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A Novel Instrument for the Measurement
of the Thermal Conductivity of Molten Metals.
Part II: Measurements
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New measurements of the thermal conductivity of molten mercury, gallium,
tin, and indium are reported up to 750 K. The measurements are performed
in a novel transient hot-wire instrument described elsewhere. The present
experimental technique overcomes problems of convection, and it is shown
that it operates in an absolute way in accord with a theoretical model. The
uncertainty of the thermal conductivity results is estimated to be ± 2%,
which is superior to that achieved in most earlier work. The low uncertainty
of the present experimental results has allowed us to test the only signifi-
cant theory for the thermal conductivity of molten metals, which relates this
property to the electrical conductivity. The pattern of results among the four
metals indicates that further theoretical developments would be warranted.
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1. INTRODUCTION

Despite the need for accurate thermal conductivity data of molten metals
in several fields such as metallurgy, ceramic engineering, glass manufac-
ture and others, several reviews of available data [1–4] have revealed dis-
crepancies as large as 50% between the experimental molten metal ther-
mal conductivity values reported in the literature by various authors, over
a wide range of temperature. The lack of accurate data is attributed to the
difficulty of realizing an experimental technique that maintains a purely
conductive regime of heat transfer particularly at high temperatures, since
temperature distribution and its control becomes more difficult as the tem-
perature increases.

In a previous paper [5] a novel instrument for the measurement of the
thermal conductivity of molten metals was presented. It was shown that
the instrument, based on the transient hot-wire technique, demonstrated
high precision and an absolute uncertainty of ±2% in the measurement
of the thermal conductivity of a molten metal at one temperature. This is
made possible [5] because the new instrument:

(a) overcomes the problem of natural convection since the duration
of the experiment is short compared with the time for the onset
of significant heat transfer associated with the inevitable flow, and

(b) operates in accord with a theoretical model, which enables abso-
lute measurements.

In this paper, the results of measurements of the thermal conductivity of
four molten metals are presented in a range of temperature from 300 to
750 K at atmospheric pressure.

2. EXPERIMENTAL

The experimental method is based on the transient hot-wire technique
[6]. According to the simplest version of this technique, a vertical wire is
suspended in the test fluid and the temperature rise of the wire is obtained
by measuring the temporal change of its resistance after the initiation of
a heat pulse within it. However, for the study of electrically-conducting
materials it is necessary to encase the wire in an electrical insulator.

The design of the sensor employed here is shown in Fig. 1. It has
been described in detail elsewhere [5] and will only be briefly summa-
rized here. The electrically-insulating elements are fabricated using 96%
pure, green alumina substrate, and the sensing element is made from a
25-µm-diameter wire made of 99.99% pure platinum. To avoid end effects
[5], the sensing element is composed of two identical wires differing only
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Fig. 1. The sensor.

in length, a long and a short wire, and their resistance difference corre-
sponds to that of a central portion of a wire with no ends. The connec-
tions to the wire have been printed directly on the top of one sheet of
green alumina of dimensions 100 mm length, 58 mm width, and 0.4 mm
thickness, using platinum ink and a screen printing technique [7]. Plat-
inum foils are attached at each of the ends of the connections on one
sheet of alumina, and a second sheet of alumina is then placed on top
of it. The sandwich is then hot-pressed at 180◦C for 20 min at 35 MPa
in order to guarantee the best contact between the substrate and plati-
num wire. After pressing, the whole assembly is placed in a programmable
high-temperature furnace and baked with an appropriate temperature pro-
gram up to 1600◦C. This process yields a rectangular, rigid sensor 85 mm
long, 50 mm wide, and approximately 650 µm thick. Finally, two nickel
wires attached at each side of the sensor are employed for sensing the
level of the molten metal when the sensor is immersed in it. The high
temperature environment for the measurements is provided by a commer-
cial furnace (Thermal Technology 1000–3560-FP20) specifically modified
for this task [8]. The temperature measurement of the melt is performed
using a thermocouple type K in a stainless steel sheath, with an uncer-
tainty of ±0.1 K. The thermocouple is immersed in the melt at the time of
measurement and the temperature is measured at three different positions
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within the melt (bottom, middle and surface), assuring that the tempera-
ture gradient is kept much lower than 0.1 K [5].

The resistance change of the central section of the wire is recorded by
an automatic bridge configuration and converted to a temperature rise by
an independent calibration of the temperature-resistance characteristics of
the wire [5].

The theoretical analysis of the experiment [5] employs the solution
of the non-steady-state heat transfer equation in (a) the wire, (b) the alu-
mina substrate, and (c) the melt. At the two interfaces, an interfacial
heat transfer resistance is allowed. To solve these equations for the actual
geometry of the sensor, a two-dimensional finite-element program has been
employed. The thermal conductivity of the molten metal has been derived
from a comparison of the measured and simulated temporal temperature
rises of the platinum wire. For further details, the reader is referred to our
previous paper [5] which fully describes this procedure.

In this paper, we report results of measurements of the thermal con-
ductivity of four molten metals over a range of temperature from 300 to
750 K at atmospheric pressure. In all analyses the interfacial heat trans-
fer resistance described briefly above, and in detail elsewhere [5], has been
applied. The thickness and properties of the interface between the alumina
and the platinum wire would be expected to be essentially independent of
the fluid studied and dependent only on the temperature of the system.
This turned out to be the case to a very high degree and was accounted
for entirely by the effect of temperature on the properties of the mate-
rials. For the interface between the alumina and melt, the characteristics
were still mainly governed by the properties of the different materials at
the different temperatures although small adjustments to the characteris-
tics of the interface were needed over the complete range of conditions [8].

The measurements of the four different materials and their results are
presented separately in what follows, because each material has different
physical and chemical properties and, therefore, different problems, which
have to be considered and discussed separately. However, the elements of
the experimental procedure are common and they are described below.

2.1. General Experimental Procedure

As described elsewhere [5], the sensor is placed in a crucible filled
with the molten metal inside the oven. For metals that are in the liq-
uid phase at room temperature, the filling of the crucible is straightfor-
ward; for the other metals the particular procedure employed is described
later for each metal. Once the crucible is filled and the material is mol-
ten, it is placed in the furnace and raised with the aid of a stepper motor
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drive until the melt entirely covers the working part of the sensor. The fur-
nace is set to the desired temperature and brought to equilibrium over a
period of 24h while monitoring the temperature in the melt. A flow of
argon (99.999% pure) is maintained through the furnace at all times and
a cold trap at the gas exhaust in the bottom cap of the furnace using liq-
uid nitrogen condenses the metal vapor as soon as it leaves the furnace
and before it enters the fume extract system. Once the melt has reached a
steady temperature, a transient heating measurement is conducted, and it
is repeated three times for each experimental temperature before the fur-
nace is moved to a new set point. In general, measurements were made
with increasing set temperatures but were repeated while decreasing the
temperature to ensure there had been no degradation of the sensor. In
order to assist with an estimate of the precision of each measurement, a
sensitivity analysis was carried out. This was combined with other known
effects to allow an evaluation of the uncertainty of the results for each
material.

3. MEASUREMENTS

3.1. Mercury

The mercury used for the measurements was 99.9994 % pure, supplied
by Alfa. The measurements were carried out in the range of temperature
from ambient up to 520 K. Since mercury is liquid at room temperature,
the filling of the crucible to the required level to surround the working
elements of the sensor was straightforward. Because mercury is a highly
toxic material with a very high vapor pressure, it was necessary, as a safety
measure, to employ at all temperatures a cold trap at the gas exhaust of
the furnace. Indeed, in the present configuration, the toxic nature of mer-
cury and its high vapor pressure (2.23 × 10−3 mm Hg at 300 K) limited
the temperature range that could be studied. For analysis of the exper-
iment, the density and isobaric heat capacity of mercury were obtained
from the literature [9–15]. Figure 2 shows an example of the comparison
between the measured and simulated temperature rise data for a measure-
ment at 407.7 K. The deviation of the experimental temperature rise from
that predicted is seldom more than 0.1% because the total temperature rise
of the wire during a run is about 5 K. The sensitivity to the thermal con-
ductivity is illustrated in Fig. 3 where the fluid thermal conductivity has
been changed by ± 1%; the effect of this small alteration is clearly dis-
cernible. The optimum fit between experiment and simulations was pro-
vided by using a thermal conductivity of 10.8 W · m−1 · K−1 for mercury
at 407.7 K. The same analysis was performed for all the measurements
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Fig. 2. Comparison between measured and simulated tempera-
ture rise data for mercury at 407.7 K.

Fig. 3. Sensitivity to the thermal conductivity of mercury at
407.7 K, (�)λHg = 10.8 W · m−1 · K−1; (�) λHg = 10.692(−1%)

W · m−1 ·K−1; (♦)λHg =10.908(+1%) W · m−1 · K−1

made at the different temperatures, and the results for the thermal con-
ductivity of mercury are shown in Table I.

To permit a comparison of the present data with those produced in
other studies, the results for the thermal conductivity of mercury, λHg
(W · m−1 · K−1), shown in Table I, were fitted to the equation,

λHg =−0.4682+8.92909 (T /273.15)−0.92908 (T /273.15)2 (1)

The maximum deviation of the current data from this fit is 1.8%, while the
standard deviation of the fit is 0.45% (at the 95% confidence level).

The correlation of the present results is compared with the results
reported by other authors in Fig. 4. It is possible to discern the good
agreement with the results of Hall [16, 17] with differences between
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Table I. Thermal Conductivity of Liquid Mercury, λHg,
and Liquid Gallium, λGa, as a Function of Temperature, T .

T λHg T λGa

(K) (W · m−1 · K−1) (K) (W · m−1 · K−1)

295.6 8.05 321.3 29.3
312.2 8.50 367.7 33.5
319.5 8.80 416.3 37.0
332.0 9.05 465.6 41.1
352.0 9.50 520.4 45.0
370.7 9.90 565.0 47.7
390.0 10.20 614.3 50.9
407.7 10.80
425.9 11.20
476.6 12.40
515.2 13.00

Fig. 4. Comparison of the results of earlier mea-
surements of the thermal conductivity of liquid
mercury with the correlation of the present work:
(�) Hall [16, 17]; (+) Powell and Tye [18], (×)

Prabhuram Saksena [20], (©) Vel’tishcheva et al.
[21], (—) Duggin [22], (�) PTB [19], (�) Vukalo-
vich et al. [23], (�) Gehlhof and Neumeier [24].

± 5%. Similar differences are observed for temperatures up to 350 K for
the data reported by Powell and Tye [18] and for the recommended val-
ues by PTB [19], as well as for the data reported by Prabhuram Saksena
[20]. The differences from the current data for the work of these three
groups increase for temperatures from 350 to 400 K rising to 15% and
then increasing to 20% from 400 to 500 K. The differences from the
data reported by Vel’tishcheva et al. [21], Duggin [22], and Vukalovich
et al. [23] are within 5 to 15% for temperatures from 330 to 400 and up to
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about 20% for temperature from 450 to 500 K. There is a large difference
between the results here and those reported by Gelhoff and Neumeier [24]
and those of the remainder of the previous studies; discrepancies increase
to as much as 60% at about 430 K

3.2. Gallium

The gallium used for the measurements was supplied by Mining and
Chemical Products Ltd. (MCP) with a minimum purity of 99.99%. The
metal was supplied in plastic bottles, and it was melted in the bottles
before filling the crucible. For the analysis, known values for the den-
sity and isobaric heat capacity of gallium were taken from the literature
[9, 25–29]. Figure 5 shows a plot of the deviations between measured and
simulated temperature rises for 614.3 K; this figure also demonstrates that
the deviation is seldom larger than 0.1% given that the total temperature
rise is about 5 K.

Figure 6 serves as an example to demonstrate the sensitivity to the
thermal conductivity of gallium for a measurement at 367.7 K where sim-
ulations were performed varying the thermal conductivity with values 1%
greater and smaller than the optimal value. Here it is clearly illustrated
that the sensitivity to this small amount is generally the same as for mer-
cury despite the fact that the thermal conductivity is four times larger.
From this analysis it is possible to ascertain that the thermal conductivity
of gallium at 367.7 K is 33.5 W · m−1 · K−1. The same analysis was made
for all the measured temperatures, and the results obtained are listed in
Table I.

Fig. 5. Comparison between measured and simulated tempera-
ture rise data for liquid gallium at 614.3 K.
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Fig. 6. Sensitivity to the thermal conductivity of liquid gallium
at 367.7 K, (�)λGa = 33.5 W · m−1 · K−1; (�) λGa = 33.8(+1%)

W · m−1 · K−1, (�)λGa =33.1(−1%) W·m−1·K−1.

To permit comparisons with other studies, the results for the thermal
conductivity of gallium, λGa(W · m−1 · K−1), shown in Table I, were fitted
to the equation,

λGa =−4.30691+33.11917 (T /273.15)−3.82542 (T /273.15)2 (2)

The maximum deviation of the present data from the correlation was one
of 0.8%, while the standard deviation of the fit is 0.27% (at the 95% con-
fidence level).

This correlation is compared in Fig. 7 with the results of earlier mea-
surements found in the literature. The results obtained in this work are in
good agreement with the results from the most recently reported measure-
ments. The new measurements support the work of Magomedov [30] and
Bush et al. [31] with deviations of ± 5%. Similar deviations are found for
the data reported by Dutchak and Panasyuk [32] from 300 to 400 K. The
recommended values by Ho et al. [33] are within ± 10% of the reported
data, while those reported by Duggin [34] differ from the present results
by 10% at 350 K rising to 20% at 550 K. There are large differences from
the results of Yurchak and Smirnov [35] and Pashaev [36] at tempera-
tures of 600 K; the differences amounted to as much as 60% from the
correlation given in this work.

3.3. Tin

The tin used for the measurements was supplied by MCP with a stated
purity of 99.99%. The metal was supplied in the form of ingots, and they
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Fig. 7. Comparison of the correlation of the present thermal
conductivity data for liquid gallium with the data from different
authors, (�) Magmedov [30]; (�) Bush et al. [31]; (—) Dutchak
and Panasyuk [32]; (©) Ho et al. [33]; (�) Duggin [34]; (+) Yur-
chak and Smirnov [35], (×) Pashaev [36].

were cut into small pieces to fill the crucible; once the crucible was filled
it was placed in the furnace and the latter heated slowly to achieve melt-
ing. After melting, the crucible was moved up in the furnace using the
levitation platform and the sensor dipped into the melt. At this stage
the level of the melt was measured and, if found to be too low to cover
the active region of the sensor, the crucible was then lowered and cooled.
Once it was cooled, it was removed from the furnace and further small
pieces of tin added. The procedure described above was again performed
and the level of the melt measured again. Further, smaller additions of tin
could, if necessary, then be added through the support tube of the sen-
sor from the top of the furnace. Measurements were then carried out in
a range of temperature from 530 to 730 K. In this case the measurements
were stopped at 730 K because the molten tin started to react with the alu-
mina of the sensor.

For the analysis we employed reported values of density and isobaric
heat capacity of tin [9, 19, 37]. Figure 8 shows the comparison between
measurement and simulation at the transient temperature of 603.2 K. It
illustrates that the deviation seldom exceeds about 0.1% of the tempera-
ture rise which is comparable with the resolution of the measurements for
mercury and gallium. A similar sensitivity analysis has again been carried
out for this metal [8] but we omit details here.

To permit comparisons with other studies, the results for the thermal
conductivity of tin, λSn(W · m−1 · K−1), shown in Table II, were fitted to
the equation,
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Fig. 8. Comparison between measured and simulated tempera-
ture rise data for liquid tin at 603.2 K.

Table II. Thermal Conductivity of Liquid Tin, λSn, and
Liquid Indium, λIn, as a Function of Temperature, T .

T λSn T λIn

(K) (W · m−1 · K−1) (K) (W · m−1 · K−1)

534.3 30.7 453.0 34.0
571.2 32.0 491.5 38.0
603.2 33.0 521.9 39.0
630.0 33.5 554.2 40.5
678.2 34.3 587.1 42.3
703.0 34.5 617.1 43.5
730.2 35.0 660.9 45.0

700.4 46.5
743.6 47.5

λSn =−10.20393+32.06273 (T /273.15)−5.68583 (T /273.15)2 (3)

The maximum deviation is 0.5%, while the standard deviation of the fit is
0.22% (at the 95% confidence level).

Figure 9 compares the present correlation with the data of ear-
lier studies. Here, good agreement with the recommended values by Ho
et al. [33] can be seen with differences within ± 3%. The deviations from
the results of other studies [36, 38] are usually within ± 10 %.

3.4. Indium

The indium used for the measurements was supplied by Lowden Met-
als Ltd. (LM) with a stated purity of 99.99%. As for tin, indium was
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Fig. 9. Comparison of the correlation of the present thermal
conductivity data for tin with the data from other authors, (�)

Ho et al. [33]; (�), (©) Hemminger [38]; (—) Pashaev [36].

supplied in the form of ingots, and thus it was also cut into small pieces
in order to fill the crucible. The procedure for filling and for measurements
as was adopted for tin, was followed for indium; the measurements were
carried out in the range of temperature from 450 to 750 K.

For the analysis we have employed reported values of density and
isobaric heat capacity of indium [39–41]. Figure 10 shows a compari-
son between measured and simulated temperature rises of the wire for an
experiment at 521.9 K; the chart illustrates that the maximum scatter is
± 0.1%, taking in account that the total temperature rise in the measure-
ment was about 5 K.

Fig. 10. Comparison between measured and simulated tempera-
ture rise data for liquid indium at 521.9 K.
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Table II shows the results of measurements of the thermal conductiv-
ity of indium. As for the other metals, in order to permit a comparison
with earlier work, the present results were represented by the equation,

λIn =−1.80546+29.11637 (T /273.15)−4.03036 (T /273.15)2 (4)

The maximum deviation is 2%, while the standard deviation of the fit is
0.60% (at the 95% confidence level).

Figure 11 illustrates comparisons of the correlation of these results
with data reported in the literature by other authors. Here we can discern
that the present work support the data reported by Goldratt and Green-
field [43] with deviations within ± 5%. Similar deviations are observed for
the recommended values by Ho et al. [33] and Yurchak and Smirnov [35].
Larger deviations are found from the data reported by Duggin [42] and
the recommended values given by Touloukian et al. [44], where the devia-
tions are about ± 5% at 500 K rising to 15% at 700 K.

4. DISCUSSION

In the present work, a new technique has been developed for mea-
surement of the thermal conductivity of molten metals with a claimed
uncertainty of ± 2%. The accuracy of the present results makes it of inter-
est to compare the measurements of the thermal conductivity of the four
molten metals presented here with the Wiedemann and Franz (W-F) law.
Although this law was derived as early as the second half of the 19th cen-
tury, it is often used today for estimation of the thermal conductivity of

Fig. 11. Comparison of the results of earlier measurements of
liquid indium with the correlation of the present work, (•) Ho
et al. [33]; (—) Yurchak and Smirnov [35]; (�) Duggin [42]; (©)

Goldratt and Greenfield [43]; (�) Touloukian et al. [44].
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metals (liquid and solid) in the absence of experimental data. It must be
stressed that the W-F law is based upon a simple approximate theory even
for perfect crystals of solid metals. Its application to the molten state met-
als is therefore distinctly unsound but represents still the only available
theoretical approach.

According to the Wiedemann–Franz relationship [46], the thermal
conductivity of a perfect crystal of a metal, λe, is proportional to its elec-
trical conductivity σ , via the relation,

λe

σ
= π2

3

(
kB

e

)2

T =L0T . (5)

In the above relation, kB is Boltzman’s constant, e is the electron charge,
T is the absolute temperature, and the constant of proportionality, L0, is
known as the Lorenz number, given as

L0 = π2

3

(
kB

e

)2

=2.445×10−8 V−2 ·K−2 (6)

The relationship, Eq.(6), even for pure crystalline metals, relies upon sev-
eral unproven and quite significant assumptions [46]; its application to the
liquid state is even more questionable. It is therefore not surprising that
recent studies in solid and molten metals [42,47–48] have led to consid-
erable doubts as to the validity of the theory. In the solid state [49, 50]
the electronic contribution to the thermal conductivity of metals ranges
from 90 to 99% of the total thermal conductivity. Thus, in these cases,
departures from the W-F law have been attributed almost exclusively to
the phonon (lattice vibrations) contribution. This implies that the pho-
non contribution to the thermal conductivity of a metallic solid cannot
be neglected if it is desired to have an accurate approximation for the
total thermal conductivity. For the case of the liquid state, the ions are
no longer constrained to fixed lattice positions about which they vibrate so
that the notion of the phonon contribution to the thermal conductivity is
inappropriate. Instead, the ions will move in a more random fashion and
then, as is the case for non-ionized liquids, the contribution to the total
thermal conductivity has no theoretical basis. Specifically, for the case of
molten metals, this matter has received no attention whatsoever.

The discussion above makes it clear that no matter what its limita-
tions, the only available theory for the thermal conductivity of molten met-
als resides within the W-F law. Thus, we use the present results for the
thermal conductivity of several molten metals to examine how well this
simple relationship performs. To do this, we use the reported values of the
electrical resistivity, ρe, for mercury [51–53], gallium [50, 51, 53, 54], tin
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[50, 52, 54], and indium [50, 52] and evaluate a parameter LT from the
relationship,

LT = λρe

T
(7)

If the W-F law was valid and there were no contributions to the total
thermal conductivity except the electronic one, this would yield the Lorenz
number, L0. The results obtained are shown in Fig. 12 where the thick line
represents the theoretical Lorenz number. It is important to note that here
we are using the total thermal conductivity instead of only the electronic
contribution so that the calculated LT could be expected to be higher than
the value of L0 obtained using only the electronic contribution.

Figure 13 shows the deviations of LT from L0, for the four differ-
ent metals. It can be seen in Fig. 12 that the measured LT number for
mercury increases as a function of temperature, and from Fig. 13 that the
deviations from L0 are about 9% at room temperature, increasing to 15%
at 500 K. For gallium, the temperature dependence is similar to that for
mercury, where the LT number increases as a function of temperature but,
in this case, the deviations from L0 are much smaller than for mercury,
being about −2% at room temperature increasing to 8% at 620 K. For
gallium a different temperature dependence has been observed by other
investigators, for example, Duggin [42] found that LT is almost constant
in the range of temperature from 350 to 600 K but the deviations from L0
are about −16%. Yurchak and Smirnov [47] show a value of LT for gal-
lium that decreases as temperature increases, the deviations from L0 being
about +8% at 350 K dropping to −20% at 700 K.

Fig. 12. Dependence of the measured LT, with temperature for
(�) mercury, (�) gallium, (©) indium, and (×) tin.
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Fig. 13. Deviation of the measured LT, from L0 for (�) mer-
cury, (�) gallium, (©) indium, and (×) tin.

The cases of indium and tin are different in the sense that the depen-
dence on the temperature is different to that observed for mercury and
gallium. For indium, the LT number is broadly constant as a function of
temperature, whereas for tin it tends to decrease as temperature increases.
The behavior observed here for indium is very similar to that observed
in the measurements of Goldratt and Greenfield [56], but here the devi-
ations from L0 are about 5 to 6% while the earlier authors found devi-
ations of 9%. However, the results reported by Yurchak and Smirnov
[47] and Duggin [42] show a tendency of LT to decrease as temperature
increases. For the case of tin, the tendency of LT to decrease as tempera-
ture increases has also been observed by Brown [45] and Filippov [45].

It is believed that the present measurements of the thermal conduc-
tivity of molten metals enjoy a higher level of confidence than those of
earlier measurements on the basis of the study reported here. Thus, the
deviations of the value of LT from the Lorenz value, L0, are large enough
to be significant. This results is not surprising perhaps given the simplistic
origin of the theory, but does demonstrate the need for improvement.

5. CONCLUSIONS

The thermal conductivity of mercury, gallium, tin, and indium have
been measured over a wide range of temperature. It has been demon-
strated that the practical behavior of measurements performed in a tran-
sient hot-wire instrument conformed to a theoretical model. This result
supports the idea that the experiment is free from systematic errors caused
by an inadequacy in the theory. An assessment of the random errors
of measurement suggests that the absolute uncertainty of the results for
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the thermal conductivity of the molten metals is approximately ± 2%; an
uncertainty which is superior to that enjoyed by earlier techniques. It is
thus believed that the experimental data reported in this work represent
the most accurate values of the thermal conductivity of molten metals
reported to date.

The highly accurate thermal conductivity measurements presented
here confirm that there is no existing theory for this property of a molten
metal that can explain within experimental uncertainty what is observed.
Only if a very crude estimate (± 20%) of the thermal conductivity of a
molten metal is required should the W-F law be employed. Furthermore,
the relationship of the thermal conductivity to the electrical conductivity
is worthy of further investigation.
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