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Simultaneous Measurements of the Thermal
Conductivity and Thermal Diffusivity of Molten
Salts with a Transient Short-Hot-Wire Method
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A transient short-hot-wire technique has been successfully used to measure the
thermal conductivity and thermal diffusivity of molten salts (NaNO;, Li,CO;/
K,COj;, and Li,CO;/Na,COj;) which are highly corrosive. This method was
developed from the hot-wire technique and is based on two-dimensional
numerical solutions of unsteady heat conduction from a short wire with the
same length-to-diameter ratio and boundary conditions as those used in the
actual experiments. In the present study, the wires are coated with a pure Al, O3
thin film by using a sputtering apparatus. The length and radius of the hot wire
and the resistance ratio of the lead terminals and the entire probe are calibrated
using water and toluene with known thermophysical properties. Using such a
calibrated probe, the thermal conductivity and thermal diffusivity of molten
nitrate are measured within errors of 3 and 20 %, respectively. Also, the thermal
conductivity of the molten carbonates can be measured within an error of 5%,
although the thermal diffusivity can be measured within an error of 50 %.

KEY WORDS: molten carbonates; molten nitrate; thermal conductivity;
thermal diffusivity; transient short-hot-wire technique.

1. INTRODUCTION

Recently, the laser flash technique [ 1] has been widely used for measuring
the thermal diffusivity of materials. The transient hot-wire method is still
the most promising for measuring the thermal conductivity of liquids [2].
This method is, however, rather difficult to apply for electrically conducting
and highly corrosive fluids, such as molten carbonates, because the long
wires must all be insulated with anticorrosive and electrically nonconducting
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materials [ 3]. These difficulties could be much reduced if we could develop
a method with a much shorter wire than the conventional one. From this
point of view, the authors [4, 5] developed a new method which used a
hot wire as short as about 10 mm. As the first step, the temperature evolu-
tions of a bare short wire were measured for pure water and some organic
liquids, and by comparing the results with the two-dimensional numerical
simulations, the thermal conductivity and thermal diffusivity of these liquids
were simultaneously determined with a high accuracy.

In this paper, the numerical analysis on which the present method is
based and the experimental arrangement are described for the probe coated
with a pure Al, O, film. The length and diameter of the wire and electrical
resistance ratio of the lead terminals and the entire probe are determined
by using pure water and toluene as the standard liquid samples. Through
these calibrations, the thermal conductivity and thermal diffusivity of
NaNO;, Li,CO;/K,CO;, and Li,CO;/Na,CO; are measured. The effect
of an uncertainty of thermal diffusivity on the thermal conductivity evalua-
tion is also discussed.

2. NUMERICAL ANALYSIS

Figure 1 shows the physical model and the coordinate system. The
sample liquid is contained in a cylindrical vessel of radius r,, and a short
hot wire of radius r; and length 2/ is located on the center axis and is
supported by a lead wire at each end. The hot wire is covered with an
insulating material of thickness J. The two-dimensional heat-conduction
equations for this three-layer model are numerically solved under the
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Fig. 1. Physical model and coordinate system.
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following assumptions: (a) the heat generation rate per unit volume and
time is uniform and constant; (b) the temperatures of the lead wires are
kept at their initial temperature 7', during the heating process; and (c) the
temperature distribution in the vessel is symmetric with respect to the
z-axis and the plane normal to it at z=/. Therefore, the hatched region in
Fig. 1 is taken as the solution domain.

Nondimensional basic equations are written as follows. For the hot wire,
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where 6, R, and Z are the dimensionless temperature and radial and
longitudinal coordinates, respectively. Fo is the Fourier number. These are
defined as
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The parameters R, Ry, etc., and those appearing in the boundary condi-
tions are the thermal conductivity and thermal diffusivity ratios of each
layer, defined as

Ra=2.  Ro=2%, Ru=% Ru=". Re=2 (5
CI_ASh’ cz_j“sh’ 03_/15; dl_(xsh’ @ si

where A and « are the thermal conductivity and the thermal diffusivity,
respectively, and where the subscripts sh and si indicate short hot wire and
insulating material, respectively.

These equations are solved by a finite difference method with an
implicit subsequent substitution scheme, under relevant initial and bound-
ary conditions including the continuity conditions for temperature and heat
flux at the interfaces between the hot wire and the coating layer and
between the coating layer and the liquid layer. A nonuniform grid arrange-
ment is used and the node numbers are 101 and 201 in the Z and R direc-
tions, respectively.
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The numerical analysis yields the dimensionless volume-averaged hot-
wire temperature 6, as a function of the dimensionless heating time Fo.
The numerical error is confirmed to be within 0.2% for the range of Fo=5
to 100, when the solution corresponding to an infinite length wire is com-
pared with that obtained analytically. The effect of the boundary condi-
tions at R=R, is also examined to estimate the minimum radius of the
vessel to achieve accurate measurement. The results indicate that if R, > 50,
the time variation of 6, becomes independent of the thermal boundary con-
dition for R= R, (adiabatic or isothermal). This fact indicates that a very
small amount of sample liquid is required in the present method.

The detailed effects of aspect ratios L(//r;), insulating layer thickness J,
and the parameters R and Ry, on the wire temperature 6, are given in
Ref. 5. These results are summarized as follows: (a) as the aspect ratio
L decreases, the slope in the relation, 0, vs. In Fo, decreases because the
conductive heat loss to the lead wire takes up a large fraction of the heat
generated in the hot wire; (b) with the increase in J, the temperature rise
becomes smaller but the slope remains constant; and (c) as R, decreases,
0, decreases because the relative heat loss from the wire edges to the sup-
ports increases with the decrease in liquid thermal conductivity. Since the
relation between 6, and In Fo depends on the liquid thermal properties,
numerical calculations with wide ranges of parameters must be done before
applying this method to unknown samples. Further, in this method the
thermal conductivity and thermal diffusivity of fluid should be determined
simultaneously. This is the largest difference from the conventional hot-wire
method, which is based on a single working equation.

3. PRINCIPLE OF MEASUREMENTS

Based on the numerical results, the following procedure was proposed
to determine simultaneously the thermal conductivity and thermal dif-
fusivity of a liquid. As described in Ref. 5, the dimensionless temperature
increases linearly from Fo =35 to, at least, Fo=150. The real time corre-
sponding to Fo =150 ranges from 2 to 4 s, depending on the kind of liquid.
Then, the numerical results in this time range are approximated by a linear
equation, Eq. (6), and the coefficients 4 and B are determined by the least-
squares method.

0,=AlnFo+ B (6)

The measured temperature rise of a wire could also be approximated
by a linear equation with coefficients ¢ and b in the above time range as

T,=alnt+b (7)
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where T, is the wire temperature rise based on the 7,. Equation (6) is
dimensionalized as

2
L PR i ( Aln +B> (8)

A A 7
Comparing the corresponding coefficients of Eqgs. (7) and (8), the thermal
conductivity and thermal diffusivity of a liquid are expressed as functions
of these coefficients by

A VIA
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where V and [ are the voltage and current supplied to the wire. Equations
(9) and (10) are similar to those obtained for the conventional transient
hot-wire method [ 7], except that the 4 and B are changed somewhat in
relation to the aspect ratio L, parameters R, and Ry, ctc., so that an
iterative process is required to evaluate thermal properties accurately.

From Eqgs. (9) and (10) the relative errors of the thermal conductivity
and thermal diffusivity are estimated as
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The magnitudes of the main factors in Eqgs. (11) and (12) are estimated as
follows. The length and radius of the hot wire are measured with a
microcathetometer and microscope, and both é/// and Jr,/r; are accurate to
1%. The possible error in the slope of the temperature against In ¢ includes
the uncertainties induced by electrical noise and the timing of the voltage
measurements. The maximum deviation of the temperature measurement
from Eq. (7) is less than 0.2%. The values of da/a and &(b/a) are around
0.01 and 0.04, respectively. From numerical solutions, 04/4 is found to be
0.002 and 6(B/A4) is 0.003. The voltage and current through the wire are
measured with digital multimeters and the values of 6 V/V and d1/I in the

measurement are less than 10~* The total errors of this method are
estimated to be 2 and 5% for thermal conductivity and thermal diffusivity,
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respectively, when the thickness and thermal properties of the insulating
film are precisely known.

4. MEASUREMENTS

4.1. Hot-Wire Cell

Figure 2 shows the transient short-hot-wire cell used in this study.
A short platinum wire 9.2 mm in length and 97 ym in diameter (1) is
welded at both ends to platinum lead wires of 1.5 mm in diameter (3)
which is supported with a ceramic circular plate (2) and connected with
voltage (5) and current (6) platinum lead wires 0.5 mm in diameter. The
ceramic plate is fixed with a stainless-steel rod which can move up and
down. A pure gold crucible (4) 50 mm in diameter and 120 cm? in volume
is heated with an electric furnace (8) which is covered with a thermal
insulator (9) on the outside. The temperatures at the outside of the crucible
wall are measured with thermocouples (7) to provide a feedback signal for
the temperature controller. The measurements are made at different tem-
perature levels and atmospheric pressure.

The platinum hot wire is annealed at 800°C for a few hours, and the
temperature coefficient of its electrical resistance £ is determined through a
calibration for the temperature range from 20 to 800°C. This wire is cut
and welded to the platinum lead terminals. The probe has to be carefully
cleaned with ultrasonic cleaner before it is fixed in the chamber of the
sputtering apparatus. Figure 3 shows a schematic of the rotating part of the

@ Pt hot wire
d=97,100 um
1=9.2, 14.0 mm

@ Ceramic plate
¢=48 mm, § =10 mm

(® Pt lead terminal
d=1.5mm

@ Gold crucible

(® Voltage lead wire
¢=0.5mm

® Current lead wire
¢=0.5mm

(@ Thermocouples
Electric furnace
® Insulating material

210

Fig. 2. Schematic of the experimental setup.
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Fig. 3. Rotating part of the sputtering
apparatus.

sputtering apparatus. The probe is mounted on the right top side and
rotates at a constant speed during the coating process so that the present
sputtering apparatus can provide a uniform thin film on the cylindrical
wire. In the present case, high-purity (99.99%) Al,O; is used as the coat-
ing material. The output of sputtering power is controlled at 100 W. The
chamber gas pressure is 0.22 Pa. The flow rates of argon and oxygen gases
are controlled at 10 and 5 cm®-min ~', respectively. The sputtering time is
6.4 h for a film thickness of 2 um. The coated probe is again calibrated to
determine its total resistance including the lead terminals Rz, at 0°C, under
the assumption that the coefficient of the lead wire is the same as . When
the probe is immersed in a liquid with uniform temperature, the hot-wire

temperature is obtained as
1 /Ri
Tv=<l—1> (13)
B \Rt,

where Ri is the measured resistance of the probe. On the other hand, when
the probe is heated, the wire temperature rises but the lead terminal tem-
perature remains at the initial temperature because of its large heat
capacity. Therefore, the hot-wire temperature is estimated as

1 (Rt)—eRi
T“‘ﬁ((l—a)Rzo 1) (14

where ¢ is the resistance ratio of the lead terminals and the entire probe
and is about 0.075 for the present probes.
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Fig. 4. Schematic of the measurement system.

4.2. Measurement System

The measuring system is shown schematically in Fig. 4. It is composed
of a dc power supply and voltage and current measuring and control
systems, that is, digital multimeter, personal computer, and PI/O con-
troller. The power supply can generate a maximum constant current of 1
A with 1.5-mA resolution. Two DMs are the same type and have a 7.5-digit
accuracy at a sampling rate of 20 per s. The PC controls both switching
and logging of data.

The data acquisition procedure is almost the same as with the conven-
tional hot-wire method. After the liquid temperature becomes uniform and
constant, a small current, such as 15 mA, is supplied to the probe for 3 s
to measure the initial liquid temperature. Then the switch is turned on to
the dummy circuit, having the same resistance as the main circuit including
the probe, and a heating current of 0.3 to 0.5 A is supplied. After 1 s, when
the current becomes stable, the switch is again closed to the main circuit
to begin heating the hot wire. In this process, the current and voltage are
measured 20 times per s. These measurements are carried out automatically
using a sequential program and GP-IB controlled by a personal computer.

5. RESULTS AND DISCUSSION

At first, the characteristics of the short-hot-wire probe are examined
using pure water and toluene as standard liquids with known thermal con-
ductivity and thermal diffusivity. The temperature evolutions for these
liquids are compared with corresponding numerical results, and the evalu-
ated thermal conductivity and thermal diffusivity are compared with refer-
ence values [6]. Then, the effective hot-wire length and diameter and the
resistance ratio of the lead terminals and the entire probe are determined.
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The length differs by, at most, 3% from that measured with a micro-
cathetometer. The reason for the difference is attributed mainly to an
uncertainty of accurate welding positions on the lead terminals. The ther-
mal conductivity and thermal diffusivity of these standard liquids have
been measured under normal gravity conditions, because the effect of
natural convection will not appear, at least in the range Fo <200 [8, 9].
The reproducibility of the hot-wire temperature rise is examined for water,
and it is confirmed that the differences among the repeated data are within
0.01°C, if we allow more than 60 min between successive measurements.

Table I shows the measured thermal conductivity and thermal dif-
fusivity of NaNO;, Li,CO;/K,CO;, and Li,CO;/Na,COj;, respectively.
These data are the average values of three measurements at the same
temperature. The tested samples were supplied by Wako Pure Chemical
Industries Ltd. and had a stated purity in excess of 99.95%. Table I also
shows the reproducibility for the present measurements of the thermal
conductivity and thermal diffusivity.

Figures 5 and 6 show the measured thermal conductivity and thermal
diffusivity of NaNO,, respectively. The dashed lines show the results
obtained by Kobayashi et al. [10]; the solid line in Fig. 5 shows the
recommended correlation proposed by Kitade ez a/ [ 11]; the open circles

Table I. Measured Thermal Conductivity and Thermal Diffusivity

Temperature Measured Measured Reproducibility
Substance T (°C) A(W-m™ 1. K™Y  oa(m?-s7!) Aianda (+%)
NaNO; 330.8 0.557 1.59E-7 0.7, 1.9
350.8 0.573 1.88E-7 1.0, 4.8
390.4 0.588 2.00E-7 1.0, 1.5
Li,CO,-K,CO,
(70/30 mol%) 547.6 0.729 0.60E-7 0.4, 10.0
589.8 0.697 0.46E-7 17,174
610.2 0.691 0.46E-7 27,152
649.0 0.829 0.98E-7 0.8,12.2
Li,CO;-Na,CO;
(53/47 mol%) 564.3 0.892 1.16E-7 1.6,4.3
587.1 0.824 0.76E-7 1.8,7.9
592.9 0.848 2.00E-7 1.3,6.0
6114 0.923 1.47E-7 0.8,7.5
637.1 0.875 0.93E-7 0.3,4.3
650.8 0.877 1.19E-7 0.3,6.7
6512 0.885 1.23E-7 19,24
685.3 0.887 0.98E-7 0.2, 1.0

694.5 0.875 0.83E-7 1.6, 13.3
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Fig. 5. Measured thermal conductivity for NaNOj.

indicate the reference values of the JSME Data Book [12]; and the sym-
bols A and + indicate the present values obtained with two different
probes. By comparing the present results with the reference values of the
JSME Data Book, the errors for the thermal conductivity and thermal
diffusivity are within +3 and +20%, respectively.

Figures 7 and 8 show the thermal conductivity and thermal diffusivity
of Li,CO; /K, COyj,, respectively. Figures 9 and 10 show those of Li,CO;/
Na,CO;. The dashed lines are obtained with a linear least-squares method
for the present data; the solid lines show the results obtained by Araki et
al. [13]; the symbol O indicates the results obtained by Otsubo et al.
[14]; and the other symbols, +, A, O, and O, indicate the present
results. By comparing the present results with the data of Araki et al., the
thermal conductivity of Li,CO;/K,CO;,, as shown in Fig.7, shows good
aggreement, but the thermal conductivity of Li,CO5/Na,CO; in Fig. 9
shows a different tendency to temperature change. Further, comparing with
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Fig. 6. Measured thermal diffusivity for NaNOs.
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the data of Otsubo et al., both the thermal conductivity and thermal dif-
fusivity show large differences between the results.

Figure 11 shows the effect of an uncertainty of thermal diffusivity on
estimating the thermal conductivity. It is found from this figure that the
gradient of masterplot 4 is changed within 5% even for a 50% change of
the thermal diffusivity ratio Ry, for the present case of Ry, =0.003. There-
fore, the present method has, at least, reasonable accuracy for measuring
thermal conductivity.

6. CONCLUSIONS

The main conclusions are as follows.

(1) The transient short-hot-wire method has been successfully used
to measure the thermal conductivity and thermal diffusivity of
LT T T T T T T T ]
F Ry=0.0129, Ry=0.120, Rz=0.108 1
03 L=100, o/=0.04 .
< ]
02, —— =
01 _I el | L 1 L | L ]
0.002 0.004 0.006 0.008 0.01
Ry
Fig. 11. Effect of uncertainty of thermal diffusivity on

thermal conductivity.
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Al

molten salts simultaneously when the probe was coated with
pure Al,O5 as an insulating film. The method can determine the
thermal conductivity and thermal diffusivity for molten nitrate
within errors of 3 and 20 %, respectively. Also the thermal con-
ductivity of molten carbonates can be measured within an error
of 5%, although the thermal diffusivity can be measured within
an error of 50%.

(2) Though the accuracy is not as high as that of the conventional
transient hot-wire measurement, the present method is much
more convenient and has sufficient accuracy to yield reasonable
results for new liquids. The method, therefore, will be applied for
measuring these properties of electrically conducting liquids,
when the probe is adequately coated with insulating and anti-
corrosive materials.

(3) The measurement accuracy is expected to be improved after the
effects of film thickness and its properties are studied and con-
sidered in detail.
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