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Principle of Conservation of Energy

Principle of Conservation of Energy

= The Principle of conservation of energy states that:

Energy cannot be created or destroyed, it can only be transferred from one form to
another

= This means the total amount of energy in a closed system remains constant, although how much of
each form there is may change

= |nphysics, asystemis defined as:
An object or group of objects

= Defining the systemin physics is a way of narrowing the parameters to focus only on what is relevant to
the situation being observed

= Whena systemisin equilibrium, nothing changes and so nothing happens
= Whenthereisachangeinasystem, things happen, and when things happen, energy is transferred
Types of Energy
Type of Energy Description

Kinetic Energy Energy of a moving object

Potential Energy Stored energy due to an object’s position or state

Thermal (Heat) Energy

Chemical Energy

Electrical Energy

Nuclear Energy

Light (Radiant) Energy

Sound Energy

Elastic Energy

Gravitational Energy

Energy related to the temperature of an object due to the
motion of its particles

Energy stored in chemical bonds {(e.g.. in food, fuel,
batteries)

Energy of moving electric charges

Energy stored in the nucleus of atoms, released during

nuclear reactions

Energy camied by electromagnetic waves (e.g., sunlight,
X-rays)

Energy camied by sound waves through a medium

Stored energy in stretched or compressed objects (e.q.,
springs, rubber bands)

Potential energy due to an object's height and gravity
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= Kinetic energy, gravitational potential energy, and elastic potential energy are collectively known as
mechanical energy types

Energy Dissipation

= No energy transferis 100% efficient

= Whenenergyis transformed from one form to another, some of the energy is dissipated to the
surroundings

= Dissipated energy usually ends up as thermal energy transferred to the surroundings where it cannot
be easily used foranother purpose

= Therefore, dissipated energy is usually regarded as wasted energy

= Akettle transforms electrical energy into thermal energy
= Thethermal energyin the heating element is transferred to thermal energy in the water
= Some thermal energyis also transferred to the plastic casing
= Some thermal energy is also dissipated to the surrounding air
= The energy transfers that are useful for heating the water are considered useful energy transfers
= The energy transfers that are not useful for heating the water are considered wasted energy transfers

Applications of Energy Conservation

= |Inmechanical systems, the energy transferred is equivalent to the work done

= Afalling object (inavacuum, where no energy is not dissipated into the surroundings) transfersiits
gravitational potential energy into kinetic energy

= Horizontal mass on a spring transfersits elastic potential energy into kinetic energy

= Abattery orcelltransfersits chemical energy into electrical energy

= Acartransfers chemical energy from the fuelinto kinetic energy of the car

= Apersonbouncing onatrampolineis transferring energy from elastic potential to kinetic to
gravitational potential

= There may also be work done against resistive forces such as friction
= Forexample,if anobject travels up aroughinclined surface, then

Lossinkinetic energy = Gain in gravitational potential energy + Work done against friction
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Spring Energy Conservation

= Whenavertical spring oscillates, its energy is converted into other forms

Although the total energy of the spring will remain constant, it will have changing amounts of:
= Elastic potential energy (EPE)
= Kinetic energy (KE)
= Gravitational potential energy (GPE)

= At positionA:
= The spring has some EPE becauseitis slightly compressed
= |tsKEiszerobecauseitis stationary
= |ts GPEis ata maximum because the massis atits highest point

= AtpositionB:
= The spring has some EPE becauseitis slightly stretched
= |tsKEis atamaximum asit passes through the equilibrium position at its maximum speed
= |thassome GPE because the massis still raised

= AtpositionC:
= The spring hasits maximum EPE because the springis at its maximum extension
= |tsKEiszerobecauseitis stationary
= |ts GPEis at a minimum because the massis atits lowest point

= Forahorizontal mass on a spring system, you do not need to consider the gravitational potential
energy because this does not change
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Sankey Diagrams

Sankey Diagrams

= Sankey diagrams are used to represent energy transfers
= Thearrowina Sankey diagram represents the transfer of energy:
= The end of the arrow pointing to the right represents the energy that ends up in the desired store
(the useful energy output)
= The end(s) that point(s) downrepresents the wasted energy

Light Energy
Arrows point to flow direction 101

Electrical Energy
1001)
Line width =
Flow amount

Heat Energy
90

Total energy in, wasted energy and useful energy out shown on a Sankey diagram

= The width of each arrow is proportional to the amount of energy going to each store
= Asaresult of the conversation of energy:

Total energy in = Useful energy out + Wasted energy

= ASankeydiagram foramodern, efficient light bulb will look very different from that for an old filament
light bulb
= Amore efficientlight bulb has less wasted energy
= Thisis shown by the smaller arrow downward, representing energy transferred by heating
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Work Done

Work Done

= The work done by a forceis equivalent to a transfer of energy
= Theunits of work done are newton metres
= INm=1J
= Thework done by aresultant force on a systemis equal to the change in energy in that system

= Mechanicalworkis defined as

The transfer of energy when an external force causes an object to move over a certain
distance

= |faconstantforceisappliedintheline of an object's displacement (i.e. parallel to it), the work done can
be calculated using the equation:

W = Fs

= Where:
= W =workdone(J)
= f=constantforce applied (N)
= s=displacement(m)

= |nthe diagram below, the man’s pushing force on the block is doing work as it is transferring energy to
the block
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When pushing a block, work is done against friction and energy is transferred from the man to the
block
The kinetic energy is transferred to other forms of energy such as heat and sound

When plotting a graph of average force applied against displacement, the area under the graphis
equalto the work done

Sometimes the direction of motion of an object is not parallel to the direction of the force
If the forceis at an angle 8 to the object's displacement, the work done is calculated by:

W = Fscos0

Where Bis the angle, in degrees, between the direction of the force and the motion of the object
= When@is O (the force is in the direction of motion) then cosO@ = land W = Fs

Forhorizontal motion, cos fis used
Forvertical motion, sin@isused
= Always consider the horizontal and vertical components of the force
= The component neededis the one that is parallel to the displacement
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Kinetic Energy

Kinetic Energy

= Kinetic energy (E,) is the energy an object has due toits translational motion (i.e. because it's moving)
= Thefasteranobjectis moving, the greaterits kinetic energy

= Whenan objectis falling, it is gaining kinetic energy since it is accelerating under gravity
= Thisenergyis transferred from the gravitational potential energy itislosing
= Anobject willmaintain this kinetic energy unless its speed or mass changes

= Kinetic energy can be calculated using the following equation:

1
— A
Ek 2mV

= Where:
= E, =kineticenergy (J)

= m=mass (kg)
= v=velocity(ms™)

= Another quantity that also depends on mass m and velocity vis momentum
= Therefore, kinetic energy can be writtenin terms of momentum p, using the equation
2
_ P
E = XLz
kK 2m
= Where:
= p=momentum(kgms-)
= Thisformisvery usefulin particle physics, when comparing the momentum and kinetic energy of a
particle
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Gravitational Potential Energy

Gravitational Potential Energy

= Gravitational potential energy is the energy storedin a mass due toits position in a gravitational field
= |f amassislifted up, it will gain gravitational potential energy
= |f amass falls, it will lose gravitational potential energy

= Theequationfor gravitational potential energy when close to the surface of the Earthis:
AEp = mgAh

= Where:
= AE, = gravitational potential energy (J)
= m=mass(kg)
= g =gravitational field strength (9.8 Nkg™")
= Ah=changeinheight(m)
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= The potential energy onthe Earth’s surface at ground level is usually taken to be equal to zero
= However, any position can be taken as zero if you are calculating the change in gravitational
potential energy
= Thisequationis only relevant for energy changes in a uniform gravitational field (such as near the
Earth’s surface)
= Adifferent potential energyis usedin the gravitational fields topic, because the fieldisnolonger
uniform outside of the Earth's surface

Gravitational Potential Energy vs Height

= The two graphs below show how the gravitational potential energy changes with height for a ball being
thrown up in the airand then falling down (ignoring air resistance)

Key:
Kinetic Energy
----------- Gravitational Potential Energy
A B E 0
E E
- - f
- - ’

= Since the graphs are straight lines, gravitational potential energy and height are said to have alinear
relationship

= These graphs would be identical for gravitational potential energy against time instead of height
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Elastic Potential Energy

Elastic Potential Energy

= Elastic potential energyis defined as

The energy stored within a material (e.g. in a spring) whenitis stretched or compressed

= Therefore, foramaterial obeying Hooke’s Law, elastic potential energy is equal to:

1
- — 2
Eﬁ 2kAX

= Where:
= k=spring constant of the spring (Nm™T)
= Ax=extension of the spring (m)

= Thiscanalso be written as:

1
E = —-FAx

= Where:
= F=restoringforce (N)

» This forceis the same restoring force asin Hooke's law: F' = kA x

= |tisverydangerousif a wire underlarge stress suddenly breaks
= Thisisbecause the elastic potential energy of the strained wire is converted into kinetic energy

EH=EK
1 1
_ 2 = — 2
2kAX 2HW
v o Ax

= This equation shows
= The greater the extension of a wire Ax the greater the speed vit will have whenit breaks
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@ Worked example

Acar’s shock absorbers make aride more comfortable by using a spring that absorbs energy when the
cargoes over abump. One of these springs, with a spring constant of 50 kN mis fixed next to a wheel
and compressed a distance of 10 cm.

Calculate the energy stored by the compressed spring.
Answer:
Step 1: List the known values

= Spring constant, k=50kNm="=50x 103N m"!
= Compression,x=10cm=10x10"2m

Step 2: Substitute the values into the elastic potential energy equation

1
E, =7 X (50 x 103) x (10 x 1072)2 = 2507
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Conservation of Mechanical Energy

Mechanical Energy

= Mechanical energyis the sum of kinetic energy, gravitational potential energy and elastic potential
energy

i = + +
Mechanical energy Ek A Ep EH

= Anexample of a system that has mechanical energy is a spring and mass system
= The changein the total mechanical energy of a system should be interpreted in terms of the work done
on the system by any non-conservative force
= Anon-conservative force is one that dissipates energy away from the system, such as friction
= Whenavertical springis extended and contracted, its energy is converted into other forms
= Although the total energy of the spring will remain constant, it will have changing amounts of:
= Elastic potential energy (E or EPE)
= Kinetic energy (E, or KPE)
= Gravitational potential energy (E, or GPE)

= Whenavertical massis hanging on a spring and it moves up and down, its energy will convert between
the three in various amounts

Position GPE KE EPE
A Maximum Zero Some
B Some Maximum Some
C Minimum Zero Maximum

= Forahorizontal mass on a spring system, there is no gravitational potential energy to consider

because thisis constant
= The spring would only convert between kinetic and elastic potential energy
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Conservation of Mechanical Energy

Inthe absence of frictional, resistive forces, the total mechanical energy of a systemis conserved
= This means the total kinetic, gravitational potential and elastic potential energy is the same
throughout the motion of the system
= Because the total energy of a systemis always conserved
There are many scenarios that involve the transfer of kinetic energy into gravitational potential, or vice
versa
Some examples are:
= Aswinging pendulum
= Objectsin freefall
= Sportsthatinvolve falling, such as skiing and skydiving

Using the principle of conservation of energy, and taking any drag forces as negligible:
Loss in gravitational potential energy = Gain in kinetic energy

Anotherexampleisif aball ona spring oscillates vertically
Inthis case:

Loss in gravitational potential energy = Gain in elastic potential energy

The changeinenergyis the work done on the system. The types of changes depend on the system
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Energy & Power

Energy & Power

= The power of amechanical processis the rate at which energy is transferred
= This energy transferredis the work done
= Therefore, poweris:

Therate of work done (energy transfer)

= Timeisanimportant consideration whenit comes to power

= Two cars transfer the same amount of energy, or do the same amount of work to accelerate overa
distance

= |f one carhas more power, it will transfer that energy, or do that work, in a shorter amount of time

= Two electric motors:
= |iftthe same weight
= bythe same height
= butone motorliftsit faster than the other

= The motorthatlifts the weight faster has more power

= Power can be calculated using the equation:

= Where:
= P =power(W)
= AW=changeinwork done (J)
= At=timeinterval(s)
= F=force(N)
= v=velocity(ms™)

= The equationwith Fandvis only relevant where a constant force moves a body at constant velocity
= Powerisrequiredinorderto produce an acceleration
= Theforce must be appliedinthe same direction as the velocity

= Powerisalsousedinelectricity
= Appliances are given a power rating, forexample, 1000 W
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= The powerratingsindicate the amount of energy transferred per second to the appliance

The Watt

= Poweris measured in watts (W)
= Thewatt, W, is commonly used as the unit power (and radiant flux)
= |tisdefinedasTW=1Js"!

= The Slunit forenergy iskgm?s-3
= Onewattisdefined as:

A transfer of 1joule of energy in1second
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@ Worked example

Alorry moves up aroad thatisinclined at 14.5° to the horizontal.

Thelorry has amass of 3500 kg and is travelling at a constant speed of 9.4 m s~1. The force due to air
resistance is negligible.

Calculate the useful power from the engine to move the lorry up the road.
Answer:

Step 1: List the known quantities

= Angle of slope, 0 = 14.5°
= Mass,m = 3500 kg
= Speed,V = 9.4 m 51

Step 2: Write out the equation for the power of a constant force at a constant speed
P = Fv
Step 3: Calculate the constant force

= Theforce needed to move thelorry up the slope is that which overcomes the component of the
weight force pulling it down the slope

F = mgsinf
F = 3500 x 9.81 x sin(14.5)
F = 8596.8 N

Step 4: Determine the power

P = 8596.8 X 9.4
P=280810W = 81000 W (2s.f.)
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Efficiency Formula

Efficiency Formula

= The efficiency of a systemis a measure of how successfully energy is transferred in a system
= Efficiencyis defined as:

The ratio of the useful power or energy transfer output from a system to its total power or
energy transferinput

= |f asystem has high efficiency, this means most of the energy transferred is useful
= |fasystemhaslow efficiency, this means most of the energy transferred is wasted

= Determining which type of energy is useful orwasted depends on the system
= Whenenergy is transferred from the thermal store of a kettle's heating element to the thermal
store of the water, thisis useful energy
= Whenenergyis transferred to the plastic or metal casing of the kettle and to the surrounding air,
this energy is wasted

= Efficiencyisrepresented as afraction, and can be calculated using the equation:

E(output) \ P(output)
E(input) 4 P(iﬂput)

TI:

= Where:

= =efficiency (the greekletter"eta")

= E=energy())

= P=power(W)
= Toturnthis equationinto a percentage, just x 100 %
= [|tcanalsobewritteninwords as:

useful work out  useful power out

T~ Ttotalworkin _ total power in
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@ Worked example

An electric motorhas an efficiency of 35 %. It lifts a 7.2 kg load through a height of 5min 3 s.
Calculate the power of the motor.

Answer:

Step 1: Write down the efficiency equation (as a percentage)

useful power out
n= — X 100%
useful power Iin

Step 2: Rearrange equation for the useful powerin

userful power out X 100%
n

useful power in =

Step 3: Calculate the power output

= The poweroutputis equal to energy +time
= The electric motor transferred electric energy into gravitational potential energy to lift the load

Gravitational potentialenergy=mgh=7.2x9.81x5=353.16 )

353.16

Power = T =1M7.72W

Step 4: Substitute values into power input equation

117.72 X 100

useful power in = 35 =336 W
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Energy Density

Energy Density

= Afuelisanything that canbe burnedto produce heat, which can be used foran engine to work

= The energy that an amount of fuel can provide is animportant consideration for the modern world
= Whenthisis compared by volume of fuel, itis known as energy density

= Energy density is a measure of the amount of energy per unit volume of a fuel
= Energy densityis measuredin)Jm3

= Different fuels contain different amounts of energy, which make them suitable for certainuses e.g.

petrol for running vehicles
= Someexamples are:

Energy Density Table

Energy density / MJ L1

coal 38
liquid hydrogen ?
methane (natural gas) 0.3
diesel 39
biodiesel 33
vegetable oil 30
wood 3

= 1L (litre)is 0.001m?3

= This means that we can get more energy per unit volume of coal than we can wood

= Fuels are chosen for specific uses based on a number of factors, including energy density, safety of
use and pollutants released in combustion
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