
FYS2160, lab1: Phase transitions
(Dated: October 21, 2019)

The goals of this lab exercise are for you to 1) understand the principles of calorimetry, 2)
get training in lab-work, 3) relate measurement data to theoretical concepts, 4) acquire a deeper
understanding of the nature of phase transitions and 5) learn about important properties of water.

I. INTRODUCTION

FIG. 1: Trouton’s rule: Enthalpy of vaporization, Hv, and
normal boiling point temperature, Tb, are proportional. Im-
age from [1].

Measurements of heats of formation, melting and va-
porization are necessary for calculation of many thermo-
dynamic properties and to understand many processes in
Nature, daily life and industry. Heats of melting and va-
porization also display a certain regularity (see Figure 1)
that is due to the change in order and entropy from one
phase to another.

FIG. 2: Generic pressure-temperature phase diagram. Note
that the solid-liquid coexistence line is much steeper than the
liquid-gas coexistence line.

For the case of vapourization Trouton’s rule may be
stated as: Hv

RTb
= ∆Sv

R = 11±1, where Hv is the enthalpy
of vapourization, R the gas constant, Tb the boiling tem-

perature and ∆Sv the entropy change on vaporization. In
this exercise we will measure Hv, compare to Trouton’s
rule and try to understand the result.

For the case of melting the trend in Figure 1 is less
convincing. There are still many materials that follow the
linear relationship Hm

RTm
= ∆Sm

R =constant, but there are
more “outliers”. In this exercise we will try to understand
the reasons for this spread around the linear relationship
and why water behaves as it does.

II. CALORIMETRY

Calorimetry is the process of measuring the amount of
heat released or absorbed during a phase transition or a
chemical reaction. The heat measurement is performed
either at constant pressure or at constant volume. How-
ever, it is not possible to measure heat directly, we have to
measure other quantities like temperature, pressure and
electrical current and potential to derive heat capacities
and heat. Both heat of melting and heat of vapourization
can in principle be measured in two different ways:

1. by measuring the temperature and the amount
of electric energy (Joule heating) added to
melt/vapourize a known quantity of ice/water.

2. by exploiting the Clausius-Clapeyron relation

dP

dT
=

H

T∆V
(1)

and measure the slope of the pressure-temperature
coexistence line.

A. Heat of melting

Since the solid-liquid phase coexistence line is very
steep (see Figure 2) and solids and liquids are very in-
compressible it is impractical, not accurate or impossible
to measure the heat of melting by using the Clausius-
Clapeyron relation. Therefore we will use a calorimeter
based on the principle shown in Figure 3 A. If we know
the heat capacity C0 of the calorimeter we can measure
the heat absorbed Qm to melt a known mass m of ice by
measuring the temperature change inside the calorime-
ter. From the current I and the electrical potential U we
know the rate of Joule heat, dQel/dt = UI released in the
water. The heat capacity C0 is then measured without
ice in the calorimeter from the relation

C0dT/dt = dQeldt = UI. (2)
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FIG. 3: Principles of measurement of heat of melting and heat of vapourization.

B. Heat of vapourization

According to the Clausius-Clapeyron relation 1 we only
need to measure the pressure P and temperature T of
some part of the coexistence line and know the volume
change ∆V of the phase transition. This means one has
to vary the pressure systematically in a practical range
and measure the corresponding change in temperature
necessary for the water to boil. The ∆V (T ) of the phase
transition of one mole of water we can calculate assuming
that the vapour phase is an ideal gas:

∆V (T ) =
RT

P
(3)

III. EXPERIMENTAL

A. Heat of vapourization

We will measure the pressure as function of tempera-
ture, P (T ) of a water-vapour system where we assume
1) the two phases are in equilibrium, 2) the molar vol-
ume of water is negligible compared to the molar vol-
ume of vapour, 3) the vapour is an ideal gas and 4) the
enthalpy (latent heat) of vapourization is constant in a

small temperature interval. The Clausius-Clapeyron re-
lation 1 may then be reformulated as:

ln
P1

P2
= −Hv

R

(
1

T1
− 1

T2

)
, (4)

where P1(T1) and P2(T2) are two points on the liquid-
vapour coexistence line.

• Close both valves and start the water aspirator
pump.

• Open valve H1 slowly and keep it open until the
pressure reaches 2 · 104 Pa.

• Close the valve and shut off the water jet in the
pump.

• Turn on the water cooling and heat the water to
boiling.

• Regulate the heater to avoid violent boiling.

• When the pressure and temperature meters show
fairly constant values the system is in a stationary
state and the values P (T ) should be noted using
the data logger.

• Estimate the accuracy of the measurements from
the readings.
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FIG. 4: Equipment for measurement of the temperature de-
pendence of the vapour pressure. The flask A contains water
and pebbles to avoid explosive boiling. A glass tube and a rub-
ber tube connect the flask to the buffer volume B that makes
the response of the system “softer”. Using the water aspirator
pump the pressure inside the flasks can be reduced below the
atmospheric pressure (about 105 Pa) to about 2 ·104 Pa. The
pressure in the system can be controlled using the valves H1

and H2. The glass tube connected to flask A can be cooled by
cold water to condense the vapour into water that will drip
back into the flask.

• Open valve H2 carefully to increase the pressure by
about 5 kPa.

• Repeat the measurement cycle until atmospheric
pressure is reached.

• Plot lnP versus 1/T and do a least squares fit to
determine Hv.

• Estimate the accuracy of the measuredHv from the
experimental curve and the fit.

B. Heat of melting

The specific (molar) heat of melting for ice is the en-
ergy needed to melt 1 kg (1 mol) of ice at 0◦C to water at
T0 = 0◦C. The calorimeter is a stainless steel container
with a plastic lid surrounded by insulating material. A
heating element and a stirrer is mounted on the plastic lid
and a thermometer can be introduced into the calorime-
ter through a hole in the lid.

• Fill the calorimeter with about 1.25 ` water at room
temperature.

• Start the data logger (see appendix).

• Start the stirrer.

• Turn on the current in the heater and set it to
0.75 A.

FIG. 5: Temperature evolution in the calorimeter during
melting of ice.

• When the temperature reaches 30◦C turn off the
current to the heater.

• Compute the heat capacity C0 of the calorimeter
from the logged temperature and the Joule heating:
C0dT/dt = UI

• Keep logging the temperature while stirring for at
least 5 minutes while preparing to measure the heat
of melting.

• Fetch an ice cube of about 250 ml from a water
bath at 0◦C.

• Weigh the ice cube without delay and put it into
the calorimeter. Note the mass of the ice cube, m.

• Keep logging the temperature until it stabilizes for
at least 5 minutes.

• Determine the temperatures T1 and T2 and ethalpy
of melting Hm (see Figure 5 and text below).

• Estimate the accuracy of Hm that you found.

Figure 5 shows the typical temperature evolution dur-
ing your experiment. The enthalpy (or latent heat) Hm

of melting and the heating of the melted water to the
surrounding temperature is supplied from the cooling of
the calorimeter:

m [Hm + Cv(T2 − T0)] = C0(T1 − T2), (5)

where Cv = 4200 J/(kg·K) is the specific heat capacity
of water at 10◦C. The temperatures T1 and T2 are deter-
mined from the temperature log as in the diagram 5.

IV. QUESTIONS

1. Compare the heat of vapourization Hv with Trou-
ton’s rule. Can you determine if the deviation is
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due to inaccurate measurements or due to a partic-
ular physical phenomena?

2. The vapour phase in the bottle is a mixture of air
and water molecules. Clearly the partial pressure
Pw of water vapour is lower than the total gas pres-
sure Ptot = Pw + Pair. Does this affect the mea-
surements?

3. How would the measurements be affected if we
turned off the water cooling to make the water
vapour condense?

4. Why do we measure the temperature in the gas
phase and not in the water phase?

5. Why is the enthalpy of vapourization much higher
than the enthalpy of melting?

Appendix A: Radial structure of solids, liquids and
gases

FIG. 6: The radial distribution functions (RDF). Left: The
RDF defines the probability of finding a particle at distance
r from another tagged particle. Here, the distance r is be-
tween the oxygen atoms of two water molecules. Right: The
radial distribution functions of solid (T = 50 K), liquid (T =
80 K), and gaseous argon (T = 300 K). The radii are given
in reduced units of the molecular diameter (σ=0.3822 nm).
Images from [4].

The radial distribution functions (RDF) characterizes
the radial structure around an atom or a molecule, but
averages out all orientational order. The RDF shown
in Figure 6 are typical for the three phases of matter,
they do not change greatly from material to material
(allthough chemists spend a lot of time interpreting the
small differences...).

Appendix B: Water: hydrogen bonds and ice
structure

Molecules are groups of atoms that are bonded to-
gether by covalent bonds. Covalent bonds are a quantum
mechanical phenomena of sharing electron pairs between
atoms. In some molecules the electron pairs are more
likely to be close to one atom than the other and the

FIG. 7: Hydrogen bonds in ice and water. Image from [3].

molecule ends up being more electronegative on one side
- the molecule is said to be polar. Water molecules and
alcohols are examples of polar molecules, methane and
other alkanes are examples of non-polar molecules (see
Figure 8).

The slightly negatively charged oxygen of one H2O
molecule and the slightly positively charged hydrogen in
another H2O molecule tend to attract each other. This
attraction, called a hydrogen bond, is typically 2-4kBT
(at room temperature) whereas normal attraction be-
tween non-polar molecules are typically 1kBT and co-
valent bonds are of the order 100kBT .

The hydrogen bonds between water molecules cause
the hexagonal ordering of ice where each molecule has
a hydrogen bond to 4 neighbouring molecules. Liquid
water has a similar local structure where the hydro-
gen bonds constantly break and reform and the water
molecules on average have 3-3.5 hydrogen bonds to neigh-
bouring molecules.

Appendix C: Equipment

1. Heat of melting

• Calorimeter

– Stainless steel container

– Insulation

– Plastic lid

– Heating element

– Stirrer

• Power supply

• Amperementer

• Voltmeter
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FIG. 8: Polar water and non-polar methane. Image from [2].

• Thermometer (PASCO with USB connection to
PC), to be inserted through a hole in the lid of
the calorimeter.

• Digital balance

• Block of ice in water bath

2. Heat of vapourization

• Water flask with water and pebbles to nucleate
vapour bubbles

• Thermometer

• Cooling element

• Heating element

• Connection with valve to vacuum pump

• Connection with valve to atmosphere

• Buffer volume flask

• Manometer (pressure sensor)

[1] Wikipedia, “Trouton’s rule,” (2019).
[2] B. Iverson, “Where are the electrons,” (2017).
[3] Stackexchange, “Hydrogen bonds,” (2018).

[4] Wikibooks, “Molecular Simulation/Radial Distribution
Functions,” (2018).
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