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A Homemade 2-Dimensional Thermal Conduction Apparatus Designed as a 
Student Project 

 
 
Abstract: 
 
It can be fairly expensive to equip a heat transfer lab with commercially available devices.  It is 
always nice to be able to make a device that provides an effective lab experience for the students.  
It is an extra bonus if the device can be designed as a student project, giving the students 
working on the device both a real design experience and a better understanding of the principles 
involved with the device and the associated lab exercise.  
 
One example of such a device is a 2-dimensional heat conduction device which was designed 
and built as a student senior design project by mechanical engineering technology students at 
Penn State Erie, The Behrend College.  The device described in this paper allows the students to 
determine the thermal conductivity of several different materials, and to graphically see the 
effect of contact resistance in the heat conduction path.  The students use the conductivity 
information to try to determine what material the test samples are made of. 
 
This paper describes the design of the device and the basic theory including a description of how 
it applies to this particular device.  Finally, typical data and results are shown. 
 
Introduction: 
 
One-dimensional heat conduction is a very fundamental principle that students in an introductory 
heat transfer course must understand.  The basic theory can be taught in a lecture, but a 
laboratory exercise that demonstrates the principle can gtgcvn{"gpjcpeg"vjg"uvwfgpvuÓ"
understanding.  Several companies offer conduction test devices to use for this purpose, but they 
can be fairly expensive.  At Penn State Behrend the thermal sciences lab has three work stations, 
so it is ideal to have three separate devices for testing.  This can push the overall cost of the 

equipment to prohibitive levels.  A decision was made to have a 
Mechanical Engineering Technology student design and build a 
conduction test device as a senior design project. 
 
Figure 1 shows the basic design of the device.  It consists of a heater 
section, test section, and cooling block.  The details of this design will be 
discussed later in this paper.  Heat is conducted through the device from 
top to bottom.  The section between the top (T1) and bottom (T4) 
thermocouples is insulated, so the conduction is primarily one-
dimensional.  There are convection losses above the insulation, but that is 
accounted for in the calculations.  A small amount of heat is lost through 
convection from the insulated section.  The losses are small enough to 

minimize the error, and the final results for thermal conductivity fall within approximately 5% of 
published values.  The theory and sample calculations are discussed later in this paper. 
 
 

Figure 1 
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Another important feature of the design can also be seen in Figure 4.  Notice that there is a small 
shoulder on the bottom of the heater section and a small counterbore on the top of the specimen.  
This is done to assure alignment of the parts.  The shoulder and counterbore are sized so that 
there is always a small gap around the outer ring causing the interface to be in the large center 
area.  Interestingly, one of the test specimens was machined wrong, allowing the interface to be 

around the smaller outer area.  This 
resulted in a very large temperature drop 
across the interface which was easily 
detectable on the data collection screen 
(described below).  Although this was 
completely unexpected it did provide a 
wonderful teaching moment.  A similar 
thing is done at the interface between the 
specimen and the cooling block at the 
bottom.   
 
Ordinary foam pipe insulation is used to 
insulate the heater section and the 
specimen from the top plate to the 
bottom plate.  This is done to minimize 

the heat lost to convection throughout that section.  While this is not perfect, it does provide 
enough insulation to yield very reasonable conductivity values for the test materials.  An 
estimate of the heat lost in this section can easily be made when using the aluminum test 
specimen.  That will be shown later in this paper. 
 
Test Set-up and Procedure: 
 

Figure 5 shows the test set-up.  The test 
devise is shown on the left.  Note the 
cooling water connections at the bottom.  A 
rheostat is used to vary the input power, 
which is measured with the wattmeter 
shown in the foreground.  A USB based data 
acquisition unit accepts the thermocouple 
information which is sent to a computer. 
 
The wattmeter is not used to determine the 
actual amount of heat that flows through the 
device.  It is used primarily during the 
warm-up of the device to monitor the power 
to the heater and to help avoid overpowering 
the heater during that stage.  The wattmeter 
information can also be used to estimate the 
heat lost from the device above the insulated 
section. 

 
Figure 4 
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Running the actual test is quite simple.  A test specimen is installed in the device.  The 
thermocouples, heater, water lines, insulation and instrumentation are installed.  The rheostat is 
adjusted to provide 30-35 watts to the device, and the temperature at the upper most 
thermocouple is monitored.  When the temperature reaches approximately 70o C, the current is 
reduced to 20 watts.  The temperature then starts to drop, eventually reaching a steady state.  
This warm-up procedure greatly reduces the time it takes to reach a steady state at an input of 20 
watts.  When steady state is reached the temperatures at the four thermocouples are recorded. 
 
Data is collected and plotted using a LabView virtual instrument (VI).  Figure 6 shows a screen 
view for a typical test.  Notice that it is quite apparent when the power is turned down.  For 
certain materials with low conductivity values the curve continues to rise past the 70o C mark.  
This indicates that the steady state temperature for an input of 20 watts has not yet been reached.  
It is recommended that lower power levels be used for those types of materials to avoid 
excessive temperatures.  A steady state temperature in the 100o C range was reached using 304 
stainless steel for the test specimen.  This can be dangerous to the students and should be 
avoided.  The test plot shown below is not quite at steady state yet, but was truncated to show 
representative curves. 
 

 

Figure 6 

 
The temperatures shown at the top center of the screen are the temperatures at the four 
thermocouples.  These values can be read directly from the screen or the data can be sent to a 
file, with the last four recorded values used for the calculations. 
 
It is the nature of heat transfer tests that they can take fairly long times to reach steady state.  For 
example, the test shown above was stopped at about 18 minutes, but it would have probably 
taken 20-25 minutes to actually reach steady state.  A nice by-product of having these curves 
shown continuously on the screen is that it helps to maipvckp"vjg"uvwfgpvuÓ"kpvgtguv"kp"vjg"vguv0""
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Various teaching points can be made while they are watching the screen.  For example, why are 
the curves non-linear?  What is the significance of the distance between the top two curves 
compared to the difference between the bottom two curves?  Why does the bottom temperature 
rise even though the water temperature remains constant at the bottom?   
 
During a recent round of testing all of the students were asked these and other questions as the 
parts were warming up.  This forces the students to think about the concepts involved instead of 
just sitting and waiting.  Some of the responses were quite revealing in terms of their 
understanding of the material.  For example, in the above test the temperature at the lowest 
thermocouple reads 41.7o C, but the cooling water temperature is below 20o C.  No one 
recognized that a lot of that temperature difference could be attributed to the interface resistance 
between the test specimen and the cooling block, providing an excellent opportunity to discuss 
the effects of contact resistance.  The same group of students was asked why the difference 
between the top two temperatures was different that the difference between the bottom two 
temperatures.  Amazingly, a large number of students thought it was caused by different amounts 
of heat being transferred through the top and bottom parts rather than being caused by different 
material properties.  This is a good example of how simple lab exercises can go beyond just the 
encuuke"ÐeqqmdqqmÑ"ncdu"vjcv"yg"ctg"cnn"hcoknkct"ykvj0 
 
Typical Results: 
 
Figure 7 shows a tabulation of typical results for the various test specimens.  The calculated 
values for thermal conductivity come from the test data.  Typical k values are found in a variety 
of handbooks.  Notice that there is fairly good agreement between the values.  Most of them are 
within 5% or less.  The only exception is bronze, which is within 5.5%.  The calculations used to 
determine these values will be shown later in this paper. 
 

 

Figure 7 

 
Figure 8 shows a typical plot of the temperature profile along the device between the top and 
bottom thermocouple.  The sections between T1 & T2 and T3 & T4 are assumed to be linear.  
(This is not exactly true because of small losses in these areas, but is a good enough 
approximation for this test).  Using this assumption, the temperatures at the top and bottom of the 
interface can be estimated by extrapolating the curves to the interface.  The resulting plot gives 
the students a very graphic representation of the interface resistance.  Various greases or 
interface pads could be used to demonstrate if the temperature drop across the interface is 
reduced, providing more good teaching opportunities. 
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Figure 9 gives the results of these three calculations for the aluminum test specimen and the 
above data. 
 

Heat transfer through the heater section 12.34 Watts 

Conductivity of the test specimen 185.6 W/m-0C 

Temperature at the upper interface surface 57.8 0C   

Temperature at the lower interface surface 45.3 0C 

Figure 9 

 
Notice that only 12.34 watts is actually flowing through the device.  The total input was 20 watts, 
so 7.66 watts is being lost, mainly in the area above the insulation.  It is interesting to see if the 
students understand this. 
 
At this point the temperature profile can be plotted (similar to figure 8).  It might also be 
interesting to determine what the thermal interface resistance is for this case.  Using equation 3: 
 

Thermal interface resistance = 1.013 W/0C 
 
This would be the end of the calculations for most of the specimens, however, since this sample 
is made of the same material as the heater section it is possible to extend these calculations to 
enhance the learning experience.  The thermal conductivities should be the same for each part, 
but there is a calculated difference (180 vs. 185.6).  If the conductivity of the test specimen were 
the same as the heater section, the heat flow through the test specimen would be 12.0 watts, not 
12.34 watts.  This is a 4.2% difference, giving some indication of how much heat is being lost 
from the insulated portion of the device. 
 
Summary: 
 
The device described in this paper provides a fertile test platform for demonstrations of heat 
conduction.  At the most basic level, students are able to see how thermal conductivity values for 
unknown materials might be determined.  While the test is running there are many teaching 
opportunities to discuss such issues as transient heat transfer such as why it is not critical to have 
the sections before the first thermocouple and after the last thermocouple insulated, and thermal 
interface resistance.  The ongoing temperature plots on the computer screen tend to hold the 
uvwfgpvuÓ"kpvgtguv"dgvvgt"vjcp"lwuv"ycvejkpi"pwodgtu"qp"c"ogvgt0""Looking at the relationships 
between the temperature plots on the screen can lead to discussions of how changing various 
parameters such as materials, heat input, pressure on the interface or cooling water temperature 
would change the relationships.  This can get students to think about the principles involved 
rather than just record and analyze data. 
 
This device was designed and built by one Mechanical Engineering Technology student during 
one semester as a senior project.  There are many well recognized benefits for a student 
participating in this type of project.  First, the project exposes the student to the difficulties 
involved in defining real world problems and in meeting important deadlines.  At Penn State 
Behrend, the capstone experience requires the student to formally define the scope and 
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limitations of the project and to provide a Gnatt chart showing the project schedule. Students 
must work diligently throughout the semester to meet important milestones along the way.  This 
particular project involved the engineering and design work necessary to produce a fully working 
test device.  The student was able to put his design and sketching skills to great use by providing 
several alternative designs for consideration.  Figure 4 shows only the one that was ultimately 
selected.  The student involved in this project was a non-traditional student and had not taken 
heat transfer for several semesters.  This project provided him an opportunity not only to brush 
up on some heat transfer concepts that he was rusty on, but, according to him, actually taught 
him several concepts he was not familiar with.  At the end of the project he was required to make 
an oral presentation to several faculty members and other students.  This requirement is intended 
to provide an opportunity to develop oral presentation skills.  Overall, this student said that he 
was very pleased with this experience, and that he learned a lot.   

 
Three copies of the device were produced for a total cost of under $1000.  For more information 
on the design contact the author by e-mail at rce2@psu.edu.   
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