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ABSTRACT:

An experimental setup for measurement of heat transfer coefficient as function of time for
fluxes at high temperatures has been developed. This property is relevant for the early regime
of the solidification process in continuous casting. The experimental setup comprises an
insulated copper cylinder equipped with thermocouples and the cross section of the copper
cylinder is used as a probe for heat flux. The temperature in the copper is measured as
function of time for different flux thickness. The heat flux at the interface is calculated by
using Duhamel’s superposition integral and inverse problem solution. The result is quantified
in terms of efficient thermal conductivity and interfacial thermal resistance.
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INTRODUCTION

A majority of the steel is today produced by the continuous casting process. Mould fluxes
play an essential role, since they control the early parts of solidification. The microstructure,
material properties, and surface quality of the cast produced are strongly influenced by the
rate of solidification. In order to understand the initial stage of the solidification, it is
important to gain knowledge regarding the thermal properties of the mould fluxes and how
the thermal resistance at the metal-mould interfaces changes upon solidification. The fluxes,
which are used in continuous casting, may occur in both liquid-amorphous and liquid-
crystalline forms or in mixed modes. The heat flux may also be altered by the formation of an
air gap between the steel and the mould in lower parts of the mould. Accurate knowledge of
the overall thermal resistance in the mould-strand interface is necessary for modeling and
control of the casting process. The thermal resistance is thus important for the understanding
of the mechanisms, which control the surface quality. This issue is significant, since the
production cost of the steel can be considerably reduced if surface conditioning is avoided
before further processing. Attempts have been made to determine the heat conduction in flux,
however a considerable lack of agreement is observed between the investigations reported in
the literature [1-4]. The scope of this work is to assess the heat conduction through mould-
slag-strand interface by a theoretical analysis of experimental data from a simulated mould
setup. In order to accomplish this, a dynamic method for measurements was employed,
whereas previous investigations have mainly used stationary methods.

EXPERIMENTAL

The equipment used for measurement of heat transfer is shown is Figure 1 and consists of a
copper cylinder equipped with thermocouples. The equipment is thermally insulated by using
layers of alumina fibers and it is then assumed that the heat flow is one dimensional in the
axial direction. The surface of the cylinder cross section perpendicular to the axial direction is
used as probe for the heat transfer. By measuring the temperature increase in the copper
cylinder with time, it is possible to assess the heat flux that enters the probe surface. The
theoretical basis for these calculations will be briefly discussed in the theory section below.
Since a dynamic approach is used to determine the heat transfer, it is essential to keep the
equipment in thermal equilibrium before the measurements. This was established by
connecting the equipment to a frame, which enabled the equipment to be moved up and down.
After complete melting of flux, the equipment was lowered to the position of the melted flux.
The time window for the measurements is between 15 s to 80 s and the temperature data is
collected by a logger. After each measurement, the equipment is removed from the heat
source. Due to the present setup, it is necessary to remove the insulation from the equipment
to reach equilibrium after the measurement. In the future development of equipment, a
cooling system is planned to be included, which would considerably reduce the time to reach
equilibrium and thus reduce time between the measurements.
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Figure 1. Schematic representation of the experimental equipment.
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THEORY

The quantities of interest are the local heat flux ( )tq  and the heat transfer coefficient ( )th .
The heat transfer coefficient can be related to the heat flux by;
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where ST represent the temperature of the copper probe and GT  is the temperature of the heat

source (strand).
An equipment for measuring heat transfer between a medium and a solid surface is usually
characterized as a semi-infinite one-dimensional gauge. Such gauges record the instantaneous
surface temperature from which the instantaneous heat flux is obtained by using the one-
dimensional solution for a step change in surface temperature [5] and applying Duhamel´s
superposition integral. This will give:
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where ( )tTS  is the measured temperature history, ρ  is the density, pc is the heat capacity and

λ  is thermal conductivity. One-dimensional gauges employing surface thermocouples on
conducting rods, can be considered semi- infinite as the thermal penetration distance during
experimental run time is small compared to linear dimension of the gauge.

In the present experimental setup, the temperature of the copper is measured at a specific
distance from the surface. The problem is then to calculate the probe surface temperature and
the heat flux by using the measured temperature at this distance. One approach is to solve the
problem by subdividing it into two separate problems. One of these can be analyzed as a
direct problem, because the boundary conditions at both boundaries are known. The heat flux
at the thermocouple is then calculated by converting the measured temperature history to heat
transfer rate by using Duhamel´s Theorem (2). The surface temperature and heat flux histories
must be determined by using the conditions at the location of the thermocouple. Such a
problem is usually referred to an inverse problem. The general solution of an inverse problem
can be found elsewhere [6-8] and will not be discussed here. However, the solution of the
inverse problem requires that finite order derivatives of the measured temperatures and
calculated heat flux at the interior location must exist. Undesired oscillations can be produced
in the calculated surface temperature or heat flux if the time derivatives are not calculated
with sufficient accuracy. The usual approach to avoid oscillations is to employ polynomial
smoothing. This allows the calculation of high-order derivative, but may not reproduce the
real data points, especially when the time spread of the fitted data is large. These restrictions
can be avoided by using an alternate procedure based on spline smoothing of data. This later
procedure was employed in the present analysis.
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RESULTS AND DISCUSSION
All results presented and discussed here refer to samples of mould powder Scorialit sph 409,
which were supplied in granulates. Figure 2 shows the measured temperature of the copper
cylinder versus time at an 8 mm distance from the probe surface.
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Figure 2. Temperature versus time at 8 mm from the probe surface. The thickness of flux is
0.96 mm.

The surface temperature and the heat flux at the surface were calculated according to the
theory described in the previous section. In all these calculations, the experimental data were
smoothed by using a cubic spline function. Using the temperature of the heat source (strand)
together with the assessed values for the temperature and heat flux, it is possible to calculate
the heat transfer coefficient. Figure 3 shows the calculated heat transfer coefficient as a
function of time for the measured temperature shown in Figure 2. The range of the heat
source temperature is approximately 1400 °C to 1200 °C. Note that the first 10 s of data for
heat transfer coefficient is excluded. These measured temperatures do not correspond
exclusively to the properties of flux, since it includes the translation time of the equipment
and the establishment of thermal contact between copper and flux. It is therefore expected that
initial part of the heat transfer coefficient depend strongly on time due to these experimental
imperfections. Ideally, one would expect a step change in temperature, but in reality the
behavior displays a gradual change due to the experimental limitations.
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Figure 3. The heat transfer coefficient versus time for flux thickness of 0.96 mm. The heat
source (strand) temperature range is about 1400 °C to 1200 °C.

In order to check the measured values, a simulation with finite element analysis (FEA) was
carried out. In these calculations, it was assumed that the heat transfer coefficient increases
linearly from zero to the final value (shown in Figure 3) during the first 10 s.
In Figure 4 is one of these simulations results presented together with experimental values. It
clearly indicates that the result for simulations agrees well with measured temperature for
times longer than 10 s. The slight disagreement which occurs at short time, is due to the fact
that the assumed time dependence for heat transfer coefficient deviates from the actual time
dependence.
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Figure 4. Simulated and measured temperature versus time at the distance 8 mm from probe
surface.

The inverse values for heat transfer coefficients as function of thickness are shown Figure 5.
This inverse values for heat transfer coefficient is known as thermal resistance and the slope
is equal to the inverse value of the efficient thermal conductivity. However, these results for
efficient thermal conductivity are not directly comparable with other results for thermal
conductivity, since the contribution to heat transfer coefficient due to radiation is difficult to
estimate. We have found that our value for efficient thermal conductivity is somewhat larger
than that result obtained with “cold finger” measurements [1]. It should be pointed out,
however, that the experimental error in the measurements presented in ref. [1] was not
explicitly stated, which makes any comparison difficult. It is also difficult to compare values,
which have been obtained at different thickness, since the degree of radiation is different. It is
also a well-known fact, however, that the thermal properties of flux may change if it exposed
to moisture or heat treatments. A full investigation of thermophysical properties should
therefor include a chemical analysis and a record of the heat treatments. From an application
point of view it is, of course, important to explore to which extent different properties are
affected by these changes. In the present work, however, the main purpose was to investigate
to which extent the proposed method could be applied for heat transfer coefficient
measurement. In order to quantify the accuracy of the measurements, it is necessary to
perform measurements on reference materials. Such measurements are presently under way.
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Figure 5. Thermal resistance versus flux thickness.
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CONCLUSIONS
A novel technique has been applied for assessing the overall thermal resistance of a system
simulating the condition in the early stage of solidification in the continuous casting process.
The technique is based on a theoretical analysis of the experimentally established time
temperature profile of a probe, which simulates the mould. The following conclusions can be
drawn.
1. By varying the thickness of the flux, the thermal contact resistance and the efficient

thermal contact resistance of thermal conductivity could be assessed.
2. The suggested method should be verified by applying it to a well-characterized flux.
3. The developed probe is simple and the time for dynamic measurements are short

compared with times used in steady state methods.
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