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Abstract

In this study, the effective thermal conductivity of staple fiber assembly for wadding use
is measured using KES-F7 II Thermo Labo II apparatus. Sample used are cupra, polyes-
ter (with round and heteromorphic section), and polytrimethylene terephthalate (PTT)
fibers. Heat flux to calculate thermal conductivity is measured including heat leakage
from sidewall and is calibrated in the analysis. Results are analyzed by nonlinear regres-
sion method. Results are obtained as follows. Thermal conductivity curve is convex
downward in low fiber volume fraction (<3%). Thermal conductivity, A, is expressed as
following equation, A = A} + B/¢ + C, where ¢ is fiber volume fraction, A and B are coeffi-
cients, and C is constant determined by nonlinear regression analysis. Based on this equa-
tion, the effective thermal conductivity is divided into three parts: A}, heat conduction
in fiber; B/¢, radiative heat transfer; and C, heat conduction within air. By calibration, C
component is divided into thermal conductivity of air, A _and heat leakage from sidewall
of the sample frame. A__plays the most important role in thermal insulation property of
fiber assembly, and component of heat conduction in fiber, A¢, follows in higher fiber
volume fraction. Component of radiative heat transfer, B/}, is negligible small.

Keywords: effective thermal conductivity, fiber assembly, cupra fiber, polyester fiber,
nonlinear regression

1. Introduction

In this chapter, a method to evaluate thermal insulation properties of staple fiber assembly for
wadding use is proposed. Fiber assembly in low fiber volume fraction is a system which con-
sists of a lot of air and a small amount of fiber, and its heat transfer mechanism is supposed
to include convective and radiative heat transfer in addition to conductive heat transfer.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Therefore, it is not suitable to use thermal conductivity to evaluate thermophysical properties
of fiber assembly. Instead, a concept of effective thermal conductivity is suitable to evaluate
thermophysical properties of fiber assembly which can include different types of heat trans-
fer mechanisms such as conduction, convection, and radiation. In this chapter, the effective
thermal conductivity is used to evaluate thermal insulation properties of fiber assembly in
low Fiber volume fraction, @ for wadding use. In addition, a model to explain heat transfer
mechanism within fiber assembly is proposed.

Effective thermal conductivity is measured based on guarded hot plate (GHP) method using
KES-F7II Thermo Labo II apparatus (Kato Tech Ltd.). Fiber sample is put uniformly into
sample frame made of polystyrene foam. In the measurement, sample system made of fiber
assembly and sample frame is placed between heat source plate and heat sink, and heat flow
to keep heat source temperature constant is measured.

Samples used are polyethylene terephthalate and cupra staple fiber assembly. Effective ther-
mal conductivity is measured under various sample thickness and fiber volume fraction. The
results are analyzed based on nonlinear regression method, and heat transfer mechanism
within fiber assembly is discussed based on the result of analysis. Finally, designing of fiber
assembly-based thermal insulation materials is investigated.

2. Background

Studies on heat conduction of fiber assembly have been conducted by Nogai et al. [1, 2],
Fujimoto et al. [3], and Ohmura et al. [4] in Japan. Nogai et al. carried out theoretical and
experimental study of heat transfer mechanism of polyester fiber assembly [1, 2]. Fujimoto
et al. investigated the effective thermal conductivity of clothing materials for protection
against cold [3]. Ohmura et al. studied the effective thermal conductivity of fibrous thermal
insulation materials for building [4].

In all papers, it is confirmed that effective thermal conductivity- fiber volume fraction curve
in low fiber volume fraction (<10%) shows the shape of convex downward. The fact that effec-
tive thermal conductivity curve has a minimum value gives a reason that fiber assembly have
been widely used for thermal insulation materials. The minimum value in effective thermal
conductivity curve was explained by increasing radiative heat transfer through pore space
with increasing porosity based on their experimental and theoretical results and heat transfer
model. Nogai et al. [1, 2] derived these facts based on uniaxial-oriented fiber assembly model
considering conduction in fiber and radiative heat transfer. Fujimoto et al. [3] derived these
facts based on serial-parallel model of heat transfer which is composed of fiber and pore part
including radiative heat transfer.

In this study, effective thermal conductivity of fiber assembly in low fiber volume fraction
is analyzed using empirical equation by nonlinear regression method [4-7]. The reason that
fiber assembly has been used for thermal insulation materials is further investigated through
the separation of heat transfer component of effective thermal conductivity.
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3. Method

3.1. Materials

Four kinds of fiber materials used in this experiment such as cupra fiber (CU), polyester fiber
with round section (RPE), polyester fiber with heteromorphic (W-shape) section (WPE), and
polytrimethylene terephthalate fiber (PTT) of which fineness and fiber length are almost the
same. The web after opening and carding process is conditioned under the environment of
20°C and 65% RH for 24 h. Fiber assembly is served as sample after conditioning. The details
of fiber samples are shown in Table 1.

Main parameter for the measurement of effective thermal conductivity is fiber volume frac-
tion in this experiment. Thermophysical properties for different fiber materials which have
different specific gravity are compared under the same fiber volume fraction. Fiber volume
fraction is defined as the ratio of fiber volume to apparent volume of fiber assembly. Fiber
volume fraction @ is calculated using following equation.

_ W
D = pfdhz (1)

where W is sample weight (g), pf is specific gravity of fiber (n.d.), h is side length of heat
plate (cm), and d is thickness of sample (cm). Staple fiber sample (W g) is filled uniformly
into the space surrounded by wall of polystyrene foam of which inner size is 5 cm square

and constant height (2, 3, and 5 cm). Figure 1 shows sample frame filled with fiber assembly.
Figure 2 shows a plan of sample frame.

In this experiment, the effect of fiber volume fraction and sample thickness on effective ther-
mal conductivity of fiber assembly is investigated. Fiber volume fraction is changed by five

A Fiber Fiber Specific | Percentage
Sample ; Fineness . F .
. Detail of sample (s length diameter gravity of crimp
(mm) (um) (n.d.) (%)
C - i C
) B b s 1.4 38 11.84 1.50 8.79
staple fiber
Pol t ith
o e e 1.3 38 12.76 1.38 26.70
round section
Polyester staple fiber with o
WPE olyester staple fiber w . 1.4 33 24,22 138 14.80
w-shaped heteromorphic section 6277
PTT fl:l(;l);trunethyleneterephtalate staple 17 51 15.02 134 15.43

*1: a longer axis, *2: a minor axis

Table 1. Details of fiber samples for wadding use.
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Sample

I / Polystylene Foan

Thickness(2,3,5¢m)

(a)

Polystylene Foam

(b)

Nylon filament

Figure 2. Frame made of polystyrene foam (a) top view and (b) bottom view.

stages such as 0.001, 0.005, 0.010, 0.025, and 0.030. Sample thickness is changed by three stages
such as 2, 3, and 5 cm. One kind of fiber is, therefore, measured under 15 conditions. Sample
weight for each fiber under different condition is shown in Table 2.
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3.2. Measurement method

Effective thermal conductivity is measured using KES-F7II Thermo Labo II apparatus (Kato
Tech Ltd.) [8]. Heat flux which flows through fabric sample from heat source plate (BT-Box)
to heat sink is measured based on guarded hot plate (GHP) method. Schematic diagram of
measurement part (section) is shown in Figure 3. Fiber sample is put uniformly into frame
made of polystyrene foam of which inner size is 5 cm square and constant thickness. Fiber
assembly with sample frame is placed between heat source plate and heat sink and measure-
ment of heat flow is carried out. The experiment is conducted in a controlled environment
room of which temperature is 20°C and humidity is 65% RH.

Heat source temperature (BT-Box) is set at 30°C and temperature of heat sink is set at
20°C, and thus, temperature difference is 10°C. Heat source plate is placed on upper side
of sample and heat sink is placed on lower side, and thus the direction of heat flow agrees
with the direction of acceleration of gravity. Upper side of heat sink is made of metal plate
and temperature of heat sink is controlled at 20°C by cooling device driven by Peltier
element.

Sample | Volume fraction THEXese Ol 8 SHIIple
2cm 3cm Scm
0.001 0.075 0.113 0.188
0.005 0.375 0.563 0.938
Cupra 0.010 0.750 1.125 1.875
0.025 1.875 2.813 4.688
0.030 2.250 3.375 5.625
0.001 0.069 0.104 0.173
0.005 0.345 0.518 0.863
Polyester 0.010 0.690 1.035 1.725
0.025 1.725 2.588 4313
0.030 2.070 3.105 5.175
0.001 0.067 0.101 0.168
0.005 0.335 0.503 0.838
PTT 0.010 0.670 1.005 1.675
0.025 1.675 2.513 4,188
0.030 2.010 3.015 5.025

Table 2. Sample weight for each measurement condition (unit: G).
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Sample
THERMO LABOIT Data Logger
30C
= | Thickness (2,3,5cm)
0°C X \
Heat Sink Polystylene Foam

Figure 3. Measurement of thermal conductivity.

03 |

0.25 |

Electric power (w)

0 60 120 180 240 300

Figure 4. Method to obtain heat flux in steady state.

In the measurement, fiber assembly with sample frame is placed between heat source plate and
heat sink, and electric power (W) is measured to keep heat source temperature steady state.
Output signal of electric power is recorded with data logger which is connected to output termi-
nal. Output signal is recorded at intervals of 1 s with time elapsed. An example of measurement is
shown in Figure 4. Electric power is recorded against time from the contact between heat source
and sample to the steady sate. Electric power, Q (W), is obtained from mean value between 4 and
5 min. Effective thermal conductivity, A (W/mK), is calculated from the following equation:

_ X
A= 47 ()
where Q is electric power to keep steady state (W), d is sample thickness (m), A is area of heat

source plate, and AT is temperature difference between heat source plate and heat sink (K).
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In this experiment, a small amount of heat flow through insulation material is measured. Therefore,
care must be taken so that measurement part (BT-Box and heat sink) is not affected by unexpected
influence of heat caused by convective and radiative heat transfer. As for radiative heat transfer,
board made of polystyrene foam is set up in the front, right, and left side of measurement part to
block radiative heat transfer from operator. As for convective heat transfer, it is desirable that a device
which may cause convection should be removed from the place where experiment is conducted.

4. Results

Effective thermal conductivity of staple fiber assembly is measured under three different
thickness and five different fiber volume fractions. Results obtained from the measurement
are investigated in connection with fiber volume fraction, sample thickness, fiber materials,
and so on. In this experiment, three times of measurement were carried out for each condi-
tion, and mean value and standard deviation were obtained.

In the first place, the relation between effective thermal conductivity and fiber volume frac-
tion is investigated in relation to fiber material. Figures 5-7 show the results between effec-
tive thermal conductivity and fiber volume fraction. Figures 5-7 show the results of 2, 3, and
5 cm thickness, respectively. In each graph, the ordinate denotes effective thermal conductivity
(W/mK) and the abscissa denotes fiber volume fraction (n.d.). The fact that the level of the magni-
tude of thermal conductivity increases with increasing thickness is observed and this will be dis-
cussed later. Here, we concentrate on the relation between effective thermal conductivity and fiber

d=2cm(CU,WPE,RPE,PTT)

o
S
—— CU
2 4 -8~ WPE
o ~&c: RPE
- PTT

Thermal Conductivity(YW/imK)
0.06
1

0.02
1

0.00
1

T T T T T
0.00 0.01 0.02 0.03 004

Fiber Volume Fraction

Figure 5. Thermal conductivity plotted against fiber volume fraction when thickness of sample is 2 cm.
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d=3cm(CU,WPE,RPE,PTT)
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Figure 6. Thermal conductivity plotted against fiber volume fraction when thickness of sample is 3 cm.
volume fraction for the result of 5-cm thickness. Magnitude of effective thermal conductivity is com-

pared under constant thickness. CU is the largest and polyester fiber group (RPE, WPE, PTT) fol-
lows. There is no significant difference among RPE, WPE, and PTT within the range of this method.

d=5cm(CU,WPE,RPE,PTT)
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Figure 7. Thermal conductivity plotted against fiber volume fraction when thickness of sample is 5 cm.
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Next, the effect of fiber material on the relation between effective thermal conductivity and
fiber volume fraction is investigated. For each material, the shape of thermal conductivity
curve is convex downward. The feature of the curve for each fiber material is as follows.

For CU, the minimum value of thermal conductivity lies around ¢ = 0.005 and thermal con-
ductivity increases with increasing ¢. For RPE, WPE, and PTT, the minimum value of thermal
conductivity lies around ¢ = 0.01 and thermal conductivity increases a little to ¢ = 0.03. For
CU, thermal conductivity increases a little when ¢ decreases from 0.005 to 0.001. For RPE,
WPE, and PTT, thermal conductivity increases a little when ¢ decreases from 0.01 to 0.001.
With decreasing thickness from 3 to 2 cm, the level of thermal conductivity decreases and the
shape of curve becomes flattened.

Figure 8 shows the relationship between effective thermal conductivity and sample thick-
ness for ¢ = 0.01. The ordinate denotes effective thermal conductivity and the abscissa
denotes sample thickness. Clearly, thermal conductivity increases linearly against thick-
ness for all samples.

Effective thermal conductivity obtained in this section is tentative value including leakage of
heat from sidewall. In the following section, the separation of effective thermal conductivity
into elemental process of heat transfer will be discussed. The thickness dependence of effec-
tive thermal conductivity shown in Figure 8 will be investigated after the discussion about the
separation heat transfer component.

Fiber Volume Fraction:0.01(CU,WPE,RPE,PTT)

o
2 -
w
Q sl
o
=
=
2 o
o 4
£ o
S
b
o
| wd
o
2 e
E o
E —a— CU
. -8- WPE
o | e RPE
= —- PTT
o
Q vl
o
T ] | | I | I
0 1 2 3 4 5 6

Thickness

Figure 8. Thermal conductivity plotted against thickness when volume fraction of sample is 0.01.
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5. Analysis

5.1. Analysis by nonlinear regression model

Because porosity of fiber assembly in this study is very large (97-99%), it is conjectured that
the mechanism of heat transfer within fiber assembly is very much influenced by the effect
originated from pore structure. The mechanism of heat transfer in fiber assembly consists of
conduction in fiber, radiation in pore between fibers, and gas conduction (air), when forced
convection does not occur. Here, it is supposed that heat flows through parallel model which
is made of three components of heat transfer mentioned above. Measured value of effective
thermal conductivity, A (W/mK), is expressed by the following equation as a function of bulk
density p(kg/m?®) [4-7]:

A= Ap+B/p+C. 3)

where A (Wm?*Kkg) and B (Wkg/m*K) are constant coefficients and C (W/mK) is constant.
The first term at the right side denotes conductive heat transfer in fiber, the second term

Parameter | Sample code Thickness of a sample
2cm 3cm S5cm
CU 4.51x10" 7.51x10" 1.04
A RPE -2.45%10% 3.76x10"! 5.54x10™
WPE -1.68x107 7.68x107 2.51x10"
PTT -1.04x10™" 5.25x10” 1.83x10"
CU 9.03x10% 1.04x10” 1.05x107
B RPE 2.73%x10° 6.42x10°° 1.89x107
WPE 5.20x10° 9.62x10°° 1.30x10°
PTT 4.68x107° 8.10x10® 9.75x10°
CU 4.41x10” 5.20x107 7.78x107
c RPE 4.52x107 5.18x107 6.70x107
WPE 4.51x10 5.13x107 7.36x107
PTT 4.54x107 5.25%10™ 7.48x107
Alir 2.62x107 2.62x107 2.62x107

Table 3. List of coefficients A, B, and constant C.
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denotes radiative heat transfer, and the third term denotes conductive heat transfer through
gas (air) in pore. (The details of parameters A, B, and C are shown in the Appendix.)

In this study, bulk density, p in Eq. (3) is replaced by fiber volume fraction, ¢ as follows,
A=Ap+B/p+C. 4)

This is because ¢ plays an equivalent role of o which expresses quantity of fiber. Results of the
effective thermal conductivity of fiber assembly are analyzed by nonlinear regression method
based on Eq. (4). Nonlinear regression analysis is carried out using R (ver. 3.1.1).

Estimated values of parameters A, B, and C obtained by nonlinear regression analysis are
shown in Table 3, where A is coefficient of conduction in fiber, B is coefficient of radiative
heat transfer, and C is conductive heat transfer in gas (constant). Calculated values of effec-
tive thermal conductivity using estimated values of A, B, and C are shown in Figures 9-12.
Figures 9-12 show the results of thickness of 2, 3, and 5 cm for CU, RPE, WPE, and PTT fiber,
respectively. In each graph, the ordinate denotes effective thermal conductivity, A(W/mK),

CU(d=2,3,5cm)
o™
= =
a5 ]
= =
"
E &8
s o
3 =
= -
o w
3 =
(=]
O
™
E =
o 9 -
B = © 2cm
O 3cm
o & Bem
o
o
=F
o
o
| T | T I
0.00 0.01 0.02 0.03 0.04

Fiber Volume Fraction

Figure 9. Comparison between calculated and measured values for CU. Symbols o, O, A, and straight line: Measured
values; broken line: Calculated values obtained by nonlinear regression analysis.
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Figure 10. Comparison between calculated and measured values for WPE. Symbols o, 0, A, and straight line: Measured
values; broken line: Calculated values obtained by nonlinear regression analysis.

and the abscissa denotes fiber volume fraction (n.d.). Symbols (O, A\, [J) and solid line show
measured values, and broken line shows regression curve using estimated values of A, B,
and C. As shown in figures, agreement between measured and calculated curves of effective
thermal conductivity is very good.

5.2. Analysis of heat transfer components

Calculated curves of separation of components using estimated values of A, B, and C are
shown in Figures 13-16. Figures 13-16 show the results of 3-cm thickness for CU, RPE, WPE,
and PTT fiber, respectively. The ordinate denotes effective thermal conductivity, A(W/mK),
and the abscissa denotes fiber volume fraction, ¢p(n.d.). Dashed line shows component of
conduction in fiber, A¢, dash-dotted line shows component of radiative heat transfer, B/,
two-dot chain line shows component of gas conduction, C, and solid line shows the measured
value of effective thermal conductivity. Based on these graphs, the ratio of each component
to effective thermal conductivity and the effect of pore in fiber assembly can be discussed for
each fiber materials. It is clear that the ratio among A¢, B/}, and C is different for different
fiber materials.
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RPE(d=2,3,5¢cm)
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Figure 11. Comparison between calculated and measured values for RPE. Symbols o, 0, A, and straight line: Measured
values; broken line: Calculated values obtained by nonlinear regression analysis.

First, component of conduction in fiber, A} is investigated. Physical meaning of A is increas-
ing rate of conduction in fiber against ¢. As shown in Table 3, coefficient A varies with fiber
materials. CU has large A value compared to polyester fibers (RPE, WPE, PTT), and increas-
ing rate of conduction in fiber is also large. As a result, the ratio of A} to effective thermal
conductivity of CU is 30 percent at ¢ = 0.03. In contrast, the ratio of Ap of WPE is less than
20% at ¢ =0.03. Large ratio of conduction in fiber and large increasing ratio to ¢ is the feature
of CU fiber compared to polyester fibers.

Second, component of radiative heat transfer, B/, is investigated. Generally, the ratio of B/¢
to effective thermal conductivity is negligibly small for all samples. Contribution of B/} is
slightly recognized below ¢ = 0.005. It is observed that component of radiative heat transfer
increases with decreasing fiber volume fraction, ¢, from 0.005 to 0.001. In this study, the ratio
of radiative heat transfer is very small compared to the previous results obtained by Nogai
and Fujimoto [1-3]. This may arise from the difference in the degree of fiber orientation in
fiber assembly. While Nogai and Fujimoto [1-3] cover fiber assembly with high degree of fiber
orientation, we concentrate on fiber assembly with random orientation. Because frequency of
collision between radiant heat and fiber is very large for randomly oriented fiber assembly,
decay of radiation energy by absorption may become large.
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PTT(d=2,3,5cm)
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Figure 12. Comparison between calculated and measured values for PTT. Symbols o, 0, A, and straight line: Measured
values; broken line: Calculated values obtained by using nonlinear regression analysis method.

5.3. Analysis of gas conduction

In this section, component of gas conduction, C, is investigated. Looking over Figures 13-16,
it seems that component of gas conduction, C, occupies the dominant part in effective thermal
conductivity in many cases. Therefore, physical meaning of gas conduction C is discussed,
hereafter. Estimated values of C for samples of 2-, 3-, and 5-cm thickness are shown in the
lower part of Table 3. It seems that C values for each thickness have almost constant value
despite different samples. On the other hand, the value of thermal conductivity of air, A_, in
this measurement condition (25°C, 1 atm) is 2.62 x 10* (W/mK) in Ref. [9]. Taking into con-
sideration that parameter C has same value for same thickness and C must include thermal
conductivity of air, A_, let us suppose that following relation holds:

C=A_+C 5)
where C' is constant independent of fiber volume fraction, ¢. Mean values of each thickness,

C,..., thermal conductivity of air, A _and C’ are shown in Table 4 for the discussion in this sec-
tion. It seems that C’ increases with increasing thickness. Relation between C’ and thickness
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Figure 13. Separation of heat transfer component by nonlinear regression analysis for CU.

is analyzed by linear regression method. The results are shown in Figure 17. C’ and thickness,
d, have good correlation, and the regression equation is given as follows,

C' = 0.9325d -0.0425 (R* = 0.996). (6)

Because intercept is almost 0, C' can be expressed approximately as linear function of d:

C' = kd (k:constant) (7)

On the other hand, a function which expresses leakage of heat from sidewall of the frame is
derived from another point of view. As inner side length of sample frame is 5 cm, total area of
sidewall, A is expressed as following equation:

A = 4x5xd (cm?). (8)
Here, temperature gradient along thickness direction is ignored for the simplification. Thus,

leakage of heat per unit area along horizontal direction is assumed to be constant. Total leakage
of heat from sidewall, (', is proportional to total area of sidewall which is expressed as follows:
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Figure 14. Separation of heat transfer component by nonlinear regression analysis for WPE.
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Figure 15. Separation of heat transfer component by nonlinear regression analysis for RPE.
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Figure 16. Separation of heat transfer component by nonlinear regression analysis for PTT.

Q x Axd

©)

This equation predicts that total leakage of heat from sidewall is proportional to thickness,
d, and equals 0 at d = 0. This property coincides with the expression, C' = k d in Eq. (7).
Summarizing the discussion above, C' can be regarded as total leakage of heat from sidewall.

Based on the discussion above, total leakage of heat, C’, can be eliminated from C value. Here, C
values in Figures 13-16 can be replaced by A__(=C-C"). The results are shown in Figures 18-21,
where the abscissa denotes true effective thermal conductivity. It is concluded that large part

Thickness (cm) C Ao -

2 4.495 = 102 2.62 x 107 1.875x 102
3 5.19 x 1072 2.62 %107 2.57 x 102
5 7.33 x107? 2.62 x 107 4.71 x 102
Unit: W/mK

Table 4. Figures for calibration of leakage of heat.
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Figure 17. Function for the calibration of leakage of heat.
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Figure 19. Estimated values of effective thermal conductivity and its component (sample: WPE, d =3 cm).

of effective thermal conductivity of fiber assembly consists of thermal conductivity of air
(still air), A_ . It should be noted that the air is trapped by small amount of fiber (¢ < 0.03).
(Explanation of this effect is given in the Appendix.)

Contribution of fiber material to the effective thermal conductivity is expressed by A, coef-
ficient of conduction in fiber. Physical meaning of A is increasing rate of conduction in fiber
and it consists of two parts, that is, heat conduction through fiber and heat conduction at
contact point between fibers. It is conjectured that magnitude of A depends on contact effect
between fibers compared to conduction through fiber. In this measurement, A¢ component
of cupra fiber (CU) is relatively large and that of polyester fibers (RPE, WPE, PTT) is relatively
small. Polyester fibers have advantage in thermal insulation material because A¢ component
is small over the wide range of fiber volume fraction.

Based on nonlinear regression model, measured value of effective thermal conductivity can
be separated into three components, such as conduction in fiber, radiative heat transfer, and
gas conduction. Schematic diagram of the model is shown in Figure 22. Gas conduction plays
the most important role in thermal insulation properties, which originates from immovable
air trapped by fibrous network. Component of conduction in fiber has secondary contribu-
tion to thermal insulation properties, especially in the range of higher fiber volume frac-
tion. Although radiative heat transfer slightly appears in low range of fiber volume fraction,
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Fiber Assembly Radiation Air

Ag B/ C

Figure 22. Mechanism of heat transfer in fiber assembly.

contribution of radiative heat transfer is negligible small to effective thermal conductivity of
fiber assembly with random orientation. It is conjectured that relative ratio of each heat trans-
fer component depends on fiber material and the effect of pore structure. These findings will
be basic information for designing fiber assembly-based thermal insulation material.

6. Conclusion

In this study, the effective thermal conductivity of staple fiber assembly for wadding use is
measured. Samples used are four kinds of fiber materials such as cupra fiber (CU), polyester
fiber with round section (RPE), polyester fiber with heteromorphic section (WPE), and poly-
trimethylene terephthalate fiber (PTT).

Effective thermal conductivity is measured under five different fiber volume fractions, and
effective thermal conductivity curve is obtained. Effective thermal conductivity curve is
analyzed using empirical equation considering separation of heat transfer component. The
results are analyzed by nonlinear regression method. Measurement is carried out including
leakage of heat from sidewall of the sample frame. Calibration of leakage of heat is accom-
plished after the separation of heat transfer component by nonlinear regression analysis. Care
must be taken so that the measurement system is not disturbed by radiative and convective
heat transfer from outer environment. The results obtained are as follows.

1. The shape of effective thermal conductivity-fiber volume fraction curve is convex down-
ward. For CU fiber, the minimum value of effective thermal conductivity lies around
¢ = 0.005. For polyester fibers (RPE, WPE, PTT), the minimum value lies around ¢ = 0.01.

2. Effective thermal conductivity can be separated into three components such as conduction
in fiber, A}, radiative heat transfer, B/}, and gas conduction, C.

3. Elimination of leakage of heat is accomplished after the separation of C component into
thermal conductivity of air, A, and leakage of heat from sidewall, C".
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4. Thermal conductivity of air, A_, has large contribution to total effective thermal conduc-
tivity, and conduction in fiber, A} follows in the range of higher fiber volume fraction.
Contribution of radiative heat transfer is negligible small through this measurement.

5. Effective thermal conductivity of CU is the largest, and those of polyester fibers (RPE,
WPE, PTT) follows.

6. With decreasing thickness, the shape of effective thermal conductivity curve becomes flat-
tened, and the difference between fiber materials becomes small.

Precise determination of C value is required for the precise measurement of effective thermal
conductivity. These findings will be basic information for designing fiber assembly-based
thermal insulation materials.

A. Appendix: Nonlinear regression model for effective thermal
conductivity of fiber assembly

As porosity of fiber assembly in this study is very large (>97%), it is expected that heat transfer
within fiber assembly is affected by the effect concerning pore as well as conduction in fiber.
Mechanism of heat transfer consists of conduction in fiber, radiative heat transfer in pore, and
gas conduction in air. If it is supposed that three components of heat transfer are arranged
parallel to heat flux (parallel model), the effective thermal conductivity of fiber assembly,
A(W/mK), is expressed as a function of bulk density p(kg/m?) as follows [4].

A= A+A+A (Ala)

=Ap+B/p+C. (Alb)

where A_is equivalent thermal conductivity of fiber, A_is equivalent thermal conductivity of
radiative heat transfer, )\g is equivalent thermal conductivity of gas conduction, A (Wm?*Kkg)
and B (Wkg/m*K) are coefficients, and C (W/mK) is constant.

The first term in Eq. (Alb) denotes conduction in fiber, the second term denotes radiative heat
transfer, and the third term denotes conductive heat transfer through gas. Here, the physical
meaning of parameters A, B, and C are summarized based on literature [4] and other litera-
tures concerning subjects in this study.

A.1. Conduction in fiber

Conduction in fiber consists of two components that is, conduction through fiber and conduc-
tion at contact point between fibers. The factors concerning conduction in fibers, therefore, are
numbers of fiber and numbers of contact point per unit volume. These factors are expected to
be increase with increasing bulk density. If the relation between these factors and bulk den-
sity is assumed to be proportional for the simplification, equivalent thermal conductivity for
conduction in fiber, A, is expressed using coefficient A as follows:

A, = Ap. (A2)

C
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A.2. Radiative heat transfer in pore.

Equivalent thermal conductivity of radiative heat transfer in pore within fiber assembly is
expressed as follows:

A = 4C doeT>. (A3)
where C is constant coefficient (n.d.), d is distance between parallel plate (m), ¢ is Stefan-

Boltzmann constant (W/m?K?), € is emissivity (n.d.), and T is absolute temperature (K).

Let M be the mass of fiber assembly filled into cell and S be area of section, d = M/Sp.
Substituting M/Sp for d in Eq. (A3), A_is expressed as,

A=4Cgo0eT = (A4)

B=4C%oeT (A5)

Nogai et al. [1, 2] classifies contribution of total radiative heat transfer in fiber assembly into
following four elements: between heat source and fibers, (2) between heat source and heat
sink, (3) between fibers, and (4) between fibers and heat sink.

Equation (A3) expresses radiative heat transfer between heat source and heat sink (2).

A.3. Conductive heat transfer through gas

The third term, C (W/mK), is discussed in this section. It is confirmed that size of pore
in this experiment is much larger than L, mean free path of air under atmospheric pres-
sure. Therefore, it must be investigated that natural convection occurs or not by change of
porosity.

To judge generation of natural convection in fiber assembly, it is not suitable to use Rayleigh
number. Instead, modified Rayleigh number [10] to which shape factor of fiber assembly is
added is used.

§PA0 &>
Ra = VK ﬁ

(A6)

where g is acceleration of gravity (=9.8 m/s?), 3 is coefficient of body inflation (1/K), A©O is tem-
perature difference between heat source and heat sink (K), d is thickness of sample (m), v is
dynamic viscosity of air (m?/s), x is thermal diffusivity of air (m?/s). k (m?) is Darcy’s transmis-
sion coefficient which depends on fiber diameter, t (m) and porosity, ¢p(n.d.).

t2 (P3

k=13 (1-¢)?

(A7)

If Ra is larger than critical modified Rayleigh number, Ra_ (=39.5), natural convection occurs
in fiber assembly.
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An example of calculation of Ra for sample RPE is shown. Parameters concerning sample RPE
(¢ =0.03, T=25°C) are as follows:

t=1.276 x 10 (m), p = 0.97, g = 9.8 (m?¥/s), B = 1/373 (1/K), A® = 10 (K), v = 1.579 x 10 (m?/s),
1 =2.215 x 10 (m?/s).

Ra is calculated as follows:
Ra =0.0202 for d = 0.02
Ra =0.0304 for d = 0.03
Ra=0.0513 for d = 0.05

As Ra <Ra_ (=39.5) for all cases, natural convection does not occur in fiber assembly in this
case. Therefore, Cis constant and A = C. Cis called as component of gas conduction.
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Abstract

Over the last decades, many experimental methods have been developed and improved
to measure thermophysical properties of matter. This chapter gives an overview over the
most common techniques to obtain thermal conductivity A as a function of temperature
T. These methods can be divided into steady state and transient methods. At the Institute
of Experimental Physics at Graz University of Technology, an ohmic pulse-heating appa-
ratus was installed in the 1980s, and has been further improved over the years, which
allows the investigation of thermal conductivity and thermal diffusivity for the end of
the solid phase and especially for the liquid phase of metals and alloys. This apparatus
will be described in more detail. To determine thermal conductivity and thermal dif-
fusivity with the ohmic pulse-heating method, the Wiedemann-Franz law is used. There
are electronic as well as lattice contributions to thermal conductivity. As the materials
examined at Graz University of Technology, are mostly in the liquid phase, the lattice
contribution to thermal conductivity is negligibly small in most cases. Uncertainties for
thermal conductivity for aluminum have been estimated +6% in the solid phase and +5%
in the liquid phase.

Keywords: thermal conductivity, ohmic pulse-heating, Wiedemann-Franz law,
sub-second physics, high temperature, liquid phase

1. Introduction

Knowing thermophysical properties, i.e., properties that are influenced by temperature, of
metals and alloys is not only of academic interest, but also profoundly important for industry
and commerce. Casting of metal objects, made of, e.g., steel or aluminum, is prone to cast-
ing defects and imperfections. Therefore, in the majority of modern production procedures,
computer simulations are performed to reduce defects and imperfections as well as generally

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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optimize manufacturing processes. The driven benefits from such simulations often are limited
by an insufficient or lacking access to experimentally obtained data. It is especially the liquid
phase of metals and alloys, that is of interest, as such production processes like, e.g., casting,
naturally take place in the liquid phase.

The term thermophysical properties include various properties: thermal conductivity, ther-
mal diffusivity, thermal volume expansion, heat capacity, density, viscosity and so on. Many
of those properties are important in industrial processes; however, it is thermal conductivity,
more precisely, thermal conductivity of liquid metals and alloys that will be discussed in this
chapter.

Naturally, the numbers of experimental methods to measure the desired quantities that have
been developed over the past decades are manifold. It is the goal of this work to give a brief
overview of the most common or practical techniques in Section 2, but only few of these
methods are suitable to conduct measurements in the liquid phase. These techniques will be
highlighted in Section 2.

At the Thermo- and Metalphysics group at Graz University of Technology, fast pulse-heating
experiments are performed to measure thermophysical properties of liquid metals and alloys.
The Wiedemann-Franz law is applied to calculate thermal diffusivity and thermal conductiv-
ity from measured quantities. These mentioned calculations are briefly explained in Section 3,
and the experimental apparatus used is described in Section 4.

2. An overview of methods to measure thermal conductivity of
liquid metals

In principle, there are three different classes of measurement methods:

¢ Steady state methods
* Non-steady state methods

e Transient methods

However, it is not always as easy to classify a certain technique. Especially, distinguishing
between non-steady state methods and transient methods can be challenging.

Steady state methods are defined as techniques, where the temperature gradient remains con-
stant across the sample. Those methods require precise temperature control throughout the
whole experiment to confine convection effects to a minimum, which is especially hard to
achieve for metals with high melting points.

Transient methods and non-steady state methods make use of very short time frames in order
to conclude measurements before convection plays a role. Non-steady state methods achieve
those conditions due to very high heating rates of up to 1000 Ks™, with rather large tempera-
ture gradients of over 100 K.
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The temperature gradient in transient methods is significantly lower (on the order of 5 K) than
in non-steady state methods, which minimizes the possibility of convection-induced effects
in the measurements. In recent history transient methods grew in importance and started to
replace non-steady state methods.

2.1. Steady state methods
2.1.1. Axial heat flow method

A known heat flux g is applied to one end of a sample and dissipated on the other end by a
heat sink. Thermal conductivity can be calculated by

. (1)

where g is the applied heat flux, A is the specimen cross-section, and % is the inverse tempera-
ture gradient across two points z and z,.

Therefore, the conditions to determine thermal conductivity with this method is the determi-
nation of the geometry A and Az, guarantee that the heat flow is unidirectional, measurement
of the heat flux g, and measurement of temperature of at least two points z_and z, (normally
thermocouples).

While this technique is mostly targeted at solid materials, it can be used on a variety of liquid
metals with low melting points such as mercury, lead, indium, and gallium [1].

The temperature range is 90-1300 K, and the accuracy in this range has been estimated to be +0.5
to +2% [2].

2.1.2. Radial heat flow method

Another method to measure thermal conductivity for both solid and liquid materials is the
concentric cylinder method.

The solid sample is placed in-between two concentric cylinders, and a known heat flux is
applied by leading a heater through the inner cylinder. The outer cylinder is water cooled to
provide a temperature gradient between the two cylinders.

The temperature difference between temperature sensors (often thermocouples) in the two
cylinders is determined when steady state is achieved. Knowing the radii of the two cylinders
and their length, thermal conductivity can be calculated by

;  n(7)

A= T Tm Ty @)

with g being the applied heat flux, L as the length of the cylinders, r, as radius of the inner
cylinder, r, as radius of the outer cylinder, and T, and T, as the respective temperatures.
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A more in-depth explanation of this method can be found in [2].

The method can be adapted for liquid metals by providing a container for the liquid sample
in-between the two concentric cylinders. Apart from this container, the measuring principle
remains the same for liquid metal samples.

The radial heat flow method operates in a temperature range of 4-1000 K and the uncertainty
of this method has been estimated to be about +2% [3].

2.2. Direct heating methods

The term “direct electrical heating method” summarizes all those measurement techniques,
where the sample is heated up, by running a current through it, without an additional fur-
nace. An example of such a method, but in a dynamic way and not as a steady state method,
is the ohmic pulse-heating method that will be discussed later in this chapter.

Direct electrical heating methods are therefore limited to samples which are decent electri-
cal conductors. The shape of the samples can vary from wires, rods, sheets to tubes. The
advantage of such techniques is for one, the lack of a furnace and, secondly, the possibility to
measure a multitude of thermophysical properties simultaneously.

Direct heating methods are able to achieve high temperatures of about 4000 K and are there-
fore suitable for measuring thermal conductivity in the liquid phase of metals with high melt-
ing points.

2.2.1. Guarded hot plate

This steady state method utilizes two temperature-controlled plates that sandwich a solid
disc-shaped sample. Heating one plate, while cooling the other one, generates a uniformly
distributed heat flux through the sample, achieving a steady state temperature at each plate.
The technique is considered as the steady state method with the highest accuracy.

The guarded hot plate apparatus can be constructed in single sided or double sided mode.
When operated in double sided mode, there is a total amount of three plates as well as two
samples: A central heater plate together with two cooling plates sandwiching the two sam-
ples. The temperature drop across the two specimens is measured with thermocouples, which
are apart a distance L. Thermal conductivity can then be determined by

T 2-A-AT ()

where g is the heat flux through the specimen, A is the cross section, L is the spatial distance
between the two thermocouples, and AT is the temperature difference.

In the single-sided mode, one of the cooling plates as well as the second specimen is removed.
The temperature gradient in one direction therefore vanishes, which leads to the loss of a fac-
tor 2 in Eq. (3)
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_ 9L
A= AAT @)
The experimental setup and the calculation of the thermal conductivity are more thoroughly
explained in [4].

Commercially available guarded hot plate (GHP) apparatus, like the NETZSCH GHP 456
Titan [5], operate in a temperature range of 110-520 K and provide an accuracy of +2%.

It has to be noted that the GHP method is applicable only for solid samples and it is not a suit-
able method to determine thermal conductivity of high-melting metals.

2.2.2. Calorimeter method

The calorimeter technique is a direct measurement of Fourier’s law. It consists of a heating
source (typically SiC or MoSi, elements) and a SiC slab to distribute the temperature gradient.
The specimen is enclosed by two insulating guard bricks, which are, like the specimen as well,
in thermal contact with a water-cooled copper base. As the name gives away, the central part
of the system is a calorimeter, which is surrounded by the guards. The apparatus is designed
in a way that the heat flow into the calorimeter is one-dimensional.

Two thermocouples, which are apart a distance L and lie vertically to each other, are enclosed
in the specimen and the temperature difference T, — T, between them is measured.

Thermal conductivity can be determined by

d
dg |

- ®

with A bging the cross section of the calorimeter, L as the distance between the two thermo-
couples, d—z as the rate of heat flow into the calorimeter, and T, — T, as the temperature differ-
ence between the two thermocouples.

2.3. Transient methods
2.3.1. Transient hot wire and transient hot strip method

Simple experimental arrangements and short measurement times are granted by the transient
hot wire (THW) along with the transient hot strip (THS) method.

The transient hot wire technique is most commonly used for measuring thermal conductivity A
and thermal diffusivity a. An electrically heated wire, which acts as a self-heated thermometer
is placed into a material and distributes a radial heat flow into the sample. The specimen itself
acts as a heat sink for the system, while the wire functions as a heat source as well as providing
a mechanism to measure the thermal transport properties, due to a temperature-dependent
drop of the voltage along the wire. Solving the fundamental heat conduction equation yields
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AT(, 1) = 7o In(42]), (6)

r2-e”

with g the heat input per unit length of the wire, r the radius of the wire, a the thermal diffu-
sivity, y Euler’s constant, t the time, and A, of course, the thermal conductivity.

An in-depth explanation of this method to determine thermal conductivity is given in [6, 7].

The transient hot strip (THS) method further improves the THW method. Instead of a wire
as the heat source and measuring device, a thin strip of metal foil is used. The metal foil
provides a greater surface as well as a smaller thickness than the heated wire, leading to
a lower density of heat flow and consequently, a smaller thermal contact resistance to the
sample.

While the THW method is only applicable for liquids and some solids, which can be wrapped
around the heating wire in a way the thermal resistance is low enough, the THS method is the
go-to method to perform measurements on solids.

Note: this work focuses on the measurement techniques for thermal conductivity of liquids.
THS measurements are also performed on gases (see [8]).

At Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, an upgraded version of
the THS and THW method, the transient hot bridge technique, has been developed. In this
method, a total of eight strips are deployed in a way they form a Wheatstone bridge, allowing
an effective thermal and electrical self-compensation [9].

Uncertainties of the THW technique have been reported (e.g., see [10]) to be +5.8% for the
determination of thermal conductivity. However, the method has also be described as even
more accurate [11], with uncertainties of below +1% for gases, liquids, and solids. With a
maximum temperature of about 1000 K, this method is only suitable for low melting metals.

2.3.2. 3w method

The 30 method goes back to the work done by Cahill [12] in 1987. The method has similarities
with the THS and THW technique, since it also uses a single element as heat source as well
as thermometer. While both the THS and THW method measure temperature in dependence
of time, the 3w technique records the amplitude and phase of the resistance depending on the
frequency of the excitation.

It is most commonly used as a technique to measure thermal conductivity of solids or lig-
uids, but has been improved to also be applicable on thin films [12, 13]. A conducting wire is
distributed onto a specimen and an AC voltage with a frequency w is driven through it. Due
to the electrical resistance, the sample is heated up, resulting in a temperature change. The
frequency of the change in temperature is 20. The product of the resistance oscillation 2« and
the excitation frequency o gives a voltage of frequency 3w, which is measured and responsible
for the name 3w method.

Measuring the 3w voltage at two frequencies f, and f,, thermal conductivity is
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Ve Inf,/f; dR

A= 4-m-1-R(V,, -V,,) dT ()

with v, the 3w voltage at frequency f, V., the 3w voltage at frequency f, and R the average
resistance of the metal line of length I.

In the original work of Cahill [13], the temperature range of the 3w method is 30-750 K, which
is not suitable for high melting metals. This method often is applied on nanofluids and publi-
cations state an uncertainty of around +2% [14].

2.3.3. Laser flash method

Under the laser flash method (LEM), the directly measured quantity is thermal diffusivity and
not thermal conductivity. Thermal conductivity can, however, be determined with knowl-
edge of specific heat as well as density of the sample.

A = a(T) - p(T) - ¢,(T), ®)

with a(T) the thermal diffusivity, p(T) the density, and c,(T) the specific heat.

In the LFM, the sample is exposed to a high intensity laser pulse at one face, which generates
heat at said surface. On the back surface, which is not exposed to the laser pulse, an infrared
sensor detects a rising temperature signal, due to heat transfer through the sample.

For adiabatic conditions, thermal diffusivity can be obtained by
12
a = 0.1388 T )

with [ the sample thickness and ¢, the time at 50% of the temperature increase.

LFM, as introduced by Parker et al. [15], has been a convenient technique to determine ther-
mal diffusivity a and thermal conductivity A of solids at moderate temperatures. The method
has been further improved since then and is applicable for a great temperature range, up to
around 2500°C.

In 1972, Schriempf [16] applied LFM to determine thermal diffusivity for liquid metals at high
temperatures. The liquid metal has to be placed in a suitable container in order to arrange a
proper setup. Problems arise for liquids of low thermal conductivity. When the thermal con-
ductivity of the sample is of the same order as of the container, this leads to an unneglectable
heat current through the container. Therefore, it was proposed in [17] not to insert the liquid
sample into a container, but have it placed between a metal disc, which is exposed to the
laser pulse.

Commercially available laser flash apparatus like the NETZSCH LFA 427 [18] operate in a
temperature range from -120 to 2800°C, depending on the furnace and are therefore appli-
cable for higher melting metals as well.
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Kaschnitz [19] estimates uncertainties of thermal conductivity for LFM to be between +3 and +5%
in the solid phase and +8 to +15% in the liquid phase.

Hay [20] did an uncertainty assessment for their apparatus at Bureau national de métrologie
(BNM) and claimed uncertainty estimations from +3 to +5%.

Hohenauer [21] did an uncertainty assessment of their laser flash apparatus and stated an
expanded uncertainty with thermal diffusivity measurement in the temperature range from
20 to 900°C of 3.98%.

3. Calculations via Wiedemann-Franz law

In some cases, it is more applicable to measure electrical conductivity respectively electrical
resistivity. Heat transport and thus thermal conductivity through a metal or an alloy needs
carriers. One has to distinguish between the component A, of thermal conductivity due to
electrons and A, which is the lattice contribution, due to phonons. Naturally for liquid metals
and alloys, thermal conductivity is dominated by the electronic contribution. The total ther-
mal conductivity would then be the sum of the components 1 = A +A.

Thermal conductivity of liquid aluminum was examined at Graz University of Technology.
Here the sole consideration of the electronic contribution gave promising results for the liquid
phase [22]. A detailed derivation of the lattice-contribution to thermal conductivity can be
found in the paper of Klemens [23].

An example when the lattice contribution has to be considered in the calculation of thermal
conductivity for the Inconel 718 alloy is given in [24].

The Wiedemann-Franz law states that for conducting metals the electronic component of the
thermal conductivity A is

T
A= Lo (10)

with p(T) the temperature-dependent electrical resistivity and L = %Z (k./e)* = 245x10°W - QK™
the (theoretical) Lorenz number.

Considering thermal expansion, the temperature-dependent electrical resistivity is

P = p 11

with d the diameter at reference temperature (room temperature), p _ the electrical resistivity
at initial geometry, and d(T) the diameter at an elevated temperature T. To calculate thermal
conductivity, it is therefore necessary to measure thermal volume expansion as well.

An estimation of thermal diffusivity a(T) can be found by
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(12)

with ¢ () the heat-capacity and D(T) the temperature-dependent density. With the ohmic
pulse-heating setup at Graz University of Technology (as explained later in this work), radial
over longitudinal expansion is ensured (see, e.g., [25]). Considering Eq. (12) and radial expan-
sion yields

LT LT

EI(T) = CP(T) . D(T) - p(T) ~ CV(T) . l)‘0 P

(13)

with D, the density at room temperature.

Thus, Egs. (10) and (12) enable us to determine thermal conductivity and thermal diffusiv-
ity from ohmic pulse-heating experiments, and deliver results that are in the same range as
results from Laser flash measurements, as shown in the thermal diffusivity intercomparisons
NPL — Report CBTLM S30 [26]. With a variation of only 3%, our results were significantly
close to the average determined.

The experimental setup at Graz University of Technology is described in the following section.

4. Measurements at Graz University of Technology

In ohmic pulse-heating experiments, the electric conducting sample is heated up by passing
a large current pulse through it. Due to the resistivity of the material, the sample is heated up
from room temperature to the melting point and further up through the liquid phase to the
boiling point in a period of about 50-70 ps.

The specimen typically is in the shape of a wire, with diameters ranging from a few hundred
micrometers up to some millimeters, rectangular shape for materials that cannot be drawn
into wires, foils or tubes. As a consequence of the narrow time frame under which these
experiments are performed, the liquid phase does not collapse due to gravitational forces,
enabling investigations of the entire liquid phase up to the boiling point. In addition, the
specimen can be considered to not be in contact with the surrounding medium, rendering the
experiment to being a container-less method.

4.1. Setup

A typical pulse heating experiment consists of the following parts: An energy storage (mostly
a capacitor or battery bank) with a charging unit, a main switching unit (e.g., high-voltage mer-
cury vapor ignition tubes) and an experimental chamber with windows for optical diagnos-
tics and the ability to maintain a controlled ambient atmosphere. Pulse heating experiments
are mostly performed under inert atmosphere, e.g., nitrogen or argon at ambient pressure,
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or in vacuum. The setup of the pulse-heating apparatus at Graz University of Technology is
presented in Figure 1.

The setup has been explained in detail in previous publications [27-29].

4.2, Current and voltage measurement

The current pulse, which the sample is subjected to, is measured using an induction coil
(Pearson Electronics, Model Number 3025). To measure the voltage drop, two Molybdenum
voltage-knives are attached to the specimen. The voltage drop relative to a common ground
is measured for both of the voltage-knives, allowing the measurement of the voltage drop
between the two contact points of the sample and the respective voltage-knives (Figure 2).

4.3. Temperature measurement

A fast pyrometer provides temperature determination. The pyrometer measures the spectral
radiance of a sample surface from which the temperature can be calculated using Planck’s law.

¢ 1
L/\,B(A’ T) = n—lAS Y (14)

with L (2, 7) the radiance emitted by a black body at temperature T and wavelength A and the
two radiation constants ¢ = 2rn-h-c*and ¢, = % (h is the Planck’s constant, ¢ the speed of light,
and k, the Boltzmann constant). It has to be considered that nearly no real material is a per-
fect black body. The deviation from black body radiation is taken into account by emissivity
€(A,T). The ratio of radiation emitted by a real material therefore is

L(AT) = A, T)-L, (A, T). (15)

It has to be noted as well that the measured quantity of the pyrometer is a voltage signal
Upym( T), which is dependent on measuring geometry, transmission of the optical measuring
setup, width of the spectral range and detector sensitivity. When summarizing the majority of
the temperature-independent quantities in a constant C, the pyrometer signal is

C.

U, () = C-e(h, T)-lexr—1)" (16)

Pyro
4.4. Thermal diffusivity and thermal conductivity

With the obtained values of the time-dependent current I(¢), the time-dependent voltage drop
U(t), the specimen radius r(t) and the surface radiation L(#) it is now possible to calculate the
desired thermal properties, i.e., thermal conductivity A(T), thermal diffusivity a(T) as well as
specific heat capacity ¢ (T). This has been shown briefly in the second section of this chapter
and is thoroughly discussed in [30, 31].

The solid phase as well as the liquid phase data are fitted linearly (for the solid phase) and qua-
dratically (for the liquid phase). In our publications (e.g., [22]) we give the coefficients for the
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measurement signals of current, voltages and intensity of radiation; PSG: polarization state generator; PSD: polarization
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Figure 2. Typical raw measurement signals of the ohmic pulse-heating experiment performed on Iridium. The black line
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linear fits as well as uncertainty assessments. The schematic data provided in this chapter are for
aluminum; therefore, the temperature range is rather low. With the ohmic pulse-heating appa-
ratus, it is also possible to examine high melting metals like tungsten, niobium and tantalum.

Figures 3 and 4 show typical results of thermal conductivity and thermal diffusivity determi-
nation with the ohmic pulse-heating apparatus for aluminum.
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Figure 3. Results of thermal conductivity determination for aluminum. Data taken from [22].
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Figure 4. Results of thermal diffusivity determination for aluminum. Data taken from [22].
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The data show the solid phase (up to about 900 K) and the liquid phase (up to 1500 K). Thermal
conductivity in this case can be fitted quadratically with a positive slope in the liquid phase.

4.5. Uncertainty for the ohmic pulse-heating method

Uncertainties have been estimated according to GUM [32], with a coverage factor of k = 2
(95%).

Uncertainties for thermal conductivity A1) for aluminum have been estimated +6% in the
solid phase and +5% in the liquid phase. Uncertainties for thermal diffusivity a(T) for alumi-
num have been estimated +8% in the solid phase and +5% in the liquid phase. See also [22].

5. Conclusions

A variety of common methods to determine thermal conductivity of liquid metals have been
reviewed in this chapter. These methods can be classified into steady state, non-steady state,
and transient techniques. However, not all of the reviewed methods are suitable for the liquid
phase of high-melting metals.

To conclude this chapter, the methods that are suitable for the determination of thermal con-
ductivity of high-melting metals in the liquid phase are summarized.

The laser flash method (LFM) is applicable also for high-melting metals, as the temperature
range has been reported to be —120 to 2800°C. Uncertainties for this measurement technique
range from +3 to +15% [16-19].

Another suitable method to determine thermal conductivity of even high-melting metals in
the liquid phase is the ohmic pulse-heating method in combination with the Wiedemann-
Franz law. This method can easily achieve temperatures of about 4000 K and higher and is
therefore suitable for all high-melting metals (the metal with the highest melting point is
tungsten with 3695 K). Uncertainties for thermal conductivity for aluminum have been esti-
mated +6% in the solid phase and +5% in the liquid phase [22].

Especially in the liquid phase, where lattice contributions in the determination of thermal
conductivity can be neglected, the ohmic pulse-heating method has been proven to be a
very accurate method. This has been shown in an intercomparison with laser flash measure-
ments in [26].
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Abstract

In spite of practical importance in the pyro-metallurgy process, thermal conductiv-
ity of molten oxide system has not been sufficiently studied due to its notorious con-
vection and radiation effects. By an aid of appropriate modification of measurement
technique and evaluations for systematic errors, thermal conductivity measurement
at high temperature becomes feasible. In this chapter, thermal conductivity measure-
ment technique for high-temperature molten oxide system was discussed along with
related experimental errors. In addition, thermal conduction mechanism by phonon
was briefly introduced. The laser flash method and hot-wire method, which are repre-
sentative measurement methods for high-temperature system, were compared. During
the measurement by using hot-wire method, the convection and radiation effects on
measurement results were evaluated. In the hot-wire method, both convection and
radiation effects were found to be negligible within short measurement time. Finally,
the effect of network structure of molten oxide system on thermal conductivity was
discussed. The positive relationship between thermal conductivity and polymeriza-
tion in the silicate and/or borate system was presented. In addition, the effect of cation
expressed by function of ionization potential on thermal conductivity was also briefly
introduced. This chapter is partially based on a dissertation submitted by Youngjae
Kim in partial fulfillment of the requirements for the degree of Doctor of Philosophy at
The University of Tokyo, September 2015.

Keywords: thermal conductivity, hot-wire method, transient method, molten oxide,
network structure
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1. Introduction

In the iron-making and steel-making field, understanding of thermal conductivity of the mol-
ten oxide system is significant because it is closely related with the operation conditions, qual-
ity of final products and recycling of slag.

For the recycle of blast furnace slag, the slag is slowly cooled down in the atmosphere or rap-
idly quenched by using rotary cup atomizer or air blast method. Highly crystallized slag can
be recycled as cement concrete for road construction or fertilizer. On the other hand, noncrys-
talline blast furnace slag can be used as Portland cement for construction owing to its proper-
ties of cement when it is ground [1]. Therefore, in order to recycle the blast furnace slag as
Portland cement, proper fineness and glass state should be achieved. Since the characteristic
fine-granular shape and glass state are mainly determined by a cooling rate, understanding of
thermal conductivity of blast furnace slag is important. For this reason, the thermal conduc-
tivity measurement in the molten CaO-5i0,-Al,O, system, which is the typical blast furnace
slag system, has been carried out by using hot-wire method [2—4] and laser flash method [5].

During the steel-making process, understanding of thermal conductivity of the molten slag is
closely related to the quality of final products and refractory lifetime. Recently, many works
have been focused on the development of heat flow of the whole steel-making chain. However,
due to the short information concerning about thermal conductivity of ladle slag, ladle slag is
hardly considered during the simulation [6]. For the purpose of better understanding of heat
flow, understanding of thermal conductivity of ladle slag is important. Glaser and Sichen [6]
measured thermal conductivity of the conventional ladle slag system; CaO-5iO,-Al1,0,-MgO
system, using the hot-wire method. Their results show the negative temperature dependence of
thermal conductivity within the experimental region between 1773 and 1923 K. They reported
that the formation of solid state in the slag results in the significant increase of thermal conduc-
tivity. On the other hand, Kang et al. [7], who measured thermal conductivity in the steel-making
slag system of CaO-SiO,-FeQ_ system, reported that addition of FeO_ results in the decreasing
of thermal conductivity due to the basic oxide behavior of FeO . Considering the structural
information of FeO_obtained by Mossbauer, they found the linear relationship between thermal
conductivity and the NBO/T, which is the relative fraction of the number of nonbridging oxygen
over total tetrahedral cation, implying the effect of network structure on thermal conductivity.

In addition, during the continuous casting process, irregular horizontal heat transfer through
mold flux results in the “longitudinal cracking” and “star cracking” on the final product.
Therefore, understanding of thermal conductivity of mold flux system is practically impor-
tant in terms of quality control. Many studies [8-11] have been carried out in order to find out
the relationship between structure of mold flux system and thermal conductivity at high tem-
perature of molten state. These works [8-11] commonly observed the structure dependence
of thermal conductivity. Addition of basic oxide, such as sodium oxide or calcium oxide,
decreases thermal conductivity as a result of depolymerization of silicate network structure
[8, 11]. Susa et al. [10] found that fluorides play a role of network modifier resulting in the low-
ering thermal conductivity. According to Mills [12], phonon transfer along silicate network
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chain or ring has much lower thermal resistivity(1/A) than from chain to chain. Similarly, Susa
et al. [10] observed that more ionic bonding has the greater thermal resistivity. Therefore, it
can be concluded that the positive relationship between thermal conductivity and network
structure is closely related to the formation of covalent bond which has low thermal resistivity.

Not only the steel-making process, but also other pyro-metallurgy process, understanding
of thermal conductivity is significant. During the operation of submerged arc furnace (SAF)
which is widely used in manganese ferroalloy producing, “freeze” lining is applied in order
to insulate the refractory and prevent direct contact with molten metal and slag [13]. “Freeze”
lining can enhance the refractory lifetime because it prevents the wear mechanism; such as
alkali attack, thermal stress and dissolution of refractory. According to Steenkamp et al. [14],
who measured thermal conductivity in the CaO-5iO,-Al,0,-MgO-MnQO system, “freeze” lin-
ing becomes thicker with higher thermal conductivity indicating that thermal conductivity is
the major factor determining the thickness of “freeze” lining.

The observed thermal conductivity, called effective thermal conductivity (A ), can be expressed
by the summation of each different thermal conductivity such as lattice thermal conductivity
(A,), radiation thermal conductivity (A,) and electronic thermal conductivity (A ) [15]

Aaﬁ" = AL+AR+A61 (1)

The lattice thermal conductivity (A,) is based on the heat transfer by phonon. Because scatter-
ing of phonon results in the decrease in thermal conductivity, thermal conductivity by pho-
non is significantly influenced by the change of disordering of network structure in the glass
and molten oxide system [16]. Over the 800 K, radiative heat transfer (A,) in the clear glass
becomes dominant factor [17]. At higher temperature of the transparent molten oxide system,
more than 90% of heat is transferred by the radiation conduction. On the other hand, thermal
conductivity by electron is insignificant in the molten oxide system as long as the composition
of transition metallic oxide does not exceed 70% [15, 18].

In the molten oxide system, the radiative heat conduction can be simply predicted by assum-
ing the steady state along with grey-body conditions. The radiative heat transfer through an
optically thick sample can be calculated by a function of absorption coefficient and refractive
index in the Stefan-Boltzmann law [15]. However, due to its tremendous radiative and con-
vection effect, precise measurement of thermal conductivity by phonon in the molten oxide
system was challenging. Recently, owing to the appropriate modifications [2, 4, 19] and evalu-
ations for systematic error by simulation [20], thermal conductivity measurement technique
in the molten oxide system has been improved.

In this chapter, transient hot-wire method that is one of the major thermal conductivity measure-
ment techniques for molten oxide system is introduced comparing with laser flash method. The
measurement principle is simply dealt with, and experimental errors are considered. In addi-
tion, thermal conduction mechanism in the amorphous system by phonon is discussed. Since
the lattice thermal conduction is mainly determined by the structure of oxide system, the effect
of structure such as silicate network or ionic bonding, and type of cation is briefly discussed.
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2. Thermal conduction in glass and molten oxide system

Ziman [21] explained the transport of heat in terms of collective model instead of individual
particle vibration. Namely, thermal energy is the distribution of normal modes of vibration.
Owing to the collective model, the excitations that can be considered as the movement of
particles in a gas, and kinetic theory is possibly adopted. In the case of glass and ceramic
system, determination of a single Brillouin zone is impossible since there is no regular lat-
tice. For this reason, not Umklapp scattering but irregular structure determines the phonon
scattering in the glass system. Kingery [22] reported that the phonon interaction by discrete
lattice is equivalent to random scattering in the ceramic and glass system. For convenience, he
adopted mean free path concept and expressed thermal conductivity by phonon as the trans-
port of energy by particle. As a result, thermal conductivity has been simply explained by the
phonon gas model in various glass and ceramic systems [16, 23, 24].

A = +Cal )

W=

where A, C, ¥ and [ indicate thermal conductivity, heat capacity, mean particle velocity, and
mean free path of collision.

However, the heat transfer mechanism in the liquid and molten oxide system is still contro-
versial. In the liquid state, Zwanzig [25] proposed the collective dynamical variables having
the similar characteristic of longitudinal and transverse phonon. The frequency of the elemen-
tary excitation is defined as approximate eigenvalue by an eigen function of the Liouville
operator. In addition, he also calculated the lifetimes of elementary excitations reporting that
it is determined by the elastic moduli and viscosities. As a result, in the molten oxide sys-
tem which has enough viscosity coefficients, an elementary excitation has physical meaning.
Recently, using ab initio molecular dynamics simulations, Iwashita et al. [26] showed that the
local configurational excitations in the atomic connectivity network are the elementary excita-
tions in molten metal at high temperature.

Turnbull [27] found that thermal conduction mechanism in the molten salts system is similar
to the solid state. Due to the similar ionic spacing of salt system in the solid and liquid state
along with the relatively small heat of fusion, he assumed that thermal motion would be simi-
lar in liquid and solid. In addition, according to his calculation, the diffusional contribution
to thermal conductivity of liquids does not exceed 4%, indicating the major role of vibrational
conduction in heat transfer. Similar to molten salt system, it can be inferred that heat is mainly
transferred by vibrational excitations in the molten oxide system.

Recently, considering the similar thermal conduction mechanism in glass and molten oxide
system, Kim and Morita [28] explained the effect of temperature on thermal conductivity
following the same approach. Adopting the one-dimensional Debye temperature and pho-
non gas model, variables and effect of temperature on thermal conductivity were discussed.
According to their work, thermal conductivity of glass initially increases with increasing
temperature due to the increase of heat capacity. At one-dimensional Debye temperature
where heat capacity becomes max, thermal conductivity reaches the maximum. Afterward,
owing to the fluidity of molten state, mean particle velocity along with mean free path of
collision decreases with increasing temperature. From physical viewpoint, as increasing
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temperature, the required frequency of shear waves to propagate in molten oxide system
increases. Since phonon is bosonic particle, the average number of particles follows Bose-
Einstein distribution indicating that lower frequency modes have more phonons at a fixed
temperature. As a result, negative temperature dependence of thermal conductivity can be
found because lower number of shear wave with much higher frequency can propagate as
temperature increases.

3. Thermal conductivity measurement technique and related
experimental errors

3.1. Thermal conductivity measurement technique for high-temperature oxide melts

Although the understanding of thermal conductivity by phonon is significant for the process
control in the iron-making and steel-making field, precise measurement of thermal conduc-
tivity by phonon is challenging due to the notorious radiation and convection effect at high
temperature [29]. The measurement method of thermal conductivity by phonon can be classi-
fied into largely two groups: one is steady-state and another one is nonsteady-state method.
In steady-state method, thermal conductivity is determined by the temperature profile across
a sample contacting directly with a heat source [15]. However, steady-state method requires a
relatively long measurement time in order to obtain the steady state of thermal profile across
the sample [18]. In addition, during the measurement, contribution of radiation and convec-
tion becomes significant due to the long measurement time. For these reasons, at high tem-
perature, thermal conductivity by phonon transfer cannot be precisely measured by using
steady-state method.

In order to investigate the thermal conductivity of molten oxide system, nonsteady-state
measurement method has been modified for the last few decades. For the measurement of
molten oxide system, two measurement techniques have been widely adopted: one is laser
flash method and another one is hot-wire method. Two techniques have in common that both
two methods apply constant energy and monitor the temperature change with time. Because
the thermal conductivity can be measured within approximately 10 s by nonsteady-state
method, the effect of radiation and convection is insignificant as compared to the steady-state
method.

Since the first introduction of laser flash method in 1961, this technique has been widely
adopted for the purpose of measurement of thermal diffusivity and heat capacity in vari-
ous materials [30]. During the measurement, the front surface is heated by a single pulse
laser resulting in an increasing of temperature at the opposite surface. Then, thermal dif-
tusivity is calculated from the increasing temperature. However, due to the leakage of heat
from measurement sample, the sufficient accuracy cannot be achieved at high temperature.
Several improvements of laser flash method have been introduced in order to overcome vari-
ous problems occurred during the measurement. In the 1990s, Ogura et al. [31] developed
three-layered laser flash method. Although it has the merit of relatively small heat leakage,
calculation of thermal conductivity by phonon transfer requires various physical properties
related with radiation such as absorption coefficient [32]. For this reason, recently, Ohta
et al. [32, 33], revised the three-layered laser flash method and introduced new method,

101



102

Impact of Thermal Conductivity on Energy Technologies

called front heating-front-detection laser flash method. Distinct from previous laser flash
methods, the laser pulse is irradiated on the bottom of platinum crucible during the front-
heating front-detection technique. Assuming the one-dimensional heat flow along with
semi-infinite thickness of liquid sample, [33] thermal conductivity is calculated by the mea-
surement of the temperature decay at the bottom of surface. Since the thermal conductivity
is measured within only 12 ms, front-heating front detection technique does not consider the
additional process for distinguishing radiation effect from observed thermal conductivity
data. However, although the front heating-front detection laser flash method has the merit of
simple procedure and easy data processing, [34] the effect of radiation on thermal conductiv-
ity measurement is still controversial, especially at high temperature [18]. The three different
laser flash methods, namely, conventional, three-layered and front heating-front detection
laser flash method, have been adopted for the measurement of thermal conductivity, and
more details can be found elsewhere [18].

Figure 1 shows the schematic diagram of the hot-wire method for molten oxide system. The
hot-wire method, also known as line-source method, is a nonsteady-state method. Because the
hot-wire method uses a very thin metal wire, the effect of radiation is relatively insignificant
even at high temperature [35]. Since transient hot-wire technique firstly introduced in the
1780s, this method has been widely used for the precise measurement of thermal conductivity
of solid, liquid and even gas phases [36]. During the thermal conductivity measurement of
molten oxide system, a thin Pt-13%Rh wire is placed in the middle of molten oxide sample and
heated up by the applied constant current. The generated heat is transferred from hot-wire
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Figure 1. Schematic diagram of the transient hot-wire method for molten oxide system.



Thermal Conductivity Measurement of the Molten Oxide System in High Temperature
http://dx.doi.org/10.5772/intechopen.76018

into molten oxide system resulting in increasing temperature. If the hot-wire is long enough,
the temperature change of molten oxide system resulting from constant heat flux Q can be
expressed by a continuous line heat source solution [37].

AT = g(ln%—y> = %(lnt+ln

4K
4] 2ev

) ®
Here, AT is the temperature change of hot-wire, Q is the heat generation per unit length of
hot-wire, A is the thermal conductivity, « is the thermal diffusivity, r is the radius of hot-wire,
tis the time, and y is the Euler’s constant, 0.5772. The continuous line heat source solution can
be adopted when the length and diameter ratio of hot-wire is larger than 30 [38]. Following
the differentiation of Eq. (4), thermal conductivity can be expressed by Eq. (4).

1= (2)/() @

Because a constant current is applied by galvanostat, heat generations per unit length of hot-
wire (Q) can be calculated by the following equation.

VI R
Q= =P )

R, = R(1+AT+BT? ©6)

The abovementioned equation, V, I, m, R, and R, represents the voltage, current, length of
hot-wire, resistance per unit length at T'C, and resistance per unit length at 0°C, respectively.
Eq. (6) shows the empirical linear relationship between R, and R, According to Kang and
Morita [3], constant of A and B for Pt-13%Rh wire is 1.557x107 and — 1.441x107, respectively.
During the measurement, R, is obtained by applying infinitely small current which could not
heat up the experimental sample.

From the Ohm’s law, the following equation can be obtained at the given temperature T.

v _ dR; _
a7 = 177 = IR(A+2BD) (7)
From the Egs. (4), (5) and (7), the thermal conductivity can be expressed as the function of
voltage and time.

_ (PRR(A+ 2Bﬂ> 4V
v ()G ®
Using the four-terminal sensing, [11] the voltage change of hot-wire is recorded in real time.
Therefore, thermal conductivity of the molten oxide system can be easily calculated by the
slope of V versus In t.
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Recently, Mills et al. [39] found that thermal conductivity of molten slag system measured by
laser flash method is approximately 10 times than by hot-wire method implying the effect of
radiation in the laser flash method. Therefore, it would be inferred that thermal conductiv-
ity of molten oxide system is precisely measured at high temperature by using the hot-wire
method rather than using the laser flash method.

3.2. Evaluation of the experimental errors occurred during the thermal conductivity
measurement by hot-wire method

According to Kwon and Lee [40] and Healy et al. [41] who studied about the errors occurred
during the thermal conductivity measurement, appropriately designed hot-wire method can
measure thermal conductivity of liquid with the error of less than 0.31%. Although they con-
sidered low temperature, below 100°C, effect of other variables such as convection and cur-
rent leakage seems insignificant during the thermal conductivity measurement even at high
temperature.

As previously mentioned, in order to reduce the radiative heat transfer, a thin Pt-13%Rh wire
of 0.15 mme is used in the hot-wire method during the thermal conductivity measurement.
However, although a hot-wire method uses extremely thin wire, the heat can be transferred
from the surface of hot-wire by radiation and it becomes significant as temperature increases
during the thermal conductivity measurement.

Using the Stefan-Boltzmann law for grey-body radiation, the radiation heat at the surface of
hot wire was estimated.

q=¢E =¢eoT! )

where q is the radiated heat energy, ¢ is the emissivity, o is the Stefan-Boltzmann constant, T is
the surface temperature (K). During the calculation, emissivity of Pt-13%Rh wire was extrapo-
lated on the basis of empirical equation of emissivity of Pt- 10%Rh wire [42]

e = 0.751 (Tp)*> - 0.632(Tp) + 0.670 (Tp)'* - 0.607 (Tp)> (10)

where p is the resistivity, and T is the temperature of hot-wire (°C). The temperature change
of hot-wire along with heat generation was evaluated by the voltage change. Considering the
resistivity of hot-wire, the radiation heat during the measurement was evaluated. In Figure 2,
change of radiation heat along with applied power at 1273 K is presented. After 5 s of experi-
ment, the ratio of radiation heat to the applied power, which is the net heat flow, becomes
approximately 0.69% at 1273 K. This value is accordance with the previously calculated value
of 1% in the transparent slag at 1273 K after 5 s of experiment [2]. Especially, within the ther-
mal conductivity measurement region, which is 0.8-2 s, radiation heat takes less than 0.51%
over total heat flow. Therefore, it can be concluded that radiation effect is not significant dur-
ing the thermal conductivity measurement using a hot-wire method.

The effect of free convection can be reduced by placing the upper level of the sample in the
highest temperature zone [4]. However, during the measurement, the heating up of hot-wire
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Figure 2. Change of radiation heat (black rectangular) with varying time at a fixed temperature of 1273 K. Dashed dot
line indicates the applied power.

results in the increase in temperature of molten oxide system along with partial temperature
difference. Such temperature gradient would lead to the convection. In order to determine the
effect of convection, the change of Rayleigh number with varying time was considered. Figure 3
shows the schematic diagram of heat penetration during a hot-wire measurement.

When a current is applied, heat is generated in a thin hot-wire; radius of r,. Since it is a non-
steady-state method, the heat penetration distance will be varying with time. 6 is the penetra-
tion distance. T, and T, is the temperature at the surface of hot-wire and the temperature at 9,
respectively. The heat penetration distance (0) is a function of time (t). Tokura et al. [43] reported
that heat penetration distance from the hot-wire can be expressed by the following equation.

o = (24ar, t)P+r, (11)

The abovementioned Eq. (11) is valid when (6 — r,) >>4r,. a represents the thermal diffusivity.

It has been reported that free convection is occurred when Rayleigh number (Ra) is larger
than 1000 [1]. Therefore, calculation of Rayleigh number in the present molten oxide system
is significant in order to evaluate the effect of free convection during the experiment. Rayleigh
number can be expressed by the following equation, which is the product of Grashof number
and Prandtl number.

A Tel?
Ra = P28 (12)
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Pt-10%Rh crucible

Hot-wire

Molten oxide

Figure 3. Schematic diagram of heat penetration during thermal conductivity measurement by hot-wire measurement.

where f§ is thermal expansion coefficient, AT is temperature difference, g is gravitational accel-
eration, L is characteristic length, v is kinetic viscosity. L can be substituted with heat penetra-
tion distance (6). Combine the Egs. (3), (11) and (12), Rayleigh number can be deduced by the
following equation, where C is the exponential of Euler’s constant; 1.78.

Ra = £gQ

" 4rniva

[(24ar, t)P 47, ln< j“é) (13)

Using Eq. (13) along with following physical properties of molten B,O, system at 1273 K,
Rayleigh number can be calculated. Thermal expansion coefficient () of molten B,O, is
100 ppm/K at the temperature range between 1273 and 1473 K [44]. Thermal diffusivity («) is
4.325 cm? s at 1273 K [31]. Kinematic viscosity, that is, the ratio of dynamic viscosity to den-
sity is 0.0065 m? s [45]. Rayleigh number is calculated, and it is shown in Figure 4. Compared
to Rayleigh number of pure water at 298 K, molten B,0O, system shows much lower Rayleigh
number. Due to much higher kinematic viscosity and thermal diffusivity, B,O, shows much
lower Rayleigh number even at high temperature of 1273 K. Therefore, it can be concluded that
there is no free convection effect during the thermal conductivity measurement of molten oxide
system within 10 s. In addition, if there is convection effect, the linearity between voltage and
time could not be observed. As a result, the thermal conductivity by phonon transfer can be
safely obtained within the region where the linear relationship between voltage and time exists.

Recently, several studies have evaluated the experimental conditions which affect precision
of the measurement using hot-wire method [20, 46]. A computational fluid dynamics (CFD)
calculation [20] revealed that determination of the resistivity and the temperature coefficient
of resistance of the hot-wire is crucial in order to obtain precise thermal conductivity. In
addition, Kang et al. [46] calculated the current leakage by semi-quantitative evaluation and
reported that the current leakage is 2% (at most) in various silicate melts which contain less
than 20 wt% FeO..
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Figure 4. Calculated Rayleigh number of molten B,O, at 1273 K (left) and water at 298 K (right) with varying time.

4. Effect of structure and cation on thermal conductivity of molten
oxide system

Similar to other physical properties, such as density, thermal expansion, viscosity and elec-
tric conductivity, thermal conductivity of molten oxide system is affected by the network
structure such as silicate, borate and aluminate network structures. It was known that forma-
tion of network structure in the glass and molten oxide system plays a role of limiting to the
network randomness [47] resulting in the increase of thermal conductivity by reducing of
phonon-phonon scattering. According to Kang and Morita [3], depolymerization of silicate
network structure results in lowering thermal conductivity. In addition, amphoteric behavior
of aluminum oxide related to aluminate structure leads to both increasing and decreasing of
thermal conductivity depending on its compositions. Recently, Kim and Morita reported the
effect of intermediate range order borate structure [48-52]. In case of borate structure, compli-
cated super-structure units exist consisting of 3- and 4-coordinate boron ions associated with
oxygen ions [53]. Depending on the compositions and oxide system, different borate super-
structure can be formed resulting in different effects on thermal conductivity.

In Figure 5, thermal conductivity of molten Na,0-B,0,-5iO, system is shown with varying
S§i0O,/B,0, mole ratio [49]. At 1273 K, increasing of thermal conductivity with higher ratio of
S§i0,/B,O, can be found. Although these systems show similar silicate network structures with
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of tetraborate unit (right).

analogous non-bridging oxygen (NBO) number [49]. On the right side of Figure 5, the effect
of 5i0,/B,0O, ratio on borate super-structure obtained by Raman spectroscopy is shown. It
should be noted that the Raman spectra were identified by using Gaussian deconvolution from
appropriate references. According to area ratio, the relative fraction of associated structures
was calculated. The increase of relative fraction of tetraborate unit can be found with higher
concentration of S5iO,. Considering that tetraborate unit consisting of 3- and 4-coordinate boron
forms three-dimensional network, thermal conductivity increases as a result of polymerization
of the network structure. Similar effect can be found in another study reporting the increase of
viscosity with formation of tetraborate unit in the CaO-Al,0,-Na,O-B,O, system [54].

Not only the polymerized network structure, but also cation affects thermal conductivity in
the molten oxide system [8, 28, 51, 55]. The linear relationship between thermal conductiv-
ity and ionization potential (Z/r?); the ratio of the charge of the cation (Z) to the square of
the cation radius (r), was observed in the alkali-borate system [28, 51]. In addition, the effect
of ionization potential of cation on thermal conductivity is similar in both glass and molten
oxide system. Recently, Crupi et al. [56] reported that intermediate range order borate struc-
ture, that is borate super-structure, is affected by the type of cations. As increasing of the ionic
radius of cation, larger radius of void can be found. Since larger void has high flexibility with
high configurations, thermal conductivity decreases as increasing of ionic radius [28].

5. Conclusions

In this chapter, the thermal conductivity measurement technique for high-temperature mol-
ten oxide system was reviewed along with heat conduction. Although phonon cannot be
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defined in the molten oxide system, phonon-like excitation is elementary excitation having
similar characteristic of longitudinal and transverse phonon. Recent studies revealed that
local configurational excitation is a origin of phonon-like excitation. In addition, the effect of
temperature on thermal conductivity in both glass and molten oxide system was reviewed.
The laser flash method and hot-wire method, typical thermal conductivity measurement
techniques for high temperature, were briefly reviewed. Compared to laser flash method,
hot-wire method is relatively precise for measurement of molten oxide system by reduc-
ing radiation effect through small surface of heating source. The systematic errors prob-
ably occurred were considered. The radiation and convection effects were reviewed based
on the simple modeling and mathematical calculations in the molten oxide system. Results
showed that radiation effect and convection effect on thermal conductivity are insignificant
at 1273 K. Especially, since the measurement is terminated within 5 s, its effect would be
negligible. Finally, the effect of network structure and cations on thermal conductivity was
discussed. Due to limiting its randomness, polymerization of glass and molten oxide system
results in the increase of thermal conductivity. In addition, the effect of cation type on ther-
mal conductivity in the molten oxide system was discussed through the ionization potential.
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