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Introduction
Physics is the search for the smallest number of ideas that explain the largest number of things. A bicycle pump that grows 
warm in your hand, a rubbed balloon that lifts scraps of paper, a compass needle that jumps the moment a switch closes, the 
spark that fires an engine — all of them yield to a handful of principles. Putting those principles within your reach is the work 
of this book.

This Grade  11 Physics textbook has been developed in alignment with the vision of the Egyptian Baccalaureate System and in 
accordance with the International Baccalaureate framework. It is designed to build not only what you know, but how you come to 
know it: to observe carefully, to predict before you are told, to measure with your own hands, and to name an idea only after you 
have experienced it.

This part you will travel through three connected landscapes. In Gases and Heat you will follow a gas from the pressure and 
temperature you can read off a gauge down to the molecules whose collisions produce them. You will assemble the ideal gas law 
from measurements you take yourself, account for every joule that enters or leaves a trapped gas, and learn to state exactly what is 
conserved when heat and work are exchanged.

In Electricity and Magnetism you will begin with charge at rest: the force between two charges, the field that carries that force, the 
potential that measures it, and the capacitor that stores it. You will then set charge moving, solve networks of currents with 
Kirchhoff's rules, and discover that a current and a magnet are two views of one thing — a current deflects a compass, a magnet 
pushes a current-carrying wire, and a field that changes drives a current of its own.

In The Quantum Nature of Light and Matter you will meet the edge of the classical picture. Light will arrive in countable packets 
that knock electrons out of a metal, X-rays will be produced and then diffracted by the orderly planes of a crystal, and matter itself 
will show the interference that belongs to waves.

Each lesson follows the same deliberate sequence. It opens with a question worth answering and a phenomenon worth explaining, 
and asks you to commit a prediction in writing before you read on. It then hands you the apparatus: you explore, collect your own 
data, and look for the pattern in it. Only then is the model named, stated precisely, and put to work in examples you can follow line 
by line. Practice follows in graded steps — a first attempt, then a new context, then an exam-style question — so that understanding 
is built rather than memorized.

Two habits run through every unit. The first is the Nature of Science: short accounts of how a result was actually won — who 
measured it, what they got wrong, and how the correction came. The second is the discipline of saying where a model stops. The 
ideal gas law describes a real gas only while it stays dilute; Coulomb's law holds only while the bodies are far apart compared with 
their size; a coil behaves as a fixed inductance only until its iron core saturates. Knowing the limits of an equation is part of knowing 
the equation.

You will also find this physics in the devices around you. The same self-induction that snaps a spark across an opening switch fires 
the plug in a car engine and protects a computer from a surge on the line; the same force on a current-carrying wire moves the cone 
of a loudspeaker and grips steel in a scrap-yard crane. The intention is simple: the laws you are studying are not confined to a 
laboratory.

Mathematics is used here as physicists use it — as a language for reasoning, not a list of formulas to recall. Symbols are defined 
before they are used, units are carried through every calculation, and each worked example closes by asking whether the answer is 
reasonable.

Approach this book with a pencil in your hand. Write the prediction even when you are unsure of it: a wrong prediction that you 
examine will teach you more than a correct answer you were handed. Take your own measurements seriously enough to ask why 
they scatter. Physics rewards that kind of attention, and it is well within your reach.



How to use this book
Every lesson is built from the same parts, in the same order. Learn them once, and you can read any lesson
in the book. The next page shows the learning loop those parts run on.

1 Lesson question
The everyday puzzle the whole lesson sets out to
answer — and returns to answer in full at the
end.

2 You will learn to
The skills you will be able to perform by the end.

3 The phenomenon — predict first
A real scene; you commit a written prediction
before reading on.

4 Explore
A short hands-on activity where your own data
becomes the evidence.

5 From observation to model
Where the physics is built: the reasoning that
turns what you saw into a law.

6 Point
The core idea stated as a short fill-in-the-gaps
summary.

7 Equation box
The key relations of the lesson gathered at a
glance.

8 Worked Example
One problem solved field by field — then its twin,
scaffolding faded, for you to finish.

9 Try
Practice problems, each with its figure beside it. 10 In a new context

The same idea applied to a fresh, real-world
situation.

11 Nature of Science
How scientists came to know this idea, drawn
from the original.

12 Margin boxes
Key idea, Working note, Key fact, Term, Note —
short asides in the margin beside the text they
belong to.

13 Lesson question, answered
The lesson's own opening question, answered in
full once you have the physics to answer it.

14 Exercise
End-of-lesson questions to consolidate and self-
check.

What makes this book different —
① Predict before the explanation. You write a prediction before each phenomenon, and only then read on.
② Understand why. Every worked method shows its reasoning, so you learn to think like a physicist — not just
memorize the moves.



How learning works here
Read this page once, then return to it whenever you need it. It holds for every lesson in the book.

Every lesson runs on one loop

Observe → Predict → Measure → Name
↺

Observe — a real thing happens, and it breaks what you expected.
Predict — you commit a guess in writing, before you read on.
Measure — you do it with your own hands and collect the numbers.
Name — only now does the term arrive: earned, not memorized.

Commit your prediction in writing — your guesses are data, not decoration.

Where this term sits in your physics course

B — Particulate nature of matter
this term · Gases and Heat

D — Fields
this term · Electricity and Magnetism

E — Nuclear and quantum
physics
this term · Quantum

Your five units this term

Chapter 1
Gases and Heat
Lessons 1-1 → 1-6

Chapter 2
Static Electricity
Lessons 2-1 → 2-6

Chapter 3
Electric Current and 
Circuits
Lessons 3-1 → 3-2

Chapter 4
Magnetism and
Electromagnetic
Induction
Lessons 4-1 → 4-5

Chapter 5
The Quantum Nature 
of Light and Matter 
Lessons 5-1 → 5-3

Built on Term 1 — A Space, time and motion  ·  C Wave behavior.

Tools: Tool 1 — Experimental techniques · Tool 2 — Technology · Tool 3 — Mathematics.
Inquiry cycle: Exploring and designing · Collecting and processing · Concluding and evaluating — you meet these on
every Explore activity.
Academic honesty: the prediction must be your own — cite every source, and claim only your own work.

B

C

part

Where this part sits in your physics course

part

part part

part
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� Key idea
Pressure p — the force
acting per unit area,
p = F/A, measured in
pascals (Pa); 1 Pa = 1 N/m².

1-1 Boyle-Charles's Law

� Lesson question: How are the pressure, volume, and absolute temperature
of a fixed mass of gas related?

You will learn to

1. Calculate the pressure of a gas from the force per unit area, p = F/A, in pascals
(Pa).

2. Find the pressure of gas enclosed by a piston by applying the balance of
forces on the piston.

3. Apply Boyle-Charles's law, pV/T = constant, to relate the states of a fixed mass
of ideal gas before and after a change.

� The phenomenon — predict before you continue
On an airplane at cruising altitude, the cabin is pressurized, but its pressure is lower
than atmospheric pressure at ground level. A sealed bag of chips packed at ground
level therefore swells as the trapped gas expands until a new mechanical equilibrium
is reached. If the external pressure remains approximately constant, warming the gas
increases its volume, whereas cooling it decreases its volume. Thus, for a fixed mass
of gas, volume depends on both the pressure and the absolute temperature — the
temperature measured in kelvin, T [K] = ʃ [°C] + 273.

Figure 1-1-1 · A sealed bag of chips swells at cruising altitude because the regulated cabin pressure is
lower than the atmospheric pressure at ground level. The trapped gas expands until a new mechanical
equilibrium is reached.

� Predict
(a) When a fixed mass of gas is compressed at constant temperature, does its
pressure rise, fall, or stay the same?
(b) When you warm a sealed gas at constant pressure, does its volume rise, fall,
or stay the same?

8
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Figure 1-1-2 · A sealed syringe held
vertically: a known load presses the
plunger while the trapped volume V is
read on the barrel scale; the nozzle is
capped.

★ Working note
Measure the plunger's
diameter d with the ruler
once, so its area is
A = πd²/4 and each load m
gives p = p0 + mg/A. Let the
plunger settle before each
reading, keep the
temperature steady while
you change the load, and
trust the pattern across runs
more than any single
measurement.

= Explore — Sealed-air squeeze
What you'll do: trap a fixed mass of air in a syringe and change one quantity at a
time to see how pressure, volume, and temperature are linked.
Time: 15 min
You will need:

capped syringe slotted masses thermometer water bath

Steps

Run Load on plunger Pressure p (kPa) Volume V (mL) p × V (kPa·mL)

1 no load

2 one mass

3 two masses

Warming run (step 4) — keep the load fixed so the pressure is constant, warm the
trapped air in the water bath, and read the volume against the absolute temperature.

Reading Temperature T (K) Volume V (mL) V/T (mL/K)

cool

warm

hot

Analyze what you collected:
(a) As the pressure p rises at constant temperature, what happens to the volume V?

Look down the last column — what do you notice about the product p × V?
(b) In the warming run at fixed pressure, predict the shape of a graph of V against

the absolute temperature T, and say what the ratio V/T should do.

✎ Write your explanation in two lines before you read the next page.

a large syringe with a cap• a ruler or caliper• slotted masses•
a thermometer• a water bath•

With no load and the nozzle capped, read the trapped volume V on the barrel
scale and the pressure p (atmospheric).

1

Add slotted masses to the plunger one at a time to raise the pressure p. Keep
the temperature fixed and record V after each addition.

2

For each run work out the product p × V and enter it in the last column.3
Return to no load, then stand the whole syringe in a water bath and warm it,
reading V against the absolute temperature T at fixed pressure.

4

9



y Key fact
The pascal is defined as
1 Pa = 1 N/m². Standard
atmospheric pressure is
about 1.0×10⁵ Pa.

F

small area A
large pressure

F

large area A
small pressure

Figure 1-1-3 · Pressure is force spread
over area: the same force F on a
larger area A gives a smaller pressure
p = F/A.

y Term
Ideal gas — a useful
idealization. Real gases
behave almost ideally at
everyday temperatures and
moderate pressures; the
model weakens when a gas
is very cold or strongly
compressed and its
molecules crowd close
enough for their size and
their mutual forces to
matter.

y Note
Watch the units: the
temperature in pV/T must
be the absolute
temperature in kelvin. A
Celsius value gives the
wrong answer, so always
convert before you
substitute.

From observation to model

Pressure is force spread over an area
Pressure measures how concentrated a push is: the same force spread over a larger
area presses less hard on each part of the surface, so we divide the force by the area
it acts on, p = F/A (Figure 1-1-3). A gas trapped under a piston does not set its
pressure freely — the piston floats in equilibrium, so the gas pressure is fixed by the
balance of the forces acting on that piston, worked out in the Example below.

Two proportionalities become one law
Look back at the two columns you filled. In the loading runs the product p × V barely
moved while the pressure and the volume each changed a great deal; in the
warming runs it was V/T that held steady. Each column is a result in its own right, but
each holds only while the third quantity is frozen — and a real change moves p and
T together. So make the change in two stages, and use each column only where it
applies. Start at (p1, V1, T1). First move the pressure to p2 with the temperature still at
T1: the loading column gives p1V1 = p2V′, where V′ is the volume reached at that
halfway stage. Now warm the gas to T2 with the pressure held at p2: the warming
column gives V′/T1 = V2/T2, so V′ = V2T1/T2. Substitute that into the first equation
and V′ — the one quantity that belonged only to the halfway stage — cancels out,
leaving p1V1 = p2V2T1/T2, that is,

p1V1
T1

 =  p2V2
T2

The halfway stage was a scaffold; what survives it is one quantity, pV/T, that reads
the same before and after. That is why a single law can stand in for two.

ý Point

ú Equation box

Pressure p =  F
A

   (unit: Pa = N/m²)

Piston balance pA − p0A − mg = 0     p = p0 + mg
A

Boyle-Charles pV
T  = constant     p1V1

T1
 =  p2V2

T2

When a gas pushes a surface of cross-sectional area A [m²] with a force of
magnitude F [N], the pressure p of the gas is expressed as p =  FA . The

pascal (symbol Pa) is used as the unit of pressure.

!

To find the pressure of a gas enclosed in a container by a piston, use the
balance of forces  acting on the piston.

!

Boyle-Charles's law: for a fixed mass of gas, the volume V is inversely
proportional to its pressure p and directly proportional to its absolute
temperature T, so pV

T  = constant .

!

A gas in which the size of the gas molecules and the intermolecular forces
can be ignored is called an ideal gas . In an ideal gas, Boyle-Charles's law
holds exactly. 

!
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Figure 1-1-4 · Worked Example (a): air
enclosed in a cylinder by a smoothly
moving piston of mass 10 kg.

Figure 1-1-5 · Worked Example (a):
the balance of forces on the piston —
the gas pushes up with pA, while
atmospheric p0A and the weight mg
push down.

Before change

p [Pa]
ʥ.ʫʥ mį
ʧʭʥ K

After change

p [Pa]
V [mį]
ʩʧʥ K

Figure 1-1-6 · Worked Example (c):
the gas before and after being heated
at constant pressure.

¢ Worked Example

Situation Give each answer to 2 significant figures.
(a) Air is enclosed in a cylindrical container by a smoothly
moving piston with a cross-sectional area of 4.9×10⁻³ m² and
a mass of 10 kg. Determine the pressure of the air inside the
container in Pa. Take the atmospheric pressure as 1.0×10⁵ Pa
and the acceleration due to gravity as 9.8 m/s².
(b) An ideal gas at 19°C, 9.6×10⁵ Pa, and 3.5 L is changed to
1.2×10⁵ Pa and 3.2 L. Determine its temperature in °C.
(c) A gas with a volume of 0.60 m³ and a temperature of
280 K is heated to 420 K while keeping the pressure
constant. Determine the volume in m³.

Given and
required

(a) A = 4.9×10⁻³ m², m = 10 kg, p0 = 1.0×10⁵ Pa,
g = 9.8 m/s²; find p. (b) State 1: T1 = 19°C, p1 = 9.6×10⁵ Pa,
V1 = 3.5 L; State 2: p2 = 1.2×10⁵ Pa, V2 = 3.2 L; find T2 in °C.
(c) V1 = 0.60 m³, T1 = 280 K, T2 = 420 K, constant p; find V2.

Representation Figure 1-1-4 shows the arrangement in (a) — air closed off
by a smoothly moving piston of mass 10 kg — and
Figure 1-1-5 is the balance of forces on that piston.
Figure 1-1-6 shows the gas before and after the constant-
pressure heating in (c); for (b), sketch the two states and
label p, V, and T.

Strategy Set up the equation of equilibrium for the forces acting on
the piston to find the pressure. For a state change, use
pV/T = constant before and after, and always calculate with
the absolute temperature.

Annotated
solution

(a)  From the balance of forces on the piston, pA − p0A −
mg = 0, so
p = p0 + mg/A = (1.0×10⁵) + (10×9.8)/(4.9×10⁻³)
= (1.0×10⁵) + (2.0×10⁴) =  1.2×10⁵ Pa .

(b)  Let the required temperature be T [K]. From Boyle-
Charles's law, using absolute temperature (the volume units
only need to match on both sides):
(9.6×10⁵)×3.5 / (19+273) = (1.2×10⁵)×3.2 / T
T = (1.2×10⁵)×3.2×(19+273) / [(9.6×10⁵)×3.5] = 33.37… ≈
33 K.
Then 33 − 273 =  −240°C .

(c)  Let the required volume be V [m³] at pressure p. From
Boyle-Charles's law at constant pressure,
p×0.60 / 280 = pV / 420, so V = (0.60/280)×420 =  0.90 m³ .

11



Figure 1-1-7 · Try 1: air enclosed
in a cylinder by a smoothly
moving piston of cross-sectional
area 4.9×10⁻² m² and mass
50 kg.

Figure 1-1-8 · A weather balloon
shown at launch, small and slack, and
again high in the darkening upper
atmosphere where the fall in outside
pressure lets its trapped gas expand
into a large taut sphere, while the
hanging instrument package stays the
same size.

Figure 1-1-9 · Bubbles exhaled by a
diver grow larger as they rise toward
the surface, because the surrounding
water pressure falls with decreasing
depth.

Reasonableness
check

(a) The piston weight adds 2.0×10⁴ Pa, about one-fifth of an
atmosphere, so a small rise above 1.0×10⁵ Pa is sensible. (b)
The pressure drops sharply while the volume barely changes,
so the temperature must fall far below 0°C — a large
negative Celsius value fits. (c) Heating from 280 K to 420 K is
a factor of 1.5, and 0.60 m³ × 1.5 = 0.90 m³.

( Explain it
yourself

In one sentence, say why the mass of the piston raises the
gas pressure above atmospheric pressure, and why the
temperature must be in kelvin before you substitute it.

§ Now you try: An ideal gas at 27°C, 1.0×10⁵ Pa, and 2.0 L is heated at constant
pressure to 87°C. Find its new volume.

6 Try
1. Give each answer to 2 significant figures. Air is enclosed in a cylindrical

container by a smoothly moving piston with a cross-sectional area of
4.9×10⁻² m² and a mass of 50 kg. Determine the pressure of the air inside the
container in Pa. Take the atmospheric pressure as 1.0×10⁵ Pa and the
acceleration due to gravity as 9.8 m/s².

2. An ideal gas at 27°C, 1.5×10⁵ Pa, and 0.60 m³ is changed to 127°C and
0.20 m³. Determine its pressure in Pa.

3. A gas with a pressure of 2.0×10⁵ Pa and a volume of 0.44 m³ is compressed to
2.2×10⁵ Pa while keeping the temperature constant. Determine the volume in
m³.

4. A gas with a volume of 1.0 m³ and a temperature of 300 K is heated to 360 K
while keeping the pressure constant. Determine the volume in m³.

Þ In a new context
A weather balloon leaves the ground carrying a fixed mass of helium. As it rises, the
outside air pressure falls and the air grows colder, yet the same law pV/T = constant
governs the gas the whole way up. Because pressure drops much faster than
temperature, the balloon swells until, near the top of its climb, it can reach many
times its launch volume — which is why it is filled only loosely at the surface.
ố Your turn: A balloon holds 5.0 m³ of gas at 1.0×10⁵ Pa and 300 K near the
ground. High up, the pressure is 2.5×10⁴ Pa and the temperature is 250 K. Using
pV/T = constant, estimate the new volume.

2 Nature of Science

From the original — bubbles rising from the deep sea and Boyle's law.
Bubbles exhaled by a diver grow larger as they rise toward the surface. As the
water becomes shallower, the surrounding water pressure decreases, so the gas
volume increases in inverse proportion to the pressure. Even the invisible
properties of a gas can be described by a physical law.
Boyle-Charles's law is stated for an ideal gas — one whose molecular size and
intermolecular forces are ignored. This idealization is a scientific model: it is not
perfectly true of any real gas, yet it predicts the behavior of ordinary gases
closely enough to be trusted, and it fails in a known direction (at very high
pressure or very low temperature). Good models are judged by how well and
how honestly they predict, not by being exactly true.

12



The scene we opened with.

Figure 1-1-10 · Exercise 1: the
same cylinder with a piston of
cross-sectional area 4.9×10⁻³ m²
and mass 20 kg.

Figure 1-1-11 · Exercise 2: a
piston of cross-sectional area 1.0
cm² pushed horizontally with a
force of 40 N, so gravity does
not enter the balance.

Your turn: Suggest one everyday situation where a real gas would not follow
the ideal-gas law well, and say which assumption breaks down.

Lesson question, answered — For a fixed mass of an ideal gas, pressure,
volume, and absolute temperature are tied together by pV/T = constant:
raising the pressure at fixed temperature shrinks the volume, and raising the
absolute temperature at fixed pressure increases it. Pressure itself is force per
unit area, p = F/A, so a piston's weight adds mg/A to the atmospheric pressure
it encloses.

û Exercise
1. Give each answer to 2 significant figures. Air is enclosed in a cylindrical

container by a smoothly moving piston with a cross-sectional area of
4.9×10⁻³ m² and a mass of 20 kg. Determine the pressure of the air inside the
container in Pa. Take the atmospheric pressure as 1.0×10⁵ Pa and the
acceleration due to gravity as 9.8 m/s².

2. Air is enclosed in a cylindrical container by a smoothly moving piston with a
cross-sectional area of 1.0 cm². When this piston is pushed with a force of
40 N, determine the pressure of the air inside the container in Pa. Take the
atmospheric pressure as 1.0×10⁵ Pa.

3. An ideal gas at 27°C, 2.0×10⁵ Pa, and 3.0×10⁻² m³ is changed to 87°C and
1.0×10⁵ Pa. Determine its volume in m³.

4. An ideal gas at 77°C, 3.0×10⁵ Pa, and 500 mL is changed to 47°C and 2.0 L.
Determine its pressure in Pa.

5. A gas with a pressure of 1.0×10⁵ Pa and a volume of 0.80 m³ has its volume
changed to 0.40 m³ while keeping the temperature constant. Determine the
pressure in Pa.

6. A gas with a pressure of 2.0×10⁵ Pa and a volume of 3.0×10⁻² m³ has its
pressure changed to 1.0×10⁵ Pa while keeping the temperature constant.
Determine the volume in m³.

7. A gas with a volume of 1.1×10⁻² m³ and a temperature of 330 K is cooled to
300 K while keeping the pressure constant. Determine the volume in m³.

8. A gas with a volume of 3.0×10⁻² m³ and a temperature of 300 K is cooled to
200 K while keeping the pressure constant. Determine the volume in m³.

13



★ Key idea
Amount of substance n —
the gas counted in moles
(mol), not in grams. How is
n locked to p, V, and T?

1-2 Equation of State for an Ideal Gas

❓ Lesson question: What relationship holds among the pressure, volume,
temperature, and amount of substance (number of moles) of a gas?

You will learn to

1. State that a collection of 6.02×10²³ particles is one mole (mol), and use the
Avogadro constant to relate moles to the number of molecules.

2. Apply the equation of state for an ideal gas, pV = nRT, with the gas constant R
≈ 8.31 J/(mol·K).

3. Substitute pressure in Pa, volume in m³, and absolute temperature in K to find
any one unknown among p, V, T, and n.

= The phenomenon — predict before you continue
A single helium cylinder can blow up a whole party's worth of balloons before it runs
dry. Knowing only the tank's volume, its pressure, and the temperature, you can work
out the amount of gas sealed inside — and so roughly how many balloons are left in
it — because the pressure, volume, temperature, and amount of substance (in moles)
of any gas are locked together by one relation. It makes no difference that the gas is
helium: a mole of any gas behaves the same way.

Figure 1-2-1 · One helium cylinder fills many party balloons: its pressure, volume, and temperature fix
the amount of gas (in moles) it holds.

✏ Predict
(a) To fill twice the volume at the same pressure and temperature, must there
be more, less, or the same amount of substance (moles) of gas?
(b) In a rigid container at fixed temperature, if the pressure reads higher, is
there more, less, or the same amount of substance (moles) of gas inside?

14



Figure 1-2-2 · A rigid sealed flask of
fixed volume fitted with a pressure
gauge and a thermometer.

★ Working note
Keep the volume truly fixed
by using a rigid flask, let the
gauge and the thermometer
settle at each temperature
before you read them, and
convert every temperature
to kelvin with T = ʃ + 273.
With p in kPa and V in L the
product pV is already in
joules, because 1 kPa × 1
L = 1 J.

� Explore — Warming sealed air at fixed volume
What you'll do: heat a fixed sample of air trapped in a rigid flask and track how its
pressure and temperature rise together, then test whether pV/T stays fixed.
Time: 15 min
You will need:

rigid flask pressure gauge thermometer water bath

Steps

Run Temperature T (K) Pressure p (kPa) pV/T (J/K, with V in L)

1

2

3

Analyze what you collected:
(a) As you warm the gas at fixed volume, how do the pressure p and the absolute

temperature T change together? Look down the last column — what do you
notice about pV/T across the runs?

(b) The quantity pV/T equals nR, and R is the same for every gas. What does a steady
pV/T tell you about the amount of substance n sealed inside? Divide your column
value by R = 8.3 J/(mol·K) to predict how many moles the flask holds.

✎ Write your explanation in two lines before you read the next page.

From observation to model

The mole and the Avogadro constant
Molecules are far too many and far too small to count one at a time, so we count
them in packages instead. The mole is that package, and it is sized deliberately: a
sample you can weigh on a bench balance holds a convenient number of moles. The
Avogadro constant NA is the exchange rate between the two worlds — multiply an
amount in moles by NA to get the actual number of molecules, divide to come back.
This is why gas laws are written in moles: it is the only way to put a countable
number into an equation.

a rigid sealed flask of known volume V [L]• a pressure gauge•
a thermometer• a water bath•

Record the flask's fixed inside volume V in liters (L) once, since it stays the same
for every run.

1

At room temperature read the pressure p from the gauge and the temperature;
if the gauge reads gauge pressure, add the atmospheric pressure (about
100 kPa) to get the absolute p. Then work out the absolute temperature T = ʃ +
273 in kelvin.

2

Stand the flask in the water bath, warm it gently, and record a new p and T pair
at each step while the volume stays fixed.

3

For each run work out pV/T and enter it in the last column.4
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★ Key idea
Pressure p — the force
acting per unit area,
p = F/A, measured in
pascals (Pa); 1 Pa = 1 N/m².

1-1 Boyle-Charles's Law

❓ Lesson question: How are the pressure, volume, and absolute temperature
of a fixed mass of gas related?

You will learn to

1. Calculate the pressure of a gas from the force per unit area, p = F/A, in pascals
(Pa).

2. Find the pressure of gas enclosed by a piston by applying the balance of
forces on the piston.

3. Apply Boyle-Charles's law, pV/T = constant, to relate the states of a fixed mass
of ideal gas before and after a change.

� The phenomenon — predict before you continue
On an airplane at cruising altitude, the cabin is pressurized, but its pressure is lower
than atmospheric pressure at ground level. A sealed bag of chips packed at ground
level therefore swells as the trapped gas expands until a new mechanical equilibrium
is reached. If the external pressure remains approximately constant, warming the gas
increases its volume, whereas cooling it decreases its volume. Thus, for a fixed mass
of gas, volume depends on both the pressure and the absolute temperature — the
temperature measured in kelvin, T [K] = ʃ [°C] + 273.

Figure 1-1-1 · A sealed bag of chips swells at cruising altitude because the regulated cabin pressure is
lower than the atmospheric pressure at ground level. The trapped gas expands until a new mechanical
equilibrium is reached.

✏ Predict
(a) When a fixed mass of gas is compressed at constant temperature, does its
pressure rise, fall, or stay the same?
(b) When you warm a sealed gas at constant pressure, does its volume rise, fall,
or stay the same?
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★ Key fact
How big is a mole? If you
could count a million
molecules every second,
counting one mole would
still take about twenty
billion years — longer than
the universe has existed.

★ Term
Amount of substance — a
count, not a mass. Two
grams of hydrogen and two
grams of oxygen weigh the
same but hold very different
numbers of molecules,
which is why the gas laws
are written in moles rather
than in grams.

★ Note
More than one reference
condition is in use —
chemistry often quotes 25°C
instead of 0°C — and each
gives a different molar
volume. Check which one a
question intends before you
reach for 22.4 L.

The standard state and the equation of state
Start from your own last column. The pressure and the temperature both climbed as
you warmed the flask, yet pV/T held one value across every run — which is what the
previous lesson found for a fixed mass of gas. But that value belongs to your flask,
not to gases in general: seal in twice as much gas at the same pressure and
temperature and it fills twice the volume, so pV/T doubles with it. The constant is
therefore proportional to the amount of substance,

pV
T  = nR

with R the same for every sample; and multiplying through by T puts the whole
relation on one line:

pV = nRT
Only the size of R is still open, and a single measurement closes it, since R = pV/(nT)
needs one sample whose four readings are all known. That is what a reference state
is for — a volume means nothing until the pressure and the temperature beside it
are agreed on — and in the standard state all four are: one mole, 273 K, one
atmosphere, and the 22.4 L that mole is measured to fill. The striking part is that the
same 22.4 L comes back whichever gas is weighed out, because the ideal model has
thrown away the size of the molecules and the forces between them and left nothing
but how many there are. So the division returns one and the same 8.31 J/(mol·K) for
helium as for nitrogen, and that is what makes R a constant of nature rather than a
property of any one gas.

Figure 1-2-3 · One mole of any ideal gas fills 22.4 L in the standard state, 0°C and 1 atm.

ý Point

ú Equation box

Equation of state pV = nRT   (p in Pa, V in m³, T in K, n in mol)

A collection of 6.02×10²³ particles is expressed as 1 mole  (symbol
mol ), and the quantity expressed using the unit mol is called the
amount of substance . The amount 6.02×10²³/mol is called the
Avogadro constant .

!

The state of a gas at a temperature of 0°C (273 K)  and a pressure of
1 atm  is called the standard state. In the standard state, regardless of

the type of gas, the volume of a gas per 1 mol is 22.4  L. 

!

For an ideal gas with amount of substance n [mol], pressure p [Pa], volume
V [m³], and temperature T [K], pV = nRT  holds. This is called the

equation of state for an ideal gas . This R is called the gas constant,
and regardless of the type of gas, it is approximately 8.31 J/(mol·K). 

!
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p = ʦ.ʥĬʦʥɺ Pa

V = ʧ.ʥĬʦʥ į mį

T = ʨʥʥ K

pV = nRT
n = ?

Figure 1-2-4 · The known p, V, and T
are substituted into pV = nRT to find
n.

Gas constant R ≈ 8.31 J/(mol·K), the same for any gas

Standard molar volume 1 mol of an ideal gas occupies 22.4 L at 0°C (273 K)
and 1 atm

Temperature T [K] = ʃ [°C] + 273

� Worked Example

Situation Determine the amount of substance in moles of an ideal gas
with a pressure of 1.0×10⁵ Pa, a temperature of 27°C, and a
volume of 2.0×10⁻³ m³, to 2 significant figures. Take the gas
constant as 8.3 J/(mol·K).

Given and
required

p = 1.0×10⁵ Pa, ʃ = 27°C so T = 27 + 273 = 300 K,
V = 2.0×10⁻³ m³, R = 8.3 J/(mol·K); find the amount of
substance n [mol].

Representation The gas is a fixed sample described by a single state (p, V, T).
See Figure 1-2-2 for the flask, gauge, and thermometer that
fix these three readings.

Strategy Steps to apply the ideal gas equation: check the given
pressure, volume, absolute temperature, and number of
moles of the gas, and substitute them into the equation of
state pV = nRT to determine the unknown quantity.

Annotated
solution

Let the required amount of substance be n [mol]. From the
equation of state for an ideal gas pV = nRT:
(1.0×10⁵)×(2.0×10⁻³) = n×8.3×(27+273)
200 = n×8.3×300 = n×2490
n = 200 / 2490 =  8.0×10⁻² mol .

Reasonableness
check

At 0°C and 1 atm one mole fills 22.4 L. Here the volume is
only 2.0 L (2.0×10⁻³ m³) and the pressure is close to 1 atm, so
well under one mole is expected — and 8.0×10⁻² mol is a
small fraction of a mole, which fits.

� Explain it
yourself

In one sentence, say why the Celsius temperature must be
converted to kelvin before it is substituted into pV = nRT.

� Now you try: Determine the amount of substance in moles of an ideal gas with
a pressure of 1.0×10⁵ Pa, a temperature of 27°C, and a volume of 4.0×10⁻³ m³, to 2
significant figures. Take R = 8.3 J/(mol·K).

� Try
1. Determine the volume in m³ of an ideal gas with a pressure of 1.2×10⁵ Pa, a

temperature of 373 K, and an amount of substance of 2.0 mol, to 2 significant
figures. Take the gas constant as 8.3 J/(mol·K).
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� Key idea
Pressure p — the force
acting per unit area,
p = F/A, measured in
pascals (Pa); 1 Pa = 1 N/m².

1-1 Boyle-Charles's Law

� Lesson question: How are the pressure, volume, and absolute temperature
of a fixed mass of gas related?

You will learn to

1. Calculate the pressure of a gas from the force per unit area, p = F/A, in pascals
(Pa).

2. Find the pressure of gas enclosed by a piston by applying the balance of
forces on the piston.

3. Apply Boyle-Charles's law, pV/T = constant, to relate the states of a fixed mass
of ideal gas before and after a change.

� The phenomenon — predict before you continue
On an airplane at cruising altitude, the cabin is pressurized, but its pressure is lower
than atmospheric pressure at ground level. A sealed bag of chips packed at ground
level therefore swells as the trapped gas expands until a new mechanical equilibrium
is reached. If the external pressure remains approximately constant, warming the gas
increases its volume, whereas cooling it decreases its volume. Thus, for a fixed mass
of gas, volume depends on both the pressure and the absolute temperature — the
temperature measured in kelvin, T [K] = ʃ [°C] + 273.

Figure 1-1-1 · A sealed bag of chips swells at cruising altitude because the regulated cabin pressure is
lower than the atmospheric pressure at ground level. The trapped gas expands until a new mechanical
equilibrium is reached.

� Predict
(a) When a fixed mass of gas is compressed at constant temperature, does its
pressure rise, fall, or stay the same?
(b) When you warm a sealed gas at constant pressure, does its volume rise, fall,
or stay the same?
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Figure 1-2-5 · A rigid steel scuba
cylinder holds a fixed volume of
densely packed air molecules at high
pressure, while the diver's exhaled
bubbles grow larger as they rise
toward the surface and the
surrounding pressure falls.

Figure 1-2-6 · About eleven large
plastic bottles hold the same 22.4 L as
one mole of gas, some 6.02×10²³
molecules.

The scene we opened with.

2. Determine the amount of substance in moles of an ideal gas with a pressure
of 1.7×10⁵ Pa, a temperature of 27°C, and a volume of 6.0×10⁻³ m³, to 2
significant figures. Take the gas constant as 8.3 J/(mol·K).

Þ In a new context
A rigid steel scuba tank holds a fixed sample of air. Because its volume is set by the
metal wall, the equation of state pV = nRT lets a diver read the tank's pressure gauge
and, knowing the tank volume and the temperature, work out how many moles of air
remain — and therefore how many breaths are left. As the tank empties, n falls, so at
fixed V and T the pressure p drops in step with the amount of gas still inside.
ố Your turn: A rigid 1.2×10⁻² m³ tank holds gas at 8.31×10⁶ Pa and 300 K. Using
pV = nRT with R = 8.3 J/(mol·K), estimate the amount of substance inside.

2 Nature of Science

From the original — the tremendously large number "Avogadro constant."
The amount of substance (moles) that appears in the ideal gas equation is a
unit for counting the number of gas molecules. The number of molecules
contained in one mole is called the Avogadro constant, about 6.02×10²³ — a
tremendously large number. An ideal gas in the standard state (0°C, 1 atm)
occupies 22.4 L, about eleven large plastic bottles, regardless of its type, and
inside it such an astronomical number of molecules are flying around.
The gas constant R is one number that works for every gas. That a single
measured constant captures the behavior of oxygen, helium, and air alike is a
hallmark of a good physical model: it compresses many separate observations
into one relation, pV = nRT, that can then be tested against fresh
measurements.
Your turn: Suggest one way you could measure the Avogadro constant, or the
gas constant R, from readings you could take in a school laboratory.

Lesson question, answered — For an ideal gas the pressure, volume,
temperature, and amount of substance are tied together by one equation of
state, pV = nRT, where R ≈ 8.31 J/(mol·K) is the same for every gas. The
amount of substance n counts molecules in moles, with 6.02×10²³ molecules
per mole, and any one of the four quantities is fixed once the other three are
known.

û Exercise
1. Determine the volume in m³ of an ideal gas with a pressure of 1.2×10⁵ Pa, a

temperature of 27°C, and an amount of substance of 2.0 mol, to 2 significant
figures. Take the gas constant as 8.3 J/(mol·K).

2. Determine the temperature in °C of an ideal gas with a pressure of 4.0×10⁴ Pa,
an amount of substance of 0.50 mol, and a volume of 3.32×10⁻² m³, to 2
significant figures. Take the gas constant as 8.3 J/(mol·K).

3. Determine the amount of substance in moles of an ideal gas with a pressure
of 3.0×10⁵ Pa, a temperature of 127°C, and a volume of 1.66×10⁻² m³, to 2
significant figures. Take the gas constant as 8.3 J/(mol·K).
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★ Key idea
Impulse — the change of
momentum a body receives,
in newton-seconds [N·s]. A
gas holds N molecules of
mass m at speed v in a
volume V. What must its
walls feel?

1-3 Motion of Gas Molecules

❓ Lesson question: From a microscopic view, what motion of gas molecules
produces the pressure of a gas?

You will learn to

1. Find the impulse one molecule delivers to a wall in a single elastic collision,
2mvx, and count how often it strikes the same wall.

2. Build up from one molecule to N molecules to obtain the average force F and
the pressure p on a wall.

3. Derive the kinetic relation p = Nm /3V and read it as a microscopic origin of
pressure.

= The phenomenon — predict before you continue
Let a wisp of smoke drift into a small glass cell and watch it under a microscope. The
bright specks never settle: each one jitters and darts along a broken, random path, as
though it were being shoved from every side at once. Nothing visible touches them
— they are being struck, unevenly and ceaselessly, by the air molecules around
them. Those same countless impacts, delivered to a wall instead of to a speck, add
up to the steady push we call pressure.

Figure 1-3-1 · Smoke specks under a microscope never rest: air molecules strike them unevenly from
every side, and those same countless impacts, spread over a wall, make up pressure.

✏ Predict
(a) Does one molecule push on the wall all the time, or only at the instant it
hits?
(b) If you doubled the number of molecules while keeping their speed the
same, would the average force on the wall roughly double, halve, or stay the
same?

v²

19



★ Working note
Each bead touches the wall
only for an instant, yet the
hits arrive so often that the
wall feels a smooth,
constant push. Track two
things for each wall — how
hard one hit is (the
momentum it hands over)
and how often the hits come
(hits per second) — and
their product is the average
force.

= Explore — Beads in a shaken box
What you'll do: Reason through a mechanical model of a gas — many beads
rattling in a shaken box against one light, freely sliding wall — to see how countless
separate impacts add up to the one steady push we call pressure.
Time: 8 min
You will need:

Clear box Beads Sliding card Ruler

Steps

Model run
Momentum per hit
(∝ mv)

Hits per second
(∝ v)

Average force on wall
(∝ Nmv²)

N beads, speed v
(baseline)

2N beads, speed v

N beads, speed 2v

Analyze what you reasoned out:
(a) Reading down the force column: how does doubling the number of beads

change the push, and how does doubling their speed change it? Which change is
steeper, and why do both the harder hit and the more frequent hit grow with
speed?

(b) A real gas wall behaves the same way. Predict how the gas pressure should
depend on the number of molecules N and on their speed — and check your
prediction against p = Nm /3V.

✎Write your explanation in two lines before you read the next page.

From observation to model

One collision gives an impulse of 2mvx
Your bead runs have already fixed the shape of the answer: twice as many beads
doubled the push, while twice the speed quadrupled it, because a faster bead both
hits harder and comes back sooner. What is missing is a number in place of a

A small clear rigid box• A few dozen identical beads•
A light card that slides freely as one wall• A ruler•

Picture N identical beads of mass m rattling in the box and striking the sliding
wall with speed v; each elastic hit reverses the bead, so it hands the wall a
momentum of about 2mv.

1

Reason about how often one bead comes back to the same wall: a faster bead
makes its round trip sooner, so its hits per second grow with v.

2

For each model run, multiply momentum-per-hit by hits-per-second to get the
average force on the wall, and enter it in the last column.

3

Read down that last column and compare the runs to see how the force answers
to more beads and to faster beads.

4

v²
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★ Key fact
Impulse = change in
momentum. One elastic hit
reverses vx, giving the wall
an impulse of 2mvx [N·s].

★ Term
Mean square speed  —
the average of v² over all
molecules. Its square root
√  is the root-mean-
square speed.

★ Note
Random motion has no
preferred direction, so  =

 =   and  = 3 .

proportionality, and that means following one bead through one hit. Consider an
ideal gas of N molecules, each of mass m [kg], in a cubic container of side L [m] and
volume V = L³ [m³]. Look at the surface S perpendicular to the x-axis. Because the
collision with the wall is elastic, only the velocity component perpendicular to the
wall reverses: the x-component changes from vx to −vx. The change in the molecule's
momentum along x is (−mvx) − mvx = −2mvx, so the wall pushes the molecule with
an impulse of magnitude 2mvx. By the law of action and reaction, the molecule
delivers an impulse of 2mvx [N·s] to the wall.

O
x

y

z

L

L

L

S

Figure 1-3-2 · Cubic container of side L with axes x, y, z and the shaded face S ⊥ x; gas molecules move
along the velocity arrows.

Many impacts average into a steady force and a pressure
Along the x-axis the molecule moves back and forth at constant speed vx, covering a
round-trip distance 2L between successive hits on S, so it strikes S once every 2L/vx
[s]. In a time t it therefore strikes vxt/2L times, delivering a total impulse mvx²t/L;
dividing by t gives the average force from one molecule,

f =  mvx²
L

Summing over all N of them replaces the single vx² by its average, so the force on S
is F = Nm /L; the face has area L², so p = F/L² = Nm /L³ = Nm /V. One step is
left, and it is the step that removes the axis we happened to choose. The motion is
random with no preferred direction, so the three components carry equal shares, 
 =   =  ; and since v² = vx² + vy² + vz², each share is a third of the whole,  = 

/3. Substituting it gives

p =  Nm
3V

— a pressure fixed by how many molecules there are, how heavy each is, and how
fast they move, and by nothing else. Nothing in it remembers which face we
watched, and nothing in it mentions the shape of the box.

S

x

y

O

v

vx

vy

v

−vx

vy

Figure 1-3-3 · Elastic collision at S: the perpendicular component reverses (vx → −vx) while the parallel
component vy is unchanged, so the speed v is preserved.

vx² vx² vx²

vx²
vy² vz² vx²

v²
v²

v²

v²

vx²
vy² vz² v² vx²
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Figure 1-3-4 · Worked Example:
molecules move in a cube of side L;
each collision with the shaded wall S
reverses the x-component of a
molecule's momentum.

Figure 1-3-5 · Worked Example: a
molecule crosses the box of side L
and rebounds from the face at x = L,
so vx reverses while the speed v is
unchanged.

ý Point

ú Equation box

One collision impulse on wall = 2mvx   (unit: N·s)

One molecule hits per time t =  vxt
2L ⟹  f =  mvx²

L

N molecules F =  Nm
L

and   p =  F
L²  =  Nm

V

Kinetic pressure  = 3   ⟹  p =  Nm
3V

   (unit: Pa)

Density form p =  Nmv̄²
3V  = ⅓ρv̄²

¢ Worked Example

Situation An ideal gas of N molecules of mass m [kg] fills a cubic
container of side L [m] and volume V = L³ [m³]. With x, y, z
axes set up, consider the pressure on the surface S
perpendicular to the x-axis. The molecules do not collide
with each other and move in straight lines at constant speed
until they strike the walls; collisions with the walls are elastic,
so the speeds are unchanged. Let one molecule have speed v
[m/s] with components vx, vy, vz.
(a) Find the magnitude of the impulse given to S by a single
collision of one molecule.
(b) Find the magnitude of the impulse given to S by one
molecule during time t [s].
(c) Find the average force f [N] exerted on S by one molecule.
(d) Find the average force F [N] exerted on S by N molecules,
letting the average of vx² be .
(e) Express the pressure p [Pa] in terms of V [m³] and the
average of the squared speeds .

Steps to determine the pressure from the motion of gas molecules
❶ Determine the impulse exerted on the wall by one molecule in a
single collision.
❷ Determine the total impulse exerted on the wall by one molecule
during time t.
❸ Determine the average force exerted on the wall by one molecule.
❹ Determine the average force exerted on the wall by N molecules.
❺ Determine the pressure of the gas.

!

vx² vx²

v² vx² v²

vx²
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Figure 1-3-6 · Worked Example:
between two hits on S the molecule
covers a round trip of 2L, so it strikes
S once every 2L/vx.

Given and
required

Given: N, m, cubic side L, V = L³, elastic wall collisions,
velocity components vx, vy, vz. Required: (a) impulse per
collision on S; (b) impulse on S in time t; (c) f; (d) F using ;
(e) p in terms of V and .

Representation See Figure 1-3-2 for the cube and surface S, Figure 1-3-3 for
the reversal of vx at the wall, and Figure 1-3-4 for the round
trip of length 2L along the x-axis.

Strategy Work through the five steps of the Point in order, and note
what each one needs: the impulse comes from the change in
momentum, the collision rate from the round-trip distance
2L, and the last step from isotropy — no direction is special,
so  = 3 .

Annotated
solution

(a) Elastic collision reverses only the x-component: vx → −vx.
Momentum change along x is (−mvx) − mvx = −2mvx; the
wall's impulse on the molecule is −2mvx, so by action–
reaction the impulse on S is 2mvx [N·s] .

(b) Along x the motion is uniform at speed vx; the round
trip to S is 2L, so the time between hits is 2L/vx and the
number of hits in t is t ÷ (2L/vx) = vxt/2L. With 2mvx per hit,
the total impulse on S is 2mvx × vxt/2L = mvx²t/L  [N·s] .

(c) This impulse equals ft: ft = mvx²t/L. Dividing by t,
f = mvx²/L [N] .

(d)  With the average  over all molecules, from (c) the
force from N molecules is F = N × m /L = Nm /L  [N] .

(e) Pressure = F ÷ (area of S = L²): p = F/L² = Nm /L³.
Since L³ = V, p = Nm /V … (i). Because  =   +  + 
and the motion is unbiased (  =   =  ),  = 3 , i.e. 
 = (1/3) . Substituting into (i): p = Nm /3V [Pa] .

Reasonableness
check

The units check: (2mvx) has kg·m/s = N·s; Nm /V has
kg·(m/s)²/m³ = (kg·m/s²)/m² = N/m² = Pa. Pressure rises with
more molecules N, with faster molecules , and falls as the
volume V grows — all as expected for a gas.

( Explain it
yourself

In one sentence, say why the factor 1/3 appears in
p = Nm /3V, referring to the three equal direction averages.

✍ Now you try: A molecule of mass m = 5.0×10⁻²⁶ kg has an x-velocity
component vx = 400 m/s inside a cube of side L = 0.10 m. Find (a) the impulse it

vx²
v²

v² vx²

vx²
vx² vx²

vx²
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v² v²
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Figure 1-3-7 · Try 1: the same
argument in a rectangular box of
sides Lx, Ly, Lz, with the face S
perpendicular to the x-axis.

Figure 1-3-8 · Air molecules fly like
tiny bullets at about 500 m/s and
rebound elastically off the wall; each
impact is one of the countless
collisions that make up the pressure.

gives S per collision, (b) how many times per second it strikes S, and (c) the average
force it exerts on S.

6 Try
1. An ideal gas of N molecules of mass m [kg] fills a rectangular box with side

lengths Lx [m], Ly [m], Lz [m] and volume V = Lx × Ly × Lz [m³]. With x, y, z axes
set up, consider the pressure on the surface S perpendicular to the x-axis. The
molecules do not collide with each other, move in straight lines at constant
speed, and collide elastically with the walls so their speeds are unchanged. Let
one molecule have speed v [m/s] with components vx, vy, vz.
(a) Find the magnitude of the impulse given to S by a single collision of one
molecule.
(b) Find the magnitude of the impulse given to S by one molecule during time
t [s].
(c) Find the average force f [N] exerted on S by one molecule.
(d) Find the average force F [N] exerted on S by N molecules, letting the
average of vx² be .
(e) Express the pressure p [Pa] in terms of V [m³] and the average of the
squared speeds .

Þ In a new context
The air standing still in your room is not still at all: its molecules are hurtling past one
another at roughly the speed of a pistol bullet — and two numbers anyone can
measure are enough to prove it. Weigh a known volume of air to get its density,
about ρ ≈ 1.3 kg/m³ at room temperature, and read the pressure from a barometer,
about p ≈ 1.0×10⁵ Pa. Writing the kinetic result p = Nm /3V in terms of that density
gives p = ⅓ρ , so those two everyday, large-scale readings alone fix the speed of
particles far too small to see.
ố Your turn: Using p = ⅓ρ  with ρ = 1.3 kg/m³ and p = 1.0×10⁵ Pa, estimate the
root-mean-square speed √  of air molecules.

2 Nature of Science

From the original — gas molecules flying around like bullets. The air
pressure we feel is caused by countless molecules constantly colliding with
walls and our skin. At room temperature the average speed of air molecules
such as nitrogen and oxygen reaches about 500 meters per second — faster
than the speed of sound and comparable to a pistol bullet. The estimate above,
≈ 4.8×10² m/s, is the root-mean-square speed and is of the same order as this
average, reproducing it from the kinetic model, a striking match between a
microscopic picture and a macroscopic measurement.
The derivation is a chain of idealizations: point-like molecules, no collisions
between molecules, perfectly elastic walls, and a smooth average replacing
many separate impacts. None is exactly true, yet together they turn an
impossible bookkeeping of trillions of impacts into one clean equation that
predicts real pressures well. This is how kinetic theory works — it links the
invisible motion of molecules to a quantity we can measure with a gauge.
Daniel Bernoulli set out this very argument in 1738 — pressure as the
drumming of countless particles — and it was left almost untouched for more
than a century, until Clausius in 1857 and Maxwell in 1860 rebuilt it and made it

vx²

v²

v²
v²

v²
v²
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The scene we opened with.

Figure 1-3-9 · Exercise: one mole
of gas in a cubic container of
side L, with the surface S
perpendicular to the x-axis.

calculate. A model can be right and still wait a hundred years for the evidence
that makes it worth believing.
Your turn: Suggest one measurement you could make on a real gas that would
test whether the model's prediction p = Nm /3V holds, and name the
assumption most likely to break down.

Lesson question, answered — Gas pressure comes from the ceaseless,
straight-line motion of molecules that strike the container walls and rebound
elastically. Each hit delivers a tiny impulse 2mvx, and the impacts are so
frequent that, averaged over N molecules and all directions, they act as a
steady force per unit area: p = Nm /3V. Pressure is the large-scale signature
of molecular speed.

û Exercise
1. One mole of gas molecules of mass m [kg] is placed in a cubic container of

side L [m] and volume V = L³ [m³]. The molecules do not collide with each
other and collide elastically with the surfaces. With x, y, z axes set up, consider
the pressure on the surface S perpendicular to the x-axis. Let the velocity
components of a molecule be vx, vy, vz. Fill in each blank with the appropriate
expression.
In one collision with S, the impulse this molecule gives S is ( A ), and the
number of times it strikes S per second is ( B ). So the total impulse it gives S
per second is ( C ). Let the Avogadro constant be NA and the average of vx² be

. Then the total impulse given to S by all molecules per second is ( D ). If F is
the average force on S from all molecules, then F = ( E ), and using  = (1/3)

, the pressure of the gas is p = ( F ).
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vx²
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★ Key idea
Internal energy U — the
sum of the kinetic energies
of all the molecules of a gas
and the potential energy of
the intermolecular forces,
measured in joules (J); in a
monatomic ideal gas the
forces vanish, so only the
kinetic part is left.

1-4 Internal Energy of a Gas

❓ Lesson question: What determines the "internal energy" stored in a gas?

You will learn to

1. Work out how much energy a single-atom gas holds, in joules (J), from
nothing but its amount and its absolute temperature.

2. Find how that store shifts when the same sample is warmed or cooled
through a stated number of kelvin.

3. Predict the settled temperature and pressure when two insulated vessels are
opened to each other and their gases mix.

= The phenomenon — predict before you continue
Two rigid, well-insulated flasks hold the same monatomic gas, helium. One flask is
warm and one is cool, and they are joined by a closed valve. Nothing can enter or
leave, and no heat escapes through the insulation. When the valve is opened, the
two bodies of gas mix and settle to a single steady temperature. No stove and no ice
were used — only the gas the flasks already held.

Figure 1-4-1 · Two insulated flasks of helium, one warm and one cool, joined by a closed valve; the
warmer atoms move faster.

✏ Predict
(a) After the valve is opened, is the final temperature above the warmer gas,
below the cooler gas, or somewhere between the two?
(b) Does the total internal energy of the gas in the two flasks rise, fall, or stay
the same?
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Figure 1-4-2 · Two insulated bottles of
trapped air (A warmed, B cool), each
read by a thermometer, joined by a
clamped tube on a foam stand;
opening the clamp lets them mix.

★ Working note
Keep each thermometer
bulb in the trapped air, not
touching the glass wall, and
read a temperature only
after it stops drifting — the
bottles reach a steady value
slowly through the
insulation.

= Explore — Mixing warm and cool air
What you'll do: Let two insulated bottles of air at different temperatures share their
gas, and test whether the settled temperature is the average of the two starts — the
sign that internal energy is conserved.
Time: 15 min
You will need:

Insulated bottle Thermometer Water bath

Steps

Run TA warm /°C TB cool /°C Tmix settled /°C ½(TA+TB) /°C

1

2

3

Analyze what you collected:
(a) Across the runs, how does the settled temperature Tmix compare with your

predicted average ½(TA+TB)?
(b) The bottles are rigid (the gas does no work) and insulated (no heat leaves). What

does the match tell you about the total internal energy of the two gases, and
where did the warm gas's lost energy go?

✎ Write your explanation in two lines before you read the next page.

From observation to model

Where a gas keeps its energy
A gas can hold energy in only two places. One is motion: every molecule is flying, so
it carries kinetic energy, and that share grows as the gas gets hotter. The other is
position: molecules pull on one another across the gaps between them, and moving
them nearer or farther changes the stored energy of that attraction, just as lifting a
magnet away from iron does. Both shares belong to the gas itself and neither can be
seen from outside, which is why they are counted together as one bookkeeping
quantity. Helium, neon and argon are the simplest case to count, because a lone
atom has no bonds inside it to stretch and, in the ideal limit, its neighbors are too far

Two rigid insulated bottles (A and B), same size• Two thermometers•
A warm water bath• A clamped connecting tube and insulating wrap•

Trap equal amounts of air in the two rigid insulated bottles, fit a thermometer
through each stopper, and note the room-temperature reading of each.

1

Stand bottle A in the warm water bath until its reading is well above room
temperature; leave bottle B cool. Record the starting temperatures TA and TB.

2

Wrap both bottles and the tube, open the clamp, and record the single
temperature Tmix the pair settles to; then compute the predicted average
½(TA+TB).

3

Repeat with a larger gap between TA and TB.4
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★ Term
Where the monatomic
model stops — a two-atom
molecule such as O2 can
also spin end-over-end and
vibrate along its bond, and
each of those extra ways of
moving takes its own share
of energy. So a diatomic or
polyatomic gas stores more
than a single atom does at
the same temperature, and
the (3/2) factor of this
lesson is no longer the right
one for it. Where the ideal
limit stops — real atoms do
attract one another, so the
position share is never
exactly zero. Squeeze a real
gas hard or cool it toward
liquefaction and the
molecules spend their time
close together: the stored
energy then depends on the
volume as well as on the
temperature, and the gas is
on its way to becoming a
liquid.

★ Key fact
The scale of it: one mole at
room temperature, 300 K,
carries (3/2)×1×8.3×300 ≈
3.7×10³ J — roughly what it
takes to lift a 5 kg mass
75 m. Halve the kelvin
reading and you halve that
store.

away for their attraction to register — the second store is empty, and only the flying
is left to add up.

He
Ne Ar

He

Ne
Ar

He Ne

no intermolecular force

random speeds

Figure 1-4-3 · Monatomic molecules — single atoms of He, Ne, and Ar — moving in random directions
at random speeds inside a box, with no intermolecular force acting between them.

Deriving the (3/2) — and why nothing else survives
Two results already in hand meet here. Lesson 1-3 built the pressure out of
molecular impacts, p = Nm /3V, which rearranges to pV = ⅓Nm ; the equation of
state describes the same sample from outside as pV = nRT. Equating them gives

⅓Nm  = nRT

and since the total kinetic energy of the sample is ½Nm , i.e. (3/2) times the left-
hand side, that total is exactly (3/2)nRT. The derivation is worth reading twice for
what it loses along the way: the molecular mass m, the speed v, the volume and the
chemical identity of the gas all cancel out. Two flasks of different monatomic gases
at the same amount and the same temperature therefore hold the same energy, and
warming a sample by ΔT costs the same whatever gas it is.

What follows when nothing gets in or out
Close a gas inside walls that cannot move and cannot pass heat — a wall that passes
no heat is called adiabatic. Nothing can push the boundary, so no work crosses it;
nothing can flow through it, so no heat crosses it either. Energy reaches a trapped
gas only as heat or as work — all that the first law of thermodynamics, set out in
Lesson 1-5, asserts — so its energy account has no entry left to make. Join two such
vessels and the same argument covers both at once: what one body of gas gives up
the other must take on, so the two energies simply add to the value they had before.
Writing that sum with (3/2)nR in front of every term lets the common factor be
struck out, and the settled temperature turns out to be the average of the two
starting temperatures weighted by how many moles each vessel brought — the
larger sample pulls the result toward itself, which is the calculation carried out in the
Example below.

ý Point

v² v²

v²
v²

Molecules consisting of a single atom, such as helium (He), neon (Ne), and
argon (Ar), are called monatomic molecules .

!

The sum of the kinetic energies of the gas molecules and the potential
energy due to intermolecular forces is called the internal energy  of the
gas. In a monatomic ideal gas, since there are no intermolecular forces, the
internal energy of the gas is simply the sum of its kinetic energies.

!

The internal energy U[J] of n[mol] of a monatomic ideal gas at temperature
T[K] is expressed by the following equation.

!
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★ Note
Kelvin, always: T in this
equation is the absolute
temperature, so a Celsius
reading must be converted
before it is substituted. The
one exception is a
difference: a rise of 10 °C is a
rise of 10 K, so ΔT may be
taken straight from a Celsius
change.

ú Equation box

Internal energy
U = ( 3

2 )nRT   (monatomic ideal gas; R is the gas

constant)

Change in internal
energy ΔU = ( 3

2 )nRΔT

Equation of state pV = nRT

Conservation on
mixing (adiabatic) ( 3

2 )nARTA + ( 3
2 )nBRTB = ( 3

2 )(nA+nB)RT

Gas constant R ≈ 8.31 J/(mol·K)

¢ Worked Example

Figure 1-4-4 · Worked Example: the adiabatic containers A and B joined by a thin tube with a stopcock,
before any values are entered.

Situation An adiabatic container A with a volume of 0.62 m³ and an
adiabatic container B with a volume of 0.21 m³ are connected
by a thin tube with a stopcock. With the stopcock closed,
1.5 mol of a monatomic ideal gas at 300 K is enclosed in
container A, and 1.0 mol of the gas at 400 K is enclosed in
container B. Answer to 2 significant figures for the state after
the stopcock is opened and a sufficient amount of time has
passed. Take the gas constant as 8.3 J/(mol·K).
(a) Find the final temperature of the gas in K.
(b) Find the final pressure of the gas in Pa.

U = ( 3
2 )nRT   (R is the gas constant)

Furthermore, the change in internal energy ΔU[J] when the temperature of a
gas changes by ΔT[K] is given by ΔU = ( 3

2 )nRΔT .

According to the first law of thermodynamics, for a gas in a container of
constant volume, when there is no heat exchange with the surroundings,
the internal energy of the gas is conserved. 

!
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Figure 1-4-5 · Worked Example: the
two containers before the stopcock is
opened (0.62 m³, 300 K, 1.5 mol and
0.21 m³, 400 K, 1.0 mol) and the
combined gas afterwards (0.83 m³, T,
2.5 mol).

Given and
required

Container A: VA = 0.62 m³, nA = 1.5 mol, TA = 300 K.
Container B: VB = 0.21 m³, nB = 1.0 mol, TB = 400 K.
R = 8.3 J/(mol·K). Find (a) the final temperature T, and (b) the
final pressure p.

Representation Figure 1-4-4 shows the apparatus — containers A and B
joined by a stopcock — and Figure 1-4-5 carries the values:
the two containers before opening, and the combined gas of
0.83 m³ holding 2.5 mol at temperature T after opening.

Strategy The containers are adiabatic (no heat crosses their walls) and
rigid, so the gases simply mix and the total internal energy is
conserved: equate the internal energy before and after to
find T. Then apply the equation of state pV = nRT to the
combined volume and total amount to find p.

Annotated
solution

(a)  Since the gases are simply mixed, the internal energy of
the system is conserved. Let the final temperature be T [K].
From conservation of internal energy:
(3/2)×1.5×8.3×300 +
(3/2)×1.0×8.3×400 = (3/2)×(1.5+1.0)×8.3×T
The common factor (3/2)×8.3 cancels: 1.5×300 +
1.0×400 = 2.5×T, so 850 = 2.5T and T =  3.4×10² K .

(b)  Let the final pressure be p [Pa]. From the equation of
state pV = nRT:
p×(0.62+0.21) = 2.5×8.3×(3.4×10²)
p = (2.5×8.3×340)/0.83 = 7055/0.83 =  8.5×10³ Pa .

Reasonableness
check

(a) The result 340 K lies between 300 K and 400 K, nearer
300 K because container A holds more gas (1.5 mol vs
1.0 mol) — exactly what a mole-weighted average gives. (b)
With 2.5 mol spread through 0.83 m³ at 340 K, p ≈
8.5×10³ Pa, well below atmospheric pressure, which fits a
dilute gas in a large volume.

( Explain it
yourself

In one sentence, say why the final temperature is closer to
300 K than to 400 K, and why the (3/2)R factor can be
canceled from both sides of the internal-energy balance.

✍ Now you try: Adiabatic container A (0.50 m³) holds 2.0 mol of a monatomic
ideal gas at 350 K, and adiabatic container B (0.30 m³) holds 3.0 mol of the same gas
at 300 K. Find the final temperature after the stopcock is opened.

6 Try
1. Determine the internal energy in J of a monatomic ideal gas at 27°C and

0.40 mol. Take the gas constant as 8.3 J/(mol·K) and give the answer to 2
significant figures.
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Figure 1-4-6 · Try 2: adiabatic
containers A (0.24 m³) and B
(0.40 m³) joined by a thin tube
with a stopcock.

Figure 1-4-7 · In a constant-volume
gas thermometer, heating the sealed
rigid bulb makes the molecules move
faster and raises the pressure shown
on the gauge.

The scene we opened with.

2. 0.60 mol of a monatomic ideal gas at 400 K is enclosed in an adiabatic
container, and the temperature is changed to 300 K. Determine the change in
internal energy in J, to 2 significant figures. Take the gas constant as
8.3 J/(mol·K).

3. An adiabatic container A with a volume of 0.24 m³ and an adiabatic container
B with a volume of 0.40 m³ are connected by a thin tube with a stopcock. With
the stopcock closed, 20 mol of a monatomic ideal gas at 320 K is enclosed in
container A, and container B is a vacuum. For the state after the stopcock is
opened and a sufficient amount of time has passed, determine to 2 significant
figures (i) the temperature of the gas in K, and (ii) the pressure of the gas in
Pa. Take the gas constant as 8.3 J/(mol·K).

Þ In a new context
Because the internal energy of a monatomic ideal gas depends only on its
temperature and amount, a rigid sealed tank of such a gas acts as a store of thermal
energy. If the tank is rigid the gas does no work as it is warmed, so by the first law
every joule delivered to it raises the internal energy directly: ΔU = (3/2)nRΔT. This is
why a fixed-volume gas thermometer responds so predictably — the stored internal
energy is tied to the absolute temperature alone.
ố Your turn: A rigid, insulated container holds 0.50 mol of a monatomic ideal gas.
Its internal energy is raised by 1.5×10³ J. Using ΔU = (3/2)nRΔT with R = 8.3 J/(mol·K),
estimate the temperature rise ΔT.

2 Nature of Science

From the original — "absolute zero", the ultimate low temperature where
thermal motion stops. As the temperature of a gas is lowered, the thermal
motion of its molecules becomes calmer and the internal energy decreases. If
we extrapolate without limit, we reach a temperature where molecular thermal
motion would stop completely. This ultimate low temperature is called
"absolute zero" and corresponds to −273.15°C. The absolute (Kelvin) scale takes
this point as its reference, 0 K.
Notice that absolute zero is reached by extending a model, not by any
measurement: no experiment ever cools matter all the way to it. The relation
U = (3/2)nRT points to the same limit, since it predicts the internal energy
would fall to zero at T = 0. A powerful physical model can locate a boundary
that lies beyond every experiment yet still organizes what we can measure.
Your turn: Suggest one reason a real gas cannot actually be cooled to absolute
zero, and name one assumption of the ideal-gas model that would break down
as that limit is approached.

Lesson question, answered — Two numbers, and no others: how much gas
there is, and how hot it is. Everything else you might think matters — which
element it is, how heavy each atom is, how big the vessel is, what the pressure
reads — drops out of the derivation on the way. That is why the mixing
problem could be answered without ever using the two volumes, and why the
answer to a temperature-rise question never asks which gas is in the flask. The
catch is that this clean result belongs to single atoms in the ideal limit; give the
molecules bonds to spin and stretch, or crowd them close enough to feel one
another, and the store stops being so simple.

û Exercise
1. Determine the internal energy in J of a monatomic ideal gas of temperature T0

[K] and n [mol], taking the gas constant as R [J/(mol·K)].
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Figure 1-4-8 · Exercise 4:
adiabatic containers A (0.62 m³)
and B (0.21 m³) joined by a thin
tube with a stopcock.

2. What is the internal energy in J of a monatomic ideal gas of 27°C and
0.60 mol? Take the gas constant as 8.3 J/(mol·K) and answer to 2 significant
figures.

3. A monatomic ideal gas of temperature 100 K and 0.20 mol is enclosed in an
adiabatic container, and the temperature is changed to 300 K. What is the
change in internal energy in J? Take the gas constant as 8.3 J/(mol·K) and
answer to 2 significant figures.

4. An adiabatic container A with a volume of 0.62 m³ and an adiabatic container
B with a volume of 0.21 m³ are connected by a thin tube with a stopcock. With
the stopcock closed, a monatomic ideal gas at 300 K, 14 mol is enclosed in
container A, and gas at 400 K, 6.0 mol is enclosed in container B. For the state
a long time after the stopcock is opened, answer to 2 significant figures (i) the
temperature of the gas in K, and (ii) the pressure of the gas in Pa. Take the gas
constant as 8.3 J/(mol·K).

5. An adiabatic container A with a volume of V1 [m³] and an adiabatic container
B with a volume of V2 [m³] are connected by a thin tube with a stopcock, and
the stopcock is closed. A monatomic ideal gas of temperature T1 [K] and n1
[mol] is enclosed in container A. Taking the gas constant as R [J/(mol·K)],
determine the temperature T [K] and pressure p [Pa] a sufficient amount of
time after the stopcock is opened, for each case: (i) container B is a vacuum
before opening; (ii) a monatomic ideal gas of temperature T2 [K] and n2 [mol]
is enclosed in container B before opening.
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★ Key idea
Energy reaches a trapped
gas as heat Qin [J] or work
Win [J]. Which way does
each move its store U [J]?

1-5 Changes in the State
of Gas and Heat/Work

❓ Lesson question: How does the state of a gas change when heat is
supplied to it or it is compressed?

You will learn to

1. Keep an energy account for a trapped gas, converting freely between
quantities referred to the gas and to its surroundings without losing a sign.

2. Read from what a problem holds fixed which entry of that account falls away,
and obtain the mechanical entry from the volume a piston sweeps out.

3. Predict which way the temperature moves when a gas is squeezed or released
while no heat can cross its walls.

= The phenomenon — predict before you continue
Cap the nozzle of a bicycle pump with a fingertip and push the plunger in hard and
fast. No flame touches the air inside, yet the barrel grows noticeably warm near the
sealed end. You added no heat, only work — you squeezed the trapped gas — and
its temperature rose. Compressing a gas quickly and heating a gas can leave it in the
very same warmer state.

Figure 1-5-1 · A sealed bicycle pump: a fingertip caps the nozzle while the plunger is pushed in,
compressing and warming the trapped air.

✏ Predict
(a) When you push the plunger in quickly with the nozzle sealed, does the
internal energy of the trapped air rise, fall, or stay the same?
(b) If instead you let the gas expand while no heat can enter or leave, does its
temperature rise, fall, or stay the same?
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Figure 1-5-2 · The pump with its
outlet sealed and a thermometer strip
taped near the sealed end; a hand
pushes the plunger to do work on the
trapped gas.

★ Working note
Read the strip within a
second of the push: the
warm barrel starts leaking
heat to the room at once, so
a slow reading hides the
rise. Let it cool fully back to
room temperature before
each new run.

= Explore — Squeeze the
trapped air and read the heat

What you'll do: measure how the temperature of a sealed pocket of air changes
when you do work on it by compressing it with no heat added, to see work alone
raise its internal energy.
Time: 15 min
You will need:

bicycle pump temperature strip ruler

Steps

Run Action Tbefore (°C) Tafter (°C) ΔT = Tafter − Tbefore (°C)

1 compress fast

2 compress slowly

3 let it expand

Analyze what you collected:
(a) Look down the last column: in which runs is ΔT positive and in which is it

negative? How does the sign of ΔT for the fast compression compare with the
sign for the release?

(b) No flame touches the air (Qin ≈ 0), so what does a positive ΔT tell you about the
work done on the gas and its internal energy? Predict the sign of ΔU when the
gas instead expands and pushes the plunger out.

✎Write your explanation in two lines before you read the next page.

From observation to model

Two doors, one account
Energy reaches a trapped gas through exactly two openings and no others. One is
thermal: the wall is colder or hotter than the gas, and energy seeps across it without
anything moving. The other is mechanical: something shoves the boundary, or the
gas shoves it back. Whatever arrives through either opening has nowhere else to go,
so it lands in the store the previous lesson measured — which is all the first law

a bicycle pump• a fingertip or cap to seal the nozzle•
a stick-on temperature strip• a ruler to mark a fixed push distance•

Seal the nozzle with a fingertip, tape the temperature strip to the barrel near the
sealed end, and read the starting temperature Tbefore.

1

Push the plunger in quickly through the marked fixed distance so almost no
heat escapes (Run 1), then read Tafter at once.

2

Let the barrel cool back, repeat pushing slowly over several seconds (Run 2);
then, with the air held compressed, release the plunger and let the gas expand
(Run 3) and read again.

3

For each run work out ΔT = Tafter − Tbefore and note its sign in the last column.4
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★ Key fact
The scale of the mechanical
door: a piston of area
1.0×10⁻³ m² driven 0.10 m
against 1.0×10⁵ Pa carries
just 10 J — small beside the
heat a burner delivers in a
second, which is why gentle
expansions matter far less
to the energy account than
strong heating does.

★ Term
How ideal is "adiabatic"?
— no wall insulates
perfectly, so the label is
really a claim about speed:
the change must finish
before an appreciable
amount of heat has time to
seep through. The very
same stroke of a pump is
nearly adiabatic when it is
fast and nearly isothermal
when it is slow, and every
real process sits somewhere
between the two
idealizations rather than on
either.

asserts. It is a piece of accounting rather than a discovery about gases, and it would
read the same for a spring or a battery.
What makes it feel harder than it is, is that each opening can be described from
either side of the wall. A joule the gas absorbs is a joule the flame lost; a joule the
gas spends pushing a piston is a joule the piston gained. So every quantity in this
lesson comes in a matched pair whose members differ by a minus sign and nothing
else. Fix the gas as the system before you write anything down, refer every symbol to
it, and treat a negative answer as a direction — energy leaving — rather than as a
mistake.

Switch one term off, and a named change appears
Each of the four named changes is the same account with one entry silenced, and
the interest lies in which entry and why. Pin the volume and the boundary never
travels; a force that moves nothing transfers nothing, so the mechanical entry is
empty and all the heat shows up as a temperature rise. Pin the pressure instead, and
the work can be read off a volume change alone: the gas presses its piston of area A
with force pA and drives it a distance L, giving

W = FL = pA×L = p×AL
— and AL is simply the volume swept out, so nothing about the piston's shape or
size survives into the answer. Pin the temperature, and lesson 1-4 does the work for
us: the store of an ideal gas is fixed by amount and temperature alone, so a fixed
temperature freezes the store, and heat that enters must leave again as work in the
same instant, joule for joule, while pV holds its value. Seal the gas thermally instead,
and only the mechanical door is left: everything done on the gas is added to the
store, which is why a quick squeeze warms a gas and a quick expansion chills it —
the pump barrel and the aerosol can in your hand.

F = pA
p

L

A
ΔV = AL

Figure 1-5-3 · At constant pressure p the gas pushes a piston of area A a distance L, doing work
W = FL = pA×L = pΔV on it.

ý Point

First Law of Thermodynamics [Review]
The change in internal energy ΔU[J] of a gas is given by:ΔU =  Qin+Win  where Qin[J] is the heat absorbed  by the gas and
Win[J] is the work done  on the gas.

Let the heat released by the gas be Qout, Qout = −Qin
Let the work done by the gas be Wout, Wout = −Win 

!

Isochoric change (Change while keeping the volume of the gas constant)
In an isochoric change, Wout =  0

!

Isobaric change (Change while keeping the pressure of the gas constant)
In an isobaric change, Wout =  pΔV

!

Isothermal change (Change while keeping the temperature of the gas
constant)
For an isothermal process, since ΔU = 0, Wout =  Qin

!
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★ Note
Signs cost more marks here
than physics does. Before
substituting anything, write
down which quantity the
problem handed you —
heat into the gas or out of
it, work done on the gas or
by it — and convert it to the
"in" convention first. An
expanding gas always gives
Win < 0, so a compression
that raises the temperature
and an expansion that
lowers it are the same
equation read in two
directions.

ú Equation box

First law ΔU = Qin + Win  (with Qout = −Qin, Wout = −Win)

Isochoric Wout = 0     ΔU = Qin

Isobaric Wout = pΔV  (from W = FL = pA×L = pΔV)

Isothermal ΔU = 0     Qin = Wout,   pV = constant

Adiabatic Qin = 0     ΔU = Win

¢ Worked Example

Situation Determine the following to 2 significant figures.
(a) For the following changes, determine the work done on
the gas W [J] and the change in internal energy ΔU [J].
(i) 45 J of heat is supplied to a gas at constant volume.
(ii) 70 J of heat is supplied to a gas at a constant pressure of
1.0×10⁵ Pa, and its volume expands by 3.0×10⁻⁴ m³.
(iii) 75 J of heat is supplied to an ideal gas at constant
temperature.
(b) A gas expands in an adiabatic container. If the work done
by the gas is 45 J, determine the change in its internal energy
in J.

Given and
required

Take the gas as the system. (a)(i) Qin = 45 J, constant volume;
find W (= Win) and ΔU. (a)(ii) Qin = 70 J, p = 1.0×10⁵ Pa,ΔV = 3.0×10⁻⁴ m³. (a)(iii) Qin = 75 J, constant temperature. (b)
Qin = 0 (adiabatic), work done by the gas Wout = 45 J; findΔU.

Representation See Figure 1-5-3 for the isobaric case (ii), where the gas does
work pΔV on the piston. In each part fix which of Qin, W, andΔU is set by the type of change before substituting.

Strategy Check the heat supplied to the gas, the work done by the
gas on the surroundings, and the change in internal energy,
paying attention to their signs, and substitute them into
Qin = ΔU + Wout (equivalently ΔU = Qin + Win). Recall W on
the gas is Win = −Wout.

For an isothermal process of an ideal gas, from the equation of state,
pV = (constant).
Adiabatic process (Process with no heat transfer)
For an adiabatic process, since Qin = 0, Win =  ΔU  

!
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Annotated
solution

(a)(i)  Since the volume is constant, Wout = 0, so W =  0 J ;
then ΔU = Qin + W = 45 + 0 =  45 J .
(a)(ii)  At constant pressure
Wout = pΔV = (1.0×10⁵)×(3.0×10⁻⁴) = 30 J, so the work done
on the gas is W = −Wout =  −30 J ; then ΔU = 70 −
30 =  40 J .
(a)(iii)  For an isothermal change of an ideal gas ΔU = 0, so
Wout = Qin = 75 J and W =  −75 J , ΔU =  0 J .

(b)  The container is adiabatic, so Qin = 0. The work done by
the gas is Wout = 45 J, so the work done on the gas is
W = −45 J; then ΔU = Qin + W = 0 + (−45) =  −45 J .

Reasonableness
check

(i) With no work done, all 45 J of heat becomes internal
energy — the gas warms. (ii) The gas spends 30 J pushing its
boundary out, so only 40 J of the 70 J is left to raise the
internal energy. (iii) At constant temperature the internal
energy cannot change, so every joule of heat leaves again as
work. (b) With no heat in, the expanding gas can only pay for
its 45 J of work by losing 45 J of internal energy, so it cools.

( Explain it
yourself

In one sentence, say why the sign of W (work done on the
gas) is negative whenever the gas expands, and why an
isothermal change of an ideal gas leaves ΔU = 0.

§ Now you try: A gas at a constant pressure of 1.0×10⁵ Pa absorbs 60 J of heat,
and its volume expands by 2.0×10⁻⁴ m³. Find Win and ΔU for this change.

6 Try
1. Determine the following to 2 significant figures. For each change, determine

the work done on the gas W [J] and the change in internal energy ΔU [J].
(i) 30 J of heat is supplied to a gas at constant volume.
(ii) 75 J of heat is supplied to a gas at a constant pressure of 1.0×10⁵ Pa,
and its volume expands by 3.0×10⁻⁴ m³.
(iii) 60 J of heat is supplied to an ideal gas at constant temperature.

2. A gas expands in an adiabatic container. If the work done by the gas is 50 J,
determine the change in its internal energy in J.

Þ In a new context
A diesel engine carries no spark plug. On its compression stroke the piston squeezes
the air in the cylinder so quickly that almost no heat escapes — an adiabatic
compression. All the work done on the air becomes internal energy, Win = ΔU, and
the temperature climbs high enough that fuel sprayed into the hot air ignites on its
own. The same first law that cools an expanding gas heats a compressed one.
ố Your turn: Air is compressed adiabatically in a cylinder and 80 J of work is done
on it. Using Qin = 0, find the change in its internal energy ΔU, and say whether the air
warms or cools.
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Figure 1-5-4 · At the top of a diesel
engine's compression stroke, air
squeezed into a small, glowing-hot
space ignites the fine cone of fuel
sprayed from the injector, with no
spark plug needed.

Figure 1-5-5 · A fire piston: driving the
piston down fast compresses the
trapped air adiabatically, and the
temperature soars enough to flash
the cotton into flame.

The scene we opened with.

2 Nature of Science

From the original — the "fire piston" that creates fire by compressing air.
Put a small amount of cotton in a transparent cylinder fitted with a piston and
push the piston in forcefully: the cotton suddenly ignites and burns. Rapidly
compressing the gas is an adiabatic compression, so work is done on the gas
from the outside, its internal energy rises sharply, and its temperature soars.
Diesel engines use the same mechanism, injecting fuel into air heated by
adiabatic compression to ignite it.
The fire piston is a clean test of a physical model: the first law predicts that with
no heat transfer the work done on the gas must reappear entirely as internal
energy, and the flash of the cotton makes that hidden energy visible. A single,
repeatable demonstration can turn an abstract equation into something you
can see.
That heat and work are two ways of paying the same bill was established by
Joule in the 1840s, who churned water with falling weights and measured the
temperature rise; the equivalence he found is what the first law states. A law of
physics often begins as a stubborn measurement, repeated until no one can
dismiss it.
Your turn: Suggest one everyday device or event that heats or cools a gas
mainly by doing work on it rather than by adding heat, and identify whether
the process is closer to adiabatic or isothermal.

Lesson question, answered — The state of a gas is set by its internal energy,
and the first law ΔU = Qin + Win shows two ways to change it: supplying heat
and doing work. Which quantities move depends on what is held fixed —
volume (Wout = 0), pressure (Wout = pΔV), temperature (ΔU = 0), or heat flow
(adiabatic, Qin = 0) — so compressing a gas can warm it exactly as adding heat
would.

û Exercise
1. Determine the following to 2 significant figures. For each change, determine

the work done on the gas W [J] and the change in internal energy ΔU [J].
(i) 15 J of heat is supplied to a gas at constant volume.
(ii) 25 J of heat is supplied to a gas at a constant pressure of 1.0×10⁵ Pa,
and its volume expands by 4.5×10⁻⁴ m³.
(iii) 80 J of heat is supplied to an ideal gas at constant temperature.

2. 35 J of heat is supplied to a gas at a constant pressure of 1.0×10⁵ Pa, and its
volume expands by 2.0×10⁻⁴ m³. Determine the work done on the gas W [J]
and the change in internal energy ΔU [J].

3. 75 J of heat is supplied to a gas at constant volume. Determine the work done
on the gas W [J] and the change in internal energy ΔU [J].

4. A gas expands in an adiabatic container. If the work done by the gas is 35 J,
determine the change in its internal energy in J.
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★ Key idea
Molar heat capacity
[J/(mol·K)] — the heat 1 mol
needs per 1 K. Do CV (fixed
V) and Cp (fixed p) agree?

1-6 Molar Heat Capacity

❓ Lesson question: How much heat warms one mole of gas by one kelvin,
and why does it depend on holding the volume or the pressure constant?

You will learn to

1. Read from a problem which condition is being held while a gas warms, and
pick the matching capacity before any number is substituted.

2. Convert between the two capacities of one gas with Mayer's relation, and
explain from the energy account why they differ by exactly one gas constant.

3. Quote both values for a single-atom gas as multiples of R, and say what
changes once the molecules are no longer single atoms.

= The phenomenon — predict before you continue
Put the same amount of heat under two pots. A sealed pressure cooker traps its
steam, so the pressure climbs and the water inside can pass 100 °C before it boils; an
open pot stays at atmospheric pressure, so its water sticks at 100 °C and the surplus
heat leaves as steam. That everyday difference is about boiling — but it turns on the
distinction this lesson is built from. Hold a gas at constant volume and every joule
supplied drives its temperature up; let it expand at constant pressure instead and
part of that heat is spent pushing the surroundings back. Give both the same heat,
and one ends up hotter than the other.

Figure 1-6-1 · The same heat under a sealed pressure cooker (constant volume) and an open pot
(constant pressure). In the kitchen the sealed pot runs hotter because trapped steam raises the boiling
point; for a gas, because it spends none of the heat on expanding.

✏ Predict
(a) After the same heat is supplied, which sample ends up hotter — the one at
constant volume or the one at constant pressure?
(b) In which sample does the gas do work on its surroundings as it is heated?
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Figure 1-6-2 · The same gas in a rigid
flask (constant V) and in a piston
cylinder (constant p), each with a
thermometer and warmed by an
identical heater.

★ Working note
Use the same n and the
same target ΔT for both
containers each run, and let
the piston move freely so its
pressure stays truly constant
while it rises.

= Explore — Same heat step, two containers
What you'll do: Warm the same gas by the same temperature step in a fixed-
volume flask and in a free-piston cylinder, and measure how much extra heat the
constant-pressure setup demands.
Time: 15 min
You will need:

Rigid flask Piston cylinder Heater Thermometer

Steps

Run QV at constant V (J) Qp at constant p (J) (Qp − QV) / (nΔT) [J/(mol·K)]

1

2

3

Analyze what you collected:
(a) In every run, which container needed more heat for the same ΔT, and does the

derived column (Qp − QV) / (nΔT) stay the same as you change ΔT?
(b) That steady value equals one well-known constant — which one? Use it to

predict Cp − CV for any ideal gas before you meet Mayer's relation.

✎ Write your explanation in two lines before you read the next page.

From observation to model

Why the question is incomplete until you say what is held fixed
Ask how much energy raises a gas by one degree and you have not yet asked a well-
posed question: it depends on what the gas is permitted to do while it warms. A
metal block has nowhere to go, so a single number describes it. A gas can shove its
boundary outwards, and if it does, part of the energy you supply leaves again
through the mechanical door of the previous lesson before the thermometer ever
registers it. Two careful experiments on the very same gas therefore return two

A rigid flask (constant volume)•
A cylinder closed by a freely sliding piston (constant pressure)•
A joule-counting heater to supply the same gas sample to each•
A thermometer for each container•
The amount of gas n [mol] sealed in each container, stated on the apparatus•

Put the same amount n of the same gas in the rigid flask and in the piston
cylinder at the same starting temperature.

1

Warm each with the identical heater and read the heat supplied until its
thermometer rises by the chosen ΔT; record QV (flask) and Qp (cylinder).

2

Compute the derived column (Qp − QV) / (nΔT) — the extra heat per mole per
kelvin the constant-pressure setup needed.

3

Repeat for a different ΔT (and, if you can, a different n) and compare the derived
column across runs.

4
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★ Key fact
The size of these numbers:
with R = 8.3 J/(mol·K), a
single-atom gas comes out
near 12 J/(mol·K) held at
fixed volume and near
21 J/(mol·K) held at fixed
pressure. Warming one
mole of helium by one
kelvin against the
atmosphere therefore costs
about as much energy as
lifting a 2 kg book one
meter.

★ Term
How far the two numbers
travel — (3/2)R and (5/2)R
are the single-atom case
and nothing more. A two-
atom gas can also spin, so it
stores more per kelvin and
its constant-volume value
climbs toward (5/2)R; hotter
still, the bond begins to
vibrate and it climbs again.
Mayer's relation itself
survives all of this, because
its derivation uses only the
equation of state — but the
two monatomic values do
not.

★ Note
The routine slip is picking
the wrong capacity. Before
substituting, hunt the
problem for the words that
fix the condition — "rigid",
"sealed", "fixed volume" on
one side; "free piston",
"open to the atmosphere",
"constant pressure" on the
other — and only then
choose CV or Cp for
Q = nCΔT. When a problem
hands you one capacity and
asks for the other, convert
with Mayer's relation
instead of starting the
calculation again.

different numbers — and neither is wrong. Physics keeps both, and tags each with
the condition that produced it. Quoting such a number for a gas without naming
that condition is like quoting a length without a unit.

Deriving the gap between them
Run the two experiments side by side on n mol raised by ΔT. With the volume
locked, the boundary never travels, so the energy account of lesson 1-5 has a single
entry and every joule supplied ends up in the store: the heat needed is just the rise in
internal energy. With the pressure locked instead, that same rise in the store is still
required — for an ideal gas the store answers to temperature alone, so it cannot care
which experiment you are running — but the gas now also drives its piston and pays
out pΔV on the way. Subtract one experiment from the other and the difference in
the heat supplied is exactly that payment. The equation of state then prices it: at
fixed pressure, pV = nRT forces

pΔV = nRΔT
so the extra heat per mole per kelvin is R itself — no property of the particular gas
survives the division, which is why the relation is quoted for every ideal gas at once.
The two monatomic values come from the same place. Lesson 1-4 fixed the store of
a single-atom ideal gas at (3/2)nRT, so raising it by ΔT costs (3/2)nRΔT; at locked
volume that is the entire bill, and dividing by nΔT leaves one and a half gas
constants. Adding the piston's share from the relation just derived raises it by one
more, giving two and a half. Both are pure multiples of R with no trace of helium or
argon left in them — lesson 1-4's result about the store, reappearing here wearing a
different name.

heat in Q

gas at
constant p

work done
on piston

raises temperature
(internal energy ↑)

Figure 1-6-3 · At constant pressure the incoming heat Q splits: part raises the internal energy
(temperature), part does work on the rising piston.

ý Point

The amount of heat required to change the temperature of 1 mol of gas by
1 K is called its molar heat capacity. In an isochoric process, it is called the

isochoric molar heat capacity CV  [J/(mol·K)], and in an isobaric process,
it is called the isobaric molar heat capacity Cp  [J/(mol·K)].
Therefore, the amount of heat Q[J] required to change the temperature of
n[mol] of gas by ΔT[K] is:
In an isochoric process, Q =  nCVΔT , and in an isobaric process,
Q =  nCpΔT .

!

The isochoric molar heat capacity and the isobaric molar heat capacity are
related by Cp = CV+R  (Mayer's relation).

!

The molar heat capacity at constant volume CV[J/(mol·K)] and the molar
heat capacity at constant pressure Cp[J/(mol·K)] for a monatomic ideal gas
can be expressed in terms of the gas constant R as CV =  ( 3

2 )R  and

Cp =  ( 5
2 )R . 

!
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ú Equation box

Heat at constant
volume Q = nCVΔT   (CV in J/(mol·K))

Heat at constant
pressure Q = nCpΔT   (Cp in J/(mol·K))

Mayer's relation Cp = CV + R

Monatomic ideal gas
CV = ( 3

2 )R

Cp = ( 5
2 )R

¢ Worked Example

Situation If 170 J of heat is supplied to 0.80 mol of an ideal gas at
constant volume, its temperature rises by 10 K. Determine
the isochoric molar heat capacity of this gas in J/(mol·K) to 2
significant figures.

Given and
required

Q = 170 J, n = 0.80 mol, constant volume (isochoric),ΔT = 10 K; find CV in J/(mol·K).

Representation A fixed amount of gas in a rigid container that cannot
change volume, warmed by a supplied heat Q (see
Figure 1-6-2, rigid flask).

Strategy Decide whether the process is isochoric or isobaric, then set
up Q = nCΔT using the matching molar heat capacity. Here
the volume is constant, so use Q = nCVΔT and solve for CV.

Annotated
solution

In an isochoric process, the heat to change the temperature
of 1 mol by 1 K is CV, so Q = nCVΔT.
Thus 170 = 0.80 × CV × 10.
CV = 170 / (0.80 × 10) = 170 / 8.0 = 21.25 ≈ 21 J/(mol·K) .

Reasonableness
check

The result, about 21 J/(mol·K), is a few times the gas constant
R ≈ 8.3 J/(mol·K) — the right order of magnitude for a molar
heat capacity — so an answer near 21 J/(mol·K) is sensible.

( Explain it
yourself

In one sentence, say why choosing CV rather than Cp is the
correct step when the container is rigid.

§ Now you try: If 250 J of heat is supplied to 0.50 mol of an ideal gas at constant
volume, its temperature rises by 20 K. Find its isochoric molar heat capacity to 2
significant figures.
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Figure 1-6-4 · Two identical gas
samples are heated equally: the
locked left piston keeps the volume
constant, while the free right piston
rises above its original level as the gas
expands at constant pressure.

Figure 1-6-5 · Heated at constant
pressure, the gas expands and pushes
the piston up from its starting level,
doing work on the surroundings.

The scene we opened with.

6 Try
1. If 63 J of heat is supplied to 1.5 mol of an ideal gas at constant pressure, its

temperature rises by 2.0 K. Determine the isobaric molar heat capacity Cp and
the isochoric molar heat capacity CV of this gas in J/(mol·K), respectively, to 2
significant figures. Let the gas constant be 8.3 J/(mol·K).

Þ In a new context
The ratio γ = Cp/CV reaches far beyond a heating experiment: it sets the speed of
sound in a gas. A sound wave squeezes and stretches the air far too quickly for heat
to leak away, so the springiness the wave feels is governed by γ, and the speed
works out as √γRT/M , where M is the molar mass in kilograms per mole. Timing how
fast sound crosses a room therefore measures γ for air — and because γ is about
1.67 for a single-atom gas but about 1.4 for a two-atom gas, that simple timing
reveals that air is built from molecules of two atoms, not lone atoms.
ố Your turn: Using R = 8.3 J/(mol·K), find CV and Cp for a monatomic ideal gas to 2
significant figures.

2 Nature of Science

From the original — why it is harder to raise the temperature in an
isobaric process. The heat to raise 1 mol of gas by 1 K is the molar heat
capacity, but more heat is needed at constant pressure than at constant
volume. When heated at constant pressure the gas expands and does work on
the outside by pushing up the piston. Since part of the supplied thermal energy
is used for that work, extra heat must be supplied to raise the temperature by
the same amount.
This is a case of energy accounting: physicists separated the incoming heat into
a part that raises the internal energy and a part that leaves as work. That split is
not something you can see directly — it is inferred by demanding that energy
be conserved. Mayer's relation Cp = CV + R is the quantitative statement of that
inference, and it is confirmed whenever the measured difference of the two
molar heat capacities comes out equal to R.
Your turn: Suggest one measurement you could make on a real gas to test
whether Cp − CV really equals R, and say which quantities you would need to
hold constant.

Lesson question, answered — There is no single answer, and that is the
answer: a gas has two heat capacities, one for each way you may hold it while
it warms, and the question is only complete once you say which. Locked in a
rigid vessel, everything you supply is banked as internal energy. Left free to
push a piston, the gas spends part of the supply on the surroundings before
the thermometer moves, so more must be supplied for the same rise — and
the equation of state prices that spending at exactly one gas constant per
mole per kelvin, whatever the gas. For single atoms the two numbers come out
as one and a half and two and a half gas constants, straight from the store
measured in lesson 1-4; give the molecules a way to spin and both climb.
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û Exercise
1. Determine the following to 2 significant figures, assuming the gas constant is

8.3 J/(mol·K). If 240 J of heat is supplied to 1.2 mol of an ideal gas at constant
volume, its temperature rises by 12 K. Determine the isobaric molar heat
capacity Cp of this gas in J/(mol·K).

2. Assuming the gas constant is 8.3 J/(mol·K): if 200 J of heat is supplied to
0.30 mol of an ideal gas at constant pressure, its temperature rises by 25 K.
Determine the isobaric molar heat capacity Cp and the isochoric molar heat
capacity CV of this gas in J/(mol·K), respectively.
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★ Key idea
Charge q [C] — of two
kinds, + and −. Which pairs
push, which pull, and how
does F fade with r?

2-1 Coulomb's Law

❓ Lesson question: Rubbing a balloon makes it attract paper scraps or push
another balloon away — what decides how strong that push or pull between
two charged objects is?

You will learn to

1. Define electric charge and its unit the coulomb (C), and describe how like
charges repel and unlike charges attract through the electrostatic force.

2. State Coulomb's law, F = k|q1|·|q2|/r², relating the force between two point
charges to the magnitude of each charge and to their separation.

3. Apply Coulomb's law together with the balance of forces on a suspended
charged ball to find an unknown electrostatic force or charge.

= The phenomenon — predict before you continue
Rub an inflated balloon on your hair and hold it near small scraps of paper: the
scraps leap up and cling to it, even without contact. Rub two balloons the same way,
hang each from a thread, and bring them close: now they swing apart instead. The
same act of rubbing produces both an attraction and a repulsion, depending on
what the balloon meets.

Figure 2-1-1 · A rubbed balloon lifts paper scraps (unlike induced charges attract), while two like-
charged balloons on threads swing apart (like charges repel).

✏ Predict
(a) When the balloon attracts the paper, are the balloon's charge and the
paper's induced charge alike or unlike?
(b) When the two rubbed balloons swing apart, do they carry like or unlike
charges?

46



Figure 2-1-2 · Two like-charged foam
balls on insulating threads hang from
a rod and settle apart; a ruler reads
their separation r.

★ Working note
Let the balls settle before
reading, measure r center-
to-center, and recharge
both balls equally each run
because static charge leaks
away quickly in humid air.

= Explore — How the push fades with distance
What you'll do: hang two equally charged foam balls, measure their separation and
thread angle at several spacings, and test how the repulsion depends on distance.
Time: 15 min
You will need:

foam balls on threads ruler charged rod

Steps

Run Separation r (m) Angle θ (°) Force F = mg tan θ (N) F × r² (N·m²)

1

2

3

Analyze what you collected:
(a) Look down the last column: as r changes from run to run, does F × r² stay

roughly the same or drift? What does a nearly constant value tell you about how
F depends on r?

(b) Predict what happens to the repulsion if you could halve the separation r while
keeping the charge on each ball the same, and connect your answer to the idea
of a point charge.

✎ Write your explanation in two lines before you read the next page.

From observation to model

Why rubbing needs a quantity of its own
Rubbing does not conjure a pull out of nothing. It transfers something countable
from one body to the other, and the transfer can be larger or smaller — which is
exactly what a balloon that has been rubbed twice as long demonstrates. That "how
much" cannot be reduced to mass, to length, or to time; it behaves as a quantity of
its own kind, and it therefore needs a unit of its own before any law can be written
down at all. Its sign is not an afterthought either: two possibilities, and only two, are
needed to account for both outcomes seen at the start of this lesson — one balloon
lifting paper, two rubbed balloons flying apart.

two light foam balls on insulating threads• a ruler and a protractor•
a balance to find each ball's mass m• a charged rod• a woolen cloth•

Rub both foam balls equally with the woolen cloth so they carry like charge,
then hang them side by side from insulating threads on a common support.

1

Let them settle apart, and with the ruler read the separation r between their
centers and the angle θ each thread makes with the vertical.

2

Change the thread length or the spacing of the support points, recharge the
balls equally, and record r and θ again.

3

For each run work out the repulsion F = mg tan θ, then the product F × r², and
enter both in the table.

4
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★ Key fact
The coulomb is a huge unit
on the laboratory scale.
With k = 9.0×10⁹ N·m²/C²,
two charges of 1 C held 1 m
apart would push each
other with 9.0×10⁹ N — so
the millinewton forces
measured on hanging balls
tell you at once that the
charges involved are a
minute fraction of a
coulomb.

★ Term
Where the model stops —
the law is written for point
charges, and it is
trustworthy only while the
separation is large
compared with the size of
the bodies. Bring two
charged spheres almost into
contact and each one
redistributes the other's
charge over its surface; the
single distance r then no
longer describes the
arrangement, and the
measured force departs
from the prediction.

★ Note
Substitute magnitudes only,
never signed values. Let the
diagram carry the direction
— arrows pushing apart for
like charges, pulling
together for unlike ones —
and the arithmetic will not
hand you a spurious minus
sign.

Reading the inverse square out of the table
Your Explore data settle the shape of the law before any formula is written. Each
thread angle is first converted into a force by F = mg tan θ; the last column then
does the deciding. If F × r² keeps very nearly the same value while r is changed from
run to run, no other dependence on distance is left open — the force must fall as
1/r². A second experiment settles the other half: charge one of the balls twice as
strongly and the pull doubles, so the two charges enter the relation multiplied
together rather than added. Putting the two findings side by side fixes everything
except one number, the constant k, whose value has to be measured and cannot be
reasoned out.

Turning a deflection into a force
A hanging ball never reports a force directly; it reports an angle. Three pulls hold it
still, and only two of them are known in advance — the weight, and the direction
(though not the size) of the string tension. Resolving along and across the vertical
splits the single equilibrium into two equations, and eliminating the unknown
tension between them leaves

F = mg tan θ
The geometry has traded something invisible for something you can read off a
protractor (Figure 2-1-3). Once F is known this way, the relation is run backwards —
from a measured force to an unknown charge, which is how the Worked Example
finds the charge on B.

30°

r = 0.30 m
T cos 30°

T sin 30°

T
F

weight = 6.0×10⁻³ N

+A B

Figure 2-1-3 · Free-body diagram of ball A: the string deflects 30° from the vertical toward B (0.30 m
away), so the tension T (with components Tcos 30° up and Tsin 30° across), the electrostatic force F
toward B, and the weight 6.0×10⁻³ N balance.

ý Point

When an object has electricity, it is said to be electrified, and an electrified
object is called a charged body. The electricity that a charged body has is
called a charge, and the amount of charge is called the magnitude of the
charge. The unit of charge is the coulomb  (symbol C ). The positive
and negative charges are expressed by + and − signs.

!

Like charges repel and unlike charges attract each other. This force is called
electrostatic force . 

!

A point-like charge whose size is small enough to be ignored is called a
point charge .

!

The magnitude F [N] of the electrostatic force acting between two point
charges is proportional to the magnitude of each electric charge |q1| [C], |q2|
[C], and inversely proportional to the square of the distance r [m] between
the point charges. It is expressed as F = k|q1|·|q2|/r².  This is called

Coulomb's law , and k is called the proportionality constant of
Coulomb's law. 

!
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Figure 2-1-4 · Worked Example: ball A
hangs from a light string deflected
30° from the vertical, while the
charged ball B rests at the same
height 0.30 m away.

Figure 2-1-5 · Worked Example: the
forces on A resolved — the tension T
with its components Tcos 30° and
Tsin 30°, the electrostatic force F, and
the weight 6.0×10⁻³ N.

ú Equation box

Coulomb's law F =  k|q1|·|q2|
r²    (unit: N; k = 9.0×10⁹ N·m²/C²)

Equilibrium of a hung
ball

Horizontal: F = T sin θ
Vertical: T cos θ = mg     F = mg tan θ

¢ Worked Example

Situation A charge of 2.0×10⁻⁷ C is given to a small ball A suspended
by a light string, and a charged small ball B is brought close
to it. The two come to the same height and become
stationary at a distance of 0.30 m, with the string deflected
30° from the vertical. The gravity acting on A is 6.0×10⁻³ N,
the proportionality constant of Coulomb's law is
9.0×10⁹ N·m²/C², and √3 = 1.7.
(a) Determine the electrostatic force F acting between A and
B.
(b) Determine the charge q of B.

Given and
required

qA = 2.0×10⁻⁷ C, weight of A = 6.0×10⁻³ N, r = 0.30 m,θ = 30°, k = 9.0×10⁹ N·m²/C², √3 = 1.7. Find (a) F, then (b) q
of B.

Representation Figure 2-1-4 sets out the arrangement, and Figures 2-1-3
and 2-1-5 resolve it: ball A hangs on the string and is pushed
to 30° from the vertical. The three forces on A are the
electrostatic force F (horizontal, toward B), the weight
6.0×10⁻³ N (down), and the string tension T (along the
string).

Strategy Check the distance between the two point charges and their
charges, and substitute into Coulomb's law to find the force.
First find F from the equilibrium of A, then use Coulomb's
law to find the unknown charge. For the direction of the
force, draw a repulsive force for like charges and an attractive
force for opposite charges.
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Figure 2-1-6 · Try 1: two balls of
mass 0.50 kg hang from a
common point on strings of
length 0.30 m and swing apart
when both are charged alike.

Annotated
solution

(a)  For ball A the electrostatic force F [N], the weight, and
the string tension T [N] are in equilibrium.
Horizontal: F − T sin 30° = 0 ......(i)
Vertical: T cos 30° − 6.0×10⁻³ = 0 ......(ii)
From (i), sin 30° = 1/2, so T = 2F. Substituting into (ii):
2F cos 30° = 6.0×10⁻³, that is √3 F = 6.0×10⁻³.
F = 6.0×10⁻³/√3 = (6.0×10⁻³ × 1.7)/3 =  3.4×10⁻³ N .

(b)  By Coulomb's law, F = k qA|q|/r² = 9.0×10⁹ ×
(2.0×10⁻⁷)×|q|/0.30².
The coefficient is (9.0×10⁹ × 2.0×10⁻⁷)/0.090 = 2.0×10⁴, so
3.4×10⁻³ = 2.0×10⁴ × |q|, giving |q| = 1.7×10⁻⁷ C.
Since an attractive force acts between A and B, their charges
have opposite signs. Therefore q =  −1.7×10⁻⁷ C .

Reasonableness
check

(a) The horizontal pull equals the weight scaled by tan 30° ≈
0.58, so a force a little below 6.0×10⁻³ N is sensible:
3.4×10⁻³ N fits. (b) A charge of order 10⁻⁷ C on B,
comparable to the 2.0×10⁻⁷ C on A, is consistent with a
millinewton force at 0.30 m.

( Explain it
yourself

In one sentence, say why the deflection of the string lets you
find the electrostatic force before you know either charge on
B.

✍ Now you try: A charge of 3.0×10⁻⁷ C is given to a ball A on a light string; a
charged ball B is brought to the same height 0.30 m away and the string settles 30°
from the vertical. The gravity on A is 6.0×10⁻³ N and √3 = 1.7. Find F and the charge
q of B.

6 Try
1. Two small balls A and B, each with a mass of 0.50 kg, are suspended by two

light strings of length 0.30 m from a common point. When an equal amount
of positive charge is given to A and B, they become stationary with each string
making 45° with the vertical. Take the proportionality constant of Coulomb's
law as 9.0×10⁹ N·m²/C², the gravitational acceleration as 10 m/s², and
√2 = 1.4.
(a) Determine the electrostatic force F acting between A and B.
(b) Determine the charge q of A.

Þ In a new context
Because Coulomb's law falls off with the square of the separation, small changes in
distance change the force sharply. Two charged spheres held at some separation feel
a force F; halve the distance and the force does not double but quadruples, since
1/r² grows by a factor of four. This steep dependence is why a charged rod barely
disturbs a distant scrap of paper yet snatches a near one, and why keeping like
charges apart demands so much less effort as the gap widens.
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