for the particular case of methane con-
version to syngas and hydrogen on Rh/Al,0; catalysts
resulting in a microkinetic scheme composed by 82
elementary reactions.
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A consensual issue that concerns a broader application
(intensification) of catalytic partial oxidation is the catalyst
thermal stability and thermal management in the reactor
[17—19]. Specific regimes of reactor operation, for instance
high total flow rates and high preheating temperatures, may
lead to very high surface temperatures (hot spots) in particular
near the catalyst entrance region of a fresh catalyst sample
[17,20]. These high surface temperatures inside the catalyst
bed may trigger thermal deactivation mechanisms through a
reduction of the active surface area that rapidly lead to a
significant loss of catalyst activity and selectivity conducting
to the catalyst disposal. Metal sintering and catalyst support/
carrier phase transformations are considered the major cau-
ses towards a reduction in the catalytic surface area of sup-
ported catalysts [21].

Several works have reported a progressive catalyst aging
after catalyst exposure to very high temperatures during
partial oxidation of methane. An irrefutable sign of catalyst
degradation is the modification of the catalyst thermal
behavior for a constant operating condition as the time-on-
stream increases. Concerning catalytic partial oxidation of
methane over Rh/Al,O; coated spheres in a packed bed
reactor, Tavazzi et al. [22] have found an increase in the
maximum temperatures as well as a progressive shift in their
location towards the reactor outlet. A delay in the deactivation
phenomena at the reactor outlet was observed: although the
catalyst had already effective signs of deactivation in specific
reactor locations, at integral conditions no signs of deactiva-
tion were detected. Similar findings for the axial temperature
distribution were also reported for Rh-based honeycomb
structured catalysts by Beretta et al. [17] under extremely se-
vere operating conditions. The authors stressed that mea-
surements of reactor performance at the exit section did not
constitute any piece of evidence on the complete integrity of
the catalyst bed (absence of deactivation). The observed in-
crease in the maximum surface temperatures near the cata-
lystinlet section was explained through numerical analysis by
a progressive decrease along the flow direction of the overlay
between exothermic (O,-driven) and endothermic (CH,-
driven) reactions since O, consumption is fully governed by
external transport and then highly insensitive to a decrease in
the metal surface area while CH, reforming reactions are
markedly affected by a loss of catalyst surface area. They also
observed an increase in the light-off temperature (ignition
delay) as the deactivation progressed. With respect to Rh-
coated foam catalysts, Ding et al. [23] reported for a 1000 h
experiment that significant sintering of the active phase in the
catalyst entrance region was the main cause for catalyst
deactivation. They observed during the course of the experi-
ment a slight decrease of integral methane conversion and H,
selectivity as well as an increase in the catalyst outlet
temperature.

Several strategies have been proposed and somewhat
explored in the literature by numerical and experimental
means to decrease the hot spot temperature that establishes
near the catalyst entrance section in such a way that catalyst
thermal stability and heat management are improved
contributing for a long term catalyst operation (longer dura-
bility). Among the most explored techniques are the addition
to the reactor feedstock of oxidizing agents, such as CO, and

H,O0 to promote endothermic reforming reactions and
decrease reactor temperatures [23,24], addition (dilution) of
inert species with high specific heat [23,24], tunning reactor
thermophysical [19,25] and geometrical properties [18,23],
tunning catalyst loading [18,23] and improving catalyst for-
mulations [26]. In a recent work Livio et al. [27] have experi-
mentally explored the purposeful effect of operating with
lower reactor thermal efficiencies by separating or removing
the radiation shield upstream the catalyst bed. Significant
decreases of the hot spot temperature were registered in
particular for the absence of the front heat shield. Such find-
ings have been corroborated by Navalho et al. [28] through an
extensive numerical analysis on the performance of non-
adiabatic honeycomb monolith reactors. Other explored
strategies to decrease surface temperatures have been also
proposed based on the method employed to supply the oxy-
gen stream into the reactor: (1) slipping the oxygen stream in
specific axial positions [6,29] or (2) supplying the oxygen
stream gradually along the reactor length through oxygen-
permeable membranes [29-32]. Both strategies aim to
distribute the oxygen feed stream along the reactor main flow
direction in such a way that the overlapping between endo-
thermic and exothermic reactions is promoted resulting in
milder reactor temperatures.

In the large majority of literature works on catalytic partial
oxidation carried out with foam catalysts the reactor has a
cylindrical-shaped geometry. The frontal open flow area and
catalyst volume are generally tailored to achieve high integral
reforming performance and catalyst stability under a specific
range of operating conditions (inlet mixture composition, flow
rate, gas temperature and pressure). However, to attain a
reasonable high reforming performance over the whole
operating spectrum very high surface temperatures may be
experienced as the limits of the operating range are reached.

Little attention has been paid in literature to the geomet-
rical configuration of foam monolith reactors employed for
catalytic partial oxidation. Therefore, the present paper aims
to investigate the role of the foam monolith geometrical
configuration, namely as a route to improve catalyst thermal
stability and at the same time to obtain high reforming
performance.

The paper is structured as follows. In the next section the
reactor geometries and thermophysical properties are pre-
sented followed by the introduction of the quasi-1D model
equations, the thermal radiation method and underlying de-
tails related to external heat and mass transport phenomena
as well as the surface chemistry formulation. Boundary con-
ditions to close the boundary value problem are also conve-
niently presented. Section 3 presents the results for the
different geometrical configurations under several operating
conditions and Section 4 closes the paper with summary
conclusions.

2. Modeling
2.1. Reactor geometries and thermophysical properties

Three reactor configurational shapes were considered to
conduct this study (see Fig. 1). The cylindrical configuration
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Fig. 1 — Geometrical configurations considered for the foam reactor.

was considered with three different diameters (herein
referred to as cases Al), A2) and A3)) while the two remaining
case studies are related to conical-shaped geometries (cases B)
and C) — see Fig. 1). The geometrical parameters (d2,, d24 and
Lcar) for each foam reactor configuration (case study) can be
found in Table 1. In order to provide a valid comparison be-
tween the performance accomplished in each case study the
catalyst volume is kept constant for all case studies and
therefore the catalyst length (L..:) varies from case study to
case study. For all case studies a heat shield was applied prior
to the catalyst bed in order to avoid heat losses by radiation
from the reactor. The front heat shield length was held con-
stant at 1.0 cm for all reactor geometries. The cylindrical-
shaped foam reactor assigned to the case study Al) is the
reference geometrical configuration.

For all reactor configurations 45 ppi a—Al,03; foams were
considered for the heat shield and catalyst support. The
catalyst region comprises a thin Rh/Al,0; washcoat layer in
such a way that the geometrical and thermophysical proper-
ties of uncoated and washcoated foams are considered equal.
Tables 2 and 3 present the geometrical parameters and ther-
mophysical properties of the reticulated structures.

conductivity of a-alumina was taken as a function of the solid
temperature as suggested in Ref. [33] and the radiative prop-
erties for the present foam type were collected from Ref. [36].
The internal ring-shaped surface that encases the foam
structures in place is assumed to be a perfectly reflective
surface by a zero-valued emissivity.

2.2.  Governing equations

The transport equations herein considered are based on a 1D
heterogeneous mathematical model for a fixed bed reactor
(see Refs. [28,37]). The model accounts for energy and species
mass balances in the bulk gas flow phase and in the solid
phase. A large variety of chemical and transport steps are
embraced by the mathematical model by employing reliable
heat transfer models and correlations, catalytic reaction steps
and constitutive relations. The gas phase reactor performance
is governed by quasi-1D equations, Equations (1) and (2) that
state the species profiles and gas temperature, respectively.
The species composition at the bulk gas/washcoat external
interface and the solid thermal profile are dictated by
Equations (3) and (4), respectively.

Vg Wiy 0
Acpy—e® + Aepyu—d + o (Aepgvk,gvk_g) + AQypyKmatk (Yeg — Yiw) = O )
T, AT, o aT, & T,
AepyCpgs? + AepguCpg— 2 — o | Ackg 1 | + Acp, > CorViegVig g, + Aayh(Ty —Ts) =0 ]
k=1

7avpgKmat_k (Yk_g - Yk,w) - achat/geod)k.wwk =0

T, @ oT. Ky ’
A(l- E)pSCp,Safts o (Arks(l —€) a;) — Aayh(Ty — Ts) + AdyFeat/geo Z rwHe +Aqlg =0 (4)
k=1

The geometrical properties of the cellular structures were
obtained from the experimental and theoretical work reported
in Ref. [34], the solid tortuosity factor was estimated based on
the correlation provided in Ref. [35], the intrinsic solid thermal

In this study gas phase reactions were not considered
due to the negligible homogeneous conversion route of re-
actants and intermediate species during catalytic partial
oxidation of methane at atmospheric pressure and typical
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Table 1 — Geometrical parameters of the foam reactor
configuration for each case study.

Case study din [cm] dout{cm] Leat [cm]
Al) 1.70 1.70 2.00
A2) 2.20 2.20 1.19
A3) 2.70 2.70 0.79
B) 1.70 2.70 1.17
C) 2.70 1.70 1.17

feed conditions [12,18]. The momentum balance equation
was not accounted for in the model scheme since the
pressure drop along the reactor is generally neglected from
the thermodynamic standpoint [8,19,37]. The gas phase
species mass balance equation (Equation (1)) was applied to
all species and due to the molecular diffusion inclusion
through the mixture-averaged formalism a corrective pro-
cedure to assure the overall mass conservation was applied
based on the corrective diffusion velocity approach (see Ref.
[38]). Thermal diffusion due to the Soret effect was included
as well in the molecular diffusion. External mass transport
coefficients were evaluated through a suitable Sherwood
correlation (Equation (5)) for the considered foam structure
and operating conditions [34].

0.58
Shy, = Re®¥-Sc; /- <g"0[8q1]> 044 (5)

The Chilton—Colburn analogy was considered for evalua-
tion of the local Nusselt value for further determination of the
convective heat transfer coefficient, h.

The surface chemistry was accounted for through the
detailed reaction mechanism developed by Deutschmann
and co-workers for methane oxidation on Rh coated Al,Os
catalysts [39]. This reaction mechanism comprises 38
elementary and irreversible reaction steps, 6 reactive gas
phase species and 11 surface species. The role of steam
reforming, dry reforming and water-gas shift reactions is
not disregarded in the overall kinetic scheme. Even though
improved versions of the present reaction mechanism have
been evolved in recent years mainly to embrace transient
phenomena (light-off performance) and the conversion of
higher hydrocarbons [9,40] the considered kinetic model has
been widely validated against experimental data and is
currently in use [8,20,25].

The evaluation of the rate coefficients with the micro-
kinetic scheme considered is based on the fact that the
mean-field approach is valid assumption. This approxima-
tion states that the surface is uniform and described by its
temperature and a set of surface coverages. Therefore, the
rate coefficient of adsorption reactions is computed through
sticking coefficients as Equation (6) shows for the particular
case of reaction Ri that describes the adsorption of the

Table 2 — Geometrical properties of the
foam structure.

e[-] 0.761
ay[m™7 2717.859
Dy[m] 0.867 x 102
-] 0.50

Table 3 — Thermophysical properties of the foam
structure.

k(W m~* K] f(Ts) (see Ref. [33])
Bm 776.0

w[-] 0.70

Surface emissivities [—]

Inlet/outlet manifold surfaces 0.15

Blank foam monoliths ends 0.70

species k. In Equation (6), the exponent m of the surface site
density (I') corresponds to the sum of the stoichiometric
coefficients of surface reactants in the reaction Ri (number
of surface sites occupied by the adsorption of the gas phase
k species).

i RT
kei = 7m 27TW, (6)

Regarding surface and desorption reactions the modified
Arrhenius expression is employed through Equation (7) where
the parameters ppr; and e intend to modify the pre-
exponential factor and the activation energy, respectively,
due to surface coverage by species k.

N\ KKs X
Rpi = A TNEXD ( 3}“) 1 6~Exp (8%‘,9k> @)
k=1

The rate-of-progress variable of each reaction, evaluated
according to the law of mass action kinetics, allows to deter-
mine the net molar production/consumption rate of surface
species (adsorbates) and gas phase species at the catalyst wall,
ors and wiy, respectively. The net molar formation/destruc-
tion rate of adsorbed species should satisfy Equation (8) ac-
cording to which at steady-state conditions the creation rate
of each surface species is equal to its depletion rate.

dﬂk d)k_sak
T (8)

In the present work the surface site density which repre-
sents the total number of gas phase species that can be
adsorbed per unit of active surface area was assumed to be
equal to 2.72 x 1072 mol cm™2 [9].

Mass and heat transfer limitations in the thin washcoat
layer were neglected [41,42]. Moreover, the parameter Feaygeo
(see the solid phase balance equations — Equations (3) and (4))
that accounts for surface activity due to metal dispersion and
loadingin the washcoat layer is considered to be equal to 10.0.
This is a suitable value for such parameter taking into account
a thin Rh/Al,0; washcoat layer (see Refs. [40,41]).

2.3. Radiative heat transfer model

The porous matrix was considered as a pseudo-homogeneous
medium to account for the radiative heat transport between
surfaces belonging to different reactor axial positions. The
radiative role of gaseous mixture is broadly acknowledged as
negligible comparing to the surface—surface radiant heat ex-
change [43]. Continuum radiative properties along with gray
and diffusive surfaces were regarded taking in consideration
that the porous medium emits, absorbs and isotropically
scatters radiation.
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Fig. 2 — Comparison of dimensionless radial wall heat flux on the side wall for absorbing/emitting media with isotropic

1

scattering confined in a: a) cylindrical enclosure; b) truncated conical enclosure. Radiative properties: 3=1.0 m™"; »

variable.

The zone method [44] was implemented to provide the net
radiative heat fluxes for each reactor cross-section. Direct
exchange areas (DEAs) were calculated through direct nu-
merical integration of four-, five- and six-fold DEAs integrals.
To assure the fulfillment of conservation constraints the least-
squares smoothing procedure proposed in Ref. [45] was
applied to the raw direct exchange areas matrix. Total ex-
change areas (TEAs) that account for direct radiation between
zones as well as for radiation scattered and multiple wall re-
flections were evaluated through the unified matrix formula-
tion developed in Ref. [46]. Finally, the net radiative heat flux
from each volume zone is evaluated through Equation (9)
where Ty; is the temperature of the gas/volume zone i that is
the temperature of the solid phase in the axial location
centered in the gas/volume zone i and Tj; is the temperature of
the surface zone j.

Ng

" 1
qg‘ = 4K1'17T3‘ — VIO'( Z S)'Gi

J=1

3

©»

Ny
+3 GjGiT;‘)) 9)
=1

7

In the present work surface zones are ring-shaped surfaces
coincident with the boundaries of the foam monolith reactor
and disk-shaped surfaces that close the reactor at the inlet
and outlet sections. The internal ring-shaped surface that
surrounds the porous medium is herein regarded as a pure
reflective surface (non-participating). Furthermore, radiative
heat losses through the inlet and outlet sections are consid-
ered. Therefore, the total exchange area value between sur-
face zone j and volume zone i (S;G;) is only different than 0 if j
corresponds to one of the two disk-shaped surfaces that en-
closes the radiative system at the inlet and outlet sections.

2.4. Boundary conditions

For each case study considered the computational domain is
made coincident with the boundaries of the corresponding
physical model (see Fig. 1).

The set of governing equations constitutes a boundary
value problem that is subjected to the following boundary
conditions: at the inlet section Danckwerts boundary con-
ditions are considered for species mass and energy balance
equations of the gas phase (Equations (10) and (11), respec-
tively) while for the energy balance of the solid phase a
radiative boundary condition is applied (Equation (12)); at
the computational domain exit section zero advective fluxes
(zero-Neumann type of boundary conditions) are imposed
for the balance equations of the gas phase (Equations (13)
and (14)) and a radiative boundary condition is considered
for the energy balance equation of the solid phase
(Equation (15)).

Inlet reactor section:

u(Yig = i) + YigVig =0 (10)
pgCpgt(Ty — T5") — kg% =0 (11)
gy e (12 - (1)) =0 (12
Outlet reactor section:

s o (13)
% =0 (14)
ke + oo (T4 = (T2)°) =0 (15
2.5. Numerical model

An in-house version of the PREMIX code [47] was developed
taking into account the mathematical model formulation.
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Finite difference approximations are employed to reduce the
boundary value problem to a system of algebraic equations
following the native approach of the PREMIX code. The prob-
lem is solved through a damped Newton’s method. Whenever
this method fails to converge (when the solution lies out of the
steady-state domain of convergence) a time-stepping proce-
dure is applied in an attempt to bring the solution into the
Newton’s domain of convergence. Initially, a coarse uniform
mesh is considered and after successful convergence on this
mesh new grid points are continuously added to the mesh
until the solution satisfies the degree of resolution for its
gradients and curvatures specified by the user.

CHEMKIN correlations [48,49] are employed for the evalu-
ation of thermodynamic and transport properties considering
thermodynamic and transport coefficients supplied by GRI-
Mech 3.0 database [50].

3. Results
3.1 Radiative model verification

The radiative zone method was verified against two
benchmark problems regarding axisymmetric enclosures: a
cylindrical enclosure and a conical frustum (truncated
conical) enclosure. Both benchmarks consider radiative heat
transport through an absorbing/emitting medium with
isotropic scattering.

The first benchmark problem is concerned with the cylin-
drical enclosure with a radius of 1.0 m and a height of 2.0 m
with black walls. The top and bottom walls are cold (0 K)
whereas the side wall is at a constant temperature of 64.8 K
(Ep = 1.0 W m™?). The enclosed medium is cold (0 K) with a
constant extinction coefficient of g, = 1.0 m™*. Four single
scattering albedos are considered: w, = {0.2;0.5;0.7;1.0}. Fig. 2a
shows the results for the non-dimensional side wall heat flux
evaluated with the present radiative model along with refer-
ence results taken from the literature (see Refs. [51,52]). A good

1200

1000

Temperature [K]
[e=]
(=}
(=]

— Calc.
600 g

—— Solid Temperature
—— Gas Temperature

Exp. 4

n n n L n
-0.2 0 0.2 0.4 0.6 0.8 1
X [cm]

(a)

agreement is verified denoting an appropriate implementa-
tion of the zone method for the problem in hand.

The second benchmark problem considers the truncated
conical enclosure geometrically defined by a bottom and top
surface radii of 1.0 and 2.155 m, respectively, and a height of
2.0 m. The enclosed medium is cold (0 K) having an extinction
coefficient equal to 1.0 m ™. Five different values for the single
scattering albedo are considered, ranging from 0.2 to the pure
scattering case - 1.0. For this benchmark study, Fig. 2b pre-
sents the reference results [53] and the results herein
obtained.

A general good agreement is observed in Fig. 2a and b be-
tween the results obtained with the present thermal radiation
method and the results reported in literature for the set of
benchmark problems reported above.

3.2. Model validation

In this section the mathematical model considered for the
description of the overall reactor performance is validated
against the experimental results reported by Donazzi et al. [42].
The results are related to the autothermal catalytic partial
oxidation of methane over Rh coated Al,03; foam catalyst. The
reactor layout is composed by a 5 wt.% Rh coated 80 ppi
a—Al,03 foam that is sandwiched between the front and back
heat shields (uncoated 80 ppi a—Al,0; foams). The experi-
mental data was gathered through the spatially resolved
sampling technique which for validation purposes allows for a
detailed validation of model predictions concerning tempera-
ture and product distribution profiles along the reactor main
flow direction. Thermophysical data and geometrical proper-
ties provided in Ref. [42] were herein employed. Regarding the
radiative heat transfer modeling, radiative properties available
in Ref. [37] were considered. To account for metal loading and
metal dispersion in the kinetic rates of species production/
destruction a value equal to 3.0 was considered for the Feaygeo
parameter which is consistent with typical values encoun-
tered in the literature for similar catalyst formulations [8].

Molar Flow Rate [mmol/s]

e

-02 0 02 04 06 08 1
x [cm]

(b)

Fig. 3 — Comparison between model predictions and experimental data: a) surface and gas temperature profiles; b) product
distribution profiles. Operating conditions: Vi, =5 slpm; 1=0.25; 20% CH,4; Artobalance; T;,=423.15K; P=1atm.
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Fig. 3 shows the comparison between the results computed
with the current numerical model and the reference experi-
mental results. A good matching between the numerical and
experimental temperature profiles is observed in Fig. 3a. The
model is able to accurately predict the location as well as the
value of the surface hot spot. Regarding the species compo-
sition profiles along the catalyst bed Fig. 3b shows that the
main evolution trends are reasonably well predicted by the
model.

3.3. Effect of the reactor geometry

To investigate the role of the reactor geometry on the overall
reaction behavior a specific operating condition is considered
and defined by an inlet gas temperature of 600 K, an air ratio of
0.31 (25.3% CHg, 15.7% O, and 59.0% N,) and a total volumetric
flow rate of 10 NL/min. Operation at atmospheric pressure and
under steady-state conditions is considered as well.

Fig. 4a shows the surface temperature profiles for the five
case studies listed in Table 1. The maximum surface tem-
peratures are attained near the catalyst entrance section
independently of the reactor geometry. Fig. 4b shows the
same data as Fig. 4a but as a function of the dimensionless
catalyst volume.

Regarding the cylindrical-shaped reactor geometries (case
studies Al), A2) and A3)), a significant decrease of the
maximum surface temperatures is observed upon increasing
the internal reactor diameter. For instance, a decrease in the
maximum surface temperature of about 80 K occurs between
case studies Al) and A3). However, an increase in the reactor
cross-sectional area is equally responsible for an increase in
the surface temperatures along the front heat shield (see
Fig. 4a) due to a decrease in the superficial flow velocity that
leads to an increasing thermal decoupling regime between gas
and solid phases. This increase in surface temperatures along
the front heat shield can ultimately decrease the overall
reactor thermal efficiency [7]. Nevertheless, for the operating
condition considered in Fig. 4 the relative radiative heat losses
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(@) evaluated with Equation (16) are negligible for all reactor
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Fig. 4a shows that along the front heat shield up to near the
catalyst inlet section the surface temperatures of the
diverging and converging conical-shaped reactors (geometries
B) and C), respectively) are very similar to case studies A1) and
A3), respectively. This is mainly due to similar flow velocities
registered along the front heat shield. Fig. 4a and b also show
that with a constant catalyst volume and length the
converging conical-shaped reactor (case study C)) is more
effective to decrease the surface temperatures in the catalyst
region than the diverging configuration (case study B)). Among
the five reactor geometries and for the operating condition
considered, the geometries A3) and C) are the most adequate
to guarantee a higher catalyst thermal stability because they
allow a significant decrease on the maximum surface
temperatures.

Fig. 5 presents the four steady-state contributive terms of
the solid phase energy balance equation (Equation (4)). Heat
conduction (diffusion) along the connected foam struts and
heat convection between solid surfaces and the flowing gas
mixture are the dominant modes of heat transfer. Fig. 5c
shows for the cylindrical-shaped reactors (geometries A1), A2)
and A3)) a decrease in the relative net heat release (source
term) as the internal reactor diameter increases. This trend
explains the decrease observed in Fig. 4a and b for the
maximum surface temperatures. Fig. 5d reveals that radiative
heat exchange between solid surfaces has a major importance
near the interface between the front heat shield and the
catalyst bed where sharp temperature gradients are well-
known to exist (see Fig. 4a). Nevertheless, thermal radiation
plays a minor role in the energy balance of the solid phase
compared with the remaining heat transport modes.
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Fig. 4 — Surface temperature profiles for each case study: a) as a function of the axial reactor position; b) as a function of the
dimensionless catalyst volume. Operating conditions: Vy:;; =10 NL/min; 1=0.31; T;,=600K; P=1atm.
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Fig. 5 — Terms of the solid phase energy balance equation: a) heat diffusion; b) interphase (external) heat flux; c) source; d)
radiative heat transfer. Operating conditions: Vi =10 NL/min; 1=0.31; T;,=600K; P=1 atm.

The effect of radiative heat transfer between solid walls on
the surface temperature profiles for case studies A2), B) and C)
can be observed in Fig. 6. The inclusion of the radiative heat
transfer modein the energy balance equation of the solid phase
increases the surface temperatures along the front heat shield.
This is due to the incoming net heat transfer fluxes from up-
stream hotter sections (see also Fig. 5d). As a consequence
slightly lower surface temperatures are registered along the
catalyst bed when thermal radiation is accounted for.

The weak influence played by thermal radiation on the
energy balance of solid phase is mainly due to the thick
radiative nature of the porous matrix. Fig. 5d shows that the
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Fig. 6 — Solid thermal profiles with and without
considering radiative heat transport in the solid phase
energy balance. Operating conditions:

Viota1 =10 NL/min; 1=0.31; T;,=600K; P=1 atm.

radiative heat transfer becomes negligible in sections further
downstream and upstream the catalyst entrance section
because the porous media hinders the radiative heat ex-
change between interior reactor regions at high temperatures
and regions at much lower surface temperatures located far
upstream or downstream the former regions. Fig. 7a and b
show for the reactor configurations B) and C), respectively, a
set of five TEAs (G;G;) between volume zones (g;) centered in
five specific axial locations and the remaining volume zones
(95). The increase/decrease along the axial direction in G;G;
values observed in Fig. 7a/b is due to the increase/decrease in
the reactor cross-sectional area since the conservation con-
straints (summation laws) for the TEAs are respected. A rapid
decay of the TEAs values is observed for volume zones near
the hot spot region (x = 0.0 cm) justifying the thick radiative
behavior of the cellular matrix. Foam monoliths with lower
extinction coefficients would enhance the heat transfer rates
by radiation between locations separated by longer axial dis-
tances. However, pursuing cellular structures with better
radiative properties may lead to structures with worst
geometrical properties to perform catalytic partial oxidation.

The trends of the specific net heat release term observed in
Fig. 5c are explained on the basis of reactants consumption
rates. Fig. 8 presents the net molar production rates of oxygen
and methane at the catalyst wall on a total reactor volume
basis. O, consumption is strictly related to an overall positive
heat release, namely through CH, (partial and total) oxidation
reactions and deep oxidation reactions of H, and CO. There-
after, the decrease observed before in the source term of the
solid phase energy balance equation (see Fig. 5c) upon
increasing the cross-sectional area of the cylindrical-shaped
reactors is justified by a slower O, specific consumption rate,
not only near the catalyst entrance section but also along the
whole catalyst bed, as Fig. 8 shows. O, and CH4 net molar
consumption profiles of the diverging and converging conical-
shaped reactors are very similar to those of the case studies
A1) and A3), respectively, in particular near the hot spot re-
gion. These similar trends justify the similar temperature
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profiles near the catalyst inlet section observed before be-
tween case studies B) and A1) and C) and A3) (see Fig. 4 and b).
Further downstream the hot spot region differences between
such case studies in the wo, and wcy, profiles start to appear.

It is widely recognized that O, consumption during
methane CPOx on Rh catalysts is fully governed by mass
transport between the bulk gas flow and the catalyst surface
(mass convection) [17,54]. Therefore, the rate of heat release
due to O, consumption at the wall is controlled by the external
mass transport of O,. Fig. 9 presents the three steady-state
terms of the O, mass balance equation (see Equation (1)). For
a specific operating condition an increase in the reactor
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Fig. 8 — Specific net molar production rates of O, and CH, at
the catalyst wall. Operating conditions:
Viotal =10 NL/min; 1=0.31; T;,=600K; P=1 atm.

diameter leads to a general decrease in superficial flow ve-
locities and consequently in the external transport rate of O,
from the free flow to the external catalyst surface (see Fig. 9c).
Once the rate of heat release at the catalyst wall is mainly
dictated by the O, consumption rate, a decrease in the O,
supply rate for surface reactions by a resistance in the
external mass transport leads to a decrease in the net heat
release and then to a decrease in surface temperatures since
the heat transfer modes are more effective to flatten surface
temperatures at lower values of specific net heat release. In
Fig. 9 it is also noticeable that molecular diffusion starts to
play an increasing role, namely near the catalyst inlet section,
over the advection term as the reactor cross-sectional area is
increased considering cylindrical-shaped reactors.

Besides lower superficial flow velocities that naturally
conduct to a decrease in the external mass transport term as
the reactor flow area is increased, the interphase mass
transport coefficients (Kmatx) also suffer a decrease due to a
decrease of the Re number (see Equation (5)), derived from
lower superficial flow velocities, contributing even more to a
gas—solid diffusive limiting regime. Fig. 10 presents the
external mass transport coefficients for CH, and O,.

To prevent high surface temperatures a decrease in the O,
external transport rate is highly beneficial in the oxidation
zone. Case studies A3) and C) allow for the higher decrease in
the external O, transport coefficients. In the reforming zone
(downstream the oxidation zone — oxygen depleted region)
the consumption of CH, through endothermic reforming re-
actions occurs in a mixed chemical/diffusive regime and al-
lows for a decrease in the surface temperatures [17]. A slight
increase in the local external CH, transport coefficients is
observed for the case study C) in relation to the case study A3).
As it will be shown this increase enhances the promotion of a
higher fuel conversion and reforming efficiency in the case
study C) than in case A3).

Beyond the catalyst thermal performance, highly infor-
mative for the catalyst thermal stability and ultimately for the
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catalyst durability, the catalyst reforming performance should
also be evaluated and monitored in an attempt to improve the
overall reforming process. The reactor reforming performance
is commonly estimated through four reforming performance
parameters, namely methane conversion (Xcg,), H, and CO
selectivities (Sco and Sy,) and reforming efficiency (nref). These
parameters are evaluated for each reactor axial position, x,
through the expressions that follows (Equations (17)—(20)).

(ﬁCH4 )in - ﬂCHAl (X)

XCH4 (X) = (Y'ICH ) x 100% (17)

Su(x) = — 1) 000, (18)
e Mg, (X) + Ao (X)

Seo(x) = 10X 1009, (19)
Nco(X) + Neo, (X)

nref(X) _ Ny, (X)LHVHZ + nco(X)Lcho % 100% (20)

(Non, )i LHV en,

Fig. 11a shows the profiles of such performance parame-
ters as a function of the reactor axial dimension whereas in
Fig. 11b those profiles are plotted as a function of the non-
dimensional catalyst volume. Fig. 11c shows the integral
values for such performance parameters.

Fig. 11a shows that an increase in the cross-sectional area
of cylindrical-shaped reactors allows to attain a higher
methane conversion, H, selectivity and reforming efficiency
in a lower axial reactor distance. At the axial position
x =0.79 cm (outlet section of the reactor assigned to the case
study A3)) the case study A3) yields the highest values among
all case studies for Xcy,, Su, and nyes.

The reforming performance parameters plotted against the
dimensionless catalyst volume in Fig. 11b show that the case
study A3) presents the lowest efficiency in the catalyst usage
along the majority of the reactor, since with an equal catalyst
volume the case study A3) provides the lowest values for
methane conversion, hydrogen selectivity and reforming ef-
ficiency. A decrease in the reactor diameter (considering
cylindrical-shaped reactors) allows for a higher catalyst
reforming performance even though it requires a longer
catalyst. Comparing the conical-shaped reactors (case studies
B) and C)) with the cylindrical reactors having an equal cata-
lyst inlet section diameter (case studies Al) and A3),

respectively), case studies B) and C) present lower and higher
values than case studies A1) and A3), respectively, for Xcuy,, Sn,
and 7, along the catalyst bed as well as at the reactor outlet
sections (see Fig. 11c). Moreover, the slightly higher gradients
near the catalyst outlet section (V,, =1.0) presented by case
study C) for methane conversion, hydrogen selectivity and
reforming efficiency suggest that the integral differences
observed between this case study and the remaining ones in
Fig. 11c could be even more pronounced by considering a
higher but constant catalyst volume for all case studies. For
CO selectivity an inverse trend is registered, that is, case
studies B) and C) present higher and lower values than case
studies A1) and A3), respectively, even though the absolute
difference is not meaningful for the total amount of catalyst
considered. However, it should be noted that by increasing the
total catalyst volume the differences in the reforming pa-
rameters should become more remarkable as the perfor-
mance profiles observed in Fig. 11a and b may denounce.
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Comparing case studies B) and C), as the reactor volume
increases case study C) returns higher values for methane
conversion, H, selectivity and reforming efficiency. Therefore,
besides a worst thermal performance observed before for the
diverging conical-shaped reactor (case study B)) this reactor
geometry also collects a worst reforming performance than
the converging conical-shaped reactor (case study C)).

The integration of a catalytic partial oxidation reactor in a
specific system may require a low pressure drop value along the
reformingreactor. In this work, the pressure drop in the reactoris
estimated through the Forchheimer equation (Equation (21))
considering the empirical expressions for the viscous and
inertial permeability parameters reported in Ref. [34].

AP =
- ,me(1.42 x 107D, [m]l'1867'°°>
1

+ py(ue)® (0.89Dp [m]°'77e4'42) ) (21)

Fig. 12 presents the total pressure drop values along the
reactors for the five case studies. Case studies Al) and A3)

register the highest and the lowest total pressure drop values
among the reactor configurations considered. A decrease in
the total pressure drop is observed as the cross-sectional area
of the cylindrical-shaped reactors (case studies Al), A2) and
A3)) is increased. The case study C) that has shown previously
a significant better thermal performance than case study A1)
and a similar reforming performance as the case study Al)
takes once again advantage over the case study A1) regarding
the pressure drop. The observed range for the pressure drop is
well below 1% of the operating pressure (atmospheric pres-
sure) which reinforces the irrelevance of the momentum
balance equation in the mathematical model formulation for
an accurate prediction of the reactor performance.

3.4. Effect of flow rate

The effect of the total flow rate on the five reactor configu-
rations under consideration is herein analyzed with respect
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reforming performance. Different total flow rate values (2, 5,
10 and 15 NL/min) are considered along with the operating
pressure, inlet mixture composition and preheating tem-
perature defined in the previous section. Fig. 13a presents
the maximum solid temperatures whereas the fuel conver-
sion, syngas selectivities and reforming efficiency at the
reactor outlet section for each case study are presented in
Fig. 13b.

As expected for each reactor geometry upon increasing the
flow rate the maximum surface temperatures also increase.
Considering the cylindrical-shaped reactors similar conclu-
sions to those drawn previously (for 10 NL/min) are observed
in Fig. 13a for each flow rate that is TiR.. >

T4 > T2, As the flow rate decreases the converging
conical-shaped reactor (case study C)) gains a slight advantage
over the case study A3) to decrease the maximum surface
temperature. The absolute differences between the maximum
surface temperatures observed in cases B) and A1) decrease as
the flow rate decreases.

Fig. 13b shows that the case study A1) is the most adequate
to achieve the highest values for methane conversion,
hydrogen selectivity and reforming efficiency from moderate
to high flow rates but it leads to a prohibitive thermal behavior
concerning the catalyst thermal stability. On the contrary, for
the same range of operating conditions the converging
conical-shaped reactor (case study C)) allows for lower surface
temperatures with methane conversion and reforming effi-
ciency values very near to those obtained through the case
study A1). Case studies C) and A3) have similar maximum
surface temperatures however case study C) allows to obtain
higher values for methane conversion and reforming effi-
ciency than case A3).

For low flow rates the catalyst thermal stability is not a key
issue considering that the catalyst was designed for operating
with higher input thermal loads. At low flow rates performing
partial oxidation with a high reforming performance is the key
challenge. Concerning the cylindrical case studies, Fig. 13b
shows that decreasing the flow rate the difference in fuel
conversion and reforming efficiency values registered be-
tween case studies A2)/A3) with A1) becomes lower. Moreover,
at very low flow rates the reforming efficiency values regis-
tered for the case study A2) is higher than that of case study
A1, mainly due to the promotion of CO selectivity observed for
the case study A2).

Increasing the total flow rate for each case study the total
pressure drop also increases. Although not shown, the highest
pressure drop value was observed for the case study A1) at the
highest total flow rate value being about 1283 Pa (~1.3% of the
operating pressure).

4, Conclusions

The effect of the reactor geometry on the performance of
methane catalytic partial oxidation was numerically evalu-
ated. The performance of the cylindrical reactor geometry was

1400 T T T T T T
Tin=600 K 100
2=0.31
__ 1350 B 99
=) < 98
g I 97
=4 F = 4 5
g oor g R
5 96
) 951 Ti=600 K
o 12501 T 2=0.31
8 Q} } } } t T
S \
o« - -
E 1200 16
2 Case studies
2 5 184 =
1150 o 14 X 3
§ Al) = Case studies —
g A2) U(]% —0O— Al 182 )
> 1100+ ¢ A3) i —0— A2)
& —— B) —o— A3)
- Q) —— B 480
-&- )
1 1 1 1 1 1 1 80 1 1 1 1 1 1 1 1 1 1 1 1 78
050 2.5 5 7.5 10 12.5 15 25 5 7.51012.515 2.5 5 7.5 1012.515

Total Flow Rate [NL/min]

(a)

Viotar [NL/min]

(b)

Viota [NL/min]
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compared with the performance of diverging and converging
conical-shaped reactors having an equal catalyst volume.
Foam monoliths were regarded as the catalyst support struc-
tures in this study. A 1D two-phase mathematical model for
fixed bed reactors was employed. The model allows for a
variable reactor cross-sectional area along the main flow di-
rection and accounts for detailed surface kinetics and radia-
tive heat transfer in the porous matrix.

Catalyst thermal stability and reforming performance were
considered key parameters during the current investigation. If
catalyst thermal stability is the most important issue during
reactor operation then reactor configurations that lead to
lower surface temperatures would be preferable. For
cylindrical-shaped reactors the maximum surface tempera-
ture is decreased by increasing the reactor cross-sectional
area. However, through an increase in the internal reactor
diameter a significant decrease in the fuel conversion and
reforming efficiency was registered. Another strategy to
accomplish a significant surface temperature decrease in such
a way that catalyst stability is improved was herein investi-
gated by considering conical-shaped reactors. In particular,
converging conical-shaped reactors were proposed to effi-
ciently decrease the hot spot temperature yielding at the same
time high fuel conversion, high reforming efficiency and low
total pressure drop over a broad range of fuel flow rates. On
the other hand, by considering a diverging conical-shaped
reactor lower thermal advantages and reforming perfor-
mance were observed.

The registered surface temperature decrease was attrib-
uted to an increase in the external transport resistance of O,
from the bulk gas stream to the catalyst surface. The specific
O, consumption rate is directly related to the net heat release
through the oxidation reactions.
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