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a b s t r a c t

Computational fluid dynamic (CFD) modeling of full-scale catalytic converters with realistic chemistry
has remained elusive primarily due to the extreme computational requirements. In this work, a new
low-memory coupled implicit solver, based on the conservative unstructured finite-volume method, was
utilized to simulate laboratory-scale catalytic converters with implicit coupling between fluid flow, heat
transfer (including conjugate heat transfer), mass transfer, and heterogeneous chemical reactions. Steady-
state calculations were performed for a catalytic methane–air combustion process with 24 reaction steps
and 19 species (8 gas-phase species, 11 surface-adsorbed species), and for a three-way catalytic conversion
process with 61 reaction steps and 31 species (8 gas-phase species, 23 surface-adsorbed species). Both
calculations were conducted on a single processor for a monolith with 57 channels discretized using
ull-scale

atalytic converter
ethane combustion

hree-way conversion

354,300 control volumes. The catalytic combustion simulation was completed in 19 h and required 900 MB
of memory, while the three-way conversion simulation required 6 days and 1 GB of memory, indicating
that the complexity of the surface reaction mechanism dominates the overall CPU time requirements.
Subsequently, the solver was parallelized, and the same catalytic combustion case was simulated for a
monolith with 293 channels discretized using 1.27 million control volumes. A 4-node cluster was utilized

ions,
for the parallel computat

. Introduction

Despite tremendous progress in computer technology in recent
ears, simulation of full-scale monolithic catalytic converters
as remained elusive. Such simulations require extreme com-
utational resources (Mazumder, 2007), to be discussed shortly.
iterature review reveals numerous publications on two- and three-
imensional computational fluid dynamic (CFD) modeling of a
ingle channel of the monolith (Canu & Vechhi, 2002; Chatterjee,
eutschamnn, & Warnatz, 2001; Deutschmann, Maier, Riedel,
troemann, & Dibble, 2000; Grimm & Mazumder, 2008; Groppi,
elloli, Tronconi, & Forzatti, 1995; Holder, Bolliga, Anderson, &
ochmuth, 2006; Mantzaras, Appel, & Benz, 2000; Papadias,
winkels, Edsberg, & Bjormborg, 1999; Raja, Kee, Deutschmann,
arnatz, & Schmidt, 2000; Sallamie & Koshkanab, 2003; Young

Finlayson, 1976, among many others). Currently, due to lack of

etter alternatives, the knowledge gained from the simulation of a
ingle channel is extrapolated to the entire catalytic converter. Since
he channels are coupled to each other through heat transfer, and

∗ Corresponding author at: Department of Mechanical Engineering, The Ohio
tate University, Suite E410, Scott Laboratory, 201 West 19th Avenue, Columbus,
H 43210, USA. Tel.: +1 614 247 8099; fax: +1 614 292 3163.

E-mail address: mazumder.2@osu.edu (S. Mazumder).

098-1354/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.compchemeng.2009.05.018
and the parallelization efficiency was found to be about 80%.
© 2009 Elsevier Ltd. All rights reserved.

individual channels may encounter different flow rates, extrapola-
tion of the results of a single channel to the entire converter is not
always accurate, and may lead to flawed designs (Tischer, Correa, &
Deutschmann, 2001). Also, some catalytic combustors use a design
in which catalytic reactions take place only in alternate chan-
nels (Carroni, Griffin, Mantzaras, & Reinke, 2003) to manage peak
temperatures and thermal gradients, leading to considerable varia-
tions from channel to channel. Another important issue that is not
addressed by such extrapolations is the impact of scale-up or scale-
down of a catalytic converter, i.e., what happens if the overall size
(diameter) of a catalytic converter is increased or decreased while
keeping the channel dimensions unchanged? With a trend towards
miniaturization of next-generation energy conversion devices, this
is a critical question that needs to be answered by modeling and
simulations in order to keep design costs low.

In recent years, in realization of the need to address variations
of flow and temperature within the monolith of a catalytic con-
verter, many research groups have attempted to model full-scale
monolithic catalytic converters. Broadly, the approaches used can
be categorized into two types. The first approach is one where the

monolith is modeled as a porous medium, as is done traditionally
for packed-bed reactors. The second approach is one where a “rep-
resentative” number of channels within the monolith are modeled,
and the results are coupled through thermal network-type models.
Pertinent work using these two approaches is discussed next.

http://www.sciencedirect.com/science/journal/00981354
http://www.elsevier.com/locate/compchemeng
mailto:mazumder.2@osu.edu
dx.doi.org/10.1016/j.compchemeng.2009.05.018
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Nomenclature

B body force vector (m s−2)
cp,k specific heat capacity of species k (J kg−1 K−1)
Dkn binary diffusion coefficient of species k into n (m2/s)
Dkn ordinary multi-component diffusion coefficient

(m2/s)
Dk effective diffusivity of species k into the mixture

(m2/s)
h enthalpy of mixture (J/kg)
hk enthalpy of the k-th species (J/kg)
h0

f,k
enthalpy of formation of species k at standard state
(J/kg)

Jk diffusion mass flux of the k-th species (kg m−2 s−1)
kc thermal conductivity of mixture (W m−1 K−1)
M molecular weight of the mixture (kg/kmol)
Mk molecular weight of k-th species (kg/kmol)
n̂ unit surface normal vector
N total number of gas-phase species
p pressure (Pa)
q heat flux (W m−2)
qC heat flux due to conduction (W m−2)
qD heat flux due to inter-diffusion of species (W m−2)
qR heat flux due to radiation (W m−2)
Ṙk production rate of species due to heterogeneous

reactions (kmol m−2 s−1)
Ṡk production rate of k-th species due to homogeneous

reactions (kg m−3 s−1)
Ṡh volumetric enthalpy production rate (W m−3)
T temperature (K)
U mass averaged velocity (m/s)
Xk mole fraction of k-th species
Yk mass fraction of k-th species

Greek letters
ıkn Kronecker delta
� kn transformed diffusion coefficient tensor (m2/s)
�k molar concentration of species k at fluid-solid inter-

face (kmol m−3)
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chemistry. One of the key attributes of the solver to be demon-
strated is that it solves all the species conservation equations
simultaneously, rather than in a segregated manner. As demon-
strated by past research (Mazumder, 2006; Venkateswaran & Olsen,
2003), coupled solution of the species conservation equations is
� mixture density (kg m−3)
� shear stress (N m−2)

Modeling the monolith as a porous medium keeps the com-
utational requirements tractable while still providing valuable

nformation about the overall performance of the device. Shuai
nd Wang (2004) modeled the monolithic reactor using a two-
imensional model, in which the reactor was modeled as a porous
edium and surface reactions were modeled using a two-step
echanism. Kolaczkowski and Serbertsioglu (1996) performed

nalytical modeling of channel interactions in catalytic combus-
ion reactors. The focus of their study was the effect of monolith

aterial properties on heat dissipation. Chen, Alexio, Williams,
eprince, and Yong (2004) performed three-dimensional CFD mod-
ling of flow and heterogeneous reactions in catalytic converters.
he pressure and velocity fields were calculated by modeling the
onolith as a porous medium. The surface reaction model was

hen superimposed on the fluid flow results. The interaction of
urface reactions, heat transfer, and fluid flow was not resolved in
his study. Guojian and Song (2005) performed CFD simulation of

ow distribution inside and upstream of a catalytic converter. They
sed a one-step reaction and the catalytic monolith was modeled
s a porous medium. Mazumder and Sengupta (2002) used a sub-
rid scale model for full-scale modeling of monolithic reactors. The
onolithic reactor was modeled as an anisotropic porous medium
mical Engineering 34 (2010) 135–145

and sub-grid scale models were employed to represent the hetero-
geneous chemical reactions occurring inside the reactor. Detailed
chemistry was considered in their study.

Notable work that belongs to the second category is the work of
Braun et al. (2002), who performed three-dimensional transient
simulation of a monolithic catalytic converter. Two-dimensional
detailed simulation of reactive flows in a representative number of
channels was coupled with a three-dimensional simulation of heat
transfer in the solid structure of the monolith. Recently, Tischer and
Deutschmann (2005) extended the work done by Braun et al. (2002)
by using the so-called aggregation model to identify the representa-
tive channels in a monolith. Two-dimensional, steady-state results
of reactive flow in these representative channels were coupled with
three-dimensional transient models of energy transport in the solid
structure of the monolith. In their study, around 10 channels were
chosen as representative channels.

While the two approaches, just discussed, represent improve-
ment over modeling a single channel, the accuracy (in the case of
the porous medium approach) and the numerical robustness (in the
case of loose coupling using network models) of such approaches
remains questionable. Ideally, it is desirable to model the entire
monolithic catalytic converter using a CFD approach in which all
pertinent length scales are resolved by the mesh, and no assump-
tions are made with regard to the relative magnitude of the length
and times scales of the underlying physical and chemical processes.

Although CFD calculations with full implicit coupling between
the various physical phenomena and length scales are desirable,
from a numerical standpoint, such large-scale calculations pose
several challenges. The core of a simple cylindrical catalytic con-
verter is shown in Fig. 1. Estimates by Mazumder (2007) show
that modeling such a converter with approximately 500 channels
will require about 5 million grid points and more than 200 h of
CPU time on a single processor even if a simple one-step reaction
mechanism is used to describe the chemistry. Another challenge is
keeping memory requirements within reasonable limits, so that
such computations can be performed using desktop computers
and/or parallel clusters with a few nodes, rather than supercom-
puters or massively parallel clusters.

The objective of the present study is to demonstrate the effec-
tiveness of a new implicit coupled solver for such large-scale
catalytic converter computations with complex heterogeneous
Fig. 1. Monolithic core of a catalytic converter.
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esirable to attain robust and rapid convergence for reactive flow
omputations with complex chemistry and/or multi-component
iffusion. To the best of the authors’ knowledge, the present arti-
le reports the first instance where CFD calculations with complete
oupling between all relevant phenomena, and with resolution of
ll relevant length scales by the mesh has been performed for a full-
cale catalytic converter with complex heterogeneous chemistry.

. Governing equations and solution

.1. Governing conservation equations

The governing equations to be solved are the equations of con-
ervation of mass (both overall and individual species), momentum
nd energy, and are written as (Bird, Stewart, & Lightfoot, 2001; Kuo,
986; Mazumder, 2007):

verall mass :
∂

∂t
(�) + ∇ · (�U) = 0 (1)

omentum :
∂

∂t
(�U) + ∇ · (�UU) = −∇p + ∇ · � + �B (2)

nergy :
∂

∂t
(�h) + ∇ · (�Uh) = −∇ · q + Ṡh (3)

Species mass :
∂

∂t
(�Yk) + ∇ · (�UYk) = −∇ · Jk + Ṡk

∀k = 1, 2, . . . , N (4)

here � is the mixture density, p is the pressure, � is the shear stress
ensor, and B is the body force vector. Eqs. (1) and (2) are the well
nown Navier–Stokes equations, and need no further discussion.
n Eq. (4), Yk is the mass fraction of the k-th species, Jk is the mass
iffusion flux of the k-th species, and Ṡk is the production rate of
he k-th species due to homogeneous chemical reactions. The total
umber of gas-phase species in the system is denoted by N. In Eq.
3), Ṡh represents the net source due to viscous dissipation and other
ork and heat interactions, and q denotes the net heat flux due to
olecular conduction, radiation, and inter-species diffusion, and is
ritten as (Bird et al., 2001):

= qC + qR + qD = −kc∇T + qR +
N∑

k=1

Jkhk (5)

here hk is the enthalpy of the k-th species, kc is the thermal
onductivity of the mixture, and h is the enthalpy of the mixture

=
∑N

k=1hkYk

)
. In the above formulation, the enthalpy of the k-

h species, hk, includes the enthalpy of formation and the sensible
nthalpy, and is written as

k(T) = h0
f,k +

∫ T

T0

cp,k(T)dT (6)

here h0
f,k

is the enthalpy of formation of species k at the stan-
ard state, and cp,k is the specific heat capacity of species k. The
pecies enthalpy is generally computed using standard thermody-
amic databases, such as the JANNAF database.

Eq. (1) can be derived from Eq. (4) if and only if the following
wo constraints are satisfied:

t any point in space :
N∑

Yk = 1 (7)
k=1

t any arbitrary cutting plane :
N∑

k=1

Jk · n̂ = 0 (8)
mical Engineering 34 (2010) 135–145 137

where n̂ is the surface normal to the cutting plane in question. Eq.
(7) is generally enforced either by solving only N − 1 equations from
the set in Eq. (4), and then using Eq. (7) directly to determine the
mass fraction of the last species, or by normalizing the calculated
mass fractions by their sum, resulting in an indirect correction strat-
egy. In diffusion dominated (i.e., low mass-transport Peclet number)
systems, failure to satisfy the constraint given by Eq. (8) results in a
serious inconsistency. The inconsistency is a result of the fact that
the sum of the species conservation equations over all species does
not result in the continuity equation (Eq. (1)). Rather, it results in a
continuity equation with a spurious mass source.

In general, the mass diffusion flux, Jk, includes diffusion due to
concentration gradients, temperature gradients (Soret diffusion),
and pressure gradients (pressure diffusion) (Bird et al., 2001). The
most common approach for modeling diffusive transport of species
due to concentration gradients is to use the Fick’s law of diffusion.
In a binary system, consisting of species A and B, the diffusion flux is
accurately described by the Fick’s law of diffusion (Bird et al., 2001):

JA = −�DAB∇YA, JB = −�DBA∇YB (9)

where DAB is the binary diffusion coefficient of species A into B, and
is equal to DAB, which is the binary diffusion coefficient of species B
into A. Using the mass fraction summation constraint (Eq. (7)), it can
be readily shown that JA = −JB, i.e., Eq. (8) is automatically obeyed.
The same law, when used for multi-component systems with more
than two species, leads to violation of mass conservation due to
non-satisfaction of the constraint given by Eq. (8).

In a multi-component system, diffusion is best described by the
Stefan–Maxwell equation (Bird et al., 2001), which implicitly relates
molar fluxes of species to mole fraction gradients:

∇Xi = M

�

N∑
j = 1
j /= i

(
XiJ j

MjDij
− XjJ i

MiDij

)
(10)

where M is the mixture molecular weight, Mk is the molecular
weight of the k-th species, and Xk is the mole fraction of the
k-th species. The Stefan–Maxwell equation has been formulated
in such a manner that Eq. (8) is satisfied for an arbitrary multi-
component system. Unfortunately, in its primitive form, it can only
be used for pure diffusion problems, and is not amenable for use
in a CFD framework since it is not an equation of the generalized
advection-diffusion form. Upon significant manipulation, Eq. (10)
can be re-written as (Mazumder, 2006; Wangard, Dandy, & Miller,
2001)

Jk = −�
Mk

M2

N∑
n=1

MnDkn∇Xn (11)

where Dkn is the ordinary multi-component diffusion coefficient
(Mazumder, 2006; Wangard et al., 2001), and is different from the
binary diffusion coefficient Dkn. Specifically, while the binary diffu-
sion coefficients are independent of the mole fractions, the ordinary
multi-component diffusion coefficients are strong nonlinear func-
tions of the mole fractions. Also, it is worth noting that while Dkk = 0,
Dkn /= Dnk. The ordinary multi-component diffusion coefficients
can be computed using well-known relationships (Bird et al., 2001;
Sutton & Gnoffo, 1998). Eq. (11) essentially states that in a multi-
component system, diffusion of a certain species is governed not
only by its own concentration gradient, but also the concentration

gradient of the other species in the system.

In a reacting flow, mass is always conserved while moles are
not. Thus, it is advantageous to re-write Eq. (11) in terms of mass
fractions rather than mole fractions. Using the conversion relation
Yk = XkMk/M, Eq. (11) may be written as (Mazumder, 2006; Wangard
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t al., 2001)

k = −�

N∑
n=1

�kn∇Yn (12)

here � kn is a new tensor, written as (Mazumder, 2006; Wangard
t al., 2001)

� ] = − 1
M2

[M][D][M][C] (13)

n Eq. (13), [M]=diag[M1, M2, . . ., MN], [D] is the matrix notation for
he ordinary multi-component diffusion tensor Dkn, and [C] the
acobian of the transformation between mass and mole fraction,
nd is written as

kn =
(

ıkn − Yk
M

Mk

)
M

Mn
(14)

here ıkn is the Kronecker delta. Substitution of Eq. (12) in Eq. (4)
ields:

∂

∂t
(�Yk) + ∇ · (�UYk) = ∇ ·

(
�

N∑
n=1

�kn∇Yn

)
+ Ṡk

∀k = 1, 2, . . . , N (15)

Eq. (15) represents the governing equation for species trans-
ort in a multi-component system. It satisfies the constraint posed
y Eq. (8) automatically. It is important to note that even in the
bsence of any homogeneous chemical reactions (i.e., Ṡk = 0), the
ass fractions of the individual species are tightly coupled through

he diffusion operator, i.e., the first term on the right hand side
f Eq. (15). Thus, segregated solution (i.e., one species at a time)
f the equations represented by Eq. (15) has inherent numerical

nstabilities associated with it (Mazumder, 2006).
While the multi-component diffusion model, just described,

nforces mass conservation exactly, past studies (Kumar &
azumder, 2008; Salmi & Waerna, 1991) have shown that it is

xpensive, primarily because the computation of the diffusion coef-
cient tensor, � ij, is expensive. A recent study by Kumar and
azumder (2008) has shown that comparable accuracy as the
ulti-component diffusion model can be attained with a small frac-

ion of the computational cost incurred by the multi-component
iffusion model using a much simpler approach—the so-called
chmidt Number model, at least for catalytic combustion applica-
ions. In light of these findings, for the test calculations performed
n this study, the simplistic Schmidt number model is used instead
f the full multi-component diffusion formulation. In this model,
he diffusion coefficients of all species are assumed to be equal,
nd is calculated from the relationship �Dk = �/Scfuel, where Dk is
he diffusion coefficient of the k-th species, � is the dynamic vis-
osity, and Scfuel is the Schmidt number of the fuel based on inlet
onditions. The diffusion flux in then computed using the relation:

k = −�Dk∇Yk (16)

nstead of the full multi-component diffusion model (Eq. (12)). Fur-
her details on both models are available in Kumar and Mazumder
2008).

.2. Boundary conditions

The boundary conditions for the mass and momentum conser-

ation equations are the no-slip conditions at walls, and appropriate
ass flux or pressure boundary conditions at inflow and outflow

oundaries. These boundary conditions and their numerical imple-
entation are well known (Ferziger & Peric, 1999) and need no

urther discussion. The focus of this sub-section is the boundary
mical Engineering 34 (2010) 135–145

conditions for species and energy associated with heterogeneous
chemical reactions at fluid-solid interfaces.

At a reacting surface, the diffusion flux of species is balanced by
the reaction flux since the surface cannot store any mass. At the
heart of surface reaction processes is adsorption and desorption of
species at the surface, the treatment of which requires inclusion of
so-called surface-adsorbed species (Coltrin, Kee, & Rupley, 1991).
At steady-state, the net production rate of the surface-adsorbed
species is zero. In the absence of etching or deposition of mate-
rial from the surface (i.e., zero Stefan flux), the reaction-diffusion
balance equation at the surface may be written as (Coltrin et al.,
1991; Mazumder & Lowry, 2001)

Jk · n̂ = MkṘk ∀k ∈ gas-phase species (17a)

Ṙk =
{

d�k/dt for unsteady
0 for steady

∀k ∈ surface − adsorbed species

(17b)

where Ṙk is the molar production rate of species k due to heteroge-
neous chemical reactions, �k is the molar concentration of species k
at the fluid-solid interface, and n̂ is the outward unit surface normal.
Since Ṙk is an extremely nonlinear function of the molar concentra-
tions (or mass fractions) (Coltrin et al., 1991; Mazumder & Lowry,
2001), Eq. (17) represents a nonlinear set of differential algebraic
equations (DAE). The solution of this stiff set of nonlinear DAE is
generally obtained using the Newton method, but requires spe-
cial pre-conditioning to address stiffness and ill-posed-ness in the
case of steady-state solutions. Details pertaining to these numeri-
cal issues may be found elsewhere (Mazumder & Lowry, 2001). The
solution of Eq. (17) provides the near-wall mass fractions and mass
fluxes [represented by the left hand side of Eq. (17a)] of all gas-
phase species, which appear as sources/sinks for control volumes
adjacent to the surface in a finite-volume formulation (Mazumder
& Lowry, 2001).

The balance of energy at the surface yields the following equa-
tion:[

−k∇T + qR +
N∑

k=1

Jkhk

]
F

· n̂ = [−k∇T + qR]S · n̂ (18)

where the subscript “F” denotes quantities on the fluid side of the
fluid–solid interface, while the subscript “S” denotes quantities on
the solid side of the same interface. The solution of Eq. (18), which is
also a nonlinear equation, yields the temperature at the fluid–solid
interface, and subsequently provides the flux of energy at the inter-
face, which can then be used as a source/sink for the cells adjacent to
the interface after appropriate linearization. In this enthalpy formu-
lation, the heat of surface reaction actually manifests itself through
the
∑

Jkhk term.
Eqs. (1)–(4), along with Eq. (16), when solved along with

the appropriate boundary conditions described in the preceding
sub-section, will produce flow, temperature and mass fraction dis-
tributions of all species within the computational domain. In the
present study, the equations were discretized using the standard
conservative unstructured finite-volume procedure (Date, 2005;
Mathur & Murthy, 1997), which is well documented in the liter-
ature and is, in fact, in use in the vast majority of commercial CFD
codes.

2.3. Solution of governing equations
Since our primary interest is in low-speed reacting flow appli-
cations, a pressure-based solver was chosen (over a density-based
solver) and developed for solution of the Navier–Stokes equa-
tions. The SIMPLEC algorithm (Van Doormal & Raithby, 1984) was
used to resolve velocity–pressure coupling. A co-located mesh was
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sed, and the pressure-weighted interpolation method (Miller &
chmidt, 1988; Rhie & Chow, 1983) was used to damp checker-
oard pressure oscillations. The species equation solver was kept
eparate from solution of the Navier–Stokes and energy equations.
he momentum equations, the pressure correction equation, and
he enthalpy equation (in correction form) were solved in a segre-
ated manner using full-field conjugate gradient (for momentum
nd energy equations) and algebraic multi-grid (for pressure cor-
ection equation) solvers. For simplicity, heat transfer by radiation is
eglected. Overall outer iterations were performed to couple all the
onservation equations, and to address non-linearities in the gov-
rning equations, which were all solved in appropriate linearized
orm.

The species conservation equations were solved in a coupled
anner. As discussed earlier, this is desirable from the point of view

f numerical stability and convergence. The approach used here
as to sub-divide the computational domain into sub-domains

hat are small enough such that for each of these sub-domains
fully implicit solution of the governing equations is affordable

rom a memory standpoint. The rationale is that this approach will
nable spatial as well as species-to-species implicit coupling, and
he extent of spatial coupling is to be dictated by memory con-
traints.

The development of the coupled solver for the species conser-
ation equations entailed three major steps, as follows:

1. The computational domain was decomposed into smaller groups
of cells that are geometrically contiguous—a process termed
Internal Domain Decomposition (IDD). This is a one-time pre-
processing step.

. For each sub-domain, an iterative solver based on Krylov
subspace iterations (i.e., the restarted and pre-conditioned Gen-
eralized Minimum Residual Solver or GMRES (Saad, 2003)) were
employed to obtain the solution at all nodes within the sub-
domain and for all species simultaneously. Other sub-domains
adjacent to the sub-domain in question were treated explicitly,
and ghost (or virtual) boundary conditions were applied at inter-
faces between sub-domains to transfer information between
sub-domains.

. An overall (or outer) iteration was performed within which
the preceding step is repeated until convergence. Iterations are
necessary not only to resolve the explicit coupling between sub-
domains, but also to resolve non-linearities in the governing
equations.

The overall algorithm is depicted in Fig. 2, and details pertaining
o each of the above three steps may be obtained from Kumar and

azumder (2007, submitted for publication). The coupled species
quation solver is henceforth referred to as the IDD + GMRES solver.

.4. Solver parallelization

Parallelization of the solver was performed to enable calcula-
ions on a larger scale by dividing the computational load across

ultiple processors. It also keeps the memory requirement for
ach processor tractable. The computational domain was divided
nto various zones using domain decomposition. Two different
ecomposition strategies were implemented: (a) multi-graph-
ased partitioning algorithm METIS (Karypis & Kumar, 1998), and
b) domain partitioning along predefined axes (x, y or z axes). The
umber of parallel zones and the number of processors have to be

qual in both cases.

If there are NZ parallel zones (and hence NZ processors), there
ill be NCi cells in the i-th parallel zone. All data (connectivity data,

eometry data, values of variables at cell centers, and all other
ata needed for CFD calculations) on those NCi cells is stored on
Fig. 2. Block-diagram representation of the coupled implicit solver for the species
conservation equations used in the present study.

the i-th processor. In addition to the cells in the i-th parallel zone,
ghost cells from the neighbors of the i-th zone are also mapped
to the i-th processor. Therefore, a particular processor stores the
data of the cells in its own zone as well the data of the ghost
cells from all its neighboring zones. However, a given processor
solves for the variables only in the NCi cells belonging to the cor-
responding parallel zone. Computations of variables in the ghost
cells are performed by the neighboring processors. Since data in the
ghost cells are needed to discretize governing equations at the zonal
boundaries, data is exchanged between neighboring processes. The
Message Passing Interface (MPITM) based communication strategy
was used for exchange of data between different processors. The
frequency of MPI communication calls between neighboring pro-
cesses is an important parameter to consider. Values in the ghost
cells are the only mode of exchange of information between var-
ious parallel zones. In any CFD calculation, it is beneficial to have
as much implicitness as possible in the solution procedure. It is
well recognized that the lack of implicitness can lead the solution
to stagnate for steady-state calculations. In terms of the use of the
IDD + GMRES solver, the zonal interfaces are treated as a Dirich-
let boundary condition with the values in the ghost cell treated as
known from the previous iteration. One parallel zone is typically
divided into multiple sub-domains within the IDD + GMRES solver.
All sub-domains in a given parallel zone are solved sequentially
within the IDD + GMRES algorithm. Since different parallel zones
are solved independent of each other using different processes, it is
possible that a sub-domain s1 in zone i is solved after sub-domain s2
in zone j. If sub-domains s1 and s2 are neighbors too, then updating
the values in ghost cells after s2 has been solver for, leads to latest
zonal boundary information being used in solution of sub-domain
s1. Use of the latest results instead of results from previous iteration
increases the implicitness and improves the convergence behav-
ior. Recognizing this fact, values in the ghost cells were exchanged
each time a sub-domain solution is performed in any of the paral-
lel zones. This algorithm maximizes the chance of implicitness in
the solution procedure and has been implemented for the parallel
version of the IDD + GMRES solver.

3. Sample calculations and results
Prior to exploration of the solver for large-scale catalytic conver-
sion simulations, it was validated against results reported by Raja
et al. (2000), and then tested for 5 different problems with either
homogeneous or heterogeneous chemistry of various levels of com-
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the new IDD + GMRES solver on a single processor. The convergence
plot obtained using the IDD + GMRES solver is shown in Fig. 4. It is
clear from the convergence plot that despite the large number of
unknowns and the complexity of the chemistry, the convergence
40 A. Kumar, S. Mazumder / Computers an

lexity. Both two-dimensional and three-dimensional test cases
ere considered, with mesh sizes ranging from 20,000 to 80,000

ells. In all cases, robust convergence was attained. A full descrip-
ion of these relatively simple test cases and their results may be
ound in Kumar and Mazumder (2007, submitted for publication).
n this study, three test cases, directly related to the application in
uestion, are considered:

Case 1: heterogeneous (catalytic) combustion of methane using
24-step chemistry (8 gas-phase species) in a 3D catalytic con-
verter comprised of 57 channels with 354,300 mixed (hexahedra
and prisms) cells.
Case 2: heterogeneous three-way catalytic conversion using 61-
step chemistry (8 gas-phase species) in a 3D catalytic converter
comprised of 57 channels with 354,300 mixed (hexahedra and
prisms) cells.
Case 3: heterogeneous (catalytic) combustion of methane using
24-step chemistry (8 gas-phase species) in a 3D catalytic con-
verter comprised of 293 channels with 1.27 million mixed
(hexahedra and prisms) cells.

The first two cases were computed on a single processor (2 GHz
ntel Xeon 5130 processor with 4 GB of RAM) machine, while the
hird case was computed on a 4-node parallel cluster with each
ode having exact same specifications as the single processor men-
ioned above. In each case, convergence was deemed to have been
ttained when the residuals (l2norm) of all the conservation equa-
ions decreased by 5 orders of magnitude.

.1. Case 1: catalytic combustion of methane in 57-channel
onverter

The first test case considered is that of steady-state heteroge-
eous (catalytic) combustion of a premixed methane–air mixture
n platinum in a catalytic converter monolith with multiple chan-
els. A cylindrical monolith with diameter of 1.84 cm and length
0 cm is considered. The monolith geometry has two planes of
ymmetry and therefore only a quarter of the device is mod-
led. The geometry, mesh, and boundary conditions are shown
n Fig. 3. The channels have a square cross-section of dimension
.6 mm × 1.6 mm. Channel walls have a thickness of 0.4 mm. As
hown in Fig. 3, 19 channels are modeled, implying a catalytic
eactor with 57 total channels, corresponding to a channel den-
ity of 140 cpsi. The monolith support in many catalytic monoliths
s made of cordierite. Thermal conductivity of cordierite has been
eported in the range of 2–5 W/(m K) (Lynch, 1975). A value of
W/(m K) is used as the thermal conductivity of the monolith

olid support in the present study. The inlet gas temperature is
00 K, and the external walls of the converter are fixed at 1300 K,
ollowing simulation conditions used by Raja et al. (2000). The
eynolds number based on the channel width is 130 (correspond-

ng to a velocity of 0.9 m/s at the inlet), and the inlet equivalence
atio is unity, yielding the following mass fractions of the various
pecies at the inlet: CH4 = 0.05, H2 = 0.001, O2 = 0.215, N2 = 0.734.
he reaction mechanism used for this test calculation is a 24-step
eaction mechanism (Deutschmann, Behrendt, & Warnatz, 1994).
his particular mechanism has been validated and widely used for
ydrogen-assisted catalytic combustion of methane (Deutschmann
t al., 2000). A value of 2.7 × 10−8 kmol/m2 has been used for
he surface site density, which is the value used in the litera-
ure when platinum is the catalyst dispersed in alumina washcoat

or a catalytic loading of 40 g/ft3 (Deutschmann et al., 2000). The
omputational mesh is comprised of 354,300 cells, leading to
pproximately 4.6 million unknowns (pressure, 3 velocity com-
onents, enthalpy, and 8 gas-phase species at each node). The
wo-dimensional mesh of the cross-section of the converter is
Fig. 3. (a) Geometry and boundary conditions for test Case 1 and (b) cross-sectional
view of the computational mesh used.

shown in Fig. 3(b). When extruded in the third direction, it results
in a hybrid mesh comprised of hexahedral and prismatic ele-
ments.

For this particular test case, computations were performed with
Fig. 4. Convergence of the IDD + GMRES solver for catalytic combustion test problem
(Case 1). Only selected residuals (l2norm) are shown.
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ig. 5. Temperature and selected species mass fraction distributions for test Case 1
catalytic combustion of methane in 57-channel converter).

s robust. The convergence of the enthalpy equation is the slow-
st. This is most likely because conjugate heat transfer is accounted
or, and the disparate thermal conductivity of the fluid and the solid
esults in a relatively stiff system of equations. Results of the compu-
ations are shown in Fig. 5. Even though the same mass flow rate and

nlet temperature are used in each channel, the results clearly depict
he effect of external heat transfer on temperature and species con-
entration distributions, both of which are strongly non-uniform.
hese results clearly emphasize the importance of full-scale sim-
lations. Overall, this particular calculation required 19 h of CPU
mical Engineering 34 (2010) 135–145 141

time for five orders of magnitude convergence. The solver required
900 MB of memory.

To put matters in perspective, it is worthwhile comparing
the results of these calculations with another state-of-the-art
fully implicit reacting flow solver, MPSalsa (Shadid et al., 1998).
MPSalsa is general-purpose implicit finite-element code for react-
ing flow applications (Shadid et al., 1998; Shadid, Tuminaro, Devine,
Hennigan, & Lin, 2005). It uses an inexact Newton iteration tech-
nique in conjunction with a parallel GMRES solver to solve the
final discrete algebraic equations. Due to the fact that the coupling
between the unknowns is attained through Newton-type iterations,
the method requires calculation and storage of a Jacobian matrix,
at least partially. Thus, computations using this method require
large amounts of memory. For example, a chemical vapor depo-
sition reactor was modeled with just 3 chemical species (i.e., a
total of 8 unknowns at each node: 3 velocity components, tem-
perature, pressure, and 3 mass fractions) on a fine mesh, resulting
in a total of 4.8 million unknowns. Computations were performed
on a 64-node parallel cluster (each node was a 3 GHz Intel Pentium
IV processor), and required about 2200 s of CPU time. Even if linear
parallel scaling (best case scenario) is considered, this implies that
such computations would require about 140,000 s (=39 h) on a sin-
gle processor. In contrast, the present calculation with 4.6 million
unknowns required 19 h of CPU on a comparable single processor.
With single-step chemistry described by 5 species, the same com-
putation takes only 6 h with the IDD + GMRES solver. While the two
problems solved by the two solvers are not the same, it appears
that the solver used in the present study is not only significantly
more memory efficient, but also computationally more efficient
than existing state-of-the-art reacting flow solvers.

3.2. Case 2: three-way catalytic conversion in 57-channel
converter

The second test case considered is that of steady-state three-way
catalytic conversion of combustion exhaust products in a catalytic
converter monolith with multiple channels. The geometry used in
this case is the same as the first test case. The inlet temperature is
400 K, and the external walls of the converter are fixed at 700 K, in
keeping with typical temperatures for such processes (Brinkmeier,
2006). The Reynolds number based on the channel width is 130.
The composition of the inlet mixture corresponds to combustion
of a stoichiometric air–gasoline mixture as measured experimen-
tally (Brinkmeier, 2006), yielding the following mass fractions of
the various species at the inlet: C3H6 = 6.74 × 10−4, CO = 0.0142,
NO = 0.00107, O2 = 0.00879, and N2 = 0.975266. Propene (C3H6) is
considered as the representative unburnt hydrocarbon in this case
because it is usually the final product that results from the thermal
decomposition of larger hydrocarbon molecules (Braun et al., 2002;
Chatterjee et al., 2001). Oxidation of carbon monoxide and propene,
and reduction of nitric oxide is modeled using a 61-step surface
reaction mechanism (Chatterjee et al., 2001). This mechanism con-
siders a total of 31 chemical species, including 23 surface-adsorbed
species and 8 gas-phase species. Surface reactions are considered
on two kinds of catalytic surface reaction sites, Platinum (Pt) sites
and Rhodium (Rh) sites. The reaction mechanism consists of three
parts, namely a mechanism for oxidation of propene on Pt, a mech-
anism for reduction of NO on Pt, and a mechanism for NO reduction
and CO oxidation on Rh. The catalyst loading is taken from litera-
ture as 50 g/ft3, with Pt and Rh being mixed in the weight ratio 5:1.

Using the data from literature, the ratio of platinum and rhodium
surface areas is taken to be 3:1 for a weight ratio 5:1. A value equal
to 2.72 × 10−8 kmol/m2 has been used for the overall surface site
density, which is the value used in the literature when Pt/Rh is the
catalyst dispersed in alumina washcoat (Chatterjee et al., 2001).
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3.3. Case 3: catalytic combustion of methane in 293-channel
ig. 6. Convergence of the IDD + GMRES solver for the three-way conversion test
roblem (Case 2). Only selected residuals (l2norm) are shown.

For this particular test case also, computations were performed
ith the new IDD + GMRES solver on a single processor. The con-
ergence plot obtained using the IDD + GMRES solver is shown in
ig. 6. Once again, robust convergence is observed, although it is
omewhat slower than the catalytic combustion case because of
he additional complexity of the surface reaction mechanism in this

Fig. 7. Selected species mass fraction distributions for test Case 2
mical Engineering 34 (2010) 135–145

particular case. Results of the computations are shown in Fig. 7. The
results, once again, clearly depict non-uniformities from channel
to channel, emphasizing the importance of full-scale simulations.
Overall, this particular calculation required 156 h of CPU time for
five orders of magnitude convergence. The solver required 1 GB of
memory.

A comparison of the two test cases, just described, reveals that
the second test case (catalytic three-way conversion) requires about
8 times more CPU time than the first test case (catalytic combus-
tion), even though the same number of conservation equations
(=13) are solved in each case on the same mesh. Further exam-
ination of this issue revealed that the complexity of the surface
reaction mechanism used in the second test case is responsible
for this discrepancy. The second test case uses a 61-step reaction
mechanism with 31 species, while the first test case uses a 24-
step mechanism with 19 species. Careful examination of the CPU
budget revealed that about 80% of the total CPU time is spent in
surface reaction calculations for the second test case, i.e., in solv-
ing Eq. (17). As mentioned earlier, Eq. (17) represents a system of
stiff non-linear differential algebraic equations, whose solution is
numerically challenging. When the number of species is large, the
solution of this equation is also very computationally expensive
because it has to be performed for all reacting boundary faces and
at each outer iteration.
converter

The third test case considered is identical to the first test case,
except that the geometry used is much larger: 293 channels are sim-

(three-way catalytic conversion in 57-channel converter).
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Fig. 8. (a) Geometry and boundary conditions for test Case 3 (parallel zones are also
shown) and (b) cross-sectional view of the computational mesh used.

Fig. 9. Convergence of the parallel IDD + GMRES solver for catalytic combustion test
problem (Case 3). Only selected residuals (l2norm) are shown. The computations
were performed on a 4-node cluster.
mical Engineering 34 (2010) 135–145 143

ulated rather than 57 channels. The physical conditions considered
in this case are identical to that of the first test case. Since the geom-
etry considered in this case is much larger than the first test case,
and the first test case already required 900 MB of memory, this par-
ticular case was solved on a 4-node parallel cluster. The geometry
(including zonal partitions), boundary conditions, and the com-
putational mesh are depicted in Fig. 8. The whole computational
domain has 1.272 million cells, and considering that there are 13
unknowns on each cell, there are a total of 16.5 million unknowns.
Computations were performed on a 4-node parallel cluster, each
node being an Intel Xeon 5130 processor. Zonal interfaces of the four

zones can be clearly seen in Fig. 8. Each zone has roughly 318,000
cells, which is approximately the same number of cells that were
present in the geometry considered for the first test case. The calcu-
lation converged in approximately 24 h and 1867 iterations (Fig. 9),

Fig. 10. Temperature and selected species mass fraction distributions for test Case
3 (catalytic combustion of methane in 293-channel converter).
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epresenting approximately 80% parallel efficiency. The physical
esults are shown in Fig. 10. In this case, the core of the converter
as a more uniform temperature than the smaller converter simu-

ated earlier (Case 1) because the surface-to-volume ratio is larger
or the smaller converter, implying relatively more heat loss to the
mbient. The effect of scaling of the catalytic converter (Case 1 vs.
ase 3) is best understood by comparing the species concentration
rofiles in Figs. 5 and 10. In the larger converter (Case 3), CH4 is
epleted more in the central core than in the small converter (Case
), indicated by the fact that in the larger converter, only one shade
f blue is seen in the central core (Fig. 10), while two shades of blue
re observed in the central core for the smaller converter (Fig. 5).
imilarly, more CO2 is produced in the central core of the larger con-
erter, as indicated by the saturated pink color (Fig. 10), while two
hades of pink are observed in the central core for the smaller con-
erter (Fig. 5). Post-processing of the results in the two cases further
ndicates that the conversion fraction in the larger converter is 91%,
s opposed to 86% in the smaller converter. These results empha-
ize not only the importance of performing full-scale simulations
o understand non-uniformity effects, but also the fact that these
imulations clearly delineate the impact of scaling of the overall
onverter size.

. Summary and conclusions

Computational analysis of full-scale catalytic monolithic reac-
ors is necessary to capture thermal and flow non-uniformity effects
n the overall performance of the device. Such modeling is also
ital for understanding scale-up or scale-down issues. To date,
odeling of full-scale catalytic converters has been pursued using

wo approaches. The first approach is one where the monolith
s modeled as a porous medium. The second approach couples
etailed transport-chemistry models within a few representative
hannels to a three-dimensional thermal model. Both approaches
ave serious shortcomings. The first approach is not always accu-
ate and requires calibration of several free parameters (Mazumder

Sengupta, 2002), while the second approach is not always robust.
o the best of the authors’ knowledge, this article represents the first
uccessful attempt at computational fluid dynamics (CFD) calcula-
ions of full-scale catalytic converters with complex chemistry. In
his approach, all relevant length scales are resolved by the mesh,
nd two-way implicit coupling between fluid flow, heat transfer,
ass transfer, and heterogeneous chemical reactions is manifested.

lthough the number of channels considered here (∼100) are repre-
entative of laboratory-scale catalytic converters, the methodology
resented and demonstrated here is directly applicable to truly full-
cale catalytic converters with ∼1000 channels if a larger parallel
luster with more compute nodes is utilized. With modern-day
ulti-core processors, such simulations, as shown here, are quite

easible.
A new coupled implicit solver for the species transport equa-

ions that solves the species conservation equations in a coupled
rather than segregated) manner was developed and coupled to
he flow and energy equation solver. The overall simulation tool was
hen used to solve three test problems, namely catalytic combustion
f methane in a 57-channel catalytic converter, three-way conver-
ion of an automotive exhaust stream in a 57-channel converter,
nd catalytic combustion of methane in a 293-channel converter.
he first and third test cases employed a 24-step reaction mech-
nism with 19 species, while the second test case employed a

1-step reaction mechanism with 31 species. The first two cases
ere solved on a mesh comprised of 354,300 cells (4.6 million
nknowns) on a single processor, while the third case was solved
n a mesh comprised of 1.27 million cells (16.5 million unknowns)
n a 4-node parallel cluster. In each case, robust convergence was
mical Engineering 34 (2010) 135–145

attained. Comparison of the performance of the solver to com-
parable state-of-art solvers, including available commercial codes,
revealed that the solver is superior both from a memory as well
as efficiency standpoint—sometimes by more than one order of
magnitude. While preliminary, the results presented here clearly
demonstrate the feasibility of using direct numerical simulation of
laboratory-scale catalytic converters with realistic chemistry.

Future work will be directed towards enhancing the efficiency
of the core solver using better pre-conditioning techniques, multi-
grid techniques, and better approaches for parallelization, which
will be necessary for simulation of full-scale catalytic converters
with ∼1000 channels. One of the findings of this study is that the
CPU time taken for such calculations is strongly dictated by the com-
plexity of the reaction mechanism used (specifically, the number of
reaction steps and species). Work is already ongoing in adapting
the In Situ Adaptive Tabulation (ISAT) algorithm (Pope, 1997) for
surface chemistry. While some preliminary work has been done in
this direction (Mazumder, 2005), coupling of ISAT for surface chem-
istry with the current CFD solver is still incomplete, and is currently
being pursued. Once the chemistry calculations have been accel-
erated, efforts will also be directed towards performing unsteady
calculations for fundamental understanding of phenomena such
as ignition and blowout. While the approach presented here is
directly applicable to unsteady simulations, refinements, such as
adaptive time-stepping, will be necessary to capture a large spec-
trum of time-scales. Further, unsteady simulations will generate a
large quantity of data, and effective post-processing techniques will
be necessary to extract relevant information from this large volume
of data. When all these pieces of the puzzle are finally in place, it
should be possible to simulate truly industrial-scale catalytic con-
verters with complex chemistry using direct CFD analysis rather
than approximate or loosely coupled methods.
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