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The development of insulation materials with low effective thermal conductivity is essential for energy savings in vari-
ous applications, including buildings, food services, pipe insulation, and refrigeration. Such materials can be developed
by using micro- or nanoporous structures, as well as low—thermal conductivity gases and/or reduced pressure. A va-
riety of effective medium approximation (EMA) models have been developed to study thermal transport through solid
in porous structures. However, in many cases, the impacts of porosity on solid conduction are not well predicted by
EMA models because of the assumptions made for simplification. Furthermore, the results can vary by a factor of up to
1.5, depending on the morphology of the pores. Hence, proper guidance is needed to choose the appropriate EMA model
for a given morphology. This work presents a finite element method study using COMSOL Multiphysics software for
various geometries, including hollow cubes, overlapping hollow spheres (normally stacked and tightly packed), and
Voronoi structures, and compares the results to those obtained from various EMA models. Simulation results for the
hollow cubes and Voronoi structures matched well with the Maxwell-Eucken and Russell model. The results for hollow
spheres closely matched the Bauer model and the Glicksman model with fitting parameters. This work provides guid-
ance on analyzing and designing insulation materials for energy savings in the future.

KEY WORDS: conduction heat transfer in porous materials, low thermal conductivity, effective medium
approximations, finite element method

1. INTRODUCTION

Insulation materials play a significant role in energy sgsirHence, they are of great importance in applications such
as buildings (Reimi et al., 2009; Jelle et al., 2010), thaelfand dairy industries (Deshmukh et al., 2017), pipe irsula
tion, (Cai et al., 2014), refrigeration (Kayfeci and Keagh2013), and others. Heat transfer through porous rakeri
can be modified in various ways to reduce the materials’ gffe¢hermal conductivity (ETC), such as creating dif-
ferent porous structures, reducing pore sizes, incregmingsity, and forming composites. The precise analysis and
prediction of the thermal behaviors of such materials aneetomes mathematically and computationally challenging.
Therefore, various models have been developed that camdapyately describe useful parameters and properties of
such materials based on the properties and the relativeneoftactions of its constituents. Such approximations are
known as effective medium approximation (EMA) models (Wanhgl., 2008; Wang and Pan, 2008).
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Low-thermal conductivity insulation materials can be deped by using micro- or nanoporous structures, as
well as low—thermal conductivity gases or reduced pressoreduce heat transfer through the solid and gas compo-
nents. In such materials, the pores are generally mm in diameter (on the order of micrometers and nanometers)
causing complete suppression of convective heat transtemaking essentially no contribution to thermal conduc-
tivity (Hrubesh and Pekala, 1994; Hu et al., 2018). Thusgr tiogal heat transfer is a combination of conduction and
radiation. The conduction heat transfer mode is furthaddit into solid conduction and gaseous conduction (He and
Xie, 2015). For most conventional insulation materials, ¢bntribution from gas conduction is higher than that from
solid conduction. However, in some cases, such as vacuwtatits panels, solid conduction is important (Baetens
etal., 2010).

A variety of theoretical models have been developed to deterthe effective thermal properties of composites
and porous insulation materials. The geometry/morphalsiggpe and size) is one of the critical factors that canaffec
the effective thermal properties of such materials. Howawesimplify the heat transfer analysis, most EMA models
mainly focus on the composition of materials (and theirtreéavolume fractions) and consider the internal geometry
or microstructures to have simple geometrical arrangesn&wscause of their predictive power, easiness of calcula-
tion, and reasonable accuracy for certain cases (wherestiactures can be simplified), such theoretical models are
still preferred (Walser, 2009; Wang et al., 2008; Wang and, R@08; Russell, 1935; Bauer, 1993). Shrestha et al.
(2019) reviewed the models used for determining the ETC ddréety of insulation materials and enumerated the
aspects that were not incorporated by those models. MaxXd@ll4) developed a model to calculate the ETC of
randomly distributed spheres in a continuous medium, whicivided better results for low filler concentrations.
Variations of the Maxwell model have been developed forywhgiheat transport phenomena, such as the Maxwell-
Eucken model. (Eucken, 1940) and the Maxwell-Garnett m@@afnett and Larmor, 1904), which can account for
higher filler concentrations 25%) (Pietrak and Wisniewski, 2015). Another variatiorited Maxwell model is the
Hamilton-Crosser model (Hamilton and Crosser, 1962), tvintroduced a shape factor)(into the expression to
account for the shape of the particle inclusions={ 3 for spherical particles and back to the Maxwell model, and
n = 6 for the cylindrical particles). Among those variationgtoé Maxwell model, the Maxwell-Eucken model has
been widely used in the literature for determining the ET®in&ry mixtures, including porous materials that consist
of solid and gas (Maxwell, 1904; Eucken, 1940; Markel, 20Tt)e Maxwell-Eucken model assumes a dispersion
of pores within a continuous matrix of different componemtgh pores being far enough apart such that the local
distortions to the temperature distributions around edtiheopores do not interfere with their neighbors’ tempematu
distributions. There are two forms of the Maxwell-Euckend®idfor a two-component material depending on which
component forms the continuous phase (Maxwell, 1904; diapfVang et al., 2008). The Maxwell-Eucken model
can be presented as follows (Maxwell, 1904; Eucken, 1940k&a2016):

Kot —k [(1/2) + p] + (ks/Kkg) (L—p)
s+g 9 (Kg/ZKs) (1—p) + [1+ (p/Z)]

1)
From Eq. (1), fo, > kg, the term k,/2k,)(1 —p) in the denominator can be neglected so that Eq. (1) becomes
1+2p 1-p
otg R —_— sT————— 2
ot Kg<2+p) “1vr /2 @
where the second term in Eq. (2) represents the solid cotitit
Similarly, Russell (1935) developed a model to calculagethiermal conductivity of porous insulation materials,
which is applicable to any system consisting of two phasekd(&nd gas). This model was derived for porous
structures consisting of cubical pores with solid walls oiform thickness and no struts. This model is also valid
for a set of solid cubes surrounded by gas (Russell, 1938k§tan, 1994). The upper limit of the solution for
the conduction heat transfer was obtained by assuming theuctivity of the solid in the direction lateral to the
temperature gradient to be infinite for which the heat flow bardistributed through the top and bottom faces to

minimize the resistance and maximize heat flow through tiseaga solid wall faces that are in parallel. From this,
the overall conductivity due to the gas and solid becomeisk&han, 1994)
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o P?3 + (ko/xg) (1 —p?3)

s+g T M

T (kg /) (P2 —p) + (L—p?P +p)

wherek, is the thermal conductivity of the gas, is solid thermal conductivity, andis porosity.

From Eq. (3), wherx, > k, is the term(k, /) (p?® — p) in the denominator can be neglected so that Eq. (3)
becomes

(3)

1— p2/3
1-p*3+p
The second term in Eg. (4) represents the solid contribution

For foams with closed cells and struts, Glicksman (1988ppsed a model for determining the contribution of
a solid polymer to the ETC; it has been widely used for a varétpolymeric foams. Heat transfer through foams
takes place by conduction through solid cell walls and strednduction through gas present inside the cell, and the
radiation throughout the foam. The total contribution duedlid for foam was derived by the Glicksman model in
which the conduction through the solid cell walls and staresscombined, represented by the first and second terms,
respectively in Eq. (5) (Glicksman, 1994)

23 4 kg 4)

Kstg =~ Kgp

o= (5) e @-n -+ (3) s @0t ®
fj=(§—%)u—m (6)

wherek,, is the contribution to the ETC due to solid conduction ghds the fraction of solid in the strut (the walls
intersect at cell edges where struts are formed).

Bauer (1993) developed a general analytical approach tly she thermal conductivity of porous media that is
suitable over a wide range, from spherical pores to poresipkhape and concentration. It includes an additional
parameter, called a shape factey that accounts for the shape of the pore. According to Bal@93) for a material
with a porous structure, the relationship between the jityrand thermal conductivity can be expressed as follows:

_ 1-[2/(3¢)]
(22)(%) =(1-p) )

wherex is the effective thermal conductivity,, is thermal conductivity of pore material, ard is the thermal of the
solid wall.
If the pore is filled with very low thermal conductivity mail; «,, ~ 0, Eq. (7) becomes

(i) (1 p)®2e ®)

Ks

Liang and Liu (2009) developed a theoretical model for eatihg the ETC of inorganic particulate polymer
composites. Similarly, various models have been propasstiitly the heat transfer mechanism in different types of
composites and porous insulation materials (Cheng andovad®70; Nielsen, 1973; Agari et al., 1993; Liang and
Li, 2007; Shen and Zhou, 2020; Brooks et al., 2020). Tablecludes only four EMA models because these models
were developed considering the pore geometries, such as el spheres that commonly exist in porous insulation
materials. The models were developed for three-dimenbk(8Dy heat transfer for open- and closed-cell structures,
and the results do not depend on the nature of the base nhébegianic or inorganic).

As mentioned earlier, various EMA models have been developeletermine the impact of porosity on solid
conduction. The literature (Fricke et al., 1989; Kuhn etE92; Lu et al., 1995; Sundarram and Li, 2013; Wang et al.,
2017) shows that the impacts of porosity on solid condudtionany cases are not well predicted by the EMA models,
possibly because of the assumptions made by EMA modelslgsjpope geometries, regular shapes, and uniform pore
sizes) and because they do not account for important fastiots as the size effect and interfacial thermal resistance,
which could significantly affect heat transfer through ilasion materials. Also, for some materials, such as porous
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TABLE 1: Equations of various EMA models (3D)

Rai et al.

M odel Equations Refs.
Kes _ 1- p2/3
Russell < m Russell (1935b)
es 1-
Maxwell-Eucken Res _ 27D Maxwell (1904), Markel (2016), Eucken (1940)
ks  1+p/2
. Kes 2 fs i
Glicksman —=\l37 3 (1-p) Glicksman (1988)
Bauer Kes _ (1— p)toe Bauer (1993)
Ks

Kes IS contribution to the ETC due to solid conduction,
fs is the fraction of solid in the strut,
e is shape factor of a randomly oriented pore.

silica, sound velocity varies significantly with densitydacan ultimately impact the solid thermal conductivity sthi
possibility is not accounted for in EMA models (Gross andkei 1992; Bouquerel et al., 2012).

Figure 1 compares the impact of porosity on solid condustifor various scenarios calculated using EMA
models with the values (experimental and simulation resuétported in some literature (for both open- and closed-
cell structures). The literature values included condunctind radiation. Thus, we performed additional calcutetio
to extract the impact on solid conductivity. The resultsvehsignificant differences (2—68%) between the model
predicted values and the values from the literature. Thelteeffom the models as well as the measurements vary
depending on the morphologies of the pores of the materials.

0.3
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— - -Maxwell-Eucken Model

— —Glickman's Model with fs=0
——Glickman's Model with fs=1

—— Bauer Model with Shape Factor=0.863
Notario et al. 2015

Fricke et al. 1989

Sundarram and Li 2013

Wang et al. 2017
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FIG. 1: Comparison of the values predicted by EMA models with therditure values (experimental and simulation results). The
symbols that are circled indicate the literature valuesahanot well captured by the EMA models.
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Our hypothesis is that these discrepancies may be due évafiffmorphologies in the cell structure. Thus, in our
research, we performed a finite element method (FEM) stgilyglCOMSOL Multiphysics software, for various ge-
ometries with different porosities and compared the regalthose obtained from the EMA models listed in Table 1.
This study will help provide guidance in selecting EMA malébr materials with particular pore morphologies.
EMA models that use only thermal conductivity and porosayirgout parameters might not be able to accurately
predict the impacts of porosity on solid conduction for eliéint porous materials. However, if the equation involves
an additional fitting parameter, a single equation can gi@wiore accurate predictions for pores of different geome-
tries (Carson et al., 2006). Therefore, EMA models with fiitstalues of fitting parameters are also presented based
on the FEM results. The rest of this paper is organized asvisll Section 2 describes the details of the simulations
via COMSOL Multiphysics for various geometries, and in 8&tt3, the results obtained from the simulations are
compared to those predicted by various EMA models, and inggnents in some of the EMA models are presented.
The conclusions are presented in Section 4.

2. SIMULATIONS

A 3D numerical framework was developed to calculate the aotidn through solids (gas conduction and radia-
tion were neglected) using COMSOL Multiphysics for diffetaypes of geometries, such as hollow cube, tightly
packed hollow spheres (TPHS), normally stacked hollow sghéNSHS), and Voronoi structures (see Fig. 2).
Porous insulation materials have pores of different gedesgthowever, we used only selected geometries as rep-
resentative shapes as they resemble the geometries thatcamsidered in developing the EMA models listed in
Table 1. COMSOL itself does not have in-built hollow georiestr Therefore, the following steps were performed
to generate hollow spheres in a unit cell. For the TPHS and ${Skst, a unit cell was generated that had one-
eighth of a sphere at each of the eight corners of the cub&sphéres at the center of each of the eight faces,
one-quarter of a sphere around each of those half-spher@ss aomplete sphere at the center of the cube. With-
out overlap, the adjacent spheres will have a contact pbattdan cause difficulty for COMSOL in converging.
Therefore, some overlaps (0.2 mm) were introduced betweeadjacent spheres for the TPHS and NSHS. Then,
an array of unit cells was used for generating porous strestwith TPHS and NSHS. For hollow cubes, arrays
of identical cubes were used to generate the porous stauctbronoi tessellations were used for the creation of
Voronoi structures, which included the use of Python ssriptlowing the Voro++ developed by Lawrence Berke-
ley National Laboratory. These structures are commonlyg usemodel the cellular structure of foam materials
(Solérzano et al., 2009; Coquard et al., 2012; Vecchio et28l16). A Voronoi tessellation is defined by the total
area closest to each respective seed point in a multi-pdstritdition. Voronoi tessellations are used for various
applications, such as global atmospheric modeling (Wilfan, 1968), studying the structure of void space in two-
dimensional (2D) and 3D polymer solutions and Yethiraj, @Q&valuating thermodynamic properties of polycrys-
talline materials (Li et al., 2012), phase-field simulaiafi fission gas bubble in nuclear fuels (Li et al., 2013),, etc.
and it is commonly accepted as being an ideal geometric appabion of an explicitly defined cellular geome-
try.

The 3D Voronoi geometry was developed from Voro++ (LBL, 2pJAthe publicly available Pyvoro wrapper was
used to run Voro++ in the python environment. A Python cods developed to convert Voro++ coordinate outputs
into executable Java methods recognized by COMSOL Mulsijasy These methods allowed for the automated
creation of complex Voronoi structures. Different typed/ofonoi structures were generated by varying the value of
a coefficient, alphad), which is applied to the minimum diameter allowed betwegen Yoronoi seed points. At the
beginning of a fully ordered body-centric cubic point disfition, « is the ratio allowed for movement of the seed
point (0 allowing movement until contact with another seethpand 1 allowing no movement), which does not have
an impact on the cell size and wall thickness. As shown in Hid), whena = 1, the pore sizes are uniform and they
become truncated octahedrons. However, the pores becamaeifarm as the value of a decreases [e.g., 0.9 and 0.8,
see Figs. 2(e) and 2(f), respectively].

Parametric studies were performed for these geometrietitly $ieat conduction through solids for various
porosities. This was done by varying the wall thickness tangje the porosity for each type of geometry mentioned
above using the Heat Transfer Module of COMSOL Multiphysidse simulation results were used to calculate the
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FIG. 2: Various geometries created by the COMSOL Multiphysicsveare for finite element simulations: (a) hollow cubes, (b)
normally stacked hollow spheres, (c) tightly packed holgpheres, (d) truncated octahedrons (Voronoi structurésav 1), (e)
Voronoi structures witly = 0.9, and (f) Voronoi structures with= 0.8
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contribution of a solid to the ETC and compared to a varietiz A models to understand how well the simulation
results agreed.

To study heat transfer through porous structures, the teahypes of the left];) and right (') faces were held
at 350 and 300 K, respectively, along theaxis; whereas, the other faces were assumed to be adiadmsbown
in Fig. 3. Only conduction heat transfer through the solidlsvaas considered in this model. The gaps between the
spheres, as well as the interior parts of each type of gegmedre left as is (no materials were defined). To facilitate
the specification of boundary conditions, the array of eaangetry was enclosed inside a homogeneous cubical shell
made up of the same material as the solid walls of each gepmetr

The grids of triangular elements were constructed by COM®Mbltiphysics software based on the governing
partial differential equation (Laplace’s equation) anel$pecified boundary conditions. Consequently, this conss
a heat transfer problem, which includes many unknown teatpers. COMSOL Multiphysics implemented a finite
element method to determine the temperature at each of tlogles (Chikhi et al., 2013; Floury et al., 2008). The
thermal conductivity under a steady state was calculated by

Q L
T AT —Th) ©

wherelL is the length of the outer cube sidé (= Width [I1/] x Height [H]) is the cross-sectional area of each face of
the cube, and) is the total heat flow through each uninsulated face. Forfleain the z-direction,( is obtained by

Q= /—Kg—Zayaz (10)
A

3. RESULTS AND DISCUSSION

Initially, overlaps of 0.2 mm were introduced between thg@eent spheres. An additional study was performed to
understand the effect of the amount of overlap uggsik,, and the results are shown in Fig. 4. An overlap of 0.2
was considered as the base case. For NSHS, the values/ef changed by as much as 31% forp = 0.85, but
only ~ 7% for p = 0.95, when the overlap was varied from 0.4 to 3.54 mm. Howdee TPHS, the values of
Kes/Ksremained within~ 8%.

The results for different geometries predicted by simatatand those predicted by various EMA models are
shown in Fig. 5. For the Bauer model, plots with differemalues are presented to show its sensitivity to'k ;. The
value ofe was selected as 0.863 for calculations in this work, as iveldocan excellent fit with the experimental data
from Clark (1948). The value of, can be chosen arbitrarily; we used 0.2 WAin all simulations, as it is close
to the thermal conductivity of polymers. The pore diametérsach sphere, as well as those of the Voronoi structure
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FIG. 3: COMSOL simulation setup with Voronoi structure consistiigandom pore sizes witti= 0.8 andp = 0.95
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FIG. 4: Impact of overlap between the adjacent spheregQriks for different porosities: (a) normally stacked hollow spése
and (b) tightly packed hollow spheres
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FIG. 5: Comparison of results from simulations with the values joted by various EMA models

and each side of the hollow cubes, were set as 50, 100, and 20@na the results(,/«,) were similar for each
type of pore morphology. Depending on the pore morpholdgysimulation results among the different geometries
varied by a factor of up to 1.5. To compare the performancesdsn EMA models and the results from COMSOL
simulation, we used a percentage error defined by

}(KES/ Ks)Model B (Kes/ Ks)Simulation}

€Model =

(Kes/ Ks)model

x 100% (11)

where “Model” can be any of the EMA models listed in Table 1.
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The comparison of errors from the simulation results withsthof the various EMA models is shown in Table 2.
As shown in Fig. 5, most of the results from the EMA models rhatell at higher porosities and start deviating from
one another at lower porosities, which can also be obsereed the percentage error values shown in Table 2. For
the Glicksman model, the value 6f was set to 0 and 1 to define the upper and lower limits of the inoetgpectively.

For hollow cubes, the simulation results matched well whig Russell and Maxwell-Eucken models. However,
the best prediction was provided by the Maxwell-Eucken rhaateits error range was the minimum (0.54-1.20%)
compared to other models. Similarly, Voronoi structurethwi= 1 also showed good agreement with the Maxwell-
Eucken model, as indicated by the narrow error range (0.B8%0). Results from both structures were a very good
match with those of the Maxwell-Eucken model, especiallyhat highest porosity (0.95). For NSHS and TPHS,
the results from simulations were lower than those predibtemost of the EMA models. Although the percentage
errors for these geometries were higher, they showed loeereptage errors at the upper limit of the Glicksman
model (with f, = 0) and of the Bauer model compared to the other EMA models.

Some of the simulation results showed deviations from thalte of the EMA models, which can be attributed
to the limitations of EMA models. The Maxwell-Eucken modeigtects the effect of particle shape and does not
consider the mutual interactions among particles (Qian.e2817). The percentage errors are higher for hollow
spheres than for hollow cubes and Voronoi structures, wtéchbe explained by an analysis of the heat conduction
pathways. For hollow cubes and Voronoi structures, thege@ contact between the walls of the adjacent particles
through which most of the heat flow occurs. However, for helgpheres, the heat transfer pathways are dependent
on the extent of thermal contact between the particles;iibpesand packing arrangement of particles can impact the
thermal contact between them, leading to higher percerages for hollow spheres (Carson et al., 2006).

Some existing EMA models, such as the Bauer and the Glicksnaatels (these models are described in Sec-
tion 1), can be further fitted by finding appropriate valueshef fitting parameters(for the Bauer model and,
for the Glicksman model) included in those models. For thigppse, the results from the Bauer and the Glicksman
models were fitted with the COMSOL simulation results obdifior various shapes, as shown in Table 3. For the

TABLE 2: Error from COMSOL simulation results with respect to vasd&MA models

Por osity Error for Error for _Error for _ _Error for _ Error f(_)r
Shape o Maxwell- | Glicksman with | Glicksman with | Bauer with
(@pprox) |Russell (%0)| g\ yen @) | £.=0(%) | f.=1(%) |e=0.863(%)
Hollow 0.85 3.47 1.20 3.88 107.76 21.85
“ubes 0.90 2.55 0.91 2.63 105.25 33.45
0.95 1.39 0.54 1.22 102.43 61.06
Normally 0.85 30.47 28.80 25.04 49.91 12.69
stacked hollow 0.90 28.81 27.66 25.16 49.67 1.70
spheres 0.95 30.48 29.91 28.72 42.56 14.83
T 0.85 18.59 16.63 12.20 75.60 2.10
ightly packed —-57 17.38 16.04 13.15 73.70 14.08
hollow spheres

0.95 10.27 9.54 8.03 83.94 48.73
T 0.85 3.36 1.05 4.16 108.32 21.42
VO'Z’ZOC; ‘g'th 0.90 0.91 253 6.04 112.09 39.56
‘ 0.95 1.50 0.69 0.99 101.98 62.70
. 0.85 3.58 1.28 3.88 107.76 21.29
VOLOQOO' ‘g"th 0.90 0.79 241 5.00 111.79 3957
' 0.95 0.08 0.17 152 103.03 63.75
Voronol with 0.85 2.70 0.38 4.84 109.67 22.34
V1 0.90 1.99 0.44 2.90 105.79 36.22
0.95 0.67 0.12 1.77 103.54 65.37
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TABLE 3: Best-fit values of fitting parameters for the Bauer model &edGlicksman model

M odel Shape Best-Fit Values (e/ fs)
Hollow cubes 0.783
Normally stacked hollow spheres 0.892
Bauer Tightly packed hollow spheres 0.837
Voronoi witha = 0.8 0.781
Voronoi witha = 0.9 0.782
Voronoi witha =1 0.783
Hollow cubes 0
: Normally stacked hollow spheres 0.507
Glicksman Tightly packed hollow spheres 0.245
Voronoi witha =1 0

curve fitting, we did not adjust any parameters in COMSOL ntiadelnstead, for each shape, the fitting parameters

(¢ for the Bauer model andl, for the Glicksman model) were varied until the errors betwte values ok, /k,

that were obtained based on the COMSOL simulations resudtsteat obtained from the equations of each model at

different porosities reached a minimum value.
Figures 6 and 7 show the plots with the best-fit values ahd of f, obtained for various geometries. For the

Bauer model, the best-fit valuesa@fiere between 0.781 and 0.892, and the plots for the hollowsahd the Voronoi

structures with best-fit values seem to be overlapped in@=i§imilarly, the best-fit values of, for the Glicksman
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FIG. 6: Bauer model with best fit values effor various geometries
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-+ Glicksman's Model with fs=0
-+ Glicksman's Model with fs =0.245 for TPHS
-+ Glicksman's Model with fs =0.507 for NSHS

l
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FIG. 7: The Glicksman model with best fit values ff for various geometries

model for hollow cubes and Voronoi structures were 0, whilethe NSHS and TPHS, the values were 0.507 and
0.245.

4. CONCLUSIONS

In this work, a FEM study was performed using COMSOL Multipteg for porous insulation materials with various

pore morphologies. The results were compared to thosenglat&iom various EMA models to examine how the vari-

ations in pore morphology would affect the impact on solidawction. Three-dimensional heat transfer simulation
results showed that hollow cubes and Voronoi structuresvsti@ood agreement with the Maxwell-Eucken model
compared to other EMA models. However, compared to the EMAets) the results from NSHS and TPHS showed
larger errors. By adjusting the Bauer model's geometnynfjtiparameter and the strut fraction fitting parameter in
the Glicksman model, we were able to obtain a good fit for tisalte from hollow spheres as well. The results of
this study will provide guidance for choosing the proper Ekhadels for given pore morphologies and will have a
significant impact on analytical and experimental work cgrimal insulation materials.
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