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The parcel concept in Direct Simulation Monte Carlo method has been added to the reaction algorithm to
the DSMC solver in OpenFOAM to reduce computational demand. Parcel per cell is checked for different
cell sizes and different parcel sizes to obtain the right cell size for a given system. At this cell size,
diffusion of CO in O, is simulated in a porous structure to ascertain the feasibility of this concept. After
adding adsorption and reaction models, concentration profiles are obtained for different temperatures and
different time steps. These profiles are compared with the single molecule algorithm written by Pesch
et al. [14]. The local surface coverages and reaction rates are evaluated at a parcel size ranging from 10
to 100 to further validate the new approach. Computational time demand reduces by half at maximum
parcel size to reach similar steady state results as that of the single molecule approach.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Mesoporous catalysts allow for efficient heterogeneous reac-
tions to occur at their accessible active sites at the surface. The
pore network can also provide support for surface functionaliza-
tion. This accessibility helps increasing mass transfer rates for
catalysed reactions, especially for gaseous reactants and products
[1].

The Boltzmann and Navier Stokes equations are the traditional
mathematical models for gas transport in such systems [2]. Rar-
efaction effects in these systems start where the mean free path
of the gas is in the same order as the pore size of the catalyst,
i.e, when the Knudsen number is smaller than the lower limit
of the collisionless flow regime (Kn>3) but larger than the up-
per limit of the transition regime (0.001 < Kn < 0.1). In this regime,
the Boltzmann equation replaces the traditional continuum Navier-
Stokes equation as the continuum gas dynamics assumption fails.
A number of simulation techniques are readily available to model
gas flows, e.g., lattice Boltzmann (LB), molecular dynamics (MD),
kinetic Monte Carlo (KMC) or the dusty gas model (DGM). LB is
a continuum approach based numerical method used for complex
geometries. However, it is unsuitable for finding fundamental phys-
ical properties at mesoscopic scales [3]. At atomistic scales, MD
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can be readily used for dense gases also. However, the fixed one-
to-one correspondence in MD leads to computationally inefficient
systems. Even now, researchers use only thousands of molecules
to have reasonable computational expense [4,5]. It can only be
used within small spatial regions and for short simulated periods.
DGM is a transport model for gases through porous media based
on Fick’s law [6]. However, the simulated porous media is unre-
alistically considered as a stationary phase of dust particle. It is
also limited to only homogeneous layers and a lot of computa-
tional workload is required to obtain structural information needed
for the simulation. The Monte Carlo methods are based on a ran-
domisation approach for deterministic problems. KMC is one such
method to model gas flows with reactions. However, the prereq-
uisite of this method is the definition of an accurate rate catalog
which is often difficult to realize because of the many reaction
pathways that can occur as a system evolves [7]. Direct Simula-
tion Monte Carlo (DSMC), also based on MC, is a multiscale frame-
work for coupling meso and macroscales and can be used to track
molecules (in less detail compared to MD) while providing a good
compromise for the computational time requirement and accuracy.
It has no requirement of excessive structural information like pore
diameter, porosity or tortuosity needed for DGM.

DSMC, a simulation method based on solutions of the Boltz-
mann equation, can be conveniently used to statistically simu-
late dilute gases, where the mean free path is greater than the
characteristic length such that Kn>1 [2,8]. The probabilistic ap-
proach is also convenient to decouple the molecular motion and
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intermolecular collision over short intervals of time as the col-
lisions are calculated based on statistics rather than individ-
ual tracking of molecules. DSMC has been consistently used to
model molecular simulations for rarefied gas flows [9-10], hyper-
sonic flows [11], spacecraft reentry [12], rarefied gas dynamics in
mesoporous structures [13,14] and heat transfer in micro-channels
[15,16]. The considered number of molecules can vary in a wide
range from less than 103 [8] to an order of 1023 [9]. If the num-
ber of molecules is large, it is more efficient to use parcels as a
representative molecule to reduce the computational demand in
DSMC. Each simulated molecule, i.e. a parcel, would represent n
real molecules. The collision probability is adjusted accordingly
and the approach helps to reduce the computational effort without
compromising the simulation accuracy. Due to the stochastic na-
ture of DSMC, statistical noise can become significant if the num-
ber of considered parcels is reduced too much. These fluctuations
are generally reduced when properties are averaged over time. The
DSMC procedure can also be modified to introduce chemical reac-
tion to the model.

Our main interest lies in gas diffusion and reactions within
mesoporous layers in gas sensors, catalysts and air batteries. When
the gas diffuses through these layers, it interacts with the meso-
porous structures by adsorption on surfaces and reaction with
other molecules, which can be simulated using DSMC. Dreyer et al.
and Pesch et al. have simulated gas diffusion and reactions in
mesoporous structures using the DSMC procedure but only for sin-
gle molecules which is a parcel size of n=1 [13,14]. However, the
simulation of heterogeneous surface reactions at a molecular level
requires large computational time.

This paper proposes a modification of the DSMC routine of
Pesch et al. [14] that simulates heterogeneously catalyzed surface
reactions for a parcel size of n=1 to include larger parcel sizes and
thus reduces the computational demand. For this purpose, the par-
cel method is first used for gas diffusion to see the extent of con-
centration profile deviations for different parcel sizes and also dif-
ferent cell sizes. The adsorption and reaction model are then added
to diffusion for further analysis of the dependence of certain physi-
cal quantities, i.e., reaction rate, surface coverage on the parcel size.
All the results from Pesch et al. are reproduced to check the valid-
ity and consider the error from the use of the parcel method.

2. Methods

The structure of highly porous layers for gas sensors as pro-
duced by flame spray pyrolysis have been simulated earlier [17,18].
For the computation, the porous layers are formed by Brownian
transport of nanoparticle agglomerates. The porosity is 93% and
the pore sizes range from 8 to 110 nm. Further information on pore
characteristics can be found elsewhere [13]. In the current work, a
simulation cuboid with a dimension of 1000 nm in x-direction and
240nm in the y and z-direction is used with a resolution of cells
of 8 nm cubic dimension (see supplementary S4). A reflecting wall
is placed at the end of x=1000nm representing the wall of the
reactor or gas sensor electrodes [13,14]. The molecules initial posi-
tions are randomly chosen at t=0 and every time step At they are
displaced following Newton’s laws of motion

A =1t + At (1)

where r;f is the position vector at time t and v; is the velocity vec-
tor of the particle i.

Following this, a pair of molecules in each cell is randomly
sampled for the probability of collision (using no-time counter
method as discussed later) irrespective of the exact position
of the molecule. If the collision is accepted (upon comparison
with a random number), the pre-collision velocities are replaced
by post-collision velocities. Various molecular models such as

hard sphere, variable hard sphere, variable soft sphere, or square
well model were designed to calculate collision probabilities and
post-collision velocities. To study the fundamentals of such mech-
anisms, Dreyer et al. implemented the variable soft sphere model
in DSMC to simulate gas diffusion in mesoporous structures [13].
This model was further used by Pesch et al. to include molecular
adsorption of CO and dissociative adsorption of O, (also based
on random probabilities which are discussed later) and surface
reactions for CO oxidation on a pure palladium mesoporous layer
under atmospheric pressure [14]. Pesch and Dreyer considered
single molecules, i.e., a parcel size of n=1 (each real molecule is
represented by one simulated molecule) for their DSMC simula-
tions in OpenFOAM. The reaction mechanism is described by the
Langmuir-Hinshelwood reaction model. Both reactants need to
be present on the surface for the possibility of a reaction to take
place. The product CO, is weakly bound to the catalyst surface
and CO, surface lifetime is quite short above 100K [19,20]. So, the
reaction step in this mechanism is irreversible and CO, desorbs
as soon as it is formed. All the probabilities involved in this sim-
ulation refer to the simple probabilistic approach of Monte Carlo.
In case of adsorption, molecules which are rejected (probability of
the event happening is smaller than a random number) are added
back to the gas phase. However, in case of parcels, a definite
number of molecules represent one parcel and the molecules of
the parcel that are rejected are insufficient to form a new parcel
in the gas phase because the parcel size is fixed. Hence, it is nec-
essary to track rejected molecules from parcels with a list (floating
molecules list) to maintain mass balance in the system. This is also
true for desorption and reaction if the number of locally desorbing
molecules is different to the required amount to form a parcel.

2.1. Floating molecules list

The floating molecules list stores the molecules that were ran-
domly unaccepted during adsorption at a certain point of the sim-
ulation. All the molecules that are desorbed are also added to the
list. Basically, the floating molecules list contains molecules that
are not adsorbed on the catalyst surface and are desorbed to the
gas phase. It is a non-physical entity that holds all the rejected
and desorbed molecules at this time interval. This list is accessed
at the end of each time step to count the number of accumulated
molecules regardless of its origin from adsorption, desorption or
reaction, only depending on the species of the molecule. Once the
required molecule number is reached at a particular surface, one
parcel is added back to the gas phase into the cell adjacent to that
surface (see Fig. 1, Initialisation). This introduces a general time
lag from the moment a molecule is rejected/desorbed to the time
it is added back to the gas phase. The time lag increases as the
parcel size is increased. However, when steady state is reached, a
balance is achieved between the adsorbed, gas-phase and floating
molecules and the final gas phase concentration profiles remain
similar.

2.2. Simulation set-up

The inlet for the gas also acts as an outlet and is positioned
opposite the reflecting wall (x=0nm). Cyclic boundary conditions
are used for the other walls. Pure palladium is considered for the
nanostructured layers and all the simulation parameters are ob-
tained from experimental literature values of oxidation of CO on
Pd(111) surfaces under ultrahigh vacuum conditions [2,19-24,26-
33]. Although their adaptation to atmospheric conditions may not
be fully accurate, the results are physically descriptive and can be
understood at a fundamental level. Theoretical and experimental
results are used to derive the simulation parameters based on a
simplified isothermal reactor approach. Although the system is not
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Fig. 1. Flow chart illustrating the steps involved in the parcel method (n=5 for illustration purposes) used in the paper. Individual steps are discussed in the text in the
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thermodynamically conserved, the influence of temperature on the
microkinetic framework is considered as parameters are tempera-
ture dependent.

In the DSMC reaction model developed by Pesch et al. single
molecules diffuse through the porous layers and meanwhile get
adsorbed on the vacant sites and react. While diffusing within
pores, the molecules are also involved in molecular collisions. In
the reaction step, adsorbed CO and O irreversibly react to form
CO,, which then immediately desorbs into the gas phase. Indexing
and tracking of each individual molecule leads to an increase in
computational time as the computational probability needs to be
calculated for each molecule to obtain the new deflection angles
and velocities. Thus, Bird [2] incorporated the parcel method in his
DSMC formalism for gas diffusion processes. In the DSMC method,
simulated molecules can represent n number of real molecules, n
being any positive integer. These simulated molecules are desig-
nated as parcels to avoid confusion. When the parcel size is very
high, it helps in reducing computational expenses. In this work,
parcel sizes in the range of 1-100 have been used to simulate cat-
alytic reactions. The DSMC reaction solver used by Pesch (2015)
had to be adapted for the parcel method. In the following section,
the different steps involved in Pesch’s DSMC simulation as shown
schematically in Fig. 1 and the required modifications to include
parcels are discussed in detail.

2.3. Collision sampling

According to the probabilistic approach of DSMC, the parcels
are moved in random directions. Thus, it may occur that parcels
are superimposed or are in the vicinity of other parcels. This oc-
currence could lead to “collision” equivalent to binary collision in
real gases. Collision may also occur between a parcel and a wall,
wall being either the catalyst surface or the reflecting walls of the
simulation box.

In a DSMC solver, the computational domain is divided into a
finite number of mesh cells [2]. Collisions between two parcels i
and j may occur if both are located inside one cell independent
of their exact location based on the collision probability calculated
by NTC (no-time-counter) scheme proposed by Bird [2,25]. It is an
efficient version of the TC (time-counter) method also proposed by
Bird [25].

The collision probability is calculated for a set of
SNNn(or¢r)max At /Ve pairs of molecules at a probability of ((T:;g;ax
which is the volume swept by the two colliding molecules during
At both normalized by the maximum value of orc; possible. This
is done to reduce the error for small values of N at large values of
n to include only a fraction of colliding pairs and the probability
increased by the same fraction.

The average number of parcels N given for a number density
n of molecules in a cell volume V., where each parcel contains n
real molecules, is given by nV./n. The number of pairs in the cell
is given by (%NN) where N is the instantaneous average value and
N is the time or ensemble averaged value. The value of the volume
swept by the total cross section otof two colliding parcels mov-
ing at their relative velocity ¢ is given by norc:At. In the case
of gas mixtures composed of molecules with similar masses, as in
this work, all molecular groups are considered as single species
neglecting the slightly higher value of opc; for lighter molecules.
Lighter molecules would have higher relative velocities. And that
would set the value for maximum o tc;. So, the chances that heavy
molecules would be selected will be lower. Collision cross sec-

: : number of real molecules
tions for parcels is calculated by 01ea1 molecule * S Numberofparcels *

thus maintaining the right collision probabilities. This weighted
cross-section method conserves both mass and energy in the sys-
tem. Post-collision velocities are calculated based on Variable Soft

Sphere model proposed by Bird [2]. In case of a collision with a
“wall”, parcels undergo specular reflection from the surfaces which
means they have a direct elastic collision with the wall.

2.4. Adsorption mechanism

The surface mechanisms for adsorption written for single
molecules were implemented by Pesch et al. [14]. In Pesch’s work,
individual molecules were adsorbed on the surface depending on
the surface sticking coefficient. The challenge faced when including
parcels is how to accommodate parcels on the adsorption sites of
each face if each face has a certain maximum surface coverage for
CO and O. If the entire parcel were accommodated on the surface,
it could lead to overcrowding of the surface and if only a random
fraction of molecule is adsorbed, then the rest of the parcel is lost
as it no longer counts as one parcel.

Our approach is to use the floating molecules list. Adsorption
and reaction steps are still resolved at a molecular level. When
a parcel reaches a surface, all n molecules in the parcel have a
chance for adsorption depending on the sticking coefficient and the
surface coverage of the face. As the surface coverage increases, the
sticking coefficient reduces and thus the probability of further ad-
sorption of molecules decreases. After all the molecules are sorted,
the parcel is subsequently deleted from the gas composition. The
next molecule that reaches the surface also proceeds through the
same steps with the updated coverage and sticking probability. All
the unaccepted molecules that belong to the parcel are then writ-
ten in the floating molecules list.

gas : . ads . floating

Coparcel +ix — 1 COpolecue + (1 —1) Comolecule (2)
gas . : ~ads . floating

Ozparcel +2ix — 2i Omolecule + (Tl - l) Ozmolecule (3)

where i is the number of adsorbed molecule.

Physically, there is competitive adsorption of CO and O, on the
free surface sites (*). This competitive nature of adsorption is taken
into account in Pesch’s work by modifying the 6 for both gases as
follows [14],

0 -6
Oreq.co = =g —=2 (4)
2
90 9C0
6 =|1- — 5
rea.0 < Qmax.o 9max.C0> ( )

The variable 0req is the probability to find the required number
of vacant surface sites, O max is the number of available adsorption
sites, divided by the maximum surface coverage from literature.
In this work, a value of % for CO and ' for O, was chosen from
the molecular beam experiments [26-28] as explained in Pesch’s
work [14]. The adsorption probability is expressed in terms of the
sticking coefficient, which is the probability of a single molecule
to adsorb on the surface as a function of surface coverage. In this
work the sticking coefficient, S, is derived from the Kisluik model
[29,30] for precursor mediated adsorption,

-1
S@H) =50<1 +1<(91 - 1)) (6)
req

The initial sticking coefficient So and the prefactor K are fit-
ted to experimental data from S(6) curves (as explained by Pesch
et al.). For CO and O,, Sy values are determined as 1 and 0.60 while
temperature dependent K values are fixed at 0.15 and 0.71, respec-
tively.

At every time step, for every parcel that reaches the nanopar-
ticle surface, S(f) is compared to a random number R. The first
molecule of the parcel adsorbs if S(@) > R. The coverage is up-
dated accordingly. The subsequent molecules’ adsorption is then
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dependent on the sticking coefficient calculated from the updated
6 values. This loop continues for all the molecules in the parcel
(Fig. 1). The number of molecules that are accepted in this step
gives us the number i used in Eqgs. (2) and (3). After adsorption of
any molecule, it can either desorb from the surface or react with
adjacent molecule depending on the corresponding surface cover-
age. To determine the sequence of this desorption/reaction process,
a random number is compared to 0.5 (see Fig. 1).

2.5. Reaction mechanism

The Langmuir Hinshelwood mechanism is considered for CO ox-
idation as in the original work of Pesch et al. [14]. CO oxidation
would proceed by an irreversible reaction between adjacently ad-
sorbed CO and O.

ads ads
COmolec:ule + Omolecule

N Cozﬂoating + 2% (7)

molecule

The surface free sites are represented by *.
The Langmuir Hinshelwood reaction rate for CO, formation is
given by an Arrhenius-type equation

rco, = vinf(oco. Uo)“P(-%) (8)
which accounts for temperature dependence by the activation en-
ergy Eiy. The reaction rate depends on the pre-exponential fac-
tor, uyy = 2.5 x 1073 cm? s~1, and the surface coverage of both
the gas molecules. The function f takes into account, how the
molecules are distributed over the surface. If the coverages are low
and the molecules are randomly distributed on the surface, then
f = 0c0bo, which is a second order reaction and what is assumed
in this work. The E;y value is taken from literature for CO oxidation
as 84kJ/mol [32]. The reaction probability is decided by the ratio of
the reaction rate and the surface coverage per area of the particles,
Preac = rCOZ%. After comparing this reaction chance to a random
number, CO, that is formed is added into the floating molecule list
rather than the gas phase as in the case of single molecule parcels
(Fig. 1). This is done to ensure that only parcels of size n are ini-
tialised into the gas phase. The volume averaged reaction rate is
represented by riy and is used to determine an overall steady state
for the oxidation reaction.

2.6. Desorption mechanism

Desorption mechanism is modelled according to the Polanyi-
Wigner equation [19],

E
Tdes = Vdesekexlj(_ Ig;f), (9)

where rgs is the rate of desorption which is exponentially related
to desorption activation energy E4o.;and absolute temperature T,
V4es 1S the pre-exponential factor and the desorption order, k is
1 for the molecular desorption of CO and 2 for the associative des-
orption of O,. The values of Eges and vyes for CO and O, are taken
from Refs. [26] and [33] respectively.

In most cases, the pre-exponential factor depends on the cov-
erage 6 and can be expressed by vg. = 10%+Gf with the fitting
parameters cq and ¢, [14]. E4es also depends on the coverage

Eges = Edges(0) + 0 x Eqes 1ateral (10)

where Eg(0) is the desorption energy at zero coverage,
Eges, 1ateral 1S the energy term describing lateral molecular interac-
tions (either weakening or intensifying of the adsorption bonds),
given by Eges. 1ateral X @max = @pair X Nnearest, Omax 1S the maximum
surface coverage, Npearest iS the number of nearest neighbours and
p,ir s the interaction potential between them.

The probability of the desorption step is

Tqes AL
Paes = 22— (11)

where o = Nf\;ls is the density of the species on the surface.
If Pges >R, the molecule desorbs. The algorithm removes this
molecule from the adsorption list and adds it to the floating
molecules list of this molecule. When desorption takes place, the
surface coverage is updated before iterating for the next time step.

2.7. Initialisation from floating molecules list

The gas phase steps such as binary collision, wall collision and
movement are performed for parcels. In the other steps involving
the catalyst surface, the molecules which are rejected from ad-
sorption or newly produced CO, molecules or the molecules from
desorption are added into a floating molecules list for a particular
surface. At the end of each time step, the floating molecules list
for each species needs to be checked for sufficient molecules to
initialise a parcel into the gas phase. Every time step, when the
number of floating molecules on a face exceeds the parcel size
n, one parcel is initialised into the gas phase and n molecules
are deleted from the list. Excess floating molecules are retained in
the list for the next time step. This initialised parcel is randomly
allocated a position inside the cell corresponding to the surface
in consideration and a random Gaussian velocity based on the
isothermal temperature of the system.

3. Results and discussion

The following discussion compares the parcel method with the
single molecule method in terms of similarity of results and com-
putational time required to simulate on 10 processors of a 12 core
Xeon server (2.7 GHz, 40GB RAM). The simulations are continued
(for a time step of 5ps) until steady state is achieved in all cases.

3.1. Diffusion only

To investigate the influence of parcel size n and cell size (thus,
the amount of parcels per cell) on the gas diffusion, the diffusion
of 10% CO and 90% O, is investigated first in an empty cuboid (no
porous structure is involved) filled with O, at 1 atm. The inlet gas
diffuses through the simulation volume at 323K and atmospheric
pressure. The case is divided into two sub-cases: (1) keeping n
fixed, cell size is varied, (2) keeping cell size fixed, n is varied (all
parameters for sub-cases are given in Table 1) and (3) same as (2)
but with a porous structure of same dimensions and 93% porosity.

For all cases, the cuboid is divided into 10nm slices in x-
direction to calculate the CO concentration as function of x and
time t. The dependence of CO concentration on cell size and parcel
size was evaluated to find the limits of the parcel method and to
maximise the computational efficiency.

Sub-case 1: In an empty cuboid, n is fixed at 1 so that each
simulated parcel represents one real gas molecule and the cell
sizes are varied between 2 and 20 nm to obtain different parcel per
cell (PPC) values. Low PPC values have posed a problem in some of

Table 1
Sub-cases for CO diffusion simulations inside an empty cuboid.

Parcel size (n) Cell size (nm)

Sub-case 1 1 2,4,8,10,20
Sub-case 2 1, 10, 20, 50, 100 8
Sub-case 3 (with porous layer) 1, 10, 20, 50, 100 8
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Fig. 2. CO gas concentration for n=1 using different cubic cell sizes. Inset: Number
of parcels per cell (PPC) for the considered cases.

the past studies when, for example, the parcel per cell went be-
low 5 for a case with Poiseuille flow in slip and transition regime
because of inaccurate collision predictions [34].

Similar concentration profiles with an exponential decay are
observed for the different cell sizes. The rate of diffusion is slightly
overestimated if 2nm cells are used and PPC drops below 1
(Fig. 2). With decreasing cell size, the computational time increases
substantially (almost 5 fold from 2 nm to 8 nm, Supplementary fig-
ure S1). The computational time remains invariable when the cell
size is increased beyond 8 nm.

Sub-case 2: Another way to reduce computational time is to
increase the parcel size. The effect of parcel size was studied here
using fixed cell size of 8 nm. 8 nm cubes have equivalent volume of
10 nm spheres. Thus, they can be used to model the porous struc-
ture, used in this study, which was formed by 10 nm spheres [13].
The CO gas concentration profile in an empty cuboid for a fixed
cell size of 8 nm is shown in Fig. 3a.

The gas concentrations are shown for cell size of 8nm and a
wider range of parcel size could be used to get similar concentra-
tion profiles. In the inset, we see the parcel per cell values as n
is increased. PPC value for n=100 is 0.15 and that for n=50 is
0.30. The corresponding concentration profiles show that fluctua-
tions are visibly more pronounced when PPC drops below 0.2.

Sub-case 3: The diffusion process is different when the
molecules interact with a porous structure rather than an empty
cuboid. So in the next step, the CO gas concentration profiles in a
porous structure of similar dimension of sub-case 2 for a fixed cell
size of 8 nm are shown in Fig. 3b. The data is fitted by an analyti-
cal solution for diffusion in porous structure for a porosity of 93%
and effective diffusion coefficient 1.1 x 10-> m? s~1.

The rate of diffusion is lower in a porous structure because of
more parcel-wall interactions compared to an empty cuboid. The
deviation is also less prominent in a porous structure than in an
empty cuboid. It can be argued that in porous structures as in this
case, the pore size is small resulting in more collisions (Supple-

mentary figure S2). The fluctuations are also dependent on PPC
as shown earlier. It can be inferred that there is a need to main-
tain PPC in the cell to reduce large fluctuations in the properties.
That threshold value is 0.2 in this work, different from a value of
5 which was suggested in earlier studies [34]. The structure with
8nm has a PPC of about 12 at n=1 (Fig. 3) and just below 0.2 for
n=100. At this particular cell size the computational time reduces
by a factor of 26 when the parcel size, n is increased from 1 to 100
(see later Fig. 11).

3.2. Diffusion with adsorption

The next step towards a reaction model is to add the possibili-
ties for the molecules to adsorb on the vacant surface sites while
diffusing through the porous structure. Again, 10% CO is introduced
into the simulation volume saturated with O,. However, in this
case CO may adsorb as it collides with the nanoparticle surface.
It takes longer simulation time to achieve steady state as adsorp-
tion becomes the rate limiting mechanism. Even after 600ns CO
molecules have penetrated only 400 nm along x-direction into the
reaction volume (Fig. 4). Most CO molecules tend to adsorb on the
vacant sites rather than diffuse through the porous structure thus
reducing the extent of diffusion into the structure. With time, more
molecules are added to the floating molecules list as the surfaces
reach saturation. Hence, these molecules are unavailable from the
gas phase. Thus, larger fluctuations are observed when parcel size
is increased. The concentration varied on an square averaged error
of 0.015%. So, it is possible to obtain reliable concentration profiles
at larger parcel sizes n. Additionally, the computational time re-
duces by a factor of 14 from 46,0155 at n=1 to 3208s at n=100
(see later Fig. 11).

3.3. Oxidation of CO in the porous layers

In the next stage, reactions are considered using the Langmuir
Hinshelwood reaction mechanism described previously. Molecules
of CO and O, compete for adsorption on vacant sites on the parti-
cle surface. Adjacent CO and O, react to form CO,. The mesoporous
structured particle surface is first saturated with the maximum
coverage for both CO and Oy (Omax,, = 4.06 x 10 molecules/cm?
and omax, = 3.34 x 10! molecules/cm?) to reach expected steady
state and reduce computational effort. Here, the inlet gas compo-
sition is 1% CO and 99% O, at atmospheric pressure and the tem-
perature is set at 723K to ensure fast reaction rates.

3.3.1. Reaction rate as a function of time

The volume averaged Langmuir Hinshelwood reaction rate as a
function of time at temperature 723K is shown in Fig. 5. At 723K,
the reaction rate is rather high but the amount of CO, formed is
insufficient to replenish the CO, diffusing out through the inlet.
Since the simulation is started with maximum CO and O coverages,
the local surface coverage decreases and the reaction rate uni-
formly decreases until an adsorption-desorption-reaction equilib-
rium is reached. At about 8000 ns, the reaction rate barely changes
and it can be assumed that an overall steady state is reached. This
is in accordance to the conclusion of steady state by Pesch et al.
[14]. The average reaction rate varies by about 2.6% for n=100
compared to n=1. This indicates that steady state conditions can
be predicted for a reaction using parcel method at less computa-
tional cost.

3.3.2. Local surface coverage

The steady state surface coverages of CO and O, over the
1000 nm mesoporous layer are shown in Fig. 6. The O, surface
coverage is zero near the inlet due to competitive adsorption by
CO and its reaction to CO, but increases steadily to the maximum
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Fig. 4. Diffusion and Adsorption in porous structure. Local CO concentration at
t=600ns for different parcel sizes. Diffusion and adsorption of CO in O, in a porous

Pd layer of 1000 nm length where x=0nm represents inlet and x=1000 nm repre-
sents a reflecting wall.

value with increasing x. With increasing n, the onset of this in-
crease in O surface coverage shifts closer to the inlet. The reason
is that n molecules have a chance to adsorb on a surface when a
parcel collides with a wall. Due to the higher O surface coverage,

to 4000ns in detail.

more oxygen is available to react with CO. Therefore, more CO can
react and the CO surface coverage close to the inlet decreases with
increasing n. Because of the preferential adsorption of CO over O,,
the CO coverage close to the inlet is always higher than O. How-
ever, almost all CO adsorbs on the catalyst surface near the inlet
or reacts to CO,, leaving the O surface coverage further inside the
layer unchanged. Furthermore, this leads to a decrease in CO sur-
face coverage (going close to zero) when approaching the reflecting
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wall. The point where the O surface coverage exceeds to that of CO
is referred to as the surface coverage crossover point and is between
130 and 200 nm. The local surface coverage with O and CO governs
the local reaction rate, which is discussed in the next section.

3.3.3. Local reaction rate

The local reaction rate calculated from Eq. (8) is averaged over
a 10nm slices of the porous layers in the x-direction (Fig. 7). As
seen in Fig. 6, the surface coverage crossover occurs earlier for in-

creasing parcel size. Because the CO, reaction rate uses the prod-
uct of CO and O surface coverage (Eq. (8)), the maximum in the
local surface reaction rate is observed at a similar location to the
surface coverage crossover point. Consequently, the surface reaction
rate shifts closer to the inlet with increasing parcel size n. Near the
inlet where the surface is saturated with CO, no oxygen adsorp-
tion occurs and thus no CO oxidation is possible. Inside the porous
layer, the oxygen surface coverage increases and the reaction rate
starts increasing until it reaches a maximum. This maximum rep-
resents the reaction front of the catalyst (Supplementary S4). After
the crossover, the CO coverage steadily decreases as it is used up
in adsorption and reaction near the inlet. Hence, the reaction rate
decreases to very low values towards the reflecting wall. As evi-
dent from Figs. 6 and 7, the local surface coverages and reaction
rates show only a slight local deviation with increasing n, but the
overall form of the curves is similar for all n.

3.3.4. CO, concentration

When considering only single molecules, the CO, molecule is
desorbed instantaneously into the gas phase after reaction. In the
parcel method, one CO, is added to the floating molecules list every
time a reaction occurs. Every time step, the floating molecules lists
are updated. If the number of molecules is greater than or equal
to the parcel size n, one parcel is added to the gas phase composi-
tion (see Fig. 1). The CO, concentration produced from the reaction
at different times can be seen in Fig. 8a. The CO, gas concentration
profile becomes statistically noisy when the parcel size is increased
as the averaging of properties is done for fewer parcels. There is no
gas-phase CO, at t=150ns for n=50 and 100. Thus, we averaged
the CO, concentration for higher parcel sizes (n=50 and 100) over
at least 3 runs (Fig. 8b). However, at time t=2000ns, if we com-
pare the unaveraged and averaged concentration for n=50, even
though the fluctuations are minimized, there is a significant devia-
tion from the other profiles. For n=100, there is still no gas phase
concentration at t=2000ns. This is due to a delay in initialisation
of the parcels from the floating molecules list to the gas phase, i.e.,
the list must be filled with n molecules before a parcel can be ini-
tialised. It can also be observed that the gas concentration is low
at the inlet (x=0) because it acts as open boundary and therefore
CO, diffuses out of the cuboid. The figure shows that concentra-
tion can be very accurately predicted even as the parcel size is in-
creased to 20. Beyond that, a large difference is observed in the
predicted gas concentration (Fig. 8b). It should be noted that for
parcel method, the molecules are saved in the floating molecules
list until it is initialised. This observed difference should, by no
means, be understood as a fault in the reaction rate prediction
by the algorithm. Instead, it is the result of residual molecules left
over from the previous time-steps being intialised at a later time
(see Fig. 9). There is an increasing delay in the initialisation of the
CO, from the floating molecules list as the parcel size increases.
It takes longer simulation time to accumulate a higher parcel size
on one surface and thus, parcels are introduced later to the gas
phase. It can also be noted that concentration profiles are omitted
for n=100 to keep the figure clear. The simulation computational
time reduces by a factor of 2.5 when n=100 compared to n=1
(Fig. 11).

3.3.5. Arrhenius plots at t=0 and steady state

Arrhenius plots are drawn for different temperatures at t=0
and at steady state to supplement the validity of larger parcel size
(Fig. 10). These plots are used to validate the activation energy
for a particular reaction to occur and to study the rate limiting
steps.

The simulations are initiated with maximum surface coverages
of CO and O at t=0. At lower temperatures, the diffusion process
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is sufficient to replenish the CO and O removed through CO oxi-
dation and the reaction rate remains constant once steady state is
reached. However, as the temperature increases, the reaction rate
is larger than the rate of diffusion in the porous layer. So, there
is a diffusion limit at higher temperatures when steady state is
reached. The activation energy value from the plots agrees with the
kinetic limit of the reaction (83.68 k] mol~1) observed from the ex-
periments of Engel et al. [20]. It can be argued that the differences
in reaction rate are negligible for parcel sizes in between 1 and

50
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Fig. 10. Arrhenius plots for CO oxidation at different temperatures for time t=0
and t = steady state.

100. Therefore, the reaction rate remains unaffected by the size of
the parcel, both at initial and steady state.

4. Discussion

The parcel method implemented in the DSMC solver of Open-
FOAM has been used for the complex molecular processes during
CO oxidation in a mesoporous Pd layer. Previously, surface reac-
tions were incorporated into DSMC by Pesch et al. for studying CO
oxidation on pure Pd. Many fundamental descriptions are made
to understand the local reaction rate, the surface coverage and
CO, production at various temperatures and time. Steady state
for such reaction is also discussed for different temperatures. In
this work, the parcel method is used to reduce the computational
demand. DSMC is based on simulated molecules (parcels), where
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each parcel represents a number of real molecules. However,
surface reactions using the parcel method have not been reported.
At the cost of a slightly less statistically accurate results, similar
gas phase concentration curves and volume averaged reaction rate
profiles are obtained. Similar steady states achieved at various
temperatures emphasise that the dependence of reaction rate on
temperature is invariant of parcel size. The influence of cell size
on the simulation results was also studied. As the cell size was
reduced below 2nm for a parcel size of 1, an over-estimation of
diffusion rate was observed. While keeping the cell size constant,
if the parcel size is increased, it leads to more scatter in the
concentration curves. However, if the data was fitted by a suitable
function, similar concentration curves were obtained. This scatter
is also reduced by maintaining the number of parcels per cell
above 0.2.

In this work, a floating molecules list is considered to hold all
the molecules that are neither absorbed nor in the gas phase. This
list is required for the conservation of mass and energy. However,
the absence of these molecules from the gas phase causes inaccu-
rate concentration predictions. It also causes the delay in the on-
set of CO, production as the parcel size is increased due to the
time required to initialise a parcel of a particular size. Unless that
parcel size is reached, the molecules are in the floating molecules
list which implies they are absent in the gas phase concentration.
For CO and O, molecules, this impedes their chance for readsorp-
tion after desorption. However, at the steady state time, the cov-
erages, gas phase concentration and the floating molecules are in
a balanced state for various parcel sizes and the average reaction
rate remain constant throughout the mesoporous layer. It is also
needed to address the delay at each time steps which could be
done by implementing variable parcel sizes in DSMC solver which
will be realized in future work.

Gas concentration profiles in cases of diffusion, diffusion with
adsorption and no reaction and diffusion with adsorption and
reaction remain similar as the parcel size is increased. This shows
that the gas concentration at any particular point of the meso-
porous structure can be predicted at less computational time.
Further, a shift of maximum local reaction rate is observed as

the parcel size increases towards the inlet of the structure. An
empirical correction to the adsorption coefficient depending on the
parcel size can improve the adsorption profile but this correction
is complex to realise in the scope of this work. However, even
with the local shift, the determined steady state reaction rate
remains constant which shows that the simulation predictions
remain unchanged for increasing parcel size at near steady state
conditions.

5. Conclusions

Oxidation of CO on pure Pd mesoporous layer at atmospheric
pressures has been simulated using a parcel method with the
DSMC solver in OpenFOAM. With an error of 2.6% when parcel size
is increased from 1 to 100, similar steady state parameters could
be predicted for CO oxidation in the porous Pd layer in less than
half the time required for a single molecule approach. This ap-
proach can serve as a basis to develop models in the future which
are more complex and realistic in nature.
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