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LEARN THE THEORY

Every dot-point in your study design is covered in our video lessons and
textbook theory - perfect to use for pre-learning, during class, and as revision.

EVALUATE STRENGTHS AND AREAS FOR IMPROVEMENT

Teachers see class-level data and individual student responses - use this to
provide feedback, differentiate student learning, plan future lessons, and inform
the revision program of your students.

Q17c

9A Forces

| have used the relevent theory: Newton's third law.

| have used the relevent theory: normal force.

[
B
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Need help? Email the Edrolo School Support at:
help@edrolo.com.au.
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Each lesson has theory review questions, a deconstructed exam-style question, and exam-style questions so you
can apply your knowledge in different ways and consolidate your learning. You'll also find tests/exams within each
area of study.

SELF-ASSESS AND GET FEEDBACK

At the back of your textbook you'll find exemplar responses and checklists for every exam-style question. In your
Edrolo account, you'll find video solutions as well as the interactive checklists and exemplar responses. Use these
answers to target your revision and get the greatest impact from your study time. This enables you to focus on the
parts of the theory you struggled with, and ask your teacher for support if you get totally stuck!

= u
34 Forms )
[oe— Q17¢
it S e
s s b 95 dutng 8 K b Sl g St B § e T St Y
SRR D N I L

S St £

e e p—

I*. .'
4l
g
[ (3

Ao N
Pramadas
Y L b T By E
Pous Beipmes

|t ot o et B bt & B

ot it e et T s S

o B B e

Aot A AR AT

R pre—

$2vw and cominue




Vil FEATURES OF THIS BOOK

FEATURES OF THIS BOOK

Edrolo’s VCE Physics Units 1& 2 textbook has the following features.
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Study design dot * = 2
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any formulas that Useful tips address common misconceptions. Worked examples apply theory to
will be introduced exam-style questions with full working and
throughout the lesson. explanations of each step in the process.
Keen to investigate boxes provide suggested links for Concept discussion questions encourage students to
students to explore physics concepts using simulations, discuss relatable situations where the physics concepts from
videos, or other online material to both consolidate and the theory apply. They are designed to be accessible to all
deepen their understanding beyond the study design. students while promoting a deeper understanding.
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Deconstructed exam-style questions
provide prompts for students to
piece together the steps needed to
answer an exam-style question.

Theory review questions test if students can
remember the basic theory and overcome common
misconceptions. They are stepping stones between
the content and exam-style questions.
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The chapter and area of study reviews consist of exam-style questions that cover the
content from that chapter or area of study. They are structured like the end-of-year
exam in Year 12, consisting of a Section A with multiple choice questions and a
Section B with short answer questions.
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1A Asking questions, identifying variables, and making predictions
1B Scientific conventions

1C  Collecting data

1D Representing and analysing data

1E Gradients of lines of best fit

This chapter will introduce and develop the key science skills, which are applicable to

all practical, research, and investigation tasks throughout Units 1-4. In particular, these
skills will build the foundation of knowledge that you will use to conduct the practical
investigation for Unit 2 AOS 3. To do this, we will examine the key knowledge dot points
related to Unit 2 AOS 3 in combination with the key science skills outlined in the study design.

Key knowledge

e the characteristics of scientific research methodologies and techniques of primary qualitative
and quantitative data collection relevant to the selected investigation, including experiments
(thermodynamics, construction of electric circuits, mechanics), and/or the evaluation of a device;
precision, accuracy, reliability and validity of data; and identification of uncertainty

methods of organising, analysing and evaluating primary data to identify patterns and
relationships including sources of error and uncertainty, and limitations of data and methodologies -

.
observations and experiments that are consistent with, or challenge, current physics models r 8
or theories

the nature of evidence that supports or refutes a hypothesis, model or theory

the conventions of scientific report writing including physics terminology and representations,
symbols, equations and formulas, units of measurement, significant figures, standard
abbreviations and acknowledgment of references.

Image: Feel good studio/Shutterstock.com Reproduced from VCAA VCE Physics Study Design 2016-2022




The development of a set of key science skills is a core component of the study of VCE Physics
and applies across Units 1 to 4 in all areas of study. In designing teaching and learning
programs and in assessing student learning for each unit, teachers should ensure that students
are given the opportunity to develop, use and demonstrate these skills in a variety of contexts
when undertaking their own investigations and when evaluating the research of others.

As the complexity of key knowledge increases from Units 1 to 4 and as opportunities are
provided to undertake investigations, students should aim to demonstrate the key science
skills at a progressively higher level.

Key science skills

Develop aims and questions, formulate hypotheses and make predictions
Plan and undertake investigations

Comply with safety and ethical guidelines

Conduct investigations to collect and record data

Analyse and evaluate data, methods and scientific models

Draw evidence-based conclusions

Communicate and explain scientific ideas




1A ASKING QUESTIONS, IDENTIFYING
VARIABLES, AND MAKING PREDICTIONS

‘Why’ is a great question to ask. Why is the sky blue? Why do things fall? Why do dark objects
that have been left in sunlight become hotter than light objects?

Science is the process of asking questions and seeking explanations for how the universe
behaves so that we can make informed and accurate predictions. Physics is the part of
science that focuses on the most fundamental features of the universe: matter and energy.
This lesson will explain the scientific method as a process of seeking answers to questions by
testing predictions involving different variables.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representing and 1E Gradients of lines of
identifying variables, analysing data best fit
and making predictions

Study design dot points

e the characteristics of scientific research methodologies and techniques of primary qualitative and quantitative data collection
relevant to the selected investigation, including experiments (thermodynamics, construction of electric circuits, mechanics),
and/or the evaluation of a device; precision, accuracy, reliability and validity of data; and identification of uncertainty

e observations and experiments that are consistent with, or challenge, current physics models or theories
Key science skills dot points

e determine aims, hypotheses, questions and predictions that can be tested

* identify independent, dependent and controlled variables

® systematically generate, collect, record and summarise both qualitative and quantitative data

e explain how models are used to organise and understand observed phenomena and concepts related to physics, identifying

limitations of the models
Key knowledge units
The scientific method 23.2.1
Variables and types of data 2322
Theories and models 2351

No previous or new formulas for this lesson

Definitions for this lesson

controlled variable avariable that has been held constant in an experiment in order to test the
relationship between the independent and dependent variables

dependent variable avariable that the experimenter measures, which is predicted to be affected
by the independent variable. Dependent variables are plotted on the vertical axis of graphs

hypothesis aproposed explanation that predicts a relationship between variables and can be
tested through experimentation

independent variable the variable that the experimenter manipulates (selects or changes),
which is predicted to have an effect on the dependent variable. Independent variables are plotted
on the horizontal axis of graphs

model (scientific) arepresentation of a physical process that cannot be directly experienced

observation the acquisition of data using senses such as seeing and hearing or with
scientific instruments

qualitative data data that cannot be described by numerical values
quantitative data data that can be described by numerical values

theory (scientific) an explanation of a physical phenomenon that has been repeatedly confirmed
by experimental evidence and observation




1A THEORY

The scientific method 2.3.2.1
OVERVIEW

The scientific method is a way of reasoning. It is a process of collecting and analysing
information to disprove incorrect explanations about the world. This process provides great
confidence in explanations about the world which have not been disproved.

THEORY DETAILS

The scientific method is a process which begins with the idea that all possible explanations
for an observation could be true unless (and until) they are disproved. The process then
follows a sequence of logical steps to gather information in order to test an explanation,
known as the ‘hypothesis’. That is, we try to disprove the hypothesis. If, after multiple rigorous
attempts to do this, the hypothesis has not been disproved then we have greater confidence
that it is a correct explanation for our observations. This determination to disprove our own

explanations is what makes scientific conclusions so powerful.

This section outlines the general process of following the scientific method, along
with descriptions of its application to an example experiment for each step (in the

right-hand column).

Step 1: Observe and question

We observe a physical phenomenon and ask ‘why does this happen?’
Sometimes we need to break the question into more specific parts such
as ‘what are the factors that affect...?’

When we have answered this question, we could move to the question
of why the identified factors have the effect that they do.

Step 2: Formulate a hypothesis

A hypothesis should make a testable prediction by describing the effect
of changing one variable on another variable.

To ensure the hypothesis meets this requirement, it can help to follow a
structure such as:

® |f [describe predicted physics principles] then [describe the
predicted change to the dependent variable] when [the independent
variable] is increased.

® |tis predicted that [increasing/decreasing][independent variable]
will [increase/decrease][dependent variable] because [describe
predicted relationship between independent variable and
dependent variable].

Step 3: Experiment (test the hypothesis)

In performing an experiment, only an independent variable should be
deliberately changed. The dependent variable should then be measured.
All other variables (controlled variables) should be kept constant.

We record our method in detail so that another experimenter could
attempt to replicate it in order to verify our results.

Lesson 1C will further explain this section of the scientific method.

For example, we put a large jug of water and a small jug of water into
the same freezer, and we observe that the water in the larger jug takes
longer to freeze than the water in the smaller jug.

We ask ‘what are the factors that affect how long it takes to freeze water?’

We consider which conditions were (or could have been) different
between the two jugs.

® The larger jug had a greater total surface area of water.

® The larger jug had a greater volume of water.

® The jugs might have had different initial temperatures.

® The jugs might have been made from different materials.

We decide that the different surface area might be the best explanation
for the different freezing times.

So we formulate a hypothesis: ‘If the time taken for water to freeze is
directly related to its total surface area, then the time taken for a fixed
volume of water to freeze will increase when its surface area increases.’

We measure the time it takes to freeze water in a variety of different
shapes that have different surface areas but we try to keep all of the
following conditions constant: water volume (250 cm?3), initial water
temperature (20°C), freezer temperature (-18°C), and container
material (silicone).

We use nine different values of surface area. Using a greater number of
different values of the surface area will give us greater confidence in any
trends we observe.

We take five measurements of the freezing time for each value of the
surface area and then calculate the average time for each.

The example results are shown in Table 1.



a CHAPTER 1: PRACTICAL INVESTIGATIONS

Table 1 Example results for the time taken for water to freeze with different surface areas

Time to freeze (minutes)

Surface area

(em?) Trial 1 Trial 2 Trial 3 Trial 4 Trial 5
200 299 287 295 297 307
300 254 268 260 274 264
400 230 244 224 240 232
500 197 207 213 201 217
600 170 188 190 170 182
700 169 157 161 159 149
800 148 128 136 140 138
900 113 115 127 123 107
1000 87 103 91 97 107

Step 4: Analyse and conclude

We should present information in a way that makes it clear what (if any)
relationship exists between the variables in our experiment. Plotting
graphs of the dependent variable versus the independent variable is a
useful visual way of identifying relationships.

We try to make conclusions based on the analysis as to whether the
data supports the hypothesis.

We acknowledge any factors that may have affected our results which
we could not control or any uncertainty in our results.

We can never have complete certainty that the conclusion is true
because there may be variables which we did not correctly control or
even recognise.

Lessons 1D and 1E will further explain this section of the

scientific method.
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We choose to represent the data on a graph (see Figure 1), with the
surface area on the horizontal axis and the average time to freeze on the
vertical axis.

We notice that the time for the water to freeze seems to decrease as
surface area increases.
We conclude that our results do not support our hypothesis that

‘increasing the surface area of water will increase the time it takes
to freeze’

Even though we kept the volume constant, there may have been other
differences in the geometry for each value of the surface area such as
the existence/angles of corners.

.

400 600 800

Surface area (cm32)

200

1000

Figure 1 Agraphical representation, includinguncertainty bars, of the data from Table 1. Uncertainty barswill be

covered in Lesson 1D.

Step 5: Share the results

We make our results (and the method we used) public for other
experimenters to view.

Variables and types of data 2.3.2.2
OVERVIEW

If other experimenters conduct their own experiments freezing water
and find similar results, then we become increasingly confident that
increasing surface area decreases the time taken for water to freeze.

An independent variable is a variable that the experimenter directly and intentionally changes.
A dependent variable is a variable that the experimenter measures. A controlled variable is a
variable which is kept constant. Variables can be described by a numerical value (quantitative)

or described by non-numerical characteristics (qualitative).



1A THEORY

THEORY DETAILS

In order to conduct a valid experiment according to the scientific method, we need to
investigate the relationship between variables: what happens to variable Y when we change
variable X? To have confidence in the relationship between variables, we need to make sure
that any other conditions which might affect the results are kept constant.

¢ Anindependent variable is a variable that the experimenter directly and intentionally
changes (to have particular chosen values) in order to determine what (if any) effect it has
on the dependent variable. For the results of an experiment to be valid, we should change
only one independent variable at a time.

e Adependent variable is a variable that the experimenter measures in order to determine
whether it is affected by (dependent on) the independent variable.

* Acontrolled variable is a variable which is kept constant to avoid potentially affecting the
results for the dependent variable.

Table 2 Classification of the variables used in the example experiment which was described in the context of the
scientific method

Variable classification Example(s)
Independent variable Surface area of water/ice
Dependent variable Time taken to freeze
Controlled variable Volume of water
Initial temperature of water
Temperature of freezer

Container material

Quantitative data

Quantitative data describes any data which can be easily described with numerical values.
Surface area, time, volume, and temperature are all properties which should be described by
quantitative data.

Qualitative data

Qualitative data describes any data which cannot be (easily) described with numerical values.
The material from which a container is made may be more easily described by non-numerical
data (such as silicone) and so it would typically be considered qualitative data. If we wanted
to describe the material in greater detail then we would use quantitative data: the relevant
physical properties of the material (such as thermal conductivity and density) are all best
described with quantitative data. Note that assigning numbers to data that would otherwise
be qualitative (e.g. assigning numbers to tennis ball brands) does not make it quantitative.

Theories and models 2.3.5.1

OVERVIEW

In science, a theory is an explanation which is widely accepted to be true due to consistent Hypothesis

and repeated observations which support the explanation. Models are often used in science

to help explain a theory by building on concepts which we already understand. Obervations
repeatedly

THEORY DETAILS support

When the predictions made by a hypothesis have been tested many times, and the results BypasEss

consistently support the hypothesis, then the scientific community will consider the

hypothesis to be true with a high degree of confidence. At this point, the explanation is now Theory

considered a scientific theory.

z : oo oo ; . Figure2 The progression of
Remember that in science we can never say something is correct with complete certainty. = gossible expfanagﬁon o

Any explanation must be considered possible until it has been disproved (although scientists  hypothesistoatheory
will favour the explanation with the least assumptions). An example of this is the explanation

of gravity. Issac Newton developed a universal law of gravitation, which was considered to be

a correct theory for over 200 years. However, in very particular situations it made predictions

that did not align with observations. Albert Einstein developed an alternative explanation

which has been shown to make correct predictions even in the situations where Newton’s

explanation fails. Einstein’s explanation is the theory of general relativity.
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Models simplify concepts for us to understand more easily when the concepts cannot be
directly experienced or observed, especially when the details of the concept are complex.

In general, all models have limitations and it is important to understand what they are.

For example, we usually model matter as being continuous because this is consistent

with what we see and feel. This model is useful for most applications relevant to our lives.
However, our understanding of atomic theory tells us that matter consists of atoms, which are
discrete and the mass of each atom is concentrated at the nucleus with mostly empty space
around it. This reality is important if we are dealing with physics at very small scales when we
should no longer model matter as being continuous.

Examples of models we use in VCE Physics are the particle model of atomic nuclei, |~ o

the electromagnetic wave model for light, and a vector model for forces. | ... ) : : :

Theory summary :I:'

¢ Thescientific method is a way of reasoning in order to create correct theories about how

the world works by testing whether or not a hypothesis is supported by observations. Figure3 (a) Ourbrains modelsolid

e Ahypothesis is a proposed explanation which makes testable predictions about the ?;’)j?fcvtseajr‘;&‘g]’:ig‘c’:t’i’;zgl":htere

relationship between variables. the matter is concentrated, we see
e Anindependent variable is directly changed by the experimenter. tThh?S"c'j’iJ:g;;T::S{é”;f;{:paw
¢ Adependent variable is observed or measured by the experimenter.

e Acontrolled variable is kept constant to avoid affecting the observations or measurements
of the dependent variable.

¢ Ascientific theory is a widely accepted explanation - it is the progression of an
explanation from a hypothesis that has been confirmed with high confidence.

¢ Scientific models are representations which help explain physical theories.

KEEN TO INVESTIGATE?

YouTube video: Matthew Rath - Neil Degrasse Tyson Analogy for the Scientific Method
youtu.be/6FvSXI2iBcA

YouTube video: Seabala - Feynman on Scientific Method
youtu.be/EYPapE-3FRw

YouTube video: Sprouts - The Scientific Method: Steps, Examples, Tips, and Exercise
youtu.be/yi0hwFDQTSQ

1A Questions

THEORY REVIEW QUESTIONS Question 2

Question 1 Which of the following statements about the scientific
method are true? (Select all that apply)

A hypothesis should always
I Thescientific method guarantees that correct

A predict the relationship between variables in conclusions will be obtained.

an experiment.
Il Thescientific method attempts to systematically

B predict the specific values that will be measured in eliminate incorrect explanations about the world.

an experiment.
Il The more data collected and the more independent

experiments conducted, the greater the confidence we
can have in the conclusions of experiments that follow
the scientific method.

IV We have confidence in a hypothesis that is supported
by the scientific method because the experimenter has
tried without success to disprove the hypothesis.
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Question 3

A student conducts an experiment in which she attaches
different masses to a hanging spring and measures the
extension of the spring for each mass. She uses the same
spring for all measurements. Match the type of variable with
the variable in this experiment.

Type of variable

e Independent variable

e Dependent variable
e Controlled variable

Variable in this experiment

uoisualx3y

a Extension of spring
b  Springused

¢ Mass attached

Question 4

Categorise measurements of the following experimental
variables as either quantitative data or qualitative data.

I Thelength of aramp down which a ball rolls
Il Thetype of ball (basketball, soccer ball etc.)
Il The material from which the ball is made

IV The angle of the ramp

V  The diameter of the ball

Question 5

For each statement, choose the type of explanation/
representation that it is best described by.

Explanation/representation
e  Scientific theory

e  Scientific model

e  Scientific hypothesis
Statement

a Theshape of the Earth is treated as a perfect sphere for
the purpose of calculations.

b Ice meltsinto water when provided with sufficient heat.

¢ Iflarger mass objects roll downhill at a greater rate than
smaller mass objects, then the time taken for the cart to
reach the bottom should decrease when the mass on the
cartis increased.

EXAM-STYLE QUESTIONS
This lesson

Question 6 (5 MARKS)

Esther conducts an experiment in which she measures the
maximum distance from her phone that she can hear the
message alert tone for various volume settings (identified
as ‘quiet’, ‘medium’, ‘loud’, and ‘very loud’) on the phone.
She uses the same message alert tone for each trial and
conducts the experiment in a large quiet outdoor space.

a ldentify the independent variable and whether
it is measured with quantitative data or
qualitative data. (2 MARKS)

b Identify the dependent variable and whether
it is measured with quantitative data or
qualitative data. (2 MARKS)

¢ Identify a controlled variable in this experiment. (1 MARK)

Adapted from 2017 VCAA Exam Section B Q9b

Question 7 (1 MARK)

A simple representation that helps to describe and predict
scientific results but which is known to be incomplete or
partly incorrect is best described as

A ahypothesis.

B ascientific model.
C ascientific theory.
D

an observation or measurement.

Question 8 (1 MARK)

Alogical prediction based on existing facts or observations is
best described as

A ahypothesis.

B ascientific model.
C ascientific theory.
D

an observation or measurement.

Question 9 (1 MARK)

A conclusion that is formed with high confidence due

to withstanding rigorous testing and which can explain
observations and predict the results of future experiments is
best described as

A ahypothesis.

B ascientific model.
C ascientific theory.
D

an observation or measurement.



1B SCIENTIFIC CONVENTIONS

Scientific conventions such as Sl units and the correct treatment of significant figures in
physics let us efficiently convey information, not only about the values we measure, but also
about the precision of those values.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representing and 1E Gradients of lines of
identifying variables, analysing data best fit
and making predictions '

Study design dot point

* the conventions of scientific report writing including physics terminology and representations, symbols, equations and
formulas, units of measurement, significant figures, standard abbreviations and acknowledgment of references

Key science skills dot point

® process quantitative data using appropriate mathematical relationships, units and number of significant figures

Key knowledge units
Units of measurement 2381
Significant figures 2382

No previous or new formulas for this lesson

Definitions for this lesson
magnitude the size or numerical value of a quantity without sign (positive or negative) or direction

Slunit the accepted standard unit used for measuring a quantity. It is an abbreviation of

et

"le Systéme international d’unités

significant figures all digits quoted starting with the first non-zero digit giving an indication of the
confidence in a measurement

Units of measurement 2.3.8.1
OVERVIEW

The S system of measurement is used globally as the preferred system of measurement for
scientific contexts. It comprises the Sl units - the units the scientific community has decided
to use to express physical quantities. —

THEORY DETAILS

We use units of measurement as a standard reference for the magnitude of different
quantities so that different physical objects and processes can be compared. There are many
different systems of measurement used in different countries and contexts. Examples include
the International Nautical system (fathoms, nautical miles) and the imperial system (inch,
foot, yard, mile).

The system of units used in scientific disciplines is the International System of Units
(abbreviated to SI from the French name Systéme International). In most cases, the values
used in physics formulas must be measured in Sl units. This system comprises seven ‘base’
units which are defined in terms of physical constants or processes. For example, the metre

Image: AlexLMX/Shutterstock.com

is defined with reference to the speed of light, the second is defined by the frequency of Fomel 0 8 renderingofthe

= : $ % 2 : PK (International Prototype of the
energy transitions in caesium-133, and the kilogram (as of May 20, 2019) is defined by Kilogram). The kilogram was the
Planck’s constant. last unit to be defined interms of a

physical object. Priorto 2019, it was
defined by the mass of the IPK, a
cylinder made of platinum

and iridium that was keptinavault
in France.
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Table 1 The base Sl units and their symbols

Quantity Unit name Symbol
Time second s
Length metre m

Mass kilogram kg
Electric current ampere A
Temperature kelvin K
Amount of substance  mole mol
Luminous intensity candela cd

The candela and mole will not be used in VCE Physics.

All other SI units are derived from the base Sl units. That is, they are formed by multiplying or
dividing the Sl units. They are appropriately called ‘derived Sl units’.

Table 2 The derived Sl units and their symbols. The equivalent base Sl units in this table are not required
knowledge for VCE Physics.

Quantity Unit name Symbol Equivalent base Sl units
Frequency hertz Hz st

Force newton N kgms2

Energy joule J kgm?s2

Power watt w kgm? s

Electric charge coulomb (& As

Voltage volt Vv kgm?s3At

Resistance ohm Q kgm?s3A2

Magnetic flux weber Wb kgm?s2A?t

Magnetic flux density tesla T kgs2Al

Certain quantities like velocity and acceleration do not have their own dedicated SI units.
Instead they each use equivalent base (and/or derived) Sl units. These units are required
knowledge for VCE Physics.

Table 3 The equivalent base/derived Sl units for other select quantities

Quantity Equivalent base/derived Sl units
Velocity ms!

Acceleration m s

Area m?2

Volume m3

Resistivity Om

Specific heat capacity  JKlkg?
Specific latent heat Jkgt

When an answer is asked for in Sl units, this encompasses both base units and derived units.

The order of magnitude of an Sl unit can be adapted through prefixes. These indicate the
factor by which the value should be multiplied. For example, one nanometre is 10~ metres.

Table 4 The SI prefixes. This information is included in the VCE Physics exam formula sheet.

Symbol p n 1l m k M G
Prefix pico nano micro milli kilo mega giga
Order of magnitude 10712 107° 108 1073 10° 108 10°

Examples:

9.0pm=9.0x10"2m

3Ms=3x10%s

2.3x10°mJ=2.3x10%J
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The Sl unit for mass (the kilogram) is a special case since it has a prefix already within
its name (‘kilo’). Prefixes are put in front of ‘grams’ instead. For example, one milligram
expressed in Sl units would be 1076 kilograms.

USEFUL TIP

We can gain a lot of clues about physics problems from unit analysis. For example, if we see
the unit for velocity is m s™* (metres divided by seconds), that indicates that the formula for
velocity will contain some length variable divided by some time variable.

Similarly, if we forget the unit for frequency is hertz, but we remember that frequency is

calculated as the reciprocal of the period (f= %) where period is measured in seconds,
we can determine that an equivalent unit for frequency is s™1.

Significant figures 2.3.8.2
OVERVIEW

Significant figures are all the digits in a value that convey how well that value is

confidently known. The number of significant figures in a value can be determined using a set
of rules. Large and small numbers should be expressed in scientific notation so that they are
written to an appropriate number of significant figures.

THEORY DETAILS

Significant figures indicate to what degree we know a value is correct. For example, if we have
a number with two significant figures, that indicates to the reader that we are not confident
in the value of that number past those first two digits. This ties heavily into the concept of
uncertainty which will be explored in Lesson 1C.

There is a certain set of conventions taken in how we write numbers in VCE Physics so that the
reader can understand how confident we are in our values.

e Leading zeros are never significant
e All non-zero digits are always significant
e Trailing zeros are always significant
e Zeros between digits are always significant
In summary, all digits are significant except for leading zeros in VCE Physics.
Scientific notation
We can use scientific notation to express large numbers to the correct amount of
significant figures. We write numbers in scientific notation in the following form:
mx 10"
where mis a positive number greater than 1 and less than 10 (such as 5 or 4.56) and n is an

integer (such as -6 or 17). All the digits in m should be significant, meaning there should be no
leading zeros.

We use scientific notation for two reasons.

Firstly, it allows us to write very large and very small numbers with only a few digits (consider
how we would write 6.67 x 1071 without using scientific notation). This is especially important
in physics, as we often work on quantum (very small) or astronomical (very large) scales.

Secondly, scientific notation allows us to write large numbers even if they have a small
number of significant figures. For example, if we write a distance measurement as 2000 m

(4 significant figures), it implies that the measurement is confidently known to the

nearest metre. But if our measurement was taken to the nearest 100 m, then we should write
the measurement as 2.0 x 103 m (2 significant figures).
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USEFUL TIP

When converting from standard notation to scientific n=6 55
notation, the magnitude of n is the number of digits

6
5600000 «—> 5.6x10
between the space after the first significant digit and p==4

n=-4
the decimal place. 0.00043 <«—> 4.3x107%

If the first significant digit is before the decimal place,
move the decimal place n digits to the left. If the first significant digit is after the decimal
place, move the decimal place n digits to the right (the n value is negative).

Table 5 Examples of how to write numbers using scientific notation

Number Scientific Significant Number Scientific Significant
notation figures notation figures

230 2.30x 102 3 0450.2 4.502 x 102 4

0.00067 6.7x107 - 0.3700 3.700x 107! 4

5.034 5.034 x 10° 4 7.00%10°6 7.00x 1078 3

2x1076 2x107 1 37 3.7x10! 2

Significant figures in calculations

e When two values are being added or subtracted, the number of decimal places in
the answer should match the value from the addition/subtraction with the fewest
decimal places

e  When two values are being multiplied or divided, the number of significant figures in
the answer should match the value from the multiplication/division with the fewest
significant figures

These rules allow the results of our calculations to express the correct level of confidence
given the level of certainty in the numbers with which we started.

Examples:

5+5=10 (final answer has 0 decimal places as 5 has 0 decimal places)

7 x4=3x 10! (final answer has 1 significant figure as 7 and 4 both have 1 significant figure)
34.477 +2.31=36.79 (final answer has 2 decimal places as 2.31 has 2 decimal places)
34.477 x 2.31 =79.6 (final answer has 3 significant figures as 2.31 has 3 significant figures)

USEFUL TIP

The significant figures given for constants in the VCE Physics formula sheet limit the amount of
significant figures in exam questions. For example, any question involvingc=3.0 x 108 ms™*
will be limited to 2 significant figures.

Note: in worked answers in this book, we will provide additional significant figures in each
line of working as it is good practice to do so to ensure accuracy in the final answer and it will

make it easier for you to check your working. We will give the answer to the correct number of

significant figures.

Theory summary

e Slunits are used in scientific contexts, and most physical formulas require Sl units to be
used to attain correct values.

- Prefixes can be added to Sl units to indicate different orders of magnitude.
e Significant figure rule:
- All digits are significant except leading zeros in VCE Physics.

e Numbers can be written in scientific notation by writing in the form m x 10”.

USEFULTIP

Calculations should be
rounded to the correct
amount of significant
figures only in the

last step. Otherwise,
rounding during
working can result in an
incorrect answer.

The digits 0-4 round

down, and 5-9 round up.

11
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1B Questions

THEORY REVIEW QUESTIONS

Question 1

Identify the number of significant figures in the
following numbers.

570
0.0085076
00673.6

9

2.00067
8.73x 10’
0.7800
607.50
7.00x107°

o @ = 0o o N T 9

Question 2

Write the following numbers in scientific notation.
0.12

6000 (accurate to 2 significant figures)
0.000000030

8900 000 (accurate to 2 significant figures)
0.00078

- 0o o N T 9

63 700 (accurate to 3 significant figures)

Question 3

Compute the following mathematical results using correct
significant figure conventions. You are not required to give
your answers in scientific notation.

a 6+38

b 37.564-4.2384
c 80-6.8

d 376+214

e 874.4+0.65

f 59.95+0.072
Question 4

Compute the following mathematical results following
correct significant figure conventions. Give your answers in
scientific notation.

649 x 14
4.6x7.24
7.38+200

(4.76 x 10%) x 5.2
0561 x 58.34
20+ 0.004

- 0o QO N T 9

Question 5

Express the following quantities in terms of Sl units and in
scientific notation.

a 600ms
b 6.4kJ

c 0.400pg
d 23MQ

e 360nm
f T7.0pA
Question 6

Select which of the following are Sl units. (Select all that apply)
I seconds

Il fahrenheit

I miles

IV ohms

V  metres cubed (m3)

VI grams

VIl light-years

VIHI metres
IX years
X hours

Xl electron volts
XIl litres
XHI volts

EXAM-STYLE QUESTIONS
This lesson

Question 7 (2 MARKS)

Calculate the electric potential energy (E) of a 4.00 C charge
(Q) after passing through a 6.00 V (V) laptop charger to the
correct number of significant figures. The formula for electric
potential energy is E=VQ.

Question 8 (3 MARKS)

Calculate the average speed for the journey of a runner who
takes 67.0 seconds to run 0.135 kilometres up a hill and a
further 63 metres along a footpath to the correct number

of significant figures. Average speed is calculated using

total distance

speed = time



1C COLLECTING DATA

Can we know any measurement in physics with absolute certainty? What are the important
elements of designing experiments?

The ability to properly conduct experiments and gather data is an essential part of science.
In this lesson we will discuss important considerations when collecting data: error, uncertainty,
accuracy, precision, reproducibility, and repeatability.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representing and 1E Gradients of lines of
identifying variables, analysing data best fit
and making predictions

Study design dot points

e the characteristics of scientific research methodologies and techniques of primary qualitative and quantitative data collection
relevant to the selected investigation, including experiments (thermodynamics, construction of electric circuits, mechanics),
and/or the evaluation of a device; precision, accuracy, reliability and validity of data; and identification of uncertainty

® methods of organising, analysing and evaluating primary data to identify patterns and relationships including sources of
error and uncertainty, and limitations of data and methodologies

Key science skills dot points

e select and use equipment, materials and procedures appropriate to the investigation, taking into account potential sources
of error and uncertainty

* take a qualitative approach when identifying and analysing experimental data with reference to accuracy, precision,
reliability, validity, uncertainty and errors (random and systematic)

* explain the merit of replicating procedures and the effects of sample sizes to obtain reliable data

Key knowledge units

Error 2341
Uncertainty 2323&2342
Precision and accuracy 2324
Validity 2325
Repeatability and reproducibility 2.3.2.6

No previous or new formulas for this lesson

Definitions for this lesson

accuracy arelative indicator of how well a measurement agrees with the ‘true’ value of
a measurement

error the difference between a measured value and its ‘true’ value
human error see personal error

personal error mistakes in an experiment’s execution or analysis caused by a lack of care that
negatively impact or invalidate the conclusions of an experiment

precision a relative indicator of how closely different measurements of the same quantity agree
with each other

random error the unpredictable variations in the measurement of quantities

reliability aqualitative description of how likely it is that another experimenter can perform an
experiment and find the same results within a small range

repeatability the closeness of agreement of results when an experiment is repeated by the same
experimenter under the same conditions (using the same equipment and in the same lab)

reproducibility the closeness of agreement of results when an experiment is repeated by a
different experimenter under slightly different conditions (using their own equipment and lab)
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systematic error a consistent, repeatable deviation in the measured results from the true values,
often due to a problem with the experimental design or calibration of equipment

uncertainty the qualitative appraisal of how well an experiment measures what it is intended
to measure

validity the quality of an experiment measuring what it intends to measure

Error 2.3.4.1
OVERVIEW

Error refers to the difference between a measured value and its ‘true’ value.
THEORY DETAILS
Personal error

Personal errors are mistakes in an experiment’s execution or analysis caused by a lack of care
that negatively impact or invalidate the conclusions of an experiment. Personal error can also
be called human error. Examples of personal errors include:

e Misreading the scale on a thermometer
e Measuring the voltage across the wrong section of an electric circuit
e Using the diameter instead of the radius when calculating the area of a circle

Data that has been impacted by personal error should be discounted.
Systematic error

Systematic errors are errors that uniformly affect the accuracy of data in an experiment.
An uncalibrated weighing scale is an example of a cause of systematic error since each
measurement would differ from the true value by a consistent amount. Parallax error,
which occurs when an analogue scale is read at an angle to the display, is another cause of
systematic error.

On a graph that is supposed to have a trend pass through the origin, having a non-zero
y-intercept is usually an indicator of systematic error. This can be seen in Figure 1.

The effect of systematic errors cannot be improved by taking the average of multiple
measurements because all the measurements will consistently be affected in the same
way. The cause of any systematic error that is identified should be fixed and the experiment
repeated. Possible sources of systematic errors that cannot be removed, or were not
identified during the experiment, should be analysed in the discussion section of an
experimental report when they are present.

Random error

Random error is the unpredictable variation in the measurement
of quantities. In general, random errors can be reduced but not
entirely avoided.

Any physical measurement will have an associated random error which
is caused by uncontrolled variations in the conditions of an experiment
between each trial. Try and measure the time it takes to drop a ball from
a fixed height three times and you will find a slightly different result
each time!

Random errors commonly originate from readings that are between the
intervals of a measuring device or from taking a measurement when the
values on a measuring device are fluctuating.

Random errors affect the precision and accuracy of measurements.

Random errors can be reduced by choosing equipment and methods

that will result in less variation, such as using a timer that is activated

by an automatic sensor rather than a person timing with a stopwatch.

The effect of random errors can be reduced by using an averaged result Eig”re 1 Plots oftwo experiments measuringa relationship
etween the same two variables. The ‘true’ relationship is

from repeated measurements. linear and passes through the origin. The measurements

. e plotted in blue have been affected by systematic error since
The effect of random errors can be seen on a graph by data points sitting | yeasurements are consistently above the ‘true’ values. Al

above and below their trendline, as seen in Figure 1. measurements have been affected by random error.
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Uncertainty 2.3.2.3&234.2

OVERVIEW
Uncertainty is an indicator of a range that the ‘true’ value of a measurement should lie within.

THEORY DETAILS

Uncertainty

Uncertainty is an unavoidable part of experimentation and taking measurements. This means
that there is always a level of doubt in the accuracy of a measured value. Uncertainty is not

a “bad” thing. In fact, it is incredibly important to be honest with the level of uncertainty

in scientific measurements so that there can be an appropriate level of confidence in the
conclusions of an experiment.

Having uncertainty in measurements is unavoidable due to how measurements vary

when repeated (random error). In fact, uncertainty can be thought of as an estimate of the
maximum random error associated with a measurement. By using equipment with smaller
intervals - such as a ruler with millimetre markings rather than centimetre markings - the
level of uncertainty in an experiment can be reduced, but not eliminated.

Uncertainty can be expressed as an absolute uncertainty (in the same units as the
measurement) or as a percentage of the measurement. For example, a measurement of
5.0 cm with an uncertainty of 0.2 cm can be written as:

e 5.0+0.2 cm (absolute uncertainty); or
¢ 5.0 cm +4% (relative/percentage uncertainty).

Absolute uncertainties should be expressed to one significant figure, and the measured value
should be quoted to the place value of the uncertainty. Place value refers to the ‘tens’ place,
‘ones’ place, ‘tenths’ place. For example, if a measurement of 600 m is taken with a measured
uncertainty of 10 m, the measurement should be written as 6.0 x 102+ 0.1 x 102 m.

Uncertainty in an individual measurement due to a measuring device

The uncertainty in the value measured by a measuring device is half of the smallest increment

on the measuring device. For example, on a digital scale that gives values to the nearest 0.01 kg,
the uncertainty is +0.005 kg. If a metrestick has measurement intervals of 0.001 m, the uncertainty
is £0.0005 m. The measured value should have the same lowest place value as the uncertainty.
For example, using the ruler shown in Figure 3, the side of the box should be recorded as
5.40+0.05 cm.

Uncertainty in the average of multiple measurements

As measurements will vary each time they are recorded due to the effects of random errors,
measurements should be repeated multiple times and averaged in order to find a more
accurate estimate of the ‘true’ measurement.

The uncertainty of multiple measurements depends on how much difference there is in the
measured values. In VCE Physics, when calculating the uncertainty in the average of multiple
measurements, the uncertainty can be taken as the magnitude of the difference between the
average value of the measurements and the most extreme measurement (the individual
measurement which is furthest from the average).
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Figure2 Aquantityis measured
tobe X+ U. Thisindicates the ‘true’
value of a measured quantity
Xshould lie within the range of
uncertainty U around X. It should
not be assumed that the measured
value Xis the ‘true’ value.
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Figure3 Aboxbeing measured by
aruler. The smallestincrement on
theruleris0.1cm.

Worked example 1

Calculate the average net force and associated Trial 1 2 3 4 5
:r?::;triienzgiant::g :’:;?i HEked by = Stndent based.on Net force (N) | 20.0+0.1 | 20.6+0.1 | 19.8+0.1 | 182+0.1 | 204:0.1
Working Process of thinking

Average net force = 2004 20.62 12‘8+ 181308 o8N The average net force is given by the addition of each net

force divided by the number of trials.

Uncertainty: [19.8-18.2|=1.6 N=2N
Therefore, average net force is
20+2N

The uncertainty is given as the difference between the
average net force and the most extreme value.

Note that we round 1.6 up to 2 because the uncertainty

should be given to one significant figure.
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When there is uncertainty in an average value due to multiple measurements and an
uncertainty in individual measurements due to the measuring device, we should always take
the larger value of uncertainty.

Worked example 2

Calculate the average net force and associated uncertainty Trial 1 2 3 2 5

of a ball hitting a wall based on the force data in the table.
Net force | 20.0+0.5 [ 20.0+0.5 | 20.0£0.5 | 20.5+0.5 | 20.5£0.5
(N)

Working Process of thinking

Average net force = 20.0+20.0+ 205.0+ 20.5+20.5 _ 20.2 N

The average net force is given by the addition of each net

force divided by the number of trials.

Uncertainty: 120.5-20.2|=0.3 N

The uncertainty is given as the difference between the

average net force and the most extreme value.

Therefore, average net force is
20.2+05N

Precision and accuracy 2.3.2.4
OVERVIEW

Precision and accuracy are very specific concepts in physics. Precision describes how closely
different measurements of the same quantity agree with each other. Accuracy describes how
well the set of measurements relates to the ‘true’ value. They are both relative measures.

THEORY DETAILS

Precision is an indicator of how well a set of measurements agree with each other. It can be
thought of as a measure of the spread or range of data - a bigger range is less precise. It is

a relative indicator. A set of measurements cannot be ‘precise’, it can only be more or less
precise than another set of measurements.

The precision of a set of measurements can be improved by having good experimental
technique and using measuring devices with smaller uncertainties. Note that these are
methods for reducing the size of random errors. In this sense, precision is closely related to
random error.

Accuracy is an indicator of how well a measurement agrees with the ‘true’ value of a
measurement. This ‘true’ value is the value that would be measured if it were possible to take
measurements with no errors. Like precision, a measurement cannot be objectively ‘accurate’,
it can only be more or less accurate than another measurement.

The accuracy of a measurement can be improved by reducing systematic errors in the
experimental design and choosing equipment and methods that will result in less random
error. In this sense, accuracy is related to both systematic errors and random errors.

Accuracy can also be applied to sets of measurements. If the average of a set of
measurements is closer to the ‘true’ value than the average of another set of measurements,
then it is more accurate than that other set.

The effect of random error on the accuracy of a set of measurements can be reduced

by increasing the number of measurements since the variations from the ‘true’ value of
individual measurements will tend to offset each other when an average is taken from a large
enough set. In this sense, taking multiple measurements can reduce the effect of random
error (but it does not reduce the random error itself).

Validity 2.3.2.5

OVERVIEW

Validity in an experiment refers to whether an experiment actually measures what it intends
to measure. The validity of an experiment depends on the experimental design, how the
experiment is conducted, and how the results are processed and analysed.

Note that the uncertainty of an individual value (0.5 N) is
larger than the uncertainty in the average.

USEFUL TIP

When asked to identify
the more precise set of
measurements, identify
the set with the smallest
range (maximum value -
minimum value).

USEFUL TIP

When asked to identify
the more accurate set of
measurements, identify
the set with an average
that is closer to the
‘true’ value.
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THEORY DETAILS

An experiment is valid if it is able to successfully measure what it aims to measure.
The validity of an experiment can be impacted before, during, and after performing
an experiment.

Table 1 Some requirements for an experiment to be valid before, during, and after an experiment. This listis
not exhaustive.

Time period Elements necessary to be valid

Before the ® Experiment is designed so that there is only one independent variable.

experiment ® Experiment is designed so that it can measure the dependent variable.
® Experiment is designed to minimise systematic error and personal error.
L

Sample sizes are appropriately large enough (this is more relevantin
psychological experiments).

All necessary assumptions for analysis (such as simplifications) are addressed in the

design of the experiment.
During the ® Observer bias is minimised.
experiment ® No controlled variables are allowed to change.
® All steps of the scientific method are followed.
® The experiment measures the correct dependent variable.
® Appropriate equipment is used.
® No personal error impacting results.
After the ® Alldatais processed correctly.
experiment °

i All data is included and explained. Data cannot be arbitrarily selected to produce the
(data analysis) desired trend.

Any outliers are addressed in discussion and are included in the initial data.

Results are examined, and the possibility of other causal relationships are considered.
Correlation between two variables is not automatically assumed to mean causation.

® Experiment is able to be repeated and reproduced.

Repeatability and reproducibility 2.3.26
OVERVIEW

The reliability of an experiment is a qualitative description of how likely it is that another
experimenter can perform an experiment and find the same results within a small range,
and it is primarily tested through an experiment’s repeatability and reproducibility.

THEORY DETAILS

In order for the results of an experiment to be deemed reliable enough to draw strong
conclusions, the experiment must be repeatable and reproducible.

Repeatability refers to the closeness of agreement of results (the precision) when an
experiment is repeated by the same experimenter under the same conditions (using the same
equipment and in the same lab).

Reproducibility refers to the closeness of agreement of results (the precision) when an
experiment is repeated by a different experimenter under slightly different conditions (using
their own equipment and lab).

Reproducibility is especially important because comparing results with a different
experimenter helps reveal bias, systematic errors, or experimental flaws that impact the
validity of an experiment.

The vital nature of reproducibility to draw conclusions is why the publication of the
experimental reports in peer-reviewed journals is a key part of physics research. The validity
of the experiment is then assessed in the publication process and it provides the necessary
information for other experimenters to reproduce the experiment.

Table 2 Conditions for repeatability versus reproducibility
Repeatability Reproducibility
Experimenter Same Different

Conditions (lab, equipment) Same Different
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Theory summary

There are three kinds of experimental errors:

- Personal error: mistakes in an experiment’s execution or analysis

- Systematic error: a consistent, repeatable deviation in the measured result from the

true values

- Random error: the unpredictable variations in the measurement of quantities

Uncertainty is an indicator of a range that the ‘true’ value of a measurement should

lie within.

- Uncertainty in a measuring device is half the smallest measuring increment.

- Uncertainty in the average of multiple measurements can be taken as the magnitude
of the difference between the most extreme measurement and the average value.

Precision and accuracy are relative measures describing the spread of a set of measured
values and how well the set of measurements relates to the ‘true’ value.

- A more precise set of measurements will have a smaller range of measurements.

Precision is related to random error.

- A more accurate set of measurements will have an average of the set of measurements
closer to the true value. Accuracy is related to both systematic error and random error.

An experiment is valid if it is able to measure what it intends to measure.

Repeatability and reproducibility are qualities that describe how well the results of a

repeat of an experiment agree with the original experiment.

KEEN TO INVESTIGATE?

VCAA Measurement in science

vcaa.vic.edu.au/curriculum/vce/vce-study-designs/Physics/advice-for-teachers/Pages/

MeasurementinScienceOverview.aspx

THEORY REVIEW QUESTION

Qu

estion 1

Which of the following statements are true?
(Select all that apply)

Vi

vil
vil

Random error is caused by incorrectly reading the scale
when following the experimental design.

Controlled variables cannot be changed throughout a
valid experiment.

Data that is known to have been affected by personal
error should be kept and treated to be as valid as all
other data.

Itis possible to know a value measured in an experiment
with complete certainty.

An experiment being repeatable increases the reliability
of its conclusions.

Whether or not an experiment will be valid depends
entirely on the planned experimental method.

Using more precise equipment can reduce random error.
I Systematic error consistently affects all data points.

Uncertainty is avoidable.

Xl

X1

The uncertainty in an individual measurement due to a
measuring device is half the smallest increment on the
measuring device.

Asingle set of measurements cannot be both accurate
and precise.

Data that is far from the average (outliers) can be
automatically excluded from a set of data.

EXAM-STYLE QUESTIONS

This lesson

Question 2

(1 MARK)

Erroris best described as

A

a quantitative estimate of the random error associated
with the measurement.

how confident a scientist feels while performing
data analysis.

the process of repeating a measurement to
improve reliability.

the difference between a measured value and its
‘true’ value.
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Question 3 (1 MARK)

Which of the following statements regarding experimental
uncertainty is false?

A Repeating measurements cannot eliminate uncertainty.

B Using more precise equipment can reduce the level
of uncertainty.

C The ‘true’ value is the difference between the most
extreme measurement and the average measurement.

D Random errors are considered when
calculating uncertainty.

Question 4 (1 MARK)

When a measurement is taken from the average of multiple
readings, taking more readings

A increases the effect of random error.

B does not change the effect of random error.
C reduces the effect of systematic error.
D

does not change the effect of systematic error.

Question 5 (1 MARK)

Which of the following statements about error is correct?

A Random errors cause the measured value to be
uniformly different from the true value.

Personal errors are unavoidable.
Systematic errors do not affect all data points.

D Random errors are unavoidable.

Question 6 (L MARK)

Which of the following is true about reproducibility
and repeatability?

A Arepeatable experiment will have closely agreeing
results when the experiment is repeated by a different
experimenter using different equipment.

B An experiment being repeatable means that there is no
experimenter bias.

C Thereliability of an experiment depends on whether the
experiment is reproducible and repeatable.

D The reproducibility of an experiment refers to the
accuracy of results when an experiment is repeated by a

different experimenter under slightly different conditions.

Question 7 (1 MARK)

Georgina and Belle measure the current through a specific
circuit on separate occasions.

Georgina takes the following readings: 2.30V,3.10V, 2.60V,
and 2.90 V (average 2.73 V).

Belle takes the following readings: 1.50V, 2.70 V, 2.50 V, and
3.90V (average 2.65V).

The true value of the voltage is 2.60 V.

Which of the following statements best describes these sets
of measurements?

A Both sets of measurements are equally precise.

Georgina’s measurements are more accurate than
Belle’s results.

Both sets of measurements are equally accurate.

Belle’s measurements are less precise than
Georgina’s results.

Adapted from 2017 VCAA Exam Section A Q18

Question 8 (1 MARK)

Students set up an experiment to measure the value of Earth’s
gravitational field strength g. They take five measurements,
as follows:

e 975ms?
e 98 ms?
e 982ms™
e 978ms?
e 9.84ms?

Systematic errors are negligible.

The most reasonable measurement uncertainty for the
students to cite is

A 0.05ms=2
B 0.06ms=2
C 0.07ms2
D 0.005ms2

Adapted from 2017 VCAA Sample Exam Section A Q9

Use the following information to answer Questions 9-12.

Four students take a measurement of the length of a piece of
wire. The measurements are then indicated as dots on a ruler
(as shown on the diagram). The true value of the length of
the wire is also indicated on the diagram.

StudentA Student B Student C StudentD
° ° ° °
True value "
° ° o o

Adapted from 2019 VCAA NHT Exam Section A Q20

Question 9 (1 MARK)

Which student’s results are the most precise and accurate?
A StudentA

B StudentB
C StudentC
D StudentD

ésw
dﬂm‘“
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Question 10 (1 MARK)

Which student has results that are relatively precise but
relatively inaccurate?

A StudentA
B StudentB
C StudentC
D StudentD
Question 11 (1 MARK)

Which student’s results are the least accurate?

A StudentA
B StudentB
C StudentC
D StudentD
Question 12 (1 MARK)

Which student has results that are relatively accurate but
relatively imprecise?

A StudentA
B StudentB
C StudentC
D StudentD
Question 13 (1 MARK)

What is the best estimate for
the uncertainty in this analogue
weighing scale?

A 10g

B 05g

cC 1g

D 50g

Question 14 (2 MARKS)

Explain why using a measuring device that has smaller
measuring increments can decrease the uncertainty in
measurements taken using the measuring device.

Question 15 (2 MARKS)

Explain why ensuring measuring devices are properly
calibrated can increase the accuracy of measurements.

Question 16 (8 MARKS)

Gen and Jana perform an experiment and measure the
voltage across a resistor. The true value of the voltage is 4.2 V.

Triall Trial 2 Trial 3 Trial 4
Gen 40V 45V 3.6V 43V
Jana 3.8V 4.1V 4.2V 3.9V

a Calculate the average of Gen’s results and the average of
Jana’sresults. (2 MARKS)

b  Calculate the range of Gen’s results and the range of
Jana’sresults. (2 MARKS)

¢ Comment on the relative accuracy of Gen and
Jana’s results. (2 MARKS)

d Comment on the relative precision of Gen and
Jana’s results. (2 MARKS)

Question 17 (6 MARKS)

Gwen designs an experiment to determine how the voltage
drop across a lightbulb in a series circuit varies with the
resistance of the lightbulb. The circuit also contains a resistor.

Battery
(Light bulb)
Sl —
0.00
Voltmeter —— &
L1t Resistor

Consider the options below and indicate which options
(when added individually to this experimental design) would
result in the experiment (including experimental method,
analysis, and conclusions) being invalid.

Note: knowledge of electricity and circuits is not required to
answer this question

I Theresistance of the light bulb being tested is varied
between 5Q and 20 Qin 5 Q intervals.

Il An8YV battery is used for all trials.

Il The voltage of the battery is changed for the 20 Q
lightbulb test to a 6 V battery.

IV Measurements of the voltage are taken three times for
each light bulb and then averaged.

V  Theresistance of the resistor is changed during trials of
the 10 Q light bulb.

VI Gwen notices the display on the voltmeter flicks
between a few values before settling down when she
turns the circuit on, so she chooses the value that seems
closest to her experimental prediction.

VII The voltmeter used dies halfway through the experiment
and is switched out for a different model of voltmeter.

VIII Datais analysed to plot resistance on the horizontal axis
and voltage drop on the vertical axis.

IX Anobvious outlier result is excluded from the data in
Gwen’s report and left unmentioned.

X  Gwen concludes that a bigger voltage drop across the
light bulb causes the resistance of the light bulb to
be greater.

XI Another student, Adam, is able to repeat Gwen’s
experiment and produce the same results.



1D REPRESENTING AND ANALYSING DATA

The analysis stage of a scientific investigation is when conclusions about the world can be made.
Itinvolves the identification of trends in data, making allowances for errors and uncertainties,
in order to determine the nature of the relationship (if any exists) between the dependent
variable and the independent variable. This lesson explores the conventions of graphing data
and drawing lines and curves of best fit. Understanding these conventions is critically important
for clearly and correctly communicating the data from a scientific investigation.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representing and 1E Gradients of lines of
identifying variables, analysing data best fit
and making predictions

Study design dot points

® methods of organising, analysing and evaluating primary data to identify patterns and relationships including sources of
error and uncertainty, and limitations of data and methodologies

® the nature of evidence that supports or refutes a hypothesis, model or theory

® the conventions of scientific report writing including physics terminology and representations, symbols, equations and
formulas, units of measurement, significant figures, standard abbreviations and acknowledgment of references

Key science skills dot point

® organise, present and interpret data using tables, line graphs, correlation, line of best fit, calculations of mean and fitting an
appropriate curve to graphical data, including the use of error bars on graphs

Key knowledge units
Plotting data 2343 &2383
Drawing lines and curves of best fit 2344 &236.1

No previous or new formulas for this lesson

Definitions for this lesson

curve of best fit a curved line that indicates the relationship between the independent and
dependent variables on a graph. It must pass through the uncertainty bars of all data points

line of best fit astraight line that indicates the relationship between the independent and
dependent variables on a graph. It must pass through the uncertainty bars of all data points

linearise the process of transforming data through mathematical operations so that, when graphed,
a line of best fit can be drawn through the data

trendline see line of best fit or curve of best fit

Plotting data 2.3.43&23.383
OVERVIEW

Graphs can be plotted from tables of data. There are conventions that should be followed for
labelling the graph, choosing a scale for each axis, and plotting uncertainty bars. Data can
also be linearised before it is graphed to help understand the relationship between variables.

THEORY DETAILS
Generating a table of data
To collect data we must:

¢ take multiple trials of each measurement.

e average these measurements so there is one dependent result for each tested quantity of
the independent variable.

¢ calculate uncertainties of the final values appropriately using the ‘uncertainty in the
average of multiple measurements’ process discussed in Lesson 1C.

4
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This data should be represented in a table.

To explore these concepts, we use the example of an experiment that investigates the
relationship between the time it takes for a block to slide down a ramp and the angle of
the ramp. The length of the ramp is fixed at 1.0 metre and the block starts from rest.
The data for this example is shown in Table 1.

Table 1 Data collected and analysed in an experiment investigating how the time for a block to slide down a ramp
varies with the angle of the ramp

Angle (:5°) Time for block to slide down ramp (+0.1s) Average time
Trial 1 Trial 2 Trial 3 (s)
10 3.2 3.5 34 3.4+0.2
20 24 2.5 2.4 24+0.1
30 18 2kl 2.0 2.0+0.2
40 18 1.8 1.7 18+0.1
50 L 1.7 1.6 1.6+£0.1
60 14 1.5 15 15+0.1

We use the table to create a list of points that should be graphed to analyse the relationship
between the independent variable and dependent variable. The first listed coordinate in

a point corresponds to the independent variable and the second corresponds to the
dependent variable.

In this example, the independent variable is the angle of the ramp and the dependent variable
is the average time for the block to slide down the ramp. As such, the points to be plotted are:

(10, 3.4), (20, 2.4), (30, 2.0), (40, 1.8), (50, 1.6), (60, 1.5).
Graphing conventions

There are several conventions that must be followed to correctly represent scientific data on

a graph.

Labelling: USEFUL TIP

e Theindependent variable should be plotted on the horizontal axis. In an exam, marked
¢ Thedependentvariable should be plotted on the vertical axis. axes and a grid will

be provided but you

will usually need to
choose an appropriate
scale. When answering
Scales on axes: graphing questions from

e Thevariables should be labelled on the relevant axis with their respective units.

¢ The graph title should generally be of the form ‘[dependent variable] versus
[independent variable].

e Each axis should have a consistent scale so that the intervals between grid lines on an this book, it is suggested

axis represents a constant value. to sketch answerson
graph paper to get

practice in choosing an

appropriate scale to fita
e Theaxis can (but does not have to) indicate a power of ten on the scale by which all values given grid and data set.

on that axis should be multiplied.

e Thescale on each axis should be chosen so that the data points take up the majority of
the available graph space (the data points should cover more than 50% of each axis).

Using uncertainty bars

An uncertainty bar (or error bar) is a line with an end cap that indicates the size of the Uncertainty
uncertainty in a given value. Horizontal uncertainty bars are the uncertainty in the \is"‘,.dﬁ;’\’)’[;{l(h n
independent variable and vertical uncertainty bars are the uncertainty in the dependent

variable. The combination of the horizontal and vertical uncertainty bars indicates a

rectangular area where the ‘true’ value may be.

The uncertainty value quoted is added to both sides of the point so that the distance between Uncertainty in

the two end caps of an uncertainty bar is twice the uncertainty. If measurement uncertainties mdv;;t"ml"m

are stated, uncertainty bars should be plotted on the graph. e
Figure 1 An example pointwith
horizontal and vertical uncertainty
bars. The yellow area indicates a

range where the ‘true’value might
be located.
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Using these principles, an appropriate graph for the data from Table 1 is shown in Figure 2.

Time for block to slide down ramp versus ramp angle

Time for block to slide down ramp (s)

10 20 30 40 50 60 70
Ramp angle (°)

Figure2 Anannotated graph of the data from Table 1
Linearising data

Linearising data is the process of transforming one or both of the independent and
dependent values so that, when graphed, the points have a line of best fit. This is valuable
because it can help us to determine the mathematical form of an unknown relationship
between two variables.

Examples of how a variable (x) can be transformed include raising it to a power (x2), taking

the square root (v/x) or taking the reciprocal (%) can be seen in Figure 3. Note that linearised
graphs do not need to trend towards the origin as these ones do.

y y y
a yvsx 2 yvsx 4 yvsx
5 5 5
4 4 4
3 3 3
2 2 2
1 1 1
> X > X > X
0.5 1 15 2 2.5 5 10 15 20 25 1 2 3 4 5
y y y 1
i yVsx? i yvsVx i yvsy
5 5 5
4 4 4
3 3 3
2 2 2
1 1 1
> X > VX »1
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 X

Figure 3 Examples of how different graphs can be linearised by transforming the independent variable. Astraight line
of best fit that passes through the origin means that the variables on the axes are proportional to each other.

If a variable is transformed appropriately and the result is a linear relationship, this indicates
a proportionality relationship between the variables plotted. For example, if there is a straight
line of best fit when a variable y is graphed against the square root of another variable (v/x),
we can write that y < v/X ory = k~/x (where k is a constant, which represents the gradient

of the linearised graph). Note that similar transformations can be made to the dependent
variable in order to linearise data and establish a relationship such as \/y « x.
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Worked example 1

A student collected data on the distance travelled (d) by a ball that starts from rest and rolls down a ramp for different
amounts of time (t). The angle of the ramp is fixed.

a Plota graph of the data with a curve of best fit. Assume the uncertainty in distance and time are negligible.

b Linearise the data and plot a graph to show that d « t2.

Time, t (s) | Distance,d (m)
1.0 0.5
2.0 2.0
3.0 4.5
4.0 8.0
5.0 125
Working Process of thinking
d (m) PloF the data _from thg included table wi'th tim_e on the
Distance versus time for ball rolling down a ramp horizontal axis and distance on the vertical axis.

To linearise the data, calculate the values of t2. Ensure that

b £ (s?) Distance d (m) A "
the units undergo the same transformation (s becomes s2).

1.0 0.5

4.0 2.0

9.0 4.5

16 8.0

25 12.5

d(m) 4 2 Plot the data from the new table with time squared on the
versus horizontal axis and distance on the vertical axis.
14

12

10

t2(s?)
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Drawing lines and curves of best fit 2.3.44 & 236.1
OVERVIEW

Lines of best fit and curves of best fit are straight and curved lines respectively that indicate
the relationship between the independent and dependent variables on a graph. To be a valid
indicator of the relationship between variables, a line or curve of best fit must pass through
the uncertainty bars of all points.

THEORY DETAILS

Aline or curve of best fit indicates the relationship between two variables. Lines and curves of
best fit can also be called ‘trendlines’.

Lines and curves of best fit must meet the following requirements:

* Must pass through the uncertainty bars of all points (it does not need to pass through the
specific data point)

e Should be smooth

¢ Should not be forced to pass through the origin

¢ Should not be forced to pass through the first and/or last point (or any point on the graph)
¢ Should not extend significantly beyond the region of the points

The reason for not forcing the line or curve of best fit through the origin, first point, or last
point is that all data points are equally important. Forcing it through one of these points
would incorrectly give that point more importance than the other data points when
determining the overall trend.

Aline or curve of best fit that does not pass through the origin when it is expected to do so
can indicate a systematic error in the experiment.

USEFULTIP

When using a computer program to create a graph, choose a ‘scatter plot’ and then add
a trendline. Do not choose a plot that connects the data points dot-to-dot.

y y

A 'S

N W s 0

X
N W s 0
\

\

If a straight line cannot be drawn so that it passes through all the uncertainty bars, there
cannot be a line of best fit, so the trend would be better represented by a curve of best fit

(see Figure 4). If a line of best fit can be drawn, it indicates that the data may have a linear
relationship, but it is also possible that the uncertainty is too great or the spread of data is too
small to establish the true relationship.

(a)  Time for block to slide down ramp versus ramp angle

—

b)  Time forblock to slide down ramp versus ramp angle
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Figure4 (a) Theline of best fitis notvalid as it does not pass through the uncertainty bars of all points. (b) The curve
of best fitis valid as it passes through the uncertainty bars of all points.
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Theory summary
Graph labelling:

e Theindependent variable should be plotted on the horizontal axis.

e The dependent variable should be plotted on the vertical axis.

e Thevariables should be labelled on the relevant axis with their respective units .

e The graph title should generally be of the form ‘dependent variable versus
independent variable’.

Scales on axes:

e Each axis should have a consistent scale so that the intervals between grid lines on an axis
represents a constant value.

e The scale on each axis should be chosen so that the data points take up the majority of
the available graph space.

e The axis can (but does not have to) indicate a power of ten on the scale by which all values
on that axis should be multiplied.
Line and curve of best fit requirements:

e Must pass through the uncertainty bars of all points (it does not need to pass through the
specific data point)

e Should be smooth

e Should not be forced to pass through the origin

¢ Should not be forced to pass through the first and/or last point (or any point of the graph)

e Should not extend significantly beyond the region of the points

THEORY REVIEW QUESTIONS Question 3

Question 1 Physicists have determined that the power (P) dissipated in

a resistor of fixed resistance (R) as the voltage (V) across the

When creating a graph of data, which of the following V2
is incorrect? resistor is varied can be calculated using the formula P = B
A student is testing this theory and wants to linearise their
data. Which of the following would successfully resultin a
graph that has a line of best fit? (Select all that apply)

A Theindependent variable should be plotted on the
vertical axis.

B Thevariables should be labelled on their respective axis

with units. ! PvsV
2
The axes should have consistent scales. - PvsV
m +PvsV

The scale on the axes should be chosen such that the data
points take up the majority of the available graph space. IV VPvsV?

Question 2 EXAM-STYLE QUESTIONS

Which of the following statements is true regarding This lesson

uncertainty bars? Question 4 (3 MARKS)

A \Vertical error bars indicate the uncertainty in the
independent variable.

Astudent is plotting a graph of the gravitational potential
energy of a ball versus the height it is lifted above the ground.
The uncertainty in measuring the height is negligible and the
constant uncertainty in measuring the gravitational potential
C Thedistance between the two end caps of an energy is indicated on one graphed data point.

uncertainty bar is the magnitude of the uncertainty.

B The ‘true’ value should lie in the area indicated by the
uncertainty bars.

D Ingeneral, uncertainty bars do not need to be included
on graphs in physics.
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304 Question 7 (12 MARKS)
[ )
5 7 Maneesha studies the current / passing through a resistor
v~ )
gg 204 of resistance R in a circuit connected to a 1.5V AA battery.
©
,—c:_f;’ 154 { ‘ Maneesha believes thatloc%.
Sz 3
Il
‘S c
§ ¢ o5t
+ + + + > [ < / j
2 4 6 8 10
a Describe the steps that must be taken to determine if : . .
this eraph can have a line of best fit. (2 MARKS Resistance, Uncertainty in Current, / (A) | Uncertainty in
grap - ) R(Q) resistance, R (Q) current, / (A)
b  Use the process you described in part a to determine if 0.50 10.05 30 101
this graph can have a line of best fit. (1 MARK)
1.00 +0.05 1.5 0.1
Adapted from 2017 VCAA Sample Exam Q17f 1.50 £0.05 1.0 0.1
Question 5 (5 MARKS) 2.00 +0.05 0.8 +0.1
] ] ] ] 2.50 +0.05 0.6 0.1
Duncan and Arushi are studying the radioactive decay of
h 3 ; 3.00 +0.05 0.5 +0.1
phosphorus-32. They record the data shown in the table.
Time Uncertainty in Phosphorus_32 Uncertainty in a PlOt a graph Of the data recorded in the table abOVG.
elapsed time (days) mass (g) phosphorus-32 Include uncertainty bars and a curve of best fit as
(days) mass (g) appropriate. (5MARKS)
0 1 100 5 1
b  Calculate the values of 5 and hence plot the graph of
11 +1 60 5 1
I versus 5. Include vertical uncertainty bars (horizontal
27 +1 28 5 R . . .
uncertainty bars are not required), and include a line or
52 1 8 5 curve of best fit as appropriate. (6 MARKS)
Using this data: ¢ IsManeesha’s hypothesis that / m% supported by her
e Plot a graph of the phosphorus-32 mass versus the experimental data? (1 MARK)
time elapsed.
. . Question 8 (13 MARKS)
e Include uncertainty bars for each data point.
e Draw a curve of best fit. Aditya is investigating the relationship between the length of

aramp (/) measured in metres, held at a fixed angle, and the
time it takes a toy truck to travel down the ramp (t) measured
Question 6 (5 MARKS) in seconds.

e Include appropriate labels and scales for both axes.

His hypothesis is that t [. He records the following data:
Fatima is running on a track that has a marking every 10 m. 'S nyp 151 x VI wing

Her friend records the time in seconds that it takes her to run Length of ramp, [ (0.1 m) | Time, t (+0.02s)
100 metres, noting roughly the time it takes for her to pass 10 0.68
each 10 m mark on the track. § g
2.0 0.96
Distance, d (m) Time, t (x15s) 30 116
10 2 4.0 1.34
20 4 5.0 1.50
30 7
a Plotagraph of time versus length based on the data
40 11 . .
recorded in the table above. Include uncertainty bars
50 14 and a line or curve of best fit as appropriate. (5 MARKS)
60 18 b  Transform this data by calculating values of v/I
70 23 and hence plot a graph that could support Aditya’s
% -8 hypothesis. Only plot vertical uncertainty bars, and
include a line or curve of best fit as appropriate. (6 MARKS)
90 34
¢ IsAditya’s hypothesis that t  V/I supported by the data?
100 41 Explain your answer with reference to a graph created in

. . . . either partaor partb. (2 MARKS)
Draw a graph of this data with uncertainty bars and a line or

curve of best fit as appropriate.




1E GRADIENTS OF LINES OF BEST FIT

The gradient of data that displays a linear relationship is often a physically significant value
which represents the constant rate of change between the two quantities being analysed.
This lesson explains how to correctly calculate the gradient from experimental data, and how
to interpret the physical meaning of a gradient.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representing and 1E Gradients of lines of
identifying variables, analysing data best fit
and making predictions

Study design dot point

® methods of organising, analysing and evaluating primary data to identify patterns and relationships including sources of
error and uncertainty, and limitations of data and methodologies

Key science skills dot points

® process quantitative data using appropriate mathematical relationships, units and number of significant figures

® organise, present and interpret data using tables, line graphs, correlation, line of best fit, calculations of mean and fitting an
appropriate curve to graphical data, including the use of error bars on graphs

Key knowledge units

Calculating the gradient of a line of best fit 2.345
The meaning of a gradient 2346
Formulas for this lesson

Previous lessons New formulas

radient = ah
No previous formulas for this lesson g Xo=X5

gradient of a straight line

Definitions for this lesson

gradient the graphical representation of the rate of change of one variable with respect to another

Calculating the gradient of a line of best fit 2.3.4.5

OVERVIEW

On a graph, the gradient (or slope) is the ratio of the change in the variable on the vertical axis
to the change in the variable on the horizontal axis. When a line of best fit is appropriate for a
set of data, the gradient should be calculated from points on the line rather than from specific
data points.

THEORY DETAILS

Straight line graphs have a constant gradient, which means that the
dependent variable (on the vertical axis) will increase or decrease by a fixed
amount for every unit increase in the independent variable (on the

horizontal axis). Consider Figure 1, which shows the speed of an object 60
that has been released from rest and is in free fall without air resistance. N
The object’s speed increases by a fixed amount, 9.8 m s, for each second E 0
-1
that passes. This means the gradient is 9.8 m 572 (9'8%). So when the g
w

time increases by 5.0 seconds, the speed increases by 5.0 x 9.8 =49 m s L.

N
o

Time (s)

Figure 1 Speed vs time graph foran objectin freefall
without air resistance
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We can calculate the gradient of a straight line from two points on the line:

; Y-y
gradient = x;— Xi

(Xpy;) =2 point on the line of best fit, (Xp¥3) = another point on the line of best fit

The change in the vertical axis values (y, - y;) is often called the ‘rise’ and the change in the
horizontal axis values (x, - x;) is often called the ‘run’.

There are some important points to emphasise for calculating the gradient of a line of best fit:

¢ We should choose points that are far apart. This reduces the effect of any errors that
we make when reading the points from the graph, which improves the accuracy of the
gradient calculation. This is shown in Figure 2, where the red and blue data points have
the same error when compared to the ‘true’ values, but the gradient that would be
calculated using the blue data points is more accurate than the gradient that would be
calculated using the red data points.

¢ We should ignore the measured data points and use only points that are on the line of
best fit.

e Check the scale on each axis and apply a scale factor if applicable (see Worked Example 1).

units on vertical axis
units on horizontal axis *

e The units of the gradient are given by

80

—  ‘True’ relationship

60
. Relationship corresponding
R o NS N S s B 5 o i~ e s AR to the gradient that would
£ be calculated if blue points
T4 were used
@
o
&

Relationship corresponding
20

Time (s)

Figure2 Asmall error when reading points from a graph can lead to a large errorin the calculation of the gradient if
the two points are close together.

Worked example 1

Find the gradient of this current versus voltage graph. 20 ‘:

154 /Y

Current (A)
[
o
t

1 2 3 4 5 6
Voltage (103 V)

RN

‘RT\;'S
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Working Process of thinking

e TR A 18-5
gradient =, =% = 4:8-13)x10°

to calculate the gradient.

Remember to include the scale factor on the horizontal axis

when calculating the run.

A

20 4+

154

Current (A)
[
o
N
N

(X3 ,) = (4.8 x 103, 18)

 or=asaos)

Pick two points on the line that are far apart and use them

¥

/

Voltage (103 V)

gradient=3.7x103AV1 | : 2
unitsonverticalaxis _A

unitson horizontal axis ~ V"

The meaning of a gradient 2.3.4.6
OVERVIEW

A gradient is a rate of change. For a line of best fit for physical data, this rate of change often
represents a meaningful physical quantity.

THEORY DETAILS
In its most general form:

¢ Apositive gradient means that, when the independent variable increases, the dependent
variable also increases.

¢ Anegative gradient means that, when the independent variable increases, the dependent
variable decreases.

* The greater the magnitude of the gradient, the more the dependent variable will increase
(or decrease) per unitincrease in the independent variable.

The gradient represents the change in the vertical axis variable divided by the change in the

A
horizontal axis variable ( gradient = Ey) If it is known that the line passes through the origin,

then this is equivalent to the vertical axis variable divided by the horizontal axis variable

( gradient=¥). We can determine the physical meaning of a gradient from an equation
relating the two variables and the context of the physical situation.

changeinspeed py

From Figure 1, gradient = Ehangeitime — At"

We also know that the magnitude of

acceleration is given by a = %t/' Therefore we can conclude that the gradient in Figure 1 is
equal to the magnitude of acceleration.

The units of the gradient are given by

USEFULTIP

It is common foran
exam question to ask
us to use the gradient
from a line of best

fit to determine the
experimental value of
a known constant. It is
important that we do
use the gradient of the
line of best fit for the
experimental data in
these cases, rather than
the known value.
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Worked example 2

The change in temperature, AT (measured in degrees
celsius, °C), of an object that absorbs some heat,
Q (measured in joules, J), can be calculated from the

equation AT= ,-,,Q—c, where m is the mass of the object in
kilograms and c is the specific heat capacity of the
object, measured in J kg™1°C1,

Scientists undertake an experiment where they measure
the temperature change of an object with a mass of

2.0 kg asitis heated. They plot the data for AT against Q
and draw a line of best fit as shown. The line of best fit
has a gradient of 4.5 x 1073°C J71,

Use the gradient to calculate the value of the specific
heat capacity, c.

Working

AT_ 1

gradient = Q ~mc

o N |
4.5x10° =555~

¢ =1.1x102Jkg1l°c!

_ 1
T 2.0x4.5x1073

Theory summary

Temperature change, AT (°C)

31

-~
20 -
A
I /’
] A
! //
/
4
10 + _,//
L V4
/
¥
/
.//
5+ //'I
¥
.//
S

1 2 3 4 5
Heat absorbed, Q (103 J)

Process of thinking
- vertical axis variable
The gradient represents horizontal axis variable

Rearranging AT=% gives %T = #

gradient=4.5x103°CJ1, m=2.0kg

Due to the uncertainty bars of each data point, there are a
range of possible lines of best fit which could be used with
arange of gradients. Hence there are a range of possible
values for c.

* Gradients can be calculated by finding two points on the line of best fit and substituting

them into the formula: gradient = ﬁ;:ﬁi :

- Points should be chosen that are far apart on the line.

e By dividing the variables of the vertical axis by those of the horizontal axis, we can

determine what the gradient represents.

W
(2

\

K\
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THEORY REVIEW QUESTIONS

Use the following graph to answer Questions 1-3.

a

h

Momentum, p (kg ms™)

v

Time, t (s)

Question 1

Which of the following expressions does the gradient of this
graph represent?

A ApxAt
B p+t
¢ 5
> %
Question 2

Which of the following units should be used for the gradient
of this graph?

A kgms™
B kg

C kgs

D kgm
Question 3

It is known that Ap = FAt, where F is the force acting on the
object being measured. Determine which of the following
expressions the gradient of the graph also represents.

A F

5
¢ &
> %
Question 4

Which two data points from those identified on the graph
(P,Q,R,S,and T) would be the best choice to calculate the
gradient of the line of best fit?

20
T—>
5
15
10 —7
Q—r
5
«—p
1 2 3 4 5 6

EXAM-STYLE QUESTIONS
This lesson

Question 5 (4 MARKS)

A cart starts from rest and accelerates at a constant rate

in a straight line. Its speed is measured at particular
distances from its starting position. It is known that

the speed, v (m s71), relates to the distance travelled, d (m),
by the equation v = 2ad, where a is the magnitude of the
acceleration (m s72).

The data is plotted on a graph with d on the horizontal axis
and v2 on the vertical axis. A line of best fit is drawn through
the data as shown.

10

v2 (m?/s?)

d(m)
a Calculate the gradient of the line of best fit. (2 MARKS)

b  Usethe gradient of the line of best fit to calculate the
value of a determined in this experiment. (2 MARKS)
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Question 6 (4 MARKS)

Question 7 (6 MARKS)

Students measure the electric current passing through a
particular device with a constant electrical resistance when
different voltages are connected across the device. For a
device with a constant electrical resistance, it is known
that/= % where [ is the current measured in amps (A), Vis
the voltage measured in volts (V), and R is the resistance
measured in ohms.

The data is plotted on a graph with voltage on the horizontal
axis and current on the vertical axis. A line of best fit is drawn
through the data as shown.

0.25

0.20

7
0.15 /}/

0.10

Current (A)

0.05

1.0 2.0 3.0 4.0 5.0
Voltage (V)

Use the gradient of the line of best fit to calculate the
experimentally determined resistance of the device, R.

Students conduct an experiment in which they measure the
period (the time taken to complete one full swing and return
to the same position) of a pendulum of varying lengths.

adew)

/!

A

\
\ Length
\ (m)

WOoIH403SIAINYS/U0I@A

One full -‘ .8

——

Centre position

It is known that the relationship between the length of

a pendulum, L (measured in metres, m), and its period,

T (measured in seconds, s), is approximated by T=2n \/g,
where g is the magnitude of the acceleration due to
gravity (m s2).

The students plot T against /L to obtain a line of best fit.
The uncertainty in the period measurements is +0.5 seconds.
Note that the lengths are measured to a high level

of confidence.

T (seconds)

VL (m%)

0.2 0.4 0.6 0.8 1.0

a Copythe graph and draw a line of best fit. (2 MARKS)

b  Use the line of best fit to calculate the magnitude of the
acceleration due to gravity. (4 MARKS)
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CHAPTERTREVIEW

These questions are typical of 40 minutes worth of questions on the VCE Physics Exam.

TOTAL MARKS: 30

SECTION A

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

A model is best described as

A aprediction that can be tested through experimentation.

B only useful as a teaching tool.

C arepresentation of a physical process that cannot be directly experienced.

D anexplanation of a physical phenomenon that has been repeatedly confirmed by experimental evidence
and observation.

Question 2

According to the rules of significant figures and decimal places, determine which of the following is the correct value of
the expression: 5.124 x 101°- 1.2 x 10°

A 39x10% B 5.00x10%° C 5.004x10%0 D 392x10%

Question 3

Astudent is writing the results from an experiment using the ammeter shown ( \

in the provided diagram. What uncertainty should be recorded when reading ( 20 30 40 )

data from this device? 10 \ \ ‘ / / 50

A £05mA 0 \\\\\\\\\\\\\\\\l HIH//////////// 60

B +05A \\\\\ /////
=

C +1.0mA

D +LOA S o

- J

Use the following information to answer Questions 4 and 5.

Mike is conducting an experiment relating the height a ball is dropped from to its velocity when it reaches the ground.
He collects his data using reliable methods and plots the following graph.

»

Velocity at ground squared (v?)
Lt |
——)
e
—_ =
»n

Ball height (h)
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Question 4

Mike’s plot has one data point, S, that prevents him from drawing a line of best fit to match the data. Mike remembers
that when he was recording the time for that data point he got distracted by a classmate and made his measurement
after the ball had bounced off the ground. Select Mike’s best choice in how to treat point S as he attempts to draw a line
of best fit.

A Draw a line of best fit for the other data but leave point S on the graph.
B Draw a line from the centre of each point to the next, including point S.

C Discard all of his data and repeat the experiment as the presence of irregular data, such as point S, proves that the
rest of the data is unreliable.

D Disregard point S and remove it from the graph, then draw a line of best fit through the remaining data.

Question 5

We can relate the height an object is released from, h, to its velocity squared at the ground, v2, through the
equation gh= % vZwhere g is the acceleration due to gravity. Assuming that a line of best fit is valid, determine what the
gradient of the line of best fit of Mike’s data would represent.

A 2g, twice the acceleration due to gravity

B g, the acceleration due to gravity

C t,thetime the ball would take to fall

D h,the original height the ball was dropped from

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (5 MARKS)

A team of scientists have been employed by Big Smoke Ltd., the world’s largest fictional cigarette company, to determine
the effects of smoking cigarettes on beard growth. After their first meeting the scientists return with a statement about
the experiment they will perform, stating:

“We expect that increased smoking of cigarettes will have a negligible effect on the growth of a beard but may have
consequences for the chemical makeup of the beard’s hair follicles.”

a Isthis statement an example of a scientific model, theory, or hypothesis? Justify your answer. (2 MARKS)
b  After the experiment was conducted the scientists concluded:
“Smoking cigarettes had a positive effect on both the growth and health of beards.”

However, a 60 Seconds report on the study revealed that the scientists were given $10 000 each if their experiment
produced results supporting the idea that smoking has positive outcomes for beard growth.

Using this information, comment on the validity of the study. (3 MARKs)

Question 7 (14 MARKS)

Cathal wants to determine the amount of energy it takes to heat samples of metal from room temperature (22°C) to 300°C.
He has five different masses of scrap metal starting at 100 g and increasing in mass by 50 g increments up to 300 g.

He heats each sample to 300°C three times, waiting for it to cool back to 22°C before attempting to heat it again.

Cathal uses the same bunsen burner to heat each sample and records the total amount of energy it uses.

a Identify the independent and dependent variables, and one controlled variable in this experiment. (3 MARKS)

b Comment on the repeatability of Cathal’s experiment and suggest one way to improve its repeatability. (2 MARKS)

N

4

SR |
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Cathal records the following table of data.

Mass of metal Energy used (x 1.0 x 103 J)
sample (g) 1stattempt 2nd attempt 3rd attempt Average
100 120+ 1.0 11.0 1.0 13.0+1.0 12.0+1.0
150 19.0£1.0 19.0+ 1.0 18.0+1.0 18.7+1.0
200 25.0+1.0 24.0+1.0 24.0+1.0 243%1.0
250 31.0%+1.0 320+1.0 30.0+1.0 31.0+£1.0
300 37.0:1.0 350+ 1.0 39.0+1.0 37.0£1.0
¢ Onasetofaxes:
e  Plotagraph of metal sample mass against average energy used.
® Include uncertainty bars for each data point.
e  Draw aline of best fit.
® Include appropriate scales, labels, and units for both axes. (6 MARKS)
d  Considering that the theoretical value for the energy used to heat the 100 g sampleis 12.4x 103 J and the 150 g sample
is 18.5 x 102 J, compare the accuracy and precision of Cathal’s sets of measurements for these masses. (3 MARKS)
Question 8 (6 MARKS)

Enya is doing a set of experiments to measure the force due to gravity on a selection of household objects: a 4.0 kg
pot plant, an 8.0 kg record-player, a 10 kg space heater, and a 14 kg humidifier. She wants to determine if the acceleration
dueto gravity is different in her apartment compared to the accepted value. It is known that the force due to gravity is
related to mass by the equation Fg =mg, where Fg is the force, m is the mass, and g is the acceleration due to gravity.

Identify the type of data Enya is collecting by performing this experiment. (1 MARK)

In her first attempt to perform this experiment, all of Enya’s data was 50% higher than the values she would
have obtained if she had performed her experiment without error. Identify the type of error present in Enya’s
firstattempt. (1 MARK)

The provided graph represents Enya’s second attempt at performing this experiment. She now gets results much
closer to her prediction.

Force due to gravity (N)

150

100

50

5.0 10 15 20
Mass (kg)

Use the included graph to determine the experimental value of g. (2 MARKS)

After Enya posts on social media about her discovery that the value of g cannot be the accepted value (in her location)
0f9.8 m s2, an interested group of scientists analyse her results and try to repeat the experiment. However, using the
same method and test material they get the result: g=9.79 + 0.05 N kg~1. Comment on the reproducibility of
Enya’s experiment. (2 MARKS)
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i

Ideas in physics are dynamic. As pi\ﬁsicists
explore concepts, theories evolve.

Often this requires the detection, description
and explanation of things that cannot be seen.

In this unit students explore how physics
explains phenomena, at various scales,
which are not always visible to the unaided
human eye. They examine some of the
fundamental ideas and models used by
physicists in an attempt to understand and
explain the world. Students consider thermal
concepts by investigating heat, probe common
analogies used to explain electricity and
consider the origins and formation of matter.

"

Image: Chones/ Shutterstock.com\\,

when investigating energ nsfers within
and between systems, and assess the impact
of human use of energy on the environment.
Students examine the motion of electrons
and explain how it can be manipulated

and utilised. They explore current
sc1ent|ﬁcall¥,accepted theories that explain
how matterand energy have changed since

the onglﬂs of the Universe.

Stud undertake quantitative
mflgatlons involving at least one
i‘:}, pendent, continuous variable.

Reproduced from VCAA VCE Physics Study Design 2016-2022




In this area of study students investigate the
thermodynamic principles related to heating
processes, including concepts of temperature,
energy and work. Students examine the
environmental impacts of Earth’s thermal
systems and human activities with reference to
the effects on surface materials, the emission
of greenhouse gases and the contribution to
the enhanced greenhouse effect. They analyse
the strengths and limitations of the collection
and interpretation of thermal data in order to
consider debates related to climate science.

——_'
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Outcome 1

On completion of this unit the student should be
able to apply thermodynamic principles to analyse,
interpret and explain changes in thermal energy in
selected contexts, and describe the environmental
impact of human activities with reference to
thermal effects and climate science concepts.

Reproduced from VCAA VCE Physics Study Design2016-2022
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UNIT 1AOS 1, CHAPTER 2

Thermodynamics
principles

2A Whatis temperature?

2B How does thermal energy move?

2C How heat affects temperature

2D The Zeroth and First Laws of Thermodynamics

Key knowledge

convert temperature between degrees Celsius and kelvin

describe the Zeroth Law of Thermodynamics as two bodies in contact with each other coming to a
thermal equilibrium

describe temperature with reference to the average kinetic energy of the atoms and molecules
within a system

investigate and apply theoretically and practically the First Law of Thermodynamics to simple
situations: Q=U+W

explain internal energy as the energy associated with random disordered motion of molecules

distinguish between conduction, convection and radiation with reference to heat transfers within
and between systems

investigate and analyse theoretically and practically the energy required to:

— raise the temperature of a substance: Q = mcAT

— change the state of a substance: Q =mL

explain why cooling results from evaporation using a simple kinetic energy model.

Image: yucelyilmaz/Shutterstock.com ; ; , '




2A WHAT IS TEMPERATURE?

Temperature is a concept we are familiar with in our everyday lives, but what is the physical
difference between a hot object and a cold object? This lesson will establish the kinetic theory
of matter, which is a foundation of thermodynamics (the study of heat flow and its effects),
and use this theory to explain what temperature really is.

2A What is temperature? 2B How does thermal 2C How heat affects temperature 2D The Zeroth and First Laws
energy move? of Thermodynamics

Study design dot points

® convert temperature between degrees Celsius and kelvin

® describe temperature with reference to the average kinetic energy of the atoms and molecules within a system
e explain internal energy as the energy associated with random disordered motion of molecules

Key knowledge units
The kinetic theory of matter 1151
Temperature 1111&113.1

No previous or new formulas for this lesson

Definitions for this lesson
energy a quantity describing the ability to cause a physical change (scalar)

internal energy the total energy associated with the random motion of particles and the
interactions between the particles within a system

kinetic energy the energy associated with the motion of an object
particle asmall, discrete object or portion of matter

potential energy the energy associated with the position of an object in the presence of a force
that could move the object

state of matter the physical property of an object being either a solid, liquid, or a gas
system a collection of interacting particles or objects that are treated as a single entity

temperature a measure of the average translational kinetic energy of the particlesin a
system (scalar)

thermal energy see "internal energy"

thermal equilibrium the state of two (or more) systems having the same temperature so that there
is no net flow of thermal energy from one system to the other

The kinetic theory of matter 1.15.1
OVERVIEW

The kinetic theory of matter states that all matter consists of very small particles that are in
constant motion. The small-scale behaviour of these particles can explain the large-scale
behaviour of solids, liquids, and gases. Internal energy is the energy associated with the
random disordered motion of particles and the interactions between them.

THEORY DETAILS
States of matter

When ice melts into water, it takes on very different physical properties such as the ability
to flow and change its shape. The kinetic theory of matter provides an explanation for this
observation, as well as many other processes that we will encounter within this Area of Study.
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We usually model objects as continuous —- meaning that we treat them as a single entity.
We do this because objects, such as a single football, look and feel as though they are not
made of smaller parts. However, the kinetic theory of matter:

e states that matter is made of small particles (atoms) which can group to form larger
particles (molecules) and lattices.

- These particles are in a constant state of random disordered motion.
¢ explains how matter exists in different states, as shown in Table 1.

Table 1 The relationship between the arrangement/motion of the particles in each state of matter and the
macroscopic properties of each state

State of matter  Particle diagram Particle arrangement  Particle motion Properties of object Example
Solid ® Stuckclose ® Vibrate abouta ® Fixed volume .
together fixed point * Fixed shape 2
® Regular pattern ® Nooverall é E
movement £ _;
Liquid g&% ® (Close together ® Free to move ® Fixed volume Water
© e Random around each other Shape can change

80% 80 900 arrangement ® Random collisions to fit container

Shutterstock.com

Image: Cozine/

Gas (®) ® Farapart ® Free to move at ® Volume and shape Steam
© © e Random high speed can change tofill a
© arrangement ® Random collisions container : §
© ;
© &
® ¢ 2
Internal energy

In physics, a system is a collection of interacting particles or objects that are treated as

a single entity. Internal energy, U, describes the energy of a system associated with both

the random disordered motion and the interactions between its particles. For our study of
thermodynamics, we use the terms "internal energy" and "thermal energy" interchangeably.
We can consider the internal energy of a system to consist of two types of energy:

¢ Kinetic energy (KE) due to the random disordered motion of all the particles in the system
* Potential energy (PE) due to the interactions between the particles in the system
The Sl unit for all types of energy is the joule (J).

Internal energy
I
! I Q...
Kinetic energy (KE) Potential energy (PE) W, e p
of particles due to due to interactions
their random motion between particles
| I | ‘Q .................... @b
Translational KE Rotational KE Vibrational KE = “Other energy” ‘.V,...'-'-'“if.’:u'
of particles of particles of particles L d

Figure1 Thetypesofenergy that contribute to the internal energy of a system

Kinetic energy is the energy of motion. A car has greater kinetic energy when itis driving faster ~ _ .=~ Electric forces
than when it is driving slower. Similarly, a system of particles has greater internal kinetic between particles
energy when the particles are moving faster compared to when they are moving slower. Figure2 Arepresentation ofthe

This kinetic energy can be further divided into various forms according to the different types random ?BOFC_’elfed mgg?n ?fa )

of motion of the particles: translational motion of particles, rotational motion of particles, ?gfctg?a‘ztiﬂag'ggs:e'; i eep“;fﬁcct{;

and vibrational motion within the particles. The translational kinetic energy is of particular

interest because it relates to the temperature, which will be explained later in the lesson. ‘ ’
A B

[ \
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Potential energy is the energy stored due to the position of an object and the existence

of a force which could move the object. For example, a spring stores potential energy
when stretched or compressed because there is a force that acts to return the spring to its
original length. Similarly, particles in a system store potential energy due to their positions
because there are electrical forces that act between the particles.

The "energy container" model

All systems have some amount of internal (thermal) energy. We can imagine that every
system has an "energy container" that stores the internal energy. The "energy container"
can be divided into two portions:

* an average translational kinetic energy portion (the red portion of the containers in
Figure 3);

* anaverage "other energy" portion (the blue portion of the containers in Figure 3),
which consists of potential energy, rotational kinetic energy, and vibrational
kinetic energy.

The proportion of the internal energy that takes the form of "other energy" is different for
different substances (due to differences in the particle structure) as shown in Figure 3.

* Water stores a lot of its internal energy as "other energy". This is represented by the large
diameter of the blue "other energy" container in Figure 3(a).

¢ |ron stores a smaller proportion of its internal energy as "other energy" compared to water.
This is represented by the smaller diameter of the blue "other energy" container in
Figure 3(b) compared to the diameter of the "other energy" container in Figure 3(a).

There are some points to note regarding this model, which will be helpful throughout
this chapter.

¢ The fill-height of the average translational kinetic energy portion and the average
"other energy" portion must be the same for a given substance.

(a)

Greater diameter

(b)

Water’s energy
container

Average translational KE

Average
‘other
energy’

|
B4

‘

Iron’s energy
container

Average translational KE

Average
‘other
energy’

Smaller diameter

Images (top to bottom): Tarasyuk Igor/
Shutterstock.com, Salamahin/Shutterstock.

com

Figure3 Wecanimaginethat

internal energyisstoredina
container for each system.
This diagram represents the
internal energies for systems

* All substances are modelled as having the same diameter for the average translational
kinetic energy portion of the container.

¢ Thefill-height represents the average translational kinetic energy.

Temperature 1.1.1.1 &1.1.3.1
OVERVIEW

Temperature is a measure of the average translational kinetic energy of the particles within
an object. The Kelvin scale is an absolute scale - this means that a zero on the Kelvin scale
represents the lowest physical temperature possible.

THEORY DETAILS

Temperature is a measure of the average translational kinetic energy of the random
disordered motion of the particles in a system. Note that the vibration of particles in solids
(as opposed to vibrations within particles) contributes to this translational kinetic energy.

As the temperature of a system increases, its atoms and molecules move faster. These particles

made of (a) waterand (b) iron.

USEFULTIP

Itis important to
recognise that
temperature
measures the average
translational kinetic
energy because,

at any instant in time,

also move further apart (which is associated with an increase in potential energy), so the the particles within
substance expands. a system will have a
The fill-height of the "energy container" model (which represents the average translational range of speeds and

kinetic energy) also represents the temperature of a system, as shown in Figure 4. We can
see that there is such a thing as a lowest possible temperature, which describes the state of
a system when its particles have the lowest possible kinetic energy (corresponding to the

container being empty).
=

Higher
temperature

Figure4 Thefill-height, which represents the average translational kinetic energy, also represents the temperature.

Lower
temperature

hence a range of
kinetic energies.



2A THEORY

When two systems are at the same temperature —- meaning that their particles have the same
average translational kinetic energy - they are in thermal equilibrium.

Units for measuring temperature

Degrees Celsius (°C) is the common unit used for everyday temperature measurements in most
countries, including Australia. However, kelvin (K) is the SI unit for temperature measurements.

USEFULTIP

When stating a temperature measurement using Sl units, we do not include the
word "degrees". A measurement of 50 K is stated as "fifty kelvin" (rather than
"fifty degrees kelvin").

The Kelvin scale defines the lowest possible temperature as 0 K. This is known as
absolute zero. The coldest known place in the Universe is the Boomerang Nebula, which has
a temperature of 1K.

The Celsius scale is based on the freezing point and boiling point of water (at standard
atmospheric pressure): the freezing point is set at 0°C and the boiling point is set at 100°C. If the
air temperature is 0°C, it means the average translational kinetic energy of the air particles is the
same as that of freezing water. Using this scale, the lowest possible temperature is -273.15°C.

The size of one kelvin is the same as the size of one degree Celsius. That is, a temperature
increase of 1 K is the same as an increase of 1°C. See Figure 5.

Water boils 373.15 100
Water freezes 273.15 0
Absolute zero | o -273.15
" "
Kelvin (K) Celcius (°C)

Image: Fouad A. Saad/Shutterstock.com

Figure5 The Kelvin and Celsius scales. Anincrement of 1 Kis the same as an increment of 1°C, but zero is defined
differently for eachscale.

* To convert from degrees Celsius to kelvin, add 273.15.
¢ To convert from kelvin to degrees Celsius, subtract 273.15.
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+273.15

N\

°C K

Ne, A

-273.15

Figure6 Converting temperature
measurements from degrees Celsius
tokelvin and vice versa

}(
»



44 CHAPTER 2: THERMODYNAMICS PRINCIPLES

Theory summary

e The kinetic theory of matter states that all matter consists of particles (molecules or
individual atoms) that are constantly moving in a random and disordered way.

¢ Internal energy describes the energy associated with the motion and interactions
between the particles that make up a system. This is also known as thermal energy.

Solid Liquid Gas

\v“l‘ 2N
2239999
AR H R
ER e e
'YX XX E X X

XXX ]
a3y a2

Motion and separation of particles in a given system (internal energy)

Solid Liquid Gas
Shape Fixed Not fixed Not fixed
Volume Fixed Fixed Not fixed

¢ Internal energy consists of various types of kinetic energy and potential energy.
- The proportion of each type depends on the substance.

e Temperature is a measure of the average translational kinetic energy of the particles in
a system.
- Astemperature increases, the particles move faster and further apart.

e Two systems are in thermal equilibrium when they have the same temperature.

e The Sl unit for temperature is the kelvin (K). Temperature is also commonly measured in
degrees Celsius (°C).

- The lowest possible temperatureis 0 K (-273.15°C).
- Anincrease in temperature of 1 K corresponds to an increase of 1°C.

KEEN TO INVESTIGATE?

PhET ‘States of Matter’ simulation
phet.colorado.edu/en/simulation/states-of-matter

YouTube video: Reactions - How Do We Tell Temperature?
youtu.be/ibmubP26R9M

YouTube video: The Science Asylum - What EXACTLY is Temperature?!
youtu.be/2xalQjmE5VI

The Concord Consortium
lab.concord.org/embeddable.html#interactives/sam/phase-change/5-interatomic-
interactions-and-states.json

CONCEPT DISCUSSION QUESTION
If you pour milk into a very hot cup of tea, the milk will quickly diffuse (mix) throughout
the tea. If you pour milk into a cold cup of tea, the milk will not diffuse as quickly.

Discuss the reason for this difference.
Answers on page 504

(mix) throughout another

substance?
How could this behaviour

affect the rate of

diffusion?

between the tempemture
motion ofits particles?

What is the relationship
of a system and the

What do you think causes
a substance to diffuse

Hints
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THEORY REVIEW QUESTIONS

Question 1

DECONSTRUCTED EXAM-STYLE QUESTION

Question 7 (3 MARKS)

If a patch of sand at the beach is at a higher temperature
than the sea water, we can conclude that the
(average/total) (internal/translational kinetic/
potential) energy of the particles that make up the sand is
greater than that of the molecules that make up the water.

Question 2

a  Which of the following best describes internal energy?

A Theenergy associated with the random disordered
motion of atoms and molecules

B The energy associated with the temperature of each
atom and molecule
b  Which of the following best describes the type(s) of
energy that make up internal energy?

A The energy due to the overall movement of
the system

B Kinetic energy of atoms/molecules and potential
energy due to interactions between atoms/molecules

Question 3

A given system has the greatest internal energy when it
isa (solid/liquid/gas). Its particles have the
(greatest/least) freedom to move in this state.

The system has the least internal energy when itis a
(solid/liquid/gas). Its particles have the
(greatest/least) freedom to move in this state.

Question 4

The atoms and molecules in
constantly moving.

objects are

A veryhot
B all

Question 5

The lowest possible temperature is
equivalent to °C.

A 0,-273.15
B -273.15,0

K, which is

Question 6

A change in temperature, AT, of 200°C is equivalent to:
A (200-273.15) K

B (200+273.15) K

C 200K

A physics teacher is holding a hot cup of coffee in her hand as
she marks exams. She is so busy marking the exams that she
forgets to drink the coffee and, eventually, the cup of coffee
reaches thermal equilibrium with her hand.

Prompts

a  Whatis temperature a measure of?

How hot each particle in a system is
The total kinetic energy of a system

The internal energy of a system

o N0 w >

The average translational kinetic energy of the
particles in a system

b  What does it mean for the teacher’s hand to be in
thermal equilibrium with the cup of coffee?

A Thereis no force between the hand and the cup
of coffee.

B The hand and the cup of coffee are at the
same temperature.

C The particles in the hand and the cup of coffee have
stopped moving.

D Thetemperatures of the hand and the cup of coffee
add to zero.

Question

¢ Describe how the average translational kinetic energy
of the particles in the teacher’s hand compares with the
average translational kinetic energy of the particlesin
the cup of coffee throughout the process of reaching
thermal equilibrium. (3 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 8 (2 MARKS)

Is it possible to increase the temperature of a system while
keeping the internal energy constant? Justify your answer.

Hint: use the "energy container" model to help you.

Question 9 (1 MARK)

The surface of the planet Venus maintains a nearly constant
temperature of 735 K. The temperature does not decrease
during the night because of its thick atmosphere. Convert the
temperature of the surface of Venus to degrees Celsius.
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Question 10 (2 MARKS)

The surface of the planet Mercury can reach temperatures as
high as 450°C during the day, and as low as -170°C at night.
This large variation occurs because Mercury does not have an
atmosphere to trap the thermal energy during the night.

a  Convert the minimum nighttime temperature on
Mercury to kelvin. (1MARK)

b  Calculate the temperature range (the difference between
the maximum and minimum temperatures) of the surface
of Mercury. Provide your answer in kelvin. (1 MARK)

Question 11 (2 MARKS)

The planet Mars’ surface reaches a maximum temperature
of 20°C during the day and a minimum of -125°C during

the night. Compare the average translational kinetic energy
of the atoms and molecules on the surface of Mars during
the day with their average translational kinetic energy
during the night. Justify your answer.

Question 12 (2 MARKS)

With reference to the relationship between macroscopic
(large-scale) physical properties and molecular motion,
explain why it is easy to pour water into a bottle and fill it up
butit is not easy to do this with ice.

Question 13 (3 MARKS)

After reading about the relationship between temperature
and energy, Archie states that a fast-moving basketball must
have a higher temperature than a stationary basketball.
Evaluate Archie’s statement. Justify your response.

Basketball at rest

<N

Moving basketball

—

Image: vectoric/Shutterstock.com

Question 14

(2 MARKS)

A backyard pool and an Olympic swimming pool (which
is much larger than the backyard pool) are both ata
temperature of 26°C.

a Compare the internal energy of the water in the
backyard pool with the internal energy of the water in
the Olympic pool. (1MARK)

b  Compare the average translational kinetic energy of the
water molecules in the backyard pool with the average
translational kinetic energy of the molecules in the
Olympic pool. (1 MARK)

Key science skills

Question 15 (6 MARKS)

A class conducts an experiment in which a beaker of oil is
heated and the temperature is measured each minute.

a Whatis the absolute uncertainty of the thermometer
shown? (1MARK)

b  Thedata collected is shown in the table.

Time (mins) | 0 1 2 3 4

Temp (°C) |15 23 30 38 a4

Graph the data on a set of axes. Include:

e anappropriate scale, labels, and units for each axis.
e uncertainty bars for the temperature.

¢ aline of best fit.

(5 MARKS)



2B HOW DOES THERMAL ENERGY MOVE?

In the previous lesson, we learned about temperature and internal energy. But how does the
energy associated with temperature get from one place to another? And how does this explain
why metal feels so cold on a chilly day? To answer these questions, this lesson will introduce
us to heat as a physical quantity, and we will explore the three types of heat transfer.

2A What is temperature? 2B How does thermal 2C How heat affects temperature 2D The Zeroth and First Laws
energy move? of Thermodynamics

Study design dot point

e distinguish between conduction, convection and radiation with reference to heat transfers within and between systems

Key knowledge units
Heat 1161
Conduction 1.1.6.2
Convection 1.1.6.3
Thermal radiation 1.1.64
Formulas for this lesson
Previous lessons New formulas

Q
No previous formulas for this lesson Fils AT

heat flow rate for conduction

Definitions for this lesson
convection the transfer of heat through the bulk movement of matter

convection cell acircular flow of fluid caused by differences in temperature and hence
fluid densities

density mass per unit volume; a measure of how closely packed matter is

electromagnetic radiation adisturbance in the electric and magnetic fields (electromagnetic
fields) of charged particles; includes visible light

fluid asubstance that flows easily; a liquid or gas

heat energy that is flowing between systems due to a difference in temperature
medium the physical substance through which energy (e.g. heat or sound) travels
thermal conduction the transfer of heat through direct contact

thermal radiation the transfer of heat in the form of electromagnetic radiation

vacuum aregion that does not contain matter

Heat 1.16.1
OVERVIEW

Heat is thermal energy that transfers from one system to another system. Two systems at the
same temperature are in thermal equilibrium, which means there will be no net transfer of
heat between them.

THEORY DETAILS

Heat, Q, is thermal energy that is flowing from one system to another, increasing one system’s
internal energy by the same amount that the other system’s decreases. The flow of thermal
energy between systems is called heat transfer.

o
|
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* Heatis measured in joules (J) since it is energy.

* Two objects that are exchanging heat with each other are in thermal contact.
e Heat is not temperature.

¢ Heatis not a property of a single object or system.

For two systems in thermal contact, there is a net flow of heat from the hotter (higher
temperature) system to the colder (lower temperature) system.

¢ The transfer is faster when the difference in temperature between the systems is greater.

¢ Surface area and molecular structure/composition of the substances/materials also affect
the heat transfer rate.

Eventually, the two systems reach the same temperature. This is known as thermal equilibrium.

There is no net heat transfer between systems in thermal equilibrium.

Using the energy container model from Lesson 2A, heat is energy that flows between
containers. We can model this flow of energy as liquid flowing through a pipe connecting the
containers. The liquid always flows from the container that is filled to a greater height (higher
temperature system) to the container with the lower fill-height (lower temperature system).

Figure 1 uses this model to represent a heat transfer from hot iron to cool water.

Water’s energy
container

(a) Iron’s energy
container

AT (difference
in temperature)

Energy thatis in

transfer (heat) Cool water

Water’s energy

(b) Iron’s energy
container

container

—

“1==1 Cooled metal

-

Same temperature

Q (heat transferred)

Figurel (a)Hotiron transferring energy to cool waterin a bucket. (b) The two systems after thermal
equilibrium has been reached.

Conduction 1.16.2
OVERVIEW

Conduction is a form of heat transfer between systems that is due to collisions between
their particles. The rate of conduction is proportional to the temperature difference
between the two systems. It also depends on the materials through which the
conduction occurs.

THEORY DETAILS

When we touch an object, we might believe that we are feeling the temperature of the object,
but in reality we are feeling the energy transfer between the object and our hands. This is an
example of a type of heat transfer called conduction.

—
0
~

oo

—

transferring
thermal energy

into my palm ata
rate high enough
! that my nerves
signal a sensation

Figure2 (a) Theeveryday
(incorrect) explanation vs the (b)
scientific explanation forwhy hot
objects feel *hot’
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Conduction is a heat transfer that can occur for all phases of matter (solids, liquids, and gases).
Conduction between two systems only occurs when:

e theyarein contact.

e they are at different temperatures. Remember, two systems can be at different
temperatures but have the same internal energy (and vice versa).

The heat transfer in Figure 1, with hot iron being cooled down by water, was an example of
conduction. Conduction occurred because the metal was in direct contact with the water, and
the water was at a lower temperature than the metal.

The heat flow rate (measured in J s™1) between two systems due to conduction is directly
proportional to their difference in temperature.

% < AT
Q =net heat transferred (J), t = time taken for transfer (s), AT = magnitude of difference in

temperature between the two systems (K or °C)

This means the factor by which the heat flow rate, tg’ changes is equal to the factor by which
AT changes. For example, if the difference in temperature between two objects halves,
the heat flow rate will also halve.

Worked example 1

Initially, the iron in Figure 1 transfers 360 J to the water every 0.500 seconds. The water is at a temperature of 20°C,
while the iron is at 820°C.

a Calculate the initial heat flow rate between the metal and the water,—(t2 A

b  After a period of time, the water is at 40°C and the iron is at 120°C. What is the new rate that heat flows?

Working Process of thinking
-~ Q_ 360 Q=360J,t=0.500s
t ~ 0.500
The unit for rate of heat transfer will be J s™! since the unit
%= 720Js7! for heat is J.
b ATptre= Tiron ™ Twater = 820 —20=800°C We take the smaller temperature from the larger
AL =T T =120 - 40 = 80°C temperature to get the magnitude. Since we are just
aler S 00 adkcs looking for the difference, we do not need to convert
to kelvin.
So AT has changed by a factor of % = % We arrive at this by dividing the final temperature
difference by the initial temperature difference.
% = 1—10 x 720 The factor that% changes by is the factor AT changes by,
A D B :
tg —725] which is 15 in this case.

The rate of conduction also depends on the area of contact through which the
conduction occurs - the rate of conduction is greater when this area is greater.

How conduction works

As we learned in Lesson 2A, temperature is a representation of the average translational
kinetic energy of particles in a system. When two systems are in physical contact, particles at
their boundaries collide and exchange translational kinetic energy.

¢ The higher temperature system’s particles will, on average, have greater translational
kinetic energy than the particles in the lower temperature system.

¢ Ineach collision, translational kinetic energy is usually transferred from the particle
with more translational kinetic energy to the particle with less translational kinetic
energy (Figure 3).



50 CHAPTER 2: THERMODYNAMICS PRINCIPLES

* Hence, overall, energy transfers from the higher temperature system to the lower
temperature system over time.

Since particles that make up systems also collide with each other, conduction also occurs
within systems.

Thermal conductors and insulators

Due to their differing atomic and molecular structures, some materials and substances will be
better at conduction than others are.

¢ Something that is good at conducting heat is called a good thermal conductor.
¢ Something that is bad at conducting heat is called a good thermal insulator.

1 \
0000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000
000000000000000000CCC00000000000000000000000

Image: Fouad A. Saad/Shutterstock.com

Figure4 Conduction occurringwithin a metal rod when the left side is heated. The atoms

on the left transfer energy to the atoms on the right through collisions.

A good thermal conductor will transfer heat faster both within itself and to other systems.
Pure metals are good conductors because the atoms are close together and they have
free-moving electrons. This is why metals feel very cold on cold days and very hot on
hot days: they transfer heat rapidly to or from our skin.

The opposite is true for thermal insulators: they transfer heat slowly. Air is an example of
a good insulator. Its particles are spaced out and do not collide very often, so the rate that
heat is transferred is very slow. A vacuum is the ideal insulator since there are no particles
available to have collisions.

Table 1 Examples of good thermal conductors and insulators

Good thermal conductors Good thermal insulators

Gold Wood

Copper Air

Steel Most plastics

Graphite Feathers (largely because they trap air)

Diamond (best known thermal conductor) Wool (largely because it traps air)

Convection 1.16.3
OVERVIEW

Convection is a form of heat transfer within a fluid that is due to the overall movement of
matter between hotter regions and colder regions. Natural convection (as opposed to forced
convection) occurs when the matter moves from regions of high density to low density,
which are a result of different temperatures within the fluid.

THEORY DETAILS

Convection is the transfer of heat through the macroscopic movement of matter between
areas of different temperature. Since the matter has its own thermal energy, when matter
moves so does its thermal energy.

Image: Gencho Petkov/Shutterstock.com

Figure 3 Translational kinetic
energy tends to spread out among
particles, like in the opening ‘break’
shotinagame of pool.
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e Convection only occurs in fluids (substances that flow).
e Convection can be natural or forced.

Natural convection

According to the kinetic theory of matter, a higher temperature means that particles have
greater average translational kinetic energy. This additional translational kinetic energy
means that particles at higher temperatures take up more space, decreasing the density of
the material. Fluid with higher density sinks and displaces the less dense fluid, pushing the
less dense fluid upwards.

Image: BlueRingMedia/Shutterstock.com

Figure5 Water particlesin a pot thatis heated atits base. The arrows
represent convection cells.

Figure 5 shows natural convection where a fluid is constantly heated from
the bottom.

* The colder fluid is denser, so sinks and pushes up the hotter fluid.

¢ Therefore energy is convected away from the heating area.

* The fluid cools down as it rises by transferring heat to its cooler surroundings,
increasing in density and falling back down to the bottom.

¢ [fthe heating persists, particles continue rising and falling in what we call Image: Sergey Merkulov/Shutterstock.com
convection cells.

Figure 6 Aconvection cell formed by a heater.
Convection cells are circular flows of fluid caused by ongoing convection. The
formation of convection cells explains why indoor heaters are often located close
to the floor. As shown in Figure 6, hot air rises from the heater (while drawing in
cooler air), cools across the top of the room, falls, and is drawn back to the heater.
In this way, thermal energy from the heater is transferred around the room.

Forced convection

Forced convection is any fluid flow that leads to a transfer of thermal energy where
the heating itself does not drive the flow; another energy source must drive the
flow such as a fan blowing air or a spoon mixing a cup of tea.

Forced convection can transfer heat from anywhere in the fluid, not just from the
bottom. For example, if a heater was placed at the top of a room, a built-in fan could
convect heat away by blowing hot air downwards. Figure 7 illustrates this process.

Image: Sergey Merkulov/Shutterstock.com

Figure 7 Forced convection by a heater with a fan

Thermal radiation 1.1.6.4 can heat a room from above.

OVERVIEW

Thermal radiation is a form of heat transfer that is due to the emission and absorption
of energy as electromagnetic radiation. Matter is not required between the emitting and
absorbing substances.

. |
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THEORY DETAILS

The last type of heat transfer is thermal radiation, which is emitted by all objects with a
temperature above absolute zero (0 K). Radiation is the heat transfer responsible for the
warmth we feel from the Sun.

Charged particles emit electromagnetic radiation whenever they accelerate. When the
charged particles inside atoms (protons and electrons) accelerate while vibrating or colliding
(due to the random motion associated with thermal energy), some of their translational
kinetic energy is transformed into electromagnetic radiation. This causes a decrease in the
temperature of the emitting substance.

Electromagnetic radiation describes energy-carrying variations in electric and magnetic fields.

¢ [t travels away from the source at the speed of light.
¢ [t does not require a medium (which means it can travel through a vacuum).

The way charged particles emit radiation can be considered to be similar to the way that balls
produce sound when colliding with objects, as shown in Figure 9. The ball emits sound when

it collides, and the ‘loudness’ is dependent on the kinetic energy of the ball. In the same way,
charged particles emit radiation when they accelerate due to vibrations or collisions. They lose
more energy by emitting radiation when they have more translational kinetic energy to begin
with (i.e. when an object is hotter).

n (b) Charged particles

vibrate or collide with
each other

Ball collides
with wall

Sound generated :
Electromagnetic

radiation emitted

I;/%EI

Figure9 (a) Aball bouncing between two walls mimics how (b) charged particles accelerate.

When radiation meets an object or substance, it is transmitted, reflected, and/or absorbed
(see Figure 10).

¢ Transmission means the radiation continues through the object.

¢ Reflection means the radiation bounces off the object and continues to travel in a
different direction.

¢ Absorption means the particles in the object receive the energy from the radiation.

- The particle’s energy increases, equal to the energy of the absorbed radiation, and the
temperature of the object increases.

- The radiation ends its journey, completing the heat transfer.

The percentage of radiation that is transmitted, reflected, and absorbed by an object depends
on the material of the object. This will be covered in further detail in Lesson 3B.

Reflected
Absorbed
Transmitted

Image: OSweetNature/Shutterstock.com

Figure 10 Absorption, transmission, and reflection of electromagnetic waves

Thermal energy radiates
through space from the Sun
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Radiation _ \

Thermal energy radiates
through the air from a fire

Figure 8 Thermal energy canbe
transferred to us through both the
airand the vacuum of space.



Theory summary

Convection Conduction

Radiation

2B THEORY

Heat is thermal energy that transfers between two systems, decreasing the internal energy

of one system and increasing the internal energy of the other by the same amount.

Objects at the same temperature are said to be in thermal equilibrium and do not
have a net flow of heat.

Heat transfers take three different forms:

The heat transfer rate for conduction is related to the difference in temperature:

In what situations
it occurs

Occurs:

® whentwo
systems are
physically
touching.

® within systems.

Occurs in fluids.

Occursin all
systems, butis
more significant
for hotter objects.

What itis

Particles collide
with each other
across the contact
surface or within
the system,
transferring their
thermal energy.

Particles move
around the fluid,
carrying their
energy with them.

Charged particles
transform thermal
energy into
electromagnetic
radiation (thermal
radiation) as they
accelerate.

Medium Matter Energy
required? transferred?  transferred?
v x v

v v v

x x v

Convection cells form due to convection and represent the path fluid takes.

For a given fluid, the colder fluid is denser than the hotter fluid, so the colder fluid sinks
and the hotter fluid rises.

Radiation can be transmitted, reflected, and/or absorbed when interacting with matter.

KEEN TO INVESTIGATE?

PhET ‘Energy Forms and Changes’ simulation

phet.colorado.edu/en/simulation/energy-forms-and-changes

YouTube video: Veritasium - Misconceptions About Temperature
youtu.be/vgDbMEdLICs

YouTube video: expertmathstutor - Physics - Heat Transfer - Conduction

youtu.be/9joLYfayee8

The Concord Consortium Energy 2D simulation
energy.concord.org/energy2d/

CONCEPT DISCUSSION QUESTION

travels through the vacuum of space,

before travelling through our atmosphere.

Answers on page 504

Electromagnetic radiation from the Sun

Discuss how energy from the Sun could,
after travelling to Earth via radiation,
later undergo conduction and convection
(in either order)?

Image: Luciano Cosmo/Shutterstock.com

Convection
IR

AT.

What kinds of substances onEarth undergo

Hints
convection?

What happens to a particle after it absorbs energy?
How does this differ between solids, liquids,

and gases?

S =, S
= é ﬁ A “% Radiation
- e

Image: Fouad A. Saad/Shutterstock.com
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2B Questions

THEORY REVIEW QUESTIONS

Question 1

Heat s flowing from System A to System B. Which of the
following statements is false?

A System Bis gaining internal energy.

B Thetwo systems are in thermal equilibrium.
C Energyis flowing between the systems.

D System Bis colder than System A.

Question 2

Copy the table and for each type of heat transfer, tick the
appropriate descriptions.

Relieson Matter travels | Works well
particle with the heat through air
vibrations or
collisions

Conduction

Convection

Thermal

radiation

Question 3

Fillin the gaps in the following paragraph to describe the
process of conduction.

When two systems at different

internal energies) are (separated/in contact),

(cold/heat) flows from one system to the other

due to conduction. This means that the (heat/
internal energy) of each system is changing.

Question 4

(temperatures/

Selina’s hand is at a temperature of 30°C when she touches

a ball.
a Choose a temperature at which the ball will feel cold
to Selina.
A 35°C
B 30°C
C 25°C

b  Selinarealises that a cold rubber ball cools her hand
slower than a cold metallic ball (at the same temperature
as the rubber ball). When the metallic and rubber balls are
both hotter than her hand (at the same temperature as
each other), which would heat her hand at a greater rate?

A The metallic ball
B Therubberball

A
|7 \ 7
\ >~ (<, & (- ._r"
'[ [ | [/
L) Rlkis
[ |
Cools hand Cools hand
fast slowly
Metallic Rubber
(Cold) (Cold)

? ?
Metallic Rubber
(Hot) (Hot)

Question 5

Fill in the gaps in the following paragraph to describe why
you will usually feel warmer under a blanket.

We feel warmer under a blanket, compared to without a
blanket, because the amount of (heat/coldness/
energy) our body has decreases at a smaller rate. The amount

of (heat/coldness) that flows from our bodies
to the colder surroundings is reduced because blankets are
good (conductors/insulators/radiators).

Use the following information to answer Questions 6-9.

Kaya conducts four experiments to compare the effects of
different types of heat transfer.

e In Experiment 1, she heats water at the bottom of a test
tube and measures the temperature of the water at the
top of the tube.

e In Experiment 2, she heats water at the top of a test
tube and measures the temperature of the water at the
bottom of the tube.

¢ In Experiment 3, she heats the bottom of a piece of steel
and measures the temperature of the top of the steel.

e In Experiment 4, she heats the top of a piece of steel and
measures the temperature of the bottom of the steel.

In each experiment, the water/steel is initially at room
temperature.
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Experiment 1 Experiment 2 Question 8
i The type of heat transfer that is most responsible for the steel
& at the top’s temperature increasing in Experiment 3 is

4,
2
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Experiment 3 Experiment 4
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Images: DesignPrax/Shutterstock.com

b

Kaya recorded her observations after one minute of heating
for Experiments 1-3 in a table, as shown.

Observations
Experiment 1 Significant increase in temperature.
Experiment 2 No significant change in temperature.
Experiment 3 Significant increase in temperature.
Experiment 4
Question 6

A conduction.
B convection.

C radiation.

Question 9

What is the most likely observation for Experiment 4?
A “Significant increase in temperature.”

B  “Nosignificant change in temperature.”

Question 10

Use the following diagram to answer parts a and b.

' Heat lamp

Sun
e IR

The type of heat transfer that is most responsible for the
water at the top of the tube’s temperature increasing
Experiment 1 is

A conduction.
B convection.

C radiation.

Question 7

The best explanation for the different results between
Experiment 1 and 2 is that

A heatalways rises.

B hot fluids tend to rise and cold fluids tend to sink due to
different densities.

Image: Laurentiu Timplaru, Oewsiri, Alena Nv/Shutterstock.com

a  Which heat source transfers heat to the person

through convection?
A The heat lamp
B TheSun

C The floor heater (central heating vent)

b Identify the best reason for your answer to part a.

A It emits hot collections of air particles, leading to
hot air circulating the room.

B Its particles collide with the person, increasing their
translational kinetic energy.

C It generates radiation which flows to the person,
heating up their skin and the air around them.

v o
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Question 11

We generally feel cooler in the shade. Why is this?

A  We give off more heat in the shade, and thus cool
down quicker.

B  We are shielded from the wind, and thus convection,
when we stand in the shade.

C Shadows transfer coldness to us.

D Thermal radiation from the Sun does not reach us in
the shade.

DECONSTRUCTED EXAM-STYLE QUESTION

Question 12 (3 MARKS)

Thomas and Sabrina are debating whether the fluid in

a beaker continuously heated from its top will undergo
convection. Thomas says that whenever heat is constantly
applied to a fluid, convection cells form. Sabrina says

that convection cells will not form due to how the fluid is
being heated.

Image: Fouad A. Saad, noname000/Shutterstock.com
Prompts

a  Whichis the best description of the process of heating by
natural convection?

A Thermal energy moves through the contact
between hot and cold regions.

B Vibrations of particles cause collisions which spread
thermal energy.

C Hot fluids and cold fluids mix evenly and reach
thermal equilibrium.

D Colder fluids, which are more dense, sink, and
hotter fluids, which are less dense, rise.

b  Which direction does heat tend to flow during the
process of natural convection?

A Up

B Down

C Left

D Right
Question

¢ Whois correct? Explain your answer. (3 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 13 (1 MARK)

Which statement best describes thermal conduction?

A Aheat transfer that occurs when particles emit radiation
by accelerating.

B Aheat transfer that occurs when particles exchange
energy through collisions.

C  Aheat transfer that occurs when particles move around
a fluid and change the distribution of energy.

Question 14 (1 MARK)

Which statement best describes thermal radiation?

A Aheat transfer that occurs when particles emit radiation
by colliding.

B  Aheat transfer that occurs when particles emit radiation
by vibrating.

C Both of the above

Question 15 (1 MARK)

A wet bird is losing 100 J of energy every second due to
conduction with the air. How much energy would it

transfer through conduction every second if the temperature
difference between itself and the air increased by a factor

of 1.5?

A 200J B 150J C 100J D 50.0J

Question 16 (1 MARK)

Which of the following (A-D) depicts convection cells?

Image: Fouad A. Saad/Shutterstock.com

Image: Fouad A. Saad/Shutterstock.com
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C Question 19 (2 MARKS)

Skinny Jim is standing by a campfire, as seen in scenario A.
Jim wonders whether he would heat up if there was no air
between him and the campfire, as seen in scenario B.

Scenario A

g ,

D
@
@
Vacuum (no air)
Image: Fouad A. Saad/Shutterstock.com Image: Hanaha/Shutterstock.com
a  Will Jim feel the warmth of the campfire in scenario B?
Question 17 (1 MARK) (1 MARK)

b  Skinny Jim now wants to cook some marshmallows.
He notices it is much quicker to cook his marshmallows
above the fire than to its side. Identify the heat transfer
responsible for this difference. (1 MARK)

Two rubber balls of different sizes in identical surroundings
are conducting heat to their surroundings at different rates.
Choose the option below that reflects what we can tell about
their temperatures.

A  The two balls are at equal temperatures. Question 20 (3 MARKS)

B Thetwo balls are at different temperatures. : ] P
Car engines cool down by circulating liquid coolant,

C ltis ?mpossible to determine whether they areatequal  transferring energy by conduction and convection. The coolant
or different temperatures. absorbs heat from the engine, and a fan cools down the
coolant in a ‘heat sink’ The diagram shows a simplification of

Question 18 (SMARKS) the cooling system of a car engine.

Zev is applying an ice pack to his sore head. Explain how the
ice pack cools Zev’s head down, making sure to identify the
heat transfer that is occurring.

P

a Theengine piping (green) can be made of aluminium
or plastic. Which would be better at transferring heat
from the engine to the coolant? (1 MARK)

b  Suppose we want to limit the amount of energy
transferred between the coolant and its surroundings
while it travels to the engine. Should plastic or
aluminium be used for this piping (pink)? Justify your
answer with relevant theory. (2 MARrks)
_\
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Question 21 (2 MARKS)

An oven mitt at 300 K is in direct contact with a hot plate at
340 K, and heat is transferring between them at a rate of

80 J s~L. What difference in temperature would cause the rate
to halve to 40 J s71?

Question 22 (3 MARKS)

A block of rubber and a block of wood have been placed in
thermal contact. As a result, the internal energy of the wood
has begun to increase. Assume the blocks are not in thermal
contact with any other objects.

a  Before the two objects were placed in thermal contact,
was the rubber hotter or colder than the wood? (1 MARK)

b  Thetwo blocks are exchanging heat only through
conduction. Use a relevant mathematical relation to
explain why there will no longer be a net flow of heat

between the blocks once they reach thermal equilibrium.

You do not need to refer to the kinetic theory of matter.
(2 MARKS)

Question 23 (4 MARKS)

Computers cool down their central processing unit (CPU)
by placing ‘heat sinks’ on them, which absorb heat from the
CPU through conduction. An engineer is trying to optimise
her computer’s cooling by keeping its heat sink cool.

a The heatsink has thin fins that are designed to create a
high surface area. Given that this heat sink cools down
as a result of thermal conduction with the air, what
purpose would this serve? (2 MARKS)

‘“‘ M "?' . Fins

i

CPU

Image: Draw05/Shutterstock.com

b  Theengineer’s computer still overheats, so she looks for
a new solution. Inspired by how car engines cool down,
she attaches a fan to her heat sink. The CPU no longer
overheats. Describe how the heat is moved away from
the fins in this setup, making sure to describe the role of
the fan. (2 MARKS)

Fins

J
e F! s CPU
Image: NosorogUA/Shutterstock.com

Previous lessons

Question 24 (2 MARKS)

Describe the difference between the motion of particles in
a solid compared with the motion of particles in liquids
and gases.

Key science skills

Question 25 (2 MARKS)

A scientist wants to calculate the total rate that heat flows out
of a campfire by adding the rates of conduction, convection,
and thermal radiation.

Conduction | Convection | Thermal Total rate
radiation
Heat flow 0.3 57 4.502
rate (kJs71)

a  What will be the number of significant figures for the
total rate? (1MARK)

b Ifthe scientist wanted to calculate the total heat, Q,
emitted over t = 5.0 seconds with the formula
Q = total rate x t, how many significant figures would
Q have? (1 MARK)
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Cooking oil will get hotter on a stove faster than the same quantity of water. A smaller volume
of oil will get hotter faster than a larger volume of oil. These observations suggest that the
change in temperature of a substance depends on the substance itself as well as the amount
of that substance. Water and steam can both exist at 100°C; so where does the energy go
when water turns to steam? This lesson will build on the concepts established in Lesson 2A
and Lesson 2B to present a quantitative relationship between heat and temperature.

2A What is temperature? 2B How does thermal 2C How heat affects temperature 2D The Zeroth and First Laws
energy move? of Thermodynamics

Study design dot points
® investigate and analyse theoretically and practically the energy required to:

- raise the temperature of a substance: Q =mcAT
- change the state of a substance: Q =mL

* explain why cooling results from evaporation using a simple kinetic energy model

Key knowledge units

Specific heat capacity LIA-1
Latent heat 1:1:7:2
Evaporative cooling 1.1.8.1
Formulas for this lesson

Previous lessons New formulas

Q=mcAT
heat needed to increase temperature

No previous formulas for this lesson

Q=mL
heat needed to change state

Definitions for this lesson

boil convert from liquid to gas at a certain temperature and pressure

condense convert from gas to liquid at a certain temperature and pressure

evaporate convert from liquid to gas only at the liquid’s surface due to high-energy particles in the
liquid escaping

freeze convert from liquid to solid at a certain temperature and pressure

latent heat the heat absorbed or released to change the state of a substance

melt convert from solid to liquid at a certain temperature and pressure

specific heat capacity the heat per unit of mass needed to increase the temperature of a substance
by one kelvin (or degree Celsius)

specific latent heat of fusion the heat per unit of mass needed to convert a given substance from a
solid into a liquid

specific latent heat of vaporisation the heat per unit of mass needed to convert a given substance
from a liquid into a gas
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Specific heat capacity 1171
OVERVIEW

All substances have a specific heat capacity, which is a measure of the heat transfer needed
to change the temperature of one kilogram of the substance by one kelvin. A substance with
a low specific heat capacity changes temperature more easily than a substance with a high
specific heat capacity.

THEORY DETAILS

Specific heat capacity, c, measures the heat transfer per unit of mass that is required to
change the temperature of a substance:

o,
C=TmaT

This equation is more commonly expressed as follows.

Q=mcAT
Q = heat transferred (J), m = mass (kg), c = specific heat capacity (J kg™t K1),
AT = change in temperature (K)

A negative value of Q indicates heat is released rather than absorbed.

Table 1 shows the approximate specific heat capacities of some common substances. Note that
the specific heat capacity of a given substance is different for different states of matter
(e.g. water compared to ice).

Table 1 Some common substances and their (approximate) specific heat capacities in increasing order

Substance Specific heat capacity, ¢ (J kg2 K2)
Copper 0.39x 103
Iron 0.45x 103

Carbon (graphite)  0.72x 103

Air 1.0x103
Wood 1.8x103
Steam 2.0x103
Ice 2.1x10%
Cooking oil 2.8x103
Water 42x103 (a)
Ammonia 47x10°

How the mass and temperature change relate to the heat required

In Lesson 2A, we learned that temperature is a measure of the average translational kinetic
energy of the particles in a substance. This means:

¢ The greater the increase in temperature of a given object, the greater the heat required:
Q x AT. See Figure 1(a).
¢ The greater the mass of a given substance (and hence the more particles within it),

the greater the heat required to increase its temperature by a given amount: Q o« m.
See Figure 1(b).

(b)

How the substance relates to the heat required

Different substances store their internal energy in different proportions. This means that

some substances - those with higher specific heat capacities — do not change temperature T
as easily as others. This difference can be modelled by the difference in diameters of the

blue “other energy” containers from the “energy container model” established in Lesson 2A,

as shown in Figure 2 and Figure 3.

Figurel (a) Providing twice the

For example, water stores a greater proportion of its internal energy as “other energy” than S SRR e R S
iron does. Hence, 1 kg of water needs more heat to increase its temperature by 1 K than 1 kg temperature changein an equal
of iron needs (see Figure 2) and so water has a higher specific heat capacity than iron. mass of the same substance.

(b) Twice the amount of heatis
required to achieve thesame
temperature change in twice the
mass of the same substance.
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Higher specific Lower specific
heat capacity heat capacity
C——— G—
Greater Smaller
internal internal
energy energy
change change
Water Iron
Figure2 Asubstance with a higher specific heat capacity requires more internal energy to increase its temperature by
the same amount as an equal mass of a substance with a lower specific heat capacity.
Similarly, if 1 kg of water and 1 kg of iron are provided with the same amount of heat,
the iron’s temperature will increase more than that of the water (see Figure 3).
I-:ligher specific Ii‘ower specific
t i t i
eat capacity eat capacity
Greater
Smaller Same internal temperating
temperature energy change change
change %
Water Iron
Figure3 Asubstance with a higher specific heat capacity undergoes a smaller change in temperature for a given heat
transfer than an equal mass of a substance with a lower specific heat capacity.
Table 2 The effect of different specific heat capacities when heating up and cooling down a fixed mass
Heating up (absorbing heat) Cooling down (releasing heat)
AT Q AT Q
(for fixed Q) (for fixed AT) (for fixed Q) (for fixed AT)
Higher specific heat capacity Smaller increase More heat absorbed Smaller decrease More heat released
Lower specific heat capacity Greater increase Less heat absorbed Greater decrease Less heat released
Worked example 1
For this question, take the specific heat capacity of water to be 4186 J kg1 K1,
a  How much energy is required to increase the temperature of 0.50 kg of water by 15°C?
b  Whatis the final temperature (in °C) when 0.50 kg of water at an initial temperature of 30°C releases 5000 J of
thermal energy?
Working Process of thinking
a  Q=mcAT Remember that a change of 15°C is equal to a change of 15 K.
Q=0.50%x4186x15=31395J m=0.50kg, c=4186 Jkg 1K AT=15°C=15K
Q=3.1x10%J
b Q=mcAT Treat heat that is released as a negative quantity.
~5000 = 0.50 x 4186 x AT Q=-5000J,m=0.50 kg, c=4186 J kg K%, T.=30°C
AT=-2.389 K =-2.389°C A negative value indicates a decrease in temperature.

T;=T,+AT=30+(-2.389)
T;=28°C
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Latent heat 1.1.7.2
OVERVIEW

Latent heat is the energy that is absorbed or released when a substance changes state.
The temperature stays constant while the substance changes state.

THEORY DETAILS

In Lesson 2A, we learned that the particles in a gas have more freedom A anall®

to move than the particles in a liquid, which have more freedom to move S _' o S’ - %
than the particles in a solid. This means that there is more potential * Sinig * P s

energy stored in a gas than a liquid and in a liquid than a solid.

@ s
A solid must absorb thermal energy when it melts into a liquid and a - \g""%\é\g
liquid must release thermal energy when it freezes into a solid due ) Qc':“ 65”’
to the difference in potential energy between these two states. q;‘f"b§
Similarly, a liquid must absorb thermal energy when it boils into a v
gas and a gas must release thermal energy when it condenses into
a liquid. These transitions are represented in Figure 4. S 2 Freezing »
- i Al ”:,\H\ « Melting
The temperature remains constant during transitions between states. 7 o
For this reason, the energy that is absorbed or released during these -
transitions is called latent heat (which means hidden heat) - the thermal
energy is ‘hidden’ as potential energy without any effect on the image: Desgmmeal Shuttesipek.com
translational kinetic energy of the particles. Figure4 Thetransitions between states of matter. Energy must

be absorbed by the substance for the processes with red arrows.
Figure 5 shows the heating curve of 1 kg of ice transitioning to water and  Energy is released by the substance for the processes with

then to steam. There are some points to note from this graph: bluearrows.

* The temperature does not change while the state is changing.

¢ The amount of thermal energy that must be absorbed to boil a liquid into a gas is exactly
the same as the thermal energy that is released when the gas condenses. The same
relationship is true for melting and freezing.

¢ For a given state, the relationship between heat and temperature is given by Q = mcAT.
It is common to represent similar information as shown in Figure 5 with time on the
horizontal axis rather than heat absorbed. This is useful when we do not know the amount

of heat provided but we do know that the rate of heating is approximately constant (such as
when using a Bunsen burner) so that each unit of time corresponds to a fixed amount of heat.

Temperature (°C)
»
1254
Boiling
1004 - - 4m
Condensing (gas)
54 |
Water
0T (liquid)
254
Melting
3 $ $ 3 X X N \ | - Heataabsorbed
- + 4 4 g y 4 $ 4 > (. 10))
Freezing 800 1200 1600 2000 2400 2800 3200 3600
-25+
Ice (solid)
-50

Figure5 Aheatingcurve for 1 kgof water

The amount of heat that is added or removed during a transition between states is given by
the following equation.

Q=mL
Q = heat transferred (J), m = mass (kg), L = specific latent heat (J kg™)

For calculations involving heat transfer, we treat heat absorbed as a positive quantity and
heat released as a negative quantity. Hence, when a substance condenses from a gas to a Figure6 Theformula triangle for

liquid or freezes from a liquid to a solid, the latent heat is a negative quantity. the relationship between heat,
mass, and specific latent heat
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Table 3 shows the specific latent heat values for various materials. The latent heat for a
transition between a solid and a liquid is called ‘the latent heat of fusion’. The latent heat for
a transition between a liquid and a gas is called ‘the latent heat of vaporisation’.

Table 3 Some common substances and their (approximate) specific latent heat values in alphabetic order

Substance Specific latent heat of fusion, L;(J kg~?)  Specific latent heat of vaporisation, L, (J kg™)
for solid-liquid transitions for liquid-gas transitions
(Ethyl) alcohol 1.1 x10° 8.6x 105
Ammonia 3.3x10° 14x10°
Carbon dioxide 1.8 x10° 5.7x105
Iron 2.8x10°% 63x10°
Oxygen 0.14x 105 2.1x10°
Water 3.3x10° 23x 103
Worked example 2

For this question, take the specific latent heat of fusion for water to be 3.34 x 105 J kg1, the specific latent heat of
vaporisation for water to be 2.26 x 106 J kg1, and the specific heat capacity of water to be 4186 J kg1 K1,

a Calculate how much heat must be provided to melt 2.0 kg of ice at 0°C.
b Calculate how much heat must be provided to boil 2.0 kg of water at 100°C.
¢ Calculate the total thermal energy required to convert 2.0 kg of ice at 0°C to steam at 100°C.

Working Process of thinking
a  Qy=mL Melting (converting solid to liquid) relates to the latent heat
of fusion.
Q=2.0x3.34x10° m=2.0kg,L,=3.34x10°Jkg!

Q=6.72x105=6.7x 105

b Q,=mL, Boiling (converting liquid to gas) relates to the latent heat
of vaporisation.
Q,=2.0%x2.26x10°=4.5x106) m=2.0kg,L,=2.26 x10° J kg™!
€ Q= Quater t Q0 The total heat required is the sum of: the heat absorbed to

melt the ice, the heat absorbed to warm the water from 0°C
to 100°C, and the heat required to boil the water.

Quater = MCAT The heat required to warm the water is related to the
temperature change by Q = mcAT.

Quater = 20 X 4186 x (100 - 0)

Quoter =84%10°J

5 Qe =6.7%10°+8.4x10%+4.5x 106 The latent heat for the two changes of state have been

0..=6.0x106 J calculated in part a and part b.
tot ~ O*

Evaporative cooling 1.1.8.1
OVERVIEW

Evaporation occurs when the highest energy particles in a liquid escape from its surface.
This reduces the average translational kinetic energy of the remaining particles, which means
the liquid is cooler as a result of the evaporation.

THEORY DETAILS

If you are at the beach or a pool, you will notice that wind will make you feel a lot cooler if your
skin is wet rather than dry. Sweating is an evolutionary mechanism that uses the same process
to cool us down. This principle is called evaporative cooling. In order to understand how
evaporative cooling works, we need to have a clear understanding of what evaporation is.
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The difference between evaporation and boiling

Evaporation is the process of particles in a liquid escaping from the surface at a temperature
below the boiling point. The particles that escape are in a gaseous state. For example,

a puddle of water will evaporate and wet clothes will eventually dry without needing to reach
a temperature of 100°C. This process occurs because higher-energy particles in the liquid
constantly escape from its surface, as shown in Figure 7.

The rate of evaporation is greater when: Surface particles with higher
kinetic energy escape

¢ the temperature of the liquid is greater.
e the surrounding air is drier (lower humidity).

* air moves over the liquid surface (such as wind blowing) since it helps carry the escaped
particles away.

e the surface area of the liquid is greater.

Liquid

* the liquid has a lower boiling point and a lower latent heat of vaporisation since this Figure 7 Evaporation occurs due

indicates that the particles require less energy to escape. to particles escaping from a
liquid’s surface.
In contrast, boiling occurs when a liquid reaches a certain temperature (and pressure) that

causes the particles in the entire substance to rapidly transition from a liquid arrangement to
a gaseous arrangement.

How evaporation causes cooling
Whenever a liquid evaporates it cools its surroundings. The process occurs as follows:

* The liquid absorbs heat from its surroundings (such as skin or the air), which cools the
surroundings and warms the liquid.

¢ Higher-energy particles escape from the liquid surface to the air through evaporation.

* On average, the remaining particles in the liquid have lower translational kinetic energy
than before the higher-energy particles escaped.

* This means the temperature of the liquid decreases and so more heat continues to be
conducted from the surroundings to the liquid.

Evaporative cooling is used in some air conditioning systems by passing air through a
damp mesh. However, this type of air conditioning is not effective in humid climates which
slow the evaporative process.

Theory summary
¢ Temperature change is related to heat transfer by the equation: Q = mcAT.
KEEN TO INVESTIGATE?
- cisthe specific heat capacity, which measures the heat transfer per unit of — -
mass that is required to change the temperature of a substance by one kelvin. YOUTf' Migeo: Fuseschioots
Specific Latent Heat
* When heating up/cooling down, a substance with a higher specific heat youtu.be/8VmkdzRE8sQ
capacity will:
pacity YouTube video: Professor Dave
- absorb/release more heat per kelvin change in temperature (compared to Explains - Heat Capacity
an equal mass of a substance with a lower specific heat capacity). youtu.be/yhNHIJ7WdT8A

- change temperature by a smaller amount per joule of heat absorbed/released
(compared to an equal mass of a substance with a lower specific heat capacity).

* Heatis absorbed whenever a solid turns to a liquid or a liquid turns to a gas.
- Heatis released whenever the reverse processes occur.
- This s called latent heat.
- Temperature stays constant during these processes.
¢ Evaporative cooling occurs whenever a liquid evaporates from the surface of an object.

- The highest energy water molecules are carried away, decreasing the average
translational kinetic energy and, hence, reducing the temperature of the
remaining liquid.

- Substances with a lower specific latent heat of vaporisation and a lower boiling point
tend to evaporate more quickly.
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CONCEPT DISCUSSION QUESTION

A burn caused by the steam from a kettle will generally be more severe than a burn
caused by the boiling water in the kettle. Discuss why steam burns are usually worse
than hot water burns even when the temperatures of the steam and the water are the

same (100°C).

Answers on page 504
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THEORY REVIEW QUESTIONS

Question 1

It takes 1000 J to increase the temperature of a particular
brick by 10 K.

a  How much heat energy is required to increase the
temperature of an identical brick by 20 K?

b How much heat energy is required to increase the
temperature of three identical bricks by 10 K?

Question 2

Consider a one-kilogram block of material X and a one-
kilogram block of material Y, with specific heat capacities as
shown in the diagram.

1 kg of material X 1 kg of material Y

C,=1000 J kg™ K* C,=2000J kg K™

a If 100 J of heat is transferred to each block, which block
(X or Y) willincrease its temperature more?

b  If 100 J of heat is transferred out of each block, which
block (X or Y) will decrease its temperature more?

¢ Which block (X or ¥) must absorb the most heat to
increase its temperature from 10 K to 20 K?

d  Which block (X or Y) must release the most heat to
decrease its temperature from 20 K to 10 K?

Question 3

The graph shows how temperature varies for equal masses
of two materials (A and B) that have the same initial
temperature as they are heated.

Temperature, T (K)

» Heat input, Q (J)

Which material (A or B) has the higher specific heat capacity?

Question 4

The graph shows the heating curve for a particular substance.

Temperature, T (K)
U

P » Heatinput, Q (J)

For each of the following, fill in the gaps with the correct
points on the graph.

a The process of melting from solid to liquid is
represented by to

b  The process of condensing from gas to liquid is
represented by to

¢ The process of warming in the liquid state is represented
by to

Question 5

As a substance melts from a solid to a liquid or boils from a
liquid to a gas, heat is

A released by the substance.
B absorbed by the substance.

C neither absorbed nor released.

Question 6

When a substance melts, the heat is used to

A increase only the kinetic energy of the particles in
the substance.

B increase only the potential energy of the particlesin
the substance.

C increase both the kinetic energy and potential energy of
the particles in the substance.

Question 7

As a substance condenses from a gas to a liquid, or freezes
from a liquid to a solid, heat is

A released by the substance.
B absorbed by the substance.
C neither absorbed nor released.
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Question 8

As a substance melts from a solid to a liquid or boils from a
liquid to a gas, the temperature of the substance

A increases.
B decreases.

C neitherincreases nor decreases.

Question 9

Use the diagram to fill in the following paragraph.

X v Z
=/
—w e

Putting cold water on your hand can cool your hand through
evaporation. Your hand heats the water by
(conduction/convection/radiation), which is represented

by (X/Y/Z) in the diagram. The fastest-moving
water molecules escape, which is represented by

(X/Y/Z). The slower-moving molecules remain, which is
represented by (X/Y/2), so that the temperature
of the water decreases as evaporation occurs.

DECONSTRUCTED EXAM-STYLE QUESTION

Question 10 (4 MARKS)

100 g of water at an initial temperature of 12°C is cooled such
that it releases 40 kJ of thermal energy to become ice. Take the
specific heat capacity of water to be 4.2 x 103 J kg1 K1,

the specific heat capacity ofice tobe 2.1 x 103 J kg1 K,

and the latent heat of fusion for water to be 3.34 x 105 J kg 1 KL,

Prompts

a  Which option best describes the stages of cooling that
must be considered when calculating the energy that
is released by the water as it turns into ice at a final
temperature, T;?

A Waterat12°Ccoolstoiceat Ty

B Waterat 12°C cools to water at 0°C; ice at 0°C cools
toiceat T,

C Waterat 12°C cools to water at 0°C; water at 0°C
turns into ice at 0°C; ice at 0°C cools to ice at Ty

D Waterat12°C cools to water at T.; ice at 0°C cools to
iceat T,

b  Which expression would evaluate the energy (in joules)
transferred as the water cools down to 0°C?

A 100x4.2
B 0.100x4.2x103x(0-12)
C 0.100x2.1x(0-12)
D 100x4.2x(273.15+12)
¢ Which expression would evaluate the change in the
water’s internal energy (in joules) as it turns into ice?
A -100x4.2
B -0.100x4.2x103
C 0.100x3.34x10°x(0-12)
D -0.100x3.34x10°
d Which expression would evaluate the energy

(in joules) transferred as the ice cools down to its final
temperature, T;?

A 0.100x2.1x10%x (T,~0)
B 0.100x42x103xT;

C 0.100x2.1x103x(0-12)
D -100x2.1x103

Question
e Calculate the final temperature of the ice. (4 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 11 (2 MARKS)

Calculate the heat absorbed by a graphite tennis racquet that
has a mass of 0.300 kg when its temperature increases by
4.0°C. Take the specific heat capacity of graphite to be
7.2x102Jkg 1K

Question 12 (2 MARKS)

The element in a toaster machine consists of 15.0 grams of
nichrome wire. Electricity passing through the wire adds
5500 J of thermal energy to the wire in a short period of
time. Take the specific heat capacity of nichrome to be
450 J kg1 KL, Calculate the increase in temperature of
the wire.

Question 13 (4 MARKS)

1.5 kg of oxygen is initially in a gaseous state at its boiling
point (-183°C). Take the specific latent heat of fusion of
oxygen to be 6.9 x 103 J kg1 and the specific latent heat of
vaporisation to be 1.1 x 10> J kg™L.

a Calculate the heat released as the oxygen condenses
to liquid. (2MARKS)

b  The total amount of heat released to the surroundings
as the oxygen condenses and cools is measured
to be 2.0 x 105 J. How much of this thermal energy
was released as a result of cooling (as opposed
to condensing)? (2 MARKS)
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Question 14 (3 MARKS)

Xi and Ruth are heating a beaker that initially contains a
mixture of ice and water. They measure the temperature
throughout the process. They notice that the mixture

has a temperature of 0°C at the beginning and that the
temperature is still 0°C when the last bit of ice melts. Xi says
that this means the internal energy of the contents of the
beaker has not changed. Ruth says that the internal energy
has increased. Evaluate the two statements and justify your
answer with the appropriate physics principles.

Question 15 (7 MARKS)

The graph shows the heating curve for 5.0 kg of lead as it
melts to a liquid.

60

50
Liquid leaV
40

30

20 Solid lead

Temperature increase (K)

10

50 100
Heat input (kJ)

v

a Calculate the gradient of the section of the graph
corresponding to solid lead. Provide your answer in K J™!
to two significant figures. (2 MARKS)

b  Usingthe data in the graph, calculate the specific heat
capacity of solid lead. Provide your answer to two
significant figures. (3 MARKS)

¢ Usethe graph to calculate the specific latent heat of
fusion for lead. Provide your answer to two
significant figures. (2 MARKS)

Use the following data table to answer Questions 16-19.

Question 17 (3 MARKS)

Calculate the increase in temperature of a 4.0 kilogram glass
window when 50 grams of steam at 100°C condenses to water
at 100°C on its surface. Assume there are no heat transfers
other than from the steam to the glass.

Question 18 (5 MARKS)

200 g of ice at 0°C is added to 1.2 kg of water at 20°Cin a
thermally insulated container. Eventually the ice melts and
thermal equilibrium is reached so there is only water in the
container at a final temperature between 0°C and 20°C. What is
the final temperature of the contents of the container?

Question 19 (3 MARKS)

Explain the relevant physics principles behind the
observation that rubbing alcohol cools your skin more
quickly than water.

Previous lessons

Question 20 (1 MARK)

The temperature in the clouds of Jupiter is -145°C. Provide this
temperature in Sl units.

Question 21 (2 MARKS)

The difference in temperature between object A and object
B is initially 400 K. After a period of time, the difference in
temperature is only 100 K. By what factor has the rate of heat

transferA% changed?

Key science skills

Question 22 (8 MARKS)

Students conduct an experiment to measure the effect that
known quantities of heat have on water. They heat 0.400 kg
of water in a beaker and measure the temperature for every
10 kJ of heat that is added. They record the following data.
Assume that the temperature measurements have an

Substance Water Glass aRlucgE\z]lg uncertainty of £2°C, but the heat measurements are known
to a high degree of accuracy.
Specific latent heat of | 3.3x10° - -
fusion, L, (J kg™) Heat input (kJ) 0 10 20 30 40 50
Specific latent heat of | 2.3 x10° - 8.5x10° Temperature (°C) 20 25 31 36 40 45
vaporisation, L, (J kg™)
Specifi_c1 htjft capacity, |4.2x103 840 - a Plotthe data on a graph with heat input on the
c(Jkg™ KT horizontal axis and temperature on the vertical axis.
Melting point (°C) 0 - - Include axis labels (with units), an appropriate scale,
Boiling point (°C) 100 _ 79 uncertainty bars, and a line of best fit. (5 MARKS)
b  Usethe gradient of the line of best fit to estimate the
Question 16 (3 MARKS) specific heat capacity of water. (3 MARKS)

0.90 kg of ice at 0°C is provided with 4.0 x 10> J of heat so that
it completely melts. Calculate the final temperature (in °C) of
the water.

e



2D THE ZEROTH AND FIRST LAWS
OF THERMODYNAMICS

The laws of thermodynamics collectively describe the way that energy flows and interacts
with matter. This lesson will build upon the understanding of internal energy and heat flow
that we have developed in this chapter so far to study the first two of these laws.

2A What is temperature? 2B How does thermal 2C How heat affects temperature 2D The Zeroth and First Laws
energy move? of Thermodynamics

Study design dot points
e describe the Zeroth Law of Thermodynamics as two bodies in contact with each other coming to a thermal equilibrium

* investigate and apply theoretically and practically the First Law of Thermodynamics to simple situations: Q=U+ W

Key knowledge units

The Zeroth Law of Thermodynamics 11:2:1
Work done 1141
The First Law of Thermodynamics 1142
Formulas for this lesson

Previous lessons New formulas

No previous formulas for this lesson W=Fs
work done

AU=Q+W

change in internal energy

AU =mcAT
internal energy change due to temperature change

The Zeroth Law of Thermodynamics 1.1.2.1
OVERVIEW

If two systems are each in thermal equilibrium with a third system, they are also in
equilibrium with each other.

THEORY DETAILS

Recall from Lessons 2A and 2B that thermal equilibrium describes a state where there is no
net heat transfer between two systems that are in thermal contact, which occurs when the
two systems are at the same temperature.

The Zeroth Law of Thermodynamics states that if two systems, A and B, are each in thermal
equilibrium with a third system, C, then A and B are also in thermal equilibrium with each other.

If... And... Then...
No heat flows between Aand C No heat flows between B and C No heat flows between Aand B
(Aisin thermal equilibrium with C) (B is in thermal equilibrium with C)  (Ais in thermal equilibrium with B)
A C B C A B
TA=TC TB= TC TA= TB

Figure1 Avisual representation of the Zeroth Law of Thermodynamics

The Zeroth Law is needed to define the concept of a temperature scale as a means of

indicating the direction of heat flow between systems. If, for example, heat flows from system
A to system C and from system C to system B then we can conclude that system A has a higher
temperature than system B.
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Work done 1.1.4.1
OVERVIEW

Work is a change in energy caused by a component of force pushing in or against the direction
of motion. When work is done due to a force that pushes on the boundary of a system,
it changes the internal energy of the system.

THEORY DETAILS

When a force is applied to an object in or against the direction of motion, there are two
possible effects depending on the situation:

e Effect 1: The object will speed up or slow down, which means its kinetic energy changes.

o Effect 2: The object’s position changes in a region within which a force (such as an
electrostatic, gravitational, or spring force) exists, which means its potential energy changes.

In each case, these changes have an associated change in energy. We refer to this change in
energy as ‘work’.

Work can be calculated as:

W=Fs

W =work done (J), F= magnitude of force parallel to motion (N), s = distance moved (m)

* When work is done such that the energy of an object increases, we say that ‘work is done
on the object’.

e When work is done such that the energy of the object decreases, we say that ‘work is done
by the object’
The concept of work will be explored for larger-scale objects in more detail in Lesson 10B.

We now consider the concept of work being done on systems of small particles due to a force
that changes the boundary (or shape) of the system. As an example, the system could be a
cylinder with a plunger (like a piston) filled with air particles as shown in Figure 2.

Force

Work done
on system

== | Distance

o | moved

cs ? |

0O |
O\ : hParticles: g/v? (S\\. Cé:
e %6 02" {e

& . @

\
|
]
=

Figure 2 Work is done on a system when a force is applied to its boundary that causes the volume to decrease.
The average energy of the particles increases.

Work is done on a system of small particles when a force is applied to the boundary of the
system so that the volume of the system decreases.

e Astheboundary closes in on the particles, it causes more frequent collisions with the
particles so the particles move faster (the kinetic energy increases) and the potential
energy increases.

e Thatis, the internal energy increases (which is associated with a temperature increase).

The reverse process is also true: work is done by the system when the volume of the system
increases, which means that the internal energy decreases.

69
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The First Law of Thermodynamics 1.1.4.2

OVERVIEW

The change in internal energy of a system is equal to the amount of energy that has been
transferred to or from it due to heat transfer or work being done.

THEORY DETAILS

The First Law of Thermodynamics is a statement that energy is conserved as it crosses a
system’s boundary. In Lesson 2B we learned that the internal energy of a system increases when
heat is transferred to it and decreases when heat is transferred away from it. In the previous
section we also learned how the internal energy changes due to work being done on or by
the system. The First Law of Thermodynamics can be expressed by the following equation:

AU=Q+W
AU = change in internal energy (J), Q = net heat transferred to system (J), W= net work done
on system (J)

Itis worth emphasising the difference between heat and work done:
e Heat s the transfer of thermal energy from one system to another.

e Work s the transformation or transfer of energy due to a force. In the context of the First
Law of Thermodynamics, work is the transformation of mechanical energy to thermal
energy or the reverse transformation.

Note that Q in the equation represents the net heat transfer into the system, which means
that it is the difference between the heat transferred into the system and the heat that is
transferred out of the system. Thatis, Q=Q, - Q_ ;-

Similarly, W represents the net work done. For simplicity, in this book we treat the work done as
a positive quantity when it increases the internal energy of the system (when the work done on
the system is greater in magnitude than the work done by the system). Thatis: W=W,_,, - W,

However it is also common to see the First Law of Thermodynamics written asAU=Q - W
(or Q= U+ W, as in the VCE Study Design), in which case work done by the system is
considered a positive quantity. The conventions used in this book are represented in Figure 3.

The system

Figure 3 Wedefine heatinto the system and work done by the system as positive quantities for the purposes of the
First Law of Thermodynamics since they both lead to increases in the internal energy. Heat is considered to be negative
when it flows out of the system and workis considered to be negative when itis done by the system.

Worked example 1

A balloon filled with air has 2.0 J of work done on it. During this process it transfers 0.5 J of heat to its surroundings.
What is the change in internal energy of this balloon system?

Working Process of thinking
AU=Q+W Q=-0.5 J. Itis a negative value since the heat is transferred
AU=(-0.5) +2.0=15 J out of the balloon to the surroundings.

W=2.0 J. Itis a positive value since the work is done on
the system.
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In Lesson 2C we learned that the relationship between heat transfer and the change in
temperature of a substance is given by Q = mcAT (when there is no change in state).

This equation assumes that there is no work done on the substance. A more accurate
relationship is AU = Q + W= mcAT, which shows how work can change the temperature of a
system too.

AU =mcAT

AU = change in internal energy (J), m = mass (kg), ¢ = specific heat capacity (J kg'1 K'l),

AT = change in temperature (K)

Theory summary

e The Zeroth Law of Thermodynamics states that if two systems are each in thermal
equilibrium with a third system, they are also in equilibrium with each other.

* Work is a transfer of energy that is caused by a component of a force acting parallel to the
direction of motion.
- When work is done such that the internal energy of a system increases, we say that
work is done on the system.

- When work is done such that the internal energy of a system decreases, we say that
work is done by the system.

* The First Law of Thermodynamics states that energy is conserved.

- The internal energy of a system changes due to heat transfer and work being done.

- If we define heat transfer to the system as positive and work done on the system
as positive, then AU=Q + W.

KEEN TO INVESTIGATE?
PhET ‘Gas Properties’ simulation
phet.colorado.edu/en/simulation/gas-properties

YouTube video: CrashCourse - The First and Zeroth Laws of Thermodynamics
youtu.be/fSEFfWf2au0

CONCEPT DISCUSSION QUESTION

Discuss the reason that a bicycle pump E‘*‘ﬁ
will tend to feel warm when you use it, :
especially if you pump the tyre quickly.

Answers on page 504

What effect does this have on the internalenergy and the

If we consider the airin a bicycle pump asthe system,
temperature of the system?

what areyou doing to that system when you push the

piston down?
What physical process must happen forthe pump to

Hints
‘feel warm’?
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THEORY REVIEW QUESTIONS

Use the following information to answer Questions 1-3.

DECONSTRUCTED EXAM-STYLE QUESTION

Question 8 (3 MARKS)

A block of metal is in thermal equilibrium with a block of wood.
The block of wood is also in thermal equilibrium with a brick.

Question 1

What can be said about the block of metal and the block
of wood?

A Thereis no net heat transfer between them when they
are in thermal contact.

B The forces on each block are balanced.

Question 2

What can be said about the block of wood and the brick?
A They have the same mass.

B They have the same temperature.

Question 3

Which of the following statements is true about the block of
metal and the brick?

A They are also in thermal equilibrium.

B We need to know their temperatures to determine the
direction heat would flow between them.

Question 4

Identify the two methods of energy transfer that can change
the internal energy of a system.

Question 5

When a balloon containing air is compressed (without losing
air from the balloon)

A work s done by the air in the balloon.

B workisdone on the system air in the balloon.

Question 6

What effect does compressing a balloon containing air
(without losing air from the balloon) have on the internal
energy of the system?

A Theinternal energy increases.
B Theinternal energy decreases.

C Thereis no effect.

Question 7

What happens to the internal energy of the air inside a
balloon when the balloon expands (without gaining air)?

A Theinternal energy increases.
B Theinternal energy decreases.

C Thereis no effect.

2.0 kg of compressed gas in a cylinder does 0.800 kJ of
work on its surroundings as the cylinder expands. During
this expansion, the gas also gains 300 J of heat from its
surroundings. Assume that the gas has a constant specific
heat capacity of 1.0 x 103 J kg™t K1 throughout the process.

Prompts

a  Which equation correctly shows the change in internal
energy (measured in joules) of the gas?

A AU=300+800

B AU=300-800
C AU=-300+800
D AU=-300-800

b How does the change in internal energy relate to the
change in temperature?

A AU=AT
B AU=-AT

C AU=3mAT?
D AU=mcAT

Question

¢ Calculate the change in temperature of the gas.
Provide your answer in kelvin. (3 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 9 (2 MARKS)

A container of water is in thermal equilibrium with a
gas canister. When the container of water is placed in
thermal contact with a cube of steel, heat flows from the
water to the steel.

a Inwhich direction would heat flow (from which system
to which system), if at all, when the gas canister and the
cube of steel are placed in thermal contact? (1 MARK)

b  What can be said about the relative temperature of the
gas canister and the cube of steel before they are in
thermal contact? (1 MARK)

Question 10 (3 MARKS)

Determine the change in internal energy of the gas in the
following situations.

a Agasinafixed container is heated by 300 J. (1 MARK)

b 150Jis used to move the piston of a well-insulated
cylinder (so heat cannot transfer) to expand the volume
of the cylinder. (1 MARK)

¢ Aplungerdoes 420 J of work to compress a gas, while the
gas transfers 180 J of heat to its surroundings. (1 MARK)
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Question 11 (1 MARK)

A student named X & A-12 does 2400 J of work climbing
some stairs. The exercise causes her temperature to increase
so she also releases 3300 J of heat in the process. What is the
change in X £ A-12’s internal energy?

Question 12 (3 MARKS)

Previous lessons

Question 15 (2 MARKS)

The internal energy of gas in a balloon decreases by 500 J
when the balloon is cooled so that 800 J of heat is transferred
from the balloon to its surroundings. Determine whether
work is done on the balloon or by the balloon in this situation.
Calculate how much work is done.

Question 13 (3 MARKS)

With reference to the appropriate form of heat transfer,
explain why air conditioning systems are commonly placed at
a high position in buildings (high on the wall or in the ceiling,
for example).

Question 16 (2 MARKS)

A syringe filled with gas does 72 J of work on its surroundings
as it expands. The internal energy of the gas in the syringe
decreases by 40 J. Determine whether heat has been
transferred to the gas in the syringe or away from it and how
much heat has been transferred.

Question 14 (3 MARKS)

In her excitement while learning about the Zeroth Law of
Thermodynamics, Fatima does 1200 J of work on her bottle
containing 0.75 kg of cold water. The water also gains 100 J
of heat from the surroundings. Calculate the increase in
temperature of the water during this process. Provide your
answer in degrees Celsius. Take the specific heat capacity of
water to be 4.2 x 103 J kg1 KL,

Calculate the energy absorbed by 0.120 kg of water at 65°C
as it warms up to 100°C and boils to steam at 100°C. Take the
specific heat capacity of water to be 4.2 x 103 J kg K1 and
the specific latent heat of vaporisation of water to be
2.3x105J kg 1K1

Key science skills

Question 17 (3 MARKS)

Lucy conducts an experiment in which she measures

the effect that doing work on a gas has on the internal
energy of the gas. She does work on a volume of the gas

by compressing a syringe. She measures the change in
temperature of the gas and uses this measurement to
calculate the change in internal energy (with a known value
of specific heat capacity for the gas). She expects to find that
the change in internal energy will be equal to the work done.
Her results are shown in the table.

w(J) 10 20 30 40

AU (J) 8 17 25 32

What type of error is responsible for the difference between
the work done and the change in internal energy? Explain your
answer and suggest a cause of this error.
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CHAPTER 2REVIEW

These questions are typical of 40 minutes worth of questions on the VCE Physics Exam.

TOTAL MARKS: 30

SECTION A

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

Which option is closest to a temperature of 1000 K?

A T27°C
B 1000°C
C 1273°C
D 1843°C
Question 2

Lloyd notices that, on a cold day, the tiles in his bathroom feel very cold on his feet. He puts on a pair of thick socks to
stop his feet getting so cold. Which form of heat transfer do the socks affect the most in this situation?

A Conduction

B Convection
C Contact

D Radiation
Question 3

AniPhoneisinthermal equilibrium with a Samsung Galaxy. The Samsung Galaxy is at the same temperature as a Huawei.
Choose the statement that best describes this situation.

A TheiPhone is at the same temperature as the Samsung Galaxy.

B Thereis no net heat transfer between the Samsung Galaxy and the Huawei.
C TheiPhoneis in thermal equilibrium with the Huawei.

D Allof the above

Question 4

Which of the following statements is the best explanation for the reason that a beaker of water stays at a constant
temperature while it is boiling due to a Bunsen flame?

A Theinternal energy of the water stays constant during the process of boiling.

B The heatis used to increase the potential energy of the particles in the water so the average kinetic energy of the
particles stays constant.

C The water loses energy at the same rate as it absorbs energy from the flame.

D Theincrease in kinetic energy of the particles is offset by a decrease in the potential energy of the particles.
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Question 5

The air in a car tyre absorbs 4.0 J of energy due to radiation from the Sun. The air does 1.2 J of work as its volume
slightly increases. What is the change in internal energy of the air in the tyre?

It decreases by 5.2 J.

It decreases by 2.8 J.
C ltincreasesby2.8J.
D Itincreasesby5.2J.

SECTION B

In questions where more than one mark is available, appropriate working must be shown.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (2 MARKS)

With reference to the kinetic theory of matter, explain why a pocket of warm air that is surrounded by cooler air will rise.

Question 7 (5 MARKS)

A large goblet made of aluminium with a mass of 120 grams is at temperature of 25.0°C. Chilled water at 5.0°C is poured
into the goblet. In a short time, the goblet has cooled down to 10.0°C. Assume that the goblet and the water are an
isolated system (so that there is no heat exchanged with the surrounding environment) and that heat is distributed
evenly within each substance. Take the specific heat capacity of aluminium to be ¢ ;=900 J kg1 K1 and the specific
heat capacity of water to be c,, =4.18 x 103 J kg1 K1,

a Calculate the amount of heat transferred from the goblet. (2 MARKS)

b Ifthe water has a temperature of 6.9°C when the goblet has reached 10.0°C, calculate the mass of the water that
was poured into the goblet. Provide your answer in grams. (3 MARKS)

Question 8 (3 MARKS)

Tobias notices that, when his skin is wet, his skin feels much cooler when the wind blows than when the air is still. Use a
simple kinetic energy model to explain this observation.

Question 9 (4 MARKS)

A solid iron block with a mass of 10.0 kg is at a temperature of 1538°C, which is its melting point, but none of the block
has melted. 3.00 x 106 J of heat is provided to the block. Use the data table provided to answer the following questions.

Specific heat capacity of solid iron 4.45x102 Jkg1K?
Specific heat capacity of liquid iron 8.20x 102 JkgtK?
Specific latent heat of fusion for iron 2.47x10° Jkg!

a  Show that the amount of heat required to melt the iron block is 2.47 x 106 J. (1 MARK)

b Calculate the final temperature of the liquid iron. (3 MARKS)
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Question 10 (7 MARKS)

A container that is initially uninsulated is fitted with a A
plunger. The container is filled with gas and the plungeris | Gl
positioned at the top (stage 1). A block is then placed on

the plunger so that it moves to a lower position (stage 2).
During the process between stage 1 and stage 2, 40 J of

work is done on the gas inside and the internal energy of

the gas increases by 10 J. Assume that gas cannot escape

from the container and friction is negligible. -
a Calculate the amount of heat transferred as the

plunger moves downwards and determine whether Stagel

the heat is transferred to the gas or from the

gas. (3 MARKS)

- Plunger
moves down
O when block

isplacedonit

Stage 2

b  Compare the temperature of the gas at stage 2 with its initial temperature at stage 1. Justify your answer. (2 MARKS)

¢ Assoon as the process is completed, the container is insulated so that no more heat can transfer to or from the gas.
Then the mass is removed and the plunger moves upwards (stage 3). Compare the internal energy of the gas at

stage 3 with its internal energy at stage 2. Justify your answer. (2 MARKS)

Question 11 (4 MARKS)

Students are conducting an experiment in which a

U-shaped tube is placed in the sunlight. The bottom of //

4

the left side of the tube has a matte black surface,
which absorbs sunlight very effectively. The students
place an object above the right side of the tube so that
the right side is not in direct sunlight. They use a smoke

Object provides shade for
right side of U-shaped tube

~ __ Airisobserved
S being sucked into

this side of the

U-shaped tube

—_
stick to observe that air appears to be drawn intothetop  f~—_____~
of the right side of the tube, as shown in the diagram.

Explain the roles of the appropriate forms of heat transfer
that lead to air being drawn into the right side of the tube.
Surface absorbs

sunlight well
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Key knowledge

identify regions of the electromagnetic spectrum as
radio, microwave, infrared, visible, ultraviolet, x-ray and
gamma waves

describe electromagnetic radiation emitted from the
Sun as mainly ultraviolet, visible and infrared

calculate the peak wavelength of the re-radiated
electromagnetic radiation from Earth using Wien’s Law:
Ao, T = constant

compare the total energy across the electromagnetic
spectrum emitted by objects at different temperatures
such as the Sun

describe power radiated by a body as being dependent
on the temperature of the body according to the
Stefan-Boltzmann Law, P« T4

explain the roles of conduction, convection and
radiation in moving heat around in Earth’s mantle
(tectonic movement) and atmosphere (weather)

model the greenhouse effect as the flow and retention
of thermal energy from the Sun, Earth’s surface and
Earth’s atmosphere

explain how greenhouse gases in the atmosphere
(including methane, water and carbon dioxide) absorb
and re-emit infrared radiation

analyse changes in the thermal energy of the surface of
Earth and of Earth’s atmosphere

analyse the evidence for the influence of human
activity in creating an enhanced greenhouse effect,
including affecting surface materials and the balance of
gases in the atmosphere

Image: Yvonne Baur/Shutterstock.com

3B Thermal radiation

3E Modelling effects on

3C Earth'senergy flow

3F Thermodynamic
principles in housing
and transportation

apply thermodynamic principles to investigate at
least one issue related to the environmental impacts
of human activity with reference to the enhanced
greenhouse effect:

— proportion of national energy use due to heating
and cooling of homes

comparison of the operation and efficiencies of
domestic heating and cooling systems: heat pumps;
resistive heaters; reverse-cycle air conditioners;
evaporative coolers; solar hot water systems; and/or
electrical resistive hot water systems

possibility of homes being built that do not require
any active heating or cooling at all

use of thermal imaging and infrared thermography
in locating heating losses in buildings and/or system
malfunctions; cost savings implications

determination of the energy ratings of home
appliances and fittings: insulation; double glazing;
window size; light bulbs; and/or electrical gadgets,
appliances or machines

cooking alternatives: appliance options (microwave,
convection, induction); fuel options (gas, electricity,
solar, fossil fuel)

automobile efficiencies: fuel options (diesel petrol,
LPG and electric); air delivery options (naturally
aspirated, supercharged and turbocharged); and
fuel delivery options (common rail, direct injection
and fuel injection)

explain how concepts of reliability, validity and
uncertainty relate to the collection, interpretation and
communication of data related to thermodynamics and
climate science.




3A THEELECTROMAGNETIC SPECTRUM

This lesson will introduce the electromagnetic spectrum and identify its different regions.
Many modern technologies, from mobile phones to medical equipment, as well as our ability
to see light, use the electromagnetic spectrum.

3A The 3B Thermal radiation | 3C Earth's energy 3D The greenhouse 3E Modelling effects 3F Thermodynamic
electromagnetic flow effect on the climate principles in housing
spectrum and transportation

Study design dot point
* identify regions of the electromagnetic spectrum as radio, microwave, infrared, visible, ultraviolet, x-ray and gamma waves

Key knowledge unit

The electromagnetic spectrum 1191

No previous or new formulas for this lesson

Definitions for this lesson

electromagnetic spectrum the range of all electromagnetic waves ordered by frequency
and wavelength

electromagnetic wave adisturbance in the electric and magnetic fields (electromagnetic fields) of
charged particles; includes visible light

frequency the number of cycles completed per unit time

wavelength the distance between two identical points in a wave

The electromagnetic spectrum 1.1.9.1
OVERVIEW

The electromagnetic spectrum describes all the types of electromagnetic waves in order
of frequency.

THEORY DETAILS
What is an electromagnetic wave?

Electromagnetic waves (also called electromagnetic radiation) are energy-carrying
disturbances in electric and magnetic fields. They have the following properties:

¢ Theydo not need a medium to propagate.
- This means they can travel through the vacuum of space.
e They all travel at the same speed in a vacuum - the speed of light.
e They can be created by the acceleration of charged particles.
- This will be further explored in Lesson 7B.
¢ They exhibit common behaviours of reflection, absorption, and transmission.
e They all have a frequency, with an associated wavelength and energy.

Electromagnetic waves have many applications from radios and Wi-Fi to the study of
molecular structure.

Wavelength

Wavelength, A, defines the length of the wave from one crest (highest point) or trough
(lowest point) to the next; see Figure 1. The Sl unit for wavelength is metres (m).

For electromagnetic waves, the longest wavelengths can be hundreds of kilometres long and
the smallest could be smaller than an atom.



3A THEORY 79

Wavelength, A

Figure1 Thewavelength of awave shown as the distance between two of its highest points or two of its lowest points
Frequency

Frequency, f, defines the number of wavelengths that pass a point every second. The SI
unit for frequency is hertz (Hz). One hertz is defined as one complete cycle per second

(1 Hz=1s71). Higher frequencies correspond to shorter wavelengths and lower frequencies
correspond to longer wavelengths. We use frequency to categorise the different ranges of
the electromagnetic spectrum. For example, visible light falls between 4.0 x 1014 Hz and
8.0x 10 Hz.

Energy of electromagnetic waves

One of the most important qualities of electromagnetic waves is that they carry energy;
and different parts of the spectrum carry different amounts of energy. The higher the
frequency (the shorter the wavelength) of the wave, the higher the energy.

We can model this principle with a boat floating on top of ocean waves, as seen in Figure 2.
Assume the waves all have the same height. If there is a long time between wave peaks
(low frequency, long wavelength), the boat gently sways - the waves have low energy.
However, if the time between waves is short (high frequency, short wavelength) the boat
rocks more vigorously - the waves have high energy.

(a) (b)
Low energy High energy
Low frequency High frequency

Long wavelength i Short wavelength r

Figure2 (a) Lowerfrequency, longerwavelength waves have a lower energy compared to (b) higher frequency,
shorter wavelength waves, which have a higher energy.

The electromagnetic spectrum

The electromagnetic spectrum is the range of all electromagnetic waves. The spectrum can
be categorised by frequency into different regions - radio wave, microwave, infrared, visible,
ultraviolet, X-ray, and gamma waves - as shown in Figure 3.

r’\ \\\
I\ v

TVremote Lightbulb Sun

Radio waves Microwaves Infrared Ultraviolet X-rays

Long wavelength Short wavelength
Low frequency < L Ll $ High frequency
Low energy m High energy

N |
(7] ) . 1
| H 1
‘B—ui‘l’ding size Atom size

Image: VectorMine/Shutterstock.com
Figure3 The electromagnetic spectrum

The different frequencies (or wavelengths) of the regions of the electromagnetic spectrum
determine whether (and how much) the waves are transmitted, reflected, or absorbed when
they interact with a given substance. This affects other properties of the waves such as how
far they travel through substances, how much damage they do to our cells, and whether we
can see them.
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Itis common to refer to all types of electromagnetic radiation as ‘light’. We call light that we
can see ‘visible’ light. This is a very small region of the entire spectrum. Table 1 provides
some uses and properties of the regions of the electromagnetic spectrum.

Table 1 The electromagnetic spectrum in order of increasing energy
Name Details and examples

Radio waves Radio and television signals

Note that the radio wave is not the sound from a radio itself; it is the signal that
carries information between the radio antennas.

® Due to their low energy/long wavelength, they do not get absorbed easily so they
transmit long distances through a material medium.

Microwaves ® Cooking food, Wi-Fi, and mobile phone signals

Infrared ® TVremote controls, thermal cameras

WO OISR NYS/uist Aiaje) :aBeiu)

Visible ® Therange of the spectrum that we can see

Ultraviolet “Black” lights (used in forensic investigations)

Can damage biological cells (sunburn and, with prolonged exposure, cancer)

X-radiation (X-rays) ® Imaging of bone structures
Light at this wavelength passes easily through soft tissues

WodPasISnNYsAsniawsy :23ew|

Used in medical procedures to target and kill tumour cells
Produced by nuclear reactions and cosmic objects

Due to their very high energy/short wavelength, they are easily absorbed so they
do not transmit far through a material medium.

Gamma radiation

Theory summary

e Electromagnetic waves carry energy at the speed of light. They are created when charged
particles accelerate and can travel through a vacuum (without a medium).

e The electromagnetic spectrum can be divided into seven regions according to
frequency (or wavelength). They are, from lowest to highest frequency/energy (longest to
shortest wavelength):

- Radio waves, microwaves, infrared radiation, visible light, ultraviolet light, X-rays,
gamma rays

CONCEPT DISCUSSION QUESTION

Radio waves and microwaves are used to communicate information, such asthe
information of your voice between mobile phones. Other regions of the electromagnetic
spectrum could carry information in the same way. Discuss why visible light and gamma
waves, for example, are not used in communication technology in the same way as
radio waves and microwaves.

Answers on page 504
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KEEN TO INVESTIGATE?

YouTube video:
BestOfScience -

The Electromagnetic
Spectrum
youtu.be/cfXzwh3KadE

YouTube video:
Bozeman Science -
Electromagnetic waves
youtu.be/WNkB8IY-k04

YouTube video: NASA
Goddard - X-Class: A
Guide to Solar Flares
youtu.be/oOXVZoT7KikE
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3A Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following options lists the electromagnetic
spectrum from the fastest wave to slowest wave in a vacuum?

A Gamma rays, X-rays, ultraviolet, visible, infrared,
microwaves, radio waves

B Radio waves, microwaves, infrared, visible, ultraviolet,
X-rays, gamma rays

C They all travel at random speeds and therefore it is
impossible to rank them.

D Theyall travel at the same speed.

Question 2

Fillin the gaps in the following paragraph.

Phones release low energy electromagnetic waves:

the screens emit (visible light/gamma waves)

and the antennas emit (X-rays/microwaves)

to transmit information. Unlike high energy waves such as
(visible light/gamma waves) and

(X-rays/microwaves), the low energy waves are safe in

large quantities.

Question 3

Which of the following statements about radio waves,
microwaves, infrared, visible, ultraviolet, X-ray, and gamma
rays is false?

A They are all examples of electromagnetic waves.
B They are all different with no shared properties.

C They all exist on a spectrum and have some
common properties.

Question 4

We can model how a radio transforms radio waves into sound
as the translation of verbal language into sign language.

Image: Anthony Correia/Shutterstock

As the presenter speaks, the interpreter translates the
information into Auslan (sign language) so that deaf people
can access the information.

Match the stages of translating verbal language into sign
language with the stages of transforming a radio signal into
sound (shown in an incorrect order).

Transforming a radio signal into sound
e Radio emits sound
e Radio station sends a radio wave signal

e Radio receives radio waves

Translating verbal language into sign language
a  Presenter speaks
b  Translator hears the spoken words

¢ Translator communicates in sign language

DECONSTRUCTED EXAM-STYLE QUESTION

Question 5 (4 MARKS)

A burst of radio waves and gamma waves are sent from an
electromagnetic source to a receiver. For the first half of the
distance from the source to the receiver, the waves travel
through empty space (a vacuum). For the second half,

the waves travel through glass.

Empty space Glass

Receiver

Gamma wave source _ _
Radio wave source _ _—

Prompts

a Whatis the difference between gamma waves and
radio waves?

A Gamma waves are electromagnetic waves whereas
radio waves are sound waves.

B Gamma waves can be seen whereas radio waves
areinvisible.

C Gamma waves have a higher frequency than
radio waves.

D Gamma waves can travel further than radio waves.
b  What determines the speed of an electromagnetic wave

inavacuum?

A  Frequency

B Wavelength
C Energy
D

All electromagnetic waves travel at the same speed
in a vacuum.
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¢ Thefrequency of an electromagnetic wave affects how
much itis

A absorbed by a given substance.

B transmitted by a given substance.
C reflected by a given substance.

D Allof the above.

Question

d Evaluate the statement that ‘the gamma waves will
reach the glass before the radio waves, but eventually
all of the radio waves and gamma waves will reach
the receiver’. (4 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 6 (1 MARK)

List the following from highest energy to lowest energy.
X-rays, visible light, infrared, radio waves, gamma rays,
microwaves, ultraviolet.

Question 7 (1 MARK)

List the following from longest to shortest wavelength.

X-rays, visible light, infrared, radio waves, gamma rays,
microwaves, ultraviolet.

Question 8 (1 MARK)

When radiation from the Sun reaches the Earth’s surface,

it has to travel to the Earth’s atmosphere and then through
the atmosphere. Identify the property of electromagnetic
waves that allows them to reach Earth’s atmosphere from
the Sun.

Previous lessons

Question 9 (7 MARKS)

Alice is boiling the kettle but makes the mistake of reaching
over the spout of the kettle to reach the tea behind it.
This causes her to scald her arm.

Leman

Peppermint

English breakfast

a Identify and explain the two heat transfers that moved
energy from the hot steam in the pot to Alice’s arm.
(4 MARKS)

b  Akettle provides 2.98 x 10° J of heat to 1.2 L of water.
At the end of the process, the temperature of the water
has increased by 50.0 K. Calculate the amount of energy
the water transfers to its surroundings during the process.
Take the heat capacity of water to be 4.2 x 103 J kgL
Assume the energy transfers into and out of the water
are due to heat only (no work is done). (3 MARKS)

Key science skills

Question 10 (2 MARKS)

Students measure the wavelength of a red laser to be 658 nm.
Express this wavelength in the appropriate Sl unit to two
significant figures.



3B THERMAL RADIATION

Lesson 2B established that radiation is one of the three forms of heat transfer. This lesson
will focus on the relationship between temperature and the emission of radiation, including
why objects glow when they are very hot and how we can use this principle to determine the

temperature of the stars.
3A The 3B Thermal radiation | 3C Earth's energy 3D The greenhouse 3E Modelling effects 3F Thermodynamic
‘electromagnetic flow effect on the climate principles in housing
spectrum and transportation

Study design dot points

® describe electromagnetic radiation emitted from the Sun as mainly ultraviolet, visible and infrared

® calculate the peak wavelength of the re-radiated electromagnetic radiation from Earth using Wien’s Law: A _ = T= constant

* compare the total energy across the electromagnetic spectrum emitted by objects at different temperatures such as the Sun

® describe power radiated by a body as being dependent on the temperature of the body according to the Stefan-Boltzmann

Law,Px T

Key knowledge units
Peak wavelength and Wien's Law ELIL]
Radiative power and the Stefan-Boltzmann law 1.1.13.1
Electromagnetic spectrums of real bodies 11.10.1 & 1.1.12.1
Formulas for this lesson
Previous lessons New formulas

Amax=2
No previous formulas for this lesson max~ T

Wien's Law

4
5 e
P 1A

Stefan-Boltzmann Law

Definitions for this lesson

black body anideal body that absorbs (before re-emitting) all incoming electromagnetic radiation
and does not transmit or reflect any of the radiation

emissivity a measure of how effectively an object emits radiation

peak wavelength the wavelength of the highest intensity electromagnetic wave released as
thermal radiation

power the rate of change of energy with respect to time

Peak wavelength and Wien’s Law 1.1.11.1
OVERVIEW

Thermal radiation is emitted from all objects that have a temperature above absolute zero (0 K).
It is common to model objects as black bodies, which are ideal absorbers and emitters.
Wien’s Law relates the temperature of a black body to the wavelength it emits most intensely.

THEORY DETAILS

Thermal radiation occurs over the entire electromagnetic spectrum. However, a radiating
body releases each type of radiation in different amounts. It is common to consider the
radiation from ideal objects known as black bodies, since all the radiation coming from a
black body must be emitted rather than reflected.




84 CHAPTER 3: EARTH'S CLIMATE

Black-body radiation
In the context of thermal radiation, a black body is an object that:

® absorbs all incoming radiation; it does not reflect or transmit any radiation.

¢ emits the maximum amount of thermal radiation possible; when a black body isin
thermal equilibrium, it will re-emit all the radiation that it absorbs.

A black body is an idealised object - no real objects are black bodies, however, some objects
have similar enough properties that it is helpful to model them as black bodies.

As shown in Figure 1, the reason that a dark-coloured object appears dark is because it absorbs
most of the incoming visible radiation rather than reflecting or transmitting it. This is also the
reason that a black car will be warmer than a white one on a sunny day. How much an object
absorbs, transmits, or reflects light depends on the wavelength of the light. For example,
clear glass transmits most visible light but it absorbs most infrared radiation. An ideal black
body absorbs all wavelengths of radiation (not just visible light).

Image: Chawapon Wongchuen/Shutterstock.com

Figure 1 Foralightcoloured surface, most of the incoming (visible) radiation is reflected, which we see,
butfora dark coloured surface, most of the incoming (visible) radiation is absorbed rather than reflected.
A black body has its name because of the property that it absorbs all incoming
radiation. However, black bodies also emit radiation very well, which can make
the name seem misleading. For example, the Sun is very bright because it emits
so much electromagnetic radiation in the visible spectrum. It also absorbs most
electromagnetic radiation that reaches it. For these reasons, it can be modelled

as a black body. The similarity between the Sun and a black body is shown laterin
the lesson in Figure 8.

If a surface easily absorbs a wavelength, it will not easily reflect it. However, the
surface will easily emit this wavelength. This also works the other way: a surface
that easily reflects a wavelength is not going to easily absorb or emit it.

Figure 2 Abody releasing thermal radiation.
Inthis situation, the red waves are emitted with the
maximum intensity (represented by the red waves
outnumbering otherwaves). Thewavelength of

Wien’s Law

Wien’s (pronounced Veen’s) Law is a mathematical relationship between the

temperature of a black body and the wavelength of light radiated with the peak, theseisA . The blueand blackwaves
or maximum, intensity. This wavelength is also known as the peak wavelength. represent radiation from other parts of the
electromagnetic spectrum.
_b
}‘max =

A hox = Peak wavelength (m), b = Wien's constant (2.898 x 1073 mK),
T =temperature (K)

Note that the units for Wien’s constant are metres-kelvin, not millikelvin.

The equation shows that hotter objects emit a greater proportion of radiation with shorter
wavelengths than colder objects. This can be seen in Figure 4. Also note that hotter objects
emit more energy in total across the electromagnetic spectrum than colder objects.

Figure 3 Formulatriangle for
Wien’s law
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Ultraviolet

7000 K Amax=414 nm

'”f'a'ed 6000K Amar=483nm

Intensity

5000K Amgx="580nm
4000K Amge=725nm

3000K Amax=966 nm

1000 1500 2000
Wavelength A (nm)

Figure4 Each curve shows the intensities of the different wavelengths of light emitted by a black body at a
given temperature. The red line passes through the peak intensity for each temperature.

Worked example 1

A piece of steel is heated up with a blowtorch until it is melting and "white hot". The steel is found to be at 3700 K. Find the
peak wavelength for this temperature. Take b =2.898 x 10 3 m K.

Working Process of thinking

A _b < _2.898x1073 We have T=3700Kand h=2.898 x 103 m K.
max~ T ** “max” 3700

- Therefore we can use Wien’s law: substitute in the values to
Aoy =7-81x 1077 =781 nm

find the peak wavelength.

Radiative power and the Stefan-Boltzmann Law 1.1.13.1
OVERVIEW

The power radiated by an object increases with the temperature of the object.

THEORY DETAILS

Hotter objects emit more power as electromagnetic radiation - across the entire
electromagnetic spectrum - than colder objects. Power measures energy transfer per
unit time. The Sl unit for power is the watt (W), which is equal to one joule per second.

The Stefan-Boltzmann Law tells us that the total power emitted as thermal radiation for a
given body is proportional to temperature to the fourth power.

PxT4

The Stefan-Boltzman Law is useful for relating the radiative power of an object at two
different temperatures. For this reason, the following formula can be a useful way of
representing this relationship.

P T/
e

I

P¢=final power (W), P; = initial power (W), T = final temperature (K), T; = initial temperature (K)

For example:

¢ |f the temperature of an object increases by a factor of two (doubles), the power radiated
will increase by a factor of 16 (since 24 = 16).

» [f the temperature of a body increases by a factor of three (triples), the power radiated will
increase by a factor of 81 (since 34 =81).

L
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The full equation of the Stefan-Boltzmann law is not required knowledge according to the
current VCE Physics Study Design but your class may choose to study it. The equation is:

P=AecT?*
P = power (W), A = surface area of radiating body (m2), & = emissivity, o = Stefan-Boltazmann
constant (5.67 x 10" W m~2 K™), T = temperature (K).

Emissivity defines how close to ideal any object is at emitting radiation.

¢ An emissivity of 1 (e = 1) means that the body emits the maximum possible amount of
thermal radiation. Such a body would be a black body.

* An emissivity of 0 (€ = 0) means that the body emits no thermal radiation.

Allreal objects have an emissivity between zero and one (0 <e<1).

Worked example 2

A piece of metal is heated from 400 K to 1600 K.
a By what factor does the power it radiates increase due to the change in temperature?

b The metal radiates at a power of 2.5 W when its temperature is 400 K. Calculate the power radiated when the
temperature reaches 1600 K.

Working Process of thinking
P T4 As we are dealing with a change in temperature and its
a P. ==n 4
T T ) . . . 1 Pf Tf
! relationship to power we can use this relationship: 5 = T
Pr_T¢_ 1600 L
P, =T34 2000 T 256 Temperature increases by a factor of 4, so power increases
' by a factor of 4%
The power increases by a factor of 256. Explicitly answer the question.
Py From part a increase in power is by a factor of 256.
b 5=256
1
z—g =256 We can substitute into this equation as shown.

P;=256x25=6.4x102W

Electromagnetic spectrums of real bodies 1.1.10.1& 1.1.12.1

OVERVIEW

Any object with a temperature above absolute zero (0 K) emits thermal radiation at various
frequencies. A hotter object emits each frequency with greater intensity than a colder object.
A hotter object also emits a greater proportion of its total radiation as shorter wavelengths
than colder objects emit.

THEORY DETAILS

The following section outlines the way that the total energy across the electromagnetic
spectrum emitted by an object changes as the temperature increases.

For objects at temperatures below approximately 700 K, we cannot see the radiation they
emitwith our eyes. This is because they do not emit much radiation for each unit of surface
area (compared with hotter objects) and their peak wavelength is in the infrared region.
This means the vast majority of the small amount of radiation they emit has longer
wavelengths than radiation in the visible spectrum.
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300K

Irradiance

—— 800K —

0 10 20 30
Wavelength (pm)

Figure5 Black-body curve foran objectat 300 K

Devices such as infrared cameras can detect the different wavelengths of the
infrared spectrum released by objects at (and around) room temperature
(see Figure 5).

Ultraviolet,  Visible Infrared
- e

Irradiance

-
-

e
A

3 Camera
flash

Wavelength (pm)

Figure6 Acomparison ofthe radiation emitted by black bodies at 300 K and 3000 K

Objects emit increasing amounts of radiation in the visible spectrum as the
temperature increases. The perceived colour (the colour that we observe with

our eyes) changes from red to yellow to white, and finally to blue. Notably,

the perceived colour does not change through all the colours of a rainbow, as

you might expect. This is because the colour that we perceive is our brains’
interpretation of all the wavelengths the eye receives. For example, when the peak
wavelength emitted by an object corresponds to a cyan colour, the object also
emits a significant amount of the other wavelengths from the visible spectrum so
we perceive the object as glowing white.

Oursun

The Sun’s surface is at a temperature of 5778 K, so it glows white (when viewed
from outside our atmosphere). Hotter stars, such as Sirius and Vega, glow bluer.
The hottest stars, which have surface temperatures above 7000 K, are more blue
and the cooler ones, which have surface temperatures around 4000 K, are more red.

The Sun emits radiation mostly as infrared (~50%), visible light (~40%), and
ultraviolet (~10%). These types of radiation have the following properties:

¢ Radiation from the visible part of the spectrum is generally better than infrared
at penetrating (transmitting) through the Earth’s atmosphere.
¢ The short wavelength (blue) end of the visible spectrum scatters as it passes
through the atmosphere more than the long wavelength (red) end. This causes
the Sky to appear blue and the Sun to appear yeuOW on Earth. D}‘ ed Yeti, Artem Loskutnikov, Torychemistry, Veronika By/
Shutterstock.com

¢ Ultraviolet radiation is mostly absorbed by the ozone layer around the Earth, Figure7 Colourtemperaturespectrum
but some reaches the surface.
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Figure 8 compares the black-body curve for a body at 5578 K and the actual radiation the
Sun releases.

UV Visible Infrared >
25 =

Radiation emitted from the Sun
15+

5778 K black body

Irradiance (W/m2/nm)

05+

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure8 Theradiation emitted by the Sun compared to an ideal black body at 5778 K (black line)

A hotter object emits a greater proportion of its radiation in shorter wavelengths but it also
emits more radiation of every wavelength. This means that, even as the peak wavelength
becomes shorter than the visible spectrum, the total amount of visible light emitted will
increase as the object gets hotter.

Figure9 Night sky with red, yellow, white, and blue stars - the possible colours of a black body
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Theory summary
e All bodies radiate their heat as electromagnetic waves.

Ablack body is an idealised object that absorbs all incoming electromagnetic radiation
and emits the maximum possible radiation.

* Wien’s Law is used to calculate the peak wavelength (the wavelength of maximum intensity)
for a black body at any particular temperature.

m

= Ao =2, taking b 25 2.898 x 102 m K

The Stefan-Boltzmann Law states that the power (energy per second) radiated from a
body is related to the temperature of that body.

B T¢

P
As the temperature of an object increases:

- The total energy across the entire electromagnetic spectrum radiated per second
by the object increases.

- The proportion of radiation that is short wavelength (high frequency, high energy)
increases.

The Sun emits mostly infrared, visible, and ultraviolet light.

KEEN TO INVESTIGATE?

PhET ‘Blackbody Spectrum’ simulation
phet.colorado.edu/en/simulation/blackbody-spectrum
YouTube video: Daniel M - Blackbodies and Emissivity
youtu.be/HgRjXZV-kew

YouTube video: Physics Girl - Solving crimes with INFRARED?
youtu.be/1Un08zig82Y

YouTube video: Veritasium - The World in UV
youtu.be/V9K6gjRO7Po

The Concord Consortium Energy 2D simulation
energy.concord.org/energy2d/

CONCEPT DISCUSSION QUESTION

Kettles often have a shiny metallic
surface on the outside. Discuss the
reasons for this.

Answers on page 504

Haveyou considered how shiny objectsreflect,

absorb, and emit radiation?
Have you considered the function of the kettle?

Haveyou considered energy transfers inthe

function ofthe kettle?

Hints

Image: DD Images/Shutterstock.com
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THEORY REVIEW QUESTIONS

Question 1

Question 6

A black body R ,and

A absorbs all incoming radiation, reflects no incoming
radiation, has an emissivity of 1

B absorbs some radiation, emits all radiation, has an
emissivity of 0

Use the following information to answer Questions 2 and 3.

Object S Object T
Temperature: 0 K Temperature: 100 K
Object U ObjectV
Temperature: 1000 K Temperature: 10000 K
Question 2

Which of the objects are releasing thermal radiation?
A UV

B T,U,andV

C All of the objects

Question 3

Which of the objects has the longest peak wavelength?
A S

B T
c Vv
Question 4

Which of the following statements about a black body

emitting a peak wavelength of 650 nm (which is in the visible

spectrum) is true?

A ltalso emits wavelengths in the infrared and
ultraviolet spectrums.

B All the thermal radiation it emits is visible.

Question 5

One object is glowing red due to thermal radiation and

another is glowing blue due to thermal radiation. What can

we conclude?
A Thered object is hotter.
B The blue object is hotter.

Two objects of similar size, shape and temperature have
different abilities to emit. One can be closely modelled to be
a black body and the other cannot.

Black body Non-black body
Temperature: 25°C Temperature: 25°C

Which one is likely to release more energy as radiation?
A Black body
B Non-black body

Question 7

From the graph, identify which point on the horizontal
axis (A, B, or C) represents the peak wavelength released by
the object.

Ultraviolet Visible Infrared
)

Irradiance

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
B

o |- -
w

Wavelength (pm)

Question 8

Fill in the gaps in the following paragraph.

A blue star releases thermal radiation (across the
entire spectrum/as only blue light). The blue appearance of
the star is created by the (reflection of blue light/
predominance of blue light in the radiation).

Question 9

Rollo points an electromagnetic wave detector at the Sun.
The detector picks up large amounts of infrared, visible light,
and a moderate amount of ultraviolet radiation. Which is the
best reason that he detects only very small amounts of light
from the other parts of the spectrum?

A Even though the Sun produces a large amount of all
types of electromagnetic radiation, the atmosphere
absorbs most of the light that is not infrared, visible
or ultraviolet.

B The Sun does not release other types of light.

The other types of radiation are mostly absorbed by
other celestial bodies like Mercury, Mars, Venus, and
the Moon.

D The Sun mainly emits infrared, visible, and
ultraviolet radiation.
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Question 10

An object that has an initial temperature of 20°C is found
to have increased its radiative power by a factor of 16
when its temperature doubles. This indicates that the final
temperature of the object is:

A 40°C
B 313°C

DECONSTRUCTED EXAM-STYLE QUESTION

Question 11 (4 MARKS)

Alump of iron is placed into a fire in order to mould it into
shape. Itis initially at a temperature of 23.5°C and it radiates
33 W at this temperature. The blacksmith needs its surface
to reach a certain temperature before she can start work on
it but she forgot her thermometer. She does, however, have
a wavelength detector and knows that the required peak
wavelength is 3560 nm.

Take Wien’s constant, b, to be 2.898 x 10 3 m K.

Prompts

a Whatisthe most appropriate equation to use to
calculate the required temperature given that the
required peak wavelength is known?

A Aot
4
C P=AecT?
b  What unit should be used for the wavelength in
Wien’s Law?
A hertz
B metres per second
C metres
D nanometres

¢ Which of the following is the most useful way to
represent the initial temperature of the iron for the
purposes of relating temperature to power radiated?

A 296.65K
B 296.65°C
C 235K
D 23.5°C
d Which formula should be used to calculate the radiative

power at the required temperature given that the
initial power, initial temperature, and final temperature

are known?
_b
A P=3
B P=T*
¢ b
Pi Ti4

D P=AecT?

Question

e Calculate the power radiated after it has reached its
final temperature. (4 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 12 (2 MARKS)

Calculatethe A of a star with an average temperature of
7000 K. Take Wien’s constant, b, to be 2.898 x 1073 m K.

Question 13 (1 MARK)

A student measures the power radiated by a body to increase
from 2.0 W to 512 W as its temperature increases. By what
factor did the temperature increase?

A 2
B 3
C 4
D 5
Question 14 (4 MARKS)

Zayn is heating up a piece of metal. He finds, after a time, the
metal changes colour from a “metallic silver” to a red, then
orange, then bright white.

a Thechange in the metal’s colour can be considered to
occur in two stages:

®  From “metallic silver” to red
e  From red to orange to white

Explain the reasons for the colour change during these
two stages, and describe how the intensity of light
changes as the temperature increases. (2 MARKS)

b  Zaynfinds that the most intensely emitted wavelength
while the metal melts is 680 nm. Find the melting point
of the metal in kelvin. Take b=2.898 x 1073 m K. (2 MARKS)

Question 15 (5 MARKS)

A piece of glass has been heated to 1280°C and is glowing red.

a Calculatethe? forablack body at the same
temperature as this piece of glass. Take Wien’s constant

btobe2.898 x 1073 m K. (2 MARKS)

b  Explain why the piece of glass is glowing red even
thoughits A isnotin the visible range of
the spectrum. (3 MARKS)

Question 16 (3 MARKS)

Luna and Selene are having a discussion about the nature of
the Moon’s light. Luna claims that the bright light arriving on
Earth from the Moon at night is evidence that the Moon must
be acting like a black-body radiator. Selene disagrees.

Evaluate Luna and Selene’s claims.
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Question 17 (7 MARKS)

Question 20 (4 MARKS)

Suppose Xath is a distant star with the odd property that it
rapidly changes temperature. At one extreme, Xath appears
white with a blue tinge, with A =405 nm. At the other
extreme, Xath appears much redder with A =710 nm.

Take Wien’s constant b to be 2.898 x 1073 m K

a IsXath emitting less power when it appears white or red?
Justify your answer. (2 MARKS)

b  Calculate Xath’s highest and lowest temperatures. (2 MARKS)
¢ Express the radiative power when Xath is at its minimum
temperature as a percentage of the radiative power
when Xath is at its maximum temperature (to the

nearest percent). (3 MARKS)

Question 18 (7 MARKS)

Simran has a lamp in her room and it shines on her face as
she studies. After some time, she notices a small amount of
warmth from the lamp.

a The filament of the lamp starts at room temperature,
298 K, and reaches 2700 K. Considering the lamp
emits 99 W of power when it is at its hottest,
calculate the power emitted by the lamp at
room temperature. (2 MARKS)

b  Simran discovers that humans emit 1000 W of power.
Considering a person has an average surface area of
2.00 m? and an average surface temperature of 35.2°C,
calculate the emissivity of a person. Take the value of o
tobe5.67x108Wm™2K™. (3MARKS)

¢ Useyour previous answer to comment on how well a
black body could model a person. (2 MARKS)

Previous lessons

Question 19 (1 MARK)

Which of the following statements about electromagnetic
waves is true?

A X-rays have longer wavelengths than waves in the
ultraviolet region.

B The Sun releases mostly waves in the ultraviolet part of
the spectrum.

C X-rays are more energetic (have more energy) than all
other electromagnetic waves apart from gamma waves.

D Radio waves and infrared have the same frequency.

An unknown liquid is found to have a specific heat capacity
of6.3x 103 J kgt KL,

a Calculate the energy it would take to increase the
temperature of 1.2 kg of this liquid from 20°C
to 40°C. (2 MARKS)

b  The specific heat capacity of water is 4200 J kg™t K™%,
A kilogram of water and a kilogram of the unknown
liquid are heated to 50.0°C and are left to cool.
Assuming both release heat at the same rate, which
do you expect to reach room temperature first?
Explain your answer. (2 MARKS)

Key science skills

Question 21 (2 MARKS)

Stella and Asteri are taking measurements of the Sun’s
peak wavelength.

Stella Asteri
A, (nm) 646 511
A, (nm) 810 371
A; (nm) 401 611
A, (nm) 711 687
Ag (nm) 526 305
Ag (nm) 276 540
Agyg (NM) | 562 504

Compare the precision of Stella and Asteri’s data.



3C EARTH'S ENERGY FLOW

Energy flows on Earth range from large scale convection in the mantle which is responsible
for tectonic movement to smaller scale sea breezes that keep beaches cool on a hot day.
The movement of energy around the Earth is the driving force behind geomorphic
(processes that alter the Earth’s surface) and meteorological (processes that relate to the
weather and climate) activity.

3A The 3B Thermal radiation | 3C Earth's energy 3D The greenhouse 3E Modelling effects 3F Thermodynamic
electromagnetic flow effect on the climate principles in housing
spectrum and transportation

Study design dot point

atmosphere (weather)

Key knowledge units

* explain the roles of conduction, convection and radiation in moving heat around in Earth’s mantle (tectonic movement) and

Heat flow in Earth’s mantle

11141

Heat flow in Earth’s atmosphere

1.1.14.2

No previous or new formulas for this lesson

Definitions for this lesson

atmosphere the layers of gases around a planet

core the dense, hot, molten centre of the Earth

crust the thin surface of the Earth made of solid mineral and rock

mantle asolid region under the surface of the Earth between the crust and the outer core

tectonic plate alarge portion of the Earth’s crust, also known as a lithospheric plate

Heat flow in Earth’s mantle 1.1.14.1

OVERVIEW

Convection currents of rock in the Earth’s mantle, which are driven by heat from the Earth’s
core, move tectonic plates on the surface.

THEORY DETAILS

We have all seen pictures of active volcanoes and observed the immense power of
earthquakes on the news. These intense natural events are the result of the movement of
energy (in the form of heat) in the layer of the Earth called the mantle (see Figure 1).

The mantle is made of rock. It mainly behaves as a solid but when considered over geologic
periods of time it flows like a thick fluid.

The mantle is hot (between 200°C at the crust and 4000°C at the outer core) and makes up
the majority of the volume of the Earth. Due to the uneven temperature distribution in the
mantle, convection currents form within it. Pillars of warmer rock move up towards the
crust and displace the cooler rock close to the surface. As this rock gives its energy to the
crust, it cools, becomes more dense, and returns to the bottom (see Figure 2).

The convection cells in the mantle closely resemble those formed by a rolling boil in a pot or
the convection that occurs in a modern oven. Convection is normally limited to fluids (gases
and liquids) but due to the intense heat and pressure in the mantle, convection of solid rock
can occur. However, the convection currents in the mantle are very slow. They are often called
“mantle creep”.

The movement of the upper mantle causes the movements of tectonic plates that are
ultimately responsible for volcanoes, earthquakes, and the creation of mountain ranges.

Structure of the Earth
Outer core

Crust

Mantle
Inner core

Figure1l Theinternal structure of
the Earth

Cooy. s
G
\+)
o <y,

Figure2 Cross section of
convection cells in the mantle
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Heat flow in Earth’s atmosphere 1.1.14.2
OVERVIEW

Radiation, conduction, and convection operate in Earth’s atmosphere and have large impacts

on weather and climate.
THEORY DETAILS

Radiation in the atmosphere

The Sun’s radiation increases the temperature of the Earth’s surface and
the atmosphere but does so unevenly. The uneven distribution of this
radiation is the primary driving force of convection currents above the
Earth’s surface (see Figure 3).

The uneven distribution of radiation is a result of the changing angle of
the Earth’s surface relative to the Sun’s radiation, which means that the
radiation is spread over a greater area towards the poles. This causes a
decrease in average temperature towards the poles.

Conduction in the atmosphere

The atmosphere, ocean, and land exchange energy due to conduction.
This occurs on both a global and local scale.

* Onaglobal scale, in areas with more direct radiation such as
equatorial regions (as shown in Figure 3) the land conducts heat to
the air above it, causing the air to rise. In cooler regions, this happens
to a much smaller extent.

e Onalocal scale, the land can be warmer than the air and the ocean
may be cooler, or vice versa depending on the time of day.

These conduction processes drive atmospheric convection by heating
the air through contact with the water or land.

Convection in the atmosphere

Convection in the atmosphere, just like in the mantle, occurs in cells.
This convection is a result of the uneven distribution of radiation from
the Sun that causes uneven conduction from the land and ocean to the
air. This combination of radiation and conduction drives the convection
cells that are responsible for much of our major climatic regions

(such as tropical, desert, and temperate climates).

There are three convection cells between the equator and each pole
(see Figure 4). These are the Hadley, Ferrel, and Polar cells. To understand
how they work, we will focus on the Hadley cell (see Figure 5).

Cooling warm air as it rises, causing a
low-pressure system and rain

Least intense
at poles

L 30°

Figure3 The Sun’sradiation is most direct at the equator and
least direct at the poles which causes uneven heating of the
Earth'ssurface.

Polar cell

Hadley

Hadley
cell

cell

Hadley

Hadley
cell

cell

Polar cell

Figure4 Global system of atmospheric convection cells

ik
— 1 X S—
e o= i 2 T
Atmospheric convection 5 Atmospheric convection
\ Currents: Hadley cell xw 8 Currents: Hadley cell /

Figure5 The Hadley cells north and south of the equator
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The Hadley cell is warmed by the increased temperatures at the equator. This warm air is less
dense so is replaced by cooler air. This rising air causes a low pressure system around the
equator. As the warm air rises and moves away from the equator, it cools. Eventually, the air
cools and becomes dense enough to fall back down to the surface of the Earth. The falling air
forms a high pressure system.

Air moves from regions of high pressure to regions of low pressure causing winds called the
‘trade winds’ or ‘easterlies’. These permanent east-to-west winds near the equator are driven
by the Hadley cell but they are directed by the Coriolis effect, which is a consequence of the
Earth’s rotation.

The rising air near the equator also carries a lot of moisture due to evaporation over the
oceans. As this air rises and cools, the moisture condenses which creates a lot of rain. By the
time the air sinks in the cooler regions, it has very little moisture left. These convection cells
are responsible for the bands of green rainforest and tropical climates around the equator
and the bands of yellow desert at 30°N (30° north of the equator) and 30°S (see Figure 6).

N

Equator - The Congo j South-East

The Amazon Asian Forests

Figure 6 30°N and 30°S are associated with world deserts and the equator is associated with rainforest due to
Hadley cells.

Due to local variations in conduction, convection currents also cause local weather patterns
such as onshore winds (which blow from the ocean towards the land) and offshore winds
(which blow from the land towards the ocean). Water has a higher specific heat capacity than
land, which means the ocean’s temperature is relatively stable. The land, on the other hand,
has a greater variation in temperature between daytime and nighttime. Surfers often like to
surf in the morning before the onshore winds form due to the rising temperature of the land.

Table 1 The causes of offshore and onshore winds

During the day - Figure 7(a) During the night - Figure 7(b)

® The land is warmer than the ocean. ® The ocean is warmer than the land.

® Air above the warm land heats up and rises. ® Airabove the warm sea heats up and rises.

® Asthe air moves over the cooler ocean it cools. ® Asthe air moves over the cooler land it cools.

®  When it cools, it falls towards the ocean. ®  When it cools, it falls towards the land.

® The air flows from the ocean onto the land dueto ® The air flows from the land to the ocean due to
the pressure difference. the pressure difference.

® This results in a sea breeze or onshore wind. ® This results in a land breeze or offshore wind.

(a)

Return flow Return flow

r

Warm -

= Cool

. Onshore wind J Offshore wind
<= <
B~ s

Figure 7 The convection currents responsible for (a) onshore winds during the day and (b) offshore winds during
the night
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Convection in the ocean

Convection currents in the ocean have a large impact on the global
climate since they move thermal energy around the Earth. They are
also the result of the imbalance of radiation from the Sun as the water
at the equator is warmed much more than water close to the poles
(see Figure 8).

Gyres (ocean currents moving around the surfaces of the Earth’s major
oceans) and other warm surface currents such as the Gulf Stream are
driven by a combination of wind and the rotation of the Earth. These
winds are driven by the Hadley, Ferrel, and Polar cells discussed above.

W03 HI0ISIIPNYS/UR NG SAULIBH 214 BFew|

Other currents, such as the North Atlantic current, are driven by a
combination of temperature and salinity. Salinity has large effects on
density which causes warm currents to sink and then cool.

The warm or cool water these currents move is often responsible for
local weather, the formation of hurricanes, cyclones, monsoons, and the i
nutrient content of oceans. Sotth ool

Theory summary Figure8 Connectingcurrents (the global conveyor belt) move
* Inthe Earth’s mantle, convection cells of slowly moving rock drive thermal energy from the equator around the world and mix
) g water from nearly all the Earth’s major oceans.
geomorphic activity on the surface.
¢ Inthe atmosphere:

- Radiation from the Sun is responsible for the majority of Earth’s warmth but is
unevenly distributed over the Earth’s surface.

- Conduction between the land, ocean, and atmosphere is responsible for driving
convection cells, such as onshore and offshore winds.

- Convection cells occur:
- inthe atmosphere. These are responsible for some of our climate patterns.

- inthe ocean. These are responsible for some of our weather and moving nutrients
around the ocean.

KEEN TO INVESTIGATE?

PennState University ‘Atmospheric Convection: Hadley Cells’
e-education.psu.edu/earth111/node/752

YouTube video: Kurzgesagt - In a Nutshell - The Gulf Stream Explained
youtu.be/UuGrBhK2c7U

CONCEPT DISCUSSION QUESTION

The Earth’s axis has a 23" tilt relative to
the sunlight. The diagrams represent
opposite sides of the Earth’s orbit around
the Sun. Due to this tilt and the movement
of the Earth around the Sun, different
places on the Earth’s surface get varying
amounts of radiation depending on the
time of year.

thern Hemisphere

nor the S

would be receiving more direct radiation than the other and how does this impact its

average temperature?

"
P

Discuss which diagram, P or Q, represents
summer in Australia and how this system
explains that in both spring and autumn,
the Northern and Southern Hemispheres
have similar temperatures.

Answers on page 504

Isthere atime when one hemisphereis receiving more direct radiationthan the other and

how doesthisimpact its average temperature?

Which diagram depicts the Southern Hemisphere as more exposed to the Sun?

Is there a time when neither the Northern Hemi

Hints
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THEORY REVIEW QUESTIONS

Question 1

DECONSTRUCTED EXAM-STYLE QUESTION

Question 6 (3 MARKS)

Convection cells in nature are caused by
A aneven distribution of heat provided.

B animbalance in heat provided.

Question 2

Match the stages of the flowchart to the descriptions of the
stages of the Hadley cell.

Flowchart

l T

Once it is cool enough,
it sinks, causing a
high pressure system.
Air flows towards the
low pressure system
at the equator.

— C

Stages of the Hadley cell
I Airatthe equator is warmed by the land and water.
Il Warm air loses its energy to the atmosphere and cools.

Il Warm air rises as it is less dense causing a low
pressure system.

Question 3

“Regardless of the fact that the mantle is solid,
convection occurs.”

Is the above statement true or false?

A True, the mantle behaves like a fluid over geologic
time periods.

B False, the mantle cannot convect.

Question 4

Considering an onshore wind blows from the sea to the land
and an offshore wind blows from the land to the sea, fill in
the gaps in the following sentences.

In situations where the sea is warmer than the land,

an (onshore/offshore) wind is produced.
In situations where the land is warmer than the sea,
an (onshore/offshore) wind is produced.
Question 5

On a hot day at the beach the wind from the ocean will be
A cooler than the land.

B warmerthan the land.

The average temperature decreases as we move away from
the equator.
Prompts
a The equator is warmer than the south pole due to
A conduction.
B convection.

C ocean currents carrying the warmth from the south
to the equator.

D radiation from the Sun.

b  The curvature of the Earth means that as you move
north or south from the equator,
A theintensity of the Sun’s radiation decreases.
B theintensity of the Sun’s radiation increases.

C theEarth has more water which means that it
absorbs greater amounts of energy from the
atmosphere due to its high heat capacity.

D thereis more cloud cover which reflects more
incoming radiation causing the temperature to drop.

Question

¢ Explain one reason why the average temperature
decreases as we move away from the equator. (3 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 7 (1 MARK)

Convection is normally reserved for fluids but the solid rock
in the mantle also undergoes convection. Identify which
reason best explains the convection in the mantle.

A  The tectonic plates that make up the Earth’s crust move
due to ocean currents and pull the rock at the surface
of the mantle, which makes room for the other rocks to
move up.

B The heat melts the stone which allows it to move.

(o]

The intense heat and pressure allows solids to convect
very slowly in the Earth’s mantle.

D The convection cells are of the water within the rock’s in
the mantle, not the rock itself.

Question 8 (3 MARKS)

Identify the uneven heating causing these convection cells.
a AHadley cell. (1MARK)
b The South Pacific Gyre. (1 MARK)

¢ Anoffshore wind. (1 MARK)
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Question 9 (2 MARKS)

Which energy transfer method warms the air just above the
land and water at the equator? Explain your answer.

Question 10 (2 MARKS)

Which energy transfer method warms the land and water at
the equator? Explain your answer.

Question 11 (3 MARKS)

Explain the production of onshore winds with reference to
the energy transfers involved.

Question 12 (3 MARKS)

Water has a much higher specific heat capacity than the
elements that make up the land. This means that the land
cools and warms quicker than the water. During winter,
coastal areas tend to be warmer than those inland. During the
summer, coastal areas tend to be cooler than inland areas.

Explain how conduction contributes to coastal areas having
more moderate temperatures than inland areas.

Previous lessons

Question 13 (3 MARKS)

0.70 kg of ice at 0°C is added to 5.2 kg of water at 23.0°Cina
thermally insulated container. The specific heat capacity of
water is ¢, = 4.2 x 102 J kg™! K™ and the latent heat of fusion
forice to wateris L;=3.34x 10% J kg™

a How much thermal energy is required to melt
theice? (1MARK)

b  How much energy is lost by the water originally around
the ice cube if the final temperature of the water
(including the melted ice) is 10.8°C? (2 MARKS)

Question 14 (6 MARKS)

The graph shows the radiance curve for an ideal black body
at 1300 K.

Radiance

Wavelength

a Copy the graph including the radiance curve and draw
the resulting curve for a body at 1900 K. (1 MARK)

b Calculate the peak wavelength for the body at 1300 K.
Take Wien’s constant b to be 2.898 x 103 m K. (2 MARKS)
¢ The black body has a surface area of 1.39 m2.
Calculate the difference in power released at 1300 K and
1900 K using the equation P=Aea(T* - T;*) and taking
the value of o to be 5.67 x 108 Wm2K™. (3 MARKS)

Key science skills

Question 15 (7 MARKS)

A phenomenon called the rain shadow effect occurs in
coastal areas near mountain ranges, for example on the East
coast of Australia before between the coast and the Great
Dividing Range. The rain shadow effect causes a significant
amount of rain on the coastal side of the mountain range and
a lack of rain on the land side of the mountain range.

Desert as a result
of rain shadow

NEW SOUTH
WALES

A student wants to test the rain shadow effect. They live on
the mountain range near the coast so they place an identical
rain gauge on either side of the mountain in a secure location.
Over the next month the area receives substantial rain. When
they return to the gauges, there is no substantial difference in
the amount of water collected.

a Identify an independent, dependent, and controlled
variable in this experiment. (3MARKS)

b  The rain shadow occurring where this student lives is not
observable over such a short time period.

Explain two changes to the experimental method such
that they have a better chance of observing the rain
shadow effect. (4 MARKS)



3D THE GREENHOUSE EFFECT

Think about the Earth without its atmosphere. This rocky planet would probably resemble
the Moon: cold and without life. The atmosphere is responsible not just for the air we breathe
but keeping the warmth of the Sun contained. This lesson explores the details of how the
atmosphere retains the energy that the Sun provides.

3A The 3B Thermal radiation | 3C Earth's energy 3D The greenhouse 3E Modelling effects 3F Thermodynamic
‘electromagnetic flow effect on the climate principles in housing
spectrum and transportation

Study design dot points
* model the greenhouse effect as the flow and retention of thermal energy from the Sun, Earth’s surface and Earth’s atmosphere

* explain how greenhouse gases in the atmosphere (including methane, water and carbon dioxide) absorb and re-emit
infrared radiation

Key knowledge units

Earth’s energy budget 1.1:15:1
The greenhouse effect 1.1.15.2
Greenhouse gases 1.1.16.1

No previous or new formulas for this lesson

Definitions for this lesson

greenhouse effect the trapping of thermal radiation emitted from the Earth by greenhouse gases
in the atmosphere, keeping the Earth’s temperature higher than it would otherwise be

greenhouse gas a gas that is better at absorbing radiation emitted by the Earth than radiation
emitted by the Sun

Earth’s energy budget 1.1.15.1

OVERVIEW

For the Earth’s temperature to remain constant, incoming solar radiation must
be balanced by the Earth’s outgoing radiation. The average temperatures we

experience are maintained by the energy contained within the atmosphere. Reflected and scattered Des
(Earth’s Albedo) mi
THEORY DETAILS ——*———  Topof :

4% 20% 6% atmosphere

The Earth’s temperature depends on how much radiation from the Sun is
letin, how much is retained by the atmosphere, and how much is let out by
the atmosphere back into space. These quantities of incoming, retained,
and outgoing radiation are the major factors in Earth’s energy budget.

Energy from the Sun

The Earth receives essentially all of its energy from the Sun’s thermal radiation.
We remember from Lesson 3B that this is mainly in the infrared, visible, and - S~
ultraviolet parts of the electromagnetic spectrum. Most of this radiation is of a o Absorbed at surface
shorter wavelength than most radiation emitted by the Earth (so it is sometimes
referred to as shortwave radiation, whilst radiation from the Earth is sometimes

referred to as longwave radiation). Image: VectorMine/Shutterstock.com

Radiation from the Sun is either absorbed, transmitted, or reflected by the Figure 1 The energyfrom the Sun thatis absorbed
atmosphere, clouds, and the Earth’s surface. Around 70% of incoming solar ahdieiaralythe st

radiation contributes to Earth’s temperature by being absorbed and the restis

reflected back to space. Most of the absorption occurs at the surface because

the atmosphere mostly transmits solar radiation. See Figure 1.
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Energy from the Earth

In Lesson 3B we learned that the peak wavelength that a black body emits is

inversely proportional to its surface temperature. So the Earth emits relatively long Radiated to space
S : 2 : ; from clouds and

wavelength radiation, almost entirely in the infrared region, when compared to the atmosphere

much hotter Sun.

As seen in Figure 2, only a small amount of the radiation that leaves the Earth’s
surface transmits directly to space. The rest of the energy is absorbed by the
atmosphere or clouds before being re-emitted.

Because this energy stays in the atmosphere for a long time, it preserves the ::Eeil;‘i:g;:ir

temperature of the Earth. Radiation from the Sun provides heat to the Earth and
its atmosphere and much of the warmth is retained by the atmosphere absorbing
radiation emitted from the Earth. This is called the greenhouse effect.

The greenhouse effect 1.1.15.2

Image: VectorMine/Shutterstock.com

OVERVIEW Figure2 The radiation emitted by the Earth and
The natural process in which the Earth’s radiation in the atmosphere is absorbed what happenstoit

and emitted by particular gases is called the greenhouse effect. This retains energy

in our atmosphere.

THEORY DETAILS

The greenhouse effect is named after a greenhouse you may find in a garden (see Figure 3).
Greenhouses trap heat and increase the temperature inside. Solar radiation is transmitted
through the glass and it is subsequently absorbed by the ground, plants, and other objects
inside. Energy is re-emitted by the Earth or ground as almost entirely infrared radiation,
which is more likely to be reflected or absorbed by the greenhouse. This retains energy inside
the ‘atmosphere’ of the greenhouse.

Solar radiation Earth’s radiation
passes through cannot leave as easily

so the greenhouse
/ warms up

Greenhouse glass

Image: GoodStudio/Shutterstock.com
Figure3 Thefunctionofa greenhouse

This greenhouse, after being installed, will eventually reach a constant temperature. Thisis a
result of the balance between incoming solar radiation and outgoing infrared radiation.

Just as the glass in the greenhouse acts to let certain radiation in and prevent some radiation
escaping, so does our atmosphere (see Figure 4). The temperature of the Earth is similarly a
result of the same balance of retention, incoming radiation, and outgoing radiation.

Figure4 The greenhouse effect
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The greenhouse effect is a vital natural process. Without the greenhouse effect, the Earth’s
average temperature would be -18°C instead of 15°C. Without this temperature increase there
would be no way that life as we know it could develop on Earth.

Greenhouse gases 1.1.16.1
OVERVIEW

Greenhouses gases are particularly good at absorbing the Earth’s radiation due to their
atomic structure.

THEORY DETAILS

Greenhouse gases are a set of gases in our atmosphere that have a strong ability to absorb
Earth’s radiation and are responsible for the greenhouse effect. Some of the most important,
naturally occurring greenhouse gases are:

* Carbon dioxide (CO,)

* Methane (NH,)

* Watervapour (H,0).

Their ability to absorb Earth’s radiation comes from their structure. As they consist of three

or more atoms, they can vibrate at a different range of frequencies to oxygen (0,) or nitrogen
(N,) which make up most of the Earth’s atmosphere. The frequencies absorbed by the
greenhouse gases correspond to the infrared frequencies of radiation emitted by the Earth.

This means that they absorb the Earth’s radiation well but solar radiation is much better
transmitted (see Figure 5).

10°
108 Solar radiation Earth’s radiation
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Figure5 The absorption spectrum of water. The watervapourin the atmosphere is effective at absorbing Earth's
radiation (almost entirely mid- or far-infrared radiation) but is poor at absorbing solar radiation (mainly ultraviolet,
visible and near-infrared radiation).

Theory summary
e The Earth is constantly receiving and emitting radiation in a delicate balance.
- ltreceives the majority of its energy as radiation from the Sun.

- The majority of the energy that it loses escapes from the atmosphere as
infrared radiation.

- ltretains some of this energy due to the greenhouse effect.

¢ The greenhouse effect describes how some molecules (greenhouses gases) trap energy
by absorbing and re-emitting Earth’s radiation.

- This warms our atmosphere by 33°C.

¢ The main greenhouse gases are carbon dioxide, water vapour, and methane,
which absorb and emit radiation in the infrared spectrum.
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KEEN TO INVESTIGATE?

PhET ‘Greenhouse Effect’ simulation
phet.colorado.edu/en/simulation/legacy/greenhouse

YouTube video: California Academy of Science - Earth's Delicate Energy Balance
youtu.be/U2CPwWgY_G4

CONCEPT DISCUSSION QUESTION

‘s =
Imagine that suddenly the surface temperature of the Sun increases by a significant g E E
factor and starts to release much more energy. This energy would increase Earth’s ByE 8%
temperature but how long would it take? Discuss factors that might slow or speed up é EE '5 E
the time it would take for the Earth to increase in temperature. 23 H £ 3l
Answers on page 504 £ 2£8 ;:.E
3D Questions
THEORY REVIEW QUESTIONS PN w
-
Use the following information to answer Questions 1-9. %@@ X
‘%o
Spectrum P
5x10%, ____Infrared_ Clouds and atmosphere
Y
z

Image: vectortatu/Shutterstock.com

Question 1

Spectral Power Density (MW/m2/um)

Identify which spectrum, P or Q, better represents the

0 Wavelength (um) 24 radiation spectrum of the Sun and which spectrum better
1um =1000nm represents the radiation spectrum of the Earth.
Spectrum Q Question 2

Visible

Whenever radiation interacts with matter, including the

atmosphere or the ground, some of the radiation will be
(reflected/convected), some will be

(conducted/absorbed), and the rest will be

(enhanced (becomes more intense)/transmitted).

Question 3

The proportion of radiation that undergoes each of the three
processes from the previous question

Spectral Power Density (MW/m?/um) =

A s always the same.

0 “iav;linﬁ)tgo(:nr:) 3 B depends on the material but not the wavelength of
. the radiation.

C dependson the wavelength of the radiation but not
the material.

D dependson both the material and the wavelength of
the radiation.
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Question 4

When radiation is absorbed by matter, the matter gets hotter
and emits its own radiation

A with the same distribution of wavelengths that
is absorbed.

B  with a distribution of wavelengths that depends on the
temperature of the matter.

Question 5

Reflected radiation has

A adistribution of wavelengths that depends on the
spectrum of incident light.

B adistribution of wavelengths that depends on the
temperature of the matter.

Question 6

The X and Z arrows represent reflected radiation with
a spectrum that is better represented by spectrum

(P/Q).

Question 7

The W arrows represent radiation that has been
(absorbed/emitted) by the atmosphere as a result of
absorbing some of the Sun’s radiation and getting hotter.
The spectrum of this radiation is better represented
by (PQ).

Question 8

Much of the radiation represented by arrow Z passes through
the atmosphere into space. Most of the radiation represented
by arrow Y does not pass through the atmosphere. The reason
for this difference is that greenhouse gases absorb a large
proportion of the (longer (infrared)/shorter)
wavelengths but they allow (longer (infrared)/
shorter) wavelengths to transmit.

Question 9

An increase in the amount of greenhouse gas in the
atmosphere causes

A anincrease in the amount of radiation represented
by arrow Y that is trapped by being absorbed (and a
decrease in the amount of arrow Y that transmits
through to space).

B anincrease in the amount of radiation reaching the
Earth from the Sun.

DECONSTRUCTED EXAM-STYLE QUESTION

Question 10 (3 MARKS)

The Earth and the Sun are in a relationship called radiative
equilibrium. This is achieved when the temperature of both
bodies are relatively static even though the Earth is still
receiving the Sun’s radiation.

Prompts

a  Which of the following best describes the Earth’s incoming
radiation in terms of its source and its wavelength?

A Shorter wavelength radiation from the Earth
B Longer wavelength radiation from the Earth
C  Shorter wavelength radiation from the Sun
D Longer wavelength radiation from the Sun

b Which of the following best describes the Earth’s outgoing
radiation in terms of its source and its wavelength?
A Shorter wavelength radiation from the Earth
B Longer wavelength radiation from the Earth
C Shorter wavelength radiation from the Sun
D Longerwavelength radiation from the Sun

¢ Which of the following are other ways radiation is

retained or otherwise disrupted on its way into or out of
the Earth’s atmosphere?

A  Reflected by clouds

B Reflected by the atmosphere
C Absorbed by the atmosphere
D Alloftheabove

Question

d Explain the temperature balance that the Earth
reaches with the Sun. There is no need to address
specific temperatures. (3 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 11 (1 MARK)

Identify the name of the process that retains thermal energy
in the Earth’s atmosphere.

A  Geothermal warming
B Greenhouse effect

C Infrared radiation
D

Solar radiation

Question 12 (4 MARKS)

a Identify which part of the electromagnetic spectrum
makes up most of both solar radiation and Earth’s
radiation and explain how this part of the spectrum is
different between the two types of radiation. (2 MARKS)

b Name three common greenhouse gases. (2 MARKS)

Question 13 (3 MARKS)

Of the energy that the Earth emits as radiation, only 5% of it
directly escapes into space.

a  Explain what happens to the remaining 95%. (2 MARKS)

b Inwhatregion of the electromagnetic spectrum is the
emitted radiation? (1 MARK)
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Question 14 (3 MARKS)

Explain why carbon dioxide in the Earth’s atmosphere
absorbs and emits the re-radiated heat from the Earth
much more effectively than it absorbs and emits the Sun’s
incoming radiation. The following graph shows the intensity
of the different wavelengths radiated by black bodies at
6000 K compared with bodies at 255 K, along with the
absorption spectrum of carbon dioxide. Use the graph to
explain your answer.
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Question 15 (2 MARKS)

Explain how and why the spectrum of radiation emitted by the
Earth is different from the spectrum entering the atmosphere.

Question 16 (3 MARKS)

Any planet with an atmosphere will experience a greenhouse
effect. Venus is no exception. Venus’ atmosphere is 96.5%
carbon dioxide and is closer to the Sun, so it receives more
solar radiation.

Use your understanding of the greenhouse effect and the
information provided to determine whether Venus would be
warmer or cooler than Earth. Explain your answer.

Previous lessons

Question 17 (2 MARKS)

A beaker of water loses 17 kJ of energy to its surroundings
while having 9.0 kJ of work done on it. Calculate the change
in internal energy of the beaker. Give your answer in kJ.

Question 18 (6 MARKS)

The surface of a building emits a peak wavelength of 9760 nm.

a  Find the building’s external temperature. Provide your
answer in degrees Celsius. Take Wien’s constant b to be
2.898x 103 mK. (3MARKS)

b  Find the change in power radiated into the environment
if the building’s external temperature is doubled,
considering the initial radiative power is 5356 W. (3 MARKS)

Key science skills

Question 19 (3 MARKS)

Endrico and Bronte are having a discussion about the scientific
meaning of the word ‘theory’ with reference to the greenhouse
effect. Endrico tries to convince Bronte that a theory is the
same as a hypothesis. Bronte claims that, in science, the term
theory is only used when something has been repeatedly
confirmed by experimental evidence.

Evaluate each of their claims.



3E MODELLING EFFECTS ON THE CLIMATE

We have now explored how energy flows throughout the Earth, Earth’s energy budget,

and the greenhouse effect. Now we are going to look at how changes to conditions on Earth
affect these phenomena. What happens when Earth retains more or less energy, and how
does this relate to modern climate change?

3A The 3B Thermal radiation | 3C Earth's energy 3D The greenhouse 3E Modelling effects 3F Thermodynamic
‘electromagnetic flow effect on the climate principles in housing
spectrum and transportation

Study design dot points

® analyse changes in the thermal energy of the surface of Earth and of Earth’s atmosphere

® analyse the evidence for the influence of human activity in creating an enhanced greenhouse effect, including affecting
surface materials and the balance of gases in the atmosphere

* explain how concepts of reliability, validity and uncertainty relate to the collection, interpretation and communication of
data related to thermodynamics and climate science

Key knowledge units

What affects the climate? 1.1.17.1
Do humans affect the climate? 1.1.18.1
How is climate data collected, interpreted, and communicated? 1.1.20.1

No previous or new formulas for this lesson

Definitions for this lesson

albedo ameasure of how much solar radiation is reflected by the Earth or by a
particular surface

climate the long-term (minimum 30 years) average weather of a planet or region

enhanced greenhouse effect the magnification of the greenhouse effect due to increased
greenhouse gas levels that are a result of human activity

feedback where a change is amplified (positive feedback) or suppressed (negative feedback) due
to the effects of that change

weather the state of the atmosphere at a particular time

What affects the climate? 1.1.17.1
OVERVIEW

Physical changes to the Earth can affect how much thermal energy it retains. Many of these
changes induce feedback, enhancing or inhibiting the change.

THEORY DETAILS

Weather refers to the state of the atmosphere (such as its temperature or rainfall) on a
particular day or at a particular time. The climate of a region can be thought of as its average
pattern of weather. Climate change refers to changes in the conditions of the Earth, such as
temperature or precipitation (rainfall), that last for a long period of time. In general, for a
change to be considered by scientists as climatic, it needs to persist for a period of more than
30 years. For example, our global average temperature having increased by more than 1°C
since the industrial revolution is an example of a climatic change.

As we covered in Lesson 3D, the Earth’s energy budget is a balance between the rate that
energy is received by the Earth and the rate that it leaves the atmosphere. For our purposes,
we can ignore the relatively small variations in the rate that energy is received from the Sun
and emitted from the Earth’s surface.
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The factors that are much more variable are:

e How much of the radiation emitted from Earth is absorbed by greenhouse gases and
re-emitted back down to the Earth.

¢ How much of the radiation received from the Sun is reflected (not absorbed) by the Earth,
known as albedo.

If these factors are changed in some way, we will see a change to the Earth’s energy budget
and the amount of energy it retains, affecting Earth’s temperatures.

Greenhouse gases

A change in greenhouse gas levels in the atmosphere will alter the amount of Earth's
radiation that is re-emitted back down to Earth. For example, let’s consider what would
happen if we planted a large number of trees.

Trees absorb and store carbon dioxide (CO,). So if a large number of trees grow, the amount
of carbon dioxide in the atmosphere will decrease. As CO, is a greenhouse gas, we expect
less radiation emitted by Earth will be absorbed by the atmosphere. As such, there will be a
decrease in the amount of energy that the Earth retains, decreasing global temperatures.

Albedo

Albedo is a measure of how much incoming solar radiation is reflected by a surface. It takes
avalue between 0 and 1, like emissivity (as covered in Lesson 3B). A surface on Earth with an
albedo of 0.1 would reflect 10% of incoming solar radiation. A white surface has a high albedo,
as it reflects a large percentage of incoming solar radiation. In contrast, dark surfaces tend to
have a low albedo. Clouds and the Earth's surface largely determine Earth's albedo.

Sea ice has a high albedo of 0.5-0.7 (0.9 with snow on top), which is much higher than that of
the ocean. As such, a decrease in the amount of ice and snow covering the globe will result in
a decrease in the amount of solar radiation reflected, and hence an increase in the amount of
energy that the Earth retains.

(a) (b)

Open ocean

Water covered
by snow and ice

10% 94%

Figure2 (a) The albedo of snow- and ice-covered water compared with (b) the albedo
of open ocean. Sea ice is generally covered by snow for most of the year.

Positive feedback

Positive feedback refers to a scenario where a change is magnified due to the

A\

Ocean water absorbs
more solar radiation

Figure 1 The albedo of
various surfaces

Table 1 Some factors that can affect
the albedo of the Earth’s surface

Change in sea ice coverage
(positive feedback)

Land clearing

Urbanisation

Temperature rises

Arctic sea
ice melts

effects of that change. Microphones continuously picking up sound emitted by
nearby connected speakers (resulting in a hideous, high-pitched sound) is a
common example of positive feedback.

If there are higher temperatures one year, the Earth’s average sea ice coverage will
likely be reduced. This would result in a greater amount of energy being absorbed
by the Earth and cause a higher temperature. In turn, this would result in more ice
melting and even less sea ice coverage! This is an example of positive feedback.

Negative feedback

Another type of feedback is negative feedback. It refers to scenarios where a
change is suppressed due to the effects of that change. One example of negative
feedback arises when there is, for whatever reason, an increase in the number of

plants on Earth. The greater number of plants reduce CO, levels (as plants store CO,),

which leads to a reduction in the growth of new plants (as plants breathe CO,).
The initial increase in plants is eventually reduced by its effects, so this process is
negative feedback. In this case, there is still an increase in the number of plants,
butimportantly the increase is less than it would have been otherwise (i.e. if CO,
levels did not affect plants).

Image: KPP/Shutterstock.com

Figure3 Meltingof seaice and temperature
positive feedback loop

2005

Number of

>

m
Number of
plants decreases plants increases

N &

CO, levels fall

Figure4 Numberof plants and CO, negative
feedback loop
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Table 2 Other examples of climate feedback
Evaporation (positive feedback)

® Higher temperatures result in more evaporation of water.
® Since water vapour is a greenhouse gas, this increases the temperature further.

Ocean temperature (positive feedback)
® When their temperatures rise, oceans store less CO,, so CO, is released into the atmosphere.
® Since CO, is a greenhouse gas, this increases the temperature further.

Change in sea level (negative feedback)

® Higher sea level means more CO, is absorbed by oceans.

® Since CO, is a greenhouse gas, this decreases the temperature.
- Less sea ice melts so the sea level rises less.
- The water contracts so the sea level rises less.

Do humans affect the climate? 1.1.18.1
OVERVIEW

Humans change the climate by altering the concentration of greenhouse gases in the Earth’s
atmosphere, and by changing the albedo of the Earth’s surface. The increase in greenhouse
gas concentration since the industrial revolution due to human activity is known as the
enhanced greenhouse effect.

THEORY DETAILS

The burning of carbon-based fuels, known as fossil fuels, releases carbon dioxide. Since the
industrial revolution, a large amount of these fuels has been burned by humans. Because of
this, atmospheric CO, levels have increased at a drastic rate (compared to the natural rate
that CO, levels have changed in the past). It takes hundreds to thousands of years before CO,
naturally leaves the atmosphere, meaning that CO, emissions have a significant long-term
effect on the climate.
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Image: © ( ht CSIRO Australia, 18 January 2019

Figure5 Carbon dioxide concentrations over the last 2000 years, as of 2019. Note the graph's vertical axis starts at
250 ppm. The blue points come from analysing samples of Antarctic ice from deep below the surface (ice cores),
while the red points come from sampling the air. The unit ppm stands for ‘parts per million.

This drastic rise in CO, levels is a hot topic of modern climate theory, and is the primary driver
behind what is known as the enhanced greenhouse effect, which is the magnification of the
greenhouse effect due to human activity. The result of this is that global temperatures are
currently rising.

The rate temperature is rising is:

¢ boosted by an overall positive feedback between greenhouse gas levels and temperature.

¢ significantly higher than historical rates of warming in the past hundreds of thousands of
years (around ten times higher).

¢ believed by scientists to pose a significant danger to most of Earth’s species,
including humans.

It is important to remember that global temperatures are determined by the total amount

of energy retained by the Earth - this is why the enhanced greenhouse effect has such a
significant impact despite the fact it leads to only a relatively small increase in the amount of
Earth's radiation absorbed by the atmosphere.
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Table 3 Examples of fossil fuels
Coal

Qil
Petrol

Natural gas
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()
= CRITICAL KNOWLEDGE
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® Industrial consensus amongst
2‘ 05 Revoiution climate scientists that
£ 1 humans are causing
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< primarily due to
& o the enhanced
< greenhouse effect.
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Figure6 Global temperaturesin the last 2000 years, up until 2019. The blue line shows data from
indirect measurements (of ice cores, tree rings and coral), while the red line is from direct measurements
starting from 1880.
Other greenhouse gases are emitted by humans too. For example, livestock
produce great amounts of methane. Compared to CO,:
5w s : so Methz
e Methane is significantly better at absorbing Earth's radiation. lr;.‘?‘”e
¢ Methane has a much shorter lifetime in the atmosphere (decades)
Carbon dioxide
- This means CO, builds up for much longer than methane. Carbon dioxide (fossil fuel and
sy . 2 . (forestry and industrial processes)
Because CO, has a longer lifetime and is emitted at much higher rates, CO, other land uses) 65%
0/
contributes more to the greenhouse effect over the long term. =
Humans do not just affect the Earth’s energy budget by emitting greenhouse gases.
For example, humans also change the albedo of the landscape through Figure7 Proportion of global greenhouse gas
urbanisation and deforestation. emissions by gas

How is climate data collected, interpreted,
and communicated? 1.1.20.1

OVERVIEW

Like in all areas of science, climate science relies on experiments and data collection in order
to make predictions about the world. Due to the necessity for nations to use such predictions
to inform their policies, it is not only important that scientists produce predictions that

have as high reliability and validity as possible, but also that they can detail the uncertainty in
their predictions.

THEORY DETAILS

The Intergovernmental Panel on Climate Change (IPCC) is an international organisation widely
considered to be the leading authority on climate change. It involves thousands of scientists,
and its goal is to provide assessment on the impact of climate change, as well as provide and
assess the effectiveness of possible responses to mitigate or cope with climate change.

The goal for the IPCC is to provide policymakers with assessments that can guide them in
determining effective responses. In Lesson 1C we covered the concepts of validity, reliability,
and uncertainty. Let’s consider how these concepts relate to the methods of climate scientists.

Validity

In order to produce valid results, climate scientists need to measure what was intended to be
measured. If scientists were aiming to collect data to help determine whether atmospheric
CO, levels are increasing, it would be considered invalid if they collected air samples right
outside a coal power plant as they would not be representative of average atmospheric air.

An example of a good place to collect air samples for data on atmospheric air would instead be
the Mauna Loa observatory. Located on the volcano of Mauna Loa in Hawaii, the observatory is
far away from urban areas, vegetation, and the continents, and it is at a height where abnormal,
localised effects are mostly mitigated. Any data that is affected by volcanic emissions, local
traffic, or local vegetation is excluded. This reduces any contamination of results.
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Seasonal variation

4004
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Year

Figure8 Atmospheric CO, concentrations as measured by the Mauna Loa observatory, forming what is known as the
‘Keeling Curve’. The red dots are the average measured concentration of CO, each month, forming a cyclic pattern due
to seasonal variation in CO, stored by plants. Note the vertical axis does not start at 0.

Reliability

For data to be reliable (and valid), it must be both repeatable and
reproducible. Scientists collect data multiple times in order to ensure
that their results are consistent and thus correct (repeatability).

In addition, results implied by the data can only be considered correct if
they agree with data collected by other climate scientists (reproducibility).

The Mauna Loa Observatory constantly collects data, and its
instruments are constantly recalibrated. Since they obtain consistent
results, their sampling can be considered repeatable.

The Keeling Curve (seen in Figure 8) has been independently
reproduced at many other locations, confirming the trend. Figure 10
highlights the importance of reproducing results — while the data looks Figure9 TheMauna Loaobservatory.
different in many respects (due to differences in location, experimental

equipment, and techniques), each experiment’s data follows the

same long-term trend. Although we cannot interpret, for example,

the maximum average global carbon dioxide level in a given year,

we can conclude with high confidence that CO, levels have been rising

at a rate that has increased over time.

€O, Concentration (ppm)
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Figure 10 CO, levels measured by different global stations (the Mauna Loa Observatory’s results are third from
thetop). The dots are the average monthly CO, concentration.
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Uncertainty

Even though scientists attempt to minimise it, uncertainty is inevitable in scientific studies.
It is extremely important for scientists to make the uncertainty of data clear when presenting it.

This also applies to predictions made from that data. Confidence intervals are used to

indicate the range of likely true values for a measurement. By using confidence intervals,

scientists can convey the likelihood of the climate evolving within a certain range.
Confidence intervals are used for both real data and predictions (see Figure 11).

Global mean sea level rise (relative to 1986-2005)
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Figure 11 Predictions forthe amount that sea levels will rise based on different assumptions about
human CO, emissions. The shading in this graph represents the confidence interval.

To supplement quantitative measures of uncertainty (which are based on models),
when giving predictions about the future, the IPCC will state the likelihood of
certain outcomes, and the confidence they have in these predictions (based on
evidence and consensus).

Good scientific practice

Good scientific practice means presenting data in a clear way that is not misleading.
Some examples of practices which can be misleading, and should be avoided or
highlighted for readers, are:

¢ Deliberately leaving out context to data by “cutting off” axes in graphs

- Cutting off axes (truncation) is not always bad practice; it is often useful
to highlight interesting results. But if it hides an overall trend, or makes a
normal change look abnormal, then it can be misleading.

¢ Using logarithmic axes in graphs

- Again this can be a useful tool, but only if it is clear for the reader.
e Selectively excluding valid data

- Excluding data with low validity is appropriate.

¢ Implying that one variable affects another just because there is a correlation
between them - correlation does not imply causation

- Rising temperatures are held by climate scientists to be primarily driven by
greenhouse gas emissions not just because of the correlation between CO,
and temperature, but also scientific theory, computer simulations, and a
lack of counterevidence despite the enormous amount of research done.

Scientists review each others’ work to ensure its quality in a process known as
peer review. Work that has passed peer review is considered by experts in the
field to have high validity. Journals and scientific organisations, such as the IPCC,
have mandatory peer review processes that help guarantee the validity of

their journal.
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Theory summary

The climate of a region can be thought of as its weather’s long-term average.

Earth’s energy budget is affected by physical changes to the Earth, such as changes to its
albedo, carbon cycle, and oceans.

A process causing a physical change to the Earth can have positive or negative climate
change feedback.

- Positive feedback is where the effects of a change result in the change being amplified.

- Negative feedback is where the effects of a change result in the change being suppressed.

Humans cause physical changes to the Earth, affecting the atmosphere’s greenhouse gas
levels and the ground’s albedo.

- Significantly more CO, is in the atmosphere due to human emissions, resulting in what
is known as the enhanced greenhouse effect.

The average global temperature is rising at a rate much faster than expected for natural
climate change

Climate scientists spend a great deal of effort attempting to determine the validity,
reliability, and uncertainty of the data they collect and the predictions made with that data,
in order to communicate predictions and advice that is both informative and transparent.

KEEN TO INVESTIGATE?
Climate Action Tracker - Australia
climateactiontracker.org/countries/australia

NASA article: The Carbon Cycle
earthobservatory.nasa.gov/features/CarbonCycle

NASA article: Milankovitch (Orbital) Cycles and their role in Earth’s Climate
climate.nasa.gov/news/2948/milankovitch-orbital-cycles-and-their-role-in-earths-climate

Website: Skeptical Science
skepticalscience.com/about.shtml

YouTube video: Kurzgesagt - In a Nutshell - Who Is Responsible for Climate Change?
youtu.be/ipVxxxqwBQw

CONCEPT DISCUSSION QUESTION

A change in the Earth’s climate is generally required to last for more than 30 years to
be considered true climate change. Discuss why this specific time period might have
been chosen.

Answers on page 504

Hints

What is the climate a

measure of?

Why is it important
that the time period
is not much shorter?

Why is it important
that the time period
is not much longer?
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THEORY REVIEW QUESTIONS

Question 1

Suppose that in the year 3000, the Earth has been cooling
down over the previous century. However, new research
reveals that it has been heating quite rapidly over the past
decade. Could we conclude that, in the year 3000, the Earth’s
climate is one that is warming?

A Yes
B No
Question 2

For a-c, select the option thatis an example of a
changing climate.

a A Thepolarice capsshrinking over many thousands

of years.
B Anabnormally high loss of ice from the ice caps in a
single day.
A week of particularly hot weather.
B Asignificantly greater number of hot days in the last
50 years compared to the 50 years before that.
Ahurricane hitting a coastal town.
B Asteady decrease in the frequency of hurricane
formation over many centuries.

Question 3

If a surface on Earth has an albedo of 0.8 then it is good at
A absorbing and emitting light out to space.

B absorbing and emitting solar radiation out to space.
C reflecting light.
D

reflecting solar radiation.

Question 4

Which of the following are examples of negative feedback?
(Select all that apply)

I When global temperatures decrease, the ice coverage of
the Earth increases, causing temperatures to decrease.

Il When global temperatures decrease, CO, levels decrease,
which causes global temperatures to decrease further.

Il When global temperatures increase, CO, levels increase,
which causes global temperatures to increase further.

IV When the temperature of the Earth decreases, less black
body radiation is emitted, so the Earth cools less.

Question 5

Consider scenario A, where a ball is on the top of a hill.
And scenario B, where a ball is at the bottom of a half-pipe.

We now give the ball a small initial speed to the rightin
each scenario.

In which scenario would we immediately observe positive
feedback in the ball’s speed?

Question 6

Which of the following affects the rate the temperature of the
Earth changes?

A Theimbalance between the amount of greenhouse
gases entering and leaving the atmosphere.

B Theamount of greenhouse gases in the atmosphere.

Question 7

Which of the following graphs (derived from the same data)
might be considered misleading?

A B
r's 'y
80“‘\_/_\_/ 80 +
604 754
a4 704
204 654
0 20 30 40 30 32 34 36

Question 8

Which of the following graphs (derived from the same data)
might be considered misleading?

A B
A 'y
1000 4 100 4
1004 75 4
10-/\/\/\/\/\ 50 -
1+ 25 -
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Question 9

Which of the following statements is false?
A  Ahigh uncertainty indicates a poor scientific method.
B  Uncertainty can be shown in ways other than error bars.

C Itisimportant for scientists to be transparent
about uncertainty.

Question 10

Which of the following would be a more difficult prediction?
A  The weather on a day a year from now.

B Theclimate on a day a year from now.

DECONSTRUCTED EXAM-STYLE QUESTION

Question 11 (3 MARKS)

Historically, an increase in CO, levels is correlated with an
increase in temperature. While looking through historical data,
Bec notices that often CO, levels do not start to increase before
temperature does. She says this means that CO, levels are not
responsible for changes in temperature.

Temperature and CO, from Antarctic ice cores

over the past 350 000 years
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Prompts

a Inthe greenhouse effect, a higher CO, concentration
results in

A higher temperatures.
B lower temperatures.
C no effect.
b  Given your answer for part a, if an increase in temperature
causes CO, levels to increase, this change would have
A positive feedback.
B negative feedback.
C no feedback.

¢ Which one of the following statements is true?

A ltis clear from the graph that temperature changes
always occur before changes in CO, levels.

B Itis clear from the graph that changes in CO, levels
always occur before changes in temperature.

C Thereis astrong correlation between CO, levels
and temperature, but generally it is not clear which
change in quantity occurs before the other.
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Question

d  With reference to the provided graph and the
concept of feedback, explain why Bec’s claim
is unjustified. (3 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 12 (1 MARK)

The Earth’s average snowfall increases one year, increasing
its albedo. This will not result in

A adecreasein global temperatures.
B negative feedback.
C snowfall becoming more likely.

D changes to the weather.

Question 13 (1 MARK)

Which of the following is least likely to be helpful for
understanding the climate?

A Data with unreliability

B Data with uncertainty

C Data that has had contaminated data removed
D

A graph with a confidence interval

Question 14 (1 MARK)

Which of the following is the biggest driver of present
climate change?

A Increasing greenhouse gas levels
B Anincreasing albedo
C Increasing incident solar radiation

D Decreasing radiation from the Earth’s surface

Question 15 (1 MARK)

Which of the following would not contribute to the enhanced
greenhouse effect?

A Acoal-fired power plant emitting CO,
B  Cars burning petrol

Avolcano spewing greenhouse gases into
the atmosphere

D Anarsonist setting a tree on fire
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Question 16 (1 MARK)

Question 18 (2 MARKS)

The total increase in retained energy due to the enhanced
greenhouse effect is insignificant compared to the total
amount of energy flowing in and out of the Earth. Why, then,
does the enhanced greenhouse effect cause an abnormal
increase in global temperatures?

A Anincrease in temperature is dependent on the
amount of energy retained, not the total amount of
incoming energy.

B  Only humans can cause an increase in
global temperatures.

C Bothof the above

Scientists still cannot explain this.

Question 17 (1 MARK)

The following diagram displays historical and predicted
global average surface temperature change, under
two scenarios.

Global average surface temperature change
(relative to 1986-2005)
" " 1 i "

High emissions
scenario

0= n

o =
Low emissions |
scenario }

2000 2050 2100

Assuming a high emissions scenario, which of the following
has the highest likelihood of being true?

A The global average surface temperature will be a little
over 4.0 degrees warmer in the year 2100.

B The global average surface temperature will be
somewhere between 3.0-5.5 degrees warmer in the
year 2100.

C The global average surface temperature will be
somewhere between 0.25-1.8 degrees warmer in the
year 2100.

D The temperature of a day a year from now will be
somewhere between 2.0-6.0 degrees warmer than the
temperature today.

Explain why carbon dioxide’s contribution to the enhanced
greenhouse effect becomes more significant compared to
methane over longer time scales.

Previous lessons

Question 19 (1 MARK)

State the Zeroth Law of Thermodynamics.

Question 20 (3 MARKS)

El Nifio events are periods in which the average temperature
of areas of the Pacific Ocean can rise 3-5 degrees as seen in
the provided figure. This warming extends to the western
coast of South America, making the ocean warmer than

the land for longer periods of time — what effect would you
expect this to have on the onshore/offshore winds on South
America’s western coast? Justify your answer.

Difference from average temperature (°C)

B —
-5 0 5
Key science skills

Question 21 (2 MARKS)

Explain how climate scientists ensure reliability when
collecting and interpreting data.



3F THERMODYNAMICPRINCIPLES IN
HOUSING AND TRANSPORTATION

How can the design of a house have an impact on the environment and on power bills?
VCE Physics students are required to apply thermodynamic principles to investigate one or
more issues related to the environment with reference to the enhanced greenhouse effect.
This lesson provides an introduction to just some of the concepts that students might
investigate. Students should use the list of online resources that appear in the ‘Keen To
Investigate?’ box at the end of the lesson, along with any other resources available,

to investigate an issue in greater depth.

3A The 3B Thermal radiation | 3C Earth's energy 3D The greenhouse 3E Modelling effects 3F Thermodynamic
electromagnetic flow effect on the climate principles in housing
spectrum and transportation

Study design dot point

* apply thermodynamic principles to investigate at least one issue related to the environmental impacts of human activity
with reference to the enhanced greenhouse effect:
- proportion of national energy use due to heating and cooling of homes

- comparison of the operation and efficiencies of domestic heating and cooling systems: heat pumps; resistive heaters;
reverse-cycle air conditioners; evaporative coolers; solar hot water systems; and/or electrical resistive hot water systems

- possibility of homes being built that do not require any active heating or cooling at all

- use of thermal imaging and infrared thermography in locating heating losses in buildings and/or system malfunctions;
cost savings implications

- determination of the energy ratings of home appliances and fittings: insulation; double glazing; window size; light bulbs;
and/or electrical gadgets, appliances or machines

- cooking alternatives: appliance options (microwave, convection, induction); fuel options (gas, electricity, solar, fossil fuel)

- automobile efficiencies: fuel options (diesel petrol, LPG and electric); air delivery options (naturally aspirated,
supercharged and turbocharged); and fuel delivery options (common rail, direct injection and fuel injection)

Key knowledge units

Why heating and cooling designs matter 1.1.19.1
Passive designs 1.1.19.2
Active heating and cooling systems 1.1.19.3
Automobile efficiencies 1.1.19.4
Example questions for investigation 1.1.19.5

No previous or new formulas for this lesson

Definitions for this lesson

fossil fuel amaterial that started as living organisms and has transformed into an energy-dense
fuel as a result of geological processes over millions of years. Examples include coal, oil, and gas

non-renewable energy source an energy source that is not replaced or that is replaced at a slower
rate than it is being used

particulates small, distinct solids such as dust or soot that are suspended in a liquid or gas

renewable energy source an energy source that is constantly replaced at a greater rate than it is
being used

volatile the property of changing between the liquid state and the gaseous state easily
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Why heating and cooling designs matter 1.1.19.1
OVERVIEW

Heating and cooling accounts for the majority of energy used by Australian households.
This means it is particularly important to design heating and cooling systems that are
efficient and to reduce the reliance of these systems on non-renewable energy sources.

THEORY DETAILS

Around 90% of the energy produced for use in Australian households comes from the
non-renewable fossil fuels coal and gas. Non-renewable fuels will eventually run outif
we continue to use them. Of the total energy used by an average Australian household:

40% of the energy is used to heat and cool the house.

21% of the energy is used to heat water.
Over 10% of the energy is used for cooking and refrigeration.

This means that over 70% of the energy used in Australian households is used for heating and
cooling people, places, and things. The remaining 25-30% is used to run other appliances.

We should care about this large amount of energy use and, in particular, the amount of that
energy that is generated from non-renewable fossil fuels for three reasons.

Costs: On average, energy bills cost between $500 and $1500 per person each year
(depending on the number of people living in the household).

Energy sustainability: We will eventually run out of the fossil fuels that currently provide
most of this energy.

Environment: The burning of fossil fuels, which produces much of the energy we use,
releases greenhouse gases which lead to the enhanced greenhouse effect (discussed in
Lesson 3E).

In general, there are two ways that we can reduce the amount of energy that we consume from
non-renewable fossil fuels (without having to sacrifice the comforts of modern living) and,
hence, address the issues of cost, sustainability, and the environment.

Firstly, we can increase the amount of energy that is produced from renewable sources,
such as solar and wind, and decrease the amount that is produced from fossil fuels as
shown in Figure 1. This can reduce costs because renewable energy continues to become
cheaper as technology improves while non-renewable energy becomes more expensive as
its negative impacts are factored into its cost. Note that nuclear energy may be considered
a renewable energy source although the material used in nuclear power plants is not.
Nuclear energy is an important consideration for discussions about energy sources but it
is not within the scope of VCE Physics.

Secondly, we can reduce the amount of energy that is used both for its intended purpose
and for unintended purposes (i.e. energy that is wasted) as shown in Figure 1. That is, we can
try to design houses, systems, and appliances that are more energy-efficient.

Energy production Energy consumption
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Figure 1 Anenergy flow diagram showinghow we can change energy production and consumption to address cost,
sustainability, and environmental effects

The rest of this lesson will focus on the ways that we can reduce energy consumption in
household heating and cooling and in transportation.
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Passive designs 1.1.19.2
OVERVIEW

Passive designs take advantage of the natural climate to regulate the temperature without
the need for fuel or active electrical systems and appliances.

THEORY DETAILS

A good passive design can minimise a household’s heating and cooling energy consumption.
Passive designs aim to either encourage or prevent the movement of thermal energy from
natural sources, such as sunlight and cool breezes, to keep a house cool in summer and warm
in winter. In this section, we will discuss six considerations for good passive design.

Orientation, shading, and passive solar heating

Direct sunlight can provide about the same amount of heat to each square metre as a bar
radiator. Clever passive designs allow as much sunlight into the house as possible during
winter and minimise exposure to sunlight in summer.

Orientation describes the direction of important features in a building, such as its windows,
relative to the seasonal variations in the position of the Sun. Since Australia is in the southern
hemisphere, the Sun traces an arc across the northern part of our sky between when it rises
in the east and sets in the west.

e Insummer, the Sun traces an arc that is higher in the sky (at a greater angle above
the horizon).

¢ Inwinter, the Sun traces an arc that is lower in the sky so its position is closer to the

Figure2 TheSun’sarcs acrossthe
sky in Australia during summer
northern horizon than in summer. See Figure 2. and winter

Designing a house so that its width has large windows facing north, as shown in Figure 3,
maximises passive solar heating during winter. An overhanging part of the roof called an eave
can effectively shade the window from direct sunlight during summer when the Sun is higher
in the sky.

Summer

t N
Summer _$-
Summer

Figure3 Anorth-facingwindow allows a lot of sunlight into the house during winter but not
as muchdirect sunlightin summer if an eave is used.
Deciduous trees — which drop their leaves during autumn and grow new E : \E ¥

leaves during spring - that are planted on the north side of a house also ‘ B

help to create shade during summer and allow sunlight to reach the ; A
house during winter. An awning (extended part of a building to create

shade over a window) can do a similar job to an eave. Constructing the

awning from louvres (a set of slats) that are set at an angle parallel to ! S |
the sunlight in winter, can very effectively allow sunlight in winter while

reflecting it in summer. These methods are shown in Figure 4.

Living area Living area

An alternative to an eave or awning is to keep window blinds closed
during summer to minimise the incoming radiation.

Passive cooling

The movement of air is particularly important for cooling houses Living area Living area
because it can carry warm air out and replace it with cooler air. It also

encourages evaporative cooling (which was covered in Lesson 2C).

Image: radoma/Shutterstock.com
One simple way of encouraging air movement through a house is to use Figure4 Deciduous trees and awnings made from louvres are
well-placed openable windows to allow air to flow through the housein  particularly effective at creating shade in summer and allowing

the direction of prevailing wind patterns in that location. the sunlight to enterin winter.
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The Sun’s energy can also be used to move air in the form of convection currents when there
are openings at different heights and sides of the house with a path for the air to flow between
the openings. This is particularly effective for houses with multiple storeys. This design relies on
the principle that warm air rises. This warm air can escape from a higher opening, which draws
cool air from a lower opening through the house, as shown in Figure 5.

Figure 6 shows a solar chimney, which takes advantage of the same principle. It absorbs
radiation from the Sun and heats up the air inside the chimney, which then rises. This creates
air movement through the house as it draws air from the house into the bottom of the chimney.
A rotating turbine may be used to assist the natural convection. It can also be used to push
the warm air back down the chimney and into the house in winter.

High temperatures

. Rotating turbine
increase updraft \ J

Insulation

Damper

Replacement air
drawn from cool

Ne of house
n

Metal absorber with
black selective coating

Figure 6 Asolarchimney

When there is water near a house, evaporative cooling can be encouraged by designing the
houseso that theincoming air (due to natural breezes or convective air movement) passes over
the water. This can reduce the temperature of the air entering the house by several degrees.

Sealing

Gapsin a house allow air to leak. This can reduce the effectiveness of heaters and air
conditioners by allowing unwanted heat loss in winter and unwanted heat gain in summer.
Some of the most common gaps through which leakage occurs in houses are shown in Figure 7.
Air leakage can be responsible for up to 25% of heat loss in winter so sealing these gaps is one
of the simplest and most effective ways to reduce a household’s energy consumption.

Vented
skylight
k Gaps between
7 walls or ceilings
Nvents Exhaust f 4 and cornices
aust fans
Vented N NY S
downlights _
v_oox A
Gaps between Gaps le.egl air 1
and around around conditioners
windows doors and heaters .

PR / ™ Construction

P joints between

wall materials

%é\b Gaps up chimney — "\
| I P2l 1 el 1 V2 1 2 1 V2 | ll/n‘ | 1 P II/II¢
“Gaps where pipes
\1 LU LU LU \ LU [ LJ penetrate walls
Gaps between walls or floors Gaps between floorboards

and skirting boards

Figure 7 Common air leakage points
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Figure5 Natural convection
creating air movementto cool
ahouse
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Insulation

Insulation is material that is installed in roofs, between walls, and in floors to reduce heat
loss in winter and heat gain in summer. It reduces conduction due to the material’s insulating
properties as the name suggests. It can also reduce convection by preventing air flow around
the walls and the roof. Insulation also commonly uses a reflective foil to reduce absorption
and emission of radiation.

Glazing

While windows are an important feature of a house to allow natural light, ventilation, and
aview, they also account for up to 40% of a house’s heating energy being lost during winter

and up to 87% of its heat gained during summer. Image: SpeedKingz/Shutterstock.com
The section titled ‘Orientation, shading, and passive solar heating’ discussed ways that ;if;'lzig n‘;rf’:ir‘ggf' ?ﬁfﬂ;’i i
heat transfer via radiation (sunlight) can be managed to help heat a home in winter but not poor conductor and it has a reflective

in summer. Additionally, there are many types of glass that reflect, transmit, absorb, and emit  surfaceto reduce radiation.
radiation to various extents so that a house can be designed with the optimal type of window
for its environment.

However, these methods do not help prevent heat loss and gain via conduction. Double and
triple glazed windows, shown in Figure 9, reduce conduction. They consist of two (or three)
panes of glass with air or some other inert gas trapped between them. The thermal insulating
properties of the air or gas helps to reduce conduction through the windows by around 50%.
Closed blinds can be used for a similar purpose as the second pane of glass - to provide a
physical barrier between the air in the house and the glass - but they are less effective than
double glazed windows. In addition, selecting an insulating material for the window frames
can have a significant effect.

The need for better-designed windows, insulation, or sealing can be identified using Image: Bacho/Shutterstock.com
infrared thermography, which will show places where heat is leaking in or out of a house, Figure9 Sections of tripleand
as shown in Figure 10. double glazed windows

Building thermography

11 Day Night Day

Image: VectorMine/Shutterstock.com

Figure 10 Infrared thermography depicting the windows as red, which means they are
allowing heat to escape rapidly.

Thermal mass

Thermal mass describes the property of absorbing, storing, and
re-releasing thermal energy. It is a direct application of the heat
capacity of a material (covered in Lesson 2C). In the context of building
construction, large concrete slabs and bricks are examples of materials
that are considered to have a high thermal mass. A thermal mass
absorbs heat during the day and releases that heat during the night

to moderate the temperature fluctuations in the house. The graph in

Air temperature

Figure 11 shows the relative fluctuations in household temperature for Hmeistday

various thermal masses as the outside temperature changes between — Outdoor temperature

daytime and nighttime. ===~ Light timber-framed building (low thermal mass)
i . -=== Heavy building with external insulation

Thermal mass can help keep a house warmer at night in winter and (medium thermal mass)

cooler during the day in summer (see Figure 12). However, thermal mass  ---- Heavy building set into and partially covered

should be combined with other passive design features to avoid making with earth (high thermal mass)

the house too cold during winter or too hot during the nightin summer.  figyre 11 Temperature fluctuations between day and night for
houses with different thermal masses
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Figure12 (a) Effective use of thermal mass in winter can store heat during the day to be able towarm the house
during the night. (b) In summer, it can remove heat from the house during the day and then expel the heat outside
duringthe night.

Active heating and cooling systems 1.1.19.3
OVERVIEW

Active heating and cooling systems are commonly used to complement passive designs or
to do the majority of the job of keeping a house comfortable that has not incorporated good

passive designs. However, these systems are often expensive and contribute to the enhanced

greenhouse effect.

THEORY DETAILS

High efficiency heating and cooling systems, along with behavioural change and perhaps
small building renovations, may be a cheaper and more viable way to reduce energy
costs than to rebuild or significantly renovate a home. They are also commonly used to
complement passive designs. Therefore, it is important to understand which systems are
efficient (and under what conditions) and which systems are inefficient.

Most active systems rely either on gas as a fuel source or electricity. In Victoria, most of the
electricity we use is generated from the burning of coal. Table 1 compares the amount of
carbon dioxide produced per unit of energy obtained when these fuel sources, and others
which will be discussed in relation to transportation, are burned.

Table 1 Comparison of the amount of carbon dioxide released per unit of energy for different fuel sources

Fuel Mass of CO, released per gigajoule produced
Coal Around 90 kg (depending on coal type)
Diesel fuel and heating oil T0kg
Petrol 65 kg
Propane 60 kg
Natural gas 50 kg
Heat pumps

Heat pumps move (or ‘pump’) thermal energy via a volatile substance known as a refrigerant
from colder regions to warmer regions. This means that the hot region gets hotter and the
cold region gets colder. It is also known as a reverse cycle air conditioner.

How does a heat pump work?

) [ Region 2

Compression | =——»  Condensation

Heat out

.~ Expansion \

e we - e . - -

Figure 13 The operation of a heat pump. Thermal energy is moved from Region 1 to Region 2. Refrigerant flows
around the circuitin the direction shown by the green arrows.
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Figure 13 represents the basic operation of a heat pump, which is as follows:

e Agaseous refrigerant flows from Region 1 to a compressor. The compressor does work on
the refrigerant by squeezing it, which raises its temperature above that of Region 2.

e The refrigerant flows to a coil in Region 2 where heat transfers by conduction from the
refrigerant to the surrounding air. This heats up Region 2 and the refrigerant cools down
enough to condense into a liquid.

e The liquid refrigerant flows out of Region 2 to an expansion valve, which reduces the
pressure of the refrigerant so that it turns into a gas. Work is done by the refrigerant as it
expands so it cools down to a temperature below that of Region 1.

e The gaseous refrigerant flows to a coil in Region 1 where heat transfers by conduction
from the surrounding air to the refrigerant. This cools down Region 1 and the refrigerant
heats up.

e The gaseous refrigerant then returns to the compressor to repeat the cycle.

A reverse cycle air conditioner can reverse the direction of the flow of the refrigerant so that
Region 1 and Region 2 in Figure 13 effectively swap places so that it can change between
heating a house and cooling a house.

Heat pumps or reverse cycle air conditioners are a relatively efficient means of maintaining a
comfortable temperature inside a house because it uses energy only to move existing thermal
energy around, rather than to convert other energy forms into thermal energy.

Resistive heaters

Resistive heating is the process of passing an electric current through an element (a wire or
some other electrical conductor) so that the electrical energy transforms into thermal energy
and the element becomes very hot. This is the same principle that toasters use. Three examples
of resistive heaters are radiant heaters, electric fan heaters, and oil column heaters.

e Radiant heaters are resistive heaters that rely on radiation to transfer thermal
energy directly. There is usually reflective material behind the element to help
direct the radiation forwards.

e Electric fan heaters use the same principle to heat the element, but then they
use a fan to blow air past the hot element. Heat transfers from the element to
the air by conduction and the warm air is then forced around the room.

e Qil column heaters also use electricity to heat an element. However, in this case
heat transfers from the element to the oil inside the columns which then flow
due to natural convection. This is similar to the way that water is heated up in a
kettle. The hot columns of oil then warm the surrounding air by conduction and
emit some radiation into the room.

Image: Maxx-Studio/Shutterstock.com

Figure 14 Aradiantheater

Resistive heaters are often cheap to buy and they can be useful for heating small spaces

but they generally use a lot of energy which makes them expensive to run. Most of the
electricity that supplies these devices in Victoria is derived from coal which produces a lot of
greenhouse gases per joule.

Gas is a cleaner-burning fuel than coal and gas heaters transform the chemical energy of the
gas directly into thermal energy (without converting to or from electrical energy, which can
be inefficient). For these reasons, gas heaters generally have a much lower impact on

the environment.

Evaporative coolers

Lesson 2C covered the way that evaporation draws heat from the surroundings and, therefore,
cools them down. Evaporative coolers rely on this principle. They pump water from a reservoir
to a cooling pad, and then use a fan to blow hot air through the pad. The water in the pad takes
heat from the air as it evaporates, so the outgoing air is cooler. Evaporative air conditioning is an
energy-efficient method of cooling a house because it needs only to pump water and blow air.
However, evaporative cooling does not work effectively in humid conditions, which can be

a significant issue on hot days in many parts of Australia.
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Solar hot water systems

The Sun provides a tremendous amount of energy - around 18 MJ per square
metre per day. Given that about one-fifth of the energy used by a household is used
to heat water, a simple and efficient way of harnessing the Sun’s energy is to allow
water to absorb solar radiation to heat up. This avoids the inefficiencies associated
with converting energy to and from electrical energy.

Solar hot water systems consist of a series of tubes or pipes that are good at
absorbing solar radiation through which the water circulates. The tubes are usually
installed on the roof of a house where they receive the most sunlight. The most
efficient way of running a solar hot water system is to use the process of natural
convection to circulate the water between a storage tank and the tubes.

However, depending on the amount of hot water needed and the rate that the water
heats up, an electric pump might be used to circulate the water. Even when an
electric pump is used, solar systems are very efficient ways of providing hot water. ~ Figure15 Asolar glass tube hot water panel

Image: Hill120/Shutterstock.com

Electrical resistive hot water systems

Electrical resistive hot water systems operate in a very similar way to a kettle. Electricity is
used to heat an element at the bottom of an insulated tank of water. The element heats the
surrounding water by conduction. The thermal energy is then distributed throughout the
tank through natural convection. Due to water’s high specific heat capacity, this uses a lot
of electricity. As a result, this type of hot water system is expensive and it indirectly creates a
lot of greenhouse emissions per joule due to the coal that is burnt to produce the electricity.

If solar hot water is not an option, then a gas-heated water system is better for the same
reasons that gas heaters are better than resistive heaters.

Automobile efficiencies 1.1.19.4
OVERVIEW

Transportation accounts for about one quarter of Australia’s total energy consumption.
Most countries in the world use a similarly large amount of energy for transportation.
Therefore, transitioning to vehicles that are more efficient and less reliant on fossil fuels is
an important step in reducing the enhancement of the greenhouse effect.

THEORY DETAILS

At the beginning of the 20th century, cars were powered mostly by steam and electricity
(they each made up about 40% of cars) and only 20% of cars used petrol. The main reason
that petrol cars dominated the vehicle market by the 215t century is that Henry Ford,

who happened to produce petrol-driven cars, developed the assembly line which drastically
reduced the time and cost to build cars so people could afford to buy them. However, due to
concerns about energy sustainability and the environment, we are now seeing a revival of
other types of fuel.

Petrol

Petrol is derived from crude oil, which is a non-renewable fossil fuel. Petrol is a very
energy-dense fuel, which makes it convenient since a vehicle can travel a long way with

a relatively small amount of fuel. However, there are multiple downsides to petrol.

Firstly, its price changes depending on oil supply which is affected by many factors out of

our control (like conflicts and political changes on the other side of the world) which means it
can be very expensive. In addition, as a non-renewable fuel it will run out and as a fossil-fuel
it has a negative impact on our environment.

Diesel

Like petrol, diesel is derived from crude oil. Diesel is becoming an increasingly popular
choice over petrol for fuelling cars because it is generally cheaper per kilometre. The reason
for this is that diesel engines typically use around 20% less fuel, measured by volume,

than petrol-powered vehicles per kilometre travelled. So, depending on the relative

prices of unleaded petrol and diesel, a diesel car is typically cheaper to run.

However, Table 1 shows that diesel also releases more carbon dioxide per unit of

energy released. Additionally, diesel produces nitrous oxide and other particulates that are
harmful to human health. Therefore, diesel is not necessarily a better choice when energy
sustainability and the environment are considered.
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LPG

Liquefied petroleum gas (LPG) is a mixture of propane and butane that is under very high
pressure so that it is stored in liquid form. It is derived from natural gas or crude oil which are
non-renewable fossil fuels. The main benefits of LPG are that it produces fewer particulates
than diesel, it burns more cleanly (see propane in Table 1) than diesel or petrol, and it is
usually much cheaper per litre than diesel or petrol.

However it is also less energy-dense than petrol or diesel, which means LPG-powered cars
need to refuel more often, and it can cause a build-up of deposits within the vehicle’s fuel
system which can render it less efficient.

Table 2 A comparison of the cost, carbon dioxide emissions, and particulate emissions of different car fuels on

per-litre and per-kilometre bases. Comparisons are indicative only since they also depend on the efficiency of a
car’s engine and the costs of fuel at a particular time.

Petrol Diesel LPG
Distance per volume (km/litre) Furthest Least
Cost per volume ($/litre) Most expensive Cheapest
Cost per distance ($/km) Most expensive Cheapest
€O, per volume (kg/litre) Most Least
CO, per distance (kg/km) Most Least
Particulates per volume or distance Most Least

Electric cars

An electric car uses electrical energy stored in a battery to power an electric motor.

Therefore, it does not produce any greenhouse gases or other pollution at the point of use
(from the car). However, it is very important to consider where the electrical energy comes
from that charges the battery. In Victoria, most electricity is derived from burning coal,

which releases more carbon dioxide per unit of energy than petrol, diesel, or LPG (see Table 1).
However, electric cars still have many environmental and cost benefits:

e The amount of electricity that is produced from solar and wind power is steadily increasing.
This means an electric car can become significantly more environmentally friendly as
other renewable technologies improve (whereas a petrol car is limited to relatively
small improvements).

* While petrol produces less carbon dioxide per unit of energy, combustion engines in
cars are relatively inefficient. In general, more of the petrol’s energy ends up wasted as
heat than the coal’s energy which is converted into electricity in a power plant and then
converted into kinetic energy (motion) of the car. So, overall, electric cars in Victoria still
create less greenhouse gas emissions per kilometre than petrol, diesel, or LPG cars.

¢ Electricity, even from coal but especially from renewable sources like household
solar panels, is cheaper per unit of energy than from petrol.

e Electric cars have less moving parts so they do not need to be serviced very often and
parts rarely need replacing.

Historically, the main drawbacks of electric cars are that they are more expensive to buy,
they cannot travel as far before needing to recharge, and they cannot travel very fast.
However, with more interest and investment in electric cars and better technology,
these issues are being addressed. Modern electric cars are rapidly becoming
competitive with - or superior to - their petrol counterparts.

Example questions for investigation 1.1.19.5

This lesson has introduced some important principles relating to heating and cooling
households and the environmental impact of different automobile fuels. However, there is
much more detail to explore and other applications of thermodynamic principles (such as
cooking) for you to carry out an in-depth investigation. You should start with a relevant and
interesting question that you can realistically try to answer. Examples of such questions include:

* How does the size of a house relate to its heating and cooling requirements? Are passive
designs affected by the size of the house?

¢ How much energy does a typical roof receive from the Sun? How is it affected by seasonal
changes or weather conditions? How is it affected by dirt?
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How much energy do various appliances around the house use? Are the energy
ratings reliable?

How do different fuel sources for cooking (such as an electric stove, an induction stove,
and a gas stove) compare in terms of cost and efficiency? How do different methods of
cooking (such as a conventional oven and a microwave oven) compare?

How much energy is gained or lost due to poor insulation? How do the resulting heating
and cooling costs compare with the cost of installing effective insulation?

How do different construction materials (such as brick, timber, and concrete) compare in
terms of cost and energy efficiency?

How do different types of openable windows (such as sliding windows, louvres, and
casement windows) compare? How does the size of the window affect the heat transfer
through it? How much heat transfer occurs due to conduction compared with radiation?

How much carbon dioxide is released per kilometre for a modern electric car and a
modern petrol-driven car? How realistic is it that electric cars could eliminate their carbon
dioxide emissions? How do fuel and air delivery systems in cars affect their efficiency?

The links provided in the Keen To Investigate box at the end of the lesson may be a helpful
starting point for your investigation.

Theory summary

The world is facing a significant challenge to reduce its reliance on fossil fuels for the
sake of energy sustainability and to reduce the enhanced greenhouse effect. Energy is
also expensive.

Heating and cooling accounts for an enormous amount of Australia’s energy use so it is
worth focusing on ways to reduce this.

Passive designs use natural processes to maintain a comfortable temperature in
an environment. Important principles include:

- Using the different heights of the Sun in summer and winter to minimise the amount of
sunlight reaching the house in summer and maximise it in winter.

- Using the Sun’s energy for natural convection.

- Using evaporative cooling.

- Preventing unwanted heat transfer (both into and out of the house) using insulation,
sealing gaps, and double-glazed windows for example.

Active heating and cooling systems that move thermal energy (such as heat pumps or
active solar hot water systems) rather than produce thermal energy are more efficient.
Gas is a more efficient fuel source for active heating than electric-powered heating systems.

Fuel sources for cars are diversifying with various pros and cons for both cost and
the environment. Electric cars have the greatest potential since they depend on the
source of the electricity.

KEEN TO INVESTIGATE?

ABC ‘Problem diesel filters “widespread”’
abc.net.au/news/2019-11-08/diesel-filter-problems-in-australian-cars-widespread/11655040

Australian Government ‘Energy information and services’
energy.gov.au

Australian Government ‘Green Vehicle Guide’
greenvehicleguide.gov.au

Australian Government ‘Your Home’
yourhome.gov.au

CSIRO ‘Australian Housing Data’
ahd.csiro.au

EIA ‘How much carbon dioxide is produced when different fuels are burned?’
eia.gov/tools/faqs/faq.php?id=73&t=11

Lawrence Livermore National Laboratory ‘Estimated International Energy Flows 2007’
flowcharts.llnl.gov/content/international/2007Energylnternational.pdf
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Tesla
tesla.com/en_au

The Concord Consortium Energy 2D simulation
energy.concord.org/energy2d/

Victorian Government ‘Heating options for your home’
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sustainability.vic.gov.au/You-and-your-home/Save-energy/Heating/Choose-energy-

efficient-heating

Window Energy Rating Scheme
wers.net

CONCEPT DISCUSSION QUESTION

A refrigerator is an application of a heat pump. Discuss whether a refrigerator with its

door left open would cool down the roomi it is in.

Answers on page 505

THEORY REVIEW QUESTIONS

Question 1

Approximately what percentage of an average Australian
household’s energy use is used for heating and cooling
(including heating water, cooking, and refrigeration)?

A 10%
B 25%
C 40%
D 70%
Question 2

For the purpose of good passive design, which side of a

house in a cold climate in the northern hemisphere should

have large windows?

A North
B South
C East
D West
Question 3

Good passive designs for heating and cooling
A maximise heat gain.
minimise heat gain.
maximise heat loss.

minimise heat loss.

m O O W

All of the above depending on the season
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Question 4

Which of the following features of a house can both reduce
heat loss and reduce heat gain? (Select all that apply)

Insulation
Eaves

Double glazed windows

IV Sealing gaps
V  Solar chimneys
Question 5

Household insulation can reduce heat transfer due to

A conduction.

B convection.

C radiation.

D Allof the above
Question 6

What is the best description of the purpose of thermal mass
in passive design?

A To keep a house warm in winter

B To keep a house coolin summer

C Toreduce variation in household temperature between
day and night

Question 7

Why are heat pumps a relatively efficient way of heating or
cooling a space?

A

They do not rely on electricity or a fuel source to create
thermal energy.

They do not rely on electricity or a fuel source.
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Question 8

Georgia lives in tropical Queensland, which has a

high humidity, and Greg lives in Alice Springs, which
generally has a low humidity. For which person would an
evaporative air conditioner be more effective?

A Georgia
B Greg
Question 9

When comparing the polluting impact of different automobile
fuel sources, it is best to compare

A the amount of pollution per litre of fuel.
B the amount of pollution per dollar.

C the amount of pollution per kilometre.

Question 10

EXAM-STYLE QUESTIONS
This lesson

Question 12 (2 MARKS)

Insulation is very important to keep a house warm in cold
environments. Does that mean that insulation should not be
used in hot environments? Explain your answer.

Question 13 (1 MARK)

Identify the main type of heat transfer that double
glazing reduces.

Question 14 (2 MARKS)

Provide two reasons why gas is preferred to electricity for
active heating systems in Victoria.

Question 15 (3 MARKS)

When comparing the cost of different automobile fuel sources,
it is best to compare

A the cost per litre of fuel.
B the cost per unit of carbon dioxide released.

C thecost per kilometre.

DECONSTRUCTED EXAM-STYLE QUESTION

Question 11 (3 MARKS)

Michelle is designing a new home. She plans to use shade as
a way of reducing heat gain. She would also like to use the
sunlight to cool the home.

Prompts

a What happens to air that is warmer than the
surrounding air?

A Itsinks below the surrounding air.
B Itrises above the surrounding air.

C Itimmediately reaches thermal equilibrium by
sharing its thermal energy with the surrounding air.

D Unlessthere is some other force, nothing happens.

b  How can this effect be used to cool a house?
A Thestill air feels cooler than moving air.

B The house cools down as the warm air transfers
heat to the surrounding air.

C Airmovement has a cooling effect and the moving
warm air can draw in cooler air from outside to
replace it.

D Theair cools down due to its movement.

Question

¢ How can the Sun’s energy be used (not just blocked) to
cool a house? (3 MARKS)

Todd notices that electric cars do not have an exhaust pipe
and concludes that driving an electric car must not create
any greenhouse emissions. Explain why this statement is not
necessarily true and describe the reasons that electric cars
are still a helpful way of reducing greenhouse emissions
(now and in the future).

Previous lessons

Question 16 (1 MARK)

In which region of the electromagnetic spectrum do objects
at room temperature radiate most energy?

Question 17 (2 MARKS)

Why do greenhouse gases prevent a greater proportion
of energy from leaving the Earth’s atmosphere than the
proportion of energy that they prevent from entering the
Earth’s atmosphere?

Key science skills

Question 18 (3 MARKS)

A student is investigating the rate of heat loss through
various types of windows during winter using a thermal
imaging camera. He measures the heat loss through windows
at ten different houses between mid afternoon and evening.
Comment on the validity of this investigation.

Justify your response.
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CHAPTER 3 REVIEW

These questions are typical of 40 minutes worth of questions on the VCE Physics Exam.

TOTAL MARKS: 30

SECTION A

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

Air movements are often a result of convection cells.
Identify the convection cell shown in the diagram.

Return flow
Offshore wind f
B Onsh ind
nshore win o : -
C Hadleycell .
D Trade wind -— /]
B
Question 2

Which of the following is not a greenhouse gas?
A Carbondioxide

B Methane

C Watervapour

D LPG (liquefied petroleum gas)

Question 3

Adeciduous tree is outside a north-facing window of a family home in Australia. If it were removed, what type of heat
transfer would increase the home’s temperature in summer?

A Conduction
B Convection
C Radiation

D Convection currents

Question 4

The enhanced greenhouse effect is different to the greenhouse effect as it is

A reducing the amount of carbon dioxide in the atmosphere causing the atmosphere to warm.
B driven by humans.

C increasing the amount of carbon dioxide in the atmosphere causing the atmosphere to cool.
D

aresult of natural changes to the planet’s atmosphere.

Question 5

If a distant star has a peak wavelength of 230 nm, what is its temperature? Take Wien’s constant b to be 2.898 x 103 m K.
A 12600K B 10000K C 5700K D 126K

v
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SECTION B

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (2 MARKS)

Identify two properties common to all electromagnetic waves.

Question 7 (3 MARKS)

Describe the process of convection in the Earth’s solid mantle, being sure to explain how the conditions in the mantle
allow this to occur.

Question 8 (8 MARKS)

A light for a photography studio and a flashlight both send current through a high-resistance filament so that it reaches
a high enough temperature to emit light. The radiation emitted by the studio light is a pure white colour, but the
flashlight has a yellowish tinge.

a  Which lightis at a higher temperature? Justify your answer. (3 MARKS)

Before the flashlight is turned on it has a temperature of 20.0°C, but the label states that the operating temperature of
the filament is 3500 K with an operating power output of 30 W.

b  Calculate the power output of the flashlight before it is turned on. (3 MARKS)

¢ Calculate the peak wavelength of the light after it has reached operating temperature. Take Wien’s constant, b, to be
2.898 x 103 mK and give your answer in nanometres. (2 MARKS)

Question 9 (4 MARKS)

Explain how greenhouse gases in the atmosphere contribute to the greenhouse effect. Use a diagram to help explain
your answer.

Question 10 (5 MARKS)

The provided table shows the CO, released per kilometre and the annual fuel cost of three comparable vehicles.
Currently, the electric vehicle is being powered by electricity mainly produced through the burning of fossil fuels.

Vehicle CO, released due to electricity/fuel (g/km) | Annual fuel cost (SAUD)
Electric vehicle | 169 789

Petrol vehicle 173 1625

Diesel vehicle 148 1061

If choosing a vehicle just by its current amount of CO, released, which vehicle is the best choice? (1mARk)
If choosing a vehicle just by its annual fuel cost, which vehicle is the best choice? (1 MARK)

¢ Explain why electric vehicles have a CO, release associated with their operation, and hence which vehicle would be the
best choice, based on the amount of CO, released, if electric vehicles were powered by renewable electricity. (3 MARKS)

Question 11 (3 MARKS)

Explain positive feedback with reference to a real-world example.
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These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1
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The average temperature of the Moon increased for several years after the Apollo landings. It is suspected that
astronauts disturbed the lunar soil - resulting in darker lunar soil covering the Moon’s surface. This could have caused
an increase in temperature by

decreasing the Moon’s albedo.

increasing the Moon’s albedo.
C reducing the Moon’s greenhouse effect.

D enhancing the Moon’s greenhouse effect.

Question 2

Which one of the following is closest to the work done by a system that has an increase in internal energy of 10 kJ while
5 kJ of heat is transferred to it? Assume no work is done on the system.

A -15kJ B -5kJ C 5kJ D 15kJ

Question 3

Which one of the following regions of the electromagnetic spectrum is emitted by the Sun with the least intensity?
A Infrared B Visible C Xrays D Ultraviolet

Question 4

A thermometer is brought to the temperature of a cake, and then to the temperature of its cake tin. The thermometer
measures that the cake is slightly hotter than its tin.

Which one of the following best describes how thermal energy is flowing in this scenario? Ignore convection and radiation.

A Thermal energy is flowing from the cake to the tin, and will continue to do so until the cake is colder than the tin.

B Thermal energy is flowing from the cake to the tin, and will continue to do so until they reach thermal equilibrium.
C Thermal energy is flowing from the tin to the cake, and will continue to do so until the cake is colder than the tin.
D

Thermal energy is flowing from the tin to the cake, and will continue to do so until they reach thermal equilibrium.

Question 5

An ice cube in a freezer at a temperature of -6°C is losing thermal energy via conduction at a rate of 2 J s71. The rest of
the inside of the freezer is at a temperature of —18°C. Ignore convection and radiation. When the ice cube’s temperature
is —12°C, the rate it will be losing heat due to conduction is closest to

1JsL
B 2JslL
C 4Js1
D 12JsL
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In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (3 MARKS)

Achemist is trying to create a liquid that is good at transferring energy through conduction, convection, and radiation.
She can modify the liquid’s reflectivity, thermal insulation, and viscosity (how easily the liquid flows). Which heat
transfers will each of these three properties affect?

Question 7 (2 MARKS)

The provided diagram shows a hot electric heater (above room temperature) sitting in an otherwise empty, air-filled room.
On a copy of the provided diagram, sketch a convection cell that could be generated by the heater.

Room filled with air

Heater

Image: A-spring/Shutterstock.com

Question 8 (3 MARKS)

System A has more of its internal energy stored as potential energy than kinetic energy. System B has a higher
temperature than system A. The two systems are placed in thermal contact.

a  Willthe internal energy of system Bincrease or decrease? (1 MARK)

b  Willthe change in system A’s potential energy and kinetic energy be equal? Briefly justify your answer. (2 MARKS)

Question 9 (4 MARKS)

The uneven distribution of the Sun’s radiation drives large-scale convection cells in the Earth’s atmosphere.
However, not all light warms the atmosphere.

a  Which of the interactions with light (absorption, transmission, reflection) directly warms the atmosphere? (1 mark)

b  Because radiation warms the Earth, sometimes the atmosphere is warmed up through an interaction with the
Earth’s surface.

Detail this interaction and where on Earth (relative to the equator) this warming of the atmosphere is
most significant. (2 MARKS)

¢ Name another convective process that transfers thermal energy across the Earth’s surface. (1 MARK)
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Question 10 (5 MARKS)

Students are investigating the specific heat capacity of honey. They heat a 300 g sample of honey and a 300 g sample of
water, and plot the samples’ temperature against the calculated thermal energy absorbed by the samples.

Honey-300g

80 ¢ (40,76)
- (30, 62) Water-300g
o 60t / ater-300g
@ (20, 48) - /
2 = (40, 52)
g 401 (10,34) (30,44)
£ (20, 36)
@ //

20 . | = (10, 28)

5 10 15 20 25 30 35 40 45 50
Thermal energy absorbed (kJ)
Take the specific heat capacity of water to be ¢, =4200 J kg™ K.

a Calculate the specific heat capacity of the honey sample. Provide your answer in J kg™ K1 to two
significant figures. (3 MARKS)

b  Thestudents now heat a new sample of water. The sample requires the same amount of energy to increase its
temperature by one degree as the 300 g honey sample.

Calculate the mass of this sample of water. (2 MARKS)

Question 11 (3 MARKS)

Evaporative coolers are a popular way to keep homes cool during the summer.
a Isan evaporative cooler an example of active or passive cooling? (1 MARK)

b  Explain how the evaporation of water is able to cool down a thermodynamic system. (2 MARKS)

Question 12 (9 MARKS)

Colin is conducting an experiment to determine how the temperature of 150 g of an antifreeze fluid in a sealed flask
changes over time. He has heated the substance to its boiling point of 470.4 K. Take the antifreeze’s specific latent heat
of vaporisation to be 800 kJ kgL.

Seal

Antifreeze
(470.4K)

a  What does temperature measure? Explain the physical meaning of 'absolute zero'. (2 MARKS)
b  Determine the temperature of the antifreeze in degrees Celsius. (1 MARK)

¢ Calculate the minimum amount of energy the antifreeze would need to absorb to transition to a gaseous state. (1 MARK)
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Due to conduction, the contents of the flask lose 2.00 kJ of thermal energy as heat every second. In addition, the hot,
high-pressure air above the fluid does 400 J of work on the seal (a stopper) every second, slowly pushing it upwards.
Aiming to reduce this, Colin passes a thin tube attached to an air compressor through the seal to do 150 J of work on the
contents of the flask every second. The difference in temperature between the inside of the flask and its environment is
currently 180 K.

Air compressor tube

Wtubeon contents of flask = 150 Js1

= -1
W, ir on seal ™ 400Js

ai

Q,u¢ =2.00kJ st

(conduction)

d Calculate the persecond change in the contents of the flask’s internal energy when the temperature difference
between the inside of the flask and its environment is 45.0 K. Assume that the rate of work being done does
not change. (3MARKS)

e |Ifthe flask was not sealed, would you predict the rate at which thermal energy leaves the antifreeze to increase,
decrease, or stay the same? Justify your prediction. (2 MARKS)

Question 13 (3 MARKS)

Explain why surfaces on Earth that are good at reflecting white light have a high albedo.

Question 14 (13 MARKS)

The Australian summer of 2012-2013 was termed the “Angry Summer” due to the overwhelming number of temperature
records that it broke. A study by scientists at the University of Melbourne concluded with 90% confidence that human
activity had increased the likelihood of such an event by at least five times.

a What effect has the enhanced greenhouse effect had on the amount of thermal energy retained by the Earth?
Explain how human activity has resulted in the enhanced greenhouse effect. (3MARKS)

b  What effect does the construction of cities with an albedo lower than the environment they replaced have on the
amount of thermal energy retained by the Earth? (1 MARK)

¢ Does the confidence level quoted in the study relate to reliability, or uncertainty? (1 MARK)
The Angry Summer achieved a record 40.3°C for the hottest average temperature on a single day in Australia.

However, this record was broken on a day in 2019 when Australia experienced an average temperature of 41.9°C.
Assume that Australia’s temperature is the same as its average temperature.

d Calculate the difference in the radiative power of Australia between these two temperatures. Take the power
emitted when the temperature is 40.3°C to be 4.21 x 101> W. (3 MARKs)

e Calculate the peak wavelength of the radiation Australia emitted when its hottest average temperature was recorded.
Assume Australia is a black body. (2 MARKS)
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The first of the following graphs displays two measures of Australian temperatures, and the second displays two
measures related to global CO, emissions.
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After looking at the graphs, Josh concludes that they show that increases in the rate of annual CO, emissions
are causing temperatures in Australia to increase. Therefore, humans only need to stop increasing their rate of
CO, emissions to prevent Australia from warming further. Celia thinks that Josh cannot make this claim with the
evidence provided.

Explain why Josh’s claim is incorrect, and why the graphs do not justify his claim. (3 MARKS)
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How do electric
circuits work?

Modelling is a useful tool in developing concepts Qutcome 2
that explain physical phenomena that cannot

be directly observed. In this area of study On completion of this unit the student should be
students develop conceptual models to analyse able to investigate and apply a basic DC circuit
electrical phenomena and undertake practical model to simple battery-operated devices and
investigations of circuit components. household electrical systems, apply mathematical
Concepts of electrical safety are developed models to analyse circuits, and describe the safe

through the study of safety mechanisms and the and effective use of electricity by individuals and
effect of current on humans. Students apply and the community.

critically assess mathematical models during

experimental investigations of DC circuits.

Reproduced from VCAA VCE Physics Study Design 2016-2022
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UNIT 1AOS 2, CHAPTER 4

Electricity and circuits
L 3

4A Whatis electricity?

4B Resistance and Ohm's law
4C Series circuits
4D Parallel circuits

4E Combining series and parallel circuits

Key knowledge

apply concepts of charge (Q), electric current (/), potential difference (V), energy (E) and power (P),
in electric circuits

explore different analogies used to describe electric current and potential difference

investigate and analyse theoretically and practically electric circuits using the relationships:
1=2v- &P=i=v

justify the use of selected meters (ammeter, voltmeter, multimeter) in circuits

model resistance in series and parallel circuits using

— current versus potential difference (/-V) graphs

— resistance as the potential difference to current ratio, including R = constant for ohmic devices

— equivalent effective resistance in arrangements in

> series:R =R, +R,+..+R and

1_1_1 il
> parallel: 5-=5+5+...+5
P RT Rl R2 Rn
calculate and analyse the effective resistance of circuits comprising parallel and series resistance

and voltage dividers
compare power transfers in series and parallel circuits

Image: Nikola Obradovic/Shutterstock.com
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4A WHAT IS ELECTRICITY?

Electricity plays an important role in our day to day lives; it powers our lights, charges our
phones, and even powers some of our cars. But what is electricity? Given how much we
depend on electricity, it is important to explore this abstract physical phenomena even if we
do not often see or feel it.

This lesson will introduce the fundamental quantities in the study of electricity: charge (Q),
current (/), potential difference/voltage (V), electric energy (E), and electric power (P).
Understanding these quantities and the relationships between them is essential to
understanding electric circuits.

4A What is electricity? 4B Resistance and 4C Series circuits 4D Parallel circuits 4E Combining series and
Ohm's law parallel circuits

Study design key knowledge dot points

* apply concepts of charge (Q), electric current (/), potential difference (V), energy (E) and power (P), in electric circuits
* explore different analogies used to describe electric current and potential difference

® investigate and analyse theoretically and practically electric circuits using the relationships: / =% V= %, P= % =vi

® justify the use of selected meters (ammeter, voltmeter, multimeter) in circuits

Key knowledge units
Electric circuits 12:1.1
Electrical quantities 1212 &1231
The hydraulic circuit analogy 1221
Measuring electrical quantities 1241
Formulas for this lesson
Previous lessons New formulas
No previous formulas for this lesson —6
potential difference
=9
I=:¢
electric current
-E
R=¢
power
P=Vi
electric power

Definitions for this lesson

charge afundamental property of subatomic particles responsible for electric interaction
charge carrier acharged particle that contributes to an electric current

conventional current the direction of flow of positive charge

current (electric) the rate of movement of charge with respect to time requiring the movement of
charged particles

direct current (DC) electric current that flows in a constant direction

electric potential energy potential energy due to the separation of charge

potential difference the amount of electric potential energy per unit charge between two points
power the rate of change of energy with respect to time

voltage see potential difference




4A THEORY

Electric circuits 1.2.1.1
OVERVIEW

Electric circuits are closed loops that allow electricity to flow. Circuits and their components
help us to use electricity in many different ways.

THEORY DETAILS

An electric circuit is a loop of connected electrical components. If there is a break in

the connection, current will not flow in the loop, even when a potential difference is applied.
A common way to break a circuit is to use a switch, which allows the circuit to be closed or
opened at will.

Circuit diagrams

In circuit diagrams, electrical components are represented by unique symbols, and the lines
that join them represent electric wires. Figure 1(a) shows the real circuit and circuit diagram
for a cell (DC voltage source) and light bulb connected by wire. In Figure 1(b), a switch has
been added to the circuit so the light can be turned on and off.

Table 1 Symbols used to represent basic circuit components in circuit diagrams
Circuit component Circuit symbol

Wire

Cell (a type of DC i

voltage source) |

Battery (a series of +

cells, which is also a l "{

DC voltage source)

A general DC

voltage source

Resistor _JVV\,_ OR _D_

Light bulb
o @*=

Switch Open Closed

O/OORO—O

Voltmeter

Ammeter ( )

Electrical quantities 1.2.1.2&1.2.3.1
OVERVIEW

The quantities of electric charge, Q, potential difference, V, current, /, energy, E, and power, P,
are important in our understanding of electric circuits.

THEORY DETAILS
Charge

Electric charge, Q, is a fundamental property of subatomic particles (such as protons and
electrons) that is responsible for all electric interactions.
e Charge is measured in coulombs (C) and can be either positive or negative (see Figure 2).

e Charges exert forces on one another without coming into contact. The force between
charged particles is called the electrostatic force.

- Charges with opposite signs attract each other (they pull each other together).
- Charges with the same signs repel each other (they push each other apart).

¢ Charge cannot be passed between particles, created or destroyed. It can only be moved
through space by the movement of the particles themselves.
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(a)

Wires

Cell Bulb

Switch

+

Figurel (a) Therealcircuitand
circuitdiagram of a simple electric
circuitconsistingofacelland a
light bulb connected by wires.

(b) An open switch is added to the
circuitand breaks the closed loop.
No current can flow in this circuit
and the light is therefore off.

Proton Charge:
-+ +1.6x10719C
Electron Charge:
‘ -1.6x10719C
Not to scale

Figure2 Thecharges ofa proton
and electron are fundamental
properties of those particles.
Notice that these charges are equal
and opposite.
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* The charge magnitude of the electron and proton is 1.6 x 10719 C. This charge magnitude is
known as the elementary charge, e, because it is the smallest charge that can exist by itself.
All other charges are a multiple of this value.

- The magnitude of a charge is equal to the number of electrons (n_) or protons (np) that
make up the charge multiplied by the charge of a single electron or proton.
- Q=—neeorQ=npe

The term electricity is a general term used to refer to the physical interactions associated
with the presence or movement of charge.

Static electricity is the stationary separation or imbalance of electric charge in an object.
A build up of static electricity is the reason for the electric shocks (or ‘zaps’) we sometimes
feel when touching materials in our environment.

Some physical interactions can move the charged particles in a material. For example,
rubbing a balloon on human hair transfers electrons from the hair onto the rubber balloon.

e Electrons build up on the balloon

- Electrons are negatively charged

- The balloon acquires a net negative charge

e Thereis a loss of electrons from the hair

Image: gritsalak karalak/Shutterstock.com

- The hair loses negative charge Figure3 Theaction of rubbinga
: : i balloon on hairtransfers electrons

- The hair acquires a net positive charge E e hateis the Bl

Since like charges repel each other, a buildup of static charge ‘wants’ to return to a neutral state.

When a statically charged object comes into contact with a material that can conduct charges

away from it, the static charge is neutralised through a sudden transfer of charged particles.

This is what occurs when we feel an electric shock.

USEFUL TIP

Since ‘electricity’ is a general term for anything to do with electric charge, avoid using this
term when describing specific physical quantities.

Worked example 1

A balloon holds a static charge of -0.30 C before it is neutralised by coming into contact with a grounded wire.
Determine the number of electrons (n,) needed to hold a -0.30 C charge. Take the charge of one electron (-e)
tobe-1.6x10719C.

Working Process of thinking

Q=-n.e The total charge is the number of electrons multiplied by
the charge of an electron.

ne=%=%= 1.875x 1018 Q=-0.30C,-e=-1.6x1071°C

1.9 x 1018 electrons are needed to hold a -0.30 C charge.

Static electricity demonstrates the properties and behaviour of charge. The rest of our study
on electricity is concerned with moving charge in circuits.

Potential difference

We have learned that charges can attract or repel each other without being in contact.
This means that depending on the position of a charge relative to other charges, it has the
potential to gain energy when other charges push or pull it.

* The potential of a charged particle to gain energy due to other charges is called electric
potential energy.

¢ The difference in electric potential energy per coulomb between two locations is called the
potential difference, V. The symbol £ can also be used to represent potential difference.

* Potential difference is measured in volts (V).

- Volts are equivalent to joules per coulomb (J C1).
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Electron
(negative charge)
This electron has the When the electron is moved
potential to be accelerated next to the proton, it no
by the attracting force from longer has the potential to be
the proton. If it is accelerated, accelerated (gain energy).

it will gain energy.

If the electron and proton The difference in electric

are kept separated, we say potential energy per coulomb

that the electron has between the location of the

electric potential energy. electron in the left diagram
’ and the location in the right

diagram is called the
potential difference.

* |

Proton
(positive charge)

Figure4 The electric potential energy due to the separation of an electron from a proton shows the concept of
potential difference.

_E
Voo

V = potential difference (V), E = magnitude of difference in electric potential energy between
two locations (J), Q = magnitude of charge (C)

Sources of potential difference

Ideal sources of potential difference - like cells, batteries, and certain power supplies -
provide the same potential difference no matter what circuit they are applied to.
The potential difference only depends on the source.

One of the common sources of potential difference in electric circuits is a cell. In a cell:
e Charges are separated.

- Positive charges are at the positive terminal.

- Negative charges are at the negative terminal.

* Hence there is a difference in electric potential energy (and therefore a potential difference)
between the two terminals.

The potential difference of a source is measured from its negative terminal to its
positive terminal.

One way to think of how a potential difference is created is to relate it to gravity. The separation
of charge in a source is like holding a mass up in the air. Just like charges will not remain
separated without a force holding them apart, without something holding it in the air a mass
will fall to the ground due to gravity.

Negative terminal

.

Hand provides a

force that keeps Chemical reactions
mass separated provide force that
from ground separates charges

+

Ground level | Positive terminal l

Figure7 Asource separatingchargesis like holding a mass above the ground.
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Figure5 Theformula triangle for
potential difference
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\ Negative

terminal

Difference in electric
potential energy
between charges in
these locations and
if the charges were
not separated creates
a potential difference.

Figure6 Chemicalreactionsina
cell separate positive and negative
charges between the two terminals.
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Worked example 2

When an electron with charge -1.6 x 10712 C is held at location X, away from a positively charged particle, the electron
has 2.4 x 10718 J of electric potential energy. When the electron is at location Y, next to the positive particle, it has 0 J of
electric potential energy.

a Determine the potential difference between Xand Y.

b If a particle with charge 1.0 C were moved from location Y to location X, what would be the increase in electric
potential energy?

Working Process of thinking
a v=£ E is the magnitude of the difference in potential energy
Q between X and Y
_2.4x10718 _ -18 _ (= -18
V=2t 10T E=2.4x10"18-0=2.4x10718
V=15V Q is the magnitude of the particle’s charge:
Q=16x101°C
b Potential difference is the change in electric potential Use the equivalence of volts, V, and joules per coulomb, J C1
energy per coulomb, so for one coulomb the change in
energy is15J
OR
=E
=2
15=£- V=15V,Q=1.0C
1.0 2 *
E=15)J

What does the word ‘voltage’ mean?

Avery common word to hear when talking about electricity is ‘voltage’ Voltage is a term
that is used interchangeably with ‘potential difference’. While ‘potential difference’ reminds
us that the quantity describes a difference between locations, the term ‘voltage’ does not
remind us that this quantity is always comparative.

Using ‘voltage”

e Using terms like ‘voltage across’ or ‘voltage drop’ helps to define the comparison
between locations.

- Forexample, one might say that the voltage across an AA battery is 1.5 V.

e Whenever avoltage is stated, ensure you can define the two locations across which the
potential difference is being measured.

Current

When a potential difference is provided to an electric circuit, it causes an electric current, /,
to flow. The current at a pointis the rate that charge flows past that point.

¢ The movement of charge requires a physical movement of charged particles.
¢ Thecharged particles contributing to a current are called charge carriers.
e ‘Acurrent’ refers to the actual flow of charge carriers.
e Current is measured in amperes (A).
- Amperes are equal to coulombs per second (C s™).
If a circuit is not closed (for example, if a switch is open) then current will not flow.

_Q
=t

Figure8 Theformula triangle for
I=current (A), Q=charge (C), t =time (s) electriccurrent
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Worked example 3

When a battery is connected to a circuit containing a light bulb, 2 C passes through the filament in 0.5 s.
a Determine the current through the filament.

b  How much charge would pass through the filament in 10 s if the current remained the same?

Working Process of thinking
a | =% lis the rate of flow of charge over time
2
f=o% Q=2C,t=05s
I=4A
_Q
b I-T
4:1_% I=4A,t=10s
Q=40C

How a potential difference drives a current

The most common form of electric current is the flow of electrons through metallic wires.

e Electrons are free to move in metallic wires.

* Electrons are repelled from the negative terminal of a cell, as like charges repel.

e Electrons are attracted towards the positive terminal of a cell, as opposite charges attract.
¢ Theresultis that the electrons travel from the negative terminal to the positive terminal.

Note that charge carriers (like electrons) are not ‘used up’ in a circuit. Instead, they transfer
their potential energy to the circuit components.

Negative charges /.
are attracted to .\.
positive terminal\.

+ + + + + + o+ %

+ o+ + 4+ o+

Wire provides
) ) path for charge
Che.mlc'al reactlo'ns carriersto ——
maintain potential

2 reduce their
difference

potential energy ‘

Positive charges
e within wire

Negative charges .\‘ ./ not shown

are repelled from
negative terminal

Qe (4

Figure9 Apotential difference provided by a cell causing a current to flow around an electric circuit

While the speed of electrons around a circuit is actually very slow, all of the electrons within
the circuit start moving almost instantly when the circuit is closed, so the electric signal travels
from one terminal to the other very quickly. This is similar to how water flows. When a tap

is turned on, water comes out of the end immediately, even if the water itself is not moving
quickly. This is because the pipes are already filled with water, like wires are full of electrons.

Earlier, we introduced the comparison between potential difference and gravity. When a
mass being held in the air is released, the force due to gravity will cause it to fall to the ground
and reduce its potential energy. Similarly, when a wire connects the terminals of a source,

it provides a ‘path’ (the closed loop - a circuit) for charges to reduce and transfer their
potential energy.
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Negative terminal

®

Closed circuit

) provides path
Hand releasing for charged
provides path particles to

for mass to - reduce electrical
reduce gravitational potential energy

potential energy

Ground level ( Positive terminal

Figure10 Closinga circuitissimilarto allowing a mass to fall to the ground.
Conventional current

Despite current in most circuits being a flow of negative electrons, by convention the direction Conventional current
of current is considered to be the direction that positive charge would flow (or the opposite
direction that negative charge flows). This is called conventional current and it flows from the
positive to the negative terminals of a potential difference source. The direction of electron
flow is called the electron current. We will use conventional current unless otherwise stated.

o]

[

DC and AC current

Direct current (DC) is current that only flows in one direction around a circuit, whereas
alternating current (AC) changes direction. Electrical concepts apply to both forms of current,
however our focus will be limited to DC.

Electron current

]

Electric potential energy and power

®

Earlier, we discussed the concept of electric potential energy. Electric potential energy can be
transformed into other forms of energy like light, thermal energy, movement, and sound by
electrical components.

* Energy, E, is measured in joules (J). Figure1ll Conventionaland
electron currentdirections in a circuit

[

In circuits, we are interested in how much electric potential energy is:
e storedin asource, like a battery.

¢ delivered (transferred) by a source to a circuit.

e consumed (transformed) by a circuit or individual component.

It is important to understand that energy cannot be created or destroyed, only transformed
or transferred. Figure 12 shows how the chemical energy stored inside a battery is delivered
as electric potential energy to charge carriers in the wire, which is then consumed by the light
bulb in the form of light and thermal energy. At no point is energy created or destroyed.

+ o+ + + + + o+
o+ o+ o+ o+

Chemical
reactions
create
potential
difference

D EnnLEEEE S

Chemical Electrif.all Lli‘ght ar;d
energy =——————>| potential || therma
energy energy

Figure12 The transformations of energy when a battery is connected in a circuit with a light bulb
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Power
Power, P, is the rate of transfer or transformation of energy with respect to time.
e Power is measured in watts (W).

- Watts are equal to joules per second (J s71).

* The total amount of power delivered to a circuit is always equal to the total amount that is
consumed by the circuit components.
p=£

P =power (W), E = energy delivered/consumed (J), t = time (s)

We can formulate another expression for power. Working in SI units:

e Potential difference is the number of joules per coulomb (J C1). Figure 13 Theformulatriangle

e Current is the number of coulombs per second (C s71). for power

¢ So multiplying potential difference, V, by current, /, gives us the number of joules
per second, which is the power, P.
3 €l
= G STS
P=Vi

P =power (W), V= potential difference (V), / = current (A)

USEFUL TIP

When calculating power from current and voltage, make sure the current and voltage you
use correspond to the component or components you are calculating the power for.

Figure 14 Analternate formula
triangle for electric power

Worked example 4

Students are investigating an electric circuit.

a Itisfound that a battery transfers 10 J of electric potential energy to the circuit in 5 s. Determine the average power
delivered by the battery.

b  During operation, the potential difference across a lightbulb in the circuit is 10 Vand a current of 0.10 A is passing
through it. Determine the average power dissipated by the light bulb.

¢ Ifthe battery is the only source, are there any other components in this circuit other than the lightbulb?

Working Process of thinking
E
a P=g
p=2 E=10J,t=5s
P=2W
b P=VI
P=10x0.10 V=10V,/=0.10A
P=10W
c Yes. Total power delivered is equal to the total power

consumed. Since all of the battery’s power is not
being consumed by the lightbulb, there must be other
components in this circuit.
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The hydraulic circuit analogy 1.2.2.1
OVERVIEW

A common circuit analogy is that of water pipes. Using this analogy clarifies some key
electrical concepts.

THEORY DETAILS

A common analogy for an electric circuit is a loop of pipes with flowing water. Figure 15

represents an electric circuit with a source, switch, wires, and a power consuming component.

Table 2 shows how components of the hydraulic circuit represent components of an
electric circuit.

Valve
Piping

Water
z wheel

(s

l
=

Figure 15 The hydraulic circuit analogy for a circuit containing a source, switch, wires, and a
power-consuming component

Table 2 The link between components of the hydraulic circuit analogy and an electric circuit

Hydraulic component Electric component Notes
Water pump Potential difference source  The water pump pushes water around a
(cell, power supply, etc.) hydraulic circuit, like a potential difference
source drives an electric current.
Piping Wires Provide a path for water/charge carriers to flow.
Valve Switch Determines whether or not water/current can
flow around the circuit
Water wheel Power consuming Uses the energy supplied by the pump/potential
component difference source.

This analogy models key electrical concepts:

¢ How the potential difference source drives a current through a circuit.
e Acurrent requires the physical movement of charged particles.
e How components transform energy.

Measuring electrical quantities 1.2.4.1

OVERVIEW

To measure electrical quantities, specialised meters must be used in specific configurations.
THEORY DETAILS

When performing real-world circuit analysis, there are two key quantities we aim to measure.
Measuring potential difference

Avoltmeter is used to measure potential difference. To measure the potential difference
between two locations, one probe of the voltmeter must be connected to each location.
This is known as a ‘parallel’ connection, and is a measurement across the probed locations.

Measuring current

An ammeter is used to measure current. To measure the current through a component,

the ammeter must be connected end-to-end in the circuit either before or after that component.

This is known as a ‘series’ connection, and is a measurement through the ammeter.

Devices that can be used to measure a range of electrical quantities are called multimeters.
To measure a quantity with a multimeter, select the desired quantity on the meter and
connect the probes to the circuit the same way a regular meter (a voltmeter or ammeter,
for example) would be connected.

Voltmeter probe
connections

Figure16 Usingavoltmeterto
measure the potential difference
acrossa cellina circuit

Ammeter probe
connections

- |

Figure17 Usinganammeterto
measure the current through a cell
inacircuit
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Theory summary

e Electric circuits are closed conducting loops.

e Electric charge, Q, is a fundamental property of subatomic particles such as electrons.
- Charge is measured in coulombs (C).
- Static electricity occurs when there is a stationary separation of charge.

e Potential difference, V, is the change in electric potential energy per unit charge between
two locations.

_E
V=2

- Potential difference is measured in volts (V).

- Potential difference is also known as voltage.

e Electric current, /, is the rate that charge flows over time.
- ==
- Currentis measured in amperes (A).
- Apotential difference ‘pushes’ or ‘pulls’ on charged particles, causing a current to flow.
- Currentis not ‘used up’ around a circuit.

e Electric potential energy, E, can be transformed into many types of energy such as kinetic
and thermal.

- Energy is measured in joules (J).
- Energy sources like batteries store and deliver potential energy.
- Energy consumers like light bulbs transform energy.

e Power, P, is the rate of delivery or consumption of energy over time.
_E_
- P=%=V
- Power is measured in watts (W).

e The hydraulic circuit analogy reinforces key electrical concepts.
e Voltmeter probes should be connected in parallel across the locations they are measuring.
e Ammeters should be connected in series with the part of the circuit they are measuring.

KEEN TO INVESTIGATE?

PhET ‘Circuit Construction Kit’ simulation
phet.colorado.edu/en/simulation/circuit-construction-kit-dc-virtual-lab

YouTube video: How to Mechatronics - What is Electric Charge and How Electricity Works
youtu.be/igVtGNQAC2E

CONCEPT DISCUSSION QUESTION 2g _ .
Two batteries with the same milliamp hour (mA h) rating are being used to power two g %% g 3 é
circuits. Circuit X draws twice as much current from its battery as Circuit Y. Discuss what 2 “ua')g § ﬁ 2.
electrical quantity a mA h rating measures, and explain why the two batteries will run *% ££ g < § g"
out at different times. g $35 535%
Answers on page 505 £ S2E 2333
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4A Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following best describes the flow of current in
an electric circuit?

A Charge flowing around a circuit is passed from particle
to particle.

Charged particles physically flowing around a circuit.

C Theseparation of charged particles between two points

in a circuit.

D Theforce pushing or pulling charged particles around
a circuit.

Question 2

In which of the following circuits would an electric current
be flowing? (Select all that apply)

I : ]

m, L e
—l —
T T

Use the following information to answer Questions 3 and 4

Question 4

a How is bread distributed to each van at the bakery?

A Thefirst van receives half the bread, the next
receives a quarter, and so on.

B Thevansreceive an equal amount of bread.
C Eachvandeliversallits bread at the bakery.

b  Identify how your answer to part a best relates to
electric circuits.

A Charge carriers with equal charge magnitude receive
an equal amount of electric potential energy.

B  The first charge carriers receive more energy.

C  Charge carriers transfer all their energy at the battery.

Question 5

A battery is connected to a closed circuit.

Which of the options best describes the energy and power
delivered by the battery over 5 minutes? Note that the
battery usually lasts for several hours.

Energy Power

A The rate of energy delivered to
the circuit with respect to time

The energy used by the circuit

Students create a model for an electric circuit using a bakery
and its delivery vans. The vans are tightly packed on a
circular road. The road has six houses on it.

e Eachtimethey
pass the bakery
they are loaded
full of 6 loaves.

e Thevans deliver
one loafto
each house.

Question 3

The total energy stored inside
the battery

The rate of energy delivered to
the circuit with respect to time

The potential energy from
the battery transferred to the

The rate of energy delivered to
the circuit with respect to time

Fillin the gaps in the following paragraphs.

The vans on the road represent the (current/
charge carriers/potential difference) in an electric circuit.

As the vans pass the bakery they are loaded with fresh
bread, which represents how the (electrical
source/baker/energy) provides (charge/current/
potential energy) to a circuit.

The vans gradually lose their bread around the loop,

but they still continue driving. This is similar to how
(potential difference/charge/current) decreases

around a circuit, but the (potential difference/

current) does not get ‘used up’.

circuit over the 5 minutes

Question 6

Which of the following properties of an ideal cell are constant
regardless of the circuit it is connected to?

A Potential difference
B Power

C Current

DECONSTRUCTED EXAM-STYLE QUESTION

Question 7 (4 MARKS)

When welding metal, large amounts of energy are transferred
to heat the metal. A particular weld takes 2.0 s and transfers
400 kJ of energy. The potential difference of the source

is 40 kV.

Prompts

a  Which equation correctly relates potential difference,
energy, and charge?

A V=% B V=EQ
_Q _Q
c v=¢ D E=y
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b  Which equation correctly calculates the number of
electrons required to hold a charge of -1.00 C?

A n,=gg5=16%x1070

B n,=10g=16x10%

¢ n,="200-g25x1018

D n="20-625x10718
Question

¢ Determine the number of electrons required to
provide the magnitude of charge transferred during
the weld. (4 MARKS)

EXAM-STYLE QUESTIONS
This lesson

Question 8 (4 MARKS)

An electric drill that consumes 220 W of power is driven by a
20 Videal battery.

a Whatis the operating current of the drill? (1 MARK)

b Janeuses thedrill for 12 s to create a hole.
How much energy is delivered by the battery to
the drill in this period? (1 MARK)

¢ How many electrons pass through a single pointin
the drill’s circuit during the 12 s? The magnitude of an
electron’s charge is 1.6 x 10719C. (2 MARKS)

Question 9 (1 MARK)

Determine the electric potential energy of a 3.0 C charge after
it passes through a 5.0 V phone charger.

Question 10 (5 MARKS)

A cell delivers 10 W of power to an electrical component.
The component is replaced with a different device that uses
20 W of power when connected to the cell.

a Determine the time it would take for the replacement
component to use the same amount of energy as the
first component would in 8.0's. (2 MARKS)

b  Compare the voltage and current of each component.
Justify your answer by referencing a property of an ideal
source of potential difference. (3 MARKS)

Question 11 (3 MARKS)
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Question 13 (2 MARKS)

Josie and Kendall are debating how electric current flows.
Josie states that current can flow without the physical
movement of particles, while Kendall states that current
requires the physical movement of charged particles.
Who is correct - Josie or Kendall? Explain your answer.

Question 14 (3 MARKS)

Describe the flow of energy from the battery and through the
circuit shown in the diagram. Make sure to reference w