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ARTICLE INFO ABSTRACT

Keywords: Current state-of-the-art commercial polymer thermal insulation foam exhibits a thermal con-
Thermal insulation ductivity of 24 mW.m 1K ! (equivalently thermal resistivity of R-6/in.), similar to that of static
Porous materials air. To further optimize building energy efficiency, achieving even lower thermal conductivity is
Polymer foams needed, which is, however, highly challenging. This paper presents computational evidence that

Finite element analysis

Effective medium approximation
Building energy efficiency

Foam blowing agents

demonstrates the feasibility of achieving an ultra-low thermal conductivity of less than 14.4
mW.m~1K™! (equivalently R-10/in.) using isotropic and anisotropic foam cell designs. For the
isotropic design, we have identified analytical effective medium approximation (EMA) models
within the accuracy of +5% as finite element analysis (FEA) in predicting the effective thermal
conductivity of foams with various porosities and filler gases. For the anisotropic design, we have
developed and validated new EMA models against FEA in predicting the effective thermal con-
ductivity of general anisotropic cuboids and Voronoi foams. For both isotropic and anisotropic
designs, the design spaces for 18, 16, and 14.4 mW.m LK! (equivalently R-8, R-9 and R-10/in.)
using various filler gases are obtained. It is found that polymer foams can be improved to achieve
ultralow thermal conductivity by reducing CO» concentration, reducing radiation, increasing
porosity, and using anisotropic pore geometry. These findings contribute to the development of
highly efficient thermal insulation materials, enhancing building energy efficiency and promoting
sustainable construction practices.

1. Introduction

Building energy consumption represents a substantial portion of total annual primary energy usage, accounting for approximately
40 % in the United States [1] and the European Union [2]. An enormous amount of energy is wasted through undesired heat transfer
through building envelopes, which could be mitigated by developing high-performance thermal insulation materials. Not only for
building envelopes [3-5], thermal insulation materials are also crucial for a wide range of applications, encompassing transportation
pipelines for oil, water, and natural gas [6,7], aircraft, and reentry spacecraft [8,9], engine and exhaust systems in automobiles [10],
refrigerators, freezers, tanks, and cold chain systems for vaccines [11-13]. Effective insulation of these engineering applications could
save a significant amount of energy [14,15], decrease greenhouse gas emissions, enhance energy security, and lead to a sustainable
future. Thus, the development of novel insulation methods with lower thermal conductivity is of great interest.

The heat transfer through the insulation material is quantified in terms of thermal conductivity or resistance to conduction (R-
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value/in.). It is common practice to use the R-value to quantify the insulation capability of foam in industry and construction settings,
thus this paper employs thermal conductivity to quantify heat transfer and R/in. value to quantify the insulation capability of the foam.
Fiberglass [16-18], vacuum insulation panels (VIP) [19-24], aerogels [9,25-27], mineral wools [28-30], and polymer foams [31-36]
are commonly employed thermal insulation materials. Fiberglass is widely available, affordable, moldable, and fire-resistant, making
it an excellent choice for commercial thermal insulation. However, it offers lower insulation capabilities with a thermal conductivity of
approximately 40 mW.m 1K! (equivalently R 3.6/in.). VIPs provide significantly higher insulation capabilities with ultra-low
thermal conductivity of around 5.76 mW.m “.K™! (equivalently R-25/in. or more) but the lack of flexibility in fitting VIP insu-
lation panels to specific building requirements, along with their fragility, high cost, and the need for effective sealing, limits their
suitability for regular building envelope applications. Aerogels, characterized by their lightweight nature and nanostructured, highly
porous composition, possess exceptional thermal insulation capabilities. They can be molded into various forms as needed for specific
applications. Recent advancements in aerogel technology have introduced hydrophobic variants, which repel water moisture and
maintain insulation performance over extended periods. Nevertheless, the fragility of aerogels renders them unsuitable for building
envelopes that require mechanical integrity and strength. Mineral wools are easily available, cheap, and possess medium thermal and
sound insulation capability, however, their heavy weight, health concerns, and moisture absorption limit their practical applications.
Polymer foams, owing to their flexibility, affordability, lightweight nature, mechanical strength, moisture resistance, and sound ab-
sorption capabilities, remain the best choice and are widely used in building envelopes. However, commercially available polymer
foams exhibit relatively lower insulation capabilities (approximately R-6/in.), prompting ongoing research efforts to enhance their
thermal insulation performance.

The heat transport in porous materials is primarily governed by the conduction through solids and gases, as well as radiation. The
effective thermal conductivity (key) accounts for these contributions, with convection being negligible due to small pore sizes. It is
important to note that solid and gas conduction, as well as radiation, are often coupled and studied together. There exists a trade-off
between conduction through solids and gases and radiation heat transfer in porous materials [37,38]. Since solid has a higher thermal
conductivity than gas, insulation foams usually require high porosity to reduce the solid thermal conductivity contribution. But it will
simultaneously increase radiative thermal conductivity, leading to an overall increase in total thermal conductivity. Due to high
porosity, the solid, gas, and radiation contributions are around 10, 70, and 20%, respectively, in polymer foams (e.g., high-density
expanded polystyrene [38]). These numbers can change depending on specific foams. Reducing pore size can decrease the gas
contribution, but it often results in a decrease in porosity (for a constant wall thickness), thereby increasing solid contribution.
Lowering the pressure can reduce the gas contribution (such as in VIPs), but it requires the use of barrier films to prevent air leakage
into the pores, which adds to the overall cost. Consequently, achieving a lower ke of thermal insulation materials while maintaining
economic viability poses a challenge that necessitates a precise design.

This study aims to find possible ways to achieve ultra-low thermal conductivities for polymer foams with a target of 14.4
mW.m LK ! using isotropic and anisotropic designs. The objective of this paper is three-fold. The first is to check the accuracy of
existing effective medium approximation (EMA) models in predicting the effective thermal conductivity of isotropic foams, through a
comparion with FEA simulations. The second is to develop a novel EMA model for anisotropic cuboid foams and Voronoi foams, since
no EMA models are available for anisotropic foams. The third is to obtain the design space with ultra-low thermal conductivity of 14.4
mW.m 'K~ using isotropic and anisotropic foams and explore possible ways to reduce the effective thermal conductivity of polyiso
foams. Polymer foams with ultralow thermal conductivity combined with their flexibility, lightweight, mechanical strength, moisture
resistance, sound absorption capabilities, and affordability, would provide low-cost insulation solutions with better flexibility and
mechanical strength and open a plethora of engineering applications.

The remainder of the paper is structured as follows. Section 2 provides a detailed explanation of the computational methodology.
Section 3 focuses on isotropic foam designs. FEA simulations are conducted on various isotropic foams to identify accurate EMA
models, which are used to delineate the design space for achieving R-10/in.-isotropic foams. Section 4 focuses on anisotropic foam
designs. A new EMA model is developed and validated to accurately predict the effective thermal conductivity of anisotropic cuboid
and Voronoi foams and obtain the design space for R-10/in.-anisotropic foams. Section 5 outlines some recommendations for
enhancing the thermal conductivity of polyisocyanurate foams. Section 6 provides the conclusions.

2. Methodology

Several EMA models are available in the literature to predict the effective thermal conductivity of isotropic polyiso foams. Prior to
utilizing EMA models, it is crucial to validate their accuracy against FEA. Consequently, we conduct FEA simulations on diverse foam
structures, compare the results with various EMA models, and identify the EMA models that accurately predict thermal conductivity
for isotropic foams. In the case of anisotropic foams, as no existing EMA models are available in the literature, we develop a novel EMA
model based on anisotropic cuboid foams, which is subsequently validated through comprehensive FEA simulations. To enable the
prediction of thermal conductivity for anisotropic Voronoi foams, more commonly encountered than cuboid foams, the new EMA
model is improved based on the FEA simulations of various anisotropic Voronoi foams. As a result, accurate EMA models individually
tailored for isotropic foams, anisotropic cuboid foams, and anisotropic Voronoi foams are obtained. These EMA models are applicable
to diverse polymer matrix materials and gas fillers at varying concentrations.

For FEA simulations, the foams are generated by using Voro++, a 3D Voronoi structure generator [39,40]. The Voro++ coordinate
output files are converted into Java scripts, which are inputted into COMSOL Multiphysics [41,42] to generate the geometry. For the
isotropic structure, the pore size is uniform in all directions and takes the form of truncated octahedrons as shown in Fig. 1(a). The
anisotropic structures are prepared by stretching the pore size along the Y and Z directions (perpendicular to the direction of heat
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transfer) while keeping the pore size along the X direction (the direction of heat transfer) unchanged. The “anisotropic ratio” or
“stretching ratio” is defined by the ratio between the pore size perpendicular to the heat transport direction and that along the heat
transport direction. One should be careful that the wall thickness remains the same in all directions. The structures with an anisotropic
ratio of 1.5 and 2 are shown in Fig. 1(b) and (c) respectively.

To calculate the effective thermal conductivity of foams at different porosities, parametric studies are conducted by adjusting the
wall thickness of the aforementioned geometries using COMSOL Multiphysics’ Heat Transfer Module. The simulation domain used in
this study is displayed in Fig. 2. The left face and right face are maintained at fixed temperatures of 400 K and 300 K, respectively, along
the X axis, which is also the heat flow direction as shown in the figure. The remaining faces were provided with periodic boundary
conditions (assumed adiabatic). The model only accounts for conduction heat transfer through the solid walls and the gas, while
neglecting the convection and radiation heat transfer. The solid walls were defined with the matrix property, while the gap between
the solid walls (which acts as the pore) is defined with gas properties. To define boundary conditions, a cubical shell made of the same
material as the solid walls of each geometry are encompassed around the array of each geometry. Tetrahedral meshing is used, with the
governing Laplace’s equation being solved at each node based on the specified boundary condition. The mesh density convergence
study is carried out rigorously and is presented in the Supplemental information [43].

The thermal conductivity of the solid (matrix) material (k;,) is assumed to be 0.235 W.m LK for the entire study. This value is
taken as a representative case for the polyisocyanurate or polyurethane materials for which the bulk thermal conductivity lies between
0.160 and 0.260 W.m~L.K~! [44-48]. The thermal conductivity of the filler gas (k) is varied. Here, we take the representative cases of
0, 0.011, 0.014, and 0.0265 W.m_1~K_1, which are labeled as vacuum, hydrofluoroolefin (HFO), pentane, and air, respectively. These
thermal conductivity values cover the range of most common gases used in insulation foams. From the finite element simulations, the
heat flux is calculated by using the surface integral of surface heat flux along the X direction on the right side. Similarly, the tem-
perature gradient is obtained by performing the volume integral of the temperature gradient along the X direction of the entire domain.
Using the surface heat flux and temperature gradient, effective thermal conductivity is calculated.

3. Designing ultra-low thermal conductivity isotropic foams

3.1. Validation of EMA models against FEA simulations on isotropic foams

In the industry, EMA models are commonly used to design polyiso foams due to their accessibility and user-friendliness. Unlike
FEA, they do not require simulation expertise and offer computational efficiency, which is crucial for parametric study and industrial
design optimization settings. These models also provide valuable insights into the physics of thermal transport in porous foam,
allowing us to understand the impact of various parameters, such as matrix conductivity, gas conductivity, porosity, and pore ge-
ometry, on the effective thermal conductivity of the foam. As a result, multiple EMA models have been developed to predict the
effective thermal conductivity of porous foam.

To find the EMA models that can accurately predict foam effective thermal conductivity, we have collected various existing EMA
models in the literature, as shown in Table 1. These EMA models were developed for binary mixtures in different formats. For example,
the Maxwell model describes the thermal conductivity of a mixture where a small volume fraction of isolated spherical particles is
embedded inside the matrix material. The Russell model is developed for a matrix material embedded with orderly arranged cubes
with any volume fraction. The Bruggeman model is improved from the Maxwell model for a high fraction of particle fillers. The Hashin
and Shtrikman model is for the matrix embedded with percolated fillers. The Mori & Tanaka is for fiber-like or disk-like fillers. No
matter how the matrix material is mixed with the filler material in what volume fraction, the mixture’s effective thermal conductivity
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Fig. 1. Voronoi foams with different anisotropic ratios of 1 (a), 1.5 (b), and 2 (c). The anisotropic ratio is defined by the ratio between the pore size perpendicular to
the heat transport direction and that along the heat transport direction. The cell wall thickness along x, y, and z directions are the same.
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T=300K
(Cold reservoir)

Fig. 2. Finite Element Analysis domain used in the study. Here, the anisotropic ratio is 1.

Table 1
Different effective medium approximation models to calculate the effective thermal conductivity of a binary mixture made of matrix material and fillers. ky, km, and k.5
represent the thermal conductivities of the filler, matrix material, and binary mixture, respectively. ¢ is the volume fraction of filler.

Model Equation Comments

Upper limit [49] ke = pks + (1 — @)knm Parallel

Lower limit [49] X o (1-—¢) -1 Series
7= (5 "%")

Maxwell (¢ < 50 %) [50,511] k k ky + 2km + 20 (ky — knm) For isolated particles
eoff = Km

ks + 2km — o (kg — km)
Russell [52] (1- (p%) 4 kf (/]% embedded cubes (phase 2)
k

m

ko = 2 k[ 2
1+¢,¢3+F<¢3,¢)

Decomposed Russell [38,52]

2 1—¢3
keyp = @3k + kn———o—
1—-¢3+¢
5 b
Bruggeman [55] kiﬁ‘ kegr —kr\ (kegr —ko\* —1-¢ sphere particles, y = 1
km km — kg ) \km — ko ’ 3
b 3;(}[7;11)‘1(0 _ 2: ir :_)kf, prolate particles, y < %
2 1
c = _ 2@ -7 oblate particles, y > =
Br-5@r+1) 3
Hashin and Shtrikman [54] e —x 1 3(1 — ) (ks — km) upper bound, Percolated fillers
=Y 3k — @ (ky — k)
e~k {14 30 (ks — km) lower bound, isolated fillers
of = tm 3k + (1 — ) (ks — km)
Mori & Tanaka [55] ke — k4 (,,(kf — km)9 fiber-like particles,
om0 _1( 4kn 1
3 \kn + k¢
spherical particles,
~ Bkn
" 2km + ks

disk particles,

1 (kn
0=3(i+2)

must be located in between two limits. The upper limit is when the particle and matrix form parallel channels along the heat transfer
direction, and the lower limit is when they align perpendicular to the heat transfer direction.

Thermal insulation foams can be viewed as a mixture of gas and solid, with gas being the filler material and solid being the matrix.
The filler gas conductivity (ks) may be inhibited by the pore size due to the Knudsen effect [56], i.e.,

-1
Ky = o (1 + Zﬁ%) . &)

Here k}’ is the diffusive limit of gas thermal conductivity at a given temperature T. j is a parameter determined by the energy exchange

rate between solid and gas molecules, § = ;2% (0 < a< 1), where a is the energy accommodation coefficient between the gas

kT
\/fid2p'
pore size, d is the kinetic diameter of the gas molecules, and kg is the Boltzmann constant. In the case when the gas is made of multiple
gas species, the gas thermal conductivity should be calculated as:

molecules and the solid material [57]. A is the gas molecules’ mean free path given by A = P is pressure, T is temperature, D is
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Here x; and ky, are the molar fraction and thermal conductivity of the gas species i. n is the total number of gas species. Aj; is the
interaction parameter between gas species i and j, which can be calculated with the Mason-Saxena equation as explained in Ref. [58].
When there is a Knudsen effect, k¢, should be calculated by using Eq (1), where the pressure P should still be the total pressure of the gas
rather than the partial pressure of the species i. Throughout this paper, the Knudsen effect of gas thermal conductivity is not considered
in the FEA simulations since the smallest pore size that can be achieved in practical commercial applications is hundreds of microns,
which are much larger than the gas molecules’ mean free path at ambient pressure.

To identify the EMA models that can accurately predict the effective thermal conductivity of foams, we conduct FEA simulations
and obtain the thermal conductivity of polyisocyanurate foams at various filler volume fractions (porosities), as shown in Fig. 3. These
results are compared with all the EMA models. Here, we consider two fillers, i.e., vacuum (ks = 0) and HFO (ks = 0.011 W.m LK.
Additionally, the finite element study of Amit et al. [S9] on vacuum porous insulation foam is included for reference. Our result aligns
well with their results. It is evident that, except for the upper model, lower model, Bruggeman model, and Mori and Tanaka (fiber)
model, all other EMA models align well with the FEA results. Therefore, it is safe to pick any of the Russell, decomposed Russell,
Maxwell, Mori and Tanaka (sphere), and HS models to predict the thermal conductivity of foams. Throughout the remaining sections of
this paper, we use the decomposed Russell model, similar to our recent work [38]. The results are continuously compared to FEA to
ensure accuracy.

3.2. R-value of isotropic polymer foam with various blowing agents

With the decomposed Russell model, we obtain the thermal conductivity and R-value of polymer foams filled with various gases as
shown in Fig. 4. The figure demonstrates that the decomposed Russell accurately calculates the effective thermal conductivity. The
different gases have thermal conductivities ranging from 0 (for vacuum) to 0.026 W.m 1K ! (for air). Note that these analyses assume
radiation is eliminated and thus represent the upper limit of R-value (or lower limit of thermal conductivity) that can be achieved in
polymer foams, assuming pore size is not small enough to create the Knudsen effect.

Considering the common range of polymer insulation foam porosity, 95-98%, the highest R-values by using air, pentane, and HFO
are R-5/in., R-8.5/in., and R-10.3/in., respectively. This indicates that R-10/in. is feasible under the commercial production capa-
bilities: large pore size, porosity of 97.6%, and ambient pressure, if the radiation can be eliminated, for example, by opacifiers.

3.3. Design space for isotropic foams with R-8/in., R-9/in., and R-10/in

Using the decomposed Russell model, we have predicted the design spaces of isotropic foams with R-values of R-8/in., R-9/in., and
R-10/in., as shown in Fig. 5. Figures (a, ¢, and e) assume zero radiation, while Figures (b, d, and f) assume 20% radiation to the
effective thermal conductivity, which is a commonly reported value [60-63] for polyisocyanurate foams. This comparison allows us to
visualize the impact of radiation on thermal transport. The design spaces are shown in the shaded areas. For instance, any poly-
isocyanurate foam lying inside the green area has an R-value not less than R-10/in.

Fig. 5(a) and (b) illustrate the design spaces for isotropic open-cell polyisocyanurate foams (filled with air) with 0 and 20% ra-
diation contributions, respectively. It is evident that achieving R-8/in., even when neglecting radiation contribution, requires
restricting the pore size to the sub-micron scale. As shown in Fig. 5(c), when transitioning from an open-cell design to a closed-cell
design with pentane (ks of 0.014 W m LK) as filler gas, an R-8/in. can be attained with a pore size of approximately 50 um,
given a porosity of around 98% and no radiation contribution. However, to achieve R-10/in., the pore size needs to be further reduced
to the submicron level. As shown in Fig. 5(d), considering a radiation contribution of 20 %, achieving even an R-8/in. value neces-
sitates decreasing the pore size to submicron dimensions when using pentane as the blowing agent. Fig. 5 (e) and 5(f) present the
design spaces using HFO as the filler gas. Remarkably, even with bulk-sized pores (pore size >100 pm), we can attain R-10/in. when

——— T 1 00§ /————7
0.05 |- oo L . _ 1 1 1 — Russell model
Kmatrix = 0-235 Wm™ K™ ] k . Kmatrix = 0.235 Wm™ K"J _ Ryssell decomposed model
004 . =0 N LN\ Rme = 0.011WmT K ] Maxwell model
- [ e 088 1 S04 [ \ U ] - Bruggemann model (sphere)
X b k B | —— Mori model (sphere)
S 1 o { —— HS model
£ 1 0.03 | = -++-- Mori model (fiber)
E -] [ 1= Upper model (series)
E 1 ] - Lower model (parallel)
¥ 0.01 [ - o0.02 | | O FEA (vacuum)
[ (b) 4 ¢ FEA (Amit et. al., vacuum)
000 [.(8) e { O FEA(HFO)
r. ...+ vl b
0.80 0.85 0.90 0.95 0.80 0.85 0.90 0.95
Porosity (¢) Porosity (¢)

Fig. 3. Comparison of effective thermal conductivity obtained from different EMA models with the finite element analysis results. The matrix material is taken as
polyisocyanurate (k, = 0.235 W.m K1), and the filler gas is taken as (a) vacuum (ks = 0 W-m *K ') and (b) HFO (k; = 0.011 W.m K™ }).
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Fig. 4. Comparison of finite element analysis results with the decomposed Russell model for different gases and porosities. Radiation contribution to thermal con-
ductivity is assumed to be eliminated. The Knudsen effect is not considered, assuming the pore size is much larger than the molecule mean free path.
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Fig. 5. R-10/in. design space for isotropic polyisocyanurate foams filled with (a) air with no radiation, (b) air with 20% radiation, (¢) pentane with no radiation, (d)
pentane with 20% radiation, (e) HFO with no radiation, (f) HFO with 20% radiation. Here, air, pentane, and HFO are taken as representative gases with thermal
conductivity of 0.0265, 0.014, and 0.011 W.m~1-K™%, respectively.
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radiation is diminished. However, achieving this high R-value necessitates a porosity as high as 97.6%. Achieving R-8/in. becomes
relatively easier with a porosity of 95%. Nevertheless, when the radiation contribution is considered, a shift towards submicron pore
sizes becomes imperative. This is due to the balance between the increase in kg caused by radiation contribution and the decrease in
kefr resulting from a reduction in gas contribution due to the Knudsen effect. Hence, the figure underscores the crucial role of
diminished radiation in realizing an R-10/in. value.

4. Designing ultra-low thermal conductivity anisotropic foams

4.1. Development of EMA model for anisotropic cuboid foams

As no existing EMA models for anisotropic foams are available in the literature, we develop an EMA model based on anisotropic
cuboid foams, as shown in Fig. 6 (b). The derivation method is similar to that of Russell model, and the details are shown in the
Supplemental information [43]. The effective thermal conductivity (k) of anisotropic cuboid foams as a function of the anisotropic
ratio “”, porosity “¢”, gas thermal conductivity “k;”, and solid thermal conductivity “k,,” is derived as

-1

K (€. Ko k) = (1430 [+ (k= (1) (kn — k7)) ] 3)

Here, the factor x is obtained by solving ( 1 + x)(£ + x)* = % and can be totally determined by £ and ¢ as

1 (-1

x_3<a+a2§l), @
; : !

(3, 6-1°¢ ¢ 5, 278 5)

The new EMA model for anisotropic foam is easy to use. The only extra parameter introduced in Egs. (3)-(5) as compared to the
existing EMA models in Table 1 is the anisotropic ratio & (£ > 1).

4.2. Finite element simulations of anisotropic cuboid foams

To validate the new EMA model, Egs. (3)-(5), for anisotropic cuboid foams, we perform the FEA simulations. As seen in Fig. 7, a
good agreement between our new EMA model and FEA results is found, demonstrating the reliability of the new EMA model. From the
result, we find that anisotropic design can effectively reduce thermal conductivity. For example, when the gas is HFO, an anisotropic
ratio of 2 can increase the R-value from R-5.44/in. to R-6.21/in. at 90% porosity. For air, the increase is from R-3.45/in. to R-3.73/in.
In a porous structure, a substantial portion of heat transfer occurs through the matrix structure, which acts as a network of bridges for
heat transfer. The anisotropic foam design decreases the number of connecting bridges along the direction of heat transfer and thus
helps reduce thermal conductivity and increase the R-value.

(a) (b)

Fig. 6. Cuboid polyisocyanurate foam design. (a) isotropic (anisotropic ratio = 1) and (b) anisotropic ratio = 2. Heat transfer is from left to right.
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Fig. 7. R values obtained from our developed EMA model (Egs. (3)-(5)) and FEA simulations for anisotropic cuboid foams filled with (a) HFO and (b) air. Results of
anisotropic ratios of 1,1.5 and 2 are shown.

4.3. Improvement of the EMA model for anisotropic Voronoi foams

While our new EMA model accurately predicts the effective thermal conductivity of anisotropic cuboid foam, it does not accurately
predict that of anisotropic Voronoi foams. This is because our new EMA model assumes perpendicular heat flow paths as in the cuboid
foam, which is not the case in Voronoi foams. Further modifications to the EMA model are necessary to accommodate the intricate
geometry and heat transfer mechanisms specific to Voronoi structures. Therefore, we perform FEA analysis and obtain the thermal
conductivity of various anisotropic Voronoi structures as shown in Fig. 8. After the fitting, we figure out that the effective anisotropic
ratio of Voronoi structures should be that of cuboid structure to the power of 1.8. This power of 1.8 on the anisotropic ratio accounts for
the more distorted heat flow path in the anisotropic Voronoi structure compared to the anisotropic cuboid structure. Thus, after
replacing ¢ with &8 in Egs. (3)-(5), the model can well predict the thermal conductivity of anisotropic Voronoi foams, as shown in
Fig. 8.

Therefore, the EMA model that works for anisotropic Voronoi foams is given by Eq. (3), with x and a calculated by ¢ and ¢ as

_ 1 (51'8 _1)2 1.8
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Fig. 8. Effective thermal conductivity of the anisotropic Voronoi polyisocyanurate foam obtained using finite element analysis and our developed EMA model (Egs.
(3), (6) and (7)). The matrix material is taken as polyisocyanurate, and the filler gas is taken as (a) vacuum, (b) HFO, (c) pentane, and (d) Air.
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It is understandable that the effective anisotropic ratio of anisotropic Voronoi foam is larger than that of anisotropic cuboid foams.
The anisotropic ratio in determining thermal conductivity is a representation of how heat transfer is blocked by walls. When the foam is
made of parallel alternative polymer and gas walls, the anisotropic ratio is infinite. In this case, the thermal conductivity is lowest. That
is, the higher the anisotropic ratio, the lower the thermal conductivity, and the more distorted the heat transfer path is. Therefore,
Voronoi foams have a more substantial anisotropic effect than cuboid foams since the heat transfer path in Voronoi foams is more
distorted or blocked. Fig. 8 shows that anisotropic design is more beneficial at lower porosity and for higher matrix-filler material
thermal conductivity ratio. For example, an anisotropic ratio of 2 can increase the R-value of air-filling foams by 86% and HFO-filling
foams by 17.3%.

4.4. R-10 merit diagram of Voronoi anisotropic foams

Fig. 9 shows the R-10/in. design space for anisotropic Voronoi foams at different radiation contributions. Anisotropic design re-
duces the effective thermal conductivity and makes it much easier to achieve R-10/in. For isotropic design, porosity needs to be as high
as 97.6% to achieve R-10/in., when considering diminished radiation and 600 pm pore size. The porosity needed is decreased to 97.2%
and 96.2% when using the anisotropic ratio of 1.5 and 2, respectively. Even with a 10% radiation contribution, it is possible to achieve
R-10/in. at bulk pore size when the anisotropic ratio is 2. However, when the radiation contribution increases to 20%, pore size needs
to be less than 2 pm to achieve R-10/in., even with an anisotropic ratio of 2.

5. Guidance to experiment

Our results can provide guidance to experimental designs. We have made polyisocyanurate foam samples and achieved the highest
R-value of R-7/in. with a porosity of 96%, as the red star shown in Fig. 10. The sample has an isotropic Voronoi structure filled with
HFO and CO,. Based on our simulation results, we propose that the R-value of the sample can be further improved in the following
ways.

First, the R-value can be improved by diminishing radiation contribution to thermal conductivity. The blue dashed curve and blue
diamond show the R-value of the experimental sample at diminished radiation, calculated using the decomposed Russell model and
FEA simulations, respectively. It is found the R-value can be improved from R-7/in. to 7.74/in. when the radiation is eliminated, which
can be done by adding different opacifiers [64-66] such as silica, carbon black, carbon nanotubes, etc., during the foaming process.
Second, the R-value can be improved by increasing porosity. As shown by the blue dashed curve, the R-value can be further increased
from 7.74 to 8.85 when porosity increases from 96% to 97.5%, which is a common porosity in commercial polyisocyanurate foams.
This is because of the decrease in solid contribution with an increase in porosity. Porosity can be controlled by altering the foaming
process and concentration of different constituents. Third, the R-value can be improved by eliminating CO- in the filler gas or by using
filler gases with lower thermal conductivity. The magenta dashed curve shows the R-value of the same foam but without CO4 (still
without radiation), calculated using the decomposed Russell model. The results agree well with the FEA simulations, shown as
magenta crossed circles. The R-value increases from 8.85 to 9.76 at 97.5%. The concentration of CO; in the filler gas can be decreased
by controlling its generation during the foaming process, which can be done by controlling the amount of water during foaming. Last
but not least, the R-value can be improved by increasing the anisotropic ratio. As shown by the red dashed line with red rectangular
symbols, the R-value can be improved from 9.76 to 10.86 at 97.5% porosity if the anisotropic ratio is increased from 1 to 2. This can be
done experimentally in several ways, as seen in the literature [67-70]. In summary, the R-value of the porous foam can be increased by:
(a) diminishing the radiation, (b) increasing the porosity, (c) eliminating the COs in the filler gas, and (d) using anisotropic pores.

6. Conclusions

This study explores the feasibility of designing polymer foams with an ultra-high R-value (i.e., R-10/in.) by using FEA simulations
and EMA models. We start with the traditional isotropic foam design and then dive into the more advantageous anisotropic design. For
isotropic foams, the accuracy of various existing EMA models is examined through a comparison with FEA simulations. It is found that
the Russell, decomposed Russell, Maxwell, Mori and Tanaka (sphere), and HS models are accurate within the error margin of +5%.
Using the validated EMA models, we have obtained the design space of R-8/in., R-9/in., and R-10/in. isotropic foams filled with
vacuum, HFO, pentane, and air, separately. Considering the practically achievable porosity (95-98%), the highest R-values by using
air, pentane, and HFO are R-5/in., R-8.5/in., and R-10.3/in., respectively. For example, to achieve R-10/in., the porosity needed for
HFO-filled foam is 97.6%, which is practically feasible. For the anisotropic foam design, new EMA models are developed and validated,
which can accurately predict the effective thermal conductivity of anisotropic cuboids and Voronoi foams. Anisotropic design helps to
increase the R-value and makes it easier to achieve R-10/in. Increasing the anisotropic ratio from 1 to 2, the R-values of foams filled
with vacuum, HFO, pentane, and air increase from R-18/in. to R-34/in., R-7.8/in. to R-9.2/in., R-6.7/in. to R-7.7/in., and R-4.3/in. to
R-4.6/in., respectively, when assuming a 95 % porosity and diminished radiation. To achieve R-10/in., the porosity needed for HFO-
filled foam with an anisotropic ratio of 2 is 96.2%, reduced from 97.6% for the isotropic foam design. The improvement in R-value due
to anisotropic design is larger at lower porosity and for lower thermal conductivity filler gases. Finally, several strategies to increase
the insulation capability of porous polymer foams are provided. These include minimizing radiation contributions, increasing porosity,
eliminating CO in the filler gas, and employing anisotropic pores. In essence, this study provides a significant advancement in the field
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Fig. 10. Various approaches proposed to improve the R-value of the porous polyisocyanurate foam.

of polymer foam design, particularly with anisotropic pore geometry, in achieving ultra-high thermal insulation capability.
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