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A Novel Instrument for the Measurement of the
Thermal Conductivity of Molten Metals. Part I:
Instrument’s Description
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The paper reports the design and construction of a new instrument for the mea-
surement of the thermal conductivity of molten metals and salts. The apparatus is
based on the transient hot-wire technique, and it is intended for operation over a
wide range of temperatures, from ambient up to 1200 K. The present experimen-
tal technique overcomes problems of convection and thermal radiation, and it is
demonstrated that it operates 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.
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1. INTRODUCTION

The thermal conductivity of molten metals is an important thermophysical
property with technological importance in several fields such as metallurgy,
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ceramic engineering, and glass manufacture, among others. Molten metals
also have applications as heat transfer fluids, for heat storage, and in high
temperature thermometers. However, despite the fact that all these industries
and processes require accurate data, several reviews of the thermal conduc-
tivity of molten metals [1-4] have revealed discrepancies as large as 50 %
among the experimental data reported in the literature by various authors
over a wide range of temperature. The lack of accurate data is attributed
to the inaccuracy of the experimental techniques where the main problem is
the phenomenon of natural convection, which becomes much more difficult
to avoid at high temperatures, since temperature control and distribution
becomes more difficult as the temperature increases.

The new experimental technique developed here overcomes the prob-
lem of natural convection because the duration of the experiment is short
compared with the time for the onset of significant heat transfer associated
with the inevitable flow. Another important feature is that this new tech-
nique works in accord with a theoretical model, which enables absolute
measurements to be made with an uncertainty of £2% in the final value
for the thermal conductivity. In this paper the technique and the instru-
ment constructed according to this technique will be presented, while in a
subsequent paper [5], the results of measurements of the thermal conduc-
tivity for four molten metals will be reported.

2. THEORETICAL

The method is based on the transient hot-wire technique [6]. In the
typical version of this technique a vertical wire is suspended in the test fluid
and the temperature rise of the wire is measured as a function of time after
initiation of a heat pulse within it. The temperature rise is followed by mea-
suring the resistance change of a finite section of the wire. However, in the
current work we are applying this technique for the measurements of elec-
trically conducting materials; it is therefore necessary to encase the wire in
an electrical insulator. The ideal concept of the method envisages an electri-
cally conducting material with density oy, isobaric heat capacity Cpy, and
thermal conductivity A, and of infinite extent in the axial-direction placed
symmetrically in the middle of the substrate material of density ps, isobaric
heat capacity Cps, and thermal conductivity Ag, which is itself immersed in
the molten material with density pp,, isobaric heat capacity Cpy,, and ther-
mal conductivity A, which is infinite in the x, y, and z directions as shown
in Fig. 1. It can be seen in this figure that the hot wire is represented by a
square centered on the origin. In practice the wire cross section is circular,
but the use of the square section avoids the difficulty of a mixed geometry
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Fig. 1. Ideal concept of the method.
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and reduces the computational time for the solution of the working equa-
tions resulting from a careful mathematical model of the instrument. Inde-
pendent calculations [7] confirm that the distinction between the behavior
of a wire of square cross section and of a wire of circular cross section is
entirely negligible on the time scale of interest.

A constant heat flux per unit length ¢ is generated within the wire
from time 7=0. The wire is initially in equilibrium with the substrate and
the melt at a temperature 7y at time r =0. The heating causes the temper-
ature of the wire to increase which, in turn, alters the resistance of each
section of the wire as a function of time. The temperature rise is deter-
mined by the thermophysical properties of the wire (ow, Cpw, Aw), the sub-
strate (ps, Cps, As), and the melt (om, Cpm, Am). The resistance change of a
central section of the wire is recorded by an automatic bridge and con-
verted to a temperature rise by an independent calibration of the temper-
ature resistance of the wire.

2.1. Working Equations

The formulation of the working equations is derived from the solu-
tion of the conservation of energy equation for a viscous, isotropic, and
incompressible material with temperature independent properties. On the
assumption that the perturbation of the temperature is small and that a
local-equilibrium thermodynamic state exists, this solution becomes [6, §]
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aT
PCh - =AV2T. (1)

In the above equation, p is the density, Cp, is the isobaric heat capacity, T
is the absolute temperature, ¢ is the time, and A is the thermal conductiv-
ity. This equation is the basis of all transient experimental methods for the
measurement of thermal conductivity, and it can be applied to the three
distinct regions of this model: the wire, the substrate, and the melt. The
result of Eq. (1) for the three different regions in the present system gives
the following set of coupled partial differential equations:

for the wire:

aTy 2T, *Tw | ¢
Cry— =Aw| —+—|[+—= 2
PwlPw 91 W|: 92 ayz ) (2)
for the substrate material:
a7, 2T, 9T,
Cps—=As| — +—= 3
PsCPps s s|:8x2 + 8y2 (3)
for the melt:
9Tm 2Tm  9%Tm
Cpm—— =A + 4
PmCPm Y m|: o2 8y2 “4)

If the transient heating is begun at t =0 when the temperature is uniform
everywhere, then it follows from Fig. 1 that the solution of these equations
is subject to the following initial condition for r=0:

Ty=Ty=Tn=T,, forall x,y 6))

and the following boundary conditions in the ideal case for 7> 0:

(a) for the wire-substrate interface
when y=+a, x=0to+a and x==4a, y=0 to *a,

then
Ty=T;s (6)
and
Ty . 9T,
Ay — = Ag— 7
Y ox S ox ™
0T, oT.
Aw—— = hs—— 3
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(b) for the substrate-melt interface
when y=—d, x=0totxw/2 and y=d, x=0to +w/2,

then
Tm=Ts )
and
km%zks% (10)
xm%zxs% (1)
(c) while
forx >0 ory—>o00 Ty=7T, t>0 (12)

Since there is no available analytical solution for the present working
equations, it is necessary either to devise an approximate model to rep-
resent reality in a manner that allows an analytical solution, or to use
a numerical procedure. In this work we decided to use a numerical
procedure; thus, a specialized two-dimensional finite element (2D-FEM)
program for the solution of these equations was developed. A total of 441
elements in a 2D-rectangular variable size mesh were employed. The mesh
within the wire and in the interfaces is quite dense, with the elements’ size
increasing inside the melt the further they are located from the interface.
The suitability of the representation of the circular wire as a mesh of rect-
angular elements has been carefully examined and discussed elsewhere [7].

2.2. FEM Program Validation

There is no direct way to validate the 2D-FEM program we have
employed because there is no other solution to the same problem available.
For that reason we have developed a one-dimensional finite element (1D-
FEM) program. This simulates the temperature rise of the wire with circu-
lar geometry immersed in an infinite body of substrate material alone, and
it is compared with the exact solution for this problem given by Carslaw
and Jaeger [9]. This same analysis can also be employed, of course, to
demonstrate the accuracy of the use of a square geometry to simulate the
wire [7].

Simulations were carried out up to 1 ms. Before this time only the wire
and the substrate participate in the heat transfer process, so that only the
thermophysical properties of the substrate material and the wire are required
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for both calculations. To compare the temperature rise data obtained with
both solutions, a deviation plot of the 1D-FEM solution from the exact
analytical solution (denoted by theory [6]) is given in Fig. 2.

The very small discrepancies observed between theory and 1D-FEM
are within 0.2% at all times and are substantially constant after about
0.1 ms. This is adequate agreement to encourage the use of a FEM for
the description of our experimental method because the discrepancies are
commensurate with the precision that can be achieved in the experimental
measurement of the temperature rise.

Subsequently, the 2D-FEM program was employed to solve exactly
the same problem and the results compared with that for the
one-dimensional solution. Differences between the two solutions were
found only for times less than 10ps when the square shape assumed
for the 2D version of the source differs from the cylindrical symmetry.
For larger times the difference becomes very small, so that by 1 ms and
beyond, it is negligible. In particular, for the case of the determination of
the thermal conductivity of the melt, which is obtained from long times
(t > 10ms), the cross section of the wire has an insignificant effect.

The 2D-FEM program can thus be used to calculate the temperature
rise of the wire in an experiment where the thermophysical properties of
the wire, the substrate, and the melt are known. The thermal conductiv-
ity of the melt can be obtained from such an experiment if we know the
remainder of the properties for the system and the dimensions of all com-
ponents, by varying the thermal conductivity to obtain a match between
the experimental and calculated temperature rise at long times, > 10ms. In
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Fig. 2. Deviation of the temperature rise obtained using the 1D-
FEM from that obtained from the solution given by Carslaw and
Jaeger [9].
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fact, because the entire temperature rise as a function of time is obtained
in such detail, some of the other properties can also be obtained from the
experimental data in situ, as is described in the following sections.

3. EXPERIMENTAL
3.1. Sensor

The design of the sensor is shown in Fig. 3. It has been fabricated
using 96 % pure green alumina substrate, and the sensing element has been
made from a wire of 25pum diameter of 99.99% pure platinum. The con-
nections 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 [8]. Platinum
foils of 99.99% purity are attached at each end of the connections, and
a second sheet of alumina is then placed on top of it. The sandwich is
then hot pressed at 180°C for 20min at 350kg-cm~2 in order to guar-
antee the best contact between the substrate and the platinum wire. After
pressing, the entire assembly is placed in a programmable high temper-
ature furnace and baked with an appropriate temperature profile up to
1600°C. This process yields a rectangular, rigid sensor 85 mm long, 50 mm
wide, and approximately 650 pm thick.

To facilitate the connection of the sensor to the measurement system,
nickel wires 0.5mm in diameter and of 99.98% purity (temper as hard),
supplied by Goodfellow, are spot-welded to each of the platinum leads of
the sensor (see Fig. 4). To protect the connections, two pieces of fired alu-
mina plates are glued to the sensor using a Chromix 2-part chemical setting
adhesive (supplied by Fortafix). Between the two pieces of alumina, two
nickel wires were attached at each side for the sensing of the level of the

Pt wire 0.025 mm

[
A’ "A

Fig. 3. Platinum-wire sensor.

100 mm ——
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Fig. 4. Platinum-wire sensor with connector leads.

molten metal in which the sensor is immersed. It is essential that the molten
material cover more than half of the upper connections of the wire.

The sensor is then mounted on a thin-walled metal tube which is itself
mounted through the top sealing cap of a high-temperature furnace as
shown in Fig. 5. The tube passes through a seal in the top cap of the fur-
nace that is provided with a controlled atmosphere of argon with a purity
0f 99.999 %. The top cap is water-cooled to prevent damage to the seal.

The liquid metal, which is contained in an alumina crucible, is placed
inside the furnace on a pneumatically operated table which is mounted coax-
ially with the sensor but below it. The table allows the crucible to be raised
around the sensor for measurement, but to be withdrawn between measure-
ments in order to limit any chemical reaction between the sensor and melt.
An extra heater is mounted on the tube that carries the sensor in order to
ensure the temperature of the tube is about 1°C above the melt temper-
ature so that there is a stable density profile and convection currents are
eliminated. The wires connecting to the sensor, the heater, and the thermo-
couples pass through the middle of the tube that suspends the sensor.

The measurement of the temperature in the furnace is performed by
an automatic/programmable Eurotherm controller Model 1904. Since the
measurements performed during this work were below 500°C, a thermo-
couple of type K in a stainless steel sheath is embedded in the cham-
ber at the middle of the furnace for the measurement of its temperature.
The temperature of the melt is measured by a thermocouple immersed in
the melt at the time of measurement at three different positions, at the
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Fig. 5. Assembly of the sensor in the furnace.



362 Peralta-Martinez et al.

bottom, the middle, and the surface, assuring the same temperature along
the sample. The control of the inert gas is achieved using two Low Flow
indicators Model LFC 1510, and the flow line exits through an appropri-
ate cold trap to prevent the egress of metal vapor.

In order to perform measurements, the metal is melted from solid in
the crucible, placed within the furnace. The level of liquid in the crucible
is detected using the detection system described earlier. If further metal is
needed to increase the level, it can be added through the tube carrying the
sensor. In use, the crucible is slightly above the middle of the furnace so
that the best temperature distribution over the sensor is achieved. In this
way, it is possible to achieve a uniform temperature environment around
the sample within +0.1 K.

An additional important determination of the temperature distribu-
tion is provided by continuous monitoring of the resistance of the thermal
conductivity sensor at a nominal steady state. If there is a convective flow
within the melt under such conditions the sensitivity of the bridge mea-
surement system reveals small oscillations in the temperature of the sen-
sor. Absence of such fluctuations confirms a stable temperature distribution
prior to measurements.

3.2. Bridge

The measurements consist of transient heating of the platinum wire
by the application of heat generation within it and subsequent measure-
ment of the resistance change of a part of the wire. To accomplish this,
we developed a Wheatstone electronic bridge circuit to generate a constant
heat flux within the wire and to monitor its change of resistance with an
uncertainty of +0.1% during 1s. The technique is designed to eliminate,
at the same time, the end effects. The temperature rise of the wire is cal-
culated from temperature-resistance characteristics of the hot wire using a
prior calibration. This bridge allows measurements of temperature rises at
times as short as 20ps after the application of the transient and subse-
quently at two different acquisition rates which provide a large number of
data points for use in the data fitting process outlined earlier.

The bridge circuit, shown in Fig. 6, has been designed to measure the
evolution of the resistance change of a finite portion of an infinite wire, by
automatically compensating for wire ends, and to generate a nearly con-
stant heat flux in the hot wires of known magnitude. In this section, the
working bridge equations are derived from an analysis of the circuit.

The diagram shows schematically two wires, one short and one
longer, denoted by Rs and Ry, respectively. The wires are assumed to be
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Fig. 6. Electronic bridge diagram.

identical in all respects except for length. The two components are formed
by two sections of a single wire divided by a potential tap. The bridge is
arranged so as to determine the difference of resistance between the two
parts of the same wire. In this way, we eliminate from the measurements
the effects of the ends of the wire where the temperature rise is not uni-
form as a result of the connections. This compensation is exact if the short
wire is sufficiently long and the wires identical. The condition upon the
length has been tested experimentally, and the tests are described elsewhere
[7, 8]. It is usual, but not essential, to ensure that the resistances of the
wire connections in the bridge,

RA + Rp=Rc + Rp; (13)
then, by analyzing the bridge circuit, the expression for the change

in resistance of a hypothetical segment of an infinite ‘working’ wire
ARw(t)=Rw(t) — Rw(0) as a function of time ¢ can be expressed as [7]
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AVap (1) 2
SLpOIS R(0)]

)) —Rp (0)(1 +2 g\i—((%’)) —2%® 5 R(0) (1+2 g\s,v%))] ’
(14)

where Rw(t) and Rw(0) denote the resistance of the ‘working’ wire at any
time and at zero time (r =0), respectively, defined as

ARw (t) =

[ER(O)(I—I— @

Rs
Rw

Rw (1) =RL(t) — Rs(t) (15)
and
Rw(0) =RL(0) — Rs(0). (16)

In the above equations, Ry (t) and Ry (0) are the resistances of the long
wire at time ¢ and at zero time (+=0), Rg(r) and Rg(0) are the resistances
of the short wire at time ¢ and at zero time (¢t =0), AVaAp(¢) is the mea-
sured out-of-balance voltage, across points A to D in Fig. 6 and Vg is the
supply voltage. £ R(0) is the sum of the resistances of the left-hand side
of the circuit at zero time, expressed as

ZR(0)= R+ Ra+ Rs(0) + Rg + Rc+ RL(0) + Rp + Ry + Rsea,  (17)
and Rg(0) is the sum of the bottom arm resistances,
RF(0) = Rc+ RL(0) + Rp + R + Rsyq- (18)

Equation (14) implies that by implementing the present bridge design,
shown in Fig. 6, it is possible to calculate the resistance change for a
hypothetical segment of an infinite wire with a knowledge of the follow-
ing information:

(a) the ratio of the out-of-balance voltage and the supply voltage
AVap(t)/ Vs at time ¢,

(b) the total resistance of the left-hand arm of the circuit ¥ R(0) and
the bottom arm resistance Rg(0) at zero time, and

(c) the ratio of the short to the ‘working’ wire resistance Rg(0)/Rw (0)
at zero time.

Finally, we note that the values of the unknown resistances X R(0), Rp(0),
RL(0), Rs(0), Ry, and R, required are all calculated in relation to the
known value of the standard resistor Rsiq, by registering the correspond-
ing voltages. Values of the lead resistance are measured during the assem-
bly of the sensor and its connections.
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The above analysis assumes the generation of a constant heat flux
within the long and short wires. The implication in this statement is that
the same constant current must therefore flow through both wires. Since
the resistance of both wires is changing with time, the current also nec-
essarily changes. However, the change in the resistance difference of the
two wires, over a single-measurement interval, is of the order of 1073 Q.
This corresponds to a change of current, of the order of 107% A (assum-
ing XR(0)~50%., and Vs~ 5V), which in turn results in a change of the
heat flux per unit length of the order of 107®W.m~! (when typical values
of heat flux per unit length employed are about 3W-m~!). Hence, both
the heat flux per unit length and the current can safely be considered as
constants.

Thus, the same current I; flows through both wires. Analyzing the
bridge circuit, it can be shown that the heat flux per unit length of the
middle portion of the long wire, at any instant ¢, can then be expressed as

15 Rw (1)
}2 Ly —Ls

q:
{R1+RA+RB+Rc+RD+R2+RStd+%i:LS)

(19)

where L1 and Lg are the lengths of the long and short wires, respectively.
Finally, we should note that as a result of the manufacturing process of
‘thin’ hot wires (and the wire supports), it is difficult to ensure that the
cross section of the two wires is uniform, which may result in a small var-
iation in the resistance per unit length of the wires. A small correction is
hence applied to the measured temperature rise and heat flux, as described
elsewhere [10].

3.3. Temperature Coefficient of Resistance

The temperature rise of the central section of the wire, AT =T (¢) —
Ty, can be calculated from resistance measurements with the aid of the fol-
lowing equations. The resistance of the wire at t =0 is

Ry (0) = Ry {1 —a(Tg—273.15)+ﬁ(T0—273.15)2J (20)

where Tj is the measured temperature at time ¢t = 0, Ry is the resis-
tance of the wire at 273.15K, and « and B are the first and second
temperature-resistance coefficients of the platinum wire. At time ¢ when
the temperature is 7, we can use, equivalently,

Ry (1)=Ro Ll—oz(T—273.15)+[3(T—273.15)2J 1)
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Measurements of R, (¢) and Ry allow the evaluation of the temperature
rise at time ¢. The coefficients o and B, obtained under calibration, were
found to be equal to 3.992 x 1073 K~! and —8.8512 x 10~7 K2, respec-
tively. The aforementioned values are in full agreement with the recom-
mended values for pure platinum.

3.4. Validation of the Technique

To validate the technique, an experimental run was carried out in
mercury at room temperature. For the calculation of the theoretical tem-
perature rise using the 2D-FEM program, we used the known values of
p, Cp of platinum [11], alumina [12] and mercury [13-18] and the thermal
conductivity of platinum [11], as well as, assumed values of the thermal
conductivity for alumina and mercury. We also employed the measured
dimensions of the sensor and the wire and the value of ¢ used during an
experiment. Because the different materials influence the temperature rise
over quite different time scales, it is possible in this way to obtain inde-
pendent values of the thermal conductivity of the melt and of the alumina
substrate in situ.

Figure 7 is a schematic representation of the measured and simulated
temperature rises where it can be seen how the temperature rise of the
wire is affected by the thermophysical properties of the different mate-
rials at different times. For very short times, ¢ < 100 ws, the temperature
rise of the wire is affected only by the thermophysical properties of the

(2 Co s A
AT (0 Cekss s ,r"‘
B
Ry :
R
”
P~ |
/, E Melt
Wire :
Substrate
0.0001 0.01
ts

Fig. 7. Schematic representation of the measured and simulated
temperature rises as a function of time.
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platinum wire, whereas, for longer times, + < 10ms, it is affected by the
thermophysical properties of the alumina substrate. For even longer times,
t > 10 ms, the temperature rise depends also on the properties of the melt.
Therefore, to minimize the differences at times ¢ < 10 ms, we have to adjust
the thermal conductivity of the alumina substrate, and for times ¢ > 10 ms,
the thermal conductivity of the melt. Once the optimal agreement between
measured and simulated temperature rise data is obtained, the values of
the thermal conductivity of the alumina and melt that best represent the
experimental temperature rise are the measured values corresponding to
the reference temperature [19] of that measurement.

To compare the agreement between measured and simulated temper-
ature rise data, the differences between them (Texp — Tim) are plotted
against time in Fig. 8. The plot shows that at very short times, <100 s,
there are systematic deviations between experiment and simulation that are
small (0.05K) but significant. There is then good agreement between cal-
culation and experiment up to 10 ms when again a step change in the devi-
ation takes place. After 100 ms there is again accord between experiment
and simulations in the sense that the lines are parallel but there is a dis-
tinct temperature shift between them.

This analysis leads us to the conclusion that the theoretical model
can closely represent the heat transfer process within the alumina and
within the melt separately, but that between them, it has failed to give a
proper representation of the interfaces between the platinum wire and sub-
strate and between the substrate and melt. This behavior can readily be
explained in terms of the discontinuity at the interface between the two
materials at the atomic level. That is, the ideal boundary conditions at the
interfaces set out earlier in Eqgs. (10) to (15) are not satisfied by the real
interfaces.

0.15
M0l
~2 005
&~ O
! Alf
& -0.05
& 01
015
0.00001 0.0001 0001 001 0.1 1

1,8

Fig. 8. Comparison between measured and simulated
temperature rise data for mercury.
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To analyze this hypothesis, we first introduced into our finite element
model a heat transfer resistance at the interface between the platinum wire
and alumina substrate, this heat transfer resistance is represented by a layer
L1, with thermophysical properties Ar1, oL1, CpL1, and thickness . We have
assumed the properties to be those of air and varied the thickness, but we
also verified that the exact nature of the layer does not matter; the use of
different thermophysical properties leads to a different layer thickness for
the same optimal reproduction of the experiment. Figure 9 is a representa-
tion for the analysis of the layer, L1, at the platinum wire-substrate interface
which is not to scale. The figure shows only the platinum wire and alu-
mina where their dimensions have been exaggerated in order to give a better
illustration to support the development of the new equations to model the
experiment at short times ¢ < 10 ms. The equations developed for the new
layer L1 and the new boundary conditions are given below.

The equations for the platinum wire and the alumina region have
been shown already, thus, here we present only the equation for the new
layer L1;

pL1CPy, % =AMLl |:8;i1£1 8;;“1] (22)
subject to the following initial and boundary conditions:
(a) initial conditions for t =0
Tw=T1=Ts=Tn=Ty, forallx,y (23)

(b) Boundary conditions for ¢ >0

(i) for the wire-L1 interface
when y=#a, x=01t0 a and x=24a, y=0
to =a, then

Tw=TL1 (24)

Alumina

Fig. 9. Schematic representation of the platinum
wire-substrate interface.
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and
T, dT;
Iy = pp g L (25)
0x 0x
0T, 0T
Doy = pp L (26)
dy dy

(i) for L1-substrate interface
when y=4b, x=0to b and x=4b, y=0

to +b, then
Ty=Ti1 27
and
T 0111
Ag— = 28
sy M, (28)
a7, dT
hgmt =y (29)
dy ay

This new set of equations has been included in the 2D-FEM program, and
new simulations carried out up to 10ms for a range of values of 5. This
process allows the analysis of only the heat transfer process between the
platinum and the alumina, but including now the new heat transfer resis-
tance in the layer L1. It is possible by variation of the layer thickness to
obtain secure improved agreement between experiment and theory in this
region. Figure 10 shows that the inclusion of the new layer allows con-
siderable improvement of the representation of the behavior of the sensor
at short times. The thickness of the layer (b—a) found to yield optimum
agreement in the experiment is 5nm, which is entirely plausible.

Using this result it is also now possible to analyze the sensitivity
of the technique to the thermal conductivity of alumina. To conduct
this analysis, the thermal conductivity of alumina was changed by £2%
around the optimal value and the calculations of the temperature rise
repeated for each case. Figure 11 shows the comparison between mea-
sured and calculated temperature rises of the wire up to 10ms. Here it can
be seen that it is straightforward to distinguish a change of the thermal
conductivity of the alumina of +2% and that the optimal thermal conduc-
tivity of alumina at 295.6K is 25.2 W-m~!.K~!. The latter value is com-
fortably within the range that can be found in the literature for alumina
96 % at this temperature.
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It has been shown so far that the theoretical model with the inclusion
of the heat transfer resistance at the platinum—alumina interface can give
excellent agreement between experiment and theory up to 10ms and that
the thermal conductivity of the substrate can be obtained with a precision
of £2%. It is important now to prove that the same value for the ther-
mal conductivity of alumina is appropriate when studying different fluids
at the same temperature. Evidently, if the model employed is appropriate,
the fluid studied should have no effect on the measured properties of the
alumina. Equally, the same analysis can be also used to demonstrate that
the physical properties of the interface region (&, p, Cp, b) of layer L1 are
not affected by the properties of the melt and that the value remains con-
stant for the two different experiments at the same temperature.
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Fig. 10. Comparison between measured and simulated
temperature rise data with an interface heat transfer resis-
tance between the platinum wire and alumina substrate.
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Fig. 12. Comparison between measured and simulated
temperature rise data of alumina for measurements (A) in
mercury and [(J] in gallium at 333 K.

For this purpose, measurements were carried out using mercury and
gallium at a temperature of about 333K and at atmospheric pressure.
Figure 12 shows, on a larger scale, a comparison between the measured
and simulated temperature rises of the wire for the time scale when just
the alumina properties are involved in the heat transfer process (+ < 10 ms).
The thermal conductivity of alumina which provides the optimum descrip-
tion of the two different experiments for two different molten metals is
22.1W-m~'. K-, which is within the range of values reported in the liter-
ature for alumina 96 % at this temperature. It is also exceedingly important
to note that the thickness of the layer of heat transfer resistance at the plati-
num-alumina interface in the calculations for both molten metals is identical
and is also identical with that used for calculations using mercury at room
temperature. These results confirm the model is adequate to treat the heat
transfer resistance between the platinum and the alumina substrate.

Figure 9 illustrated that as well as a heat transfer resistance at the inter-
face between the platinum wire and the alumina substrate, a similar resis-
tance arose at the surface between the substrate and the molten metal. To
account for this resistance we have added a second layer with properties
similar to those used for the platinum-alumina interface at the alumina
substrate—melt interface. Similar equations, as in the previous case, were
derived and included in the 2D-FEM program [19]; they are not repeated
here in the interests of brevity. Simulations were carried out again for an
experiment in mercury at room temperature. In these simulations the thick-
ness of this layer was varied in order to secure optimal agreement between
experiment and theory. Figure 13 shows a comparison between the mea-
sured and simulated temperature rise of the wire for the optimal thickness
thus obtained. This figure confirms that with the implementation of the new
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Fig. 13. Comparison between measured and simulated
temperature rise data with heat transfer resistance at inter-
faces of platinum wire-alumina substrate and alumina sub-
strate—melt.

set of equations at platinum wire—alumina and alumina—melt interfaces it is
possible to obtain a theoretical description of the real behavior of the sensor
over the entire time range during an experiment in one fluid at one temper-
ature. It can be seen also that the deviation seldom exceeds about 0.1% of
the temperature rise and that it is essentially randomly distributed about
zero over five decades of time during which the heat pulse transverses three
different materials. This is strong evidence that the theoretical model is a
faithful representation of the real sensor and that the precision of the tem-
perature measurement is of the order of 0.1%. It should be noted further
that the thickness of the layer required to secure this agreement is 0.3 um
which is again an entirely plausible value. However, it is expected that this
thickness may change slightly from melt to melt since it is likely to depend
upon the physicochemical properties of the melt.

It should be mentioned that the heat transfer process for our hot-strip
sensor is more complicated than that for the conventional hot wire for rea-
sons beyond the altered symmetry and geometry. The existence of several
solid materials in the sensor itself, inevitably lead to discontinuities in tem-
perature at the interfaces. Furthermore, the liquid-solid interface is very
different between the circumstances for molten metals next to an alumina
interface, from an organic liquid adjacent to a platinum wire. The wetting
properties of the fluids and surface in the current work and the very high
difference in thermal conductivity of the metal lead to similar discontinu-
ities at the solid-molten metal interface.

To analyze the sensitivity of the technique to the thermal conductivity
of mercury, simulations were carried out varying the value of the thermal
conductivity of mercury by 1% around the value which provides the best
representation of the data. Figure 14 shows the results obtained, where it
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can be seen that the differences in the fit arising from this small change in
the thermal conductivity of the melt can be easily discerned. The same chart
can also be used to support the statement made earlier that the thermal con-
ductivity of the melt affects only the very long times of the temperature rise
of the wire, 7 > 10 ms, and has no effect upon the heat transfer process inside
the sensor. After ¢+ > 10ms the fit to the experimental data achieved by the
perturbed values of the thermal conductivity of the melt is discernibly worse
than for the optimal value. From this analysis is possible to assert that the
thermal conductivity of mercury at 295.6 K is 8.05W-m~!-K~!, which is a
value comparable with those reported in the literature for this temperature
by other authors [20-25].

3.5. Precision and Accuracy

The preceding discussion has provided strong evidence that the heat
transfer model developed for the description of the insulated hot-wire sen-
sor is entirely consistent with the practical operation of the sensor over a
time range of five orders of magnitude as the heat pulse transmits through
three different materials. The analysis has also shown that with the temper-
ature resolution available from the resistance bridge, +0.1%, it is possible to
distinguish the thermal conductivity of the melt to within £1%. Allowing
for errors in the calibration of the resistance-temperature characteristics of
the platinum wire, the effects of uncertainties in the dimensions of the sensor
and in the remaining physical properties of the system, determined by simu-
lation, it is possible to assert that the uncertainty in the thermal conductivity
of the molten metals determined by this technique is 2 %.
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4. CONCLUSIONS

In this paper the instrumentation for the measurement of the ther-
mal conductivity of molten metals at high temperature has been described
together with a mathematical model that faithfully represents its behavior.
Evidence has been adduced to support the consistency between the the-
oretical model and the practical operation of the sensor. It is important
to emphasize that the new technique can, in principle, be applied to the
measurement of the thermal conductivity of any molten material; however,
in this particular work, the sensor has been constructed and restricted
for measurements on molten materials with a thermal conductivity above
8W.m~".K~!. This is mainly due to the properties and thickness of the
substrate material employed. In this case the thickness of the alumina is
relatively large (> 500 um) with a relatively low thermal conductivity that
tends to decrease when the temperature increases. Thus, if the test sample
is a poorly conducting material, the substrate prevents heat transfer from
the wire to the fluid and the latter barely affects the evolution of the tem-
perature of the wire. Therefore, for measurements of low thermal conduc-
tivity materials, the sensor must be modified so that a thinner substrate
material with higher thermal conductivity over the temperature range of
interest is employed. A second paper [5] applies the instrument described
here to the measurement of the thermal conductivity of mercury, gallium,
tin, and lead over a range of temperatures.
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