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ARTICLE INFO ABSTRACT

Keywords: Open-cell foams as structured catalyst supports are promising candidates for the design of high throughput
Open-cell foams catalytic processes. In this contribution, we employ a coupled numerical and experimental approach to assess the
Virtual reconstruction pressure losses in foams. Large discrepancies between experimental results and predictions by empirical/ana-
CFD

lytical correlations are present in the literature, mainly due to the structural differences between adopted models
and real foams. To exclude such structural differences, we explore virtually-generated foam models and their 3D
printed replicas for a combined CFD and experimental study of fluid dynamics in foams. In particular, we focus
our analysis on the low Reynolds number regime (Re < 50), where deviations between the existing correlation
and experimental data are more pronounced. We find a very good agreement between CFD simulations and
experimental measurements in evaluating the pressure drop of gas flows across foams. The effect of porosity, cell
sizes and strut shape are studied, leading to the derivation of an engineering correlation for the pressure drop in
open-cell foams. Subsequently, the derived correlation is used to evaluate the trade-off between the external
transport rate and the pressure drop, which is a pivotal aspect in most environmental catalytic processes: results
show that open-cell foams can outperform honeycomb monoliths in the range of low Reynolds numbers.
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Nomenclature

Latin letters

D, external diameter [m]

D; internal diameter [m]

H sample height [m]

m mass [kg]

Lear characteristic length [m]
u velocity [m/s]

AP pressure drops [Pa/m]

K Darcian permeability

L Length [m]

S, specific surface area [m~!]
A viscous coefficient

B inertial coefficient

Ay Ergun viscous coefficient
B'P,J Ergun inertial coefficient
dp sphere diameter [m]

ds,aug average strut diameter [m]
d, cell diameter [m]

A foam viscous coefficient
B foam inertial coefficient
Greek letters

ey hydraulic void fraction [-]

er total void fraction [-]
0 density [kg/m>]
u fluid viscosity [Pas]
r non-Darcian permeability
Subscripts
foam related to the foam
strut related to the strut material
solid related to the foam solid material
EtOH ethanol
cylinder related to the cylinder
sample  related to the foam sample
skin related to the external skin
Superscripts
air air
EtOH ethanol
Dimensionless numbers
uds

Reg, 4 = PUlsag Reynolds number

' u

1. Introduction

Open-cell foams are considered attractive structured catalyst sup-
ports for the intensification of catalytic processes limited by the ex-
ternal transport, such as automotive after-treatment systems [1], and
environmental/chemical catalysis applications like partial oxidations
[2], catalytic oxidation of methane [3], CO and methanol [4,5], me-
thanol-to-propylene (MTP) reactions [6-8]. In addition, the improved
mass transfer of foams also enables their applications in the context of
chemical separations [9] and liquid phase reactions [10]. They are
reticulated interconnected solid matrices, in which repeated open-cells
are composed of solid struts and permeable open windows. Open-cell
foams possess large surface area to volume ratio (or specific surface
area, e.g 2000m™ '), promoting high mass and heat gas-to-solid
transfer rates [11], and large void fractions (> 70%), resulting in low
pressure drops [11]. In this view, open-cell foams are acknowledged as
a promising solution for processes limited by the external mass trans-
port where the reduced pressure drop are pivotal for the optimal op-
eration of the system [11].

The pressure drops in open-cell foams have been well researched on
an experimental standpoint based on two different approaches. On one
hand, the experimental data have been modeled according to the hy-
pothesis that the foam structure behaves like an ensemble of submerged
object in cross flow. Giani et al. [11] performed an experimental in-
vestigation of pressure drops in different metallic foams with high
porosity (> 92% and 10-40 pore per inch) and proposed a correlation
in analogy to tube banks. Gancarczyk et al. [12] tried to correlate the
pressure drops using a friction factor evaluated for the flow around the
strut. The authors identified the flow around spheres with the size of
node diameters as a good estimate for the pressure drops in open cell
foams without reporting a theoretical explanation of this result. On the
other hand, several authors tried to correlate pressure drops data by
means of a Ergun-like equation [13-20]. Many characteristic lengths
have been proposed (e.g. pore diameter, strut diameter and hydraulic
diameter) and different numerical coefficients for viscous and inertial
term as well. Despite this, the adequacy of the correlation is usually
confined to a narrow range of geometrical properties or flow regimes,

without obtaining an overall description of the different structures.
Moreover, the choice of characteristic length introduces peculiar de-
pendencies of the inertial and viscous coefficients on the morphological
properties of foams usually based on empirical assumptions rather than
on theoretical derivations. Among these correlations, the ones proposed
by Dietrich et al. [18] and Inayat et al. [19] have been validated against
the widest set of available literature data and are considered the most
adequate estimates for pressure drops in open cell foams. In particular,
Inayat et al. [19] developed a theoretically grounded model for the
prediction of pressure drops in open cell foams accounting for the effect
of the different morphological properties of foams assuming the hy-
draulic diameter as characteristic length and proposing a dependence of
the Ergun coefficient from the tortuosity.

Pressure drops in open-cell foams have also been investigated by
means of numerical simulations based on Computational Fluid
Dynamics (CFD), which has been proven as a powerful tool for the
estimation of pressure drops in porous media, exemplified by relevant
simulation works using idealized unit cells [21,22], tomographic re-
constructed foam models [23] and virtually generated foam models
[24,25]. The simulations carried out on ordered arrays of unit cells
have been demonstrated to be unrepresentative of the real behavior due
to the lack of randomness characteristic of these structure [26].

In spite of the extensive research conducted for proposing pressure
drops correlations in foams, severe deviations between empirical/ana-
lytical correlations and experimental data up to = 100% are present, as
highlighted by Edouard et al. [16]. In particular, the description of the
low Reynolds regime shows the largest deviations between experi-
mental data and model predictions, as recently pointed out by Kumar
and Topin in their review on the state-of-the-art of pressure drop cor-
relations [27]. The pressure drop in the low Reynolds regime, which
shows the most favorable tradeoff between external mass transfer and
pressure drops [11], is usually underestimated by the state-of-the-art
correlations [19].

The deviations between the experimental data and the predictions
of the correlations can be ascribed to the discrepancies between the
idealized/simplified models and the real structures. Open-cell foams
possess a complex and stochastic structure which can hardly be
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adequately described by repetitive arrays of simple and ordered unit
cells. Moreover, the existing literature correlations are usually derived
at high Reynolds number and, hence, the predictions at low flow rates
are usually an extrapolation of data obtained in different operating
conditions, making them inaccurate for the description of the low Re
region. Thus, we carried out a detailed investigation of the low Re re-
gime in order to extend the current correlations, which are relatively
accurate in the high Re range [19]. To achieve this purpose, in this
contribution we exploit structures generated according to a virtual re-
construction procedure [25] to exclude the effect of uncertainties in the
description of the foam geometry, being the virtual samples totally and
accurately defined and characterized, and to investigate the interac-
tions between foams and fluid flow. The virtual reconstruction has been
proved to show analogous overall geometrical properties, i.e. specific
surface area, porosity, and the same flow behavior of the real foam
structures [25]. Thus, the reconstruction is able to provide virtual foam
samples which can be employed for the accurate investigation of the
momentum transfer in these structures. The procedure enables a two-
fold investigation of open-cell foams. On one hand, the virtual foams
can be numerically analyzed using CFD, providing a deep insight into
the flow field established in open-cell foams and allowing for the esti-
mation of the pressure gradient along the structure. On the other hand,
the additive manufacturing (i.e. 3D printing) generates real samples
(resin as the base material) based on the virtually reconstructed models
(with the identical characteristics defined by the virtual models), en-
abling the direct experimental validation of the CFD simulated results.
The significance of this approach lies in the removal of the uncertainties
between the numerical simulations and the experiments, thus filling the
gap between the theoretical model and the real samples.

In this work, we propose an original approach for the combined
numerical/experimental investigation of the transport property using
the identical virtual reconstructed and additive manufactured foams to
understand the effect of the geometrical properties of porosity, cell size
and strut shape on the pressure drop in open-cell foams. This approach
enables us to derive an Ergun-like correlation for the accurate de-
scription of the pressure drops across foams (with the assumption of the
average strut size as characteristic length), which correctly accounts for
their effects. As a whole, the conclusions of this work improve the
current state-of-the-art extending the accuracy of pressure drop corre-
lations also to the low Reynolds regime.

2. Methods and models
2.1. Virtual foam reconstruction

Computational fluid dynamics (CFD) simulations are carried out on
a virtual reconstruction of open-cell foams previously proposed, which
fully retains the geometrical and fluid-dynamic properties of open-cell
foams [25]. The reconstruction procedure relies on a few pieces of
easily-accessible geometrical information, e.g. cell diameter, strut cross-
sectional shape and porosity. The foam skeletal structure is generated
by means of a Voronoi-tessellation which partitions the tridimensional
space around an ensemble of points, generating a space-filling collec-
tion of polyhedrons with no space or gaps and is acknowledged as a
suitable guess for the foam skeleton [28]. The initial seeds required by
the algorithm are obtained by means of a random packing of spheres
with the required cell diameter. The exact description of the strut and
node geometry is crucial to accurately describe the complex foam mi-
crostructure. Thus, dedicated models for the description of the struts
and nodes are proposed [29]. Three different porosities are considered
to investigate the effect on the pressure drop and three different cell
sizes with dimensions compatible with the resolution of the 3D printing
(> 200 um) are selected as well.

A parabolic profile is assumed for the variation of the strut diameter
along the ligaments axis. Different shapes of the strut cross-sectional,
ie circular or triangular, are accounted by changing the ligament
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Table 1
Geometrical features of the virtually-generated open-cell foams exploited for
CFD numerical simulations and 3D printing.

Foam sample d. [mm] e [-] S, [m™1] d; avg [mm]
A* 3.00 0.70 985 0.85
B* 4.00 0.70 738 1.13
c* 5.00 0.70 591 1.41
D* 3.00 0.80 935 0.62
E* 4.00 0.80 701 0.82
F 5.00 0.80 561 1.03
G* 3.00 0.90 763 0.38
H* 4.00 0.90 572 0.50
I 5.00 0.90 458 0.63
Jb 4.00 0.90 722 0.66

@ Strut with circular cross-sections.
> Strut with triangular cross-sections.

shape. Dedicated node geometry has been proposed to properly account
for the region where the struts join. The virtually generated foams show
a good agreement with experimental measurements for both the geo-
metrical property and pressure drop. More details on the procedure can
be found elsewhere [25].

Ten foam structures with the variation in the cell size, porosity and
strut shape have been generated. The geometrical properties of the
foam structures are reported in Table 1. The effect of the strut cross-
sectional shape has been analyzed by comparing virtual samples gen-
erated using the same porosity and cell size but different ligament
shape. The structures are generated as disks of 25.8 mm of diameter and
20 mm length, dimensions compatible with the 3D printer. Moreover,
an external surface with a thickness of 0.5 mm is added to improve the
quality of the printed samples in terms of structural integrity. The CAD
models are shown in Fig. 1.

2.2. Computational domains for CFD simulation

The computational domain for CFD simulation is generated from the
surface file resulting from the foam reconstruction procedure, by means
of the snappyHexMesh utility of the OpenFOAM framework [30]. This
utility starts from a uniform background mesh, then refines the region
of the computational domain around the surface using the cut-cell
method, and finally projects the mesh vertices on the surface. Thus, a
body-fitted mesh being able to catch all the details of the original
geometry is obtained. The computational domain consists of a quarter
of the foam disk, whose diameter and length are equal to 26.8 and
20.0 mm, respectively. Thus, the performance of the system can be
predicted by the simulation of a single layer of the stack. A quarter of
the disk is simulated due to the symmetry of the system. The foam
geometrical property is evaluated on the quarter and compared to that
of the full disk to assess the quality of the approximation. A negligible
difference in the porosity and specific surface area is obtained since the
variations are below 0.5% and 2%, respectively. An analogous ap-
proach has been successfully used by Razza et al. [31] in the context of
conjugate heat transfer in open-cell foams. Symmetry boundary con-
ditions are imposed in the coordinate transversal to the fluid flow for all
variables. No slip and Neumann boundary conditions are imposed on
the surface of the foam and on the tube wall for the velocity field and
pressure, respectively. Atmospheric pressure is imposed at the outlet
boundary, while a Neumann boundary condition for the inlet is con-
sidered. To mimic the behavior of the stack of foam disks, cyclic
boundary conditions are imposed for velocity in the stream-wise di-
rection, according to the procedure reported by Bracconi et al. [25].

Mesh convergence analysis has been carried out to obtain a solution
independent from the computational domain. Several background me-
shes have been tested with three levels of refinement around to the
foam surface. A dense mesh around the surface is required to properly
describe the momentum gradients around the surface and the surface
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deep) = 3 mm

dcell =4 mm

dcell = 5mm

Fig. 1. Virtually-generated models with different porosities (0.7, 0.8, 0.9), different cell sizes (3 mm, 4 mm, 5 mm) and circular struts.

friction. An influence of the mesh on the target quantity, i.e. pressure
drop, below 2% is reached with a ratio between the cell diameter and
grid size of the background mesh equal to 20. The mesh is carefully
generated to obtain high-quality grids with low non-orthogonality and
skewness values. The simulation is performed with simpleFoam, a nu-
merical solver of the OpenFOAM framework [30], developed for in-
compressible laminar and turbulent flows. Ambient air at 298 K (den-
sity = 1.18 kgm~3; dynamic viscosity = 1.86 X 10~ °Pas) is used as
working fluid. The simulations are carried out using a laminar model,
according to literature results [32], as well as to our previous findings
[25]. A second order scheme (linear upwind) is adopted for the con-
vective terms, whereas a second-order scheme is used for the Laplacian
terms.

2.3. Additive manufacturing (3D printing) of foam replica

The foam samples are generated by means of stereolithography
(SLA) [33], an additive manufacturing technique being able to produce
solid models in a layer by layer fashion using photopolymerization.
Stereolithography is a common Vat Polymerisation technique, one of
the seven American Section of the International Association for Testing
Materials (ASTM) categories of additive manufacturing. In this work,
we employ the Formlabs Form 2 printer to build the samples in an off-
the-shelf proprietary Clear (RS-F2-GPCL-02) acrylic resin. The printer is
set to work with the high level of resolution for the layer thickness
(25 pm), introducing a constraint on the minimum dimension of struts
since the ligaments should be > 3 layers to enable an accurate manu-
facturing of the elements.

Fig. 2 shows the example of 3D printed foam samples which consist
of both the internal foam and the external skin. The external skin has
been proved to strongly improve the structural integrity of the printed
samples, particularly for foams with small cell sizes and strut diameters
(d. < 4mm), which require the presence of the external skin to avoid
structural collapse during the printing. Additionally, the external skin
also ensures a tight fit of the samples in the test reactor, avoiding the

possible wall effect.
2.4. Experimental rig

The pressure drop across the 3D printed samples is measured for
velocities in the range of 0.1-1 ms™'. The foam bed with four equal
samples is used in each test to ensure an adequate pressure loss to be
measured. A specially designed aluminum tube (ID = 26.6 mm) is used
for the measurement, as shown in Fig. 3. The additively manufactured
samples are polished with sandpaper and then wrapped with Teflon
tape to avoid wall effect. Two spacers are loaded on both ends of the
reactor to ensure the precise positioning and tight contact between
foams. Two pressure ports are introduced (as shown in Fig. 3) to enable
the measurement of the pressure located respectively 4 cm before and
after the foam bed. Additional pressure drops induced by the setup are
expected to be negligible.

Fig. 2. Examples of 3D printed samples for the foam with the cell size of ca.
4 mm and porosity of 0.8.
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Fig. 3. Experimental reactor along with the foam bed consisting of a stack of
four foams.

Pressure drop is measured with a differential manometer TM 265-1
(Techmark) with the range of 0-100Pa (sensibility = 0.01 Pa,
precision = 0.1 Pa). To avoid over-pressurizing the lines, the exit of the
reactor is open to the ambient. The gas flow rate was regulated with a
mass-flow controller (Brooks 5851 with a precision of + 0.04 standard
liter per minute (SLM)). The mass-flow controller is calibrated with a
bubble flow meter and then operated in the range 2-30 SLM.

2.5. Gravimetric analysis

The additive manufactured foams are characterized to assess the
consistency of their geometrical properties in reference to the virtual
foams. In particular, the analysis is focused on the hydraulic porosity,
i.e. the porosity accessible to the fluid flow, which is an important
parameter in the description of the transport property. The porosity of
open cellular structures is commonly described by the total porosity &r
and hydraulic porosity ey [34], defined as

o=1— pfoam

Psolid (1)
& = 1_pfaam

Pstrut (2)

where 0, Py DA pyq are the foam density, strut density and
density of the solid material, respectively.

The two porosities may differ due to the eventual presence of inner
cavities in the struts. The foam density is estimated by dividing the
weight of the foam by its total measured volume. Since the printed
foams have an external skin, the density is evaluated as:
m]gc:l;m_vskinpszru[

P foam —

Vsample_Vskin (3)
_ T2 p2
Vitin = 4 (De Dl )H 4
Y
Vsample = 4De H (5)

where m@"  is the mass of the foam weighted in air, Viample is the overall
sample volume, Vy, is the mass of the external skin, D, and D; are the
external and internal diameter of the sample, respectively, and H is the
length of the sample. The arithmetic average values of the diameter and
height were measured with a Vernier caliper at different axial and ra-
dial positions of the additive manufactured foams.

The density of the strut is evaluated using a standard pycnometry
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method, according to Eq (6), based on the measurement of the buoy-
ancy of the samples in ethanol (using the Sartorius YDK 01 density
determination kit in reference to a printed full cylinder of the strut
material).

air
P _ MyiinderPeion
strut —  “air __FtOH
mcylinder_mcylindcr (6)

where mé},‘}ﬁndw is the mass of cylinder in air, mc’ﬁ%ﬂ is the mass of cy-

linder in ethanol and oy, is the density of ethanol. As expected, the 3D
printer generates material without internal voids since the strut density
is equal to the solid density. Thus, measurement of the total and hy-
draulic porosity returns the same value (i.e. & = gg=¢).

2.6. Scanning electron microscopy (SEM) and micro-computed tomography
(uCT)

SEM and pCT characterization are performed in order to compare
the additive manufactured replica with the CAD model. SEM analysis of
the 3D printed samples is performed using a FEI Quanta 200 ESEM
machine in high voltage mode (8 kV) with a magnification of 60 X to
assess the surface morphology. UCT scans are performed using a Nikon
XTEK XTH 225KkV cabinet system. The sample is placed on a rotating
holder irradiated by a cone beam of the X-ray source generated by a
tungsten target with an accelerating voltage of 60 kV. X-ray images are
recorded for a set of 3601 equally spaced rotational positions using a
flat panel detector (3192 X 2296) and an acquisition time of 1s.
Sample E (see Table 1) has been scanned with a voxel size of 14 um per
pixel which is a good tradeoff between the accuracy and computational
cost and enables the scan of each strut with > 50 voxels in the trans-
versal direction. A set of raw 3D images has been postprocessed using
Avizo 9.4 software to generate a tri-dimensional structure of the
scanned sample. In doing so, each voxel is assigned to the fluid or solid
phase by selecting a threshold grey value. Once each voxel is assigned,
it is possible to extract the 3D reconstruction of the structure. The re-
constructed virtual slices have a voxel size of 14 X 14 X 14 um?>,

2.7. Pressure drops modeling

The pressure gradient across the foam can be expressed as a function
of the geometrical and fluid properties and the fluid velocity (Eq. (7)).

AP

T =f(Lcar, & u,p, ,u) @)

where L., is a characteristic length, ¢ is the porosity, u is the superficial
velocity, p is the gas density, u is the gas viscosity and L is the foam
length. The modeling of pressure drop was carried out with the aim to
derive a correlation of the pressure gradient in relation to the fluid
velocity and geometrical parameters. In this view, the most common
modeling approach follows the Darcy-Forchheimer equation (Eq. (8)),
which has been extensively used in the literature to describe the pres-
sure drops of packed beds, as well as porous media.

AP _ g P

T Tkt ®)
where K and I' are the Darcian and non-Darcian permeabilities, re-
spectively. These parameters are a function of the geometrical char-
acteristics of the packing. Ergun and Orning [35] proposed a theoretical
interpretation of the permeability in the context of packings made of
spherical pellets, resulting in the Ergun equation, the state-of-the-art
correlation for the evaluation of the pressure drop in packed beds. In
particular, the Kozeny assumption [36] was applied, assuming that the
granular bed is equivalent to an ensemble of parallel, equally sized
channels. Therefore, the total internal surface and the free internal
volume of the packing are equal to the total packing surface and to the
void volume, respectively, of the packed bed. Under these assumptions,
the pressure gradient in granular media assumes the expression as in
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Eq. (9),

AP s? S

— = A—>uu + B=pu?

L el K e P (C)]

where S, is the specific surface area of the packing; and A and B are the
Ergun constants for viscous and inertial terms.

By introducing the pellet diameter d,, Eq. (9) appears in the most
common form (S, ,; = 6(1—¢)/dp) of Eq. (10).

AP - (1-¢)? :
T T 4phT 53 Hu + pr
L dye

p€ (10)
The viscous and inertial coefficients were recovered from a regres-
sion on a broad set of experimental data and the values are 150 and
1.75, respectively. Macdonald et al. [37] estimated the coefficients on
the basis of additional datasets and proposed 180 and 1.8 for the con-
stants A and B. However, the empirical nature of the Ergun’s coeffi-
cients hinders the direct application of the correlation to foam-like
structures due to the evident difference between the porosity and other
structural properties of foams and packed beds. Thus, dedicated nu-
merical and experimental tests are carried out to obtain an Ergun-like
equation applicable to foam structures.

3. Results and discussion
3.1. Geometrical characterization of the virtual and 3D printed foams

The comparison between the hydraulic porosity of the virtual (CAD)
and 3D printed foams is shown in Fig. 4. The solid fraction of 3D printed
samples is higher than that of CAD counterparts, with deviations < 5%.
This is in line with the relevant findings on the periodic ordered cellular
structures generated by additive manufacturing [38].

Based on the visual inspection, the additional material seems to be
present close to the external skin of the 3D printed samples. This is due
to the printing procedure, in which the samples were dipped in the
resin, causing the additional resin trapped due to the capillary effects.
The deviation is related to the porosity, i.e. the smaller the porosity, the
larger the deviation, because a large number of struts in low porosity
resin foams (which intersect the external skin and reduce the perme-
ability) increase the amount of resin trapped close to the skin. To
confirm this hypothesis, a uCT scan of Sample E was performed. The CT
reconstruction of the virtual sample is presented in Fig. 5(a). The por-
osity of the CT reconstruction is evaluated by removing the external
wall to compare the result with the experimental measurements by
pycnometry. A good agreement was observed with deviations < 1%
(ie. uCT 0.785 vs. experimental 0.791), proving the adequacy of the
threshold value. A direct comparison between a CAD file and a pCT
reconstruction of the printed foam was carried out. In doing so, the CAD
file (grey model) was superimposed on the puCT reconstruction (yellow
model) to highlight the presence of deviations between the two sur-
faces. The internal region of the two shows insignificant deviations.
Moreover, the local structure of the foam is accurately reproduced in
the printed replica, confirmed by the absence of pore clogging or local
irregulates. However, the region of the uCT sample near the external
wall presents an accumulation of the solid material as shown in
Fig. 5(b). The region at the bottom presents residuals from the SLA
process which form an additional layer of solid material, as shown by
the predominant yellow color. This analysis demonstrates that the de-
viation between the porosity of the CAD file and the one of the printed
samples are confined in a layer close to the external wall. Hence, we
assume that the deviation in porosity between the CAD file of the vir-
tual reconstruction and the printed sample is insignificant in the com-
parative study of pressure drop of this work.

The morphology of a printed foam is investigated by SEM to analyze
the presence of superficial irregularities or roughness. As depicted in
Fig. 5(c and d), the printed foam manufactured by SLA shows a smooth
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surface without surface roughness. The manufacturing process consists
of a layer-by-layer solidification of resin which is evident by SEM.
However, the scale of layers is relatively smaller than that of the strut
diameter, suggesting the insignificant deviation between the CAD
model and the printed counterpart. Therefore, additional drag (and
hence the pressure drop) is unlikely by the printed samples in experi-
ments. In this view, numerical simulations are carried out using the
CAD model without any modifications since they represented the real
samples appropriately.

3.2. Effect of the cell size on the pressure drop

The effect of the cell size on the pressure drop is assessed by both
CFD simulations of air flow through virtual foams and experimental
measurements using 3D printed foams (Samples D, E and F in Table 1),
in which the porosity (0.8) and strut shape (with circular cross-sections)
of foams are kept constant. Fig. 6 shows the pressure drop as a function
of the flow velocity, exhibiting its increasing trend with a decrease in
the cell size at a constant porosity. This can be explained by the var-
iation in the surface area to volume ratio of the samples, which is in-
versely proportional to the cell size, i.e. the smaller the cell size, the
higher the surface area, and hence the higher the friction drag. Within
the range low Reynolds number (< 50), the experimental data show a
good agreement (average deviations of 8% with the maximum devia-
tion of 12%) with the numerical simulations in this study as shown in
Fig. 6(b). Conversely, in the literature [16,27], the deviations between
the correlations and experimental data are usually large (> 50%).

3.3. Effect of the porosity on the pressure drop

The dependence of the pressure drop on the porosity of foams
(Samples B, E and H) was investigated in the void fraction of 0.7-0.9,
covering the typical porosity values of open-cell foams. The synthetic
procedure to generate the structure allows for employing the same foam
skeleton reaching the required porosity by changing the node and strut
size. The cell size has been fixed as 4.0 mm and struts with the circular
cross-section have been considered in the procedure, enabling the study
of the sole effect of foam porosity on the pressure drop. The simulation
results are presented in Fig. 7a, showing that, as expected, the pressure
drop (i) is inversely proportional to the porosity and (ii) directly pro-
portional to the fluid velocity (at 0-4 ms™?, according to the typical
Darcy-Forchheimer behavior). In the range of 10 < Re < 280
(Fig. 7b), the relevant experimental data are superimposed to the
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Fig. 4. Experimentally measured hydraulic porosity of 3D printed foams
against the hydraulic porosity evaluated on the virtual foams.
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(c)

(d)

Fig. 5. uCT scan of an SLA printed Sample E (a) along with the comparison between the CAD (grey) and the tomographic reconstruction (yellow) of the region close
to external wall (b). SEM micrographs of morphological details of an SLA printed foam (c and d). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 6. Pressure drop as a function of the empty tube velocity for three different cell diameters (3 mm - solid line, 4 mm - dashed line, 5mm - dotted line) and
constant porosity of 0.8: (a) CFD simulations for velocity in the range of 0—4ms~! (full symbols) and (b) comparison with experimental data (open symbols) of

0-1ms™ L

numerical simulation, showing capability of the numerical method to
describe the complex interaction between the fluid flow and foams.

3.4. Effect of the strut shape on the pressure drop

Two foam samples (Samples H and J in Table 1) with equal porosity
and cell size, but different strut geometries (including the nodes), i.e.
circular and triangular cross-sections, were investigated both
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Fig. 7. Pressure drop as a function of the empty tube velocity for three different porosities (0.9 - solid line, 0.8 — dashed line, 0.7 — dotted line) and constant cell size
equal to 4 mm: (a) CFD results for velocities in the range of 0-4 ms~! (full symbols) and (b) comparison with experimental data (open symbols) in the range of
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experimentally and numerically to show the shape effect on the pres-
sure drop (Fig. 8). The two foams were generated with the same initial
seed of the Voronoi tessellation, the same porosity (0.9) and cell size
(4 mm). CFD simulation of air flow through the two foams (Fig. 7)
shows that the foam with the triangular struts causes the higher pres-
sure drops of 15-20%, especially at high empty tube velocities (i.e. >
1.5ms™ 1), than the one with circular struts. This phenomenon can be
mainly related to the difference in their large surface area to volume
ratios, S, (Table 1). The foam with the triangular struts presents a
higher S, than the counterpart with circular struts, leading to a higher
drag coefficient. This finding emphasizes that the shape of struts in
open-cell foams should be carefully accounted for the proper descrip-
tion of the pressure drop.

3.5. Revised pressure drop correlations for open-cell foams

We propose an Ergun-like equation for describing the pressure drop
across the open-cell foam bed. By considering the Kozeny assumption
[36] valid, also in the context of foams, Eq. (9) in its general form is still
valid. Thus, the problem is related to the definition of (i) the model
being able to evaluate the specific surface area and (ii) the character-
istic length of foam packings. We tackled the first issue by adopting a
fully-theoretically grounded geometrical model for the description of
the geometrical property of open-cell foams which has been recently
proposed by our group [29]. In terms of the characteristic length of
foams, the hydraulic diameter [19,39], pore diameter [21] and cell
diameter [32] were proposed for pressure drop correlations. In this
work, we proposed the average strut diameter [40] as the characteristic
length, which is evaluated according to the geometrical model proposed
by Ambrosetti et al. [29].

As shown in Fig. 9, the specific surface area correlates well to the
term of solid fraction and average strut size, which is the average dia-
meter for circular struts and the average side length of the triangle for
triangular cross-sectional shape, respectively. A quasi-linear relation-
ship is obtained and deviations < 2% from a straight line were ob-
served at the relatively low porosity (¢ < 0.75). The relationship be-
tween the characteristic length and the specific surface area shows a
functional form similar to the well-known relationship for packed beds.
The proportionality coefficient assumes a value which is around 2.86
for circular struts and 4.85 for triangular struts, which are lower than
the values for packed beds.

The specific surface area can be written in the form of Eq. (11).

(1-¢)

S, =k
ds g (11)

where k is the proportionality constant (2.85 and 4.86 for circular and
triangular strut, respectively).

Thus, the pressure drop across the open-cell foam can be estimated
according to Eq. (12).

AP 1—¢)? 1-
= = (2 5)3/xu + p =8 6)3,0142
L ds,ang d:,ang (12)

Eq. (12) can be conveniently rewritten in a dimensionless form as:

APdSay _ (=0 | p(1—0)

Re
Luu e N 13)
where the Reynolds number is defined as:
Reds avg = puds"“’g
' M a9

Fig. 10 presents the dimensionless pressure drop (Eq. (13)) as a
function of the Reynolds number, showing generally a linear trend.
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Fig. 8. Pressure drop as a function of the empty tube velocity for circular (solid
line) and triangular (dashed line) for a foam with d. = 4 mm and porosity equal
to 0.9.
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Interestingly, the slope of linear fits changes according to the porosity
of the foam. Moreover, the adoption of the average strut diameter is
sufficient to account for the different cell sizes without requiring ad-
ditional parameters. Thus, the A and B parameters of the Ergun-type
equation mainly depend on the porosity.

According to Eq. (12), the pressure loss through foams consists of
the viscous and inertial term, which are all functions of the porosity, i.e.
the viscous energy losso(l1—¢)?/e3 and the inertial energy
loss o (1—¢)/¢3. Based on the data in Fig. 10, the Ergun constants (4 and
B) as function of (1—¢)?/e3 and (1—¢)/e%, respectively, are plotted in
Fig. 11, showing the decreasing trend of A and B by increasing the
porosity (¢) leading to lower pressure drops.

The numerical and experimental tests revealed that the viscous and
inertial coefficients show the same functional dependence with respect
to the porosity as the one theoretically proposed by Ergun for packed
bed reactor [41].

The circular or triangular cross section of the strut influences the
fluid flow around the foam solid matrix, resulting in higher pressure
drop for the latter at the same fluid superficial velocity, as shown in
Section 3.4. By a careful examination of the dimensionless pressure
drop as the function of Re (Fig. 12), it highlights that two sets of
coefficients should be considered for the proper description of the effect
of strut shapes in correlations of Eq. (13), as already proposed by Inayat
et al. [19].

It is worth emphasizing that the different strut-cross sectional
shapes are accounted by the constants A' and B' without losing the
functional dependence from pore densities and porosities.

Based on the simulation and experimental data from this study, the
viscous and inertial constants (A" and B') of Eq. (12) are extracted by
the regression analysis, as shown in Table 2. The constants for the
foams with circular struts were estimated based on the data set of 102
(72 from the numerical simulations and 30 from the experimental
tests). For the foams with triangular struts, the constants were derived
from the one of circular struts, by considering the relationship between
the specific surface area and average strut diameter for circular and
triangular struts, because only one foam sample with triangular struts
has been investigated. This approach was considered as meaningful
because a quasi-linear relationship between the specific surface area
and the solid fraction divided by the average strut diameter is valid for
both strut shapes, according to the geometrical model by Ambrosetti
et al. [29] (Fig. 9).

Fig. 13 shows a parity plot where the predictions by the correlation
of Eq. (12) are compared to the CFD simulated and experimental
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Fig. 11. Dependence of (a) the viscous and (b) inertial coeffects with respect to the void fraction.
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Table 2

Viscous and inertial constants for the
proposed pressure drop correlation of
open-cell foams.

Aéirc 92

B;irc 071
A[‘n’ang 266
B;riang 1.20

results, showing a good agreement with deviations < 15%. Fig. 13(b)
focuses the comparison in the low Reynolds number region
(Reg,ag < 50), where the accuracy of the state-of-the-art correlations
is generally poor. In particular, the existing correlations usually un-
derestimate the pressure drops to a different extent in this region. For
instance, the correlation by Inayat et al. [19] usually predicts pressure
losses 15% lower than the experimental and simulation data. Analogous
results have been observed by employing the correlations by Huu et al.
[20], Dietrich et al. [18] and Giani et al. [11]. Based on this work, our
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Fig. 14. Parity plot comparing the experimental and theoretical (by Eq. (12))
pressure drop for foams (a) with circular strut [39,42] and (b) triangular strut
[11,15,22].

correlation shows a better performance in predicting the pressure drop
accurately for the region ofRey oy < 50, complementing the work by
Inayat et al. [19] (which shows the good prediction of the pressure drop
of foam atReg 4, > 50). This is particularly important because the
tradeoff between the pressure drop and mass transfer for foams is ex-
pected to be more favorable than that of honeycombs in the region
ofReg,qg < 50.

In order to further validate the proposed pressure drop correlation,
the comparison is extended to experimental data with foams having
circular and triangular struts, which also cover a wide range of porosity
(0.74-0.95) and cell size (0.625-6.9 mm), as well as difference in
working fluids and measuring conditions [11,15,22,39,42].

Fig. 14 shows the parity plot comparing the available experimental
data [11,15,22,39,42] against the theoretical pressure drop predicted
by the proposed correlations. In general, a good agreement between the
experimental and theoretical data is confirmed under the flow rate
studied with deviations of + 15%, especially for foams with circular
struts, whose constants were extracted on the basis of a large amount of
data generated by this work. A slight underestimation by the correla-
tion is found for some foams with triangular struts at relatively high
flow rates [11], as shown in Fig. 14b, where the correlation under-
predicts the pressure drop values at most by 30%. This can be also
ascribed to the very high porosity of these foams whose struts cross-
sectional shape can be even triangular concave with sharp edges
leading to increased pressure drops [19].

3.6. Tradeoff between mass transfer and pressure drop in foams

Open-cell foams are considered promising for catalytic processes
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Fig. 13. Parity plot comparing the pressure drops from CFD simulations and experiments with the model predictions (a) and detailed comparison of the data by this
work (full symbols) against the literature data (Inayat et al. [19] — empty square, Dietrich et al. [18] — empty diamond, Huu et al. [20] — empty upward triangle, Giani

et al. [11] - downward triangle) at Redwvg < 50 (b).

10



M. Bracconi et al.

limited by external mass transfer, such as in emission control systems
for automotive and environmental applications. For emission control,
reactors should usually comply with very severe constraints on the
pressure drop since the engine performances are strongly affected by
the pressure gradient in the exhaust system. In this regard, although the
external mass transfer rate can be improved by open-cell foam, their
relatively high pressure drop with respect to conventional honeycombs
may hinder their adoption as the commercial solution. Thus, the mass
transport and pressure drop properties of structured supports (e.g.
honeycomb monoliths and open-cell foams) have to be assessed to-
gether for their specific target applications. In this view, Giani et al.
[11] proposed a dimensionless merit index, as in Eq. (15), which ratios
the mass transport to the pressure loss to quantify the tradeoff between
these two pivotal properties.

_~In(-y)
NI (15)
where y is the reactant conversion in the mass-transfer limited reactor
evaluated using the mass transfer coefficient estimated with the cor-
relation proposed in [40].

The merit index compares the external mass transfer properties in
terms of conversion with the dimensionless pressure drop. Thus, the
higher is the index, the better are the performances of the support.
From the preliminary analysis [11], the low Reynolds number region is
where the performances of open-cell foams are more promising than
monoliths due to the quadratic increase of the pressure drop in foams
with the velocity, which penalizes their merit index at high flow rates.
Therefore, the proposed pressure drop correlation in the low Reynolds
region is of great importance covering the most favorable conditions for
the catalytic applications of open-cell foams.

Based on the pressure drop correlation proposed in this work and on
the mass transfer correlation by Bracconi et al. [40], we compare the
merit index of open-cell foams with honeycomb monoliths, as shown in
Fig. 15. In this comparison, typical conditions of an after-treatment
device were used for the evaluation of the relevant transport properties
simulating the CO combustion in air at 573K and 1 bar. Classical lit-
erature expressions have been adopted for honeycomb monoliths with
square cells [43] without accounting for the inlet effects for both
pressure drop and mass transfer. The merit index of square-celled
monoliths assumes constant values which depend only on the porosity.
Conversely, the merit index of foams shows a maximum over the region
of Re studied. The position and the value of the maximum depends on
the porosity of the foam considered. The maximum assumes lower va-
lues and moves to higher Reynolds number on decreasing the porosity.
The performance of open-cell foams with circular struts can overcome

that of honeycomb monoliths by ca. 15%, in the range of
0.6 T T T
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1 < Reg,qy < 10, if the high porosity (ie. € ~ 0.95) can be applied to
open-cell foams. This suggests that, in order to efficiently employ foams
(with circular struts) as catalyst supports, the foam reactor should be
operated within windows with low Reynolds numbers, where the tra-
deoff is maximum. For foams with triangular struts, clearly, the rela-
tively high pressure drops (which cannot be compensated by the im-
proved mass transfer rate) jeopardize the merit index, leading to the
more unsatisfactory performance than monoliths.

4. Conclusions

We have performed a comprehensive analysis of pressure drops in
open-cell foams using a combined numerical (CFD)/experimental
method, which is based on virtual reconstruction and additive manu-
facturing. We demonstrated that this approach rules out all geometrical
uncertainties between CAD and real models, leading to a very good
agreement between the simulation and experimental data.

The systematic investigation of fluid flow in open-cell foams is
carried out, revealing the effect of the geometrical properties such as
cell size, porosity and strut shape on the pressure drop and leading to a
deeper understanding of the interaction between the fluid flow and the
structure. An increase of either the cell diameter or the void fraction
reduces the pressure losses across the supports. Moreover, it is found
that the average strut size is the key parameter affecting the pressure
drop of gas flow through foams, as it enables to account for the effects
of porosity and cell size.

Based on these findings, we proposed and validated a specific en-
gineering Ergun-like correlation with the consideration of the cross-
sectional shape of foam struts, which has shown a satisfactory agree-
ment with the data from this work and from the literature (with de-
viations usually below < 15%). Two distinct sets of coefficients are
proposed. Values equal to 92 and 0.71 are found for the viscous and
inertial constants for circular struts. On the other hand, triangular struts
require a viscous and inertial coefficient equal to 266 and 1.20, re-
spectively. The proposed correlation enabled the accurate evaluation of
the tradeoff between the external mass transfer and pressure loss,
showing that open-cell foams (with circular struts) can advantageously
replace the conventional honeycomb monoliths in continuous-flow
catalytic applications with Re < 20.

Most importantly, this work has demonstrated the new concept of
combining virtual reconstruction with additive manufacturing to ef-
fectively (i) close the gap between theoretical models and real struc-
tures, and (ii) promote the numerical/experimental investigation of
structured engineering materials in view of their rational design and
application.
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Fig. 15. Comparison of merit index for (a) foams with circular struts and (b) foams with triangular struts.
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