
P A P E R

Phys. Educ. 56 (2021) 035022 (10pp) iopscience.org/ped

Thermal expansion of
water in the science
lab—advantages and
disadvantages of different
experimental setups
S Wagner∗, C Maut and B Priemer

Humboldt-Universität zu Berlin, Institut für Physik, Newtonstr.15, 12489 Berlin,
Germany

E-mail: steffen.wagner@physik.hu-berlin.de

Abstract
When the thermal expansion of water is discussed in school or university
lessons, functional relationships are often inferred without considering
measurement uncertainties. Moreover, in some learning materials, the goal of
experimentation and the experimental setup do not match. This creates the
wrong picture of scientific practice. In this article we compare five
experimental setups with different complexity to investigate the relationship
between heat and volume change of water. We take different goals of
experimentation into account, as well as measurement uncertainties. We
compare the different experimental setups, show advantages and limitations,
and give advises for their implementation in the classroom. By doing so, we
demonstrate that thermal expansion can be very well adopted for applying
scientific practice in school. It is shown that the more complex the
experimental setup, the more precise the quantitative significance of the
functional relationship.
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1. Introduction
Many experiments that are presented in the
physics classroom or in science textbooks
investigate the functional dependence of two
variables. For middle school physics, learning
materials often examine the question if a physical
quantity changes when another quantity is var-
ied, for example, if water volume increases with
temperature (e.g. Jet Propulsion Laboratory 2020,
UCAR Center for Science Education 2020). A
motivation for this particular lab work in school
is the impact of global warming on the sea level,
since sea level can be seen as an indicator for
global warming and volume expansion is one of
the main factors for it (Etkins and Epstein 1982).

In a learning context, a next step would be to
investigate this dependence more precisely: How
does the water volume increase with temperature?
Exploring functional dependence in learning con-
texts often focus on linear or quadratic relation-
ships, since these can be calculated and repres-
ented graphically with comparatively little effort.
Deciding whether measurement data allow a rela-
tionship to be described as linear or not is con-
sidered a relevant scientific and engineering prac-
tice, e.g. in the US (NGSS Lead States 2013)
and in Germany (Senatsverwaltung für Bildung,
Jugend und Familie Berlin 2017). Moreover, in
the context of global warming it is quite import-
ant to estimate the specific character of the rela-
tionship between water volume and temperature,
since if it is not linear, the rise of sea level might
be larger (or smaller) than expected when assum-
ing a linear increase. This question makes a fur-
ther and deeper investigation of thermal expan-
sion interesting for high school and introductory
physics courses at university level. However, this
is rarely done in lab works.

In physics, for the investigation of func-
tional dependence, measurement uncertainties
must be reported. Ignoring measurement uncer-
tainties does not actually allow a physically valu-
able statement about whether or not a set of data
represents a linear relationship. Unfortunately,
in manuals for the few lab works that explore
the thermal expansion of water quantitatively,
this report is missing (e.g. LD Didactic GmbH
2020, TESS expert Phywe 2020). Other learning
materials describe the general procedure for the

respective experiment but do not present data or
in general ignore measurement uncertainties, too.
An exemplary curve representing the explored
relationship then is generated from theory or from
an unknown source. This approach hinders the
development of an appropriate view of the nature
of scientific evidence in the physics classroom,
which should include such uncertainties (Lubben
and Millar 1996). Here, the teacher or science
instructor is often left alone.

Our goal is to present five different experi-
mental setups with rising sophistication that aim
to explore the principal change or, more precisely,
the functional dependence between water volume
and temperature. We discuss the potential of these
setups to test this dependence for linearity, con-
sidering measurement uncertainties. In addition,
this overview helps teachers to better assess the
advantages and limits of the different setups and
how they can be used in class.

2. Experimental setups
All setups use the change of the water level in a
capillary riser tube attached to an expansion flask,
in which water is heated or cooled.

2.1. Setup 1

2.1.1. Description. In setup 1, a 500ml conical
flask is filled with water that could be coloured
with ink or respective dye. A long, thin riser tube
passes through a stopper and its end is immersed
in water. The cool tap water with a temperature
of around 16 ◦C is heated by letting the students
wrap their hand around the flask (see figure 1).
The increase of the volume of water can be detec-
ted by simply observing the change of the water
level in the riser. This setup is very easy to handle
making it suitable for hands-on work in the phys-
ics lab for almost all ages, especially in the ele-
mentary and middle school.

2.1.2. Comments. The goal of this measure-
ment is to show that the water level increases
with rising temperatures. No measurements are
made, making this experiment a pure qualitat-
ive one. Thus, the discussion of measurement
uncertainties is not necessary for this setup.
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Figure 1. Setup 1.

2.2. Setup 2

2.2.1. Description. Setup 2 is the same as con-
struction 1, only a thermometer, which protrudes
into the water through a rubber stopper with two
holes, is added. In addition, a lamp with a 100 W
bulb is placed near the flask (see figure 2). The
light from the lamp heats the water that was pre-
viously cooled in a fridge (about 8 ◦C), which can
be read on the thermometer. Starting at lower tem-
peratures increases the range for detecting volume
change, but requires more effort in advance. Our
measurement starts at 10 ◦C. The change in water
level can be marked with a pen on the riser tube
and then read off. This configuration is about the
same like in common examples from learning
materials (e.g. Jet Propulsion Laboratory 2020,
UCAR Center for Science Education 2020).

2.2.2. Comments. Similar to setup 1, this
experiment is suitable for hands-on work in
middle school. As a demonstration experiment,
we recommend broadcasting the experiment on a
screen for better visibility.

If the aim of the experiment is to show that
liquids generally increase their volume as the tem-
perature rises, then the use of a liquid thermometer
is unsuitable because it indicates the temperature
as a result of its temperature-dependent volume
change. Therefore, the instrument is already based

Figure 2. Setup 2.

on the principle that the experiment is trying to
introduce. To avoid this, a thermometer with a dif-
ferent measuring method can be used or the aim of
the experiment must be restricted to water.

Another problem is, that at higher temperat-
ures, the water starts to out-gas. Accordingly, the
measurement should stop when the out-gassing
becomes apparent. A way to prevent out-gassing
is to use boiled water.

2.2.3. Measurement uncertainties. However, a
more fundamental problem arises when this setup
is used tomeasure temperature, as is done in learn-
ing materials. Teachers might consider using it
to study functional dependence. Here for, numer-
ical values for the increase in temperature and
water level are needed. The goal of the experi-
ment would then be to show how water increases
its volume with increasing temperature, i.e. lin-
ear like many other liquids, or non-linear. This
requires the consideration of measurement uncer-
tainties and systematic errors.

One systematic error is the different heat-
ing of the thermometer and the water caused by
the radiation from the lamp. Another error is a
temperature gradient in the flask because water
is not stirred. Hence, the thermometer presum-
ably does not show the temperature of the entire
water volume. We will show evidence for that
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Figure 3. Setup 3. The flask stands on a heating stirrer,
where heating and stirring can be used independently.
In this setup, only the stirring mechanism is used.

assumption later. Measurement uncertainties u for
the temperature come from reading off the tem-
perature on the thermometer, the calibration of
the instrument, and the linearity of the scale. In
our case, all these uncertainties add up to uϑ =
±0.5 ◦C. Further, additional uncertainties appear
when marking (uh1 =±1 mm) and measuring
(uh2 =±1 mm) the water level (uh3 =±1 mm for
curved water surface due to adhesion forces) at
the riser tube. Accordingly, estimating the max-
imal uncertainty for the height h leads to uh =
uh1 + uh2 + uh3 = 3 mm (see Priemer and Hellwig
2018, for a framework to estimate measurement
uncertainties in secondary education).

2.3. Setup 3

2.3.1. Description. The basic design of setup 3
is taken from setup 2, including the heat source
and water with an initial temperature of about
8 ◦C. To prevent the second systematic error from
setup 2, a magnetic stirrer has been added that
works while heating (see figure 3).

2.3.2. Comments. The goal of experimentation
with setup 3 is again to answer the question, how
the water level change with rising temperature.
Thus, hints and comments are the same a for setup

Figure 4. Setup 4. The flask stands on a heating stirrer,
where heating and stirring can be used independently.
In this setup, both mechanism are used.

2. Because we use the same measuring devices,
we consider the same measurement uncertainties.

2.4. Setup 4

2.4.1. Description. In setup 4 we use the same
constellation with a stirrer as in setup 3, but the
difference is that the water is now heated from the
initial temperature (again 8 ◦C) by a heating plate
instead of a lamp (see figure 4). The reason for this
is the other systematic error from setup 2.

2.4.2. Comments. Again, the goal of experi-
mentation is to answer the question, how the water
level change with rising temperature. Hints and
comments as well as measurement uncertainties
are the same as in the previous setups.

2.5. Setup 5

2.5.1. Description. In setup 5, we used a two
litre round bottom flask with two necks, a longer
and wider riser tube that is inserted into one of
the necks with a matching plug, and a digital ther-
mometer with another plug in the second neck of
the flask (see figure 5). We boiled water and let it
cool down to about 70 ◦Cbefore pouring it into the
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Figure 5. Setup 5.

flask. For faster cooling we used ice cubes which
we placed around the flask in a second vessel.

Due to the larger dimensions and the larger
amount of water in the riser tube, more attention
must be paid to the plugs, as the pressure at the
seals is much higher and water could leak out at
the necks. To measure the water level, we placed a
ruler right next to the riser tube and photographed
the water level at a temperature difference of 1 ◦C
each. In this way we were able to minimise one
source of measurement uncertainty—the marking
of the water level with a pen.

The size of this setup allows for a classroom
demonstration, but since the construction is quite
sophisticated and fragile, it is not recommended
for use as a hands-on experiment.

2.5.2. Comments. In this setup, the goal of
experimentation is to analyse the volume change
of water in a large temperature range, to reduce

measurement uncertainties, and to make it visu-
ally accessible as a demonstration experiment.

2.5.3. Measurement uncertainties. The uncer-
tainty for the height is uh= 2 mm. The temper-
ature has three sources of uncertainties: The last
digit that can be read off,±0.1 ◦C, the calibration,
±0.1 ◦C, and the change of the reading on the dis-
play when taking the photo, ±0.1 ◦C, which all
add up to uϑ =±0.3 ◦C.

3. Results
In the following subsections we present observa-
tions and results of our measurements by means
of diagrams. Accepting or rejecting a functional
relationship under consideration of measurement
uncertainties does not necessarily require an
explicit treatment of equations. Instead, this can
be done verywell with the help of a simple spread-
sheet software on a visual level using diagrams
and the uncertainty intervals contained therein.

3.1. Setup 1

After the students have wrapped their hands
around the bottle, the water level slowly rises.
While holding their hands around the flask, they
can also feel the flask getting warmer and see the
water level rising. The question of whether there
is a connection between the change in water tem-
perature and the change in water volume can thus
be answered clearly.

3.2. Setup 2

A few seconds after the lamp is brought close to
the flask, the water level rises slowly, as does the
indicated temperature. In this way both the change
in temperature and the water level can be detec-
ted.When the lamp is switched off, the water level
rises for a few seconds before pausing and slowly
falling.

For examining the functional dependence,
temperature and height changes are recorded each
2 ◦C, starting at 10 ◦C, until a final temperature of
34 ◦C because of the incipient out-gassing. The
distances between markings for the water level at
equal temperature differences become visibly lar-
ger with rising temperatures. While this distance
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Figure 6. Height of water depending on temperature of
water in setup 2.

was 1 mm between 10 ◦C and 12 ◦C, it became
16 mm between 32 ◦C and 34 ◦C. We recorded
a final change of the water level of 104 mm for
the temperature range from 10 ◦C to 32 ◦C. The
data together with an overall linear and a non-
linear (square) fit are shown in figure 6. Consid-
ering measurement uncertainties, a linear fit only
covers height change in a temperature range of
about 12 ◦C but does not cover the entire data set,
whereas a square fit does so. The entire procedure
takes about 20min.

3.3. Setup 3

In setup 3, water volume and temperature show
the same behaviour like in setup 2. After starting
measurement at 10 ◦C, the water level increases
about 6 mm when reaching 12 ◦C. The overall
height change at 34 ◦C was 160 mm (see diagram
in figure 7). So compared to setup 2, the water
level increased ‘faster’ with temperature change,
using the same amount of water at the same tem-
perature range with the same heating source. A
linear fit covers height change within a temper-
ature range of about 10 ◦C, but does not hold for
the entire data set, whereas a square fit does.

3.4. Setup 4

Using setup 4 shows similar results like setup 3.
Starting at 10 ◦C, the first height difference of
the water level is 6 mm (at 12 ◦C) and the over-
all height increase is 164 mm for the temperat-
ure range from 10 ◦C to 34 ◦C (see diagram in
figure 6). Considering measurement uncertainties,
there is no remarkable difference between these
two setups. Again, a square fit covers the entire

Figure 7. Height of water depending on temperature of
water in setup 3.

Figure 8. Height of water depending on temperature of
water in setup 4.

data set. A linear fit only holds for a height change
within a temperature range of about 10 ◦C.

3.5. Setup 5

The first measurement in setup 5 took place at
52 ◦C. We took a photo of the water level at every
single ◦C of decreasing temperature. The data are
plotted in figure 8. Please note that following the
procedure, the diagram has to be read ‘from right
to left’. The water level sank in the beginning
(52 ◦C) by 12 mm per ◦C and by 5 mm per ◦C
around 20 ◦C. The sinking stopped at 5 ◦C and
turned into a rise of the water level below 4 ◦C. A
square fit holds for all water levels except at tem-
peratures below 2 ◦C.A linearmodel describes the
change of the water level at higher temperatures
from 35 ◦C to 52 ◦C and at lower temperatures
from 0 ◦C to 11 ◦C.

4. Discussion
In all setups, a changing water level depending on
the temperature can be observed. Considering
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Figure 9. Height of water depending on temperature of water in setup 5.

Figure 10. Comparison of height changes of water depending on temperature with setup 2, 3 and 4.

measurement uncertainties, the required
minimum temperature difference for showing
non-linearity is similar in all the setups 2–4
(10 ◦C–12 ◦C).

However, if one compares the results of setup
2 with those of setup 3 and 4 (see figure 10),
there is a striking difference. Although the same

amount of water is heated from the same initial
temperature, the increase in water level is consid-
erably larger in setups 3 and 4. Since the main
difference between these setups is the use of a
stirrer in setups 3 and 4, we conclude that in
setup 2 the water temperature in the upper part of
the flask (where the thermometer is placed) rises

May 2021 7 Phys. Educ. 56 (2021) 035022



S Wagner et al

faster than the rest of the water. The observations
therefore suggest that the thermometer in con-
stellation 2 does not show the real temperature
of the total water volume. Accordingly, the non-
linearity of the water level cannot be clearly attrib-
uted to the non-linear thermal behaviour of the
entire water without further investigation. Instead,
it could possibly be related to a non-linear change
in the amount of heated water in the bottle. We
therefore strongly recommend using a magnetic
stirrer.

In setup 5 an additional observation can be
made. Amodel that proposes a square relationship
fits only for temperatures of 2 ◦C and above. This
opens up the inquiry for discussions about models
and their limitations. This discussion is only pos-
sible when considering measurement uncertain-
ties. A square model is valid for the measured val-
ues as long as the water is liquid. Once ice forms,
the relationship between temperature and expan-
sion is no longer uniform as above this temper-
ature. A theoretical justification for this square-
like behaviour cannot be given in the context of
physics lessons at school or introductory courses
in physics at university. But we argue, that this is
not necessary. After all, a teaching goal can be
to reject a linear model and finding another one
that better describes the behaviour shown in the
observed and relevant area, and this is quadratic
for water in a liquid state.

In principle, the temperature for which water
has its highest density could also be shown using
the setups 3 or 4 without the respective heat-
ing sources. But then the same preparatory work
would have to be done as in setup 5, i.e. a cooling
vessel with deeply frozen ice has to be employed.
This makes it inconvenient for using it as a hands-
on experiment for learners. Given this, it seems
more appropriate to do this work for one large and
clearly visible setup that can be prepared before-
hand, possibly with pre-recorded data.

All five approaches assume that the observ-
able change in water level represents the entire
change in volume of the water caused by the
increase (or decrease) in its temperature. How-
ever, the glass vessel expands while heating,
too, and thus might effect the measurement by
reducing the observed change in water level.
When modelling the flask as a sphere, the thermal
expansion of glass results in an increasing sphere

volume. The flask material is borosilicate glass,
which has an especially low thermal and con-
stant expansion coefficient (DIN ISO 3585 1999).
The contained volume VG increases about∆VG =
0.001%·VG per degree. By contrast, the water
volume changes in average by∆V = 0.44%·V per
degree. Accordingly, the observed height change
as a result of the volume change is reduced by
about half a percent due to the expansion of the
glass, and thus does not cause the observed non-
linear behaviour.

The results of setups 3–5 clearly show that
the assumption of a linear increase of the water
level with rising temperature likely underestim-
ates the actual change of the water level for
temperature ranges bigger than 12 ◦C. While
the difference between a linear and quadratic
model may be small for temperature ranges
of around 2 ◦C, the fact that the volume of
the water increases with temperature is one of
the main sources of rising ocean water levels
of an estimated 4 mm per year nowadays
(https://archive.ipcc.ch/publications_and_data/ar4
/wg1/en/faq-5-1.html). As long as global warm-
ing, and hence the increase of the ocean’s tem-
perature, stays low, the assumption of a linear
model can be accepted. But if—at least locally
and over a larger time period—the temperature
change becomes larger, the rise of sea level might
become larger than expected when assuming a
linear increase.

5. Conclusions
So far, we described four approaches to describe
the functional dependence of water volume from
temperature. In table 1, we summarise all setups
with their respective goals for experimentation,
advantages and disadvantages, as well as recom-
mendations for implementing each setup in learn-
ing environments.

If only the question whether water expands
with rising temperatures is the subject of invest-
igation, then setup 1 is the one of choice.
In this approach, not even a thermometer is
required. For a more precise exploration of the
functional dependence, setup 1 and 2 must be
rejected because the thermometer in setup 2
does obviously not indicate the current, average
temperature of the water and thus is not valid.
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Table 1. Overview over the potentials of the five different setups.

Setup 1 Setup 2 Setup 3 and 4 Setup 5

Goal of
experimentation

Show that water
volume increases
with rising
temperature

Show functional
dependence of water
volume increase and
temperature is not
linear, but square-
like

Show functional
dependence of water
volume increase and
temperature is not
linear, but square-
like

Show functional
dependence of water
volume increase and
temperature is not
linear, but square-
like, show minimum
of water volume
above 0 ◦C

Advantages Little effort, feasible
for students lab
work

Reasonable effort,
discussion of meas-
urement uncer-
tainties, no stirrer
required

Reasonable effort,
discussion of meas-
urement uncertain-
ties, claims about
functional depend-
ence possible

Discussion of meas-
urement uncertain-
ties, claims about
functional depend-
ence possible, point
of anomaly in the
data range, visible
for demonstration at
greater distances

Disadavantages No claims about
functional depend-
ence, poor visibility
at greater distances
for demonstration

No claims about
functional depend-
ence, poor visibility
at greater distances
for demonstration

Poor visibility at
greater distances for
demonstration, as
hands-on experiment
several stirrers are
required

Sophisticated
design, not suit-
able as hands-on lab
work for students

Recommendation Without using
thermometer and
numerical evalu-
ation appropriate for
qualitative investig-
ation to investigate
if water volume
changes with tem-
perature

Do not use it unless
you explicitly
address the unequal
temperature distribu-
tion of the water

Use it for lab work
or, with technical
support (broadcast-
ing), for demon-
stration to invest-
igate functional
dependence of water
volume increase and
temperature

Prepare it before the
lesson and present
only a part of the
measurement in
the classroom to
save time, use pre-
viously collected
data for investiga-
tion of functional
dependence of water
volume increase and
temperature

Setups 3 and 4 can be used to explore
how water expands with changing temperature
in hands-on experiments, if a magnetic stirring
mechanism is employed. The differences in the
values between both setups are negligible. Both
open up the results for discussing whether meas-
urement data allow a relationship to be described
as linear or not, which is considered a relev-
ant scientific and engineering practice as men-
tioned in the introduction. To do so, measurement
uncertainties have to be considered. This contrib-
utes to the development of an appropriate view

of the nature of scientific evidence in the physics
classroom.

Setup 5 allows for wide-range and precise
capture of the relationship between water level
and temperature. Moreover, setup 5 is larger
and thus ensures visibility at larger distances
which might be beneficial in classrooms or lec-
ture rooms. Since building up setup 5 requires
considerable effort, we recommend that it be
properly prepared and that measurement data be
recorded in advance, and only a few exemplary
data be measured live. Experimenting in this setup
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also captures the anomaly of water and enables
discussing limits of models, as a square fit only
describes a large part, but not all of the recorded
data.

In summary, this paper shows that differ-
ent experimental setups serve different purposes
when discussing the thermal expansion of water.
The ‘simple’ goal of showing that the volume of
water does expand with rising temperatures can
be reached with a very simple setup that does not
even need a thermometer. However, if quantitative
data are collected to analyse the type of depend-
ence between the volume of water and its tem-
perature, we argue that this calls for a setup that
uses a device that constantly mixes the water (like
a magnetic stirrer). This is a necessary condition
to make sure that the water temperature is homo-
geneous throughout the volume.
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