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Abstract A surface-contact hollow cubic model is developed for coupled heat
transfer of gas and solid in xonotlite-type calcium silicate insulation material based
on its microstructure features. Through one-dimensional heat conduction analysis in
the unit cell structure, a conductive thermal conductivity expression is obtained. A
transient hot strip method is used to measure the thermal conductivity of xonotlite
from 300 to 970K and from 0.045 Pa to atmospheric pressure. The spectral specific
extinction coefficients are derived from transmission measurements on a thin xonotlite
sample performed with a Fourier transform infrared (FTIR) spectrometer. The results
show that the specific spectral extinction coefficients are larger than 7m?-kg~! over
the whole measured spectra, and the diffusion approximation equation is a reasonable
description of radiative heat transfer in xonotlite insulation material. The effective ther-
mal conductivity model matches extremely well with the experimental data, which is
important for the thermal design and thermal analysis of xonotlite insulation material.
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Heat flow direction

Fig. 1 Surface-contact hollow cubic structure and unit cell model of xonotlite (a) surface-contact hollow
cubic structure and (b) unit cell

1 Introduction

Xonotlite-type calcium silicate (6CaO - 6SiO; - H,O) is a synthesized high-porosity
insulation material obtained by hydrothermal processing with quartz powder and lime-
stone as the raw material (with CaO/SiO; ~ 1:1). Compared with fire-retardant fiber,
xonotlite has excellent insulating performance, such as low thermal conductivity, envi-
ronmentally friendly, high strength, and a wide temperature range, all of which have
been recognized in recent years by researchers and are of broad interest to industry
[1-4].

The heat transfer mechanisms in porous insulation materials include solid conduc-
tion, gas conduction, and radiation through participating media. Natural convection
can always be neglected if the pore in the material is small (<4 mm) [5,6]. The effec-
tive thermal conductivity of a porous media depends on its microstructure. In general,
the microstructure of porous media is of a random nature. One may use a regular
structure to replace the random structure to obtain an effective thermal conductivity.
Many microstructure models have been proposed for various porous materials [7—12].
However, those models cannot be used to estimate the effective thermal conductivity
of xonotlite-type calcium silicate directly because of its high porosity (>90%) and
specific structure features (hollow spherical agglomerates).

In our preceding study [13,14], two unit cell models, the point-contact hollow
spherical model and the surface-contact hollow cubic model, are developed to depict
the conductive heat transfer in xonotlite-type calcium silicate insulation material, and
it is shown that the surface-contact hollow cubic model is a better description of the
conductive heat transfer in the material. In this study, based on the surface-contact
hollow cubic structure, the analytical expression is derived thoroughly. A diffusion
approximation equation is adopted to calculate the radiative thermal conductivity. The
model is validated with experimental data. The spectral specific extinction coefficients
are obtained by measuring the transmittance spectrum of xonotlite samples of different
thicknesses with a Fourier transform infrared (FTIR) spectrometer. The effective ther-
mal conductivities of xonotlite at different temperatures and pressures are measured
with a transient hot-strip method.
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Fig. 2 Unit cell in plane view (a) 0 < ¢ <a —2h and (b)a > ¢ > a —2h

2 Theoretical Model
2.1 Surface-Contact Hollow Cubic Structure and Conductive Heat Transfer

Through the use of a scanning electronic microscope, it is found that xonotlite is made
up of hollow spherical agglomerates interwoven with xonotlite fiber with radii from
hundreds to thousands of nanometers [3,4]. By simplification, xonotlite is considered
as a periodical array of hollow cubic structures with connecting bars as shown in
Fig. 1a. Due to the fact that the shell consists of xonotlite fiber, there exist pores in it;
the porosity of the shell is defined as ®;. A unit cell of this three-dimensional structure
is shown in Fig. 1b. It can be shown that the porosity of the unit cell is [13]

d=1-(1-0)[1— -y =3yHy] +3v2v4 (1)

where y, = a/l, yp = 2hja, and y. = c/a.

One-dimensional heat conduction is considered in order to derive an analytical
expression for the conductive heat transfer. The direction of heat flow is shown in
Fig. 1b. The unit cell is divided into four parts as shown in Fig.2. The conductivity
expression is derived by applying the parallel law of thermal resistances. Two cases
exist as discussed below.

2.1.1 Case for0 < c <a—2h

Conduction in the unit cell consists of four parts (see Fig. 2a): (I) heat transfer through
rectangular (I —a)/2 x /2 x /2, (II) heat transfer through rectangular i x 1 /2 x 1/2,
(IIT) heat transfer through rectangular (a —2h —c)/2 x 1/2 x 1/2, and (IV) heat trans-
fer through rectangular ¢/2 x I/2 x I/2. The effective conductivity due to conduction
of the unit cell is
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ke =1 - Va)ksgl + Vqukng +va(l —yp — yc)ksg3 + Vaycksg4 (2)

where kgg1, kg2, ksg3, and kg4 are the effective thermal conductivities corresponding
to (I), (ID), (IIT), and (IV), respectively. Each of them, in turn, is also derived separately
by applying the parallel law of thermal resistances. The corresponding expressions
are as follows:

YaYckgkeq
ksg1 = + (1 = vaye)k 3
' (r— Va)’c)kcq + kgVaVc VaYelle
Yakgkeq
ksgo = + (1 —ya)k 4)
' (1- J/a)kcq + kg)/a Ya)ke
1 - koke koke
ksg3 — ya( Vb) gheq YaYbKgKeq + (1 _ Va)kg (5)
(I— Vayb)kcq + kgVaVb (1— Va)kcq + kgVa
Kot = Ya(l = ¥p — ve)kgkeq YaVbkgkeq
(U = vavkeq +kgvave (1= Yakeq + kgVa
(1 = ya)kgkeq YaYckgkeq

(6)
(I = YaYokeq + kgVave  keqVa(l —yp) + (1 — Ya + VaVi)kg

where kg and k., are the thermal conductivities of the gas and shell, respectively.
2.1.2 Case fora > ¢ > a — 2h

Similarly, conduction in the unit cell also consists of four parts (Fig.2b): (I) heat
transfer through rectangular (I — a)/2 x [2 x [/2; (Il) heat transfer through rectangular
(a—c)2 x 12 x 1/2; (IIT) heat transfer through rectangular [h — (a —¢)/2] x /2 x [/2; and
(IV) heat transfer through rectangular (a —2h) /2 x I/2 x I/2. The effective conductivity
due to conduction of the unit cell is

ke = (1 = ya)kggy + Ya(1 = vedkigy + va(vh + ve — Dkigs + va(1 — vip)kigs (7)

where k{ ., k{5, k{3, and k{, are the effective thermal conductivities corresponding
to (I), (I), (IIT), and (IV), respectively. The corresponding expressions are as follows:

Vayckgkcq

kg1 = + (1 = vayok ®)

58l (I = Yaye)keq + kgVave e

Yakgkeq

K, = + (1 —y.)k )

582 1 - Va)kcq + kgVa Va)%e

1 — ve)koke 1 - kok,

k§g3 _ Va)/ckcq + Ya( Vedkekeq ( Ya)kgkeq (10)

(1— Va)kcq + kg)’a (1— yayc)kcq + kg)/a)’c
Ya(1 — vp)kgkeq
+ Ya(Vo + ve — Dk
keqVa(l = vp) + (1= ya + Vavp)hg ~ *° o
Ya(l — yo)kgkeq (I = yadkgkeq
(I = Ya)keq + kgVa (1 = YaVedkeq + kgVave

/
ksg4 =

Y
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Substituting Egs. 3—6 into Eq. 2, and Egs. 8—11 into Eq. 7, then the final expression due
to conduction based on the surface-contact hollow cubic structure can be written as

h:{@—mmﬁn YA = )2 —vA | 2vave( = va)
= =)y 1= —=a)avs 1= —-a)vave
vave
a+ (1 —a)(l —y)va
ko = { A=vDve | 2vare( —v) | vdlvd = (=)l
I-(0-a)ys 1-—0-)vave a
(1 — )2 whena > c¢>a—2h
Ya(l = vp) + (1 — Ya + Ya¥b)o
+mﬂ—wm—%%+mnﬂkp

when 0 < ¢ <a—2h

+ + (L= va)(A + Va — 2VaYe) | kg»

12

where o = kg /kc,. Apparently, this effective conductivity expression is dependent
on the thermal conductivity of the shell, the thermal conductivity of the gas, and
microstructures of the xonotlite as well as the porosity of the shell.

2.2 Radiative Heat Transfer

In practical applications, the optical thickness of an insulation material is typically
very large. The optical thickness (7) is defined as the product of the extinction coef-
ficient and the thickness of the insulation material. For an optically thick medium
(r > 1), radiation travels only a short distance before being scattered or absorbed.
The local intensity is the result of radiation from only nearby positions being consid-
ered. For this situation it is possible to transform the integral relation for the radiative
energy into a diffusion relation like that for heat conduction. It is called the diffusion
approximation, and the radiative heat flux can be expressed as [15]

4 dep 16 59T
o3t

T T Ko 0x  3pKem  Ox

(13)
Hence, the total effective thermal conductivity due to both conduction and radiation
is defined as

160
3pKem

ke = ke + ky = ke + T3 (14)

where T is the medium local temperature, ey, is the blackbody emissive power, o is the
Stefan—Boltzmann constant, &, is the radiative thermal conductivity, p is the medium
density, and K, ,, is the specific Rossland mean extinction coefficient, and calculated

as
1 *© 1 9 9 *© 1 9
=/ ﬂdx// ﬂdx:/ 6% 4 (15)
Kem o Kim oT 0 oT o Kim dep

@ Springer




Int J Thermophys (2007) 28:1718-1729 1723

100 B

0 T T T T T T T T T T T T

—
2 4 6 8 10 12 14 16
Wavelength, tm

Fig. 3 Spectral specific extinction coefficient of xonotlite
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Fig. 4 Specific Rossland mean extinction coefficient of xonotlite

where ey is the spectral blackbody emissive power and K ,, is the spectral specific
extinction coefficient. For a homogeneous material, K ,, is the inherent parameter
and independent of the density of the medium. The specific Rossland mean extinction
coefficient is an average value of K, ,, weighted by the local spectral energy flux. If
K. 1s measured, we can obtain K, ,, from Eq. 15, and calculate the radiative con-
ductivity from Eq. 14.
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3 Experimental
3.1 Infrared Spectral Measurements

For intermediate temperature (200—700 K) applications, most thermal energy radiates
in the spectral range between 2 and 16 um approximately. The spectral specific extinc-
tion coefficients usually can be derived from transmission measurements on a thin
insulation sample performed with a Fourier transform infrared (FTIR) spectrometer.
The xonotlite-type calcium silicate samples are measured [16] with a Nicolet Spec-
trum NEXUS670 model of FTIR with a spectrum range from 400 to 4000cm™~!. The
results (Fig. 3) show that the specific extinction coefficients are larger than 7m? - kg ™!
over the whole measured spectral range, and the maximum value is about 94 m? - kg 1.
Figure 4 depicts the variation of the specific Rossland mean extinction coefficient K, ,,
with temperature for the measured sample. Since K, ,, is an average extinction coef-
ficient over the spectrum weighted by the emissive power, it represents the ability to
extinguish thermal radiation at a certain temperature. It is shown that K, ,, increases
at first and then decreases slightly with an increase in temperature. A maximum of
K. » exists at about 400K. According to Wien’s displacement law, when the temper-
ature is 400K, the corresponding wavelength at which the spectral emissive power is
maximum is 7.2 um. Figure 2 shows that the specific spectral extinction coefficient of
xonotlite has a peak value at about 7 um, and this accounts for the maximum of K, ,
at 400K. Another peak value of K ,, also exists at about 10 um; the corresponding
temperature at which the spectral emissive power is a maximum is 289.8K. K, ,,
does not increase due to the fact that the peak value of K ,, has little influence on
radiative properties of the medium for the spectral emissive power curve is flat at low
temperature according to Planck’s law.

3.2 Thermal Conductivity Measurements

The transient hot-strip method was used to measure the thermal conductivity of xonot-
lite insulation material of different densities. The principle of this technique is reported
by Gustafsson et al. [17]. An electric current is passed through the hot strip pressed
between two slabs of the sample of equal size, and the temperature of the strip increases.
The rate at which the temperature of the strip increases depends on the thermal con-
ductivity of the sample. This is the basis for thermal-conductivity measurements with
the transient hot-strip method. The result for the thermal conductivity is calculated as
k=Py/(4m)/[dT (¢)/dIn(z)], where Py is the power input to the strip, 7 is the time, and
dT (¢)/dIn(z) is the slope of temperature versus In(z) after several seconds of heating.
In order to measure the thermal conductivity of xonotlite at different temperatures and
pressures, two conditions are satisfied for the transient hot-strip method used in this
work. A vacuum chamber permits measurements of the thermal conductivity from
0.01Pa to atmospheric pressure at ambient temperature; an electric furnace permits
measurements of the thermal conductivity of xonotlite from ambient temperature to
as high as 970K. A 2.0mm (width) x 0.1 mm (thickness) nickel-chrome (Ni80Cr20)
strip is used as the heating source. The temperatures are measured using Type K 0.1 mm
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Table 1 Temperature dependence of measured thermal conductivity of xonotlite at atmospheric pressure

124.5kg-m™3 165kg-m—3 199.4kg-m~3 234kg-m—3

TK) kW-m LK) 7K) k(W-m™ . K) TK) k(W-m~!.K™) T(K) k(W-m~!.K~1)
296 0.0416 294 0.0468 293 0.0574 295 0.0639

433 0.0528 421 0.0545 433 0.0617 430 0.0676

526 0.0694 533 0.0682 557 0.0699 552 0.0778

678 0.0937 643 0.0848 679 0.0789 671 0.0874

821 0.141 773 0.111 823 0.1002 811 0.1015

947 0.199 978 0.199 935 0.142

Table 2 Pressure dependence of measured thermal conductivity in W - m~! . K~ of xonotlite at ambient
temperature

p(Pa) 124.5kg-m ™3 165kg-m—3 199.4kg-m 3 234kg-m—3
0.045 0.00881 0.0165 0.0282 0.0296
5 0.00889 0.0162 0.0284 0.0293
50 0.00971 0.0163 0.0282 0.0295
110 0.011 0.0176 0.0281 0.0308
300 0.0132 0.0185 0.0297 0.0329
800 0.0212 0.0243 0.0327 0.0355
5000 0.0326 0.0356 0.0409 0.0425
30000 0.0385 0.0433 0.0498 0.0533
101325 0.0416 0.0468 0.0574 0.0639

diameter thermocouples welded on the strip surface. Four samples with different den-
sities are measured as shown in Tables 1 and 2. The reproducibility is better than 3%
at ambient temperature, and better than 6% at 773 K.

4 Calculations

For calculations with the conductive heat transfer model, some additional information
is needed.

4.1 Effective Thermal Conductivity of the Shell k¢,
The shell of xonotlite secondary particles is formed by interwoven xonotlite fiber.
Some pores also exist in it. Here, we adopt the parallel model to estimate the effective

thermal conductivity of the shell: koy = (1 — ®;)ks + D;kg, where k; is the thermal
conductivity of xonotlite fiber.

4.2 Gaseous Thermal Conductivity in High-Porosity Xonotlite kg

The gaseous thermal conductivity increases with pressure as an ‘S’ shape depend-
ing upon the degree of collisions between gas molecules and gas/wall interactions. A
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Table 3 Date for estimation of the thermal conductivity in W - m~! . K~ of xonotlite fiber

T (K) 300 400 500 600 700 800 900 1000

ksio, 1.3792 1.5058 1.6265 1.7625 1.9349 2.1649 2.4736 2.8822
kcao 1.2511 1.2329 1.2122 1.1890 1.1632 1.1349 1.1041 1.0707
k0 0.6094 0.6828 0.6575 0.6223 0.6658 0.8767 1.3436 2.1552

frequently used formula [18, 19] for the calculation of the gaseous thermal conductivity
in porous media is expressed as

kg = kJ(T)/(1+2¢Kn) (16)

where ¢ is a constant specific to the gas in the pores (for air { & 2) and kg(T) is the
temperature-dependent gaseous thermal conductivity at atmospheric pressure. The
thermal conductivity value for air from the literature [20] is adopted for kg(T). Kn is
the Knudsen number defined as

Kn=1Iy/dn a7y

where d,, is a characteristic system size, which is the mean pore size of xonotlite in
this study. It is shown (Fig. 6) that the model matches well with experimental results
when d,,, =20 pum. The result coincides with the measured value for d,,, in the literature
[3,4]. I, is the mean free path of gas molecules in free space, calculated as

1 kT
B ﬁngndg B ﬁndﬁp

(18)

Im

where ng is the number density of gas molecules, kg is the Boltzmann constant
(kg=1.38 x 10723J.K~1), T and p are the gas temperature and pressure, and d,
is the diameter of a gas molecule (dg =3.798 x 10~ 1% m for nitrogen).

4.3 Solid Thermal Conductivity of Xonotlite Fiber kg

There are no available data of the thermal conductivity of pure xonotlite fiber. An esti-
mation of the thermal conductivity of fiber in xonotlite is ks = (fiksio, + f2kcao +
f3kn,0) according to the molecular formula of xonotlite 6CaO - 6SiO; - HO, where
f1, f2, and f3 are the mole fractions of silicon dioxide, calcium oxide, and water,
respectively, and ksio,, kcao, and kn,0o are the thermal conductivities of silicon diox-
ide, calcium oxide, and water, respectively. The thermal conductivity data in Table 3
are used to estimate kg according to the data given in the literature [21].
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— Calculated from Eq. (14)
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Fig. 5 Density dependence of thermal conductivity of xonotlite insulation material and comparisons with
literature data

5 Comparisons with Experimental Data

Figures 5-7 show comparisons of the experimental data from this work and the lit-
erature [4,22-25] with the theoretical model. In the calculations, # = 4 um and
a —2h = d,;, = 20 um are adopted according to measured structural values of xonot-
lite in the literature [3,4]. It is shown that the theoretical model matches well with
experimental data when y, = 0.19, ¢; = 0.3, and y, is calculated from Eq. 1. Figure 6
and Table2 show that the thermal conductivity of xonotlite decreases significantly
with a drop of pressure and reaches a minimum value at about 100 Pa. The thermal
conductivity of xonotlite is mainly attributed to solid conduction and radiation. It indi-
cates that the gaseous thermal conductivity is the main part in the total conductivity
of xonotlite, and the solid thermal conductivity is not large. It is shown that the ther-
mal conductivity of xonotlite with p = 124.5kg-m™> due to solid conduction and
radiation is only 0.0089 W-m™! . K~! at ambient temperature.

It is shown (Fig.7) that the thermal conductivity of xonotlite increases signifi-
cantly with an increase in temperature. The agreement between the theoretical model
and experimental data also indicates that the spectral specific extinction coefficients
derived from the transmittance measurements on a thin insulation sample performed
with a Fourier transform infrared (FTIR) spectrometer are accurate, and can be used
to calculate the radiative properties in xonotlite insulation material.

6 Summary

The effective thermal conductivity of high-porosity xonotlite insulation material has
been investigated experimentally as a function of pressure and temperature. Spe-
cific extinction coefficient spectra have been obtained by measuring the transmittance
spectrum of xonotlite samples of different thicknesses with a FTIR spectrometer. A
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Fig. 6 Pressure dependence of thermal conductivity of xonotlite insulation material
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Fig. 7 Temperature dependence of thermal conductivity of xonotlite

theoretical model for conductive thermal conductivity has also been developed based
on the surface-contact hollow cubic structure. It is shown that the model matches
extremely well with the experimental data. It is expected that the validated effec-
tive thermal conductivity model will be important for the thermal design and thermal
analysis of xonotlite insulation material.
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