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The present study introduces the first coupled model of the finite element method and Mie theory that predicts
the heat transfer mechanism inside the expanded perlite vacuum insulation panels at a temperature range of
300-800 K. The finite element method is applied to discretise the governing equation of the steady state heat
transfer and the three-dimensional Fourier’s law is used. COMSOL Multiphysics is the finite element numerical
solver which predicts solid and gaseous thermal conductivity inside the VIPs. Moreover, Mie theory predicts the
radiative conductivity. Heat transfer radiation is superimposed on the heat transfer through conduction. The
model is capable of predicting total thermal conductivity of VIPs at high temperatures > 500 K, which makes it a
unique model with clear advantage over previously developed numerical models. The numerical predictions of
the developed coupled model are validated experimentally. The predictions of the coupled model are in good
agreement with the experimental measurements, which indicate the capability of the developed model to predict
the mechanisms of heat transfer at high temperatures. For instance, the values of total thermal conductivity for
numerical prediction and experimental measurement, at 557 K, are 14.6 and 14.7+1.2 mW/m/K, respectively,

excellently agreeing within + 8.9 %.

1. Introduction

Globally the usage of thermal energy in buildings is one of the main
causes of carbon dioxide (CO2) emission with a significant impact on
environment and economics. Consequently, efforts are on to enhance
the efficiency of energy use. Governments all around the world have
encouraged the constructional companies to build more buildings with
high thermal resistance insulations preventing heat energy loss. Last
year’s sudden rise of energy prices after Ukraine-Russia war has high-
lighted the importance of reducing energy consumed in all sectors of the
world economy [1].

Vacuum Insulation Panels (VIPs) owing to a high thermal resistance
are excellent replacement for conventional building insulation. A typical
VIP used in buildings is a rigid panel containing an evacuated inner core
board inside an outer barrier envelope [2].

VIPs core materials are open porous foams, powders and fibres.
Fumed silica (SiO,) powder is the most popular material to produce VIPs
core, because its small-scale pore size with the order of 10 nm causes low
solid and gaseous thermal conductivities [3]. However, fumed silica is
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an expensive material (at ~4$/kg); therefore, research to identify
cheaper alternative materials to replace fumed silica is very contextual.
Expanded perlite, glassy amorphous mineral rock, is reported appro-
priate candidate to be used in VIPs core [4]. A larger particle size and
pore size of expanded perlite cause a larger amount of heat transferred
through VIPs [2,5,6]. To eliminate the effect of a larger pore size on
gaseous thermal conductivity a higher level of vacuum is required in the
case of expanded perlite core VIPs. This problem can be resolved by
introducing fumed silica in the expanded perlite [2]. Aggregates of
fumed silica powder are reported to migrate into larger pores of
expanded perlite reducing the resultant pore size. Heat transfer mech-
anisms in a VIP include solid conduction, gaseous conduction, radiation
and coupling effects [4,7,8]. The conductive mechanisms are control-
lable. For instance, vacuumisation significantly reduces gaseous con-
ductivity, use of low-density materials reduce solid conductivity, and
use of opacifiers decrease radiative conductivity [2]. The study of heat
transfer mechanisms in VIPs enables the researchers to design better
quality VIPs with a lower production cost. In recent years, researchers
have studied the application of fumed silica, fibres and foams in VIPs [3,
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9,10]. They have developed numerical models and performed experi-
mental measurements to better understand the heat transfer mechanism
[11-13]. However, there are a very few studies reporting efforts to un-
derstand the mechanism of heat transfer in VIPs made of expanded
perlite. For example, Verma and Singh [5] developed the first numerical
model to calculate the thermal conductivity of expanded perlite particle
arranged in two different packing structures, simple cubic packing and
the hexagonal close packing. Finite element method was applied to
discretise the steady state heat transfer equation and three-dimensional
Fourier’s law used. Investigating the effect of particle size, intra-particle
pore size, porosity, internal gas pressure and contact ratio on the ther-
mal conductivity, they experimentally validated the developed numer-
ical model. According to diffusion equation, the radiative thermal
conductivity is proportional to the cube of the mean absolute tempera-
ture (T%), therefore, radiation is the dominant factor amongst heat
transfer mechanisms at high temperatures (600-800 K) [7,8].

Whilst literature reviews such as Bouquerel et al. [14] have been
recently published, to learn more about the studies relevant to VIP
research, authors have decided to provide a complete review on the
subject of numerical predictions, theoretical investigations and experi-
mental measurements of the mechanics of heat transfer in VIPs as
follows.

1.1. Numerical model developed to study solid, gaseous and radiative
conductivities in VIPs

Zhang et al. [15] developed a one-dimensional finite volume nu-
merical model to combine radiation and conduction to predict the total
thermal conductivity of fibrous insulation at various temperatures and
core pressures. The predictions of the model were verified by developing
an apparatus to measure heat transfer through high-alumina fibrous
insulation. Kan et al. [11] developed a numerical model to investigate
the effect of micro structure of porous core materials and vacuum level
on total thermal conductivity. Jang et al. [12] introduced a model which
combined radiative and conductive heat transferred through studying
depth-wise conduction phenomena in stacked radiation shields. Foray
et al. [13] developed a numerical model based on finite element method
coupled with accompanying X-ray tomography measurements to
determine the heat flow in composite aerogels. Yang et al. [16] proposed
a numerical model to predict the effects of the fibre volume fraction and
fibre diameter on effective thermal conductivity of fused silica
fibre/aerogel composites core VIPs at 300-1300 K. Caps et al. [17]
applied Mie model and Monte Carlo method to predict radiative flux in
high temperature insulation, and they showed that the diffusion
approximation is valid for calculation of radiative heat transfer even in
the presence of strong anisotropic scattering. Yang et al. [18] proposed
to combine Rosseland equation, Mie scattering theory, Beer’s law and
Subtractive Kramers-Kronig (SKK) relation to calculate radiative ther-
mal conductivity of ultrafine fibrous insulation. Jang et al. [19] applied
Monte Carlo method to determine radiative heat transfer in the isotropic
scattering and pure backward scattering layers in VIPs; predictions
agreed with the diffusion approximation. Choi et al. [20] proposed a
statistical formulation to determine the radiative heat transfer in VIPs
with results being in a good agreement with those obtained from
diffusion approximation, Monte Carlo method and discrete ordinate
interpolation method. Xie et al. [21] developed a fractal-intersecting
sphere model to consider the effect of gas conduction and solid con-
duction and Mie theory to calculate Rosseland extinction coefficient and
radiative thermal conductivity for silica aerogel composites. Liu et al.
[22] proposed an inverse method based on a real-valued genetic algo-
rithm optimization to calculate the effective thermal conductivity of
silica aerogel composites at 280-1080 K from experimentally measured
temperature data.
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1.2. Experimental and theoretical studies of the effect of opacifiers on
radiative conductivity

Singh et al. [3], studied heat exchange phenomena in VIPs to better
understand radiative thermal conductivity of fumed silica mixed with
different IR-opacifiers proportions and a composition with minimum
thermal conductivity was determined. Arduini et al. [23] studied the
effect of opacifiers on the radiative heat transfer in cellular polymeric
foams by calculating specific extinction coefficient of opacified foams
from individual spectral extinction coefficients of polymers and opaci-
fiers. Feng et al. [24] experimentally examined the effect of opacifiers on
specific extinction coefficient in fumed silica core VIPs. Zhu et al. [25]
theoretically determined the extinction performance of different opa-
cifiers, and reported optimal temperature-dependant particle size and
doping amounts of opacifiers that maximise the Rosseland mean
extinction coefficient and minimise the total thermal conductivity of
core composites. Wang et al. [26] investigated the radiative properties
of opacified (metallic or metallized) cylindrical fibres and spherical
powders employing electromagnetic theory and concluded that fine
metal fibres provided an excellent thermal resistance against radiation.
Caps and Fricke [27] experimentally investigated radiative heat transfer
and solid conductivity of load-bearing VIPs containing perlite, precipi-
tated silica, and fumed silica mixed with different opacifiers. Effect of
the physical load on the solid conductivity was studied as well. Feng
et al. [28], studied the radiative heat transfer for thermal insulating
composites of fumed silica, opacifiers, and fibres at high temperatures.
They calculated the spectral radiative properties including scattering
and absorption to better understand radiative heat attenuation mecha-
nisms. Liang et al. [9], developed and experimentally validated a
theoretical model to calculate total thermal conductivity of VIPs with
aerogel composite cores. Effect of aerogel density on the total thermal
conductivity was studied. Verma et al. [6] experimentally evaluate the
effect of opacifiers on perlite core VIPs reporting that opacifiers signif-
icantly reduce total thermal conductivity.

1.3. Studies on radiative heat transfer in VIPs made of open porous
foams, powders and fibres

Kuhn et al. [29] introduced a method to determine the
infrared-optical ~ properties of loose powder beds via
directional-hemispherical transmission and reflection measurements
whilst considering particle size, refractive index, and density. Hager
et al. [30] reported that the radiant heat transfer rates in laminar arrays
of high-emissivity fibres with diameter much larger than the wave-
lengths of the emitted radiation was proportional to the cube of the
mean absolute temperature of the sample. Baillis et al. [31] experi-
mentally determined absorption coefficient, scattering coefficient, and
phase function of open cell carbon foams. Tong and Tien [32] predicted
the radiant heat flux in lightweight fibrous insulations using two-flux
and linear anisotropic scattering solution. The radiative properties of
lightweight fibrous insulations were obtained based on the extinction
coefficient. Fricke and Caps [33] characterised VIPs made of fibres,
powders, or porous gels based on their infrared optical thickness. They
observed that whilst the solid and radiative conductivities were super-
imposed additively in optically thick insulations, a complex coupling
mechanism causes the total thermal conductivity to be larger than the
sum of the solid and radiative components in optically thin insulations.

1.4. Studies on perlite core VIPs and fumed silica core VIPs at
temperature range of 300-1000 K

Beikircher and Dembharter [7] studied radiative heat transport in
perlite at 300 °C through extinction coefficient measurements using
Fourier transform infrared (FTIR) spectroscopy and measured coupling
between solid and gas conductivities. Rottmann et al. [4] based on their
measurements between 295 K and 1073 K reported that solid
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conductivity was very small and the radiative heat transport was
significantly high at high temperatures in expanded perlite cores.
Diffusion model was applied to calculate the radiative heat transfer.
Rottmann et al. [8] investigated the radiative heat transfer in VIPs made
of perlite and various opacifiers at 1073 K using FTIR spectrometry.
Alam et al. [2] studied the thermo-physical properties of expanded
perlite-fumed silica composites experimentally. Nitrogen sorption
technique, mercury intrusion porosimetry and transmission electron
microscopy were applied to study the effect of pore size on thermal
conductivity. Sonnick et al. [34] investigated precipitated silica as a core
material VIPs and determined the coupling effect between gaseous and
solid thermal conductivities.

In the present study, the numerical model developed by Verma and
Singh [5] is coupled with Mie theory to investigate heat transfer
mechanisms, specifically in expanded perlite core VIPs experiencing
temperatures of 300-800 K. The radiative conductivity is predicted by
Mie theory and solid and gaseous conductivities by applying finite
element method to solve the steady state heat transfer equations. Sec-
tions 2 and 3, respectively, outline the Mie theory implementations and
predictions. Section 4 includes the governing equations for solid and
gaseous conductivities and their numerical discretisation. Section 5
presents the results for radiative, solid and gaseous thermal conductiv-
ities of expanded perlite, Section 6 experimental validation of the
developed numerical model and Section 7 summary of the main
findings.

The assumptions considered in the present model are:

Mie theory is used to predict the extinction coefficient of material.
Particles are assumed to be spherical with a radius of the order of
magnitude of the wavelength [35]. Scattering occurs independently
on each particle and no phase relation exists between different
particles.

For solid and gaseous finite element model, it is assumed that par-
ticles are spherical and only have one size with a simple cubic
packing.

e While combining the models, it is assumed that the solid and gaseous
conduction phenomenon happens parallel with radiative heat
transfer as the material is considered optically thick [33], i.e., the
infrared photons are absorbed, scattered and re-emitted while trav-
elling inside the medium.

2. Implementation of radiative diffusion equation and Mie
model

Radiative diffusion Eq. (1) is a simple relation between radiative heat
conductivity and total effective mass-specific extinction coefficient:
160n°T?

5= 3perT) W

where «; is the radiative conductivity, o is the Stefan-Boltzmann con-
stant, n is the complex refractive index, T is the radiation temperature, p
is the bulk density and e(T;) is the total effective mass-specific
extinction coefficient.

Total effective mass-specific extinction coefficient which is also
known as mass-specific Rosseland mean extinction coefficient is the sum
of the absorption and scattering coefficients. In the present study, Mie
model is applied to determine the spectral mass-specific extinction co-
efficient, ej(1), and its value is replaced in Eq. (2) to calculate mass-
specific Rosseland mean extinction coefficient:

A

1 1 dey,
I = d 2
(™) / a@) e “ @

4

where 1 is the wavelength, ¢, is the spectral hemispherical blackbody
flux, and ¢, is the hemispherical blackbody flux.
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The partial derivative of blackbody emissive power (de;, /dep) is
calculated using Eq. (3):
aé’u, T[CICZO'I/4 CXP[(CZ/A)({VE”)]’M]
dep 20" {exp[<cﬂ>w@b>'/"—l]}2

3)

and g, = oT} 4

where C; and C, are constant and T, is the radiation temperature.
Transmission and reflection spectra for perlite in the wavelength range
of 2 ym < A < 20 um are measured using FTIR spectroscopy.

Spectral mass-specific extinction coefficient and mass-specific Ros-
seland mean extinction coefficient obtained from rigorous Mie model
and FTIR measurement are compared with each other to verify the Mie
model’s predictions. Mie model calculates the exact solution to the
electromagnetic scattering and absorption for spherical and cylindrical
particles. In the present study, the perlite particles are assumed to have a
spherical geometry. To calculate spectral mass-specific extinction coef-
ficient using Mie theory, the complex refractive index of the perlite
particles is obtained for wavelength range of 2 ym < 1 < 20 pm.

The complex refractive index is:

n=m+ik (5)

where m is the real part and k the imaginary part of complex refractive
index.

The calculation of the complex refractive index, Eq. (5), for each
wavelength includes (a) applying Hilbert transform to calculate the real
part m and (b) using Eq. (6) to obtain the imaginary part k.

Apoln <$)
k() =——~ (6)
@ 47pgp:0

where 7 is the infrared transmittance of the perlite sample measured by
the use of FTIR spectrometry at infrared wavelengths from 2 to 20 ym, p,
is the density of the loose perlite, pyg, is the density of the potassium
bromide (KBr), § is the thickness of the sample pellet containing both
perlite and KBr.

According to the literature [36] Hilbert transform can be used to
calculate complex refractive index of the sample given that the sample
under investigation is optically thin. Hence, while making samples for
FTIR analysis, we used optically thin pallets of core materials mixed with
KBr. This makes the data acceptable for Hilbert transform. To verify that
the prepared samples are optically thin, optical thickness of KBr pellet
was calculated through Eq. (7).

a=piey(T,) s @)

where « is the optical thickness of core material sample, § the pellet
thickness, p* the density of core material in KBr pellet and e(T;) the
mass-specific Roseland mean extinction coefficient.

Criterion for optical thickness is that a material sample with a <15 is
considered as optically thin [39]. e} (T;) is obtained from Fig. 1b as 140
m?kg ! and the density of the core material in the FTIR pellet and pellet
thickness are p* = 18 kgm™ and § = 3.1 x 107* m, respectively.
Replacing these values in Eq. (7) optical thickness is calculated as a =

0.78, therefore, the core material sample is optically thin.

The MATLAB’s toolbox function computes Hilbert transform. Mie
model predicts the relative cross-sections extinction in terms of the
infinite series as shown in Eq. (8).

2

2
Qe = O + Qe =5 > (2+1) Re[a;(n,x) + by(n, x)] (8)

J=0

where Qe is the relative cross-section extinction, Qgps is the relative
cross-section absorption, Qs is the relative cross-section scattering, a;
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Fig. 1. Comparison between Mie model predictions and the analytical solution for perlite (p=230 kgm™>) — (a) spectral mass-specific extinction coefficient (b) mass-
specific Rosseland mean extinction coefficient and (c) radiative conductivity. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

and b; are the scattering coefficients which depend on the complex
refractive index (n) and the particle size parameter (x = zd /4). aj and b;
expressed in terms of the Ricatti-Bessel functions and computed using
MATLAB built-in Bessel functions.

Mie model spectral mass-specific extinction coefficient is calculated
using Eq. (9):

€;(A) = AQcx(4,d) 9

where A is the geometrical cross-section and d is the particle diameter
[37,38] (Flowchart 1).

To analytically obtain the spectral mass-specific extinction coeffi-
cient Beer’s law is applied:

10$)

G0 =
where 7 is the infrared transmittance of the perlite sample measured by
the use of FTIR spectrometry and § is the thickness of the pellet which is
calculated by Eq. (11)

wpP

=i an
KBr

where W is the total mass of the sample pellet that contains both perlite
and KBr, P is the mass percentage of perlite in the sample, p* is the
density of the core material in the FTIR pellet and Agg, is the cross-
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(6) to calculate imaginary
part of complex refractive (m).
index (k).

Hilbert transform applied to
— calculate real part of
complex refractive index

The complex refractive
mmm)( index, n in Eq. (5), used in
Mie model to calculate the
relative cross-section
extinction Q.4 (EQ. (8)).
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diffusion equation, Eq. (1),
to calculate radiative
conductivity.

r
er(Ty).

e;(A) replaced in Eq. (2) to
calculate Rosseland mean
extinction coefficient,

Spectral extinction
coefficient, e; (1),
calculated from Q. UsiNg
Eq. (9).

=

Flowchart 1. Steps of calculation of radiative conductivity using Mie model. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
sectional area of the pellet.

3. Mie model predictions

Fig. 1 shows a comparison between Mie model predictions and
analytical solution for spectral mass-specific extinction coefficient,
mass-specific Rosseland mean extinction coefficient and radiative con-
ductivity. In Mie model simulations, different particle diameters (20, 30,
50, 100 um) are selected for the perlite particles, and perlite density
fixed at 230 kgm . Based on Fig. 1a, increasing particle diameter de-
creases the peak value of spectral mass-specific extinction coefficient at
9.6 um significantly. However, the peak reduction of spectral mass-
specific extinction coefficient does not have major impact on Rosse-
land mean extinction coefficient and radiative conductivity. All particle
diameters (20, 30, 50, 100 um) produce similar value for the radiative
conductivity. Fig. 1b and Fig. 1c, respectively, show that Rosseland
mean extinction coefficient decreases at higher temperatures with
minima at 650 K, whereas, radiative conductivity continuously in-
creases as temperature rises. Overall, there is good agreement between
Mie model predictions and the analytical solution. The discrepancies
between the Mie model prediction and the analytical solution of the
extinction coefficients and radiative conductivity are due to the fact that
Beer’s law, Eq. (10), is applied to the transmission measurement without
considering the scattering in the original beam. Also, Mie model con-
siders the effect of particle size when it calculates spectral mass-specific
extinction coefficient. Beer’s law, Eq. (10), does not consider the effect
of particle size.

Fig. 2a reveals that the spectral mass-specific extinction coefficient
for perlite with different densities (p = 230, 250 and 280 kgm ) have
almost same value for the peak value (340-375 m?kg™') at 9.6 ym.
Fig. 2b and Fig. 2c, respectively, show that Rosseland mean extinction
coefficient increases significantly with increasing density, however,
radiative conductivity decreases significantly with increasing density.

4. Numerical model for solid and gaseous conductivity

Solid and gaseous heat transfer in perlite VIPs, respectively, occurs
through solid matrix and gas molecules inside micro-pores. The vali-
dated numerical model developed by Verma and Singh [5] is used in the
present study to calculate solid and gaseous conductivity. The simple
cubic packing, in which each particle contacts with six neighbouring
particles, is selected for geometrical design of perlite particles. Solid and
gaseous conductivity in simple cubic packing can be calculated analyt-
ically [40], however, this analytical solution does not consider the
three-dimensional heat flow within the particle. Therefore, the
above-mentioned analytical solution is inaccurate. In the present study,

the solid and gaseous conductivity are predicted numerically using finite
element method.

Here, COMSOL Multiphysics 6.0 is the numerical solver for steady
state heat transfer equation and the three-dimensional Fourier’s law. A
parametric geometry of the unit cells is developed and the solution
domain is discretised using tetrahedral mesh.

The mesh size is characterised by minimum element size of 2.5 um
and maximum element size of 20 ym. The unit cells are subjected to a
temperature difference of 20 °C between isothermally held upper and
lower faces [5]. In the numerical model, the steady state heat transfer
equation, Eq. (12), and the three-dimensional Fourier’s law, Eq. (13),
are the governing equations:

0 oT 0 oT d oT

pe (a) *3 (aj) +3 (a7> =0 a2

0 = kA a3
ow

where ; is either the thermal conductivity of the grain (kg) or the gas
inside pore (xg), T is the temperature, QC‘W is the rate of heat conduction
at a point on an isothermal surface that its normal is given by the vector
w and A is the area of surface normal to the direction of heat flux. The
total heat flux is used to obtain the thermal conductivity of the unit cell
(k) using Fourier’s law on the whole unit cell:

L,

(‘:_.ui 14
K =00 T, s

where Q, is the heat flux calculated at one of the faces of the unit cells, I,
is the length of the unit cell, A, is the area of top/bottom surface of the
unit cell and AT, is the temperature difference between the two surfaces.
Gaseous conductivity is a function of the pore size which is measurable
from scanning electron microscope (SEM) images. In the present model,
the gaseous conductivity is calculated through Kaganer model [41]:

KO

K= (15)
1424 ﬁ
oT
- (16)
¢ \/Eﬂdf,p

where &, is the gaseous conductivity of the pore, Kg the conductivity of
free air, f the coefficient which depends on the accommodation coeffi-
cient and the adiabatic coefficient of the gas, [; the mean free path length
of gas inside the pore, D, the characteristic dimension of the pore, ¢ the
Boltzmann constant, d; the molecular size of the gas and p is the internal
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Fig. 2. Mie model predictions for perlite (D=30 um) with different densities p = 230, 250 and 280 kgm 3. (a) spectral mass-specific extinction coefficient (b) mass-
specific Rosseland mean extinction coefficient and (c) radiative conductivity. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

gas pressure.
In the present model, grain’s or particle’s thermal conductivity (kg)
is an input parameter which is calculated using Russel’s equation:

52/3 +U(1 . 52/3) )

S (52/3 —eru(1-8P ) @

where k7 is the thermal conductivity of the bulk material (SiOy for
perlite), £ is the grain porosity, v is the ratio of xy and xg (Eq. (15)).
Porosity of the perlite grain, ¢, is obtained using Eq. (18):

r=1D+¢
14

E= (18)

where y is the multiplication factor of increase in the particle’s volume
after rapid heating and ¢; the perlite grain initial porosity. For more
details about the developed finite element numerical model see Verma
and Singh [5].

Fig. 3 shows (a) geometry of simple cubic packing, (b) mesh distri-
bution, (c) temperature distribution and (d) mesh independence test for
the numerical model developed. Four different numbers of mesh ele-
ments, mesh categories, were selected to perform mesh independence
test. These categories are coarser, coarse, normal and fine. The number
of elements are 15,933, 32,328, 75,952 and 832,150 for coarser, coarse,
normal and fine mesh categories, respectively. It is obvious in Fig. 3d
that normal mesh category provides accurate prediction for solid and
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Fig. 3. The output of numerical model for the (a) geometry of simple cubic packing, (b) mesh distribution, (c) temperature distribution and (d) mesh independence
test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

gaseous thermal conductivities, 7.57 mW/m/K, and fine mesh category
does not increase the accuracy of prediction. Therefore, normal mesh
category is selected to perform all numerical predictions. It is worth
mentioning that perlite sample with density of 150 kgm > and particle
diameter of 30 um at temperature of 300 K was selected for the mesh
independence test.

5. Numerical predictions of the coupled model for the solid,
gaseous and radiative conductivities

This section presents the numerical predictions of the developed
finite element model and Mie model. The value of solid, gaseous and
radiative thermal conductivity is calculated for the perlite VIPs. Fig. 4
shows total thermal conductivity at different temperatures for internal
gas pressure of 0.1 mbar. Increasing the density increases the solid and
gaseous conductivities at (a) 300 K, (b) 400 K, (c) 500 K, (d) 600 K, (e)
700 K and (f) 800 K. However, increasing the density decreases radiative
conductivity. Here the perlite particle diameter is D = 30 um. The
contribution of radiative thermal conductivity to total thermal con-
ductivity increases as the temperature is increased. Radiative

conductivity is significantly more at higher temperatures ((d) 600 K, (e)
700 K and (f) 800 K).

At 700 K the smallest density of 150 kgm > and the largest density of
280 kgm > produce the highest total thermal conductivity (=~ 21 mW/
m/K). The smallest density causes the highest radiative conductivity,
whereas, the largest density produces the highest solid and gaseous
conductivity. An inverted bell curve is traced by total thermal conduc-
tivity as density varies at higher temperatures > 600 K with minima
shifting towards a higher density (see Fig 4 (d-f)). For example, at 600 K,
density of 180 kgm ™ produces the lowest total thermal conductivity of
~ 16 mW/m/K and, at 700 K, density of 210 kgm 3 produces the lowest
total thermal conductivity of 19 mW/m/K (see Fig. 4d and e).

Fig. 5 shows contribution of each heat transfer mechanism to total
thermal conductivity. Fig 5a presents contribution of radiative con-
ductivity to total thermal conductivity and Fig. 5b depicts contribution
of solid and gaseous conductivities to total thermal conductivity at 300,
400, 500, 600, 700 and 800 K, respectively.

For instance, total thermal conductivity of perlite with density of
150 kgm 2 at 800 K includes 65 % contribution of radiative conductivity
and 35 % contribution of solid and gaseous conductivities (see black
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Fig. 4. The coupled model predictions of solid, gaseous and radiative conductivities at (a) 300 K, (b) 400 K, (c) 500 K, (d) 600 K, (e) 700 K and (f) 800 K for VIPs
sealed at 0.1 mbar. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Contribution of each heat transfer mechanism to total thermal conductivity at 300, 400, 500, 600, 700 and 800 K: (a) contribution of radiative conductivity to
total thermal conductivity (b) contribution of solid and gaseous conductivities to total thermal conductivity.

solid line Fig. 5a and b). At 300 K, total thermal conductivity of perlite
with density of 150 kgm ™~ includes 8 % contribution of radiative con-
ductivity and 92 % contribution of solid and gaseous conductivities (see
dotted line Fig. 5a and b). In another example, total thermal conduc-
tivity of perlite with density of 280 kgm > at 800 K includes 21 %
contribution of radiative conductivity and 79 % contribution of solid

and gaseous conductivities (see black solid line Fig. 5a and b). At 300 K,
total thermal conductivity of perlite with density of 280 kgm 2 includes
1 % contribution of radiative conductivity and 99 % contribution of
solid and gaseous conductivities (see dotted line Fig 5a and b).

Fig. 6 presents the importance of radiative conductivity at high
temperatures where three densities ((a) 150 kgm‘s, (b) 230 kgm‘s, (c)
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Fig. 6. The contribution of radiative conductivity to the total thermal conductivity for three densities (a) 150 kgm 3, (b) 230 kgm 2, (c) 280 kgm . (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

280 kgm ) are used. As it is clear from Fig. 6a, at temperatures above
600 K radiative conductivity of perlite with the smallest density (150 kg
m~3) is larger than the solid and gaseous conductivities altogether. This
phenomenon does not occur at higher densities studied (Fig. 6b and c).
Increasing the density to 280 kgm™> significantly reduces radiative
conductivity to 5 mW/m/K with almost negligible effect on solid and
gaseous conductivities (16 mW/m/K) at 800 K, see Fig. 6(c).

Fig. 7 shows the effect of density and particle diameter on radiative
thermal conductivity at different temperatures. Fig. 7a reveals that
radiative conductivity rapidly decreases with increasing density at
higher temperatures T > 500 K. For instance, at 800 K, radiative con-
ductivity decreases from 17.4 mW/m/K to 5 mW/m/K when density
increases from 150 kgm > to 280 kgm . As it is shown in Fig. 7a, at
lower temperatures (300, 400 and 500 K) increase in density results into
a gradual reduce in the radiative conductivity, however, at higher
temperatures (600, 700 and 800 K) reduce is comparatively steeper.
Note, particle diameter is 30 um in Fig. 7a. It is evident from Fig. 7b that
increasing the particle diameter does not have major impact on radiative
conductivity at higher temperatures (600, 700 and 800 K). Fig. 7b shows

(a)

15

r

& [MW/m/K]

TIK]

that increasing the temperature results into rise in the radiative con-
ductivity. For all particle sizes, at lower temperatures (300 and 400 K)
radiative conductivity is low (~0.24 mW/m/K), whereas it has a high
value (~7 mW/m/K) at higher temperatures (700 and 800 K). Note,
density of sample is 230 kgm ™~ in Fig. 7b.

Fig. 8 shows the total thermal conductivity predicted by the coupled
model for different densities (150, 230, 280 kgm’3) with fixed particle
diameter of 30 pym. At the lowest temperature (300 K), the smallest
density 150 kgm ™ produces the smallest value of total thermal con-
ductivity (8 mW/m/K). However, at the highest temperature (1200 K),
the largest density 280 kgm™ produces the smallest value for total
thermal conductivity of 28 mW/m/K. At highest temperature, sample
with density of 150 kgm ™ produces the highest value of total conduc-
tivity (48 mW/m/K), most of which is contributed by radiative con-
ductivity component (see Fig. 7a). Sample with density of 230 kgm™>
produces total thermal conductivity of 31 mW/m/K at the highest
temperature (1200 K).

Fig. 8 reveals interesting observations, for instance:

p = 230 kg/m®

r

% [MW/m/K]

TIK]

Fig. 7. The effect of density (a) and particle diameter (b) on radiative conductivity. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 8. The effect of density on total thermal conductivity. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

(i) at 597 K, the densities of 150 and 230 kgm 3 produce the same
value for the total thermal conductivity (15.7 mW/m/K).
(ii) at 658 K, the densities of 150 and 280 kgnf3 produce the same
value for the total thermal conductivity (18.5 mW/m/K). and
(iii) at 879 K, the densities of 230 and 280 kgm’3 produce the same
value for the total thermal conductivity (22.5 mW/m/K).

This means that although the contribution of radiative conductivity
is high for the sample with density of 150 kgm™>, the contribution of
solid and gaseous conductivity is low. In contrast, for the sample with
density of 280 kgm ™3 the contribution of radiative conductivity is low
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but the contribution of solid and gaseous conductivity is high. Therefore,
at a specific temperature, different densities can produce the same value
for the total thermal conductivity giving the VIP developers and man-
ufacturers a choice to pick the density that best suits their design
criteria, such as cost effectiveness.

6. Experimental validation of coupled model predictions of the
solid, gaseous and radiative conductivities

The total thermal conductivity is measured experimentally by means
of the transient hot-wire technique to validate the coupled model pre-
dictions at different temperatures (300, 491, 557 and 767 K). In the hot-
wire method, a platinum wire is embedded in the perlite sample sealed
at 0.1 mbar. The density of perlite is 150 kgm . The wire acts as heating
element and temperature sensor simultaneously. The wire is heated with
a constant electrical power during the experiment. The development of
the hot-wire temperature over time is obtained using the temperature
dependant resistance of the wire. Hot-wire temperature evaluations
depend on the thermal conductivity of the sample. Fitting an analytical
solution [42] to the temperature over time curve yields the thermal
conductivity of the perlite sample. Several measurement curves are
averaged to minimise the statistical uncertainty.

Fig. 9a shows comparison between numerical predictions and
experimental measurements of total thermal conductivity at 300, 491,
557 and 767 K. As it is seen in Fig. 9a, there is excellent agreement
between numerical predictions of coupled model and experimental
measurements at 300, 491, 557 and 767 K. The value of total thermal
conductivity for numerical predictions and experimental measurements
at 300, 491, 557 and 767 K are shown in Table 1.

Table 1
Comparison between numerical predictions and experimental measurements of
total thermal conductivity.

T Keotal (Numerical) Krotal (€xperimental)
300 K 8.2 mW/m/K 9+0.5 mW/m/K
491 K 12.3 mW/m/K 13.24+0.9 mW/m/K
557 K 14.6 mW/m/K 14.7+£1.2 mW/m/K
767 K 25 mW/m/K 20.5+1.8 mW/m/K
25+ 1
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I Radiative
201 1
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Fig. 9. (a): Comparison between numerical predictions and experimental measurements of total thermal conductivity at T = 300, 491, 557 and 767 K. Density of VIP
is 150 kgm’3 and it is sealed at 0.1 mbar. (b): numerical predictions of contribution of solid, gaseous and radiative conductivities to total thermal conductivity at T =
300, 491, 557 and 767 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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At 767 K, small deviation between numerical prediction and exper-
imental measurement of total thermal conductivity is observable. The
numerical prediction of total thermal conductivity, ki (numerical), at
767 K is 25 mW/m/K and the experimental measurement of total
thermal conductivity, ki (experimental), is 22.5 mW/m/K. This dif-
ference is due to an experimental error which occurs in the measurement
of perlite density. It is very difficult to prepare a perlite sample with
exact density of 150 kgm ™~ and we considered +5 kgm ™ as an error in
density measurement. This error has direct impact on experimentally
measured total conductivity (most of which influences radiative con-
ductivity) at 767 K. Moreover, an error of +3 K is associated with the
highest temperature (767 K+3 K) of experimental measurement.

The coupled model predictions of the contribution of each heat
transfer mechanism (solid, gaseous and radiative conductivities) to total
thermal conductivity at 300, 491, 557 and 767 K are shown in Table 2.
Here, k¢ is solid and gaseous thermal conductivities and «; is radiative
conductivity. Also, the contribution of solid, gaseous and radiative
conductivities to total thermal conductivity are shown in Fig 9b. It be-
comes clear that the radiative conductivity contributes more to total
thermal conductivity at higher temperatures 491, 557 and 767 K. The
contribution of radiative conductivity to total thermal conductivity is
negligible at room temperature T = 300 K. In summary, experimental
validation of coupled model predictions shows the capability of the
developed model in predictions of total thermal conductivity at high
temperatures.

7. Conclusion

In the present study, we developed a coupled numerical model which
has the capability to predict total thermal conductivity over range of
300-800 K. The present study is novel and original, because it is the first
model that combines the finite element based solid and gaseous con-
ductivity model with Mie theory. The developed model accurately pre-
dicts total thermal conductivity at high temperatures >500 K. High
temperature application is the main advantage of the present model over
previously developed numerical models. The newly developed coupled
model is successfully validated against experimental measurements at
high temperatures. The coupled model includes the numerical model
developed by Verma and Singh [5] and Mie model. Developed model by
[5] approximates solid and gaseous conductivities and Mie model esti-
mates radiative conductivity. Total thermal conductivity is simply
calculated by adding solid and gaseous conductivities to radiative con-
ductivity. The output of Mie model is verified against analytical solu-
tion, Beer’s law, and there exists good agreement between them. The
discrepancy between the Mie model prediction and the analytical so-
lution is due to the fact that analytical solution neglects the effect of
particle size when it calculates spectral mass-specific extinction coeffi-
cient. Several numerical tests have been performed to show the effect of
perlite density and particle size on radiative and total thermal conduc-
tivities. The main findings are:

e All particle diameters of perlite (20um- 100um) produce similar
values of radiative conductivity. Therefore, density is found be the
main property of perlite responsible for reducing radiative conduc-
tivity (see Fig. 1 and 2).
Mie model predicted that Rosseland mean extinction coefficient in-
creases significantly with increasing density and concomitantly
radiative conductivity decreases significantly with an increasing
density (see Fig. 2).
Radiative conductivity of perlite rapidly decreases with increasing
density at higher temperatures > 500 K. For instance, at 800 K,
radiative conductivity decreased from 17.4 mW/m/K to 5 mW/m/K
when density increased from 150 kgm ™ to 280 kgm > (see Fig. 7a).
o At lower temperatures (300-400 K), the smallest density of perlite
(150 kgm’a) results into the lowest value of total thermal conduc-
tivity of 8 mW/m/K for VIPs sealed at 0.1 mbar (see Fig. 4a and b).
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Table 2
Coupled model predictions of the contribution of each heat transfer mechanism
(solid, gaseous and radiative conductivities) to total thermal conductivity.

T Ksig Kr

300 K 7.6 mW/m/K 0.6 mW/m/K
491 K 8.5 mW/m/K 3.8 mW/m/K
557 K 8.7 mW/m/K 5.9 mW/m/K
767 K 9.4 mW/m/K 15.6 mW/m/K

e At higher temperatures (500-800 K) smaller density does not pro-
duce a lower total thermal conductivity. For instance, at 700 K a mid-
level density, 210 kgm 3, produces the lowest total thermal con-
ductivity. In the present study, densities from 150 to 280 kgm_?’ were
studied with an increment of 10 kgm’g, (see Fig 4c).

e A nonlinear curve is traced by total thermal conductivity as density
varied at higher temperatures > 600 K with minima shifting towards
a higher density (see Fig. 4 (d-f)).

e There is excellent agreement between numerical predictions of
coupled model and experimental measurements of total thermal
conductivity at 300, 491, 557 and 767 K (see Fig. 9a).
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