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ABOUT THIS BOOK

Nelson QCE Physics Units 1 & 2 is a comprehensive textbook specifically tailored to align with
the 2025 QCAA Physics General Senior Syllabus. It has been thoughtfully developed to empower
students by providing a strong foundation in essential concepts and equipping them with the
necessary skills to excel in their studies. Emphasising the importance of making connections
between topics and practising exam techniques, this edition is designed to support students in
unlocking their full potential and achieving success in their journey.

AT THE BEGINNING OF THE BOOK

An online chapter to support the development of students’ science inquiry skills for
application throughout the syllabus

AT THE BEGINNING OF UNIT

Unit introductions are an overview of the key content in the unit

AT THE BEGINNING OF EACH CHAPTER

Chapter introduction to set the context of the upcoming key content
List of syllabus dot points being covered in the chapter
List of student resources available on Nelson MindTap

Kinetic particle model
and heat transfer
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IN EACH CHAPTER

+ Assumed knowledge — knowledge and skills students are expected to know coming into the
chapter that relate to the chapter content
+ Learning outcomes - highlights the key outcomes from chapter
+ Key terms - defined in situ to help students deconstruct scientific language
—— + Learning check — written to the developmental levels highlighted in the syllabus objectives
+  Key formulas — important formulas to remember
+ Syllabus links - highlighting links to other areas in the syllabus to help students -
make connections
+ Practicals — syllabus-aligned practicals with guided instructions on the materials,
procedure, collection and analysis of results, and discussion
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AT THE END OF EACH CHAPTER

+ Chapter summary - visual summaries to help summarise key concepts
+ Chapter exam — exam-style questions to help students develop exam skills, including
’, deliberate practice in data analysis and making connections across content

N

CHAPTER
SUMMARY
e

viii ABOUT THIS BOOK 9780170483629



AT THE END OF EACH TOPIC

Science as a Human Endeavour — a deep dive on the evolution of science and how it has

contributed to and influenced society
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AT THE END OF THE BOOK

Glossary provides explanations of all terms introduced in the text.

Answers provide complete answers for student reference. —
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CHAPTER

Science research
DC

Shutterstock.com/Lightpoet

SCIENCE INQUIRY SKILLS

SYLLABUS Throughout the course of the study, students will:

DOT POINTS - identify, research and construct questions for investigation
propose hypotheses and/or predict possible outcomes
design investigations, including the procedure/s to be followed, the materials required,
and the type and amount of primary and/or secondary data required to obtain valid and
reliable evidence, e.g.
- consider replicates, number of data points, and quality of sources
- identify the types of errors, extraneous variables or confounding factors that are

likely to influence results and implement strategies to minimise systematic and
random error

identify and implement strategies to manage risks, ethics and environmental impact, e.g.

cultural guidelines, protocols for working with the knowledges of First Nations peoples
workplace health and safety guidelines
standard operating procedures

acknowledgment of sources and referencing

DC-2 NELSON QCE PHYSICS UNITS 1 &2 9780170483629



use appropriate equipment, techniques, procedures and sources to systematically and
safely collect primary and secondary data, e.g.

- laboratory and field techniques: measurement, and equipment calibration
- ICTs, scientific texts, databases, online sources

use scientific language and representations to systematically record information,
observations, data and measurement error, e.g.

- symbols, units and prefixes

- indicators of measurement uncertainty as a range () to an appropriate precision,
e.g. when adding or subtracting, the final answer should be given to the least number
of decimal places, when multiplying or dividing, the final answer should be given to
the least number of significant figures

- tables, graphs and diagrams

- logbooks

translate information between graphical, numerical and/or algebraic forms
- units and measurement conversions

- symbols and notation

use mathematical techniques to summarise data in a way that allows for identification
of relevant trends, patterns, relationships, limitations and uncertainty, e.g.

mean
gradient analysis
scatterplots (with maximum and minimum trendlines and R?)

propagate random error in data processing to show the impact of measurement
uncertainties on the final result

apply simple treatment of error analysis, e.g. for functions such as addition and
subtraction, absolute uncertainties should be added, for multiplication, division and
powers, percentage uncertainties should be added

calculate the measurement uncertainties in processed data, including the use of

(Xmax — Xmin )

absolute uncertainties of the mean (Formula: AX =+ ) and percentage

absolute uncertaint
absolute uncertainty %100
measurement

calculate the percentage error, when the experimental result can be compared with a
theoretical or accepted result (value)

uncertainties (Formula: percentage uncertainty (%) = %)

measured value — true value
I x100% )

(Formula: percentage error (%) =

true value
select and construct appropriate representations to present data and communicate
findings, e.g.

summary tables

scatterplots (with maximum and minimum trendlines and R?)

scientific drawings

apply appropriate graphical representations to analyse data and draw conclusions

analyse data to identify trends, patterns and relationships; recognising error, uncertainty
and limitations of evidence

— interpret graphs in terms of the relationship between dependent and independent
variables; draw and interpret best-fit lines or curves through data points, including
evaluating when it can and cannot be considered as a linear function

9780170483629 CHAPTER DC | SCIENCE RESEARCH




- discriminate between precision and accuracy identify that all measurements have
limits to their precision and accuracy that must be considered when evaluating
experimental results identify that quantitative data obtained from measurements is
associated with random error/measurement uncertainties

select, synthesise and use evidence to construct scientific arguments and draw
conclusions

extrapolate findings to determine unknown values, predict outcomes and evaluate claims
use data and reasoning to discuss and evaluate the validity and reliability of evidence, e.g.

- discuss ways in which measurement error, instrumental uncertainty, the nature of
the methodology or other factors influence uncertainty and limitations in the data

evaluate information sources and compare ideas, information and opinions
presented within and between texts, considering aspects such as acceptance, bias,
status, appropriateness and reasonableness
compare findings to theoretical models or expected values
discriminate between validity and reliability
suggest improvements and extensions to minimise uncertainty, address limitations
and improve the overall quality of evidence, e.g.
analyse the impact of random error/measurement uncertainties and systematic
errors in experimental work and determine how these errors/measurement
uncertainties can be reduced
discriminate between random and systematic errors
identify that experimental design and procedure usually leads to systematic errors
in measurement, which causes a deviation in a direction and that repeated trials and
measurements will reduce random error but not systematic error
communicate to specific audiences and for specific purposes using appropriate
language, nomenclature, genres and modes
acknowledge sources of information and use standard scientific referencing
conventions
appreciate the role of peer review in scientific research.
Physics 2025 v1.1 General Senior Syllabus © QCAA 2024

Introduction

Conducting structured experiments is an important aspect of the scientific method as
it allows for the gathering of information to help develop a greater appreciation and
understanding of the world.

Performing research on scientific topics and the process of developing and
implementing experimental methods form a large part of the scientific studies and formal
internal assessment throughout this course. In fact, the Student Experiment (IA2) and
Research Investigation (IA3) make up a significant portion of the internal assessments
incorporating both primary and secondary data. Furthermore, the scientific thinking
acquired through these processes is regularly examined in the External Assessment. As
such, it is important to develop these skills not just for this course, but also to improve
critical thinking and apply the scientific method more widely.

DC-4 NELSON QCE PHYSICSUNITS 1 &2 9780170483629



ASSUMED KNOWLEDGE

v The purpose of experiments is to collect information about a key idea or to answer
a question.

v Controlled experiments have a general structure.

v Variables are factors or conditions that can be changed, controlled or measured and
which can influence the result of an investigation.

v Variables include independent, dependent and controlled variables.

v The data collected from an experiment needs to be related to the question
being investigated.

v Data collected from an experiment can be presented in different ways depending on the
nature of the data.

v Data can be classified as primary or secondary.

LEARNING OUTCOMES

v Develop research questions for research.

v ldentify the importance of peer review in scientific research and compare different ideas
and information from scientific texts.

v Plan and modify investigations, including the materials and methods needed to collect
valid and reliable data (both primary and secondary data).

v Consider safety, ethics and the environment when conducting scientific investigations.

v Determine the best method to present data; for example, tables and graphs.

v Use scientific language and visual representations to organise and present
information accurately.

v Identify and minimise errors in measurements.

v Calculate uncertainties and other measures of data accuracy and describe their impact
on data.

v Select and construct the most appropriate data presentation technique.

v Make predictions based on trends observed in the data.

v Use mathematical techniques to analyse data to find patterns, trends and relationships.

v Identify limitations or sources of error or uncertainty.

v Draw conclusions based on evidence, comparing findings to expected results.

v Communicate scientific information in a clear and appropriate manner for
different audiences.

v Acknowledge sources and use proper referencing.

v Reflect on investigations and suggest ways to improve the quality and accuracy of data
and findings.

Student experiment

Forming
The research question

For your Student Experiment (IA2), you will be required to design an experiment to answer a
research question related to a topic in the syllabus. In science, the design of experiments is
guided by the scientific method (Figure DC.1.1) - a systematic and structured approach that
ensures that the results are objective, valid and reliable.

9780170483629
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research question a
question that directs the
scientific inquiry activity;
it focuses the research
investigation or student
experiment, informing
the direction of the
research, and guiding

all stages of inquiry,
analysis, interpretation
and evaluation
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becomes background
research for future
studies
|

becomes background
research for future
studies

1
I I
| I
| I

FIGURE DC.1.1 The basic structure of the scientific method

A research question is the question you are trying to answer with your research, and by
doing so helps to guide and refine the research and experimental method. For example, a
research question could be ‘How does the length of a current-carrying conductor affect the
current flowing through the conductor if the voltage is kept constant?’

Rationale

When developing a research question, it is important to demonstrate an understanding of the
underlying theory related to the topic. This is described in the rationale of your experiment and
is also implied through your research question. In the example above, the research question
explores the relationship between the length of the wire and the current flowing through the wire.

|4
The current flowing through the wire is determined from Ohm’s law, the relationship R = T

where the resistance experienced is proportional to the voltage and inversely proportional to the
current. Further, the resistance is related to the length of the wire through the resistivity formula:

R=pxl

where p is the resistivity of the wire (Q m™) and [ is the length of the wire (m).

DC-6 NELSON QCE PHYSICS UNITS 1&2 9780170483629



With greater research and understanding of the topic, it is likely that you have developed
a possible answer to the research question. This becomes the hypothesis. The hypothesis
highlights the relationship between the independent and dependent variables, showing the
directional impact that one would have on the other. Building on the example above, a possible
hypothesis is ‘As the length of the current-carrying conductor increases, the current flowing
through the conductor decreases’. In this case, the independent variable is the change in length
of the current-carrying conductor and the dependent variable is the current flowing through
the conductors.

Finding
Methodology

For your experiment, you will need to modify an existing method from previous studies. During
your research, you may have encountered various studies conducted by scientists who were
interested in investigating a similar topic. These studies can serve as a valuable foundation for
you to build on and refine your own approach. How and what you modify in the experiment will
depend on:
» the variables you are testing
« sources of error and bias in the previous method
« the type of data being collected (quantitative or qualitative)
« how much data you will need to collect to ensure that there is sufficient data for analysis
« access to resources.

Once you have your base experiment (which could be one that you completed in class), a
student experiment requires you to make some modifications to design your own student
experiment. A modification may be one of three different types (Table DC.1.1).

independent variable a
variable on which another
variable is dependent;
also called the controlled
variable

dependent variable the
variable that changes
because of changes to
the independent variable

qualitative non-numerical
data; descriptive
information

quantitative numerical
data; a specific amount

TABLE DC.1.1 Types of modifications that can be made to methodologies for the Student Experiment (I1A2)

Type of Explanation

modification

Refine To improve by making subtle Make improvements Use equipment with a higher
changes to the accuracy or without changing the level of precision.
precision of the data independent or dependent Improve the methodology

variables. or way of measuring the
independent variable.
Change the sample size
or number of trials being
conducted.

Redirect To gain further insight by Change the independent Measure velocity instead of
changing the course or direction variable. displacement, or measure
of the data current instead of length.

Extend To change or extend the scope Change the range of the Use a wider range of values
of the current data range independent variable. for the independent variables,

Extend the range of such as more measurements
independent variables. that extend beyond the
original experiment.
Repeat the revised
experiment at a range of
voltages.

9780170483629
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Although you will not need to rewrite an entire methodology in your experiment, it is
important that you justify the modifications you made. For example, if you decided to refine
an experiment by using a digital thermometer instead of an analogue thermometer, you could
justify this by saying that your refinement will improve the reliability of your data collection
because the digital thermometer has a smaller uncertainty and it has greater precision.
Similarly, you may refine an experiment by performing a higher number of trials, disregarding
outliers and averaging results, and justify this as increasing accuracy and reducing the impact
of random error.

Having the right equipment is important; however, misreading
the measuring instruments leads to inaccurate results. For

<3 example, when reading the volume of a liquid in a measuring

— cylinder, the measurement must be taken at eye level and
25— ) measured from the bottom of the meniscus to ensure accuracy

— Incorrect reading due to parallax .

— . v and to remove parallax error (Figure DC.1.2).

— .- ) When collecting and recording data, ensure that it is measured
Pr— - - ﬁ} Correct reading — no parallax . X . . i
26 _—.25.75 in the appropriate units. The units used to collect data will

—] A ) depend on the nature of the experiment. For example, electrical

j— Incorrect reading due to parallax . . . )

current is often measured in amperes (A), whereas resistance is
FIGUREDC.1.2 How to read measurements from measured in ohms (Q). Similarly, devices often measure in grams,

a measuring cylinder

al
o‘:

Weblink
Ethical research with
Aboriginal and Torres Strait
Islander peoples

requiring conversion into kilograms. Since there are different

units to express the same measurement, you will often need to
convert between units, especially when graphing, determining gradients and analysing results.
Table DC.1.2 shows common unit conversions.

TABLEDC.1.2 Common unit conversions

Measurement Common conversions

Distance Tkm=1000m=100000cm=1000000 mm
Mass 1kg=1000g=1000000mg

Current TA=1000mA

Voltage 1V=1000 mV

Essentially, any modifications to the methodology are done so to improve the reliability
and accuracy of data and therefore the validity and reliability of the experiment. Although
you will not need to show your full methodology, you will need to explain and justify any
modifications and refinements in the final presentation of your experiment.

If the proposed experiment involves exploring knowledges of First Nations peoples, it
is extremely important to understand all the cultural guidelines and protocols involved in
conducting such research. As identified by the Queensland Curriculum and Assessment
Authority (QCAA), research should “follow a process of respectful relationship building and
reciprocity between the researchers and individuals/communities involved in the research’.

Health and safety

Health and safety are important considerations for practical exercises in all sciences. When
undertaking your own practical research investigations, you must consider any relevant
workplace health and safety guidelines. In Queensland, this includes the Work Health and
Safety Act 2011. As the researcher, you must ensure safe laboratory practices when planning and
conducting investigations by using risk assessments, supported by safety data sheets (SDSs), and
accounting for risks. SDSs are important when you are using chemicals and specific equipment
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as part of your investigation. This includes both the use and the disposal of any potentially
harmful materials used and produced in your experiment. Even if your research does not use
chemicals but requires participants to take some actions that may cause harm, you will still
need to complete a risk assessment form (Figure DC.1.3). Your school is likely to have one of
these documents for you to complete when you conduct your experiment. If you are unsure of
either the ethical, environmental or health and safety aspects of your experiment, check with

your teacher.

Science investigation risk assessment for

Nelson Science 10

Chapter 1

«2¢Nelson MindTap

School

Name of teacher/technician

Date

Year level/class

Name of investigation/activity Karyograms

Book reference
investigation

Nelson Science 10, Chapter 1, Module 1.2, downloadable/PDF science

Activity type

[ Demonstration Student activity

Description of activity

Students sort out chromosomes into an ordered karyogram.

Equipment

Equipment to be used

Potential hazards

Control measures/safe handling
procedures

« A printout of the karyograms [ Electrical A\ [ Safety glasses
investigation sheet . [ Sharps container
. Scissors [ Radiation A O v neulated
« Glue ] Thermal ermally insulated gloves
* Blank sheet of paper Sharps [ Signage

[ Projectile O Safety shield

1 Glass O Other -

[ Gravity — Weights or magnets

O Other —

Chemicals

Chemicals to be used

Potential hazards

Control measures/safe
handling procedures

* None [ Explosive &>

[0 Flammable &

O Oxidising @

O Gases under pressure <
[0 Corrosive <»

[ Acute toxicity &

[ Chronic health
hazards &

O Health hazards <>
O Environmental &
O Other —

[ Ventilation

[ Fume cupboard

[ Ssafety shield

[ Safety glasses

[ Lab coat

[ Gloves

O Limit
concentration/quantity

[ Other -

FIGURE DC.1.3 A section of arisk assessment form
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primary data data
collected directly by a
person or group

Not only do you need to identify the risks inherent in the experiment, you also need to state
the steps to reduce or manage the risk. For example, the use of electrical equipment includes
the risk of electrical shock and tripping on an electrical lead, which are managed by ensuring
devices are turned off when not in use and kept away from sources of water and that movement
around the device is limited while in use.

Any risks that you identify need to be highlighted in your experiment, including the steps to
mitigate these risks (Figure DC.1.4).

1.4 Management of risks

The overall experiment was given a low—medium risk due to several safety hazards. An over-heating
power supply may cause melting to outer-plastic and can shut down affected connected outlets to
the supply (Hill 2021). Consequently, the power supply was shut off every 2 minutes and was placed
over a heat-resistant mat to eliminate heat-transfer and to allow a risk-free 8V supply. Furthermore,
many power cables were connected to walls, computers and other equipment throughout the
procedure, hence a safety hazard for a potential ‘trips and falls’ in the laboratory-safety-procedure
section (Safety 2013). Thereby, chairs were placed over all wires to caution to anyone in near
premises.

FIGURE DC.1.4 An example of the inclusion of risks in an experiment
Apart from highlighting any potential dangers, another way to reduce the risk of injury and
improve safety is to clearly outline the procedures in the experiment. This also includes the

proper use of any materials involved in the experiment. This can be referred to as the standard
operating procedures of an experiment.

Ethics

Ethics is a guiding framework that all research investigations must follow. Ethical concepts
provide moral guidance for making decisions about the design and implementation of a research
investigation. Examples of ethical concepts are shown in Table DC.1.3.

TABLE DC.1.3 Descriptions of different ethical concepts

Beneficence Having a commitment to do good (and minimise risk and harm)

Integrity Acting with honesty and transparency

Justice Ensuring fair distribution of benefits, risks, costs and resources

Non-maleficence Avoiding harm or ensuring that potential harm is outweighed
by benefits

Respect Respecting individual differences and ensuring the right to
autonomy and choice

You must apply your ethical understanding throughout your study of science, particularly
for your own research.

Analysing data

The primary data collected in the experiment should be first organised into a raw data
table. When constructing these tables, the independent variable is usually expressed in the
first column and the dependent variables from the trials in the experiment are placed in the
subsequent columns. For example, when measuring the time taken for a current to pass through

DC-10 NELSON QCE PHYSICSUNITS 1 &2 9780170483629



a solution of different concentrations, the different concentrations (the independent variable) are
presented in the first column, and the time measurements (dependent variable) are presented
in subsequent columns (Table DC.1.4). In addition to data, it is important that you record all
aspects of your experiment, from initial planning to final evaluation, as this will assist you in
constructing your final IA2 Student Experiment report.

TABLEDC.1.4 An example of a table of raw data from an experiment

Radius r (m) Area (m?) Range s _(m) (+0.01 m)

cocomm) | (44
0.005 0.00008 11.11 13.10 10.12 11.20 10.50
0.010 0.00031 6.32 9.12 6.11 6.52 5.90
0.015 0.000 71 3.98 3.91 3.81 2.83 3.80

QCAA Physics 2019 v1.2 IA2 high-level annotated sample response August 2018

As shown in the table, the units for each measurement are included in the column headings.

Once the data has been collected, the next step is to analyse it. As part of this, we need to
make a judgement about the quality of the data in terms of:

« accuracy

e precision

« reliability

« validity

« uncertainties, sources and impacts of error.

It is important to note that each senior subject has different and specific forms of
mathematical analysis. What is appropriate for one type of data in one subject may not
be appropriate for another. For example, calculated means and uncertainties might be
appropriate for a Chemistry or Physics experiment, but mean and standard deviations might
be more appropriate for Psychology or Biology experimental data. The following information
is a general overview of the types of analysis you could undertake, but it is best to check that
the type of analysis you choose is appropriate for your data.

Accuracy and precision

In science, the accuracy of a measurement is how close it is to the true value of the quantity
being measured. Even when the true value is unknown, scientists can rely on the best available
accepted value to compare with the experimental measurement result to determine its
accuracy. Often the accepted value is the theoretical value calculated for the measurement.

A way to help indicate the accuracy of a measurement is to calculate percentage error.
Percentage error shows us how close the measured value is to the true or accepted value:

measured value — true value « 100

Percentage error (%) =

WORKED EXAMPLE DC.1.1

A student used a ruler to measure the height of a 100 mL beaker. These beakers are
known to have a height of 7.2 cm. The measured value was 6.8 cm.
Calculate the percentage error of the measurement.

true value 1
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accuracy the degree

to which the result

of a measurement,
calculation or
specification conforms
to the correct value or a
standard

accepted value the

value of a substance

or quantity that is
universally agreed as
being a best estimate
due to multiple and highly
accurate measurements

percentage error the
difference between a
measurement result
and an accepted
value, expressed as
a percentage of the
accepted value
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precision the closeness
of several independent
measurements of the
same quantity to each
other

ANSWER

1 Determine the measured and true values.
Measured value: 6.8 cm
True value: 7.2 cm

2 Substitute and calculate the percentage error.

Percentage error (%) 68-72 x 100

= -5.6%

This suggests that the measurement is slightly lower than the true value.

A low percentage error indicates a high degree or accuracy, whereas a high percentage error
indicates a low degree of accuracy.

In contrast, precision describes how close a set of measured values are to each other. For
single measurements, precision is about the level of detail given by the measurement. For
example, 1.3 g (two significant figures) is less precise than 1.312g (four significant figures). As
you can see, some measuring instruments are more precise than others. This can be due to the:
« technology used in the device
« quality of components
« resolution
« scale.

The ability to measure precise results is important because it can affect the reliability
and uncertainty of data. Uncertainty will be discussed in further detail later in this chapter.
It is important to note that measurements that are precise are not necessarily accurate
(Figure DC.1.5).

Actual, target or
A reference value

AN

Accuracy

Probability density

A\ 4

Value

&—Precision—>

FIGURE DC.1.5 A graph showing the difference between accuracy and precision

Figure DC.1.6 helps further distinguish between accuracy and precision. In parts a and c,
the individual indication values cluster closely around the mean, whereas parts b and d show
imprecise measurement results because the individual measured values spread significantly
around the mean.

For example, for an individual experiencing a fever, having precise measurements of body
temperatures of 32.1, 33.2 and 32.0°C does not mean that this is an accurate measure of their
body temperature. We know this because humans have a core body temperature of approximately
37.0°C and fever causes body temperature to increase, not decrease.
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a Precise and accurate b
N N

Accurate and imprecise

Number of
indication values
Number of
indication values

> Reading > Reading
‘True value’ ‘True value’
© Inaccurate and precise d Inaccurate and imprecise
N N
7] 172
] @ :
w 2 u“w— 2 il
o © o ®© '
il 3z |
2 5 Q 5 :
g © g = \
z 2 zZ 0 \
k] k] 1
£ £ '
. > Reading i L—> Reading
‘True  Mean Mean ‘True value’
value’
FIGURE DC.1.6 In a plot of measured values versus reading, results can be: (a) accurate and

precise, (b) accurate and imprecise, (c) inaccurate and precise or (d) inaccurate and imprecise.

To improve the accuracy of measured values, you could:
» conduct multiple trials and average the results
« ensure that all variables except for the independent variable are controlled (also referred to
as fair testing)
« ensure that the measuring tools used in the experiment are appropriate for what is being
measured.
This helps to minimise the impact of any errors in the experiment that could affect the
accuracy of the measured results. Errors will be discussed in more detail in a later section.

Reliability

If an experiment is repeated, you would expect to obtain very similar results each time. When this
happens, we say that the experimental results are reliable. However, this is not always the case
because errors can affect the data collected. Reliability can be measured with uncertainty and
standard deviation, concepts that will be described in more detail in a later section. Reliability
of results can be improved by carefully controlling all variables apart from the independent
variable. We will discuss other factors affecting reliability later in this section.

Validity

The quality of the data affects the validity of an experiment. We describe data as being valid if
the result is due to the independent variable only and can answer the research question. In our
example of measuring the effect of the material on current, if any variabilities in voltage or length
are not properly controlled they can also affect the current. As a result, we cannot confidently
conclude that the results measured from the experiment are due to the changes in material only.
These types of variables are known as an extraneous variable and can affect the relationship
between the dependent and independent variables. This is why it is important to ensure that all
variables other than the independent variable are controlled.
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reliability the extent

to which the results

of assessments are
consistent, replicable and
free from error

validity the extent to
which the experiment
measures what it is
intended to measure

extraneous variable
any variable that is not
directly related to the
experiment but could
affect the results of the
experiment
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error the difference
between a measured
value and true value

random error a

variation that affects

a measurement in a
random way so that
successive measured
values may reflect small
changes from each other

mean the average value
of a set of values

KEY FORMULA

Mean

sum of measured values

Mean =

Apart from extraneous variables, errors can also affect the results of an experiment. The
two main types of errors are random and systematic errors.

Errors

Random errors are unpredictable variations that can occur during measurement. When taking
multiple readings of the same thing, random measurement errors cause small variations so that
you end up recording a spread of readings. These errors affect the precision of a measurement
and can be caused by limitations of measuring instruments. The effect of random errors can be
reduced by making more or repeated measurements and calculating the mean (or average). To
calculate the mean:

sum of measured values

Mean =
total number of measurements taken
The mean value is then regarded as the most likely or best
estimate of the true value; however, we cannot be certain that it is
the true value.
While random errors affect the precision of data, systematic
errors affect the accuracy of a measurement. These errors cause

total number of measurements taken

systematic error an

error that acts to give a
consistent offset in data;
for example, consistently
above or consistently
below

uncertainty the

range of values for a
measurement result,
taking account of the
likely values that could
be attributed to the
measurement result
given the measurement
equipment, procedure
and environment
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the readings to differ from the true value by a consistent amount in
the same direction. This can occur when measuring instruments
are not properly calibrated and will therefore differ from the true
value by the same amount. Systematic errors can also be caused by observational error if there
is a consistent distortion in the way we view things that causes errors that are the same every
time. For example, a tall person may read a thermometer from a higher viewpoint and record
a lower measure than the true value every time. To minimise the impact of systematic errors,
it is important to know how to use measuring tools properly and to calibrate them before use.
Figure DC.1.7 highlights the differences between random and systematic errors.

Types of errors
|

\f )

Personal errors
Mistakes, miscalculations
and observer errors.

Measurement errors

They should not be included in
the reporting or analysis of data.

\f \)

Random errors
Unpredictable variations that
occur during measurement.

Systematic errors
Consistent (or proportionate)
variations in the measurement

They affect the precision of a RIOCESS,

measurement. They affect the accuracy of a

measurement.
FIGURE DC.1.7 The key differences between random and systematic errors

Uncertainty

While systematic errors can be accounted for by subtracting or adding the value of the
error, random errors contribute to the uncertainty of a measurement. This reflects the
lack of exact knowledge of the true value of the measurement. All measurements are subject
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to uncertainty because there are many sources of variation. For example, instrumental
uncertainty in measuring tools can result in variability and imprecision of results
due to factors such as sensitivity, calibration and resolution. To minimise the impact of
instrumental uncertainty, it is important to calibrate tools, ensure that the appropriate
tools and techniques are used and consider any limitations when designing the experiment.
Uncertainty can also occur because of the way the person taking the reading interacts with
the tool.

Errors and uncertainties can sometimes be quantified. We can estimate the uncertainty of a
measurement (usually expressed as * a certain value). This is known as absolute uncertainty.

Absolute uncertainty of repeated measurements

Most experiments require you to take multiple measurements. As mentioned above, doing so
and averaging the results can help to reduce the effect of random errors. Imagine you take
multiple measurements of your body temperature. The values are 35.6, 36.1, 35.9 and 36.4°C.
The difference between the maximum and minimum values is called the range. The absolute

uncertainty is half of the range:
. maximum — minimum
Absolute uncertainty = * >

+ 36.4 — 35.6
2
= 10.4°C

KEY FORMULA

The measurement result would be the mean of the values: Absolute uncertainty

35.6 + 36.1 + 359 + 364
4

Mean = Absolute uncertainty = +

= 36.0°C

The reported value includes both the mean and the absolute uncertainty. In this example,
the reported value would be 36.0£0.4°C. In other words, the actual value could lie anywhere
between 35.6°C and 36.4°C.

Absolute uncertainty of single measurements

For analogue devices, the uncertainty is normally determined as half of the smallest division on
the scale. For example, a glass thermometer with graduations of 1°C has an uncertainty of +0.5°C.

With digital devices, the limit of reading is normally defined as the smallest division. For
example, a digital thermometer that measures in 1°C has an uncertainty of +1°C. One limitation
of this calculation is that it does not indicate the direction of the error. The absolute uncertainty
of this digital reading is defined as i% limit of reading, in this case +1 of 1°C of £0.5°C.

2

Percentage uncertainty

Absolute uncertainty can be used to calculate percentage uncertainty. Percentage uncertainty
is calculated relative to the measured quantity, and is calculated by:
absolute uncertainty 100

Percentage uncertainty (%) = X —
measured value 1

KEY FORMULA

A lower percentage uncertainty indicates a more Percentage uncertainty

precise measurement, whereas a high percentage

instrumental uncertainty
the inherent limitations
and potential errors
associated with the
measuring instruments
or tools used in
scientific experiments or
observations

absolute uncertainty
the magnitude of the
difference between the
observed/measured
value and the true value

range the difference
between the maximum
and minimum values of
a measured confidence
interval

maximum — minimum

2

percentage uncertainty
a measure of the
uncertainty of a
measurement compared
with the size of the
measurement, given as a
percentage

absolute uncertainty 100

. T . i %) =
uncertainty indicates that the measurement is less Pares g Unee i)

precise as due to greater variability.
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Once data has been processed in this way, a table can be presented that also includes these

measurements of uncertainty (Table DC.1.5).

TABLE DC.1.5 An example of a summary table showing measurements of uncertainty

Radius r (m) |Area (m?)
(£0.0001 m) | (+4%)

Range s_(m) (+0.01 m)

Trial 1 | Trial 2 | Trial 3 | Trial 4 | Trial 5 Absolute Percentage
uncertainty of the | uncertainty of
mean (m) (£ x) the mean (%)

0.005 0.00008 11.11 | 13.10 | 10.12 | 11.20 | 10.50 | 10.73 0.54 5
0.010 0.00031 6.32 9.12 | 6.11 6.52 | 5.90 6.21 0.31 5
0.015 0.00071 3.98 3.91 3.81 2.83 | 3.80 3.88 0.09 2.3
QCAA Physics 2019 v1.2 IA2 high-level annotated sample response August 2018

Significant figures

Once uncertainty has been calculated, results need to be quoted with the appropriate

significant figures.

The following steps can be used to determine the significant figures of a single value.

1. Reading a value from left to right, start counting significant figures at the first non-zero
number. For example, for a measurement of 0.024 307 g, the first significant figure is 2. In
this case, the first two zeros are not considered significant.

2. Every number after the first significant figure is deemed as significant, including any zeros.
In 0.024307 g, there are five significant figures.

These rules apply even when numbers are expressed in scientific notation. If the above
example was expressed as 2.4307 x 1072g, then the first significant figure is still 2 and every
number thereafter is considered significant.

WORKED EXAMPLE DC.1.2
A student measured the mass of a sample to be 0.0103 g. Determine the number of
significant figures in this value.
ANSWER
1 Determine the first significant figure.
Reading from left to right, the first significant number is the first non-zero number.
According to this rule, the first significant figure in this value is 1.
2 Count the number of figures in the value that are considered significant.
After the first significant figure (1), there are two significant figures 0 and 3. As such,
there are 3 significant figures in this value.
Written in scientific notation, this value is 1.03 x 102 g.

When measurements are used to calculate a final value, the numbers and operations to
arrive at the final answer contribute to the significant figures of the final answer.

1. For addition and subtraction, the final answer needs to be expressed to the least number of
decimal places. For example, when adding the length of two pencils of 10.5 and 9.42cm, the
final answer should be expressed to one decimal place, 19.9 cm.
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2. For multiplication and division, the final answer needs to be expressed to the least number of
significant figures. For example, if we needed to calculate the percentage of sugar in a 50.0g
sample, given that there is 2.4 g of sugar present:

24
Percentage = —
50.0

=4.8% sugar
Because 2.4 has the least number of significant figures (two), the answer is expressed to
two significant figures. For multistep questions, retain the appropriate number of significant
figures at each step, where the final answer should be expressed based on the final step. In
other words, the final answer can be no more precise than the least precise measurement.

WORKED EXAMPLE DC.1.3

A student performed the following calculation using experimental data:

527.11-232.3
5.4

Determine the number of significant figures that the answer should be expressed in.

ANSWER

1 Identify the order of the steps involved in this calculation.
The calculation would be performed in the following order:
i 52711-232.3
ii Answer from stepi+ 5.4
2 Identify the number of significant figures in each step.
i 4.Sinceitis a subtraction calculation, we need to express the answer to the least
number of decimal places.
ii 2.Sinceitis adivision calculation, we need to express the answer based on the
number with the least significant figures (5.4).
3 Determine the number of significant figures for the final answer.
Two

Graphs

Although tables can be an effective way to collect and record
data, it is difficult to visualise any trends or relationships
between the independent and dependent variables. Presenting
data in graphical form makes it easier to identify if any trends

Title

exist between the variables.
Many different types of graphs can be used to represent
data; for example, column graphs, pie charts, scatterplots and y-axis =
line graphs. Choosing the right graph depends on the nature D:;,?:&Znt
of the data collected and what you are trying to show. For
graphs that involve an x-axis and a y-axis, the independent
variable is represented by the x-axis and the dependent
variable is represented by the y-axis (Figure DC.1.8).
It is also important to choose an appropriate scale
when drawing graphs because it helps to ensure that the
data is represented fairly and in a way that can be easily FIGUREDC.1.8 The positive quadrant of Cartesian plane
interpreted. It also avoids misleading representations that showing the variables represented on the x-axis and y-axis

WV

x-axis = Independent variable
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imply inaccurate relationships between data. All graphs need to have a title that outlines the
information being presented and labelling of axes, including units.

Pie charts

Pie charts are best used to show parts of a whole and the percentage composition of each
different category. For example, pie charts can be used to show the composition of a mixture of
air - nitrogen, oxygen and other gases - and the percentage of each (Figure DC.1.9).

Nitrogen 78%

Oxygen 21%

vy_— S%T;)n dioxide
\ . 0

Other gases
(mostly argon 0.96%)

FIGURE DC.1.9 A pie graph representing the composition of air

A limitation with pie charts is that they become visually cluttered when there are many
different categories.

Column graphs

Column graphs are useful when comparing quantities or different categories of groups
(Figure DC.1.10).

The eight most common elements in Earth’s crust

Percentage

Oxygen Silicon Calcium Iron Magnesium Potassium Aluminium  Sodium
Element

FIGURE DC.1.10 A column graph showing the differences in mineral composition of Earth's crust
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These types of graphs are preferred for comparing categories when order or time is
important to show changes over time, or when comparing the differences between groups.

Line graphs

Line graphs are ideal when showing trends over time for continuous data, particularly
when comparing multiple series over the same period. In line graphs, each data point is
connected to the next and the relationship between the two variables can be represented as
the equation:

y=mx+c

where: m = the gradient
c = the y intercept.
For example, the calibration curve measuring the absorbance oflight based on concentration
of a solution can be represented by a linear graph as shown in Figure DC.1.11.

18-
1.6 y = 0.34x + 0.001
1.4 R* =1
1.2 4
1.0 4
0.8
0.6
0.4
0.2

0.0 T T T T T T ! >
15 20 25 30 35 40 45 50

Concentration (ppm)

Absorbance

FIGURE DC.1.11 A line graph showing absorbance at different concentrations

The gradient is a useful piece of information that helps to describe the relationship between
the independent and dependent variables. For linear relationships, the gradient of the slope helps
to identify the nature of the relationship between the independent and dependent variables. To
calculate the gradient of a linear graph, m, where the equation is y = mx + c:

Gradient (m) = v
Ax

Determining the gradient in this way only requires two data points, where the difference
in the y values is divided by the x values of the same two points. Depending on the value of the
gradient, a:

« positive gradient (Figure DC.1.12a) indicates that as the x value (independent variable)
increases, so does the y value (dependent variable)

« negative gradient (Figure DC.1.12b) indicates that as the x value (independent variable)
increases, the y value (dependent variable) decreases

« gradient of zero (Figure DC.1.12c) indicates that as the x value (independent variable)
increases, there is no change in the y value (dependent variable). As such, there is a constant
relationship between the two variables.

Analysing the gradient for non-linear relationships is a bit more complicated and requires
us to calculate the gradient of different tangents at specific points along the graph and compare
the changes.
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trendline a line that
represents the general
direction or pattern of
data points

maximum trendline

a trendline with the
greatest gradient that fits
within the data within the
uncertainty values

minimum trendline

a trendline with the
smallest gradient that fits
within the data within the
uncertainty values

N\

—t
y

Positive Negative Zero

FIGURE DC.1.12 Linear graphs with (a) a positive gradient, (b) a negative gradient and
(c) zero gradient

Scatterplots

Scatterplots are similar to linear graphs in that they show individual data points, highlighting
the relationship between the independent and dependent variables. However, unlike line graphs,
the data points in scatterplots are not connected (Figure DC.1.13).

80
70 °

60 — °

50 o o

40 — o o

Temperature (°C)

30

20

10

Time (s)

FIGUREDC.1.13 A scatterplot of changes in temperature over time

Although the points are not connected, organisation of the data points relative to each other in
these graphs can identify a relationship between the variables. Trendlines can be drawn through
or near the datapoints to help make the relationship between the independent and dependent
variable more visible (Figure DC.1.14) while also showing the strength of this relationship.

Although it is possible to draw trendlines manually, it is more accurate to use software
to draw trendlines. When manually adding trendlines, the line should be drawn so that it
minimises the distance between the line and the data points.

If a trend does exist, we can often easily identify whether it is positive (positive correlation)
or negative (negative correlation). In a positive trend, the dependent variable increases as the
independent variable increases, whereas in a negative trend, the dependent variable decreases as
the independent variable increases (Figure DC.1.15).

Maximum and minimum trendlines are visual representations of the strength of the
relationship between the variables (Figure DC.1.16). A wider range between the two suggests a
greater variability of uncertainty in the data, whereas a narrow range suggests a lower variability in
the measured values. Analysing maximum and minimum trendlines together can help us predict
the potential range of outcomes. For example, using trendlines to forecast temperature changes
as a result of emissions can help us predict and prepare for worst-case scenarios. Maximum and
minimum trendlines can also help identify potential errors in the experiment. Values that fall
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Temperature (°C)

20
10

\ 4

Time (s)

FIGUREDC.1.14 A scatterplot of changes in temperature over time, including a trendline (red)

AN AN AN
Positive correlation ’ Negative correlation ’ Zero correlation ’
FIGURE DC.1.15 Scatterplots with trendlines showing (a) a positive trend, (b) a negative trend and (c) zero trend
N
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6.00 1 y =0.0018x + 0.62
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FIGURE DC.1.16 An example of a scatterplot that includes a maximum and minimum trendline
significantly outside the area between the maximum and minimum trendlines suggest an outlier
that may have been due to a random error.
Greater variability in certain areas of the graph may also suggest error. For example, when
measuring the rate of a reaction at different temperatures, it may be evident that there is a
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large variability in the rate of the reaction at higher temperatures. This could imply an error in
temperature control at higher temperatures.
A common strategy used is to draw a:
« maximum trendline involves drawing a line from the bottom of the error bar of the starting
data point to the top of the error bar of the last data point
« minimum trendline involves drawing a line from the top of the error bar of the starting data
point to the bottom of the error bar of the last data point.
Error bars are explained in more detail later in this chapter.
Although trendlines are more general and can be used for different types of graphs with

line of best fit a straight linear and non-linear data, the line of best fit is better suited for linear relationships. Since
gg?nizrﬁ]uggga;s that the line of best fit is used for linear relationships, the data points can be used to establish the
best expresses the relationship expressed as y = mx + c.

relationship shown in a

scatterplot Although this can be done manually, the calculations can become complex and therefore it

is often easier (and more accurate) to use software such as Excel, which can both draw the graph
and establish the corresponding equation for the line of best fit. Lines of best fit can be used to
predict values not measured in the experiment (extrapolation) or estimate values within the
range of data collected (interpolation) that was not directly measured (Figure DC.1.17).

N\ 4
A4

Interpolation Extrapolation

FIGURE DC.1.17 Using a line of best fit to (a) interpolate a data point within the measured values and
(b) extrapolate a data point outside of the measured values

Drawing the line of best fit involves specific statistical models such as linear regression and
is often accompanied by a quantifiable level of certainty, known as the R-squared value (R?) (also
referred to as the coefficient of determination). Regression analysis provides an equation for a
graph so that predictions can be made about the data.
Linear regression is a basic and commonly used type of predictive analysis. The overall idea
:‘, of regression is to examine two things:
b 1. Does aset of predictor variables do a good job at predicting an outcome (dependent) variable?
2. Which variables in particular are significant predictors of the outcome variable?
These regression estimates are used to explain the relationship between one dependent
variable and one or more independent variables.
This can be calculated in Excel.

Weblink
Linear regression and Excel

Before discussing R? values, we must first understand the significance of R values.
A method that can be used to quantitatively describe the direction and strength of a linear

Pearson correlation relationship between the independent and dependent variables is the Pearson correlation
coefficient (R) a coefficient (R), which measures the correlation between two sets of data. R values can be
statistical measure that

quantifies the direction between —1 and 1, where:

and strength of a « R =0suggests no correlation

relationship between two . .

variables « R =1suggests a strong positive correlation

« R=-1suggests a strong negative correlation.
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The formula to calculate the R value is complicated and therefore it is much easier to use
software to help with this calculation. Programs such as Excel have options to calculating R
when plotting the graph.

Squaring the R gives us the R* value. This shows the linear relationship between two
sets of data. In simple terms, it answers the question, ‘Can I draw a line graph to represent
the data?’ Calculating this coefficient does not allow you to fit a line to your data (use a
regression analysis for this). However, the value is not able to tell the difference between the
independent and dependent variables; for example, investigating a high-kilojoule diet causing
diabetes might give a correlation of 0.8. However, you could also get the same result with the
variables switched around — diabetes causes a high-kilojoule diet. Therefore, as a researcher
you must be aware of the data you are putting in and note the difference between correlation
and causation:

« R?>>0.8 =strong correlation
*  R?<0.5=weak correlation.

In physics specifically, we often refer to the R? coefficient of determination when graphing
linear relationships and use a threshold of 0.95 to denote a very strong correlation that indicates
a high level of precision in the graph modelling the relationship.

Non-linear graphs

Not all trends show a linear pattern. For example, graphs showing the acceleration of an
object by plotting displacement over time are curved. In such cases where the relationship is
not linear, manipulation of the variables is required. This may be squaring a variable, where

. . 1 . . .
s o< £, or deriving an inverse square, where F o< 7 to produce a linear relationship.

The simplest way to identify whether a relationship between two variables is linear or non-
linear is to plot the data points on a graph to identify the overall trend. Gradient analysis can
be conducted on non-linear graphs by calculating the instantaneous gradient of the tangent
line at each data point and comparing the extent of the changes between each point. The
tangent line is a straight line that ‘touches’ the data point and shares the same gradient as the
curve at the given data point (Figure DC.1.18).

Non-linear graph with a tangent line
y=f()

Tangent line

N
7

X

FIGURE DC.1.18 An example of a tangent touching a data point on a non-linear graph

However, there are methods to linearise non-linear relationships. The technique to do
this depends on the shape (or the relationship) of the initial graph (Table DC.1.6).
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TABLE DC.1.6 Different methods used to linearise data

Graph shape Relationship How to linearise the data

N . .

y There is an inverse Graph y as a function of 1
relationship between X
the variables where y is
inversely proportional to x.

AN
% 7

y" There is a proportional Graph y as a function of x?
relationship between the (rather than just x).
variables where y is the
square of x (or x?).

N
X 7

y’\ There is a proportional Graph y? (rather than just y)
relationship between the as a function of x.
variables where the square
of y(y?) is proportional to x.

N
X L

yT There is a proportional Graph y as a function of A
relationship between x?
the variables where y is
proportional to the inverse
of x2.

AN
X 7
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WORKED EXAMPLE DC.1.4

A student conducted an experiment measuring the displacement (m) of an object over time. The data and graph
are shown below.

Displacement versus time

N
200 -
Time (s) Displacement (m)
E 150+ 1.05 2
<
g 2.95 18
2 100
2 5.10 50
2
50 6.95 97
9.05 164
0 - - - T —>
0 2 4 6 8 10

Time (s)

Linearise the data by drawing a new graph with manipulated variables to determine the relationship.

ANSWER
1 Use Table DC.1.6 to identify the type of graph presented.
The shape of the graph shows a relationship where y is proportional to the square of x.

2 Identify the method that can be used to linearise this data.
Graph y as a function of x2.

3 Calculate the new x values. 4 Draw the new graph.
1 v3 2
Displacement versus time?
N
1.1025
180 - y= 2.(%051x -0.3785
8.7025 160 R?=0.9997
= 140 -
26.010 E
£ 120+
48.3025 g 100
@
o5 804
81.9025 &
(=] 60_
40 -
20
0 T T T T T T T T >

0 10 20 30 40 50 60 70 80 90
Time? (s?)
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~%, Error bars
| L 4

To illustrate uncertainty, your graphs should incorporate error bars. These extend from data
points to demonstrate the uncertainty of the measurement (Figure DC.1.19).

Weblink
Error bars
a Graph showing error bars b Breakdown of an error bar
N N
1.0 Error bar
2 0.8
=]
s
&
z I 0.6
£ I © «—— Data point
2
g 0.4
[
[=]
0.2 Cap—— =
AN N
0 ' 4
Independent variable
FIGURE DC.1.19 (a) A scatterplot that has incorporated error bars. (b) The structure of an error bar.
The upper and lower limits of the error bars can be determined by using descriptive statistics
such as standard deviation or absolute uncertainty. (Note: There are different types error bars;
e.g. standard deviation, confidence intervals, uncertainty.) To draw error bars on graphs:
1. Identify the data point.
2. Calculate the uncertainty of the mean for the data point. This will determine the upper and
lower limits of the error bar.
3. Use the values from step 2 to identify the maximum and minimum value for the data point.
Use this to draw the error bar.
ot Graphing applications such as Excel have an option to include error bars in graphs. This is a
%< faster and often more accurate method to generating graphs with error bars.
A larger error bar indicates that the values are spread out and suggests greater uncertainty
Weblink than a smaller error bar which signals that the measurements are clustered around the data
prawing graphs with point. Error bars can be drawn for different types of graphs (Figure DC.1.20), although, in

Physics, data is typically described using scatterplots.

DC-26 NELSON QCE PHYSICSUNITS 1 &2 9780170483629



Column graph Line graph

\ 4

Scatterplot
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FIGURE DC.1.20 Column graphs, line graphs and scatterplots that include error bars

Other representations of data

Scientific drawings

Textbooks are full of scientific drawings that represent structures, organisms and processes.
These drawings are highly detailed, accurate and clear. For example, consider the
representation of the lattice structure of metals showing the presence of delocalised electrons
(Figure DC.1.21).

Delocalised electrons
move at random
among the ions.

FIGURE DC.1.21 The lattice structure of metals allows delocalised electrons the ability to flow
freely throughout the metal.
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Scientific drawings contain labels and annotations and
Foormal are also drawn to scale to show the relative proportions of
the forces applied, as seen by the free-body force diagram in
Figure DC.1.22.

F friction

Identifying trends and relationships

The purpose of an experiment is to collect relevant data that can
be analysed and used to understand the relationship between
the independent and dependent variables.

FIGURE DC.1.22 A free-body force diagram for an Analysing graphs

object at rest on an inclined plane
When analysing graphs, it is important to consider all

aspects presented in the graph. Consider the graph shown in
Figure DC.1.23. What we tend to notice first is the overall trend in the data. The graph
shows a positive trend where the voltage increases as the current increases. We determine
this visually based on the shape of the line; however, it is possible to use the positive gradient
for the line. The large R* value of 0.996 (very close to 1) suggests high correlation between
both variables.

N
5_
y=4.83x+0.17
R? =0.996
4]
S
@ 3
(=]
8
G
>
2_
14
N
T T T T T 7
0.2 0.4 0.6 0.8 1.0

Current (A)

FIGUREDC.1.23 A graph showing the relationship between voltage across and current through a resistor

The graph in Figure DC.1.23 also contains error bars showing the uncertainty in each
measurement. This provides an indication of the precision and effect of random error in each
measured value.

Although not as easy to visually identify as graphs, raw data tables can also be interpreted to
identify the relationship between two variables; for example, the raw data table for the graph in
Figure DC.1.23 (Table DC.1.7).
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TABLE DC.1.7 A data table for the experiment testing the relationship between different materials
and the impact on the voltage across and current through the resistor

Current Trial 1 Trial 2 Trial 3 Mean Absolute |Percentage
(A) (V) V) (V) voltage |uncertainty
(V) V)
0.1 0.48 0.52 0.49

0.50 +0.2 40.0
0.2 1.08 1.05 1.12 1.08 0.2 18.5
0.3 1.50 1.47 1.53 1.50 +0.2 13.3
0.4 2.01 1.97 2.04 2.01 +0.2 10.0
0.5 2.48 2.54 2.49 2.50 +0.2 8.0
0.6 3.05 3.00 3.04 3.03 +0.2 6.6
0.7 3.52 3.47 3.55 3.51 +0.2 5.7
0.8 3.99 4.04 4.01 4.01 +0.2 5.0
0.9 4.56 4.52 4.49 4.52 +0.2 4.4
1.0 5.01 5.04 4.99 5.01 +0.2 4.0

The percentage error in the lower current values is relatively high. This suggests significant
uncertainty of the measured value, making them less reliable. However, the percentage error
decreases as the current increases, indicating that the results are more reliable.

Interpreting and evaluating evidence

To demonstrate that you have a robust understanding of the results of the experiment, it is
important to identify the relationship between the variables and comment on the reliability
and validity of the relationships, using your calculations of errors and uncertainty. Although
it sounds counterintuitive, highlighting sources of error in your experiment and describing its
effect on your results strengthens your argument. It also allows you to identify any limitations
and offer suggestions for improvements and/or extensions to your experiment. By doing
so, you are demonstrating an ability to critically analyse data, which helps to develop well-
informed arguments.
Apart from reiterating the trends shown in the data, you need to scientifically justify the
argument. This is done by referencing theory and previous studies to explain the phenomena
being shown through the data. For example, in an experiment measuring the effect of current
on force in a conductor, we would want to refer to the theory relating to moving charges inside by s,
a magnetic field and use that to justify the arguments made from the trends identified from Lind
the data.
The culmination of this allows us to draw well-informed conclusions that help to answer the
research question.

An annotated
student experiment
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LEARNING CHECK DC.1

DESCRIBING

1 Describe the difference between:

a accuracy and precision

b reliability and validity.
2 Identify two strategies to improve the accuracy of data.
3 Identify the type of data most suited to:

a piecharts
b line graphs
¢ column graphs.
4 Describe the importance of:
a keeping a detailed record of what occurs an experiment
b SDSs
¢ ethics in experiments.

5 Sequence these in the most logical order they should appear within a scientific report:
results, methodology or modifications, research question, data analysis

APPLYING

6 Consider the following research question.
‘How does the degree of refraction vary when light passes through different mediums?’
Identify the:

a dependent variable
b independent variable.

7 A student wanted to conduct an experiment to see whether eating food before running
had any effect on how far she could run. Write a research question for this experiment.

8 A studentis conducting an experiment involving the use of a glass measuring cylinder
to measure and pour a sample of acid into a 100 mL glass beaker. Identify one safety
concern associated with the experiment and how the risk can be minimised.

9 In amedical experiment, a participant was asked to undergo a series of additional
tests that could reveal sensitive information about their health situation. The
participant refused to give consent to the tests. However, the experimenter ignored
this and requested for the tests to be conducted anyway. Which ethical concept has
the experimenter breached? Explain your answer.

10 Identify the number of significant figures in the following.

a 0.0023
b 2.43007
c 8.1005
d 07

11 A student measured a value of 20 cm in their experiment with an absolute uncertainty
of 1cm.

a Calculate the percentage uncertainty.
b What does this value suggest about the precision of the measurement?

12 A group of students designed an experiment to measure the melting points of different
substances. The students obtained five different substances: A—E. They set up a
melting point apparatus and heated each substance until it melted, recording the
temperature at which melting occurred.
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a ldentify an extraneous variable for this experiment.

b Each student took turns measuring the melting point of each sample each day.
Students brought in their own thermometers, and it was noticed that some used
digital thermometers while others used analogue thermometers. Identify the type
of error that occurred as a result of this.

13 In a particular set of measurements, a student recorded the following: 14.2, 14.1 and
14.3 cm. Calculate the absolute uncertainty.

14 The results from a student experiment involving the measurement of the velocity of a
sphere dropped from various heights are shown below.

Height Velocity (m s™) Mean velocity
-1
" ine?

0.5 3.11 3.13 3.15
1.0 4.41 4.43 4.45
1.5 5.40 5.42 4.44
2.0 6.24 6.28 6.30
2.5 6.98 7.02 7.04

Identify the dependent and independent variables for this experiment.

Calculate the mean value for each height.

Use the values to draw a graph to represent this data.

d Determine the correlation (if any) between the independent and dependent variables.

ANALYSING

0o T o

15 Consider the following graph.

25

: I I
0 : : i : : : i : : i |>
5 6 7 8

1 2 3 4
Sample

N
o
L

-
w
L

Concentration of phosphorus (%)

o
L

a Determine the dependent variable.
b Which sample shows the greatest variability?
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16 The following graph was drawn for an experiment measuring the change of
absorbance as a result of a change of concentration.

8.000

6.000

4.000+

Absorbance (%)

2.000

0.000 ; ; ; ; —>
0.000 0.200 0.400 0.600 0.800  1.000

Concentration (mol L")

What is the name of the type of graph drawn?

What is the name given to the line drawn in the graph?

Calculate the gradient (m) of the line.

Determine the approximate absorbance at a concentration of 0.2000.

Based on the graph, would you expect the R value to be greater or less than 0?
Explain your response.

® Q0 T 9

Research investigation

To help prompt your Research Investigation (IA3) assessment, your teacher will provide a list
of claims that you can investigate. These claims will be related to particular topics outlined in
the syllabus. After selecting a claim, you will be required to research a question to investigate.
Unlike the student experiment, the research investigation requires you to collect and analyse

secondary data data secondary data about your topic and particular research question.
that is collected by

someone else

Forming and finding
Researching

As with the student experiment, you will need to conduct research before developing a
research question. This involves reading scientific articles and books and investigating other
resources to develop a solid understanding of the topic. From blogs to scientific journals,
there are many resources available to help develop your understanding. These sources may

o be available through open access (e.g. Google Scholar) or through organisations such as

< government websites and local or national libraries. Open Science, an initiative by Creative
Commons, has a list of open-source scientific articles that are freely available. For scientific

Weblinks research, it is important to use a variety of credible resources. Therefore, you will need to
Open Science be able to assess the reliability of the sources you are using. For example, blogs that can

Evaluating the
information you find

be written by anyone are not as reliable as scientific articles from a peer-reviewed journal
(Figure DC.2.1).
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Primary source HIGH

Peer-reviewed research article published in a journal. For example:
* Nature

Session at a scientific conference

Secondary source

Review article published a journal. For example:
 Science

Article written in reputable media. For example:
+ ScienceDaily
+ Science News for Students

Visual media prepared by qualified presenters. For example:
+ Documentaries

+ Animations

» TEDEd

+ TikTok (qualified presenter)

Expert opinion article

General opinion article that relies on anecdote and can be biased

News article in general news media such as a newspaper or social media that relies on
anecdote and ‘clickbait’

Non-scientific idea, anecdote, ‘common sense’ psychology often presented by celebrity
or influencer without the knowledge or skills to evaluate the claims. For example:

+ TikTok (unqualified presenter)

LOW

FIGURE DC.2.1 Sources of information based on their reliability

This is why the peer review process in scientific research is so important (Figure DC.2.2).
For an article to be published in a journal, it must be reviewed by multiple experts, who evaluate
and make suggestions for further improvement. Before it can be resubmitted, the author must
review and respond to the suggestions. This process can take months. Only once this process
has been completed can the article be accepted by the journal.

When using sources that are not from peer-reviewed journals, it is important to assess the
reliability and validity of the information. It is helpful to ask yourself question such as:

« Is the author(s) an expert in this domain?

« Does the resource use evidence to support the claim?

« Is the methodology valid?

« Ifevidence is used, where does the data come from?

« Is this publication trustworthy?

« Isthere any bias; for example, is there a conflict of interest among the researchers?

It is also a good idea to cross-reference the information presented by these resources
with other sources such as primary sources and textbooks. This initial research helps you to
develop a rationale for your investigation, and as a result helps to craft a research question
that is relevant to the claim. As with the student experiment, the research question needs to
be able to be tested.

To help the reader have the necessary context for the research investigation, you need
to provide a level of background. The background needs to provide enough of a foundation
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2 Journal editor sends
manuscript to expert
reviewers to evaluate
quality of research,
write-up and
conclusions.

1 Author writes
and submits article
manuscript to journal.

Peer review process

Z 3 Expert reviewers return
manuscript to editor with
suggestions for changes,
if any, or recommendations
to publish or not to publish.

6 Journal editor includes Q

report in journal issue. %‘

5 Author revises
manuscript and
resubmits.

4 Editor reviews suggestions
and returns manuscript to
author for revision.

FIGURE DC.2.2 The peer review process

that the reader can understand the theoretical underpinnings of the research while also
showing that you have used scientific evidence to develop a research question that aligns with
the claim.

The ability to communicate scientific understanding to an audience is often an overlooked
skill. How we present the information depends on what we are sharing and the audience we
are sharing the details with. For example, when communicating to a younger audience who are

:l :o unfamiliar with many scientific concepts, it is important to use language that is accessible and
visuals to help foster a foundational understanding of the topic. When communicating findings
Weblinks to those in the scientific community, we need to use scientific language, including correct

Referencing style guides

Referencing sources

DC-34
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nomenclature, units and symbols specific to the scientific theory.

Since experiments and scientific research draws on the knowledge, thoughts and ideas
developed by others, we need to appropriately acknowledge the source of the information. The
referencing format that is required depends on the discipline; however, in most cases, science
uses the APA (American Psychological Association) referencing style.

Analysing evidence

As part of your assessment, you will need to find scientific evidence from previous research
related to your research question. The data derived from these studies is used in the same way
as the data collected from your student experiment; to identify trends and relationships between
variables to answer the research question.

Since there are multiple data points, you will need to individually analyse the data presented
by each study. For instance, consider Figure DC.2.3, which shows a section of a Research
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Study 1

Research uncovered that as CO, emissions were increased, the rate of other gases, such as methane and
water vapour also increased, creating a positive feedback. Scheffer et al concluded that feedback could
account for an increase in the rate of global warming by 15-78% on a century scale. This high level of
inaccuracy does impact the validity of the model, as it is difficult to generalise. Figures 3 and 4 displayed
below are predicted models displaying the effect on equilibrium with feedback.

N N N
—~ 4004
184 2 £ b 184 €
| o &
E 171 = E 17 4
é.16- £ ‘é’m- \y
£ 151 7 o 3007 £ 151 o
= < = Equilibrium
S 14 £ T S 14
o a [T)
13- 2 131 N
. . . — < 200+—~f> . . . >
200 300 400 500 600 -2-1 0 1 2 3 4 200 300 400 500 600
Atmospheric carbon (ppm) Temperature deviation Atmospheric carbon (ppm)

Figure 3: Graph displaying the relationship between carbon in ppm and temperature
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Figure 4: The proposed impact of a positive feedback on equilibrium

Study 2
N
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35+
e"lw 341 The graph above shows a clear
'T 331 positive linear relationship between
32 an increasing humidity level and the
31- o greenhouse effect. The outliers for (W)
12.4,12.75 and 13.5 still follow the
301 general trend and therefore do not
29 significantly impact the reliability of
8 : : : : - the data.
11.5 12 12.5 13 135 14
w,

c

Figure 5: Relationship between humidity and temperature
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Study 3

Stephens et al (1993) utilised data from numerous observations from
varying climates around the world to understand the water vapor feedback
system and its relationship to the greenhouse effect. The data was then
processed using multiple formulae to create the figures seen below.
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Sea surface temperature (°C)
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o

Figure 6: Relationship between surface temperature and water vapour
after a 10% increase in CO,

Figure 6 displays these results after processing data. It was found that
the amount of precipitable water dramatically increased following a
doubling of CO, which heated the environment (expressed as a surface
temperature on x-axis). Specifically, as the CO, created more heat due
to the greenhouse effect, the amount of precipitable water increased
substantially.

FIGURE DC.2.3 Analysis of results from three different studies

Investigation (IA3) where the student analyses three different studies investigating the
relationship between the release of greenhouse gases and blackbody radiation.

Understanding the trends presented in each study allows you to develop a well-rounded
conclusion for the research question.

Interpreting evidence

As you now know, presenting data and describing trends and relationships on their own is not
sufficient. We need to be able critique the evidence itself and use the evidence to justify the
argument being made and to draw a conclusion.

Assessing both the raw data and the quality of the evidence allows us to draw a conclusion
from the investigation. When developing your conclusion, ensure that it directly answers the
research question. Sometimes when assessing studies at an individual level, the data may
point towards a particular conclusion. However, when studies in the same area are evaluated
together, an overall analysis may suggest a different conclusion. If your investigation shows
a different conclusion from the studies used, that in itself is an important conclusion. It
highlights that further investigation is required to develop a deeper understanding of the area.
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Evaluating evidence

The quality of the evidence can impact the reproducibility of the research and strength of
the conclusions drawn (DC2.4). We can assess the quality of the evidence by identifying any
limitations caused by errors and/or uncertainty. This may include assessing the:

« appropriateness of the method « sources of error
« sample size « degree of uncertainty of the data.
Evaluation

Scheffer et al (2006), F. Rakoczi and Z. Ivanyi (1999), and Stephens et

al (1993) all provide evidence in their articles that is complementary The
researchers all predicted that this process is accountable for more than
half of the intensifying greenhouse effect that is leading to global warming,
through varying methods of data, hence, the sources are reliable.

FIGURE DC.2.4 An excerpt evaluating the evidence provided by previous scientific studies where
the green highlighted text shows discussion about the quality of the evidence.

This would also help to make any interpolation or extrapolations of the findings to further
analyse the research claim.

It is also important to suggest any further improvements for future studies related to this
area (Figure DC.2.5). For example, you could identify any changes that you would make
to the methodology to improve the validity or reliability of the data from the experiment.
Suggestions for improvement should also address any limitations present in the experiment,
including any:

« experimental limitations; for example, time available to conduct the experiment, errors

« methodological limitations; for example, accuracy and reliability of measurement
techniques, ethical constraints

« external limitations; for example, environmental factors that can introduce variability,
access to proper equipment.

Improvements and Extensions

To address the limitations of the evidence, the following improvements and extensions
should be considered in the future:

- Improvement: finding data that is specific for different climates around the world
in order to communicate accurate models that represent the globe, hence,
improving validity.

- Improvement: Finding more recent models that includes satellite data to visualise
how the presence of water vapour from the feedback loop actually increases
temperature. This would improve the reliability and validity of the findings as they
would have a more realistic context rather than hypothetical.

FIGURE DC.2.5 Suggestions for further investigation for an experiment
As you can appreciate, being able to interpret and evaluate data is crucial for reaching

informed conclusions about your research. Not only do you need to speak about the data, you
need to be able to use the evidence to justify any arguments made from the research.
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DC-38

LEARNING CHECK DC.2

DESCRIBING

1 Identify the difference between primary and secondary data.
2 Describe the role of the peer review process in scientific research.

APPLYING

3 A student conducted an experiment to investigate the effect of different lengths of a
wire on the resistance of the wire. The student tested four different lengths: 10, 20,
30 and 40 cm. The resistance was measured using a digital multimeter. Identify one
experimental and one methodological limitation for this experiment.

4 Consider the following passage:

Velocity, a fundamental concept in the field of physics, plays a crucial role in
understanding the motion of objects. Velocity describes the rate at which an object
changes position. In studying velocity, scientists can analyse the factors that influence
the speed and direction of an object.
Rewrite the passage so that it can be read and understood by a primary school student
who is studying science.

5 A student used the following source for their research investigation.
Cruzan, J. (2012). ‘The most important solvent’. Retrieved from http://www.drcruzan.
com/Water.html.
Use information from the ‘Referencing sources’ weblink to show how this resource
would be referenced in in text.
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Conducting research

CHAPTER

«  The scientific method follows a particular process aimed to maximise accuracy, reliability SUMMARY
and objectivity while minimising uncertainty and error.

becomes background
research for future
studies

becomes background

research for future
studies

! 1

I |

! [

| ]

-~

Analysing data

. Precision describes the closeness of data, whereas accuracy describes how close the
measured value is to the true value.

«  The quality of data affects the validity of the experiment.

a Precise and accurate b Accurate and imprecise
N

AN
d
N

Number of
indication values
Number of
indication values

> Reading ; ; > Reading
‘True value' True value
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c Inaccurate and precise d Inaccurate and imprecise
N N

AN

Number of
indication values
Number of
indication values

> Reading L— Reading
‘True Mean Mean ‘True value’
value’

«  Errors affect the accuracy and precision of data. These can be categorised into:
- random errors
- systematic errors.

«  Uncertainty describes the variability in the measured results:

maximum — minimum

Absolute uncertainty = =+

2
absolute uncertain 100
Percentage uncertainty(%) = 2 X —
measurement 1
Graphs
«  There are many different graphical representations of data, including:
- linear graphs - piecharts
- column graphs - scatterplots.

The eight most common elements in
the Earth’s crust

Nitrogen 78%

- Oxygen 21%

7 Carbon dioxide

\ 0.04%

Other gases
(mostly argon 0.96%)

Percentage (%)

Element
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Line graphs Scatterplots

Absorbance
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«  Graphs help to show the relationship between variables. Although they can show
correlation, this does not mean causation.

Correlation trends of line graphs Correlation trends of scatterplots

a T
ya AN

75

Positive

b \1\\ c N
¢ e
N

Negative

Zero

a b c

Positive correlation ~ Negative correlation

Zero correlation

«  Error bars on graphs help to visualise variability of measurements around the mean.
- The central point shows the data point.
—  The upper and lower limits show the variability of the measured values.

8 Graph showing error bars b

Dependent variable

1.0 4

0.8

0.6

0.4 1

0.2 1

Breakdown of an error bar

Error bar

© <—— Data point

Cap——— =
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«  Non-linear data can be linearised using various methods. This depends on the type of
relationship between the variables.

Graph shape Relationship How to linearise the data

N . .
y There is an inverse Graph y as a function of 1

relationship between X
the variables where y is
inversely proportional
to x.

A\ 4

There is a proportional | Graph y as a function of x2
relationship between (rather than just x).

the variables where y is
the square of x (or x?).

A4

y There is a proportional | Graph y? (rather than just y)
relationship between as a function of x.

the variables where
the square of y (y?) is
proportional to x.

\ 4

y There is a proportional | Graph y as a function of 1
relationship between x?

the variables where y
is proportional to the
inverse of x2.

Vv

Other representations of data

«  Data can also be represented using profile diagrams, maps and a combination of maps
and charts.
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Scientific drawings

F

normal

Ffriction

Interpreting and evaluating evidence

e Apart from speaking to the trends shown in the data, when analysing data it is also
important to assess the:

appropriateness of the method
sample size

sources of error

degree of uncertainty of the data.

«  When evaluating evidence, make sure to also address any limitations present in the
experiment, including:

experimental limitations; for example, time available to conduct the experiment,
errors

methodological limitations; for example, accuracy and reliability of measurement
techniques, ethical constraints

external limitations; for example, environmental factors that can introduce
variability, access to proper equipment.

Communicating findings

«  When communicating findings, make sure to:

use appropriate conventions and nomenclature
use language appropriate to the audience
reference appropriately using the relevant referencing system.
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CHAPTER MULTIPLE CHOICE

EXAM 1. Which measure provides information about the spread or variability of data points in a
data set?

A Mean

B Mode

C Outlier

D Standard error

2. Which of the following data sets would be considered as precise but not accurate in a

physics experiment?

A Time taken for a pendulum to complete 10 oscillations measured using a stopwatch
with a consistent error of 0.2s (Readings: 9.8, 9.6, 9.75)

B  Distance travelled by a rolling ball measured using a metre stick with a worn-out
scale (Readings: 25.5, 25.3, 25.4cm)

C Force applied to stretch a spring measured using a spring scale with a loose hook
(Readings: 12.1,12.3,12.2N)

D Velocity of a moving object measured using a speedometer that consistently
overestimates the actual speed by 5kmh™ (Readings: 55, 55, 60kmh™)

Questions 3 and 4 relate to the following information.
A Physics student measures the displacement of an object using a ruler. The student reads the
volume as 25.0 cm. However, a more precise instrument, shows the actual volume to be 25.6cm.

3. What is the percentage error in the student’s measurement?

A 23%
B 25%
C 28%
D 31%

4. Which of the following actions would not improve the reliability of the student’s results in
subsequent measurements?
A  Estimating the displacement between the markings on the ruler
B  Repeating the measurement with the same ruler and averaging the results
C  Using a ruler with smaller markings (e.g. millimetre scale instead of centimetre scale
D Calibrating the ruler by measuring a known distance using a different instrument

5. In a Physics experiment, students investigated the effect of the angle of incidence on the
angle of reflection. Which of the following can be considered an extraneous variable?

Angle of incidence

Wavelength of the light

Roughness of the reflecting material

Temperature of the room during the experiment

ocawp
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Questions 6-8 relate to the following information.
A student conducted an experiment to measure changes in current.

N
0.045

1| Equation of the linear trendline:
00404 /= 70x - 0.002
0.035 - Equation of the maximum linear trendline:

y = 3.00x — 0.005

Equation of the minimum linear trendline:
0.030 {| y=2.51x — 0.001

0.025 A

Force, F (N)

0.020 A

0.015 A

0.010 A

0.005

0.000 T T T T T r r —>
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016

Current (A)

6. The independent variable is:
A current (A).
B force (N).
C time(s).
D voltage (V).

7.  Which of the following correctly describes the trend shown by the graph?
A The current does not affect the force exerted.
B  Asthe current increases, the force exerted decreases.
C Asthe current increases, the force exerted increases.
D Asthe current increases, the force exerted remains constant.

8. The R*was calculated to be >0.99. This implies that there is:
A no correlation between the variables.
B  weak correlation between the variables.
C strong correlation between the variables.
D negative correlation between the variables.

9. Which of the following options can be considered a random error in a physics experiment?
Diverging from the specified experimental procedure

A poorly calibrated measuring instrument

Inconsistent air resistance affecting the motion of an object

Misalignment of the measuring instrument during data collection

ogoaQwp»
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10. Which of the following cannot improve the reliability of results in an experiment
measuring electrical conductivity of different materials?
A Increasing the replicates in each measurement
B  Using various electrode configurations to measure conductivity
C Calibrating the conductivity meters before taking measurements
D Reducing the number of data points collected in each measurement

SHORT RESPONSE

11. The following is a description of an experiment.
Students are investigating the effect of varying forces on the acceleration of an object.
In the experiment, the object is subjected to three different forces: 10, 20 and 30N. All
experiments are conducted under the same conditions of mass and friction, and the
acceleration of the object is measured at regular time intervals.
Write an appropriate research question for this experiment.

12. A student wanted to measure the changes in vertical displacement over time of an object.
The following graph was drawn from the data collected.

Displacement versus time?

1801

2 _
140- R%=0.9997
120
100

Displacement (m
N D O
oo oo

o
P

A\ 4

0O 10 20 30 40 50 60 70 80 90
Time? (s?)

Identify the dependent and independent variables.

Describe the trend shown by the graph.

Using the R? value, identify the strength of the relationship between the variables.
Write the mathematical relationship between the variables.

[~V T~ ]
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13. As the volume of a gas is changed at a set temperature, so too does its pressure change.
The following table shows pressure measurements taken of a gas in a chamber as its
volume is changed at a set temperature.

Volume V of container (L) Pressure P of gas (kPa)

1.0 100.0
2.0 50.0
3.0 33.3
4.0 25.0
5.0 20.0
6.0 16.7
7.0 14.3
8.0 12.5
9.0 11.1
10.0 10.0

a  Sketch an appropriate graph to represent this data.

b  Use an appropriate method to linearise the data. Draw a graph, preferably using
Excel, to represent the manipulated data.

c  Write a mathematical equation to describe this relationship.

14. Hooke’s law predicts that force exerted on a spring is proportional to how much it
stretches or compresses, F = —kx. The variable k quantifies the stiffness of the spring.
A student conducted an experiment to test this and obtained the following results.

Displacement (m) Force (N)

0.1 5+0.2
0.2 10£0.3
0.3 15+0.4
0.4 20+0.5
0.5 25+0.6
0.6 30+0.7
0.7 35+0.8
0.8 40+0.9
0.9 45+1.0
1.0 50+1.1

Use the data to sketch a graph of the relationship.

Determine the average uncertainty of the force measurements.

Describe the trend seen in the graph.

Determine the gradient of the linear relationship and state what it represents.

a6 o
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CHAPTER DC SCIENCE RESEARCH

LEARNING CHECK DC.1
DESCRIBING

1 a Accuracy describes the comparison between a
measured value and the true value, whereas precision

describes the comparison between measured values.

b Reliability refers to how consistent and replicable the
results of an experiment are. Validity refers to the
degree to which the results of an experiment are similar
to the true values or real values.

2 Conduct more trials, ensure all variables except for the
independent variable are well controlled, ensure the
measurement devices are appropriate and calibrated.

3 a

b Trends over time of continuous data

Percentages or proportions of a whole

c Comparing quantities of different categories, types
or groups

Assists in the construction of experimental reports that
are a true reflection of what occurred in an experiment
and what its findings were in terms of a justified answer
to the research question

b Ensures that all materials and equipment are used safely
and appropriately

c To ensure that all experiments are conducted with
integrity, with the consideration of the wellbeing and
respect of others and the environment

5 Research question, methodology or modifications, results,
data analysis

APPLYING

6 a
b Medium type

Degree of refraction

How does eating before exercise affect performance?

8 Example 1: Skin or eyes being exposed to acid. Wearing
safety glasses would minimise the risk. Example 2: The
student could drop the measuring cylinder, causing it to break
and shatter. The pieces of glass could damage the skin.

Risk minimisation: Wear gloves and closed-toe shoes to
protect against broken glass.

9 The experimenter has neglected to consider the wellbeing
of the test subject by breaching informed consent. The
experiment ignored the participant’s refusal to be tested
and performed the procedure anyway. Participants need to
give formal consent to participate in experiments and the
experimenter must respect their wishes, not go against them.

10 a 2 b 6 c 5 d 1
11 a Percentage uncertainty =% x 100 =5%

b Itis of moderate precision.

DC-48 ANSWERS

12 a Examples: type of heating apparatus, quantity of

substance, type of thermometer used

b Random error

14.3-14.1

13 Absolute uncertainty = —=40.1Tcm

14 a Dependent variable: velocity (m s™), independent

variable: drop height (m)
b 0.5m:313ms™,1.0m:4.43ms”, 1.5m:5.09m s,
2.0m:6.27ms",2.5m:7.0Tms™’

Cc
Changes in velocity (m s~ ) at different heights (m)
N
8 4
" 8] 0.--®
£ o] o y = 1.92x + 2.306
>4 I s R% =0.9899
8 34 [ Jae
o 2 ]
>
1 4
0 . . . . . —>
0.0 0.5 1.0 15 2.0 2.5 3.0
Height (m)

d There is a positive, linear correlation between drop
height and velocity.

ANALYSING

15 a Concentration of phosphorus
b Sample 3

16 a Scatter plot

b Line of best fit
8.000
1.700

Greater than zero because it is a positive correlation

® 9 O

LEARNING CHECK DC.2
DESCRIBING

1 Primary data is first-hand data collected by you, the
researcher or experimenter, whereas secondary data is
collected by someone else.

2 Peerreview is important to assess the reliability and
validity of experimental evidence. It is a form of quality
assurance.

APPLYING

3 Experimental limitation: the limited number of lengths
tested Methodological limitation: the accuracy and precision
of the device used to measure the length of the wires

4 Velocity is a way of measuring how fast or slow an object is
moving. It is important to measure so that we can study the
motion of objects.

5 See weblink (Cruzan, 2012)
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CHAPTER EXAM
MULTIPLE CHOICE
1 D 2 A 3 A 4 A 5§ C
6 A 7 C 8 C 9 C 10 D
SHORT RESPONSE

11 How does changing the magnitude of an applied force on an

object with fixed mass affect its acceleration?
12 a Independent: time squared (s?)
Dependent: displacement (m)

b Thereis alinear positive correlation between time
squared and displacement.

c The R?valueis very close to 1, indicating a strong

correlation.
d If displacement =s, and time =t,s =2.0051t2— 0.3785
13 a AN
P

AN
7

v

The graph has the characteristic shape of an inversely
proportional relationship.

b Asthe relationship appears to be inversely proportional
(P o< ‘1—/), the best way to linearise the data is to plot the
inverse of volume vs pressure.

¢ Data used for linearisation:

1
Volume V' of container (L") | Pressure P of the gas (kPa)

1.00 100.00
0.50 50.00
0.33 33.30
0.25 25.00
0.20 20.00
0.17 16.70
0.14 14.30
0.13 12.50
0.11 11.10
0.10 10.00

9780170483629

14 a

Force (N)

Linearised plot:

Pressure according to the Inverse of volume
12000
100.00 - 7
y =99.992x + 0.0027
80.00 -
60.00 -
40.00

20.00

Pressure (P) of gas (kPa)

0.00
0.00

N
L

1.20

0.40 0.60 0.80 1.00
1/Volume (V) of container (L")

0.20

Mathematical relationship using the line equation:
P =99.992V™"+ 0.0027

A Force vs displacement
55 -
50 -
45
40 4
35
30
25 |
20
15 -
10 -

5

0

y = 50x
R?=1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Displacement (m)
0.65N
There is a positive linear correlation between force and
displacement.

The gradient is 50N m~". This represents k, or the
spring’s stiffness.
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Topic 1:

Heating processes
CHAPTERS RELATED TO THIS TOPIC AREA: 1-5

Topic 2: lonising radiation and nuclear reactions
CHAPTERS RELATED TO THIS TOPIC AREA: 6-8
Topic 3: Electrical circuits

CHAPTERS RELATED TO THIS TOPIC AREA: 9-11
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Unit 1: Thermal, nuclear and electrical physics provides a basis for student exploration of how physics is
used to describe, explain and predict energy transfers and transformations pivotal to modern society.
Understanding heating processes, nuclear models, nuclear reactions and radioactivity, as well as electrical
energy and circuit design, will allow you to appreciate global energy needs and how they may be addressed
in a socially, economically and ethically responsible way. Student inquiry and analytical skills are developed
through experimentation, investigation, worked examples, questions and activities that offer opportunities for
interpretation, construction of algebraic, graphical and symbolic representation and analysis of quantitative
data and qualitative information.

UNIT OBJECTIVES

By the end of this unit, students should be able to:

1. Describe ideas and findings about heating . Interpret evidence about heating processes,
processes, ionising radiation and nuclear ionising radiation and nuclear reactions, and
reactions, and electrical circuits. electrical circuits.

. Apply understanding of heating processes,
ionising radiation and nuclear reactions, and
electrical circuits.

. Analyse data about heating processes, ionising
radiation and nuclear reactions, and electrical
circuits.

9780170483629

Evaluate processes, claims and conclusions
about heating processes, ionising radiation and
nuclear reactions, and electrical circuits.
Investigate phenomena associated with
heating processes, ionising radiation and
nuclear reactions, and electrical circuits.
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CHAPTER

1 Kinetic particle model
and heat transfer

SCIENCE UNDERSTANDING

SYLLABUS Describe the kinetic particle model of matter.

DOT POINTS « Describe the concepts of thermal energy, temperature, kinetic energy, heat and
internal energy.

Explain heat transfers in terms of conduction, convection and radiation.

Physics 2025 v1.1 General Senior Syllabus © QCAA 2024



Introduction

Thermodynamics is a fundamental branch of physics that deals primarily with the study of
energy, how it is transferred and how it affects matter. Even though it was first developed
more than 200 years ago, thermodynamics remains one of the most successful strands of
physics. In particular, the study of thermal energy and how it is shared among particles is
finely interwoven into many scientific disciplines and has led to many significant scientific

advancements and technological breakthroughs. Although its theoretical roots lie with the
Ancient Greek idea of atoms, thermodynamics continues to drive much of today’s cutting-
edge research, including the origins of the universe, strange new states of matter and the
direction of time.

In this chapter, the kinetic particle model will be explained in detail. It will be used
to describe the concepts of heat, temperature, internal energy and how energy can be
transferred between substances.

Worksheet

e Energy and particles

To access resources above, visit

':‘: N e I-SO n M | ndTap cengage.com.au/nelsonmindtap
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matter a physical
substance

plasma a collection of
free-moving electrons
and ions that can be
accelerated by magnetic
and electric fields

kinetic particle model
the model that explains
the properties of the
different states of matter;
the particles in solids,
liquids and gases have
different amounts of
energy, are arranged
differently and move in
different ways

atomic model a series
of descriptions relating
to the fundamental
structure of matter

6 NELSON QCE PHYSICSUNITS 1&2

ASSUMED KNOWLEDGE

Simple unit conversions.

Energy is usually expressed in joules (J) or kilojoules (kJ).

Thermal energy is energy related to the motion of particles.

Temperature is the average kinetic energy of particles in a system.

Thermometers contain scales that can be read to measure temperature.

Particle theory states that matter is made up of particles that are constantly moving, have
spaces in between them, and have different energy levels depending on their state of matter.
v Conduction, convection and radiation are three mechanisms of heat transfer.

L N O O S

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v describe and explain the kinetic particle theory of matter

v describe and explain the concepts of thermal energy, temperature, kinetic energy, heat
and internal energy

v calculate unknown values pertaining to thermal energy, temperature, kinetic energy, heat
and internal energy

v describe and explain heat transfers in terms of conduction, convection and radiation

v analyse data to describe the relationship between the frequency and wavelength of
electromagnetic radiation

v use a Boltzmann distribution to predict the distribution of energies of particles at
specific temperatures

v consider information to appraise the usefulness and application of different
temperature scales

v consider information to explore the development of scientific models to explain
thermodynamic phenomena.

Kinetic particle model of matter

Matter can exist in four different states: solid, liquid, gas and plasma. Solids have fixed shapes
and volumes and are mostly incompressible. Liquids have fixed volumes, take on the shape of
their container and are more or less incompressible. Gases have no fixed shape or volume and
are compressible. Plasmas are similar to gases but are made up of charged particles.

The kinetic particle model of matter is used to explain a number of observations including
the properties of the different states of matter, how the properties of matter change with the
addition of thermal energy and how matter can change between states.

The kinetic particle model is centred on the Ancient Greek idea that if a small piece of matter
were cut up into increasingly smaller pieces, there would come a point at which it could no longer
be divided any further. This final piece was called an atom, which is Greek for ‘indivisible’.

Even though today the atomic model is widely accepted, evidence to support it did not come
until much later when, in the 18th and 19th centuries, the development of the microscope and the
study of chemical interactions led to a deeper understanding of the movement of small particles.

One of the most significant discoveries that supported the atomic theory came in 1827
from the work of Robert Brown who, while observing the motion of tiny pollen grains
suspended in water, noticed that even though the water was completely motionless, the
grains still moved about in a completely random motion like that depicted in Figure 1.1.1.
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This observation is only reasonable if
we assume that the particles of water
are in continuous motion and constantly
bump into each other. If this is accepted,
then the movement of the pollen
grains can be explained if their motion
was continuously undergoing change
under the influence of collisions with
water particles.

The continuous motion of these
particles, Brownian motion, forms
the basis of the kinetic particle model.
The model is successful in describing
matter in the gaseous state. If the
model is expanded to include two more
assumptions, an important relationship
between the average kinetic energy of
the particles (atoms or molecules) and
the overall temperature of the gas as a
whole can be derived.

The three assumptions of the kinetic
particle model are as follows.

« All matter is made up of small particles in constant motion; they have kinetic energy.
» Collisions between particles are perfectly elastic; the total kinetic energy before the collision

is the same as after the collision.

Brownian motion the
random motion of small
particles suspended

in a fluid as a result of
being bombarded by the

(@) o ((o particles of the fluid
Q 8 molecule a collection of
(fo atoms bound together by
0) O chemical bonds
(©
o 8 (o 0)
() = derive to obtain or create
o 0) from base principles
o\\ 0 kinetic energy the energy
of an object resulting
©a N from its motion
° odoy °
P
o 0 o o elastic collision a collision

FIGURE 1.1.1 Robert Brown observed that tiny

pollen grains suspended in water underwent
continuous random motion despite the water

between two or more
objects in which there is
no loss of kinetic energy

potential energy

being completely still. This is referred to as

Brownian motion.

energy that is stored in
a system because of
the configuration and
interaction of the bodies
within the system

ideal gas a theoretical
gas whose particles

have no attraction to or
repulsion from each other

« The particles obey classical mechanics and only interact with each other when they collide.

In an elastic collision, kinetic energy is conserved. Kinetic energy is transferred from one
particle to another, but not converted into potential energy. This model of a gas is the kinetic
particle or ideal gas model. When we make these assumptions about a gas, we refer to the gas

temperature a
measurement of the
average kinetic energy
of the particles in a

as an ideal gas. In this instance, it can be shown that the average kinetic energy of the particles substance -t

in an ideal gas is directly proportional to the temperature of the gas. <
The ideal gas equation states that the faster the particles of a gas are moving, the higher the

temperature of the gas. The development of this relationship underpins our understanding of Weblink

temperature.

Although this equation holds well for ideal gases, in reality, the last assumption of the kinetic
model is not entirely correct in that the particles in substances interact even when they are not
in the process of colliding. In all known substances, there is some degree of attraction between

the particles within them.

The particles (atoms or molecules) are attracted to each other by intermolecular forces
that bind them together and cause them to behave a bit like springs. There is an ideal length for

any bond, but it is possible for the bond to be stretched and
compressed. When this bond is stretched away from its ideal
length by the movement of particles, the energy can be stored

as elastic potential energy.

Ultimately, it is the balance achieved between the kinetic
energy given to the particles because of the temperature of the
substance and the strength of the intermolecular bonds that
give rise to the particular state of matter that a substance is

found in (Figure 1.1.2).

9780170483629

Kinetic theory of gases

&

Syllabus link
Chapter 6 of this
book and Units 3 & 4
discuss modern
understandings

of the atom.

KEY FORMULA

The average kinetic energy of an ideal gas is directly
proportional to its temperature.
E, < T

k average
where:
E\ verage = @VErage kinetic energy of the particles ina

substance (J)
T =temperature (K)
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FIGURE 1.1.2 The states of matter showing approximate volume changes. (Note the change in scale: a mass of gas has a
volume approximately 1600 times greater than the same mass of solid.)

intermolecular force an
electrostatic force of
attraction or repulsion
between neighbouring
particles of a substance

elastic potential energy
energy that is stored by
the deformation of an
elastic object

Gases

In a gas, which for a given substance occurs at higher temperatures than its liquid and solid
state, the average kinetic energy of the molecules or atoms is large enough that they can break
free from the bonds holding them together. The particles are free to move in any direction and
only interact through elastic collisions. Generally, when they do collide, the force of attraction is
too small to keep them close together.

Liquids
In a liquid, the particles have less kinetic energy, so the bonds begin to have an effect, but they
still only very loosely bind the particles together. There is potential energy associated with the

interactions between the particles, causing them to stay together, but they have enough kinetic
energy so that they can slide over each other.

Solids

In a solid, the kinetic energy of the particles is low enough that the intermolecular forces keep
the particles bound together as a cohesive whole. Even though the material may not be going
anywhere, every atom or molecule is still moving about constantly, vibrating or oscillating about
its relatively fixed position. It is a bit like a large assembly of students all sitting in their own
chairs, but each one fidgeting and leaning to the side to talk to their neighbours.

LEARNING CHECK 1.1

DESCRIBING

1 Identify the shape and volume traits of solids, liquids and gases.

2 Use ‘Brownian motion’ to explain how the pollen particles in Robert Brown’s
observations were continuously moving.

3 Identify the two types of energy that affect the motion of the particles in an object.

4 What causes the storage of energy in the form of elastic potential energy in the
particles of an object?

5 If the temperature of an object increases, what must be happening to the average
kinetic energy of its particles?

6 Explain the three states of matter in terms of their motion and intermolecular bonding.
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The energy model

Energy exists in many forms, often named by its origin, including heat, light, mechanical,

gravitational, electrical, magnetic, sound, chemical and mass. No matter the form, energy is

still energy. All forms of energy can be transformed from one form to another and transferred

from one place to another. For example, when you turn on an electrical bar heater, the electrical

energy is transferred from the electrical wires to the heater, and in the process is transformed to

radiant heat and light energy.
The SI unit of measurement of energy is the joule (J). It is approximately equivalent to the joule the S unit of

effort required to lift a 100g apple from the ground to a height of 1m. energy; 1J =1kgm? s
The two major forms of energy are kinetic energy (energy associated with movement) and

potential energy (energy stored and ready to be used). All energy sources can ultimately be av,
reduced to these two forms. “v

i i Weblink
Klnetlc energy Kinetic energy

Kinetic energy is the energy a body has due to its motion. There are several forms of kinetic
energy. For example, a moving train (Figure 1.2.1) has bulk translational kinetic energy due to
the straight-line motion of the whole train. It has bulk rotational kinetic energy in the rotating
wheels and engine parts. It has disorganised vibrational kinetic energy due to the vibrations of
the atoms and molecules in the solid materials from which it is made.

In the kinetic particle model, each atom or molecule in a substance has kinetic energy due to
the random velocity that it has at any one time. It is important to remember that there is a range
of kinetic energies that the particles may have, but that an average
kinetic energy can be calculated.

When these particles collide elastically with each other, the
total kinetic energy of the colliding particles before the collision is The conservation of kinetic energy in an

KEY FORMULA

equal to the total kinetic energy of the particles after the collision. = elastic collision is:
This can be written in the following two ways: Ey iniviat = Excfnai AE,=0
Ek initial — Ek final AEk =0 where:
where: E, ..u = initial kinetic energy of a particle (J)
E, .., = initial kinetic energy of a particle (J) E, ... =final kinetic energy of a particle (J)
E, 4,y = final kinetic energy of a particle (1) AE, = change in kinetic energy of a particle (J)

AE, = change in kinetic energy of a particle (J)

Bulk translational kinetic
energy of the whole train

iStock.com/ollo

o b e S T R R e o e R
.Random kinetic energy of the

Bulk rotational kinetic -4 particles making up the train
energy of the wheels

FIGURE 1.2.1 A moving train has different forms of kinetic energy.
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Potential energy

internal energy the sum
of the kinetic energy of
the particles in a system
and the potential energy
stored in a system

first law of
thermodynamics in the
universe, energy can
neither be created nor
destroyed; however,
energy can change form
and energy can flow from
one place to another.
The total energy of an
isolated system remains
constant

phase change a change
in physical state
(e.g. solid to liquid)

Potential energy

Stretching an elastic band requires work to create stored energy, the potential to do work. When
the elastic band is released, this stored energy is transformed to kinetic energy.

Potential energy is stored in the way the particles are connected to each other through the
existence of intermolecular forces that form bonds between the particles. There is an ideal
length for these bonds, but when the bonds are stretched or compressed by the kinetic energy
of the particles, energy is stored as potential energy. This is like the energy that is stored in a
bungee cord: when the cord is stretched, energy is stored as elastic potential energy; when the
potential energy stored in the cord gets great enough, it can cause the jumper to spring back
upwards against the force of gravity.

Internal energy

The internal energy (U, sometimes called the thermal energy) of a substance is the sum of
the kinetic energy of its particles and the potential energy stored in their bonds and can be
written as:

U=E +E,
where:
U = internal energy of a substance (J)
E, = total kinetic energy of the particles of a substance (J)
E_ = total potential energy stored in the bonds of a substance (J)

It does not include any kinetic energy due to the bulk movement of the material, or potential
energy due to external forces such as gravity. However, thermal energy is a form of energy,
and as such is important to consider when applying the first law of thermodynamics (the
conservation of energy).

If a solid body is heated, its temperature increases. The particles gain kinetic energy and,
on average, vibrate faster. Therefore, as temperature increases, the amount of internal energy
increases as well.

Atmelting point, there is a phase change. The kinetic energy of the particles does not change
any more until the phase change is complete. The ‘bungee cords’ are affected and the particles
become further separated. During the phase change, the energy input results in an increase
in the distance between particles, not their kinetic energy. In this case, when energy is added
to a substance undergoing a phase change, even though there is no increase in temperature
(no increase in kinetic energy), the internal energy is still increasing because more potential
energy is being stored in the bonds.

A system with internal energy can transfer heat to its environment, and may also be able
to do work by applying a force to some part of its environment. The volume of an amount of

KEY FORMULA

The internal energy of a substance is equal to the sum of the potential and kinetic energy
of all of its particles.
U=E+E,
where:
U =internal energy of a substance (J)
E, =total kinetic energy of the particles of a substance (J)
E_ =total potential energy stored in the bonds of a substance J)
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gas is typically about 1500 times greater than the same amount of the liquid material. This
difference in volume is used in engines to do work. For example, in a steam engine, water is
boiled by burning coal in a firebox inside or against a boiler. The heat from the burning coal
acts to change the state of the water from liquid to gas. The pressure of the steam pushing on
a piston does work on rods that connect to the wheels, and thus drives the locomotive. Hence,
the internal energy of the fuel, the coal, is converted into work done on a train being pulled
behind the engine. This is possible because of the change of state of the water, and the different
properties of the two states.

Temperature

A cup of water takes much less time to come to a boil (100°C) than a saucepan of water. The final
temperature is the same for both, but the larger mass of water in the saucepan requires more heat
to bring it to the same temperature, even though all the particles in the cup have, on average,
the same kinetic energy as the particles in the saucepan. Thus, temperature is, to a good first
approximation, a measure of the average random kinetic energy of the particles making up a body.

When a material is heated, the average kinetic energy of the particles increases. Figure 1.2.2,
which is called a Boltzmann distribution, shows the wide range of kinetic energies of
particles in the same mass of iron at two different temperatures. The peak of the curve is the
most common (mode) kinetic energy of the particles.

Number of particles

N
7
\ Kinetic energy of particles
Average (mean) at —150°C

Average (mean) at 25°C

FIGURE 1.2.2 A Boltzmann distribution of the kinetic energies of the particles in a sample at two
different temperatures, T, (-150°C) and T, (25°C)

When energy is added to a substance, the proportion of atoms vibrating faster increases. The
average kinetic energy of particles, and therefore the temperature, increases.

Heat

In physics, heat has a definite meaning that may be different from your common understanding
of the term. Heat refers to energy that spontaneously moves between two substances because
there is a difference in temperature between them.

When heat is added to a substance, it generally results in an increase in kinetic energy of
the particles, which results in an increase in the temperature of the substance. It is important to
note that heat refers to the energy that is actually being transferred, not the kinetic energy itself.
Another term that can be used interchangeably with ‘heat’ is thermal energy.

9780170483629
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Syllabus link
Chapter 5 discusses
energy transfers by
heat and work in
more detail.

Boltzmann distribution
a formula showing the
distribution of energy
among the particles of a
system

heat the transfer of
thermal energy through
a substance or between
substances

thermal energy heat;
the form of energy that
gives rise to an increase
in the kinetic energy of
particles
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LEARNING CHECK 1.2

DESCRIBING

1 Describe where kinetic energy and potential energy are found in a substance at a
molecular level.

2 What happens to the internal energy of a substance if the average kinetic energy of its
particles increases?

3 Identify what happens to the internal energy of a substance if the amount of potential
energy stored in its intermolecular bonds decreases.

4 Determine the energy transformations that occur when the steam produced in a coal-
fired power plant cause the turbines to spin.

5 Explain what happens to the potential energy of a bond if the bond is stretched or
compressed away from its ideal length.

6 Compare heat and temperature.

7 Explain why an increase in the internal energy of a substance does not always result in
an increase in temperature.

APPLYING

8 Construct an approximate Boltzmann distribution for the number of particles at a
range of kinetic energies in a sample of water at the following temperatures.
a -150°C
b 25°C

9 Construct a flow diagram that shows the relationships between the concepts of kinetic
energy, potential energy, internal energy, heat and temperature.

anthroppgenic human-
uman actvty k3 Heat transfers

Understanding heat and controlling the transfers and
transformations of heat energy is vital for the survival, health and
wellbeing of all living things. Humans have a unique responsibility
to use that knowledge wisely.

As asociety, we continue to produce and consume large amounts

Convection of energy. Much of this energy is wasted as heat that is released
\AA AN into the environment. This ‘wasted’ heat results in an increase in
s S the overall amount of thermal energy in the global system and is

a key component of anthropogenic climate change. In reducing
the global climate footprint, there is an increasing focus on the use
of insulation, increasing efficiency and transitioning to renewable
energy sources such as solar, wind, wave, hydro and fusion.

Heat energy always moves from a region of high temperature to
a region of low temperature. It can be transferred by conduction,
FIGURE 1.3.1 Heat can be transferred by convection or radiation (Figure 1.3.1) - processes that are vital to
conduction, convection and radiation. the continued existence of life on Earth.
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Conduction

Conduction is the transfer of heat energy through a substance by the action of particle collisions.
When two substances at different temperatures are in contact with each other, the particles of
the hotter substance collide with those in the colder substance and transfer kinetic energy. This
transfer of heat results in a decrease in the total kinetic energy of the hotter substance and an
increase in the overall kinetic energy of the colder substance.

Different materials have different conducting properties. Thermal conductivity is a
measure of how efficiently heat flows through a substance. Solids are better heat conductors
than liquids or gases. Heat insulators are poor heat conductors.

Metals

Metals are particularly good heat conductors. They have large thermal conductivities. The large
numbers of unattached electrons in metals are relatively free to move, and so transfer kinetic
energy quickly. These delocalised valence electrons transfer energy to other electrons and
atoms faster than electrons that are tightly bonded (Figure 1.3.2).

Positively charged ions
(nuclei and inner level electrons)

Delocalised
electrons are free to
move, increasing
the thermal
conductivity.

Delocalised outer energy level electrons

FIGURE 1.3.2 The delocalised electrons in metals are free to move and can conduct thermal
energy quickly.

Good heat conductors, such as liquid sodium, are used in some nuclear reactors
to transfer heat to water. Other good conductors are used in refrigerators, disc brakes,
computer heat sinks and car engine radiators.

Almost all non-metal materials, including gases, are insulators. Unlike metals, non-
metals do not have free delocalised electrons. Energy transfer occurs between relatively
fixed neighbouring particles. When they are cold, birds and cats fluff their feathers and
fur to trap air, which acts as an insulator. Consequently, less heat is transferred from
their bodies.

Good insulators are used in house insulation, thermos (Dewar) flasks, padded
jackets and doonas.

The Dewar flask

Sir James Dewar (1842-1923) designed a flask to minimise energy transfers by
conduction, convection and radiation. Dewar flasks are used to store hot or cold
liquids such as liquid nitrogen (boiling point 77K) and liquid oxygen (boiling point
90K). They have a double-walled Pyrex glass vessel with silvered walls to reflect heat
(Figure 1.3.3). The space between the walls of the flask is evacuated. The small neck
also helps reduce heat transfer.

9780170483629
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FIGURE 1.3.3 A Dewar flask

is used to store hot or cold
substances.

conduction the process
by which energy is
transferred through the
collision of particles

thermal conductivity
a measure of how
efficiently heat can be
conducted through a
material

heat conductor a
material that readily
allows the transfer of
heat

heat insulator a material
that is a poor conductor
of heat

delocalised valence
electrons the outer
electrons of metal atoms
that are free to move
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Simulation of thermal
conduction

Stopper

Vacuum

Double
glass shell

Silver
coating

—— Casing
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Convection
current —___|

TEMPERATURE

FIGURE 1.3.4 Convection currents and
convection cells occur where warm and cold
fluid masses intersect; for example, in the
atmosphere and oceans and in hydronic
home heating systems.

-l
&
O‘.

Radiation

Convection

Convection is the transfer of heat energy by the bulk movement of
particles. The flow of particles away from a warmer to a cooler region
produces a convection current. These currents result in a net flow of heat
away from the warmer region to the colder region.

Convection currents only occur in fluids (substances that flow
when an external force is applied to them, e.g. liquids and gases), which
have relatively weakly connected particles, and more so in gases than
liquids because the particles in a gas are less tightly connected. In
Figure 1.3.4, warm, less dense water at the bottom flows upwards, while
the denser water at the top sinks. A convection cell is produced.

Thermal currents

Thermal currents (thermals) were first used for glider flight in 1921
by William Leusch in Germany, 20 years after the first powered flight.
The pilot uses a thermal to increase altitude by flying in a spiral pattern
before flying off to the next thermal. Thermals appear over towns,
freshly ploughed fields, sealed roads and, occasionally, over power
stations and fires.

Radiation is energy transfer that does not need a medium. Unlike conduction and convection,

Weblink
Heat transfer

radiation does not involve particles of matter. Except at 0K, all objects emit electromagnetic

radiation (Figure 1.3.5).

& : Decreasing energy

Increasing energy

10* 10° 10"2 10"% 1076 108 102
Wavelength Radio wave Microwave Infrared Visible Ultraviolet X-ray Gamma ray
(metres) 103 1072 10-5 10-8 10-9 10-10 10-22
0.

islsis] =, N" @
Comparison . 1e8 ‘ w‘ ;0 é
sizes HERES o CR 7.

i . "

Buildings Humans Flies Needle points Cells Molecules Atoms Atomic nuclei
Temperature of
objects at which
this radiation is Il
the most intense
wavelength emitted —272°C -173°C 9727°C 10000000°C
FIGURE 1.3.5 The electromagnetic spectrum
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The intensity of radiation from an object clusters around

a peak temperature on a Planck radiation curve such as the T

one shown in Figure 1.3.6. Any object with a temperature .

greater than absolute zero emits electromagnetic radiation.

In space, gas clouds (about 0K) emit radio waves, stars 2

(3000-30000K) emit ultraviolet and visible light. Warm é
< |

bodies mostly emit infrared radiation. At about 500K,
objects glow dull red. Stars such as Spica, which mostly
emit ultraviolet light, have temperatures of about 22000K.
The radiation emitted by objects can be compared to Planck
curves in order to calculate their temperature.

hog EECRNCRCR
w

N
When radiated energy (radiant heat) interacts with C 4
an object, some of that energy is absorbed and the rest is Hottest Coolest
Wavelength emitted

reflected. The fraction that is absorbed depends on the
type of surface material, its texture and its colour. Black
and dark-coloured surfaces absorb more radiant heat than
white or light-coloured surfaces. Hence, a black car gets
hotter inside than a white car on a sunny day.

LEARNING CHECK 1.3

DESCRIBING

to hottest on the left.

1 Identify situations where heat transfer by the following would be commonly observed.

a Conduction
b Convection
¢ Radiation

2 List the following regions of the electromagnetic spectrum in order of increasing
temperature of their sources.

+ Infrared

+  X-ray

«  Visible
APPLYING

3 Explain why copper is a better thermal conductor than wood.
4 Explain why the temperature at the surface of a large body of water is generally
warmer than the water lower down.

5 Describe the heat exchanges that occur in the process of energy being transmitted
from the Sun onto the surface of Earth and eventually into the movement of air in the
form of wind.

6 Apply your understanding of heat exchange to draw the motion of water directly above

an erupting underwater volcano.

9780170483629

FIGURE 1.3.6 Planck curves showing peak intensities
for three objects at different temperatures. Note that the
temperature of the objects ranges from coolest on the right
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Worksheet
Energy and particles

convection the process
by which energy is
transferred through the
bulk motion of a fluid

convection current fluid
circulating as a result
of heating at a point

or localised region;
movement of a fluid
because of convection

convection cell the
condition that occurs
when there are density
differences within a fluid;
the density differences
result in rising and falling
currents

thermal current a rising
air column of hotter air
caused by the process of
convection

radiation the process by
which heat is transferred
without the need for a
medium; energy transfer
across space; energy
from radioactive atoms
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CHAPTER Key formulas
SUMMARY

« The kinetic particle model assumes that:
- all matter is made up of small particles that are constantly moving
- when particles collide, the total kinetic energy before and after the collision is the
same
- the particles only interact with each other when they collide.

« When particles collide elastically, the total kinetic energy before and after the collision is

the same.
« The average kinetic energy of an ideal gas is directly proportional to its temperature:
E < T

k average

where: E = average kinetic energy of the particles in a substance (J)

k average

T = temperature (K)

Energy

+ Energy is transformed from one form to another and transferred from one place to another.
« Kinetic energy is energy due to motion.

« Energy is conserved in an elastic collision:

E, i = B fina AE, =0
where: E,, . = initial kinetic energy of a particle (J)
E, ;.. = final kinetic energy of a particle (J)

AE, = change in kinetic energy of a particle (J)

« The internal energy of a substance is equal to the sum of the potential and kinetic energy of
all of its particles:

U=E +E,
where: U =internal energy of a substance (J)

E, = total kinetic energy of the particles of a substance (J)
E_ = total potential energy stored in the bonds of a substance (J)

« Energy, heat and temperature are interrelated.

can change
Heat —— > Internal energy

is transferred

because of a when added,
difference in can increase consists of
J/ measures the average J/ l l
Temperature Kinetic energy Potential energy
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Heat transfer methods

« The three main methods of heat transfer are conduction, convection and radiation.

Conduction

The transfer of heat
energy through a
substance by the action
of particle collisions

9780170483629

Convection

The transfer of heat
energy by bulk
movement of particles

CHAPTER 1 | KINETIC PARTICLE MODEL AND HEAT TRANSFER

Radiation

The transfer of energy
that does not need
a medium
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MULTIPLE CHOICE

CHAPTER

EXAM L

If a substance is described as having a fixed shape and volume, which of the following
states of matter is the substance in?

A Gas

B Liquid
C Plasma
D Solid

Which of the following is not an assumption of the kinetic particle model?
A Temperature is transferred through conduction.

B Collisions between particles are perfectly elastic.

C The motion of particles obeys classical mechanics.

D All matter is made up of small particles in constant motion.

Which of the following is an example of potential energy?
A Energy that is transferred as heat

B  Energy that emits infrared radiation

C Energy due to the motion of an object

D Energy stored by the displacement of particles

Which of the following properties of a metal gives rise to it being described as a good
heat conductor?

A Itsshiny lustre

B Its malleability

C  Itsreactivity with acids

D Itslarge number of free electrons

Which of the following heat transfer methods would be most likely to occur in a volume
of gas?

A Conduction

B Condensation

C Convection

D Radiation

An object with a temperature of -150°C would most likely emit radiation in what part of
the electromagnetic spectrum?

A Gamma rays

B Infrared

C Radio waves

D Visible light

Steam at 100°C is more dangerous than the same mass of water at 100°C because
the steam:

A  islessdense.

B  moves faster.

C contains more internal energy.

D has a higher specific heat capacity.

When a liquid evaporates:
it absorbs heat.

it gives off heat.

its temperature drops.
its temperature rises.

ogawp
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9. Ata football match, a flamethrower shoots flames up into the air when a goal is scored.
You instantly feel the heat where you are sitting high up in the stands. The heat was most
likely transferred to you by:

A conduction.
B convection.
C insulation.
D radiation.

10. A minute after the event in Question 9, you feel a wave of warm air rise up to you high in
the stands. This heat was most likely transferred from the flamethrower to you by:

A conduction.

B convection.

C insulation.

D radiation.
SHORT RESPONSE

11. Explain what happens to the particles of a substance when heat is added to it.

12. If a container of liquid contains 10000 J of internal energy and 6000 J of potential energy,
calculate the amount of kinetic energy of the particles.

13. Contrast the average kinetic energy per particle as well as the total kinetic energy between
a large bathtub full of water at 60°C and a 100 mL beaker full of water at 70°C.

DATA ANALYSIS

14. Analyse data

Look at Figure 1.3.5. Describe the relationship between frequency of electromagnetic
radiation, wavelength of electromagnetic radiation and energy.

15. Analyse data

Consider the Boltzmann distribution in Figure 1.2.2. Include a third temperature showing
the distribution of kinetic energies of particles at 200°C.
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CHAPTER

Temperature and specific
2 heat capacity

SCIENCE UNDERSTANDING

Use T, =T+ 273 to convert temperature measurements.
SYLLABUS k= le P
Explain that a change in temperature is due to the addition or removal of energy from a

system (without phase change).

DOT POINTS

Describe the concept of specific heat capacity.

Solve problems involving specific heat capacity using Q = mcAT.

Interpret data from specific heat capacity experiments.

SCIENCE INQUIRY
Consider the significance of using common units of measurement internationally.

Investigate the precision and accuracy of different temperature measuring devices, such
as analogue and digital thermometers, by determining measurement uncertainty.



Use digital and other measuring devices to collect data, ensuring measurements are
recorded using the correct symbol, Sl unit, number of significant figures and associated
measurement uncertainty (absolute and percentage); all experimental measurements
should be recorded in this way.
Investigate the proportional relationship between heat and temperature change.
Investigate specific heat capacity of a substance.

Physics 2025 v1.1 General Senior Syllabus © QCAA 2024

Introduction

One of the most important and interesting processes undertaken by scientists is that
of experimental investigation. Science is about discovering knowledge and processes
through observation and experiment, by verifiable and reproducible means, which is what
investigation is all about. This is why investigations are central to science, and why they are
so much fun.

In this chapter, we will investigate how to measure the temperature of an object and
the relationship between temperature and applied heat. We will also examine why the
temperature of an object changes when heat is added.

Practicals Worksheets
e Accuracy and precision of thermometers e Understanding specific heat capacity
e Specific heat capacity of water e Hot water systems and heat

e Specific heat capacity of metals energy loss

To access resources above, visit

«l .
“ e N e l.SO n M I ndTap cengage.com.au/nelsonmindtap
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ASSUMED KNOWLEDGE

v
v

The Celsius scale is used to measure temperature.

Heat is a type of energy that can flow from an area of high temperature to an area of
low temperature.

Heat can be absorbed by or reflected from materials.

A thermometer is used to measure temperature.

Temperature measures the average kinetic energy of particles in a system, whereas
heat describes the transfer of energy between systems or objects.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

L L N O L Y

<

<

describe and explain quantitative and qualitative measurements

categorise quantitative and qualitative measurements

describe and explain the Celsius and Kelvin temperature scales

use T, =T+ 273 to convert between °C and K

recall that 0 K is approximately —273°C

describe and explain the second law of thermodynamics

compare the temperatures in common contexts of modern life

explain that a change in temperature is due to the addition or removal of energy from

a system

describe and explain the concept of specific heat capacity

solve problems involving specific heat capacity

interpret data from specific heat capacity experiments using mathematical, tabular and
graphical analysis

use power to determine the rate of heat being delivered to a system such as a
calorimeter

perform extrapolations and interpolations using experimental data

linearise data to investigate proportionality

consider information to:

— appraise the development, usefulness and application of different temperature scales
— explore the development of scientific models to explain thermodynamic phenomena.

Converting temperature

In common experience, the temperature of an object is a measure of how hot or cold something
is. A freshly brewed cup of coffee is said to be hot and a swimming pool on a winter’s day is said

qualitative non-numerical to be cold. These are examples of qualitative measurements.

data; descriptive
information

data; a specific amount

The temperature of an object is directly related to the average kinetic energy of the
particles making up the substance. As it is very difficult to measure the kinetic energy of these
quantitative numerical individual particles, it is important to be able to gain a quantitative measurement of the
temperature of a substance.

A numerical temperature scale

One way to define a numerical temperature scale is by assigning arbitrary values to two common

temperatures and then creating a scale of values between them.

22 NELSON QCE PHYSICSUNITS 1&2

9780170483629



The scale that is most commonly used today is the Celsius or centigrade
scale (in a few countries the Fahrenheit scale is used). The most important
scale for scientists is the absolute or Kelvin scale.

Celsius

The Celsius scale uses the boiling and freezing points of water at a standard
atmospheric pressure as the fixed points that represent temperatures that are
universally familiar. The Celsius scale assigns the value of 0°C (‘zero degrees
Celsius’) to the freezing point of water and 100°C to its boiling point. The
distance between these points is then divided into 100 equal intervals, each
marking a degree (hence, the term the ‘centigrade’ scale).

The Kelvin scale

The Kelvin scale was developed in the 1800s by William Thompson (also known
as Lord Kelvin), who critically examined the recently discovered relationship
between the volume and temperature of a gas. As a result of his investigations,
he theorised that the volume of an ideal gas should become zero at a temperature
of approximately —273°C. The only way that this could happen, he hypothesised,
was if the kinetic energy of the particles was also zero. It is for this reason that he
coined the term absolute zero to indicate infinitely cold.

Kelvin used absolute zero as the basis for an absolute temperature scale.
Each increment on this scale is called a kelvin rather than a degree and is
equal in value to 1° on the Celsius scale. When reporting the temperature in
kelvin, the symbol K is used in place of the degree Celsius (°C) symbol.

Just like the Celsius scale, the boiling and freezing points of water are
used to determine the range of the Kelvin scale. Water is said to freeze at
273K (stated as ‘273 kelvin’) and therefore the boiling point is 100K higher at
373K (Figure 2.1.1).

KEY FORMULA

Conversion between the Kelvin (absolute) and Celsius scales:
T, =T,+273

where:

T, =temperature in kelvin (K)
T, =temperature in degrees Celsius (°C)

WORKED EXAMPLE 2.1.1

K °C
somoboing s7ats—p— 100
363.15 — 90
353.15 — 80
343.15 — 70
333.15 — 60
323.15 — 50
31315 — 40
303.15 — 30
293.15 — 20
283.15 10
e 2735 :
263.15 -10
253.15 —-20
243.15 -30
233.15 —-40
223.15 —50
213.15 -60
203.15 —-70
193.15 -80
183.15
Absolute zero AE -273

FIGURE 2.1.1

The Kelvin scale

compared with the Celsius scale

a The highest ever recorded temperature in Queensland was measured on 12 February
2017 in Thargomindah, when the Bureau of Meteorology recorded a sweltering 47.2°C.

Calculate what this temperature is on the Kelvin scale.

b Under standard atmospheric conditions, gaseous oxygen becomes liquid at 90 K.

Calculate what this temperature is on the Celsius scale.

9780170483629
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absolute zero the
theoretical lowest
possible temperature;
—273°C on the Celsius
scale or 0K on the
absolute or Kelvin scale
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ANSWERS

a 1 Use the equation.

T, =T,+273

2 Substitute the known values.
T, =472+273

3 Calculate the answer and use the correct units.
T,=320.2K

b 1 Use the equation.

T,=T,+273

2 Rearrange for the value of interest.
T,=T,-273

3 Substitute the known values.
T,=90-273

4 Calculate the answer and use the correct units.
T,=-183°C

The Kelvin scale is popular in scientific circles because it does not contain negative numbers
and is therefore convenient for recording very low temperatures such as the point at which gases
become liquid (e.g. nitrogen gas becomes liquid at —195°C or 78 K). The lack of negative numbers
makes it simpler to compare different temperatures. Some interesting temperatures are listed

in Table 2.1.1.
:5 TABLE 2.1.1 Interesting temperatures on the Kelvin and Celsius scales
v Interesting temperatures Temperature
Weblink “ °C
Interactive temperature

converter Absolute zero 0 -273
Average temperature of space 2.725 —270.425
Helium liquefies 4 -269
Oxygen liquefies 90 -183
Lowest recorded surface air temperature on Earth 184 89
(Russia’s Vostok Station in Antarctica, on 21 July 1983)
Average surface air temperature on Earth 288 15
Normal human body temperature 310 37
Highest recorded surface air temperature on Earth 331 58
(Furnace Creek Ranch in Death Valley California, USA)
Titanium melts 1941 1668
Temperature of the surface of the Sun 5778 5505
Temperature in the core of the Sun 15.7 x10° 15.7 x 10°
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Absolute zero

The Kelvin scale uses absolute zero - the temperature at which the motion of particles should
cease - as its reference point, but the second law of thermodynamics states that heat always
moves from a hotter object to a colder object, so can we actually reach absolute zero?

The answer is no, because for a substance to reach the lowest of temperatures, 0K, it would
need to transfer energy to something that is colder. For this to occur, the second object would
need to be below absolute zero, and we are yet to find anything that cold! In addition, the
kinetic particle model states that at absolute zero, there is no energy and hence no movement
in any of the particles of matter even at a subatomic level. There is no evidence that such a
state can exist.

LEARNING CHECK 2.1

DESCRIBING

Identify the lowest possible temperature on the Kelvin scale. How is this defined?
Why is it important to have a universal temperature scale that is used by all scientists?
Outline the advantages of using the Kelvin scale when taking measurements.

A WON =

Classify the following measurements as qualitative or quantitative.
The water is warm.

The water is 318 K.

The patient has a temperature of 38.4°C.

The patient is running a temperature.

e Today is hotter than 35°C.

APPLYING

Q0 T 9

5 The temperature at which most people begin to feel a burning sensation is 54°C. What
is this temperature on the Kelvin scale?

6 Write an equation that allows you to convert a temperature on the Kelvin scale to a
temperature on the Celsius scale.

7 Explain any disadvantages there may be in using the Kelvin scale.

Measuring temperature

As the temperature of a substance changes, so do many of its properties. Some properties change
in predictable ways; for example, the volume of most substances increases when they are heated.
The concrete in footpaths changes size depending on its temperature, and it is for this reason
that expansion joints are included to prevent cracking. Another property that can change is the
electrical resistance of an electrical conductor; generally, resistance increases as temperature
increases because the increased vibration of the particles inhibits electrical flow.

To measure the temperature of an object quantitatively, an instrument called a thermometer
is used. There are many different types of thermometers, but they all operate by making a
measurement of some form of temperature-dependent property of the thermometer (Figure 2.2.1).
Table 2.2.1 lists some common types of thermometers and the properties that allow them to
measure temperature.

second law of
thermodynamics the
direction of heat flow

is always from a hotter
object to a colder object

«l
o‘:

Weblink
Simulation of the what
thermometers measure

thermometer a
device that measures
temperature or a
temperature gradient
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FIGURE 2.2.1 Many different thermometers are used to measure the temperature of objects. They
all measure a property of the thermometer that changes with temperature.

TABLE 2.2.1 Physical properties that allow thermometers to indicate temperature change

Mercury in glass Different coefficients of expansion between mercury and glass

Thermocouple Different temperature-dependent electrical properties of different metals that are brought into
contact

Thermostat Variation in electrical resistivity of a material with temperature

Thermal paint Colour change with temperature

Bimetallic strip Variation in coefficients of expansion between two different metals to detect temperature changes

Infrared The electromagnetic radiation radiated from a surface to measure temperature on the
absolute temperature scale

Digital The variation in resistivity of a material with temperature; the greater the resistance, the lower
the current

PRACTICAL ACTIVITY 2.2.1

ACCURACY AND PRECISION OF THERMOMETERS

Research question
Are there differences in the accuracy and precision among a range of thermometers?
Aim

To measure and compare the precision and accuracy of a variety of thermometers

Materials

+ acollection of different thermometers (e.g. alcohol « crushedice
thermometer, probe thermometer, infrared + Bunsen burner
thermometer) +  tripod

« Styrofoam cup + heating mat

+ glass beaker + retort stand

+ water + barometer

+ boiling chips
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& What are the risks in doing this activity? How can you manage these risks to stay safe?
RISK

ASSESSMENT | Heating equipment can cause burns. Avoid touching the equipment.
Wait for the equipment to cool before you put it away.

Hot water can scald. Wear safety glasses.
Avoid spilling or splashing boiling water.

Copy and complete the risk assessment table in your write-up. Add any more risks you can think of, and ways to
manage them. Ask your teacher to check your table before you proceed.

Procedure
Part A: Thermometer identification

1 If possible, note the manufacturer, serial number and manufacture date of each thermometer. Record this in a
table like the data table for Part A.

2 Record the temperature range of the thermometer.
3 Record the type of thermometer.
4 Find the precision of the thermometer by looking at either the intervals marked or the specifications of the thermometer.

Part B: Calibration at the ice point of water

Fill a Styrofoam cup with crushed ice.

Add enough pre-cooled distilled water to cover the ice, but not enough so that the ice floats.

Thoroughly stir the ice-water mixture for a period of approximately 1 minute.

Secure the thermometer to the retort stand so that it is properly inserted into the ice-water mixture.

Allow the temperature of the thermometer to stabilise and record the result in a table like the data table for Part B.

S g b WON =

Repeat steps 1-5 for each thermometer.

Part C: Calibration at the boiling point of water

Set up the beaker on the tripod with the Bunsen burner beneath it.

Half-fill the beaker with water and add a few boiling chips.

Secure the thermometer to the retort stand so that it is properly inserted into the water.

Light the Bunsen burner and allow the water to come to its boiling point.

Allow the temperature on the thermometer to stabilise and record the result in a table like the data table for Part C.
Repeat steps 1-5 for each thermometer.

N o o b WON

Record the atmospheric pressure in the room in which you are experimenting.

Results

Data table for Part A

Thermometer data Thermometer 1 Thermometer 2 Thermometer 3 Thermometer 4

Manufacturer

Serial number

Date of manufacture

Range

Type

Precision
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Data table for Part B

Thermometer data Thermometer 1 Thermometer 2 Thermometer 3 Thermometer 4

Ice point temperature (°C)

Uncertainty (°C)

Data table for Part C

Thermometer data Thermometer 1 Thermometer 2 Thermometer 3 Thermometer 4

Boiling point temperature (°C)

Uncertainty

Atmospheric pressure (mmHg)

Analysis of results

1

Report the ice point temperature for each thermometer, including the absolute uncertainty and the percentage

uncertainty.

Calculate the relative error in the ice point measurement of each thermometer, if the ice point occurs at 0.0°C.

Report the boiling point temperature for each thermometer, including the absolute uncertainty and the

percentage uncertainty.

Calculate the relative error in the boiling point measurement of each thermometer, if the boiling point occurs at

the temperature associated with the measured atmospheric pressure as given in Table 2.2.2.

TABLE 2.2.2 The relationship between the boiling point of water and atmospheric pressure

Atmospheric pressure (mmHg) Boiling point of water (°C)

760 99.996
750 99.629
740 99.257
730 98.880
720 98.499
710 98.112
700 97.720
690 97.323
680 96.921
670 96.512
660 96.098
650 95.676
640 95.249
630 94.814
620 94.371
610 93.921
600 93.463
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Interpretation

5 For which thermometers did the ice point of water lie within the range of measurements?

6 For which thermometers did the boiling point of water lie within the range of measurements?
7 Rank the thermometers in order of decreasing precision.

Evaluation

8 Which of the thermometers would you choose to use if an experiment asked you to repeat the above
measurements? Why?

9 Tap water commonly contains dissolved salts. What effect will this have on the freezing point of water? What
type of error will this result in?

10 What effect would wetting the stem of the thermometers have on the measured results? What type of error
would this result in?

LEARNING CHECK 2.2

DESCRIBING

1 Describe a thermometer.

2 For each of the digital and thermostat thermometers listed in Table 2.2.1, identify the
property that allows the thermometer to measure temperature.

3 Explain the key features of a thermometer that allows it to make a measurement of the
temperature of an object.

APPLYING

4 Why do railway lines have gaps between each section of line?

Changes in temperature

It is common knowledge that an increase in temperature requires an addition of heat.
But the exact mechanics of how this takes place requires an understanding of the kinetic
particle model.

In the 18th century, heat flow was considered to be a movement of a fluid called the
‘caloric’. This fluid has never been detected and we now consider heat to be a transfer of

energy. A common unit to measure heat still in use today is the calorie (cal), which is the  calorie the amount of
heat energy required to
raise the temperature of
to 4.1861J. 1 g of water by 1°C;

The modern understanding of temperature change is that as heat is added to a substance, ~ 1cal=4.186J
it increases its internal energy. If this change in internal energy is due to an increase in kinetic
energy (remembering that internal energy is the sum of kinetic and potential energy), there
will be a resulting increase in temperature. This is because the temperature of an object is

amount of heat energy required to raise the temperature of 1 g of water by 1°C. It is equivalent

proportional to the average kinetic energy of the particles in that object.

Adding heat initially increases the kinetic energy of particles in contact with the heat source
through the process of conduction. This results in an immediate increase in the average kinetic
energy of the entire object.

These particles then go on to elastically collide with their neighbouring particles and transfer
some of their kinetic energy in the process. This results in a decrease in the kinetic energy
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diffusion the
spontaneous movement
of substances or
energies from areas

of high concentration

to areas of low
concentration

of the original particles, which may subsequently come in contact again with the heat source
and once again gain kinetic energy. As a result of the collision, the neighbouring particles that
gained kinetic energy may then go on to elastically collide with their neighbouring particles
or indeed with the original particles again. In this way, heat flows or undergoes diffusion
throughout an entire object very quickly.

The speed of this process depends on the thermal conductivity of the substance, and
it continues as long as the heat source is present or until a phase change temperature is
approached.

When the temperature of an object is reduced, the particles in direct contact with a
colder object lose kinetic energy through conduction. As each collision transfers energy
from one particle to another, the particles in contact with the colder object are steadily
losing energy, and the average kinetic energy and hence the temperature of the overall
substance decreases (Figure 2.3.1).
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FIGURE 2.3.1 Animage representing the kinetic energy of individual particles in a liquid as heat is
conducted through it from a heat source on the left. Particles in red have a higher kinetic energy than
particles in blue.

LEARNING CHECK 2.3

DESCRIBING

1 List the two common units of heat. Which one of these is the Sl unit?
2 Describe how heat is connected to kinetic energy.
3 When a heat source warms an object, does temperature flow between them?

APPLYING

4 Explain what is happening on a particle level when a bar heater is used to warm up a room.

5 Explain what is happening on a particle level when an air conditioner is used to cool
down a room.

6 Calculate how many joules of energy are in 150 calories.
7 Calculate how many calories are in 1400 J.

8 The watt is a unit that quantifies the rate of energy transferandis 1 J s™. If a 200 W
heating filament is placed in water for 2.0 minutes, how much heat is transferred to
the water?
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Specific heat capacity
and proportionality

If heat flows into an object, its temperature will rise (as long as it is not undergoing a phase change).

Early experimenters discovered that the amount of heat Q required to change the temperature
of a substance is proportional to the mass m of the substance and the temperature change AT
that the substance goes through. This can
be neatly described by the equation below,
where c is a material-specific quantity called

KEY FORMULA
its specific heat capacity:
Specific heat capacity
Q=mcAT Q=mcAT
where:
Q = the amount of heat added to or removed where:

from the substance (J)

m = the mass of the substance (kg)

c=the specific heat capacity of the
substance (Jkg?°C?orJ kg*K™)

AT = the change in temperature (°C or K)

m = the mass of the substance (kg)

AT =the change in temperature (°C or K)

The specific heat capacity of a substance is a measure of the amount of energy required to
raise the temperature of 1kg of that substance by 1°C. This is a physical property of the material
and is related to its structure. Specific heat capacity has units of J kg °C* or J kg7 K.

Water has a high specific heat capacity. Cooking oil has a much lower specific heat capacity.
Oil heats up and cools down almost twice as quickly as water. Table 2.4.1 gives the specific heat
capacities of some common substances.

TABLE 2.4.1 Specific heat capacities of some common substances

Water 4180
Ethylene glycol (antifreeze) 2400
Cooking oil 2800
Ice 2100
Steam 2000
Air 1000
Aluminium 900
Soil 800
Crown glass 670
Iron 450
Copper 380
Lead 130

Investigating specific heat capacity

A student undertook an investigation by heating 1kg of an unknown liquid by adding heat
energy to it at a steady rate of 150Js™ for 210s. The temperature was measured at regular
intervals during the heating process and the data recorded was plotted as shown in Figure 2.4.1.

9780170483629

Q = the amount of heat added to or removed from the substance (J)

¢ =the specific heat capacity of the substance (J kg™'°C~" or J kg K-)

specific heat capacity
the amount of energy
required to increase
the temperature of 1 kg
by 1°C (or kelvin) of a
substance without a
change of phase; unit:
Jkg 'K orJkg'°C?

-l
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Weblink
Specific heat capacity
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Temperature (°C)

\ %4

0 31500
Heat added (J)

FIGURE 2.4.1 A graph showing that the change in temperature of the liquid is directly proportional
to the amount of energy put in

dependent variable the The graph shows that the temperature T of a body (the dependent variable) goes up in direct
‘;?;azz:nifc:iﬂgﬁ;e proportion to the amount of heat energy Q (the independent variable) put into the liquid: AT < Q.
in the independent or The experiment was then repeated using only 0.5kg of the unknown liquid. All other

controlled variable conditions were kept the same as in the first experiment. The data was recorded and plotted as

independent variable a shown in Figure 2.4.2.

variable on which another
variable is dependent;
also called the controlled
variable

Temperature (°C)

y

0 31500 ~
Heat added (J)

FIGURE 2.4.2 The graph shows that for the same energy input into half the mass, the temperature
increase is doubled.

The second graph shows that for the same energy input, half the mass increases its
temperature (the independent variable) by twice as much. Therefore, the change in the
temperature of the body is inversely proportional to the mass of the body (a dependent variable):

1
AT o< —
m

Putting these two findings together gives us the relationship:

ATocg

m

There is always a constant, ¢, that makes a proportionality an equality, so by rearranging you get:

CAT:Q
m
=2
mAT

32 NELSON QCE PHYSICS UNITS 1&2 9780170483629



The constant c is the specific heat capacity of the substance that is being heated; Q is the
quantity of energy supplied; m is the mass of the body being heated and AT is the change in
temperature. The units of the specific heat capacity can be found by substitution of the units into
the last formula:

Units of c=——= kg K™
kgK

The relationships are then expressed in their simplest algebraic form:
Q= mcAT

This is a good example of how careful experimentation provides useful data to find
meaningful relationships (formulas). These relationships can then be used to predict what will
happen under a different set of given conditions.

Specific heat capacity of water

Water has the highest specific heat capacity of most commonly occurring substances:
4180J kg K. Water:

« heats up more slowly

« cools down more slowly

« stores more internal energy than the same mass of most other substances.

Many cooling and heating systems, from hot water bottles to water-cooled engines, use
water’s high specific heat capacity. Large bodies of water, such as oceans, seas and lakes, absorb
large amounts of energy with only small temperature changes of the water. For the same amount
of energy input, landmasses undergo much greater temperature changes. The temperatures
inland are much higher than on islands and in coastal regions. During the warmer months,
when the sea temperature is less than the average air temperature, the sea acts as a heat sink.
During the colder months, when the sea is warmer than the average air temperature, it releases
the stored energy. This release of energy moderates the temperature of regions close to large
bodies of water.

LEARNING CHECK 2.4

DESCRIBING

What does it mean when we say that the specific heat capacity of iron is 450 J kg™ K7'?

2 1f 2000 J of heat is required to raise the temperature of an object by 1°C, by how much
will the temperature of the same object increase if 4000 J of heat is added to it?

3 If400J of heat is required to raise the temperature of 1 kg of a substance by 1°C,
how much heat will be required to raise the temperature of 500 g of the same
substance by 1°C?

4 Use the specific heat formula Q = mcAT to derive the units of specific heat capacity.

APPLYING

5 Compare the specific heat capacities of ice, water and steam, and rank them in
increasing order of the heat required to raise each of their temperature by 1°C.

6 Discuss why the high specific heat capacity of water is important for its use in heating
and cooling systems.

9780170483629
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Worksheet
Understanding specific heat
capacity

heat sink an object or
material that moderates
the temperature of its
surroundings due to

its large specific heat
capacity
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Hot water systems and
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Worksheet

heat energy loss

Solving problems involving
specific heat capacity

As a general rule, when solving problems for specific heat capacity, it is important to check
the given units and if necessary convert them to the SI equivalent. It is also important to note
that although the equation for solving specific heat capacity looks simple, it has four terms that
require careful application.

The specific heat capacity, c, of the substance being investigated will generally be given in
the wording of the problem or will be easily accessible in a table such as Table 2.4.1 (page 31). Be
sure to use the correct physical state of the substance as the solid, liquid and gaseous phases of
a substance will all have different specific heat capacities.

The specific heat capacity should always be used with units of JTkg * K™, but occasionally will
be reported in Jkg?°C?, kJkg? K™ or even kcalkg™ K™. If you do see these units in a problem,
be sure to convert them to the correct SI units.

In the first instance, since the temperature interval in the Celsius scale is the same as in the
Kelvin scale, and it is the change in temperature that we are interested in, the units of Jkg=°C~
and Jkg K™ are entirely equivalent. They can be used interchangeably.

In the second instance, since 1kJ is equal to 100017, to convert kT kg K™ to the more standard
form of Jkg K™, we need only to multiply by 1000.

In the final instance, 1cal = 4.18J, so 1kcal = 4180J. Therefore, to convert kcalkg? K™ to
Jkg K™, we need to multiply by 4180.

In the specific heat equation, AT represents the change in temperature and therefore can also
be written as T, - T, . .In the case where an object increases in temperature, T,  is greater
than T and therefore AT is a positive number. If this is placed in the equation for specific
heat, Q will be also be calculated to be a positive number, indicating that heat has been added
to the object.

WORKED EXAMPLE 2.5.1

Convert 0.22 kcal kg™' K", the specific heat of aluminium, into J kg~' K.

ANSWER

1

34

Identify the relationship between kcal and J.

4180 J =1 kcal so multiplying by

4180 J
1 kcal

~0.22 keal

kg K

4180J

~ 2~ is the same as multiplying by 1.
Tkeal

Calculate the specific heat capacity in the appropriate units.

Cancel the kcal in the numerator and denominator.
keal 4180J

=0.22 —x

kgK ~ Tkeat

=919.6 Jkg' K~

Give the answer to the correct number of significant figures.
0.22 kcal kg7 K'=920J kg K™
The specific heat of aluminium is 920 J kg™ K.
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WORKED EXAMPLE 2.5.2

250 mL of pure water at 25°C is heated to 95°C.

a Sketch a graph representing the heating of the water from 0°C to 100°C. On the graph, show the section relevant
to this question.

b How much energy is needed to achieve this temperature change?

ANSWERS
a Asthe temperature of a substance is directly proportional to the heat added, the graph will be linear.

b 1 Use the correct equation.
Q =mcAT N

Substitute known values into the equation and find

c for pure water in Table 2.4.1. g
Q=0.250kg x 4180 J kg™ K" x (95°C — 25°C) .% EEl 4
2 Calculate the correct answer. “g’ AT
As Q is positive, heat is added, as it should be. 2 sl
Q=7.3150x10*J ' AQ :
3 Give the answer to the correct number of 0 : I >

Time (heat added at constant rate)
significant figures.

Q=73x10*J
The energy needed to achieve this temperature change is 7.3 x 10* J.

In the case where the temperature of an object decreases, T,  will be less than T, . and

therefore AT will be a negative number. This will result in Q being a negative number, indicating
that heat has been lost by the object.

Of course, the specific heat formula can be algebraically rearranged to find any of the
variables contained within it.

WORKED EXAMPLE 2.5.3

Calculate the mass of air in a sample if the addition of 48 000 J of heat to the sample
results in an increase in temperature of 16°C.

ANSWER
1 Use the correct equation.
Q = mcAT

2 Multiply both sides by % to get m by itself.
c

QxiszATxL

CAT CAT
3 Make m the subject.
m=__
CAT
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calorimeter a highly
insulated container
that prevents heat
energy being lost to
the environment, used
to measure quantities
of heat

power the rate at which
work is done by a
system, or the rate at
which energy is being
transferred

watt (W) the unit of
power; TW=1Js"

KEY FORMULA

Power through a heating element:

where:

4 Substitute known values, retrieving c_._ from Table 2.4.1.

a 48000 J
1000 J kg 'K x16°C
5 Calculate the answer.

air

m=3kg

6 Give the answer to the correct number of significant figures.
m =3.0kg

The mass of air in the sample is 3.0 kg.

Calorimeter

A common piece of experimental equipment used in the field of thermodynamics is the
calorimeter. A calorimeter has a highly insulating material that ensures that almost no heat is
lost to the environment. In this way, any heat added to a liquid held within a calorimeter flows
into the calorimeter rather than be released into the environment.

Generally, heat is added to the sample by using a heating element of known power. Power is
a measure of energy per time and is given the unit of watt (W): 1 watt is equal to 1Js™.

Power can also be calculated from the current travelling through and the voltage across the
heating element:

P=IxV

where:
P =power measured in watts 1 W =1Js™)
P=IxV I =current measured in amperes (A)

V = voltage measured in volts (V)

P = power measured in watts (1W=1Js)

I = current measured in amperes (A)
V =voltage measured in volts (V)

Using these formulas, the amount of heat added to a substance
can be found by multiplying the power by the time over which it is
acting: Q=P X .

WORKED EXAMPLE 2.5.4

2.5 A of current passes through a heating element when 2.0 V is applied over it. If this
heating element adds heat to a 350 g sample of 5.0°C liquid water in a calorimeter for
30.0 minutes, what temperature will the water reach?

ANSWER

1 Use the correct equation.
Q =mcAT
2 Rearrange for the unknown.

Q

=l (1
AsQ=PxtandP=IxV
Q=IVt 2

3 Substitute equation 2 into equation 1.

Tf=M+T.
mc |

T

f
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4 Substitute known values into the equation.
2.5Ax2Vx1800s
f~035kgx4180 Jkg 'K

5 Calculate the answer.
T.=11.15°C

6 Give the answer to the correct number of significant figures.
T.=11°C

The water reached a temperature of 11°C.

o

LEARNING CHECK 2.5

DESCRIBING

1 Describe a calorimeter and why it is useful in thermodynamics experiments.
2 Identify the Sl units for each of these terms.

a Heatadded, Q

b Mass of the sample, m

¢ Specific heat of the sample, ¢

d Change in temperature of the sample

3 Rearrange the specific heat equation to make the final temperature, T, the subject.

APPLYING

4 |If the current passing through a heating element doubles while the voltage over it
remains the same, what happens to the power?

5 Calculate the amount of heat that needs to be added to 300.0 g of antifreeze to raise
its temperature by 15.0°C.

6 Calculate the final temperature of a 2.0 kg soil sample at 25°C, when 2500 J of heat is
added to it.

7 Acurrent of 5.0 A passes through a heating element when 1.5V is applied over it. If
this heating element adds heat to a 0.20 kg sample of lead at 25°C in a calorimeter for
30.0 minutes, what temperature will the lead reach?

Interpreting specific heat data

In Practical activity 2.6.1, you will be asked to calculate the specific heat capacity of water by
adding heat to it by means of a submersed electric resistor.
During the experiment, you will be able to collect data relating to the amount of heat added (the
independent variable) and the resulting temperature change of the water (the dependent variable).
This section will assist you to interpret both the tabulated and graphical data so you can
calculate the specific heat capacity of the water and its resulting percentage error.
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thermistor temperature-
dependent resistor; used
to detect changes in
temperature

Table 2.6.1 shows the raw data of an experiment in which a thermistor with a power
rating of 5.0 W was submerged in 500.0 g of water. Temperature readings were taken every 30.0s
for 10.0 min.

TABLE 2.6.1 Experimental data set of time vs temperature of a water sample heated by a
5.0 W thermistor

0.0

24.50 330.0 25.19
30.0 24.56 360.0 25.26
60.0 24.63 390.0 25.32
90.0 24.69 420.0 25.38
120.0 24.75 450.0 25.45
150.0 24.82 480.0 25.51
180.0 24.88 510.0 25.57
210.0 24.94 540.0 25.64
240.0 25.01 570.0 25.70
270.0 25.07 600.0 25.76
300.0 25.13

The first issue that can be seen is that the table does not contain any reference to heat added
to the water. The clue to solving this is the inclusion of the information that the thermistor had
a power rating of 5.0 W. Power is a measure of energy per time, and since it can be assumed that
all of this energy is being transformed to heat, the thermistor is providing 5.0J of heat to the
water every second.

Using the information in the time column, we can add another ‘heat’ column in our table
using the formula:

Q=Pxt=507Js" xt(s)

Even though you may be able to see that the amount of heat added is increasing in regular
increments, as would be expected for a constant heat source, it is difficult to make out any relationship
between heat added and the temperature of the water source simply by looking at the table
(e.g. Table 2.6.2).

The next step is to create a scatterplot of the data. You can do this by hand, or by using a
graphics calculator or spreadsheet software.
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TABLE 2.6.2 Experimental data set of heat added vs temperature of a water sample

Heat added (J) Temperature (°C)

0.0 0.0 24.50
30.0 150.0 24.56
60.0 300.0 24.63
90.0 450.0 24.69

120.0 600.0 2475
150.0 750.0 24.82
180.0 900.0 24.88
210.0 1050.0 2494
240.0 1200.0 25.01
270.0 1350.0 25.07
300.0 1500.0 25.13
330.0 1650.0 25.19
360.0 1800.0 25.26
390.0 1950.0 25.32
420.0 2100.0 25.38
450.0 2250.0 25.45
480.0 2400.0 25.51
510.0 2550.0 25.57
540.0 2700.0 25.64
570.0 2850.0 25.70
600.0 3000.0 25.76

There are quite a few features that can be seen on this graph (Figure 2.6.1). First, note the
inclusion of a graph title and axes titles along with the units of each variable. Note also that the
independent variable (heat added) is on the x-axis and the dependent variable is on the y-axis.
Finally, it is evident that there is a linear relationship between the two variables and we can go
on and calculate the equation of the line of best fit if we choose to. Many spreadsheet programs
will draw graphs of highlighted columns, draw in a regression line and provide a mathematical
equation for that line. You should be familiar with how such programs work.

From the specific heat formula, we know the relationship between heat added and
temperature is:

Q=mcAT
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Temperature vs heat added to a 500.0 g sample of water
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FIGURE 2.6.1 A graphical representation of temperature vs heat added for data from Table 2.6.2

Since temperature is on the y-axis and heat added is on the x-axis, we can rearrange this
equation to the more appropriate form:
AT=<
me
Since AT =T, - T,, this equation can be written as:

]}-’]’; :g
mc

Finally, we can rearrange this into the form:

=27
me
which is in the form of the linear equation y = mx + ¢, with a y value of temperature, a

gradient of L , an x value of heat added and a y intercept of initial temperature.
mass X specific heat

We can now find the equation of a line of best fit, knowing that this will yield a valid
relationship (Figure 2.6.2).

The equation of the line has been included, but we could just as easily have derived the
equation by finding the y intercept of 24.5°C and by calculating the gradient by the rise over run
as 0.00042J°C™.

The R*value of 1 indicates that the line is a perfect fit; it is unlikely that experimental data
would achieve such a value.

The y intercept of 24.5°C agrees with the data set in that the water sample did indeed have
an initial temperature of 24.5°C.

Finally, the gradient of the line has a value of 0.00042JK™, which we can equate to:

1
mass x specific heat

and since we know the mass of the sample, we can solve for the specific heat capacity.
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Temperature vs heat added to a 500.0 g sample of water
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FIGURE 2.6.2 A line of best fit for temperature vs heat added

1
mxc

0.00042JK "' =

1
c=
mx(0.00042J K ™)

1
 (0.5kg)(0.00042TK )

=4761.9

or correct to two significant figures:

c=4800J kg 'K '

We have calculated the specific heat capacity of water from experimental data and it is time

to evaluate our result. To do this, given that we have a commonly accepted ‘true’ value for the
specific heat of water (4180J kg™ K™), it makes most sense to calculate the percentage error.

9780170483629

measured value — true value
% error = X 100%
true value
4800 — 4180
% error =| —— | X 100%
4180

% error =14.8%

o

Syllabus link

The digital chapter
goes into greater
detail about
percentage error
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PRACTICAL ACTIVITY 2.6.1

SPECIFIC HEAT CAPACITY OF WATER

Introduction
In this experiment, you will be finding an experimental value for the specific heat capacity of water, but you will also
use it as practice in writing a report that uses the correct scientific conventions and language as outlined in the
previous section.

You should begin by writing an introduction, based on the content of the previous two sections. Remember to use
correct referencing protocols.
Research question
What is the relationship between heat added and the temperature of water in a calorimeter?
Aim

To find the specific heat capacity of water

Materials

+ calorimeter +  ammeter

+ immersion heater +  power supply

+ thermometer or calibrated temperature probe + 20Q 15 W rheostat
+ sample of water + stopwatch

+ galvanometer or voltmeter + electronic scales

& What are the risks in doing How can you manage these risks to stay safe?
ASSERS%ENT this experiment?

Heating equipment can cause burns. | Avoid touching the equipment.
Wait for the equipment to cool before you put it away.

Electrical equipment may cause Double-check that all electrical equipment is in good
shocks or electrocution. working order.
Avoid touching the electrical equipment while it is being used.

Hot water can scald. Wear safety glasses.
Avoid spilling or splashing boiling water.

Copy and complete the risk assessment table in your write-up. Add any more risks you can think of, and ways to
manage them. Ask your teacher to check your table before you proceed.

Procedure

1 Measure and record the mass of the calorimeter.

2 Add approximately 150 mL of cold water to the calorimeter, and measure and record the mass of calorimeter
and water.

3 Suspend the thermometer or temperature probe in the cold water.

B

Connect the power supply (set to approximately 5V output), rheostat, galvanometer (or voltmeter), ammeter
and immersion heater as shown in Figure 2.6.3.

Turn on the power supply and adjust the rheostat so that the ammeter reads approximately 2 A.
With the voltage properly adjusted, record the voltage and current readings and then turn off the power supply.

Switch the power supply back on and start the stopwatch.

5

6

7 Measure and record the initial temperature of the water.

8

9 Stir regularly and record the temperature of the water at 20 s intervals.
1

0 After 15 min, turn off the power supply and record the final temperature of the water.

42 NELSON QCE PHYSICS UNITS 1 &2 9780170483629



Power supply Galvanometer
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A Stirring
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W Heating
Water coil

FIGURE 2.6.3 The experimental set-up for determining the specific heat of water

Results
Record your results in tables similar to the tables shown here. Include an estimate of the uncertainty in each

measurement. You can calculate heat added as shown in section 2.6.

Table of results part 1

Data Trial 1 Trial 2

Mass of calorimeter (g)

Mass of cold water and calorimeter (g)
Mass of cold water (g)

Voltage (V)

Current (A)

Power output (W) (P =V xI)
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Table of results part 2

Time (s) Heat added (J) Temperature (°C)
0.0

30.0

60.0

90.0
120.0
150.0
180.0
210.0
240.0
270.0
300.0
330.0
360.0
390.0
420.0
450.0
480.0
510.0
540.0
570.0
600.0

Analysis of results

1 Use the data to graph temperature vs heat added for both trials.

2 Draw a line of best fit for the graph and calculate the equation of the line.

3 Use the equation of the line of best fit to find the specific heat capacity of water for each trial.

4 Use the data to determine the measurement value and the absolute uncertainty in the measurement value.

Interpretation

5 Look up the accepted value of the specific heat capacity of water, including the uncertainty associated with this
value. Decide whether the range of your measurement value overlaps the range of the accepted value.

6 Calculate the percentage error in your data.
7 How well does your calculated specific heat capacity of water compare with the accepted true value?

Evaluation

8 Using concepts such as systematic and random error, explain any disparity between your calculated value and
the accepted value of the specific heat of water.

9 What elements of the experiment could be improved in order to derive a more precise measurement of the
specific heat of water?

10 Write a conclusion to answer your research question.
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PRACTICAL ACTIVITY 2.6.2

SPECIFIC HEAT CAPACITY OF METALS

Introduction

Experiments have demonstrated that a small metal block will take about 3—5 min to come to thermal equilibrium
with boiling water. Once it has reached this temperature, it can be placed in a known mass of water (specific heat
capacity = 4180 J kg™' K™") at a different temperature. Left for long enough in a calorimeter, the two will reach the
same temperature and it can be assumed that the water absorbs all of the heat released by the metal block. From
this and the mass of the metal block, the specific heat capacity of the metal can be calculated.

Research question
What is the specific heat capacity of a variety of metals?
Aim

To find the specific heat capacity of one or more metals

Materials
+ calorimeter « different metal cubes with dimensions
+ thermometer or calibrated about2cmx2cmx2cm
temperature probe + strong cotton thread
+ heating equipment + paper towel
+ glass stirring rod + electronic scales
& What are the risks in doing this experiment? | How can you manage these risks to stay safe?
RISK . . . . .
ASSESSMENT | Heating equipment can cause burns. Avoid touching the equipment.
Wait for the equipment to cool before you put it away.
It is possible to lose control of the hot Double-check that the cotton thread is secured.
block while transferring it from beaker to Avoid touching the metal while transferring the block.

calorimeter or to burn yourself while doing so.

Boiling water can scald. Wear safety glasses.
Lower the block gently into the water.
Avoid spilling or splashing boiling water.

Copy and complete the risk assessment table in your write-

up. Add any more risks you can think of, and ways to manage p
them. Ask your teacher to check your table before you proceed.
Metal

Boiling water

Procedure
1 Set up the equipment as shown in Figure 2.6.4.
2 Heat the water until it is boiling.

3 Determine the mass of the metal cube and securely
tie the cotton thread around it.

4 Gently lower the metal cube into the boiling water and
leave until it is at 100°C (3—5 min).

5 Measure and record the mass of the calorimeter.

TEMPERATURE

®

Thermometer
Cold water
Insulation

6 Add approximately 150 mL of cold water to the

calorimeter and measure and record the mass of Heating Calorimeter
calorimeter and water. equipment

7 Suspend the thermometer or temperature probe in the FIGURE 2.6.4 The experimental set-up for the
cold water. transfer of the hot metal to the cold water
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8 Gently stir the water with the stirring rod and wait for the temperature of the water and the thermometer or
temperature probe to come to equilibrium. Record this temperature.

9 Carefully lift the hot metal cube out of the boiling water, quickly dry it, then lower it gently into the calorimeter
water. Stir the water gently and frequently.

10 Record the temperature of the mixture of the metal block and the water when it reaches its maximum temperature.
11 Repeat the experiment with a second trial.

12 If your teacher directs you to, repeat the experiment with a different metal.

Results

Record your results in a table similar to the table below. Include an estimate of the uncertainty in each measurement.

Results table

N N TR ST

Mass of metal block (g)

Mass of calorimeter (g)

Mass of cold water and calorimeter (g)

Mass of cold water (g)

Initial temperature of cold water and calorimeter (°C)

Initial temperature of metal cube (°C)

Final temperature of water and metal cube (°C)

Analysis of results

1 Use the data to find the specific heat capacity of the metal for both trials.
2 Use the data to determine the measurement value and the absolute uncertainty in the measurement value.

Interpretation

3 Look up the accepted value of the specific heat capacity of the metal, including the uncertainty associated with
this value. Decide whether the range of your measurement value overlaps the range of the accepted value.

Evaluation

4 Why were you instructed to dry the metal cube before placing it in the cold water?

5 Why s it desirable to start with the water temperature below room temperature and have a final temperature
above room temperature?

Why were you asked to do two trials? Does this improve accuracy or precision?
Did your best estimate of the specific heat capacity of the metal differ from the accepted value? Explain.
Is it meaningful to calculate the percentage error in this experiment? Explain.

O 0O N o

Write a conclusion to answer your aim.
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Temperature scale CHAPTER
SUMMARY

« The Celsius and Kelvin temperature scales are commonly used to measure temperature.
« Conversion between the Kelvin (absolute) and Celsius scales:
T,=T,+273

where: T, = temperature in kelvin
T, = temperature in degrees Celsius

Specific heat capacity

« Specific heat capacity is the amount of energy required to change the temperature of 1kg of
substance by 1°C or 1K.
o The specific heat formula:
Q =mcAT

where:  Q = the amount of heat added to or removed from the substance (J)
m = the mass of the substance (kg)
¢ = the specific heat capacity of the substance (Jkg?°C™ or Jkg?K™)
AT = the change in temperature (°C or K)

« The change in temperature is related to the amount of energy added.

Calorimeters and heat

» A calorimeter is a highly insulated apparatus used to measure changes in heat in a liquid.
« Power through a heating element:
P=IxV
where: P = power measured in watts AW =1Js™)

I = current measured in amperes (A)
V = voltage measured in volts (V)

« The heat added to a substance can be calculated by:
Q=Pxt
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MULTIPLE CHOICE

CHAPTER

EXAM 1. Ifthe temperature of a car’s engine is 320°C, what would its temperature be on the Kelvin scale?
A 0K
B 47K
C 320K
D 593K

2. Which of the following is the SI unit for specific heat capacity?
A calkg'°C?

B calkg’K
C Jkg!
D Jkg'K*

3. Towhich of the following is the heat required to change the temperature of an object
not proportional?
A The mass of the object
B The surface area of the object
C  Specific heat capacity of the object
D The temperature change of the object

4. Which of the following substances would undergo the greatest increase in temperature for
a given input of heat?
A 1kgofwater
B  1kgof steam
C 1lkgofice
D 1kgofsoil

5.  When 20KkJ of heat is removed from 1.2kg of ice originally at -15°C, what is its new

temperature?
A -35°C
B -26°C
C -23°C
D -18°C

6. Assuming a specific heat capacity of 4.18 x 10° Jkg™ °C™, which would require the most
energy input?
A m=520g, AT=30°C
B m=1.2kg AT=18°C
C m=830g, AT=20°C
D m=25kg AT=8°C

7. Which statement best describes temperature?
A Itis the measure of the heat content of a substance.
B  Itis the measure of the total internal energy of a substance.
C Itis the measure of the specific heat capacity of a substance.
D Itis the measure of the average kinetic energy of the particles in a substance.

8. If two substances with different specific heat capacities are heated with the same amount
of heat energy, which substance will experience a greater temperature increase?

The one with higher specific heat capacity will experience a greater temperature increase.

The one with lower specific heat capacity will experience a greater temperature increase.

Both will experience the same temperature increase.

It depends on the initial temperature of the substances.

goawp
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10.

What is the specific heat capacity of a substance that requires 5007 of heat energy to raise
the temperature of 2kg of the substance by 5°C?

A 25Jkg'K™

B 50Jkg'K™

C 100Jkg'K™

D 250Jkg'K™

What happens to the specific heat capacity of a substance as its temperature increases?
It decreases.

It increases.

It fluctuates.

It remains constant.

ogoaQwp»

SHORT RESPONSE

11.

12.

13.

Calculate the heat released when 450g of molten glass (¢, = 670Jkg™' K™) at 465°C
is cooled to room temperature (25°C). Note: Molten glass and cooled glass are both
considered liquids.

If 490007 of heat is added to 250 g of cooking oil initially at 25°C, calculate its final
temperature.

What is the specific heat of a 1.8kg sample of marble if 51084 7J of added heat results in an
increase of temperature of 33°C?

DATA ANALYSIS

14.

Temperature (°C)

Analyse data

Use the graph of temperature change associated with the addition of heat to 0.5kg of an
unknown substance to calculate the specific heat capacity of the substance. Compare your
result with the values in Table 2.4.1 to suggest what the substance is composed of.

N
30

29

28

27

26

25

24

23

4

22
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 7

Heat added (J)
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15. Analyse data

A 5.0W immersion heater was placed in 250 g of a liquid sample and the results were
recorded in the table below. Use these results to calculate the specific heat capacity of the

substance, with the help of a graph.

0.0 12.0
10.0 12.6
20.0 13.2
30.0 13.7
40.0 14.3
50.0 14.9
60.0 15.5
70.0 16.1
80.0 16.7
90.0 17.2

100.0 17.8
110.0 18.4
120.0 19.0
130.0 19.6
140.0 20.1
150.0 20.7
160.0 21.3
170.0 21.9
180.0 22.5
190.0 23.0
200.0 23.6
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Phase changes and latent heat

SCIENCE UNDERSTANDING
SYLLABUS +  Explain, in terms of the internal energy of a system and the kinetic particle model
DOT POINTS of matter, why the temperature of a system remains the same during the process

of state change.

Describe the concept of specific latent heat.

Solve problems involving specific latent heat using Q = mL.
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Introduction

In Chapter 2, the way the temperature of objects changed when heat was added was
discussed in terms of the specific heat capacity of the object. It is important to note that
this concept only applied to objects that did not change their physical state between solid,
liquid or gas.

However, in everyday experience, phase changes occur regularly, such as ice melting
in a glass of water, wet clothes drying on a line or condensation forming on the inside
of a windscreen.
In this chapter, you will discover what happens to the temperature of a substance
as heat is added to it at a transition temperature at which it changes its physical state. This
will be done by thoroughly investigating how particles interact when heat is added.

Practicals Worksheet

e Phase changes e Estimating the latent heat capacity

e Estimating the latent heat capacity of of water

water (online-only resource) e Measuring the latent heat of water
e Heating graphs

®

To access resources above, visit

:“: N e l.SO n M | ndTa p cengage.com.au/nelsonmindtap
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phase change a change
in physical state
(e.g. solid to liquid)

melting point the
temperature at which a
substance undergoes a
phase change from solid
to liquid (melts)

boiling point the
temperature at which a
substance undergoes a
phase change from liquid
to gas (vaporises)

melting the phase change
from solid to liquid

vaporisation the phase
change from liquid to gas

condensation the phase
change from gas to liquid

solidification the phase
change from liquid to
solid

sublimation the phase
change from solid to
gas without becoming
a liquid

deposition the phase
change from gas to
solid without becoming
a liquid

evaporation the process
in which some particles
with high kinetic energy
escape the surface of a
liquid at a temperature
below its boiling point
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ASSUMED KNOWLEDGE

v Particle theory states that matter is made of particles.
v Substances can transition between phases (solid, liquid, gas).
v Changing phases involves the absorption or release of heat.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v use the particle model to describe and explain the process of phase change

v describe and explain melting point, boiling point, melting, vaporisation, condensation,
solidification, sublimation, deposition and evaporation

v interpret heating curves to determine specific heat and latent heat

v define specific latent heat of fusion and latent heat of vaporisation

v conduct experiments to quantify energy input, specific heat and latent heat by using
data analysis and interpretation

v solve problems involving energy values, temperature change, specific heat and
latent heat.

The process of state change

When water in the solid phase (ice) is heated, its temperature increases linearly with the amount
of heat added. When it reaches 0°C, it undergoes a phase change and it melts to form liquid
water. If the heating continues, this liquid increases in temperature until it reaches 100°C, when
it will undergo another phase change and boil into a gas (steam).

Melting and boiling points

A pure solid starts to change state to a liquid at its melting point. A pure liquid starts to
change state to a gas at its boiling point. Both processes, melting and vaporisation, require
energy input. Removing energy causes gases to undergo condensation and liquids to undergo
solidification.

Some substances can change state (phase) directly from a solid to a gas (sublimation) or
from a gas to a solid (deposition) without going through the liquid state. Solid carbon dioxide
(dry ice) does this at —78.5°C. It is primarily used when we require a cooling process that does
not leave a liquid residue.

These phase changes are shown in Figure 3.1.1.

Evaporation from a liquid occurs at the surface. Some particles with high kinetic energy
escape, as shown in Figure 3.1.2. When these high kinetic energy particles leave the liquid,
the average kinetic energy of the liquid is reduced and therefore the temperature decreases.
However, vaporisation occurs when the entire liquid changes to gas. No temperature change
occurs during vaporisation. Vaporisation can be distinguished from evaporation by the fact that
bubbles form below the surface during vaporisation.
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FIGURE 3.1.1 State change cycles. These cycles FIGURE 3.1.2 Evaporation occurs at the surface when water
name each of the phase changes between one molecules that are less tightly bound and have relatively higher
physical state and another. kinetic energy than those in the body of the water escape.

Phase changes on a particle level

Particle interactions during phase changes can be illustrated by investigating what happens to
a 1.0kg block of ice as it is heated at a constant rate from —50°C to steam at 100°C at a constant
pressure of 1 atmosphere.

Figure 3.1.3 shows the heating curve of water, which is a graph of temperature versus
time or heat added. As can be seen, the temperature of ice rises at a steady rate of about 0.5°C for
every kilojoule of heat that is added (section A). During this time, the random motion of the ice
molecules increases as they gain more kinetic energy from the heat added.
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FIGURE 3.1.3 The heating curve of 1.0 kg of pure water. This graph indicates how the temperature
of the water changes before, during and after each phase change when heat is steadily being added.

atmosphere a unit of
pressure; 1 atmosphere
is the standard pressure
at the surface of Earth

heating curve a plot of
temperature versus time
or heat added

-l
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Weblink
Simulation of heat and
phases changes
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Eventually, some of the molecules gain enough energy to break loose from the bonds that
are holding them bound in ice crystals. This is indicated by the plateau in the heating curve,
which occurs at 0°C (section B). At this temperature, which is called the melting point, the heat
flowing into the ice does not cause an increase in temperature, but disrupts the ice structure
of individual molecules. These molecules collide with other molecules and transfer energy to
them, in turn allowing them to break free from the ice-forming bonds. Although there is an
increase in the internal energy of the sample, this process does not result in an increase in the
average kinetic energy of the molecules (otherwise, there would be an increase in temperature).
Instead it results in an increase in the potential energy of the molecules.

The melting process continues at a constant temperature until all the molecules break free
from the bonds and the phase change is complete. As can be seen from the heating curve, about
330kJ of energy is required to turn 1kg of ice at 0°C to water at 0°C.

Asshown in section C of Figure 3.1.3, when the sample is in the liquid phase, the temperature
of the water increases at a steady rate of about 0.25°C for every 1 kJ of energy added, until
it reaches its boiling point at 100°C. At this point, the temperature of the sample once again
remains constant, as all the heat added is used to increase the potential energy of the molecules
by making them energetic enough to break free from the bonds holding them together as liquid
water (section D). In this way, the internal energy of the sample once again increases while the
average kinetic energy of its particles (and therefore its temperature) does not.

The whole process of turning 1.0kg of water at 100°C to steam at 100°C requires about
2260KkJ of energy. In the steam phase, the temperature of the 1.0kg sample increases linearly
with heat added at a rate of about 0.5°CkJ! of heat added (section E).

Both of these phase changes are reversible. For example, steam loses energy to its
surroundings, cooling until it reaches its boiling point, remaining at a constant temperature
while the water molecules get closer together. Energy is being released to the surroundings
during the condensation process. This energy comes from a reduction of the internal energy of
the molecules as they draw closer together to form liquid water. This is why steam at 100°C will
cause much more severe burns than the same mass of water at 100°C.

Condensation and heat exchange occur in cloud formation. A pocket of moist air surrounded
by dry air rises because it is less dense. It ascends into a cooler region, causing the water vapour
to condense as clouds. The latent heat of vaporisation is released to the surrounding air, which
becomes warmer. Warm air, being less dense than cooler air, continues to rise. Eventually, the
moist air hits the ‘roof” of the weather zone, the troposphere. Cloud formation then continues
horizontally rather than vertically. Distinctive anvil-shaped clouds (Figure 3.1.4) form at the
tops of thunderclouds, especially in the tropics.

—— -

FIGURE 3.1.4 Distinctive anvil-shaped clouds are often seen at the tops of thunderclouds.
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LEARNING CHECK 3.1

DESCRIBING

Distinguish between vaporisation and evaporation.
Order the following processes for the heating of 1 kg of lead.

I Lead vaporises at 2296°C.

Il Solid lead increases in temperature at a rate of 7.7°C per kilojoule of heat added.
Il Liquid lead increases in temperature at a rate of 7.1°C per kilojoule of heat added.
IV Lead melts at 873°C.

APPLYING

3

Discuss why the temperature of a liquid at its boiling point remains constant when it is
changing state.

The line on a heating curve for a pure substance that is being heated between
state changes has a constant linear slope. What does this imply about the

heat supply?

The lines on a heating curve for a pure substance that is receiving a constant heat

energy input during state changes are parallel to the horizontal axis. What does
this imply?

ANALYSING

6

Different substances have different melting points and boiling points, but the shapes
of their heating curves are very similar. Solid iron is heated constantly from its solid
state to its gaseous state in a furnace. The heating curve for the duration of this
process is shown in Figure 3.1.5. Use the curve to determine the:

a melting point of iron
b boiling point of iron.

4000
3500

Gas
3000
2500
2000
1500 A

1000
500

Liquid

Temperature (°C)

Solid

Time

FIGURE 3.1.5 The heating curve for iron
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latent heat the heat
required to change the
state of a substance

at its boiling point or
melting point without a
change in temperature;
unit: Jkg™'

specific latent heat of
fusion the heat required
to change the state of

1 kg of a substance from
a solid to a liquid without
a change in temperature

al
o‘:

Worksheet

Estimating the latent heat
capacity of water

specific latent heat of
vaporisation the heat
required to change

the state of 1 kg of

a substance from a
liquid to a gas without a
change in temperature
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Defining specific latent heat

During a change of state, energy is added or removed. The energy added or removed during a
state change is called the latent heat.

Specific latent heat of fusion

The specific latent heat of fusion of a substance is the energy required to change the state of
1kg of the substance from its solid state to its liquid state without any change in temperature.
It is also the energy that is released when 1kg of the same substance solidifies from liquid to
solid. Table 3.2.1 gives the latent heat of fusions for some common substances. The latent heat
of fusion has the units of Jkg™.

TABLE 3.2.1 Latent heats of fusion and vaporisation for some common substances. Unlike
specific heat (J kg™' K), latent heat is given in J kg™'

Specific latent heat Specific latent heat of
of fusion (J kg™") vaporisation (J kg™)

Aluminium 390000 10 500000
Alcohol (ethanol) 105000 841000
Copper 205000 4800000
Iron 276 000 6340000
Lead 25000 860000
Silver 105000 2350000
Water 334000 2260000

Specific latent heat of vaporisation

The specific latent heat of vaporisation of a substance is the heat required to change the state
of 1kg of the substance from its liquid to gaseous state. The specific latent heat of vaporisation of
water is 2260000J kg™ (2.6 x 10°Jkg™). You can see from the very large value that a huge amount
of energy is required to separate the particles from each other. This is the same amount of energy
that is released when 1kg of the same substance condenses from gas to liquid. Table 3.2.1 also
shows the latent heat of vaporisations for some common substances.

The concept of latent heat can be described in the following example.

Students completed an investigation in which they heated different masses of ice at 0°C that
had been dried to remove any liquid water from its surface. The heat energy was supplied at a
steady rate of 1000Js™ until the ice had just melted. The time was recorded and precautions
were taken to minimise any external heat gains or losses. The data was recorded in Table 3.2.2,
and graphed in Figure 3.2.1.
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TABLE 3.2.2 Data from student investigation

Mass of ice at 0°C (g) Time for melting (s) Total energy input (J)

0.10 33 33000
0.22 72 72000
0.39 88 88 000
0.52 175 175000
0.64 217 217000
0.90 300 300000
N
350000
300000 |
2
o 250000 -
<
£ 200000 - .y
=% K4
'i 150000 - 18
£ 100000 o
5 50000 Worksheet
] Measuring the latent heat
0 AN of water

T T T T 7
0.00 0.20 0.40 0.60 0.80 1.00
Mass of ice melted (kg)

FIGURE 3.2.1 Finding the relationship between energy input and mass of ice melted. The equation
of the line is @ = m x 334 000.

The graph indicates that there is a direct proportionality. In general:
Qoeem

There is always a constant that makes a proportionality an equality; in this case L is used as
the constant:

Q=mL
where:
Q = heat required or released during a state change (J)
m = mass of the object undergoing the state change (kg)
L = specific latent heat of the substance and state change (Jkg™)
Rearranging the equation gives:

-9 KEY FORMULA

m

L, the specific latent heat, is the gradient of The latent heat equation

the graph. Q=mL
where:
Q = heat required or released during a state change (J)

m = mass of the object undergoing the state change (kg)
L = specific latent heat of the substance and state change

(kg™

The units of L = J_; kg™
kg
This gives the algebraic expression of the

relationship between state changes and energy
required to change the state.
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LEARNING CHECK 3.2

DESCRIBING

1 Describe and explain:

a latent heat
b specific latent heat of fusion
¢ specific latent heat of vaporisation.

APPLYING

2 Rank the substances listed in Table 3.2.1 (page 58) in order of increasing latent heat
of vaporisation. Discuss what this says about the heat required to boil 1 kg of water
compared to the amount of heat required to boil 1 kg of aluminium.

3 If 205kJ of energy is released when 1.0 kg of liquid copper at its melting point fully
solidifies into solid copper, calculate the energy that would be released if 3.0 kg of
liquid copper at the same temperature were to fully solidify.

Solving problems involving
specific latent heat

The specific latent heat, L in the latent heat equation, is specific and unique for every substance
and every type of phase change. It can be replaced with L, the specific latent heat of fusion, if
the substance is undergoing a phase change between solid and liquid, and L , the specific latent
heat of vaporisation, if the state change is between liquid and gas.

Lf: latent heat of fusion

L =latent heat of vaporisation

When solving problems involving the latent heat equation, it is once again important to
make sure that all variables have standard SI units.

WORKED EXAMPLE 3.3.1

How much heat must be added to 15 g of solid tungsten at its melting point to completely
liquefy it? Tungsten has a latent heat of fusion of 44 kcal kg™".

ANSWER
1 Convert values to the appropriate units.

44 kcal « 4186 J
kg 1 keal
2 Use the specific latent heat of vaporisation equation.
Q=mL, 2)
3 Substitute equation (1) into equation (2).
Q=0.015kg x 184184 J kg™

=184184Jkg”" (1)
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4 Calculate the answer.
Q=2762.76 J

5 Give the answer to the correct number of significant figures.
Q=2700J

2700 J of heat must be added.

WORKED EXAMPLE 3.3.2

If 250 g of gaseous chlorine at its boiling temperature releases 1.44 x 10°J of energy
when it liquefies, calculate the specific latent heat of vaporisation for chlorine gas.
Give the answer in kJ kg™.

ANSWER

1 Apply the specific latent heat of vaporisation equation since condensation is
involved.

Q=mL,
2 Rearrange for the required unknown.

L=2

m

3 Substitute the values.

L = 1.44% 10°J

! 0.25kg

4 Calculate the answer.

L,=576000J kg™
5 Give the answer with the correct units and number of significant figures.

L,=580kJ kg™

Solving for multiple temperature and state changes

Many real-life situations involve temperature and state changes occurring in a process that
is being studied. For example, cooling down a hot barbecue plate with water and perspiring
to remove excess heat from your body both involve liquid to gas phase changes. The heating
curve of a substance becomes a very handy tool when solving problems that involve multiple
temperature and state changes.

Different sections of the curve require different calculations to find the energy input needed
to heat and change the temperature or state of ice, water or steam. Cooling requires the release
to the surroundings of the same amounts of energy. The calculations used depend on whether
the water remains in its state or its state is changing.
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& 150 - p .
Steam is being heated above
its boiling point: use AQ = mcy e, AT
Weblink 125
Heating curve of water
100 A ~E
D I
Worksheet ) ; i —
Heating graphs o:: 75 Steam s forming: use AQ = mL,
2 50
3 ¢ Water is being heated to its
g 05 | boiling point: use AQ = MCyyater AT
(]
[
B
0
T ———— lceis melting: use AQ = mL¢
—25 4/ A———— [ce s being heated to its melting
point: use AQ = mcjce AT
-50 . . . . . . . . —
0 400 800 1200 1600 2000 2400 2800 3200 3600

Heat added (kJ)

FIGURE 3.3.1 The heating curve for 1 kg of pure water

WORKED EXAMPLE 3.3.3

A 430.0 g sample of ice at —12°C is heated to water at 56°C.

a Sketch the heating curve for water and identify the section of the curve that the

problem covers.
b How much thermal energy is required?

ANSWERS
a

100 - /
80

60
40 | 0to 56: use AQ = MCyater ATjiquid

20

Temperature (°C)

0 - — Ice is melting: use AQ = mL¢

=20 47— 120 0: use AQ = MCiceATeoiig
—40

A4

Thermal energy input

b 1 Use the latent heat and the specific heat formulas together because the problem

involves a phase change and a change in temperature.

Qtotal
2 Substitute the known values.

= mciceATsolid

+mL,+mc, AT,

water’ liquid

Q... =[0430kgx210x 103 J kg™ K" x (0 ——12)] + (0.430 kg x 3.34 x 105 J kg™") +

total —

[0.430kg x 4.2 x 103 J kg™ K" x (56 — 0)]
3 Calculate the answer.
Qi = 255592 J
4 Give the answer to the correct number of significant figures.
Q.. =26x10%kJ

total
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PRACTICAL ACTIVITY 3.3.1

PHASE CHANGES

Introduction

The fact that the temperature of a material does not change during a phase change despite heat being added can
seem counterintuitive. During this experiment, you will investigate the temperature change of ice during a phase
change to verify this claim.

Research question

What is the temperature change of water as it changes from solid ice to liquid water?

Aim

To observe the changes in temperature that a sample of ice undergoes before, during and after a phase change into

liquid water

Materials

* calorimeter

* immersion heater

» thermometer or calibrated temperature probe
» electronic scales

N

RISK
ASSESSMENT

What are the risks in doing this experiment?

Heating equipment can cause burns.

+ sample of crushed ice
* power supply
+ stopwatch

How can you manage these risks to stay safe?

Avoid touching the equipment.

Wait for the equipment to cool before you
put it away.

Electrical equipment may cause shocks or
electrocution.

Double-check that all electrical equipment is in
good working order.

Avoid touching the electrical equipment while it is
being used.

Copy and complete the risk assessment table in your write-up. Add any more risks you can think of, and ways to
manage them. Ask your teacher to check your table before you proceed.

Procedure

1 Place the crushed ice, thermometer and heating element into the calorimeter, ensuring that the heating
element and thermometer are not in contact with each other or with the walls of the calorimeter.

2 Measure the temperature of the ice and record this and any observations that you have in the 0 minutes row of
the results table.

3 Connect the heating element to the power supply and turn the power on.

4 After 2 minutes, record the temperature of the sample and your observations.

5 Continue measuring the temperature and making observations at 2-minute intervals, making sure to stir the
contents just before taking your measurements.

6 Continue to record your data until the temperature of the sample is 5°C above the point at which it completely

liquefied.

9780170483629
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Results

Copy and complete the results table.

120|240 | 360 | 480 | 600 | 720 | 840 | 960 | 1080 |1200| 132014401560 1680| 1800

Temperature (°C)

Analysis of results

Construct a graph from your experimental data.

Interpretation

1 What did your observations of the physical state of the ice reveal as it went through its phase transition?
2 What happened to the temperature of the sample before, during and after the phase change?

3 Why does the temperature of the sample remain constant during the phase change?

Evaluation

4 How could you improve the experiment to obtain more precise data?

5 What other substances could you investigate?

6 How could you refine the experiment to be able to measure the latent heat of fusion of water?

LEARNING CHECK 3.3

DESCRIBING

1 Identify the correct units of each of the following variables.

a Heatadded, Q
b Mass,m
¢ Specific latent heat, L

2 For each of the following scenarios, state whether you would use the latent heat of fusion, L, or the latent heat
of vaporisation, L.

a lce becomes liquid water.
b Steam becomes liquid water.
¢ Liquid water becomes ice.
d Liquid water becomes steam.

APPLYING

3 How much heat (kJ) is required to completely melt 330 g of solid silver that is at its melting point?

4 If it takes 52.8 kcal to vaporise a 160 g sample of liqguid ammonia that is at its boiling point, what is the latent
heat of vaporisation of ammonia?

5 A3.2kg sample of copper is at 975°C and is heated until it completely liquefies at its melting point
of 1085°C.

Sketch the heating curve of copper for the temperature region that the problem covers.

6 A scientist would like to obtain 2.5 kg of liquid nitrogen at —210°C from an equal amount of nitrogen gas
at 25°C. How much energy must be removed from the gas to achieve this if the boiling point of nitrogen
is —210°C? (c,, = 0.248 kcalkg™ °C"and L, = 199 kJ kg™")

7 A330gsample of ice at 0°C is heated until it completely vaporises as steam.

a Sketch the heating curve of water that covers the temperature range of the problem.
b How much heat must be added for the ice to become steam?
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Phase changes CHAPTER
SUMMARY

« State change cycles name each of the phase changes between one physical state and another.

« Substances can change physical states depending on the availability of heat.

Phase changes

Gas

Solid Liquid

Meltin®

Solidificat®®

Latent heat

« Latent heat is the heat required to change the state of a substance.

o The latent heat equation:
Q=mL

where:  Q =heat required or released during a state change (J)
m = mass of the object undergoing the state change (kg)
L = specific latent heat of the substance and state change (Jkg™)
« Different substances require different amounts of energy to change phases. The latent heat
of vaporisation describes the energy needed to convert a liquid substance to its gaseous form,
whereas the latent heat of fusion is the energy required to convert a solid into its liquid state.

A Heating curve for 1 kg of pure water
150 -
Steam is being heated above
125 its boiling point: use AQ = MCyaterAT
100 - ~E
D I
£ 754 Steam is forming: use AQ = mL,
[
é 50
g ¢ Water is being heated to its
g 25 | boiling point: use AQ = MCyater AT
(7}
'—
B
0
T ———— lceis melting: use AQ = mL;
—25 4/ A———— Iceis being heated to its melting
point: use AQ = mcjc AT
-50 . . . . . . . . —>
0 400 800 1200 1600 2000 2400 2800 3200 3600

Heat added (kJ)
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CHAPTER MULTIPLE CHOICE

EXAM 1

Which of the following processes does not result in particles of a liquid entering a
different phase?

A Deposition

B Evaporation

C Solidification

D Vaporisation

What happens to the temperature of a liquid during vaporisation?
A Itincreases.

B Itdecreases.

C  Itstays the same.

D Itremains unchanged.

The latent heat of a phase change is dependent on the:
A mass of the substance.

B surface area of the substance.

C electrical conductivity of a substance.

D temperature change undergone by the substance.

Which of the following is the SI unit for the specific latent heat of vaporisation?
A J°C!

B calkg!

C Jkg!

D calkg'°C™

If 3MJ of heat is removed from 1kg of steam at 200°C, the result is:
A ice.

B  water.

C water and ice.

D water and steam.

The latent heat of vaporisation of water describes the amount of heat:
A added to melt 1kg of ice to liquid.

B removed to melt 1kg of ice to liquid.

C added to condense 1kg of steam to liquid.

D removed to condense 1kg of steam to liquid.

The melting point for a substance is the:

A temperature at which it solidifies.

B temperature at which it vaporises.

C temperature at which it condenses.

D amount of energy required to melt the substance.

For a particular material:

the latent heat of vaporisation is larger than latent heat of fusion.

the latent heat of vaporisation is the same as latent heat of fusion.

the latent heat of vaporisation is smaller than latent heat of fusion.

it depends on the substance whether the latent heat of vaporisation or the latent heat
of fusion is larger.

g aowe
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9. What is the amount of energy that needs to be added to evaporate 520g of liquid water

at 100°C?

A 1.74x10°T
B 1.17x10°J
C 4.35x10°J
D 1.74x10%]

10. What is the amount of energy that would need to be removed from 280g of steam at
100°C to condense it to liquid?

A 9.35x104
B 6.33x10°J
C 1.19x10°]
D 6.33x10%J
SHORT RESPONSE

11. Calculate the mass of copper that would liquefy if 135kJ of heat is added.

12. Calculate the mass of ice transformed, when 380kJ of heat in total is used to transform
solid ice at —12°C to liquid water at 56°C.

CROSS-CHAPTER QUESTION

13. The graph shows the temperature of a 10 g sample of butanol as heat is added to it at a
constant rate.

The heating curve for 10 grams of butanol

250 T

200 -
150
100 -
50 -

0 >

—50 - 5000 10000 15000 20000
~100 4 Heat (J)
—150 -

—200 -

Temperature (°C)

Identify the boiling point of butanol.

Identify the melting point of butanol.

Determine the specific heat of butanol in the solid state in Jkg?°C-.
Determine the specific heat of butanol in the liquid state in JTkg?°C™.
Determine the specific heat of butanol in the gaseous state in Jkg?°C™.
Determine the latent heat of fusion of butanol in:

i Jg!

ii  kJkg'.

g Determine the latent heat of vaporisation of butanol in:

i Jg!

ii  kJkg'.

o Qa6 o e
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14. The graph shows the temperature of a 20g sample of an unknown substance as heat is
added to it at a constant rate.

The heating curve for 20 grams of an unknown substance

N
450
400
& 350
g 300
® 250
8 200
£ 150 -
F 100
50
O 1 1 1 1 1 1 1 1 1 )
0 50 100 150 200 250 300 350 400 450
Heat added (J)
a  Identify the boiling point of the substance.
b  Identify the melting point of the substance.
c Determine the specific heat of the substance in the solid state in Jg* K.
d Determine the specific heat of the substance in the liquid state in Jg* K.
e Determine the specific heat of the substance in the gaseous state in Jg* K.
f Determine the latent heat of fusion of the substance in:
i Jg?!
ii  kJkg™.
g Determine the latent heat of vaporisation of the substance in:
i Jg!
ii  kJkg'.
DATA ANALYSIS

15. Analyse data
A student conducted an experiment to answer the following research question:
‘What is the experimental value of the latent heat of fusion of candle wax?’
To answer this question, the student measured how much heat energy was required to
melt various masses of the wax. A graph of the student’s results is shown below.

Energy required to melt samples of candle wax

N
25.0 1

y =0.2107x + 0.0133

- - )
e o o
o o o
L L L

melt wax (kJ)

bl
o
L

Heat energy required to

AN

T T T T T T T T T 7

0 10 20 30 40 50 60 70 80 90 100
Mass of wax (g)

0.0

a  Using the graph, determine the experimental value for the latent heat of fusion of
the candle wax in kJkg™.

b  Using your response to part a, predict how much energy would be required to melt
6kg of the candle wax.
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CHAPTER

4 Energy conservation in calorimetry

SCIENCE UNDERSTANDING
SYLLABUS + Describe the concept of thermal equilibrium in terms of the temperature and average
DOT POINTS kinetic energy of the particles in each of the systems.

Explain the process in which thermal energy is transferred between two
systems until thermal equilibrium is achieved, and recognise this as the
zeroth law of thermodynamics.

Solve problems involving specific heat capacity, specific latent heat and
thermal equilibrium.

SCIENCE INQUIRY
Investigate specific heat capacity of a substance.

Explore why it is possible to boil water in a paper cup on a campfire.

Investigate percentage error by comparing the theoretical and measured temperatures

of a mixture of two liquids.

Physics 2025 v1.1 General Senior Syllabus © QCAA 2024
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Introduction

So far, we have investigated the thermodynamic behaviour of objects when heat is added
to them during a phase change and between phase changes. But where does this energy

come from or go to?

Naturally, it must have come from another object.

In this chapter, we will investigate the thermodynamics of mixtures, both from a
conceptual and a mathematical perspective, and what happens when two objects are
placed into thermal contact and heat is transferred between them.

Worksheets

* Heat transfer @

:l To access resources above, visit

1 e N el.SO n Mi ndTa p cengage.com.au/nelsonmindtap
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thermal equilibrium

the condition in which
the particles of two or
more objects in physical
contact have the same
temperature and average
kinetic energy as each
other

)
4
4‘.

Weblink
Thermal equilibrium
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ASSUMED KNOWLEDGE

v

<

The law of conservation of energy states that energy cannot be created or destroyed,
only transferred or transformed.

Heat flows from a region of higher temperature to a region of lower temperature.
Materials that are good insulators help to reduce heat loss/transfer of heat.
Conduction is the process where heat is transferred between particles through

direct contact.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v

<

describe and explain thermal equilibrium in terms of heat flow and the kinetic

particle model

recall the zeroth law of thermodynamics

compare and contrast open, closed and isolated thermodynamic systems

solve problems involving thermal equilibrium, the spontaneous transfer of heat and the
conservation of energy in closed systems (calorimetry)

solve problems requiring the use of latent and specific heats.

Thermal equilibrium and

Two objects at different temperatures will eventually reach the same temperature when they are
put into thermal contact (when thermal energy can transfer between them) (Figure 4.1.1). For
example, if you place a hot stone in a container of cold water, heat energy is transferred from the
hot stone to the cold water and container. The heat lost by the stone is equal to the heat gained by
the water and the container. The stone gets cooler and the water and its container gets warmer.
This transfer continues until the stone and the water reach the same temperature. They are now

the energy of particles

said to be in thermal equilibrium.

FIGURE 4.1.1

—e

\\

Hot and cold objects reach thermal equilibrium because of the transfer of energy by

particle collisions. Eventually, the average kinetic energy of particles in the two objects is the same.

When they are at thermal equilibrium, heat is still being transferred between the water
particles and the stone particles; however, the amount of heat going from the water into the
stone exactly balances the amount of heat leaving the stone and going into the water. There is no
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longer a net transfer of heat from one to the other. Therefore, another condition necessary to be
able to state that two objects are in thermal equilibrium is that there is no net transfer of energy
between them.

LEARNING CHECK 4.1

DESCRIBING

1 Describe the temperature condition for two objects if they are in thermal equilibrium.

2 Describe the energy condition for two objects if they are in thermal equilibrium.

APPLYING
3 Explain in terms of heat flow what happens when an ice tray full of liquid water is
placed in the freezer compartment of a refrigerator.

4 Explain what happens in terms of heat flow when an ice tray full of solid ice is taken
out of the freezer and placed on the counter in a room at 25°C.

Achieving thermal equilibrium

Recall that the temperature of an object is a measure of the average kinetic energy of the
particles in a system. When two objects at different temperatures are placed in thermal contact,
the kinetic energy of the particles in the hotter object begins to be transferred into the colder
object through the process of elastic collisions between the particles. This continues until the
average kinetic energy of the two objects is equal.

In the case of a pot of water on a stove, the particles of the hot element have a large average
kinetic energy. At the boundary with the saucepan, they undergo collisions with the particles
of the pan and transfer some of this kinetic energy to them, causing the temperature of the
saucepan to increase until the particles of the pan and the element have the same average kinetic
energy. The same process occurs at the boundary between the saucepan and the water. This can
be seen in Figure 4.2.1a.

a b
High temperature  Low temperature Thermal equilibrium
I‘\ / . A AN — N —
~
/° ><g NS o |
~
\4 Q\' ﬂ IS \ /7
o\\% A PR I
a >\ / ~
Heat transfer Net heat transfer has ceased.

FIGURE 4.2.1 The particles of two substances collide when (a) they are at different temperatures
when heat is being transferred, and (b) at thermal equilibrium when no net heat is transferred.

Once the particles of both objects have the same average kinetic energy, they must have the
same temperature and are therefore in thermal equilibrium. Collisions between particles of the
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Syllabus link
Chapters 1 and 2
discuss the first
and second laws of
thermodynamics.

zeroth law of

thermodynamics if two
systems are in thermal
equilibrium with a third
system, then they must

be in thermal equilibrium

with each other

system any object or
set of objects under
investigation
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two systems still occur, with a concurrent transfer of kinetic energy; however, the likelihood of
the particles in the saucepan transferring kinetic energy to the particles of the stove element is
equal to the likelihood of the particles in the stove element transferring energy to the particles
in the saucepan. This is why there is no net heat flow between objects at thermal equilibrium.
This can be seen in Figure 4.2.1b.

Experiments have shown that if two systems are in thermal equilibrium with a third system,
then they must be in thermal equilibrium with each other. This observation is the basis of the
zeroth law of thermodynamics. This unusual name is a result of the fact that it was not until
scientists had worked out the first and second laws of thermodynamics that they realised that
this obvious law needed to be defined.

As well as being a measure of the average kinetic energy of an object, temperature is also
a property that determines whether an object is in thermal equilibrium with other objects. If
two systems are in thermal equilibrium, then they must have the same temperature and no net
thermal energy will flow between them. Therefore, the importance of the zeroth law is that it
gives a useful definition of temperature that agrees with our everyday experience that when a
hot object and a cold object are put into contact, they will eventually reach the same temperature.

LEARNING CHECK 4.2

DESCRIBING

1 Explain, using the kinetic particle model, how two objects at thermal equilibrium
maintain equal temperatures if their particles are still colliding and transferring
kinetic energy.

APPLYING

2 Explain, on a particle level, what happens when an ice tray full of solid ice is taken out
of the freezer and placed on the counter in a room at 25°C.

3 Explain what is happening on a particle level when a saucepan of cold water is placed
on a hot stove element.

4 A bottle of water is at thermal equilibrium with the air in a room and is also at thermal

equilibrium with the benchtop on which it is standing. Compare the kinetic energy of
the particles of all three objects.

Solving problems involving thermal
equilibrium and the spontaneous
transfer of heat

When solving problems involving thermal equilibrium and the spontaneous transfer of heat
between objects as they approach thermal equilibrium, scientists often speak about specific
systems. A system can be considered as any object or set of objects that we are investigating.
There are several types of systems.
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Open, closed and isolated systems

An open system is any system in which mass and energy can enter or leave. Most real-life
systems would be considered open. Many idealised systems that are studied in physics are said
to be closed systems - systems in which no mass can enter or leave, but from which energy can
be transferred. A closed system is said to be an isolated system if no mass or energy can cross
its boundaries.

Energy
Mass Energy
Open Closed Isolated

FIGURE 4.3.1 Open, closed and isolated systems

When studying real-life situations involving heat flow, we often need to include the source of
the heat and the temperature and phase changes in our calculations, as well as the heat flow in
or out and the resultant temperature and state changes.

Itis often useful to consider many systems in thermodynamics as being isolated and therefore
the law of conservation of energy can be applied. The first law of thermodynamics (the law
of conservation of energy) states that in an isolated system, energy can neither be created nor
destroyed. Energy can be transferred or transformed, but the total energy of an isolated system
remains constant. The total change in energy is zero. Therefore, if an isolated system contains
two parts that are at different temperatures and all the heat
energy from the hotter object is transferred into kinetic energy
of the particles of the colder substance, then we can assume
that the heat lost by one object is equal to the heat gained by

KEY FORMULA

open system a system
that can lose mass
and energy to its
surroundings

closed system a system
that can lose energy

but not mass to its
surroundings

isolated system a
system in which no
matter or energy
transfers into or out of
and in which no energy is
created or destroyed

Heat transfers in an isolated system

the other.

For example, when a barbecue plate is cooled down by Qi = Quained
throwing ice on it, all the heat that is released by the hot e
plate will be absorbed by the ice, which will turn to water, Q,,,, = heat lost by objects in the system (J)
continue to absorb heat as a liquid and, most likely, turn Q,,,.q = heat gained by objects in the system (J)
into steam.

WORKED EXAMPLE 4.3.1

If 350 g of water at 10°C is added to 0.40 kg of water at 75°C, what final temperature will the mixture reach?

ANSWER
1 Assume the hot and cold water are an isolated system.
heat lost by hot water = heat gained by cold water

9780170483629
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2 Apply conservation of energy.

_Qhot = O
3 Apply the specific heat equation (it can be assumed there will be no phase changes).
CAT

cold

cold

_mhotCAThot = mcold

4 Cancel the c on both sides, since they are identical (water), and multiply both sides by -1.
m, AT, ., =-m_ AT

cold™ " cold
5 Expand AT on both sides, noting that T, is the same for both.
mhot(Tf - Tl hot) = _mcold(Tf - Ti,cold)
6 Expand the brackets on both sides.

mhotTf - mholTi, hot = _mcolde + mcoIdTi,cold
7 Gather the like terms.
mhotTf + mcoIde = mcoIdTi,coId + mhotTi, hot

8 Factorise T, on the left-hand side.
To=m_ T otmM.T

(mhot +m cold " i, cold hot " i, hot

cold.

9 Rearrange the equation to have T, as the subject.

T _ mcoIdTi, cold + mholTi, hot

f
mhot + mcold

10 Substitute known values.
T < 0.35kg x 10°C + 0.4kg x 75°C
f 0.4kg + 0.35kg
11 Calculate the answer.
T.=44.66667°C

12 Give the answer to the correct number of significant figures.
T,=45°C

WORKED EXAMPLE 4.3.2

250 g of boiling hot coffee (100.0°C) is poured into a 150 g copper cup initially at 30.0°C.
What will the final temperature of the coffee and the cup be? Assume ¢ =4180 J kg™ °C~" and
G =380J kg °C”

copper

ANSWER

1 Assume coffee and coffee cup are an isolated system and apply the conservation of energy equation.
~Qeotree = Quup

2 Apply the specific heat equation to both sides as there is no phase change.

AT =m_ c_ AT

coffeeccoffee coffee cup “cup— cup

3 Substitute known values and use T, as the final temperature for both.

coffee

-m
_(0.25kg)| 4180—— |(T - 100°C) = (0.15kg)| 380—2— |(T - 30°C)
‘ kg’C ) f . kg’C ) |

4 Expand the brackets.
—(1045J°C™")T.+104500J = (57 J°C")T.- 1710 J
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5 Gather like terms.
(1045J°CT.+ (57 J°C)T,=1710J + 104 500 J
6 Factorise T.
(1102 J°C")T.=106210J
7 Calculate the answer.
T.=96.380°C
8 Give the answer to the correct number of significant figures.
T.=96°C

WORKED EXAMPLE 4.3.3

A nurse prepares a bath that needs to be at 41°C for a patient. First he adds 53 L of water at 23°C from the cold tap.

a What four assumptions must be made to calculate part b?
b How much water needs to be added from the hot tap at 68°C to achieve the required temperature of 41°C?

ANSWERS

a Assumptions:
+ No energy is lost to the surroundings such as the taps, the air and the bath.
+ The mixing process does not add energy to the water.
+  The water is pure.
+ 1L of water has a mass of 1kg.

b 1 Assume itis an isolated system and apply the conservation of energy equation.
-Q,.=0Q

2 Apply the specific heat equation to both sides.
—m__CAT, CAT

hot h cold

cold

ot — mcold

3 Rearrange to make m,  the subject.
m_ CcAT

cold cold

Mot = 7_caT
hot

4 Cancel c because it is common (water).
m_ AT

cold cold

hot —AT

hot
5 Substitute known values.
53kg x (41°C — 23°C)
T (41°C - 68°C)
6 Calculate the answer.
m,.,=35.3kg

7 Give the answer to the correct number of significant figures.

m, . =35kg
The nurse needs to add 35 kg or 35 L of hot water.
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WORKED EXAMPLE 4.3.4

Two 50.0 g ice cubes at 0.0°C are placed into a full 3.0 L jug of water at 25°C.

Calculate the final temperature of the mixture.

ANSWER

1

Assume it is an isolated system and apply the conservation of energy equation.
Qe..=—Q

water

Apply the specific heat and latent heat equations since the ice will undergo a phase change.

m L. +m _c AT AT

ice~f, ice iceCwater 2 water = TMwaterCwater X water
Substitute known values and expand T, on both sides.
0.1kg x 334000 J kg™ + 0.1 kg x 4180 J kg™ °C7(T, - 0°C) =—3 kg x 4180 J kg~ °C(T, - 25°C)
Expand the brackets.
33400J+418J°C'xT,=-12540J°C"'x T.+ 313 500 J
Gather terms containing T, on the left and factorise.
(418 J°C"+12540J°C")T, =313 500J - 33400J
12958 J°C'x T,=280100J
280100J

"~ 12958JC"
Calculate the answer.
T.=21.616°C
Give the answer to the correct number of significant figures.
T.=22°C

The final temperature of the mixture is 22°C.

WORKED EXAMPLE 4.3.5

A 2.5 kg iron barbecue plate at 328°C is too hot for cooking and needs to be cooled to 200°C. If this is to be done by
placing a block of ice on the plate, how much ice at 0°C will be required?

ANSWER

If the final temperature is to be 200°C and only just enough ice is to be used to achieve this heat transfer, the
particles of ice will go through the melting phase change, through the entire liquid phase, and finally through the
vaporisation phase change. Once again, we will assume the system is isolated and therefore all the heat absorbed
by the ice in its transformation will come from the heat lost by the iron (Fe).

1

78

Assume it is an isolated system and apply the conservation of energy equation.
_QFe = Qice

Apply the latent heat of fusion and the latent heat of vaporisation equations together with the specific

heat equations.
-m.Cc. AT =m, L+m_  c AT .+m, .L

Fe"Fe ice f water ~ water water water v
Since the mass of ice and water is the same:
Twer + L)

water A water

-m.c. AT, . =m_(L.+c

Fe~“Fe ice

NELSON QCE PHYSICS UNITS 1 &2
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3 Rearrange to make m,__ the subject.

_mFe CFe A TFe

L +c AT + L

f water water v

4 Substitute known values.
m - —2.5kg x 450J kg'(200°C — 328°C)
e 334%x10°J kg" +4.18 x 10° Jkg'°C™" x (100°C — 0°C) + 2.26 x 10° J kg™

5 Calculate the answer.
m,.=0.047 808 kg

6 Give the answer to the correct number of significant figures.
m, ., =478x107%kg

The calorimeter "
| § 2

The experimental device called a calorimeter, which was introduced in Chapter 2, is a way in

which scientists can simulate the conditions of an isolated system. It uses a highly insulating Weblink

material to ensure that almost no heat is lost to the environment. This is similar in design to the Caf:lomrie:nee';;”d
Dewar flask, described in Chapter 1. A major use of the calorimeter is to determine the unknown
specific heat capacity of a substance by immersing the substance at a known temperature in
cooled water in the calorimeter. Since the heat lost by the substance will be gained by the water
and the calorimeter, by measuring the final temperature of the water (which is the same as the
temperature of the substance and the calorimeter), the specific heat capacity of the substance

can be found.
Boiling water
p Metal

H Thermometer

.

\

\

'

)

v
TEMPERATURE Cold water
@ Insulation
Heating Calorimeter

equipment

FIGURE 4.3.2 A calorimeter is used to calculate the unknown specific heat capacity of a substance.
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WORKED EXAMPLE 4.3.6

A chemical engineer wants to determine the specific heat capacity of a 150 g sample of an unknown substance.

To do this, he initially heats the alloy to 540°C by placing it in a precision temperature-controlled oven long enough

for thermal equilibrium to be reached. He then quickly removes it from the bath, dries it and places it into 400.0 g of

water at 10.0°C, which is held in a 250 g aluminium calorimeter. The final temperature of the system is 30.5°C.
Calculate the specific heat of the unknown substance. Assume ¢ =900 J kg™ °C”

aluminium

ANSWER
1 The system is isolated.

heat lost by substance = (heat gained by water) + (heat gained by calorimeter)
2 Apply the conservation of energy equation.

-Q,=Q,+Q
3 Apply the latent and/or specific heat equations.
c_ AT

cal ~cal cal

cal

-mCc AT =m c AT +m

4 Rearrange for the unknown.
m c AT +m_.c_AT

— wow w cal “cal cal

) LAY,

5 Substitute known values.

(0.4 kg)| 41 80i (30.5°C — 10.0°C) + (0.25kg) QOOL (30.5°C - 10.0°C)
kg °C kg °C

CcC =
° ~(0.15 kg)(30.5°C — 540°C)

6 Simplify.
o - 34276 J + 3690J
s 76.425kg°C

7 Calculate the answer.
c,=496.77 Jkg™ °C™

8 Give the answer to the correct number of significant figures.
c,=5x102Jkg"°C”

The specific heat of the unknown substance is 5x 102J kg™ °C™.

e LEARNING CHECK 4.3

Worksheet DESCRIBING

Heat transfer
1 Describe the structure and thermodynamic properties of a calorimeter.

2 Explain why the equation Q
energy principle.

ost = ~Qgamneq 1S @Nother way of writing the conservation of

3 Compare the thermodynamic properties of the following three types of systems.

a Open
b Closed
¢ Isolated
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APPLYING

4

10

Classify the following systems as open, closed or isolated.

The universe

A saucepan with a lid

A lake of water

A saucepan of water

A thermos flask of hot water
Gas in a balloon

If 2.0 L of hot water at 65.0°C is added to 1.0 L of cold water at 10.0°C, at what
temperature will the mixture reach thermal equilibrium?

A 5.0 L tub of water contains 3.0 L of water at 23°C. The tub is then filled to the top with
hot water. The final temperature of the water in the tub is 26°C. Calculate the initial
temperature of the hot water.

=~ 0O QO 0 T O

A 60 kg bushwalker suffering from hypothermia has an average body temperature of
33.5°C. When rescued, she is wrapped in a blanket and given two 310 mL cups of warm
tea each at a temperature of 60.0°C. Calculate the maximum rise in the bushwalker’s
temperature due to the heat of the tea. (c =3.5x10°J kg™ K™)

When a 1.23 kg sample of an unknown material at 98.0°C is added to a 150 g
aluminium calorimeter containing 250 g of water at 10.0°C, the final temperature
is observed to be 38.0°C. Calculate the specific heat of the unknown material and
suggest what the material might be.

human body

When a cook pours 100.0 mL of water at 65°C into a 5.0 kg iron saucepan at 140°C, it
is observed that all the water is converted to steam. What is the final temperature of
the saucepan?

How much steam at 100°C must be added to 1.0 kg of ice at 0°C such that the final
mixture consists of liquid water at 22°C?
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Transfer of heat between objects

CHAPTER

SUMMARY + Objects at different temperatures that are put in contact will eventually reach the same
temperature.

« Heat transfers in an isolated system:

_Qlost = anined
Q,... = heat lost by objects in the system (J)
Q,.inea = Deat gained by objects in the system (J)

where:

Transfer of thermal energy

—e

\\

Reaching thermal equilibrium

+ Hot and cold objects reach thermal equilibrium due to the transfer of energy by particle
collisions.

« Eventually, the average kinetic energy of particles in the two objects is the same. At this
point, thermal equilibrium has been reached.

Particle collision to achieve thermal equilibrium

High temperature

Low temperature

Thermal equilibrium

A N — N —
I c\°//°><§;i"\ Y <o
S / \ S 7 ~
NN el LN
/o 0\ * 9 \'\ e / Kz e
Heat transfer Net heat transfer has ceased.
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MULTIPLE CHOICE CHAPTER

1. Which of the following options is indicative of two objects at thermal equilibrium? EXAM
A They have different temperatures.
B Their particles have equal average kinetic energies.
C They have equal amounts of potential energy.
D There is a net heat flow from one object to the other.

2. What type of system is the calorimeter an experimental example of?

A Closed

B Insulated
C Isolated
D Open

3. Ahotliquid at 80°C is added to 600 g of the same liquid originally at 10°C. When the
mixture reaches 30°C, the total mass of liquid is:

A 825g.
B 840g.
C 857g.

D impossible to calculate without knowing the specific heat capacity of the liquid.

4. If400g of water at 10°C is poured into a 600g jug (c = 0.80kJ kg °C™) at 20°C, what is the
final temperature of the water?

A 11°C
B 12°C
C 14°C
D 17°C

5. A 1.0kgiron bar (c=460Jkg™°C™) at 100°C, is placed in 3.0kg of water at 15°C. What
does the temperature of the water approximately increase by?

A 0.7°C
B 3°C
C 5°C
D 18°C

6. When 4.536 kg of water at 10°C is poured over 0.4536kg of ice at -17.8°C, what is the
temperature of the resulting mixture?

A -72°C
B -0.56°C
C o0°C

D 1°C

7.  Which one or more of the following combinations will result in water at 50°C?
1kg each of ice at 0°C and steam at 100°C

1kg each of ice at 0°C and water at 100°C

1kg each of water at 0°C and steam at 100°C

1kg each of water at 0°C and water at 100°C

oaQwp
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8. The zeroth law of thermodynamics states:
A in an open system, there is no gain or loss of total energy.
B inany closed system, there is no gain or loss of total energy.
C  when two objects come into contact, cold flows from the body of lower temperature
to higher temperature.
D when two objects come into contact, heat flows from the body of higher
temperature to lower temperature.

9. Which one of the following everyday items is designed to most closely resemble a
closed system?
A Hot water system
B Insulated drink cooler
C Oven
D Refrigerator

10. A heated piece of metal is placed in a beaker of water at room temperature. Which of the

following would occur?

A The temperature of the water and metal stay the same.

B  The metal ends up at a lower temperature than the water.

C The temperature of the metal decreases and the temperature of the water increases
until they are the same temperature.

D The temperature of the water decreases and the temperature of the metal increases
until they are the same temperature.

SHORT RESPONSE

11. 0.20L of water at 100°C is poured onto a 3.0kg iron barbecue plate at 180°C. Calculate
the final temperature of the hot plate once all of the water has vaporised, if it is assumed
no heat is lost to the surroundings.

12. A 30g copper cup (c=380Jkg™°C™) contains 180g of water is at 18°C. A 120g lump
of lead (c =130Jkg™ °C™) which was at 98°C is added to the cup. Determine the final
temperature of the water in the cup.

CROSS-CHAPTER QUESTION

13. River water at 10°C is used to condense spent steam at 120°C to water at 50°C in an
electricity generating plant. If the cooling water leaves the condenser at 30°C, calculate
how many kilograms of river water are needed per kilogram of spent steam.

DATA ANALYSIS

14. Analyse data

An experiment was conducted to determine the specific heat capacity of an unknown metal
cube by calorimetry. The 10g metal cube was placed in boiling water for 5minutes before
being placed in an insulated cup of water. The results of the experiment are shown below.

Mass of empty copper cup 158.09
Mass of copper cup + water 210.4¢
Initial temperature of water and copper cup 26.9°C
Final temperature of water, copper cup and cube 28.6°C
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a  Use the data above to calculate the specific heat capacity of the unknown cube
of metal.

b  Compare your result to the following list of specific heat capacities of some common
metals to determine what the cube was most likely made of.

Metal | Specific heat capacity (J kg °C") (approximate)
Aluminium 920
Brass 400
Copper 380
Lead 130
Nickel 500
Tin 215

15. Interpret evidence
A student set up an experiment to answer the following research question.

‘What will the temperature be at thermal equilibrium when a 50 g cube of copper
and a 400g cube of lead are added to 200 g of water if all of their initial temperatures
are known?’

At the beginning of the experiment, the student started a stopwatch. Using an infrared
non-contact thermometer, they initially monitored the temperature of each material to
ensure stability, then added them together in a calorimeter at 2 minutes.

The following graph includes the data from the first 2 minutes of the experiment.

Temperature of materials versus time

11OT
100

90 -
80
70
60
50
40
30
20
10

o T T
0 1

400 g cube of lead

Temperature (°C)

200 g of water

50 g cube of copper

A\ 4

3 4 5
Experiment time (min)

N
o

Given that the specific heat capacity of copper is 380J kg K™ and the specific heat capacity
of lead is 130Jkg' K™, copy the graph to predict and sketch what the trend lines will look
like from 2minutes to 5minutes if thermal equilibrium is reached at 4 minutes.
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CHAPTER

Energy in systems — mechanical
work and efficiency

SCIENCE UNDERSTANDING
SYLLABUS + Explain how a system with thermal energy has the capacity to do mechanical work.

DOT POINTS - Explain that the change in the internal energy of a system is equal to the energy added
or removed by heating plus the work done on or by the system, and recognise this as the
first law of thermodynamics and as a consequence of the law of conservation of energy.

Explain how energy transfers and transformations in mechanical systems always result
in some heat loss to the environment, so that the amount of useable energy is reduced.

Describe the concept of efficiency.

Solve problems involving the efficiency of heat transfers using AU=Q + W and
_energy output
energy input
SCIENCE INQUIRY
Consider the energy contained within a cup of coffee versus a swimming pool.

x 100%.

Consider why you feel colder when you are wearing wet clothes.
Physics 2025 v1.1 General Senior Syllabus © QCAA 2024



Introduction

The field of thermodynamics was developed in the 19th century as a direct result of the
technological advancements of the Industrial Age. During this time of great invention, new
industries across the world were finding ways to use the energy within objects to complete

tasks that would previously have been carried out by hand.

In this chapter, we will investigate, from a physics standpoint, just how the world was
changed forever by the fact that the internal energy of a substance can be used to perform
useful work. In addition, we will explore the transformations that take place in some
common engines and discuss factors that impact their efficiency.

Worksheets

® Increasing energy efficiency

@

:‘, Nelson Mlnd-l-ap To access resources above, visit
| § 2

cengage.com.au/nelsonmindtap
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work the energy
transferred due to the
action of a force over a
distance

«l
4
O‘.

Weblink
How does work work?

KEY FORMULA

Work defined
W=Fxs

where:

W =work (J)

F =force (N)

s =distance (m)

ASSUMED KNOWLEDGE

v To operate everyday devices, energy needs to transform from one form to another,
e.g. electrical to mechanical.
v Mechanical energy is the energy that an object has due to its motion or position.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v explain how a system with thermal energy has the capacity to do mechanical work

calculate work done in terms of a force acting over a distance

determine the rate at which work is done in terms of power

compare internal and external combustion engines

describe and explain how energy transfers and transformations in mechanical systems

always result in some heat loss so that the amount of usable energy is reduced

recall the concept of internal energy

v perform calculations involving changes in the internal energy of a system

v interpret the diagrammatical representation of the energy flow associated with a
heat engine

v describe and explain heat-exchange systems and heat-conversion systems

v recognise the principles of thermodynamics that are evident in the operation of a
reverse-cycle air conditioner, heat pump or refrigerator

v describe the concept of energy efficiency

v determine the energy efficiency of common devices.

v
v
v
v

<

The capacity to do work

Heat is one way in which energy can be transferred from one object or system to another. The
other way in which energy can be transferred to another object or system is through the action
of a force. Work, W, is defined as the energy transferred by the action of a force over a distance.
When a force, F, acts on an object and moves the object through some distance, s, in the same
direction as the force, the energy transferred to the object is equal to:
W=Fxs

where: W= work (J)

F = force (N)

s = distance (m)

This equation calculates the work done by the object applying the force. But it can also show
the work done on an object by the application of a force. Work has units of newton
metres (Nm), which is equivalent to kgm?*s=. As work is a form of energy, this unit
is also equivalent to the joule (i.e. INm =117J).

It is important to differentiate between heat and work, as they are both ways
in which energy can be transferred. Remember that work is energy transferred by
the action of a force, whereas heat is energy transferred as a result of a tempera-
ture difference.

The rate at which energy is transferred, either by heat or work, is called power.
Power, P, is energy, E, transferred per unit time. If the only energy transferred is in the
form of work, then this can also be written as the work, W, performed per unit time.
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E W
P = T T KEY FORMULA

where: P = power (W) E W

E = energy transferred (J) P= Tt

ti tlmflf( (s) where:
W =work (J) P = power (W)
Power has the unit of Js!, which is given the name watt (W) after the E = energy transferred (J)

Scottish engineer James Watt (1736-1819), who did important work on t=time (s)

developing steam engines. W = work (J)

The power of steam drove the Industrial Revolution of the 18th and
19th centuries, making mining, manufacturing, travel and transport
much more effective. For example, water was pumped from mines more efficiently, so
mines could be dug deeper; long-distance travel and transport by rail and water improved
markedly; and mass production of goods in factories concentrated employment in cities.

Demand for fuels for the energy needs of steam engines rose sharply. Employment
patterns changed as new jobs were created, replacing traditional forms of work, particularly
in the field of transportation. Steam continues to be used today to produce electricity and in
manufacturing.

Many of the models and theories of thermodynamics, such as the three laws of
thermodynamics, were also developed in parallel with the development of the steam engine.
This is an example of the interplay between theory, experiment and technology. Advances in
any one of these usually leads to advances in the other two.

)
&
O‘.

Science & Society Picture Library/Getty Images

Weblink
Steam engine

Worksheet
Work and energy

FIGURE 5.1.1 George Stephenson (1781-1848) built one of the first efficient steam engines -
‘Stephenson’s Rocket’ — in 1829. The steam engine is used in this chapter to explore the concept
of work.
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Useful systems

Consider the steam engine of a train as an example of a useful system. Steam engines are external

external combustion combustion engines. Coal or wood or some other fuel is burnt (combusted) outside the engine
engine a device to and the engine does work and makes the train move (Figure 5.1.2). If we define our system as
produce work through

the expansion of a
fluid that is heated by
the combustion of an
external fuel source

Roger Bamber/Alamy Stock Photo

FIGURE 5.1.2 Coal heats the boiler to produce the steam that drives the train engine’s pistons.

the engine, then the engine is not an isolated system - energy both enters and leaves the system.
However, since mass is not entering or leaving the system, it can be considered a closed system.

Energy enters the system as heat, Q, due to the temperature difference between the combustion
chamber (firebox) and the boiler in the engine. This increases the energy of the system.

L \
I I
|

Steam —>
Combustion

Coal &

Piston
O © XY X
Crankshaft

FIGURE 5.1.3 A diagrammatic representation of an external combustion steam engine

This heat is then used to boil water in the boiler, which creates steam. The steam is hot and at
high pressure. It pushes on pistons that, in turn, push on the wheels, which push on the ground
and make the engine move, pulling the carriages behind it. Hence, energy is leaving the system
through work because a force is being applied over some distance.
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LEARNING CHECK 5.1

DESCRIBING

1 Recall the ways in which energy can be lost from a thermodynamic system.

2 Define ‘work’ as it relates to a thermodynamic system.

3 Define ‘power’ as it relates to a thermodynamic system.

4 Use the equations for work and power to show that the units of power could be given
asNms™.

APPLYING

5 Explain how the heat from a combustion chamber in a steam engine can be used to do
work on its carriages.

6 Calculate the power rating of an engine that does 3.0 kJ of work in 15's.
7 If a system has a power rating of 5.0 x 10* W, how much work can it do in 2.5 minutes?

8 If a 1500 W engine pulls a carriage with a 120 N force over 225 m, for how long was the
engine working?

Change in internal energy

V5%
The sum of all the kinetic and potential energies in a substance is defined as the internal energy Syllabus link
of that substance. This can be expanded to an entire system of different parts to say that the Chapter 1 discusses

internal energy.
total internal energy of a system is equal to the sum of its total kinetic and potential energy. o

If a system loses heat to its surroundings, the internal energy of that system must decrease,
and if heat is added to a system, its internal energy must increase. Similarly, since work is also a
transfer of energy, it is reasonable to assume that if work is done by a system on its surroundings,
the internal energy of the system will decrease, and if work is done on a system, the internal
energy of the system will increase.

This work—energy principle can be stated as ‘the change in internal energy of a closed system,
AU, is equal to the energy added to the system in the form of heat minus the work done by the
system on its surroundings’.

Thework-energy principleisamathematical representation of the firstlaw ofthermodynamics
and its validity has never been called into question through any experimental observation. It is
one of the great laws of physics and, as it shows that as energy is transferred out of a system in
the form of heat or work, then the internal of energy of the system must accordingly decrease; it
is effectively a formulation of the conservation of energy.

When the work-energy principle is applied, it is important to be careful and to consistently
follow the sign conventions for Q and W. If heat is added to the system, Q is positive; if heat
is removed from the system, Q is negative. If work is
done by the system on its surroundings, W is positive and

; . . . KEY FORMULA
U decreases; if work is done on a system, W is negative and
U increases. The work-energy principle
The work—energy principle: AU=Q-W
AU=Q-W where:

AU = change in internal energy of a closed system (J)
Q = heat added to the system from its
surroundings (J)
W = work done by the system on its surroundings (J)

where: AU = change in internal energy of a closed
system (J)
Q=heat added to the system from its surroundings (J)
W =work done by the system on its surroundings (J)
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Closed systems

When the energy enters the system in the form of heat from the combustion chamber that boils
the water, the internal energy of the system increases by an amount:

AU="Q,
When the steam does work to push the pistons into motion and ultimately the wheels, engine

and carriages as well, the system is doing work. Energy is being transferred out of the system
and therefore the change in internal energy can be represented by:

AU=-"W

The positive sign of W, which is negated by the minus sign in the equation, indicates that
energy is lost from the system. If no energy is lost as heat, then the total energy change is:

AU=Q, -W
In an ideal engine with 100% efficiency, the work done would equal the heat input. However,

there is no such thing as an ideal engine. There is always some heat lost from the system to the
environment, -Q_ . Hence, we can write our energy equation for any real engine as:
AU=Q,-Q,, - W=0-W

This tells us that the change in energy of the system is equal to the net heat added to the
system minus the work done by the system. If the net heat in, Q (= Q,, - Q_ ), and the work
done (W) are equal, then the total change in internal energy is zero. This is the case for an
engine working at constant temperature; in other words, once it has reached its stable operating
temperature.

Figure 5.2.1 shows these energy transfers. The heat source (the firebox) supplies heat to boil the
water to make steam. Heat energy Q, moves from here into the engine. Work is done by the engine;
this is energy leaving the system. Heat is also lost by the system to its surroundings; this is Q_ . We

heat engine a system call a system that converts heat into work a heat engine. Steam engines and petrol and diesel car
that converts heat energy

to work engines, as well as the petrol engines that power generators and pumps, are all heat engines.

Energy |Q;l Weng Energy [Qouil
enters the engine. T leaves the engine.
Heat source at T; Hegt > Environment at T,
n engine 7] ou
Qin Qout
Work Weng

is done by the engine.

FIGURE 5.2.1 A schematic representation of a heat engine

Now consider another system - one of the carriages. The carriage, to a first approximation, is not
gaining or losing heat. However, if it is being pulled by the engine, then a force is applied to it and
work is done on it. In this case, the change in energy is positive, energy is coming into the system.
Hence, the sign of the work is negative (which is made positive by the minus in the equation):

AU=-"W=*W
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In general, any energy change, whether it is heat or work, is positive for energy coming into
a system and negative for energy leaving the system.

It is important to carefully define our system boundaries so that we know which sign to use.
If we define our system as the universe, which is an isolated system, then the total energy change
must always be zero. The heat going into the steam engine must have come from somewhere.
It came from the internal energy of the fuel that was burnt. This loss of internal energy to the
environment outside the engine is equal to the gain in heat inside the engine. The total energy
of the universe is conserved.

WORKED EXAMPLE 5.2.1

If 2500 J of heat is added to a system and 1800 J of work is done on the system, what is the total change in internal
energy of the system?

ANSWER
1 Apply the work—energy principle.
AU=Q-W

2 Substitute known values.
Q is positive since it is added to the system and W is negative because work is done on the system.

AU =2500J - (-1800J)
Both are now positive, indicating that they are both processes that result in an increase in internal energy.
AU=2500J+1800J
3 Calculate the answer with correct number of significant figures.
AU=4300J

WORKED EXAMPLE 5.2.2

When 250 kJ of heat is added to a steam engine that has reached its stable operating temperature, 180 kJ of work
is done by the engine.
Calculate the amount of heat lost by the system to its surroundings.

ANSWER
1 Apply the work—energy principle.
AU=Q-W
AU = 0 since the engine is at its stable operating temperature.
0=Q-WwW
Q (net heat) isequalto Q, — Q..
0-(Q,-Q,)-W
2 Rearrange for the unknown.
Qout = Oin -w

3 Substitute the known values.
Q =250000J-180000J

out

4 Calculate the answer.

Q,,=70000J
5 Give the answer to the correct units and number of significant figures.
Q. .=70x10%J

out
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usable energy energy
that can be used to
perform a desired result;
usually in the form of
energy to do work

heat-exchange system
any system that transfers
heat from a warmer to a
cooler place

LEARNING CHECK 5.2

DESCRIBING

Define the work—energy principle.

Define the purpose of a heat engine.

Identify the stable operating temperature of a heat engine.

If heat is added to a system, what sign will Q in the work—energy principle have?

If heat is removed from a system, what sign will Q in the work—-energy principle have?
If work is done on a system, what sign will W in the work—energy principle have?

N o a b WON =

If work is done by a system, what sign will W in the work-energy principle have?

APPLYING

8 If 2.5kJ of heat energy is added to a system and, in turn, it does 1200 J of work,
calculate the change in internal energy of the system.

9 The combustion chamber of a steam engine delivers 5.0 kJ of heat to the boiler and
the expanding steam does 3.0 kJ of work on the piston. If 1.5 kJ of heat is lost as
waste, calculate the change in internal energy of the system.

10 If a heat engine at its stable operating temperature does 323 kJ of work when 440 kJ
of heat is added to the system, calculate the amount of heat lost to the external
surroundings.

Heat loss and usable energy

You only have to rub your hands together to realise that it is relatively easy to produce thermal
energy by doing work. The reverse process, that of producing usable energy in the form of
work, is much more difficult. This is the primary role of the heat engine and the first practical
device that achieved this was the steam engine, which was not developed until the 18th century.

The basic idea behind any heat engine is that mechanical work can be extracted from a
process in which thermal energy is transferred from an area of high temperature to one of low
temperature (Figure 5.2.1).

This temperature difference is a necessary component of any heat engine. For example,
consider what would happen if the region of low temperature, the boiler, were at the same
temperature as the combustion engine. In this case, no heat would flow and the water in the
boiler would not produce steam to push the pistons and no work would be done.

There are many types of engines, but they all work by converting heat from a fuel source into
useful work. All real engines will also lose energy in the form of heat to their surroundings. This
may be due to mechanical friction of the moving parts of the engine, turbulence of the expanding
gases or other factors. Heat lost in this way reduces the overall usable energy available to
the engine.

Heat exchange and conversion systems

A heat-exchange system transfers heat from a warmer to a cooler location. For example,
numerous capillaries in the human nasal passages maintain a temperature below core
temperature. This means that air leaving the nose is cooled and air entering the nose
is warmed.

94 NELSON QCE PHYSICSUNITS 1 &2 9780170483629



A heat-conversion system transforms

air expelled from a person’s wide-open mouth Warm blood

increases pressure in the mouth. When the air

is released through a small hole, it undergoes
cooling as it expands rapidly, does work on the

surrounding air, transfers its energy and cools

; Warm blood moving towards the
the internal energy of a system. For example, tongue or foot

e

feels warm, but air blown through a smaller in artery
hole feels cooler. The decrease in hole size —_— _

J/ Heat exchange

Heat exchange and evaporative cooling are Warm blood

: in vein
common in nature and are used to regulate e/

body temperature. Many modern-day cooling Cold blood moving away from

the tongue or foot

and heating systems use heat exchange, state

change, energy release and capture, and FIGURE 5.3.1 Countercurrent heat exchange between blood vessels

energy conversion systems. These processes reduces heat loss in some animals.
can control temperature and do useful work.

Countercurrent heat exchange

‘Countercurrent’ heat exchange occurs naturally in the circulation systems of fish, whales and
other marine mammals (Figure 5.3.1). Arteries carrying warm blood from the heart to the skin
are intertwined with veins carrying cool blood from the skin to the heart. This allows the warm
arterial blood to exchange heat with the cooler blood in the veins. This reduces the overall heat loss
in cold waters.

Reverse-cycle heating and cooling

During winter, a reverse-cycle air conditioner extracts heat from the outside air, even on very
cold nights. The evaporator coil inside the air conditioner is maintained at a much colder
temperature than outside. Energy is transferred from the warmer, though very cold, outside air
to the colder evaporator coil. This energy is then transferred into the house. The clever design
means that, in summer, this cycle can be reversed and heat is extracted from the house and
transferred outside. These systems are fully contained and are relatively cost efficient.

As the cold gas refrigerant passes through an external copper coil (the evaporator) between
(2) and (4) in Figure 5.3.2, it absorbs heat by collision with the cool outside air particles. The
refrigerant gas is then pumped through a compressor (4), where it is compressed and turns
from a cool gas into a hot liquid. The compressor has transferred energy to the particles of the
refrigerant by forcing them closer together. This increases the internal energy of the compressed
refrigerant in the pump. Its temperature increases.

The hot liquid passes into a copper coil with a large surface area, the condenser (1). The
hot liquid in the condenser radiates heat energy into the room. The cooler refrigerant liquid
continues to pass along the condenser’s copper coil until it reaches a constriction, called an
expansion valve, at (2). As the refrigerant passes through the constriction, it expands rapidly into
the evaporator. This expansion means that the internal energy is re-balanced so that potential
energy increases while the kinetic energy, hence temperature, decreases.

The expansion of the vapour in the expansion coil causes rapid cooling of the refrigerant.
The cold expansion coil again absorbs heat energy from the outside, warming the coil and
refrigerant. The refrigerant is then pumped back into the condenser, starting another heat-
exchange cycle. The cycle will continue as long as the compressor continues to operate.

heat-conversion system
a system that transforms
the internal energy of a
system

condenser a vessel that
removes heat from a gas
by allowing it to turn back
into a liquid
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FIGURE 5.3.2 The heating cycle of a reverse-cycle air conditioner. This schematic diagram shows the energy transfers from
the outdoor set of coils to the indoor set of coils by a repeating cycle of compression and expansion of a refrigerant.

Figure 5.3.3 shows the energy transfers that occur in this system. Heat, Q, , enters the
system and heat, Q_, leaves the system. Work, W, is done on the system.

Energy |Qoytl Energy [Qinl
is expelled to the w is drawn from
warmer area. l the cooler area.
Warmer area at Toy e W Cooler area at T,
Oout [ttt Qin

Work W is done
on the heat pump.

FIGURE 5.3.3 This schematic representation of a heat pump indicates the heat and work transfers taking place.

The net effect is that heat is moved from a cooler area to a warmer area. This is impossible

without some energy being used to accomplish it. This energy is supplied by the compressor.

Work is done on the system by the compressor. This work is used to move the heat energy from

) ~ the cooler area to the warmer area. The energy supplied to the compressor for a refrigerator or
heat pump a system reverse-cycle heater is usually the electric potential energy that powers the motor.

that moves thermal This sort of system is called a heat pump because it moves energy (heat) from one place

energy from one place to
another to another.
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The refrigerator as a heat pump

A refrigerator is a heat pump that cools the inside volume, including the food
and containers. Work must be done to remove heat from inside the refrigerator.
The work is done by an electric motor that compresses the refrigerant gas that
passes through external coils. This causes the temperature in the coils to rise
so that they radiate energy away into the cooler room (Figure 5.3.4). The gas
next passes through an expansion valve into coils in the refrigerator, where it
becomes cooler than the materials inside the refrigerator. Heat is transferred
to the refrigerant, which cycles back via compression to the outside, and so on.
The temperature is kept at an appropriate level by a sensor circuit.

Reverse-cycle heat pumps can act in the same way as refrigerators: they cool
the room in summer and send the heat outside, or heat the room in winter by
cooling the air outside. Coolers that use this process often drip water because
the expansion coil gets very cold, causing water vapour in the surrounding air
to condense.

External combustion engine

An external steam combustion engine is a heat engine that uses superheated

steam under pressure as the working fluid to drive a piston. The water is FIGUE 5”4 The back ofaoeho[d '
heated outside the piston cylinder to temperatures well above boiling point. refrigerator. The air surrounding the coils
The rapidly expanding high-pressure steam transfers energy to the piston to is a heat sink.

move it. The steam is then expelled from the cylinder, where it is condensed,

reheated back into steam and recycled.
superheated steam

steam that is held under
high pressure and heated
to a temperature above
the boiling point of water

Cold water

¥ condenses
iniseparate
cylinder

Drain tap

FIGURE 5.3.5 James Watt's external combustion engine with an external condenser

Figure 5.3.5 shows how an early James Watt external condenser steam engine worked. Taps
B and C are closed and steam is introduced into the cylinder through tap A, which is open. This
pushes the piston up the cylinder. Then tap A is closed and tap C is opened, allowing steam to
escape under pressure into the condenser. This reduces the pressure under the piston, and air
pressure and gravitational force cause the piston to fall. This expels all the steam into a separate,
external cylinder. Cold water is then added into this steam through tap B to condense it.
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The piston’s cylinder was always hot under these conditions, so fuel was not required to
heat it again before steam was reintroduced. This also meant that the steam could be allowed
to expand into the cylinder to do work, rather than continuously feeding in steam. This was a
saving on the volume of steam needed and, hence, the amount of fuel used. This early design has
been developed into the highly efficient engines that are used today, mainly in the generation of
electrical energy.

Internal combustion engine

Most cars currently use what is called a four-stroke internal combustion cycle to convert the
chemical energy in the petrol into motion. The four-stroke engine was invented in 1867 by
Nikolaus Otto (1832-91). The four strokes are the intake stroke, the compression stroke, the
combustion stroke and the exhaust stroke (Figure 5.3.6). High-energy fuels, such as petrol,
contain large amounts of chemical energy. When they combust with oxygen, this energy is
released, mainly in the form of heat. When small amounts of petrol are ignited with oxygen
in a confined space, large amounts of energy are released by the hot expanding gases. These
expanding gases can do work if they are produced in the cylinders of a piston-driven engine.

The piston is connected to the crankshaft by a rod. As the crankshaft revolves, it uses lifters
to open and close the valves at the correct time during each cycle. The engine can complete the
cycle thousands of times per minute.

Let us follow the four strokes of the engine cycle, starting with the piston at the top. The
intake valve opens and the petrol-air mixture is drawn in as the piston moves down. The second
step begins as the piston moves up, compressing the mixture. When the piston reaches the top,
the third stage begins. In this stage, the compressed mixture is ignited by the spark plug or
electronic ignition system, causing a powerful explosion that pushes the piston down. This is
known as the power stroke. Once the piston reaches the bottom of its stroke, the exhaust valve
opens. The exhaust gases are then expelled into the exhaust pipe as the piston moves up. This
completes the cycle.

Intake Exhaust
Spark plug Valves closed Valves closed valve closed valve open
Exhaust
valve YN
closed — Spark Exhaust
plug ®e gases
firing °L°
(] (]

OO

Compression Power Exhaust
Air—fuel mixture Air—fuel mixture Explosion forces Piston pushes out
is drawn in. is compressed. piston down. burnt gases.

FIGURE 5.3.6 The four-stroke cycle internal combustion engine
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LEARNING CHECK 5.3

DESCRIBING

Define ‘usable energy’.
Describe a heat-exchange system.

Describe how a heat-exchange system is different from a heat-conversion system.

A WON =

Describe the difference between an internal combustion engine and an external
combustion engine.

APPLYING

5 Explain why opening a refrigerator door will not cool the room it is in.
6 Use diagrams to explain how a four-stroke engine works.

m Efficiency

The energy efficiency,  (the Greek letter ‘eta’), of any system is the fraction of the input energy  energy efficiency the

B fraction of input energy
that produces a useful output. It is usually represented as a percentage. that is converted in a

energy output  100% thermodynamic process
= X to useful output energy

energy input 1

where: 1 = energy efficiency

Science, driven by the quest for efficiency and innovation, has shaped technological
advancements, particularly evident in the evolution from early steam engines to modern
internal combustion engines and now electric vehicles. The need to enhance the efficiency
of early steam engines spurred both technological and scientific

progress. Engineers sought ways to improve these engines, KEY FORMULA

leading to more efficient designs and the internal combustion

engine, revolutionising transportation and industry. Through Efficiency of a system

rigorous experimentation, they formulated laws governing energy _ energy output y 100%
conversion, known as thermodynamics principles. This deeper energy input 1
understanding not only optimised engine efficiency but also laid where: 1 = energy efficiency

the foundation for modern physics and engineering principles.

WORKED EXAMPLE 5.4.1

A system produces 3.3 kJ of usable energy output when 5.8 kJ of energy is put into it.
Calculate the efficiency of the system.

ANSWER

1 Use the equation for efficiency of a system.
_energy output « 100%
energy input 1

2 Substitute known values.
_ 3.3kJ y 100%

" 58kJ 1
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3 Calculate the answer.
n="56.897%

4 Give the answer to the correct number of significant figures.

n=57%
The system has an efficiency of 57%.

WORKED EXAMPLE 5.4.2

A car with an efficiency of 22% produces a usable output energy of 28 kJ.
Calculate the amount of chemical energy that must have been input into the engine from the fuel.

ANSWER
1 Use the efficiency equation.
_ energy output « 100%
energy input 1

2 Rearrange for the unknown.

Energy input = energy output « 100%

1
3 Substitute known values.
28 000 J o 100%
22% 1
4 Calculate the answer.
Energy input =127 272.727 J

Energy input =

5 Give the answer to the correct number of significant figures.

Energy input =130 kJ

KEY FORMULA
The efficiency of a heat engine

W _100%

Q 1

in

KEY FORMULA

The efficiency of a heat engine at its
operating temperature

n

Q 1 1

in

Q

in

«l
4
4‘.

Worksheet
Increasing energy efficiency
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_qQ,-Q, X100"/0_[1_%}(100"/0

In the case of heat engines, the input energy is equal to the heat
input, Q, , and the output energy is equal to the work, W, done by the
system. As a result, efficiency can be rewritten as:

W 100%
n=_-—X——
Q, 1
If the heat engine is at its operating temperature, AU =0 and W =
Q, — Q.. so efficiency can then be written as:

Q, -Q, 100% [ Qm] 100%
m= e —— = =] - 2 x

Qin 1 Qin 1
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WORKED EXAMPLE 5.4.3

A steam engine working at its operating temperature uses 5.6 kJ of heat energy every second and has an
efficiency of 27%.

a Calculate the amount of usable mechanical energy that will be produced every second.

b Determine the amount of waste heat that is radiated from the engine every second.

ANSWERS
a 1 Use the heat engine equation.
W _ 100%
X
Q 1

in

2 Rearrange for the unknown value.
w=1%0%
100%
3 Substitute known values.
27% % 5600 J
T 100%
4 Calculate the answer.
W=1512J
5 Give the answer to the correct number of significant figures.
W=15kJ
b 1 Use the operating temperature equation.

Q 100%
X—

= 1——out

Q 1

in

2 Rearrange for the unknown value.

n
=Q|1-
Qout an [ -I 00% ]

3 Substitute known values.

27%
Q, =56/1-
ot [ 100%]

4 Calculate the answer.
Q =4.088kJ

out
5 Give the answer to the correct number of significant figures.
Q,,,=41kJ

Note: As the problem involves a heat engine working at its operating temperature, part b could have been
solved by realising that:

Q :Oin_W

out
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LEARNING CHECK 5.4

DESCRIBING

1 Define ‘efficiency’.

APPLYING

2 Anengine has an energy output of 35 kJ when 105 kJ of energy is input into
the system.

a Calculate the efficiency of the engine.
b What happened to the remaining 70 kJ of energy?

3 1f 900 J of energy is input into a system with an efficiency of 25%, calculate its
energy output.

4 |f a car can do 350 kJ of work when 1700 kJ of heat is added to it, calculate
its efficiency.

5 A heat engine that is 19% efficient at its stable operating temperature releases 115 kJ
of energy to the surroundings.

a Calculate the energy that must have been input into the system.
b Calculate the amount of work done by the system.
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Work
CHAPTER

« Work is defined as the energy transferred by the action of a force over a distance, and is SUMMARY
represented as:

W=Fxs
where: W =work (J)
F =force (N)
s = distance (m)
P = — = K
t t

« Power is the rate at which energy is transferred. This can be by heat or work.
where: P =power (W)
E =energy transferred (J)
t=time (s)
W =work (J)

The work-energy principle

« The work-energy principle states that the change in internal energy of a closed system is
due to the heat added to the system minus the work done by the system.

« The work-energy principle:
AU=Q-W
where: AU = change in internal energy of a closed system (J)

Q = heat added to the system from its surroundings (J)
W =work done by the system on its surroundings (J)

« When heat is added, Q is positive. When heat is removed, Q is negative

« When work is done by the system, W is positive. When work is done on the system, then W
is negative.

Energy efficiency

Energy efficiency is a measure of the amount of energy that is used to produce a useful output.

« The efficiency of a system:
_energy output v 100%

energy input 1
where: 1 = energy efficiency
« The efficiency of a heat engine:
W 100%
= — X —
Q 1

« Ifthe heat engine is at its operating temperature, AU=0and W=Q, —Q
then be written as:

so efficiency can

out’

e Qo= Qu  100% _ [1 Q. ]x 100%

Qin 1 ? 1
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CHAPTER
EXAM

104

MULTIPLE CHOICE

1.

Which of the following results in a decrease in the internal energy of a system?
A Heatis added to the system.

B  Work is done on the system.

C Work is done by the system.

D Kinetic energy is added to the system.

Which of the following is not a unit for work?

A watt

B joule

C newton metre
D kgm?s™

An increase in which of the following terms would result in an increase in the efficiency
of a heat engine?

A Qin
B Qout
cC U
D W

What is the value of the change in internal energy when an external combustion engine is
working at its stable operating temperature?

A W

B 0

c Q,

D Q,

What is the work done by a 300 W electric grinder in 5.0 min?
A 1KJ

B 1.5kJ

C 25kJ

D 90kJ

An electric kettle has an input of 15007 of electrical energy and the water within gains
12607 of thermal energy. What is the efficiency of an electric kettle?

A 0.84%
B 84%
C 100%
D 119%

A car’s combustion engine uses 480kW of energy from fuel. 120kW of this energy goes
to powering the wheels and 360 kW gets converted into heat. The energy efficiency of the
combustion energy would be calculated as:

120 360
A —— x100% B 360
280 6  100%
120 + 360 120
c 120+360 009 D 2 100%
480 360
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10.

Usable energy is the:

A total energy consumed by a device.

B  total energy transformed by a device.

C useful energy transformed by a device.

D energy lost to the surroundings during the transformation.

A beaker containing 1200 g of water at 25°C is placed on a Bunsen burner for
1 minute where 1 = 30%. The output of a Bunsen burner is 588kJ per minute.
The final temperature of the water is approximately:

A -10°C.

B 25.5°C.

C 60°C.

D 142°C.

A petrol-fuelled car engine becomes hot. This is because:

A the engine is close to being 100% efficient.

B not all the energy in the fuel is converted to heat energy.

C not all the energy in the fuel is converted to kinetic energy.

D the kinetic energy of the car is being converted to heat energy.

SHORT RESPONSE

11.

12.

13.

Calculate the efficiency of an engine that performs 1.6 kJ of work for every 8.5kJ of heat
that is added.

Use the example of the steam engine to explain how an external combustion engine can
be used to do useful work. Include a diagram in your answer.

A refrigerator consumes 500017 of energy per second to maintain a temperature difference
of 20°C between its interior and the surroundings. If the heat transferred from the
refrigerator to the surroundings is 2000Js™, calculate the energy efficiency (1) of the
refrigerator and the percentage efficiency of the refrigerator.

DATA ANALYSIS

14.

Analyse data

The energy consumption of a water heater and the energy absorbed by the water it was

heating were monitored over time. The data collected was used to produce the following

graph, which includes the energy consumption and absorption experimental trend lines, as

well as the corresponding maximum and minimum gradient lines derived using the error

bars of the measurement devices used.

a  Explain why the line for energy absorbed by the water is lower than the line for
energy consumed by the water heater.

b  Using the equation for the line for energy consumption, determine the average
power consumption of the heater (to one decimal place).

¢ Using the maximum and minimum gradients of the line for the heater’s energy
consumption, determine the uncertainty for the value of the average power
consumption (to one decimal place).

d  Using the equation for the line for energy absorption, determine the average rate of
energy absorption of the water. State your answer in watts (to one decimal place).

9780170483629 | ENERGY IN SYSTEMS - MECHANICAL WORK AND EFFICIENCY

105



106

e  Using the maximum and minimum gradients for the line for absorbed energy,
determine the uncertainty for the value of the water’s absorption (to one
decimal place).

Energy consumption of a water heater and the
energy absorbed by the water over time

N
50000 A

— Energy consumption y = 1499.2x — 10.975
45000 Energy consumption minimum gradient y = 1451.7x + 548.28 2
- - Energy consumption maximum gradienty = 1572.4x — 1072.4

40000 A

35000 A

30000 A

25000 A

Energy (J)

20000 A

15000

10000

— Energy absorbed y = 1124.5x — 6.3385

5000 - - - Energy absorbed minimum gradienty = 1089.7x + 135.34
- - Energy absorbed maximum gradienty = 1165.5x + 140.52
0 T T T T T T T )
0 5 10 15 20 25 30 35
Time (s)

® Energy input of heater ® Energy absorbed by water

f  Write a conclusion about the percentage efficiency of the water heater. Include any
specific values from relevant calculations.
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15. Analyse data
Incandescent light bulbs are an old technology in which an electrical current heats a
conductor called a filament so that it glows. Recently, light bulbs using light emitting diodes
(LEDs) have become more common. LEDs rely on light being produced from the quantum
effects of an electrical current flowing through special materials called semiconductors.
The following diagrams represent the energy flow through each type of light over a period
of 1 minute.

Qout (useful light energy)

Incandescent
1800 J bulb

Qin (electrical energy input)

Qout (Waste energy)

360 J

LED .
bulb Qout (useful light energy)

Qin (electrical energy input)
Qout (Waste energy)

a  Both bulb types do not convert all their input electrical energy into useful output
light energy. Identify the most likely form of the waste energy.

b Quantify the waste energy for the LED bulb.

c Determine the percentage efficiency of each bulb type and compare them. Write a
conclusion about why LED bulb technology is becoming more prevalent.

d Calculate the power consumption of the incandescent bulb.

480J
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SCIENCE AS A HUMAN ENDEAVOUR

Syllabus « Explore the development of new technologies and understandings of
dot point heating processes as a means to predicting global temperatures and
the effects of human-induced climate change.

Physics 2025 v1.1 General Senior Syllabus © QCAA 2024

The physics of anthropogenic climate change

Advancements in understanding heating processes and the development of new
technologies have shaped our ability to predict global temperatures and comprehend the
impact of human-induced climate change.

The role of climate modelling

Climate modelling plays a pivotal role in understanding and mitigating climate change.
It provides us with a window into the future, allowing us to explore various scenarios
and assess their consequences. Two influential physicists, Klaus Hasselmann and
Syukuro Manabe, pioneered climate modelling, bridging fundamental research with
societal relevance. They were recently honoured with the Nobel Prize in Physics for their
contributions to quantifying variability and reliably predicting global warming.

The physics principles behind climate modelling
To appreciate anthropogenic climate change, we must grasp key physics principles.

» Conservation laws: Fundamental principles such as the conservation of energy,
momentum and mass underpin climate models. These laws guide our understanding
of how energy flows through Earth’s system.

+ Radiative forcing: Climate scientists use the concept of radiative forcing to quantify
the effect of increased greenhouse gas concentrations. Radiative forcing measures
the change in Earth’s energy balance relative to pre-industrial times. It is expressed in
watts per square metre.

5 Human activities such
as burning fossil fuels,

4 Some of this heat agriculture and land
is trapped by clearing are increasing
\ gresnhouse gases the amount of
) in the atmosphere, greenhouse gases
1 Solarradiation | 8 :Irz?r: :Eaa(:ﬁ]tes keeping Earth warm  rejeased into the
reaches Earth's \ towards space. enough to sustain life.  atmosphere.
atmosphere -

6 Extra heat is trapped
and Earth's temperature

some is reflected l
l is rising.

back into space.  §

Environmental Biology. Authored by: Matthew R. Fisher, Editor.

2 Therest of the Sun's energy ?
~ isabsorbed by the land and

FIGURE 1 The enhanced greenhouse effect
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* Quantum mechanics and quantum field theory: In 1900, Max Planck introduced the
idea of quanta — discrete packets of energy emitted by light. The Planck constant,
central to quantum mechanics, sets the stage for understanding energy transitions.

Predicting global patterns

Advancements in technology, particularly machine learning, have revolutionised
climate prediction. Researchers now use unique data sets from existing climate model
simulations to learn relationships between short-term and long-term temperature
responses. This approach helps us project global climate changes based on different
forcing scenarios.

Departures from 1961-1990 climatological average s
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—— Sea surface temperature —— Surface air temperature
10-year average 10-year average

FIGURE 2 Deviations from the 1961-1990 average sea surface temperature and
temperatures over land in the Australian region

Conclusion

Physics, technology and climate science converge to address one of humanity’s most
pressing challenges: anthropogenic climate change. As we continue to refine our models
and deepen our understanding, the contributions of physicists past and present remain
essential in shaping a sustainable future.
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CHAPTER

6 Nuclear model and stability

SCIENCE UNDERSTANDING

SYLLABUS +  Describe the nuclear model of the atom characterised by a small nucleus surrounded
DOT POINTS by electrons.

Describe nuclides using 4X nomenclature.

Explain why protons in the nucleus repel each other.

Describe the concept of the strong nuclear force.

Explain the stability of a nuclide in terms of the operation of the strong nuclear force
over very short distances, electrostatic repulsion, and the relative number of protons
and neutrons in the nucleus.

Explain natural radioactive decay in terms of stability.



SCIENCE AS A HUMAN ENDEAVOUR

Appreciate the significant contributions of scientists such as Marie Curie,
Irene Curie-Joliot, Lise Meitner and Otto Hahn who furthered our understanding of
radiation and nuclear stability.
+ Appreciate that the development of models of the atom often required a wide range of
evidence from multiple individuals and across disciplines.
Physics 2025 v1.1 General Senior Syllabus © QCAA 2024

Introduction

All matter, living or not, is composed of nothing more than millions and trillions of atoms.
Different atoms have uses in different fields, from construction materials to nuclear power
and radiation treatments for medical purposes. Recently, scientists have been able to
photograph shadows of atoms, and, surprisingly, the major constituent of these small
particles, once believed to be indivisible, is just empty space.

Practical Worksheet
e Atomic scale e The atom and isotopes

To access resources above, visit

:l e Ne lSO n Mi ndTap cengage.com.au/nelsonmindtap




nucleus the centre of an
atom; comprises most of
an atom’s mass

atom a particle; originally
thought to be indivisible,
but now known to
comprise numerous
smaller particles

subatomic particle a
particle within an atom

ASSUMED KNOWLEDGE

L O NN

The atom consists of protons, neutrons and electrons.

Protons, neutrons and electrons have different relative masses and charges.

Particles with opposite charges are attracted to each other by electrostatic forces.

Particles with the same charge repel each other.
Different elements consist of different types of atoms.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v

<

L N N O O O O N

describe the nuclear model of the atom, including the characteristics of
subatomic particles
appraise the various historical models of the atom

describe nuclides using nomenclature or notation conventions mass number

and atomic number

define ‘element’, ‘isotope’, ‘isobar’, ‘isomer’ and ‘nuclide’

determine the number of neutrons of a nuclide

explain the concept of atomic weight

describe and explain the strong nuclear force

explain the effect of Coulomb’s law within the atom

contextualise the strong nuclear force within the four fundamental forces
compare the four fundamental forces

analyse and interpret the stability curve

describe and explain radioactive decay and link it to the stability curve
analyse data pertaining to Coulomb’s law to investigate its proportionality
via linearisation.

NI The nuclear model

The nucleus lies at the centre of the atom and contains the subatomic particles that
distinguish elements and isotopes from one another. The discoveries that led to the current
understanding of the nucleus of the atom have been the life-consuming work of many scientists.
After many experiments and years of development, a common understanding of the atom has
come to light: there is an extremely small nucleus at the centre of an atom, and this nucleus
contains the vast majority of the atom’s mass.

The atomic model

Democritus (460-370 BCE) was the first to propose the idea of the atom as the smallest,
indivisible particle of matter. At the time, this was a powerful idea, but it has never entirely
been accepted. The idea of something this small and fundamental was groundbreaking and
provoked many scientists to work towards developing a deeper understanding of the atom.
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Thomson's ‘plum pudding’ model

In 1897, J.J. Thomson (1856-1940) discovered the electron by
applying a high voltage across a gas at very low pressure. This
discovery gave support to the idea that within an atom there were
more fundamental particles. Thomson proposed a model for the
atom, consisting of a uniformly positive region of charge within
which negatively charged electrons were distributed. The model
was dubbed the ‘plum pudding’ model (Figure 6.1.1), because the
electrons appeared to be like raisins stuck in a plum pudding.

Rutherford’s model

In 1909, Ernest Rutherford (1871-1937) designed an experiment
to test Thomson’s plum pudding model. Famously called the gold
foil experiment, it involved Rutherford firing positively charged

alpha particles (helium nuclei) at an extremely thin piece of gold foil. If Thomson’s model
was correct, the particles would pass through the foil as though uninterrupted. However,
when the experiment was carried out, it was noticed that some alpha particles were deflected

e @O

ca B °

o Fe
e '@

FIGURE 6.1.1 Thomson's plum pudding model of
the atom shows electrons in a positively charged
sphere of electrification producing a neutrally
charged atom overall.

electron a negatively
charged subatomic
particle with mass
9.11x103kg

slightly from a straight path, and a small number bounced almost directly backwards from

the foil (1 in 20000 reflected back straight towards the source). This revolutionary result
prompted Rutherford to develop his own atomic model, refined from the plum pudding
model. He suggested that, rather than a uniformly positively charged region, there was a
dense region of positive charge (explaining the deflection and reflection of alpha particles -

alpha particle a particle
made up of two neutrons
and two protons; a
helium nucleus

«l
termed ‘scattering’) and that there was a light, negatively charged space in which the electrons '|:
circulated. He analogised these circulating electrons to planets orbiting the Sun, in which the
Sun represented a dense, positively charged nucleus. Weblink

Rutherford—Bohr model

Unfortunately, the idea that negatively charged electrons could
orbit freely while maintaining all their energy was a serious
violation of the laws of classical electrodynamics. James Clerk
Maxwell (1831-79) developed equations that effectively describe,
explain and predict a vast array of electromagnetic phenomena.
For example, as a charged particle (e.g. an electron) orbits or
passes other charged objects (e.g. a positively charged nucleus),
it should slow down, and spiral into the centre. There was no
evidence that this was happening in Rutherford’s planetary model
(Figure 6.1.2).

Niels Bohr (1885-1962) worked extensively with Rutherford,
and suggested that electrons could only have specific energies, and
within those energy states the electrons could not radiate or lose
any energy. Within this model, all laws of physics are maintained,
whereby electrons occupy discrete energy levels and the nucleus is
located at the centre of the atom.

9780170483629

Discovery of electron
and nucleus

Nucleus

Electrons

FIGURE 6.1.2 Rutherford’s planetary model of
the atom
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The nuclear conclusion

The percentage of mass contained in the nucleus and the volume of the nucleus as a percentage
of the size of the atom are summarised in Table 6.1.1.

TABLE 6.1.1 The percentage mass and volume of the nucleus of an atom

Component of atom Percentage mass of atom | Percentage volume of atom

Nucleus >99% <1%

Remainder of atom <1% >99%
(space and electrons)

The properties of the Rutherford-Bohr model are as follows:
+ The nucleus contains most of the mass.
« The nuclear charge is positive and equal in size to the total electronic charge.
+ Electrons exist in orbitals that correspond to allowed energy states.
« The atom is much bigger than the nucleus.
This is our current understanding of the model of the atom.

PRACTICAL ACTIVITY 6.11

ATOMIC SCALE

The nucleus is very small and dense, and comprises a small part of the atom. This practical aims to give some idea
of how much space there is between the electrons orbiting a nucleus, and the nucleus itself. The ratio of the diameter
of the nucleus to the diameter of the hydrogen atom is approximately 1: 100 000.

Materials
+ small round object such as a pea or small ball bearing
+ trundle wheel

Procedure

1 Measure the diameter of the pea and record it in metres.
Calculate the radius of an atom if it had a nucleus the size of the pea.
Go outside and have a group member hold the pea in the centre of a large space, such as an oval.

H W DN

Have each student measure the scale radius for an atom as calculated in step 2. This gives an idea of how large
each atom is compared to a nucleus.

Alternative materials

» large piece of butcher’s paper

Alternative procedure

1 It may help to cover a large area of floor space with butchers paper for this activity. In the centre of a large piece
of butchers paper, make a dot with the tip of your pen. This dot should be approximately T mm in diameter.

2 Determine the diameter of an atom if the nucleus was 1T mm in diameter. Measure this length across the dot at
several points, until a circle can be sketched.

3 Sketch the circle, and note that the pencil or pen you are drawing the atom boundary with is thicker than the
nucleus you drew in the centre.
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LEARNING CHECK 6.1

DESCRIBING

1 Name the scientists who have been integral in developing the model of the atom.
2 Explain why the model of the atom keeps changing over time.

APPLYING

3 Distinguish the key differences between Rutherford’s model of the atom and the
Rutherford—Bohr model. Discuss how Bohr’s model was different and why it is
currently accepted as the model of the atom.

WA Protons

Now that we have seen the model for the atom, we can begin to further explore the nucleus.
As stated earlier, the nucleus contains most of an atom’s mass, suggesting that the subatomic
particles that make up the nucleus are relatively heavy compared to the electrons surrounding
the nucleus. These subatomic particles are protons and neutrons. Protons and neutrons are
collectively called nucleons.

Rutherford discovered the proton in 1919. He found that protons are positively charged,
equal in charge to an electron, but approximately 1800 times more massive.

Protons are positively charged, so being too close together in a nucleus causes them to repel
each other. This called into question how atoms stayed together. In 1932, Sir James Chadwick
(1891-1974) discovered the neutron. Neutrons have a slightly greater mass than a proton and
carry zero charge (neutrally charged), so having neutrons between the positively charged protons
helps combat this repulsive electrostatic force by increasing the distance between protons and
by providing a ‘gluing’ force to maintain the stability of the nucleus. This will be explored later
in the chapter.

Elements, isotopes and nuclides

The difference between different types of atoms depends on what is in the nucleus. Because
electrons are in energy shells (Figure 6.2.1) that are far away from the centre of the atom, it is
easy for electrons to be lost or gained depending on the atom’s surroundings. This is known as
ionisation. When an atom has more electrons than protons or fewer electrons than protons, it
is said to be a negatively or positively charged ion respectively. It is important to recognise that
this exchange of electrons and the overall charge of an atom has nothing to do with the nucleus.

proton a positively
charged subatomic
particle within the
nucleus of an atom

neutron a neutrally
charged subatomic
particle within the

nucleus of an atom

nucleon a proton or
neutron; a particle that
makes up the nucleus of
an atom
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a b lonisation
Electrons 2 ko - - - - - - - - = .

(negative) n=5

n=4
J Second excited state n = 3

First excited state n = 2

Nucleus

Proton (positive)
Neutron (neutral) 0J

Ground state n =1

FIGURE 6.2.1 (a) The Rutherford—Bohr model of the atom, in which the nucleus is composed of
protons and neutrons, and the outer shells contain the electrons. (b) The Rutherford—Bohr energy
level model. Each state represents how much energy an electron needs to absorb to move to a state
higher thann=1.

Elements
element a substance The number of protons in the nucleus defines an element. Elements are not affected by the ionic
tmhzdszr‘:]pe%fu?;%r;’fo‘?”th charge of an atom. The periodic table arranges the known elements according to the number of
protons protons in the nucleus (Figure 6.2.2). For example, hydrogen has one proton in its nucleus, and

sulfur has 16.

Periodic table of the elements

1 18
1 _— 2
H 1 <—— Atomic number He
101 | 2 4
0 H Symbol 13 14 15 16 17 00
.3 4 | 5 6 7 8 9 10
Li Be 1.071<—— Relative atomic mass* B C N 0 F Ne
6.94 | 9.01 10.81| 12.01| 14.01 | 16.00 | 19.00| 20.18
11 12 13 4 15 16 17 18
Na | Mg Al | Si| P | S |Cl|Ar

2299 2431 3 4 5 6 7 8 9 10 1 12 | 26.98| 28.09 | 30.97| 32.06 | 35.45| 39.95

19 20 [ _22[ 23] 24 25 _26[ 27] 28] 29[ _30] 31| 32| 33 34 35 36
K |Ca|Sc|Ti |V |Cr | Mn|Fe|Co|Ni [Cu|Zn|Ga|Ge| As | Se | Br | Kr
39.10 | 40.08 | 44.96 | 47.87 | 50.94 | 52.00 | 54.94 | 55.85 | 58.93 | 58.69 | 63.55| 65.38 | 69.72 | 72.63 | 74.92 | 78.97 | 79.90 | 83.80

37] 38| 39| 40| M| 42] 43] 44 45 46 48 49| 50| 51| 52 53] 54
Rb ([ Sr | Y [ Zr |[Nb [ Mo| Tc |Ru |[Rh | Pd | Ag | Cd | In | Sn | Sb | Te | I Xe
85.47 | 87.62| 88.91| 91.22| 92.91| 95.95 | (98.91)| 101.07| 102.91| 106.42 107.87| 112.41| 114.82| 118.71| 121.76| 127.60| 126.90] 131.29

55| 56| 57-71| 72 73] 74| 78| _76[ 77| 78 79 80| _s8 82l 83 84 85 86
Cs | Ba |Lantha- Hf | Ta | W [Re | Os | Ir | Pt | Au |Hg | Tl | Pb | Bi | Po | At | Rn
132.91[137.33|| "0 1178.49|180.95| 183.84| 186.21|190.23|192.22|195.08| 196.97|200.59|204.38| 207.2 [208.98(210.0)|(210.0) |(222.0)

87| es|[8o-103]  104] 105] 106| 107| 108] 100] 110] 11| 12| 113] 114| 115] 16| 17| 118
Fr | Ra Acti. Rf |Db | Sg|Bh | Hs | Mt | Ds | Rg | Cn | Nh | Fl | Mc | Lv | Ts | Og
(223.0)| (226.1)(| 198 | (261.7)| (262.1)| (263.1)| (264.1)| (265.1)| (268) | (281) | (272) | (285) | (284) | (289) | (288) | (293) | (294) | (294)

s8] 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce | Pr | Nd |Pm|Sm|Eu |Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
138.91| 140.12| 140.91| 144.24| (146.9)| 150.36| 151.96| 157.25| 158.93 162.50| 164.93 167.26| 168.93| 173.05| 174.97

90 91| 92| 93] 94 o5 96 97 98 99 100 101 102 103
Ac [ Th | Pa| U |[Np|Pu|Am |Cm | Bk | Cf | Es | Fm | Md | No | Lr
(227.0)| 232.0| 231.0 | 238.0 | (237.0)| (239.1)| (241.1)| (244.7) (249.1)| (252.7)| (252.1)| (252.7)| (258.1)| (259.1)| (262.1)

Groups are numbered according to IUPAC convention 1-18.
*Values in brackets are for the isotope with the longest half-life.

FIGURE 6.2.2 The periodic table
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Isotopes

Although each element has a unique number of protons, there are different versions of these
elements. An isotope has the same number of protons but a different number of neutrons in
the nucleus. This does not change the element, but it changes the size of the nucleus of the
element and, in turn, the mass of the element. Different isotopes of elements occur naturally
and in different abundances. Some isotopes that have high numbers of neutrons or protons are
unstable; these are called radioisotopes.

Nuclides

A nuclide is a species of atom classified according to the number of protons and neutrons as
well as its energy state. There are different energy levels within a nucleus, and an atom is most
stable when the nucleus is in its lowest energy level — its ground energy state. As the number of
protons in a nucleus increases, more and more neutrons are required to overcome the electrostatic
force. This works only up to a certain point at which there are simply not enough neutrons to hold
the nucleus together (e.g. uranium). In these cases, a nuclide would not be in its ground state, but
rather it would have a lot of energy, and would need to decay in order to be stable.

The term ‘nuclide’ is used to describe all possible elements and isotopes in the periodic
table. ‘Isotope’ is used to distinguish elements with different numbers of nucleons in their
nucleus, due to different numbers of neutrons, whereas the term ‘element’ refers exclusively to
proton number.

Atomic number and mass number

Nuclides are named according to the number of nucleons they have. Carbon has six protons and
six neutrons; it is called carbon-12 because there are 12 nucleons. This differs for other isotopes
of carbon. Carbon that has seven neutrons is called carbon-13; if it has eight neutrons, it is
called carbon-14. Thus, we write different nuclides according to their atomic number (Z) and
atomic mass number (A). The atomic number Z is the number of protons in the nucleus, and
the mass number A is the number of nucleons the element has (protons + neutrons). The number
of neutrons is denoted N.

KEY FORMULA a

Mass (nucleon) number
I
I I
Atomic Element

(proton) symbol
number

where:

N = number of neutrons

A =mass number denoting the number of protons and
neutrons within the nucleus

Z = atomic number, denoting the number of protons

Notation

isotopes elements with
the same number of
protons, but a different
number of neutrons in
the nucleus

nuclides elements with
the same number of
protons and neutrons
with the nucleus in the
same energy state

ground energy state
the state in which a
nucleus has absorbed
no energy, and requires
no additional energy to
maintain its state

o

Syllabus link
Chapter 7 discusses
radioisotopes,
spontaneous decay
and half-life.

atomic number the
number of protons in a
nucleus (2)

atomic mass number

the total number of
protons and neutrons in a
nucleus (A)

b

9 nucleons

.Be

4 protons Element

beryllium

FIGURE 6.2.3 (a) The international standard notation

for representing a nuclide. (b) The standard notation

In addition to writing carbon-12 for the isotope of carbon with
six protons and six neutrons, there is a universal notation
for showing the atomic number and mass number of the element, based on its symbol in the
periodic table. Figure 6.2.3 shows the international standard notation for representing nuclides.
The chemical symbol has the atomic mass (A4, the nucleon number) as a left superscript, and
the atomic number (Z, the number of protons) as a left subscript. Look at the periodic table

for the element beryllium.

in Figure 6.2.2 and, from the symbols given, work out the atomic and mass numbers of iron,
platinum and gold.
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~ Nuclide families

P 4

18
Nuclides are sorted into families in a number of ways, further to those shown in the periodic
Worksheet table. They can be sorted by the number of protons (isotopes), the number of nucleons
The atom and isotopes (isobars), the number of neutrons (isotones) and energy states (isomers). This is summarised

in Table 6.2.1.

TABLE 6.2.1 Nuclear families

m Nuclides with the same:

Isotopes atomic (proton) number, Z
Isobars mass (nucleon) number, A
Isotones number of neutrons, A - Z
Isomers Z and A, but different energy states

If a nuclide can exist in an energy state above its ground state for more than 107%s, then it is

metastable able to called a metastable nuclide.
remain in a higher energy
state for a certain period

Atomic weight

Within a sample of an element, there is normally more than one isotope of the element. The

atomic weight (relative atomic weight (or relative atomic mass) is the weighted average of the masses of the
:/tgi?ri\(t:e?:?/?r;gz of different nuclides in a pure, naturally occurring sample of the element. This is scaled according
all the masses of the to the natural abundance of each isotope. For example, the relative atomic mass of silver is
g{f::rigwriﬁlyidf:ci:rﬁng 107.96. This is calculated from the knowledge that pure silver naturally is made up of 51.84%
sam;ﬂe of the element Ag-107 and 48.16% Ag-109. The atomic weight should not be confused with the mass number

of a nuclide.

WORKED EXAMPLE 6.2.1

Pure silver contains 51.84% of isotope ', Ag and 48.16% of '}> Ag. Determine the atomic weight of silver.

ANSWER

1 Multiply the mass number of each isotope by the percentage, and add the two.
Weighted average =107 x 0.5184 + 109 x 0.4816

2 Give the answer.
Atomic weight of silver = 107.96 amu
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LEARNING CHECK 6.2

DESCRIBING

For the general nuclide ’;X, what do A, X and Z represent?
2 Describe and explain:

a element
b isotope
¢ nuclide.

3 Listthe three subatomic particles and their respective charges.
Compare atomic mass and atomic weight.
5 Does the number of electrons define an element? Explain your answer.

APPLYING

6 Find the number of neutrons in "La.

7 Europium occurs as two different isotopes, '3Eu (52.18%) and '3 JEu (47.82%). Find the

atomic weight (relative atomic mass) of europium.

ANALYSING

8 Anisotope of an element is sometimes referred to as ‘the element’. Highlight how this
can cause confusion between these terms.

9 Molybdenum-99 is formed when a nuclide absorbs a neutron. What is that nuclide?

Strong nuclear force

)

%<
As stated earlier, protons have positive charge and positive charges repel each other. This
repulsion is caused by the electrostatic force. The electrostatic force becomes relatively large Weblink
when the protons are close together. In a nucleus, protons come to within 2 x 10*m of each Strong nuclear force

other. This causes an electrostatic force of about 60 N between two protons within the nucleus.
This value is calculated using Coulomb’s law. This law states that the force between two  Coulomb’s law states

charges is inversely proportional to the square of the distance between them: that the force of
attraction or repulsion
kqQ between two charges is
F=—— inversely proportional to
r the square of its distance

where: F =force between the two charges q and Q in
newtons (N)

k = the constant 9.0 x 10°Nm?*C™ KEY FORMULA

q =charge in coulombs of one charge (C) Coulomb’s law

Q = charge in coulombs of the other charge (C) kqQ

r =distance that separates the charges, F= =
measured from their centres (m) where:

F = force between the two charges g and Q in newtons (N)

k =the constant 9.0 x 10° N m2C

g = charge in coulombs of one charge (C)

Q = charge in coulombs of the other charge (C)

r=distance that separates the charges, measured from
their centres (m)

9780170483629 CHAPTER 6 | NUCLEAR MODEL AND STABILITY 119



WORKED EXAMPLE 6.3.1

a If protons in a nucleus come within 2 x 107" m of each other, and each proton has a charge of 1.6 x 10"° C, what
is the electrostatic force of repulsion between them?
b If the distance between the protons doubled, what would happen to the electrostatic force between the protons?

ANSWERS
a 1 UseCoulomb's law.
F_kaQ

rZ

2 Substitute the known values and calculate the answer.
_9.0x10°%1.6x10"°x1.6x10™"°
- (2x107°)?
2.3x107%
" 4x10®

F

3 Give the answer with the correct unit and to the appropriate number of significant figures.
F=57.6N
kqQ

b WeknowF =
I

kqQ
F =
Z(2r)?
_ka@
4r?
_1, kaQ
4 r?
1

::;ix/i

and that the distance has doubled. So the new force will be calculated by:

Therefore, if the distance between protons doubles, the force decreases by a factor of 4.

V5%

Syllabus link
Chapter 8 discusses
Newton’s universal
law of gravitation.

strong nuclear force
the force required to
hold nucleons together,
especially to overcome
the electrostatic force
of repulsion between
protons
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Protons have mass and masses attract each other. This is called gravitational force. The
gravitational force between two masses can be calculated with Newton’s universal law of
gravitation. For the scenario in Worked example 6.3.1, if two protons are 2 x 107*m away from
each other and each has a mass of 1.67 x 102’ kg, the gravitational force between them can be
calculated as approximately 4.65 X 10N of attraction. This is nowhere near enough attractive
force to overcome the 60N of electrostatic repulsion they experience! So how do protons in a
nucleus stay together?

Protons stay together in the nucleus because of the strong nuclear force. The strong nuclear
force is produced between nucleons by the exchange of particles called mesons. Neutrons provide
the means by which protons are kept far enough apart so that they don’t repel each other but can
also participate in meson exchange, which contributes to increased strong nuclear force. The
strong nuclear force is essentially independent of whether the nucleons are protons or neutrons.

The strong nuclear force overcomes the electrostatic force of repulsion and provides the ‘glue’
that keeps the protons, neutrons and atoms - the building blocks of the universe - together. Over
the small distances involved, the strong nuclear force is the strongest of the four fundamental
forces in the universe (Figure 6.3.1).
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The nucleus of the In a helium-4 nucleus, There must be a force between
hydrogen-1 atom consists electrostatic forces push nucleons pulling them together
of a single proton. the protons apart. (the strong nuclear force).

Gravitational forces are far too small.

FIGURE 6.3.1 A representation of the strong nuclear force holding a nucleus together

Four fundamental forces .,

| ¥ 4
Physicists have identified four fundamental forces that are key to understanding the universe.
At the nuclear level, the strong nuclear force has the greatest effect on keeping nucleons in the Weblink
nucleus, overcoming the smaller electrostatic force. The gravitational force is a distant last in ~ The four fundamental forces
terms of strength. There is a fourth force, the weak nuclear force, which acts within nucleons. At
the nuclear level, the gravitational force has much less effect than the other three forces.

It is important to note that the size of a charge, mass or distance between two objects 09
determines which force is stronger. For example, over extremely small distances such as within Syllabus link
a nucleus, the strong nuclear force is stronger than the gravitational force between protons. Chapter 8 discusses

the four fundamental

However, over astronomical distances, the gravitational force between planets (very large forces in more detail.

masses) is much larger than the other forces (Table 6.3.1).

TABLE 6.3.1 Comparing the effect of the four fundamental forces within a nucleus

_ Gravitational force | Weak nuclear force | Electromagnetic force | Strong nuclear force

Relative magnitude 10%2 1036 10%
Range (m) Infinite 1078 or 1 attometre, | Infinite 107" or 1 femtometre,
Tam 1fm

LEARNING CHECK 6.3

DESCRIBING

1 List the four forces that act within the nucleus, in order of strength.
2 Recall why the strong nuclear force is considered the strongest force in the universe.

APPLYING

3 Discuss what would happen if there was no strong nuclear force.
4 If two protons are 6 x 107'>m apart, what is the electrostatic force of repulsion between them?

5 Inthe last part of Figure 6.3.1, there are arrows on the four nucleons, showing the direction of the strong nuclear
force between them. Draw a vector diagram for one of these nucleons, showing all the forces it is experiencing.
Be sure to include the gravitational, electrostatic and strong nuclear forces.

6 From the forces calculated in this chapter, and your vector diagram from Question 5, calculate the strong
nuclear force required to keep all the four nucleons together in a helium-4 nucleus.
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unstable describes a
nucleus that is likely to
decay because the strong
nuclear force is not large
enough to overcome the
electrostatic repulsion
force

«l
o‘:

Weblink
Band of stability
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m Nuclear stability

Scientists such as Marie Curie, Irene Curie-Joliot, Lise Meitner and Otto Hahn played
pivotal roles in advancing our understanding of radiation and nuclear stability. Marie Curie’s
groundbreaking work on radioactivity earned her two Nobel Prizes. Irene Curie-Joliot continued
her mother’s legacy, making significant contributions to nuclear physics and radiochemistry.
Lise Meitner’s collaboration with Otto Hahn led to the discovery of nuclear fission, with far-
reaching implications for both science and society. These scientists overcame discrimination and
adversity to unravel the mysteries of the atom and pave the way for transformative discoveries
in nuclear science and technology.

The stability of a nucleus is determined by several different factors. These include operation
of the strong nuclear force over very short distances, electrostatic repulsion, and the relative
number of protons and neutrons in the nucleus.

The more neutrons in the nucleus, the stronger the force that helps glue the nucleus together.
As nuclei become larger, specifically as the atomic number becomes greater than 82, the strong
force is no longer enough to keep the nucleus together. In these cases, there is simply so much
electrostatic repulsion from the protons in the nucleus that it cannot be contained. Once this is
the case, we say that a nucleus is unstable.

Stability curve

The stability of a nuclide is described by the stability curve (Figure 6.4.1). Each dot on this
curve represents a stable nuclide, with a corresponding number of protons and neutrons in the
nucleus. Note that, as the atomic number increases, there must be more neutrons in the nucleus
for the nuclide to be considered stable (where the nucleus is still in its ground energy state).

90

80

The dashed line
70 corresponds to the
condition N = Z.

60
50

40 The stable nuclei lie
in a narrow band called

the line of stability.

Atomic number, Z

30

20

0 i T T T T T T T T T T T —>
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Neutron number, N

FIGURE 6.4.1 The stability curve. Each dot represents a stable nuclide. Note that the more
neutrons there are in the nucleus, the greater the neutron-to-proton ratio.
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An unstable nucleus (one that is not a dot on the line of stability curve) undergoes radioactive
decay and emits radiation. How the nucleus is unstable determines the type of decay it will
undertake. Instability in nuclides is the result of too many protons, too many neutrons, or too
many of both within the nucleus. The strong nuclear force and the electrostatic force must be
balanced in order for the nucleus to remain in its ground state. The types of decay that nuclei
undergo will be discussed in Chapter 7.

LEARNING CHECK 6.4

DESCRIBING

1 State what it means for a nucleus to be stable.
2 Describe and explain the ‘line of stability’.
APPLYING

3 If anuclide has 10 protons and 90 neutrons, would it be considered stable?
Explain your answer.

radioactive decay when
a nucleus breaks apart;

it can happen naturally
or be forced by impact
from subatomic particles
outside the nucleus
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CHAPTER Nuclear model
SUMMARY

« The basic structure of an atom includes a nucleus that contains protons and neutrons, which
is surrounded by electrons.

Electrons
(negative)

J

Nucleus

Proton (positive)
Neutron (neutral)

Notation

« The %X nomenclature is used to represent information about each type of atom.
N=A-Z

where: N =number of neutrons
A =mass number denoting the number of protons and neutrons within the nucleus
Z = atomic number denoting the number of protons

Mass (nucleon) number
I
I I
Atomic Element

(proton) symbol
number
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Nuclear force

« Protons in the nucleus repel each other. The neutrons and nuclear force within the nucleus
help to hold the nucleus together.

o Coulomb’s law:

where: F=force between the two charges q and Q(N)
k =the constant 9.0 X 10°Nm?C™
q = charge, in coulombs, of one charge (C)
Q = charge, in coulombs, of the other charge (C)
r = distance (m)

/ /

/ /

The nucleus of the In a helium-4 nucleus, There must be a force between
hydrogen-1 atom consists electrostatic forces push nucleons pulling them together
of a single proton. the protons apart. (the strong nuclear force).

Gravitational forces are far too small.

Nuclear stability

« As the atom gets bigger (more protons), more neutrons are required to maintain the stability
of the nucleus.

« Atoms with an unstable nucleus undergo radioactive decay and emit radiation.

90

80
The dashed line

70 4 corresponds to the
condition N = Z.

60
50

40 The stable nuclei lie
in a narrow band called

the line of stability.

Atomic number, Z

30

20

10

0 i T T T T T T T T T T T —
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Neutron number, N
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CHAPTER
EXAM

MULTIPLE CHOICE

1.

The nucleus is composed of:
A neutrons and electrons.
B neutrons and protons.
C protons and electrons.
D nucleons and electrons.

Isotopes of elements have similar properties. Which characteristic do all isotopes of the
same element share?

A Number of protons

B  Number of electrons

C Number of nucleons

D Energy level of the nucleus

The element represented by 7 X is:
A iridium.

B roentgenium.

C selenium.

D technetium.

Two protons are placed very close to each other. The force of electrostatic repulsion is
measured to be F. Next, the distance between the two protons is quadrupled. What is the
new force of electrostatic repulsion acting on the protons?

A E
2
F

B —
4
F

c =
8

p £
16

Each nucleus of the nitrogen-16 isotope contains:
A 7 neutrons.

B 9 neutrons.

C 16 neutrons.

D 23 neutrons.

Respectively, the number of protons, neutrons and electrons in the isotope '} B is:
A 5,6,5.

B 5,6,6.

C 5,11,5.

D 11,6,12.

Respectively, the number of protons, neutrons and electrons in the isotope *Bi*" is:
A 81,131, 83.

B 81,131, 85.

C 83,129,81.

D 83,129,85.
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8. The fundamental force responsible for holding the nucleus together is:
A electromagnetic.
B  gravitational.
C strong nuclear force.
D weak nucleus force.

9. What is the isotope with 22 protons, 26 neutrons and 20 electrons?

A 8y
B 8y
C BRe
D 56 a2+

10. The stability of an isotope depends primarily on the:
A physical state of the element.
B  attractive forces between the nucleus.
C relative number of protons and neutrons in the nucleus.
D number of electrons in the shells relative to the number of protons in the nucleus.

SHORT RESPONSE

11. Name the isotope that has 37 protons and 85 nucleons.

12. Describe the structure of the atom, listing for each subatomic particle, its:
a location
b  relative charge
c relative mass.

13. Identify the element represented by X in the following.

a X

b X

c X
DATA ANALYSIS

14. Analyse data
Referring to the stability curve shown in Figure 6.4.1, would the isotope with 20 protons
and 70 nucleons be stable? Why or why not?
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15. Interpret evidence
An experiment was conducted using specialised, highly sensitive equipment to investigate
the relationship between the distance separating two protons and the magnitude of the
repulsive force between them. Raw data from the experiment is in Table 1.

TABLE 1

Distance r between 2 protons (x 10-° m) Repulsive force F (x 10 N)

231.00
57.75
25.67
14.44

9.24
6.42
4.71
3.61
2.85
2.31

O 0 N o g~ W N | =

—_
o

Graph 1 was constructed using the raw data from Table 1.

Graph 1: The force between two protons according
to their separation distance

N
250.00
200.00
150.00
100.00

50.00

Force F between two protons (x 1078 N)

0.00 T T T
0 2 4 6 8 10
Distance r between two protons (X 107 m)
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The experimenter then processed the raw data to populate Table 2.

TABLE 2
1.000 231.00
0.250 57.75
0.111 25.67
0.063 14.44
0.040 9.24
0.028 6.42
0.020 4.71
0.016 3.61

Graph 2 was constructed using the processed data in Table 2.

1
Graph 2 Fvs 72
N
250.00
= 200.00
]
5
= 150.00 -
RS y=231x+1x10""
w
3
S 100.00
L
50.00

0.00 I I I I I )
0.000 0.200 0.400 0.6 0.600 1.000

rlz (x 1012 m-2)

a  Identify the general relationship or proportionality between the distance separating
two protons (r) and the repulsive force (F) between them. Justify your answer by
referring to Table 1 and/or Graph 1.

Infer why the experimenter processed the data as described.

c Analyse the data to draw a conclusion about a more specific mathematical relation-
ship or proportionality between F and r. Justify your answer by referring to Table 2
and/or Graph 2.

d Determine the expected repulsive force in newtons when two protons are
1.5 x 10~ m apart by using the experimental evidence provided.

9780170483629 CHAPTER 6 | NUCLEAR MODEL AND STABILITY 129



Spontaneous decay and half-life

Ezume Images/Shutterstock.com

SCIENCE UNDERSTANDING

+ Describe alpha, beta positive, beta negative and gamma radiation, including the
properties of penetrating ability, charge, mass and ionisation ability.

SYLLABUS
DOT POINTS

Explain how an excess of mass, protons or neutrons in a nucleus can result in alpha,
beta positive and beta negative decay.

Solve problems involving balancing nuclear equations.

Describe spontaneous alpha, beta positive and beta negative decay using
decay equations.

Explain how a radionuclide will, through a series of spontaneous decays, become a
stable nuclide.

Describe the concept of half-life.

Solve radioactive decay problems using N=N, (%] and other arithmetic or
graphical methods. :
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> SCIENCE AS A HUMAN ENDEAVOUR
Explore advances in medical treatment and imaging that have come from a deepening
understanding of the properties of nuclear radiation.
Consider how scientific knowledge can be used to predict beneficial and/or harmful or
unintended consequences, e.g. choosing appropriate radioisotopes for medical imaging,
carefully storing nuclear waste.

SCIENCE INQUIRY
+ Examine exponential decay graphs and use these graphs to estimate half-lives.

+ Investigate shielding effects and/or the relationship between intensity and distance
from a radioactive source.

Physics 2025 v1.1 General Senior Syllabus © QCAA 2024

Introduction

Radiation that comes from the nucleus of an atom is called radioactivity. Radioactivity is in

our everyday lives: it is used in medical diagnosis and treatment; every house is fitted with
smoke detectors that use a radioactive source; leaks in pipes are traced using radioactivity,
and radioactivity plays an enormous role in nuclear energy production.

Practicals Worksheets
e Background ionising radiation e Properties of alpha, beta and gamma
radiation

e Random decay and half-life: a simulation
e Decay and half-life ®

To access resources above, visit

:I‘: N e lSO n Mi ndTap cengage.com.au/nelsonmindtap
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radiation energy transfer
across space; the
process by which heat

is transferred without
the need for a medium;
energy from radioactive
atoms

radioactivity particles
or rays that come from
energy rearrangements
in a nucleus

ASSUMED KNOWLEDGE

v |Isotopes have the same number of protons but different number of neutrons.

v 2X nomenclature highlights information about the atom, including the atomic number,
mass number and elemental symbol.

v The atom consists of nucleons and electrons.

v Different elements are made of different types of atoms, which vary in the number
of protons.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v describe and explain radioactivity and the various modes of radioactive decay

define ‘radiation’

compare non-ionising radiation and ionising radiation

identify the types of radiation in the electromagnetic spectrum

use notation conventions to express parent nuclides, daughter nuclides, emitted

particles and nuclear equations

balance nuclear equations

predict reactants and products in nuclear equations

interpret nuclear equations to categorise decay types

describe and explain ionising power and penetrating power

predict the paths of alpha, beta and gamma particles in magnetic fields

compare the properties of alpha, beta and gamma particles

investigate how radioactivity can be detected and measured

describe and explain the process of artificial transmutation

express transmutations using nuclear equations that denote the parent nuclide, incident

particle (bombarding radiation), daughter nuclide and emitted particle

describe the production of neutrinos and antineutrinos

describe and explain half-life

use decay and half-life equations to quantify aspects of a nuclear decay

analyse and interpret graphically presented decay data

interpret decay chains to predict nuclides

use a simulation to examine the phenomena of radioactive decay and half-life

describe and explain applications of nuclear physics in nuclear medicine and

radioactive dating

v discuss the positive and negative implications of humanity’s application of nuclear
physics: future, current and historical.

LN NS

L N N Y L U U NN
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Natural radioactive decay

Radiation refers to energy transfer that occurs across space. For example, sunlight is radiation
that travels from the Sun to Earth. We experience radiation in a variety of ways, such as light
and heat. Radiation can be classified in several ways and distinguished by the effects it has on
atoms. Some radiation originates on Earth, and other radiation bombards us from outer space
and the upper atmosphere. This radiation is commonly referred to as radioactivity.
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Non-ionising and ionising radiation

Radiation is also used to describe the emissions from radioactive atoms. Gamma rays are
electromagnetic in nature, but alpha and beta radiation are charged particles with mass.

Some forms of radiation can ionise atoms by removing electrons. There are two types
of radiation: non-ionising radiation and ionising radiation. Radiation from radioactive
sources is ionising radiation; but electromagnetic radiation can be non-ionising or ionising
depending on its energy.

Electromagnetic radiation is pure energy with no mass. It is modelled as continuous waves
or massless particles called photons that have an associated wavelength. The electromagnetic
spectrum is the entire range of wavelengths or frequencies of electromagnetic radiation from
high-energy gamma rays to lower-energy radio waves, including visible light (Figure 7.1.1).

Increasing wavelength ——— —>
&————— Increasing energy
107110°°1072 108 10710°°10°°10*410%10°210" 1 10" 102 10°
| 1 Il II Il | Il Il - Il Il ! Il 1 Il | WaV6|ength (m)
ECUILTE : X-rays : L{Itra- Infrared E Microwave : Radio waves
rays | | violet : i
! ! 0 ! Frequency (s~1)
T T T T T I I I T T T T T T
10%0 10" 10'® 10'7 107 107 10" 10" 10° 10% 107 10% 10° 10%
Visible
400 500 600 700 750 nm
FIGURE 7.1.1 The electromagnetic spectrum, classifying radiation from high energy (ionising) to

low energy (non-ionising)

Non-ionising radiation

Non-ionising radiation is electromagnetic radiation with low energy. Sources of non-ionising
radiation include electric power lines, microwave ovens, televisions and the light from the Sun.
These radiations may have good or bad effects on our bodies, but they do not change the electron
configuration around the nuclei of atoms.

lonising radiation

Ionising radiation is high-energy radiation that can affect the electrons surrounding an atom so
that a charged ion is formed. Ionising radiation includes alpha particles, beta particles, gamma
rays and X-rays. The high-energy nature of these types of radiation can affect us in significant
and unwanted ways, including changing the electron configurations, types of atoms, and
radioactive materials in our bodies. We are constantly exposed to low-level, background ionising
radiation from sources such as metals in Earth’s crust and ultraviolet light from the Sun.

9780170483629
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gamma ray high-energy
electromagnetic radiation

non-ionising radiation
electromagnetic radiation
that does not ionise
nearby atoms and has
low energy

ionising radiation
electromagnetic radiation
that does ionise nearby
atoms and has high
energy

electromagnetic
spectrum the continuous
spectrum describing

all radiation from high
energy to low energy and
including visible light
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Background radiation

There are two types of background radiation: terrestrial radiation and cosmic radiation. Some
terrestrial radiation comes from the decay of radioactive elements, such as uranium and
thorium, in Earth’s crust. The energy from radioactive decay of these materials is one of the
factors contributing to the temperature of Earth. Terrestrial radiation can enter our food chain
via the naturally occurring radioactive chemicals in soils.

Cosmic radiation comes to us from space. It is comprised mainly of protons (hydrogen
nuclei) that interact with Earth’s atmosphere to produce cosmic showers of radiation, some of
which reach Earth’s surface.

The background radiation on Earth varies in different locations. It depends on altitude and
proximity to radioactive minerals. Radioactive fallout from nuclear tests and damaged nuclear
power stations also adds to background radiation. These doses are usually small unless you are
close to the site. The further you are from these additional sources of radiation, the lower the
intensity of the background radiation.

PRACTICAL ACTIVITY 711

BACKGROUND IONISING RADIATION

Research question

How does background radiation vary over time?

Aim

To investigate the random nature of background radiation, and measure the background radiation rate

Materials

Geiger—Miiller tube, or Geiger counter

Procedure

Set up the Geiger—Miiller tube to record counts over a period of time, say every 15 seconds. Record the readings in a
properly constructed data table.

Analysis of results

1
2
3

Produce a frequency table from the data table.
Plot a graph of count rate versus time.
Calculate and show the mean on the graph.

Interpretation

4
5

How does the graph of frequency against count rate demonstrate the random nature of background radiation?
Provide an estimate of the average background radiation per minute.

LEARNING CHECK 7.1

DESCRIBING

A WON =

134

List the two main forms of radiation.

List the two origins of background radiation.

Explain why electromagnetic radiation is classified as both ionising and non-ionising.

Propose why the electromagnetic spectrum categorises different waves based on their energy.
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APPLYING

5 Why is it useful to know the background radiation when doing radiation counting experiments? What would have
to be done to the data before determining how much radiation is coming from the source?

ANALYSING

6 Terrestrial radiation keeps Earth’s surface warm. Research how this happens and explain why other planets in

our solar system are unable to achieve this.

7 Research two professions that would need to monitor their radiation exposure and explain how this exposure is

monitored.

Types of radioactivity

Henry Becquerel (1852-1908) was the first scientist to discover that radiation may be emitted
from atoms. In 1896, he identified that uranium salts emit a previously unknown form of
radiation. He called this metal phosphorescence, because he thought these emanations were an
invisible form of light.

Becquerel discovered that this radiation is in fact small particles being emitted from the
uranium atoms. Further exploration showed that three different types of particles were emitted.
When a radioactive nucleus emits an alpha or beta particle, it breaks into two parts - the lighter,
emitted particle and a new nucleus of a different element. The original unstable element (parent
nuclide) has decayed into a new element (daughter nuclide), which is more stable. As you
know from Chapter 6, this process is referred to as radioactive decay and occurs naturally until
a daughter element is one of the stable nuclides defined on the line of stability.

When a parent nucleus decays to become more stable, it emits radiation. This is in the form of
alpha particles, beta particles or gamma radiation. These types of radioactivity are summarised
in Table 7.2.1.

TABLE 7.2.1 A summary of the types of radioactivity and their respective symbols

Alpha particle a, JHe* Helium-4 nucleus
Beta particle - e Electron

Y, e Positron
Gamma ray g, 0y Electromagnetic radiation
Neutrino Ve gVe Energy carrier
Antineutrino Ve Ve Energy carrier

Alpha decay

Alpha radiation is the largest particle that can be emitted from a nucleus. The particle is a
positively charged helium nucleus, which contains two protons and two neutrons. It has been
stripped of its two electrons, so it carries a 2+ charge. The most common nuclide of uranium,

*»U, undergoes decay, resulting in 90 protons and 234 nucleons in the daughter nucleus.

9780170483629

parent nuclide the
original nuclide before
emitting particles from
the nucleus

daughter nuclide the
nuclide formed after

a parent nuclide has
emitted particles from
its nucleus; the daughter
nuclide is more stable
than the parent nuclide

«l
&
O‘.

Weblink
Alpha decay
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The daughter nucleus is % Th, thorium-234, and is a more stable nuclide than the
KEY FORMULA uranium-238 parent nuclide. The nuclear equation for this decay is written as follows:
Alpha decay can be written as: 5w U= " Th+ 50

X Y+ Alternatively, this can be written as:
WU Th+ {He'

/vAvf;er;e é ss number In all radioactive decay, energy is released. In this example, the energy is
Z = proton number almost all taken away by the alpha particle.
X = the element before decay Alpha decay occurs when a nucleus is unstable because it has too many
Y =the element after o, decay nucleons. By ejecting two protons and two neutrons in the form of a helium

nucleus, a daughter nuclide is produced that is more stable.

WORKED EXAMPLE 7.2.1

Neptunium-237 decays by emitting an alpha particle and changes to a different element.
a Write a complete nuclear reaction equation that includes the symbol for the daughter nuclide.
b What is the name of the daughter nuclide?

ANSWERS

a 1 Determine the atomic number of neptunium.
Locate neptunium on the periodic table; its atomic number is 93.
2 Write the complete nuclear reaction equation.

. . . . 237 233 4
The decay of neptunium is written as: “;;Np — “‘Pa+ ,a

b The daughter nuclide is protactinium-233.

s, Beta decay
(A
Beta radiation is particle radiation from the nucleus, but the particle is much smaller in mass
Weblink than an alpha particle. There are two forms of beta decay: electron and positron emission. An
Beta decay electron has the opposite charge to a proton, and isn’t a nucleon. Its symbol is written as e or
B or simply B~

A positron is an anti-electron. It is the same mass as an electron, but has a positive charge of
1.6 x 107°C; that is, a positron is a positively charged electron. Its symbol is written as Je or I8
or simply B*.

The mass of both beta particles is very small compared to the mass of nucleons. Beta particles
have a mass of 9.11 x 10*' kg, which is tiny compared to a proton (1.6726 x 102’kg) or a neutron
(1.6749 x 10?"kg). These masses are summarised in Table 7.2.2.

TABLE 7.2.2 A summary of subatomic and alpha and beta particles,
showing their respective masses and net charge

parice | ass

Proton 1.6726 x 10% Positive
Neutron 1.6749 x 10% Zero

Alpha 6.644 x 107 Positive
Electron 9.1093 x 10°% Negative
Positron 9.1093 x 10 Positive
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Electron emission

The ejection of an electron from the nucleus, - decay, can be modelled by regarding a neutron as
capable of emitting an electron and turning into a proton. In this process, another particle known
as an antineutrino, v, is also emitted. An antineutrino is uncharged and almost undetectable.

The nuclear equation for B~ decay can be written as j;n — ;p+ Je+Vor ,n— H+ (B+V.

A proton can be written as a hydrogen nucleus in the same way that an alpha particle can be
written as a helium nucleus. They have the same atomic and mass numbers.

When thorium-234 undergoes B- decay, it becomes the nuclide with 91 protons but an
unchanged mass number of 234. The new element is protactinium, Pa: *5Th — *Pa+ IB+V.

Note that the electron is being emitted from the nucleus, not from the surrounding electron
shells. Also note that the mass number in beta decay remains unchanged - the number of nucleons
has not been altered.

Positron emission

The ejection of a positron from the nucleus, §* decay, can be modelled by regarding a proton
as capable of emitting a positron and turning into a neutron. In this process, another particle
known as a neutrino, v, is emitted. Just like an antineutrino, a neutrino is uncharged and
almost undetectable.

The nuclear equation for B* decay can be written as
ip—in+le+vorH— n+ B+v.

When thallium-195 undergoes B* decay, it becomes a
nuclide with 80 protons but an unchanged mass number of
195. The new element is mercury, Hg: "5 Tl — "% Hg+ (B +v.

Note that the positron is being emitted from the nucleus,
and that the mass number remains unchanged because no
nucleons have been emitted.

KEY FORMULA

where:
A =mass number
Z = proton number

Beta emission modelling

Both B~ and B* emission models suggest that neutrons are v =an antineutrino
composed of a proton and an electron, and that protons are
composed of a neutron and positron. It is more accurate to
assume that in an unstable nucleus, the nucleons can convert into

these two particles and emit beta particles to become stable.

KEY FORMULA

X =the element before decay
Y = the element after B~ decay

antineutrino an elementary
particle that accompanies
B~ decay

neutrino an elementary
particle that accompanies
B* decay

B~ decay can be represented as ;X = ;Y + JB+V.

p* decay can be represented as /X — Y + I+ v.

Gamma emission where:

Gamma radiation is very high-energy radiation. Gamma rays A =mass number

are not particles, but rather contain packets of energy that can
be released from a nucleus in order for the nucleus to return
to its ground state.

Z = proton number

X =the element before decay
Y =the element after B* decay
v =a neutrino

After a nucleus has undergone a transmutation, the
daughter nuclide is left in an excited state. A very large amount of
energy is then given off in the form of gamma rays and the nucleus returns to its ground state; hence
it becomes more stable.

Gamma radiation does not change the mass number or the atomic number of an atom as it
is not a particle. When a nuclide undergoes gamma emission, we write the following, where an
asterisk denotes the excited state:

2X = iX+ 0y

Often, but not always, the gamma radiation will be simultaneous with alpha or beta radiation.

9780170483629

transmutation the
conversion of one
chemical element into
another as the result of
a nuclear reaction, such
as neutron capture,

or that occurs in
spontaneous radioactive
decay, such as alpha
decay and beta decay
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WORKED EXAMPLE 7.2.2

What daughter nuclide is produced after:

a alpha decay of a polonium-218 nuclide?
b B~ decay of carbon-14?

¢ positron emission from sodium-20?

d gamma emission from cerium-139?

ANSWERS

a 1 Write the nuclear reaction equation.
2%Po— “IPb+ S
2 |dentify the daughter nuclide.
The daughter nuclide is lead-214.
b 1 Write the nuclear reaction equation.
14 14 0 ]
C— "N+ B+v
2 ldentify the daughter nuclide.
The daughter nuclide is nitrogen-14.
¢ 1 Write the nuclear reaction equation.
20 20 0
aNa— [ Ne+ B+v
2 ldentify the daughter nuclide.
The daughter nuclide is neon-20.
d 1 Write the nuclear reaction equation.
¥Ce” - Ce+Jy
2 ldentify the daughter nuclide.
The daughter nuclide is cerium-139.

LEARNING CHECK 7.2

DESCRIBING

1 When writing nuclear equations, which two numbers must be the same before and
after radioactive decay?

2 Write the general equation for alpha, -, B* and gamma emission.

3 Compare nuclear reactions and chemical reactions.

4 Fluorine-21 is a B~ emitter; identify the daughter nuclide.

APPLYING

5 Holmium-151 decays by alpha emission. Write a nuclear equation showing this
process and name the daughter nuclide.

6 Radon-210 decays into polonium-206. What type of radioactive particle is emitted
during this decay? Write the decay equation.
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7 Francium-211 decays by emitting an alpha particle and changes to a
different element.

a Write a complete nuclear reaction equation that includes the symbol for the
daughter nuclide.
b Identify the daughter nuclide.

8 Polonium-213 decays by emitting an alpha particle and changes to a different element.

a Write a complete nuclear reaction equation that includes the symbol for the
daughter nuclide.
b Identify the daughter nuclide.

9 Use the correct symbols to show the decay of terbnium-158 by alpha emission
followed by gamma emission.

10 Gold-198 decays to mercury-198. Write the nuclear decay equation and identify the
radioactive particle emitted during this process.

Properties of radiation

Alpha, beta and gamma radiation can affect matter. They each have a unique power to ionise
and penetrate different materials.

lonising power

Atoms become ions by losing or gaining electrons. If an atom loses electrons, it becomes a
positive ion; if it gains electrons it becomes a negative ion. Negative beta particles are repelled
by electrons in atoms. This causes particles to be bounced around, causing collisions that,
in turn, bump other electrons out of their atomic shells. These collisions transfer less energy
than the interactions between alpha particles and atoms.

Positrons interact with electrons in atoms in a slightly different manner. As positrons
attract electrons in the outer shells, it is possible for electrons to be ejected by attraction to
a positron as well as a collision from beta-plus decay. Again, this type of collision transfers
much less energy than the interactions between alpha particles and atoms. Both types of
beta particle have the ability to ionise atoms. As beta particles are the same size as electrons,
the collisions are rare.

Gamma radiation can ionise atoms by transferring all its energy to an electron, giving
the electron enough energy to eject from the atom. This leaves behind a positive ion. The
electron that is ejected may remain free for some time before binding to another atom
or molecule.

Alpha particles have far more ionising power than beta particles and gamma radiation.
As alpha particles are much larger, and have twice the charge, it is easy for an alpha particle
to collide with electrons, and to draw electrons away by electrostatic attraction.

In order, the ionising power of radioactive particles is alpha, beta, gamma. This is inversely
proportional to the penetrating power of these particles. This is to be expected because the
particles expend their energy in causing ionisation, and hence do not penetrate as far. Neutrinos
and antineutrinos are weakly interacting particles that do not ionise atoms.

9780170483629
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Weblink
lonising and
non-ionising radiation

ionising power the ability
to ionise nearby atoms;
high ionising power
means it is likely that
nearby atoms will have
their electrons stripped

penetrating power the
ability to penetrate

air, liquids and solids;
radiation with high
penetrating power
can penetrate highly
compacted solids
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Penetrating power

One of the easiest ways to compare the penetrating power of alpha, beta and gamma radiation
(Figure 7.3.1) is by looking at what it takes to block them (Figure 7.3.2). It only takes paper to
block alpha particles, aluminium to block beta particles and lead to block gamma radiation. It
also helps to think about the size of these particles when thinking of their penetrating power as
well. It is easier to block something larger (Figure 7.3.3).

Thin metal or
gold foil Source Aluminium Lead  Concrete

Source \ Paper (same effect as skin)
/ No a a

il By

o Lol
Aluminium B | Q . G“
No B L g ?(L;

v R

=y

Lead X-rays A

Half |' P
Residual ) ".‘:}-{

¥ radiation 2y E

Neutrons f T{‘:

Sk <> <> < i ﬂ':!.. [

Tmm 3mm 10 mm 170 mm

FIGURE 7.3.2 Penetrating power of different radiations.

FIGURE 7.3.1 Gamma rays are the most Notice that the alpha particles are easily blocked, and
penetrating type of nuclear radiation, followed they are also the particle with the most net charge, mass
by beta particles then alpha particles. and volume.
(©)
Alpha particle Beta particle
e 2 protons (electron/positron)

e 2 neutrons

FIGURE 7.3.3 The representative size of alpha particle compared to beta particle. Not to scale. An
alpha particle is about 40 000 times more massive than a beta particle.

Neutrons are highly penetrating in air and most other materials because they are uncharged.
They are absorbed readily by materials containing a lot of hydrogen. Hence, water and concrete
are excellent neutron absorbers and are used to help shield nuclear reactions.

Range in air

As their penetrating power suggests, alpha particles will not travel very far in air; beta particles
will travel a range of distances depending on whether they collide with anything, and gamma
radiation will travel infinitely far. There are many ions and other charged particles in air,
which is what causes the alpha and beta particles to come to a halt. Examples of these are
evaporated water, salts and ionisation from nearby thunderstorms, which can also ionise
particles in air. Alpha particles come to a stop after a few centimetres in air, whereas beta
particles stop after a few metres, depending on how much energy the particles have.
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Effects of electric and magnetic fields
on radiation

Charged alpha and beta particles moving in straight lines can be deflected in regions subject
to electric or magnetic effects. Gamma rays have no mass or charge, which is why they
are not deflected in either region. Charged particles are affected by electric and magnetic
fields. Electric fields act on all charged particles, and magnetic fields act on moving charged
particles. Charged particles emitted from nuclei are
generally travelling very fast. Scientists can use electric
and magnetic fields to distinguish between the different
types of radiation. -

Radiation in electric fields -

As alpha and beta particles are both charged, they are -
affected by electric fields. Electric fields always indicate -
the direction in which a positive charge will move. This
means that both o and B* particles are accelerated in
the direction of the electric field, and B~ particles are
accelerated in the opposite direction. The force that
acts on each of these particles when it enters the field
depends on its charge, and the magnitude of acceleration

+ + + + + +

FIGURE 7.3.4 Chargesin an
electric field. Notice that the

depends on both the charge and the mass. An alpha radius of deflection of the beta
particle accelerates more slowly and travels a path with particles is much smaller than
less curvature than the B* particle, due to its greater mass. that of alpha particles. Gamma

radiation is unaffected by an

Gamma radiation is not charged and passes through an
external electric field.

electric field with no deflection (Figure 7.3.4).

Radiation in magnetic fields

A magnetic field applies a force on any moving charged particle, so that the particle follows a
curved path. The magnitude of the force depends on the speed at which the particle is moving
and the magnitude of its charge. The direction of the force depends on the sign of the charge.
Hence, the force experienced by a * particle is the same size but opposite in direction to that
experienced by a - particle, if they are moving at the same speed. An alpha particle at the
same speed experiences a force in the same direction as a * particle but, again, experiences
less deflection (Figure 7.3.5). Gamma radiation does not have a charge, and so it will not be
deflected in a magnetic field.

B+
- y
o BBy

B

No magnetic field Magnetic field

FIGURE 7.3.5 Deflections of radiation in a magnetic field. As in an electric field, the beta particles
are deflected much more dramatically than the alpha particles, due to their significantly smaller mass.

)
&
O‘.

Weblink

Properties of radiation

Worksheet

Properties of alpha, beta and

gamma radiation
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TABLE 7.3.1 Properties

The properties of alpha, beta and gamma radiation are summarised in Table 7.3.1.

of alpha, beta and gamma radiation

Nature A helium nucleus (i.e. two A fast-moving electron or | High-frequency (short wavelength)
protons and two neutrons) | positron electromagnetic radiation (i.e. a
high-energy photon)
Charge +2 elementary charges -1 (electron) Uncharged
+1 (positron) elementary
charge
Mass 4 atomic mass units (4 u) or | 0.0005u No mass
4x1.66 x 10" kg 9.11x103"kg
lonising effect Strong Weak Very weak
Penetration Few centimetres in air Few metres in air Very weakly absorbed in air (most

radiation absorbed by a few
centimetres of lead)

Effect of electric and Very small deflection Large deflection No deflection
magnetic fields
Typical emission velocity | 5-7% of speed of light 30-90% of speed of light | Speed of light 3 x 108 m s’

Detection of radioactivity

Radioactive decay and particle emission is invisible. A number of different devices have been
developed to detect the radiation. A charged electroscope can be used easily for this purpose.
Solid-state detectors, dosimeters and thermoluminescent dosimeters are also used to detect and
measure radiation. Other devices include the cloud chamber, the Geiger-Miiller (G-M) tube and
the Geiger counter.

To detect radiation today, a Geiger counter is commonly used. A Geiger counter consists of a
G-M tube. It is an instrument for measuring radioactive emissions by detecting nearby ionising
radiation. The basic design for a G-M tube is seen in Figure 7.3.6. Radiation enters the mica
window and ionises the argon gas inside the tube. This causes the free electrons to electrically
pulse towards the anode, where they are collected by the wire. This collection is then measured

Cathode metal tube

~, Cathode
Mica steel tube
window
§ = ! +
|;> h o 400 V Anode
I supply wire
Argon gas Anode Electrons removed
at low wire from argon gas atoms
pressure L /\ ||

Insulator
Pulse counter:

a scaler or
rate meter

FIGURE 7.3.6 The basic set-up of the inside of a Geiger counter. The counter uses a circuit to detect
how many electrons hit the anode and hence determine how many radioactive particles entered the tube.
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to determine the number of radioactive particles that originally entered the G-M tube through
the mica window by counting the number of pulses.

From this, the count rate can be determined by dividing the number of counts (pulses) by
the time interval.

number of counts
Countrate= ———
time interval

The number of counts is the number of electric pulses the G-M tube counts, and the time interval
is the period of time for which these counts are collected (in seconds, minutes etc.).

LEARNING CHECK 7.3

DESCRIBING

1 State which type of radiation is most:
a penetrating
b ionising
c likely to cause damage.
2 Which two types of radiation are deflected in the same direction in a magnetic field?
3 Which type of radiation is not deflected at all in either electric or magnetic fields? Why?

4 Identify the type of radiation that is least deflected in electric and magnetic fields.
Explain your answer.

APPLYING

5 A G-M tube detects radiation by using a count rate. What does this mean?
6 If 1600 counts are recorded in a G-M tube in 20 s, what is the count rate?

Predicting decay

Predicting what type of decay a nuclide may undergo in order to become stable depends on the
type of nuclide. Some nuclides have too many protons, some have too many neutrons, and some
have too many nucleons altogether within their nucleus. The nuclear make-up determines the
type of decay the nuclide undergoes.

If a nuclide has too many neutrons to be stable, it undergoes 3~ decay, resulting in one
less neutron and one more proton in the nucleus. If a nuclide has too many protons to be
stable, it undergoes B* decay, resulting in one less
proton and one more neutron in the nucleus. If N
the nuclide has too many nucleons (protons and
neutrons) to be stable, it undergoes alpha decay in
order to decrease both the number of protons and
the number of neutrons in the nucleus.

These emissions can be represented with arrows
on the line of stability (Figure 7.4.1). In each case,
the tail of the arrow stems from the parent nuclide,

Neutron number
(Z-4A)

4

Proton number (A)

and the tip of the arrow represents the daughter
nuclide. The arrows always point towards the more FIGURE 7.4.1 On the line of stability

stable, daughter nuclide. arrows represent how to show decays.
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WORKED EXAMPLE 7.4.1

On the line of stability, use arrows to show the following decays. Write the decay equation for each. (Note: If you do
not have a hard copy of the line of stability, draw a simple grid to represent the radioactive decay.)

a The B~ decay of caesium-137 b The B* decay of magnesium-23

ANSWERS

1 Write the nuclear reaction equation.

137 137 0 23 23 0
a Cs— Ba+ B b >Mg— TNa+ B

=1

2 Use an arrow to demonstrate the decay.

¢ The a decay of radon-222

c

222 218 4
sRN— PO+ 0

a N b N c N
84 14 - 138
5 83 - 5 13 - @ 137 4
-g 82 -E 12 -5136
3 - =] 1 + 3 ]
€ 81 N €114 PN 135+ /
S S S “
g 80 - = 10 4 5134-
Z 79 - z 9 2 133
78 8 132 -
AN N\ AN
T T T T T T T T 7 T T T T T T 7 T T T T T T T Vd
50 51 52 53 54 55 56 57 9 10 11 12 13 14 15 82 83 84 85 86 87 88
Atomic number Atomic number Atomic number

Artificial transmutation

Rutherford was the first to use radioactivity to produce new nuclides to make one element into
another. He bombarded nitrogen-14 with alpha particles and analysed the result. Oxygen and
hydrogen were formed. The reaction proceeds as follows: nitrogen nuclei absorb helium nuclei
and form a composite, unstable nuclide, denoted by an asterisk:

14 4 18 *
,N+5He— |F

The composite nuclide decays to a more stable state (Figure 7.4.2):

18 17 1
oF— O+ p

€y

4 14 18

,He SN oF
Bombarding Target Unstable
alpha particle nitrogen atom fluorine atom

FIGURE 7.4.2 The alpha bombardment of nitrogen
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The discovery of the neutron enabled scientists to explore the behaviour of larger atomic nuclei.
Because it is neutral, the neutron is not repelled by the nucleus. It can be absorbed into the nucleus
of the target atom. This makes it very useful as a form of bombarding radiation. It is used in many
experiments to transmute a number of nuclides artificially. When a nucleus takes in a neutron, it
becomes less stable. Frequently, the nuclide becomes a beta-emitter. Bombarding uranium nuclei
with neutrons delivered unexpected results. Capture of a neutron by a uranium nuclide can lead to
two results: the nuclide can form a transuranic element (an element beyond uranium) or split into
two nuclei of intermediate mass. Both of these results release a large amount of energy.

Transuranic elements

Each element beyond uranium (atomic number 92) is a transuranic element. They do not
exist naturally. All are produced artificially and all are radioactive. There are no known stable
isotopes of any transuranic element. Some, such as plutonium and neptunium, have very long
half-lives (more than 4 millionyears). Others, such as americium, berkelium and californium,
are reasonably long-lived (800-34000years). Elements 109-118 have half-lives from minutes to
milliseconds or less. Half-lives will be discussed later in the chapter.

LEARNING CHECK 7.4

DESCRIBING

1 Define ‘transuranic element’.
2 Describe how the first two transuranic elements were produced.

APPLYING

bombarding radiation
radiation composed of
particles, such as alpha
particles or neutrons,
that are bombarded at
the nucleus to force
transmutation and
radioactive decay

transuranic element an
element with an atomic
number of over 92 that
can only be produced
synthetically, and does
not exist naturally in the
universe

3 Draw uranium-238 undergoing alpha decay on the line of stability and identify the daughter nuclide.

4 Draw protactinium-233 undergoing B~ decay on the line of stability and identify the daughter nuclide.

ANALYSING

5 Bombardment is used to create elements artificially. Research the positive and negative effects of artificially

creating elements.

Balancing nuclear equations

When writing nuclear equations, it is important to balance the mass numbers and atomic
numbers. Uranium-238 decays via alpha particle emission as follows:

238 234 4 2
U — " Th+ He™
If the notation is used in which an alpha particle is written as a helium nucleus, as in this

instance, it is unnecessary to write the 2+ in the right superscript. That is, the alpha decay of
uranium-238 can be written in the following ways:

22U - % Th+ jHe or 55U — *Th+ ja
After a nuclide has decayed, the daughter nuclide is left in an excited state before it emits

gamma radiation. This gamma emission happens almost instantly (but not always) after
radioactive decay. For uranium-238, the complete decay equation is written as follows:

238 234 4 0
U — o Th+ 50+ v
Note that, in most cases, gamma radiation accompanies both alpha and beta particle
emission, and hence it is not necessary to include it in the decay equation.
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Neutrinos and antineutrinos

An antineutrino and a neutrino accompany B~ and B* decay respectively. The decay of
thorium-234 is represented as follows:

234 234 0 = 234 234 0 =
wIh— “GPa+ B+ Vor “gTh— “JPa+ Je+V

and has an antineutrino accompanying the beta emission.
The decay of thallium-195 can be written as:

195 195 0 195 195 0
all— oHg+ B+vor ,T1— Hg+e+v

and has a neutrino accompanying the beta emission.

Neutrino and antineutrino particles are always emitted with beta emission, and can be
omitted when writing the nuclear decay equations for the purpose of determining the daughter
nuclides. This means the decay of thorium-234 can be written simply as:

2Th— 2 Pa+ P

and the decay of thallium-195 can be written as:

T g+ 0
LEARNING CHECK 7.5

DESCRIBING

1 List the possible notations that can be used for alpha decay.
2 List the possible notations that can be used for the two types of beta decay.

APPLYING

3 The following elements undergo - decay. Use the periodic table to find the daughter
nuclide and write a balanced nuclear equation for each.
a Magnesium-23
b Krypton-81
¢ Caesium-137

4 The following elements undergo B+ decay. Use the periodic table to find the daughter
nuclide and write a balanced nuclear equation for each.
a Carbon-11
b lodine-121
¢ Oxygen-15

5 The following elements undergo alpha decay. Use the periodic table to find the
daughter nuclide and write a balanced nuclear equation for each.

a Uranium-233
b Plutonium-240
¢ Radon-222

Using decay equations

So far, we have considered a parent nuclide decaying into a daughter nuclide through radioactive
decay. This has only considered one atom. Typically, many atoms of a given element occur
together, such as in an ore. Therefore, it needs to be considered that at any given point, any of
those nuclides will decay into the daughter nuclide.
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Although all unstable elements will decay to be stable, the point
at which alpha or beta particles are emitted from the nucleus is
entirely random. Spontaneous radioactive decay occurs naturally, and
although it cannot be known exactly when a nuclide will decay, we can
predict how long it will take for a percentage of the substance to decay.

This can be modelled as an exponential decay function:

N=Ne™

where:

N = a unit of parent nuclides after time ¢

N, = the initial unit of parent nuclides at t =0's

e =is a constant called Euler's number and is equal to 2.718 28
t = time elapsed (s)

A = the decay constant, unique to each nuclide (s™)

Determining activity over time

Over time, as a radioactive substance decays, its activity decreases. This is simply because
there are fewer unstable nuclides present. In fact, the activity of a radioactive sample (measured
in becquerels, Bq, which is simply ‘per second’) is directly proportional to the amount of the
sample remaining: A « N. The proportionality constant to equate these two variables is the

decay constant A, unique to each isotope.
A=AN

where:

A = the activity of a substance (Bq)

A = the decay constant (s™)

N = the unit of the sample remaining when the activity is measured
As the amount of activity over time is directly proportional to how

many parent nuclides remain after time ¢, it can also be modelled as

an exponential decay function:

A=Ae™

KEY FORMULA

Exponential decay function

N=N, e™

where:

N = a unit of parent nuclides after time t

N, = the initial unit of parent nuclides at

t=0s

e =is a constant called Euler's number
and is equal t0 2.718 28

t =time elapsed (s)

A =the decay constant, unique to each
nuclide (s™)

activity a measure of the
magnitude of radioactive
emissions; the number

of emissions per second,
measured in the Sl unit Bq

KEY FORMULA
A=AN

where:

A = the activity of a substance (Bq)

A =the decay constant (s™')

N = the unit of the sample remaining when
the activity is measured

Graphing the activity after time ¢ for any given nuclide results in the decay curve shown in

Figure 7.6.1.

Activity (Bq)

T T T
0 500 1000 1500
Time (s)

FIGURE 7.6.1 A graphical model of exponential decay. Note that the substance begins with a large
activity, and it very quickly tends to zero. The time the substance takes to decay is unique to each nuclide.
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WORKED EXAMPLE 7.6.1

Protactinium-234 has a decay constant of 9.9 x 10-* Bq. Answer the following questions about the decay of protactinium.

a
b
c
d
ANSWERS
a 1 State the equation for exponential decay.
N=Ne™
2 Substitute the known values.
N=2 e—9.9><10’3 %300
3 Calculate the answer.
N =0.102 kg remaining
b 1 Convertthe time elapsed to seconds.
21 80Min, 908 _2o00s
h min
2 State the equation.
N=Ne™
3 Rearrange to make N, the subject.
_N
0 e—m
4 Substitute the known values.
B 700
0 679.9><10’3><7200
5 Calculate the answer.
N,=6.33x10*g
N,=6.33 x 10%° kg in the original sample
¢ 1 Determine the relationship.
When half of a sample remains, the ratio LA =0.5.
2 Write the equation. Ny
N=Nge™
3 Rearrange to make e the subject.
N _gn
NO
05=e™
4 Rearrange for time.
In(0.5) = —At
- _In(0.5)
A
5 Calculate the answer.
In(0.5)
~9.9x10°
t=70s
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How much of a 2 kg sample of protactinium would remain after 300 s?

If 700 g of a protactinium sample remains after 2 h, how heavy was the original sample?
Determine how long it would take for a sample of protactinium to decay by half its original amount.
Plot the decay of a 100 g sample of protactinium over 10 min. Use at least five data points.
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d Drawing a table of values will aid drawing a graph. Five data points are required to demonstrate the decay of
protactinium over 10 min. Convert each data point to seconds, as the decay constant is given in Bq. The mass
remaining is calculated after each time interval, using the same method as in part a.

Time elapsed (min) 0 2 4 6 8 10
Time elapsed (s) 0 120 240 360 480 600
Mass remaining (g) 100 30.4 9.2 2.8 0.9 0.3

120
100
80
60
40
20

0
0 100 200 300 400 500 600 700

Time elapsed (s)

Mass remaining (g)

Plot these with mass remaining (g) on the y-axis, and t on the x-axis, and draw a trend line.

LEARNING CHECK 7.6

DESCRIBING

1 Write the equation for exponential decay.
2 Define ‘activity’.

APPLYING

3 Thallium-201 has a decay constant of 2 x 10-° Bq. After 260 s, how much of a 1kg sample remains?

4 After 27 years, a sample of plutonium-238 weighs 300 g. Plutonium-238 has a decay constant of 7.9 x 10-2 per
year. How much of the sample was there to begin with?

5 After 1257 years, the activity of a sample of radium has reduced to 58% of what it was originally. What is the
decay constant?

6 Every 2s, a sample of protactinium-225 decays by half. Originally, there were 1.6 x 102 particles in the sample.
Plot a graph of the decay of the protactinium sample over the first 12 s.

JAA Stable nuclides

Nuclides spontaneously decay to become more stable. In the case of very large nuclides, it will ~ spontaneous happens

take more than one type of radioactive decay for this to happen. Consider uranium-238; it decays ~ “ithout any external
action; all radioactive

by alpha emission to become thorium-234, but thorium-234 is not a stable nuclide. Therefore,  materials decay

thorium-234 also decays, most likely by B~ decay to protactinium-234. This process continues _spontar:jeously,d
In a ranaom an
until a stable nuclide is formed. unpredictable way, and it

The starting nuclide determines the decay process that the element is likely to undergo to ~ is impossible to predict
. . . . . when one atom will
become stable. This decay process is represented as a decay series or decay chain. Decay series  yecay, if at all, in a given
are graphical representations of the possible emissions daughter nuclides undergo to become period

stable, and a decay chain is a flow chart showing this process.
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Decay series and decay chains

Many products of radioactive decay are also radioactive. Eventually, a stable end product
is reached. A number of these naturally occurring decay series have been identified. Three
examples are the:

1. radium or uranium series from uranium-238 to lead-206 (Figure 7.7.1)
2. actinium series from uranium-235 to lead-207
3. thorium series from thorium-232 to lead-208.

238 u

236 4.5 x 109 years | B6.7h

234 Th— Pa-5>U

232 B 24 days | A+ «2.5x 10%years

230 Th

228 - « 8 X 10%years

226 Ra

224 1.6 X 103 years

222 Rn

220 /| «3.8days

218 | « 3min | Po

Mass number, A —

216 B 19 min

214 | Pb = Bi > Po

L « 160 ps
27 min

210 | Pb — Bi— Po

212

208 B 2.6 X 100 years
B Zd yearé
206 | Pb @ 135 days
82 84 86 88 90 92

Atomic number,Z —

FIGURE 7.7.1 A graphical representation of the radium decay series. The half-life of each nuclide
is stated, and gamma radiation is associated with many of these decays.

The end product in each of these series is lead with Z = 82. A fourth series, a neptunium
series, starts at neptunium-237 and finishes at the stable nuclide thallium-205. Neptunium can
only be produced artificially, and only two of its decay chain daughters occur naturally.

The nuclides in the radium series can be represented with the decay chain shown in
Figure 7.7.2. Arrows are used to show the daughter nuclide that will result from the previous
parent, until a stable nuclide is reached.
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238,
Parent (U

\

234 234 234 230 226 222 218 214 214 0: 214 210 210p; 210 206
Daughters ) Th— “'Pa— " U— “ Th— " Ra— “ Rn— " ;Po— “’Pb— “Bi— " ,Po— “ Pb— “Bi— °,,Po— " Pb

FIGURE 7.7.2 The nuclides in the radium series. This decay chain for uranium-238 showing the daughter nuclides is a much

more simplistic representation than a decay series, as the half-lives and types of decay are not represented.

WORKED EXAMPLE 7.71

The neptunium series begins with an alpha decay of Np-237, followed by a B~ decay.
a Show the first two decays in the series in correct symbol form.
b Write in words the names of the two daughter nuclides.
ANSWER
a Z%Np— *’Pa+He
“Pa— %U+

b Daughter nuclides are protactinium-233 and uranium-233.

The different decay series are summarised in Table 7.7.1. There are four decay series but
only three arise naturally.

TABLE 7.7.1 Decay series: cascade of decays from a radioactive nuclide until a stable
nuclide is reached

Radium U **Pb
Actinium U “aPb
Thorium Z2Th 2°Pb
Neptunium ZNp gl

LEARNING CHECK 7.7

DESCRIBING

1 Listall the types of naturally occurring decay series.

2 Identify the atomic number of the stable nuclide that each decay series ends with.

3 Identify the decay series that arises from artificial transmutation.

4 Suggest why there are no decay series named for starting nuclides with atomic

number less than 82.

APPLYING

5 Wirite the decay equations for every transmutation in the radium series. Use
Figure 7.7.1 to aid you.
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half-life the time it takes
for half of a radioactive

substance to decay

152

«l
4
(s

Worksheet
Decay and half-life

6 The thorium series begins with an alpha decay, followed by a B~ decay.
a Show the first two decays in the series in correct symbol form.
b Write in words the names of the two daughter nuclides.

7 The uranium series begins with an alpha decay, followed by a 3~ decay.
a Show the first two decays in the series in correct symbol form.
b Write in words the names of the two daughter nuclides.

yA:3 Radioactive half-life

Because radioactive decay is a random event, it is impossible to predict exactly when a certain
isotope will decay, or even if it will decay at all in a given time period.

If there is a large enough sample of radioactive nuclei, then it can be said that some fraction
of them will decay in a given time. The half-life of a radioactive substance is how long it takes
for half the substance to decay.

In a 1gsample of uranium, there are approximately 10*° unstable nuclei. In one half-life, half
of these will decay. In the second half-life, half of the remaining nuclei decay. This means that
after two half-lives, only 25% of the original sample remains.

In general, for a sample of N particles, the number N remaining after n half-lives is given by
the equation:

N=N,(3)'

where:
N = a unit of parent nuclides after time ¢
N, = initial unit of parent nuclides at t = 0's
n = number of half-lives that have elapsed
The half-life of a substance is given the symbol ¢, ,. Each radioactive isotope has a unique
half-life.
The decay constant is directly related to the half-life of an isotope:

02
1/2 ;\‘

where:

t,,, = half-life of the isotope (s)

A = decay constant (s™)

Note that if the decay constant is in Bq, the half-life will be in seconds.

KEY FORMULA KEY FORMULA
1Y In2
N=N, [E) t,= N
where: where:
N =aunit of parent nuclides after time t t,, = half-life of the isotope (s)
N, = initial unit of parent nuclides att=0s A =decay constant (s™)
n =number of half-lives that have Note that if the decay constant is in Bq,
elapsed the half-life will be in seconds.
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WORKED EXAMPLE 7.8.1

Krypton-89 has a half-life of approximately 4 minutes.

a How long will it take for a 74 g sample of krypton-89 to only have 12 g of the original
isotope remaining?

b What is the decay constant for krypton-89?

ANSWERS
a 1 Determine how many half-lives this would take.

Rearrange N=N, [%J for n.

1 n
N=N |-

n=log N
1/2 N0
2 Substitute in values.
12 log
n=log, ,—=—2%
74  log

1/2

n=2.62 half-lives

Each half-life is 4 min long, and 4 x 2.62 = 10.5 minutes.

Therefore, it will take 10.5 minutes until only 12 g of krypton-89 remains.

b 1 Rearrange forA.
In2
2 T 7

-

/2

2 Calculate the answer.

o2
4 In2
A=0.17 decays min~ or A= ne
240

A=0.00283 decays s™

PRACTICAL ACTIVITY 7.8.1

RANDOM DECAY AND HALF-LIFE: A SIMULATION

Research question

How well can radioactive decay be simulated using the random arrangement of macroscopic objects?
Aim

To simulate random decay and half-life of a radioactive material
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Materials

* bagorcup
« 80 small counters or similar with an ‘up’ side and a ‘down’ side (such as M&M’s®)
+ clean surface

Procedure

1 As aclass, determine which side of the counter represents decay (up) and which side represents
no decay (down).

Shake the bag and pour the counters onto a clean surface.
3 Record the number of counters that have decayed and move them to one side.
Replace the not-decayed counters back in the bag and repeat the process until no counters remain.

Analysis of results
1 Use whole-class data to plot a graph of the number of counters remaining versus the number of trials (half-lives).
2 From the graph, determine the half-life of the counters.

Interpretation

3 Forradioactivity, how did this experiment model:
a therandomness of decay?
b half-life?

4 Aradioactive nuclide is an unstable nucleus that could decay at any moment. The decay occurs because the
daughter nuclide is more stable than the parent. Discuss.

Extension

In this experiment, the half-life was one ‘throw’ of the counters. Try modelling a half-life that is less than one ‘throw’
by repeating this experiment with a large number of dice. What is the half-life when you remove all dice with a one
showing at each throw? What if you remove all those with a one or a two showing?

LEARNING CHECK 7.8

DESCRIBING

1 Define ‘half-life’.
2 Write the equation that links the number of nuclides and the whole numbers of half-lives.

APPLYING

3 The half-life of polonium-218 is 3.0 minutes. A particular nuclide of polonium-218 has not decayed after
9.0 minutes. What are the chances that it will decay some time before 12 minutes?

4 The half-life of carbon-14 is 5730 years. What is its decay constant?

5 The half-life for thallium-200 is 1 x 10*s. A kilogram of thallium-200 contains close to 3.0 x 10?* atoms. After
approximately one half-life, how many atoms in the original sample:

a have decayed?
b are still able to decay?

6 How many half-lives would it take for 30% of a sample to decay?

7 The half-life of actinium-225 is 10 days. Plot the decay of actinium-225 over 100 days if the original sample
is 500 g.
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The big picture

Radioactivity has many positive and negative side effects. Radiation treatments are used in
medicine, energy can be harnessed from transmutations for power, and, unfortunately, this
energy can also be used for weapons of mass destruction. Radioactivity is also used to determine
the age of fossilised biological material such as plants and animals.

Nuclear medicine

Developing our understanding of nuclear radiation has led to significant advances in medical
treatment and imaging. Nuclear medicine uses radiopharmaceuticals for medical diagnosis and
treatment. In diagnosis, an external detector records the passage or localisation of a radioactive
nuclide. Nuclear medicine treatment destroys cells (e.g. cancerous tumours) and can also promote
healing. This must be localised so that healthy tissues are not damaged. The best radiation methods
use gamma radiation with particular energies in order to destroy mutated cells before they replicate.

Diagnostic imaging techniques like positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) use radioactive tracers to visualise internal bodily
structures and detect diseases at early stages. These technologies not only enhance the accuracy
and effectiveness of medical diagnoses but also enable personalised treatment plans tailored
to individual patients. Furthermore, advancements in nuclear medicine continue to push the
boundaries of medical science, offering new avenues for research and innovation.

Science empowers us with knowledge that can predict both beneficial and potentially harmful
consequences, guiding responsible decision making in various domains. For medical imaging,
physicists and healthcare professionals carefully consider the properties of radioisotopes to
ensure accurate diagnosis while minimising radiation exposure to patients. By understanding
the decay rates and emission characteristics of different isotopes, they can choose those best
suited for specific imaging techniques, maximising diagnostic efficacy and patient safety.

Radioactive dating

In the atmosphere, carbon-14 only occurs in trace amounts. The ratio of carbon-14 to all other
isotopes of carbon is 1:10'>. When living organisms die, it is approximated that this is also the
ratio of carbon-14 to other isotopes of carbon within their bodies. After the organism has died,
no new carbon-14 is taken in, and the carbon-14 in the dead organism undergoes 3~ decay and
transmutes into nitrogen-14.

The half-life for carbon-14 is approximately 5730years. If the amount of carbon-14 in a dead
organism can be measured, it can be compared to the original ratio to determine the time since
the organism died.

WORKED EXAMPLE 7.9.1

A sample of fossilised plant material found in the Kimberley was recently analysed, and it was found that only
45% of the typical ratio of carbon-14 was present. If 100% represents the ratio 1: 10'? of carbon-14 to carbon
isotopes originally, how old is the sample?

ANSWER

1 Write the equation.
1 n
v
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2 Rearrange the equation and substitute known values.
N_ [1)
N, (2
0.45= [lJ
2

3 Rearrange for n and calculate the answer.
n=log, 0.45

2

n=1.15half-lives

The half-life of carbon-14 is 5730 years.
115 % 5730 = 6590 years
The sample is 6590 years old.

Carbon-14 is commonly used for dating organisms that are thousands of years old, but other

«l
'|: isotopes can also be used for radioactive dating. As long as we know the half-life of the isotope
and its original abundance in living organisms, we can estimate the age. Some isotopes have
Weblink half-lives of millions or billions of years and are used when approximating the ages of fossils
Radioactive

that are millions of years old. This reduces the source of error. Examples of such isotopes are
uranium-235 and potassium-40.

LEARNING CHECK 7.9

DESCRIBING

dating game

1 What are some uses for radioactive isotopes?
2 Distinguish between diagnosis and treatment.

3 Why is half-life important when administering a radioisotope to a patient who needs to
have a PET scan?

APPLYING

4 Explain why it is important to have a local source for radiopharmaceuticals.

5 Explain how carbon-14 is used to determine the approximate age of fossils of plants
and animals.

ANALYSING

6 Would carbon-14 be a useful isotope for measuring how old something is if the
organism is only hundreds of years old instead of thousands? Explain your answer.
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Different types of radioactivity CHAPTER
SUMMARY

«  Alpha particle radiation is the largest particle that can be emitted from a nucleus.
« adecay can be written as:
2X— Y+ 0
where: A = mass number
Z = proton number
X = the element before decay (parent)
Y = the element after o decay (daughter)
»  Beta particle radiation is released from the nucleus, and is significantly smaller than
alpha particles.
e There are two types of beta decay:
- electron (87)
- positron (5%)
« [~ decay can be represented as:

21X =AY+ B4V
where: A = mass number
Z = proton number
X = the element before decay (parent)
Y = the element after B~ decay (daughter)
V = an antineutrino
« (3" decay can be represented as:

2X— ,AY+ B4y
where: A = mass number
Z = proton number
X = the element before decay (parent)
Y = the element after 8 decay (daughter)
v = neutrino
«  Gamma rays can also be released from the nucleus to help the atom return to a stable state.

Properties of radiation

Nature A helium nucleus A fast-moving electron | High-frequency
(i.e. two protons and or positron (short wavelength)
two neutrons) electromagnetic
radiation (i.e. a high-
energy photon)
Charge +2 elementary charges | -1 (electron) Uncharged

+1 (positron)
elementary charge

Mass 4 atomic mass 0.0005u No mass
units (4 u) or 9.1093 x 103" kg
4x1.66 x10?% kg

lonising effect | Strong Weak Very weak
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Penetration

Few centimetres in air

Few metres in air

Very weakly absorbed
in air (most radiation
absorbed by a few
centimetres of lead)

Effect of
electric and
magnetic fields

Very small deflection

Large deflection

No deflection

Typical
emission
velocity

5-7% of speed of light

30-90% of speed of
light

Speed of light
3x108ms™’

Balancing nuclear equations

«  Innuclear equations, balance the mass numbers, atomic numbers and include any emitted

radiation.

238 234 4 2+ 238 234 4
5 U— % Th+ jHe™ or ©,U— "y Th+ 0

Decay equations

«  Alpha particle radiation is the largest particle that can be emitted from a nucleus.

«  We can use the exponential decay function to predict how long it may take for a percentage

of a substance to decay.
Exponential decay function:
N=Nge™
where: N = a unit of parent nuclides after time ¢
N, = the initial unit of parent nuclides at = 0s

e =is a constant called Euler's number and is equal to 2.718 28

t = time elapsed (s)

A = the decay constant, unique to each nuclide (s™)
The activity of a radioactive sample can be identified by:

A=AN
where: A = the activity of a substance (Bq)

A = the decay constant (s™)
N = the unit of the sample remaining when the activity is measured

In2
Ly, =

Half-life

NELSON QCE PHYSICS UNITS 1 &2

The half-life of a radioactive substance is how long it takes for half of that substance
to decay.

where: ¢, , = half-life of the isotope (s)

A = decay constant (s™)

Note that if the decay constant is in Bq, the half-life will be in seconds.
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MULTIPLE CHOICE

CHAPTER

1. Anexample of ionising radiation is: EXAM
A microwaves.
B  light from the Sun.
C  heat from the Sun.
D UV radiation from the Sun.

2. '©Ir undergoes alpha decay. The daughter nuclide is:

A iRe
B '7Ta.
c '%0s.
D %Pt

3. The most common way to detect radioactivity is with which instrument?
A AG-Mtube
B  An electroscope
C Anisotope tracker
D A thermoluminescent chamber

4. Aradioactive substance loses 60% of its original radioactive material after 6750 years.
What is the half-life of the substance?
A 5l1l4years
B 5625years
C 6000years
D 9122years

5. In an electric field, the least deflected radiation is:
A analpha particle (o).
B  apositron ().
C anelectron (B).
D agamma ray (y).

6. The isotopes of an element all have the same:
A atomic number.
B half-life.
C mass number.
D number of electrons.

7.  The half-life of a radionuclide equals:
A half the time needed for a sample to completely decay.
B  half the time a sample can be kept before it starts to decay.
C the time needed for half a sample to decay.
D the time needed for the rest of a sample to decay once half of it has already decayed.

8. During the decay of a radionuclide, its half-life:
A decreases.
B  increases.
C does not change.
D any of the above, depending on the nuclide.
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9. When the uranium isotope U-234 undergoes alpha decay, what is the resulting nuclide?

A Ra-230
B Ra-232
C Th-230
D U-230
10. When the strontium-87 isotope undergoes gamma decay, what is the resulting nuclide?
A Kr83
B Rb-87
C Sr-87
D Y87
SHORT RESPONSE

11. Identify the daughter nuclide when cobalt-60 undergoes 3~ decay.

12. Complete the following partial nuclear equations for natural radioactive disintegrations:

a

b

h

i

U *Th+
2Pb— *Bi+
%P0 — SHe+
210 0
JPb— e+
*Po— JHe+
214 s 0
Bi— e+
234 0
Pa— e+
Th - *He+

91 0
Jc— e+

13. Write balanced nuclear equations for the following natural radioactive decay processes.

=2 T S S -V T~ S

B-decay of '’Rh
o-decay of *’Yb
v-decay of *'Cd
B*-decay of **Ho
[B-decay of "Ga
o-decay of "?Au
v-decay of ¥"Hg
*-decay of *Na

14. The actinium series does not actually start at *?’Ac. Before the production of radioactive
27/Ac, there have been two B~-decays and two o-decays, and subsequent to its appearance
there are five more o-particles and three more 3~ particles produced.

a
b

160
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What is the starting nucleus of the actinium series?
What is the stable end product of the actinium series?
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DATA ANALYSIS

15. Analyse data
The mass of radioactive material remaining as a function of time is shown in the
following graph.

Mass remaining
2.75 A

2.50
2.25
2.00
1.75 A
1.50 A
1.25 A
1.00 -
0.75 -
0.50 -
0.25 -

0 T T T T T
0 0.2 0.4 0.6 0.8 1 1.2

Mass of undecayed sample (g)

\ %4

Time (s)

Identify the initial mass (m,).

Determine the half-life (¢, ,).

Identify the mass remaining after 0.2s.

Determine the time needed for the mass remaining to be 1% of m,.

If a 4.00g sample of the same radioactive substance was used, determine the time it
would take for half of that sample to decay.

o Q6 oW
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CHAPTER

8 Nuclear energy and mass defect

lan Cuming/lkon Images/Science Photo Library

SCIENCE UNDERSTANDING
SYLLABUS +  Describe energy in terms of electron volts (eV) and joules (J).
DOT POINTS « Describe the concept of artificial transmutation.

Describe nuclear fission and nuclear fusion with the aid of nuclear equations.
Distinguish between artificial transmutations and natural radioactive decay.

Explain a neutron-induced nuclear fission reaction, including references to extra
neutrons produced from many of these reactions.

Explain a fission chain reaction.
Describe the concepts of mass defect, binding energy and binding energy per nucleon.

Describe the mass—energy equivalence relationship.

Solve problems involving the mass—energy equivalence relationship using AE = mc2.

Explain that more energy is released per nucleon in nuclear fusion than in nuclear fission
because a greater percentage of the mass is transformed into energy.
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SCIENCE AS A HUMAN ENDEAVOUR

« Consider how an understanding of radioactive decay can enable scientists to make
reliable predictions in radiometric dating of materials.

Appreciate that energy production in stars was attributed to gravity until the knowledge
of nuclear reactions led to the understanding that energy production in stars is due to
nuclear fusion.

SCIENCE INQUIRY

+ Consider whether nuclear fission-based power production could replace fossil fuel-
based generation in Australia.

Investigate nuclear safety, considering the suitability of using the sources of information
in terms of their credibility.

Physics 2025 v1.1 General Senior Syllabus © QCAA 2024

Introduction

The mushroom cloud that accompanies a nuclear explosion illustrates the enormity of the
energy released in a nuclear reaction. Harnessing this energy may provide the answer to the
world’s increasing energy needs.

In this chapter, Einstein’s mass—energy equivalence relationship is explained and applied
to measure how much energy is released in nuclear reactions.

Worksheets
e Energy from the nucleus
e Nuclear fusion

e Fusion power and the Sun's source
of energy

®

:‘, Nelson IVIIndTap To access resources above, visit
| ¥ 4

cengage.com.au/nelsonmindtap
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nucleon a proton or
neutron; a particle that
makes up the nucleus of
an atom

fission the process
by which heavy nuclei
(Z > 56) separate into
fragments, with the
release of energy;
typically, fission
fragments have quite
different masses

fusion the process by
which nucleons join to
form a new nucleus.
Nucleosynthesis is the
set of fusion reactions
that lead from nucleons
to a variety of nuclides.
This occurs for light
elements (Z < 56) and
energy is released

gravitational force

the manifestation of
Newton’s universal law
of gravitation; a force of
attraction acting between
every mass throughout
the universe

electromagnetic force
the combined electrical
and magnetic force
acting between charged
particles; the force is
attractive for unlike
charges, and repulsive
for like charges

strong nuclear force
the force required to
hold nucleons together,
especially to overcome
the electrostatic force
of repulsion between
protons

weak nuclear force one
of the four fundamental
forces; acts between
subatomic particles
(leptons) and is
responsible for beta
decay
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ASSUMED KNOWLEDGE

¥ Nucleons include protons and neutrons in the nucleus of an atom.
v The Sl unit for energy is the joule.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v describe and explain the processes of nuclear fusion and nuclear fission

v comprehend how the energy intrinsic to an isotope is linked to the four

fundamental forces

convert energy values between electron-volts and joules

describe the concepts of mass defect, binding energy and binding energy per nucleon
describe the mass—energy equivalence relationship

solve problems involving the mass—energy equivalence relationship

interpret data linking mass number and binding energy per nucleon and link it to stability
and the potential for energy to be released by fission or fusion

compare natural transmutation and artificial transmutation

recall examples of neutron-induced nuclear fission equations

describe and explain nuclear fission chain reactions and how they can be controlled
recall examples of nuclear fusion reactions

evaluate and discuss current procedures in nuclear safety and waste disposal.

A S

LS N L NN

The energy within the nucleus

Enormous amounts of energy can be produced from atomic nuclei. Radioactive decay products
are more energetic than emissions from the atomic-level electron transitions. As such, they can be
used to enhance the scope of medical diagnosis and treatment. Nucleons (protons and neutrons)
are very strongly bound together in the nucleus via the strong nuclear force. Rearrangements of
these nucleons by splitting the atom (fission) or by adding nucleons together (fusion) can release
energy. Although each fission or fusion event releases tiny amounts of energy, these amounts
are far greater than the energy per atom released in the chemical reactions that take place in
traditional methods of obtaining energy, such as the burning of fossil fuels. The difference in
energy is typically of the order of 1-10billion times more energetic. Fission and fusion release
enormous amounts of energy due to the significant number of nucleons involved in the reactions
multiplied by the energy released per event.

The use of nuclear energy for baseload power remains controversial, due to the negative
effects on human health from radioactive waste, as well as when things go wrong, such as the
melting of the three Fukushima Daiichi reactors following a tsunami that disabled both the
power supply and the cooling at the plant on 11 March 2011, and the explosion of Reactor 4 at
Chernobyl on 26 April 1986.

The four fundamental forces

There are four fundamental forces identified by physicists that cannot be reduced to more basic
interactions: the gravitational, electromagnetic, strong nuclear and weak nuclear forces.
The two nuclear forces are described as acting at very short range. The strong nuclear force has
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the greatest effect on maintaining nucleons within the nucleus, while the weak nuclear force,
which acts within nucleons, is responsible for radioactive decay.

TABLE 8.1.1 Comparing the four fundamental forces within a nucleus

Gravitational | Weak nuclear Electromagnetic | Strong
force force force nuclear force
032 036 040

Relative

magnitude

Range (m) Infinite 10'® or Infinite 10"% or
1 attometre, 1femtometre,
Tam 1fm

What holds an atomic nucleus together?

Protons have a positive charge and, because like charges repel, the protons within the nucleus
repel each other with an electrostatic force. The electrostatic force becomes relatively large
when the protons are close together, as they are within an atom. In the nucleus, protons
come within about 2 x 10™*m (2 femtometres, 2fm) of each other. The electrostatic force of
repulsion acting between a pair of protons is about 60 N when they are at their closest. Protons
have mass and, according to the universal law of gravitation, a gravitational force exists that
causes them to attract each other. Although one might think that this gravitational force holds
the nucleus together, the gravitational force acting between protons is miniscule, even when
they are 2fm apart - it is too small by a factor of 10%*. The force that keeps nucleons together
is the strong nuclear force (Figure 8.1.1). For example, in a helium-4 nucleus, the protons and
neutrons are bound together by the strong nuclear force that overcomes the repulsion due to
the electrostatic force.

4

/

There must be forces between
nucleons pulling them together.
Gravitational forces are far
too small.

FIGURE 8.1.1 The strong nuclear force acts to bind nucleons together, acting against the force of
electrostatic repulsion. Gravitational force, although present, is negligible.

Electron-volt, eV

The energy equivalent of nucleon mass is very small - too small to represent conveniently

in joules. As a consequence, a different energy unit is used, making the numbers simpler to

work with. This energy unit is the electron-volt (eV). One electron-volt is equivalent to the  electron-volt, eV a small
energy that an electron gains when it moves through a potential difference of 1 volt. Thus, 1eV ‘19"‘:(;%3' 1”(?_i1t; j’q”i"a'e”t to
is equivalent to 1.60 x 107*°J. Nuclear energies are often in the range of thousands (x10°) of eV

(keV), millions (x10°) of eV (MeV) or billions (x10°) of eV (GeV).
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nuclear binding energy
the energy needed to
disassemble a nucleus
into its component
nucleons; a measure of
stability of a nuclide

mass defect (Am) the
difference in the mass of
an atom and the mass of
its constituent parts, as
expressed in Einstein's
mass—energy equation:
AE = Amc?

KEY FORMULA

Einstein’s mass—energy equation

AE = Amc? (J)

where:

¢ =the speed of light, 3.00 x 108 ms™

Nuclear binding energy

The binding energy per nucleon governs stability. The higher the binding energy per nucleon,
the more stable the nuclide. Nuclei are made up of protons and neutrons. The energy that
would be needed to disassemble a nucleus into its component nucleons is known as the
nuclear binding energy. Each nucleon, on its own, has a rest mass; however, when nucleons
are brought together to form a nucleus, the mass of the nucleus is slightly less than the sum
of all the individual nucleons. The difference, Am, between the sum of the individual masses
and the mass of the nucleus into which they are combined is called the mass defect. The
mass defect is a measure of the energy, E, needed to bind all the parts of a nucleus together.
Einstein’s mass-energy equation is a quantitative statement of this effect:

AE = Amc?

where: ¢ = the speed of light in a vacuum, 3.00 X 10*ms™.

Some of the mass of the individual nucleons appears as the
binding energy of the nucleus (Table 8.1.2). In this sense, it is best
to consider mass and energy as equivalent and interchangeable;
that is, mass < energy.

Ithas been observed that in any nuclear event - radioactive decay,
nuclear reaction, fusion and fission - there is a loss of mass. This
mass defect appears as energy in amounts predicted by Einstein’s
mass—energy equation.

We can report the mass of nucleons in different ways: in kilograms (kg), in unified mass
units (u) and in energy (MeV).

TABLE 8.1.2 Rest masses of nucleons, in kilograms and unified atomic mass units

e | wdo | e |

Proton 1.67208 x 10% 1.00728
Neutron 1.67438 x 10% 1.00866
Electron 9.11x10% 0.00055

The unified atomic mass unit, u, has a value of 1.66 x 10~*kg and energy equivalent of
931.5MeV.

WORKED EXAMPLE 8.1.1

For an alpha particle, calculate the:

a mass defect

b nuclear binding energy
¢ binding energy per nucleon.

(An alpha particle, o, is a ;‘He nucleus; it has 2 protons and 2 neutrons and no electrons.)

Use the following mass values:
Unified atomic mass unit, u=1.66 x 1072’kg
Rest mass of proton, m, = 1.00728u or 1.67208 x 1072 kg
Rest mass of neutron,m_=1.00866u or 1.67438 x 102’kg
Rest mass of alpha particle, m, = 4.001 53 u or 6.64254 x 10" kg
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ANSWERS

a 1 Determine the combined mass of the individual components that make up the nucleus.

Mass of combined components:

2 x mass of proton 2x1.67208 x 10% kg

+ 2 x mass of neutron 2x1.67438 x 10"%7kg

=6.69292 x 107?"kg
2 Subtract the rest mass of the complete particle

Rest mass of alpha particle 6.64254 x 10%"kg

Mass defect, Am 6.69292 x 10727kg — 6.642 54 x 10727 kg

Am =0.05038 x 10%"kg

Am =0.03035u
b 1 Use Einstein’s mass—energy equation.

AE = Amc?, where ¢ = the speed of light, 3.00 x 108ms™".

E=Amc?=0.05038 x 10"%’kg x (3.00 x 108 ms~)?

=4.5342 x107"2J
2 Calculate the nuclear binding energy.

E=28.339MeV (Where 1eV =1.60 x 10"°J, hence 1MeV = 1.60 x 1073 J)
¢ 1 Divide the nuclear binding energy by the number of nucleons (protons and neutrons).
4.5342 x 107

4
=1.1336 x 1072 joules per nucleon, or
_28.339 MeV
4
=7.084MeV per nucleon

E=

The binding energy per nucleon is shown graphically in Figure 8.1.2 for nuclides up to
uranium, the heaviest naturally occurring element. The binding energy per nucleon is a significant
quantity when determining the stability of nuclides. The greater the binding energy per nucleon,
the harder it is to pull the nucleus apart and the more stable the nuclide. Iron-56 is at the top of

gA
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S ; i Energy released by fission
> 7] Energy
= released |
S 6 by fusion
Q
o
2
= 5
[
o
>
g 4
c
Q
2 31
2 Tritium 3H
@ |

1 JbDeuterium 2H

0 ProtogﬂH 1 | «

0 20 40 60 80 100 120 140 160 180 200 220 240
Mass number, A

FIGURE 8.1.2 A graph of the binding energy per nucleon as a function of mass number, A
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the curve and is the most stable of the nuclides. Unstable elements with greater mass than iron
release energy when they undergo fission (break apart); elements with a lesser mass than iron
release energy when undergoing fusion (being fused or forced together). The binding energy per
nucleon governs stability. The higher the binding energy per nucleon, the more stable the nuclide.
Fusion is favoured for light nuclides (Z < 56). Fission is favoured for heavy nuclides (Z > 56).
Table 8.1.3 shows the total binding energy for nuclides as well as the binding energy per
nucleon. Consider He-4, which has a total binding energy of 28.29 MeV. It has 4 nucleons, so its

binding energy per nucleon is 7.07MeV per nucleon.

TABLE 8.1.3 Nuclear binding energy and binding energy per nucleon for some nuclides

m Binding energy (MeV) | Binding energy per nucleon (MeV)

Deuterium (hydrogen-2) 2.23 1.12
Helium-4 28.29 7.07
Lithium-7 40.15 5.74
Beryllium-9 58.13 6.46
Iron-56 492.24 8.79
Silver-107 915.23 8.55
lodine-127 1072.53 8.45
Lead-206 1622.27 7.88
Polonium-210 1645.16 7.83
Uranium-235 1783.80 7.59
Uranium-238 1801.63 7.57

NELSON QCE PHYSICS UNITS 1 &2

LEARNING CHECK 8.1

DESCRIBING

1 Define each of the terms in the equation AE = Amc?.
2 Define:

a electromagnetic force
c gravitational force
e nuclear binding energy.

b strong nuclear force
d weak nuclear force

3 Draw atable to show the relative magnitudes and ranges of the four fundamental forces.

APPLYING

Questions 4 and 5 refer to the following information.
Unified atomic mass unit, u=1.66 x 10?’kg

Rest mass of proton, m,=1.00728u or 1.67208 x 10-*7kg
Rest mass of neutron, m_=1.00866u or 1.67438 x 10-*"kg
Rest mass of electron, m_=9.11 x 10*"kg

Rest mass of JHe =3.01603u or 5.006 61 x 10-7kg

Rest mass of ;N =14.0067u or 2.3251 x 102°kg

4 For a helium-3 isotope ( gHe), calculate the following. Include the mass of the
two electrons.

a Mass defect b Nuclear binding energy
¢ Binding energy per nucleon
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5 For a nitrogen-14 isotope, 2N, calculate the following. Include the mass of the
seven electrons.
a Mass defect
¢ Binding energy per nucleon

b Nuclear binding energy

8.2

Transmutation, the process of transforming one element (or nuclide) into another by
radioactive decay or nuclear bombardment, may occur either naturally or artificially. Natural
transmutation occurs through the continual and spontaneous process of radioactive decay.
In contrast, artificial transmutation may occur through the bombarding of a nucleus with a
neutron or other small nucleus, such as an alpha particle.

The discovery of the neutron enabled scientists to explore the behaviour of larger atomic

Transmutations

nuclei. Because they are neutral, neutrons are not repelled by the target nucleus and can be absorbed
into the nucleus of the target atom. This makes neutrons very useful as a form of bombarding
radiation, and they are used in many experiments to transmute a number of nuclides artificially.

Artificial transmutation

Artificial transmutation may occur in several ways. Adding a proton (as occurs in a cyclotron)
and adding larger nuclei (such as alpha particles) are two ways. Artificial transmutation also
include the target nucleus being bombarded with an incoming slow (thermal) neutron. The
nucleus of the atom effectively ‘captures’ the neutron, becoming unstable and subsequently
emitting radioactive decay. Recall that Rutherford was the first to use radioactivity to produce
new nuclides. He bombarded nitrogen-14 with alpha particles, analysed the result and found
that oxygen and hydrogen were formed. The reaction proceeded as follows.

Nitrogen nuclei absorb helium nuclei and form a composite, unstable nuclide (denoted by
an asterisk):

“N + ‘He — “F"

The composite nuclide decays to a more stable state:

BF - 70+ H
LEARNING CHECK 8.2

DESCRIBING

1 Identify the term to match each definition.

a The conversion of one chemical element or isotope into another through natural
radioactive decay

b The conversion of one chemical element or isotope into another through a
synthetic process, typically through bombarding a nucleus with slow (thermal)
neutrons to cause fission events

APPLYING
2 Insert the correct values for A and Z in the transmutation equation for fluorine:

14 4 Oe*
N+ 3He - F

9780170483629

natural transmutation
the conversion of one
chemical element or
isotope into another
through natural
radioactive decay

artificial transmutation
the conversion of one
chemical element or
isotope into another
through a synthetic
process, typically through
bombarding a nucleus
with slow (thermal)
neutrons to cause fission
events

slow (thermal) neutron
neutron with kinetic
energy of about
0.1-20keV
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38 Nuclear fission

Nuclear fission is the process by which a nucleus splits into two or more fragments. In 1938,
while trying to explain others’ findings, Lise Meitner (1878-1968) and Otto Frisch (1904-79)
determined that a uranium nucleus had split in two. This was an unexpected result at the time.
(In general, the fragments are rarely the same size, so it is incorrect to say that the atom ‘splits
in half’) In the process, neutrons are released and energy, initially stored as nuclear binding
energy, is released. Nuclear fission occurs naturally in rare instances, leading to radioactive
decay, or may be induced through an artificial transmutation, triggered by the absorption of a
neutron. When a nucleus absorbs a slow neutron, it becomes less stable. Bombarding uranium
nuclei with neutrons leads to the formation of a transuranic element, or the splitting of the
unstable uranium into two nuclei of intermediate mass (Figure 8.3.1). Adding enough neutrons
means the uranium nucleus is neutron rich. One of these neutrons will decay into a proton,
which stays in the nucleus, and an electron, which is released as beta radiation. The extra proton
means the nucleus is now atomic number 93, which is a transuranic element (neptunium).

-

After a slight distortion, the drop returns to a spherical shape.

©-§-3

A large distortion may cause the drop to split in two.

FIGURE 8.3.1 The liquid-drop model of fission. A nucleus that absorbs an additional neutron
undergoes large distortions and splits into two (or more) smaller fragments.

al Iréne Joliot-Curie (1897-1956), daughter of Marie Curie (1867-1934), was the first to identify
'I: the products of nuclear fission. Enrico Fermi (1901-1954) was the first to control nuclear fission.
On 2 December 1942, in a squash court under the stadium at the University of Chicago, the

Weblink first self-sustaining nuclear reactor began operation. Five days later, the Japanese entered World

Huelear flesion War II by attacking Pearl Harbor, and their involvement eventually led to the atomic bomb being

dropped on Hiroshima and Nagasaki in 1945. Thus began the Nuclear Age.

Some common nuclear fission reactions can be expressed in equation form, as below. Note
that the sums of the nucleon numbers (A) and atomic numbers (Z) on either side of the equation
are equal. Further, each equation liberates (frees) additional neutrons - each of which may go on
to induce another nuclear fission reaction.

Examples of neutron-induced nuclear fission equations

Fission occurs when neutron absorption in the nuclei of elements such as uranium and
plutonium causes splitting into two, usually unequal, fragments. Neutrons are released and can
be controlled (to sustain) or deliberately uncontrolled (to magnify) the release of energy.

141

235 1 92 1
»U + ,n — Kr+ Ba+ 3n+ energy

235 1 90 143 1
»U + ,n — Sr+ [, Xe+ 3 n + energy
235 1 144 90 1
U+ ,n — 5Cs+ ;Rb+2n + energy
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Fission fragments

Nuclides that can undergo nuclear fission after absorbing a neutron are fissionable. There are
two types of fissionable nuclides:
« Fissionable nuclides that can support a fission chain reaction are called fissile (e.g. U-233,
U-235, Pu-239)
« Fissionable nuclides that can't support a fission chain reaction (only single fission reactions
from externally produced thermal neutrons) are called fertile (e.g. U-238, Th-232, Pu-240).
Fissile nuclides are very uncommon. Uranium-235 and plutonium-239 are readily fissile and undergo
nuclear fission with low-energy ‘slow’ neutrons (in the range 0.02¢eV to several keV). Thorium-232
can absorb a neutron and undergo beta decay to become uranium-233, which is also fissile.
A uranium-235 nucleus may split in many different ways. More than 40 different pairs
of fission fragments of uranium-235 have been found. In the nuclear fission equation below,
krypton-92 and barium-141 are known as the fission fragments (or fission products).

235 1 92 141 1
»U+ n — Kr+ . Ba+3n+ energy

107 -
100 1
10" A

1072 A

Frequency of emission

104 S S S A4
60 80 100 120 140 160

Mass number, A

FIGURE 8.3.2 The most likely fission fragments from U-235 have atomic mass numbers around 95
and 140. The vertical scale is logarithmic — equal distances along the axis represent equal ratios (in
this case x 10).

Radiochemical analysis shows that most fission fragments have an atomic mass number
between 72 and 158 and an atomic number between 30 and 63. The splitting of a fissile nucleus
into two equal parts is rare — about 0.01% of fission reactions. Other common fission fragment
pairs produced in the fission of uranium-235 are xenon-140 and strontium-94, and tin-132 and
molybdenum-101. Many fission fragments are radioactive; hence, spent nuclear fuel is considered
radioactive waste that needs to be treated with care and expertise.

WORKED EXAMPLE 8.3.1

fissile capable of being
split or divided (e.g. by
undergoing fission) (e.g.
U-235, U-238, U-233,
Pu-239)

fission fragment a
nucleus produced as a
result of fission; fission
product

-l
L4
O‘.

Worksheet
Energy from the nucleus

A thermal neutron, mass 1.01 u, causes fission of U-235 (235.04 u). The fission fragments and their masses, in

unified mass units, are Rb-93 (92.92 u) and Cs-141(140.92 u).
a How many fast neutrons are released in this fission event?
b Write the nuclear fission reaction using the correct nuclide and nucleon symbols.
¢ Calculate the mass defect in this event, giving the answer in:
i unified mass units
ii kilograms.
d How much energy is released? Give your answer in joules.
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ANSWERS

a

b
c

172

1

Nucleon number is conserved.
Total nucleons before=1 +235=236
Total nucleons after=93 + 141 + x

Determine the number of neutrons released.
X+234=236

xX=2
Two neutrons were released.

1 235 93 141 1
S+ HU— JRb+ TCs+2n

Calculate the mass defect in unified mass units.
Mass defect = (1.01 + 235.04) — (92.92 + 140.92 + 2 x 1.0T)u
=0.19u

Give the answer in kilograms
Mass defect=0.19u x 1.66 x 10 kgu™’
=3.15 x 10-2%kg

Use the mass-energy equation.
AE = Amc?

Substitute the known values to calculate the energy released.

AE =3.15x 1022kg x (3.00 x 10®ms)?
=2.84x10""J

LEARNING CHECK 8.3

DESCRIBING

1 Write the symbol for the element uranium, including the notation for mass number and

atomic number.
2 Define:
a fission

APPLYING

b fission fragment.

3 Complete the missing mass and atomic numbers and element symbol in the

nuclear fission.
235

HU + ;n - 3|]6Kr+ W[ + 3,0 + energy

4 |n anuclear reaction that starts with uranium, a thermal neutron, mass 1.01 u, causes
fission of U-233 (233.044u). The fission fragments and their masses, in unified mass

units, are Mo-104 (103.91 u), Sn-126 (125.91 u) and four neutrons.

a Write the nuclear fission reaction using the correct nuclide and nucleon symbols.

b Identify the mass defect in this event in:

i unified mass units
ii kilograms.

¢ How much energy is released? Give your answer in joules.

5 In afast breeder reactor, a fast neutron, mass 1.01u, causes fission of Pu-239 (239.05u).

One of the two fission fragments is Tc-104 (103.91 u); three neutrons are also released.

The mass defect in this event is 0.19 u.

a What is the nuclide symbol for the second fission fragment?

b Write the nuclear fission reaction using correct nuclide and nucleon symbols.
c Determine the mass defect for the reaction, giving the answer in kilograms.
d

How much energy is released? Give your answer in joules.
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m Fission chain reactions

Uranium-235 can absorb a thermal (or slow) neutron that has about 5-10keV of energy. The
neutron is absorbed in the uranium nucleus and forms a composite, unstable nucleus that then
splits into smaller fragments, each with lower atomic mass than the uranium-235. On average,
between two and three neutrons are also released. The neutrons released from the fission of
uranium-235 are ‘fast’ neutrons and do not usually get absorbed by uranium-235 nuclei unless
they are slowed down by a moderator. This is a natural process that rarely amounts to anything
substantial. However, if conditions are right, the process can be used to harness the energy of
the mass defect, which is about 200 MeV per fission event.

A chain reaction occurs when more than one of the neutrons released from the initial fission
event causes new events to occur. In Figure 8.4.1, each fission event produces two or three
neutrons, some of which go on to cause new fission events. Under the right conditions, an
uncontrolled fission chain reaction can create a runaway explosion.

Controlled fission is used in nuclear power stations. Thermal nuclear power stations use
slow (thermal) neutrons to release energy. The purpose of a nuclear power reactor is to release
nuclear energy at a controllable rate. The reactor does not generate electricity directly; rather,
the heat generated produces steam that powers the turbines and generators of the electricity
production plant.

5 P (/ L b Neutrons

y
: /Q/—Q—> Neutron L0 As R
\0\)

Neutron

\o\ Spontaneous o “5
fission /
N .
Uranium-235 ﬁ‘/ )
o

nucleus splits

Uranium-235
nucleus splits

FIGURE 8.4.1 A nuclear fission chain reaction. (a) A slow neutron causes a uranium-235 nucleus
to become unstable and split, releasing three fast neutrons in addition to energy. (b) A chain reaction
occurs if, for example, two of the three released neutrons induce nuclear fissions in other uranium
nuclei. Consequently, vast amounts of energy are released.

Controlled chain reaction

The chain reaction can be controlled for nuclear power generation. One neutron produces
one fission neutron in a controlled chain reaction. If more than one neutron is produced
on average, then a runaway reaction occurs. If the average number of neutrons produced
is less than one, then the reaction dies away. It is quite difficult to establish and maintain a
chain reaction, but this is achieved with the use of control rods to absorb excess neutrons.
Control rods made of substances that readily absorb neutrons, such as cadmium or boron
steel, are inserted into the reactor to reduce the number of neutrons produced by each
reaction to one only. Such substances that readily absorb neutrons are often termed ‘neutron
poisons’.

controlled chain reaction
a chain of nuclear
reactions that are
controlled to limit the
rate at which they occur.
In steady state (reaction
rate held constant), an
average of one neutron
from each reaction goes
on to cause another
reaction. This is the
case for a nuclear power
reactor running at
constant power output
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enrichment a process
of separating out U-235
from a sample and
adding it to another
sample, increasing the
proportion of U-235 in
natural uranium

moderator light atoms
in a nuclear reactor that
slow down fast neutrons
to thermal speeds, in
order to increase the
likelihood of further
fission events; often
heavy water is used

174 NELSON QCE PHYSICSUNITS 1&2

Enrichment

For fission to occur in uranium-235, the initial neutron must be a thermal neutron. The neutrons
produced in fission events are ‘fast’ neutrons. The probability of these neutrons causing new
fission events in uranium-235 is very small. It is more likely that they will be captured by
uranium-238 or another neutron poison that was produced by an earlier fission event. These
neutron poisons hold onto the neutrons and emit o, B or y radiation.

In order to ensure sustained fission, the proportion of uranium-235 must be increased. This
enrichment process is achieved by using centrifuges to remove uranium-238 from the mix of
uranium isotopes in the ore. This increases, or enriches, the proportion of uranium-235 in the
quantity. It is a complex and expensive process.

Moderator

In order to reduce the energy of the neutrons produced by fission events, a moderator is used.
The moderator is a material that has nuclides with slightly larger masses than the neutron; for
example, hydrogen (}H) deuterium (iH) and tritium (fH) Neutrons share their energy with
these nuclides through multiple collisions. The neutrons rapidly lose energy, which increases

the probability of them entering a uranium-235 nucleus and causing fission.

Reactor vessel

In a reactor, a controlled chain reaction will not proceed unless most of the neutrons available
can be used. Apart from absorption in neutron poisons, some neutrons will escape from the
fuel. This is because the absorption of a neutron and subsequent fission occurs only when there
is a head-on collision between a nucleus and a neutron. Therefore, the reactor vessel is designed
to have the right surface area-to-volume ratio so that the neutrons are reflected back into the
sample.

Coolant

As a large amount of energy is produced in each fission reaction, and this is carried as kinetic
energy by the particles of the fission products, the temperature of the reactor would increase
unless a coolant was used. The coolant material is used to absorb and then transfer this heat so
that it can be used for energy purposes outside of the reactor itself.

Control rods

On average, the number of neutrons produced by fission events must be equal to the number
of fission-producing neutrons in order to sustain a nuclear reaction. Sometimes the reaction
threatens to run away, so control rods containing neutron poisons, such as boron-10, are moved
into the fuel to lower the number of neutrons in the sample. The control rods are removed when
the chain reaction starts to produce too few neutrons.
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Control rod
(can be raised
The arrows show or lowered)

the paths of neutrons.

n

2——
n
T— @
Thermal
neutrons Thermal neutrons
from another to another
fuel rod N [ ] fuel rod
: S
[ ]
Coolant (removes the heat)
Key
Fuel rod Neutron
Isotope | Natural Enriched capture —
Moderator, water or graphite O | 235U 0.7% 2.3% fission
(slows down the neutrons) ® 28U | 993% | 97.7% absorption

Control rod, boron steel or cadmium
(absorbs the neutrons)

FIGURE 8.4.2 Controlling a chain reaction in a nuclear reactor. Some neutrons are numbered to
explain the process. Neutron 1 is captured by a fuel rod, neutrons 2 and 3 cause nuclear fission,
releasing more neutrons, neutron 4 causes further fission, neutron 5 is absorbed by a control rod and
neutron 6 is absorbed by a fuel rod.

LEARNING CHECK 8.4

DESCRIBING

1 Construct a table to summarise the role of the moderator, control rods, reactor vessel
and coolant components of a nuclear power reactor.

2 Define ‘slow (thermal) neutron’.

APPLYING

3 Explain how the control rods can be used to regulate the rate of reactions within
areactor.

4 Explain why a nuclear chain reaction can become explosive very quickly. Use a
diagram and mathematical model to assist your explanation.

5 Identify three different criteria that may be used to consider the pros and cons of
nuclear power generation in Australia.
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m Nuclear fusion

Initially, the energy production in stars was attributed to gravitational contraction, as proposed
by early astronomers. However, advancements in nuclear physics revealed that the tremendous
energy emitted by stars is actually the result of nuclear
fusion reactions occurring in their cores (Figure 8.5.1).
The fact that stars derive their energy from nuclear
fusion fundamentally altered our understanding of
stellar processes and the universe’s energy dynamics.

Fusion is the joining together of two smaller nuclides
to form a new nucleus with a greater atomic number. The
new composite nucleus is more stable because its binding
energy per nucleon is greater. This is more likely to occur
for nuclides that have an atomic number Z<56. Fusion
is difficult to achieve because a lot of work is required
to fuse nuclei; however, when they do fuse, a lot of
additional energy is released. Nuclear fusion reactions
occur within the core of the Sun, which fuses 620 million
tonnes of hydrogen each second.

Some common nuclear fusion reactions can be
expressed in equation form, as below. Note that the
sums of the nucleon numbers (A) and atomic numbers
(Z) on either side of the equation are equal. Further,
each equation releases energy as a result of Einstein’s
mass—energy equivalence relationship.

tukasz Szczepanski/Alamy Stock Photo

FIGURE 8.5.1 Solar flares emitted from the sun are a product
of nuclear fusion.

Examples of nuclear fusion equations

The fusion of two hydrogen isotopes forms helium, with an excess neutron and the accompanying
release of energy.

2 2 3 1
H+ {H — SHe +  n + energy

2 3 4 1
H+ H — He+ n + energy

> LEARNING CHECK 8.5
K,

DESCRIBING
Weblink
Nuclear fusion animation 1 Deﬂne 'nuc|ear fusion'.
Worksheets 2 What type of nuclear reaction occurs within the Sun - fusion or fission?

Nuclear fusion

Fusion power and the Sun’s APPLYING

source of energy

3 Complete the missing values in the nuclear fusion reaction:

UH + 2H > 2He + !n + energy

|

4 Contrast nuclear fusion with nuclear fission.
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m Nuclear safety

Nuclear fission for energy production occurs safely in 440 nuclear power reactors worldwide.
Specialist scientific and engineering expertise is required to ensure safe operation of the
reactor and manage the resultant radioactive waste. As substantial radioactive and fissile
materials are stored at nuclear power reactors, sufficient security is also needed to deter
potential threats.

Nuclear waste

Nuclear energy production by fission reactors produces radioactive waste. The disposal
of radioactive waste is one of the major problems faced by the nuclear power industry.
Table 8.6.1 compares the waste produced by nuclear reactors and coal-fired power
stations.

TABLE 8.6.1 Comparative waste produced by nuclear and coal-fired electrical power plants

Nuclear power station 1000 25tonnes of radioactive material

Coal-fired power station 1000 Millions of tonnes of carbon dioxide
and sulfur dioxide

The waste from a nuclear fission reactor has to be stockpiled, shielded and cooled for
thousands of years until it would be safe, yet, when used correctly, nuclear power stations are
more efficient and less polluting than coal-fired power stations.

Radioactive waste products are classified into three categories: high, intermediate and
low level. High-level wastes are radioactive and continue to release significant amounts of
energy during the decay process. This energy is in the form of radioactivity and heat, and
systems must be in place to reduce harmful effects. Table 8.6.2 shows a classification of
radioactive waste.

TABLE 8.6.2 Classification of radioactive waste

High level Used fuel rods, highly radioactive. Must be stored in shielded
Consists of transuranic isotopes and containers to prevent
fission products, some with very long radiation and cooled to
half-lives. No high-level radioactive stop overheating
waste is produced in Australia.

Intermediate level | Other reactor components in the reactor Requires shielding, but not
core, such as fuel containers, gauges, pipes | cooling

Low level Used protective clothing; water from Must be contained and
showers and water from cleaning managed until it decays
protective gear to background levels of

radioactivity or below
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LEARNING CHECK 8.6

DESCRIBING

1 Identify an example from each of the three nuclear waste categories: high level,
intermediate level and low level.

2 Describe the mechanism for the storage of spent nuclear fuel.

Solving problems using Einstein's
mass—energy equivalence
relationship

Recall Einstein’s mass—energy equivalence relationship, equating mass defect with energy
via the formula AE = Amc?, where c = the speed of light, 3.00 x 10*ms™. This relationship
may be used to determine the energy released from both nuclear fission and nuclear fusion
reactions.

In nuclear fission reactions, the total mass before fission is greater than the total mass
after the fission event. The mass difference is the mass that has been converted into energy.
This energy is transferred via the fission products. The large daughter nuclei carry most of this
energy as kinetic energy. The released neutrons also have kinetic energy. For example, when
uranium-235 undergoes fission to produce krypton-92 and barium-141, three neutrons are
released:

1

235 92 141 1
on+ U — S Kr+ (Ba+3n

yields
There are 236 nucleons before and after this fission event, yet the mass of the products is less
than the sum of the mass of the original neutron and uranium-235 nuclide. This difference is
the mass defect.

WORKED EXAMPLE 8.7.1

Calculate the mass defect and the energy released in the nuclear fission reaction:

141
56

U+ on— 2Kr + 'WBa + 3n + energy
Use the following mass values:

Unified atomic mass unit, u=1.66 x 10?” kg

Rest mass of neutron, m_=1.008 66 u or 1.674 38 x 10-*’ kg

Rest mass U-235=235.1727 u or 3.9039 x 10?° kg

Rest mass Kr-92 =91.9262 u or 1.5260 x 10*° kg

Rest mass Ba-141 =140.9144 u or 2.3392 x 10%°kg

ANSWER

1 Determine the combined mass of the reactants.
Mass of combined reactants:
mass U-235 3.9039 x 10-25kg
+ mass of neutron 1.67438 x 10%7kg
=3.92064 x 102°kg
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2 Subtract the combined mass of the products.
Mass of combined products:

mass Kr-92 1.5260 x 10-2°kg
mass of Ba-141 2.3392 x 10%°kg
+ 3 x mass of neutron 5.02314 x 10% kg

=3.91543 x 102°kg
Mass defect, Am =3.92064 x 102°kg — 3.91543 x 102°kg
=0.00521 x 102°kg
=0.31386u
3 Use Einstein’'s mass—energy equation.
AE = Amc?, where ¢ = the speed of light, 3.00 x 108ms™".
4 Substitute known values to calculate energy.
E=Amc?=0.00521 x 102°kg x (3.00 x 108 ms")?
=4.6890x10"J
=293.06 MeV (where 1eV =1.60 x 10"°J, hence 1MeV =1.60 x 103 J)

As in nuclear fission reactions, in nuclear fusion reactions the total mass before fusion is greater
than the total mass after the fusion event. The mass difference has again been converted into
energy. Although it takes a lot of work to force the nuclei together, a lot of energy is released when
they do fuse. For example, when two isotopes of hydrogen fuse to form helium, energy is released:

2 3 4 1
H + H— SHe + n + energy

There are five nucleons before and after this fusion event, yet the mass of the products is less
than the mass of the original hydrogen isotopes. This difference is the mass defect.

WORKED EXAMPLE 8.7.2

Calculate the mass defect and the energy released in the nuclear fusion reaction:
’H+ ?H > °He + /n + energy
Use the following mass values:
Unified atomic mass unit, u=1.66 x10-?"kg
Rest mass of neutron, m_ =1.00866u or 1.67438 x 10"kg

Rest mass H-2=2.01355u or 3.34249 x 10?kg
Rest mass He-3=3.01603u or 5.00661 x 10" kg

ANSWER

1 Determine the combined mass of the reactants.
Mass of combined reactants:
mass H-2 3.34249 x 10%"kg
+mass H-2 3.34249 x 10-%"kg
=6.68500 % 1027kg
2 Subtract the combined mass of the products.
Mass of combined products:
mass He-3 5.00661 x 10?kg
+ mass neutron 1.67438 x 10*"kg
=6.68099 x 1027kg
Mass defect:
Am =6.68500 x 10?7kg - 6.68099 x 10-*"kg
=0.00401 x 10?7kg
=0.00242u
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Use Einstein’s mass—energy equation.

AE = Amc?, where ¢

=the speed of light, 3.00 x 108 ms".

Substitute the known values to calculate energy.
E=Amc?=0.00401 x 10-?7kg x (3.00 x 108 ms~")?

=3.6090x 102 J

=2.2556MeV (where 1eV =1.60 x 107"°J, hence 1MeV = 1.60 x 103 J)

«l
(4
O‘.

Weblink

What is the difference
between nuclear fission and

180

fusion?

Nuclear fusion versus nuclear fission

Fusion reactions release much more energy than fission reactions per kilogram of reactant. We
have seen that fusion is favoured for elements up to Fe-56. For lighter elements, the curve of the
binding energy per nucleon graph (Figure 8.1.2) is quite steep, which means that any fusion
reaction will release a relatively large amount of energy when the new nuclide is formed.

For example, Figure 8.1.2 shows that, for tritium, }H, an isotope of hydrogen, the binding
energy per nucleon is approximately 2.9MeV. This is higher than the binding energy per
nucleon for the proton (0MeV) and deuterium (1.1 MeV). Fusion of a proton with deuterium to
produce tritium releases about 1.8 MeV of energy per nucleon. This amounts to the release of
approximately 62% of the original binding energy per nucleon.

At the other end of the graph, where fission is favoured over fusion for elements heavier
than Fe-56, energy is also released, but comparatively less. The binding energy per nucleon of
uranium-235 is approximately 7.6 MeV. For the two most common fission fragments, the binding
energy per nucleon is about 8.6 MeV. Taking account of both fission fragments, the difference is
approximately 2.0 MeV. For fission, the release of energy per nucleon is about 26% of the original
binding energy per nucleon.

Therefore, fusion reactions release a greater proportion of the mass-energy available than
do fission reactions.

LEARNING CHECK 8.7

DESCRIBING

1 State the speed of light in a vacuum.

2 Recall Einstein’s mass—energy equivalence relationship. Define each term in
the equation.

APPLYING
3 Use the graph of binding energy per nucleon to determine the average binding
energy of:
a iron
b bromine
c oxygen
d uranium
e helium.

4 Explain what mass defect is and how it relates to the energy released in a
nuclear reaction.

5 Calculate the mass defect and energy released in the following nuclear
fission reaction:

235 1 90 143 1
U + gn— LSt + TXe + 3,n + energy

NELSON QCE PHYSICSUNITS 1&2 9780170483629



Use the following mass values:

unified atomic mass unit, u=1.66 x 102’kg

rest mass of neutron, m,_=1.00866u or 1.67438 x 10~*"kg
rest mass U-235=235.1727u or 3.9039 x 102°kg

rest mass Sr-90 =87.6200u or 1.4545 x 102°kg

rest mass Xe-143 =142.9351u or 2.3727 x 10-2°kg

6 Calculate the mass defect and energy released in the following nuclear
fission reaction:

235 1 144 90 1
wU + on = Cs + Rb + 2n + energy
Use the following mass values:

unified atomic mass unit, u=1.66 x 10?’kg

rest mass U-235=235.1727u or 3.9039 x 102°kg
rest mass Cs-144 =143.9321u or 2.3893 x 102°kg
rest mass Rb-90 =89.9148u or 1.4926 x 102°kg

7 Calculate the mass defect and the energy released in the following nuclear
fusion reaction:

2 2 3 1
H+ ‘H—> ‘H+ H+ energy
Use the following mass values:

unified atomic mass unit, u=1.66 x 10?’kg

rest mass H-1=1.00783u or 1.67300 x 10?’kg
rest mass H-2=2.01355u or 3.34249 x 10?’kg
rest mass H-3=3.01605u or 5.006 64 x 10?’kg

8 Calculate the mass defect and the energy released in the following nuclear
fusion reaction:
2 3 4 1
H+ H—> ‘He + ;n + energy
Use the following mass values:

unified atomic mass unit, u=1.66 x 102’ kg

rest mass of neutron, m_ =1.00866u or 1.67438 x 10?"kg
rest mass H-2=2.01355u or 3.34249 x 10?’kg

rest mass H-3=3.01605u or 5.006 64 x 10?’kg

rest mass He-4=4.02643u or 6.68387 x 102"kg
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Nuclear forces

CHAPTER
SUMMARY .

There are four fundamental forces holding the nucleus together.

Gravitational | Weak nuclear Electromagnetic | Strong
force force force nuclear force
Relative 1 10%2 1036 104
magnitude
Range (m) Infinite 10" or Infinite 107" or
1 attometre, 1femtometre,
Tam 1fm

«  The electron-volt (eV) is the amount of energy that an electron gains when it moves
through 1 volt.

«  The mass defect is the energy required, in joules, to bind all parts of a nucleus together.
This is expressed as:
AE = mc?

Transmutations

«  Transmutation is the process of changing an element from one type to another.
«  Natural transmutation occurs through radioactive decay.

«  Elements can be made by bombarding a nucleus with a neutron or small alpha particles.
This is called artificial transmutation, e.g.:
“N + jHe* —» 5F

Nuclear fission

«  Nuclear fission occurs when a nucleus splits into two or more fragments, typically Z > 56.

«  During this process, neutrons and energy are released.

0-90-0

After a slight distortion, the drop returns to a spherical shape.

©-§-3

A large distortion may cause the drop to split in two.
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A chain reaction can occur if more than one of the neutrons released causes new events
to occur.

Neutrons

Neutron

—0— ——@— Neutron @ /_‘AS
Spontaneous
\.\) fission /.;y \ON
Uranium-235

nucleus splits

Uranium-235
nucleus splits

Nuclear fusion

Nuclear fusion occurs when two smaller nuclides join to form a new nucleus, typically
Z > 56.

The new nucleus is more stable.

2 2 3 1
H+ H — JH+ n + energy

Fusion reactions release a greater proportion of the mass—energy available than
fission reactions.




CHAPTER MULTIPLE CHOICE

EXAM 1. Inanuclear fission reaction, the nucleus:

A splits in half.

B  absorbs energy.

C explodes uncontrollably.

D splits into two or more fission fragments.

2. Inathermal nuclear fission reactor, 2 kg of mass is converted into energy. Assuming 100%
efficiency, determine the amount of energy generated.

A 6.0x10'J
B 9.0x10"7J
C 1.8x10"J
D 3.6x107]

3.  For the equation for the nuclear fusion reaction below, determine the values of x and y.
iH+ 7H — H + JH + energy

A x=1y=1
B x=1ly=2
C x=2,y=2
D x=2,y=1

4. Determine the equivalent energy value of 1.50 x 10~2*kg, in joules and
megaelectron-volts, MeV.
A 450x107°],2.813x 107" MeV
B 2.023x107'3J,1.265MeV
C 1.35x107],84.375MeV
D 1.35x107'],8.4375x10"MeV

5. The energy that heats the Sun has its origins in:
A radioactivity.
B nuclear fission.
C the production of helium from hydrogen.
D the production of hydrogen from helium.

6. An electron-volt (eV) is:
A aunit of electric potential.
B the number of volts in one electron.
C alarge unit of energy used in nuclear physics.
D the energy required to move an electron through a potential difference of 1V.

7. The number of electron-volts in 3 x 107 is:
A 54x107%eV.
B 1.602x10YeV.
C 1.87x107eV.
D 3x10*eV.

8. The number of MeV in 1 X 1071°T is:
A 1.6x10*MeV.
B 6.24 xX10*MeV.
C 6.24x10*MeV.
D 6.24x10“MeV.
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9. The number of joules in 5 x 10°MeV is:

A
B
C
D

10. The sum of the masses of 10 protons and 10 neutrons is 0.172u more than the mass of a

8.01 x 108J.
8.01 X 10747J.
3 X 10%].
3% 10%7.

Ne-20 nucleus. The binding energy per nucleon in this nucleus is:

A 8.6x107%eV.

B 8.0MeV.

C 16.0MeV.

D 7.7x10%eV.
SHORT RESPONSE

11. A slow neutron of mass 1.0086 u causes fission of U-235 (235.044u). The fission fragments
and their masses, in unified atomic mass units, are I-131 (130.906 u) and Y-103 (102.945u).

a
b
c

How many neutrons are released in this fission event?
Calculate the mass defect of this event in unified atomic mass units and in kilograms.
How much energy is released? Give your answer in joules.

12. The binding energy of 3. Ca is 361.7 MeV. Determine its atomic mass.

13. When *U undergoes fission, about 0.1% of the original mass is released as energy.

a

b

Calculate the amount of energy released by an atomic bomb that contains 10kg of
uranium-235.

When 1tonne of TNT is exploded, about 4 x 10°J of energy is released. Determine
how many tonnes of TNT are equivalent to the destructive power of the atomic bomb
from part a.

14. Determine whether xenon-140 is more likely to undergo fission or fusion. Justify
your answer.

CROSS-CHAPTER QUESTION

15. Water is used as a coolant in nuclear reactors to maintain a safe temperature of the
radioactive rods. During this process, the water is heated an additional 40°C. Calculate
the mass of water needed per gram of uranium undergoing fission for the reaction:

1 235 92 141 1
Mn+ U0 = JKr + (Ba+ 3,n

Mass of uranium-235: 235.0439299u
Mass of krypton-92: 91.926173u
Mass of barium-141: 140.914403 u
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SCIENCE AS A HUMAN ENDEAVOUR

Syllabus e Explore advances in medical treatment and imaging that have come
dot point from a deepening understanding of the properties of nuclear radiation.
Physics 2025 v1.1 General Senior Syllabus © QCAA 2024

Nuclear medicine imaging: a window into the body

Advances in medical treatment and imaging have emerged from our growing
understanding of nuclear radiation properties, and these breakthroughs have
revolutionised health care, enabling precise diagnostics and targeted therapies.

Radioisotopes and their role

Radioisotopes, variants of chemical elements with different numbers of neutrons, play a

pivotal role in nuclear medicine. These isotopes emit radiation, allowing us to visualise

biological processes within the body through a range of applications.

+ Diagnostic imaging: Technetium-99m is used in single-photon emission computed
tomography (SPECT) and fluorine-18 is used in positron emission tomography (PET).
These techniques provide detailed images of organs, tissues and metabolic activity.
For example, PET scans using fluorine-18 can detect cancer, brain disorders and
cardiovascular diseases.

» Thyroid imaging: lodine-123 is commonly employed to diagnose thyroid disorders. It
helps visualise thyroid function and identify abnormalities such as hyperthyroidism or
thyroid cancer.

* Bone scans: Technetium-99m-labelled compounds accumulate in bone tissue, aiding
in the detection of fractures, infections and bone tumours.

Therapeutic applications

Beyond imaging, nuclear radiation also has therapeutic benefits.

+ Radioactive iodine therapy: In cases of thyroid cancer, patients typically have their
thyroid removed and then receive radioactive iodine (iodine-131) to destroy any
remaining thyroid tissue. I-131 does not distinguish between cancerous and healthy
thyroid cells.

* Radiopharmaceutical therapy: This approach uses pharmaceuticals containing
radioisotopes to treat cancer. For example, lutetium-177 is used for neuroendocrine
tumours and samarium-153 is used to treat the pain of bone cancer.

» Brachytherapy: Radioactive seeds or sources are implanted directly into tumours.
Prostate cancer patients benefit from permanent seed implants (iodine-125 or
palladium-103), while temporary brachytherapy treats cervical and breast cancers.

Precision and safety

Advancements in understanding nuclear medicine have led to increased precision

and safety.

* Theranostics: A pair of chemically similar radioactive agents, one to deliver therapy to
treat metastatic prostate cancer and the other chemically similar agent to identify or
diagnose the prostate cancer.

« 3D gamma-ray vision: Recent developments allow us to visualise nuclear radiation in
three dimensions. By fusing scene data with radiation data, we can detect and map
radioactive materials. This technology aids emergency responses and enhances
public communication about radiation.

* Time-of-flight PET: Time-of-flight PET scanners improve image resolution, enabling
early cancer detection and accurate staging.

* Radiomics: Analysing large data sets from medical images helps predict treatment
outcomes and personalise therapies.
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ANSTO

FIGURE 1 Lutetium-177 at ANSTO's OPAL multipurpose reactor

Challenges and future directions

While nuclear medicine continues to evolve, challenges remain.

» Supply chain: Ensuring a stable supply of radioisotopes is critical. Research reactors
produce most medical isotopes, but efforts are ongoing to diversify production
methods.

+ Safety and regulations: Rigorous safety protocols are essential to protect patients,
healthcare workers and the environment.

» Short half-lives: Nuclear medicines must have short half-lives to minimise radiation
doses to patients. This means the manufacture, packaging and delivery of nuclear
medicines to hospitals must happen on time before the radioactivity of the medicine
decays.

+ Reactor efficiency and reliability: ANSTO's OPAL reactor is one of only a handful of
reactors around the world that manufactures technetium-99m for diagnostic scans.
OPAL is a very reliable reactor, ensuring the supply of technetium-99m when patients
need it.

+ Safety and regulations: Producing and transporting nuclear medicine requires expert
skills, scientific knowledge and safety, making nuclear medicine production an
expensive industry.

Behind every radiation application lies rigorous science, safety and a commitment to
enhanced health outcomes for society.
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C“‘S Al Current, potential difference
and energy flow

Zhukov Oleg/Shutterstock.com

SCIENCE UNDERSTANDING
SYLLABUS Describe electric charge as positive or negative.
DOT POINTS Describe electric current as carried by discrete electric charge carriers.
Describe the law of conservation of electric charge.
Explain that electric charge is conserved at all points in an electrical circuit.
Describe the concepts of electrical potential difference, and power within a circuit.
Solve problems involving electric current, electric charge and time using / = 9
Explain that the energy inputs in a circuit equal the sum of energy output froin loads in
the circuit.
Explain that the energy available to electric charges moving in an electrical circuit is
measured using electrical potential difference.

Solve problems involving electrical potential difference using V = ﬂ.
q

Explain in qualitative terms why electric charge separation produces an electrical
potential difference.

Solve problems involving power using P = %

Physics 2025 v1.1 General Senior Syllabus © QCAA 2024
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Introduction

Electricity is a convenient form of energy that is available from both renewable and
non-renewable sources. Electricity can be transmitted over great distances and is used

domestically, commercially and industrially. Electrical energy can be transformed into other
types of energy such as heat, sound, light and mechanical energy.

In this chapter, the laws of conservation of charge and of energy are explained and
applied to electrical circuits, and steps to solve and analyse circuits are detailed.

Practical Worksheets
e Investigating electrostatic charge e Electricity warm-up
e Power, current and energy

To access resources above, visit

«) :
“ Ke N e l.SO n M I ndTa p cengage.com.au/nelsonmindtap
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ASSUMED KNOWLEDGE

An electric current is the flow of electric charge in a circuit.

The atom consists of protons, neutrons and electrons in an organised structure.
Electric circuits allow for the flow of electric current.

Electrons are negatively charged particles that carry electric charge.

Materials that allow current to flow are conductors, whereas those that prevent the flow
of current are insulators.

v The potential difference across a circuit is measured in volts, whereas the electric
current flowing through a circuit is measured in amperes.

L O NS

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

describe electric charge as negative or positive

describe how electric charge is quantified

recall common positive and negative charge carriers

describe and explain static charge, its causes and effects

describe the laws of repulsion and attraction of electric charge

describe the law of conservation of electric charge

define ‘electric conductors’ and ‘electric insulators’

define ‘electric current’

explain that electric charge is conserved at all points in an electric circuit

apply Kirchhoff’s current law to quantify currents at points in a circuit

describe the concepts of electric potential difference, current and power in a circuit
solve problems involving electric potential difference, charge, power and current in
a circuit

compare conventional current and electron flow

describe direct current and alternating current

explain how electric charge separation produces an electrical potential difference
calculate energy consumption in kilowatt hours

apply Kirchhoff’s voltage law to analyse circuits

contrast parallel and series circuits

recall how humanity’s understanding of electrical phenomena has developed over history
discuss the impact of high consumption of electrical energy on infrastructure resilience
and sustainability.

L N O N Y U N U N NN

L O O N N

m Positive and negative charge carriers

Electricity is a very convenient form of energy. It is available from many sources, such as
batteries, alternators and solar panels. It can be generated by power stations that use coal, water
(hydroelectricity), natural gas, wind or nuclear fuel. Electrical power is transmitted over large
distances for domestic, commercial and industrial use.

Electrical energy is easily transformed into other types of energy, such as:
 radiant heat energy in toasters, ovens and heaters
« radiant sound energy in speakers and headphones
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« radiant light energy in incandescent, fluorescent and LED lights
« mechanical kinetic energy in refrigerator motors, electric drills and hair dryers.

Energy can also be used in other appliances to operate logic circuits in alarms, computers,
robots and controlling devices.

Energy can be transferred from place to place. It can be transformed from one form to
another. Energy in an isolated system is conserved. These important concepts will be developed
further in this chapter.

Positive and
negative charges

The kinetic particle model of matter involves
understanding the nuclear model of the atom. For
the Rutherford-Bohr model of an atom, a very
small central nucleus is surrounded by electrons,
arranged in different energy levels. The positively
charged nucleus consists of both positively charged
protons and neutral, uncharged mneutrons
(collectively called nucleons). Almost all of the mass
of the atom is found within the nucleus. Electrons,
which are negatively charged and make up a very
small proportion of the mass, circulate in the region
of space around the nucleus in discrete energy level
shells (Figure 9.1.1).

FIGURE 9.1.1 The Rutherford—
Bohr model of the atom. Protons
and neutrons are located within the
nucleus of the atom, while electrons
are located in discrete energy level
shells outside the nucleus.

TABLE 9.1.1 Relative mass and charge of subatomic particles

Relative mass 1 1

1/10 000

Neutral -1

Charge +1

Metals such as copper and gold are good conductors of heat and of electricity. The
arrangement of atoms within a metal is in the form of a metallic lattice (Figure 9.1.2). The
lattice structure allows electrons that are delocalised to move freely throughout the metal. As
a result, metals allow the conduction of electricity.

Free electrons
[} ® e

‘//A\\b
+ o+ + o+
° @ @

.>Nuclei
(=

4_

+ 4+ + 4+ o+

FIGURE 9.1.2 The lattice structure of metals allows delocalised electrons to flow freely throughout the
metal; hence, metals conduct electricity.

9780170483629

electron a negatively
charged subatomic
particle with mass
9.11 x 103" kg

proton a positively
charged subatomic
particle within the
nucleus of an atom

neutron a neutrally
charged subatomic
particle within the
nucleus of an atom;
mass of a neutron is
approximately the same
as that of a proton

metallic lattice a regular
arrangement of large
numbers of metal atoms
that allows free electrons
to move readily
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static electricity charges
at rest, or stationary;
typically produced on
insulators by friction
between two surfaces

potential energy

energy that is stored in
a system because of
the configuration and
interaction of the bodies
within the system

9 )
o‘:

Weblink
Balloons and
static electricity

Charge carriers

Static electricity is the build-up of electric charge on an object. There are many familiar
examples of the effects of electrostatic charge: a plastic comb run through hair or a plastic ruler
rubbed on woollen material attracts small pieces of tissue paper; sometimes a crackling noise
can be heard and flashes of light observed when a person takes off a polyester or nylon top in the
dark; when a balloon is rubbed near hair and then held a few centimetres away, this causes the
hair to stick to the balloon.

All objects are made of atoms and, consequently, all objects are made of positively charged
protons, negatively charged electrons and neutrons with no charge. The overall sum of
charges on a neutral object is zero - there is the same number of positive and negative charges.
A positively charged object has more positive charges than negative charges. A negatively
charged object has more negative charges than positive charges. When an object becomes
charged, it is due to the transfer of negatively charged electrons either to the object, making it
negatively charged, or away from the object, making it positively charged.

Electric charge can be positive or negative

Charge is an intrinsic property of an object. Charge cannot be created or destroyed, but it
can move from one object to another. In everyday language, charge is used to mean a form of
energy. We say we ‘charge’ our phone, but this is not scientifically accurate. When you charge
your phone, you are providing energy to the battery in order to separate charge. The battery
separates the charge using chemical reactions. This separated charge is stored as electrical
potential energy until it is needed. The charge itself is not energy, but the charged object can
be given energy or it can store energy.

If two charged objects of the same net charge (both positively charged or both negatively
charged) come near each other, they push away from each other; that is, like charges repel. If two
charged objects have the opposite net charge (one positively charged, one negatively charged),
they come towards each other; that is, opposite charges attract. Charges are known to exist due
to this electrostatic force, which is experienced as attraction or repulsion.

Like charges repel, opposite charges attract

A neutral object has the same number of positive charges as negative charges. Neutral objects
do not attract or repel other neutral objects. The amount of charge on an object depends on the
difference between the number of protons and the number of electrons.

For example, if two balloons are blown up and held near each other, they do not repel or
attract each other; they stay still. The balloons are both neutral because they have the same
number of protons and electrons. Because they are both neutral, there is no attraction or
repulsion (Figure 9.1.3a).

If one of the balloons is rubbed on a person’s hair, electrons move from the hair onto the
balloon. The balloon now has more electrons than protons, which means it has an overall
negative charge. The person’s hair has lost some of its negative charge, so its overall charge is positive.
The positive charge on the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>