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Free-Body Diagrams

Free-Body Diagrams

= Forces are pushes or pulls that occur due to the interaction between objects
= |Inphysics, during force interactions, itis common to represent situations as simply as possible without
losing information
= When considering force interactions, objects are represented as point particles
= These point particles should be placed at the centre of mass of the object
= Forces arerepresented by arrows because forces are vectors
= Thelength of the arrow gives the magnitude of the force, and its direction gives the force's
direction
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Free-body Diagrams

= Assituations become more complex, there are often multiple forces acting in different directions on
multiple objects
= Tosimplify these situations, free-body force diagrams can be used
= Free-body force diagrams show:
= Multiple forces acting on one object
= Thedirection of the forces
= The magnitude of the forces
= Eachforceisrepresented as avectorarrow
= Thelength of the arrow represents the magnitude of the force
= Thedirection of the arrow shows the directionin which the force acts
= Eachforce arrowis labelled with either:
= adescription of the type of force acting and the objects interacting with clear cause and effect
= The gravitational pull of the Earth on the ball
= the name of the force
= Weight
= anappropriate symbol
= Fy
= Free bodydiagrams canbe usedto:
= identify which forces actin which plane
= determine the resultant force
= Therulesfordrawing afree-body diagram are:
= Multiple forces acting on one object
= The objectisrepresented as a point mass
= Only the forces acting on the object are included

= Theforcesare drawninthe correct direction
= Theforces are drawn with proportional magnitudes
= Theforcesare clearly labelled

= The mostcommon forces to apply are:
» Weight (Fg) - always towards the surface of the planet
= Tension (Fy) - always away from the mass
= Normal ReactionForce (Fy) - perpendicular to a surface

= Frictional Forces (Ff) - in the opposite direction to the motion of the mass
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@ Worked example

Atoy sailboat has aweight of 30 N, and is floating in water. The boat is being pulled to the right with a
force of 35N. The boat has a total resistive force of 5N.

Draw a free-body force diagram for the toy sailboat.

Answer:

Step 1: Identify all of the forces acting upon the object in question, including any forces that may be
implied

= Weight = 30 N downward

= Buoyancy from the water (as the objectis floating) = 30 N upward
= Applied force = 35N to the right

= Dragforce =5Ntotheleft

Step 2: Draw in all of the force vectors (arrows), making sure the arrows start at the object and are
directed away

Buoyancy 30 N
N\

DragbN <—@ = Applied35N

V
Weight 30 N
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Determining Resultant Forces

= Free-body diagrams can be analysed to find the resultant force acting within a system
= Aresultant force is the vector sum of the forces operating on abody

= Whenmany forces are applied to an object they can be combined

= This produces one overall force, which describes the combined action of all of the forces
= Thissingleresultant force determines the change in the object's motion:

= Thedirectionin which the object willmove as aresult of all of the forces

= The magnitude of the total force experienced by the object
= Theresultant force is sometimes called the net force
= Forcescancombine to produce

= Balanced forces

= Unbalancedforces

= Balanced forces mean that the forces have combinedin such a way that they cancel each other out
= Then, theresultant force acting on the body is zero
= Forexample, the weight force of abook on a deskis balanced by the normal contact force of the
desk
= Asaresult, noresultant force is experienced by the book; the forces acting on the book and the
table are equal and balanced

= Unbalanced forces mean that the forces have combined in such a way that they do not cancel out
completely and there is a non-zero resultant force on the object

Resultant forces in one-dimension

= Theresultant force in a one-dimensional situationi.e. when the forces are directed along the same
plane, can be found by combining vectors

= Combining force vectors involves adding all of the forces acting on the object takinginto account the
direction of the forces

= Thisis easiest tovisualise when they are drawn as a free-body diagram

= |fthe forcesactingin opposite directions are equalin size, then there will be no resultant force
= Theforcesare said to be balanced
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@ Worked example

Calculate the magnitude and direction of the resultant force acting on the cardboard box shownin the
diagram below.

30N
N

TN <— => 25N

10N

Answer:

Step 1: Sketch the free-body diagram for the situation

30N

I\

IN < O > 25N

10N
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Step 2: Determine the resultant horizontal force

= Takingtheright as positive

F, = (=7) + 25 = 18 N (totheright)

Step 3: Determine the resultant vertical force

= Take upwards as positive

FV = 30 + (—10) = 20 N (upwards)

Step 4: Calculate the resultant force

P 20N

=

18N

= Using Pythagoras' theorem

F=+/18 + 20?2 = 27N
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Newton’s First Law

Newton’s First Law

= Newton's laws of motion describe the relationship between the forces acting on objects and the
motion of the objects

= Newton's firstlaw of motion states:
A body will remain at rest or move with constant velocity unless acted on by aresultant
force

= This means that:
= Anobject atrest willremain at rest unless acted upon by aresultant force
= Anobject moving with a constant velocity willremain moving at that constant velocity unless acted
upon by aresultant force
= Aresultant force is required to change the motion of an object
= Tospeedup
= Toslowdown
= Tochangedirection

= [ftheresultant force acting onan objectis zero, itis said to be in translational equilibrium
= |ftheresultant forceiszero (the forces onabody are balanced), the body must be either:
= Atrest
= Moving at a constant velocity

= Sinceforceisavector,itis easierto split the forcesinto horizontal and vertical components
= |ftheforces are balanced:

= Theforcesactingto theleft = the forces acting to the right

= Theforcesactingupward = the forces acting downward

= Theresultant force is the vector sum of all the forces acting on the body
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Newton’s Second Law

Newton's Second Law

= Newton's second law describes the change in motion that arises from a resultant force actingonan
object

= Newton's second law of motion states:
Theresultant force on an object is directly proportional to its acceleration

= Thiscanalsobe writtenas:
F = ma

= Where:
= [ =resultant force (N)
= m=mass(kg)
= ag=acceleration(ms2)

= Thisrelationship means that objects will accelerate if there is a resultant force acting upon them
= The acceleration will always act in the same direction as the resultant force

= Whenunbalanced forces act on an object, the object experiences aresultant force
= |ftheresultant force acts along the direction of the object's motion, the object will:
= Speedup (accelerate)
= Slow down (decelerate)
= |ftheresultant force acts onan object at an angle to its direction of motion, it will:
= Changedirection

Resultant Force

= Forceis avector quantity with both magnitude and direction
= Theresultant forceis, therefore, the vector sum of all the forces acting on the body
= |fthe objectisinmotion, then the positive directionisin the direction of motion

= |ftheresultant force acts at an angle to the direction of motion, the magnitude and direction of the
resultant force can be found by
= Combingvectors
= Scale drawings
= Thisis covered furtherin Scale Diagrams

Acceleration

= Accelerationis a vector quantity with both magnitude and direction

= |ftheresultant force actsinthe direction of an object's motion, the accelerationis positive

= |ftheresultant force opposes the direction of the object's motion, the acceleration is negative
= Butthe acceleration will always actin the same direction as the resultant force
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@ Worked example

Three forces, 4N, 8 N, and 24 N act on an object with a mass of 5 kg. Which accelerationis not possible
with any combination of these three forces?

A.Tms™2

B. 4ms2

C.7ms™2

D.10ms™

Answer:

Step 1: List the values given

= Three possible forces at any angle of choice: 4N, 8 N,and 24 N
= Massof object=5kg

Step 2: Consider the relevant equation
= Newton'ssecondlaw relates force and acceleration:
F=mxa
Step 3: Rearrange to make acceleration the focus
a=—
m
Step 4: Investigate the minimum possible acceleration

= The minimum acceleration would occur when the forces were acting against each other
= Thisiswhenjustthe 4 N forceis acting onthe body
= Now checkthe acceleration:

a= 7 = 0.8 ms™2

Step 4: Investigate the maximum possible acceleration

= The maximum acceleration would occur when all three forces are acting in the same direction
= Thisisatotal force of

a=4+8+24=36N

= With acceleration:
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a=— = 7.2 ms™2

Step 5: Consider this range and the options

= Since option Dis higherthan7.2 ms2; itis not possible that these three forces can produce 10 m
s 2acceleration for this mass
= OptionDis the correct answer, asitis the only one thatis not possible

Newton's Second Law and Momentum

= Newton's secondlaw canalso be givenin terms of momentum

Theresultant force on an objectis equal to its rate of change of momentum
= Thischange in momentumis in the same direction as the resultant force
= These two definitions are derived from the definition of momentum, as follows:

= Momentum:

p = mv
= Rate of change of momentum:
Ap Av
= m
At At
= Force:
F Av
= m——
At
= Acceleration:
Av
a -
At

= Therefore:
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Newton’s Third Law

Newton’s Third Law

= Newton's first and second laws of motion deal with multiple forces acting on a single object
= Newton's third law deals with the forces involved when two objects interact

= Newton's Third Law states:

If Object A exerts a force on Object B, then Object B will exert a force on Object A which
is equal in magnitude but opposite in direction

= Whentwo objectsinteract, the forcesinvolved arise in pairs
= These are oftenreferred to as third-law pairs
= ANewton's third law force pair must be:
= The same type of force
= The same magnitude
= Oppositeindirection
= Acting ondifferent objects

= Newton’s third law explains the forces that enable someone to walk
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ContactForces

ContactForces

= Acontactforceisdefined as:
A force which acts between objects that are physically touching

= Examples of contact forcesinclude:
= Friction
= Fluidresistance orviscous drag
= Tension
= Normal(reaction)force
Surface friction, F¢

= Surfacefrictionis aforce that opposes motion
= Occurs when the surfaces of objects rub against each other, e.g. car wheels on the ground
Fluid resistance or viscous drag, Fy4

= Fluidresistance, orviscous drag, is a type of friction

= Occurs when an object moves through a fluid (a liquid or a gas)

= Airresistanceis atype of fluid resistance orviscous drag force
Tension, F

= Tensionis aforce that occurs within an object when a pulling force is applied to both ends
= Occurs when two forces are applied in opposite directions to the ends of an objecte.g.amassona
spring suspended from a clamp
Normal / reaction force, F)

= Reactionforces occurwhenan objectis supported by a surface
= |tisthe component of the contact force acting perpendicular to the surface that counteracts the
bodye.g.abookonatable
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Non-Contact Forces

Non-Contact Forces

Non-Contact Forces

= Anon-contactforceis defined as:

A force which acts at a distance, without any physical contact between bodies, due to the
action of a field

= Examples of non-contact forcesinclude:
= Gravitational force
= Electrostatic force
= Magnetic force

Gravitational force, Fg

= The attractive force experienced by two objects with mass in a gravitational field e.g the force
between a planetand acomet
= Weight, on Earth, is the gravitational force of the Earth acting on an object with mass

« F = m
g g
= Electrostatic force, F,

= Aforce experienced by charged objectsin an electric field which can be attractive orrepulsive
e.g.the attractionbetween a protonand an electron

= Magnetic force, F,,
= Aforce experienced between magnetic polesina magnetic field that can be attractive or
repulsive e.g. the attraction between the north and south poles of magnets
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@ Worked example

A child drags a sledge behind them as they climb up a hill.

Describe the contact and non-contact forces acting on the child and the sledge.
Answer:

Step 1: Identify the contact forces acting on the child and the sledge

= The child pulls on one end of the rope and the sledge pulls on the other end of the rope
= Thisforceis tension
= The ground pushes against the child and the sledge
= Thisis the normal contact force
= The surface of the sledge moves over the the surface of the ground opposing the motion of the
sledge
= Thisforceis surface friction
= The surfaces of the child's shoes move over the surface of the ground (enabling the child to walk)
= Thisforceis also surface friction
= The child and the sledge move through the air
= Thisforceis fluid resistance ordrag

Step 2: Identify the non-contact forces acting on the child and the sledge

= The gravitational pull of the Earth acts on the child and the sledge
= Thisforceis weight
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Frictional Forces

Frictional Forces

= Frictional forces oppose the motion of an object
= Frictional forces slow down the motion of an object

= Whenfriction occurs, energy is transferred by heating

= Thisraises the temperature (thermal energy) of the objects and their surroundings

= The work done against frictional forces causes this rise in temperature
= Fluidresistance ordrag occurs when an object moves through a fluid (a gas or a liquid)

= The object collides with the particlesin the liquid or gas

= This slows down the motion of the object and causes heating of the object and the fluid
= Surface friction occurs between two bodies that are in contact with one another

= Imperfectionsin the surfaces of the objectsin contact rub up against each other

= Notonly does this slow the object down but also causes anincrease in thermal energy
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Static & Dynamic Friction

= There are two kinds of surface friction to consider for IB DP Physics
= Static friction occurs when abody is stationary on a surface
= Dynamic friction occurs when a body is in motion on a surface, such as in the sledge example
above
= The surface frictional force always actsin a direction parallel to the plane of contact between abody
and a surface
= Both of these forms of friction depend on the normal reaction force, F\ of one object sitting upon the
other
= Static friction willmatch any push or pull force that acts against it until it can no longer hold the two
objects stationary
= Static frictionincreases in magnitude until movement begins and dynamic friction occurs

= Forany given situation, static friction should reach a maximum value that is larger than that of dynamic
friction
= Foraconstant pushing force, dynamic friction will be a constant

= Thisisbecause there are more forces at work keeping an object stationary than there are forces
working to resist an object onceitisinmotion

= The equation for static frictionis given by:
F.<p F
= Where:
m  F;=frictional force (N)
= Us=coefficient of static friction
= Fy=normalreactionforce (N)

= The coefficient of static frictionis a numberbetween O and 1but does not include those numbers
= |tisaratio of the force of static friction and the normal force
= Thelarger the coefficient of static friction, the harder it is to move those two objects past one
another

= Theequationfordynamic frictionis given by:

Fe=ngky
= Where:

n  Fs=Africtional force (N)

= lg=coefficient of dynamic friction

= Fy=normalreactionforce(N)

= The coefficient of dynamic friction has similar properties to that of static friction
= However:

= dynamic friction has a definite force value for a given situation

= static friction has anincreasing force value for a given situation
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Hooke's Law

Hooke's Law

= Whenaforceisappliedto eachend of aspring, it stretches
= This phenomenon occurs for any material with elasticity, such as a wire orabungee rope
= Amaterial obeys Hooke’s Law if:
The extension of the material is directly proportional to the applied force (load) up to the
limit of proportionality

= Thislinearrelationshipis represented by the Hooke’s law equation:

F, = -

= Where:
= [y =elasticrestoring force (N)
= k=springconstant(Nm)
= x=extension(m)

= The spring constant, kis a property of the material being stretched and measures the stiffness of a
material
= Thelarger the spring constant, the stiffer the material

= Hooke's Law applies to both extensions and compressions:
= The extension of an objectis determined by how muchit hasincreasedinlength
= The compression of an objectis determined by how much it has decreasedin length

= The extensionxis the difference between the unstretched and stretched length
extension = stretched length - unstretched length

Force-Extension Graphs

= The way a material responds to a given force can be shown on a force-extension graph
= Every material will have a unique force-extension graph depending on how brittle or ductile itis
= Amaterial may obey Hooke's Law up to a point

= Thisis shown onits force-extension graph by a straight line through the origin

= Asmore forceis added, the graph starts to curve slightly as Hooke's law no longer applies
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Stoke's Law

Stoke's Law

Viscous Drag

= Viscousdragis defined as:
the frictional force between an object and a fluid which opposes the motion between the object
and the fluid

= Thisdragforceis oftenfromairresistance
= Viscousdragis calculated using Stoke’s Law:

Fd= 6 mnrv

= Where
= F,=viscousdragforce(N)
u n:ﬂuidviscosity(Nsm‘Zor Pas)
= r=radius of the sphere (m)
= v=velocity of the sphere through the fluid (ms~1)

= Theviscosity of a fluid can be thought of asits thickness, orhow much it resists flowing
= Fluids with low viscosity are easy to pour, while those with high viscosity are difficult to pour

= The coefficient of viscosity is a property of the fluid (at a given temperature) thatindicates how much it
will resist flow
= Therate of flow of a fluidis inversely proportional to the coefficient of viscosity
= The size of the force depends on the:
= Speed of the object
= Size of the object
= Shape of the object
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@ Worked example

A spherical stone of volume 2.7 x 10~4m3 falls through the air and experiences a drag force of 3mN at a
particularinstant. Air has a viscosity of 1.81x 10-°Pas. Calculate the speed of the stone at that instant.

Answer:
Step 1: List the known quantities

= Volume of stone, V=2.7x104m3
= Dragforce,Fg=3mN=3x103N
= Viscosity of air,n=1.81x10"°Pa's

Step 2: Calculate the radius of the sphere, r

= Thevolume of asphereis

V_4 3
—31'[1'

= Therefore, theradius, ris:

A3V _3J3x(2.7x10‘4)

r= = (0.04 m
41 41
Step 3: Rearrange the Stoke's law equation for the velocity, v
F P 6 mnrv
6 mnr
Step 4: Substitute in the known values
3 x 1073
220 ms~!

6m x (1.81 x 1075) x 0.04
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Buoyancy

Buoyancy

Buoyancy is experienced by a body which is partially or totally immersed in a fluid

= Thebuoyancy forceis exerted on a body due to the displacement of the fluiditisimmersedin
Buoyancy keeps boats afloat and allows balloons torise through the air
When a body travels through a fluid, it also experiences a buoyancy force (upthrust) due to the
displacement of the fluid

Buoyancy is calculated using:

Fb = pVg

Where:
= F,=buoyancy force(N)
= p=density of the fluid (kg m~3)
= V=volume of the fluid displaced (m3)
= g=acceleration of free fall (m s~2)

If you were to take a hollow ball and submerge it into a bucket of water, you would feel some resistance
Some water will flow out of the bucket asitis displaced by the ball

The buoyancy force, F,, of the water will push upward on the ball

Whenyou let go of the ball, the buoyancy force of the water on the ball will cause the ball to accelerate
tothe surface

The ball willremain stationary floating on the surface of the water

Athis point, the weight of the ball acting downward, Fg, is equal to the buoyancy force acting upwards,

Fp
Notice that

F =pVe=—rVg=

= PVe=—;Ve=mg
Where:

= m=mass of the ball (kg)

= p=density of the ball (kg m™)

= V=volume of the ball (m?)

The buoyancy force and the weight force are equal

Drag Force at Terminal Speed

Terminal velocity, or terminal speed, is useful when working with Stoke’s Law
Thisis because, at terminal velocity, the forces in each direction are balanced

WS = Fd + Fb (Equation1)

Where:
= W, =weight of the sphere (N)
= Fy=thedragforce(N)
= [, =thebuoyancy force /upthrust (N)
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The weight of the sphere is found using volume, density and gravitational field strength

Ws = ps ng
— 4 3 .
WS = 3 Tir: psg(EquannZ)

Where

» V, =volume of the sphere (m®)

= ps=density of the sphere (kg m-3)
= r=radius of the sphere (m)

= g = acceleration of free fall(ms=2)

Recall Stoke’s Law
Fd = 67T7]I'V(Equation 3)

Where
= F4=viscousdragforce (N)
= /7=ﬁuidviscosity(Nsm‘ZOrPas)
= r=radius of the sphere (m)
= v=velocity of the sphere through the fluid (ms~!)

= |nthiscase, vis the terminal velocity

The buoyancy force equals the weight of the displaced fluid
= The volume of displaced fluid is the same as the volume of the sphere
= The weight of the fluidis found using volume, density and acceleration of free fall

F, = 3 M p & Equation 4)

Substitute equations 2, 3and 4 into equation 1

4 4
1By o = — 3
3 nrp g o6mnrv + 3 mrp g

Rearrange to make terminal velocity the subject of the equation

4

— 1713 — 3 —

g, — p)  Andelp, — py)
6mnr 18mnr

V=

Finally, cancel out rfrom the top and bottom to find an expression for terminal velocity in terms of the
radius of the sphere and the coefficient of viscosity

2 —_
o 2nglp, — p,)

9mn

This final equation shows that terminal velocity is:
= directly proportional to the square of the radius of the sphere
= inversely proportional to the viscosity of the fluid
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Conservation of Linear Momentum

Conservation of Linear Momentum

Linear Momentum

When an object with mass is in motion and therefore has a velocity, the object also has momentum
Linear momentum is the momentum of an object thatis moving in only one dimension

The linear momentum of an object remains constant unless an external resultant force acts upon the
system

Momentum is defined as the product of mass and velocity

p = mv
Where:
= P =momentum, measuredinkgms-!

= M =mass, measuredinkg

=V =velocity, measuredinms-!

Direction of Momentum

Momentum is a vector quantity with both magnitude and direction
= Theinitial direction of motionis usually assigned the positive direction
If a ball of mass 60 g travels at 2m s, it willhave amomentum of 0.12kgm s~
If it then hits a wall and rebounds in the exact opposite direction at the same speed, it will have a
momentum of -0.12kgms™!


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

Conservation of Linear Momentum

= The principle of conservation of linear momentum states that:
The total linear momentum before a collision is equal to the total linear momentum aftera
collision unless the system is acted on by a resultant external force

= Therefore:
momentum before = momentum after

= Momentumis a vector quantity, therefore:
= opposing vectors can cancel each other out, resulting in a net momentum of zero
= anobject that collides with another object and rebounds, has a positive velocity before the
collision and a negative velocity after

= Momentum,just like energy, is always conserved
= Forexample:

= BallAmoves with aninitial velocity of LIA

= Ball A collides with Ball Bwhichis stationary
= Afterthe collision, both balls travel in opposite directions

= Taking the direction of the initial motion of Ball A as the positive direction (to the right)
= The momentum before the collisionis

= +
p before mA uA 0

= The momentum after the collisionis

= — +
p after mA VA mB VB

= The minus sign shows that Ball Atravels in the opposite direction to the initial travel
= |f anobjectis stationary, like Ball B before the collision, then it has a momentum of zero
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Impulse & Momentum

Impulse & Momentum

= Whenan external resultant force acts on an object for a very short time and changes the object's
motion, we call thisimpulse
= Forexample:
= Kicking aball
= Catchingaball
= Acollisionbetween two objects
= |mpulseisthe product of the force applied and the time forwhichit acts

J = FAt

= Where:
» J=impulse, measuredin newton seconds (N s)
= F =resultant external force applied, measuredin newtons (N)

s At-= change in time over which the force acts, measuredin seconds (s)

= Because the forceisacting foronly a short time, it is very difficult to directly measure the magnitude of
the force orthe time forwhichit acts
= |nstead, it canbe measuredindirectly

= Newtons'secondlaw canbe stated in terms of momentum
Theresultant force on an object is equal to its rate of change of momentum

= Therefore:
Ap
F=—— = Ap=FAt
= Where:
s F =resultantforce, measured in newtons (N)
] Ap = change in momentum, measured in kilogram metres per second (kg m s~

s At-= change in time over which the force acts, measuredin seconds (s)

= Changein momentumis equal to impulse
= Therefore, change inmomentum can be used to measure impulse indirectly

J=Ap=mv— mu

= Where:
» J= impulse, measuredin newton seconds (N s)

] Ap = change in momentum, measured in kilogram metres per second (kg ms™)
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= N =mass, measured in kilograms (kQ)
=V =final velocity, measured in meters per second (ms™)

= U =initial velocity, measured in meters per second (ms™)

= These equations are only used when the force Fis constant
= Impulse, like force and momentum, is a vector quantity with both a magnitude and direction
= Theimpulseis always in the direction of the resultant force

= Asmall force acting over along time has the same effect as alarge force acting over a short time

Impulse Examples

= Whenrain and hail (frozen water droplets) hit an umbrella they feel very different. This is an example of
impulse.

= Waterdroplets tend to splatter and roll off the umbrella because there is only a very small change
inmomentum

= Hailstones have alarger mass and tend to bounce back off the umbrella, because thereis a
greater change inmomentum

= Therefore, theimpulse that the umbrella applies on the hail stones is greater than the impulse the
umbrella applies on the raindrops

= This means that more force is required to hold an umbrella uprightin hail compared to rain
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= The concept of impulseis used to preventinjury

Increasing the time over which the change in momentum occurs, reduces the force experienced
by the person

Forexample, in cricket:

Acricket ball travels at very high speeds and therefore has a high momentum

When a fielder catches the ball, the ball exerts a force on theirhands

Stopping a ball with high momentum abruptly will exert alarge force on theirhands

This is because the change in momentum (impulse) acts over a short period of time which creates
alarge force on the fielder's hands and could cause serious injury

Afielder moves theirhands back when they catch the ball, which increases the time for the change
inmomentum to occur

This means there will be less force exerted on the fielder's hands and therefore, less chance of
injury
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@ Worked example

A58 g tennis ball moving horizontally to the left at a speed of 30 ms~'is struck by a tennis racket which
returns the ballto therightat20 ms-'.

(a) Calculate the impulse of the racket on the ball
(b) State the direction of the impulse

Answer:
(a)
Step 1: List the known quantities

= Taking the direction of the initial motion of the ball as positive (the left)
= |nitial velocity,u=30ms™
= Finalvelocity,v=-20ms-!
= Mass,m=58g=58x10"3kg

Step 2: Write down the impulse equation
J= Ap=mv—mu=m(v— u)
Step 3: Substitute in the known values
J=(58 x 1073) x (=20 - 30) = — 2.9N's
(b)
Step 1: State the direction of the impulse

= Since theimpulseis negative, it must be in the opposite direction to which the tennis ball was
initially travelling
= Therefore, (since the leftis taken as positive) the direction of the impulse is to the right
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Force & Momentum

Force & Momentum

= Theresultant force onabodyis the rate of change of momentum
= The changeinmomentumis defined as:

Ap=p,.—p,

1

= Where:
= Ap=changein momentum (kgms™)
= ps=Tfinalmomentum (kg m )
= p;=initialmomentum (kgm )

= These canbe expressed as follows:

Ap
At

= Where:
= [ =resultantforce (N)
= At=changeintime(s)
= Thisequation canbeusedin situations where the mass of the body is not constant

= |tshould be noted that the force in this situationis equivalentto Newton's second law:
F = ma
= This equation can only be used when the mass is constant

= The force and momentum equation can be derived from Newton's second law and the definition of
acceleration
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Direction of Forces

= Force and momentum are vector quantities with both magnitude and direction
= Theforcethatis equal to therate of change of momentumis still the resultant force
= The positive directionis taken to be the direction of the initial motion; therefore:

aforce onanobject willbe negative if the force opposesitsinitial velocity
the opposing force is exerted by the object it has collided with
the forces will be of equal magnitude and opposite in direction, in accordance with Newton's Third

Law
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Collisions & Explosions in One-Dimension

Collisions & Explosions in One-Dimension

Inboth collisions and explosions, momentum is always conserved
= However, kinetic energy might not always be

Elastic and inelastic collisions

Collisions are when two or more moving objects come together and exert a force on one anotherfora
relatively short time

Explosions are when two or more objects that are initially at rest are propelled apart from one another
Collisions and explosions are either:

= Elastic - if the kinetic energy is conserved

= Inelastic - if the kinetic energy is not conserved

A perfectly elastic collisionis anidealised situation that does not actually occur everyday life
Perfectly elastic collisions do occur commonly between particles
= Allcollisions occurring on a macroscopic level are inelastic collisions
= However, exam questions can use the theoretical idea of an elastic collision on a macroscopic
level

Atotally inelastic collisionis a special case of aninelastic collision where the colliding bodies stick
together and move as one body

In atotally inelastic collision, the maximum amount of kinetic energy is transferred away from the
moving bodies and is dissipated to the surroundings

An explosionis commonly to do with recoil
= Forexample, a gunrecoiling after shooting a bullet oran unstable nucleus emitting an alpha
particle and a daughter nucleus

To find out whether a collisionis elastic orinelastic, compare the kinetic energy before and after the
collision
The equation forkinetic energy is:

Where:
= Ey=kineticenergy (J)
= m=mass(kg)
= v=velocity (ms™)
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Collisions & Explosions in Two-Dimensions (HL)

Collisions & Explosions in Two-Dimensions

= We know thatmomentum is always conserved
= Thisdoesn'tjust apply to the motion of colliding objects in one dimension (in one line), but thisis true in
every direction
= Since momentumis a vector, it can be splitintoits horizontal and vertical component
= Thisis done by resolving vectors
= Consideragainthe two colliding balls Aand B
= Before the collision, ball Ais moving at speed u, and hits stationary ball B
= BallAmoves away at speed v, and angle 6,
= BallBmoves away at speed vg and angle 85

= Thistime, they move off in different directions, so we now need to consider theirmomentumin the x
direction and separately, theirmomentum in the y direction
= Thisis done by resolving the velocity vector of each ball after the collision
= Applying the conservation of momentum along the x direction gives

+ 0 = +
m,u, 0 mAVACOSGA mBVBCOSHB

= Applying the conservation of momentum along the y direction gives

+ 0= ) ', )
0+0 mAVAsm0A mBVBsmHB

= The minus sign now comes from B moving downwards, whilst positive y is considered upwards

= The momentum before in the y directionis O for both balls Aand B because Bis stationary and Ais only
travellingin the x direction, so us has no vertical component

= Since there are two equations involving sine and cosine, it is helpful to remember the trigonometric
identity:

sinf

tanf =
cosf

= Whenthe collisionis elastic, the conservation of linearmomentum and energy indicates that

9A+OB=9O°
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@ Worked example

A snookerball of mass 0.15 kg collides with a stationary snooker ball of mass 0.35 kg. Afterthe
collision, the second snooker ball moves away with a speed of 0.48 ms~!. The paths of the balls make
angles of 43° and 47° with the original direction of the first snooker ball.

®
V

0.15 kg

0.35 kg
0.48 ms™

Calculate the speed uyand v; of the first snooker ball before and after the collision.
Answer
Step 1: List the known quantities

= Mass of the first snooker ball, m; = 0.15 kg
Mass of the second snooker ball, m, = 0.35kg
Velocity of second ball after, v, = 0.48 ms™
Angle of the first ball, 8; = 43°

Angle of the first ball, 8, = 47°

Step 2: State the equation for the conservation of momentum in the y (vertical) direction

0 = mlvlsme1 - 1112V2s1n02

Step 3: Calculate the speed of the first ball after the collision, v,
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= Usethe conservation of momentum in the y direction to calculate the speed of the first snooker
ball after the collision

m, V1811’191 = m, V2s1n92

m, V2s1n92

1 ;
mlsmH1

_0.35 x 0.48 X sin(47)

= = -1
1 0.15 x sin(43) L

\%4

Step 3: State the equation for the conservation of momentum in the x (horizontal) direction

= +
mu, mlvlcose1 1112V200s02

Step 4: Calculate the speed of the first ball before the collision, u;

+
mv, cos@1 1112V2(:os02

1
ml

(0.15 x 1.2 x cos(43)) + (0.35 x 0.48 X cos(47))
u = 015 =1.6ms~!
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Angular Velocity

Angular Velocity

Motionin a Straight Line

= Whenanobject movesinastraight line at a constant speed its motion can be described as follows:
= The object moves at a constant velocity, v
= Constant velocity means zero acceleration, a
= Newton's First Law of motion says the object will continue to travelin a straight line at a constant
speedunless acted on by anotherforce
= Newton's Second Law of motion says that forzero acceleration there is no net orresultant force

Motionin a Circle

= |f one end of a string was attached to the puck, and the other attached to a fixed point, it would no
longertravelin a straight line, it would begin to travelin a circle

= The motion of the puck can now be described as follows:
= Asthepuck movesit stretches the string alittle toalengthr
= The stretched string applies a force to the puck pulling it so thatit moves in a circle of radius r
around the fixed point

= Theforceactsat 90° to the velocity so there is no force componentin the direction of velocity
= Asaresult, the magnitude of the velocity is constant
= However, the direction of the velocity changes

= Asitstartstomoveinacircle the tension of the string continues to pull the puck at 90° to the velocity
= The speeddoesnot change, hence, thisis called uniform circular motion
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Time Period & Frequency

= |fthecircle hasaradiusr, thenthe distance through which the puck moves as it completes one rotation
is equal to the circumference of the circle = 2mtr

= The speed of the puckis therefore equal to:

distance travelled 2Tr

speed = time taken T

= Where:
= r=theradius of the circle (m)
= T=thetime period(s)

= Thisisthe same as the time period in waves and simple harmonic motion (SHM)
= The frequency, f, can be determined from the equation:

re 1
T
= Where:

= f=frequency (Hz)
= T=thetime period(s)

Angles in Radians
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= Aradian(rad)is defined as:

The angle subtended at the centre of a circle by an arc equalinlength to the
radius of the circle

Radian

One radian is the measure of the central
angle whose arc length is the same as the
radius of the circle.

Arc length = radius

., , € =1 radian
.-“\\ r ,JI:.. 1 l-a d.i. an - l 8 O

. T

When the angle is equal to one radian, the length of the arc (S) is equal to the radius (r) of the circle

= Radians are commonly writteninterms of it
= Theangleinradians foracomplete circle (360°)is equal to:

circumference of circle 2Tr

radius r

Use the following equation to convert from degrees to radians:

oy U _
0° X 120 0 rad

= Use the following equation to convert fromradians to degrees:

180
Orad X — = 6°
Tt

Table of common degrees to radians conversions
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Radians (in tarms of m) Radians (decimal)

6 0523

0.7T85

1.047

Angular Displacement

= |ncircularmotion, itis more convenient to measure angular displacement in units of radians rather than
units of degrees
= Angulardisplacementis defined as:
The changeinangle, inradians, of abody as it rotates around a circle

= Where:
= A6 =angulardisplacement, or angle of rotation (radians)
= S=lengthof thearc, orthe distance travelled around the circle (m)
= r=radius of the circle (m)
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Angular Speed

= Any objectrotating with a uniform circular motion has a constant speed but constantly changing
velocity
= |tsvelocityis changing soitis accelerating
= Butatthe sametime,itismoving ata constant speed

= The angularspeed, v, of abodyin circular motionis defined as:
The change in angular displacement with respect to time

= Angularspeedis ascalar quantity and is measuredinrad s™!

= The angularspeed does not depend on the length of the line AB
= Theline ABwillsweep outanangle of 2rradinatime T

Angular Velocity & Linear Speed

» Angularvelocity is a vector quantity and is measuredinrads™
= Angular speedis the magnitude of the angular velocity
= Althoughthe angular speed doesn’t depend on the radius of the circle, the linear speed does

= Thelinearspeed, v, isrelated to the angular speed, », by the equation:
V =10

= Where:
= v=linearspeed(ms™)
= r=radius of circle (m)
= w=angularspeed(rads)

= Takingthe angular displacement of a complete cycle as 21, the angular speed w can be calculated
using the equation:
2T

a)=2T[f=T

= Therefore, the linear velocity can also be written as:
2Tr

V=TT
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Centripetal Force

Centripetal Force

= Velocity and acceleration are both vector quantities
= Anobjectinuniform circular motionis continuously changing direction, and therefore is constantly
changing velocity
= The object must therefore be accelerating

= Thisis called the centripetal acceleration and is perpendicular to the direction of the linear speed
= Centripetal meansit acts towards the centre of the circular path

= FromNewton's second law, this must mean there is aresultant force acting uponit
= Thisisknown as the centripetal force and is what keeps the object movingin a circle
= This means the object changes direction evenif its magnitude of velocity remains constant

= The centripetal force (F)is defined as:

The resultant force perpendicular to the velocity required to keep a body in a uniform
circular motion which acts towards the centre of the circle

= The magnitude of the centripetal force F can be calculated using:

mv?
F= — = mra?

= Where:
= f=centripetal force(N)
= v=linearspeed(ms™)
= w=angularspeed (rads)
= r=radius of the orbit (m)
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Examples of centripetal force

Situation Centripetal Force

Car travelling around a roundabout Friction between car tyres and the road

Ball attached to a rope moving in a circle Tension in the rope

Earth orbiting the Sun Gravitational force

= When solving circular motion problems involving one of these forces, the equation for centripetal force
can be equated to therelevant force equation

= Forexample, foramass orbiting a planetin a circular path, the centripetal force is provided by
the gravitational force

= Whenan object travelsin circular motion, there is no work done
= Thisisbecause thereisnochangeinkinetic energy

Horizontal Circular Motion

= Anexample of horizontal circular motionis a vehicle driving on a curved road
= Theforcesacting onthe vehicle are:

= The friction between the tyres and the road

= The weight of the vehicle downwards

= |nthis case, the centripetal force required to make this turnis provided by the frictional force
= Thisisbecause the force of friction acts towards the centre of the circular path

= Since the centripetal forceis provided by the force of friction, the following equation can be written:

mv?

= umg
= Where:

= m=mass of the vehicle (kg)

= v=speedofthevehicle(ms)

= r=radius of the circular path (m)

= p=static coefficient of friction

= g=acceleration due to gravity (ms=2)
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Rearranging this equation forv gives:

vZ = ugr

Vm ax - ‘ng.r

This expression gives the maximum speed at which the vehicle can travel around the curved road
without skidding
= |f the speed exceeds this, then the vehicle s likely to skid
= Thisisbecause the centripetal force required to keep the carin a circular path could not be
provided by friction, as it would be too large

Therefore, in order for a vehicle to avoid skidding on a curved road of radius r, its speed must satisfy the
equation

v </ ugr

Amass attached to a string rotating around is another example of horizontal circular motion
Inthis case, the tensionis the centripetal force as it acts towards the centre of the circle
This time, the weight of the mass will be acting as well as the tension of the string


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

= The weight mg of the mass needs to be balanced by the vertical component of the tension

Ftcos0 = mg

= This means the string will always be at an angle and never perfectly horizontal

= Theball'slinearvelocity, vis still perpendicular to the tension and its weight, mg points downward

= Allthree forces are perpendicularto each other, so no other component contributes to the centripetal
force, just the tension

= Thecentripetal forceis still towards the centre of the circle, but now is just the horizontal component
of the tension

mv?

Ftsine =

= Thisisanimportant example of resolving vectors properly. The vertical component does not always
have 'sinf', it depends on what fis defined as

Banking

= Abankedroad, ortrack, is a curved surface where the outer edge is raised higher than the inneredge
= The purpose of thisis to make it safer for vehicles to travel on the curvedroad, ortrack, at a
reasonable speed without skidding

= Whenaroadisbanked, the centripetal force nolonger depends on the friction between the tyres and
theroad
= |nstead, the centripetal force depends solely on the horizontal component of the normal force
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@ Worked example

A 300 gballismade to travelin a circle of radius 0.8 m on the end of a string. If the maximum force the
ball can withstand before breakingis 60 N, what is the maximum speed of the ball?

Answer:
Step 1: List the known quantities

= Mass,m=300g=300x10"3kg
= Radius,r=0.8m
= Resultantforce, F=60N

Step 2: Rearrange the centripetal force equation forv

m V2 max
F =
max r
max
V —_
max m

Step 3: Substitute in the values

3 0.8 X 60
Vmax ™ \[ 300 x 1073

= 12.6ms"!
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Centripetal Acceleration

Calculating Centripetal Acceleration

= Centripetal accelerationis defined as:

The acceleration of an object towards the centre of a circle when an object is in motion
(rotating) around a circle at a constant speed

= |tisdirectedtowardsthe centre of the circle asitisin the same direction as the centripetal force
= |tcanbe defined usingthe radiusrandlinearspeedyv:

= Where:
= a=centripetal acceleration(ms”
» v=linear speed(ms™)
= r=radius of the circular orbit (m)
= Usingthe equationrelating angular speed w and linear speedv:

2)

V=10

= Where:
= w=angularspeed (rad )
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These equations can be combined to give another form of the centripetal acceleration equation:
a= wr

Alternatively, since we know angular velocity is:

el 2T
w = T[—T

Where:
= f=frequency (Hz)
= T=timeperiod(s)
This means the centripetal acceleration can also be written as:

2= 2V, oA

\T) T?

This equation shows how the centripetal accelerationrelates to the linear speed and the angular speed
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Non-Uniform Circular Motion

Non-Uniform Circular Motion

Some bodies are in non-uniform circular motion
This happens when there is a changing resultant force such as in a vertical circle
An example of vertical circular motionis swinging a ball on a stringin a vertical circle
The forces acting on the ball are:

= Thetensioninthe string

= The weight of the ball downwards

As the ball moves around the circle, the direction of the tension will change continuously
The magnitude of the tension will also vary continuously, reaching a maximum value at the bottom and
aminimum value at the top
= Thisisbecause the direction of the weight of the ball never changes, so the resultant force will vary
depending on the position of the ball in the circle

At the bottom of the circle, the tension must overcome the weight, this can be written as:
mv?

+H1g

As aresult, the acceleration, and hence, the speed of the ball will be slower at the top
At the top of the circle, the tension and weight act in the same direction, this can be written as:

mv?

T

min r

- mg

As aresult, the acceleration, and hence, the speed of the ball will be faster at the bottom
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