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ABSTRACT: Computational fluid dynamics (CFD) modeling plays a pivotal
role in optimizing fixed bed catalytic chemical reactors to enhance performance
but must accurately capture the various length- and time-scales that underpin
the complex particle−fluid interactions. Within catalytic particles, a range of
pore sizes exist, with micro-pore scales enhancing the active surface area for
increased reactivity and macro-pore scales enhancing intraparticle heat and
mass transfer through intraparticle convection. Existing particle-resolved CFD
models primarily approach such dual-scale particles with low intraparticle
macro-porosities as purely solid. Consequently, intraparticle phenomena
associated with intraparticle convection are neglected, and their impact in
the full bed scale is not understood. This study presents a porous particle CFD
model, whereby individual particles are defined through two distinct porosity terms, a macro-porosity term responsible for the
particle’s hydrodynamic profile and a micro-porosity term responsible for diffusion and reaction. By comparing the flow profiles
through full beds formed by porous and solid particles, the impact of intraparticle convection on mass and heat transfer, as well as on
diffusion and reaction, was investigated.
KEYWORDS: computational fluid dynamics (CFD), porous particle, macro-porosity, micro-porosity, resolved particle CFD (PR-CFD),
discrete element method (DEM), fixed bed chemical reactors, intraparticle convection

■ INTRODUCTION
Heterogeneous fixed bed chemical reactors are vital for the
production of key fuels and chemicals, such as methanol,
ethylene, sulfuric acid, and ammonia.1−3 Due to their low cost,
ease of separation of gas (i.e., reactants and products) and solid
(i.e., catalytic particles), and compact design,4−6 they have
been the predominant reactor type for heterogeneous gas-
phase reactions7 for more than 70 years.4 Fixed bed systems
involve a broad range of length scales,8,9 spanning the
nanometer molecular interactions between reagents and active
sites, to the local (cm-scale) and global (up to m-scale)
temperature hot spots and pressure drop, all of which need to
be understood. In recent years, computational fluid dynamics
(CFD) models have been instrumental in the advancement of
fixed bed chemical reactors, which are utilized both as
investigative and as optimization tools.7,9−13 In particle-
resolved CFD (PR-CFD) models, realistic particle arrange-
ments are generated primarily through the discrete element
method (DEM),7,14,15 and the individual particles are resolved
and meshed. Particle sizes and shapes within the packed bed
can either be mono-16−18 or poly-dispersed19−22 in nature,
with modern DEM-based beds implementing multiple particle
shapes, such as spherical, cylindrical, or Raschig
rings.14,15,17,18,23−26 PR-CFD models yield key information
regarding the interconnected nature of the physicochemical
phenomena during operation of the fixed bed system.17,18,23

Specifically, their ability to consider the impact of the
geometrical bed structure to predict the interparticle heat
and mass transfer yields highly valuable insights for reactor
engineering.27−29 Fixed bed reactors include different levels of
“porosity” (Figure 1). The particles (gray spheres in Figure 1a)
are immobile, having interconnected gaps between them,
referred to as “interparticle network”, where reagents can flow
through. Interparticle porosity, εInter, or bed void fraction,
refers to the total volume of the fixed bed, VBed, minus the
catalyst volume, VSolid, assuming the catalytic particles to be
purely solid. In most PR-CFD studies, the catalytic particles
are treated as solid for the purpose of intraparticle flow, with
the external particle surface being modeled as an impermeable
wall.8,17,18,23,30 By enforcing the no-slip boundary condition on
their surface, viscous flow, and thus intraparticle convection,
does not penetrate the intraparticle structure, where only
species diffusion is assumed to exist. However, catalytic porous
media with multi-scale porosities are routinely used for various
applications, reinforcing the need for advanced CFD models,
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able to reproduce the complex intraparticle structure and its
impact on all aspects of physicochemical phenomena,
including intraparticle convection.28,31−35

Catalytic particles are often porous, formed by a compressed
catalyst, allowing for reagents to enter and diffuse through
them.36,37 Based on the catalyst nature and framework, the
catalyst either contains macro-pores (pore sizes >50 nm),
meso-pores (pore sizes between 2 and 50 nm), or micro-pores
(pore sizes <2 nm).37,38 Catalysts can also be tailored for
specific purposes, as demonstrated by the recent advancements
in hierarchical catalysts.39−41 For example, hierarchical zeolites
combine micro- with meso- or macro-pores for enhanced
intraparticle active site access and reagent transport.42,43

Further, as the catalytic powder is compressed into a particle,
cracks, fissures, or open structures are formed, consisting of
interconnected pores, dead-end pores, or closed pores,44 with
pore diameters ranging from micrometers to Angstroms.37,38

These pores formed within the particles are referred to as
“intraparticle network”, and the total pore volume they occupy,
VPores, divided by the total volume of the particle, VParticle,
defines the particle’s total intraparticle porosity, εIntra. This
intraparticle porosity is the sum of the macro-, meso-, and
micro-porosities of the particle,33 referring to the total pore
volume occupied by macro- (Vmacro ‑ pores), meso- (Vmeso ‑ pores),
and micro-pores (Vmicro ‑ pores) and divided by the total particle
volume. The predominant methods used to experimentally
determine pore size distribution and intraparticle porosity of
porous catalysts are through N2 adsorption porosimetry,
mercury porosimetry, or density functional theory.45−47

However, these methods primarily estimate the porous nature
of the catalytic powder and are not employed to assess the
intraparticle porosity after the powder has been compressed
into a particle.
Each of these pore-scales offers distinct advantages to the

porous medium. Specifically, macro-pores allow convective
flow to traverse the medium, increasing the effective heat and
mass transfer compared to what would be possible solely
through intraparticle diffusion.34,35 On the contrary, there is no
convection through the micro-pores, and the role of this pore-
scale is to maximize the effective surface area and thus the
reactivity of the porous medium.34,35 In fact, catalytic porous
media with dual-scale porosities have been introduced at
different applications to reinforce heat and mass transfer

through intraparticle convection.28,31−35 These can be broken
down into porous media with large macro-porosities, above
0.5, and with low macro-porosities, below 0.5. For the latter,
Yang et al. examined the intraparticle flow phenomena within a
porous particle containing 10 nm meso-pores and 0.1 mm
macro-pores.32 By ranging the level of macro-porosity, they
identified that a critical macro-porosity exists between 0.6 and
0.7, which changes the importance of the surface friction drag
and the body pressure drag within the particle.32 A key
example of dual-scale particles with large macro-porosities is
open-foam particles, which exhibit macro-porosities, εmacro,
Figure 1, above 0.8, with macro-pore diameters in the order of
mm.48−52 Due to the large macro-porosities of these structures,
intraparticle convection plays a prominent role in the
hydrodynamic profile of the bed, reducing the pressure drop,
increasing the distribution of residence times, and reducing the
heat transfer rate between fluid and solid.50,52−55 For the
former, Solsvik and Jakobsen investigated the impact of dual-
porosity distribution, i.e., 1 nm micro-pores, 15 nm meso-
pores, and total intraparticle porosity ≤0.5, on the reactor’s
performance, using methanol synthesis as a test reaction.56

Their results revealed that reactor’s performance is sensitive to
the dual-scale porosity distribution as it is the primary driving
factor of intraparticle diffusion rate.56 Donaubauer et al.57

investigated the impact of the intraparticle pore structure on
the diffusive transport and the effectiveness factor by studying
a meso-porous particle, with a pore diameter of 15 nm and an
intraparticle porosity of 0.5. Four key parameters were
considered to characterize the intraparticle structure, specifi-
cally intraparticle porosity, tortuosity, pore diameter, and
thermal conductivity.57 Intraparticle porosity was the most
influential parameter on the effectiveness factor, followed by
tortuosity, pore diameter, and finally thermal conductivity.57

Dong et al.33 investigated the impact of the intraparticle
structure, in terms of micro- and macro-porosity and of micro-
and macro-pore diameters, on n-butane oxidation. The
catalytic particles considered contained micro-pores of 1 nm
and macro-pores of 100 nm and had an overall intraparticle
porosity of 0.5. They observed that catalysts with dual-scale
porosities outperformed catalysts with only a single porosity
scale, with macro-porosity and micro-pore diameter being the
predominant structural parameters affecting performance.33

For macro-porosities below 0.1, diffusion is rate-limiting,

Figure 1. Simplified schematic of the (a) catalytic bed and (b) catalytic particle, along with the definition of the different porosity terms.
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restricting reactant access to the interior surface; as macro-
porosity increased, the inner particle surface area became more
easily accessible and performance increased.33 However, for
macro-porosities above 0.3, catalyst performance was reduced
due to the reduction of the available surface area.33

The superior performance of multi-pore-scale catalytic
particles with low macro-porosities (≤0.5), compared to
single-pore-scale particles,33,56 makes these particles highly
valuable for the chemical industry. However, the transport
phenomena, and specifically the level of macro-porosity below
which convection starts becoming negligible, are not clearly
understood. Most literature studies investigating low macro-
porosity particles57−60 reported that intraparticle convection
was negligible in the single-particle scale, with diffusion being
the predominant transport mechanism. The rate of intra-
particle diffusion was determined as a key transport
phenomenon in the study of Partopour and Dixon.23 They
investigated the behavior of a fixed bed reactor system used for
ethylene oxidation under dynamic operating, specifically
during the shut-off (100 s duration) and start-up (90 s
duration) procedures.23 Here, the catalytic particles were
approached as completely solid and impermeable to
convection. During start-up, convection transferred vast
amounts of O2 species within the bed. However, intraparticle
diffusion limitations determined the overall reaction rate as its
rate was much slower compared to that of convection.23 In
addition, during shut-off, because of the slow rate of
intraparticle diffusion, O2 remained within the particles long
after the supply of feed was terminated, which could initiate
chemical reactions.23 This study showcases the behavior
introduced by de-coupling convection and diffusion in the
intraparticle space as the potential existence of intraparticle
viscous flow would considerably alter the residence time of O2
within the particles. On the contrary, both Kree et al.44 and
Donaubauer et al.57,61 support that to adequately describe
diffusion and momentum transport within porous particles, a
combination of molecular diffusion, Knudsen diffusion, surface
diffusion, and viscous flow is needed. Convective flux is the
result of intraparticle pressure gradients due to temperature or
concentration gradients caused by chemical reactions. In fact,
Chen et al.62 reported that intraparticle flow parameters, such
as temperature, species, and pressure gradients, are dynamic
and their impact changes based on the operating temperature,
the particle size, and the pore diameters. Consequently, this
could lead to conditions that enable intraparticle convection
and enhance its magnitude. The potential existence of
intraparticle convection on such particles could play a pivotal
role in all aspects of flow dynamics within the catalytic
particles. This becomes evident when simplified 1D or 2D
models are compared with PR-CFD models. Specifically, by
not reinforcing the de-coupling between intraparticle con-
vection and diffusion in the intraparticle space, the simplified
models predict faster reaction rates compared to PR-CFD
models.17,18,63 This is because, when combined, diffusion and
convection increase the local concentration of reactants and
thus the reaction rate. Dixon et al.64,65 performed a study
where intraparticle diffusion and chemical reactions within a
solid particle were compared with those within a porous
particle. They observed that, for the porous pellet, velocity, and
thus convection, penetrated a small distance into the
intraparticle space.64 Furthermore, the porous particle
exhibited higher temperatures compared to the solid particle,
a result that was attributed to intraparticle convection

transferring enthalpy within it.64 However, the impact of
intraparticle convection in the full catalytic bed is yet unclear.
Conclusively, theoretical investigations of catalytic particles

based on PR-CFD models all treat catalytic particles as
completely solid. This approach prevents the application of
PR-CFD models to more complex particle morphologies, such
as hierarchical catalysts or particles with dual-scale porosities.
There is thus a critical need for the development of CFD
models capable of capturing the multi-scale pore structure of
catalytic particles. Such CFD models can lead to a deeper
understanding of how the intraparticle structure affects all
aspects of flow and physicochemical phenomena, both in the
individual particle-scale and the full bed-scale. We focus here
purely on catalytic particles with low macro-porosities, i.e.,
below 0.5, as they exist in-between the spectrum of a
completely solid particle and an open-cell foam-type particle.
In our previous work, we have investigated the performance of
SAPO-34 for EtOH dehydration.19,66,67 The strong acid sites
and small micropores of SAPO-34 made it highly selective for
ethylene formation.66,67 For this system, we have previously
demonstrated the potential of CFD models, developed for
ANSYS Fluent, as investigate tools.66,67 Moreover, by mapping
the internal structure of the bed, we identified its highly
heterogeneous nature, consisting of particles with a wide range
of sizes, shapes, and orientations,19 leading to flow profiles with
large velocity and pressure gradients.22 However, the internal
structure of the SAPO-34 particles was not discussed. Here,
through experimental characterization, the porous nature of
the SAPO-34 particles is evaluated. To understand how
intraparticle convection can affect the reactor’s performance,
beds formed by porous particles (PPs) are developed for
ANSYS Fluent, and their behavior is compared with analogous
PR-CFD solid particle beds. The intraparticle structure of the
individual porous particles is defined by two macro- and micro-
porosity terms, with the former affecting its hydrodynamic
profile, and thus intraparticle convection, and the latter
affecting reaction and diffusion rates. By not treating the
particle as purely solid, the PP model can quantify the impact
of intraparticle convection in all aspects of flow dynamics on
the full bed scale.

■ METHODOLOGY
This study utilizes the experimental setup and reaction
framework from our previous work19,66 on ethanol dehydration
from SAPO-34, with the catalyst synthesis and character-
ization, reactor setup, and reaction kinetics being presented in
Section 1 of the electronic Supporting Information. The setup
and methodology of the PR-CFD and of the PP models are
described here. For all simulations herein, ANSYS Fluent,
version 2019 R2 is used. A description of the conservation of
mass and momentum equations that underpin both models is
given in Section 2 of the electronic Supporting Information.
Particle-Resolved CFD (PR-CFD) Model

Three particle geometries are considered, consisting of 1, 27,
and 81 particles, as presented in Figures A8, A10, and A12, of
the electronic Supporting Information, respectively. The
particle(s) are surrounded by a fluid mixture and are enclosed
within a cylindrical (particle case) or an orthogonal (bed
cases) box, with the box geometry being used to reduce the
empty space around the particles and thus the size of the
computational mesh. Each particle was modeled as a perfect
sphere with a diameter of dp = 400 μm. In the bed cases, the
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particles were separated from each other by a distance of 6.25%
dp to avoid complications due to contact point treatment. The
PR-CFD geometries are meshed with a tetrahedral mesh, with
elements of 2e−5 m in size. Around the surface of the
particle(s) and in both the solid and the fluid region, a 2-
layered inflation zone was considered with a thickness of 1.25%
dp/2, resulting in an inflated mesh of 2.5% dp/2 total thickness.
The final meshes consisted of 1.1, 9.8, and 27.5 M elements in
the 1-, 27-, and 81-particle cases, respectively, with an average
orthogonal quality of ≈0.79 for all three. The final meshes for
the single particle and 27-particle bed can be seen in Figures
A6a and A8a of the electronic Supporting Information,
respectively.
The conservation of energy equation is presented here to

help distinguish between the methodologies of the PR-CFD
and the PP model. Two phases exist in the PR-CFD model, the
solid phase, i.e., the particles, and the fluid phase, i.e., the
species mixture. Each phase is solved using a steady-state
conservation equation, as per eqs 1 and 2, respectively.68

Subscripts “f” and “s” denote the fluid mixture (calculated
based on mass-weighted mixing law) and the solid phase,
respectively. The solid particle has a density, ρs, equal to the
material density of SAPO-34, i.e., 1480 kg/m3 as per,69 the
specific heat capacity, Cp, s, of aluminum, i.e., 871 J/(kg·K),
and a pellet thermal conductivity, ks, of 1 W/(m·K).18,23,70
Viscous dissipation is generally considered negligible68 and

the fundamental PR-CFD model in ANSYS Fluent treats solid
regions as impermeable to fluid, i.e., no slip velocity on the
solid surface, thus intraparticle velocity, pressure, and species
are omitted. Given the majority of active sites are located
within the intraparticle space,37 it is expected that reaction is
predominant there rather than on the particle surface. To
bypass this and capture intraparticle diffusion effects, the
method of Dixon et al.64 is implemented, whereby scalar
conservation equations are introduced, eq 3, which can exist in
both the solid and the fluid regions.68

Equation 3 replaces the species conservation equations, as
these arbitrary scalars, φi, are equivalent to the species mass
fractions, Yi. Thus, any changes to the species, e.g., due to
chemical reactions, are instead applied on these scalars. Then,
at the end of each iteration, the mass fraction of each of the
involved species takes the value of its respective scalar quantity,
i.e., Yi = φi. Any properties necessary to calculate flow
parameters, e.g., molecular weight, are considered equal to
those of the respective species that each scalar represents. The
standard species conservation equation in Fluent offers limited
options to modify diffusion transfer, so implementing the scalar
conservation equation, eq. 3, provides a method to implement

more complex diffusion mechanisms, such as the DG
model.18,71

Scalar conservation is dependent on convective transfer,
diffusive transfer, and destruction and/or production due to
chemical reactions. In the fluid region, no chemical reactions
occur, as only heterogeneous reactions take place, while
diffusion transfer, dictated by the local diffusion coefficient,
Deff, i, is based on bulk diffusion mechanisms. Within the solid
region, reactions are dictated by Arrhenius equations, intra-
particle velocity is zero, i.e., no convective transfer, and
intraparticle diffusion is defined by the DG model, described in
Section 2.1 of the electronic Supporting Information. These
distinctions are visually described in Figure A10a. Diffusion is
determined using a micro-porosity term, which, for the SAPO-
34 particles, is determined equal to 0.45, as discussed later.
The reaction mechanism is a two-step dehydration of

ethanol (EtOH), C2H5OH, to ethylene, C2H4, through the
formation of a diethyl ether (DEE), (C2H5)2O, intermediate,
i.e., eq 4 followed by eq 5, as formulated in our previous
work.66 The rate of reaction in the intraparticle space takes the
form of two 2nd-order Arrhenius equations, eq 6. The pre-
exponential factor, Aj, and activation energy, Ej, for each
reaction are presented in Table A2 in the electronic Supporting
Information. The subscripts “i” and “j” refer to the scalar
species and the reaction pathway, respectively.

R H: 2 C H OH (C H ) O H O, 23.94 kJ/mol1 2 5 2 5 2 2· + =
(4)

R H: (C H ) O C H OH C H , 69.86 kJ/mol2 2 5 2 2 5 2 4+ = +
(5)

R M A
E

RT M
expi j

j
i j i j

j i

i
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2
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s

f

w,

2i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz= · · ·

= (6)

All conservation equations are treated in their steady-state
form, replicating our experimental setup where the behavior of
our chemical reactor is examined after a steady-state has been
reached. This was validated through a time-on-stream study,
where it was observed that past 30 min species concentrations
remained constant. Examining the reactor under transient state
would result in considerably different transport phenomena. In
fact, Partopour and Dixon observed that, under transient
conditions, intraparticle reactant gradients were present due to
the different rates of convection and diffusion.23 Such
concentration gradients could extent the reaction rate even
after the reactor operation has been terminated.23 While these
conclusions are key, studying the reactor under transient
conditions will further complicate model development which is
the scope of this study. Hence, at this stage, steady-state was
considered, but the model can be utilized in a follow-up study
to explore the transient state scenario.
PP Model
As its basis, the PP model utilizes the PM approach whereby
the particle(s) are not resolved and only the fluid phase exists.
In the standard PM approach, the impact of the solid phase is
considered through two modifications in the conservation
equations. Specifically, the fluid’s velocity, vf⃗, is approached
through the superficial velocity, vP⃗M = εmacrovf⃗, where εmacro is
the macro-porosity of the particle.72 The macro-porosity term
determines the resistance, and thus the pressure drop,
experienced by the flow due to the existence of the particle
in its path. It is distinct from the micro-porosity of the
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particles, which drives intraparticle diffusion and reaction of
species. As a result, the former is only used to determine the
impact of the bed structure on the pressure drop, which is
approximated by a momentum sink, eq 7, determined by the
Ergun equation.73 Consequently, catalytic particles in the PP
model are approached through two independent porosity
terms, each responsible for different physicochemical phenom-
ena. Each of these porosity parameters can be tuned and
modified independently to replicate the intraparticle porous
structure. As an example, the macro-porosity term can be
tuned based on the macro-pore distribution and overall macro-
porosity of an actual catalytic particle, thus changing the
hydrodynamic behavior accordingly. Such tuning capabilities
are not possible with the PR-CFD model, which offers a strict
solid description of the particles.

S v C v v
1
2i

f
PM Inert f PM PM

i
k
jjj y

{
zzz= · + | |

(7)

d
1 150(1 )macro

2

p
2

macro
3=

(8)

C
d

3.5(1 )
Inert

macro
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In a similar method to Das et al.,53 by knowing the spatial
coordinates of the individual DEM-produced particles, as well
as the volume they occupy, respective localized porous
intraparticle regions can be defined through external user-
defined codes. Consequently, should the computational cell fall
within these intraparticle regions, a macro-porosity and viscous
and inertial resistances are assigned. Otherwise, outside the
intraparticle region, εmacro takes a value of 1.0 (non-porous)
and the viscous and inertial resistances are not applied�thus
the region is considered as fluid. This distinction between
inter- and intraparticle regions modifies the energy con-
servation equation, which is now approached by eqs 10 and 11,
respectively.

Similar to the PR-CFD model, reactions will be deactivated
in the interparticle space and follow eq 6 in the intraparticle
space. The scalar equation theory, eq 3, is also used with the
PP approach to introduce the DG diffusion model in the
intraparticle region and the bulk diffusion model in the
interparticle region. Finally, in a similar method to εmacro,
thermal conductivity will now be defined either as kf or as ks in
the interparticle and intraparticle regions, respectively.
Consequently, the PP approach solves for a single fluid
phase within the bed, with different mechanisms and

phenomena in the interparticle and intraparticle regions, thus
approximating the effects described by the PR-CFD model. An
overall schematic of the distinctions between the PR-CFD and
the PP models is presented in Figure A10.
Here, despite introducing flow resistances within the PP,

intraparticle convection is not constrained. As such, with the
PP replicating the inter- and intraparticle phenomena of the
PR-CFD model, any differences between the two can be
attributed to the impact of intraparticle convection. To
accurately resolve the boundary layer surrounding the catalytic
particle, local mesh refinement around the particle interface is
performed. This creates an inflation zone surrounding the
particle interface and spanning in both the inter- and
intraparticle regions, with a thickness of 2.5% dp/2, making it
equivalent to the inflation of the PR-CFD particle. This local
refinement is visible on Figures A9b and A11b of the electronic
Supporting Information for the 1- and 27-particle cases,
respectively. The mesh independency study presented in
Sections 4.1.1 and 4.1.2 of the electronic Supporting
Information showcases the importance of this refinement
layer. Specifically, it was identified that the addition of a mesh
refinement layer is key to accurately capture and resolve the
boundary layer formed near the particle surface. To ensure that
the chosen methodology was sufficient to accurately resolve
the boundary layer, Section 4.1.2 of the electronic Supporting
Information compares three cases with a total of 2, 4, and 10
inflation layers by examining the flow parameters and their
gradients. It was identified that increasing the number of
inflation layers had a very small impact on the accuracy of the
predictions, with additional layers producing sharper gradient
peaks. However, the 2-layer inflation used in this study could
reasonably reproduce the behavior of the 4- and 10-layer
inflation cases, with considerably reduced computational
resources. As a result, it was selected moving forward.
By its nature, SAPO-34 powder is a microporous catalyst

with a significant pore surface area and pore volume. These
were determined in-house through N2-physisorption measure-
ment and are presented in Section 1 of the electronic
Supporting Information. Through them, the micro-porosity
of the SAPO-34 powder was determined to be around 0.43−
0.45 (assumed equal to 0.45), while its surface area around
510−523 m2/g. In terms of reactivity, this large micro-porosity
will significantly modify diffusion and reaction rates. However,
with N2 physisorption measurements, it is difficult to ascertain
the pore size distribution and specific pore volume when the
SAPO-34 powder is compressed into catalytic particles and
thus the macro-porosity. SAPO-34 produces a type IV N2-
physisorption isotherm, which is characteristic of mesoporous
catalysts,74 i.e., pore sizes between 2 and 50 nm, despite being
micro-porous in nature. This is due to small networks forming
as the powder is dried and put under vacuum. The existence of
such networks within the particles, formed during powder
compression, is also expected. Unlike open-cell foam particles,
however, the SAPO-34 particles do not exhibit visually distinct
macro-pores, as is evident by examining the SEM picture of
Figure A3 of the electronic Supporting Information. The
particles are not solid either, thus intraparticle convection
cannot be entirely neglected. Determining the macro-porosity
with the available data is not possible as that would require
mercury or helium porosimetry. Due to a lack of a systemic
experimental method to accurately determine the pore size
range and distribution within catalytic particles, the impact of
intraparticle macro-porosity is not clearly understood.
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However, the developed PP model can be utilized to
theoretically investigate the role of macro-porosity in the
heat and mass transfer, as well as in chemical performance, of
individual catalytic particles. For this purpose, five different
macro-porosity levels are examined, ranging from 0, i.e., solid,
to 0.45, i.e., equal to the micro-porosity of SAPO-34.
Solution Setup

A mass-flow inlet was defined at the top of the geometry, with
the flow rate determined experimentally through the equivalent
weight hourly space velocity (WHSV). WHSV refers to the
change in the feed composition and flow rate according to the
mass of the catalyst within the bed. In the actual experimental
runs, 0.3 g of catalyst was used. This study considers 1, 27, and
81 particle(s) are considered, which are all a negligible
percentage of the entire bed volume. Thus, the equivalent
WHSV values are calculated based on the entire catalyst bed.
As per previous work,19,66 the conditions considered are a
WHSV of 2eq h−1, a mass fraction of ethanol in the inlet of
around 21%, perfectly mixed with N2, 77%, and heptane
(internal standard), 2%, and a temperature of 200 °C. The
considered WHSV corresponds to a particle Reynolds number
of 10.3. Following the experimental reactor setup, schemati-
cally shown in Figure A4, the base of the geometry was
specified as the pressure-outlet, with a gauge pressure of 0 Pa.
The outer walls of the geometry were modeled as no-slip walls,
with a constant temperature of 200 °C. In the PR-CFD
particle-fluid interface, coupled boundary conditions for
temperature and scalars were considered, allowing the
exchange of heat and scalars between the two regions. This
is the default interaction in the PP models as all computational
cells are considered “interior” cells. In all cases, the SIMPLE
scheme for pressure−velocity coupling was applied using the
second-order upwind discretization for all parameters. All cases
are simulated under steady-state, laminar conditions. Under-
relaxation factors of 0.5 and 0.7 were used for the pressure and
for the momentum/scalars, respectively. Residual targets were
3 × 10−4 for all parameters except for energy which was set to
1 × 10−6. All cases were simulated until convergence was
reached, unless specified otherwise. All simulations were
performed on the IRIDIS 5 high-performance computing
facility, utilizing 1 Intel Xeon 6130 2.1 GHz CPU with 139 Gb
of RAM.

■ RESULTS
Four flow parameters, i.e., velocity magnitude, pressure, EtOH
mass fraction, and temperature, are compared for each model
along the axial and radial positions, as those are defined in
Figure A11 of the electronic Supporting Information. The
electronic Supporting Information provides accompanying 2D
contour plots for each parameter and each model.
Intraparticle Macro-Porosity

The impact of changing the macro-porosity of the porous
particle(s) is investigated with the 1-particle case. Four
different macro-porosities are investigated, ranging from
0.001 to 0.45, with the latter being equal to the micro-porosity
of the SAPO-34 particles. The value of the macro-porosity
directly determines the flow resistances within the intraparticle
space through eqs 7−9. In addition, a purely solid particle (PR-
CFD) is also examined. The radial and axial velocity profiles
are presented in Figure 2. The remaining flow parameters are
presented in Figure A17.
Changing the macro-porosity of the porous particle

significantly modifies all flow parameters. The smallest porosity
considered, equal to 0.001, causes a massive increase in the
intraparticle static pressure, reaching a peak of almost 30 Pa
near the particle center (Figure A17a). This is due to the
massive increase of 6 orders of magnitude in the viscous and
inertial resistances when intraparticle macro-porosity is
reduced from 0.1 to 0.001. A pressure change of that
magnitude for the 1-particle case is not realistic. With a
macro-porosity of this scale, the Ergun equations might not be
suitable to describe the resistances experienced by the flow
from each individual particle. Moreover, its predicted temper-
ature is the highest among the considered macro-porosities.
However, its velocity and EtOH mass fraction predictions are
the closest to those of the PR-CFD model. On the contrary,
the highest macro-porosity considered, equal to 0.45, predicts
velocity and EtOH mass fraction profiles that deviate
significantly from those of the PR-CFD model, even though
its temperature predictions are the closest to it. The two
intermediate porosities, equal to 0.1 and 0.2, give almost
identical results across all four parameters. Some differences
between the two can be observed in the interface region, at a
radial distance of 0.2 mm, where the “0.1” porosity gives

Figure 2. (a) Radial and (b) axial velocity magnitude profiles as a result of different particle macro-porosities. The results of a purely solid particle
(PR-CFD) are also examined. The arrow signifies the flow direction.
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sharper gradients in the pressure and velocity profiles that are
closer to the profiles predicted by the PR-CFD model.
To better understand and interpret these results, the

intraparticle velocity, resulting from different macro-porosities,
is presented in Figure 3a. The macro-porosities of 0.001 and

0.1 both result in a very similar intraparticle velocity magnitude
and profile; deep in the intraparticle space, their velocity
magnitude is very small, ≤3 × 10−3 m/s on average. Near the
interface and right before the free-flow region, i.e., at a radial
depth of 0.195 mm, their velocity magnitude gradually
increases. Macro-porosities above 0.1 start deviating from
this profile, with the 0.45 porosity having a much larger average

intraparticle velocity magnitude of around 0.08 m/s. This is a
key observation; intraparticle velocity signifies the existence of
intraparticle convective transfer, which locally changes both the
species concentrations and the temperature, especially when
compared to the PR-CFD model where the intraparticle
velocity is zero by default. Due to the higher magnitude of flow
resistances achieved by lower macro-porosities, intraparticle
velocity, and thus intraparticle convection is greatly reduced.
As macro-porosity increases beyond the value of 0.1,
intraparticle convection becomes more influential. This is
further substantiated by investigating the normalized con-
tribution of the four energy terms, which is presented in Figure
3b for the macro-porosity of 0.1 and in Figure A18 for the
remaining macro-porosities.
For the macro-porosity of 0.001, convection’s contribution

within the intraparticle region is very small, around 0.1% on
average, and increases to a value of almost 99% solely near the
interface, at a radial length above 0.195 mm. This is an almost
identical behavior to that predicted by the PR-CFD model
(Figure A18d), and thus, this level of macro-porosity
essentially represents a solid particle. On the contrary, larger
macro-porosities all result in an increasing intraparticle
convection contribution, with the macro-porosity of 0.45
predicting contributions above 98% even at the center of the
particle. In all cases, the impact of conduction and diffusion is
very low, <1%. Conduction is one of the key heat transfer
mechanisms within packed beds.75 However, the mild
exothermicity of DEE formation results in negligible temper-
ature differences within the particle, with magnitudes around
0.1−0.2 K as per Figure A17c, and thus negligible temperature
gradients. This was also observed in our previous work.66

Consequently, intraparticle temperature in both the PR-CFD
and in the PP model is practically isothermal, thus there is no
driving force for conductive heat transfer. In addition, as
determined by the diffusion energy term in eq 1, the
magnitude of diffusive energy transfer depends on the
intraparticle diffusion coefficients, Deff, i, and on the exother-
micity of the studied reaction. In the intraparticle space, the
diffusion coefficients of species have a magnitude around 1 ×
10−6−1 × 10−5 m2/s. Their small magnitude, combined with
the mild exothermicity of the considered reaction, causes the
diffusion energy term to also be negligible. As a result, the two
primary energy sources here are convection and reaction. The
existence of intraparticle convection changes all transfer
phenomena, and thus all main flow parameters, an effect
similar to what was observed for open-cell foam par-
ticles.50,52−55 Moreover, the energy balance seen in Figure 3b
verifies the observation of Dixon et al.,64 where intraparticle
convection has a significant energetic contribution in porous
particles.
The results in this section clearly indicate that the

morphology of the intraparticle structure affects all aspects of
heat and mass transfer, as well as the chemical performance of
the catalytic particles. Specifically, for macro-porosities below
0.1, the flow resistances introduced significantly reduce the
magnitude of intraparticle convection. As a result, the behavior
of a porous particle approaches that of a completely solid
particle, and diffusion becomes the predominant intraparticle
transport mechanism. On the contrary, for the macro-porosity
of 0.45, the porous particle is highly permeable, thus both
convection and diffusion affect the species transport. As a
result, the intraparticle residence time of species is reduced,
forcing the chemical performance of the particle to significantly

Figure 3. (a) Intraparticle velocity magnitude, predicted by the PP
model utilizing different macro-porosity magnitudes, and (b)
normalized contribution of energy sources for the macro-porosity of
0.1.
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drop. These are key behaviors that not only affect the local but
also the global bed scale. Consequently, these results can be
validated in a follow-up study, with available experimental data
on ethanol dehydration gathered from our laboratory-scale
fixed bed reactor.19,66,67 This also reinforces the need for the
development of more precise experimental methods to
evaluate the catalytic pore size distribution and overall
porosity. The PP model predicts that below the macro-

porosity threshold of 0.1, the intraparticle flow resistances
restrict convective transfer, and intraparticle transport
phenomena take place predominantly through diffusion, thus
agreeing with literature data.57−60 In our study, both micro-
and macro-porosities were approached as a constant term as
non-hierarchical SAPO-34 has a small pore size distribution.41

Taking the PP model one step further, in each computational
cell, the two porosity terms can be expressed using a Gaussian

Figure 4. (a) Velocity, (b) pressure, (c) EtOH mass fraction, and (d) temperature for the 27-particle case, as predicted by the PP and the PR-CFD
models. All figures share the same legend. The arrows represent the flow direction.

ACS Engineering Au pubs.acs.org/engineeringau Article

https://doi.org/10.1021/acsengineeringau.3c00015
ACS Eng. Au 2023, 3, 335−351

342

https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsengineeringau.3c00015?fig=fig4&ref=pdf
pubs.acs.org/engineeringau?ref=pdf
https://doi.org/10.1021/acsengineeringau.3c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


size distribution to replicate the impact of particles with pore
size ranges. However, this goes beyond the scope of this study.
Instead, the full extent of the impact of the intraparticle
structure will be examined with the packed beds throughout
this study. The macro-porosity of 0.1 is considered moving
forward as it demonstrates flow profiles in-between a solid and
a completely penetrable particle.
27-Particle Case�Flow Profiles

The radial and axial flow profiles of the main flow parameters,
for the 27-particle case, are presented in Figure 4. Contour
plots for these profiles are presented in Section 5 of the
electronic Supporting Information, along with respective data
for the 81-particle case. The comparison of the two models’
predictions regarding the reaction rate is based on the EtOH
mass fraction at the outlet of the reactor, estimated from the
axial length profile. This is because the mass fractions of all
products are negligible as the overall EtOH conversion is very
small, ≤1.6%.
The PP model predicts velocity magnitude profiles, Figure

4a, that are quantitatively and qualitatively comparable to those
of the PR-CFD model. Slight deviations are observed
downstream of the last particle row before the outlet, where
the PR-CFD predicts higher velocity magnitudes compared to
the PP model. Furthermore, as seen in Figures A19 and A21,
the wake region, i.e., region of reduced velocity magnitude
downstream of the particle(s) is extended in length in the PP
model, almost reaching the outlet. This is opposite to what was
observed in Yang et al.,32 where porous particles exhibited a
reduced wake length, albeit the macro-porosity used there was
≥0.4. However, as was also observed in their study,32 some
flow pathlines traverse through the intraparticle region, as can
be seen Figure A21. The differences between the two
approaches at the wake region could further exacerbate at
higher Reynolds numbers, where circulations start to appear76

The magnitude of velocity in the intraparticle space never
drops to zero but instead drops to magnitudes around 1 ×
10−4−1 × 10−3 m/s, or 2−3 orders lower than in the free-flow
region. Despite these differences, the PP model reproduces the
velocity behavior predicted by the PR-CFD model. This is
further highlighted by the PP model being able to reproduce
the channeling effect in-between the particles and the reactor
wall. Pathlines similar to those of the PR-CFD model are
predicted, which converge inward past the last particle row and
before the outlet. This emphasizes that, primarily, flow moves
through the path of least resistance, avoiding traversing
through the intraparticle space.
Fluent does not allow the existence of species within the

solid particles, and thus, any flow-specific parameters, such as
velocity or pressure, are omitted by default. This limitation is
obvious by observing the pressure profile of the PR-CFD case,
Figure 4b, which instantly drops to zero within the intraparticle
space. On the contrary, as the PP intraparticle region is fluid,
static pressure is automatically calculated. In all cases, the PP-
predicted static pressure along the axial length presents a
“wave-like” profile, which increases prior to meeting the
particle(s), decreases through the intraparticle space, and
increases again prior to the subsequent particle row. In the
free-flow region, i.e., interparticle space, and both along the
radial distance and the axial length, the PP-predicted pressure
is similar in profiles but larger in magnitude compared to the
PR-CFD model predictions. Unlike open-cell foam particles,
the pressure drop of the PP is larger than that of the solid

particle. We attribute this to the limitation of the Ergun
equation to describe permeability of intraparticle structures as
it was primarily determined for homogeneous spherical packed
beds rather than for individual particles.73 The limitation of the
PR-CFD model to treat the external surface as an impermeable
wall completely neglects any morphological parameters that
could potentially allow intraparticle viscous flow, driven by
local pressure gradients, to exist. Consequently, it might not be
suitable to approach the complex morphologies of dual-scale
particles. On the contrary, the PP model accounts for both
fluid and structural parameters within the intraparticle space, as
per Figure A10b of the ESI. Specifically, for the former, fluid
velocity, vf⃗, fluid density, ρf, and fluid pressure, ∇p, are
considered, while for the latter, micro-porosity affects diffusion
through the dusty gas model, DDG, i, and macro-porosity affects
the hydrodynamic resistance imposed by the particle through
the Ergun equations, eqs 7−9. Therefore, the PP model has the
potential to both restrict intraparticle viscous flow, as seen for
the intraparticle macro-porosity of 0.001 in Figure 2, and to
allow its existence. Moreover, local pore size determines both
the micro- and the macro-porosity terms, taking a more
realistic approach to replicating complex intraparticle mor-
phologies. In addition, the case studied here uses simplified
spherical particles. More complex particle shapes, such as those
examined in our CT-scanned bed,19,22,77 will exhibit different
local hydrodynamic behavior, which will affect the reactant
accessibility into the pores. Consequently, the ability of the PP
model to account for both inter- and intraparticle gradients in
the local bed and particle structure, velocity, and pressure can
be highly valuable to approach such cases.
The PR-CFD EtOH mass fraction profiles, Figure 4c, are

quantitatively similar to those of the PP model, including the
near-wall channeling effect which transfers unreactive EtOH
towards the outlet. However, in the 27-particle case, the PP-
predicted EtOH mass fraction increasingly deviates from the
PR-CFD prediction as the flow progresses down the bed, effect
which accumulates into a 3% difference between the two
models at the outlet. In the 81-particle bed, the PP model
suggests that the cumulative deviation of the 27-particle case is
restricted only to the first three particle rows and converges
past the 3rd row. As a result, at the outlet, the difference in the
EtOH mass fraction predicted by the two models only
increases to 3.2%. While the PP model can distinguish the
physicochemical phenomena associated with the inter- and
intraparticle regions, it cannot completely decouple convection
and diffusion. As such, similar to the 1-particle case,
intraparticle convection plays a role in the predicted reaction
rates. To further quantify this, the PP-predicted intraparticle
velocity, for the 27-particle case and for the first five rows of
the 81-particle case, is presented in Figure 5, with the axial
distance referring to the dimensionless particle diameter. Only
the particles occupying the exact center of the 3 × 3
orientation are considered for each row.
Velocity presents a parabolic profile within each particle,

peaking prior to the particle center, as per Figure 5. The
amplitude of this profile increases with increasing particle row,
except for the very first row where the flow has yet to establish.
Past the third row, in the 81-particle case, the parabolic profile
remains constant. These observations are consistent with the
PP-predicted EtOH mass fraction behaviors of Figure 4c. In
the first 3 particle rows, convection has a beneficial role.
Combined with intraparticle diffusion, the small magnitude of
intraparticle convection would force more reactants into the
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intraparticle space than what would be possible solely through
diffusion, but without significantly reducing the residence time.
This effect then promotes the reaction rate, especially
considering that both R1 and R2 are second-order reactions,
meaning that a small increase in the local reactant
concentration will significantly accelerate the reaction rate.
Then in subsequent rows, with the magnitude of intraparticle
velocity increasing and establishing, the benefit of increasing
the local reactant concentration is counteracted by the
reduction of residence time. This competition between
increased reactant concentration and reduced resident time
results in a roughly constant reaction rate profile. These
behaviors demonstrate a complex, two-way interaction
between convection and diffusion, with convection having
both a beneficial and an inhibitive role.
Intraparticle temperature, Figure 4d, changes due to the

involved chemical reactions, with R1 being exothermic and R2
being endothermic. The temperature profile predicted by the
PR-CFD model follows a “wave-like” pattern. Within the bed
structure, temperature peaks in the particle center and reaches
a minimum in the interparticle space between two subsequent
particles. In the free-flow region, prior to the first particle row
and past the last particle row, temperature sharply decreases.
The PP-predicted temperature profiles generally follow similar
trends to the PR-CFD model predictions. Specifically,
temperature peaks within the bed structure, while in the

free-flow region, prior to the first particle row and past the last
particle row, temperature sharply drops. Here, however, the
bed temperature is roughly constant and the “wave-like”
pattern observed in the PR-CFD model is almost completely
flat. Furthermore, the bed temperature constantly exhibits a
higher magnitude. This temperature difference between the
two models is primarily focused within the intraparticle space.
Because of it, the flow temperature downstream of the PP
particle(s) is also higher due to convective heat transfer.
Overall, the temperature difference between the two models is
negligible in the order of 0.1 K. To understand its origin, the
impact of the two primary energy terms, i.e., the heat of
reaction and convection, is examined.
27-Particle Case�Reaction and Convection

In this section, the predictions of the two models regarding the
contribution of reaction and convection, being the two primary
energy terms as per Figure 3, will be compared. Only the 27-
particle case is examined because of the resemblance between
the 27- and the 81-particle cases.
For reaction, the PP model predicts a lower exothermicity

compared to the PR-CFD model, which is further reduced
down the bed. The biggest difference is observed in the center
of the last particle row and is equal to 4.5%. Thus,
exothermicity follows the EtOH mass fraction trend predicted
by the two models. With the PP model predicting a faster
reaction rate, compared to the PR-CFD model, the rate of the
endothermic reaction, R2, and of ethylene production is also
increased, which explains the reduced magnitude of the
reaction energy term.
Despite the higher endothermic R2 rate of the PP model, the

PP bed temperature is higher compared to that of the PR-CFD
model, as per Figure 4d. This is attributed to convection
transferring heat in the intraparticle region. The magnitude of
convection, Figure 6b, peaks immediately next to the particle
surface. In this region, the flow is relatively stagnant as velocity
slows down significantly due to the existence of the particle on
the flow path. Consequently, the observed increase is due to
the local enthalpy changes from intraparticle reactions. Both
PP and PR-CFD models predict very similar convection
profiles and trends, with the PP predicting slightly smaller
magnitudes. Considering the slight differences observed in
velocity and reaction rate profiles, this is reasonable. But the
existence of intraparticle convection will result in the transfer
of enthalpy within the intraparticle space, as was highlighted by
Dixon et al.,64 which is sufficient to cause the temperature
differences observed for the two models.
Parametric Study: WHSV

To further emphasize the impact of intraparticle convection,
the 27-particle bed is also investigated at two additional
WHSV, equal to 1eq and 3eq h−1. These represent a particle
Reynolds number of 9.1 and 11.5, respectively. The radial
profiles for velocity, pressure, EtOH mass fraction, and
temperature are presented in Figure 7.
Increasing the WHSV results in higher temperatures,

pressures, and velocity magnitudes. The PR-CFD predicted
that the pressure drop in the free flow region increased by
around 3 Pa as WHSV increased from 1eq to 3eq. The PP
particle again overpredicted the pressure profile, showcasing a
pressure drop increase of 9 Pa. Regarding chemical reactions,
in the particle center, i.e., 0 point of X-axis of Figure 7, the PP
overpredicted EtOH consumption by 1.5% (1eq h−1), 2% (2eq
h−1), and 5.3% (3eq h−1). This showcases that as WHSV

Figure 5. PP-predicted intraparticle velocity magnitude (a) in the 27-
particle and (b) in the first five rows of the 81-particle cases. Here,
axial distance refers to the particle diameter.
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increases, intraparticle convection plays a more prominent role,
forcing higher local intraparticle EtOH concentrations which
further accelerate the reaction rate. In the same region,
temperature differences between the two models increased by
0.03 K (1eq h−1), 0.09 K (2eq h−1), and 0.19 K (3eq h−1). The
combined effect of stronger intraparticle convection and faster
reactions increased the temperature differences between the
two models.
Parametric Study: Exothermicity

In this study, EtOH dehydration was chosen as the test case,
replicating our experimental conditions, reaction which follows
an exothermic DEE formation step and an endothermic
ethylene formation step. At the conditions studied, DEE
formation is the predominant step, whose exothermicity is
mild, having an enthalpy change of −24 kJ/mol. In addition,
there is a considerable fraction of inert N2 gas driving the flow,
77% in terms of mass fractions, at a temperature equal to that
of the bed and of the reactants. Given its inert nature and its
extensive presence, it quenches the produced exothermic heat,
driving it away from the particle(s). As a result, the
temperature variations observed throughout this study were
miniscule, below 1 K. Studying the PP at a scenario of intense
exothermicity will yield key observations regarding the extent
of the convection’s impact. With that in mind, the DEE
enthalpy of formation was fictionally increased by an order of
magnitude, i.e., −2530 instead of −253 kJ/mol, which boosted
the exothermicity of R1 to −2.3 MJ/mol. Unfortunately, this
resulted in an unstable simulation which never converged, even
after 8k iterations. While convergence could be aided through

the under-relaxation factors, it was decided to keep the same
solution setup as the rest of the paper. The resulting profiles
for the 27-particle case are presented in Figure 8.
The excessive exothermicity exaggerated the differences

between the two particle models. Specifically, the intense heat
released from the enhanced exothermicity led to runaway
conditions, effect most prominent in the temperature and
EtOH mass fraction profiles. In the particle center, i.e., 0 point
of X-axis, the PP reaches a temperature difference with the
solid particle equal to 127 K, corresponding to an increase of
25%. In the same region, the PP-predicted EtOH consumption
is increased by 33%, compared to the solid particle. The
enhanced intraparticle reaction rate thus changed the local
species concentrations, causing increased flow pressures.
These results highlight that intraparticle convection cannot

be neglected at strongly exothermic reactions as it can have a
detrimental effect on the resulting fixed bed behavior. This
demonstrates that the potential existence of even a small
amount of intraparticle convection can significantly change all
aspects of flow dynamics and chemistry. It also reinforces the
importance and the need for the development of a systematic
experimental methodology to accurately measure the pore size
distribution and porosity of individual catalytic particles.
Identifying the connection between the pore structure and
intraparticle convection will be vital for future reactor
engineering. The quantification of the pore size of the
intraparticle networks formed within porous particles will
allow CFD simulations to more accurately estimate the role of
intraparticle convection. Furthermore, this report focused on
quantifying intraparticle convection in a small packed-bed

Figure 6. (a) Reaction and (b) convection energy terms for the 27-particle case, as predicted by the PP and the PR-CFD models. All figures share
the same legend. The arrows represent the flow direction.
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setup. CFD validation with the full bed experimental setup will
be investigated in our future work.
Scalability
Aside from the physicochemical phenomena, the two meshing
approaches of the PR-CFD and PP models allow the
comparison of the computational resources between particle-
resolved tetrahedral elements and hexahedral Cartesian grids.
With the imperative need to transition computational models
to simulate industrial-scale reactors, thus accelerating our
emission reduction goals, it is key to identify the most
prominent meshing and modeling approaches for scaling-up
CFD models. The computational demands of the three particle
cases are judged based on four metrics, the file size, the
iteration number required for convergence, the computational
time, and the total RAM usage. File size affects how easy
handling and storing the produced data is, iteration number
affects the stability of the solution process and the iterations
needed for full convergence, and the computational time
indicates the physical time duration needed for full
convergence. The RAM usage indicates the hardware require-
ments for the simulated process. The computational time
required for the two models to simulate the three geometries
considered is presented in Figure 9, and all computational
resources can be seen in Table 1. The parenthesis next to the
PP results is the percentage comparison with the respective

PR-CFD metric. All simulations of the three baseline cases
took place on the IRIDIS 5 high-performance computing
facility, utilizing 1 Intel Xeon 6130 2.1 GHz CPU with 139 GB
of RAM.
The significant reduction in the resource requirements of the

PP model, when compared to those of the PR-CFD model, is
evident in Table 1. The PP model is significantly easier to
handle (smaller file size), more stable (less iterations), and
faster (less computational time), compared to the PR-CFD
model. Furthermore, the hardware requirements are signifi-
cantly lower as well. Compared to the PR-CFD, the biggest
reduction in the computational time achieved by the PP model
is equal to 75% for the 81-particle case. Critically, the PR-CFD
computational time requirements exponentially increase with
increasing number of particles, whereas a linear increase is
observed for the PP model.
The limitation of PR-CFD models is their extensive

computational resource requirements7,8,78 as each individual
particle must be resolved. To mesh the complex topological
structured produced by PR-CFD models, unstructured
tetrahedral or polyhedral cells are necessary to accurately
discretize the computational domain.79 Instead, models that do
not explicitly resolve catalytic particles, such as the PP model
of this study and the model of Das et al.,53 can utilize much
simpler meshing approaches, ideally utilizing hexahedral cells.

Figure 7. Radial profiles of (a) velocity, (b) pressure, (c) EtOH mass fraction, and (d) temperature for the PR-CFD and PP models as a result of
different WHSV flow rates.
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The results presented here reinforce the more efficient
computational resource utilization achieved by hexahedral
cells when those are compared to tetrahedral cells.12,80 It
would be interesting as a next step to compare the
computational demands of the PP model with a PR-CFD
mesh which utilizes the polyhedral approach of Sosnowski et
al.81 Regardless, the reduction the PP model achieved in its

computational demands could potentially allow it to simulate
industrial-scale reactors with included intraparticle phenom-
ena, or applications with more complex geometries, e.g.,
asymmetric and poly-dispersed beds, where mesh is a
considerable constraint. However, more study is necessary

Figure 8. Radial profiles of (a) velocity, (b) pressure, (c) EtOH mass fraction, and (d) temperature for the PR-CFD and PP models as a result of
increased exothermicity.

Figure 9. Computational time requirements for the PR-CFD and the
PP models for all three particle geometries.

Table 1. Computational Resource Requirements of the PR-
CFD and PP Models for the 1-, 27-, and 81-Particle Casesa

file size [Gb] iterations [−]
computational
time [min]

RAM
utilization
[Gb]

1-Particle Case
PR-
CFD

1.1 2162 73 6.9

PP 0.9 (−18%) 1981 (−8%) 59 (−19%) 5.3 (−23%)
27-Particle Case

PR-
CFD

10.05 2014 472 36.9

PP 4.4 (−56%) 1609 (−20%) 237 (−50%) 19.7 (−47%)
81-Particle Case

PR-
CFD

28.1 1919 2340 79

PP 11.03
(−61%)

1583 (−18%) 578 (−75%) 40.3 (−49%)

aThese simulations were performed with 1 Intel Xeon 6130 2.1 GHz
CPU with 139 GB of RAM.
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prior to the PP model being utilized in such applications that
goes beyond this paper. Specifically, with industrial reactors
being predominantly operated at turbulent conditions, the
behavior of the PP model in such flow regimes should be
clearly understood. This is especially critical to be combined
with a mesh-independency study, similar to the one presented
in Section 4.1 of the electronic Supporting Information, as the
boundary layer for a turbulent case would be more complex to
be captured than that of a laminar case. Regardless, the
developed PP model investigated here is highly valuable for
meso/-macro-pore particles where intraparticle convection
could play a key role. However, similar models where the
particle are not resolved, thus utilizing a hexahedral grid, yet a
no-slip flow boundary condition was applied on their surface,
restricting intraparticle convection, have been developed in the
literature.76,82−85 The study of Das et al. is a great example of
this.53 Consequently, depending on the CFD model require-
ments and the experimental application they are applied to,
non-resolved models with Cartesian grids offer a wide
flexibility, enabling both the study of impermeable solid
particles and of multi-pore-scale particles, with significantly
reduced computational resources.

■ CONCLUSIONS
The recent development of catalytic particles with multi-scale
porosities drives the need for more advanced CFD models that
are capable of reproducing such intraparticle morphologies.
Such multi-scale catalytic particles consist of macro-pores that
enhance the intraparticle heat and mass transfer and micro-
pores that considerably increase the exposed active surface
area, thus boosting the reactivity. Catalytic particles with low
intraparticle macro-porosities, ≤0.5, have been traditionally
approached in CFD studies purely as solid. As a result,
intraparticle convection was completely neglected. Its potential
existence in such dual-scale porous systems could give rise to
some unique phenomena that cannot be reproduced if the
particle is approached as purely solid. This necessitates CFD
models that can reproduce the intraparticle multi-pore-scale
structure without strictly restricting intraparticle convection.
Here, such a model is developed by approaching particles as
porous with two distinct porosity terms, specifically a macro-
porosity responsible for the hydrodynamic profile of the
particles and a micro-porosity responsible for diffusion and
reaction. By comparing the flow profiles within beds formed by
porous and by solid particles, the impact of intraparticle
convection can be determined.
Through this comparison, it was identified that intraparticle

convection can play a pivotal role, showcasing a complex
interaction with intraparticle heat and mass transfer, as well as
with diffusion and reaction. Specifically, convection increased
the transfer of enthalpy within the intraparticle space,
increasing the local temperature. Furthermore, it accelerated
the transfer of species within the particles, compared to what
would be possible solely through diffusion, thus enhancing the
reaction rate. Through a parametric study, it was identified
that, at highly exothermic reactions, these phenomena are
further exaggerated. Consequently, experimentally identifying
and characterizing the intraparticle network and pore size
distribution within catalytic particles is key for the advance-
ment of more accurate computational fluid dynamics models.
Furthermore, the development of flexible CFD models that
could either restrict or enable intraparticle convection,

depending on the application, is critical to allow CFD models
to reproduce the modern multi-pore-scale catalysts.
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■ NOMENCLATURE
Aj pre-exponential factor of reaction “j” [m3/kmol·s]
CInert inertial resistance in porous medium [m−1]
Deff, i diffusion coefficient of species “i” [m2/s]
ΔH enthalpy change [J/kmol]
dp particle diameter [m]
dpore intraparticle pore diameter [m]
Ej activation energy of reaction “j” [J/kmol]
h enthalpy [J/kmol]
Ji⃗ diffusion flux [kg/m2·s]
kf thermal conductivity of a fluid [W/m·K]
ks thermal conductivity of a solid [W/m·K]
Mw, i molar weight of species “i” [kg/kmol]
R universal gas constant [J/kmol·K]
Ri, j reaction rate of species “i” in reaction “j” [kg/m3·

s]
Sh energy source [W/m3]
S⃗i momentum source [Pa]
Tf fluid temperature [K]
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Ts solid temperature [K]
v ⃗ velocity vector [m/s]
vPM superficial velocity within the porous particle [m/

s]
VBed volume of catalytic bed [m3]
Vpores volume of intraparticle pores [m3]
Vmacro ‑ pores volume of intraparticle macro-pores [m3]
Vmeso ‑ pores volume of intraparticle meso-pores [m3]
Vmicro ‑ pores volume of intraparticle micro-pores [m3]
VSolid volume of a solid material [m3]

Greek Symbols

α viscous resistance in porous medium [m2]
εInter interparticle porosity/bed void fraction [−]
εIntra intraparticle porosity [−]
εmacro intraparticle macro-porosity [−]
εmeso intraparticle meso-porosity [−]
εmicro intraparticle micro-porosity [−]
ηi, j stoichiometric coefficient of species “i” in reaction “j”

[−]
μf fluid viscosity [kg/m·s]
ρf fluid density [kg/m3]
ρs solid density [kg/m3]
τ̿f stress tensor [Pa]
τIntra intraparticle tortuosity [−]
φi scalar quantity “i” (mass fraction of species “i”) [−]
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