4th International Conference on Molten Slags and Fluxes, 1992, Sendai, ISIJ

HEAT TRANSFER IN CONTINUOUS CASTING POWDERS

Hiromichi Ohta*, Keiji Nakajima**, Minoru Masuda*** and Yoshio Waseda***

* Department of Materials Science, Ibaraki University, Hitachi 316, Japan
** Research and Development Div. Sumitomo Metal Industries,Ltd., Amagasaki 660, Japan
** Institute for Advanced Materials Processing, Tohoku University, Sendai 980, Japan

Synopsis: The thermal diffusivities of liquid synthetic slags of Si03;—Al;03-MgO-CaO-Na,O-CaF,
system with addition of TiO; or ZrO; for reference of continuous casting powders have been determined at
temperature between 1373K and 1573K using a three layered laser flash method on the differential scheme.
The effect of the radiative heat transfer in high temperature melts has also been estimated by two methods
of the finite difference and the control volume and it was included for data processing in the laser flash
method. The thermal diffusivity values of liquid slags presently investigated are of the order of 4 x 1077
m?/s and their temperature dependence is not so explicit. It may be also added that the effect of addition
of TiOy and ZrO, up to 10wt% on the thermal diffusivity of this slag system is insignificant.
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1. Introduction

The heat transfer properties such as thermal conductivity and thermal diffusivity of liquid Si0,-Al, 03—
MgO-CaO-Na,0-CaF; system are of interest in connection with the continuous casting process. However,
thermal diffusivity measurements of high temperature melts are still far from complete in various cases
arising from onset of convective heat flow and mixed contribution of radiative heat component. Thus, the
available thermal diffusivity data with sufficient accuracy are limited for only small number of compositions.
The laser flash method has currently been a versatile technique for measuring thermal diffusivity of various
materials. The front surface of the sample is irradiated by a single pulse laser, and the temperature response
of the back surface is measured. This method is also applied to melts samples using two- or three- layered
cell consisting of liquid /container [1, 2], of metallic plate / liquid [3, 4] and of metallic plate / liquid /
metallic plate [5, 6, 7], in parallel with the recent progresses of data production [8, 9].

A three layered cell by the laser flash method has been successfully employed for determining the
thermal diffusivity of molten salts [9]. However, the estimation of a liquid layer thickness is sometimes
difficult because of thermal expansion and creep of the cell materials at elevated temperature region. On
the other hand, the relative change of thickness of a liquid sample can be accurately measured by up-lifting
the upper plate of the three layered cell. The thermal diffusivity can be derived from the difference of two
sets of temperature response for different thickness of sample layer. This method allows to determine the
thermal diffusivity of a liquid sample without measuring the absolute sample thickness.

The main purpose of this paper is to present the thermal diffusivity values of liquid synthetic slags
of Si0;-Al;03-MgO-Ca0O-Na,0-CaF, system systematically measured using a three layered laser flash
method on the differential scheme. The effect of radiative heat transfer in high temperature melts will also
be discussed on the basis of numerical calculation.
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2. Theoretical basis and experimental procedure

The temperature response of a three layered cell at Laser beam

the initial time region of the temperature response curve may
be given in the following form, analogous to James’s approach | H H |
for a two layered cell [9]. - Al, O3 pipe
01n(6v%) _ (m + 712 + 78)° ) Pt crucible(1st layer)
a(1/t) 4

where 7; is l;/y/a;. Thus, a plot of In(6v/%) against 1/t for Eq(1). LH|__ Sample liquid(2nd layer)
gives a straight line with slope — (71 + 72 + n3)%/4. The thermal Ammezg T py crucible(3rd layer)
diffusivity value of a; of the second layer (a liquid sample) can ” -}/Alzoa pipe
readily be determined, when the thermal diffusivity of first and
third layers and the thickness of all three layers are known.

Let’s consider an infinite slab as shown in Fig.1 consisting
of three layers. The thickness and thermal diffusivity of i-th
layer are denoted by l; and oy, respectively. The upper metal- 5, !
lic plate correspond to as the first layer. A liquid sample and 3 &
the lower metallic plate are considered as the second and third L2 IR 2 ___ ]
layers. At initial time region, the temperature response of the ~
back surface of the third layer can be described as Eq.(1). Then - Qs

the following equation may be obtained.
Fig. 1 The schematic diagram of the cell
l/va, =2 _a_ln(a_(L\/{) g =15 (2 assembly employed in the present differ-

a(1/t) ential three-layered laser flash method.

ln(6 t
(L + Al)/Va, = 2\J —a—(a(ézl;/%)ﬁ -m—ns  (3)
I, is the thickness of a liquid sample in the first measurement and Al is the relative change of thickness of a
liquid sample produced by up-lifting the upper plate (the first layer in this case). The relation between the
sample thickness I, and the sample thermal diffusivity s may be expressed as solid line in Fig.2. For the
given Al, the similar relation between l; and o is also obtained as dashed line in Fig.2. The intersection
‘of these two lines provides the thermal diffusivity value of the liquid sample a; and its thickness I.

The laser flash apparatus for measuring the
thermal diffusivity of high temperature melts has
—Sample thickness : I been described previously [9, 10] and not duplicated
------- Sample thickness : I+A ! here. Only a few additional details are given below.
A platinum crucible corresponding to the third layer
contains a small amount of a liquid sample and is
placed on the alumina pipe. The size of this crucible
is 0.2mm thick, 10mm depth and 19mm diameter.

___________ Another smaller platinum crucible of 0.2mm thick,

_______________ 14mm depth and 14mm diameter is centered to the
i end of an alumina tube by ceramic cement as the first
0 layer. The tube is connected to a holder on a three
axial movable arm and platinum upper crucible is
located just right above the lower one to make three
layered cell system. The cell system itself was heated
in a platinum wounded furnace under the air atmo-
sphere. The inner and outer crucibles were separated
for several times during the course of experiments to
check no bubble in a liquid sample. Then, a pulsed

(25)

Fig. 2 Thermal diffusivity of ay as a function of
sample thickness of I, estimated from the relations of

Eqgs.(2) and (3).

— 422 —



4th International Conference on Molten Slags and Fluxes, 1992, Sendai, ISI]J

ruby laser beam is flashed on the top surface of the inner crucible. The temperature response curve was
monitored by infrared detector focused on back surface of the outer crucible (third layer). Another tem-
perature response curve was measured after changing the thickness of the liquid sample. The change of the
sample thickness can be determined by reading a micrometer scale attached on the holder. The difference
of sample thickness Al in two sets of experiments is fixed to be 0.2mm.

It may be worth mentioning that the validity of this method has been confirmed by measuring the
thermal diffusivities of molten NaNOj at 592-657 K, KNO3 at 613-698 K and LiNO3 at 539-663 K and by
finding good agreement between the results and the literature values [10].

3. The thermal diffusivity values of molten continuous casting powders

The chemical composition of
synthetic slags presently investigated are
listed in Table 1. The measured ther- x1077
mal diffusivity values of liquid slags are #
given in Fig.3. using the results of sam-
ples containing ZrO, as an example. Sim-

ilar results were obtained for other sam- NE 6 - _
ples, although there are differences in de- E n N AA 2
tail. The scattering observed in the data z A A .g o Q T
of Fig.3. is considered the contribution = A
from radiative heat transfer in a liquid % 4r “ % 7
sample and such point will be discussed =
below. g

The initial time region of the tem- g 2 A 7:0, 0.0% O 70, 4.9%

perature response curve is known not be
severely affected by the radiative heat
transfer. However, at higher tempera-

ture, the contribution from radiative heat 103 50 1 4'00 1 4'50 1 5100 1 5'50 1600
transfer should be included by consider-
ing physical properties of cell system. As
the first approximation, a liquid layer is
considered transparent to the radiative Fig. 3 Apparent thermal diffusivity of molten continuous cast-
heat transfer, that is, no radiation is ab- ing powder containing ZrO,.

sorbed or emitted from the liquid layer,

whereas the radiation from a platinum

A 710, 0.8% @ ZrO, 7.6%
B 210, 2.5% O Z10, 10.0%

Temperature (K)

Table 1 The chemical composition of synthetic slags measured in this study(wt%)

Si0, Ca0 CaF, Na,O MgO Al, O3 710, TiO,
Reference 35.6 19.9 17.1 10.1 9.3 7.7
Zr0, 0.8% 36.0 21.0 15.8 10.0 9.4 75 0.8
7r0, 2.5% 36.0 21.9 13.8 9.4 9.1 7.4 2.5
7Zr0, 4.9% 35.0 20.3 15.2 9.6 8.8 7.2 4.9
7104 7.6% 33.7 20.5 14.0 9.5 8.7 6.9 7.6
710, 10.0% 32.8 19.1 14.2 9.1 8.7 6.9 10.0
TiO, 0.7% 36.3 21,1 16.4 9.8 7.9 7.5 0.7
TiO, 2.6% 34.8 21.2 16.0 9.2 9.1 7.2 2.6
TiO, 4.9% 33.9 21.6 15.0 8.5 8.8 7.7 4.9
TiO, 7.4% 33.0 20.8 14.6 8.7 8.6 7.6 7.4
TiO; 9.6% 32.5 19.6 15.0 8.7 8.5 7.5 9.6
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plate is dominant. In such case, the boundary condition of heat transfer equations of may be modified
so as to include the radiative heat transfer from metal plate. For the outer surface boundary the radiative
heat flux F~ is expressed in the following form,

x1077
8

Thermal diffusivity (m%/s)
s

Thermal diffusivity used in the calculation

Fig. 4 Apparent thermal diffusivity considering radiative heat flow theo-
retically calculated on the transparent body approximation for the sample

2L A1=0.2mm =O 15=0.2mm _
—o— [,=0.1mm —o— [,=0.25mm
e 1,=0.15mm ¢ [,=0.3mm 1
0 | 1 | 1
1350 1400 1450 1500 1550 1600

Temperature (K)

of thermal diffusivity 4 x 1077 m?/s.

F~ = 4e0T?0 (4)
where ¢ is emissivity of plat-
inum plate, o is Stefan-
Boltzmann constant, n is the
refractivity of a liquid sample
and T is the temperature of a
sample. For the inner bound-
ary between a liquid sample
and the platinum plate the
radiative heat flux F* is de-
scribed as follows by consid-
ering the multiple reflection of
two plates,

4e
—€

F*=

n20T3Ab;,. (5)

where A6;, is the tempera-
ture difference of inner surface
of two plates. The heat trans-

fer equations including the radiative heat fluxes given by eqgs.(4) and (5) were solved by the finite difference
method. The temperature response is calculated with respect to the experimental condition, and from
such information the thermal diffusivity value can be estimated by the same procedure as for the measured
temperature response. The results are shown in Fig.4 in the case of a sample whose thermal diffusivity of 4
x 10~7 m2/s. It could be drawn from these results that the contribution from radiative component in the
transparent liquid case increase with the increasing the sample thickness and the temperature of a sample.

When the transparent
body approximation is not
-well-accepted as for a sam-
ple including iron oxide,
the absorption and emis-
sion in a liquid layer should
be considered. Darby[l11]
has proposed the basic
equations by considering
all mode of radiative heat
transfer. ~We made nu-
merical calculation using
Darby’s equations coupled
with the control volume
method [13], For simplifi-
cation, wd also employed
the gray body approxima-
tion in which the spectral
absorption coefficient is re-
duced to effective absorp-
tion coefficient k7. The
temperature response was

-7
7X10 — —

6x1077

5x1077

Thermal diffusivity (m?/s)

Al=0.2mm
—o0— I,=0.3mm
—eo— 1,=0.25mm
-=0-- 1,=0.2mm
---¢--- 1,=0.15mm
—o— I,=0.1mm

YT Y N NN TN W M (T M W

i |
103
Absorption coefficient (m™)

.
10*

g | ;
10° 107

Fig. 5 Apparent thermal diffusivity considering radiative heat flow theoret-
ically calculated on the gray body approximation for the sample of thermal

diffusivity 4 x 10~7 m?/s.
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calculated as a function of k.fs and then the thermal diffusivity value was estimated by the differen-
tial scheme. The results are shown Fig.5. The usefulness of the present calculation may be confirmed by
finding good agreement with the value of the Rosseland approximation[12] in the higher absorption region
(Iykess. > 1) where the radiative conductivity ks expressed by 16n20T3/3k.s;. is well-accepted. On the
other hand, it may also be noted that the present results in the lower absorption region are consistent with
those of the transparent body approximation.

The effective absorp-
tion coefficient of slag sam-
ples were calculated us-
ing the gray body approx-
imation from spectral ab-
sorption coefficient of cor-
responding samples in the
glassy state. Table 2 shows
the effective absorption co-
efficients for cases where
the spectral data are avail-
able. The results of Ta-
ble 3. suggest that with the
help of the information of
Fig.5. that the transpar-
ent approximation is well
accepted for slag samples
presently investigated.

x1077

6 T I T T
&z
2 4 A A O é -
= lgﬁ 2@ é
£
=
= 2r 7
E A 710, 0.0% O Zr0, 4.9%
= A 7r0; 0.8% ® 710, 7.6%
&= B Z:0, 2.5% O Z10, 10.0%

0 1 1 | 1

1350 1400 1450 1500 1550 1600

Temperature (K)

Fig. 6 Thermal diffusivity of molten continuous casting powder containing

ZI‘Oz.

Table 2 Effective absorption coefficient of samples (m™).

1373 K 1423 K 1473 K 1523 K 1573 K

Reference 47.2 45.2 43.5 35.5 46.1
Zr0, 0.8% 127 123 120 117 114

Zr0, 4.9% 81.1 77.9 75.2 72.7 70.6
Ti0, 2.6% 135 131 127 124 121

L Ti05 9.6% 97.0 93.6 90.7 88.1 85.8

x1077

6 T T T
g ]
4 fp aEQA DA% - § 3
= °r A o .
2 He s m-
£
=
s 2r 7
g A TiO, 0.0% O TiO, 4.9%
2 A TiO, 0.7% @ TiO, 7.4%
& BE TiO, 2.6% O Ti0; 9.6%

0 1 1 1 1

1350 1400 1450 1500 1550 1600

Temperature (K)

Fig. 7 Thermal diffusivity of molten continuous casting powder containing

TiO,.
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On the basis of these re-
sults, the contribution from ra-
diative heat transfer was sep-
arated from measured thermal
diffusivity values of slag sam-
ples and the resultant informa-
tion are summarized in Fig.6
and 7. The thermal diffusivity
values of liquid slags presently
investigated are of the order of
4 x 107" m?/s and their tem-
perature dependence is not so
explicit. It may be also added
that the effect of addition of
TiO, and ZrO, up to 10wt% on
the thermal diffusivity of this
slag system is insignificant.
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