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Power and

energy

Energy makes things happen—from the smallest
pulse of electricity to a blast of explosives. Energy
is measured in joules. Power is the rate at which
energy is converted from one form to another.

Measuring power

Power can be calculated by taking
the amount of energy converted
and dividing it by the time taken.
The more energy that is converted
in a set period or the quicker a
specific amount of energy is
converted, the greater the power.
So an 1,800-watt electric heater
can convert three times as much
heat energy per second as a
600-watt model.

Power production and usage

How we think about and measure power depends on the object or
task carried out. For some objects, “power” refers to how much power
is produced, while for others, it indicates the amount of power used.

Nuclear power station: 1,000 MW
Like a wind turbine, a nuclear facility’s
power is often considered in terms of
how much electricity it can generate
when running at optimal capacity.

Wind turbine: 3.5 MW

Atypical offshore wind turbine can
produce up to 3.5 MW of electricity
each year—enough to supply power
to about 1,000 households.

Torque is a measure of the
amount of twisting or
turning force generated. It is
most commonly used to
describe an engine’s
“pulling power.”

Microwave oven: 1,000 W

Microwave ovens are measured in terms
of how much power they consume (for
example, 1,000 W) and how much energy
they consume in a year (typically 62 kWh).

Although an LED TV has a far lower power
rating (typically 60 W) than a microwave,
itis in use far more, so its annual energy
consumption (around 54 kWh) is similar.

UNITS OF POWER

Power is measured in a number of ways
and exhibited by many different things,
including engines, appliances, and people.

Watt (W)

A watt is equal to 1 joule of work done or
1 joule of energy converted per second.
The rate at which a light bulb converts
electrical energy into light is measured

in watts. The higher the number of watts,
the higher the power.

Kilowatt (kW) and megawatt (MW)

A kilowatt is 1,000 watts and is a useful
measure of electricity used by large engines
and appliances. A megawatt (MW) is equal

to 1,000,000 watts. Only huge machines can
generate power on this scale, including power
plants, aircraft carriers, and supercolliders
used for particle physics experiments.

Kilowatt-hour (kWh)

One kWh is equal to 1,000 watts used for
60 minutes, or 3.6 million joules. The
amount of electrical energy used in a
house is usually monitored and measured
in kilowatt-hours (kWh).

Horsepower (hp)

The power of vehicle engines is often
measured in horsepower (hp). One
horsepower is equal to 746 watts. Brake
horsepower (bhp) simply means that

an engine’s energy loss due to friction has
been accounted for.

Gas-engine supercar: 1,479 hp

A car engine’s peak horsepower refers
to its maximum power output. Some

supercars, such as the Bugatti Chiron,

can reach up to 1,479 hp.

Electric car: 147 hp

Most electric cars produce far less power
than gas engines, but their electric motors
generate more torque at a standstill and
at low speeds.
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Power and energy

Energy conversion

The law of conservation of energy states that energy cannot be destroyed
or lost. It can, however, be converted from one form to many other different
forms. Electricity is a particularly valued energy source because it can be
converted into sound energy, heat (thermal energy), light (radiant energy),

WASTED ENERGY

A machine always wastes a
proportion of the energy it
uses. Light bulbs convert only

and, in the case of a motor, movement (kinetic energy).

Chemical energy
Chemical energy is the energy
stored in the bonds of chemical
compounds, from foods and
batteries to fossil fuels. It can be
released through chemical reactions,
which break the bonds between
atoms. For example, burning a fossil
fuel such as coal converts the
chemical energy stored in the
coal to light and heat.

Mechanical energy
Mechanical energy is the
kinetic energy of an object
combined with its potential energy—
energy that is not doing any work but
can be converted—arising due to an
object’s position. An example is
a compressed spring, which
releases its potential energy when
it bounces back to its
original position.

2
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Fossil fuels

Around two-thirds of the world’s electricity and more than a
billion motor vehicles and other machines are powered by
fuel derived from the fossilized remains of once living things.

These fossil fuels (oil, coal, and natural gas) are
nonrenewable resources with limited reserves. When burned,
their chemical energy transforms mostly to heat energy but
with significant emissions of greenhouse gases.

Kinetic energy
Kinetic energy is the energy
an object possesses because it is
moving, such as a person sprinting
or a skier traveling downhill. There are
various types of kinetic energy,
including rotational and vibrational
energy. The amount of kinetic
energy an object has depends on
its speed and mass.

Thermal energy
Thermal energy is technically a
type of kinetic energy derived

from the vibrating movement
of atoms in a substance. Heat
describes the flow of thermal
energy from one place to another,
such as the heat transferred
from a flame to a'cooking pot
onastove.

some of the electricity they
receive to light, while some
is wasted as heat. A poorly
tuned or damaged machine,
such as a fridge with a door
seal that leaks cool air, can
also waste further energy.

Faulty seal
Al
R o8 _>
-
( ‘ el 7
Cool air
escapes

Energy conversion in a solar panel
A solar panel contains a series of
photovoltaic cells (see p.30). These
convert the radiant energy in sunlight
into electrical energy in the form of

a flow of electrons.

RADIANT s
ENERGY SOLAR PANEL ENERGY

VAR

CHINA AND THE

US GENERATE A

TOTAL OF 40

PERCENT OF THE WORLD'S
GREENHOUSE GAS EMISSIONS

ELECTRICAL



Coagulant Water typically spends

released from 20-60 minutes in
storage tank flocculation basin to
° into water increase floc size

o..i below
\".

o

Protective
guard screen

1 Water intake
Water flows through a series of
screens to filter out fish and other
waterborne creatures and debris, such
as grit, litter, and leaves, preventing them
from entering the water-treatment system.

Rapidly turning mixer

How water is processed

Fresh water is drawn from a number of sources,
including lakes, rivers, and underground aquifers
(water-bearing rocks), into reservoirs. In some regions

lacking plentiful fresh water, desalination plants / 2 Coagulation 3 Flocculation
remove salt from seawater. Whatever the source, the P The water is Slowly turning paddles
. . ) ) mixed rapidly with a encourage clumped-together particles,

water is purified to remove microorganisms, some of coagulant such as called floc, to bind together in larger
which can cause diseases. Purification also removes ammonium sulphate deposits. These deposits, along with
harmful chemicals and unwanted odors or tastes to help particles sediment and some bacteria, settle at

. . . suspended in the water the bottom of the flocculation basin,
before the water is fit for consumption. The water is collide with each other while the cleaner water moves to the

tested at each stage to monitor its quality. and clump together. next stage for further processing.

Bacteria absorb
RAW SEWAGE phosphorus
SCREENING
Fluoride is added to some public
water supplies to help add minerals % ‘

to tooth enamel lost during the

Bacteria convert nitrates
into nitrogen gas

process of tooth decay. However, Treating waste water ;

critics claim that overexposure to Waste water from homes and other

fluoride in young children can facilities flows from waste pipes Scum floats to surface
cause “pitting” (small depressions and drains into public sewage pipes. — e
or faults appearing in tooth It is transported to sewage

enamel) and tooth discoloration.

treatment works, where it is

screened to remove large objects e I
and treated using several methods. ,
These minimize the buildup of
phosphorus and nitrogen and 1 Primary treatment
fat lid t rticl Solids, such as human waste, settle at the
remove Iats, solld waste particles, bottom of clarifier tanks and are pumped away;

and harmful microorganisms. a skimmer removes oil and scum from the surface.
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844 MILLION

THE NUMBER OF PEOPLE WHO LACK
ACCESS TO CLEAN DRINKING WATER

j Storage o« o s=% PURIFIED WATER
Powerful pumps

raise the height of the

water, which is stored in

elevated tanks or covered

reservoirs. A pumping

station transfers the water

to distribution stations,

where other pumps HT. =
supply it to consumers i

at a constant flow rate. :i

Feed well

Il

~

Il

6 Chlorination
The filtered water
passes into a tank, where it |
2 is disinfected with chlorine. o]
4 Sedimentation o 5 Filtration Chlorine damages the cells b=
Water enters sedimentation Water flows slowly through of microorganisms .l
tanks via a feed well and spends layers of different materials—often responsible for many
many hours here, allowing time for hard coal, sand, and gravel-which waterborne diseases,
floc and finer suspended solids to help remove remaining particles. preventing them from *
sink and settle to the bottom. These three layers are cleaned by a reproducing. '
There, rotating scraper blades, process of backwashing—pumping
known as rakes, remove the clean water backward through the ||
sediment for treatment elsewhere. filters and out through a drain. PUMP
Secondary treatment Tertiary treatment o0 - {
T 3 Water is pumped into large 4 This involves varied processes, ? S
. rectangular tanks called aeration lanes. including passing the water through a
Air is pumped into the water to help final settlement tank or beds of reeds to
bacteria thrive and either break down filter out more particles and waste. Some
or release any further sludge that sewage plants also disinfect water using
remains in the waste watef chemicals or ultraviolet light before it is m WHAT IS
. returned to natural water sources. . HARD WATER?
. L
Liquids sent back Solids dried and used i ‘ Hard water is rainwater
to clarifier as fertilizer FINAL SETTLEMENT containing an abundance
4 . .
.o ‘ | — ﬂ ~|I2J of calcium and magnesium

from dissolved rocks, which
makes water hard to lather
with soap.

SLUDGE >
HOPPER Al e

[ by

2 Sludge treatment

" Any water is extracted and pumped back
to the clarifier. A slowly turning scraper in the
sludge hopper moves solid waste to the base
of the tank so it can be collected and dried.
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Generators

DC voltage remains

. . . . Voltage (V)
Electrical generators work using the principle 70 constant
of electromagnetic induction. As a wire coil A
spins between the two poles of a magnet, an , Time
electric current is induced to flow through 0 : 1 | | (seconds)
the wire and around a circuit. , 004
Direct current and alternating current 0 acvoltage
Generators produce either alternating or direct electric current. fluctuates
Direct current (DC) flows in one direction only around an .
; o . . Contrasting current

electrical circuit and is generated by batteries and cells. DC produces a steady voltage, KEY
Alternating current (AC) reverses its direction many times per while ACs voltage alters as it — AC
second. Its voltage can also be greatly increased or decreased reverses direction. AC’s voltage -

. . . must rise higher than DC's to DC
by devices called transformers, so it travels more efficiently over

transfer the same energy during
distances, which is why AC is used for our main power grid. the same time period.

AC generators

An AC generator is also known as an alternator. Its rotating wire coil is connected
to an electric output circuit via slip rings and brushes. The brushes make continual
contact with the output circuit, conducting current between the rotating slip ring
and the fixed wires attached to the brushes. The current induced in an AC generator
changes direction twice during each 360° revolution completed by the coil.

Direction of electric Wire coil has rotated 180°

current

Brush makes contact
with rotating slip ring

Bulb lights up

External

Wire coil output circuit

€
Magnetic field lines

Slip rings turn

with coil p y
% & Crankhasturned s
Crank turns shaft { o through 180° W L
holding coil CQ\‘ Direction of / Direction
induced current L of current
Seoo reverses
1 Coil begins to turn 2 Current direction changed
The shaft of this experimental AC generator is rotated by As the coil completes another 180° turn through the magnetic
mechanical force delivered by turning a handle. The shaft turns field, the points that were initially face up are now face down; the
a wire coil through a magnetic field generated by a permanent coil’s position relative to the north and south magnetic poles alters,
magnet’s north and south poles. As the coil cuts through the its magnetic polarity changes, and the direction of the induced
magnetic field, a current flowing in one direction is induced, electric current reverses. The current reverses every half-turn, flowing

reaching a peak when the coil lies horizontally through the field. to the slip rings and brushes and into the external output circuit.
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BICYCLE DYNAMOS
A bicycle dynamo powers Rotating
an electric light through driveshaft

the action of a spinning
knurled wheel, which turns
because it is connected to
the moving tire wall. The
spinning wheel rotates a
driveshaft attached to a
permanent magnet. As this
magnet turns, its magnetic :
field changes, inducing an ~ Permanent
electric current in the wire magnet
coil of the dynamo's Alternating current
electromagnet. flows through wire

WHAT IS THE
FREQUENCY OF AN
ALTERNATING CURRENT?

Knurled wheel
spun by tire

It is how often AC changes
direction, measured in hertz
(Hz). One Hz is one change
per second. Electricity is
generated at 60 Hz in the
US and often 50 Hz

WALL

{\RE

Current
travels to light

in Europe.

DC generators

DC generators use a device called a commutator to convert AC to DC. It is
split into two segments insulated from one another so that no electricity
flows between them. The commutator keeps the current flowing in one
direction to the output circuit by switching polarity at the same moment
that the AC signal reverses direction.

Wire coil is vertical with

Magnetic field lines no magnetic charge

Brush makes contact
with one half of split ring
and then the other

Bulb does

Bulb lights up not light up

Wire coil in
maximum

ﬂ"

charge position - | —
. N
. Each side of wire Magnetic field lines .
coil connects to one %
segment of split ring ‘
(?urrent flows from Crank has ( ' No current flows
Commutator or Crank turns first to second turned 90° through circuit
split ring shaft holding coil commutator segment,
completing circuit
1 Reversing the connection 2 Inconsistent current
At peak position, the current flows to the first split ring When the coil is vertical and not cutting through the
segment, through the circuit to the second split ring segment, and horizontal magnetic field lines, no current is produced. This means

into the coil, completing the circuit. When the coil turns another 180°,  DC electricity is produced in pulses rather than a steady flow. Most
the brush breaks contact with the first segment, making contact with practical DC generators solve this problem by containing multiple
the second segment, on the opposite side of the circuit. The current coils (so one is always in a horizontal position when the other coils
flows the same way for both the coil’s first and second 180° turns. are in less optimal positions) and additional commutators.



Universal motors

In a universal electric motor, the permanent magnet

is replaced by an electromagnet made of a number

of windings of wire through which current can flow.
This produces a magnetic field, inside which a coil,
called an armature, rotates. Both the armature and the
wire windings surrounding it receive the same electric
current because they are wired in series. This means a
universal motor can run on both DC and AC electricity.

Motors

Electric motors use the forces of attraction and
repulsion between an electric current and a magnetic
field to create turning movement. Motors vary in size,
from microscopic actuators inside electronic gadgets
to giant power plants that propel large ships.

South pole of
permanent magnet

Wire coil

Commutator (rotating
electric switch)

North

—________ Brushdelivers charge
pole 3
Magnetic

to commutator
R_ from circuit
field line /
Brush

Inside a power drill

Many power drills feature a
universal motor that offers high
levels of turning force (torque)
and allows the user to select the
best speed for a particular task.
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Driveshaft turned by motor

Repelled by magnet, wire coil turns

Commutator rotates with
wire coil

. Current flows into coil
An electric current flows into a wire
coil positioned between the poles of a

permanent magnet. The coil becomes
an electromagnet.

Wire coil turns

Repelled by the magnet'’s like poles,
the coil turns away. After a quarter turn,
the unlike poles attract, forcing the
coil into a half-turn.

How an electric motor works

In many motors, a coil of wire moves through the magnetic field
produced by a stationary magnet. When current flows through the
coil, it becomes an electromagnet with north and south poles. The
coil swings around to align its poles with those of the permanent
magnet. A commutator reverses the coil's current every half-turn to
switch the coil’'s poles and keep it spinning in the same direction.
The coil is connected to a driveshaft, which transmits the motor’'s
turning force to components, such as wheels.

HOW FAST DO
DC MOTORS SPIN?

An average DC motor spins
at 25,000 rpm, but some
motors, such as those
in vacuum cleaners,
can reach up to
125,000 rpm.

-
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4 Driveshaft spins 3 Commutator 2 Magnetic charge
y N The turning armature spins The commutator switches The electricity reaches the
| 1 the driveshaft. The gearbox the polarity of the magnetic stator windings and armature coil
decreases th d butincreases  field, making the armature and generates magnetic fields.
torque to proc enough forceto  spin as it is alternately repelled Both receive the same current

penetrate the intended material. and attracted. as they are connected in series.
[7

Bearing
supports
end of shaft

FAN ARMATURE
Gearbox
increases
torque
Fan cools motor Stator windings, made

from copper wire

Coil continues
to rotate

Commutator
reverses coil’s
current

1 Power supply
AC power runs

through a cable into the drill
switch assembly. Electricity
will flow to the universal
motor only when the trigger
switch is pressed and the
circuit is completed. In some

Coil’s poles
are repelled
by magnet

. Reversing current Poles repel drills, the power is provided
The commutator reverses the The coil continues to rotate, by a rechargeable battery.
current’s direction. This switches the polarity repelled and then attracted by the

of the coil’s magnetic field so its poles are permanent magnet as the current is

again repelled. continually switched. +

FLEMING’S LEFT-HAND RULE \

Directi f
This is a simple way of working out which way a AN rectiono

motor’s coil will turn. Stick out your left thumb,
forefinger, and middle finger, at right angles. With the
forefinger aligned with the magnetic field’s direction,
the middle finger shows the current direction, and
the thumb shows the direction of the coil’s turn.

<" coil'sturn

Directioj

of current




Power stations

Electricity is an extremely versatile source of
energy, able to be transported long distances
and used in countless applications. Vast amounts
of electricity are generated by power stations,
most burning fossil fuels such as coal.

How a power station works

In a conventional coal-fired power station, a furnace heats water
to create superheated steam. This drives a turbine that, in turn,
powers electricity generators. A large power station can generate
2,000 megawatts of electricity—enough to power more than a
million households. The used steam is cooled, condensed back to
water, and reused; waste gases are treated and cleaned; and the
furnace’s ash is often processed into cinder blocks.

=
Cleaned emissions released Ammonia injected
via chimney stack into flue gas to
help remove oxides

of nitrogen
DESULFURIZATION

PLANT
= Limestonesilo

ELECTROSTATIC
PRECIPITATOR

Al 66 PERCENT OF

THE WORLD'’S
=¥ ELECTRICITY SUPPLY
COMES FROM FOSSIL FUELS

HAS OUR RELIANCE
ON COAL DECREASED?

On the contrary, coal use has
been rocketing in recent
decades. Since the 1970s, our
annual consumption has
increased by more than

200 percent.

Steam forced
into turbines

WATER
TO
BOILER
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Cleaning emissions FRECEEAIOS Metal olate
Furnace gases are cleaned of P
harmful pollutants before release. Negatively
Precipitators use electric charges charged

particulates

to remove particulates (tiny attracted to

particles) while more than 95 positively

percent of sulfur is removed by charged
s metal plate

flue gas desulfurization systems .

(see opposite page). However, e e

harmful emissions still occur.

Each year, US coal-fired plants

emit about 1.1 million tons (1

million tonnes) of sulfur dioxide. )

Incoming gas

Outgoing gas is free Particulates, containing

from particulates ready for removal particulates

Only around one-third of all
the energy in fuel reaches the
user. More than 60 percent is
lost at the power station.

Delivered to customers (33%)

Energyin Lostin
fuel (100%) transmission (5%)

Used in power
station (7%)

Heat losses to the

environment (55%)
e y

Electricity supply

The voltage of the electricity is greatly
increased by a step-up transformer. This
improves efficiency as the electricity is
transmitted away via power lines.

3 Turbine 5
The high-pressure steam turns the fan
blades of steam turbines with great force and
speed. This rotational motion is transmitted
to the generator by a driveshaft.

TURBINES

GENERATOR

6 Cooling tower

h Steam is cooled in the condenser then
sprayed into cooling towers, where most of
the water cools and is piped back for reuse.
Some steam escapes, and much heat is lost.

Heat energy
also lost

STEAM
EMITTED



Electricity supply

Most electricity is generated at large power stations
(see pp.20-21) and then distributed to consumers, such
as factories and homes, sometimes over substantial
distances. This involves a large and complex network
of cables and facilities together known as a power grid.

Power transmission
The vast amount of electricity required by industry, —
businesses, and homes has to be distributed to
precisely where it is needed. Power lines both
above and below ground transmit the electricity,
while transformers, some of which are located in
substations, adjust the voltage. A network of
sensors ensures that these vital pieces of
equipment are working optimally.

Insulator

Suspension
clamp

400,000¥

‘o‘NE“ \NSULA 7.00

Overhead
power line

GENERATOR

1 Power station
A generator located in a power
station converts kinetic energy into
electrical energy. This provides a supply
of alternating current (AC) electricity
(see p.16) typically at 25,000 volts.

TRANSFORMERS

A transformer alters the voltage

of electricity through the process
of electromagnetic induction.
First, alternating current (AC) flows
through a transformer’s primary
coil, wound around an iron core. It
produces a changing magnetic field,
which induces a voltage in a
secondary coil. If the secondary
coil contains more wire than the
primary, the voltage is increased,
or stepped up. Less wire results in
a voltage decrease, or step down.

D — :
100V lm‘ﬂ

STEP-UP TRANSFORMER

2 Grid substation
A grid substation uses transformers to
increase the voltage, typically to 400,000
volts. The higher the voltage, the less energy
is lost as heat from resistance when the
electricity travels along power lines.

Primary coil Secondary coil has
around iron twice as many wire
core receives turns, doubling
electricity the voltage
supply

STEP-UP TRANSFORMER

Transmission towers

Transmission towers are usually tall
steel and aluminum towers featuring a
lattice or tubular frame. They carry
power lines at safe heights above
ground level and feature insulators to
separate the high-voltage cable from
the earthed tower.

3 High-voltage tower lines
Transmission towers are often made
from steel-reinforced aluminum. They are
fitted with glass or ceramic insulators to
prevent electricity from the power lines
traveling down the steel tower to the ground.

HOW CAN BIRDS
PERCH ON POWER LINES?

Electricity always flows along
the path of least resistance.
Birds do not conduct electricity
well, so the electricity bypasses
them, instead continuing
to travel along the
power line.
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THE WORLD'S TALLEST ELECTRICITY
PYLON LINE, IN CHINA, IS 1,200 FT
(370 M) HIGH

Distribution lines carry
lower-voltage electricity

>

Step-down transformer
reduces voltage

NN/ \/]

VA,

STEP-DOWN
TRANSFORMER

SUBSTATION

—
=
[=}
)
z

LARGE FACTORY SMALL FACTORY

5 Distribution substation
The high-voltage electricity is reduced
to a much lower voltage at a substation,
which usually includes several transformers.
From here, it is supplied to smaller industrial
and commercial customers.

4 Direct supply to industry
Some factories with high electricity
requirements may take power directly from
the high-voltage lines. Other factories
require a transformer to step the voltage
down to approximately 132,000 volts.

N Y
Underground cables ® o  SURFECE
To reduce the visual impact and * ¢ o7
land use of rows of towers and the 'if\SE'CQ?RSE'lﬁYERT

power lines they support, many
electricity supply cables are buried
underground. These cables require
multiple layers of protection and
insulation. The cables are placed
in trenches. Individual cables can
be up to 0.6 miles (1 km) long, and
extra reinforcement is added to the
trenches at the points where the
cables are joined. The cables are
guarded by concrete covers that
prevent accidental cable cutting. A\

COMPACTED SAND
AND CEMENT MIXTURE

Protective concrete covers

3FT(1M)

'~ COMPACTED LAYER

"OFSIFTEDSOIL
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Primary inputs
receive electricity

A
&
<
N
(]
=
w
=
o
(= Secondary outputs

carry lower voltage
supply to houses

Pole-mounted transformer
Mounted on poles, these
drum-shaped transformers
step the voltage down to the
local grid voltage, so they are
suitable for use in homes.

6 Domestic supply
A network of distribution lines
supplies electricity to houses. The final
voltage reduction takes place at pole-
mounted transformers, before the electricity
supply passes into a home's fuse box.

Hig
/Y‘Iz
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<
£

Copperor  Steel wire ‘70
aluminum  armoring “(“
wire

[

-

m

Fluid-soaked
paper insulation

Lead sheath

Plastic
covering

Direct-buried cables

Direct-buried cables are specialized cables
designed to be exposed to soil and moisture
underground. The highly conductive wires
are protected by four outer layers and
buried in trenches around 3 ft (1 m) deep.



Inside a nuclear reactor 4 Creating steam
Nuclear fission takes place Heated by the reactor core, the water

in a reactor encased in a flows into a heat exchanger, giving up its energy
. strong, reinforced concrete to a second closed system of piping that carries
Nuclear energy is released dome designed to contain cold water. The cold water is turned into hot
when the nuclei Of atoms the radiation emitted. steam, under high pressure.
are either split apart Raising control rods
(nuclear fission) or fused 3 Contralrods speeds up reaction
together (nuclear fusion). modify the speed of i I 1,
the chain reaction.
A nuclear power plant e on g v
among the fuel rods, =z 0
harnesses the ene_rgy s cort ZE
released from fission to of the free neutrons v

generate electricity. {hEyeattion.

Nuclear fission

Nuclear power plants are fueled
by radioactive elements such as
uranium. When atoms of the fuel
are split, a huge amount of energy
is released as heat. This heat turns
steam-driven turbines, which power
electricity generators. Nuclear
fission uses small amounts of fuel
and produces far less greenhouse
gas emissions than fossil fuels.

released i
&\ reaction
$
QY
(%)
i Water in
. reactor core
Uranium

nucleus

6?:‘ Heat energy

to slow down

Control rods
lowered to
soak up
neutrons and
slow down
chain

Pump
maintains
flow of
water

Neutrons
released

Nucleus splits
2 Chain reaction
Unstable uranium nuclei break down,
releasing heat and emitting neutrons. These
collide with other nuclei, creating a
chain reaction that provides huge
amounts of energy.



5 Turning the turbine
Housed in a turbine hall, the
turbine’s fan blades are turned by
the high-pressure steam from the heat

POWER TECHNOLOGY

6 Power supply
The electricity generator is
driven by the turbine’s driveshaft. A
transformer increases the electricity’s

exchanger. The turbines typically spin
at speeds of 1,800-3,600 rpm.

voltage so that it can be carried by a
local or regional power grid efficiently.

To electricity
grid

Hot water to
cooling tower,
which produces
cloud of tiny
water droplets

Steam
condenses
and cools to

liquid water
Cold water

traveling from
cooling tower
back into the
condenser

Nuclear power station
A nuclear power station is made up

of a nuclear reactor, steam-driven turbines,
and electricity generators all connected via
numerous control and safety systems.

Fuel bundle
Spent fuel rods that
emit high levels of heat and
radioactivity are left to cool
for several years.

Disposed canister
Radioactive waste is
vitrified by mixing it with inert
molten glass. The mixture solidifies
within canisters or capsules.

Copper N

>

Clay

Individual layer

canister "
fuel rods "

Sealed with clay
The capsules are
buried surrounded by a thick
layer of impermeable clay acting
as an additional barrier.

Nuclear power
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NUCLEAR MELTDOWN

The failure of a nuclear reactor’s
coolant system can lead to
excessive amounts of heat building
up in the fuel rods. In extreme
cases, the rods can melt and burn
through their containment
structure. This can release huge
amounts of radioactivity that may
contaminate the environment.

In 2011, following an earthquake
and tsunami, three of the reactors
in Japan’s Fukushima Daiichi plant
suffered partial meltdowns.

Melting Fuel rod
fuel burning
through
concrete
containment Control

structure

4 Burialsite
The containment
burial site, 1,600-3,330 ft (500~
1,000 m) below Earth’s surface,
is monitored and maintained.

Cooling
system

»
-

Radioactive waste disposal

Used (or spent) fuel rods are removed from a reactor
every 2-5 years but still generate heat for decades and
emit harmful levels of radioactivity for even longer.
Most are initially stored in deep, cold-water storage
pools for a number of years before they are either
reprocessed or placed in concrete-encased casks.
Several countries have proposed plans to store waste
deep underground, but no sites are yet operational.

Geological repository plans

One proposed solution for radioactive waste disposal involves
the already established technique of vitrification followed by
burial in temperature-regulated deep bore holes.

- A1,000 MW NUCLEAR
PLANT PRODUCES ABOUT
30 TONS (27 TONNES) OF
SPENT NUCLEAR FUEL A YEAR
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Water and geothermal

power

The energy in moving water and the heat in

TRANSFORMER Sluice gates open,
releasing water
through turbine tunnel

w High water
Earth’s crust can be harnessed to produce g level
electricity. Both offer clean, sustainable vt g
. ow water
sources of energy but tend to involve level @ TIDAL
significant infrastructural investment. - L)
Turbine
—_ blades
Tidal power OCEAN
Tidal power captures the kinetic energy of the natural TR
ebb and flow of ocean tides to turn turbines that power
electricity generators. Some systems use freestanding Tidal barrage
turbines, similar to wind turbines, while tidal barrages Water flowing into an estuary at high tide is held

involve multiple turbines in a large dam, usually
constructed across a bay or estuary.

Hydroelectric power

Hydroelectric power (HEP) harnesses the power in falling or
fast-flowing water to turn turbines that drive an electricity
generator. Most commonly, water is collected at higher
elevations behind a dam and then channeled past turbines.

Dam hoIQs back WateAr, DAM Water passes down
creating a reservoir penstock to turbine
RESERVOIR
Generator turns
¢ SLUICE motion of turbine
: GATE into electric
. current
E Sluice gate
WATER : openg
INTAKE .
.00-9 ....9 Turbine turns newey
®se,
Screens filter a PENSTOCK

out large ®ee, $

objects in water
Water enters
The sluice gates open to admit water.
Pressure from the water column above
causes the water to flow through a wide
tunnel called a penstock.

driveshaft cables

back behind a dam called a barrage. Sluice gates
then control its flow through the turbine.

. Power generated

The water passes through a
turbine at high speed, turning its blades
with considerable force. The turbine

powers a generator that produces an
electric current.

POWER HOUSE

{0l %
| |

GENERATOR

“-o ﬂﬁ Turbine blades
turned by
moving water

TURBINE

RO NS 4

T



THE DANGERS OF DRILLING

Enhanced geothermal systems (EGSs) inject fluid under
high pressure to create cracks and fractures in rock so
that the fluid can travel through a larger area and obtain
more heat. There is some evidence that such fracturing
could create uncontrollable seismic activity. In 2006,

a geothermal plant in Basel, Switzerland, was held
responsible for inducing a magnitude 3.4 earthquake.
Eleven years later, a magnitude 5.4 earthquake in Pohang,
South Korea, injured 82 people. Initial studies suggest a
local geothermal plant may have been the cause.

THE ITAIPU DAM ON THE
PARAGUAY-BRAZIL BORDER
PROVIDES 76 PERCENT OF
PARAGUAY’'S ENERGY

Nl

Channeling water

A continuous strong flow of water is needed for an HEP
scheme to generate electricity constantly. Some schemes,
known as pumped storage HEP systems, pump the outlet
water back up to the reservoir at times of lower electricity
demand, using surplus electricity.

N\ Electricity carried away from
] power plant on high wires
supported by towers

U

TRANSMISSION
TOWERS

. Electricity supply

A transformer increases the voltage
of the electricity to improve the efficiency

of its distribution. The electricity supply is

connected to a local or regional power grid

that provides power to consumers.

WATER
OUTLET

POWER TECHNOLOGY
Water and geothermal power
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Geothermal power

Heat from hot underground rocks can be
harnessed in different ways. Underground
water can be tapped directly, or water can be
pumped through a geothermal region to gain
heat used to generate electricity. Geothermal
power produces a small fraction of the harmful
emissions of a coal-fired power station.

Cooling
tower

Transformer

Heat exchanger Generator

Turbine

Pump

Cold water pumped
Cold water is pumped down
an injection well under high
pressure to reach a hot geothermal
reservoir, often lying over 6,500 ft
(2,000 m) below ground level.

2 Hot water returns
The water runs through
fractures in the rock and is heated
to well above 212°F (100°C) before
it returns to the surface via
production wells.

6....

3 Heat exchanger
A heat exchanger uses the
energy from the hot water to heat
a secondary fluid supply, producing
steam or another gas, that drives
a turbine.

PRODUCTION WELL
INJECTION WELL

4 Power generation
The turbine powers a
generator to produce electricity.
The steam passes to a cooling
tower, where it condenses into
water, which is pumped back to
the heat exchanger.

e

INSULATING SEDIMENTARY ROCK




SUNLIGHT Antireflective coating

Transparent adhesive 1 Harnessing solarenergy Solar power

Conductor Sunlight comprisestiny  Epergy from sunlight can be harnessed
energy packages called photons. .
When photons hita solar panel, 11 Several ways. Solar collectors use the

Glass

+ N-LAYER @ @ & = made of dozens of photovoltaic  sun to heat water contained in pipes.
JUNCTION ve | o cells, they transfer energy to Photovoltaic (PV) panels—made of
® /I @ 4‘ @ 1‘ _ electrons that then flow via . . “ .
= P.LAVER ) ® ® - conductors through an external silicon combined, or “doped,” with
<’ circuit as an electrical current. other elements to conduct electricity—
Free electrons in Electrons move from convert the sun’s energy into electricity
silicon n-layer n-layer to p-layer through N~ . .
and positively circuit, creating current Ql ?é' via the photoelectric effect (see left).
charged holes in Sunlight knocks electrons & R This renewable energy produces no

silicon p-layer harmful emissions, and it has been
move toward

junction to estimated that a domestic photovoltaic
create current «0 system can prevent up to 1.9 tons (1.7
metric tons) of carbon emissions
per year.

free in n-layer

adirect current (DC) into an
alternating current (AC), which
is usable in the home or the

electricity from the panel from
R

Tower carries electricity l
along power lines from 2 Converting current
power station to end users An inverter converts

K £ local power grid.
" > — THE WORLD'S
————————— 3 Distributing power LARG EST

The electricity is sent from
the main panel around the home.
The panel can accept electricity

from the power grid when the MAIN ELECTRICAL

solar panels do not meet demand. PANEL TAM". NADU,
——.-....... T INDIA,

5 Connecting to the grid

Any excess electricity i APPLIANCE
produced by the solar panels 4 /IXIeasurmg P°I:Ne" ) 2 .5 M I LLION
is sent to the power grid and smart meter keeps trac
credited to the housgholder. of energy generation and electricity SOLAR PANELS

use in both directions.

Solar power and bioenergy

The power of the sun can be used, on various scales,
to heat water directly or to generate large amounts
of electricity using photovoltaic cells. Biomass—
organic material derived from plants or animals—
can also be a valuable source of energy.
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Bioenergy
Bioenergy is generated by

burning biomass—organic material including
plant waste and animal matter—in power

. . Forestry
_stat101_rls or by c.onvertn-lg by-products T Y
into biofuels. Biomass is considered a of fuels, burned for heat and

renewable energy source because light for thousands of years.
h ted crops and trees can be Logs, chips, wood pellets,
arves D ) and sawdust account for
replaced. However, expanding the over a third of all biomass
scale of bioenergy is problematic energy used.

because it would require the conversion
of arable land used for food production.

Animal waste
While animal remains

can be burned as biomass, the
manure produced by farmed
animals, including cows, can
also be treated to produce a

methane-rich “biogas” that
can be burned.

Ethanol is an alcohol .that is producgd from STARCH
the sugars found in biomass crops, including

sugar cane, corn, and sorghum. In Brazil, the .

world’s leading producer of biofuel ethanol, SUGAR W e
more than 80 percent of all new cars and 11 e | ”
almost half of all motprcycles are able to run BIOFUEL PLANT GASOLINE
on ethanol or a gasoline-ethanol blend. CELLULOSE .o




Batteries

A battery is a portable store of chemical
energy that can be converted into
electrical energy. Batteries are classified
into two broad groups: primary (single
use) and secondary (rechargeable).

How a battery works

In a battery, chemical reactions
take place that free electrons from
metal atoms. The electrons flow to
the anode through the electrolyte.

1

Chemical reactions

When a battery is connected to an electric
circuit, a chemical reaction makes metal atoms
lose electrons. These are attracted to and gained
by a chemical paste called the electrolyte.

RECYCLED BATTERIES CONTAIN
ZINC AND MANGANESE,
WHICH CAN BE USED AS ';

MICRONUTRIENTS ‘f

TO HELP CORN GROW
FUKEY OEIectron e Wire

% Positive ‘e -9 Direction

charge of current

When an electrical circuit connects
the terminals, the electrons return
to the cathode, flowing as an
electric current. This conversion

of chemical energy into electrical
energy is known as discharging.

Separator

Electrolyte

Cathode
(carbon rod)

Anode
(usually zinc
inner case)

Inside a battery

A battery comprises a positive electrode
(cathode) and a negative electrode (anode),
separated by a substance that conducts
electricity called an electrolyte.

4 Incoming electrons

The electrons reenter the battery
via the cathode. The flow continues until
the store of chemicals is exhausted.

f 3 Migrating electrons
The external circuit connecting
the anode and cathode provides a
path along which the electrons can
flow, producing an electric current.

Along the way, this current can be
used to power an electrical device.

'\

Light bulb lit by flow of electric current

The imbalance in electron numbers at the
negative and positive terminals provides

B

POSITIVE
TERMINAL

4, Metalatoms
\ W give away
, their negative
electrons so
they become
positively
charged

“_f Electrolyte

gains free
electrons lost
from metal
atoms

o Electrons gather
The free electrons are
drawn toward the anode,
creating an imbalance with a
deficit of electrons at the
cathode and an excess at the
anode. The electrons freed by
the chemical reaction move
toward the anode inside the
battery but cannot get any
farther until an external
circuit is connected.

Electrons
travel down
toward
anode

Separator

CATHODE

ELECTROLYTE

How a battery discharges

the force to move the electrons along an Electrons
ircui i congregate
external circuit as the battery discharges.
around
anode

NEGATIVE

«—

TERMINAL



How a battery recharges

When a battery is plugged into a charger,
a current passes through it in the
opposite direction to that produced
when the battery was discharging. This
moves electrons back to where they
started, recharging the battery.

Electrons pushed back in opposite
direction to direction during discharge

Electrolyte paste
loses electrons

External
power source

Metal gains
electrons

WHAT IS THE
WORLD’S LARGEST
BATTERY?

Tesla's gigantic lithium-ion
battery in South Australia
covers 2.5 acres (1 hectare)
and provides 129 MWh (see
p-10) of electricity.

POWER TECHNOLOGY
Batteries
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Lithium-ion batteries

Found in smartphones and many other devices and machines, including
electric cars, lithium-ion (Li-ion) batteries use the large amounts of
energy present in the highly reactive metal lithium. Lithium's low

weight but high energy density produces a good power-to-weight ratio for
batteries that can withstand hundreds of discharge and recharge cycles.

Electrons flow around

Device powered by current ___f=—— circuit as current
Z . — Z
4 Y — Y =Y
CATHODE (+) | o | ANODE (-)
I ——
- o o o o o ELECTROLYTE /N
EEmeeansee e
Y9999 | 7
(%)
R
| s e R |
-@9999 = -
a s ————————|
o
99999 : —————
EE—

99999

Lithium ions combine with
atoms of oxygen and metal

ILithium ions travel

from anode to cathode

Graphite layer

How a lithium-ion battery works

Lithium ions flow through the electrolyte to the KEY Metal ) Oxygen
cathode during discharge while the free electrons
flow through the external circuit, providing power. Lithium
Recharging returns the lithium ions and electrons.
Batteries of the future oo
. Flexibl olymer
A great deal of research is focused on Subi:::ti electrolyte

battery development. One innovation
that may lead to faster-charging,
longer-lasting batteries uses a solid
state alkali metal rather than the
liquid or gel electrolytes in Li-ion
cells. Flexible batteries using
devices called supercapacitors

that can be recharged in seconds

Laser-scribed graphene
supercapacitor,
containing electrodes

might revolutionize wearable and Flexible

portable technology. smart
phone

Supercapacitor x

Electric charge is stored as a coating of

ions on a supercapacitor’s electrode layers,
which are separated by an electrolyte made
of a flexible polymer.



Fuel cells ©

Inside a fuel cell

Fuel cells generate electricity through a chemical Afuel cell is similar in structure to
reaction caused by mixing fuel with oxygen. There a battery (see pp.32-33). The cell

. produces a flow of electrons from @
are a number of types, but cells using hydrogen are the anode out of the cell and back

to the cathode. This external flow

increasingly used in vehicles and electronic devices. of current powers the car.

How a fuel cell works HYDROGEN IN Electrons
A fuel cell is an electrochemical cell that -
produces an electric current, which is used D ( () o
to power motors or other electrical devices. P NS .
Hydrogen fuel cells produce electricity without 1 Supply of 4, 1‘
combustion and emit only water as a hydrogen T . . . .

Single cell Hydrogen from a \ ( o060 0000060000000

motor can typically run for about
300 miles (480 km).

by-product. Obtaining oxygen from T ATy
the air and hydrogen from its %7 - is pumped into the
internal tank, a car’s electric ‘ / = fuel cell and travels

‘ ?4 to the anode.

FUEL CELL STACK 9 Chemical reaction o
Hydrogen-powered car ) A chemical reaction at the
Fuel cells are usually deployed in anode strips the hydrogen atoms of their
stacks. These provide an electric Power control negatively charged electrons. The positively ‘
current, which is increased by a boost unit draws charged hydrogen ions pass through the
converter before supplying the motor. electricity from electrolyte to the cathode. Any unused ¢
fuel cell stack and hydrogen is recycled, o &
sends it to motor £ e s o0 o0
Hydrogen \ \ ® ¢ ®# o 06 0 @ 6 0 0 0 0 0 o
tank ‘ AIR £

WATER Battery

IN 6 o

ouTt (_
UNUSED HYDROGEN OUT ANODE
Boost converter Motor
25% of methane Gas from reaction
Sources of hydrogen supply burned to h GeniEshy el e, PURE
) provide energy carbon dioxide, HYDROGEN
Most hydrogen is produced from for reaction in e
fossil fuels, particularly natural gas. monoxide "\
P y g METHANE reformer !
The most common method used is FEED .
a procesg called.steam-methane - a — = ) - E
reformation, which produces some
. o . . . E
carbon dioxide emissions. Other g .« 9 PURIFICATION
processes, such as electrolysis, e
harness hydrogen without harmful o
emissions but use lots of energy. : \|,
5% . -
Steam-methane reformation . STEAM 1. B * I .
Methane and steam react to produce a . o 9 cee o e R 9 co .
mixture of gases, which are sent to a shift ks ol B #
reactor where more hydrogen and carbon £ iy QERSTSASAEAS S _Sal S _SMERCIRES S SRS

dioxide are created. A purification stage St 9 cot WASTE GAS, UNREACTED
produces pure hydrogen. CLEAN METHANE MATERIALS, AND STEAM



POWER TECHNOLOGY
Fuel cells

34/35

ELECTRIC
CURRENT

HYDROGEN FUEL
CELLS USE 50
PERCENT LESS FUEL
THAN GAS ENGINES

USES OF FUEL CELLS

Fuel cells remain an emerging
technology but one with a vast range
of potential applications that make
use of its compact, convenient, and
exhaust-free source of electricity.

3 External circuit
The separated
electrons are diverted along
an external circuit to the
cathode, creating an electric

current as they move.

5 Air supply AIRIN
Oxygen from
the air enters the

fuel cell and travels e

to the cathode.
Oxygen
~ molecule
>
C 4 Hydrogen
= ions reunited
Water When hydrogen ions
molecule  reach the cathode,

they reunite with the

Q electrons and react with
ﬁo oxygen in the air supply
\ D) to form water.

6 Waste water
Water is released by the fuel cell as
a by-product. A car powered by a fuel cell
emits water at a rate of about 6 fluid oz

ﬁ O per mile (100 ml per km).

CATHODE WATER OUT
FUEL CELLS IN SPACE
Fuel cells first traveled into space Fuel cell stacks
on NASA's Gemini missions in were housed in ~
1965-1966. A stack of hydrogen service module <

cells housed in the service module ¢
also provided electrical power for :
the Apollo manned missions to the
Moon (1969-1972). Each of the fuel
cells contained 31 separate cells
connected in series. The fuel cells
used by Apollo proved highly
successful, producing up to 2,300

. . APOLLO
watts of power while being less COMMAND
bulky than batteries and more AND SERVICE
efficient than solar panels. MODULE

O¢

N Y _)o...._)o Sy

Vehicles

Increasing numbers of

fork-lift trucks, zero-emission
buses, city trams, and some cars are
powered by fuel cells.

Military

Small cells can power

soldiers’ electronic devices,
while larger cells can keep drones in
the air for long periods.

Portable electronics
Micro fuel cells are being
developed to recharge

smartphones, tablets, and other
mobile devices.

Space
Fuel cells are a common
source of power in spacecraft.

Manned craft also use the fresh water
they produce.

Aircraft
Experimental fuel-cell
aircraft exist, but airliners

are more likely to use them as back-up
power supplies.

ARE HYDROGEN
FUEL CELLS SAFE?

Fears persist since hydrogen is
extremely flammable, but fuel
cells are manufactured with
rigorous safeguards, and
hydrogen tanks in vehicles
are very tough and
crushproof.
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Moving
machines

Business, industry, leisure, and
tourism rely on fast, long-distance
transportation for the movement of
goods and people. Transportation
technology depends on the use of
energy and the application of many
different forces to produce motion.

Combining forces

An object such as a

vehicle moves when it

is acted on by one or

more forces. As a force DRAG .
is applied, a transfer of K
energy takes place, either

setting the vehicle in motion or changing its speed
and direction. Several forces usually act on a vehicle
at the same time. Some of the forces may work
together, while others work against each other.

The combined effect is a single force called the
resultant force.

The wheel is one of the
world’s most important
inventions. A wheel and
axle work like a rotating
lever, transmitting force
in a circular direction. d
Turning the wheel around || m( - Wheel
the axle moves the rim B
of the wheel a greater
distance with less force.
Turning the rim of the
wheel turns the axle
with greater force.

Rim moves
further and
faster than
axle

rotates
around
axle

LIFT QA
wip
Each force actsin a gﬁs\);v&e ’2
different direction ¥ . ® /

-

[ |
v
-
Four forces combine to

produce a single
GRAVITY resultant force

Forces of flight

Four forces are at work when an airplane is in flight. It is pulled
down by gravity, pushed upward by lift from its wings, forced
forward by thrust from its spinning propeller, and pulled
backward by drag. When an airplane is accelerating and
climbing, there is an upward resultant force.

FRICTION

Roughness
means two
surfaces cannot
move easily
past each other
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LIET THERE ARE MORE THAN 1 BILLION
BICYCLES IN THE WORLD, WITH UP
TO 100 MILLION ADDED EVERY YEAR

Warm air expands
sois less dense

Alp
0,

WHICH PLANE IS
THE WORLD'’S MOST
POPULAR AIRLINER?

The Boeing 737, first
manufactured in 1967,
is the most popular
airliner, with more
than 10,000 built.

Heated air is less
dense ("lighter”)
than air outside Denser,

~“‘\'\ESAME cooler air

« >

o

Expanding air Q,é

escapes through Q.Q f When air density is the
balloon’s <

same inside and outside,

EEEEe | the balloon does not rise
Cold air is

dense

GRAVITY

Making heat work

Hot-air balloons use expanding air to create

ift. Heating the air inside the balloon makes
Gas power lif ing the air inside the ball k
Most transportation technology relies on one simple scientific it( TXF}’;‘ind-)Thz aiLbeCfomes less dbense

S . . 8 “lighter”) and, therefore, more buoyant

pnnc_:lple gas expands_ when it is hegted. Gasoline, dlgsel, than the surrounding air. The balloon will
turbine, and rocket engines are all activated by expanding rise until the density inside it matches
gas. When gas expands inside an engine, it does so with that of the surrounding air.

great force that can be used to turn wheels or propellers or
produce a powerful jet. Most often the gas involved is air.
Burning fuel usually provides the heat to make the air expand,
but other energy sources are sometimes used. Some warships,
submarines, and ice breakers are nuclear-powered. They use
the heat produced by radioactive elements such as uranium to
generate the expanding gas that powers their propellers.

Gas burners
begin to heat
air inside
balloon




Bicycles

The invention of the bicycle was the biggest advance
in personal transportation since the domestication
of the horse. Bicycles are still one of the most
energy-efficient forms of transportation.

Transmitting power

A bicycle rider’s muscle power is transmitted to the
back wheel by a chain connected, via levers called
cranks, to the pedals. The rider can pedal efficiently
only within a narrow speed range. Gears enable the
rider to stay within this range by turning the back
wheel faster or slower for the same pedaling rate.

\OW GEAR HIGH GEAR

Small gear turns
faster, increasing

/ speed

Large gear produces more
power at cost of speed

@ _ )

Pedal
rotation

Greater speed
In a high gear, each rotation of the
pedals turns the wheels further
thanin a low gear, increasing
the wheels. the speed of the bicycle.

Greater power
When using a low gear, the rider
turns the pedals many times
for only one rotation of

Each gear has a
different number of
teeth, allowing the
rider to choose a
range of gear ratios &
tosuit theincline I
being tackled =

Derailleur changes
gear by shifting
chain from one

sprocket (toothed
wheel) to another

KEY

--—=> Inputforce
-+=> Output force

FRAME

Frame consists of two
triangles, forming a
rigid structure

Chainring

Crank acts as
lever to turn
L] .
chainring and
1 d .
move chain

n KRider applies

turning force by
pushing pedals

PEDAL
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To balance on a bicycle, a rider
must control his or her center

of gravity. When cycling in a
straight line, the rider steers
toward a fall to make sure that
the center of gravity is always
over the wheels, forming "
the base of support. / 4

Center

of gravity
for bicycle
and rider

Mass of bicycle and
rider acts downward

BASE OF SUPPORT

— y . &o

\I 7@.

Handlebars turn
headset, which
turns front wheel

Handlebars are levers that magnify
the input force to turn the front wheel.
Some bicycles have drop handlebars.
These make the rider bend lower,
into a more aerodynamic

position.

:7:3 4"'4:9

Pads move
inward
when brake
is applied

7\
Pulling /¢

“ brake lever

~_ draws cable
upward

Caliper brakes consist of pads on either
side of each wheel. Squeezing the brake
lever pulls a cable that makes the
pads grip the wheel, increasing
friction and slowing
the wheel.

Freewheeling

Two mechanical principles usually
help to explain why a bicycle can stay
upright: the gyroscopic effect and _
the caster effect. Recent research
suggests another important influence
is the fact that the front of the bicycle
has a center of gravity that is lower
than the rear and forward of the
steering axis. During a fall, the front
of the bicycle falls faster than the rear,
turning the front wheel toward the
fall and keeping the bicycle upright.

during afall

Direction of spin

Wheel turns

THE GYROSCOPIC EFFECT

The front wheel acts like a gyroscope.

If the bicycle falls to one side, the
gyroscopic effect turns the wheel to the
same side, keeping the bicycle upright.

Steering axis
(imaginary line
from front forks
to ground)

Point of contact
with ground

THE CASTER EFFECT
The point at which the front wheel meets
the ground trails behind the steering axis,
like a caster on a trolley. This means that
the wheel always turns in the same
direction as the bicycle is traveling.



Internal combustion
engines

Many machines, from cars to power tools, use an internal
combustion engine to generate power. A car’s engine
converts chemical energy from fuel into heat energy

and then into kinetic energy to drive the wheels.

HOW DOES A
DIESEL ENGINE WORK?

A diesel engine works in
a similar way to a gas
engine, but a diesel engine
uses hot, pressurized air,
rather than a spark plug,

Four-stroke engines o
to ignite the fuel.

An internal combustion engine burns a mixture of fuel (usually
gasoline or diesel) and air inside a cylinder. A four-stroke engine
creates power by repeating four stages, or strokes: intake,
compression, power, and exhaust. A heated fuel-air mixture,

ignited by a spark plug, pushes a piston down inside the cylinder, (ONFE OF RUDOLF DIESEL'S

causing the connected crankshaft to rotate. This rotation is
transferred to the wheels via the car's transmission. Multiple EARLY ENG I N ES RAN

cylinders firing at different times produce a smooth power output. O N PEAN UT Ol L ((j

Camshaftis
constantly
rotating

SPARK PLUG

= Exhaust Inlet
valve valve
closed closes

Inlet valve

\NQe L
Fuel-air mixture . - R - o, ... .‘ -
enters as inlet \ e e & Fuel-air mixture 4._:._. e®%e O.
valve opens A ¥ is compressed 4 °0¢’
e
. 5 L
. e o .
. Intake o © ° . Compression

A rotating e 4 o o The inlet valve

camshaft opens the inlet
valve at the same time
as the crankshaft pulls
down the piston. This
causes the fuel-air
mixture to be sucked

into the cylinder. /
Cylinder

KEY
Fuel

closes. The rotating
crankshaft forces the
piston up the cylinder,
compressing the fuel-air
mixture into a smaller
volume, which increases
pressure in the cylinder.

Piston
moves up

Piston moves
down

® Air

@ Exhaust gases
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Two-stroke engines

Four-stroke engines are heavy so Spark plug Transfer port opens

are impractical for many uses, and fuel-air mixture

such as for powering chain saws % o moves upward
Spark ignites

Fuel-air mixture
is compressed

and lawn mowers. These use i N fuel-air mixture
a smaller two-stroke engine
instead, which fires the spark w

plug once every revolution of
the crankshaft, rather than
once every second revolution.

Exhaust
Piston moves up gases escape

Inlet port opens and Inlet port closed

fuel-air mixture enters :
Transfer port Piston moves down,

blocked by precompressing

Crankshaft piston fuel-air mixture

1 Upstroke
The piston moves up,
compressing the fuel-air mixture,
which is then ignited by the spark
plug. The piston creates a partial
vacuum behind it, drawing in more
fuel and air through an inlet port.

2 Downstroke
The ignited fuel pushes
the piston down, turning the
crankshaft. The transfer port
is uncovered as the piston
moves, forcing more fuel
to the top of the cylinder.

Spark plug ignites
fuel-air mixture, which
forces piston down

Exhaust valve opens,
and exhaust gases
are expelled

. Exhaust

The exhaust
valve opens. As the
crankshaft continues
to turn, it pushes the
piston back up again,
forcing out the exhaust
gases. The whole cycle
then repeats.

Power
When the piston
reaches the top of the
cylinder, the spark plug
fires. The fuel-air mixture
explodes, burning up the
fuel and creating a hot
gas that expands and
forces the piston down.

Crankshaft
continues
to rotate



How a car works

A car is a collection of systems that generate power
in an engine and transmit it to the wheels. Other
systems allow the driver to control the car by
turning the wheels to change direction and by
applying brake force to either slow down or stop.

Transmitting power

A car's engine is linked to its wheels by a system of
shafts and gears, collectively known as the drivetrain,
which make use of the engine power in the most
efficient way. Most cars have a two-wheel-drive

Inside the car

engine and driveshaft,

stability, especially wh
cornering.

arrangement, in which either the two front wheels or

vehicles, which require more grip on unstable surfaces,

have four-wheel drive, meaning all four wheels are

two back wheels are driven by the engine. Off-road Engine Driveshaft, on rear-
wheel-drive car ‘

driven directly by the engine.

transmission. They are mounted low
down in the car to improve

WHAT WAS THE
FIRST MASS-PRODUCED

CAR WITH AN AUTOMATIC
TRANSMISSION?

The first fully automatic
transmission was an optional
extra on Oldsmobile cars
in the US from 1940.

The heaviest parts of a car are its

including its

Differential gear
aids cornering

en

Transmission

Clutch engages and disengages
driveshaft from transmission

When clutch is released, Pressure plate

ENGINE iy

tch disc is clamped

between pressure plate Transmission

RADIATOR

, 'i 1 li i and fiywheel, allowing on

down by expanding
gases during the

power stroke

Fan draws air across radiator

Coolant flows Cranks convert up-and-down movement of Cranksha

through radiator pistons into rotational movement

Driving off

A car is set in motion by a series of operations
that generate power and transfer it to the
driven wheels in a controlled way. Turning
the ignition key or pressing the start button
switches on a small battery-powered electric
motor, which starts the car’s piston engine.

Heavy flywheel stores

rotational ene|
crankshaft

Engine
A car's motion begins with its engine.

Starting the engine ignites fuel and releases
energy (see pp.42-43). This moves the pistons,
which turn the engine’s crankshaft. A flywheel
attached to the crankshaft smooths out the
power provided by the pistons.

flywheel to drive
transmission

ft

rgy and keeps the .

moving smoothly
CLUTCH

Clutch
In a car with a manual transmission,

when the car first starts, the driver must push
the clutch pedal in to disconnect the engine
from the wheels so that the car does not lurch
forward. The driver then releases the clutch
pedal, allowing the engine to turn the wheels.




How a car works
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Steering Braking

The simplest steering Most cars have disc brakes. A disc is fixed

systems in cars rely on a Bl Vg to each wheel, and when the wheel spins, _
type of gear mechanism moves rack \ so does the disc. When the driver presses

called a rack and pinion. the brake pedal, hydraulic fluid forces brake

Turning a car’s steering | pads, mounted on callipers, to push against

wheel rotates a pinion—a . the disc to slow the wheel down.

small, round gear. Its teeth ‘ Rack

Brake pad

engage the teeth on a flat
bar called a rack. When
the pinion turns, it

moves the rack sideways
and turns the wheels. In
a car with power steering,
high-pressure oil or
electric motors help

to move the rack. Steering column
turns pinion

Wheel

Callipers
Hydraulic fluid

Disc attached to
inside of wheel

. Differential
During a turn, the wheel on the

outside has to travel farther than the
inside wheel, and so the outer wheel
has to turn faster. A differential, which
is attached midway between the

> | CLUTCH two wheels, allows this to happen.
» PEDAL TRANSMISSION

Clutch pedal in

- Gear lever is used to
relaxed position

selecta gear

Collar
A

Gear selector rod

Sun gear
turns
half-shaft

Half-shaft
Gear selector fork connects
moves collar, which

locks gears in place

‘ Half-shaft

Planet pinion

Driveshaft

Countershaft Each planet pinion can spin on its own axis
as well as rotate with the crown wheel.
This means that they can turn the
Reverse gear sun gears on each side

Fixed-speed gear transfers power at different speeds.

from engine to countershaft
. Transmission . Driveshaft

Piston engines work most efficiently at In a rear-wheel-drive car, a long

relatively high speeds, so gears are necessary to driveshaft connects the transmission to the
reduce this to the slower rotational speed needed rear wheels. In a front-wheel-drive car, the
for the car’s wheels. Each gear gives a different engine sits above the front wheels and turns
range of speeds. First gear is normally selected them via a short driveshaft, differential,

to get a car moving. and half-shafts.



Electric and
hybrid cars

Most cars are powered by an internal combustion
engine burning gasoline or diesel fuel. However,
concerns about the harmful air pollution produced
by these engines has led to the development

of less-polluting electric and hybrid cars.

WHEN WAS
THE FIRST HYBRID
CAR BUILT?

Engineer Ferdinand Porsche
built the world’s first
hybrid car in 1900. He named
it the Lohner-Porsche
Semper Vivus
(“always alive”).

Electric cars power o conroller regulates power
An electric car is powered by one or more electric motors. delivered
The motor is connected to a rechargeable battery pack. to motor
Electric cars are simpler than conventional piston-engine

cars because they do not need a fuel system, ignition CHARGING b —-_—

. . . PORT
system, water cooling system, or oil lubrication system. .  ess00s =

A transmission is not necessary either as, unlike internal
combustion engines, electric motors deliver the maximum

turning force (torque) across their whole speed range.

Hybrid cars

A hybrid car has two or more
different power sources driving

the wheels—an internal combustion
engine and at least one electric
motor. There are two main types

of hybrid cars. A series hybrid is

always powered by its electric motor.

The role of its internal combustion
engine is to run a generator that
produces electricity to power the
electric motor and charge its battery.
The second type of hybrid car, the
more popular parallel hybrid (see
right), can be powered by either one
of its power sources, or both can be
used together when maximum
power or acceleration is needed.

KEY

. 9 Electric power

Power from internal
combustion engine

Pulling away

Most hybrid cars
start moving by using
only their battery-
powered electric
motor. The internal
combustion engine is
not needed. For short
trips at low speeds,
electric power alone
may be used for the
whole trip.

Accelerating

If rapid acceleration
is needed, the internal
combustion engine
starts. The car’s
wheels are driven

by the power of

both the engine and
the electric motor.
The engine also runs
a generator that
recharges the electric
motor’s battery.

ELECTRIC MOTOR
BATTERY
Electric motor ELECTRIC
powers car MOTOR
= il
i3 i Il
BATTERY‘—)“ :
| | 0 POWER-SPLIT UNIT
o GENERATOR| )
5Z R
. eoee)
G7 . 4 &
== ENGINE sy
Engine off

Electric motor
provides power

Power-split unit combines torque
from electric motor and engine

BATTERY

Lon (XY P E"SPLIT UNIT

GENERATOR\F,_. :
o ¥

ENGINE-

ELECTRIC

Engine provides power
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THE FIRST ELECTRIC CAR WAS
BUILT BY INVENTOR ROBERT
ANDERSON IN THE 1830s

Regenerative braking

Most cars brake by using friction pads (see p.45),
which transform the wheels’ kinetic energy into
wasted heat energy. Electric and hybrid cars
convert the wheels' energy into electrical
energy instead to recharge the battery.

Power from battery
goes to electric motor

Electric motor reverses direction
and becomes an electricity generator

ELECTRIC MOTOR
ELECTRIC MOTOR

Motor converts
electrical energy into
power for wheels

t Wheels slow down o =

as kinetic energy ?

I is turned into R I [ I l
electrical energy

BATTERY LEVEL L s],

1 Acceleration 2 Braking
When an electric or hybrid car accelerates, its motor draws the When the driver applies the brakes, the electric motor
energy it needs from the battery. The motor converts the battery’s becomes a generator. Instead of drawing energy from the battery,
electrical energy into the car’s kinetic energy. The level of charge in it transforms the kinetic energy of the car’s spinning wheels into
the battery falls as it is progressively drained of energy. electrical energy, which is returned to the battery to be reused.

Cruising Extrg power created by ELECTRIC

While the car is engine is stored in battery MOTOR

cruising at high = ==
speed on along — — W

trip, the internal TTE $ A driverless car has various
combustion engine S @ POWER-SPLIT UNIT cameras, |a5er5’ and radar that
operates on its own. L.-..

create a real-time 3-D image of the
car's surroundings. Together with
computers, satellite navigation,
and artificial intelligence (Al),

these enable the car to drive itself.

The electric motor GENERATOR

is not needed.

FUEL
TANK

.........._) o8e®

k.

Engine powers wheels

Battery charging ELECTRIC
Braking MO
When the car begins Be= W -
to slow down, the TTE .
internal combustion =0 POWER-SPLIT UNIT
engine and electric L...
motor switch off. GENERATOR =

During braking, the
car's excess energy
is converted into |
electricity to charge ’ ENGINE g
the battery. - -
Generator converts energy from
wheels into charge for battery

FUEL
TANK




Radar

2 Waves bounce back
Large metal objects such as aircraft reflect radio

Radar is used to locate distant objects by

sending out high-frequency radio waves e The distance 1 the ateraft  caltulated.
(see pp.180-181) and detecting any waves i;otrﬁ eﬂ;fr éirr:fi ;izeg ;3; Laedsgciflses to travel out
that are reflected back. Radar is vital to

air traffic control systems and is used

to track aircraft in flight and control

their movements safely.

> ammm

Metal skin reflects
radio waves

Air traffic control radar Stream of radio waves

Two types of radar are used in air traffic control— from primary radar

primary radar_ and secondary radar. Primary radar Antenna constantly %\

transmits radio waves that are reflected back by alternates between G

an aircraft, revealing its position. Secondary radar transmitting and 9}
. . . : . . receiving radio waves )

relies on an aircraft actively sending signals using

a device called a transponder to add information

about the aircraft, such as its identity and altitude.

Antenna rotates
360° to scan for aircraft
in all directions

WHAT OTHER
TECHNOLOGIES
USE RADAR?

Radar has several other
uses, including in ocean and
geological surveys, mapping,
\ astronomy, and in intruder
' alarms and cameras.

Information
provided by
transponder

Aircraft

position
Aircraft
flight path

PRIMARY

RADAR

Signals from primary and
secondary radar sent to control

RADAR tower to be processed
MAP
THE SURFACES

1 Primary radar
A rotating antenna sends out
pulses of radio waves in all directions.
They travel in a straight line at the

speed of light. The antenna can both
MERCU RY VEN US transmit and receive radio waves.



CONTROL
TOWER

Some military aircraft, like the B-2 bomber, are
designed to evade enemy radar. The airplane’s
shape reflects radio waves away from their source.
The airplane is also covered with radar-absorbing
materials that reduce reflections and make it harder
to detect. This is known as stealth technology.

Reflected waves
are scattered,
so only a weak
signal returns

Radar-absorbing
materials

Ground-penetrating radar

Radar can also reveal what is below the ground. Radio
waves bounce off any objects or soil disturbances they
encounter, and these reflections are processed by

a computer to produce a map. Ground-penetrating
radar (GPR) is used in a variety of fields, including
archaeology, engineering, and military activities.

SED IM, Distortion
Q%oces AGG indicates Antenna is
buried object pushed across
surface to
scan ground




Speed
cameras

Many types of speed cameras use radar

(see pp.48-49) to measure the speed
of a vehicle. They transmit radio
waves at a vehicle and use the waves
reflected back to calculate its speed.

The Doppler effect

When radio waves strike a vehicle that is moving
toward or away from a transmitter, such as a

speed camera, the vehicle’s motion changes the
wavelength of the reflected waves. This change is
called the Doppler effect. The same effect makes an
emergency vehicle’s siren rise in pitch as the vehicle

approaches and fall in pitch as it moves farther away.

How a speed camera works

A speed camera sends out bursts of radio waves and
then detects the waves that are reflected back from
a moving vehicle. It uses differences between the
transmitted and reflected waves, caused by the
Doppler effect, to determine the vehicle's speed.
The very short radio waves emitted by a speed
camera are called microwaves. They are about

a centimeter long and travel at the speed of light.

Fixed speed cameras

A REVIEW OF 35 INTERNATIONAL

STUDIES FOUND THAT SPEED

CAMERAS REDUCE AVERAGE
SPEEDS BY UP TO 15 PERCENT

Sound waves are
stretched out by
receding vehicle,
lowering pitch

o]}

Sound waves
bunch up ahead of
vehicle, raising pitch

1 Transmission
The camera’s radar unit
transmits a beam of microwaves,
which fans out across the road. Less
than a microsecond (one millionth
of a second) later, the waves reach
the back of the passing vehicle.

Motion of vehicle
stretches reflected
radio waves

The greater the difference in wavelength (
between the waves transmitted by the speed

camera and the waves reflected back by the
vehicle, the faster the vehicle is traveling.

2 Reflection
The microwaves
bounce off the vehicle’s
bodywork like light bouncing
off a mirror. The curved shape
of the vehicle sends the reflected
waves away in all directions.

Microwaves
transmitted by
speed camera
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P‘“\(—_“P‘ Speed cameras
s?‘&o
> A speed camera houses a radar unit, camera,
QQ' power supply, and control unit. It usually
e‘o\ points at the backs of vehicles so that the
N flash of the camera does not dazzle drivers.
Some handheld speed detectors _
fire a series of laser pulses at
vehicles and measure the return
time of reflected pulses to calculate
a vehicle’s distance and speed.
Digital This technique is known as LiDAR
camera (Light Detection and Ranging).
photographs
speeding
vehicles
Flash unitilluminates
license plate for
identification —
Reception
SPEED CAMERA The radar unit receives some

of the reflected microwaves. If their
longer wavelength indicates a speed
above the speed limit, a digital camera is
activated to photograph the car.

Mounting pole
holds camera

at required height
and angle

WHEN WERE SPEED

CAMERAS INVENTED?
Reflected
h .
Alonger Although the idea of
wavelength developing speed cameras

dates back to at least the early
1900s, the first radar speed
cameras were made in the
US for military use during
World War Il.




Electricity flows

]
| through contactwire
1 &

s
£
2

<

Trains provide one of the most time-efficient
transportation solutions for traveling long
distances. Most modern trains are powered by a
diesel engine or an external source of electricity.

Metallized
carbon strip
connects with
contact wire

Upperarm

Lower arm

Electric trains

Electric trains are powered by electricity supplied either from
overhead cables or by a third rail in the track. Since they do not
have to carry their own power-generating equipment, electric
locomotives are lighter than diesel equivalents and are therefore
capable of faster acceleration.

Current conversion
Many modern electric locomotives
convert the high-voltage alternating
current (AC) supply to the
lower-voltage AC needed by
the electric motors that turn
the train’s wheels.

WHO BUILT
THE FIRST RAILROAD
LOCOMOTIVE?

PANTOGRAPH

In 1804, English engineer
Richard Trevithick built the
first railroad locomotive.
It was used to haul iron from
Penydarren Ironworks
in Wales.

Inverter converts DC
back to AC but still at
lower voltage

/s

Traction motor, powered

-9 High-voltage AC -9 Lower-voltage DC 9 Lower-voltage AC -9 Fuel by AC, turs wheels
Di l-el . = Rectifier converts AC to Alternator transforms
iesel-electric trains lower-voltage DC rotary motion of driveshaft

Most modern diesel trains employ a diesel-electric Inverter into high-voltage AC
powerplant housed inside the locomotive. Rather than transforms DC
power the wheels directly, the diesel engine drives to lower-
a generator or alternator (see pp.16—17) to produce voltage AC
electricity, which operates the train’s electrical systems
and traction motors. Since diesel trains need no
external power supply, they are used on rail lines

where electrification is uneconomical.

Lower-voltage AC -,
Engine power powers traction motor -
The alternating current (AC) from the
engine-driven alternator is converted to Traction motor powers
direct current (DC) by a rectifier. An inverter train using current
converts this into AC to supply the motors.  generated by alternator
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A Hyperloop is an experimental train Air removed from tube Tube
designed to travel faster than a jet airliner. to create near-vacuum

Passenger pods travel inside a tube that :
is a near-vacuum. Air is removed to
reduce the piston effect (a buildup of
air in front of the train) and to enable
the pods to travel faster by reducing
friction. Electromagnets beneath the
train and on the track repel or attract
each other to generate lift and thrust.

Electromagnet

Rectifier converts AC to

lower-voltage direct current (DC) Railroad trucks and wheels

Every section of a train is supported at each end by a
frame system, or railroad truck, in which the wheel
sets (axles and wheels) are mounted. Some trucks can
turn to follow bends in the track. The wheels are made
of solid steel and run on steel rails to minimize rolling
friction. Each wheel has a projecting rim, or flange,

on one side that helps to hold it on the rails.

Truck rotates around
Smoothing the ride center pivot

- S Fl
A railroad truck has a built-in ange
suspension system. It uses coil Cfenter
springs, dampers, and air pivot

bags to soak up bumps
] - - - and vibrations caused
by uneven tracks. Y/

Transformer reduces voltage of Truck carries wheels, The wheels stay in
electricity supply from contact wire brakes, and suspension contact with the rails
while the locomotive
) ) ) and coaches above
Diesel engine creates energy Radiator fan removes excess move along
through internal combustion; heat from engine
; smoothly.
energy turns driveshaft
connected to alternator o
Coil springs
K g
? . Wheel set
> = :
-
I [ EY) . —I' o
Truck Coach Center pivot
Fuel powers engine Turning bends

A long train with steel wheel sets traveling along steel rails
is inherently rigid. To allow trains to follow bends, some
modern railroad trucks have a built-in steering
mechanism, with a steering beam and levers hinged
around a center pivot, which allows the wheel sets to turn.



DIRECTION
OF MOVEMENT

BOW

Combined force of
sail and keel creates
forward movement

WIND
Wind follows curved Heeling force tilts
shape of sail boat to one side
(«}
Action of wind on sails
generates forward and
A 0$0Q§ sideways lift
TR )
&
.'. Sail pulled

RUDDER

Turning rudder to
one side steers boat
in that direction

Sailboats

Sailboats use a combination of wind and water
movement to propel a boat without the need for
an engine. Once used for commerce and warfare,
they are now used mainly for sport and leisure.

Wind power

A sail deflects the air blowing around it.

This change in the airflow lowers the air HEELING
pressure in front of the sail and raises FORCE

the air pressure behind it.

toward area of
low pressure

Sail forms an
airfoil shape Keel pushes back
against water to
resist sideways
force of wind

ame%

RESISTANCE

Going forward

A keel generates forward movement by
pushing against the water to cancel out
the heeling force (the sideways motion
created by the wind). The sideways force
is not completely eliminated.

Sail and keel

The key parts of a sailboat are its sail, or sails, and its keel. When
wind blows around the sails, it creates lift in the same way as

air flowing over an aircraft’'s wing (see p.62). The wind creates

a sideways force on the boat. The sailboat uses its keel, located
beneath the boat, to transform the sideways force of the wind into
forward motion. When the boat, or the wind, changes direction,
the crew trims (adjusts) the sails so that they are at the best angle
to the wind to generate the most lift.
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Sailboats
Buoyancy and stability
Any boat displaces its own volume of water. Its weight is balanced by

an upwazrd force, called buoyancy force or upthrust. As long as the boat’s o
density is equal to or less than that of the water, the upthrust will be boatA r;::;:fi
enough to make the boat float. To float upright in the water, the boat’s less dense
center of gravity—the midpoint of its mass—must be directly above its

center of buoyancy, the point at which all buoyancy force is considered to

act. When a boat heels over (see left), its center of gravity remains the same,

but its center of buoyancy moves in the direction of the tilt. The two points
must be brought back into alignment to bring the boat upright again.

WEIGHT

e

Buoyancy

The density of an object is found by dividing its mass
by its volume. The boat and the steel weight shown
here both weigh the same. However, the steel weight
will sink because it is more dense than water, while the
boat will float because it is less dense.

Center of

Center of buoyancy is ey s e

center of boat in
submerged area

Steel block
weighs same as Deep, heavy keel
boat but has a used to lower
smaller volume Water pushes back center of gravity,

WHICH IS THE
FASTEST SAILBOAT?

against boat’s weight increasing stability

BUOYANCY BUOYANCY
FORCE FORCE

The Vestas Sailrocket 2
holds the outright world
sailing speed record with
a speed of 75.2 miles
(121.1 km) per hour.

40 pAys, 23 HOuRS, ~1D 30
MINUTES - RECORD-

BREAKING TIVIE TAKEN TO
5AlL AROUND THE WORLD N7

The hull is the main body of a vessel.

Sailboats can have one hull (monohulls)

or have several hulls (multihulls).

Multihulls are often used for racing ﬁ

because they are lighter than monohulls, ;
since they do not require a heavy keel to

keep them stable. The most popular

multihulls are catamarans and trimarans.

Catamarans have two hulls, and Monohull Catamaran Trimaran

trimarans have three. A monohull has a spacious Catamarans are wider and so Trimarans have a main hull
single hull below deck. more stable than monohulls.  with two small outrigger hulls.




Area of low pressure on upper
surface pulls blade forward,
toward front of boat

Propellers

A motor vessel's engine power is
usually converted into the motion
of the vessel through water by one

or more propellers. a propeller
spins, its angled blades force water
backward. The water pushes}

- back against the propeller blades,

: wc%g thrust, which moves the *
boat. Water rushes in to fill the space

that has been created behind the

moving blade. This creates a
pressure difference on either side

I
of the blade, with low pressure at
the front of the blade and high
pressure behind. This pulls the

front surface of the blade forward. RECHION O R
Propellers are also called screws,
because of their screwlike motion
through water.

Direction of

’ propeller rotation

==
PROPELLER

Reaction from water
propels vessel forwards

Angle of rudder can be Water is pushed
changed to steer vessel backward by
propeller

WHAT IS THE
FASTEST MOTORBOAT?

In 1978, Australian
motorboat racer Ken Warby
set a speed record of
317 miles (511 km) per hour
in his jet-propelled

powerboat.

Motor vessels

The power provided by an engine frees motor
vessels from the limitations of wind and sail.

It also enables boats to generate electrical and
hydraulic power to operate additional equipment.

Engines Stability
A motor vessel can be powered in A motor vessel’s inboard engine may be used
£ diff to power more than one propeller, as well as
a number of different ways. Many bow thrusters to help with steering (see opposite).
use a diesel engine (see pp.42—43)to  The engine and heavy equipment are positioned -
low down in the hull to improve stability. Ny = -

turn a shaft connected to a propeller. P Y

. . . . EEE =®
Other ships, including ocean liners,
are powered by steam turbines.
Warships often have gas-turbine
engines similar to jet engines (see
pp.60—61), and a handful of the biggest
ships are nuclear-powered. On smaller
boats, the engine is often mounted on 2 ; "

- - ower frrom engine
the outside of the boat, while larger Propeller powered turns shaft connected Bow thruster used for
vessels usually have inboard motors. by engine to propeller sideways maneuvering
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Some larger vessels
have propellers in their bow or
stern called thrusters, which are used
to create sideways thrust. They enable a vessel to
maneuver in tight spaces without help from tugboats.

When propeller spins When propeller spins
in one direction, water in opposite direction,

— [— . is pushed to port (left), water is pushed to

moving bow to starboard, and bow

' PROPELLER SHAFT * ! » 7 starboard (right) moves to port

. Direction water is
. pushed by
) propeller

upward water, while fully submerged

Low pressure pulls Surface-piercing foils break
V top of hydrofoil through the surface of the
’F_“: foils stay underwater. It is common today for large ships
. Water flow to be propelled and steered by
e e devices called azimuth thrusters.
These contain an electric motor
turning a propeller. The whole

pod can be rotated to provide
thrust in any direction.

 HYDROFOIL ==

Water pushes back against bottom
of hydrofoil, generating lift

Pod can rotate 360°

SURFACE-PIERCING
HYDROFOIL

Hydrofoils

Water pressing against a vessel's hull causes
drag, which slows the vessel down since its
engine has to work harder to overcome this
resistance. Hydrofoil boats minimize drag by
using underwater wings called hydrofoils, or
foils, which work in the same way as an
airplane’s wing (see p.62) to lift the whole hull
out of the water. Because water is denser than A Propeller
air, compared with an aircraft’s wing, a hydrofoil FULLY SUBMERGED Electric motor

o haft
. inside pod s
can create more lift at a lower speed. HYDROFOIL . P v




Submarines

A submarine is a vessel designed
to be used underwater, often for
military use. Ballast tanks allow
submarines to sink or float. Usually
powered by a nuclear reactor or a
diesel-electric engine, submarines
contain high-tech navigation and
communication systems and can
remain hidden for months at a time.

1 Floating
When a submarine’s
ballast tanks are full of air,

. Rear Front
it floats at the surface. All ballast ballast
of the ballast tank valves tank tank

are closed to stop water
from rushing in.

Valves closed

Living
lREr quarters
hull

Ballast tanks
full of air

Valves
closed

How a submarine dives and rises
Submarines are able to dive to great depths
and return to the surface again because they
can change their density relative to the water
around them. If a submarine’s density is greater
than the surrounding water, it sinks. Reducing
the submarine’s density makes it more buoyant,
so it floats up toward the surface. The crew
changes the submarine’s density by filling its
ballast tanks, located between the inner and
outer hulls, with seawater or compressed air.

Moving through water
As a submarine moves through the ocean, propelled

by its powerful engine, the crew steer it by moving
three types of control surfaces—bow planes, stern
planes, and rudders. They tilt the bow planes to make
the submarine climb higher or dive deeper in the water.
They adjust the stern planes to keep the submarine
level. They use rudders to steer the submarine to

port (left) or starboard (right).

Steam-driven
turbine

Top and bottom
rudders steer submarine
left and right

Shroud reduces
propeller noise

Stern planes keep
submarine level

2 Diving
A submarine dives by opening
its ballast tank valves to let seawater
flood inside. The submarine, now
heavier than the same volume of water,
sinks. Taking in more water makes
it sink to a greater depth.

Front tank is filled first
to lower bow

Air forced out

Submarine sinks Valves open;

air leaves ballast
tanks and is
replaced by water

Water drawn
in through
open valve



Naval submarine

To avoid detection, the machinery in a naval submarine
is isolated from the hull to stop vibration from being
transmitted into the water. The submarine’s propeller

is often enclosed in a shroud to reduce noise generated.

Nuclear reactor
X Outer hull .
powers turbine Bow planes tilt

Living quarters to control depth

Sonar

TR [ —
Lia. ima FaaEasd

3 Surfacing
To rise, compressed
air is pumped into the ballast
tanks, and water is gradually
forced out. The air supply for
the air banks is replenished
at the surface.

Air pumped into front
tank raises bow first




Jet engines and rockets

Jet engines and rockets are both types of reaction
engines that use thrust to propel them forward

or upward. The rapid expulsion of gas in one
direction generates thrust in the opposite direction.

Aircraft engines
Jet engines revolutionized aviation
by enabling aircraft to become faster

propeller-driven predecessors. o*
Most modern commercial airliners
and military fighter aircraft are jet
powered. Although there are
different types, all jet engines work
by the same principle. They take in
air, add fuel, then burn the mixture.
The resulting explosive exhaust
gases produce the jet propulsion.

Cold air is drawn
into front of engine

FAN
BLADES

Fan blades rotate and
increase speed of air

HOW FAST CAN
A JET AIRCRAFT FLY?

The speed record for a
jet aircraft is held by the
Blackbird (Lockheed SR-71),

which recorded a speed
\  of 2,193 miles (3,530 km)
\.  perhourin1976.

Compressor

The air enters the compressor,
which contains a series of fan

blades. This compresses the air,
raising its temperature and

pressure dramatically.

1 Air intake 2
Fan blades at the front of the
engine draw in cold air. Most of
the air is propelled through bypass
ducts to the back of the engine. The
rest travels into the engine’s core.

BYPASS DUCT

and more fuel efficient than their i /—\

Turbofan engine

The most common type of jet engine used
by passenger airliners is called a turbofan,
named for the large fan at its front. In this
type of engine, the main source of thrust
is air that bypasses the central core.

Fuel sprayed into
. compressed air
S burns continuously

Bypass air cools engine, ‘
as well as provides up
to 80 percent of thrust

COMPRESSOR

s®
e®

Rotating compressor
blades squash air

3 Combustion chamber
A steady stream of compressed
air passes through to the combustion
chamber. Here, fuel is sprayed in
through nozzles, and the mixture
burns at very high temperatures.



Planes flying faster than the speed of sound
compress the air in front of them so much that they
form a high-pressure shock wave. This spreads out
and is heard on the ground as a loud sonic boom.

—

Fan shaft powered
by turbine

High-speed jet of
hot gas spins
turbine and thrusts
engine forward

EXHAUST

FAN SHAFT NOZZLE

COMBUSTION

CHAMBER
HOT GAS
S 4 Turbine 5 Exhaust nozzle
The hot gas expands The jet of hot exhaust

explosively and rushes out of

the engine, spinning the blades
of a turbine. The spinning turbine
powers the fan and compressor.

gas leaves the engine, along
with the cold bypass air,
pushing back against the
engine, and generating thrust.

CONCORDE
NEW YORK TO LONDON
2 HOURS AND 52 MINUTES

Rocket engines

00 61

Unlike jet engines, which use oxygen from
the atmosphere to burn their fuel, rockets
carry their own oxygen supply, which means
that they can operate in the vacuum of space.
The oxygen supply, or oxidizer, can take the
form of pure liquid oxygen or an oxygen-rich

chemical compound.

Igniter

R 5 Ea

CHANNEL

-
-

LA
.

z
N
=}
8
o
E:
‘J
2
=
=
3
:

Swiveling
nozzle steers

rocket

Solid-fueled rocket

The fuel and oxidizer are mixed
together as a solid compound
with an open channel in the
middle. When the igniter

fires, the fuel burns along the
channel until there is none left.

Channel acts
as a combustion
chamber

Pumps, driven
by turbine, feed
propellants to
combustion
chamber _|

OXIDIZER
TANK

Valve controls
rate of flow to
combustion
chamber

COMBUSTION
CHAMBER

Liquid-fueled rocket

The fuel and oxidizer are stored
as liquids. Unlike a solid-fueled
rocket, a liquid-fueled rocket
can be restarted. It can also be
throttled by varying the flows
of fuel and oxidizer.




Airplanes

Airplanes come in a wide variety of
shapes and sizes, but they all fly
according to the same principles.
Power generated by an engine

or propeller thrusts the plane
forward, while wings generate lift.

How an airplane flies

When an airplane is propelled forward

by its engines (see pp.60—61), its wings slice
through the air. A wing’s shape, called an airfoil,
deflects the air downward. When the wing pushes
air down, the air acts in accordance with Isaac
Newton's third law of motion by pushing back

and producing an upward reaction force known

as lift. The air pressure above the wing falls, and the
pressure below it rises, contributing to lift generated.

Angle of attack

The angle between a wing and KEY

the oncoming air is called the % Airflow
angle of attack. By increasing

this angle, more lift is created. «+=> Air pressure

If the angle is too big, the
airflow separates from the
wing, which loses lift or stalls.

Force

LARGEST
AIRLINER
4 MILLION PARTS

Elevator

L

Controlling an airplane
An airplane is steered by

moving panels in the wings -®"

and tail called control surfaces. -8 or 2 - —=
There are three types—elevators, . B _.'
ailerons, and a rudder. When the .

pilot moves the flight controls, the
control surfaces move out into the
air flowing past the plane, which

rotates the plane in three ways—
pitch, roll, and yaw.

Pitch

Elevators in the tail's horizontal stabilizers
tilt up and down. Tilting them up pushes
the tail down, and the plane climbs.

Tilting them down makes the plane dive.

Lower air pressure on

LIFT -
wing's upper surface

Lift exceeds

ight
welg Airflow deflected

downward by wing

!

L]

AIRFOIL

Thrust generated Weightof Higher air pressure/
by engine propels wing acts on lower surface
airplane forward downward contributes to lift
WEIGHT

Air flows chaotically,
and airplane stalls

STALLING
S »
S~

HIGH ANGLEOF  The greater the angle of attack,
ATTACK the greater the lift

— \\\_»

S
-
R — —_ — —_—

NEGATIVE ANGLE OF
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Undisturbed Angling wing downward produces
airflow downward pressure on wing,

causing plane to descend

Raised
aileron

Roll

The aileron in one wing is raised, while
the aileron in the other wing is lowered.
This makes the first wing fall and the
second rise, making the plane roll.
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The air pressure experienced on the
ground is caused by the weight of

the atmosphere above pressing down.
At ground level, the pressure inside

and outside an airplane is the same.
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