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ABSTRACT

With knowledge of only a few effective properties of a porous structure, the applicability of the structure
for a given system can quickly be determined. This study numerically simulates the effective thermal
conductivity, permeability, and stiffness of high porosity structures. Commonly used isotropic architected
porous structures are compared with commercially available stochastic metal foams. The architected
structures include body-centered cubic (BCC) lattice, shell-based triply periodic minimal surface
(TPMS), and hybrid foam (HF) composed of beam and shell with multiple adjustable parameters. The sim-
ulated effective properties touch on the applicability in heat transfer, fluid flow, and mechanically stress-
ful situations. The dimensionless effective properties of the structures are presented in graphical form to
clearly illustrate structurally dependent properties. Compared to the stochastic metal foams, the archi-
tected structures (BCC, TPMS, and most HF) showed higher effective thermal conductivities and perme-
abilities. This indicates a potential to improve the efficiency of a thermal or fluid flow system by replacing
the stochastic foam with architected foam. Additionally, the HF structure shows broad tunability of speci-
fic properties. All effective properties simulated were rendered dimensionless to only reflect the impact
of topology, and plotted in charts to show trends. These charts can aid in the selection of porous struc-
tures in diverse applications.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The study and use of porous structures are spread widely
throughout many industries and can be found in scientific fields
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Nomenclature

b leading coefficient

c specific heat

1st order coefficient

G 2nd order coefficient

porosity dependent coefficient
diameter

base size of the unit cell

Young’s modulus

deformation gradient tensor
macroscopic displacement gradient tensor
thermal conductivity
dimensionless thermal conductivity
permeability

dimensionless permeability
pressure

perforation factor

heat flux

displacement

dimensionless slope of thermal conductivity
temperature

time

velocity

HHO

o
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x position

Subscripts

Al aluminum

eff effective

f fluid

para parallel configuration of materials
S solid

ser series configuration of materials
Greek

o exponential coefficient

B inertia coefficient

£ strain

0 binder angle

u dynamic viscosity

\J Poisson’s ratio

p density

V] sphericity

1) porosity

that range from geology [1-4] to biomedical engineering [5-9].
These porous structures utilize their high porosity and light weight
to provide effective properties that are advantageous for a given
application, such as, but not limited to thermal insulation, thermal
dissipation, cushioning, and energy absorption. These effective
properties vary, depending on the type of porous structure, so
the selection of the porous structure type is paramount for maxi-
mizing the effectiveness of a system.

Conventionally, stochastic metal foams have been intensively
used and studied due to a strong demand for lightweight materials
[10]. Extensive studies of stochastic metal foams have investigated
their suitability for thermal and mechanical applications. In one
study, the heat dissipation capability of stochastic metal foams
was investigated experimentally and numerically; it was shown
that heat transfer in copper foams is more sensitive to cell size
than relative density [11]. Moreover, the same study developed a
numerical model for forced convection across open-celled metal
foams to predict how changing different parameters would change
the heat transfer [11]. In another study to analyze the effect of geo-
metric parameters, researchers derived an empirical formula for
the effective thermal conductivity of stochastic aluminum foam
from systematic numerical simulations with different pore sizes
and porosities [12]. Although this study analyzed the effect of geo-
metric parameters, the limited ability to control those parameters
in stochastic foams has largely hindered their further development.

In contrast to stochastic foams, architected materials (AM) have
the advantage of highly regular and controllable geometries. The
geometric features of such structures can be tailored for a specific
application or optimized for permeability, effective thermal con-
ductivity, stiffness, and mechanical strength [13]. These advan-
tages, along with advances in additive manufacturing techniques,
point toward AM structures replacing the stochastic in future
implementations.

Many architected material structures exist, including the
lattice-based simple-cubic (SC), body-centered-cubic (BCC), and
face-centered-cubic (FCC) cellular structures. The lattice-based
structures provide better interconnected and regular structures
that are directly controllable in their manufacture. Another set of

porous media structures currently being explored [14-21] is the
triply periodic minimal surface (TPMS) structure. A TPMS is a nat-
urally occurring surface shape that is periodic in three dimensions
with zero mean curvature and minimal surface area between any
set of given boundaries [14,15]. These surfaces can be completely
defined by mathematical equations and can be offset to describe
structures of a given characteristic solid phase thickness. Recent
advances in additive manufacturing have allowed these complex
structures to be fabricated and studied to explore their potentially
advantageous properties [16].

Wang et al. [17] compared the effective thermal and mechanical
properties of stochastic commercial aluminum foams with those of
a TPMS structure, and found that the TPMS structure had 103%
higher thermal conductivity as well as 488% higher stiffness [17].
Qureshi et al. [18] incorporated phase change material (PCM)
within TPMS structures and conventional metal-foam-based ther-
mal management systems. The study focused on the benefits in
conduction-only cases and cases with both natural convection
and conduction. In both thermal situations, the TPMS structures
performed better than the conventional metal foam [18,19]. Vig-
noles and coauthors simulated several TPMS structures, consider-
ing conduction and radiative heat transfer effects using a hybrid
random walk numerical method [20,22]. Vignoles showed that
for applications of TPMS in which radiative heat transfer can occur,
overall heat transfer can be significantly affected due to the large
surface area of the TPMS.

The hybrid foam (HF) structure, designed by Jiang et al. [23],
was selected for this study due to its geometric flexibility, allowing
for property optimization. A previous study of the effective
mechanical properties of HF proved that the structure can exhibit
an increase in its stiffness by an order of magnitude, while increas-
ing its relative density by only 5% [23]. Whereas the other archi-
tected structures examined in this study have only two
parameters to vary (scale and porosity via thickness), the HF design
has two additional parameters that can increase the range of prop-
erties achievable.

This study reports pore-scale simulations of the strut-based BCC
lattice, HF, and sheet-based TPMS structures to reveal accurate
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effective thermal conductivity, permeability, and mechanical stiff-
ness trends among different structure types. The properties are
rendered dimensionless to define the intrinsic geometric proper-
ties of the structures, regardless of material type, porosity, or size.

2. Models
2.1. Geometric models

Three types of porous structures were defined via a 3D CAD tool
and tested in this study: lattice-based structures with BCC symme-
try, shell-based TPMS structure, and HF composed of beam and
shell. As will become evident, the BCC lattice structures were cre-
ated using simple cylindrical rods in the BCC unit cell structure lay-
out. The only alterable aspect of this structure is the rod diameter,
which was adjusted to achieve the desired relative density. The
TPMS structures are based on surfaces defined by mathematical
equations. The surfaces defined are then offset by a certain dis-
tance to provide room for a solid phase to reside between the sur-
faces. The thickness offset is the only adjustable parameter of each
of the TPMS structures, which directly controls the given struc-
ture’s porosity. The TPMS structures were created using the
Grasshopper plugin in Rhino3D (version 7) [24] and the software
nTopology (version 3.31) [25]. The structures in this study include
Schwarz-P, F-RD, I-WP, Gyroid, and Diamond [16].

The HF structure, created by Jiang et al. [23] is described in their
2020 paper, and the majority of its description is omitted here for
brevity. The structure allows for significant parameter adjustment,
increasing the potential to optimize the design for a given applica-
tion. The parameters investigated here, listed in Table 1, are
intended to match the parameters used in the original mechanical
property investigation on a unit cell with the lattice size of 25 mm
[23] as well as to add additional points for trend exploration. When
varying the TPMS and lattice structures, the only parameter that
was varied was the thickness of the solid phase, leading to different
porosities. Detailed equations and descriptions of how the HF
design was created can be found in the original publication [23].
The relative density parameter is controlled by altering the thick-
ness, th, and the perforation factor is controlled by altering the
radius of the perforating hole, r, where pf = r/R. Diagrams to aid
in comprehension of these parameters are provided in Fig. 1.

Table 1
Parameter values used to create HF structure sets.

Thickness, th Binder Angle, 0 Perforation Factor,

[mm] [degrees] pfl/l

=5 1.039 5 0.4
0=75 1.039 75 04
0=10 1.039 10 0.4
0=15 1.039 15 0.4
0=20 1.039 20 0.4
0 =30 1.039 30 0.4
0 =40 1.039 40 0.4
p/p, =003 0.100 20 0.4
p/p, =005 0250 20 0.4
p/ps =008 0.500 20 04
p/p, =013 1.053 20 0.4
p/p, =020 1878 20 0.4
p/p, =031 4988 20 0.4
pf=020  1.039 20 0.2
pf=030  1.039 20 03
pf=035  1.039 20 035
pf=0375 1.039 20 0375
pf=040  1.039 20 0.4
pf=045  1.039 20 0.45
pf=050  1.039 20 05
pf=055  1.039 20 0.55
pf=060  1.039 20 0.6
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The last structure in this study, stochastic metal foam, provides
a common frame of reference. Effective property values for
stochastic metal foam samples were calculated in previous studies
[26,27]. The results of the former studies are applied in this paper.
A sample unit cell of each type of geometric model is shown in
Fig. 2, as well as a representative volume of a commercially avail-
able stochastic metal foam.

2.2. Models of effective properties

When considering the effective properties of porous materials,
it is often convenient to utilize bulk volume-averaged descriptions
that assume the same effective property throughout isotropic por-
ous materials. Such models are simple to apply and computation-
ally inexpensive to use. The effective properties of a porous
structure could be obtained by several methods, such as empirical
correlations, analytical solutions, pore-scale simulations, and sta-
tistical models. Empirical correlations relate the effective proper-
ties to the simplified pore-scale geometry of the structure. For
example, the Kozeny-Carman equation can be used to predict per-
meability, assuming laminar flow [1], while the Brooks-Corey
equation can be used for capillary pressure[2]. Many analytical
and empirical equations have been derived to calculate the effec-
tive thermal conductivity [26,28,29]. All these empirical correla-
tions are based on important assumptions that, when not met,
can cause the resulting effective property values to be significantly
in error.

Numerical approaches such as computational fluid dynamics
(CFD) and finite element analysis (FEA) can also be used to predict
local quantities within the structure at discrete locations, such as
temperature or pressure, ideally resulting in a more accurate
understanding of overall behavior. Such approaches can also be
used to calculate the effective properties of the physical structure.
Using a random walk theory, a universal predictive model for the
effective thermal conductivity of porous media was created with
only an image of the pore-scale geometry and the thermal conduc-
tivity of the phases as inputs [26]. Random walk models are rela-
tively computationally inexpensive but can generate predictions
of low accuracy. Meanwhile, pore-scale heat transfer simulations
have been reported to require days of computation time to gener-
ate predictions of one case [19]. As with all simulations, a balance
between fidelity and cost is required for most situations.

2.2.1. Thermal conductivity

To determine the effective thermal conductivity of a given por-
ous structure, a single unit cell was imported to Star CCM+ (version
2020.3), and run through a steady-state, conduction-based heat
transfer simulation. Considering only conduction in the solid
phase, the heat equation is:

V- (ksVT)=0 (1)

where ks is the thermal conductivity of the solid. This simulation
assumes that the interstitial regions have a thermal conductivity
of zero.

All unit cells considered in this study are symmetric about the
x-, ¥-, and z-axes, with the origin of the coordinate system located
at the center of the unit cell. The boundary conditions were speci-
fied to allow for the simple calculation of the effective thermal con-
ductivity, ke, using:

q/l
Kett = o 2
"= T Ty AR (2)

where q” is the average heat flux along the x-axis, Ax is the distance
across the system in the x-direction, and Ty and Ty are the temper-
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(a)
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Fig. 1. In a), the HF unit cell is shown where r is the perforating hole radius. In b), the binder angle, 0, is shown along with the thickness, th.

(@)

(e)

Fig. 2. A repeatable, isotropic unit cell of (a) lattice-based structure with BCC symmetry, followed by the TPMS-based structures such as (b) Schwarz-P, (¢) F-RD, (d) I-WP, (e)
Gyroid, and (f) Diamond, (g) the HF structure, and the (h) stochastic metal foam structure [24,25].

atures at the left and right boundaries, respectively. All remaining
boundaries are adiabatic, as shown in Fig. 3.

A mesh independence study was conducted by adjusting the
element count of the mesh between 44,715 to 3,104,476 elements.
There was less than 0.1% difference between the average heat flux
for a mesh of 296,508 elements and that of a mesh with 572,623
elements. Therefore, the predictions for the mesh consisting of
296,508 elements are considered independent of the mesh size.
The exact element count varied between designs, but the mesh size
was always on the order of 300,000. Validation testing was per-
formed by comparing the analytical solution for the two-phase
parallel configuration [30] with the numerical solutions of the
model of this study.

2.2.2. Permeability

To determine the permeability of a given structure, six unit cells
were aligned in the flow direction, as shown in Fig. 4. The steady-
state, isothermal, fluid flow simulation was performed using Star

CCM +. The simulation includes the following governing equations
for continuity:

V. (p E) =0 (3)
and linear momentum:
p(ﬁ .v) u=-Vp+uviu (4)

where p is the density, u is the local velocity, p is the pressure, and
[ is the dynamic viscosity of the fluid. The model geometry is
defined by the liquid phase that fills the porous structures.
Symmetry boundary conditions are applied to all boundaries of
the computational domain except at x = 0 and x = L, as shown in
Fig. 4. Uniform and equal velocity distributions were specified at
the inlet and outlet to create a fluid flow through the structure.
With the pressure difference between the inlet and outlet deter-
mined at multiple inlet velocities, a second-order polynomial
trendline can be fitted to the data points. The permeability can
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Adiabatic

o

Adiabatic
Ax

Fig. 3. Diagram of the effective thermal conductivity simulation boundary condi-
tions with a Schwarz-P unit cell.

v

a

then be calculated by matching the first-order coefficients of the
Darcy-Forchheimer’s equation with the trendline:

i~ Fo d - -
P =gk (ow) (o)
—ci(gu) + Cogu)’ (5)

where K is the permeability, 8 is the inertia coefficient, ¢ is the

porosity of the structure, u is the velocity of the inlet flow, and Di
and p, are the pressure at the inlet and outlet, respectively. This
results in a calculation of permeability via the equation:

_HK
K=t (6)
where C; is the first-order coefficient from Equation (5). Using the
calculated permeability, it is possible to solve for the inertia coeffi-
cient, B, via the equation:

p= X )
p

The simulations were tested for grid independence, with ele-
ment counts varying from 720,000 to 14,000,000. The number of
unit cells needed for convergence of the permeability value was
also varied from 1 to 12. As a result of this convergence testing,
six unit cells were used in all permeability simulations, consistent
with Fig. 4. As with the mesh used for the effective thermal con-
ductivity simulations, the permeability simulation mesh varied
between designs, but was always on the order of five million ele-
ments. For all cases, the solid phase was specified to be aluminum,
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and the interstitial matter (in the permeability testing only) was
specified to be liquid water, with the properties for each listed in
Table 2.

2.2.3. Stiffness

FEA simulations were conducted to obtain the effective stiffness
for different architectures. The stiffness is defined by the slope of
the initial linear part of a stress-strain curve:

E=oa/¢ (8)

when the stress, ¢, and strain, ¢, are in the elastic range. In the sim-
ulations, aluminum was used as the solid with E = 70GPa and
v=033. All of the structures simulated were meshed
with ~ 100,000 tetrahedral elements (C3D4) using Hypermesh
(Altair Engineering Inc, USA). In order to eliminate the effect of
boundary conditions on the simulated results for the different lat-
tice architectures, mechanical periodic boundary conditions (PBC)
were applied to the representative volume element (RVE), as shown
in Fig. 5. To subject an RVE to a macroscopic deformation gradient,
PBC can be described by the following equation:

S(B) — s(A) = (F = D[x(B) — x(A)] = H[x(B) — x(A)] 9)

where A and B are two points periodically located on the RVE
boundary, s denotes the displacement, x represents the position in
the reference configuration, F is the deformation gradient tensor,
and H=F —1I is the macroscopic displacement gradient tensor.
Here, H can be expressed by the following equation:

Hll H12 H13 FH -1 F]Z F13
H = Hz] H22 H23 = F21 F22 -1 F23 (10)
H3] H32 H33 F31 F32 F33 -1

The macroscopic deformation is imposed by specifying nine
components of H, which are perceived as generalized degrees of
freedom operationally applied using the virtual nodes. The macro-
scopic first Piola-Kirchoff stress tensor and the corresponding
macroscopic Cauchy stress tensor are extracted through the virtual
work principle [31-33]. The relative stiffness can be obtained by
homogenization methods. This model was validated using honey-
comb structures [34] whose mechanical stiffness can be analyti-
cally defined.

3. Results and discussion

The HF design has shown great potential as a lightweight por-
ous structure with desirable effective mechanical properties [23].
In thermal management situations, weight and strength are often
significant factors in how valued a porous structure is, but the
material’s effective thermal properties are usually of the most sig-
nificance. During the investigation of a structure’s effective ther-
mal properties, alternative porous media structures were
evaluated to establish a more holistic perspective on the HF
design’s value.

Symmetry plane

TOTO FO FO FO

Y,

x =0

Fluid Inlet

x =1L

Fluid Outlet

/2

Symmetry plane

Fig. 4. Diagram of the permeability simulation boundary conditions with Schwarz-P unit cells. Grey is solid and blue is liquid. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Table 2
Values of material properties used in the simulations. All material properties were
assumed to be constant.

Material Property of Aluminum Value Units
Thermal Conductivity 237 Wm'K!
Specific Heat 903 J kg 'K !
Density 2702 kg m~3
Material Property of Water Value Units
Thermal Conductivity 0.62 Wm ! K!
Specific Heat 4180 J kg 'K !
Density 998 kg m—3
Dynamic Viscosity 8.89E-4 Pas

Deformation

gradient

Materials & Design 231 (2023) 112027

shown in Fig. 6. The ks term was set to the thermal conductivity of
aluminum, given in Table 2. The thermal conductivity of the fluid,
ke, is zero in these simulations.

The effective thermal conductivities associated with the HF
parameters of Table 1, such as binder angle, relative density, and
perforation factor, are reported in Fig. 6a. A clear linear trend
emerges for HF structures with binder angles between 15 and 40
degrees, relative densities between 0.03 and 0.31, and perforation
factors between 0.2 and 0.6. This linear trend is represented among
the other structure types in Fig. 6b by the S = 0.48 dotted line.

As shown with the HF structures in Fig. 6a, the linear trendline

(b)

/

Fig. 5. Schematics of applying periodic boundary conditions.

3.1. Effective thermal conductivity results

The effective thermal conductivity of a porous medium com-
posed of solid and liquid phases has theoretical lower and upper
limits as expressed by:

1

ke ser — O , /1 /L 11
s =TT~ g) ks ()

and:

keff,para =Q- kf + (1 - 90) . kS (12)

respectively, where ¢ is the porosity, k; is the thermal conductivity
of the fluid, and ks is the thermal conductivity of the solid [30].
Using Equations (11) and (12) to define limiting behavior, the effec-
tive thermal conductivity results of all porous media simulated are

(a

~

40

0
0 Offline

35 A
30 A
25 A
20 -
15 A

Thermal Conductivity [W/m/K]

0 : - -
0.10 0.20 0.30
Relative Density [/]

can be fitted to the effective thermal conductivity. In the same
fashion, fitting linear regression lines for each of the structure
types (while setting the intercept to zero to match the physics of
the system), the data can be described by two parameters: the
slope of the trendline and the R? value. These two parameters,
for each of the structure types, can be found in Table 3, where
the dimensionless slope, S, is described by the equation:

_ 1 d(kerr)

ke d(p/py)

where k; is the thermal conductivity of the material composing the
solid phase.

The dimensionless slope represents the intrinsic ability of the
structure to transmit heat via conduction. The stochastic metal
foam structures correspond to commercially available structure

(13)

(b)
50 A
= P_araIIeI
>~ eesseee Linear (HF)
540 X  Stochastic
E A lattice
> m  TPMS Qgﬁ;_.
230 +
Q
=}
©
§ 20 -
o
©
€10
9]
ey
'_
0
0 0.05 0.1 0.15 0.2 0.25

Relative Density [/]

Fig. 6. The effective thermal conductivity versus relative density for a) the hybrid foam parameter datasets and a trendline of all but the offline data (0 = 5,7.5,10), and the b)
all studied structures and their linear regression trendlines, with the hybrid foam structures represented solely by the trendline from a).

6
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Table 3
Dimensionless slopes and R? values associated with Fig. Gb.
TPMS HF Lattice Stochastic Units
S 0.6555 0.4829 0.4651 0.2692 [/
R? 0.9994 0.9981 0.997 0.9976 N

options (40-, 20-, 10-, 5-PPI) and have the lowest conductivity at a
given relative density. Even though the stochastic structures are
represented by only four data points, the results are sufficient to
show the unstructured metal foams’ effective thermal conductivi-
ties fall well short of the effective thermal conductivities of better
connected, regular structures of a repeating pattern. Specifically,
the lattice and the HF effective thermal conductivities reach
approximately 50% of the theoretical maximum values. The TPMS
structures exhibit the highest dimensionless slope, ~0.66, closely
matching the 0.61 value from Vignoles et al. [20], the 2/3 coeffi-
cient from Schuetz and Glicksman [35], and most of the curve-
fitting TPMS values from Abueidda et al. [21]. Although the TPMS
dataset included five different types of structures (F-RD, I-WP,
Schwarz-P, Gyroid, and Diamond), it provides an R? fitted trendline
value of 0.9994. The mathematical conditions that define a TPMS,
minimal surface area between any set of given boundaries and zero
mean curvature, describe a structure with consistently high effec-
tive thermal conductivity in three dimensions, regardless of the
specifics of the equation or TPMS type.

3.2. Permeability results

Altering the relative density over a narrow range at the small
values considered here should not significantly affect the perme-
ability of the structure, so only one structure of each type of TPMS,
one lattice structure, along with the HF dataset with different per-
foration factors, are compared. The permeabilities of three stochas-
tic metal foam structures were compared using the values from
Wang et al. [17]. The perforation factor parameter alters the size
of the perforating hole in the HF structure, so it is likely to have
the most significant effect of all the parameters on permeability.

Permeability is a function of pore size, making it difficult to
directly compare the permeability values of porous media of vari-
ous scales. However, the Kozeny-Carman equation can, as a first
approximation, be used to analyze the media considered here:

2
¢’D,

K=y?—— 2 _
v 150(1 — @)?

(14)
where ¢ is the porosity and y is the sphericity of the particles in a
packed bed. This equation can be simplified to:

K =C,D; (15)

where C, is a porosity dependent coefficient. Therefore, the perme-
ability should scale approximately with Dlzj where Dj, is the base unit
cell size. The base unit cell size of the HF structure was varied from
2.5 mm to 35 mm, the permeability associated with each size was
simulated and calculated, and the results are shown in Fig. 7.

The resulting trendline evident in Fig. 7 shows that the HF
structure follows the expected behavior of K consistently varying
with the base unit cell size, D,,. This makes it possible to compare
the permeability of the HF structure to permeabilities of porous
media of a different scale.

The permeability and effective thermal conductivity of the
structures simulated are reported in Fig. 8. Plotting the permeabil-
ity of each structure against its effective thermal conductivity
might result in an intuitive thermal property plot. However, if cer-
tain characteristics are not taken into account, such as porosity and

1.0E-5

y = 0.0022x2:003 .
R2=0.9996
)
.“
.

=
o
m
o))

1.0E-7

Permeability [m?]

1.0E-8 ¢
0.001 0.01 0.1
Base Unit Cell Size, Dp [m]

Fig. 7. The predicted permeability of the HF structures with various unit cell sizes.

scale of the medium, a potentially misleading graph, as shown in
Fig. 8a may result. The stochastic foams have smaller pore sizes,
therefore, lower permeability than the other structures in Fig. 8a.
Some of the TPMS structures have lower thermal conductivity than
the HF structures due to a higher porosity. This could lead to the
conclusion that those TPMS structures have lower conductivity
than HF structures, which is in contrast to the results shown in
Fig. 6b.

To properly compare the permeabilities of the porous media,
the pore size must be accounted for using the relationship shown
in Fig. 7. The solid material thermal conductivity and porosity must
be considered for effective thermal conductivity values. Both the
permeability and effective thermal conductivity have been ren-
dered dimensionless using the equations:

~ K

K=" 16
D,? (16)

and:

T ke

k-9 17

where the K is the dimensionless permeability and the k is the
dimensionless effective thermal conductivity. The non-
dimensional conductivity and permeability are shown in Fig. 8b.
The TPMS structures (F-RD, I-WP, Schwarz-P, Gyroid, and Diamond)
have higher dimensionless thermal conductivities than the HF
structures, and the stochastic foam has a dimensionless permeabil-
ity comparable to the other structures.

Plotting the permeabilities and effective thermal conductivities
in their dimensionless form, as shown in Fig. 8b, separates the por-
ous media performance into four distinct regions: stochastic, HF,
lattice, and TPMS structures. The TPMS structures exhibit dimen-
sionless permeabilities and inertia coefficients of 0.00153 to
0.00508 and 0.224 to 0.267, respectively, while the values for the
HF perforation factor set range from 0.00053 to 0.00808 and
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Fig. 8. The a) permeability versus thermal conductivity and the b) dimensionless permeability versus the dimensionless thermal conductivity.

0.162 to 0.400, respectively. All three stochastic foams have dimen-
sionless permeabilities on the order of the lowest TPMS and HF
structures: 0.00093, 0.00036, and 0.00031. The lattice structure
has the highest dimensionless permeability with a value of
0.01171 and an inertia coefficient of 0.128. Although TPMS struc-
tures generally have low permeability, their high thermal conduc-
tivities are desirable for specific applications. In comparison, the
HF structures have a large range of permeability and a reasonably
high dimensionless thermal conductivity. Similar to the HF, the lat-
tice structure has a reasonably high thermal conductivity, and an
even higher permeability. It bears noting that the permeability val-
ues, high or low, do not necessarily define a corresponding high or
low rate of mixing for the structures.

3.3. Mechanical results

In a previous investigation, it was shown that the HF structure
outperforms the stochastic foams significantly in terms of both
thermal properties and mechanical properties [17]. In this study,
the focus is on the comparison of different architected structures.
In order to take into consideration the different relative densities
of these disparate designs, Fig. 9a shows the normalized relative
stiffness (relative stiffness/relative density) as a function of nor-
malized relative thermal conductivity for different HF, lattice,
and TPMS structures. The normalized relative stiffness was calcu-
lated using the equation:

(a)

(b)

E _ Erel

P/ (18)

where E,q is the relative stiffness. The lattice structures show good
relative conductivity; however, the relative stiffness is notably
lower than that of the HF and TPMS. The HF with different perfora-
tions, binder sizes, and relative densities show similar trends of rel-
ative stiffness as a function of relative conductivity, which
demonstrates a significantly broad range of improvement for rela-
tive stiffness and relative conductivity. The TPMS displays good
stiffness and conductivity properties; however, it is limited to a
low range of tunability compared to HF, as can be observed in the
highlighted area in the Ashby plot in Fig. 9a.

Fig. 9b shows the scaling law for different architectures that is
described by the relation:

(1)
E Ps

where the subscript, s, represents the physical properties of bulk
material. The values of the exponents of the scaling law for different
architectures are shown in Table 4. The lattice structure exhibits a
power exponent of 2.411, which is consistent with an existing study
[36]. This reveals that the lattice is strongly bending-dominated,
and it explains why the lattice structure shows inferior relative
stiffness. All the other architectures shown in Fig. 9b present expo-
nents ranging from 1.101 to 1.612, which demonstrates stretching-

(19)
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Fig. 9. Mechanical properties of different architectures. (a) Relative stiffness/relative density as a function of relative conductivity/relative density. (b) Scaling law.
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Table 4
Power law trendline coeffi-
cients and R? values from

Fig. 9b.
n
HF 1.612
F-RD 1.101
I-wp 1.212
Schwarz-P 1.233
Lattice 2411

dominated behavior. This agrees with the preceding discussion of
the superior stiffness of HF and TPMS structures. Although the
TPMS is featured with excellent stretching-dominated behavior,
its inferior low tunability of relative stiffness and conductivity com-
pared to HF neutralize its ideal candidate for multifunctional archi-
tectures with desirable stiffness and conductivity.

4. Conclusions

Three types of structures were simulated to determine how
their geometric properties are related to their thermal and
mechanical behavior. The results of the simulations, when com-
pared to results from the literature for stochastic metal foam, illus-
trate the advantages that structured porous media could offer. By
rendering all properties dimensionless, intuitive plots were cre-
ated, establishing trends for each geometry type and their respec-
tive effective properties. Any TPMS structures would benefit
applications that prioritize only high heat transfer rates. However,
if high fluid flow is equally valued, the lattice and HF-type struc-
tures might be more suitable. And if high heat transfer, fluid flow,
and stiffness are all equally important for an application, the HF
structure is the most obvious option, followed by the TPMS. If
low fluid flow and low heat transfer are desired, the stochastic
structure will continue to be valuable.

o The HF permeability was strongly correlated to the perforation
factor, which controls the size of the perforating hole. With this
parameter, the dimensionless permeability could be adjusted
by an order of magnitude for the HF structures.

e When compared with effective thermal conductivity results for
commercial stochastic foams, the lattice, HF, and TPMS struc-
tures exhibited, on average, 172%, 179%, and 243% the effective
thermal conductivities at the same porosity, respectively.

e When the dimensionless permeability is plotted versus the
dimensionless thermal conductivity, the structures fall into four
distinct categories: low thermal conductivity and low perme-
ability for the stochastic structures, large range of permeability
and good thermal conductivity for the HF structures, extremely
high permeability and good thermal conductivity for the lattice
structures, and mid-level permeability and great thermal con-
ductivity for the TPMS structures tested.

e The TPMS and HF structures showed stretching dominant
behavior, while the lattice structures showed bending dominant
behavior.

e The HF structure showed significantly higher tunability in both
permeability and mechanical stiffness than other structures
simulated.
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