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Abstract: 

Most engineering students only have a basic understanding of thermal properties, such as 

insulators having low thermal conductivity, but never look any further into them. This lack of 

understanding results in them not knowing how to measure these properties, or what they 

physically represent. Knowing what data one will need to calculate thermal conductivity, and how 

this data is analyzed can greatly improve one’s understanding of thermal conductivity, thermal 

systems, and data analysis. The analysis that will be discussed in this paper is straightforward and 

could be used to set up experiments for students or engineers in industry. The experimental setup 

to gather data includes a cold and hot end made from a bar of aluminum 6061 T6, thermocouples 

placed throughout the cold and hot ends, a sample placed between both bars, and Polyether Ether 

Ketone (PEEK) insulating the entire setup. The only data that will need to be gathered for this 

analysis are temperature throughout the cold and hot sides, the spacing of the thermocouples, the 

sample’s thickness, and the sample’s cross-sectional area. This data allows one to find the 

temperature distribution and heat flux through the cold and hot ends, which allows one to calculate 

the thermal resistance and out-of-plane thermal conductivity of the sample.  
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Introduction: 

When dealing with thermal systems, there are many thermal properties one must understand well 

and have accurate data of. The thermal conductivity of a material is one of the most important and 

sought-after thermal properties in engineering because of how it affects cooling heat-sensitive 

components [1]. Electronics are one example where research is done on thermal conductivity, 

because of trying to cool heat-sensitive components [2], [3]. Because of this, there are many 

methods to measure thermal conductivity, such as the laser flash, or guarded bar method [4], [5]. 

For the analysis below, the only data needed are various temperatures throughout the cold and hot 

ends of the experiment, the spacing of thermal couples, the sample thickness, and the sample cross-
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sectional area. The steady-state temperatures will be used for this analysis. To achieve this the 

thermocouple data is plotted against time and only stopped after temperatures stay consistent for 

a significant amount of time. With these temperatures, linear regression will be used to find the 

temperature distribution across the cold and hot ends. The heat flux through the bars, the sample’s 

thermal resistance, and the sample’s thermal conductivity will be calculated using the temperature 

distribution. By going through this full analysis, one will greatly improve their understanding of 

thermal systems, and analyzing data.  

Data Analysis Process: 

Throughout this analysis, a setup like the one shown in Figure 1 will be referenced. This setup has 

a cold and hot side, with a sample placed in between, allowing heat transfer to occur. For this setup 

to match the model that is being used to analyze the data, there will need to be insulation to prevent 

significant convective heat transfer, making the linear model invalid. 

 

Figure 1. Simplified example of the experimental setup used to gather necessary data for 

analysis. All temperatures are gathered with thermocouples and plotted over time. 

To see why a linear equation can be used, the heat equation shown in Equation 1 will need to be 

analyzed. 

k∇2𝑇 + 𝑞̇ =  𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
 

(1) 

First, it is assumed the setup has reached a steady state, which leads to the right-hand side being 

set to zero (Assumption 1). The heat input is also constant, meaning there is no heat generation 

(Assumption 2). This means the heat generation term can be set to zero. The temperature is also 

assumed to change only in the y-direction (Assumption 3). This is because the x-direction and z-

direction are heavily insulated, preventing large changes in temperature in those directions. This 

will lead to Equation 2, which when solved will lead to Equation 3. Equation 3 shows that 

temperature is a linear function, allowing us to assume temperature varies linearly.  

 

𝑑2𝑇

𝑑𝑦2
= 0 

 

(2) 
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𝑇(𝑦) = 𝐶1𝑦 + 𝐶2 

 

(3) 

If all assumptions are valid for the setup, then start by plotting temperature throughout the 

aluminum bars against time. Figure 2 shows such a plot, with three temperatures being taken for 

both the cold and hot sides. Initially, the temperatures rapidly change with time, and eventually, 

level out. Once the temperatures remain the same out for a significant amount of time, it can be 

assumed that the setup has reached a steady state. There are multiple ways one could then get the 

steady-state temperatures, such as selecting six temperatures within the steady-state period or 

averaging the temperatures for each thermal couple within the steady-state period. Whichever 

method is chosen, only temperatures during the steady state period should be considered.  

 

Figure 2. Temperature history through cold and hot sides of thermal resistance tester during 

representative testing. Only temperatures within the steady state area should be considered for 

analysis. 

The temperature distribution throughout the aluminum bars can be found using linear regression 

using the steady-state temperatures. The temperature profiles across the cold and hot sides will 

then be plotted in the form 𝑇(𝑦) = 𝑚𝑦 + 𝑏 where 𝑦 is the distance from the cold plate. The surface 

temperature of the sample on the cold and hot sides can then be interpolated by using the equations 

for the temperature profiles. With the two surface temperatures, a linear temperature profile across 

the sample can be obtained. Figure 3 shows the temperature distribution throughout the aluminum 

bars and the sample.  
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Figure 3. Steady-state temperatures and temperature distribution through cold and hot sides of 

thermal resistance tester during a representative test. 

With the temperature distribution and well-known materials for the cold and hot sides, it is possible 

to calculate the heat flux through the aluminum bars. Fourier’s law of heat conduction can be seen 

below in Equation 4. By using the temperature distribution of the cold and hot ends, as well as 

their thermal conductivity, the heat flux through both ends can be calculated.  

𝑞" =  −𝑘
𝑑𝑇

𝑑𝑦
 

 

(4) 

The heat flux through the cold and hot sides should be the same, but since there will be some losses 

in the system, they may be off by a small amount. The heat flux through the sample can then be 

found by averaging the cold and hot side heat flux. With the heat flux through the sample, both the 

thermal resistance and out-of-plane thermal conductivity can be calculated. The thermal resistance 

can be found by the change in temperature through the sample divided by the heat flux through 

the sample. The out-of-plane thermal conductivity can be found by dividing the average heat flux 

by the temperature gradient across the sample. The temperature gradient will represent the slope 

of the line found using linear regression with the two surface temperatures. To see what these 

properties are with samples varying in thickness, the thermal resistance term will need to be 

expanded. This can be seen in Equation 5 below, where 𝑅𝑡ℎ is thermal resistance, 𝑅𝑐 is contact 

resistance, 𝑦𝑠 is the thickness of the sample, and 𝑘𝑠 is the out-of-plane thermal conductivity of the 

sample. 

𝑅𝑡ℎ = 2𝑅𝑐 +  
𝑦𝑠

𝑘𝑠
  

(5) 

With Equation 5 the thermal resistance of this system can be represented by a simple linear plot of 

thermal resistance against sample thickness. A linear trendline of the plot can be found by plotting 

the thermal resistance of multiple samples with varying thicknesses. By taking the inverse of the 
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slope of the trendline, one will calculate the effective thermal conductivity. To further improve the 

qualitative data from this plot, one can repeat the same set of samples multiple times, and using 

the mean and standard deviation, add error bars to the plot as shown in Figure 4. 

 

Figure 4. Plot of multiple thermal resistance tests with error bars. The inverse of the trendline 

slope is equal to the out-of-plane thermal conductivity. 

In Figure 4 the results of two thermal properties from the experimental data, and any major 

problems with their data, can be seen. The error bars will help show how repeatable the test is, if 

certain samples are more inconsistent than others, and how off the experimental trendline could be 

from the actual trendline. If it is noticed that samples above a certain thickness had a large increase 

in error compared to the thinner samples, this would be a great indication that the setup has some 

issues with larger samples. 

 

Results: 

To see the results, experimental data will be compared to the results from analytical and simulation 

data. For the experiment, a 20W heat load with a grade 2 titanium sample was chosen. The data 

collected can be seen in Table 1 below. 
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Table 1. Comparison of temperature at thermocouple locations. 

Table 1 shows the large difference between the experimental, analytical, and simulation data. With 

the analytical and simulation data, it was assumed that the bottom of the cold end bar was reaching 

the temperature of the cold plate. However, the experimental data shows this is not true. This means 

there must be significant contact resistance between these two. If the boundary condition is closer 

to what the experimental data shows, the analytical data more closely resembles the experimental 

data. This can be seen in Table 2. 

 

Table 2. Comparison of temperatures at thermocouple locations with the boundary condition for 

analytical data the same as the experimental data. 

With the boundary condition changed, the two end temperatures are closer to what the 

experimental data shows, however, the temperature distribution is very different. The analytical 

data shows that the temperature should drop more rapidly through the aluminum bars. This 

inconsistency could be caused by a high resistance between the aluminum and the sample. The 

resistance between the aluminum and the cold plate might also contribute to this. By reducing 

these losses, better results could be obtained. Thermal interface materials (TIMs) would be one 

option to reduce these resistances, and there is research on making TIMs cheaper, which would 

make them a great option for student research [2]. However, to know what is exactly causing the 

data to be inconsistent, calibration and testing of the setup will have to be done. 
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