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Abstract: Thermal conductivity is an important parameter, which helps 
us to design vital components in industry, where the right geometry 
(thickness) and material is needed. 

 The main role of measuring thermal conductivity is in improving the 
existing data bases with data for new materials. Usually unmeasured 
materials are those with intense reaction areas. Some are called 
exothermal or insulation materials. They are made from different 
exothermal materials which means, that the heat is liberated during 
an exothermal reaction. For exact determination of thermal conduc-
tivity more samples are usually required, especially if exothermal-
insulation material is investigated. The samples are thermally very 
unstable. In this paper the solution is presented by using two meth-
ods in a single experiment with one sample. 

 It is also discussed which method is better for determining the ther-
mal conductivity in the intense reaction area. It is interesting that 
one of the methods is used for absolutely steady state conditions, 
and the other one is a typical transient method. The measurements 
were obtained for the temperature interval from 100 °C to 900 °C.  

Izvleček: Toplotna prevodnost je pomembna lastnost, ki nam omogoča 
lažje konstruiranje vitalnih delov v industriji, kjer sta potrebna pra-
vilna geometrija (debelina) ter material.



195

RMZ-M&G 2009, 56

KLANČNIK, G., KLANČNIK, U., MEDVED, J., MRVAR, P. 

 Glavna vloga meritev toplotne prevodnosti je dopolnitev baz podat-
kov s podatki novih materialov. Navadno v bazah manjkajo podatki 
za materiale z intenzivnimi predeli reakcij. Taki primeri so eksoter-
mni ali izolacijski materiali. Ti so sestavljeni iz različnih eksoter-
mnih materialov, kar pomeni, da se toplota pri eksotermni reakci-
ji sprošča. Za natančnejše določanje toplotne prevodnosti je treba 
opraviti večje število meritev, posebno pri preiskavah eksotermnih 
izloacijskih materialov. Vzorci so navadno toplotno nestabilni. V 
tem delu je predstavljena rešitev, ki zajema dve metodi z enim pre-
izkusom ter z enim vzorcem. 

 V delu je prav tako nakazano, katera metoda je primernejša pri dolo-
čanju toplotne prevodnosti v predelu intenzivnih reakcij. Zanimivo 
je, da ena metoda zajema popolnoma enakomerne pogoje, medtem 
ko druga metoda spremenljive. Meritve so bile izvedene v tempera-
turnem intervalu med 100 °C in 900 °C.

Key words: thermal conductivity, exothermal materials, differential ther-
mal analysis

Ključne besede: toplotna prevodnost, eksotermni materiali, diferenčna 
termična analiza

Introduction

Thermal conductivity is a physical 
property with a well known definition: 
thermal conductivity is the property 
of a material that indicates its ability 
to conduct heat[1]. The Fourier ther-
mal conduction equation states that the 
density of heat flux Ф/A is proportional 
to the temperature gradient[2]. Fourier 
law:

gradTk
A

q ⋅−=Φ=   (1)

q – density of heat flux
Ф – heat flux 
A – area
k – heat conductivity

Equation 1 can be written in a finite 
form as[1]:

L
TAk

∆
∆⋅=Φ    (2)

where Ф represents the heat flux trough 
a thickness ∆L on a surface A. Equa-
tion 2 is used for measuring a single 
thermal property at a time under steady 
state conditions. The calculated val-
ue of k is usually an average thermal 
conductivity in a specific temperature 
range. Using equation 2 can perform 
a significant error when thermocou-
ples are used, because the location of 
thermocouples is not included. Instead 
the insertion of thermocouples can be 
made inside the upper cover of the 
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sample and inside the heater plate to 
attain repeatedly. Without the cover the 
upper thermocouple could measure the 
temperature of the atmosphere instead 
of the sample, if the preparation of the 
measurement is not sufficient.   

In the year 1974 BECK and AL-ARAJI[3] 
introduced a transient solution for the 
simple calculation of thermal conduc-
tivity. One of the advantages of this 
method is that the location of thermo-
couples is included in the calculation. 
Another advantage is a shorter time of 
measuring, but that also depends on the 
thickness of a sample and the quantity 
of heat added into the sample. In our 
calculations we used equation 3 for a 
flat plate:

     
   (3)

where x1 and x2 represent the location 
of the thermocouples, L is the thick-
ness of the plate and Q the heat pass-
ing through the plate. Figure 1 shows a 
schematical drawing of a sample with a 
plate geometry and a solid cylinder. 

From Figure 1 it is seen that with the 
same geometry of a sample, different 
approaches for heating can be made. If 

the calorimeter is used as a heater de-
vice and solid cylinder for the sample, 
no insulation is needed, because in a 
while the temperatures of the first (ini-
tial) and second (final) thermocouple 
will both approach the same value 
(Figure 2). In our experiment we also 
used a cylinder, but we did not use a 
calorimeter as a heater, but instead a 
separate heating device. In this case the 
calorimeter was used just for preserv-
ing the same working temperature (iso-
thermal cell). 

The measurements were made on met-
als and insulation materials with both 
methods. If both methods were not 
used, several samples would have been 
necessary for determining the thermal 
conductivity constants. The right con-
stant would be calculated by using an 
average of the recorded values[4].

Figure 1. Various geometries with one sur-
face heated and the other insulated for: (a) 
Plate geometry and (b) without insulation 
for a solid cylinder[2]
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Experimental work

In the present research a device for 
thermal conductivity measurement was 
designed. The temperature range for 
measuring is between 100 °C and 900 
°C. The furnace had to be preheated, so 
when the heater was turned on, the heat 
flow was directed entirely into the sam-
ple. Otherwise the heater would heat 
the entire device, not only the sample, 
thus the heat losses created would not 
have been negligible. We used two type 
K thermocouples in our measurement, 
because of a good sensitivity. The 
thermocouples were connected to the 
measuring card from the National In-
struments and the card to the personal 
computer. Signal Express 2.1 software 
was used for determining and convert-
ing the signal from the thermocouples. 
The measurement was started, when 
the temperatures from both thermocou-
ples approached the same value. Mea-
surements started when the initial and 
final temperature were in proximity to 
each other. The corresponding factor of 
thermal conductivity is at an average 
temperature (TInitial + TFinal )/2. Initial 
and final temperature rises till initial 
temperature closes to the final one. The 
whole measurement was terminated, 
when the temperature of the initial and 
final thermocouple stabilized[2].

Device for measuring thermal con-
ductivity of exothermal materials

For measuring thermal conductivity at 
various temperatures, the furnace with 
capability of heating the sample up to 
1000 °C was needed. The lower tun-
nel furnace with a sufficient and stable 
heating cone was used. This is needed 
to achieve a homogeneous temperature 
all over the sample, before starting the 
measurement. The heat flux was made 
with another heater, located under the 
sample. The heater was connected 
to the VDC PS3020 Lab laboratory 
power supply (0–30 V). The schematic 
presentation of the designed device is 
shown in Figure 2.

The construction of the device for ther-
mal conductivity measurement is simi-
lar to the one described by J. FILLA[5, 6] 
specified for measuring thermal con-
ductivity of ceramics. 

Figure 2. Device for thermal conductivity 
measurement – a schematic presentation
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The Heater
Kanthal wire was used in constructing 
the heater. The diameter of the wire 
was 0.5 mm, with a measured electri-
cal resistance of 5.3 Ω/m. The wire was 
protected with corundum tubes. The 
wire was inserted on the top of the con-
crete grounding with good thermal and 
electrical resistance. The good thermal 
resistance was needed to maintain a 
one-dimensional heat flow. One of the 
options is discussed in papers by BECK 
and AL-ARAJI[2], where for the substrate 
two metal (copper) disks are used. The 
wire is placed in the middle of the two 
disks. Two samples are needed for this 
solution.

Heat sink
In this case the heat sink exists just for 
a small period of time in comparison 
to the whole measurement. During this 
period a linear temperature dependen-
cy appears, which is ideal for calculat-
ing the first average value of thermal 
conductivity according to Fourier. 
When the cooling system is switched 
of, the heat sink began to behave as an 
insulator. The time period must be long 
to minimize the effect of the first mea-
surement. That is why the low current 
and voltage were used to get the tem-
perature loop as long as possible.

The Measurement
The measurement of each sample 
started, when the initial and final tem-
peratures were stable and in proxim-

ity. In this case the equilibrium of the 
device was reached. When the heater 
was turned on with an accurate elec-
tric power, the measurements began. 
The added heat into the sample was 
always between 7 W and 8 W, which 
is very low. With that, overheating 
of the sample was prevented and the 
linear rise of both temperatures was 
easier to achieve. Because of the low 
current and voltage used, a longer time 
was needed for the experiment, which 
was an advantage for determination of 
thermal conductivity using Fourier’s 
law. For calculating constants using 
Fourier’s equation was always done in 
the temperature region where the lin-
ear temperature dependence exists. The 
whole measurement was taken under 
air. The highest error appeared in met-
als, especially in aluminum, which was 
expected, because the temperature dif-
ferences were less than 1 °C. An error 
can quickly appear if samples used are 
too short. Also, the value of added heat 
into the sample is also of importance. 

Results and discussion

The complexity of the measurement 
will appear when exothermal material is 
examined. The starting (working) tem-
perature must be determined in a way, 
that the whole exothermal reaction is 
measured and calculated according to 
both equations. The results for magne-
sium, calculated with Equations 2 and 
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3, are presented in Table 1. It is seen 
that a small variation appears between 
the Fourier and Beck-Araji method. 
The meausered thermal conductivities 
are done without any calibration. The 
calculated values were than used for 
calibration.

After calibration, a diagram for thermal 
conductivity for magnesium was made. 
A good compromise was made with the 
calculation of average values of ther-
mal conductivity for both methods. 

It is seen from Figure 4 that both meth-
ods are comparable in the temperature 
range from 100 °C to 400 °C. The dif-
ference between both methods under 
100 °C and over 400 °C appears be-
cause a temperature difference formed 
between the starting temperatures. The 
temperature difference did not appear 
because of a non equilibrium state, but 
because the temperature homogene-
ity was not reached. One of the ways 
how to eliminate the starting tempera-
ture difference without building a new 

Table 1. Thermal conductivities for magnesium

Temperature, 
T/°C

k/(W m–1 K–1)
Fourier

k/(W m–1 K–1)
Beck-Araji

k/(W m–1 K–1)
Average value

k/(W m–1 K–1)
Literature[7] Error, E/%

94 137.359 137.359 137.359 154.34 11

140.18 137.552 137.079 137.315 153.24 10.3

234.58 135.084 135.435 135.259 150.98 10.4

284.16 133.630 134.122 133.876 149.78 10.6

299.38 132.906 133.028 132.967 149.41 11

Figure 3. Thermal conductivity of mag-
nesium calculated according to FOURIER[1] 
and BECK, AL-ARAJI[2]

Figure 4. Thermal conductivity of insula-
tion material
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furnace is to make the samples smaller. 
With that solution the temperature ho-
mogeneity is easier to achieve. From 
Figure 4 it is seen that errors appear at 
higher temperatures, but nonetheless a 
clear tendency for both calculations is 
visible. Also noticeable in Figure 4 is 
the temperature drop at about 400 °C. 
This happens due to the internal heat 
source that arises as a result of the exo-
thermal reaction occurring inside the 
sample itself.

With differential thermal analysis 
(DTA) the characteristic temperatures 
were obtained for the exothermal reac-
tion. With that information, the starting 
temperature for measuring the thermal 
conductivity constant was determined. 
Differential thermal analysis was made 
on a DTA 701 Bähr device. The maxi-
mum temperature of heating was 1500 
°C. The heating and cooling rate was 
10 K/min under air. Alumina was used 
as a reference. From Figure 5a it is vis-
ible that between the temperature re-
gion between 313 °C and 439 °C the 
main exothermal peak appears. This is 
interesting for determination of ther-
mal conductivity using both methods 
to see, if a comparison of both methods 
can be made. The starting temperature 
for the thermal conductivity measure-
ment must always be chosen in such a 
way, that the reaction will appear in the 
steady state measurement first.

The correspondent thermal conduc-
tivity diagram is presented in Figure 
5b. It is seen that the determination of 
thermal conductivity according to both 
methods in the area of the exothermal 
reactions are similar, but not quite the 
same. Both methods showed a decrease 
in thermal conductivity when the exo-
thermal reaction appeared, which indi-
cates there was an internal heat source 
in the sample.    

Figure 5. DTA heating curve (a) and ther-
mal conductivity curve (b) for insulation 
material
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Conclusion

The basic idea of our work was to com-
pare two different methods in a way 
that fewer samples are needed. In our 
calculations the Fourier and Beck, Al-
Araji equations were used. The results 
showed that the combination of both 
methods can be used in the temperature 
range where no intense reactions are 
present. In the intense reaction range 
both methods showed similar tendency 
to lower constants. The equation ac-
cording to Beck and Al-Araji has been 
shown as a good method for fast de-
termination and estimation of thermal 
conductivity even for the intense re-
action area. The best results were ob-
tained under steady state conditions.   
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