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Abstract. This work applies a 3D multi-scale bottom-up approach for modeling the processes of
diffusion and reaction-diffusion in porous catalyst layers. The performance of the random pore
model to predict effective transport coefficients are compared with the results of the multi-scale
diffusion model. The results of the 3D multi-scale diffusion model are employed in a 1D pseudo-
homogeneous reaction-diffusion model with a relative good agreement with the 3D multi-scale
reaction-diffusion model. Furthermore, the former multi-scale model was coupled to a full-scale
reactor model with good results and high advantages in terms of computational time savings.

Introduction

The catalytic oxidation of CO finds a great practical application in the after-treatment processes of
exhaust gases from automobiles (catalytic converter) since the beginning of the environmental
concerns and the first environmental regulations dated back to the 70’s of the last century [1].
Several catalyst formulations have been considered suitable for performing the oxidation of CO
with high activity towards the total conversion product such as platinum group metals (namely Pt,
Pd and Rh) combined with the high surface area alumina catalysts [1-2]. Due to the application of a
catalytic porous layer (washcoat) onto the walls of a substrate (support) structure (commonly a
honeycomb monolith in the automotive industry) to enhance the kinetic rates, intraporous
diffusional limitations can be observed depending on the operating condition, catalyst activity and
porous layer structural properties [3]. Neglecting mass gradients along the catalyst layer, driven by
diffusion limitations, in a model that predicts the overall performance of a catalytic converter may
strongly affect the prediction capability of such a model even for thin washcoat layers [4-5].

To include the effect of mass transfer resistance along the washcoat layer in a full-scale reactor
model several techniques have been employed. The less demanding strategy consists in the
evaluation of effectiveness factors with the Thiele modulus. Thiele modulus calculation is
straightforward for the steady-state reaction-diffusion problem in an isothermal catalyst layer with
constant catalyst activity, where the overall reaction scheme is described by a single-irreversible
reaction defined with a first-order power rate law equation and the species transport are described
by spatially-independent diffusion coefficients [3]. However, most often for non-first order power
law kinetics or for other rate forms (such as the Langmuir-Hinshelwood type of rate expressions) or
for reversible reactions, a generalized Thiele modulus is defined due to the absence of an analytical
solution for the reaction-diffusion problem [3,6-7]. Other works solved the 1D/2D reaction-
diffusion equations due to the complex set of reactions [5] or due to the washcoat geometry [8].

Other sophisticated strategies to properly take into account the pore diffusion limitations through
the full solution of the reaction-transport equations have received growing attention in recent years.
The digital reconstruction of the porous layer through stochastic [9] or semi-deterministic methods
[10] or through high-resolution 3D imaging techniques [11] followed by the 3D pore-scale
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numerical solution of the reaction-diffusion equations for each species in isothermal and non-
isothermal conditions has been identified as a trend in the catalyst modeling community [12-13]. In
particular, for bi-dispersed pore systems a strategy has been employed based on the decomposition
of the physical model in two sub-models (multi-scale approach) each one being characteristic of the
two length-scales followed by numerical simulations for each sub-model in the bottom-up direction.
Under inert conditions several authors have applied such strategy to evaluate effective diffusivities
in porous media [12,14]. Effective thermal conductivities have been also obtained through the same
overall modeling strategy [15-16]. Under reacting conditions, the multi-scale approach was
explored for CO oxidation in porous catalyst layers [17-18] and for methane steam reforming in a
microstructured reactor [16].

In this work the application of a multi-scale methodology is considered to predict the
performance of a catalyst porous layer under reacting and non-reacting conditions. Several
strategies are discussed to include the effect of diffusional limitations in the full-scale reactor model
for the prediction of the overall performance of a honeycomb reactor. These strategies include the
pre-computation of averaged reaction rates with the 3D multi-scale reaction-diffusion methodology
or through the 1D pseudo-homogeneous reaction-diffusion model with effective transport
coefficients obtained through theoretical models or through the 3D multi-scale diffusion model.

The current manuscript is organized in seven sections. The first section is dedicated to the
introduction. The second and third sections describe the mathematical formalism of the underlying
phenomena and the numerical strategies employed to solve the mathematical models, respectively.
Section four is devoted to the methodology considered for the computational reconstruction of the
catalytic porous structures. A validation of the multi-scale methodology is thereafter presented
(section five) as well as the discussion of its application to the evaluation of the performance of a
CO honeycomb catalyst (section six). The paper ends with a brief summary of conclusions.

Mathematical Modeling

The application of the current multi-scale washcoat model allows the extraction of effective
diffusion coefficients (transport model — under non-reacting conditions) in a specific porous layer
and the evaluation of the internal transport limitations under reacting conditions (reaction-diffusion
model). In particular, the multi-scale reaction-diffusion model can be coupled with full-scale reactor
models, such as the 1D heterogeneous single-channel model, for the prediction of the overall
(macro) reactor performance.
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Fig. 1 — Overall multi-scale methodology and coupling strategy between different length-scales.

Porous catalytic layers characterized by a bimodal pore structure are under consideration in the
current multi-scale washcoat model since this model takes into account two length-scale levels, the
nano-scale and the micro-scale levels, representative of the small pores (mesopores — 2 nm < d,, <
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50 nm) and large pores (macropores — d, > 50 nm ), as Fig. 1 illustrates. At the nano-scale
level the solid fraction (nano-particles) is non-porous whereas at the micro-scale level the solid
grains (micro-particles) are composed by the mesoporous structure considered in the nano-scale
level. However, the transport steps within the micro-particle structure are mathematically
considered through a pseudo-homogeneous approach, i.e., the transport phenomena are modeled

with effective transport properties (effective diffusion coefficients - Dz”"f ! ) evaluated in the nano-
scale level and imported to the micro-scale level.

3D Multi-Scale Diffusion and Reaction-Diffusion Models. The objective of the diffusion model
is the determination of effective diffusion coefficients, for a specific structure and specific operating
conditions, for the whole porous layer. For the nano-scale level, the mathematical model is the same
whenever the final objective is the evaluation of the effective transport coefficients or the
determination of the extent of diffusional limitations. However, at the micro-scale level depending
if the interest relies on the evaluation of effective transport data or averaged reaction rates, the
mathematical model may not include a species source term physically justified by the species
production/depletion due to chemical reactions promoted by the catalyst activity.

Nano-Scale (Diffusion) Model. At this scale, the species transport is predominantly governed by
the Knudsen regime of diffusion due to the small pore radius in comparison with the molecules
mean free path and consequently, bulk diffusion is neglected at this scale. At steady-state and
isothermal conditions, the diffusion of each species in the pore space of mesoporous media
(computational domain) is described by Eq. (1) provided that the continuum approach is still a valid
assumption in this scale (see for instance [19]).

V.(DpxcVXi) =0 (1)

In Eq. (1), Dy x corresponds to the Knudsen diffusion coefficient evaluated with Eq. (2) where 7, is
the local pore radius, c is the mixture total molar concentration (considering an ideal gas mixture)
and X is the molar fraction of species k.

Y
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The system of equations derived by the application of Eq. (1) to all reactive gas species (CO, O,
and CO,) are subjected to Dirichlet boundary conditions in the z-direction, in order to impose
species concentration differences in opposed faces (c(Xi — Xg)), and to Neumann boundary
conditions (zero species molar fluxes) in the x- and y-directions. After the achievement of a
converged numerical solution for the species concentration field, the effective diffusion coefficient
for each species can be evaluated through Eq. (3), where V" is the total volume of the mesoporous
structure (representative elementary volume — pore and solid space) and L is the distance between
the two parallel boundaries in z-direction.
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For each mesoporous medium the procedure above is required to be performed just once since
for other temperatures and/or species the effective diffusivities can be evaluated through Eq. (4).
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Micro-Scale Diffusion and Reaction-Diffusion Models. The diffusion mathematical model
applied to the micro-scale level is also described by Eq. (1). The overall methodology for the

diffusion model at this scale to compute effective diffusion coefficients (D].M’ef ! ) is analogous to the

procedure developed for the nano-scale level. Although, at this level, the species transport are
considered in the pore and solid space and therefore two regimes of species diffusion are considered
depending on the actual position in the structure: the molecular diffusion regime is considered in the

pore space (macro-pores) and the Knudsen regime is considered in the solid fraction (micro-

particles) but modeled in a pseudo-homogeneous fashion with effective diffusivities (D,zn eff )

imported from the nano-scale level simulations. In this work, bulk (binary) diffusion coefficients
for each species in a N diluting mixture are computed through the Fuller-Schettler-Giddings
correlation [20] given by Eq. (5).

0.00143T%75
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2
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The reaction-diffusion mathematical model under isothermal and steady-state conditions is
described by Eq. (6) where v, is the stoichiometric coefficient of species k (= CO, O, or CO,) in
the single-step reaction scheme that describes the CO total oxidation in a Pt/Al,0; catalyst
(CO+1/20,; — CO,) and qr corresponds to the rate-of-progress variable of such reaction. The
Langmuir-Hinshelwood kinetic expression developed by Voltz ef al. [2] was herein considered with
kinetic parameter reported in [17].

V. (D xcVXy) + Viqr = 0 ©)

To close the system of equations that represents the mathematical model applied to all reactive
gas species, Neumann boundary conditions are considered at the washcoat/substrate interface while
Dirichlet boundary conditions defining the external (surface) washcoat mixture condition (operating
condition) are considered at the top face in the z-direction of the micro-scale physical model. In the
remaining boundaries Neumann boundary conditions are applied to all reactive species.

For a specific operating condition, the extent of transport resistances in the overall structure is
determined from the converged numerical solution of the reaction-diffusion model through the
computation of the internal effectiveness factor with Eq. (7), where V! is the total volume of the

porous micro-particles and g5"¢ is the rate-of-progress variable at external (surface) conditions.

1
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1D Pseudo-Homogeneous Reaction-Diffusion Model — Classical Approach. This model is
mathematically described by Eq. (8) and considers the whole washcoat layer as a continuum
medium whose transport properties are described through averaged (effective) properties.

a M,eff an _
&(CD'« E) T Vi =0 (8)

Several theoretical/empirical expressions are available in the literature to evaluate effective
diffusivities. For bi-dispersed pore systems, the random pore model (RPM) proposed by Wakao and
Smith [21] is generally considered (see Eq. (9)). Analogously to the previous assumptions, the
Bosanquet equation was not employed to evaluate transition diffusion coefficients because in the
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macro-pore network only the regime of volume diffusion is taken into account while in the
mesoporous structure only the Knudsen diffusion regime is considered. It is worth noting that the
mesoporosity (¢™') in the framework of the random pore model corresponds to the ratio of the total
volume occupied by the mesopores to the total washcoat layer volume, i.e., ™ = &™(1 — M)
where €™ is the porosity on a total mesoporous system volume basis.

4[eM — (eM)?]
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1D Heterogeneous Single-Channel Model (Full-Scale Reactor Model). This model is largely
employed in the literature to describe the overall performance of fixed-bed catalytic reactors, such
as the honeycomb monolith reactor (see [22-23]). The application of this model to a single channel
of the whole honeycomb structure is able to predict the entire thermal and chemical performance of
the reactor provided that specific assumptions are respected [24]. This model is a non-isothermal
two-phase (heterogeneous) model since it considers mass and energy balances for the bulk gas
phase and for the solid phase (substrate and washcoat). Therefore, Eqgs. (10) and (11) correspond to
the mass and energy balance equations for the bulk gas phase, respectively, whereas Eq. (12) is the
mass balance equation for the thin film at the bulk gas/external wall interface and Eq. (13) is the
energy balance equation for the solid phase (washcoat and substrate). These equations are written in
terms of species mass fractions and for steady-state conditions.

ey 0
Aepgu axg + e (Aengk,ng'g) + AangKmat,k(Yk'g - Yk,w) =0 (10)
KK,
T, d aT, g aT, an
AepguCp'g a - a AEkg E + ASpg Z Yk,ng,ng,k a + Aavh(Tg - Ts) =0
k=1
angKmat,k(Yk,g - Yk,w) — Vi qré$Wy =0 (12)
KKy,
9 oT,

At the inlet section of the reactor Dirichlet boundary conditions are applied to the gas phase
balance equations whereas a zero-Neumann boundary condition is considered for the energy
balance of the solid phase. At the outlet section Neumann boundary conditions are considered for
all governing equations. More details about the model formulation can be found elsewhere [22-23].

Numerical Modeling

The 3D multi-scale diffusion and reaction-diffusion models were implemented in the STAR-CCM+
software (version 6). This commercial package was employed to model the CAD geometry,
generate the mesh and to obtain a converged numerical solution. The segregated species model was
used to solve Egs. (1) and (6) for all reactive gas species being the errors lumped in the diluting gas
species (N).

The 1D pseudo-homogeneous and isothermal reaction-diffusion model for the continuum
description of the washcoat performance as well as the 1D heterogeneous single-channel model
were implemented in an in-house version of the PREMIX software. The 1D heterogeneous single-
channel model was largely validated in the past for different reactor configurations, catalyst
formulations, operating conditions and fuels and more details about its numerical formulation and
procedures to obtain converged and mesh-independent solutions can be found elsewhere [22-24].
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Digital Media Reconstruction. In this work the superposed spheres method [25] was employed to
computationally generate 3D porous structures in a discrete space (voxels) with structural and
morphological properties of real porous catalyst structures. The method considers as input data from
experimental measurements the grain size distribution and the porosity of the porous layer. This
method, initially developed for spheres, was extended for cylinder-shaped particles for the
reconstruction of the nano-scale physical model where the grain shape follows the cylinder
geometry [17].

The method randomly distributes the particles (spheres or cylinders) in the total volume of the
porous medium following the provided input data and considering three placement factors: the
attachment factor, exclusion factor and border factor. The attachment factor controls the attachment
level during the placement of a new particle in relation to an existing particle in the medium; the
exclusion factor defines the level of sintering among the particles; and the border factor determines
the volume extent of the particles boundary voxels that belongs to the solid phase. At the end of the
reconstruction procedure, the reconstructed medium is represented by a volume phase function
containing the information about the actual phase in each voxel.

Model Validation. The validation of the 3D multi-scale diffusion and reaction-diffusion models is
herein considered for the case of CO total oxidation within a digital reconstructed bi-dispersed pore
structure with the textural properties given in Table 1 and extracted from the reference [17].

In Figs. 2a and 2b the pore size distributions of the generated samples (mesoporous and
macroporous structures, respectively) are presented and compared with the reference pore size
distribution data reported in the literature [17]. At the nano-scale level (Fig. 2a), a mean pore radius
equal to 6 nm is observed for both reconstructed structures. A good matching is concluded between
the pore size distributions of the structures generated in this study and the reference structures.

The 3D multi-scale diffusion model was applied for the porous sample generated in this work
and the results concerning the converged CO mole fraction fields at the nano-scale and micro-scale
levels are presented in Figs. 3a and 3b. From the converged CO concentration fields the obtained
effective diffusion coefficients for CO in the mesoporous and in the macroporous structures

Table 1 — Structural parameters required for the digitally reconstruction of the porous sample at both
length-scale levels (nano- and micro-scale levels).

Mesoporous Structure Macroporous Structure
Grain Cylinder Length (L7") 20 nm =
Shape Cylinder Diameter (d7*) 10 nm —
Parameters Sphere Diameter (d2) — 2.4 ym
Porosity (g™, M) 43% 25%
Exclusion Factor (Fg) 0.0 0.7
System Size (Ly X L, X t) 100 X 100 x 100 nm® 10 X 10 X 50 um3
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Fig. 2 — Pore size distributions of the mesoporous structure (a) and macroporous structure (b) obtained in this
work and reported in the reference work [17].
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Fig. 3 — CO mole fraction values plotted on the boundaries of the mesoporous (a) and macroporous (b)
structures.

correspond to 3.6 X 1077 m?/s and 2.8 X 107® m?/s, respectively. The predicted values slightly
underestimate the values reported in the reference work by about 7.7% and 6.7% for the nano- and
micro-scale levels, respectively. The slightly lower effective diffusivity values obtained in this work
are strongly related with the small shift towards lower pore diameters observed in the pore size
distribution of the generated mesoporous sample in relation to the pore size distribution of reference
sample (see Fig. 2a). The comparison between the predicted results and the reference data for the
3D multi-scale diffusion model allows to conclude that this model is validated.

Finally, the validation of the 3D multi-scale reaction-diffusion model is carried out in the
temperature range from 373 K to 623 K and for three different surface mixture compositions. The
comparison between the predicted effectiveness factors and the effectiveness factors reported in the
reference [17] is presented in Fig. 4. A general good matching between both sets of values is
observed which reinforces the correct numerical implementation of the 3D multi-scale reaction-
diffusion mathematical model formulation.
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Fig. 4 — Effectiveness factors obtained in this work and reported in the literature for similar operating
conditions. Operating conditions: Xo, "™ = 2%, X¢o,”"* = X¢o”™® = {0.1; 0.3; 0.5}% and N, to balance.

Results

The washcoat sample considered in this study has a bimodal pore structure with the mesoporous
structure reconstructed following the parameters listed in Table 1 and with a macroporous structure
generated considering the parameters presented in Table 2. The macroporous geometry is composed
by spheres of two different diameters with a specific mixing ratio (grain size distribution).
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Table 2 — Structural parameters required for the digitally reconstruction of the macroporous structure
(micro-scale physical model).

Structural Parameter Value
Sphere 1 Diameter (d. 5 um
Sphere 2 Diameter (dg, 1.2 um

Mixing Ratio (sq:53) 1:16
Porosity (€M) 18%
Exclusion Factor (Fg) 0.8

System Size (L, X Ly, X t) 10 X 10 X 50 pm3

Fig. 5 presents CO effective diffusion coefficients in the mesoporous and in the overall layer
calculated through 3D multi-scale diffusion simulations and through the random pore model. In the
temperature range considered (298 K — 623 K) and for the current porous sample, the random pore
model underestimates the effective diffusion coefficients predicted by the 3D multi-scale diffusion
model by about 32% to 35%.

The influence of the method employed to evaluate the effective diffusion coefficients for the 1D
reaction-diffusion model is investigated in Fig. 6 at the washcoat level. In particular, Fig. 6a
presents the effectiveness factor values computed through the 3D multi-scale methodology.
Increasing the system temperature a significant decrease of the effectiveness factor is observed
independently of the surface mixture composition. In fact, this effect (a significant loss on the
effectiveness factor and consequently on the washcoat utilization) is more pronounced varying the
temperature than varying the external mixture composition in the ranges considered. The operating
conditions that lead to an increase of the surface chemistry rates in relation to the rates of species
transport also lead to a decrease of the effectiveness factor. Therefore, increasing the layer
temperature and CO content on the external layer surface a decrease of the effectiveness factor is
observed as Fig. 6a shows.
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Fig. 5 — CO effective diffusion coefficients calculated through the multi-scale methodology (MS), in the
nano- and micro-scale levels, and predicted with the random pore model (RPM).

Figs. 6b and 6¢ present the comparisons between the performance of the 3D multi-scale
approach and the 1D reaction-diffusion model considering two strategies to evaluate the required
effective transport data for the 1D model: the RPM (1D-RPM) and the 3D multi-scale diffusion
model (1D-MS) — Figs. 6b and 6c¢c, respectively. For both techniques of computing effective
diffusivities the results are closer to the 3D effectiveness factor values in the region without
diffusional limitations (for low temperatures) as it would be expected since in this region the actual
values for effective diffusivities are somewhat irrelevant due to the irrelevance of the surface kinetic
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rates. Conversely, for high temperatures and mixtures with high CO concentrations, the differences
between both strategies to computed effective diffusion coefficients are more striking. In particular,
as the comparison between Figs. 6b and 6¢ suggests, the evaluation of effective transport data for
the 1D reaction-diffusion model through the 3D multi-scale approach allows to obtain a
performance closer to the performance predicted by the 3D multi-scale reaction-diffusion model.

The effect of the source (model) for the effective transport data on the performance of full-scale
reactor model is further analyzed through the application of the 1D heterogeneous single-channel
model. The physical model of the reactor is presented in Fig. 7. The reactor is composed by three
main regions: the front heat shield, the catalyst and the back heat shield. All three reactor regions
are composed by square-shaped channel 600/6.7 cordierite honeycomb monoliths. The heat shields
have no catalyst activity and their main purpose consists in preventing radiative heat losses from the
catalyst monolith in order to ensure the axial adiabaticity of the whole reactor. Negligible heat
losses from the reactor through the lateral reactor walls (reactor housing) are also considered.

Table 3 lists the geometrical and thermophysical properties required for the 1D full-scale
heterogeneous model. The catalytic volumetric fraction was calculated through Eq. (14) considering
no rounded corners after the washcoat application. In Eq. (14), L corresponds to the cell pitch and ¢t
corresponds to the washcoat thickness applied onto the cordierite substrate walls. The washcoat
thickness is equal to 50 um, as considered before in Table 2.

_ 4t(dy +1)
5T (14)

The coupling between the washcoat models (3D-MS, 1D-MS and 1D-RPM) and the full-scale
reactor model is carried out by pre-computing the averaged reaction rates with the three reaction-
diffusion models for a specific range of temperature, CO and O, mole fractions and then
interpolating such data, applying cubic splines, during the numerical solution procedure of the full-
scale reactor model.
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Fig. 6 — Effectiveness factor values computed with the 3D multi-scale model (a) and comparison with the 1D
pseudo-homogeneous reaction-diffusion models: with effective diffusivities computed with the RPM (b) and

through multi-scale diffusion simulations (c). Xq zbnd = 2%, Xco zbnd = Xco?™ and N, to balance.
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Fig. 7 — Physical model of the honeycomb monolith reactor. Lpgs = 4 cm; Lcae = 2 cm and Lgyg = 1 cm.
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Table 3 — Geometrical and thermophysical properties of the honeycomb reactor.

Property Value
Hydraulic Diameter (dp,) 0.0868 mm
Porosity (&) 70%
Specific Surface Area (ay) 3.23 mm™!
Catalytic Volumetric Fraction (§) 17%
Effective Thermal Conductivity (kserf) 3.0 W.m™L.K™*

1 T 1 T

X&6'=0.5% P

o
% &

)
)

o

)
o
@

GHSV=80000 h™' GHSV=160000 h™*

)
o
)
o
)
o

1)
'S
)
'S
o
'S

Integral CO Conversion [-]

o

No Diff. Limitations
ID-RPM

1D-MS

3D-MS

L
405 410 415
Inlet Temperature [K]

()

L
400

Integral CO Conversion [-]

o

No Diff. Limitations
1D-RPM

1D-MS

3D-MS

o
N

Integral CO Conversion [-]

No Diff. Limitations
- ID-RPM

ID-MS
3D-MS

410

415 420

Inlet Temperature [K]

(b)

425

405

| L
415 420 425

Inlet Temperature [K]

(c)

L
410

Fig. 8 — Integral CO conversion as a function of the inlet gas temperature for three different total volumetric
flow rates: (a)GHSV = 80000 h™%; (b) GHSV = 120000 h™1; (c) GHSV = 160000 h™1.

Fig. 8 presents fractional conversion profiles for CO at the outlet section of the reactor (x =
6 cm) for three different gas hourly space velocities (GHSV). Gas hourly space velocities were
computed on the basis of the total catalyst volume and defined at the standard temperature and
pressure of 298 K and 1 atm, respectively. As the gas hourly space velocity increases the light-off
temperature (inlet gas temperature for which the CO conversion reaches a value equal to 50%)
increases for all the four cases: 1) without diffusional limitations (“No Diff. Limitations”); 2) 1D-
RPM; 3) 1D-MS and 4) 3D-MS. Moreover, increasing the total volumetric flow rate the transition
from low to high conversion values becomes smoother.
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Fig. 9 — Performance of the honeycomb reactor for two inlet gas temperatures (412 K and 416 K)
considering different strategies to take into account internal diffusional limitations: a) solid and gas
temperature profiles; b) CO product distribution profiles at the wall and in the bulk gas flow.
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For the three GHSV values considered at low inlet gas temperatures (lower temperatures than the
light-off temperature) higher values for CO conversion are registered by considering transport
limitations in the model along the catalytic layer. This is justified on the basis of the CO self-
inhibition effect taken into account in the surface chemistry rate expression because the kinetic rate
may not increase by increasing the CO concentration (see reference [2]). Therefore, in the three
cases that consider intraphase diffusion limitations, a CO concentration gradient is observed along
the catalyst layer for each reactor axial location and lower values of CO mole fraction are registered
along the layer thickness increasing locally the rates species consumption/production and resulting
in an increase in the averaged (observed) reaction rate. For high temperatures the effectiveness
factor has low values (see Fig. 6a) and as a result higher CO conversion values are attained for
negligible mass transport resistances in the washcoat layer.

In Figs. 8a, 8b and 8c it is clear that the CO conversion results computed with the 1D-MS model
are closer to the 3D-MS results than the results predicted by the 1D-RPM model. This is
particularly remarkable for high inlet gas temperatures. The lower conversion values predicted by
the 1D-RPM in relation to the values of the 3D-MS and 1D-MS models are in line with the
underestimation of the effective diffusion coefficients computed with the random pore model in
relation to the results of the 3D multi-scale diffusion model (see Fig. 5).

Fig. 9 shows the axial reactor performance for two different inlet gas temperatures (412 and 416
K) which for the considered total volumetric flow rate (GHSV=120000 h™"), total pressure and inlet
mixture composition correspond to two operating regimes around the light-off point. In particular,
Fig. 9a presents the solid and gas thermal profiles and Fig. 9b presents the mole fraction profiles of
CO at the wall and in the bulk gas flow. For both inlet temperatures the results predicted with the
I1D-MS model are in good agreement with the results calculated with the 3D-MS strategy.

The good agreement observed between the full-scale reactor model results computed with the
3D-MS and with the 1D-MS washcoat models reinforces the suggestion reported in a previous work
by the authors [18] related with the advantage of employing the 1D-MS instead of the 3D-MS in
terms of computational cost. Computational time savings with the 1D-MS strategy become even
more remarkable for reaction schemes depending on several parameters to compute all rate-of-
progress variables (in this work only three variables — layer temperature, CO and O, mole fractions
— were considered for the kinetic rates evaluation).

Conclusions

In this work a multi-scale bottom-up approach was considered for modeling diffusion and reaction-
diffusion in porous layers. An underprediction in the range 32-35% on the effective diffusivity
values was observed with the random pore model regarding the results computed with the multi-
scale diffusion model. Three strategies to pre-compute intraporous transport resistances for a full-
scale reactor model were considered: (a) 3D multi-scale reaction diffusion model; (b) 1D pseudo-
homogeneous reaction-diffusion model with effective transport data from the application of the
random pore model and (c) 1D pseudo-homogeneous reaction-diffusion model with effective
transport data evaluated with the 3D multi-scale diffusion model. The strategy (c) has shown
significant advantages in terms of computational time savings at the expense of a small solution
error in relation to option (a). The technique (b) presents the worst results for the full-scale reactor
performance mainly due to the predictive capability of the random pore model formulation.
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