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a  b  s  t  r  a  c  t

In this  study,  the  catalytic  partial  oxidation  of  methane  is numerically  investigated  using  an  unstructured,
implicit,  fully  coupled  finite  volume  approach.  The  nonlinear  system  of equations  is solved  by  Newton’s
method.  The  catalytic  partial  oxidation  of methane  over  rhodium  catalyst  in  a coated  honeycomb  reactor
is  studied  three-dimensionally,  and  eight  gas-phase  species  (CH4, CO2, H2O, N2,  O2, CO,  OH  and  H2)  are
considered  for  the  simulation.  Surface  chemistry  is  modeled  by detailed  reaction  mechanism  including  38
heterogeneous  reactions  with  20  surface-adsorbed  species  for the Rh  catalyst.  The  numerical  results  are
compared  with  experimental  data  and  good  agreement  is  observed.  Effects  of  the  design  variables,  which
include  the  inlet  velocity,  methane/oxygen  ratio,  catalytic  wall  temperature,  and  catalyst  loading  on the
cost  functions  representing  methane  conversion  and  hydrogen  production,  are  numerically  investigated.
The  sensitivity  analysis  for  the reactor  is performed  using  three  different  approaches:  finite  difference,
direct  differentiation  and  an adjoint  method.  Two  gradient-based  design  optimization  algorithms  are
utilized  to  improve  the reactor  performance.

© 2016  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Catalytic reactors are widely used in fuel reforming processes
and have engineering applications such as in automotive cat-
alytic converters, gas turbines, and for portable radiant heaters.
These reactors are mainly required for environment concerns with
regards to reducing pollutants and emission levels. There are many
different structures for catalytic reactors, such as packed bed and
monolith, which depend on the particular application and other
parameters.

The monolith or honeycomb reactor is a commonly used con-
figuration in the fuel reforming industry. With the catalyst being
coated on the channel walls, these structures consist of a number of
parallel passageways through which the gas flows. These catalytic
monolithic reactors are generally characterized by the complex
interaction of various physical and chemical processes. Fig. 1 illus-
trates the physics and chemistry in a catalytic monolith reactor. The
flow field includes the complex transport of momentum, energy,
and chemical species. Because of the complexity and coupled inter-
action between mass and heat transfer, design and optimization
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of catalytic reactors is challenging. Computational fluid dynamics
(CFD) can be used to simulate and understand the physical and
chemical interactions within the reactor. Moreover, this predictive
capability may  then be utilized to perform reactor design or offer
design alternatives. However, an enabling technology is the need to
development robust and reliable numerical methods to model the
fluid mechanics which includes the complex chemical reactions.
The use of detailed models for chemical reactions is exceedingly
challenging due to the large number of species involved, nonlin-
earity, and multiple time scales arising from the complex reacting
systems. The resulting partial differential equations (PDEs) tend to
be very large and stiff systems, with highly nonlinear boundary
conditions (Minh, 2005).

In addition to design and optimization, CFD can be used to sup-
port experimental testing of these catalytic reactors. For example,
Hettel et al. (2013) developed a numerical model to study the
in situ effect of probe insertion on the velocity and species profiles.
Therefore, numerical modeling combined with experimental mea-
surements together should be used to provide a comprehensive and
detailed understanding of catalytic reactors.

Modeling of monolithic reactors can be broadly divided in
two categories: single-channel modeling that considers just one
channel of the monolith and full-scale modeling that consid-
ers the whole reactor comprised of several hundred channels
(Kumar, 2009). Simulations for a single-channel have been previ-
ously performed using one-, two- and three-dimensional models.
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Nomenclature

ct Total molar mixture concentration
Dij Binary mass diffusion coefficient of species i into

species j
Dkn
i

Knudsen diffusion coefficient
→ Fe Inviscid flux vector
→ Fv Viscous flux vector
ei Species internal energy
et Specific total energy (total energy per unit mass)
hi Species enthalpy
Ji Mass diffusion flux vector for species i
k̃ Heat transfer coefficient
MW Mean molecular weight of the mixture
MWj Molecular weight of species j
Ni Diffusion molar flux
ns Number of species
p Pressure (mixture)
pi Partial pressure
→ Q Conservative flow variables
q̂ Heat flux vector
Ri Gas constant
Ru Universal gas constant
→ S Source term vector
T Temperature
u x-velocity
Ui Species diffusion velocity
v y-velocity
w z-velocity
Xj Mole fraction of species j
Yi Mass fraction of species i

Greek symbols
� Mixture density
�i Species density
�� Collision integral value for viscosity
�ij Collision integral
� Dynamic viscosity (mixture)
� Shear stress tensor
ω̇i Reaction rate source term for the species i
� Lennard-Jones collision diameter

One-dimensional (1D) models ignore radial and angular gradi-
ents in temperature, concentration, and velocity, and consider only
axial variations. These models, which use lumped heat and mass
coefficients, are widely used because of their simplicity, ease of
implementation, and computational efficiency. The resulting one-
dimensional model is typically referred to as the plug-flow model.
In the monolith channel, the catalytic reaction occurs in the wash-
coat on the channel wall. There are two choices for incorporating
the catalyst reaction into the heat and mole balance equations:
pseudo-homogeneous model and heterogeneous model. In the
pseudo-homogeneous model, the wall temperature and concentra-
tions are assumed to be the same as the fluid, and the reaction rate is
incorporated directly into the conservation equations. For the het-
erogeneous model, the gas-solid interface at the wall is assumed to
be discontinuous and separate mole and energy balance equations
are solved for the solid. These equations are coupled to the fluid
equations through mass and heat transfer coefficients. The catalytic
reactor results presented in this report utilize the heterogeneous
model for surface chemistry.

Since no diffusive terms remain, the plug-flow equations form
a differential-algebraic-equation (DAE) initial-value problem for
the axial variation of the mean species composition (Raja et al.,

2000). The catalytic partial oxidation of hydrogen was  previously
investigated by Cerkanowicz et al. (1977) with simplified chem-
istry and by Kramer et al. (2002) with detailed kinetics. Two and
three-dimensional models are more complex but provide more
realistic results than the one-dimensional models. These models
are developed based on both boundary-layer equations and the
Navier-Stokes equations. In boundary-layer approximations, axial
(flow-wise) diffusive transport is neglected, but detailed trans-
port to and from the channel walls is retained. Deutschmann
et al. (2000) and Dogwiler et al. (1999) utilized two-dimensional
Navier-Stokes models with detailed heterogeneous and homoge-
neous chemistry for the simulation of catalytic partial oxidation.
The catalytic partial oxidation of methane-air has been studied by
Markatou et al. (1993) using a two-dimensional boundary layer
model. Raja et al. (2000) investigated the efficiency and validity
range of the Navier–Stokes, boundary-layer, and plug-flow models
in a catalytic monolithic channel. That research demonstrated that
boundary-layer models provide accurate results with low compu-
tational cost. Kumar (2009) developed a new implicit solver for
species conservation equations and investigated the flow field in a
full-scale three-dimensional catalytic converter. The catalytic par-
tial oxidation of iso-octane over rhodium catalysts was studied by
Hartmann et al. (2010). In that research, detailed surface chem-
istry including 17 surface species and 58 surface reactions was
utilized in the simulation. In the current study, the effect of consid-
ering homogeneous reaction mechanisms in the numerical model
is investigated. Maestri and Cuoci (2013) have used the open-
source CFD solver OpenFOAM (2014) to simulate heterogeneous
catalytic systems three-dimensionally with the detailed kinetics
schemes. The catalytic partial oxidation (CPOX) of methane over a
honeycomb reactor was numerically studied by Hettel et al. (2015),
where OpenFOAM and DETCHEM (Deutschmann et al., 2014) where
coupled to model a large-scale COPX reactor. Raoufi et al. (2016)
developed a fully coupled numerical model to investigate the cat-
alytic partial oxidation of methane over a honeycomb-structured
Rh/Al2O3 coated catalyst. In that work, the governing equations for
fluid and solid regions of the monolithic reactor are solved simul-
taneously. Table 1 illustrates a summary of the literature review,
and presents the numerical studies that have been carried out in
the field of the catalytic partial oxidation.

Many researchers have numerically studied the effects of reac-
tor parameters, such as the velocity inlet, temperature, and fuel
concentration, on the performance of catalytic systems. In those
works, the dependency of reactor performance on different design
variables was obtained via parametric studies. That is, simulat-
ing the reactor performance at baseline values, then systematically
changing the parameter values and reevaluating the performance.
This method provides valuable information for reactor design, how-
ever, when the number of design variables is large, this procedure
may  become computationally prohibitive. Furthermore, utilizing
parametric studies to investigate design alternatives has proven
extremely valuable in practice, but this process does not provide
a direct nor rigorous manner in which to arrive at an optimal
design. This is the underlying motivation for the combination of
computational fluid dynamics with numerical optimization meth-
ods. Moreover, the use of sensitivity analysis represents a more
computationally efficient alternative for parametric studies as well
as for optimization purposes. To this end, Minh (2005) developed
numerical methods for the simulation and optimization of com-
plex processes in catalytic monoliths for two practical applications:
catalytic partial oxidation of methane and conversion of ethane
to ethylene. In that work, the optimization was formulated as an
optimal control problem constrained by a system of PDEs describ-
ing the chemical fluid dynamics process. Minh et al. (2008) then
investigated the optimization of the oxidative dehydrogenation of
ethane to ethylene over platinum using this optimal control prob-
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