
DOI: 10.1007/s10765-006-0089-3
International Journal of Thermophysics, Vol. 27, No. 6, November 2006 (© 2006)

Thermal Conductivity Measurements of Liquid
Mercury and Gallium by a Transient Hot-Wire
Method in a Static Magnetic Field1

H. Fukuyama,2,3 T. Yoshimura,4 H. Yasuda,5 and H. Ohta6

The transient hot-wire method, incorporating a static magnetic field, has been
developed to measure thermal conductivities of liquid mercury and gallium.
Prior to the measurements, the effect of an alumina-coated hot wire on the
measurements has been evaluated. Natural convection in the liquid metals
has been effectively suppressed by the Lorentz force acting on the liquid
metals in a static magnetic field. The thermal conductivities of liquid mer-
cury and gallium have been determined to be 7.9 W·m−1·K−1 at 291 K and
24 W·m−1·K−1 at 302.9 K, respectively.

KEY WORDS: gallium; mercury; static magnetic field; thermal conductiv-
ity; transient hot wire method.

1. INTRODUCTION

Thermal conductivities of high-temperature melts are one of the most
important thermophysical properties in addition to the heat capacity, den-
sity, viscosity, and surface tension for improvement of process control and
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process simulation [1]. However, measurements of the thermal conductivity
of a liquid metal involve experimental difficulties caused by natural con-
vection and Marangoni flow. A microgravity condition is an ideal field
to suppress the convection caused by a buoyancy force. From this point
of view, Hibiya et al. measured the thermal conductivity of molten InSb
under microgravity using the TEXUS-24 rocket [2] and the drop shaft
facility (microgravity of 10−5 g for 10 s), Japan Microgravity Centre
(JAMIC) [3, 4]. Nagai et al. [5, 6] measured the thermal conductivity of
molten mercury and silicon under microgravity of 10−3 g for 1.2 s using
the short-duration drop tower facility of the Hokkaido National Industrial
Research Institute (HNIRI), Japan. Nagata and Fukuyama [7] measured
the thermal conductivity of aluminium, nickel, and silicon melts by means
of a transient hot wire method under microgravity of 10−5 g using the
drop shaft facility, JAMIC. However, their results were much smaller than
any other values previously reported. In their experiments, a molybdenum
wire was used as a heating wire and coated with alumina by electropho-
retic deposition to prevent electric current leakage through the melts. The
effect of the insulation coating on the thermal conductivity values should
be quantitatively evaluated for further discussion.

On the other hand, Nakamura et al. [8] conducted pioneering work
utilizing a static magnetic field. They measured the thermal conductiv-
ity of liquid mercury in a static magnetic field and experimentally con-
firmed the effective suppression of natural convection by the Lorentz force.
In their experiments, a transient method was employed using a plati-
num wire printed on an alumina substrate. The wire was coated with a
60-µm- alumina insulation layer. The convection seems to be successfully
suppressed in a static magnetic field. However, an effect of the alumina
insulation layer on the measurements might still remain.

In the present study, the transient hot-wire method, incorporating a
static magnetic field, has been developed for precise measurements of ther-
mal conductivities of molten metals. The measurements were conducted on
liquid mercury and liquid gallium. Prior to the measurements, the effect
of an alumina-coated hot wire on the measurements is quantitatively eval-
uated [9]. Based on the calculated results, suitable experimental conditions
are chosen for the thermal conductivity measurements.

2. THEORY

2.1. Principle of Transient Hot-Wire Method

Based on the solution of a continuous line source of heat, the tem-
perature increase in a line source at time t is given for large values of t
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by the following equation [10]:

�T = q

4πλ
ln
(

4at

r2

)
− γ q

4πλ
, (1)

where �T is the increase in the temperature of the hot wire,q is the heat
generation rate per unit length of the line source, λ is the thermal con-
ductivity, a is the thermal diffusivity, r is the radius, and γ is the Euler’s
constant. The symbols are summarized in the Nomenclature. Differentiat-
ing Eq. (1) with respect to the natural logarithm of time, ln t, gives the
following equation,

∂�T

∂ ln t
= q

4πλ
. (2)

The thermal conductivity of a liquid, in which the line source is placed, is,
therefore, determined by the following equation:

λ= q

4π
(

∂�T
∂ ln t

) (3)

The above equation is valid only for an ideally thin line source (hot
wire) carrying an electric current and heating an infinite substance. In
the present study, an alumina-coated hot wire is used to prevent elec-
tric current leakage through metallic melts as shown in Fig. 1. Figure 2
presents a cross-sectional view of the alumina-coated hot wire. The effect
of the alumina insulation layer on the thermal conductivity measurements
is explained in the next section.

2.2. Effect of Alumina Insulation Layer on Thermal Conductivity
Measurements

To evaluate the effect of the alumina-coated hot wire on the thermal-
conductivity measurements, the following equations of conduction of heat
through a hot wire to a liquid metal should be considered. The equations
are expressed in cylindrical coordinates as shown in Fig. 2 where the tem-
perature is a function of radius, r, and t as in Ref. [11];

(1) Hot wire

∂2�T1

∂r2
+ 1

r

∂�T1

∂r
− 1

a1

∂�T1

∂t
=− q

πr2
i λ1

(0≤ r ≤ ri) (4)
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Fig. 1. Left: Schematic diagram of the probe for the thermal conductivity measurement.
Right: Photograph of the alumina-coated Mo hot wire.

Fig. 2. Cross-sectional view of the hot wire coated with the alumina insulator.
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(2) Alumina insulation layer
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(3) Liquid metal
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Initial condition

�T1 =�T2 =�T3 =0 (t ≤0) (7)

Boundary conditions

λ1
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λ2
∂�T2

∂r
=λ3

�T3

∂r
(r = ro) (10)

�T2 =�T3 (r = ro) (11)

�T3 =0 (r →∞). (12)

Solving Eqs. (4–6) using initial and boundary conditions, Eqs. (7–12), gives
the temperature change of the hot wire, �T1. The average temperature
of the hot wire, �T1, is obtained by integrating �T1 with respect to the
radius as

�T1 =
∫ ri

0
�T1

2r

r2
i

dr = q

4πλ3

{
lnt +D + 1

t
(Elnt +F)

}
, (13)

where functions D, E, and F are expressed by
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Differentiating Eq. (13) with respect to ln t gives the following equation:

∂�T1

∂ ln t
= q

4πλ3

{
1+ E

t
− 1

t
(E ln t +F)

}
. (15)

Therefore, the thermal conductivity of a liquid determined by using an
alumina-coated hot wire is expressed by

λ3 = q

4π
(

∂�T 1
∂ ln t

)
{

1+ E

t
− 1

t
(E ln t +F)

}
. (16)

Equation (16) contains functions E and F, which are functions of the ther-
mophysical properties of the alumina insulation layer and properties of the
hot wire and liquid. Therefore, the thermophysical properties of the insu-
lation layer are necessary to evaluate the effect of the alumina layer on
the thermal conductivity measurement. The characteristics of the insula-
tion layer as experimentally determined are described in the next section.

3. EXPERIMENTAL

3.1. Electrophoretic Deposition for Alumina Insulation Layer

Figure 1 shows the probe used for thermal conductivity measurements
using the transient hot wire method. A molybdenum wire (diameter of
100 µm) was used as the hot wire. The hot wire was coated with an alu-
mina layer by electrophoretic deposition to prevent electrical current leak-
age through the liquid metal. The specific details of the electrophoretic
deposition are described below [12].

A 99.9% pure alumina powder (size of 0.50µm) was suspended in an etha-
nol–water solution containing Al(NO3)3, (CH3)2CHOH, and CH3COC2H5.
The hot wire and an aluminium plate were immersed in the alumina suspension
as cathode and anode electrodes, respectively. A dc electric voltage of 100 V was
applied for a period from 10 to 30 s between both electrodes. The suspension
was stirred with a magnetic stirrer during the deposition. The alumina parti-
cles were deposited on the wire, and the thickness of the alumina layer varied
from 40 to 70 µm. A typical cross-sectional view of the alumina layer on the
molybdenum wire is presented in Fig. 2.
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3.2. Density and Thermal Effusivity of Alumina Insulation Layer

In order to evaluate the effect of the alumina layer on the thermal
conductivity measurements, the density and thermal effusivity of the layer
should be determined. For this purpose, an alumina layer was prepared
on a molybdenum plate (thickness of 0.15 mm) by electrophoretic depo-
sition. After that, the alumina layer was dried for 86.4 ks (24 h) at room
temperature in air. The density of the layer was determined using the
mass increase during the deposition and its volume estimated from a
cross-sectional photograph of the layer.

The thermal effusivity of the alumina layer was determined by a
thermoreflectance method. Since the experimental details of the thermore-
flectance method were explained elsewhere [13], only a brief outline is
explained below. A molybdenum thin film (thickness of 100 nm) sputtered
on the surface of the alumina layer was periodically heated by a laser
diode with a wavelength of 830 nm, and the temperature response was
measured using a He–Ne laser as a thermoreflectance signal. The surface
temperature was estimated from the reflectance of the molybdenum thin
film. The thermal effusivity of the sample was derived from the phase lag
of the temperature response from modulation heating. The thermal effu-
sivity, b, is defined as

b=√ρcpλ, (17)

where ρ is the density and cp is the heat capacity per unit mass. Single
crystalline α-Al2O3, silicon, and Pyrex glass were used as standard sam-
ples for the measurement.

3.3. Transient Hot-Wire Method in Static Magnetic Field

Figure 3 shows a schematic of the experimental setup. Mercury
(purity of 99.5 mass%) or gallium (purity of 99.99 mass%) was held
in a glass container (inner diameter of 70 mm) and the container was
placed in the bore of a helium-free superconducting magnet (bore radius
of 100 mm). The probe for the thermal conductivity measurements was
set vertically in the melt. A Teflon disc was placed on the top of the
melt to suppress Marangoni flow. A static magnetic field up to 5 T was
applied. A constant electric current is supplied to the hot wire placed in
the liquid metal. The appropriate currents were pre-experimentally deter-
mined to be 2.5 A for mercury and 3.5 A for gallium. The variation of
temperature of the hot wire was determined as the variation of the elec-
tric voltage due to its electric resistance change by means of a four-ter-
minal method. The data were recorded by using a data logger with a
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Fig. 3. Experimental setup for the thermal conductivity measurement of liquid metals in a
static magnetic field.

resolution of 14 bit and a sampling interval of 1 ms. The thermal conduc-
tivity of mercury was measured at 291 K. For liquid gallium, thermal con-
ductivities were measured at temperatures ranging from 302.9 to 331 K by
heating the melt with a ribbon heater.

4. RESULTS

4.1. Effect of Alumina Insulation Layer on Thermal Conductivity

The density of the alumina layer has been determined to be (2.2±0.2)×
103 kg·m−3. This value is almost half of the value for sintered alumina [14].
This is because the alumina layer was only dried at room temperature in
air for 86.4 ks (24 h), and, therefore, densification was not fully attained.
The thermal effusivities of the alumina layer were widely scattered due to
surface roughness, and varied from 130 to 860 J·s−1/2·m−2·K−1. These val-
ues correspond to variations of 0.01–0.43 W·m−1·K−1 in the thermal con-
ductivity, which were determined using Eq. (17). These values are much
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lower than the value for sintered alumina [14]. Thus, the large variation
in thermal effusivity is caused by surface roughness, and the difference in
thermal conductivity between the alumina layer and sintered alumina is
caused by the difference in density. The average thermal conductivity of
0.16 W·m−1·K−1 is used for studying the effect of the alumina layer. The
maximum effects on the thermal conductivities of both mercury and gallium
when using the value of 0.01 W·m−1·K−1 as the thermal conductivity of the
alumina layer are also evaluated in Section 4.2. The thermophysical proper-
ties of the alumina layer together with those for molybdenum, mercury, and
gallium are reported in Table I.

Figure 4 shows the effect of the alumina insulation layer on the
thermal conductivities of (a) liquid mercury and (b) liquid gallium esti-
mated using Eqs. (3) and (15). All input data used for the calculation are
presented in Table I [15–17]. The calculations were conducted under the
conditions of heating currents of 2.5 A at 300 K for liquid mercury and
3.5 A at 302.9 K for liquid gallium. The ordinate in Fig. 4 is the relative
thermal conductivity, which is normalized by the recommended value for
each melt [15]. The thicker alumina insulation layer yields smaller values
of thermal conductivity, and the effect of the insulation layer is especially
significant at the initial time periods for both mercury and gallium. The
effect reduces with time, and the value of thermal conductivity approaches
a true value.

Figure 5 shows the experimentally obtained effects of the alumina
insulation on the thermal conductivity of mercury. The experimental
results exhibit similar behavior to the predicted results. However, natural
convection occurred during the course of the thermal conductivity mea-
surements due to the non-steady heat generated by the hot wire before
the thermal conductivity reaches the true value. Once natural convec-
tion occurs, the apparent thermal conductivity will increase rapidly as
shown in Fig. 5. Therefore, suppression of natural convection is essentially
required.

4.2. Thermal Conductivities under Various Magnetic Fields

Figure 6 shows the temperature increase in the hot wire, �T with
logarithm of t for (a) liquid mercury and (b) liquid gallium under vari-
ous magnetic fields. The linear relationship deteriorates in the longer time
region under a static magnetic field of 0 T due to natural convection.
However, with an increasing static magnetic field, the linearity becomes
better, because the natural convection is effectively suppressed by the
Lorentz force caused by the static magnetic field.
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Fig. 4. Evaluation of effects of the alumina insulator on the thermal conductivity measure-
ments of (a) liquid Hg at 300 K and (b) liquid Ga at 302.9 K. The calculation was conducted
under the condition of an electric current of 2.5 A for liquid Hg and 3.5 A for liquid Ga.

Fig. 5. Experimental results for investigating the effect of an alumina insulator on the
thermal conductivity measurement of liquid Hg at a current of 2.5 A at room temperature
without magnetic field.

Figure 7 shows the thermal conductivities of (a) liquid mercury and
(b) liquid gallium obtained from the slope presented in Fig. 6 using Eq.
(3). At the beginning of the measurements, the thermal conductivities
gradually increased due to the effect of the alumina insulation layer. After
that, natural convection took place and the thermal conductivity rapidly
increased under a magnetic field of 0 T. The threshold time for natural
convection occurrence was delayed as the static magnetic field was applied.

A constant value for the thermal conductivity of mercury was attained
at 4 s under a magnetic field of 5.0 T. Comparing Fig. 4a with Fig. 7a, the
thermal conductivity of mercury attains over 99% of its true value at 4 s.
Therefore, the thermal conductivity of mercury has been determined to be
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(a) (b)

Fig. 6. Temperature increase in hot wire with logarithm of time for various magnetic fields
for (a) liquid Hg at 291 K and (b) liquid Ga at 302.9 K. Alumina coating thickness: 40µm;
electric current: 2.5 A for liquid Hg. Alumina coating thickness: 70µm; electric current: 3.5 A
for liquid Ga.

(a) (b)

Fig. 7. Variation of thermal conductivity with logarithm of time for various magnetic fields
for (a) liquid Hg at 291 K and (b) liquid Ga at 302.9 K. Alumina coating thickness: 40µm;
electric current: 2.5 A for liquid Hg. Alumina coating thickness: 70µm; electric current: 3.5 A
for liquid Ga.

7.9 W·m−1·K−1 at 291 K with the negligible effects of natural convection.
However, the maximum experimental uncertainty would be evaluated to be
13% when taking into account the variation in the thermal conductivity of
the alumina insulation layer presented in the preceding section.

The behavior of the thermal conductivity of liquid gallium is similar
to that of mercury. The thermal conductivity gradually increased during
the initial stage due to the effect of the alumina insulation layer. Then,
natural convection commenced at 3 s under a static magnetic field of 0 T.
When a static magnetic field (1.0–2.0 T) was imposed to gallium, the nat-
ural convection was suppressed. A constant value of the thermal con-
ductivity of gallium remains until the time reaches 5 s. Thus, the thermal
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conductivity of gallium was determined to be 24 W·m−1·K−1 at 302.9 K
under a magnetic field of 2.0 T at 5 s, which is close to 99% of its
true value from Fig. 4b. However, the maximum experimental uncertainty
would be evaluated to be 18% when taking into account the variation
in the thermal conductivity of the alumina insulation layer. A relatively
smaller magnetic field was required for suppression of convection for the
case of gallium compared with mercury. This is amplified in Section 5.

4.3. Comparisons with Previous Data

Figure 8 shows comparisons of the present result for liquid
mercury with previous data reported by several authors [8, 18–25]. The
present result agrees reasonably with previous results including those
obtained under microgravity conditions [18, 19]. Nakamura et al. [8] con-
ducted pioneering work using a static magnetic field up to 4 T at 269 K.
All results are distributed along the curve calculated from the Wiede-
mann–Franz law except for the results obtained by Peralta et al. [20].

Figure 9 shows the temperature dependence of the thermal conductiv-
ity of liquid gallium compared with previous results obtained by several
investigators [26–30]. All results exhibit positive temperature dependenc-

Fig. 8. Thermal conductivity of liquid Hg as a function of temperature along with results
reported by other investigators. Transient hot-wire method:•, Present study; �, Nakamura et
al. (Magnetic field) [8]; ©, Nakamura et al. (µg) [18]; �, Nakamura et al. (µg) [19]; +,
Peralta et al. [20]; � Yamasue et al. [21]; ×, Brooks et al. [22]. Laser-Pulse method: – - –,
Schriempf [23]; Axial heat flow method: —–, Duggin [24]; �, Sundquist [25]; - – - –, Calcu-
lated from W-F law.
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Fig. 9. Thermal conductivity of liquid Ga as a function of temperature along with results
reported by other investigators. Transient hot-wire method. •, Present study; �, relative tech-
nique Miyamura and Susa [26]; �, absolute technique Miyamura and Susa [26]; - - - -, Rec-
ommended value [27]; - – - – -, Calculated form w-F law; —— Gamazov [30]. Laser-pulse
mehod; �, Schriempf [28]; Axial heat flow method: ©, Magmedov [29].

es. Miyamura and Susa [26] obtained the thermal conductivities of liquid
gallium by means of the transient hot-wire method using an alumina-
coated hot wire. They corrected their results to avoid the effects of the
insulation layer using the value recommended by the National Physical
Laboratory (NPL) [27], which was 28 W·m−1·K−1 at the melting point of
Ga. This technique was referred to as a “relative technique.” The pres-
ent study agrees with their original values rather than the corrected ones.
The values of the present results are somewhat smaller than the results
obtained by Schriempf [28] and Magmedov [29]. This difference may be
caused by complete suppression of both natural and Marangoni convec-
tions during the course of measurements in the present study.

5. DISCUSSION

The expression of the Rayleigh number, Ra, for line source heating
was derived by van der Held and van Drunen [31] as follows:

Ra= gβρ2cp�T

λµ
r3
i

{
exp

1
2

(
ln

4λt

ρcpr2
i

−0.5772

)
−1

}3

. (18)
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Fig. 10. Variation of Rayleigh number with logarithm of time for liquid Hg and liquid Ga
based on the temperature increase in the hot wire without a magnetic field. Alumina coat-
ing thickness: 40µm; electric current: 2.5 A for liquid Hg. Alumina coating thickness: 70µm;
electric current: 3.5 A for liquid Ga.

The above equation was applied for the present measurements without
imposing a magnetic field. Figure 10 shows the variation of the Rayleigh
number with the logarithm of time using the thermophysical properties
presented in Table I. Van der Held and van Drunen pointed out that the
critical point of the convection is Ra = 1070, which corresponds to 2.7 s
after passing an electric current of 2.5 A for liquid mercury. For the case
of liquid gallium, the critical Ra corresponds to 3.9 s after passing a cur-
rent of 3.5 A. These critical points agree with the times at which natural
convection occurs as shown in Fig. 7.

The extent of suppression of natural convection by a static magnetic
field is evaluated using the Hartman number, Ha. An index of suppression
of natural convection, Z, is defined by

for mercury,Z = λ(Hg, B =x, at 4 s)−7.9
λ(Hg, B =0, at 4s)−7.9

, (19)

for gallium,Z = λ(Ga,B =x, at 5 s)−24
λ(Ga,B =0, at 5 s)−24

, (20)

where λ(i,B = x, at y s) denotes the thermal conductivity of i under a
magnetic field of x T at y s from the beginning of the measurement. The
values of 7.9 and 24 in Eqs. (19) and (20) are the thermal conductivities of
Hg at 291 K and Ga at 302.9 K, respectively. The value of Z varies from
0 to 1, and Z =0 corresponds to no convection. The Hartman number is
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Fig. 11. Variation of Z with dimensionless parameter Ha/Ra1/3 for liquid Hg and liquid
Ga based on the present results obtained experimentally in various magnetic fields. Alumina
coating thickness: 40µm; electric current: 2.5 A for liquid Hg. Alumina coating thickness:
70µm; electric current: 3.5 A for liquid Ga.

defined by

Ha=Bl

(
σ

µ

)1/2

, (21)

where l is the radius of the container. The values of Z were plotted against
the dimensionless group log (Ha/Ra1/3) for both mercury and gallium to
evaluate the effectiveness of the Lorentz force as Ozoe and Maruo [32]
suggested, which is shown in Fig. 11. An almost smooth correlation curve
was obtained, although the difference between mercury and gallium still
remains. This means that the Lorentz force acting against natural convec-
tion predominantly determines the apparent thermal conductivity, i.e., the
rate of heat transfer.

6. CONCLUSIONS

The transient hot-wire method, incorporating a static magnetic field,
has been successfully developed to measure the thermal conductivities
of liquid mercury and liquid gallium using an alumina-coated hot wire.
The natural convection in the liquid metals was effectively suppressed
by the Lorentz force in a static magnetic field. The thermal conductiv-
ities of liquid mercury and liquid gallium have been determined to be
7.9 W·m−1·K−1 at 291 K and 24 W·m−1·K−1 at 302.9 K, respectively. How-
ever, the thermophysical properties of the insulation layer on the hot wire
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should be more precisely determined for the accurate evaluation of the
effect on the hot-wire measurements.
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NOMENCLATURE

a: thermal diffusivity, m2·s−1

λ: thermal conductivity, W·m−1·K−1

ρ: density, kg·m−3

cp: isobaric heat capacity per unit mass, J·kg−1·K−1

γ : Euler’s constant, γ =0.5772 · · ·
c: exp γ =1.781 · · ·
q: heat generation rate per unit length of hot wire per unit

time, W·m−1

t: time, s
T: absolute temperature, K
�T : increase in temperature of hot wire, K
g: acceleration due to gravity, m·s−2

B: magnetic field, T
β: volumetric coefficient of expansion of liquid metal, K−1

µ: viscosity of liquid metal, Pa·s
θ : electric conductivity of liquid metal, �−1·m−1

Subscripts
1: hot wire
2: insulator
3: liquid metal
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