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Abstract. Vacuum Insulation Panels (VIPs) have emerged as a fore-
front solution in energy-efficient building materials. Expanded perlite
(EP) stands out for its unique combination of low density, cost-effectiveness,
and excellent thermal insulating properties among the myriad materials
employed in VIPs. This study presents an integrated model utilizing
analytical methods and finite element analysis (FEA) to simulate the
heat transfer and predict the thermal conductivity of EP powder VIPs
across varying gas pressures. It introduces a procedure to generate rep-
resentative elementary areas (REAs) adaptable to various material char-
acteristics; in comparing the simulation results to measurement values,
the proposed model demonstrates reliable predictive performance from
0.0001 to 1 atm. The proposed model efficiently handles rapid thermal
conductivity changes near atmospheric pressure, resolving distortion is-
sues in other works. Based on the model results of REAs reflecting var-
ious material characteristics, we found that reducing the non-flake ratio
of particles and decreasing the thickness of flake particles obstruct the
heat transfer across all pressure ranges. When the thermal conductivity
of the absolute solid is relatively high, it is advisable for the industry to
prioritize applying finer grinding; conversely, efforts should be directed
towards reducing the thickness of flake particles.

Keywords: Vacuum Insulation Panel - Expanded Perlite - Thermal
Conductivity - Model - Heat Transfer.

1 Introduction

According to the European Commission Energy Department, buildings in the
EU are responsible for 40% of total energy consumption, meanwhile 75% of
the building stock is identified as energy-inefficient. Based on this context, the
emphasis on sustainable building practices has spurred research into advanced
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insulation materials, notably Vacuum Insulation Panels (VIPs). VIPs are usually
built with a rigid porous core and sealed in an envelope. By evacuating the core,
VIPs create a vacuumed environment where gaseous conduction and convection
are nearly eliminated and thus achieve an extremely low thermal conductivity
[4-6]. The thickness of VIPs is significantly thinner than traditional materials,
making it particularly advantageous in situations where space is limited but high
thermal resistance is required [7, 8], for instance, refrigeration [1], construction
[2], and transportation [3].

Expanded Perlite (EP) is obtained from natural perlite, a natural igneous
or sedimentary rock, by crushing natural perlite ore, then treated at high tem-
peratures at 760°C to 1100°C to expand, release moisture and crystallization
water, and finally cooled to room temperature [12,13]. Despite being a non-
renewable resource, abundant natural perlite reserves and cost-effective produc-
tion methods make EP a sustainable choice [14]. EP stands out for its insulation,
lightweight and affordability, making it a key component of VIPs. Its composition
[17], rich in silicates and metal oxides, ensures chemical stability and longevity
[18,19].

Scientists have amassed considerable achievements in thermal conductivity
modelling for porous materials since engineers attempted to establish empirical
models [20]. These endeavours have primarily resulted in two major categories
of models: analytical models and numerical models [21]. Analytical models typ-
ically compartmentalize the effective thermal conductivity into four parts: solid
heat transfer, gas heat transfer, radiative heat transfer, and the coupling effects
[22]. Conversely, numerical models feed all parameters, including morphological
and physical parameters, into the simulation together. Upon setting boundary
conditions, these numerical models employ Finite Element Analysis (FEA) [23,
24], lattice Boltzmann methods (LBM) [25-27], or even Molecular Dynamics
(MD) [28] for simulation.

Since the mean free path of gas molecules is inversely proportional to the
gas pressure, the range of the Knudsen number of the fluid inside the porous
material spans a large range, makes impossible to use a single-scale model to
cover all the situations. The advantage of analytical models lies in only utilizing
morphological statistical data, eliminating the need to reconstruct material mi-
crostructures for thermal conductivity prediction [1]. However analytical models
are still powerless for highly coupled scenarios at near atmospheric pressure [21].
Numerical models do just the opposite. However, in scenarios where the gas
pressure diminishes significantly, attributable to the diminution of fluidic prop-
erties and the concurrent amplification of particulate attributes, the gas exhibits
transitional or free molecular flow characteristics and consequentially limits the
application of numerical models in extremely low-pressure circumstances.

Combining models from both categories to overcome the limitations and pro-
vide accurate thermal conductivity predictions across lifetime pressure ranges,
this research aims to integrate analytical and numerical approaches to develop
a comprehensive model suitable for studying vacuum insulation panels, thereby
advancing understanding and application in sustainable building practices.
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2 DMaterial and Methodology

2.1 Material

This study uses the EP filler Perlite 180 to build VIPs. The Scanning Electron
Microscope (SEM) images of Perlite 180 are shown in Figure 1 left. Unlike those
perlite particles without grinding shown in Figure 1 right [29], the characteristic
bubble morphology of EP is no longer recognizable after fine grinding; only
broken tiny plates with thicknesses from around 300nm to 1 pm can be found.

Fig. 1. SEM Images of Perlite 180 (left) and unground Perlite (right)

Due to the fine grinding, there are no closed pores within the Perlite 180 filler.
The rule of mixtures with chemical composition analysis determines real density.
This study calculates porosity through the ratio of the bulk density (0.18g/cm?)
to the real density (2.796g/cm?) of EP powder. The resulting porosity is IT =

1 % = 93.56%.
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Fig. 2. Pore (left) and Particle (right) Diameter Distribution of Perlite 180

Another key parameter for VIP core materials is the diameter distribution
of voids, which determines the vacuum levels required to keep the low thermal
conductivity. From Figure 2, we can observe that the mode of the pore diameter
distribution for Perlite 180 is just below 10 pm. This observation aligns with the
situation presented in the SEM images.
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Via laser diffraction technique, in reference to Figure 2, Perlite 180 displays
a peak distribution centred at about 20pm and the percentile data regarding
particle diameter distribution is presented in Table 2. However, the laser diffrac-
tion technique is unsuitable for flake particles, which violates the assumption of
spherical particles. Therefore, particle diameter results are only used for mor-
phological analysis and will not be passed on to later simulations.

2.2 General Principles of Model Design

This section shows the analytical and numerical models used to investigate the
effects of varying internal gaseous pressures on thermal conductivity due to age-
ing and damage. This study highlights the importance of the Knudsen number
(Kn) [30], which helps determine the appropriate model based on gas behaviour
in different pressure conditions. For Kn < 0.1, slip flow conditions are assumed,
and a numerical model is applied. An analytical model based on rare gas the-
ory is utilised for Kn > 0.1. The "divide and conquer” idea aims to provide a
comprehensive model effective across a wide range of pressures.

2.3 Analytical Model for Lower Pressure

The thermal conductivity of porous media comprises three components: solid
heat transfer, gas heat transfer, and radiative heat transfer [21]. In a rarefied
gas environment (Kn > 0.1), where pressure is the only variable, solid heat
transfer and radiative heat transfer can be considered constants. For scenarios
where low-pressure results in a Kn > 0.1, we started with the classic Kaganer
model, designed a more robust version of the Kaganer model, and applied it to
the calculation of the thermal conductivity of gases within porous media [30].
Firstly, the Kaganer model is introduced with a parallel plates assumption: a gas
with molecular mean free path [, passing through two parallel plates at a distance
D, and the equivalent gaseous thermal conductivity Agqs can be calculated as:

Agas = (ITXo) /(1 4+ 2BKn) = (ITXo)/(1 + 25(ly/ D)) (1)

where II is the total porosity, A¢ is the thermal conductivity of the gas
in free space (Kn < 0.01), § is a dimensionless coefficient related to the gas
accommodation and adiabatic coefficient and the coefficient 3 for air is 1.55. Kn
is the ratio of I, to D. I, is defined as I, = (kpT)/(v/27d?p), where kg is the
Boltzmann constant, T is the temperature, d is the diameter of a gas molecule
and p is the gas pressure.

However, the average pore diameter D is not easy to determine from experi-
mental results. From uniform pore size [30] to normal [31] and bimodal [32] nor-
mal distribution, scientists have been trying to model the pore size distribution
of porous materials with distributions that are more consistent with experimen-
tal results. In this study, to restore the experimental results as well as mitigate
the unevenly distributed sampling value and influence of outliers, we assume
that the pore diameter d follows a lognormal distribution D:

ICCS Camera Ready Version 2024
To cite this paper please use the final published version:
DOI] 10.1007/978-3-031-63775-9_29 |



https://dx.doi.org/10.1007/978-3-031-63775-9_29
https://dx.doi.org/10.1007/978-3-031-63775-9_29

Title Suppressed Due to Excessive Length 5

_ (nd—p)?

£ (d; o) ﬁ @)

where p and o are the mean (expectation) and standard deviation of lognor-
mal distribution D. We then deduce the mean by reverse engineering through
the more readily obtained mode and median.

The mean E (D) conforming to the log-normal distribution can be calculated
with the mode Mode [D] = ¢~ and the medium Med [D] = e* as Equation 3:

2 [ e’k e 3
E(D) =T = W: e“172 - \/ l\l\go(ciie[l[)l])] (3)

The mean pore diameter for Perlite 180 can be calculated as E (D1gg) =

Med[Diso]® _  /9.1um3 __
Mode[D1so] — dpm 137/.”7’1

Therefore, the effective thermal conductivity of EP powder under a rarefied
gas environment can be summarized as:

I\
)\analytical = )\gas+)\solid+)\radiation = )\gas+)‘const = O]\/IodE[D] HAconst
1+ 2B,/ riedelD]

(4)
where the sum of solid thermal conductivity Ag;¢ and radiative thermal
conductivity Arqdiation Can be written as a constant variable A.op, st

2.4 Numerical Model for Higher Pressure

This study used SEM images of EP powder as a reference. We developed a vi-
sualized Grasshopper [33] program, enabling the generation of a Representative
Elementary Area (REA) tailored to a specific set of characteristics for EP sam-
ples. Finally, the REAs and material’s characteristic values are fed into the FEA
slip flow model implemented by COMSOL Multiphysics. Meanwhile, we elimi-
nate the influence of the randomness of REA generation on the final results by
averaging multiple calculations.

Limit by the length of the short paper, we omit the details of generating
REAs and only describe the design logic here. First, we randomly divide the
REA into many cells with a diameter equal to the characteristic pore diameter
(Figure 3 left). Then starting from the minimum observed wall thickness, we
gradually increase the thickness until the porosity equals the observed value
(Figure 3 middle). Finally, we hollowed out all vertices so that all solid walls
were disjointed flakes (Figure 3 right).

In the subsequent finite element analysis, appropriate boundary conditions
are established, and the physical properties of the gas and solid domains are
incorporated into the model through empirical formulas or rules of mixtures.
Finally, by utilizing the 2-dimensional thermal conductivity equation under ap-
propriate sampling scope, the effective thermal conductivity of the REA is com-
puted.
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Fig. 3. Process of Constructing REA

As illustrated in Figure 4 left, the temperature difference between the 2 cm
panel is ATs.,, = 5K at the macroscopic scale, and the temperature differ-
ence between the left and right sides of the REA at the microscopic scale is
given by AT = ATy, * L/20mm = 0.05K. The initial temperature T;pnitial
of the REA is set as the medium temperature between the cold and hot plate
(Thyem + Tegem) /2 = 295.65K, and the temperature of cold (left) and hot (right)
sides are T, = Tinitial — AT /2 = 295.625K and Ty, = Tipitiar + AT /2 = 295.675K.
The top and bottom sides of the REA are periodic boundary conditions, in which
heat and mass are allowed to transfer across the boundary periodically.
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Fig. 4. Schematic Diagram and Sampling Scope of REA
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In our research, the solid of the porous medium is expanded perlite, while
the gas within the porous medium is dry air. For the gas domain, COMSOL
Multiphysics provides built-in formulas for the physical properties of dry air.

For the solid domain, density, thermal conductivity, and heat capacity at
constant pressure are required to perform the slip flow simulation. The rule of
mixtures is applied to obtain the above parameters of the solid skeleton. By
comparing numbers of the research paper, a representative composition of the
EP solid (76% of SiOg,14% of AlyO3,4% of NasO,5% of KoO and 1% of im-
purities) is assumed and will be applied with the rule of mixtures [34, 35].

As we know psio, = 2648kg/m?, paj,0, = 3987kg/m?, pya,0 = 2270kg/m3,
and pr,0 = 2130kg/m3. The density of EP solid psiq is derived as:

m; .
Prolid =y ————p; = 2795.9kg/m* (5)

Mmizture
Due to the lack of data in the academic community regarding the thermal
conductivity of sodium oxide and potassium oxide as a function of temperature,
we limit our consideration to the two primary components with the highest
weight percentage in the EP solid: silicon dioxide and aluminium oxide. As we
know Agi0, = 1.4W/mK, Aa,0, = 35W/mK. The upper limit of thermal con-
ductivity of EP solid Agy;q is derived as:

Asolid,upper = Z L/\l = 6627W/mK (6)

Mmizture

The lower limit of thermal conductivity of EP solid A4 is derived as:

-1
™Mi/Mmizture
)\solid,lower = (Z 7/ )\1 ¢ ) = 1646W/1’I1K (7)

As we know C),_gi0, = 741.84J/(kg * K)[38], Cp_a,0, = 753J/(kg * K)[37],
Cp_Na,o =1114.71J/ (kg * K)[36], and C)_g,0 = 887.69J/(kg * K)[39] . The heat
capacity at a constant pressure of EP solid Cj,_soiiq is derived as:

Cpsolid = ﬁcp — 765.85] / (kg * K) 8)

In our 2-dimensional simulation, the thermal conductivity of the REA is

calculated with sampling on left and right boundaries (Figure 3 right): A =

— @ x L/ (Tp —T¢). ® is the heat flux on sampling scope, L is the side length

of square REA, T}, and T, are the temperatures of the hot and cold sides of the
REA, respectively.

2.5 Connection between Two Stages of Model

The analytical method and FEA slip flow model are exclusively utilized to ad-
dress cases where the Kn>0.1 and Kn<0.1, respectively. For Perlite 180 (char-
acteristic pore diameter = 13.7 um), the boundary condition for Kn = 0.1 is
Dboundary =0.05atm. Therefore, we selected 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5,
and 1 atm as the scanning values for our FEA slip flow model, and take ppoundary
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=0.05atm as the joint boundary of the coupled model. At the boundary pressure,
the results of the analytical method Agnaiyticai_0.05 and the FEA slip flow model
AFEA_0.05 should return the same value logically.

For Equation 4 utilized in the analytical method, A.ons: is an unknown con-
stant variable. Therefore, we apply the lower pressure boundary to the FEA slip
flow model with p =0.05atm (i.e. when Kn = 0.1) and take the FEA model
result Appa_g.05 into Equation 9 to get the value of A.ops¢, then utilize Equation
4 to compute the effective thermal conductivity Aqnaiyticat When the gas pressure
is lower than ppoundary-

JIPY;

9)

A =A e = Aconst +
FEA_0.05 analytical _0.05 const Mode[D]

kT
1+26 V21 d2pyoundary \ Med[D]?

3 Model Results and Disscussion

3.1 Results Validation

Validation of model hyperparameters ensures our FEA model results remain
consistent regardless of the dimensions of REAs or mesh refinement. Firstly,
the dimension of the REA needs to be validated to be large enough to endow
the model with robustness against the randomness during the generation of
the REA. The second to be validated is the level of mesh refinement during the
finite element analysis since the model outcomes may fluctuate significantly with
changes in mesh refinement.

To assess the convergence of FEA model outcomes regarding the dimension
of the REAs, 7 dimensions ranging from 50 pm to 200 pm were evenly selected.
Then, 5 different REAs were randomly generated for each dimension. The mean
and the dispersion index of the model at all dimensions and pressure levels are
monitored as follows:

M:ZTAipz:Z?(Ai—u)Q’D:oj (10)
n n "

where o2 is the variance and y is the mean.

Firstly, Figure 5 demonstrates that the mean of the model outcomes rapidly
converges with increasing REA dimension from 50 pm to 125 pm. At dimensions
greater or equal to 150 pm, the mean of the model outcomes is highly stable,
exhibiting minimal variation with changes in REA dimension, and it can be
considered as converged. Secondly, the dispersion index decreases significantly
when the REA dimension increases from 50 pm to 125 pm. As long as the REA
dimension is equal to or greater than 125 pm, even under atmospheric pressure (1
atm) conditions, the dispersion index of FEA model outcomes remains stable at
less than 1%, which is a commendable and converged performance. In conclusion,
the REA dimension should not be less than 150 pm, which is consistent with
the argument presented in Chapter 3.
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Dispersion Index vs. REA

Dimension Upper Limits vs. REA Dimension Lower Limits vs. REA Dimension
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Fig. 5. Dispersion Index (left), Upper (middle) and Lower (right) Limits vs. REA
Dimension

Secondly, to validate the reliability of the refinement level, in this section, we
tested 7 mesh refinement levels: Extremely Coarse(- - - -), Extra Coarse(- -
-), Coarser(--), Coarse(-), Normal(std), Fine(4+) and Finer(++). The results
of the above 7 refinement levels at 1 atm, 0.5 atm, and 0.1 atm are illustrated
in Figure 6. Simulation results converge most rapidly during the refinement
process from Exztremely Coarse to Coarser, while they remain relatively stable
during the refinement process from Coarse to Finer. We can conclude that the
Normal(std) level of refinement level is sufficient and can be treated as a balance
of the trade-off between accuracy and complexity.
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Fig. 6. Model Results at 1, 0.5 and 0.1 atm vs. Different Levels of Mesh Refinement
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3.2 Results Comparison

From Figure 7, it can be observed that the divide-and-conquer approach adopted
in this study has been successful. Within the range of relatively high pressures
where slip flow can be applied, all measurement data fall within the thermal con-
ductivity interval provided by our FEA model. The simulation results and ex-
perimental data exhibit notable consistency, showing a rapid increase in effective
thermal conductivity and the logarithmic growth of pressure. In environments
with even rarer gas, the analytical model and experimental data are generally
in agreement and exhibit the same trends.

60

50 /X

40 éx/ X Experimental Data
/ = = FEA lower limit

30 |

= = FEA upper limit

Analytical model

Effective Thermal Conductivity (mW/(m+K))

20
Slip Flow Pressure
10 Boundary
0
0.0001 0.001 0.01 0.1 1

Pressure (atm)

Fig. 7. Experimental Data and Results of Thermal Conductivity Models

Table 1. Experimental Data and Results of Thermal Conductivity Models

Pressure Kn FEA Model Analytical Experimental
Upper Limit Lower Limit model data
atm  Pa mW/(m*K) mW/(m*K) mW/(m*K) mW/(m*K)
0.0001 10.1 10.1 / / 7.85 74
0.001 101.3 5.06 / / 9.18 8.3
0.002 202.6 2.54 / / 10.5 /
0.005 506.6 1.01 14.416 14.399 13.67 /
0.01 1013.3 0.506 16.677 16.615 17.31 14.7
0.02 2026.5 0.254 20.178 19.977 21.5 /
0.05 5066.3 0.101 26.803 26.033 26.4 /
0.10 10133 0.0506 32.875 31.164 28.91 32
0.20 20265 0.0254 39.172 36.015 30.44 /
0.50 50663 0.0101 46.731 41.194 31.46 41.7
1.00 101325 0.00506 51.236 43.958 31.82 50.3
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3.3 Discussion and Analysis

The study introduces an innovative model for predicting thermal conductivity
in various materials, notably expanded perlite (EP) powder, within a range of
gas pressures. Compared with existing similar research, this model stands out
for two primary reasons. First, it adapts its approach based on the state of gas
flow—accounting for different conditions like laminar flow, slip flow, and tran-
sitional flow—Dby incorporating methodologies specific to the Knudsen number
(Kn). This "divide and conquer” strategy allows for a tailored and accurate
representation of gas flow states without overcomplicating the model. Second,
the model introduces a flexible generation of REAs, which can adapt to the mi-
crostructural variations of EP powders and other materials with similar charac-
teristics. This adaptability is further enhanced by the model’s ability to adjust for
the absolute solid thermal conductivity based on the material’s chemical compo-
sition, allowing for a precise representation of the material’s thermal behaviour.
Furthermore, this study not only offers insights into the thermal behaviour of EP
powder but also proposes a framework applicable to a broader range of materials
with similar structural characteristics.

Thermal Conductivity Upper Thermal Conductivity Upper Thermal Conducitivity Upper Limit
Limit vs. Non-flake Ratio Limit vs. Flake Thickness vs. Characteristic Pore Diameter
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Fig. 8. Effective Thermal Conductivity Range vs. Non-flake Ratio (left), vs. Flake
Thickness (middle), and vs. Characteristic Pore Diameter (right)

The study’s findings demonstrate that an increase in the ratio of non-flake
structures improves the effective thermal conductivity under all pressure condi-
tions (Figure 8 left). Notably, this improvement is least significant at a pressure
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of 0.02 atm when the solid’s thermal conductivity is low. Additionally, the pro-
motion of higher pressures to the enhancement is also noticed. We speculate that
this is due to the intensified coupling effect between increased gas heat transfer
at higher pressures and solid heat transfer in non-flake structures, amplifying
the heat transfer increase resulting from changes in solid structure.

The flake thickness also serves as an essential parameter for predicting the
effective thermal conductivity of EP powder under different pressures and it
cannot be easily altered through physical methods such as grinding. It is evident
that both the upper and lower limits of thermal conductivity increase with the
growing flake thickness (Figure 8 middle). We infer that this phenomenon arises
from the increase in the cross-sectional area of flakes due to the increased flake
thickness, facilitating more heat flux transfer from the hot end to the cold end
through the solid flake structure.

Lastly, Figure 8 (right) shows that the effect of characteristic pore diameter
on the heat transfer of EP powder is non-monotonic, which warrants thorough
discussion and analysis. Particularly at high pressures where gas heat transfer
less significantly influences the overall thermal conductivity (Figure 8 right). The
study suggests that the increase in pore diameter—and consequently, the mean
free path of gas molecules—enhances gas thermal conductivity at lower pressures.
However, with further increases in characteristic pore diameter, the porosity
within the REA significantly increases. This leads to a significant reduction in
the flaky solid structure to perform heat transfer, which not only offsets the
thermal conductivity gain from the increase in the average size of flakes but also
results in an overall decrease in effective thermal conductivity.

4 Conclusion

This study introduces a novel integrated model combining analytical methods
with finite element analysis (FEA) to predict the thermal conductivity of vac-
uum insulation panels (VIPs) with expanded perlite powder across various gas
pressures. Incorporating a Relative Effective Area (REA) adaptable to different
pore sizes and porosities into the FEA, the model shows reliable predictive per-
formance for pressures ranging from 0.0001 to 1 atm. It particularly addresses the
distortion at high pressures seen in previous models, showcasing its robustness
in handling rapid changes in effective thermal conductivity.

The investigation reveals that several factors influence the thermal conduc-
tivity of VIPs. A higher ratio of non-flake particles increases thermal conductiv-
ity, especially when the solid’s thermal conductivity is enhanced. Flake particle
thickness also impacts thermal conductivity, with variations more noticeable at
lower solid thermal conductivities and higher pressures. The characteristic pore
diameter’s effect on heat transfer is complex, showing non-monotonic behaviour
at high pressures but a monotonic increase in effective thermal conductivity with
the diameter at low pressures.

To optimize VIPs’ thermal performance, the study suggests finer grinding
of perlite powder, reducing wall thickness chemically, and selecting appropriate
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encapsulation pressures for optimal pore size. Future research could leverage
the lattice Boltzmann method (LBM) for deeper insights into heat transfer in
porous media like perlite powder at ultra-low pressures, enhancing understanding
of material characteristics on thermal conductivity.

5 Data Availability

The processed data and program required to reproduce these findings are avail-
able to download from https://gitlab.com/leo.ziyanfu/integrated-multi-scale-model-
of-thermal-conductivity-for-expanded-perlite-powder-vacuum-insulation-panels.git
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