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In this experiment, we have used a simple and intuitive setup to measure the latent heat of vaporiza-
tion of liquid nitrogen and the speci�c heat capacity of a material. We will learn about the thermal
properties of materials including solids, liquids and gases. Furthermore, we will be exposed to the
safe handling of cryogens that are routinely used in low temperature physics. This experiment is
inspired from previously published articles [1, 2] on the subject.
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APPROXIMATE PERFORMANCE TIME 4 hours

1 Conceptual Objectives

In this experiment, we will,

1. understand the concepts of latent heat of vaporization, internal energy, equipartition and
speci�c heat,

2. understand the transfer of heat in calorimetric experiments,

3. determine the molar gas constant,

4. learn how to get meaningful data from experimental graphs,

5. learn calculations of uncertainties from experimental data,

6. practice error propagation, and

7. verify the Dulong and Petit's Law.

2 Experimental Objectives

The experimental objectives attainable from this experiment are,

1. getting familiar with the safe use of cryogens,
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2. making of solutions to achieve low temperature,

3. setup of simple circuits for heating and measurement of current and voltage,

4. handling of metals, and

5. using Matlab as a tool for data processing.

3 Equipartition of energy

We know that molecules are always on the move as they have kinetic energy, but the question is,
how is this energy shared? James Clerk Maxwell solved this problem for a large number of molecules.
He said that energy is equally divided in all the directions a molecule is free to move. The average
energy, when the number of molecules is large, per molecule is 1

2 kBT for each independent degree of
freedom, where kB is 1:38� 10�23 J/K, is known as the Boltzmann constant and T is temperature
in degrees kelvin. Each direction in which a particle is free to move is counted as a degree of
freedom. For example if a particle can only move along the x axis, it has 1 degree of freedom.
This principle of equal sharing of energy between the degrees of freedom is called the principle of
equipartition of energy [3].

Let's model our description for nitrogen (N2) as we will be using its liquid form for our experiment.
N2 is a diatomic gas and its total kinetic energy is the sum of translational kinetic energy ET and
rotational kinetic energy ER. (We ignore the vibrational degrees of freedom as these vibrations only
occur at very high temperatures, much higher than those achievable in the present experiment.)
The total energy inside all the molecules in the system is often referred to as the internal energy.

Translational kinetic energy results in a net displacement of the center of mass in any direction as
explained by Figure 1. Mathematically,

ET =
1
2
m�2

x +
1
2
m�2
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1
2
m�2

z ; (1)
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Figure 1: The diagram is a representative sketch of a diatomic molecule, showing the three directions
in which a diatomic molecule may displace and the spirals on x axis and y axis show the two possible
directions of rotation. This accounts to a total of �ve degrees of freedom.

where m is the mass of the molecule and �x ; �y ; �z are the velocities in relevant directions. Further,
in Figure 1 there are two spirals showing the possible directions of rotation about the center of mass.

2



These are the rotational degrees of freedom and result in the rotational kinetic energy,

ER =
1
2
Ix!2

x +
1
2
Iz!2

z ; (2)

where Ix and Iz represent the moments of inertia along that axis and !x and !z are the respective
angular velocities. Counting the number of terms in both Equation 1 and Equation 2 we have a
total of �ve degrees of freedom. Now, using the equipartition theorem we may say that the internal
energy (E = ET + ER) for N molecules is,

E = N
5
2
kBT: (3)

Q 1. What is the mathematical expression of internal energy for a monatomic gas such as He?

3.1 Molar heat capacity of solids

Solids have atoms vibrating in �xed positions. At these speci�c positions they have kinetic energy
which allows them three degrees of freedom, furthermore they have potential energy in all three
directions. This means that the total internal energy for molecules in a solid is due to six degrees
of freedom. Therefore using the equipartition theorem,

Figure 2: A representative diagram depicting an atom in a solid bound to six neighbouring atoms.
The atom can vibrate in three independent directions. Furthermore, the forces between the atoms
impart some potential energy to the system. A pair of springs in each direction models the kinetic
and potential energies.

E = N3kBT: (4)

The heat capacity C signi�es that a small change in temperature �T leads to a change in total
internal energy �E,

C =
�E
�T

: (5)

Using Equation 5 we get,
C = 3NkB: (6)

As the number of molecules is given by the product of number of moles n and the number of
molecules per mole, the Avogadro number, NA,

C = 3nNAkB: (7)

The heat capacity for one mole of the solid is called the molar heat capacity CM and is given by,

CM = 3NAkB = 3R; (8)
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where R = NAkB = 8:31 J/mol K, is the molar gas constant.

It is important to note that according to Equation 8, CM is a constant, which means that the molar
heat capacity is independent of temperature and the type of solid: all solids should have the same
molar heat capacity. This is known as the Dulong{Petit law [3].

3.2 Limitations to the classical equipartition theorem

Experimentalists found that Dulong{Petit law was only obeyed for temperatures above 300 K.
However, for temperatures below 250 K a heavy dependence of heat capacity on temperature was
observed. A general sketch of this dependence is shown in Figure 3.

C

T

M

Dulong-Petit law

Einstein-Debye
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Figure 3: The experimentally observed variation of CM with temperature, showing the region where
Dulong{Petit law agrees with experimental results and also the region where the law breaks down.

The heat capacity of solids is important information as it allows us to understand the material
in a myriad of ways. Therefore an accurate depiction is necessary. Further, it was important for
physicists to explain the theory behind the observation.

At one time in history, physicists considered an atom to be indivisible. The advent of quantum
mechanics led scientists to understand that the atom is not indivisible and that the thermal energy
is divided between the ions and electrons. Thus there is a fraction of thermal energy carried by
electrons and a fraction carried by the ions. Both of these factors contribute to the speci�c heat.
The mathematical explanation of the low temperature dependence of heat capacity is called the
Einstein{Debye model. Very simply, the major share of thermal energy at high temperatures is
with the ions so there is less dependence on electrons, therefore a relatively accurate value of heat
capacity is obtained. For lower temperatures, the thermal energy is predominantly carried by the
electrons and results in departure from the Dulong{Petit law.

3.3 Latent Heat of Vaporization

The amount of energy released or absorbed by any substance during a phase transition is called
the latent heat. If we add heat continuously as in Figure 4, a change of phase from solid to liquid
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and then from liquid to vapor occurs. These changes are called phase transitions. The latent heat
absorbed during the liquid-vapor transition is called the latent heat of vaporization. This energy
overcomes the inter-molecular forces inside the liquid. Figure 4 illustrates this phenomenon, whereby
temperature remains constant as the heat is supplied at the phase transition.
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Figure 4: Phase change when heat is added at a constant rate. The temperature remains constant
during the phase transition and the heat supplied at these points is called a latent heat.

The latent heat of vaporization can be mathematically expressed as,

Lv =
�Q
m
; (9)

where �Q is the heat supplied during phase transition and m is the mass of the liquid vaporized.

In our experiment we will use electrical energy to supply energy. Current is made to ow through
a heater placed inside the liquid of interest, in our case, liquid nitrogen. The heat supplied is,
�Q = V I�t, where V is the voltage from the source, I is the current owing and �t is time interval
for which electrical heating remains on.

How do we calculate the mass of the nitrogen vaporized due to the electrical heating alone? In
fact, the mass of liquid nitrogen, gradually decreases because the room temperature provides a
su�ciently high temperature for the nitrogen to boil o�. So, one has to separate out the loss
in mass due to electrical heating from the loss in mass from ambient heating. The term m in
Equation 9 corresponds to the decrease in mass due to electrical heating only. This is done by
establishing a background rate of loss of nitrogen while electrical heating is switched o�. In this
experiment, you will be required to intelligently interpret your data and calculate m by comparing
against the background loss.

With electrical heating, the preceding equation becomes,

Lv =
V I�t
m

: (10)

4 Experimental preparation and safety measures

4.1 Using Liquid Nitrogen

Liquid nitrogen is a colorless, odorless and tasteless uid which boils at 77 K, and is formed by cooling
and increasing pressure on air which is predominantly N2. On evaporation, it generates enormous
pressure and direct contact with liquid nitrogen can cause cold burns or frost bites. Liquid nitrogen
should never be mixed with water and you must wear goggles when making solutions.
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4.2 Cooling baths

We will make few low temperature cooling baths in this experiment using di�erent solvents. In the
process of making these baths, fumes are produced. To avoid fumes entering the eyes, safety goggles
are used. These baths have low temperature and direct contact might cause injury. You must wear
the provided gloves as a safety precaution. Some cooling baths along with the temperatures
achievable are given in Table 1.

S.No Mixture Temperature C
1 Air 29
2 CaCl2.6 H2O/ice 1 : 2:5 �10
3 NaCl/ice 1 : 3 �20
4 Ethanol/N2 �40
5 Acetone/CO2 �78
6 Liquid N2 �196

Table 1: Mixtures with di�erent approximate temperatures.

Some solvents when mixed with dry ice are ammable but most of them are not. Students must
not mix any solvent without prior knowledge.

4.3 Handling of the Dewar

The container of liquid nitrogen also called a dewar, should be handled with care and covered properly
after taking out liquid nitrogen. The cylindrical tubes used to take out nitrogen are delicate and no
extra pressure should be exerted on them. The container must be re�lled when the level of LN2 is
below a certain value.

Q 2. How can the container be damaged if liquid nitrogen is not re�lled at the right time?

4.4 Using Metals

We will use lead and tin in our experiment. Lead is carcinogenic (cancer causing) and tin is toxic,
therefore it is advised that students handle this material with tongs, wear the provided gloves
and try not to make direct contact with hands. In case of contact, wash your hands properly with
water.

5 The Experiment

A resistor (e.g., a 10 watts wire wound resistor 1 or a dissembled 30 watts soldering rod) is connected
to the variac (Space Power Electronics, Karachi) through a needle-type ammeter in series as shown
in the Figure 5. The variac is an ac transformer that can provide variable voltage. The voltage is
measured by the voltmeter.      Wire wound resistor 

F Q 3. Liquid nitrogen from the cryogenic container is poured safely into the provided styrofoam
cup and the cup is placed on the weighing balance which will record the loss in the mass of liquid

1Wire wound resistors consist of a cylindrical core which is wrapped with a wire. This core is typically made up of
a ceramic material and the wire is a type of resistance wire. Wire wound resistors are a type of power resistors and
are very accurate.
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Figure 5: Set up of the Experiment.

nitrogen. This decrease in the mass of the liquid nitrogen is recorded against time and is measured
with the stop watch.

F Q 4. Why does the mass of the liquid nitrogen decrease and at what rate? Can this rate be
controlled?

F Q 5. After having the background loss for a few minutes, the switch is closed to turn on the
heater. Now the rate of mass loss will be faster and is again recorded as a function of time. The
heater is then switched o� to reestablish the background loss rate.

F Q 6. Plot the data points using Matlab. Find the overall change in mass during the process
of heating.

F Q 7. From the data, �nd the change in mass m only due to electrical heating.

F Q 8. Calculate the latent heat of vaporization of liquid nitrogen Lv .

F Q 9. What is the uncertainty in your calculated value of Lv for liquid nitrogen?

5.1 Speci�c Heat Capacity Measurement

F Q 10. Follow these steps to calculate the speci�c heat capacity of the metal (tin or lead).

1. Fill the styrofoam cup with liquid nitrogen safely and place it on the weighing balance.

2. Measure the mass of the cube of lead or tin.

3. Place the cube of lead beside the styrofoam cup on the balance.

4. Measure the background loss for a few minutes, with the cube placed on the balance.

5. Place the lead cube inside the cup for a certain duration of time and record the mass evapo-
rated.
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6. Remove the solid from the cup and measure the background loss again for a few minutes.

7. Plot the results, extrapolate and intelligently using the data, calculate the speci�c heat ca-
pacity using the relation.

F Q 11. Explain, preferably with a mathematical formula, your derivation for the speci�c heat
capacity.

F Q 12. The speci�c heat capacity is a temperature dependent quantity. Describe, at what
temperature is your calculated value good for.

F Q 13. Estimate the value of molar gas constant R.

F Q 14. Calculate uncertainties in the values of C and R.

5.2 Low Temperature Speci�c Heats

In order to verify Dulong and Petit law as well as its deviations, we have to calculate the values
of speci�c heat at di�erent temperatures and plot a graph between temperature and speci�c heat
values. Due to time constraints, we can only do this with the metal initially placed at room
temperature and maybe, for a couple of times, when the metal is placed in some cooling bath.

F Q 15. For the low temperature measurement, follow these steps.

1. Make a cooling bath and measure its temperature with the help of the provided thermocouple.

2. Measure the background loss of liquid nitrogen for a few minutes.

3. Insert the material from the cooling bath to the liquid nitrogen cup and measure the decrease
in mass with time.

4. When the sizzling sound stops, equilibrium is reached and background is reestablished.

5. From the data acquired, �nd the speci�c heat capacity for the low temperature.

6. Repeat for di�erent initial cooling baths.
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