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A method for the quantification of the radiative heat losses in a steady-state thermal conductivity
measurement set-up is developed based on the Stefan-Boltzmann radiation law with the assumption
of a linear temperature distribution along the specimen. The resulting expression can be applied to
any regular-shaped sample with well-defined side surfaces and cross-section. Owing to the quantification
of the radiative heat losses the accuracy of the steady-state thermal conductivity measurement method is
improved and the measurement range can be extended to higher temperatures. An exemplary
application in a commercial device is presented. The results are in an excellent agreement with the
independently measured high temperature thermal conductivity.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Conductive heat transport is important for thermal manage-
ment in building technology, vehicles as well as in production
and conversion of energy. For instance, the efficiency of thermo-
electric conversion depends on the thermal conductivity of ther-
moelectric materials. Therefore, in the mentioned areas a precise
and reliable thermal conductivity measurement method is of great
importance [1,2].

One of the simplest ways to measure the thermal conductivity
is to exploit the one-dimensional Fourier heat transfer equation

Qsam :KXA<_%)7 (1)

where Qg is the heat flow through the sample, k, is the thermal
conductivity, A is the cross-section of the specimen and 4 is the
temperature gradient. Here and below the heat conduction process
will be considered as one-dimensional flow along the x direction. In
general, thermal conductivity depends on the orientation of the
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material in case the anisotropy results from the crystal structure
or texturing. In the experimental arrangement discussed in this
work only the component along x-axis is considered. For measuring
K in other directions the sample needs to be oriented adequately.

Heat flows from the high T to the low T region. In the steady-
state arrangement a constant temperature gradient over the sam-
ple is established and the heat flow can be expressed as

Quom = xA(—%), 2)

where AT is the temperature difference measured over the distance
Ax. In this case it is possible to determine x when Qs,n, the sample
cross-section and at least 2 temperature measurement points and
their positions along the x-axis are known. However, at tempera-
tures much higher than the absolute zero a precise estimation of
Qsam is challenging. If the source of the heat current is represented
by P, the energy flow balance can be written as an equation

Qsam =P- Qcanv - and - Prad7 (3)

schematically represented in Fig. 1, where Q.. stands for
convective heat losses, Q.ns for conductive heat losses and P, for
radiative heat losses. The thermal conductivity k¥ can be now
expressed as:
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Fig. 1. A scheme of energy transfer in a thermal conductivity measurement.

_ P— Qcanv - Qcond - Prad AT B
K= 1 (— E) . (4)

In the presence of non-negligible heat losses the x values
obtained from Eq. (4) can be significantly different from the one

obtained by assuming zero heat loss (Qsm = P). In this case omit-

ting the relevant term (Qcony, Qeond OF Praq) leads to overestimation
of k. The overview of experimental difficulties related to minimiz-
ing the loss terms and how to cope with them can be found in [3].

An introduction to the problem of heat losses in a thermal con-

ductivity measurement can be found in [4]. If Qsam ~ P — P,gq the
radiative heat losses can be extracted analytically from the data,
as described in [3]. The thermal conductivity of materials can be
divided in two parts: the charge carrier thermal conductivity K,
and the lattice thermal conductivity c,:

K = Kcarr + Kiatt- (5)

Using the Wiedemann-Franz relationship (Kcr = LTG) Keqr Can
be calculated approximately from the electrical conductivity ¢ and

the Lorenz number for metals L =244 x 1078 W QK. Subse-
quently, K, can be obtained by a simple subtraction K — K. In
many cases it is justified to assume a certain dominant phonon
scattering process resulting in a defined dependence of the lattice
thermal conductivity on the temperature, for instance in case of
phonon-phonon Umklapp scattering & (T) ~ 1 [4]. Therefore, a
deviation from the expected k. (T) behavior is often related to
the neglected P,y term, which starts to be visible at T higher than
approximately 200 K. However, in cases when the Lorenz number
is not constant or when the dominant phonon scattering mecha-
nism is not clear the above described correction is not reliable. In
the current work an estimation of the P,y term is proposed with-
out assumptions on the sample properties.

A previous attempt to estimate the contribution of the radiation
term to the heat losses was done by measuring x several times for
the same material in similar conditions, but each time with differ-
ent total surface of the sample S [5]. Since the radiation term
depends linearly on the radiating surface size the subsequent
extrapolation of the k(S) dependency to S = 0 allowed for elimina-
tion of the radiation term. However, this experimental procedure is
relatively time-consuming, tedious and requires several samples of
the same material.

Another approach represented the measurement system and
the sample numerically and employed finite element modeling to
describe the physical process of heat conduction and radiation
[6]. The radiation was included in the model as a boundary condi-
tion on all free surfaces. It was demonstrated that including the
heat losses from the elements of the experimental setup, especially
from the heater, has a large impact on the final value of k. How-
ever, the influence of the temperature distribution T(x) along the
heat conduction direction on the experimental results was not ana-
lyzed. The solution proposed in [6] is limited to materials with a

thermal conductivity similar to electrolytic iron, which was used
as a reference.

An advanced numerical solution of analytical equations repre-
senting the radiative heat exchange between a cylindrical sample
within a cylindrical radiation shield in a thermal conductivity mea-
surement apparatus was analyzed in [1]. The aim of that work was
to quantify the radiative heat losses and to design an experimental
setup according to the assumed geometry which would follow the
elaborated equations and minimize the measurement error. The
approach is found to produce reliable results, however limited to
a certain geometrical arrangement and at exceptionally high
computational expense. The model developed in the current work
simplifies the geometry details and results in much simpler
expression for k, retaining good agreement with the reference,
high-temperature data.

2. Mathematical model of the experiment

The model of a steady-state thermal conductivity measurement
is schematically presented in Fig. 2. Usually, the heat flow is
imposed by connecting the sides of the specimen to an external
heat source and a heat sink. As aforementioned, it is necessary to
know the heating power P of the heat source and estimate the heat
losses due to convection Qcny, conduction Qng, and radiative
transfer P,y in order to correctly determine the amount of heat
transferred through the sample. Convective heat losses are most
often negligible as the measurement chamber is typically evacu-
ated to high vacuum. The conductive heat loss Q. depends on
the measurement setup and includes all sources of heat leakage,
for instance electrical connections to the sample thermometers
or to the heater. In many cases Qnq can be neglected. Otherwise
it can be represented as:

Qcond = Kcund (T)ATESU (6)

where K,,4(T) is a temperature-dependent conductance comprising
all conductive heat losses and AT, is an estimation of the temper-
ature difference driving them [7].

To estimate the radiative heat loss P,,y a model is developed
assuming radiative heat transfer between the sample and the
ambiance (c.f. Fig. 2, where the sketch of the measurement set-
up is presented). A linear temperature distribution between a heat
source at ¢ and a heat sink at —w over the sample is assumed with

Fig. 2. A model of a steady-state thermal conductivity measurement.
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