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Abstract. In order to identify the operating parameters of experimental device for measuring thermal 

conductivity of metals, the numerical modelling approach has been applied. The numerical modelling 

is performed by implementing the finite element method for transient heat flow and employing the 

Python programming language. The test specimens for measuring thermal conductivity of metals were 

cylindrical in shape. The heat transfer of interest considers the conduction through test specimen and 

thermal insulation, and the convection to surrounding air and cooling water. Radiative heat transfer 

was neglected due to the specific design of experimental device and the temperature levels achieved 

between the forehead of test specimen and cooling water. Number of numerical simulations have been 

performed in order to analyse the effect of two different metals (steel and copper) on thermal 

conductivity values. Furthermore, the analysis included the power of heat source (warm forehead) and 

the intensity of heat transfer from the specimen cold forehead (heat sink). The presented numerical 

analysis produced valuable data that will play important role in defining the final concept and design 

of the experimental device for measuring thermal conductivity of metals. 
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1. Introduction 

As a part of laboratory educational activities, devoted to implementation of practical sciences, 

the experimental device for measuring thermal conductivity of metals will be constructed. 

Other authors have also researched and constructed similar devices for measuring thermal 

conductivity of different materials [1], ceramic coatings [2], insulating materials [3], etc. 

Although such apparatus could be easily purchased, the “in-house” designed and constructed 

experimental device will give students better insights on theories and practices applied during 

the development and especially during the utilisation of experimental device. Numbers of 

specific requirements have been defined in order to optimise design and to construct the 

device to be as simple as possible. These are out of the scope of this paper. However, in this 

paper attention is given on the performance of experimental device in measuring thermal 

conductivity of metals. In order to identify the operating parameters of experimental device 

the numerical modelling approach has been applied. This has included the implementation of 

a finite element method for transient heat flow [4], and the development of “in-house” 

numerical code employing the Python programming language [5]. The generated numerical 

results on thermal conductivity of steel and copper are presented, as well as the influence of 

operating parameters on the numerical results. Finally, the analyses have indicated the time 

duration of numerical experiment for attaining the satisfactorily precision of the results. The 



overall duration time of measurement of thermal conductivity is very important as the time for 

the experiment will be limited. 

2. Physical Model 

The experimental device for measuring thermal conductivity of metals was designed as 

cylindrical chamber having 50 mm thick layer of thermal insulation, shielded by 1 mm thick 

SAE 304 stainless steel (Figure 1). As thermal insulation a calcium silicate ( = 0,07 W/(mK) 

@ 200°C) was selected. The test specimens for measuring thermal conductivity of metals 

were cylindrical in shape, 50 mm in diameter and 100 mm in length. 

       

Figure 1  Experimental device for measuring thermal conductivity of metals – design 

As a heat source, an electric resistance heater was located at the warm forehead of the test 

specimen. The heater was assumed as cylindrical in shape, with uniform heat distribution. The 

power of heater could be regulated from 0 to 100 W. A cooling chamber was attached at the 

cold forehead (heat sink). The cooling chamber was made of aluminium, and it was designed 

as a heat exchanger with fins to increase the heat exchange between the cooling water and the 

specimen cold forehead (Figure 1). In order to maintain the controllable circulation of water, 

the system was equipped with the circulation pump with the variable flow. The circulating 

water was in the direct contact with the specimen forehead. So as to avoid the conductive heat 

transfer, the gap of 1 mm was constructed between the fins of the cooling chamber and the 

cold forehead. 

 

Figure 2  Experimental device for measuring thermal conductivity of metals – concept 



The temperature difference between two foreheads (t1-t2) will be measured at the distance l, 

which is nearly the length of the test specimen (Figure 2). Since the test specimen is 

surrounded by the thick layer of thermal insulation, the heat generated by electric resistance 

heater (Egen) will mainly flow along the specimen length. Some of the heat will be lost, for 

heating the thermal insulation and due to the heat flow though the thermal insulation. Since 

the heat will be continuously removed from the cold forehead (Qwater), after some time the 

heat transfer will reach nearly steady-state. At that point, when the temperature difference (t1-

t2) remains nearly constant, the value of thermal conductivity (kmetal) could be finally 

quantified. Radiative heat transfer was neglected due to the specific design of experimental 

device, and the temperature levels achieved between the cold forehead of specimen and the 

cooling water. 

3. Numerical Model 

Numerical model was developed based on the geometry of the physical model. The numerical 

grid was defined within the 2D area of numerical analysis, which was represented by one half 

of the longitudinal section (Figure 3), having dimensions 160×75 mm. The numerical grid 

was uniform, comprised of 16×12 cells, each cell 10 mm in length and 6,25 mm in height. 

The additional analysis, as it will be later presented, have included the sensitivity of numerical 

results on grid density. In that case the numerical grid was comprised of 32×24 cells, where 

cells had dimension of 5×3,125 mm. 

   

Figure 3  Numerical geometry; Numerical grid and nods - illustration 

Although the numerical grid was two-dimensional, the calculation of heat flows has included 

the cross section area of the physical model along the symmetry axis. The heat transfer 

considered the conduction through the test specimen and the thermal insulation. The 

following conduction coefficients were used: 

- electric heater (k_g = 100 W/mK) 

- metal specimen (steel k_ms = 52 W/mK, copper k_mc = 394 W/mK) 

- thermal insulation (k_i = 0,07 W/mK) 

The above vales were considered as constants. This assumption could be considered as the 

simplification of numerical model, which to some extent affects the numerical results. 

However, due to the specific purpose of this numerical model, the inaccuracies of results are 

considered insignificant. The boundary conditions have included the convection heat flow 

between the thermal insulation wall and the surrounding air, where coefficient h_ai = 6 

W/m2K was used (see Figure 3). The convection heat flow between the cold forehead and 

cooling water was dependent on the value of coefficient h_wm, which was varied from 2000 

to 10000 W/m2K. 



Heat balance for each numerical cell (i, j) was based on the conductive (qk) and convective 

heat transfer (qh) from/to adjacent numerical cell and the internally generated heat (qheater) 

(Figure 4). The heat flow perpendicular to the symmetry line was assumed zero. 

The equation for Fourier’s law of two-dimensional heat conduction with heat generation 

could be written as [4]: 
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where k is the thermal conductivity of the material, 
𝜕𝑇

𝜕𝑥
 is the temperature gradient, �̇�𝑔𝑒𝑛 is the 

rate of heat generation, ρ is the density of the material, c is the specific heat capacity of the 

material, while 
𝜕𝑇

𝜕𝑡
 is the rate of change of the temperature. 

The general relation for Newton’s law of heat convection could be written as [4]: 

Q̇
conv

=hAs(Ts-T∞) (2) 

where h is the convection heat transfer coefficient, As is the heat transfer surface area, Ts is 

the temperature of the surface, while T is the temperature of the fluid sufficiently far from 

the surface. 

 

Figure 4  Numerical cell – heat balance 

The governing equations have included the heat balance (Eq. 3, 4 and 5) of each cell where 

the sum of conductive and convective heat transfer, together with the internally generated 

heat, give the rate of total energy change. The calculations were time dependent, where each 

iteration have considered the calculations of physical values at the specific time step. 
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Due to the convergence issues, each time step was selected as 1/1000 seconds, while the 

duration of simulation was limited to 1800 seconds (30 minutes). The duration of 30 minutes 

was set as the acceptable duration time of real laboratory exercise. The results generated after 

30 minutes of numerical simulation were compared with the standard values of thermal 

conductivity. The sensitivity of calculated thermal conductivity and temperature difference of 

specimen foreheads was additionally analysed as a function of the electric heater power 

(varied from 20 to 100 W) and the convection heat transfer coefficient (varied from 2000 to 

10000 W/m2K). 



4. Experimental results 

The numerical simulations have been undertaken in order to evaluate the validity of 

experimental device for measuring thermal conductivity od metals. The resulting values of 

thermal conductivity for steel and copper were compared with the standard values for the 

specific temperature range. As it was already mentioned, the maximum time of numerical 

simulations was limited to 1800 s. The example of program-generated graphs, in case of 

numerical simulation for steel specimen, when power of electric heater was 100 W and the 

value of convection heat flow coefficient at 2000 W/m2K, are presented in Figure 5. The first 

graph shows the values of numerically calculated thermal conductivity of steel as a function 

of time, which slowly converges to its standard value of 52 W/mK. Second and fourth graphs 

show the increase in temperature difference of warm and cold foreheads during the time of 

numerical experiment. In this case, the temperature difference reaches some 91,91°C, while 

warm and cold foreheads had temperatures of 135,11°C and 43,20°C respectively. As it could 

be seen from the graphs, at 1800 s the rate of change of temperature curves is reduced, almost 

reaching steady-state values. Finally, the third graph shows the heat flows, where initially the 

heat generated by the electric heater was used for warming up the steel specimen and 

surrounding thermal insulation. At the end of the experiment, at 1800 s, the steel specimen 

heat input reached some 97,32 W, while the heat output some 91,04 W. The results suggest 

the existence of heat losses to surrounding air, which finally have as a result a little higher 

value of calculated thermal conductivity if compared with the standard value. 
 

.    

…  

Figure 5  The example of program generated graphs – thermal conductivity, temperature and heat flow as time 

dependent values 

As the numerical analysis have included the calculation of thermal conductivity of two 

different materials (steel and copper), different power of electric heater (from 20 to 100 W), 

and the variation of convection heat transfer coefficient (from 2000 to 10000 W/m2K), it was 

convenient to show results as surface plots. The representation of results has been performed 

using the Design-Expert software [6]. 



The deviation of calculated thermal conductivity as a function of the electric heater power and 

the convection heat transfer coefficient is shown in Figure 6. The left graph corresponds to 

steel specimen, while the right graph to copper specimen. It could be seen that the deviation 

of thermal conductivity for steel has varied from 2,2 to 3,4 W/mK as convection heat transfer 

coefficient has been reduced from 10000 to 2000 W/m2K respectively. This suggests that 

higher values of convection heat transfer have as a result more accurate value of calculated 

thermal conductivity. 

In the real case, the experimental device for measuring thermal conductivity of metals should 

have a possibility of regulating the volume flow of cooling water in order to attain the value 

of convection heat transfer coefficient of 10000 W/m2K or higher. The influence of the power 

of electric heater on the deviation of thermal conductivity showed to be almost insignificant. 

In case of copper specimen (Figure 6, right graph), the deviation of thermal conductivity has 

varied from 2,7 to 6 W/mK as convection heat transfer coefficient has been reduced from 

10000 to 2000 W/m2K respectively. Again, the power of electric heater showed to be of low 

significance on the deviation of thermal conductivity. 
 

              

Figure 6  Deviation of calculated thermal conductivity (in W/mK) as a function of heater power and convection 

heat transfer coefficient (steel vs copper) 

              

Figure 7  Deviation of calculated thermal conductivity (in %) as a function of heater power and convection heat 

transfer coefficient (steel vs copper) 

As thermal conductivity of steel (52 W/mK) and copper (394 W/mK) differ significantly, the 

analysis has also included relative values, showing the deviation in percentages. In this case, 

as shown in Figure 7, the deviation of thermal conductivity for steel specimen has varied from 

4,25 to 6,8%, while for copper specimen from 0,67 to 1,52%. This suggests that materials 
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with higher values of thermal conductivity (heat conductors) are less sensitive on the intensity 

of heat removal from the cold forehead. 

Although showed to be insignificant when analysing the values of deviation of thermal 

conductivity, the power of electric heater has had effect on the temperature difference 

between two foreheads of the specimen, as shown in Figure 8. In case of steel specimen (left 

graph), the temperature difference has varied from 19 to 95°C as power of electric heater has 

been increased from 20 to 100 W respectively. The coefficient of convection heat transfer had 

no effect on the temperature difference, for both, steel and copper specimens. In case of 

copper specimen (right graph), the temperature difference has varied from 2,5 to 12,8°C as 

power of electric heater has been increased from 20 to 100 W respectively. 

 

              

Figure 8  Temperature difference of specimen foreheads as a function of heater power and convection heat 

transfer coefficient (steel vs copper) 

These observations suggest that in case of materials with higher values of thermal 

conductivity, the electric heater should have higher power as this will generate higher 

temperature difference between the specimen foreheads. This is especially important for real 

model as the temperature difference will be measured with temperature probes. Due to the 

precision of temperature probes, higher temperature difference between the specimen 

foreheads will be less sensitive to probes accuracy. 

5. Conclusions 

The presented numerical analysis showed to be very useful tool in analysing the performance 

of experimental device for measuring thermal conductivity of metals. The analysis has 

identified the most important operating parameters and their values, and has produced other 

valuable data that will play important role in defining the final concept of the experimental 

device. The accuracy of the presented numerical values has been already examined by 

redefining the density of existing numerical grid (192 cells), where number of numerical cells 

has been increased two times in both directions (x, r), having in total 768 cells. The time step 

has remained the same as before, 1/1000 seconds. 

As it could be seen from Figures 9 and 10, in case of steel and cooper, the values of calculated 

heat conductivity have slightly improved by refining the numerical grid. The heat 

conductivity of steel has improved from 55,41 to 55,14 W/mK, becoming slightly closer to 

the targeted value of 52 W/mK. The same applies to copper, where calculated value of heat 

conductivity has improved from 400,39 to 399,45 W/mK, being also slightly nearer to the 

targeted value of 394 W/mK. Further analysis has included the variation of grid density and 

the time step of numerical simulations. This has also proved to be of insignificant effect on 

the values of numerical results. 
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Figure 9  Calculated value of heat conductivity for steel (192 cells vs 768 cells) 

…  

Figure 10  Calculated value of heat conductivity for copper (192 cells vs 768 cells) 

Finally, the future work will include the construction of the experimental device for 

measuring thermal conductivity of metals. Once constructed the device will be experimented 

and analysed, where collected data will be used for validation and further development of 

numerical tool presented in this paper. 

REFERENCES 

[1] Whaley, Aaron Christopher, "Experimental Measurement of Thermal Conductivity of an 

Unknown Material", Master's Thesis, University of Tennessee, 2008. 

https://trace.tennessee.edu/utk_gradthes/434 

[2] Slifka A. J., Thermal-Conductivity Apparatus for Steady-State, Comparative Measurement of 

Ceramic Coatings, Journal of Research of the National Institute of Standards and Technology, 

Volume 105, Number 4, July–August 2000, p. 591-605 

https://nvlpubs.nist.gov/nistpubs/jres/105/4/j54sli.pdf 

[3] Boulaoued I., Amara I., and Mhimid A., Experimental Determination of Thermal Conductivity 

and Diffusivity of New Building Insulating Materials, International Journal of Heat and 

Technology, Vol. 34, No. 2, June 2016, pp. 325-331 

[4] Yunus A. Cengel and Afshin J. Ghajar, Heat and Mass Transfer: Fundamentals and Applications, 

Fifth Edition in SI Units, McGraw-Hill Education, New York, 2015 

[5] Python Software Foundation, https://www.python.org/ 

[6] Stat Ease, Inc.: DESIGN – EXPERT version 11.0.3.0; 2021 East Hennepin Ave., Suite 480 

Minneapolis. MN 55413 


