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Fig. 1. Schematics of the contact point modifications, after Dixon et al. (2013).

Table 1
Input parameters for the DEM simulations.

Particle density 2500 kg/m3

Restitution coefficient 0.2
Young module 106 N/m2

Poisson ratio 0.45
Friction coefficient 0.15
in lower hierarchy models (Raimondeau and Vlachos, 2002;
Schlereth and Hinrichsen, 2014). Typical reactors for hetero-
geneous reactions are fixed beds, foams, or multi-channel reactors.
In this regard, Computational Fluid Dynamics (CFD) simulations
are acknowledged to be the enabling tool for the fundamental
assessment of the transport properties in the reactor, by providing
a detailed description of the flow field in the different reactor
geometries (Dixon and Nijemeisland, 2001). These simulations,
however, strongly rely on the proper description of the geometry
in terms of computational domain, which – if not properly
accounted for in the simulations – may invalidate the results of
such enormous effort. In particular, a crucial issue is related to the
construction and proper meshing of the complex computational
domain of randomly-packed fixed bed reactors (Dixon et al., 2013;
Eppinger et al., 2011). These computational domains are typically
generated either by using computational methodologies, which
mimic the actual generation of a packed bed, or by relying on non-
invasive imaging reconstruction of real packed beds (Baker et al.,
2011), such as the magnetic resonance image (MRI). For the
computational generation of packed beds, the most common
techniques are the Discrete Element Method (DEM), which was
first described by Cundall and Strack (1979), and the two-step
Monte Carlo methods proposed by Soppe (1990) and adopted
by Freund et al. (2005, 2003). Once the random geometry is cre-
ated, the computational domain has to be meshed, i.e., subdivided
in small control volumes. The main issue associated with the mesh
generation for random packing is the description of the spheres
and the generation of the mesh close to the contact points. Most of
the literature agrees that the contact point description represents
a crucial numerical problem for CFD simulation of fixed packed
bed reactors (Augier et al., 2010; Bu et al., 2014; Calis et al., 2001;
Dixon et al., 2013, 2010; Eppinger et al., 2011; Guardo et al., 2006;
Jiang et al., 2006; Ookawara et al., 2007; Romkes et al., 2003).
When the fluid mesh near the wall–particle and the particle–
particle contact points is created, the cells become very skewed.
This leads to numerical problems, which prevent from the con-
vergence of the flow field solution. Only a small number of studies
report meshes of three dimensional packed beds of spheres
without any alteration of the extremely narrow regions in
proximity of the contact points (Lund et al., 1999; Magnico, 2003;
Touitou et al., 2014). For instance, Magnico (2003) states that the
use of structured mesh avoids contact points, but he also reported
that strict mesh-independence was not achieved, despite the huge
number of cells employed (17.7 million cells) for a bed of 620
particles. Touitou et al. (2014) simulated beds with a large number
of spheres (�3000) in adiabatic reactive conditions and in laminar
regime (Reo30). However, the mesh reported in the paper reveals
a poor quality of the description of the spheres and contact points,
which may substantially affect the CFD results. Thus, it is clear that
a fine description of the spheres and contact points with a con-
comitant acceptable skewness of the mesh is required to achieve a
sound simulation result. In this respect, four different techniques
are adopted and presented in the literature for a computationally
affordable description of the contact points, as shown in Fig. 1. In
particular, Dixon et al. (2013) analyzed these approaches to draw
guidelines for the systematic meshing of fixed bed reactors, with
particular attention to pressure drops, void fraction, and heat
transfer. They distinguish between global (where the whole sphere
geometry is modified) and local methods, (where the spheres are
modified only near the contact points). The reducing approach was
proposed by Calis et al. (2001), Romkes et al. (2003) and Dixon and
Nijemeisland (2001): spheres at 99–99.5% of their nominal dia-
meter are used to remove the contact between them. The overlap
approach was adopted by Guardo et al. (2006) by extending the
sphere diameter to allow for a 1% overlap between two touching
spheres. A similar method was used by Jiang et al. (2006) with the
creation of small contact areas instead of the contact point for
micro-porous spheres. Ookawara et al. (2007) proposed to insert



Fig. 2. Description of a sphere with the Standard Tessellation Language (STL).
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Fig. 3. Error on the volume and the surface of a single sphere for the STL file as a
function of the number of triangles. Solid line is the surface. Dashed line is the
volume.
cylinder between every spheres, with its axis oriented along the
center-to-center line of the spheres. This technique is known as
bridge method and the bridge dimensions can be characterized by
the bridge-to-particle diameter ratio. Recently, Eppinger et al.
(2011) proposed the caps method. The sphere surface is modified
by introducing a gap between the points of two different con-
tacting spheres, thus resulting in a local flattening of the particles
that can avoid the generation of skewed cells. Dixon et al. (2013)
suggested that a reasonable description of both the void fraction
and pressure drops can be obtained only by using the local mod-
ification of the bed, as occurs with the caps and the bridge
method. Moreover, the bridge technique, in contrast with caps, is
also very suitable to describe heat transfer between two spheres
by setting proper bridge conductivity. Thus, the bridge method
turns to be the most suitable technique for a proper description of
void fraction, pressure drops, flow field, and heat transfer in ran-
dom packed bed reactors. The analysis carried out by Dixon et al.
(2013) was focused on the heat transfer and the pressure drops,
without taking into account the reactivity. Nevertheless, the
modification of the mesh due to the presence of the bridges
between the contact points provides a modification of the surface
area, which may substantially affect the surface reactivity. There-
fore, the aim of this work is to extend the analysis to the assess-
ment of the influence of the bridge method on the reactivity of
packed bed reactors. This, in conjunction with the previous work
reported by Dixon et al. (2013), can be considered the essential
step to set a protocol for the proper meshing of random packing to
be used for the detailed analysis of heterogeneous catalytic fixed
bed reactors.

The paper is organized as follows. In the first part, we assess
the effect of the introduction of the bridges by considering the
ideal situation of a regular packed bed in laminar conditions
(Re�80). This regular packed bed and the laminar flow regime
allow for a direct and feasible meshing of the contact points and
thus make possible an explicit comparison between meshes with
and without bridges. This ideal configuration helps us in identi-
fying guidelines that are then extended and tested to the meshing
of a random packed bed reactor. In doing so, we establish specific
guidelines for bridging the contact points without affecting nei-
ther the reactivity nor the transport properties of the bed.
2. Methods

2.1. Random packing generation

The generation of the random packing is carried out with the
implemented DEM in the open source CFD-DEM code LIGGGHTS
(Kloss et al., 2012). Spherical particles are randomly initialized in a
square section tubular domain where they fall due to the gravity
force. The momentum equations, which take into account for the
forces and the interaction between particles, are solved until the
velocity of all the particles is virtually zero. The input parameters
for the DEM simulations are reported in Table 1.

2.2. Mesh generation

For the mesh generation, particle data (position of the centroid)
of the finished DEM simulations are imported into the open source
multiple-platform ParaView application (Henderson, 2007) and
the packed bed of spheres is created using the Standard Tessella-
tion Language (STL). Moreover, the particle data are also used to
find the contact point positions. The contact points between the
spheres can be estimated by considering all the centroid that have
a distance equal to the sphere diameter from the selected one. The
DEM simulation, for its nature, generates non-perfect contact
points between the spheres, thus the centroid distance is eval-
uated with a relative tolerance of 0.001. Then the middle distances
between these points, that are the contact points, can be esti-
mated. Finally, the bridges are directly added into the STL file at
these positions. The STL describes the surface of solids using tri-
angles and all the spheres are described by increasing the number
of triangles of two tetrahedrons, as shown in Fig. 2, until reaching
a correct description of volume and surface. Fig. 3 shows the errors
on the sphere surface and volume as a function of the number of
triangles on the STL surface. The errors are estimated as the dif-
ference between the volume and surface analytically calculated
and the ones from the STL file. This definition leads to Eqs. (1) and
(2)

εSTLV ¼
π UD3

p

6 �VSTL

π UD3
p

6

������
������U100 ð1Þ

εSTLA ¼ π UD2
p�ASTL

π UD2
p

�����
�����U100 ð2Þ



Fig. 4. Poles of a sphere described with an STL file.
One relevant property of the spheres, described with a STL file,
is that all the edges of the triangles start from two different points,
which can be considered as poles, as shown in Fig. 4. These poles
are relevant to obtain an exact description of the contact points, by
making the spheres touch each other in the poles of the STL. In this
regard, the poles of the STL file have to be exported in the mesh. To
this aim, a cut-cell approach, where the mesh approximately
conforms the surface by iteratively refining without using the
vertices of the triangles as starting points, cannot be applied.
Instead, a boundary-conforming mesh is mandatory to directly
export the geometrical properties of the STL file into the fluid
mesh. This approach creates the cells near the surface starting
from the vertices of triangles of the STL file. The mesh, based on
tetrahedrons, “grows” from the surface of the STL file. For these
reasons, we generate all the computational grids using the open
source TetGen code (Si, 2007). An example of the resulting mesh is
reported in Fig. 5, which shows that, due to the laminar flow
conditions, no prism layer is created near the walls of the spheres.
Fig. 5. Mesh near the contact points.
2.3. Model

The reactive CFD simulations are carried out with the cataly-
ticFOAM solver (Maestri and Cuoci, 2013). This solver describes the
fluid and the chemistry on the surface of the catalyst. The mass
flux of the individual species is assumed equal to the formation
rate due to the heterogeneous reaction occurring on the catalytic
wall. Thermal and gas properties are estimated according to the
CHEMKIN correlations (Appel et al., 2005; Kee et al., 1990; Reid
et al., 1987) implemented in the OpenSMOKEþþ libraries (Cuoci
et al., 2015), which is incorporated into the catalyticFOAM fra-
mework. Accordingly to the operator splitting approach (Maestri
and Cuoci, 2013), during the time integration, the reaction terms is
separated from the transport process and the numerical integra-
tion is performed with different numerical solvers. In particular,
the reaction terms are integrated in time using the Open-
SMOKEþþ ODE solver (Cuoci et al., 2015), which is specifically
conceived for stiff ODE systems describing reactive conditions. On
the contrary, the momentum equations and transport terms are
solved with the solvers implemented in OpenFOAMs framework
(Jasak et al., 2007). A more detailed description of the numerical
method and the solved equations are reported in (Maestri and
Cuoci, 2013). Moreover, a non-slip and a Neumann boundaries
conditions (∇ðU Þ ¼ 0) are applied to the velocity and pressure
fields, respectively, at the catalytic wall.
3. Results and discussions

In order to investigate in detail the effect of bridging the con-
tact points on the reactivity, we first focus our attention to a
regular packed bed made of 4 spheres (see Fig. 6a). This config-
uration – due to its regular geometry – can be meshed also
without any treatment of the contact points, thus making possible
a benchmark for the bridge method through an explicit compar-
ison between meshes with and without bridges. We assess the
effect of the bridging on the reactivity by analyzing different
bridge-to-particle diameter ratios. Thus, we identify limits for the
bridge-to-particle diameter ratio, which do not introduce relevant
differences with respect to the reference mesh without any
treatment of the contact points. Then, the analysis is extended to a
random packed bed of spheres, which cannot be meshed with an
exact description of the contact points, due to the randomness of
the contacts between the spheres.

3.1. Regular bed

Two regular packed beds with a low number of spheres, whose
dimensions are reported in Table 2, are designed for a detailed



Fig. 6. Regular packed bed reactors configurations. (a) Convective flux parallel to
bridge axes and (b) convective flux normal to bridge axes.

Table 2
Regular packed bed dimensions.

Configuration A Configuration B

Axial length 0.44 m 0.70 m
Side length 0.10 m 0.30 m

0.10 m 0.08 m
Sphere diameter 0.06 m 0.06 m
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Fig. 7. Analysis of catalytic area for the regular packed bed. Circular points and
point line: meshed value; solid line: geometric value.
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Fig. 8. Mesh independence analysis for regular packed bed.
analysis of the effect of the bridges on the system reactivity. These
configurations, shown in Fig. 6, are chosen to represent the two
possible conditions of flow impact on the bridges. Indeed, the axis
of the bridge is parallel to the flow field in configuration A, and it is
normal to the flow field in configuration B. These layouts are
considered as the two asymptotic conditions of flow impact on the
bridges present in a random packed bed reactor and they are
selected for the systematic analysis of the bridge influence.

To assess the effect of the bridging on the system reactivity we
first create a mesh without local modifications by exploiting the
pole-to-pole contact between the spheres. Due to the laminar flow
conditions, reported in Table 3, a prism layer is not required for
correctly describe the flow field, thus a mesh without any treat-
ments of the contact points can be successfully generated. This
mesh is then used as the reference in order to quantify the effect of
bridging the contact points. In Fig. 7 the specific catalytic area is
reported, evaluated according to Eq. (3)

aV ¼ AC

VR
ð3Þ

The catalytic area (AC) is calculated from the meshes for the
packed bed shown in Fig. 6a. On the contrary, the geometric value
is estimated by considering the surface of the four spheres as
catalytic area. In Fig. 7 the specific catalytic area is plotted against
the refinement level. The refinement level for this meshing pro-
cedure is controlled by the selected maximum cell volume. Fig. 7
shows that the difference between the calculated catalytic area
and the geometrical value is close to zero (0.4%), and it is constant
for all the mesh refinement levels. For a boundary conforming
mesh the poles are the “source” for all the cells near the contact
points. Therefore, the mesh can correctly describe the contact
points and the narrow volume between spheres. Moreover, a
boundary conforming mesh allows removing the problem of the
skewed cells near the contact points. Indeed, the cells near the
contact points “grow” from the points of the STL file and their
dimension is small enough to avoid the problem of the skewness.

The two configurations are studied for different bridge
dimensions, from a bridge-to-particle diameter ratio of 0.05 up to
0.6. This range is selected to deeply investigate the effect of the
bridges on the system reactivity, by comparing the calculated
conversion for these beds with those evaluated for the beds
without any treatment of the contact points. The mesh-
independence analysis of the conversion and the catalytic area is
required to understand the error associated with the employed
mesh and to prove that it does not influence the simulation
results. This analysis is presented only for the beds without any
treatments of the contact points, but the same study has been
carried out for all the regular packed beds presented in this work.
The operating conditions used also for the mesh-independence
analysis are reported in Table 3. Fig. 8 shows that a mesh inde-
pendent conversion is reached with a refinement level of 3 for
TetGen (Si, 2007) (maximum cell volume of 10�5 m3 and 687,650
cells).

The void fraction turns out to be slowly dependent on the
bridge-to-particle diameter ratio as shown in Fig. 9a. For instance,
the error evaluated according to Eq. (4) for the bridge-to-particle
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Fig. 9. Geometric effect of bridge dimension (a) on the regular packed bed and
(b) on the random packed bed. Dashed line: catalytic area. Solid line: void fraction.
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Fig. 10. Comparison of the error on the catalytic area for beds with catalytic bridges
(dashed line) and beds with non-catalytic bridges (solid line).

Table 3
Operating conditions.

Operating conditions

Outlet pressure 1 atm
Temperature 573 K
Feed velocity 0.04 m/s
Reynolds number �80
diameter ratio of 0.3 – which is the maximum allowable value for
the bridge dimension to ensure a sound prediction of the pressure
drops – is smaller than 1%. This can be easily explained by the fact
that the number of bridges per spheres are rather limited in this
configuration due to the low coordination number (i.e., number of
contact points per sphere) of each sphere (�1).

εvoid ¼
VR�Ns U

π UD3
p

6

� �
�Vmesh

VR�Ns U
π UD3

p

6

� �
���������
U100

���������
ð4Þ

For the surface area, two different possibilities can be con-
sidered, by describing the bridge area as catalytic or non-catalytic
area. In both cases, in contrast with the void fraction, the catalytic
area results to be more affected by the presence of the bridges.
Fig. 10 shows the comparison of the error associated with the
catalytic area, estimated with Eq. (5), for a bed where the bridge
area is considered catalytic and a bed where it is non-catalytic.

εA ¼
Ns Uπ UD2

p�Amesh

Ns Uπ UD2
p

���������
U100

���������
ð5Þ

The bed with catalytic bridges presents a lower error on the
catalytic area because the addition of the bridges removes some
surface from the spheres, which is partially replaced by the bridge
area. Thus, we decided to create beds with catalytic bridges, in
order to minimize the geometrical error on the surface area. As
shown in Fig. 9a, the overall effect of bridging is higher for the
surface area than the void fraction. For instance, a bridge-to-
particle diameter ratio of 0.4 results in an error which is at least
two-times the error for the void fraction (2.5% in case of catalytic
bridges).

Then, we explicitly investigate the effect of the modification of
the surface area on the overall surface reactivity by performing
reactive simulations at different bridge-to-particle diameter ratios.
To this aim, we are only interested in the surface reactivity,
independently of the specific expression of the reaction rate.
Moreover the simulations are carried out in isothermal conditions
because the effect of the heat transfer has been already investi-
gated by Dixon et al. (2013) and we focus our attention only to the
reactivity at the external surface of the packing, without
accounting for mass transfer in the solid. This analysis is carried
out by considering a generic first order reaction

A-B ð6Þ
Different values of the reaction constant are considered in

order to simulate different Damkholer numbers, from 0.005
(chemical regime) up to 1000 (fully external mass transfer
regime). Operating conditions and feed composition are reported
in Tables 3 and 4. A bridge-to-particle diameter ratio between 0.05
and 0.3 has been investigated. The upper bound corresponds to
the limit found by Dixon et al. (2013) in order to have a correct
prediction of the pressure drops. The lower limit, instead, is set by
considering the maximum acceptable skewness nearby the con-
tact points. Fig. 11a and b shows the results for the configuration A
(the axes of the bridges parallel to the flow direction) and con-
figuration B (the axes of the bridges normal to the flow direction),
respectively. These simulations demonstrate that the conversion is
not remarkably influenced by the presence of the bridges, despite
the error on the surface area in the whole range of bridge-to-
particle diameter ratio. Moreover, the effect of the bridges at low
Damkholer number, where the global conversion is controlled by
the catalytic area, and at high Damkholer number, where it is
controlled by external transport limitations, is both analyzed.
Table 5 shows that the effect of the bridges in chemical regime as
well as in external mass transfer regime on the global conversion
is negligible. Finally, to assess the effect of the bridges on the local
composition, the axial profile of the cup-mix of the reactant is



Table 4
Inlet composition.

Feed mole fraction

A 5%
Inert 95%
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Fig. 11. Parity plot for describing the bridge effect on conversion for different
bridge-to-particle diameter ratio: (a) convective flux parallel to bridge axes and
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Table 5
Global conversion for different bridge dimensions and Damkholer numbers.

Bridge-to-particle diameter ratio Da: 0.005 Da: 1000

Benchmark bed 0.42% 92.71%
0.05 0.43% 92.64%
0.3 0.42% 92.65%
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Fig. 12. Cup-mix axial profile for the reactant for different Damkholer numbers.
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this article.)
reported in Fig. 12, evaluated as

ωA ¼
R
SρUωA UudSR

SρUudS
ð7Þ

Fig. 12 shows that also the axial profile is not affect by the local
modification of the catalytic area. The reason of such low depen-
dence of the system reactivity with respect to the local surface
area modifications introduced by the bridges is in line with the
fact that contact points are in quiescent regions of the bed and
most of the fluid bypasses the bridge, as inferred from Fig. 13. This
behavior is not affected by the presence of bridges, as it is clear by
comparing Fig. 13a–c with b–d. As such, the exposed bridge area to
the fluid is located in regions which are bypassed by most of the
fluid, thus its contribution to the global conversion is negligible if
compared with the whole catalytic area of the spheres. To sum up,
all the simulations demonstrate that, despite the relevant error on
the catalytic area, the system reactivity is not strongly influenced
by the bridges, as the result of the fact that the modifications of
the geometry associated with the bridges are localized in stagnant
regions. For this reason, the contribution of the bridges to reac-
tivity is negligible.

3.2. Random packed bed

We extend now the analysis to a random packed bed, which is
characterized by a much large number of contact points. To this
aim, a random configuration of packed spheres is generated, as
shown in Fig. 14. We perform the same analysis carried out for the
regular packed bed, by investigating the effect of bridging on
geometrical properties and conversion. On one side, the geome-
trical properties derived from the mesh at different bridge
dimensions can be benchmarked with respect to the ones which
can be calculated by the known number of spheres, as already
done for the regular configuration. On the other side, the catalytic
properties cannot be compared with the ideal situation of the
exact description of contact points. Indeed, in this case, a packed
bed without any bridges cannot be generated. The generation of a
bed with an exact description of the contact points requires the
spheres to be aligned along the pole-to-pole axis of the STL file, as
described in Section 3.1. This situation cannot be exploited in a
random packing due to: (i) the randomness and (ii) the high value
of contact points per sphere. Therefore, on the basis of the pre-
vious analysis, we assess the effect of the bridge dimension by
studying and checking the independence of the solution to the
bridge-to-particle diameter ratio.

The mesh-independence study for the random packed bed
reactor is carried out with the same operating conditions, reported
in Tables 3 and 4, and the same criteria of the regular packed bed.
The analysis is presented only for the bed with the smallest
bridge-to-particle diameter ratio, but it has been carried out for all
the beds. As shown in Fig. 15, the convergence is reached with a
refinement level of 3 for TetGen (Si, 2007) (maximum cell volume
of 10�5 m3 and 6,857,769 cells). In Fig. 9b, the errors on the void
fraction and the catalytic area as a function of the bridge-to-
particle diameter ratio are reported. In agreement with what we
found for the regular configuration, also in this case the void
fraction turns out to be less affected by the presence of the bridges
than the catalytic area. However, the errors are higher for the
random configuration, because the local modifications of the



Fig. 13. Graphical visualization of the stagnant regions near the contact points: (a) beds without bridges configuration A. (b) Beds with bridges configuration A. (c) Beds
without bridges configuration B. (d) Beds with bridges configuration B. Vectors represent the velocity in selected points of the domain and their dimension corresponds to
the magnitude.

Fig. 14. Random packed bed dimensions.
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Fig. 15. Mesh independence analysis for random packed bed.
geometrical properties introduced by the bridges are related to the
number of contact points per sphere. This value can be evaluated
from the void fraction with the correlation proposed by Ridgway
and Tarbuck (1967). For this random packed bed, the coordination
number is �7.5, instead of �1 for the regular beds. For this rea-
son, the catalytic area and the void fraction are more affected by
the bridges in the random packed bed than in the regular
packed beds.

Then, we investigated the effect of the bridge dimension on the
conversion by performing reacting simulations using the same
approach presented in Section 3.1. We selected a range of bridge-
to-particle diameter ratio between 0.15 and 0.45. On one side, the
lower bound is chosen on the basis of maximum acceptable
skewness of the mesh compatible with numerical stability of the
solution. On the other side, we used the limit found by Dixon et al.
(2013) for describing the pressure drops as upper bound.
Indeed, Dixon et al. (2013) clarified that using higher values of
bridge-to-particle diameter ratio lead to errors in the description
of the pressure drops and heat transfer. Moreover, they suggested
that for error on the void fraction smaller than 1% the pressure
drops and the flow field are not affected by the local modification.
In Fig. 17 the dependence of the pressure drops on the bridge
dimension is reported, showing that the pressure drops become
bridge-independent for bridge-to-particle diameter ratio lower
than 0.45. Thus, the error on the pressure drops can be considered
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Fig. 16. Bridge dimensions effect on the max skewness for random bed.
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Fig. 17. Influence of bridge dimensions on pressure drops (solid line) and conver-
sion (dashed line) for random packed bed.
acceptable until bridge-to-particle diameter ratio lower than 0.45,
where the error on the void fraction is smaller than 1%.

The lower bound for the bridge-to-particle diameter ratio can
be selected by analyzing the quality of the mesh. The skewness is
the main issue related with the use of unstructured meshes and
the description of the narrow area near the contact points because
it leads to numerical problems during the calculation of the flow
field. Indeed, all the methods described by Dixon et al. (2013),
shown in Fig. 1, have been proposed to reduce these numerical
problems. The effect of the bridge dimensions on the maximum
skewness can be observed in Fig. 16. The maximum skewness is
strongly related to the bridge dimensions and it sets a minimum
value for the bridge-to-particle diameter ratio. As reported in
Fig. 16, the maximum skewness reaches a constant value for a
bridge-to-particle diameter ratio higher than 0.15. Thus the best
approach to reduce the numerical issues related with the skew-
ness is to create bridges with a bridge-to-particle diameter ratio
higher than 0.15. Therefore, the conversion is analyzed for bridge-
to-particle diameter ratio between 0.15 and 0.45.

Fig. 17 shows that the conversion is not affected by the pre-
sence of the bridges. This behavior of the random packed bed
reactors was already observed for a regular packed bed. Also in
this case the whole error on the catalytic area, associated to the
bridge, is concentrated in stagnant regions of the reactors. For this
reason, the conversion obtained for a bed with bridge-to-particle
diameter ratio of 0.15 is the same of the reactor with a bridge-to-
particle diameter ratio of 0.45.

This analysis leads to an interaction of the bridge dimensions,
not only with the flow field, but also with the conversion. In fact,
the correct description on the flow field corresponds to a correct
description of the quiescent region near the contact points. Thus,
the correct characterization of these regions allows reducing the
effect of the error of catalytic area on the conversion.

In conclusion, this analysis leads to criteria for meshing packed
bed reactors. The selection of the bridge dimensions becomes
important for describing correctly all the phenomena occurring in
these devices and for reducing the numerical problems. Therefore,
we suggest that the minimum dimensions of the bridge can be
selected by considering the maximum skewness of the mesh. On
the contrary, the maximum dimensions can be chosen by ana-
lyzing the pressure drops. In fact, if the bridge dimension is small
enough to not influence the flow fields, also the system reactivity
can be correctly reproduced by this method of description of
contact points.
4. Conclusions

This study has provided a systematic investigation of the
treatment of the contact points for reactive CFD simulations of
gas–solid packed of spheres. We identified a meshing protocol,
which can be adopted to properly describe surface reactivity in
packed bed reactors. In particular, we extended the bridge method
to reacting simulations, which was previously selected as the most
suitable one for correctly describing pressure drops and heat
transfer in heterogeneous packed bed reactors. Our analysis of the
quality of the mesh shows that lower values of bridge-to-particle
diameter ratio result in an increased maximum skewness, which
leads to important convergence problem for the numerical solu-
tion and thus a determines a minimum value for bridge-to-particle
diameter required for the simulation. Moreover, the results
demonstrate that the conversion is not remarkably influenced by
the presence of the bridges for bridge-to-particle diameter ratio up
to a limit that is the same reported in the literature for a correct
description of the pressure drops. The reason of such an agree-
ment is related to the flow field in proximity of the contact points,
which turn out to be quiescent regions of the domain. As a result,
the local modification of the surface area due to the introduction
of the bridges does not substantially affect the overall reactivity.
Nomenclature

Dp: particle diameter [m]
Db: bridge diameter [m]
av: specific area [m�1]
AC: catalytic area [m2]
VR: empty reactor volume [m3]
Ns: number of spheres [dimensionless]
Vmesh: reactor volume estimated from the generated mesh [m3]
Amesh: catalytic area estimated from the generated mesh [m2]
u: velocity [m/s]
kC: kinetic constant [s�1]
G: mass flux [kg/s m2]

Greek letters

εSTLV : error on the volume of the STL file [%]
εSTLA : error on the surface area of the STL file [%]
εvoid: error on the void fraction [%]
εA: error on the catalytic area [%]
ω: mass fraction [dimensionless]
ΓA: diffusivity of species A [m2/s]
μ: mix viscosity [Pa s]



Dimensionless numbers

Re¼ GDp

μ : particle Reynold number

Da¼ kCDp

ΓA
:Damkholer number
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