
Abstract

We present an experiment to measure thermal diffusion in cylindrical 

rods. From one measurement, using analytical solutions to simple heat flow 

equations, we can determine both the thermal conductivity and the heat 

capacity of the material to within 5% of the accepted values. A simple circuit 

controls the energy flowing into the rod via a heater and amplifies the voltages 

from up to three thermistors to measurable values. This circuit is controlled by 

one output and three inputs of a computerized data acquisition system. This 

experiment is versatile, and can be expanded in several ways, allowing 

students to customize their experience in the lab. Students can modify the lab 

though advanced electronic circuitry to enhance control of the experiment, 

through work in the machine shop to produce rods of different sizes, shapes, 

and materials, through advanced data analysis by incorporating heat losses 

and finite heater models via numerical solutions of partial differential equations, 

and through further experimentation in a vacuum.
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This experiment presents an often overlooked aspect of energy transport: 

transport via diffusion.  In this experiment we apply a point source of energy to 

a rod via a heater.  This energy then diffuses through the rod, changing the 

temperature of the rod along its length.  From this temperature difference, we 

can calculate the specific heat and the thermal conductivity of the rod.  The 

experiment is shown is Fig. 1.

The energy transport in the rod obeys the one-dimensional diffusion equation

where Θ(z,t) is the temperature change from equilibrium, κ is the thermal 

conductivity of the rod, s=cρ is the specific heat multiplied by the density, z is 

the distance from the center of the rod, and t is the time since the pulse.  The 

solution to this equation is a Gaussian:

where A is the cross-sectional area of the rod.  This temperature difference has 

a peaked shape as a function of time, as shown in Fig. 2, and can be re-written 

in terms of the peak time and temperature difference:

Using only the peak times and temperature differences, we can find agreement 

with known specific heats and thermal conductivities to within 15%.  However, 

using the experimentally determined parameters to fit the data using the 

solution to the diffusion equation shows that this method drastically 

underestimates heat losses in the system, as the actual temperature drops far 

more rapidly than the model predicts, as seen in Fig. 2.

Figure 1: The left shows a schematic of the experiment. A

resistor applies a pulse of energy which travels down the

rod. The resulting temperature change is measured by two

thermistors.

Figure 2: Temperature at two points along a 3.2 mm

diameter copper rod as a function of time at distances from

the heater of 2.5 cm (upper data) and 5.1 cm (lower data).

The model (dashed red) fits well at early times, but greatly

underestimates the heat losses for larger times. Also, the

fitting parameters required to achieve good fits for the two

thermistors are different.

Expanded Analysis

We can expand the model we use to include heat loss to the surroundings.  

Radiative and convective heat losses lead to energy changes of the form:

where a is the diameter of the rod, hc is the convective heat loss coefficient, ε

is the emissivity, σ is the Stefan-Boltzmann constant, and Ta is the air 

temperature.  This heat loss can be added to the diffusion equation:

Where w=2h/a. This yields a solution of the form:

Using this solution, you can obtain good fits to the experimental data over a 

wide range of times using known material parameters.  A typical example is 

shown in Fig. 3.  Students  find it satisfying to get such good agreement 

between theory and experiment

Figure 3:Temperature change in a 3.2 mm diameter copper

rod as a function of time at two different distances from the

heater along a copper rod, 2.5 cm (boxes) and 5.1 cm

(circles). The solid line shows the analytical solution

including radiative and convectiveheat losses. The dotted

line is the fit without consideration of the heat loss from the

sides of the rod.

Expanded Experiment

Alternatively, we can expand the experiment to account for some of the heat 

losses.  By using a U-shaped rod rather than a long straight rod, we can move 

the thermometers further from the heater.  This makes the square wave heat 

pulse look more like a delta function.  This schematic is shown in Fig. 4.  We 

can also conduct the experiment in a vacuum.  The dramatic reduction of heat 

losses in a vacuum can be see in Fig. 5.  

Using known material parameters, we can fit to the original model of diffusion 

in a rod.  Doing so, we see excellent agreement for times up to ten times 

longer than previously seen, even when we included heat losses.  This is 

shown in Fig. 6.
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Figure 4:Schematic of the expanded experiment, where we

have bent the 3.2 mm rod into a U-shape. The thermistors

are attached with thermal epoxy at 5.1 cm and 10.2 cm from

the heater. The rods terminate in thermally insulating

phenolic blocks. This apparatus is placed in a bell jar and

the jar is evacuated.

Figure 5: Data taken from the improved thermal diffusion

apparatus. Two runs are shown for each of the thermistors at

distances of 5.1 cm (the two upper curves) and 10.2 cm (the

two lower curves). The first run is at atmospheric pressure (P

= 760 Torr) and the second is in vacuum (P = 1x10-6 Torr).

The data taken in air show much faster decays back to zero.

In vacuum, the heat loss due to convection is removed, and

the data decay much slower. The steps in the later time data

are due to the digitization of the amplifier output voltage.

Figure 6: Thermal diffusion data taken with a copper rod in a

vacuum (P = 1x10-6 Torr). The data are from thermistors at

two locations, 5.1 cm and 10.2 cm. The dotted lines are

models using accepted material parameters for copper.

Although some heat loss remains, this graph shows

excellent agreement between theory and experiment.

Future Expansions

This experiment allows for several possible expansions for future enterprising

students:

• Different materials, including sapphire and semiconductors, and other 

metals

• Numerical analysis of a square-wave input pulse

• Modeling radiative heat losses in vacuum 


