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We propose an advanced design of catalyst supports based on Periodic Open Cellular Structures (POCS) with a
modified diamond unit cell. The diamond unit cell is modified by changing the angle between the struts and the
fluid direction, thus changing the fluid-solid interaction and consequently the gas-solid mass and momentum
transfer properties. Computational Fluid Dynamics is employed to fundamentally investigate the transport
phenomena, and to carry out a parametric investigation of the effects of the morphological properties (i.e., struts
angle, porosity and unit cell size). A drastic reduction of the friction factor (i.e., up to 50%) at moderate
reduction of the mass transfer coefficient (i.e., up to 30%) is observed in the modified configuration upon
progressively aligning the struts with the flow direction. This results in an overall improvement of the trade-off
between the two properties leading to superior overall performances compared to state-of-the-art structured
substrates. Unifying engineering correlations are then developed based on the numerical results for the evalu-
ation of mass transfer coefficients and friction factors of the POCS, describing the behaviour of both the con-

ventional and the modified cellular structure.

1. Introduction

Periodic Open Cellular Structures (POCS) or lattice materials were
introduced as a new generation of catalyst substrates in the chemical
reaction engineering community by Freund and co-workers about one
decade ago [1]. Since then, POCS are receiving significant attention as
innovative structured substrates for process intensification of catalytic
reactors [2-12]. POCS are constituted by a regular ensemble of unit
cells, with defined shape, filling the three-dimensional space in a peri-
odic arrangement and permeable to fluid flow in all directions. In
principle, the unit cell can assume any shape and is formed by an
interconnected solid matrix of ligaments or struts that define open
windows. The main advantage of such substrates is their reproducibility
through additive manufacturing (AM), which allows for their high
flexibility in design and fine tuning of the geometrical properties to
tailor the POCS to the specific application. Advanced AM technologies
enable to handle different materials that are required for substrates in
catalytic applications, e.g., metals such as steel and aluminium or
technical ceramics. Additionally, resin samples can also be
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manufactured with the scope of non-reactive experiments [10,13] or
reactive testing to evaluate fluid-solid transport properties [7]. Because
of these features, POCS substrates have been envisioned for a variety of
catalytic applications to overcome limitations associated with transport
phenomena. In this perspective, metal-based POCS are suited for ap-
plications with demanding heat management thanks to their enhanced
fluid-solid heat transfer [4,11,14,15] and effective conductivity [3,6,16]
resulting in more compact, intensified reactors [5,6]. Conversely,
ceramic-based POCS look attractive as a new generation of structured
substrates for environmental applications (e.g., exhaust aftertreatment),
where the reference supports employed are honeycomb monoliths
[17-19]. Environmental applications are typically characterized by fast
reactions that are severely limited by gas-solid mass transfer. Exhaust
aftertreatment systems require a low pressure drop to minimize addi-
tional costs related to pollutants processing or to avoid engine penalties.
Hence, POCS could successfully be applied as a replacement of the
honeycomb monolith to ensure superior gas-solid mass transfer perfor-
mance [14,17-19], and consequently higher abatement capacity. On the
other hand, this was so far observed to come along with a corresponding
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increment of the pressure drop [13,17].

So far, few POCS designs (e.g., diamond, cubic, tetrahedral, Kelvin,
octet-truss lattices) have been systematically investigated. The octet-
truss lattice was investigated to enhance the convective heat transfer
in compact heat exchangers [20-23]. Krishnan and co-workers experi-
mentally [20] and numerically [21] investigated the convection mech-
anism and the fluid dynamic behaviour of the octet. The Kelvin unit cell
has been extensively investigated, as often considered as an idealized
unit cell for open cell foams [24-27]. Lucci et al. [24] studied convective
mass transfer and pressure drop in Kelvin lattices and compared them
with those of foams. They observed that the two cellular materials
offered comparable geometrical properties, but higher fluid-solid mass
transfer coefficients were obtained in the case of the Kelvin lattice at
lower pressure drop than for the foam. Later, Sun et al. [25] confirmed
and extended such results also in the case of convective heat transfer.
Ferroni et al. [13,14] investigated the diamond and the Kelvin lattices
fluid-solid transport properties. The trade-off between mass transfer and
pressure drop was evaluated through the Merit Index, a dimensionless
trade-off index proposed by Giani et al. [28], showing that the diamond
lattice offers the best overall performance between the two. While such
cell offered a better transport coefficient than the state-of-the-art
structured honeycomb support [14], higher pressure drop was found
as well. Overall, a worse trade-off than the honeycomb was found,
hindering their adoption in environmental catalysis applications [13].

Nevertheless, the manipulation of POCS basic designs towards more
advanced shapes represents an interesting option for the intensification
of their performance. The approaches so far employed for advanced
designs can be classified into the following categories: optimization of
the lattice orientation with respect to the fluid flow [4,9,17]; generation
of new cell shapes based on the combination of basic geometries [8,10,
12]; optimization of solid distribution within the unit cell [3]. Consid-
ering the first approach, Papetti et al. [17] showed that gas-solid
transport properties of POCS are primarily function of the unit cell
shape. By changing the lattice orientation with respect to the fluid flow
direction, it is possible to increment the performance of a given unit cell.
For instance, the tilted-cubic unit cell was proven to offer superior
performance compared with the same shape aligned to the flow direc-
tion (i.e., 30% higher Merit Index). However, according to the results of
Ferroni et al. [13,14], the diamond lattice offers an even better perfor-
mance index than the tilted-cubic unit cell at same porosity equal to 0.9
(up to 0.4 vs. up to 0.3). Along the same lines, Dubil et al. [4] numeri-
cally investigated four configurations of the cubic unit cell (i.e., simple,
staggered, inclined and double inclined). The double inclined configu-
ration was proven to offer the highest gas-solid heat transfer coefficient,
in full agreement with Papetti et al. [17]. With reference to the second
approach, Freund and co-workers proposed advanced POCS solutions to
improve flow distribution in multi-phase reactor environments [8,10,
12]. They proposed a hybrid unit cell by combining the Kelvin and the
diamond shapes, the so-called DiaKel unit cell, for improving the liquid
distribution inside multiphase systems [10,12]. Later on, they proposed
the concept of interPOCS [8], i.e., two interpenetrating yet unconnected
and freestanding POCS. This geometrical arrangement allows for
changing the relative position of one structure in operando according to
the desired flow behaviour inside the catalytic reactor. Finally, a last
approach has been proposed, consisting of properly adjusting the solid
distribution within the unit cell [3]. In doing so, a POCS having different
window sizes, permeability and transport properties along different di-
rections is obtained. For instance, a cubic unit cell was considered by
Bracconi et al. [3] with different strut thickness in either the streamwise
or transverse coordinates. As a result, the effective conductivity in the
axial or radial direction can be tuned for improving processes with
demanding heat management. Such a concept of anisotropic POCS can
be transferred to the diamond lattice in view of the intensification of its
performance in mass-transfer limited catalytic reactors.

In this work, we envision a different advanced POCS design strategy
specifically for the intensification of catalytic reactors driven by a trade-
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off between the gas-solid heat and mass transfer and pressure drop, such
as encountered in environmental applications [13]. The diamond lattice
is modified by changing the angle between the struts and the fluid flow
direction. Accordingly, the unit cell can be stretched or shrunken along
the flow direction, modifying the fluid-solid interaction and conse-
quently the transport properties and friction factor. In doing so, an
anisotropic lattice is obtained, which enables to boost the diamond
lattice overall performance evaluated in terms of Merit Index [13]. The
fluid dynamic behaviour inside the modified diamond lattice is assessed
numerically through reactive Computational Fluid Dynamics
simulations.

2. Geometrical models

A modified diamond lattice is considered as an evolution of the
regular geometry [8,10,13,14]. Fig. 1 depicts the regular and the
modified lattice unit cells. To obtain the modified structure, the angle of
attack of the struts is modified, i.e., the angle o between the struts of the
unit cell and the fluid direction z (see Fig. 1), thus achieving a different
fluid-solid interaction. Notably, for the regular lattice a*p;, is equal to
arctan(\/ 2), 54.7°. Instead, for the modified lattice an o < 54.7° leads to
a stretched unit cell along the z direction as illustrated in Figure 1(b),
while an a > 54.7° leads to a shrunken one as shown in Figure 1(c). The
modified lattice is obtained by translating the nodes along the axial
direction z at constant strut length. In doing so, a rigid rotation of the
struts is obtained around their nodes. Hence, the cubic-shaped unit cell
which is circumscribed to the diamond unit cell (Figure 1(a)) having cell
size d. is deformed to a parallelepiped (Figure 1(b)-(c)).

As discussed in previous works [13,14], the regular diamond lattice
is fully defined by two independent geometrical parameters, e.g., the
porosity € and the cell size d.. Hence, for the modified diamond lattice,
the porosity € and the equivalent cell size d. defined as the size of the
regular diamond lattice featuring the same strut length (see Eq. (1)) are
employed in consistency with [13,14], and the parameter a is addi-
tionally introduced.

de = —I (€]

V3

The equivalent cell size is thus introduced to sketch out the effect of a
on the unit cell deformation by rigid rotation of the struts around the
nodes (see Fig. 1), also obtaining a translation of the nodes along the
streamwise direction. The two unit cell sizes d.,; and d.xy (see Figure 1
(b)-(c)) defining the unit cell size along the z and the x-y coordinates,
respectively, are related with the strut length l; and the equivalent cell
size d. by the following equations:

desy = 2V2-sin() 1, = \/gsin(a)dc 2

de, = 4-cos(a)-Iy = V3cos()-d, 3)

Detailed geometrical models are required for the systematic inves-
tigation of the transport properties of the modified diamond unit cell. In
particular, models for the prediction of the strut diameter dg and specific
surface area S, were developed and are reported in Table 1 (see Sup-
porting Information, Section S1 for further details).

The strut diameter and the specific surface area are discussed as a
function of the independent geometrical properties o and d.. The ds and
Sy are respectively linearly and inversely proportional to the cell size.
Therefore, the dimensionless quantities dsd. ! and S,d. are examined as
a function of the angle o in Fig. 2, while an analogous dependency on the
porosity as reported in [14] for the regular diamond lattice is found for
the modified lattice. Additionally, the volume shrinking factor of the
unit cell Viep1/Vpia, being Vpi, the volume of the regular lattice at the
same equivalent cell size d., is analysed.

Fig. 2(a) shows that, at constant cell size, the volume of the unit cell
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Fig. 1. Modified diamond lattice configurations. (a) Regular diamond unit cell whose o = 54.7°, modified unit cell (b) with a < 54.7° and (c) with « > 54.7° obtained

by re-orienting the struts along the working fluid direction z (marked in red).

Table 1
Geometrical model for the modified diamond lattice.
Porosity 2 7d® d. 0871 1.733
=17 373 Boos(@pin’ (@) (“§ a " tan(a) ~ sin(a))
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Vel (dashed line) is maximum for the regular diamond lattice (Figure 1
(a)). Consequently, at constant porosity, the strut diameter (solid black
line) is maximum for the regular diamond lattice. Because of this reason,
minimum surface area is offered by the regular geometry. It is worth
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noticing that for a—0° and a—90° the unit cell degenerates to a planar
geometry, therefore, a degenerated unit cell volume is obtained and
ds—0 and Sy—+o0. Remarkably, the discussed effects of Fig. 2 hold for
prescribed d., . Conversely, if we considered constant ds, almost a
constant S, would be obtained for all the structures at the different a.
Indeed, by combining the equations of the model (see Table 1), the
following relationship can be obtained:

1—¢
ds

Sy ~4

4

which is in agreement with our observations for the regular diamond cell
[13]. In this case, the volume of the unit cell is minimum for o = a*pj,
according to the following relationship:

80

Fig. 2. (a) dd: ! and Ve Vit (solid and dashed line, respectively) and (b) S,d. against the modified diamond lattice angle « at constant cell size d. and porosity & =

0.85. Red line: regular diamond lattice.
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In our previous work, a Hagen-Poiseuille-like equation was proposed
for the prediction of pressure drop in POCS [13], which is also hereby
adopted for the modified lattice configuration (see the following Section
3.2). The POCS virtual channel size is required for the modelling, cor-
responding to the size of the POCS windows projected along the
streamwise direction dy, 1. In the case of the regular diamond unit cell,
the d,,,r was geometrically determined equal to d./2-ds. In this work, to
account for the effect of the o on the restriction of the unit cell
cross-sectional area, the dy t is obtained after geometrical analysis re-
ported in Supporting Information, Section S2 and equals to:

dyr = V2lgsin(a) — d, = ?dc~sin(a) —d, (6)

Note that when a = a*p;,, the same expression as reported in [13] is
obtained for the regular diamond unit cell. Such a definition of the dy,
was confirmed by analysis of the streamlines of the flow crossing the unit
cell windows, as reported in Supporting Information, Section S2.

The geometrical properties of the samples employed for fundamental
investigation are reported in Supporting Information, Section S3.

3. Numerical methods
3.1. CFD modelling

The fundamental investigation of gas-solid mass transfer and pres-
sure drop in the modified diamond lattice is carried out through detailed
CFD simulations using the catalyticFOAM framework [29,30]. In
particular, reactive CFD simulations are coupled with the DAKOTA
numerical toolkit from Sandia [31], to exploit them as in-silico experi-
ments. Steady-state simulations are carried out to solve the
Navier-Stokes equations and the species mass balances. Since isothermal
conditions are always considered, the energy balance can be neglected.
The methodology was already employed and experimentally validated
for the investigation of open-cell foams [32,33] and POCS [13,14] and is
hereby briefly reported (full details in [13,14,32,33]). At the POCS
catalytic surface, the net production or consumption rates are assumed
to be equal to the local mass fluxes due to the species diffusion [29]. CO
oxidation in air is employed as a case study with CO as mass transfer
limited reactant and with a first order reaction in CO. An infinitely fast
heterogeneously catalysed reaction is assumed at the catalytic wall. To
do so, the kinetic constant is set to achieve a Damkohler number > 1000,
resulting in gas-solid mass transfer limitation of the test reactant CO. A
feed mixture of CO = 3 vol.-% in air at T = 293.15 K and an outlet
pressure of p = 1 bar is considered.

A second-order upwind scheme (linear upwind) and a pure second-
order scheme are employed for the discretization of the convective
and diffusive terms, respectively. The thermodynamic and transport
properties adopted for the analysis of the CFD data are evaluated
through the catalyticSMOKE [30] and OpenSMOKE++ [34] libraries.
The thermodynamic properties of the gas species are estimated using the
approach by Gordon and McBride [35] and are exploited to compute the
gas mixture properties using the Gibbs theorem. The transport proper-
ties are evaluated by means of standard kinetic theory expressions [36,
37].

POCS numerical domains are obtained by means of the snappy-
HexMesh in-built utility of the OpenFOAM framework [38]. Details on
the meshing and mesh convergence analysis are reported in [13,14]. In
this work, a mesh convergence analysis was carried out aiming at veri-
fying the adequacy of the mesh resolution for the fundamental investi-
gation of the modified diamond lattice behaviour, and the results are
reported in Supporting Information, Section S4. The modified diamond
lattice is investigated in fully developed flow and concentration regimes.
To do so, periodic boundary conditions are implemented for all relevant
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variables following the approach reported in [14], thus allowing to
neglect side effects as entrance and solid wall confinement effects. On
top of this, periodic boundary conditions allow to employ computational
domains consisting of only a few POCS unit cells [14]. In particular, the
POCS unit cell was identified as Representative Elementary Volume
(REV) of the lattice geometrical features and fluid dynamic behaviour
[13,14]. In this work, an REV analysis was carried out confirming this
outcome also in the case of the modified diamond lattice, and the results
are reported in Supporting Information, Section S4. Asymptotic condi-
tions are deemed to be representative of the catalytic reactor behaviour,
whose size is generally orders of magnitude larger than the size of the
POCS unit cell.

Steady-state simulations and transient simulations are employed
respectively for the prediction of the POCS fluid dynamic behaviour in
laminar and unsteady laminar regime, the former requiring around
200-300 cpu hours and the latter around 3000-5000 cpu hours on 96
processors. In this work, a total of 280 simulation runs were carried out.

3.2. Analysis of the transport coefficients

A conventional 1D, heterogeneous, isothermal, plug flow reactor
model in steady-state conditions is employed for the interpretation of
the gas-solid mass transfer simulation results [14,33,39-41]. Because
gas-solid mass transfer limited conditions are imposed, the CO mass
fraction at the solid surface is set to zero and only the fluid phase mass
balance is considered for CO:

da)co

= kpat*Syvp-@co ()

where u is the working fluid velocity, p is the fluid density, wco is the CO
mass fraction, z is the streamwise coordinate and kyat is the gas-solid
transport coefficient.

Following the hypotheses reported in [14,33] and introducing the
POCS strut diameter as characteristic length ds in consistency with [13,
14,32,33], it is thus possible to evaluate the Sherwood number, Shys:

_kvards  In(1 —Xco) udg

) SCO B SV'L @CO

Shy (3

where X¢o is the CO conversion, L is the domain length and D¢ is the
CO diffusivity in air. The cup-mix average mass fractions of CO at the
inlet and outlet of the domain from CFD simulations are employed to
compute Xco [14,33,42].

CFD simulations allow also for the evaluation of the friction factor. In
agreement with [13], it is defined as:

_dpd

=T ©

n

where @y is the friction factor with dg as characteristic length and Ap is
the pressure drop evaluated in CFD.

It is worth noticing that both the friction factor and the dimension-
less mass transfer coefficient are a function of the substrate geometry
and Re. The Merit Index (M.L.) by Giani et al. [28] is calculated to
evaluate the overall performances of substrates in terms of trade-off
between conversion and pressure drop under mass transfer controlled
conditions. The M.I. is a dimensionless trade-off index which weighs the
mass transport coefficient to the friction factor in the following form:

In(1 - X Lenar-Sy-Shienar
ML = n( - o) _ Lena Lcha 10)
u? ¢Lm, 'ReLchar -Se

where Ly is the characteristic length (ds in the case of POCS), Sc is the
Schmidt number and Re is the Reynolds number.
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4. Results
4.1. Appraisal of the modified diamond lattice overall performance

The modified diamond lattice is initially checked to verify the effect
of geometrical manipulation on the trade-off between gas-solid mass
transfer properties and pressure drop, aiming at defining an operation
window of a where an increment of the performance is found. As
demonstrated in [13,32], the M.I. is function of the POCS porosity and
the Reynolds number. A monotonic increase of the M.I. was found at
increasing porosity at constant Re [13], while a maximum M.L is ach-
ieved at around Re = 10. In the case of the modified diamond lattice, the
struts tilting angle a is additionally introduced as free parameter (see
Section 2). Hence, for the preliminary evaluation of the M.L, a fixed
porosity € = 0.9 is chosen, while the effects of Regqs and o are examined in
detail as illustrated in Fig. 3.

Fig. 3 shows that the M.I. increases by decreasing o, namely, for a
stretched lattice (see Fig. 1(b)) along the streamwise direction. The
state-of-the-art structured support, i.e., the honeycomb monolith, offers
a M.IL equal to 0.4 at the porosity/OFA of 0.85 [13,32]. In this
perspective, a wide operative window of a and Regys exists where a higher
M.L than for the honeycomb is obtained, i.e., for a<45°. Moreover, a
twice as high M.I. compared to the regular diamond lattice and the
honeycomb is obtained at a<20°. Notably, at decreasing o, the
maximum M.I is obtained at higher Regs than for the regular geometry.
For instance, a maximum M.I. = 0.8 is obtained at a = 20°, Regs = 20
against the maximum value of M.I. = 0.4 attainable for the regular
diamond lattice at Regs = 10.

The modified diamond lattice thus offers high potential for
increasing the trade-off index with a factor of up to 2 for a < a*pj,.
Hence, in the following Sections the modified lattice is further investi-
gated for a<a*pj, aiming at understanding the effect of such parameter
on the mass transport properties and on the friction factor.

4.2. Effect of the struts tilting angle

In this Section, the Sherwood number and the friction factor are
examined as a function of the struts’ angle of attack a. Moreover, the
effect of a on the flow regimes is analysed. To do so, samples of porosity
between 0.7 and 0.95, cell size between 1 mm and 8 mm and angle 12.5°
< o < a*pjy; were generated (Supporting Information, Table S1). The
effect of the angle o is examined for porosity ¢ = 0.9 and d, = 1 mm for 4

M.1.
120 08
100 0.7
L o6
80
™ 0.7 Los
0)0 4
g 60
404
20
10 :

o [’]

Fig. 3. Contour plot of the Merit Index of the modified diamond lattice as a
function of the angle o and the Reynolds number Reys at porosity € = 0.9. Black
lines: level curves, red line: regular diamond lattice, dashed line: reference
honeycomb M.I.
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< Regs < 200.

Fig. 4(a) shows the Sherwood number Shys against the Reynolds
number Reys at variable o. The Shyg increases with Reys for all the
considered geometries. In the case of the regular diamond lattice, a
dependency of Sh on Re%33 is obtained between 4 < Reg, < 32 (see Fig. 4
(a)), which is typical of flow around submerged objects in the laminar
regime [33,43-45]. At increasing Regs, a steeper increase of Shys is
observed, with a dependency of Shys to Red:* due to the onset of vortex
shedding for Regs > 32 [14]. Differently, in the case of a = 20°, a de-
pendency of Sh on Re®32 is observed up to Regs < 64, while an increment
of the exponent to Re3:>° is observed at higher Regs, which is, however,
still a lower value than the one of the regular cell.

Fig. 4(b) shows that Shys increases with o at constant Reynolds
number. This is ascribed to the fact that the struts are more aligned with
the fluid flow at low «, thus resulting in a lower fluid-solid interaction.
Longer and thinner struts are obtained by decreasing a (see Fig. 2(a)),
therefore, a greater contribution of the strut and a lower contribution of
the node to the overall surface area are obtained. On top of this, the
effect of a is more pronounced at increasing Re. At Regs = 8, a de-
pendency of Shys on %3 is obtained. Then, an increased dependency on
o is obtained at progressively increasing Regs, up to a dependency of Shyg
on o> at Regs = 200. Consequently, an interdependency of Shgs to
and Regs is obtained. This is ascribed to the fact that by decreasing « the
transitional Regs between the laminar and unsteady laminar regimes (i.e.
onset of vortex shedding) increases. Fig. 5(a) shows the streamlines of
the flow at Reqs = 64 for the regular diamond lattice. As reported in
previous works [13,14], the regular diamond lattice was found to show a
laminar regime for Regs < 32, while an unsteady laminar regime was
found at higher Regs. Conversely, the modified diamond lattice with @ =
20° shows a laminar regime even at such Regs as reported in Fig. 5(b).
Such behaviour is ascribed to the tilting of the strut with respect to the
fluid direction. Indeed, at lower « the struts are more aligned to the flow
direction and, consequently, they offer less resistance to the fluid flow.
In this view, reducing o results in a laminarization of the flow in the
lattice even at higher Re than in the regular lattice. Hence, the transition
between the regimes occurs at higher Reqs and a lower fluid-solid
interaction is thus achieved. This is reflected in the Shys (see Fig. 4),
as by decreasing a the dependency of Shgs on Reg‘s33 is preserved at
higher Regs (i.e., Regs < 32 in the case of a=a*p;j, and Regs < 64 in the
case of ®=20°), and a steeper slope is observed at higher Reys in the case
of the regular lattice.

Fig. 6 shows the friction factor ®q4s against Regys of the same struc-
tures. The @45 decreases with Regs for all the structures as typically
achieved by submerged objects in cross flow [20,44-48]. In particular, a
dependency of Re&sl can be observed at Regs < 32 while dependencies of
Regd* for the regular diamond and Rezd” for o = 20° are obtained at
higher Re. In analogy with Shy;, @45 decreases with a, and an interde-
pendency between Reys and o can be observed. For the regular diamond
lattice, the dependency of ®g4s on Regd is obtained for Regs < 32 in the
laminar regime. For the modified diamond lattice with a = 20°, the
dependency of @45 on Regs is conserved up to Regs < 64, where the
transition between the laminar and the unsteady laminar regime is
achieved. Notably, the ®q of the modified lattice decreases with o both
in the laminar regime (Regs < 64) and in the unsteady laminar regime. In
the first regime, this is ascribed to the longer and thinner struts obtained
at low o (see Fig. 2(a)), which results in a larger contribution of the strut
to the overall surface area and a lower contribution of the node. Thus,
the skin friction is mainly determined by the strut and a lower contri-
bution of the node skin friction is obtained. In the unsteady laminar
regime, the aligned struts of the modified diamond lattice offer less drag
to the fluid flow. In this view, both the viscous and inertial contributions
to the pressure drop decrease at decreasing o.

In conclusion, the decrease of « results in a decrease of the fluid-solid
interaction inside the modified diamond lattice which is reflected both
in Shqs (Fig. 4) and @45 (Fig. 6). This is obtained both in the laminar
regime (Regs < 64) and in the unsteady laminar regime. Overall, this
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Fig. 4. Sherwood number of the modified diamond lattice (a) against the Reynolds number at changing a and (b) against a at changing Regys for porosity € = 0.9.
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Fig. 5. Streamlines of the flow at Reyqs=64 (a) of the regular diamond lattice and (b) of the modified diamond lattice a = 20° (z, y streamwise and transverse
coordinates, u;/u interstitial velocity over the superficial velocity).

benefits the trade-off between them as proved in the preliminary anal-
€¢=0.9 ysis of Section 4.1.

1 0 T T
4.3. Effect of the cell size and porosity

The Sherwood number and the friction factor are examined as a
function of the porosity and cell size. To do so, the same samples of
Section 4.2 (i.e., 1 mm < d. < 8 mm, 0.7 < € < 0.95, 12.5° < a < a*pja)
3 are considered (Supporting Information, Table S1).

Fig. 7 shows (a) the Sherwood number and (b) the friction factor
plotted against the Reynolds number for the angle a = 20° and porosity
¢ = 0.9, analogous behaviour is observed for the other geometries. Fig. 7
shows that the Sherwood numbers and friction factors are independent
of the cell size as they overlap at each Re. In this view, the characteristic
length, i.e., the strut diameter d, is linearly dependant on the cell size at
0.001 J T constant porosity and angle (see Table 1). Hence, Shgs and ®q4s are
1 10 100 dimensionless quantities whose dependency on the cell size is indirectly

Rey [-] accounted for by their dependency on Regs. This was already observed

for the regular diamond lattice as well [13,14].
Fig. 6. Friction factor of the mo‘di‘ﬁed diamond lattice. as a function of the In our previous work, an empirical dependency of Shgs on e 15 was
Reynolds number and the struts tilting angle a for porosity € = 0.9. found for the regular diamond lattice [14]. Fig. 8(a) shows Shdsel's
against the Reynolds number for the modified lattice with a = 20°
(black) and a = 34° (red) at changing porosity 0.7 < € < 0.9. The de-
pendency of Shgs on ¢ 1° well reconciles the Shys data at different
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Fig. 7. (a) Sherwood number and (b) friction factor of the modified diamond lattice against the Reynolds number at changing cell size 1 < d. < 8 mm (x = 20°, ¢

=0.9).
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Fig. 8. (a) Sherwood number and (b) friction factor of the modified diamond lattice against the Reynolds number at changing porosity 0.7 < ¢ < 0.9.

porosity at each considered angle, in fact, CFD data points overlap
within + 3% at each Regqs and . Therefore, Shyqs decreases with the
porosity increase in agreement with regular POCS [14] and with same
functional dependency. Fig. 8(b) shows the friction factor against Regs
for the modified lattice with a = 20° In analogy to regular POCS [13],
®g4s decreases at increasing ¢, both in the laminar and unsteady laminar
regimes. At low Rey;, this is ascribed to the lower specific surface area,
resulting in lower skin friction. At high Regg, this is due to the thinner dg
which offer less drag.

5. Discussion
5.1. Mass transfer correlation

Section 4 revealed that the convection mechanism in the modified
diamond lattice depends on the flow conditions, the POCS porosity and
the struts’ tilting angle with respect to the fluid flow. Conversely, the cell
size is implicitly included by the functional dependency of the Sherwood
number on the Reynolds number considering the strut diameter as the
characteristic length. In particular, in the case of the porosity, an explicit
dependency of Shgs on ¢ ~1*° is on average found, in agreement with [14].
Instead, an interdependency on Reys and a was observed. A dependency
of Shys on Sc'/3 is assumed following the boundary layer theory [36].
The present fundamental investigation was carried out for Sc around 1.

In the operating conditions of interest, the diamond unit cell POCS
was found to offer two different flow regimes, namely a laminar regime
and an unsteady laminar regime (see Section 4), and the transitional
Regys between the two strictly depends on the geometry (i.e., on ). In
addition to these two regimes, two additional ones are generally iden-
tified, namely the asymptotic conditions of creeping viscous flow and
turbulent flow [49]. In this work, the effect of the flow conditions on the
dimensionless mass transfer coefficient of the modified diamond lattice
is thus modelled considering the two asymptotic contributions (i.e.,
related to creeping flow and turbulent flow) as proposed by Reichelt for
fibrous materials [50] and in consistency with our previous work for the
regular lattice [14] and for open-cell foams [33]. In particular, the
laminar regime is modelled by using a functional dependency of Shys on
Reéé 3, which is related to the creeping flow around submerged objects in
cross-flow and well captures the modified diamond lattice behaviour as
reported in Section 4.1, while the turbulent regime is modelled by using
a dependency of Shgs on Re38, which is proposed for submerged objects
in fully turbulent flow conditions [45,46]. In this view, the superposition
of the two asymptotes led to an empirical dependency of Shys on Regs
raised to a power of 0.40-0.45 depending on « in the unsteady laminar
regime (see Section 4.1), similar to a cylinder in cross flow [45] (i.e.,
Re%%? for 4 < Re < 40 and Re®*” for 40 < Re < 4000). Shgs exhibited an
interdependency between Regs-at (see Section 4.1). This was ascribed to
the fact that the fluid dynamics inside the modified diamond lattice
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drastically changes at changing o. In particular, the transitional Regs
between the laminar and unsteady laminar regime was observed to in-
crease at decreasing o. Accordingly, the dependency of Shys on Rel is
obtained at Regs < 32 for the regular diamond lattice and at Regs < 64 for
the modified configuration with low a. Therefore, the two asymptotic
contributions proportional to Reéée' and to Reg's8 provide a different
relative weight to the overall Shy, at changing o as a result of the change
of the unit cell shape. Therefore, the combination of the asymptotic
behaviour has to be properly weighted as a function of a. Hence, the
following functional form is introduced:

ShySc™!/? = 5’1'5~<A(a) ‘Re)* + B(a)~Reg'58) an

A and B are evaluated at each o angle from regression of CFD data.
The results are reported in Fig. 9. Notably, both A and B increase with a
in agreement with the fundamental investigation (see Section 4.1).
However, a steeper dependency of B on o than A can be observed,
consistent with the evidence that the transition between the flow re-
gimes is obtained at higher Regs on decreasing o.

An empirical dependency of A(«) and B(«) to a is proposed to account
for the effect of the shape on the two asymptotic terms. In doing so, they
are imposed to be equal to those of the regular diamond lattice for a =
a*pia, and a power law dependency is introduced to account for the ef-
fect of a:

Ala) = 1.029.( a > 12)
Dia

B(a) = 0.022- (ai> (13)
Dia

Fig. 9 shows the regression of A(a) and B(a) as a function of a to
evaluate m, n. The following engineering correlation is obtained:

0.3 1.9
Shy,Sc™V/? = 715, ( 1.029 <i> Rell> +0.022 (i) ~Re‘d’f> (14)

Apia Apia

which holds for 1 < Regs < 200, 0.7 <& <0.95,12.5 < a < 54.7° and Sc
around 1. Fig. 10(a) shows a parity plot comparing the model pre-
dictions and the CFD numerical data employed for the regression. A
good agreement is obtained with a Mean Absolute Percentage Error
(MAPE) equal to 3.9%. Based on previous results on open-cell foams and
POCS [14,33], the developed mass transfer correlation can be extended
to the estimation of gas-solid heat transfer coefficients following the
Chilton-Colburn analogy for Pr around 1.

Eq. (14) well describes the interdependency of Reys and a as observed
in Section 4.1. In particular, an empirical dependency of Shqs to a®> was
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Fig. 10. Parity plot comparing the Sherwood number obtained from CFD
simulations and the model prediction for the modified diamond lattice.

found in creeping flow (see Fig. 4(b)). Such a dependency progressively
increases with Regs up to a dependency of Shys to o%55 at Regs = 200.
This dependency results from the superposition of the two asymptotic
contributions ((x/(x*Dia)O'3 and (oc/oc”‘Dia)l'9 of Eq. (14).

5.2. Pressure drop correlation

The present work revealed that the modified diamond lattice friction
factor is a function of «, € and flow conditions (see Section 4). In analogy
with the mass transfer coefficient, the dependency of the friction factor
on the unit cell size is implicitly accounted for by its dependency on the
Reynolds number. Therefore, by considering the definition of the fric-
tion factor Eq. (9), the pressure drop can be described as:

2
% = ys pd% = g(e,a,d, p,u) (15)
where g is a generic function. To account for the effects of the fluid
properties, a Darcy-Forchheimer expression is considered, which is
generally employed for porous materials [51] and has been proposed by
our group in the context of open-cell foams [32] and POCS [13]:

A u  pu’
.ot

where K and I' are the Darcian and non-Darcian permeabilities,
respectively, and are only a function of the geometrical features of the

0.01+ ’ 1

B(a) [-]

0.0014 ¢ 1

0.2 04 06 08 1

ot/ot*Dia [-]

(b)

Fig. 9. Regression of the (a) A coefficient and (b) B coefficient of the Shys as a function of a.
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porous material. In this view, to account for the effects of the geometry
on the pressure drop a modified Hagen-Poiseuille equation is proposed
in agreement with [13]:

Ap , pu . pu?
D.
* 82 Clw.T

a7

L ed;, ¢

where d,, r is the tube diameter equivalent to the POCS window size
available for the fluid flow, namely, the available opening on the
streamwise direction (see Section 2), and C’, D’ are permeability
constants.

In the Poiseuille equation, the permeability constants C and D are
theoretical constants equal to 32 and 0.5 for ducts. In the case of the
regular diamond lattice, the permeability coefficients C’ and D’ of the
modified Poiseuille Eq. (17) were estimated as 9.89 and 0.25 [13] by
regression of numerical and experimental data. Such values are lower
than those of conventional tubes. This is ascribed to the fact that the
POCS do not offer a continuous solid surface, but rather they are inter-
preted as an ensemble of parallel ducts offering a discontinuous solid
surface which thus provides lower friction. In this work, the fluid dy-
namic behaviour of the modified diamond lattice was observed to
drastically change by changing o (see Section 4.1). In particular, the
transition between the laminar and unsteady laminar regime was ob-
tained at higher Regys for decreasing o, with a simultaneous reduction of
both the viscous and inertial term. Consequently, C’ and D’ of the
modified data are evaluated from regression of CFD data at each angle in
analogy to the transport coefficient (see Section 5.1). The result is re-
ported in Fig. 11. Notably, even lower values of C’ and D’ are obtained at
decreasing a in consistency with the observations of Section 4.1. Indeed,
both the viscous and inertial terms of the friction factor are observed to
decrease with « (see Fig. 6).

In analogy to the mass transfer analysis (see Section 5.1), an
empirical dependency of C’ and D’ to a is proposed to account for such
dependency of the two constants. To do so, the following aspect is
considered. After the rigid deformation of the regular diamond to the
modified diamond unit cell, the unit cell shrinks in the transverse co-
ordinate and elongates in the streamwise coordinate as reported in
Section 2. Therefore, straighter and thinner channels are obtained in the
modified diamond lattice when reducing a. The modified Poiseuille
model Eq. (15) already accounts for the effect of the channels thinning
through the POCS window d, . On the other hand, it does not account
for the effect of the straighter channels obtained in the modified unit
cell. For instance, Fig. 5 shows that straighter streamlines and thus flow
path is obtained at same Regs in the case of the modified diamond lattice
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with a = 20°. In this view, the length of the unit cell is given by Eq. (3)
and is a function of cos(a). Consequently, the effect of the channel length
is captured proportionally to cos(a). In doing so, C’ and D’ are imposed
equal to those of the regular diamond lattice for o = o*pj,, and a power-
law dependency is proposed:

C(a) = 9.89- (%O(Z)))p (18)
D(a) = 0.25- (%)q (19)

where p, q are evaluated through regression of the C’ and D’ as reported
in Fig. 11. Hence, the following final expression is obtained:

Ap cos(a) \ > yu cos(a) \ *° pu?
P _ggo( ) LKL L gas( ) (20)
L cos(apy,) edy, cos(agy,) dy 1

which holds for 1 < Regs <200, 0.7 <& <0.95,12.5 < a < 54.7°. Fig. 12
reports a parity plot comparing the model prediction against the CFD
data, where a MAPE = 11% is obtained.

5.3. Assessment of anisotropic POCS merit index

The modified diamond lattice performance is hereby compared to

108
€
©
L. 1054 1
c
S
©
©
S 10%+ 1
; +20%
2‘ +40%

3
10 MAPE = 11.0%
10° 10 10° 108

Ap/L Data [Pa-m™]

Fig. 12. Parity plot comparing the pressure drop data obtained from CFD
simulations and the model prediction for the modified diamond lattice.
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Fig. 11. Regression of the (a) C* coefficient and (b) D’ coefficient of the @4, as a function of «.



C. Ferroni et al.

state-of-the-art structured substrates for catalytic applications which are
severely affected by a trade-off between the gas-solid mass transfer and
the pressure drop, such as in environmental applications. An evaluation
of the modified diamond unit cell performance is carried out based on
the correlations derived in this work, aiming at determining its behav-
iour in realistic conditions. Honeycomb monoliths featuring ¢/OFA =
0.70 — 0.85 are considered as benchmark for a ceramic and metallic
honeycomb, respectively. Conversely, the modified diamond lattice
morphological parameters are properly adjusted to provide the best
performance.

Fig. 13 compares the overall performance of the modified diamond
lattice with that of the honeycomb monolith. In the case of the honey-
comb, laminar flow conditions are always obtained in the Re number
range of interest (Regy, < 2300), thus a constant Sh is obtained in all the
flow conditions, whereas the friction factor is inversely dependant on Re
[39,42]. Consequently, the M.I. is only a function of the porosity/OFA,
and a constant M.I. = 0.27 and 0.40 are obtained for OFA = 0.70 and
0.85, respectively. Conversely, the modified diamond lattice features an
increasing Sh with Re, and a linear-quadratic dependency of the pressure
drop on the flowrate. This results in a parabolic-like trend of the M.I. in
the semi-log plot of Fig. 13. At constant porosity (see Fig. 13(a)), the M.I.
increases at increasing « in consistency with the preliminary assessment
of the overall performance (see Section 4.1), due to the greater impact of
a on the reduction of the friction factor than of Sh. The modified dia-
mond lattice outperforms the honeycomb for « < 35° in a wide range of
operative conditions (5 < ReLChar(SvLchar)’1 < 300). The maximum of
the M.L is obtained at higher Regs for decreasing a. This is ascribed to the
increase of Regqs where the onset of the vortex shedding occurs (Section
4.2). Indeed, the maximum M.L is observed for the regular diamond
lattice at around Regs:(Syds) ™! = 20, whereas for the modified diamond
lattice with « = 20° at around Reds-(SVds)_1 = 50, namely at slightly
lower Reg;s of the transition between the regimes. When the transition is
reached, the vortex shedding phenomenon causes an increase in the
friction factor, which in turns results in a decrease of the M.I.. For the
modified diamond lattice at constant o = 20° (see Fig. 13(b)), the M.L is
observed to increase with the porosity in agreement with other cellular
substrates’ behaviour [13]. Still, a better performance than for the
metallic honeycomb can be observed for € > 0.75.

The analysis of the Merit Index allowed to compare the substrates’
overall performance. However, it provides limited quantitative infor-
mation related to the application of the innovative structured substrates.
For instance, standard POCS geometries were proven to be substantially
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affected by their pressure drop [13]. The reduced friction factor of the
hereby proposed geometry represents an enabling factor for such
structures in real applications. However, this is achieved with a
concomitant reduction of the mass transfer coefficient with respect to
the original geometry (see Section 4.1). On top of this, the change of the
diamond unit cell morphology as a function of « severely affects the strut
diameter (see Fig. 2), which is a crucial aspect for the substrate
manufacturing and reproducibility [52]. Therefore, an applied com-
parison of the performance is carried out in the following Section for
realistic substrate designs, aiming at fully defining the optimized POCS
behaviour.

6. Performance comparison between structured substrates

Realistic designs of substrates are quantitatively compared in terms
of transport coefficient and pressure drop. To do so, CO oxidation
diluted in air at 573 K and 1 bar is considered as mass-transfer limited
reaction which may realistically occur in an aftertreatment system.
Isothermal and steady-state conditions are assumed with a uniform
concentration of reactants, thus the performance of the catalytic sup-
ports is evaluated using a 1D heterogeneous PFR model (see Section
3.2). In doing so, the performance is evaluated under idealized condi-
tions, neglecting any side effects such as entrance effects, reactants
maldistribution and reactor solid wall effects.

A state-of-the-art honeycomb monolith (900 CPSI, 2.5 mils) is
considered as benchmark. Modified diamond lattices featuring a
porosity of ¢ = 0.9 are considered to maximize the M.I. with a low
pressure drop. Notably, POCS are currently fabricated by additive
manufacturing (3D printing). While in aftertreatment systems ceramic
supports are mainly employed, 3D printing can be performed for a wide
variety of materials (e.g., resins, ceramics, metals) by virtue of the
numerous techniques available (e.g., SLA, SLS, SLM) [53-55]. In this
view, the modified unit cell POCS is expected not to pose additional
problems in manufacturing compared to the conventional shapes,
indeed, only the strut diameter is considered as the manufacturing limit
being the POCS feature with minimum size. Hence, a minimum strut
diameter of ds = 200 pm is assumed to comply with the current
manufacturing limit [53-55], however, 3D printing is rapidly pro-
gressing and thus details with smaller size may likely become feasible in
the forthcoming years.

The geometrical properties of the considered substrates are listed in
Table 2. As discussed in Section 2, the modified diamond lattices provide

o =20°
1.0 : :
---¢=0.75
---£=0.80
084 --¢=085 T .
----- €=0.90 -
E 0.6- ",(,,' /4/4,4’ - \,\.\. ‘.\‘ i
= HCOFA 085 -~ ~~v_\
0.4 : S
HC OFA 0.70] .-~ RN
0.2- - o
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ReLchar'(l-chars )-1

(b)

Fig. 13. Merit Index of the modified diamond lattice (a) as a function of « at constant porosity € = 0.85 and (b) as a function of the porosity at constant o = 20° HC:
honeycomb monolith with open frontal area OFA = 0.85 (solid line) and 0.7 (dotted line).

10



C. Ferroni et al.

Table 2

Geometrical properties of the compared substrates.
Sample d. or dehannel eorOFA[-] S, Lchar

[mm] [m] [mm]

Diamond a = 20° 2.592 0.90 1869 0.200
Diamond o = 35° 1.649 0.90 1833 0.200
Diamond a = 45° 1.436 0.90 1830 0.200
Regular Diamond 1.376 0.90 1843 0.200
Honeycomb 900/ 0.847 0.85 4355 0.781

2.5

almost constant specific surface area independent of a, whereas the cell
size increases by decreasing a.

Fig. 14 shows the mass transfer limited conversion of CO at tem-
perature T = 573 K and working fluid velocity (a) u = 5m/s and (b) u =
15 m/s. In all conditions, the diamond lattice offers a larger transport
coefficient than the honeycomb resulting in up to 20% higher conver-
sion at u = 5 m/s and up to 30% higher conversion at 15 m/s. The
transport coefficient decreases at decreasing « (e.g., foru =15m/s, k, =
1960 and 2850 s~! for a = 20° and a*p;,, respectively), resulting in up to
10% difference in conversion between the regular geometry and the
modified configuration with a = 20° in full external mass transfer con-
trol. On the other hand, the regular diamond lattice shows a 2-fold and
5-fold higher pressure drop than the honeycomb in the two considered
conditions (see Table 3). The pressure drop drastically reduces at
decreasing o. For instance, in the case of a = 20°—35° even a lower
pressure drop than for the honeycomb is achieved at u = 5 m/s, and a
comparable pressure drop at u = 15 m/s.

An additional analysis can be performed by keeping the constraint on
the porosity and considering different strut sizes. In particular, Fig. 15(a)
shows a contour plot reporting the volumetric mass transfer coefficient
ky (colours) and the pressure drop per unit length Ap/L (solid black
lines) as a function of ds and a at porosity e = 0.9 and velocity u = 15m/s
(i.e., at the conditions of Fig. 14(b)). Both the mass transfer coefficient
and the pressure drop increase at increasing o, as an effect of the
enhanced fluid-solid interaction as reported in Section 4.2, and at
decreasing ds due to the higher specific surface area S,. Compared to the
honeycomb, offering k, = 1030 s~* and 24 kPa-m~, the regular dia-
mond lattice ensures a better transport coefficient for ds < 350 pm while
lower values of dg are necessary at lower a to overcome the ky of the
honeycomb (e.g., ds < 300 pm for o = 20°). An a < 50° is necessary to
obtain a lower pressure drop than for the honeycomb, however, an even
lower « is required to achieve a lower pressure drop with a concomitant
higher ky. In this view, a Pareto plot (Fig. 15(b)) is extracted from all the
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conditions of Fig. 15(a) to provide the highest possible transfer coeffi-
cient ky at a given value of pressure drop. The honeycomb (HC) Ap/L
and ky are reported for reference as solid black lines. Accordingly, four
quadrants are obtained from the reference lines. (i) On the bottom left,
structures providing lower pressure drop and transport coefficient than
the honeycomb are obtained. (ii) On the bottom right, structures
providing poorer transport coefficient and higher pressure drop are
found. (iii) On the top right, structures having better transport coeffi-
cient at the expense of a higher pressure drop are obtained. (iv) Finally,
on the top left better transport coefficient and lower pressure drop are
obtained, representing the most desirable condition. Hence, the Pareto
plot (full symbols) reports the highest possible ky against the pressure
drop, and such a condition is achieved for o around 17° for all the strut
diameters considered, while the strut diameter (empty red symbols) is
tuned by manipulating the unit cell size. The Pareto plot intersects the
HC reference lines in the quadrants i, iii, iv, accordingly, different per-
formances can be obtained. In particular, the modified diamond lattice
may provide up to a 2-fold increase in the mass transfer coefficient at the
same pressure drop as for the honeycomb, or a reduction in the pressure
drop with the same mass transfer performance, in agreement with the
Merit Index (Fig. 13). Notably, from a manufacturing perspective a
feasible range of 200 < d < 500 pm is obtained for Ap/L < 20 kPa-m_.
Instead, to obtain higher Ap/L (i.e., higher ky) up to a dg = 150 pm is
required. Thus, the constraint of d; > 200 pm would require a lower
angle of attack a, higher cell size d. or lower porosity €. Even so, it
should be kept in mind that additive manufacturing rapidly developed
and advanced throughout the last decade, and further improvement is
expected in the next years, which may lead to a higher resolution in the
production of objects’ minimum features.

In conclusion, the analyses of Figs. 14 and 15 were carried out under
idealized conditions (i.e., steady-state isothermal system with uniform
concentration of CO), where the best performance of the honeycomb is
usually obtained. Hence, the analyses reveal the high potential of the

Table 3
Pressure drop of the compared substrates at the conditions of Fig. 14.

Sample Ap/Latu=5m/s[Pam ']  Ap/Latu=15m/s [Pa-m']
Diamond a = 20° 4800 23500
Diamond a = 35° 6500 35000
Diamond « = 45° 9400 55000
Regular Diamond 16200 106000
Honeycomb 900/ 7800 23500
2.5
100 T T
751
=
8 50+ E
X
——HC 900/2.5
25 ---a=20" |
- a=35°
—-—— = 45°
------ Opig = 54.7°
0 T T T
0.00 0.25 0.50 0.75 1.00
L/u [ms]

(b)

Fig. 14. Mass transfer limited CO conversion of the standard honeycomb monolith 900/2.5 and of the modified diamond lattice at changing a and constant porosity
e = 0.9 and dy = 200 pm. CO oxidation in air at T = 573 K, (a) u = 5 m/s and (b) u = 15 m/s.
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Fig. 15. (a) Contour plot of the mass transfer coefficient ky (colours) and the pressure drop (solid black lines) as a function of d; and @ at € = 0.9 and u = 15 m/s. Solid
red line: dg limit of manufacturing. (b) Pareto plot of k, against the pressure drop (full symbols) and corresponding ds (empty symbols).

modified diamond unit cell POCS for process intensification. Other as-
pects such as flow and reactant concentration distribution inside the
reactor will be considered in follow-up works. In this view, the open-cell
structure of the POCS may offer further improvements.

7. Summary and conclusions

In this work, we propose a novel approach for the intensification of
mass-transfer limited catalytic reactors by optimization of the trade-off
between interphase gas-solid mass transfer and pressure drop in Periodic
Open Cellular Structures, based on non-isotropic unit cells. This work
reveals that the manipulation of the cell shape leading to non-isotropic
geometries offers high potential for intensification.

The diamond lattice, which was proven in earlier works to offer the
best trade-off between gas-solid mass transfer and pressure drop, was
manipulated to modify the fluid-solid interaction in view of further
boosting such a trade-off. In doing so, the angle between the struts and
the fluid flow direction was modified, obtaining an advanced geometry
with anisotropic permeability along the streamwise and transverse co-
ordinates. As a preliminary analysis, the overall performance of the
POCS were directly evaluated through CFD simulations in terms of the
Merit Index. A two-fold increase of this trade-off index could be ach-
ieved, highlighting the benefit of the advanced POCS design. According
to such analysis, the improvement of the trade-off was observed by
decreasing the angle between the struts and the flow direction, thus
obtaining a stretched unit cell along the streamwise direction and
shrunken in the transverse directions. The fundamental investigation
was thus carried out for such configurations. In particular, the effects of
the working fluid flowrate, the angle of attack « of the struts and the
POCS porosity and cell size on the transport properties (Sherwood
number, Shys) and friction factor ®4s were examined. The angle o was
found to mostly influence the fluid dynamics inside the lattice.
Depending on the fluid flowrate, two flow regimes were observed,
namely, a laminar regime and an unsteady laminar regime. By reducing
a, the threshold for the transition between the two regimes was observed
to increase from a Reynolds number around 32 in the case of the regular
geometry up to 64 at the lowest a. An interdependency of Shgs and ®g;
on a and the Reynolds number was found. In agreement with previous
work on the standard POCS shape, the effect of the cell size on Shys and
@45 was found to be implicitly accounted for by their dependency on the
Reynolds number, while they decreased at the increasing support
porosity. In particular, an average dependency of Shys on the porosity

¢~ 15 was identified in agreement with previous findings for the regular
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lattice.

After fundamental investigations, simplified models were proposed
to predict the dimensionless transport coefficient and friction factor as a
function of the flow conditions, substrate porosity and strut tilting angle.
The derived correlations were employed to compare the modified dia-
mond lattice performance with the state-of-the-art structured substrate,
i.e., the honeycomb monolith. Significantly better overall performance
is provided by the modified diamond lattice. Up to a two-fold higher
mass transfer coefficient compared to the honeycomb was observed at
same pressure drop. In conclusion, the analysis highlights the high po-
tential in the application of modified POCS as enhanced structured
substrates for process intensification.
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