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The molten slags that are used not only in the continuous caster but also in every metal industry play an
important role and affect the quality of products. The authors initially developed the double hot thermocou-
ple technique (DHTT) for in situ observation of mold slag crystallization.

In this study, the DHTT was further developed to allow the measurement of the overall thermal diffusivity
of molten slag applying the principle of the laser flash method. The affecting factors (finite pulse time,
shape of pulse and heat loss from sample surface) on the measurement of thermal diffusivity using the
DHTT were discussed theoretically using both the analytical and the numerical methods. New relationship
between the thermal diffusivity o and the time at half-maximum temperature t, 5 was obtained as follows:

o(X1 04 mz/s) 20.000707(1.05/%)71 .8946

The thermal diffusivity obtained from the experimental half-maximum time t,/t; (¢, is the time of peak on
the heat pulse) was in good agreement with the one from literature.

KEY WORDS: thermal diffusivity; thermal conductivity; slag melt; laser flash; hot thermocouple; DHTT.

1. Introduction

The physicochemical and the thermal properties of
molten slag have large influence on the quality of products
not only in the continuous caster but also in every high tem-
perature process using a slag-metal reaction. The former
properties such as the viscosity and melting-solidifying be-
havior have been widely investigated. Although the thermal
conductivity (or diffusivity) was also measured by many re-
searchers, the interests might mainly be focused on the in-
herent value such as a phonon conduction to eliminate the
effect of radiation and the effect of other phenomena (con-
vection, crystallization and bubble formation). Scientifically
it would be important, however, practically, the overall heat
transfer that includes the complicated phenomena such as
the bubble formation and the crystallization will be more
important and useful. Under such a situation, the direct ob-
servation during measurement of the thermal diffusivity can
be a key technique to understand the obtained results ade-
quately. The authors initially have developed the double hot
thermocouple technique (DHTT) for in situ observation of
mold slag crystallization.!? These studies have indicated
that the overall heat transfer rate in the actual process must
be very complicated due to the interaction of crystallization
of slag with the primary mechanisms of heat transfer: radia-
tion, conduction and convection. The DHTT has a superior
feature on the rapid heating and cooling of melted sample
during observation, whereas the extremely high sensitivity
on the temperature change makes it unamenable. The mea-
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surement of thermal diffusivity using the DHTT should

overcome the following problems belonging to two cate-

gories:

(i) contents of the effective thermal diffusivity (effects of
phonon conduction, radiation conduction, electron con-
duction and effect of convection)

(i1) influences of the experimental setup on the measured
value.

In the present study, we focused on the problem of the sec-

ond category (ii). The problem of the first one (i) will be

discussed in the following paper.

The final purpose of present project is to clarify the ef-
fective thermal diffusivity during the bubble formation and
crystallization. In this study, the DHTT was further devel-
oped and the measurements of thermal diffusivity using the
standard sample (B,0,) were carried out. The affecting fac-
tors (finite pulse-time effect(shape of pulse) and heat loss
from sample surface) on the measurement using the DHTT
were elucidated and new relationship between the thermal
diffusivity o and the time at half-maximum temperature ¢,
was obtained, which was the modified relationship of
Parker’s method.**

2. Experimental

The details of experimental apparatus have been shown
in the previous study.'” Figure 1 illustrates the principle of
the thermal diffusivity measurement and the comparison of
the alignment of heat source and detector between the
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Ilustration of principle for the measurement of thermal
diffusivity by DHTT (Double Hot Thermocouple Tech-
nique) comparing with the laser flash method.
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Fig. 1.

DHTT and the laser flash method. The laser flash method is

an excellent method and can predict a relatively suitable

value of thermal diffusivity using Parker’s method® (Eq.

(3)). However, it will need a special alignment for the mea-

surement of liquid and/or transparent material. Further-

more, a direct observation during measurement is almost
impossible. On the other hand, the DHTT can observe the
molten sample in situ. As shown in the previous study,'?
the solidification of mold slag is complicate phenomena in-
cluding the bubble formation/breaking and the crystalliza-
tion. It would be very important to know the sample image
during measurement. The thermal diffusivity obtained from

DHTT, however, is not yet established and it is not reported

what kinds of factors affected on the measurement until

now.

For the preliminary approach to the application of the
DHTT to the measurement of thermal diffusivity, the affect-
ing factors on the measurement were elucidated from both
the theoretical and the experimental method. In the case of
laser flash method, an instantaneous laser pulse was used as
a heat source and the temperature increase at the rear sur-
face was measured by an infrared pyrometer (IR detector).
In the case of DHTT, the temperature of one side thermo-
couple (CH-1, in Fig. 1) increased in a pulse shape and the
other side of thermocouple (CH-2) was used as a detector.
The typical temperature profiles of both CH-1 and CH-2
are shown in Fig. 2. The time £, ; at the half-maximum tem-
perature (1/2AT,,) was defined as shown in Fig. 2 and
used for the calculation of thermal diffusivity according to
the laser flash method (the details will be shown in below).
The large differences between the laser flash method and
DHTT are as follows:

(1) Heat source is the order of several seconds (millisecond
order in laser flash method).

(2) Shape of pulse is not square. This factor might be deci-
sive in both the methods, however, the extent of delay
on the pulse (finite pulse-time) is significant on the
DHTT.

(3) Heat loss owing to the radiation and the conduction to
the thermocouple (CH-2) for detection is significant for
the DHTT.

In the present paper, these difficulties will be overcome
for using the DHTT on the measurement of thermal diffu-
sivity, because it can provide us with the other benefits such
as the measurement of transparent slag melt and the direct
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Fig. 2. Typical temperature profiles for measuring the thermal

diffusivity.

Fig. 3. Sample melts on the double hot thermocouple: (a) with
bubbles (Na,0-2Si0,), (b) without bubble (B,0;).
(Many reflections can be seen on the surface of sample,
but sample itself is clear and transparent.)

observation. Figure 3 shows the examples of the observa-
tions during measurements. Figure 3(a) is a sodium silicate
melt (Na,O-2Si0,) having bubbles supported by the two
thermocouples. On the other hand, Fig. 3(b) shows a clear
and transparent B,O; melt, in which many reflections could
be seen because it was working as a lens. In this experi-
ment, the bubbles were eliminated and clean melt was used.

3. Results and Discussions

The one dimensional heat transfer under an insulating
condition with an instantaneous heat source was given by
Carslaw and Jaeger.”

1 ¢ 2 &« O-r’rPar0
T(X, t)ZBI T(.x, O)dx +3 Z expW%
0

n=1

nie ¢ niK
T(x,0) COS———dx ++erererereeeuns H
D |, D

Xcos
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Fig. 4. Temperature profiles for different thermal diffusivities,
which were calculated using Parker’s equation for instan-
taneous pulse and thermally insulated sample.

where T'(x, 0) is the initial temperature distribution, 7'(x, t)
is the temperature distribution at any later time ¢ and « is
the thermal diffusivity. D means the thickness of sample.
The temperature history V at the rear surface (x=D) can be
expressed by Eq. (2).

T(D,1) ® O-n2p2 C
=1+2Z(— 1)”Xexpg70tE

M n=1

V:

where 7, is the maximum temperature at the rear surface
(T\y=0/pC,D, Q is the radiant energy of pulse, p is the
density of sample and C, is the heat capacity). From Eq.
(2), Parker, et al.? gave the simplest equation expressed by
Eq. (3). The time #,; can be defined by that at V=0.5,
which means the half-maximum temperature. Then, the
thermal diffusivity ¢ can be calculated by Eq. (3).

Equation (3) is very useful equation to obtain the thermal
diffusivity. Many commercial devices for measuring the
thermal diffusivity have been developed on the basis of Eq.
(3). Figure 4 shows the temperature variations that calcu-
lated using Eq. (2) with different thermal diffusivities.
Since the range of thermal diffusivity of slag melt is gener-
ally from 0.001X10~* (m%s) to 0.02X10~* (m%s), the time
for reaching the maximum temperature is about from 2 to
10 sec depending on the thermal diffusivity. When we used
the characteristic thermal diffusion time z,(=D% ), those
lines can be expressed with one line (Fig. 4(b)) and the re-
lationship of Eq. (3) can be obtained for thermal diffusivity.

Since Eq. (3) was very convenient one to obtain the ther-
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mal diffusivity (otherwise whole temperature profile should
be calculated for determining the thermal diffusivity), the
meaning of Eq. (3) was analyzed. Then, the analogical and
fundamental equation was derived as follows:

a=191,2
where ¢, and ¢, are the parameters determined by the sam-
ple thickness D, the heat loss and the finite pulse time
(pulse shape). In the case of the instantaneous pulse and the
insulated condition (1%,=0.1388D? and ¥,=1), Eq. (4) is
equal to Eq. (3) (Parker’ equation). In the present study, the
parameters, ¥, and ¥, were obtained for getting the ade-
quate thermal diffusivity using DHTT.

3.1. Effect of Finite Pulse-time (Shape of Pulse)

Since the actual heat source is not instantaneous exactly
(effect of finite pulse-time) and the heat loss cannot be
avoided from the sample surface, several correction factors
will be introduced more or less to obtain the correct value
even in an actual commercial device, in which the thermal
diffusivity is calculated based on the Eq. (3).

In such a circumstance, the effects of finite pulse-time
have been studied by Larson ez al.,” Taylor et al.® and Cape
et al.” Larson et al. has applied the empirical exponential
type pulse representing the output from xenon flash lamp
on the theoretical analysis (Eq. (5)).

O-p22 O

exp t

T(D,1) N H+ 'H
V= =1+2y2 Z( 1" x 5
Ty (y—n’m)

eXpFE

+2 +y'"% cot
251ny1/2Bl Y v E

where 7, is a time at peak of heat source pulse, ¥ is defined
as t/t,. In Eq. (5), the heat source was expressed as
O/t )=7y(t/t,) exp[(1—y(#/t.)]. When y - oo, Eq. (5) is equal
to Eq. (2) for the instantaneous pulse by Parker et al. (Fig.
5) and the small value of ¥ means the delayed pulse. In Fig.
5, the two cases of calculation results for y=2.19 and
Y=63.7 are shown in comparison with that of Parker et al.
It could be seen that the delayed pulse gave the inadequate

© 2002 ISIJ



ISIJ International, Vol. 42 (2002), No. 1

thermal diffusivity significantly, if the Eq. (3) was used.
From Larson’s results, it was found that the effect of

pulse shape (finite pulse-time) was important and the error

for the thermal diffusivity sometime became several times.

3.2. Effect of Heat Loss

In addition to the effect of pulse shape, the heat loss from
sample surface is quite important. Especially in the DHTT,
the heat loss from the sample surface is relatively large and
the conduction to the thermocouple for the detection (CH-
2) is considerably large comparing to the radiation loss.
Watt® has shown the theoretical approach for the radiation
loss from the sample surface based on the equation by
Carslaw et al.¥ Heckman® has studied the finite pulse-time
effect and the heat loss using Green’s function based on
the result of Watt. For the triangular heat pulse (Fig. 6),
Heckman has presented the relationship shown as Eq. (6).

T(D,t ® O O-p2 O
V= (Tm ) =2;n(O)Yn<D>§wn<z)+Nn expg%
........................................... (6)
where
2"2(B+13)’[B, cos(B,x/ D)+L, sin(B,x/ D)]
Y, (x)=

[(Br+ LB+ L3+ Ly )+ Ly (B +15)]2

and the B,(n=1,2,3....) are the positive roots of the fol-
lowing equation (some numerical solutions are given in
Appendix I).

(B*—L,Ly) tan B,=B,(Ly+Ly) covvrrrrrrrer.. 8)

where L, and L, mean the heat loss by radiation at the front
and rear surface, respectively, and expressed by Eq. (9).Y

40¢€T?
L =D

m

where o is the Stefan—-Boltzmann constant, € is the emis-
sivity of the sample surface, k is the thermal conductivity
and 7, is the temperature.

M, and N, in Eq. (6) are expressed as follows;

for bt=r=r,
(B,—B,[@/T+B?)
M, ()=, (10)
(1-b)
V= B? B? Ob C an
n_ b b(] —b) eXpBgE ................
for >1,
MO0 oo, (12)
01 1/B b/B,)LC
N =gy SXPUB)  expb/B) (13)
H ' 1-» b(1—b)
where
t
= e (14)
B,
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Fig. 7. Comparison of temperature profile between the observa-
tion and the calculation by Heckman’s equation.

When the heat loss from the oxide sample surface by the ra-
diation is taken into account (e.g.: 7,,=1000K, D=0.001
m, k=1 W/mK), the order of L,, is less than one (L,,=1) in
Eq. (9). As the heat loss in DHTT will be large at the detec-
tion thermocouple (CH-2) and the difference of heat loss
between the radiation and the conduction is quite large, the
characteristic two cases of heat loss are assumed as L,=
L,=1 and L,=L,=1000 (triangular pulse; 7=0.2 (pulse
duration), #,=20.736 and 56=0.1: Appendix I).

In Fig. 6, the calculation results using Heckman’s equa-
tion (Eq. (6)) under above two conditions are shown in
comparison with Parker’s equation (Eq. (2)). It was found
that the existence of heat loss made the temperature profile
lower and the local maximum point appeared on the tem-
perature profile. Furthermore, the maximum point de-
creased with the increasing heat loss, intensely. It should be
noted that the temperature profile never decrease in an insu-
lated condition (Parker’s equation, Eq. (2)) and the actual
one must decreased more or less, because some extent of
heat loss always exist.

These temperature profiles from Heckman’s equation
(Ly=L,=1 and L,=L,=1000) were compared in Fig. 7
with experimental data of B,O; melt using DHTT at 773 K
(the curves were normalized with 7, (the maximum tem-
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perature) and ¢, (the time at 7, )). Even if the fairly large
heat loss was assumed in the Heckman’s equation
(L,;=L,=1000, broken line), the calculated temperature
profile could not represent the experimental data, especial-
ly, the decreasing curve beyond the 7 .. did not represent

max
the observation.

3.3. Numerical Method for DHTT Measurement

From above results, it was found that the analytical
method was difficult to express the experimental results
owing to the complex pulse shape and the heat loss in the
present study. Then, the numerical analysis was carried out
based on the following fundamental equation

0T
ox?

C OT—K
ppaz

where p is the density, C, is the heat capacity and k is the
thermal conductivity. The finite difference method with the
forward differences was adopted for numerical analysis and
the equation could be rewritten as follows®:

i+1 i At i i i
Tn _Tn+aF(Tn+l_2Tn+Tn+l)
where ‘n’ means the position corresponding to the space-
derivative and ‘i’ means the time corresponding to the
time-derivative. The numerical calculation using Eq. (16)
was carried out with Ar=4X107%(s) and Ax=0.001 (cm).
The boundary condition at the front surface (heat source)

was changed according to the experimental heat pulse.

VB L) N (17)
and the initial condition was
T n°=0 .................................... (18)

Using Eq. (16), the temperature variation at the rear surface
T}, (D means the position of rear surface) was calculated
and compared with the analytical method (Eq. (2)), when
the maximum temperature was kept at the rear surface for
simulating the thermally insulated condition (without heat
loss) and the instantaneous heat pulse was defined as 7,= 1
in Eq. (17). The calculated results between the numerical
method (Eq. (16)) and the analytical method (Eq. (2)) were
shown in Fig. 4(b). It was confirmed that the present nu-
merical method was in excellent agreement with the analyt-
ical method and was adequate to simulate the one dimen-
sional heat transfer on the DHTT. The computer program
was coded by Fortran 90 and the calculation time was 3
days on Pentium II, 1 hr on Pentium III and 10min on
Pentium IV. A large number of calculation with different
conditions were performed.

Then, using experimental heat pulse (Fig. 8(a); the curve
of pulse was divided into two region at the maximum point
t, (0=t=t, and £>1,) and the two curves were expressed by
the three dimensional polynomial), the numerical calcula-
tions were carried out and the temperature variations with
different thermal diffusivities (=0.001X10"*-0.005X%
10~*m?/s) were compared with the observation in Fig. 8(b).
It was found that the calculation result using the thermal
diffusivity, o=0.003X10"*m?s was in good agreement
with the observation. In this case, the heat pulse and the
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response curve were normalized by the 7, that was the time
at the maximum temperature in the heat pulse.

From these results, it could be concluded that not only
the shape of pulse but also the heat loss affected the mea-
surement of thermal diffusivity significantly in the DHTT
measurement. The numerical method was useful to analyze
the experimental heat response curve, because the shape of
heat pulse was not geometric one and the heat loss from
sample surface to both the ambient and the thermocouple
was large. However, it is not practical method for getting a
thermal diffusivity to use the numerical method owing to
the necessity of huge work.

Then, the Eq. (4) will be convenient to obtain the thermal
diffusivity. The parameters (%, and ¢},) were determined as
shown in the following section.

3.4. Parameters Determination (¢, and ¢,) for the
Thermal Diffusivity on the DHTT Measurement

As mentioned above, the relationship between ¢ and ¢ 5
was obtained in the present study using the heat pulse simu-
lating the experimental one with the numerical analysis.
Before carrying out the numerical analysis, the relation-
ships between ¢ and ¢, in the Heckman’s equation (Eq.
(6)) were examined in the different conditions of heat loss.
The results were shown in Fig. 9. The parameter ¢, de-
creased with increasing heat loss (L,=L,=1 to 1000) and
the ¥, increased slightly (the two lines seemed to be a par-
allel) with increasing heat loss. We have also calculated the
line with L,=L,=20 and the result was almost the same
as L,=L,=1000, which meant that the decrease from
L,=L,=20to L,=L,=1000 was very small.

Figure 10 shows the heat pulse functions for using the
numerical analysis. The triangular pulse was also used for
the comparison. The experimental pulse was formulated as

© 2002 ISIJ
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Fig. 9. Relationship between the thermal diffusivity o and the
time at half-maximum temperature ¢, ; by Heckman’s eq-
uitation.
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Fig. 10. Two types function of heat pulse used in the present nu-

merical calculation.

the 3 dimensional polynomial (Fig. 8(a)) divided into two
regions at £, (maximum point). The definition of 7, was dif-
ferent between the experimental pulse and the triangular
one, because the order of 7, in the triangular pulse was so
small, if the maximum point was selected. On the other
hand, in the experimental pulse, the decreasing curve from
the maximum point depended on the condition of heat loss
which was not constant between the different experiment.
Sometime the period of decreasing curve was very long and
difficult to define the period. Furthermore, there are some
physical meaning for both the 7,. In the case of experimen-
tal pulse, 7, means the duration that the heating power is
turning on, while the 7, in the triangular pulse means the
duration that the laser pulse was changing into the heat at
the front surface. From these reasons, the different defini-
tions of 7, were selected as shown in Fig. 10.

Using two kind of heat pulses, the numerical method was
carried out as mention above. The obtained results are
shown in Fig. 11. The values of the parameter ¢, in the both
conditions were one order of magnitude smaller than that
obtained using Heckman’s equation (Fig. 9). The result was
caused by the difference of the amount of heat loss. The nu-
merical method could simulate the situation that the large

© 2002 ISIJ
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heat loss occurred in the DHTT. The parameter ¥, was rela-
tively larger than that of Heckman’s. The relationship be-
tween « and #, ; obtained can be expressed as follows in the
case of experimental heat pulse:

(X 10 m*/s)=0.000707(t, 5/t,) " 5%......... (19)

In the present experiment, ¢, /7, was measured at the de-
sired temperatures from 630 to 1373 K using reagent grade
B,0; and also the thermal diffusivity o of B,0O; was calcu-
lated from the literature value (density p, the heat capacity
C, and thermal conductivity k: Appendix II). These values
were summarized in Table 1 and shown in Fig. 12.
Although some scattering can be seen in the observation,
the variation with 7, 5/, was in good agreement with the Eq.
(19) that obtained by the numerical method. Figure 13
shows the temperature dependence of thermal diffusivities
obtained in the present study (using the observed £, 5/, and
Eq. (19)) and the references value (Appendix II). The ex-
cellent agreement was obtained and the relationship be-
tween o and ¢, 5 expressed by Eq. (19) was quite useful one
to determine the thermal diffusivity using the DHTT.

However, another factor might govern the value obtained
in high temperature range. That is a effect of radiation in a
transparent sample'*'? Moreover, this effect must domi-
nant in both the data from the present study and the refer-
ence data (Appendix II, Ref. A8)), which was obtained by
the steady-state method for thermal conductivity measure-
ment, because both the thermal diffusivities increased with
increasing temperature (normally, the thermal conductivity
of glasses decreased in high temperature range'?). This ef-
fect on the measurement of thermal diffusivity using DHTT
will be discussed in the following paper.

Finally, the temperature response curves were calculated
using the thermal diffusivity obtained by Eq. (19) and
shown in Fig. 14 ((a): 1 070K, (b): 865 K). In these calcula-
tions, as each temperature profiles at heat source (at CH-1)
were fitted to the three dimensional polynomial (as men-
tioned above, actually two kind of polynomials used for two
regions before and after the maximum temperature) and
used in the numerical calculation, it is natural that the cir-
cles (observations) and the lines (calculation) in Figs. 14(a)
and 14(b) were almost the same line. On the other hand, the
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Table 1. Thermal diffusivity obtained in present study.
a cale &
Temperature K tos/tp : Present work
APPENDIX II
( x0 (Eq(19)
633 0.40278 0.0046400 0.0039597
746 0.39167 0.0043000 0.0041752
778 0.35086 0.0044850 0.0051429
828 0.37500 0.0048000 0.0045338
866 0.37500 0.0050400 0.0045338
921 0.30830 0.0053900 0.0065707
982 0.30830 0.0055000 0.0065707
1018 0.32080 0.0059500 0.0060941
1066 0.30110 0.0063200 0.0068715
1111 0.29417 0.0066100 0.0071815
1164 0.29000 0.0067800 0.0073784
1229 0.24560 0.0081800 0.010109
1290 0.25000 0.0094900 0.0097742
1373 0.23216 0.011400 0.011246
1'2 T T L} T
1.8946 4 | Heat puise at 1070K |
(X,—0.000707(t0_5/tp) E at CH-1 —cCalc
0.01 | g 08f \ O O Obs]
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temperature profiles at the rear surface (at CH-2) were
shown in squares and lines. There were excellent agreement
between the calculations and observations at both the tem-
peratures.
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4. Conclusions

New method to measure the thermal diffusivity using
double hot thermocouple technique (DHTT) was devel-
oped. The factors affecting on the thermal diffusivity mea-
surement were elucidated. The finite pulse-time effect and
the heat loss were quite different from that of laser pulse
method and it was found that the analytical method could
not used for the DHTT. Then, numerical method was ap-
plied to analyze the heat conduction on the DHTT.

The results obtained are as follows:

(1) The heat loss in DHTT was quite high and the ana-
lytical method presented by Heckman could not apply.

(2) In addition , since the shape and duration of pulse
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in the heat source was entirely different from the laser flash
method, the numerical method was useful to simulated the
heat transfer on the DHTT.

(3) The new relationship between the thermal diffusivi-
ty « and the time at the half-maximum temperature ¢, ; was
obtained using the numerical method, which was in excel-
lent agreement with the observation.

(X 10*m?/s)=0.000707(z, /1)~ 5%
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Appendix I

Table A1l shows the numerical solution for the positive
root of Eq. (7) (calculated by double precision, error is less
than 10~'?) (usually, n<<13 was enough for the precise cal-
culation.)

(ﬁfz_Lle) tan §,=B,(L,+L,)

Appendix IT

The thermal diffusivity of B,O, was calculated using the
data listed in Table A2. Although the density from the liter-
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Table A2. References data on B,O; for calculating the thermal diffusivity.
Equations for the thermochemical properties based | Temperature | References
on the references Range
Density 2373.4 - 1.5734T + 0.00098982T2 - 2.1674x107 T3 300-1800K Al -A5)
p (kg/m’)
Heat capacity | [48.277-2x(-57.728x10-3)T—2x(0.706x108)T-2 — 289 - 723K | A6,AT)
Cp(J/kg K) 6x(7.054x10-6)T2 — (37.749/4)T-05 ]x1000/69.622
1863.02 > 723K A6,A7)
Thermal 0.054535+0.0016727T 0K-1173K A8,A9)
conductivity 5 0440,006T 1173K-
k (W/mK) 1373K
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atures has some scattering, the data from Shpilrain et al.*"
and Napolitano et al.*? shows a good agreement. The
regression curve for density has made based on their
data (Fig. Al). There is a few data on the heat capacity of
B,0,,2%A7) the sudden increase at 723 K corresponds to the
transformation (Fig. Al). Figure A2 shows the variation of
the thermal conductivity of B,0O;, the data is also a few and
only two regions can be available (from 0 to 300K and
from 1173 to 1373K).*%* In present study, two lines
were used for expressing the two regions. Then, thermal
diffusivity was estimated using these data (a=«/(pC,)) and
shown in Fig. A2.
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