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1. 
SI Units

In everyday life, units are an important part of identifying the quantity of goods required e.g. 2 lbs of sugar, 1 gallon of petrol, a yard of material.  Numbers without units lead to confusion - if you are getting petrol at a service station and the attendant asks "how much petrol do you want".  The answer "5"  would leave him/her confused.  It would not be clear whether you want 5 pounds worth, 5 gallons or 5 litres.  Similarly in engineering, a quantity stated without a unit will lead to confusion.

In Ireland, the basic units used in engineering have undergone a major change in the last 30 years.  Prior to the 1970's, the imperial system of units was used (lengths measured in feet and inches, mass in pounds etc.).  However, mainland Europe used metric measures and on joining the EU, Ireland had to adapt to the metric system.  

Scientists were aware of the problems which can occur when different systems are in use and met to adopt a standard set of units.  Unsurprisingly this was based on the metric system.  Additionally, for each type of quantity, one specific measure had to be chosen so that all calculations based on scientific equations produced the correct answer.  For example, in the metric system, lengths can be measured in millimetres, centimetres, metres, kilometres etc..  One of these measures had to be chosen as the base unit - ultimately, the metre was selected.  The box below includes the main base SI units.

length - metre, m

mass - kilogramme, kg

time - second, s

This is known as the mks system standing for metres, kilogrammes and seconds.

When you carry out calculations as part of this module - please remember to 

Convert all quantities to the appropriate SI unit before carrying out the calculation

Note that the SI units of area and volume are:


SI unit of an area = m2 (metres squared)


SI unit of a volume = m3 (metres cubed) 

If you use the basic formulae to calculate an area or a volume and ensure that all the quantities are in the SI unit of length (metre) before carrying out the calculation, then you can be sure that the answer will be in the approved SI unit.

Before we continue with some examples on this - it is useful to clarify the relationships between the different units and the base unit

Length

1 km = 1 000 m

1 m = 100 cm

1 m = 1 000 mm

Mass

1 tonne = 1 000 kg

1 kg = 1 000 g

Time

1 min = 60 s

1 hour = 60  mins = 60 x 60 s = 3 600 s

Example:   

Q1.
Convert the following quantities to SI units:


(i) 5 cm
(ii) 23 mm
(iii) 15 m
(iv) 240 g
(v) 5 tonnes


(vi) 0.4 g
(vii) 4 min
(viii) 2 hr 15 min

Solution


(i) SI unit of length is the metre - must convert 5 cm to metres.

100 cm = 1 m  ( 1 cm = (1 / 100 )  m = 0.01 m

5 cm = 5 x 1 cm = 5 x 0.01 m = 0.05 m
Hence to convert from cm to m, simply divide by 100.


(ii) SI unit of length is the metre - must convert 23 mm to metres

1 000 mm = 1 m  (  1 mm = (1/1 000) m = 0.001 m

23 mm = 23 x 1 mm = 23 x 0.001 m = 0.023 m
Hence to convert from mm to m, simply divide by 1 000.


(iii) SI unit of length is the metre - no need to change unit   15 m


(iv) SI unit of mass is the kilogram - need to convert g to kg

1 000 g = 1 kg  (  1 g = (1/1 000) kg = 0.001 kg

240 g = 240 x 1 g = 240 x 0.001 kg = 0.240 kg
Hence to convert from g to kg, simply divide by 1 000.


(v) SI unit of mass is the kilogram - need to convert tonnes to kg

1 t = 1 000 kg  (  5 t = 5 x 1 t  = 5 x 1 000 kg = 5 000 kg 

Hence to convert from tonnes to kg, simply multiply by 1 000.


(vi) SI unit of mass is the kilogram - need to convert g to kg

From (iv) - divide by 1 000.  0.4 g = (0.4 / 1 000 ) kg = 0.000 4 kg 


(vii) SI unit of time is the second - need to convert min to s

1 min = 60 s  (  4 min = 4 x 1 min = 4 x 60 s = 240 s
Hence to convert from minutes to s, simply multiply by 60.


(viii) SI unit of time is the second - need to convert hr and min to s

1 hr = 3 600 s  ( 2 hr = 2 x 1 hr = 2 x 3600 s = 7 200 s

To convert min to s, multiply by 60 -> 15 min = 15 x 60 s = 900 s

2 hr 15 min = 7 200 s + 900 s = 8 100 s
Q2. Determine the volume, in SI units, of a rectangular box measuring 20 cm long, 0.2 m wide and 1 200 mm deep.

Solution:- Convert all quantities in the question to SI units

20 cm = (20  / 100) m = 0.2 m

0.2 m  is in SI units

1 200 mm = (1 200  / 1 000) m = 1.2 m

Volume of a rectangular box 
= length x width x height





= 0.2 m x 0.2 m x 1.2 m





= 0.048 m3  

SAQ

Q1.
Convert the following quantities into the appropriate SI unit


(i) 20 cm
(ii) 200 cm
(iii) 0.72 mm
(iv) 15 g
(v) 1.5 tonnes

Q2.
Calculate the area of a square of side 15 cm.

Q3.
Calculate the volume of a sphere of radius 500 mm.



Volume of a sphere = 4r3 / 3

2. Scientific Notation

Science and engineering encompasses a wide range of numbers  - from the very small (the particles which make up an atom are smaller than one thousandth of a millionth of a millionth of a metre in diameter i.e. <  0.000 000 000 000 001 m) to the very large (the Sun is expected to survive for another million million million seconds - a 1 followed by 18 zeroes).  Such large and small numbers are encountered routinely in certain calculations and writing out such numbers longhand is tedious and can give rise to mistakes.  You may even find that your calculator will not be able to handle any numbers with more than eight digits. Scientific notation is used by scientists and engineers as a shorthand way of writing these numbers.  It is based on powers of 10.

100  = 1 (any number raised to the power of 0 is equal to 1)

101 = 10 (any number raised to the power 1 is unchanged)

102 = 10 x 10 = 100

103 = 10 x 10 x 10 = 1 000

104 = 10 x 10 x 10 x 10 = 10 000    etc.

10-1 = 1 / 101 = 1 / 10 = 0.1

10-2 = 1 / 102 = 1 / 100 = 0.01

10-3 = 1 / 103 = 1 / 1 000 = 0.001   etc.

We can now express any large or small number as a basic number with one digit in front of the decimal point multiplied by ten to the power of something.

For example:  
5 000 = 5 x 1 000



but 1 000 = 103 



( 5 000 = 5 x 103 

The simplest way to determine the power to which the ten is to be raised is to count the number of places moved by the decimal place.

For every place the decimal point moves to the right - subtract one from the power of 10

For every place the decimal point moves to the left - add one to the power of 10

Hence 
5 000 = 5000.0 x 100   (Remember 100 = 1)


(
5 000 = 500.0 x 101    (decimal point moved one place to left)


(
5 000 = 50.0 x 102   (decimal point moved another place to left)


(
5 000 = 5.0 x 103   

This is the usual way of writing 5 000 in scientific notation

Similarly
0.000 045 = 0.000 045 x 100


0.000 045 = 0.000 45 x 10-1


0.000 045 = 0.004 5 x 10-2


0.000 045 = 0.045 x 10-3


0.000 045 = 0.45 x 10-4


0.000 045 = 4.5 x 10-5

Note: Numbers in scientific notation are generally written with a single digit in front of the decimal point.

Q1.  Convert the following numbers to scientific notation.


(i) 540 000
(ii) 2 900 000
(iii) 0.000 000 034 1

Solution


(i) 540 000 must be written as 5.4 by 10 to the power of something.

The decimal point has shifted from 540 000.0 to 5.4 - this is a movement of 5 positions to the left.  Hence



540 000 = 5.4 x 105 


(ii) 2 900 000 will be written as 2.9 x 10 to the power of ...

The decimal point has shifted from 2 900 000.0 to 2.9 - this is a movement of 6 positions to the left.  Hence



2 900 000 = 2.9 x 106 


(iii) 0.000 000 034 1 will be written as 3.41 x 10 to the power of ...

The decimal point has shifted 8 places to the right.  Hence



0.000 000 034 1 = 3.41 x 10-8 

SAQ

Q1. Convert the following numbers to SI units


(i) 7 893 000 000
(ii) 421 000
(iii) 0.000 456

(iv) 0.000 000 3

2.1. Use of Calculator

When entering a number in scientific notation into a calculator, it is important that you follow the correct procedure.  The main point to remember is that 

pressing the EXP button is the same as "multiplied by 10 to the power of " 

Hence 5.3 x 10-7 can be entered on the calculator by pressing



5    .      3        EXP       +/-       7

Note that you do not enter 10 directly - the EXP button takes care of that.

One other problem which can arise occurs when students copy down the number from the calculator display.  On certain makes of calculator 


5.3 x 10-7 will be displayed as 5.3 -07 - always remember to write this down as 5.3 x 10-7.  5.3 -07 written down on a sheet of paper means 5.3 to the power of -7 NOT 5.3 by 10 to the power of -7.

2.2. Conversion of Units

In a previous section, you had some practice in converting quantities to the appropriate SI unit.  These conversions can now be expressed in scientific notation and for the remainder of this course, the conversions will be applied using scientific notation.


Converting 
cm to m - divide by 100 i.e. x 10-2 



          
mm to m - divide by 1000 i.e. x 10-3 




g to kg - divide by 1000 i.e. x 10-3 




km to m - multiply by 1 000 i.e. x 103 




tonne to kg - multiply by 1 000 i.e. x 103 

2.3. Prefixes

Prefixes are routinely used in place of scientific notation to represent both large and small quantities.  A selection of the prefixes you are likely to come across on this course is given in Table 1.

	Prefix
	Meaning 
	Scientific Notation

	T, Tera
	one million million
	x 1012 

	G, Giga
	one thousand million
	x 109 

	M, Mega
	one million
	x 106

	k, kilo
	one thousand
	x 103 

	c, centi
	one hundredth
	x 10-2 

	m, milli
	one thousandth
	x 10-3 

	, micro
	one millionth
	x 10-6

	n, nano
	one thousand millionth
	x 10-9

	p, pico
	one million millionth
	x 10-12 


Table 1:- Prefixes in common use in science and engineering.

You are probably aware of k, M and G from adverts for computers which refer to kilobytes, Megabytes and Gigabytes.  As will be explained to you in the course on computing, the k, M and G in these cases have slightly different values to the one listed in the table above.

Remember that when any unit is written with a prefix, the quantity must be converted to the approved SI unit before a calculation is carried out.

(Note: kg is the only approved SI unit which contains a prefix, be careful when converting masses to kg)

Examples

Q1.  Convert the following to the approved SI unit.


(i) 5.2 mm
(ii) 14 ps
(iii) 150 g 

Solution


(i) 5.2 mm - must convert mm to m which is the SI unit for length.

From the table, can see that milli can be replaced by  x 10-3.

Hence, 5.2 mm = 5.2 x 10-3 m.


(ii) 14 ps - must convert ps to s which is the SI unit for time.

From the table, can see that pico can be replaced by  x 10-12.

Hence 14 ps = 14 x 10-12s.


(iii) 150 g - must convert g to kg which is the SI unit for length.

This must be done in 2 stages - convert g to g 

150 g = 150 x 10-6 g 
then convert g to kg

150 x 10-6 g = 150 x 10-6 x 10-3 kg = 150 x 10-9 kg
SAQ
Convert the following quantities to SI units:


(i) 7.23 g
(ii) 64 nm
(iii) 5.4 Megatonnes

Summary


SI units - basic SI unit of length  = metre, mass = kilogramme, 

time = second


All quantities must be converted to the appropriate SI unit before any calculations are carried out.


Very large and very small numbers are routinely written in the form of scientific notation.  The power of 10 is increased by 1 for every place decimal point moves to the right and is decreased by 1 for every place decimal point moves to the left.

3. Scalar and Vector Quantities

In the physical world, it is important to differentiate between quantities of two distinct types

Scalar quantities - have size but no direction


e.g. no of books in library, volume of a room, mass of an object

Vector quantities - have size but also have a direction in space.



e.g. force, velocity, acceleration

You will probably not be familiar with some of the examples given for vector quantities - don't worry - they will be introduced over the next few sections.

So why is it important to make the distinction between scalar and vector quantities?  This can be answered by looking at the addition of quantities.

Scalar quantities can be added using the normal laws of addition.


5 apples + 3 apples = 8 apples

Vector quantities cannot be added so readily because of the importance of direction.  Let us take the case where a force acts on a table - shown in top view in Figure 1.  




Figure 1:- Example of a single force acting on an object.

Obviously if the force is sufficiently large it will cause the table to move in the direction of the (pushing) force.  The unit of force is the newton, N, so we will assume this force to be of 50 N.  What if a second force of 50 N also acts on the table - what will be the combined effect of the two forces?  You may be tempted to say that the overall force acting would be 100 N - however, this ignores the effect of direction on the combination.  In fact, it is impossible to determine the combined effect of the two forces without knowing the direction of the second.  For example, if the second force acts in opposition to the first, the two forces will cancel out and an effective force of 0 N will be acting.  This situation is displayed in Figure 2.




Figure 2:- Two equal and opposite forces acting on the same object.

If the forces are acting at different angles, then they must be added vectorially to determine the effect of the combination.  For example, if the forces act as shown in Figure 3, then the table will move in the direction shown.




Figure 3:- The effect of two forces acting at right angles to each other on an object.
3.1. Addition of Vectors

Vector quantities can be represented by lines 


length - in proportion to the size of the quantity


direction - drawn in the direction of the vector quantity

A number of examples are shown in Figure 4.  The arrow on the vector points from tail to head.




Figure 4:- Three vectors.

There are two simple ways in which vectors can be added


(i) add the vectors head to tail


(ii) use the parallelogram rule

3.1.1. Head to Tail

Using this technique, simply add the head of one vector to the tail of the other.  The resultant vector is found by connecting the tail of the first vector to the head of the second (as shown below)




Figure 5:- Two vectors added head to tail.

The Parallelogram Rule

Both vectors are connected at the tail which we will call the origin.  A parallelogram is completed by drawing in the opposite sides of the same length and parallel to the original vectors.  The resultant is then the diagonal of the parallelogram running from the origin to the opposite corner.




Figure 6:- Two vectors added using the parallelogram rule.

Both techniques have produced the same resultant vector.  This can be checked by measuring the length and direction of R in each case. The head to tail approach is more flexible and can be used to add more than two vectors - again simply by adding head to tail as shown in Figure 7.  Note that the resultant is formed by connecting the tail of the first vector to the head of the third vector.




Figure 7:- Three vectors added by the head to tail method.

One final point worth noting about addition of vectors is that the order in which vectors are added is irrelevant.  This is shown in Figure 8 where the vectors from Figure 7 are added in a different order.  The resulting diagram looks different but the resultant is still the same length and points in the same direction as above.




Figure 8:- The three vectors in Figure 7 added in a different order produce the same resultant vector.

In the last few examples, vector quantities have been added graphically but no attempt has been made to determine the precise size and direction of the resultant vector.  These values can be determined from an accurately drawn diagram.  Remember the length of each vector drawn should be in proportion to the size of the quantity represented for example each cm might correspond to 10 N.  Hence, if the length of the resultant was 1.7 cm then the resultant corresponds to a force of 17 N.  Similarly the direction of the vector can be determined by measurement of the angle with respect to a specified direction such as North, South etc. using a protractor.  The values obtained from the graphical technique are likely to be inaccurate as no measurement is ever 100 % accurate.

However, precise values can be obtained through adding the vector quantities mathematically.  In order to keep this section of the course reasonably straightforward, we will only deal with vectors which are at right angles to each other - calculations are then based on Pythagoras's theorem.

Example: Calculate the resultant of a 50 N force acting due North and a 25 N force acting due East.

Solution: First it is useful to sketch the two vectors and then add them graphically (Figure 9)




Figure 9:- Addition of two vectors acting at right angles.

The two forces and the resultant form a right angled triangle with the resultant as the hypotenuse.  This enables the size of the resultant to be calculated using Pythagoras' theorem.





R2 
= 502 + 252 






= 2500 + 625






= 3125





R 
= (3125)1/2 







= 55.9 N
The magnitude of the resultant vector is 55.9 N.  Next the direction of the resultant force (i.e. the angle ) must be calculated.

sin  = opp / hyp = 25 / 55.9 = 0.4472

sin-1 0.4472 =  = 26.57o 

Hence, the resultant force produced by the combination of forces, 50 N due North and 25 N due East, is a single force of 55.9 N acting at 26.57o  East of North. 

SAQ

Q1. Find the resultant of the following pairs of vectors.


(i) 550 N due West and 230 N due North


(ii) 25 N due South and 18 N due West.

Q2. A single force of 74 N acting 30o South of East is required to move a car in the specified direction.  If one force of 55 N is applied in the East direction, what additional force applied southwards will provide the required overall force.

4. Displacement, Velocity and Acceleration

4.1. Distance and Displacement

One circuit of an athletics track corresponds to a distance of 400 m. If an athlete completes a single circuit, then she has moved a distance of 400 m.  However, looked at in another way, the athlete is back where she started.  Her position is no different from her starting position.

Distance is taken to be the length of the path taken measured in metres.

Distance is a scalar quantity.

Displacement is the change in position.

Displacement is a vector quantity.

The distinction between distance and displacement is highlighted in the next example.

Example: A student walking around a building starts by walking 30 m due East along one wall then turns through 90o and walks 40 m due North along that wall.  Determine the distance travelled by the student and her displacement from the starting point.

Once again a diagram can help to clarify the problem.




Figure 10:- Displacement vector for journey described in question. 

(i) The total distance travelled can be easily determined



Total distance = 30 m + 40 m = 70 m
(ii) The displacement is indicated on the previous diagram.  It's size and direction, i.e. the value of , must be determined. 

Size of displacement, R

R2 = 302 + 402
R2 = 2500

R = 50 m
Direction of displacement, :

tan  = opposite / adjacent = 40 / 30 = 1.333

= tan-1 1.333 = 53.12o  

Hence the displacement is 50 m , 53.12o north of east.

SAQ Determine the distance and displacement when a visitor to New York walks .......

4.2. Speed and Velocity

The speed of a body is defined as the distance moved per unit time.  You are familiar with speeds being measured in mph (miles per hour).  However, in SI units, distance is measured in metres and time in seconds.  Hence the SI unit of speed is 



metres per second

m / s or ms-1  

If the speed of a car is given at a constant speed of 30 ms-1, this means that the car is travelling 30 m every second.  If you find it hard to visualise what a speed of 30 ms-1 would be like, you can get a very approximate equivalent speed in mph by multiplying by 2.

i.e. 30 ms-1 ~ 60 mph


where ~ means "of the order of" 

Over the period of a journey, speeds are rarely constant.  An average speed for the journey can be calculated using the formula

Average speed = distance travelled / time taken

v = s / t

where
v
= average speed (ms-1)


s 
= distance travelled (m)


t 
= time taken (s)

Note - throughout the course, after each equation, you will be given definitions for each of the letters used follow by the correct SI unit for that quantity.  It is important that when using the formula, the quantities are inserted in the correct units.

Example:  Calculate the average speed of a bus which travels from Waterford to Dungarvan and take 45 minutes to cover the distance of 40 km.

Solution: When faced with a problem such as this, you should first identify the information given in the question and convert this to SI units.


Distance, s = 40 km = 40 000 m or 40 x 103 m


Time, t = 45 mins = 45 x 60 s = 2700 s

Next - what is the question asking us to calculate - in this case it is average speed, v.  As we have been given values for distance and time we can use

v = s/t

v = 40 x 103 / 2700 = 14.81 ms-1  

SAQ

Q1. Calculate the distance travelled by a car travelling at an average speed of 15 ms-1 for 25 minutes.

Q2. A train travels 150 km from Waterford to Dublin in 2 1/2 hours.  Calculate its average speed

Q3. The speed of a car is measured by the Gardai to be 75 mph.  Convert this speed to SI units on the basis that the car, if it continued at this speed, would travel 75 miles in a time of 1 hour and given that 1 mile = 1 609 m.

4.3. Velocity

As you will have noticed in the last section, no mention was made of direction in connection with the speed of an object. Speed is a scalar quantity.  Velocity, on the other hand, can be thought of as the vector version of speed.  Velocity can be defined in a number of ways

Velocity is speed in a given direction

or

the rate of change of displacement

or

the rate of change of distance travelled in a given direction

Note - The phrase 'rate of change' can be taken to mean the change in something per second.

4.4. Acceleration

When the velocity of a car changes, it is said to accelerate.  

Acceleration is defined as the rate of change of velocity.  

or
acceleration is the change in velocity per second.

By referring to velocity in the definition, it should be clear that acceleration is also a vector.  Throughout the remainder of this course we will be dealing from time to time with calculations based on acceleration.  In the large majority of cases we will be mainly concerned with determining the size of the acceleration - the direction will usually be obvious.  

From the definition we can derive a formula for calculating acceleration

acceleration = change in velocity / time



(1) 

Consider an object, undergoing acceleration a, increasing velocity from u ms-1 to v  ms-1 in a time t.  From (1)

a = (v - u) / t







(2) 

This equation can be rearranged to give

v = u + at 







(3)

Equation (3) is referred to as one of the three equations of uniformly accelerated motion (i.e. motion under constant acceleration).  The other two equations can be readily derived, but we will simply state them here

v = u + at

s = ut + 0.5 at2 

v2 = u2 + 2as 

Equations of uniformly accelerated motion

where

u 
= initial velocity (ms-1)



v 
= final velocity (ms-1)



a
= acceleration (ms-2)



s
= distance travelled (m)



t 
= time taken (s)

The use of these equations is demonstrated in the following example.

Example: A car accelerates uniformly from an initial velocity of 5 ms-1 to a final velocity of 20 ms-1 in a distance of 200 m.  Calculate the:



(i) acceleration of the car



(ii) time taken.

Solution:

(i) With all calculations based on uniform acceleration, it may help you to take the following approach.  First - write out the list of letters used

u =

v= 

a =

s =

t = 

Then add in the information from the question - always remember what the letters stand for.  A common mistake is to confuse u and v, u comes before v in the alphabet, therefore u is initial velocity and v is final velocity.

u = 5,
v = 20,   a = ?,
 s = 200,    t = X 

A ? is inserted next to the acceleration as no value is given for acceleration in the question and we are asked to determine it in the first part.  An X is placed opposite t, as no value is given in the question and, additionally, we are not trying to find a value for t in the first part of the question.  The X against t indicates that we cannot use any of the equations of uniform acceleration which include t.  This leaves us with 

v2 = u2 + 2as

Inserting the known quantities gives

202 = 52 + 2a200

400 = 25 + 400a

400 - 25 = 400a

375 = 400a

a = 375 / 400 = 0.9375 ms-2
(ii) We now know all the quantities apart from t.  We can use either of the remaining two equations to evaluate t.  We will use 

v = u + at 

as it will be easier to solve. 

20 = 5 + 0.9375 t

20 - 5 = 0.9375 t

15 = 0.9375 t 

t = 15 / 0.9375 = 16 s
Example: A lorry accelerates at 3 ms-2 from an initial velocity of 5 ms-1 for 10 s.  Calculate



(i) final velocity



(ii) distance travelled



(iii) average speed for this section of the journey.

Solution:

(i) Again list out the letters and write in the associated quantities.  We are looking to calculate v in this part of the question so a ? goes in there and with no information on s and no need to calculate it in this section - an X goes in against it.

u = 5

v= ?

a = 3

s = X

t = 10

Cannot use any equation containing s.  Left with

v = u + at

v = 5 + (3 x 10) 

v = 5 + 30

v = 35 ms-1
(ii) Can now use any of the remaining equations to determine s.  Use 

s = ut + 0.5 at2
s = (5 x 10) + (0.5 x 3 x 102)

Note - 0.5 at2 - only the time is squared

s = 50 + 150 = 200 m

(iii) There is only one possible formula for average speed.

average speed = s / t = 200 / 10 = 20 ms-1  

SAQs

Q. A car travels 12 km in 10 min in uniformly accelerated motion.  If its initial velocity is 4 ms-1, calculate:


(i) average speed


(ii) acceleration


(iii) final velocity.

Q. A car travelling at 30 ms-1 is brought to rest in 10 s.  Calculate 


(i) acceleration


(ii) distance travelled.

5. Newton’s Laws of Motion

Most people who have never studied physics at school, or later, make certain assumptions about motion.  Motion seems to require a force, without a force the motion will stop.  These assumptions seem to be confirmed by everyday observations.  For example, if you are pushing a heavy object across the floor, the object only moves when a force is applied and when the force is removed the object stops moving.  These ideas on motion correspond with those expounded by Aristotle (384 - 322 BC) in ancient Greece.  These views remained unchallenged until the time of Gallileo Gallilei (1564 - 1643)  and Isaac Newton (1642 - 1727).  Gallileo successfully analysed the motion of objects falling to earth but it was Newton who developed a complete theory of motion which is enshrined in his three laws of motion.

5.1. Newton's First Law of Motion

Newton's first law of motion states:

"Every body continues in its state of rest or of uniform motion in a straight line unless compelled by some external force to act otherwise"

These law can be understood more readily if it is broken down into two parts


(1) "Every body continues in its state of rest unless compelled by some external force to act otherwise".  

Simply put, this means if an object is stationary, it will remain stationary unless an unbalanced force acts on it.  The term unbalanced is used to signify that, in the case where a combination of forces are acting, there is a resultant force.  Of course, a balanced force, where the combination of forces acting give a zero resultant will have no effect on the stationary object.  An object resting on a table does experience balanced forces.  As we will see later, the force of gravity acts on the object attracting it downwards but an opposing supporting force (the reaction force) acts upwards on the object from the table.  These two forces are balanced and so no overall force acts on the object and it remains at rest.


(2) "Every body continues in its state of uniform motion in a straight line unless compelled by some external force to act otherwise"

This means that in the absence of all forces acting on a moving object, it will continue to move at constant speed in a straight line indefinitely.  You may find this slightly harder to accept.  In our everyday experience if you stop applying a force to an object, it will tend to slow down and eventually stop - for example, lifting your foot off the accelerator pedal in the car stops the engine providing a driving force for the car to move forward and the car slows.  However, a clue to what is happening becomes apparent when we consider how quickly the car slows on different surfaces.  The car will slow down much more quickly on a gravel track than on an icy road.  Obviously there are more forces acting on a car than just those due to the driving force from the engine.  Gravity and reaction forces are also present but, as we have mentioned, on a flat road these cancel each other out.  The other force acting is friction.  When the driving force from the engine is no longer applied the only effective force acting on the car is friction, and this force always acts to oppose the motion of the car and hence to slow it down.




Figure 11:- Diagram showing the forces acting on a moving car.

The forces acting on an object such as a car moving across a horizontal surface are shown in Figure 11.


Driving force - this is the force from the engine driving the car forward


Frictional force - force due to contact between car and road which opposes the motion of the car.


Gravitational force - force acting downwards on car due to the attractive force between the earth and the car.


Reaction force - the supporting force from the road surface.

Each of these forces will be dealt with in more detail in the following sections.

5.2. Newton's Second Law of Motion

Newton's first law of motion describes the motion of objects in the absence of an overall resultant force.  Newton's second law addresses the effect of a resultant force on motion.

Newton's second law of motion states:

"The acceleration of a body depends on the applied force and takes place in the direction of that force"

This law can be summarised mathematically as 

F  a 

i.e. force is proportional to acceleration, where F is the effective force acting and a is the acceleration.

Experimentation showed that the acceleration produced also depended on the mass of the object, giving the relationship

F  ma

This is a mathematical relationship but it is not an equation (there is no equals sign). To convert a proportional relationship to an equation, a constant is inserted.  An example may help here.  The pay, P, of a worker on part time hours will depend on the number of hours worked, N.  Mathematically

P  N

pay is proportional to no. of hours worked

Hence, if the worker works double the number of hours, she will receive double the pay.  This relationship shows that her pay and the hours worked are related but it is not possible to use this to determine her actual pay.  We can do this if we insert a constant, k, which in this case is equal to the hourly rate of pay. Therefore

P = kN

i.e. pay = hourly rate x no. of hours worked

Hence, F  ma can be converted into an equation

F = kma

where k is a constant.  This formula is so important in physics that it was used to define the newton, N, the unit of force which was defined in such a way that k = 1.  A force of 1 N acts when a mass of 1kg is accelerated at 1 ms-2.  Inserting these values into the equation F = kma gives

1 = k x 1 x 1

( k = 1

Hence,

F = ma


F
= force (N)


m
= mass (kg)


a
= acceleration (ms-2)

Example: Calculate the overall force required to accelerate a mass of 25 kg at 3 ms-2.

Solution: Given mass and acceleration in question - simply use F = ma to calculate force.

m = 25, a = 3
- both quantities are in the correct SI units

F = ma = 25 x 3 = 75 N
Example: A 30 g bullet travelling in air at 200 ms-1, strikes a block of wood and becomes embedded in the wood 3 cm below the surface.  Calculate the


(i) deceleration of bullet in wood assuming this to be uniform


(ii) the decelerating force acting on the bullet as it travels in the wood.

Solution: The first part of the question, is a uniform acceleration question so need to write out the list of five unknowns in the equations of uniformly accelerated motion.

u = 200
v = 0

a = ?

s = 3 cm = 0.03 m

t = X

(i) Use the formula which doesn't involve t.

v2 = u2 + 2as

02 = 2002 + 2 x a x 0.03

0 = 40 000 + 0.06a

-40 000 = 0.06a

-40 000 / 0.06 = a = 6.67 x 105 ms-2 

(ii) m = 30 g = 30 x 10-3 kg, a = 6.67 x 105 ms-2
F = ma = 30 x 10-3 x 6.67 x 105 = 20 000 N
SAQs

Q. Calculate the acceleration produced when a force of 500 N acts on an object of mass, 15 kg.

Q. Calculate the mass of a body which undergoes an acceleration of 5 ms-2 when acted upon by a force of 15 kN.

Q. A car of mass 800 kg accelerates uniformly from 4 ms-1 to 12 ms-1 in half a minute.  Calculate the

(i) acceleration 
(ii) distance travelled
(iii) force acting.

5.3. Newton's Third Law

Newton's second law addressed the effect of a force on a body.  However, this law doesn't comment on the nature of forces.  For example when a person strikes a table with a fist - there is a force acting from the fist on the table, however, there is also an equal and opposite force acting from the table on the fist - this is why the fist may experience pain.  You may think then that if two equal and opposite forces are acting, surely they will cancel each other out.  The problem with this argument is that the forces are acting on different bodies.  In the example given one force acts on the table, an equal and opposite force acts on the fist.  Only when two equal and opposite forces are acting on the same body can they cancel each other out.

Newton's third law states 

"Whenever a force acts on one body, an equal and opposite force acts on some other body"

This law is clearly demonstrated when a gun fires a bullet.  A force fires the bullet forward while an equal and opposite force acts on the gun producing the well known recoil of the gun on firing.

5.4. Momentum and Impulse

In a sports commentary, it is not uncommon to here the phrase "his momentum took him out of play".  Most people think they know what momentum is, but in physics it has a very specific meaning.  Momentum of a body is simply the product of the body's mass and velocity.  As momentum depends on velocity, it is also a vector quantity and direction is important.

momentum = mv


m 
= mass (kg)


v 
= velocity (ms-1)

The SI unit of momentum 
= unit of mass x unit of velocity





= kg ms-1  

If we return to Newton's second law of motion

F = ma

but 
a = (v - u) / t

F = m(v - u) / t

F = (mv - mu) / t

Ft = mv - mu


mu 
= initial momentum of the body


mv 
= final momentum of the body


Ft 
= force x time = impulse

The product of force and time is called impulse.

Hence an impulse produces a change in momentum.  The separate terms in the above equation must have the same units, otherwise we would not have a proper equation.  Hence, the units of impulse must be the same as the units of momentum.

Unit of impulse = unit of force (N) x unit of time (s) = Ns

Unit of force (N) = unit of mass (kg) x unit of acceleration (ms-2)
(F = ma)

Hence

unit of impulse = Ns = kg ms-2 x s = kg ms-1 = unit of momentum

Example: 
(i) Calculate the momentum of a body of mass 3 kg moving at 10 ms-1.



(ii) If this body now receives an impulse of 75 Ns, calculate its final velocity.

Solution:
(i) momentum = mu = 3 x 10 = 30 kg ms-1 = 30 Ns



(ii) 
impulse = change in momentum




Impulse = mv - mu 




75 = 3v - 30




75 + 30 = 3v




105 = 3v




v = 105 / 3 = 35 ms-1  

Example: An impulsive force of 10 kN acts on a lorry of mass 1300 kg producing a velocity change of 0.5 ms-1.  For how long does this force act?

Solution: impulse = change in momentum



Ft = mv - mu = m (v - u)

change in velocity = 0.5 ms-1 = v - u, 
m = 1300 kg,
F = 10 x 103 N



10 x 103 x t = 1 300 x 5 = 6 500



t = 6 500 / 10 x 103 


t = 0.65 s
 SAQs


Q. When tossed upwards and hit horizontally by a hurler, a sliothar of mass 80 g receives an impulse of 4 Ns. With what speed does it move away?

Q. A car with a linear momentum of 3.2 x 104 Ns is brought to a stop in 4 s.  Calculate the average braking force. 

5.5. Conservation of Linear Momentum

When discussing Newton's third law of motion, the forces inside a gun firing a bullet were discussed.  The force acting on the bullet is equal and opposite to the force acting on the gun.  It should also be clear that the duration of each force is the same - hence the impulse experienced by each is the same.  As a result the momentum of both gun and bullet will be the same.  However, the motion of the gun is in the opposite direction to that of the bullet and as momentum is a vector quantity - direction is important - the total momentum will be zero.  The momentum of gun and bullet is zero before firing as both are stationary.  This is a specific example of a general law.

In the absence of an external force the total momentum of two bodies acting on one another before the action is equal to the total momentum after

This is known as the law of conservation of momentum - the term conservation means that the quantity involved remains constant. In the first example, we will look at the case of the gun firing a bullet.

Example: A gun of mass 2 kg, fires a bullet of mass 30 g at a velocity of 250 ms-1.  Determine the recoil velocity of the gun.

Solution: Momentum of gun + bullet before = Momentum of gun + bullet after

Total momentum before firing = 0 
both gun and bullet are stationary

Hence, applying law of conservation of momentum

Total momentum after firing = 0


MV = momentum of gun after firing


mv = momentum of bullet after firing

M = 2,  
V = ?,  
m = 30 g = 0.03 kg, 

v = 250 - this is taken to be the positive direction

Total momentum after firing = 0

MV + mv = 0

2 V + 0.03 x 250 = 0

2 V + 7.5 = 0

2 V = - 7.5

V = - 3.75 ms-1 

The bullet velocity was positive which gives a negative final answer for the gun velocity.  When no directions are specified in a question, you may chose which direction you want to be positive.

Example: A 1600 kg empty hopper car rolls under a loading bin with a speed of 2.5 ms-1 and a 3 500 kg load is deposited into the car without it stopping.  What is the magnitude of the velocity of the car after loading?

Solution: Momentum of empty hopper before loading = momentum of full hopper after loading.

Momentum of empty hopper = mv = 1 600 x 2.5 = 4 000 Ns

Momentum of full hopper = MV = (1 600 + 3 500) x V = 5 100 V

momentum before = momentum after

4 000 = 5 100 V

4 000 / 5 100 = V = 0.784 ms-1  

Note: The final velocity is positive which indicates that the loaded hopper continues to move in the same direction as the empty hopper before loading.

SAQs

Q. A cannon of mass 1200 kg fires a cannon ball of mass 8 kg.  Calculate the recoil velocity of the cannon.

Q. A 70 kg man and his 40 kg daughter stand on skates together on a frozen lake. If they push apart and the father has a velocity of 0.5 ms-1 eastward, determine the velocity of his daughter.

5.6. Gravitation

We are held on to the surface of Earth by the force of gravity.  What is gravity?  Once more we have Gallileo and Newton to thank for our understanding of gravity.  Gravitation is a universal phenomenon.  Any two bodies will be attracted to each other simply due to their masses.




Figure 12:- Two objects separated by a distance of r metres.

Newton's law of gravitation states:

"the force of attraction between two objects is proportional to the product of their masses (F  m1m2) and inversely proportional to the square of their separation 

(F  1 / r2)".

This can be written mathematically as 

F  m1m2 / r2   

As before, this can be converted to an equation by inserting a constant.  This is usually represented as G.

F = G m1m2 / r2   

where G is called the gravitation constant = 6.67 x 10-11 N m2 kg-2   

This is a universal constant and has this value everywhere in the universe.

F = force of attraction due to gravity (N)

G = gravitation constant

m = mass of body (kg)

r = distance between centres of bodies (m) 

5.7. Earth's Gravity

As  mentioned above, there is a gravitational force of attraction between any two objects.  For example, there is a force of attraction between you and this set of notes you are reading, and an attraction between you and the door to the room.  The magnitudes of these forces can be calculated using Newton's law of gravitation.  

Example:  Calculate the force of attraction due to gravity between a set of notes of mass 1 kg and a student of mass 70 kg, separated by a distance of 50 cm.

Solution: For general calculation on gravitation use 

F = G m1m2 / r2   


G = 6.67 x 10-11 N m2 kg-2   


m1 = 1 kg


m2 = 70 kg


r = 50 cm = 0.5 m

F = 6.67 x 10-11 x 1 x 70 / 0.52   

F = 1.8 x 10-8 N 

Compared to the other forces acting, this is an insignificant force which is why you don't notice it.  The reason why this calculation yields such small values is that the masses involved are very small.  The single major force of attraction we feel continuously is our attraction to the Earth due to its large mass.  Consider a body, mass m, on the surface of the Earth, mass M, radius R.




Figure 13:- Object mass, m, on surface of the earth, mass, M.

The body on the Earth’s surface is attracted gravitationally by every atom of the Earth.  The overall effect of this is that the object is attracted to the centre of the Earth.  Hence the separation between the attracting bodies can be taken to be R, the radius of the Earth.  You should also be aware that, as implied by Newton's third law,  the Earth is attracted to the body by an equal and opposite force to that which acts on the body attracting it to the Earth.  However, as the body is so much smaller than the Earth, the effect of the Earth on the body is much greater than the effect of the body on the Earth.

The force experienced by the body is given by

F = G Mm / R2  

Now G, M (the mass of the Earth) and R (radius of the Earth) are all constants (approximately).  These 3 constants can be combined and replaced by a single constant designated by the letter, g.

g = GM / R2  

Inserting appropriate values for G, M and R gives a value for g of 9.81.  The force acting on the body can now be written as 

F = mg 


F = mass x g

which, when compared with,

F = ma
F = mass x acceleration

indicates that g is a form of acceleration.  It is in fact the acceleration due to gravity.  When an object is dropped from a height, it accelerates towards the ground due to the force of gravity and the rate at which it accelerates is g = 9.81 ms-2.  The idea that g is a constant was based on the belief that G, M and R were more or less constant.  However, the radius of the Earth, R, does vary slightly from place to place with the effect that g varies also from 9.79 to 9.82 ms-2 depending on where it is measured.

Motion under gravity is subject to a constant acceleration, and so we can use the equations of uniformly accelerated motion.

Note: When an object is travelling upwards, away from the earth, it will slow down with time......use g = - 9.81 ms-2  

When an object is travelling downwards, towards the earth, it will speed up with time......use g = + 9.81 ms-2  

When carrying out calculations on a body rising and falling under gravity, carry out separate calculations for upward and downward motion.

Example: A stone is dropped from a 20 m high cliff.  Calculate



(i) the velocity with which it strikes the sand below



(ii) the time of flight for the stone.

Solution: (i) Motion under gravity is a uniform acceleration problem so we begin as with all other such problems and assign values to the variables.

u = 0

v = ?

a = +9.81
s = 20

t = X

The initial velocity is zero as the stone is dropped, acceleration due to gravity is positive as the motion is downwards.  We're not asked for a value for time in (i), so we don't use the equations with time in them.

v2 = u2 + 2as

v2 = 0 + 2(9.81)20

v2 = 392.4

v = 19.81 ms-1  

(ii) Can now use any equation to determine t.  Simplest to use is 

v = u + at

19.81 = 0 + 9.81t

19.81 / 9.81 = t = 2.02 s
Example: A ball is thrown vertically upwards with an initial velocity of 15ms-1.   Calculate



(i) the maximum height attained by the ball



(ii) the time taken to reach maximum height



(iii) the speed with which the ball strikes the ground.

Solution: 

u = 15

v = 0

a = -9.81
s = ?

t = X

(i) v = 0 because at the end of the upward motion, at the point where the ball is at its highest, its velocity is momentarily zero - then it falls and begins to speed up.  In part (i) we are asked to find the maximum height attained by the ball, this is simply the distance, s, travelled upwards.  As we have no information on t, and are not looking for a value for it in (i), use equation which doesn't contain t.

v2 = u2 + 2as

02 = 152 + 2(-9.81)s

0 = 225 - 19.62 s

19.62s = 225

s = 225 / 19.62 = 11.47 m
(ii) To determine time taken simply use any equation with t in it.  The easier choice is to use

v = u + at

0 = 15 + (-9.81) t

0 = 15 - 9.81t

9.81 t = 15

t = 15 / 9.81 = 1.53 s
(iii) To determine the speed with which the ball strikes the ground, we have to now analyse the downward motion of the ball.  This means reassessing the five variables.

u = 0

v = ?

a = +9.81
s = 11.47

t = X

The initial velocity of the downward motion is now zero.  As the ball is falling the acceleration due to gravity is positive.  From part (i) we know the ball rose 11.47 m through the on being thrown upwards, it must now fall 11.47 m back to the ground.

v2 = u2 + 2as

v2 = 0 + 2(9.81)11.47

v2 = 225

v = 15 ms-1  

The final velocity of the ball is exactly equal to its initial velocity.  In fact the downward motion of the ball is like a mirror image of its upward motion.  This can be shown by plotting the motion of the ball on a graph of height vs time.




Figure 14:- Plot of height vs. time for an object thrown into the air with an initial velocity of 15 ms-1.

From this it is clear that the duration of the upward motion is equal to the duration of the downward motion. 

SAQs

Q. A farmer drops a stone down a well to help determine its depth.  If the splash is heard 2.3 s after the stone is released, calculate



(i) the depth of the well



(ii) the velocity of the stone as it strikes the water surface.

Q. A 4 kg mass is thrown vertically upwards from an initial height of 25 m with an initial velocity of 15 ms-1.  Calculate 



(i) maximum height attained



(ii) velocity with which it hits the ground.

Q. (i) A student has been locked into her upstairs flat which is 30 m above the ground.  A friend gets the key and is going to throw it up to her.  What initial velocity will she need to give the key so that it just reaches the upstairs flat?

 (ii) If the initial velocity of the key is 30 ms-1, the student will have two opportunities to grab the key (on the way up and on way down).  Determine the times after the key has been thrown that these occur.

5.8. Mass and Weight

Newton's first law of motion expresses the concept of inertia.  The inertia of a body is its reluctance to start moving and its reluctance to stop once it has begun moving.

Mass "is a measure of the inertia of a body" or "it is a measure of the amount of stuff an object contains".  An object always contains the same amount of stuff, hence,

The mass of an object is always constant - it is measured in kg

(For living objects, mass can vary as a result of increasing or decreasing consumption of nutrients)

Weight is a measure of the force of attraction a body experiences due to gravity.  It is a force and so is measured in newtons, N.  As we have already seen this force of attraction is given by F = mg.  Where this force is referred to as weight the symbol F for force may be replaced by W for weight.

Weight = mass x acceleration due to gravity

W = mg

The value of g varies from place to place in the universe (on Earth, g = 9.81 ms-2, on moon g = 1.65 ms-2 and in outer space g ~ 0 ms-2) and so the weight of an object will vary with position in the universe.

The difference between weight and mass always causes confusion for students.  The main source of confusion comes from the fact that in everyday usage a person's weight is expressed in kg.  Weight should be measured in N.  

Example: A hammer has a mass of 1 kg.  Determine


(i) its weight on Earth, 
(ii) its weight on the moon


(iii) its mass on the moon

Solution

(i) Weight is given by 

W = mg

W = 1 x 9.81 = 9.81 N

(ii) On the moon the acceleration due to gravity is lower (1.65 ms-2) and so the hammer is likely to weigh less.

W = mg

W = 1 x 1.65 = 1.65 N

(iii) The mass of any object is always constant.  Hence, the mass of the hammer is 1 kg everywhere, including the moon.

SAQ: An object weighs 55 N on the moon.  Determine its (i) mass and (ii) weight on Earth.

5.9. Centre of Gravity

The centre of gravity of a body is the point through which the whole weight of the body seems to act.  For example, consider the ladders shown in Figure 15.  The arrows indicate possible positions where you could place your shoulder if asked to carry the ladder.  Which would you chose?




Figure 15:- Three possible support positions for someone carrying a ladder.

From experience, you would, no doubt, choose to support it at the centre.  If the ladder is supported at either end, it becomes unbalanced and will be very difficult to carry.  If it is supported beneath the centre of gravity, then the ladder is balanced and is easy to carry. 

In many situations in physics, it is possible to forget about the shape of an object and think of it only as a point (at the centre of gravity) which has the weight of the object.  In this course, you will be dealing with regular objects which have easy to determine centres of gravity.  For example, the centre of gravity of a sphere is at the centre of the sphere.

The following diagram shows how the centre of gravity of an irregularly shaped object can be determined (in this case a cardboard cut-out).  A pin is inserted in one end of the cardboard and the card is allowed to hang freely.   A vertical line is drawn on the card from the pin.  The pin is now placed in another part of the card and the card allowed to hang freely once more.  Another line is drawn on the card vertically downwards from the pin.  In each case the card will settle with the centre of gravity vertically under the pin.   Hence, the centre of gravity must be the point at which both lines cross.




Figure 16:- How to determine the centre of gravity of a irregular piece of cardboard.

5.10. Reaction Force

Consider a block placed on a table. The block is attracted to the earth by gravity and so there is a force on the block.  However, the block is not moving which, by Newton's first law, indicates that no overall force is acting and that the gravitational force is cancelled out by another force.  This is the reaction force acting upwards on the block from the table.  All objects lying on a horizontal surface experience a reaction force which is equal to the weight of the object.




Figure 17:- Example of reaction force where a block is resting on a table.

The reaction force, R, = weight of block, W

R = W = mg

for an object on a horizontal surface.

5.11. Friction

Friction is the name given to the force which opposes the relative sliding motion of two surfaces in contact with one another.  It is a force, which we will denote by Fr, and, as a force, it is a vector quantity - unit, N.  Friction plays an important part in our lives - a world without friction would be a very strange place.  We would not be able to walk as walking requires a frictional force between shoes and ground in order to propel us forward.  Ice reduces the force of friction and so the problems experienced on an icy morning would be routine in a world without friction. Tyres could not grip the road and it would be impossible to steer a car around a bend on a flat road.




Figure 18:- Horizontal forces acting on a block which is being pulled across a surface.

In the above diagram a force, P, pulls the block across a surface with an opposing frictional force, Fr.  The diagram below illustrates the situation in a back wheel drive car.  The driving force from the engine powers the rotation of the rear wheels of the car giving the pulling force, P.  The wheels are moving across a surface and so there is a frictional force at each wheel acting to oppose the motion of the car.  By the way, both these diagrams are incomplete in that they do not show all the forces acting.  Copy these diagrams into a workbook and draw in the missing forces.  If you can't locate the missing forces, don't worry, we will come back to these diagrams in a few later.




Figure 19:- Horizontal forces acting on the wheels of a back wheel drive car.

Braking systems in cars and trains rely heavily on friction.  When brakes are applied, a block comes to rest against a rotating wheel.  The frictional force acts to oppose the motion of the wheel and so its rotation is reduced.

5.12. Static, Limiting and Dynamic Friction.

For two surfaces that are in contact, the frictional force acting mainly depends on the roughness of the two surfaces.  We will deal with this in the next section but for two surfaces of a given roughness the friction force may vary depending on the other forces present and the motion, or lack of it, of one surface relative to the other.  

5.12.1. Static Friction 

In the absence of a driving force which acts to produce motion in an object, the frictional force is zero.  If a driving (pulling) force is applied, so long as the block does not move, the forces are balanced and the magnitude of the frictional force is equal to that of the applied force though, of course, in the opposite direction.




Figure 20:- Horizontal forces acting on a stationary body.

Static friction - object is motionless

Fr  =  P

5.12.2. Limiting Friction

If P is increased, a stage will be reached when the block just begins to slip.  At this point, the frictional force has reached its maximum value - limiting friction.

Limiting friction - block just begins to slip in direction of applied force, P.

Fr  =  Pslip   

5.12.3. Dynamic Friction

Dynamic friction refers to the frictional force acting when the block is sliding over the surface.  Surprisingly, this force is usually less than limiting friction.  From experiment, the value of the dynamic friction is found to be proportional to the reaction force, R, between the two forces in contact.  This can be written as:

Fr  R

This can be converted to an equation by inserting a constant.  This constant is denoted by the Greek letter mu, , and is called the coefficient of friction.

Fr = R

Fr = frictional force (N)

 = coefficient of friction 

R = reaction force (N) 

This equation can be applied for both limiting and dynamic friction cases giving rise to two different coefficients of friction - coefficient of limiting friction and the coefficient of dynamic friction.

From our earlier discussion on Newton's laws of motion, you may remember that the reaction force for an object placed on a horizontal surface is simply equal to the weight of the object.  Hence, for the case of a block moving along a horizontal surface, the frictional force is related to the reaction force by

Fr = R

But the reaction force, R, equals the weight of the block (  R = mg

Fr = mg




Figure 20:- Diagram shows all the forces acting on a block moving across a horizontal surface.

For a body moving over a surface, the motion of the body depends on the relative sizes of the frictional force, Fr, and the driving force, P.

Fr < P

The driving force is greater than the frictional force and so the body will accelerate.

Accelerating force = Driving force - Frictional force

When driving, putting your foot hard on the accelerator pedal provides a driving force from the engine which is greater than the frictional force on the road.  Hence, the car speeds up.

Example: A car of mass 800 kg is moving along a flat road surface.  The engine provides a constant driving force of 4 kN and the coefficient of dynamic friction between tyres and road is 0.3.  Use this information to determine the acceleration of the car.

Weight of car = mg = 800 x 9.81 = 7848 N = reaction force, R.

Fr = R

 = 0.3, R = 7848

Fr = 0.3 x 7848 = 2354.4 N

Driving force = 4 kN = 4 000 N

Accelerating force = Driving force - Frictional force

A.F. = 4 000 - 2354.4 = 1645.6 N

Accelerating force, F = ma  

1645.6 = 800 a

1645.6 / 800 = a = 2.057 ms-2  

Fr = P

The frictional force is exactly balanced by the driving force from the engine and so these forces effectively cancel out.  This is the situation described by Newton's first law of motion when no overall force is acting.  Hence, the car will continue to move at constant velocity.  When driving a car, in order to maintain a constant speed the accelerator pedal must be pressed to provide a driving force from the engine to just balance the frictional force on the road.

Example:  A car, mass 750 kg, moves at a constant speed of 15 ms-1 along a flat road while experiencing a frictional force of 3 000 N.  Determine


(i) the driving force from the engine


(ii) the coefficient of friction between road and car.

Solution:

(i) Car moves at constant speed, therefore, there is no overall force acting.  The driving force is exactly balanced by the frictional force.  Hence

Driving force = frictional force = 3 000 N
(ii) Fr = R = mg

Fr = 3 000 N, m = 750 kg, g = 9.81 ms-2 

3 000 =  x 750 x 9.81 =  x 7357.5

3 000 / 7357.5 =  = 0.408
Fr > P

In this case the frictional force exceeds the driving force from the engine.  This leads to a deceleration of the car which will continue, assuming the forces remain the same, until the car stops.  When driving a car, this situation corresponds to the case where you lift your foot off the accelerator and the car slows down.

Example:  A car of mass 1200 kg is moving at a velocity of 20 ms-1 along a flat road, when the driver removes her foot from the accelerator pedal.  If the coefficient of friction between the car tyres and road is 0.45, determine 


(i) the frictional force acting


(ii) the deceleration of the car


(iii) the distance the car travels before it comes to rest assuming constant acceleration.

Solution: 

(i) Frictional force given by 

Fr = R = mg

 = 0.45, m = 1200 kg, g = 9.81 ms-2 

Fr = 0.45 x 1200 x 9.81 = 5297.4 N
(ii) Deceleration?  The only force acting on the car along the surface of the road is the frictional force (driving force = 0 N).

Accelerating force = Driving force - Frictional force

A.F. = 0 - 5297.4 = - 5297.4

ma = -5297.4

a = - 5297.4 / 1200 = - 4.4145 ms-2  

Note: negative value for acceleration indicates that car is slowing.

(iii) This is a constant acceleration problem.

u = 20   
v = 0

a = - 4.4145

s = ?

t = X

Use 

v2 = u2 + 2as 

02 = 202 + 2(- 4.4145) s 

0 = 400 - 8.829 s

8.829 s = 400

s = 400 / 8.829 = 45.3 m
SAQs

Q1. A car of mass 1100 kg requires a force of 6 kN before it will just move on a flat road.  Calculate the coefficient of limiting friction between the car tyres and the road surface.

Q2. A car of mass 750 kg is moving along a flat road at a constant speed of 15 ms-1.  If the coefficient of friction between the road surface and the car tyres is 0.45, determine the driving force from the engine.

Q3. For the car in Q2., determine the driving force from the engine needed to accelerate the car from 15 ms-1 to 20 ms-1 in a distance of 100 m.

5.13. Origin of Friction

The smoother two surfaces are, the lower the coefficient of friction between them is likely to be.   For example the coefficient of friction between any surface and ice, which has an extremely smooth surface, is usually extremely low. This observation gives an indication of the origin of friction.  All surfaces are rough to a greater or lesser extent.  Even smooth looking surfaces can be shown to be rough when magnified sufficiently.  From the diagram below it should be clear that as one surface moves over another, there are possibilities for peaks on the top surface to catch on valleys on the lower surface and vice versa.




Figure 21:- Surface roughness giving rise to frictional force.

Once the upper surface is moving over the lower one, it is as if by passing over the jagged outcrops, it is lifted slightly off the lower surface and this leads to a reduction in friction for moving objects compared to those stationary objects experiencing a force which is on the limit of getting them to move.  Lubrication is often used to reduce friction between moving surfaces in contact.  In effect, the lubricant such as oil or grease, tends to keep the surfaces apart and this makes it easier for one surface to move over the other.




Figure 22:- Lubricant between two surfaces reduces the frictional force.

5.14. Resolution of Forces

Consider two forces, a 3 N force which acts due east and a 4 N force which acts due north (see Figure 23).  The resultant of these two forces acting at a point can be found as shown previously.




Figure 23:- Addition of two vector quantities which act at right angles to each other.

The resultant, R, is determined using Pythagoras' theorem

R2 = 42 + 32 

R2 = 16 + 9 = 25 

R = 5 N

Determine the value for  yourself.

The vector R is exactly the same as the combination of the two separate vectors.  Just as two vectors, at right angles to each other, can be represented by one single vector, it is often useful to be aware that one vector can be represented by two vectors at right angles to each other.  Converting a single vector into two vectors at right angles to each other is called resolving the original vector and the two vectors formed are called its components.

For an example we will take the last worked example and look at it in reverse.  The resultant vector R was found to be 5 N in a direction 36.87o east of north.  We can say that this vector can be resolved into the two components 

(i) 4 N due north

(ii) 3 N due east.

The component of a vector quantity R in any given direction is given by

vector component = R cos 
where R = original vector


 = angle between original vector and direction of interest.

The component of a vector is a measure of the effect of that vector in the direction of interest.  Note that if  = 90o, then the component value is zero.  This means that a vector quantity has no effect at right angles to the direction in which it is acting.

Example: Calculate the vertical and horizontal components of a force of magnitude 500 N which acts at 35o above horizontal.

Solution: The situation is shown below




Figure 24:- Components of 500 N vector acting at 35o to the horizontal.

FH and FV refer to the horizontal and vertical components respectively.  From the diagram you should see that the horizontal component is a measure of the extent of the vector in the horizontal direction, and likewise the vertical component is the extent of the vector vertically.

Horizontal component

FH = 500 x cos (angle between 500 N vector and horizontal)

FH = 500 x cos 35 = 500 x 0.819 = 409.6 N
Vertical component

FV = 500 x cos (angle between 500 N vector and vertical)

angle between 500 N vector and vertical can be found as angle between horizontal and vertical = 90, hence

angle between 500 N vector and vertical = 90 - 35 = 55o  

FV = 500 x cos 55 = 500 x 0.574 = 286.8 N  

As a check on our answer, we should be able to combine these two components to form the original vector, both graphically and mathematically.




Figure 25:- Combination of horizontal and vertical components to form the original vector.

F2 = 409.62 + 286.82  

F2 = 167752.5+ 82247.5 = 250 000

F = 500 N

Example:  A row boat is set to cross a straight stretch of river which is 50 m wide. The boat moves perpendicular to the bank at a speed of 3 ms-1 while the current is 5 ms-1.  Determine 


(i) the true velocity of the boat


(ii) the time it takes the boat to cross the stream


(iii) how far downstream will the boat land on the opposite bank.

Solution:




Figure 26:- The path of a boat across a stream taking into account the effect of the river current.

(i) true velocity of boat = R

R2 = 32 + 52 = 9 + 25 = 34

R = 5.831 ms-1 

Need to determine path of boat to define velocity exactly.  Calculate the angle, , between the actual path of the boat and the intended direction represented by the 3  ms-1 vector. 

tan  = opp / adj = 5 / 3 = 1.667

 = tan-1 1.667 = 59o 

velocity of boat is therefore 5.831 ms-1 at an angle of 59o to the perpendicular from the river bank.

(ii) The time to cross the river can be found using two techniques.

(a) determine the length of the path of the boat from one bank to the other and use the speed of the boat as calculated above.

OR

(b) Use the fact that the perpendicular direction across the river is 50 m and that the component of the overall velocity in that direction is 3 ms-1.

For comparison we will look at both approaches


(a) The length of the boat's actual path across the river can be determined as follows.

Perpendicular width = 50 m

Angle between boat's path and perpendicular = 59o 




Figure 27:- Actual path of boat across river.

From diagram

cos  = adj / hyp 

cos 59 = 50 / L

L x cos 59 = 50

L = 50 / cos 59 = 50 / 0.515 = 97.1 m

The boat travels 97.1 m at a speed of 5.831 ms-1.  Use v = s / t to determine time.

v = s / t

vt = s  ---->  t = s / v = 97.1 / 5.831 = 16.6 s 


(b) The component of boat's velocity perpendicular to bank = 3 ms-1 and the distance boat has to travel perpendicular to bank = 50 m.

v = s / t

t = s / v = 50 / 3 = 16.6 s  

(iii) Again there are two ways to determine the answer.  Either use trigonometry or use velocity components.  We will use velocity components in this example but it is a good idea to check the answer we get with that obtained using trigonometry.

Component of boat's velocity along the river bank = 5 ms-1.  Time which boat is crossing river = 16.6 s.  Hence the distance the boat will travel downstream in this time

s = v x t = 5 x 16.6 = 83 m.

Boat will land 83 m downstream of the point directly across from its starting position.

You should be clear that vectors are not always resolved into convenient directions such as horizontal and vertical or north and east.  In the next section, we will need to resolve vectors parallel and perpendicular to sloped surfaces.  In the next example, you will see how a vector can be resolved along different directions.

Example:  Resolve the vertical force vector, shown in the diagram, into components parallel to and perpendicular to the surface.




Figure 28:- Vertical force to be resolved along and perpendicular to a slope.

We can sketch another diagram showing the components of the force parallel and perpendicular to the surface of the slope.




Figure 29:- Components of the vector in Figure 28, along and perpendicular to the slope.

Parallel component - Fpar 


Fpar = F x cos (angle between surface and vector, F)

This angle is represented by (a) in the diagram,

a + 25 = 90  ( a = 65o 


Fpar = 250 x cos 65 = 250 x 0.4226 = 105.7 N
Perpendicular component - Fper 


Fper = F x cos (angle between perpendicular to surface and vector, F)

This angle is represented by (b) in the diagram, and this can be determined using the fact that the three angles in a triangle must add up to 180o.  The equation is a right angle triangle, hence

a + b + 90 = 180   

65 + b + 90 = 180

b + 155 = 180

b = 25o 


Fper = 250 x cos 25 = 250 x 0.9063 = 226.58 N
The two components of a vector can always be combined as


Fpar2  + Fper2  = F2 

You can verify this result for yourself using the answer to this question.

SAQs

Q. For the vectors in the figure below, determine the components of these vectors both parallel and perpendicular to the surface.  Note that the force in the third sketch is 15o off vertical.




Figure 30:- Resolving of vectors along and perpendicular to slopes in the question.

5.15. Body on an Inclined Plane

If you place a flat object on a horizontal surface, the object will not move unless an additional force is applied.  If the surface is now tilted, there will come a point when the object will start to slip down the slope.  From Newton's second law, it is clear that a force must be causing the stationary object to start moving but what is the source of this force?  We dealt with components of forces in the last section.  It was made clear that a force can have an effect in a direction which is at an angle to the direction in which the force is actually acting.  With a body on a slope, the weight of the object always acts vertically downwards.  However, as the surface is tilted, the weight of the object has an increasing component parallel to the surface.  At small tilt angles, this component along the surface is small and balanced by the frictional force between the object and the surface.  Increasing the angle of tilt, increases the weight component along the surface until it eventually exceeds limiting friction and the object slides down the slope.




Figure 31:- Increasing slope leads to an increase in the component of the object’s weight parallel to the surface.

In the section on friction, it was stated that the frictional force acting was related to the reaction force and that this reaction force is equal to the weight of an object on a horizontal surface.  The reaction force always acts perpendicular to the contact surface.  For a stationary block on a horizontal surface, there is no motion up or down and so we can say that the forces acting vertically are balanced and equal, i.e.

R = weight of object



horizontal surface

On a tilted surface, there is no motion perpendicular to the surface.  There may be motion along the surface but, as indicated in the last section, vector quantities have no effect at right angles to their own direction of action.  Hence the vector components perpendicular to the surface must balance and so the component of weight perpendicular to the surface must be balanced by the reaction force (see Figure 32).

R = component of weight perpendicular to surface = Wper  



inclined surface




Figure 32:- Force components for body on (i) a horizontal and (ii) an inclined plane.

If we now consider the forces acting parallel to the surface, we see that the component of the weight parallel to the surface, Wpar, acts down the slope whilst a frictional force, Fr,  opposing the possible sliding motion of the block, acts up the slope.  In the absence of any other forces acting, and assuming the block to be either stationary or moving down the slope at constant speed, then the two forces are balanced.

Fr = Wpar
One final equation to bear in mind is the relationship between the frictional force, Fr, and the reaction force, R, which is obeyed at the point a block is about to slip on a surface.

Fr = R

where  is the coefficient of limiting friction.  Combining this equation with R = Wper, gives

Fr = Wper
and since Fr = Wpar, then at the point where the block is just about to slip on the inclined surface

Wpar = Wper
 = Wpar / Wper

i.e. the ratio of the parallel and perpendicular components of the weight as the block is about to slip gives the coefficient of limiting friction.

This may appear quite complicated, however, the basis of each calculation is to determine the components of the weight of the object on the slope both parallel and perpendicular to the surface.

weight component parallel to surface = frictional force

weight component perpendicular to surface = reaction force

At point of slip

coefficient of limiting friction = parallel comp. / perpendicular comp.

Example: A block of mass 60 kg is at rest on a surface which is inclined at 35o to the horizontal.  Calculate (i) the frictional force and (ii) the reaction force in this case.

Solution: The block exerts a force due to its weight.  

W = mg = 60 x 9.81 = 588.6 N

The situation is shown in Figure 33.  Part (a) shows the forces acting and (b) is an enlarged view of the weight showing its components.




Figure 33:- (a) Block resting on an inclined plane. (b) Components of block weight parallel and perpendicular to slope.

(i) The frictional force = component of weight parallel to the surface.  

Fr = W cos (angle between W and surface) = W cos y

The angle between the parallel and perpendicular components is always 90o. 

From part (b) of the diagram

z + 35 = 90  ( z = 55o
z + x + 90 = 180  (  z + x = 90

55 + x = 90 ( x = 35o
x + y = 90 ( y = 55o
Note - in general 

angle between W and its perpendicular component always equals the angle of the slope.

angle between W and its parallel component always equals (90 - angle of the slope).

Now

Fr = W cos (angle between W and surface) = W cos y 

Fr = 588.6 x cos 55 = 588.6 x 0.5736 = 337.6 N
(ii) Reaction force = perpendicular component of weight

R = W cos (angle between perpendicular and W) = W cos x = W cos 35

R = 588.6 x 0.819 = 482.2 N
If the block is on the verge of slipping, then it is possible to calculate a coefficient of limiting friction, , for this case.

 = Wpar / Wper = Fr / R = 337.6 / 482.2 = 0.7

Example:  A mass of 250 kg is just about to slip on a hillside which has an inclination of 20o to the horizontal.  Use this information to determine 

(i) the reaction force  
(ii) the frictional force


(iii) the coefficient of limiting friction between the surfaces involved.
Solution:  The diagram for this situation is the same as that used in the last problem except that  is now 20o.

(i) Reaction force = Wper = W cos 20 

W = mg = 250 x 9.81 = 2452.5 N

R = W cos 20 = 2452.5 x 0.9397 = 2304.6 N
(ii) Frictional force = Wpar = W cos (90 - 20) = W cos 70

Fr = W cos 70 = 2452.5 x 0.342 = 838.8 N
(iii)  = Wpar / Wper = Fr / R = 838.8 / 2304.6 = 0.364
SAQs

Q1.  A 900 kg car rests on a slope which is inclined at 10o to the horizontal.  Determine the components of the car's weight parallel and perpendicular to the slope.  If the car is about to slip. determine the coefficient of limiting friction for the surfaces involved.

Q2. Repeat Q1 for a car of mass 560 kg and a slope of 15o.

Q3. Just as a car is about to slip down a slope of 18o, the frictional force is found to be 1500 N.  If the coefficient of limiting friction is 0.4.  Determine

(i) the reaction force
(ii) the weight of the car.

5.16. Moments and Torque

We discussed in the section on Newton’s laws of motion how two forces can cancel each other out if they act in opposite directions.  However, it is possible to have two forces of equal size acting in opposite directions on a body which do not cancel each other out.  As can be seen from the diagram below these forces can produce a rotation of the object.




Figure 34:- Equal and opposite forces acting on a body.

Forces acting in opposite directions can produce rotation so long as the two forces have different lines of action.  The line of action of a force is an imaginary line along the direction in which the force is acting, two examples  are represented below.




Figure 35:- Examples of lines of action of a force.

Every time we open a door, turn on a tap or tighten a nut with a spanner, we exert a turning force.  A very large turning effect can be produced with a comparatively small force provided the distance from the turning point or hinge is large.  For this reason it is easier to loosen a tight nut with a long spanner than with a short one. The combined effect of the force and distance which determines the magnitude of the turning effect is called the moment of a force or torque.  Torque is commonly represented by the Greek letter,  (tau).

Torque = Force x (perpendicular distance between line of action and centre of rotation)

= Fr

 = torque (Nm)

F = force (N)

r = perpendicular distance between line of action and centre of rotation (m)

Consider a door which is hinged at one end as shown in the diagram below from a top view.  




Figure 36:- Force acting on a door which produces zero torque.

If a force, F, is applied to the end of the door as shown, there is no turning effect as the line of action runs through the centre of rotation (the hinge) and so r = 0.  Hence

= Fr

= F x 0 = 0

The door does not rotate about its hinge.  (You may argue that there is now an unbalanced force acting on the door and so it must move, but this force is, in fact, balanced by an equal and opposite reaction force at the hinge which acts along the same line of action as the applied force, F.)




Figure 37:- Force acting on a door producing a turning effect.

In the above diagram, the force is applied perpendicularly to the end of the door.  This is the usual means of trying to close a door with the minimum amount of force required.   Assuming a force of 50 N and that the width of the door is 80 cm, the torque can be readily calculated.  The perpendicular distance between the line of action of the force and the centre of rotation is now equal to the width of the door.

= Fr

F = 50 N, r = 80 cm = 0.8 m

= 50 x 0.8 = 40 Nm
We will now consider the case where the line of action of the force neither passes through the centre of rotation nor does it act perpendicular to the door.  In order to determine the torque, we must calculate a value for r.




Figure 38:- Calculation of perpendicular distance, r, between line of action and centre of rotation.

Figure 38, shows the force, F, and its line of action.  A line is then drawn from the centre of rotation onto the line of action so that they meet at a right angle.  The length of this line is labelled r.  In order to determine the value of r, it is useful to redraw the right angled triangle separately.  Then it is possible to use basic trigonometry to calculate r.

cos 40o = adj / hyp = width of door / r

0.766 = r / 0.8

0.766 x 0.8 = r = 0.613 m

Now we can determine the torque,

= Fr

F = 50 N, r = 0.613 m

= 50 x 0.613 = 30.6 Nm    

This figure is less than the torque produced when the force acts perpendicular to the door.  In general, for a particular force, F, the turning effect (torque) of the force is maximised by making r as large as possible.  This can be achieved in two ways


(I) move the point of application of the force as far away from the centre of rotation as possible.  This is the basic principle of using a spanner to undo a nut as shown below.  If a nut is difficult to undo, simply use a longer spanner as this increases r and, consequently, increases the turning effect of the applied force.  This principle is also used with wing-nuts, door handles, water taps etc.


(2) apply the force in a direction perpendicular to a line from the centre of rotation to the point of application of the force - this again maximises r if the point of application of the force can't be moved.  In so doing the force is being applied tangentially. We all tend to do this automatically.




Figure 39:- Maximising turning effect (torque) using a spanner.  Force applied tangentially, at a distance from the centre of rotation.

Example: Calculate the torque exerted when a force of 80 N is applied tangentially to the end of a 10 cm long spanner.

Solution: Convert to SI units where necessary. F = 80 N, r = 10 cm = 0.1 m

= Fr

= 80 x 0.1 = 8 Nm
Example: During a machining test on a lathe, the tangential force on the tool is 150 N.  If the torque on the lathe spindle is 12 Nm, determine the diameter of the work-piece.

Solution: = 12 Nm, F = 150 N, r = ?

= Fr

12 = 150 x r

12 / 150 = r = 0.08 m

r is the distance from the centre of rotation to the line of action of the force.  As the force was applied tangentially, this must equal the radius of the work-piece.

diameter of work-piece = 2 x r = 0.16 m
5.17. Principle of Moments

In many instances, more than one turning force may act on a system at any one time.  We will look at simple situations where this can arise and use the principle of moments to determine the outcome.  The principle of moments states that when a system is balanced about a pivot (fulcrum) then the sum of all the clockwise turning moments equals the sum of all the anticlockwise moments.

The moment of a force is equivalent to torque.

 clockwise moments =  anticlockwise moments

clock = anticlock
Principle of moments for a balanced system.

Example: For the system shown in Figure 40, determine the downward force which must be applied at a point 1 m from the pivot to maintain the balance of the beam.  Assume the beam to be massless.




Figure 40:- Forces acting on a massless beam.

Solution: For the beam to balance, by the principle of moments, the clockwise and anticlockwise moments must be equal.  The turning effects of the two forces acting are shown in the next diagram.




Figure 41:- The turning effects of the forces shown in Figure 40.

Anticlockwise moment:

X 
( Anticlock moment = X x 1 = X

Clockwise moment:

F
( Clockwise moment = 60 x 2 = 120

Clockwise and anticlockwise moments are equal, hence

X = 120  ( the force X acting 1 m from pivot must be 120 N.

Example: For the system shown in the diagram, determine the location of an upward force of 1 kN which must be applied to maintain the balance of the beam.  Assume the beam to be massless.




Figure 42

Solution:  This example is slightly more complicated but it can easily be solved if we determine which forces are acting clockwise and which are acting anticlockwise - then use the principle of moments.

Clockwise  - 3 kN, 5 kN and 7 kN forces will all produce clockwise turning effects about the pivot. Note that the distance of the 5 kN force from the pivot = 3 m + 1 m = 4 m.  The forces must be expressed in kN before carrying out the calculation.

Clockwise moments = 3 000 x 1 + 5 000 x 4 + 7 000 x X




= 3 000 + 20 000 + 7 000 X = 23 000 + 7 000 X

Anticlockwise - 4 kN force.

Anticlockwise moment = 4 000 x 2.5 = 10 000 

By the principle of moments:

Clockwise moments = Anticlockwise moments

23 000  + 7 000 X = 10 000

Solve to find X

7 000 X = 10 000 - 23 000 = - 13 000

X = - 13 000 / 7 000 = - 1.86 m
The answer is negative - this indicates that the force of 7 kN should be applied 1.86 m on the other side of the pivot to that shown.  The new situation is shown in the diagram below.




Figure 43
We have shown the forces acting on a balance or lever as simple arrows but they can have obvious sources.   For example, two children sitting on a see-saw.  The forces acting are due to the weight of the children.  An additional turning effect may be introduced if we consider the weight of the beam - this has an effect when the beam isn't supported directly under its centre of gravity.  Note: the weight of an object is always taken to act downwards from its centre of gravity.

Example: An adult of mass 70 kg sits on one end of a 3 m long see-saw which has a mass of 30 kg and is pivoted 1m from the end on which the adult sits.  Determine the mass of a child who just balances the see-saw when sitting on the other end. (Acceleration due to gravity = 9.81 ms-2)

Solution:  The first step in the solution of a problem such as this is to sketch a force diagram as below (Figure 44).




Figure 44:- See-saw pivoted off-centre.

In this diagram, M represents the mass of the child.  All the forces are shown as the mass multiplied by g which is the symbol for the acceleration due to gravity.  The weight of the beam acts directly down from its centre.

Clockwise forces: 30 g and M g

30 g = 30 x 9.81 = 294.3 N

M g = 9.81 M

Clockwise moments = 294.3 x 0.5 + 9.81 M x 2 = 147.15 + 19.62 M

Anticlockwise force: 70 g

70 g = 70 x 9.81 = 686.7 N

Anticlockwise moments = 686.7 x 1 = 686.7

By the principle of moments

147.15 + 19.62 M = 686.7

19.62 M = 686.7 -147.15 = 539.55

M = 539.55 / 19.62 = 27.5 kg
SAQs

Q1.  A massless beam 5 m long is pivoted at its centre.  If a force of 50 N is applied 1 m from one end of the beam, determine the force acting at the other end of the beam to maintain a balance.

Q2.  Two children of mass 40 kg and 30 kg are playing on a 2 m long see-saw pivoted at its centre.  If the 30 kg child sits at one extreme end of the see-saw, determine the position of the other child when the see-saw is balanced.

Q3.  A see-saw has a mass of 40 kg, is 3.5 m long and is pivoted 1.5 m from one end.  If a man of mass 80 kg sits at the short end of the see-saw, what mass object placed on the other end of the see-saw, just keep it balanced.

5.18. Reaction Forces at Supports

A horizontal beam can be supported at a single point by a force (support) acting at the centre of gravity.  The weight of the beam acting down at its centre of gravity is then exactly balanced by the reaction force from the support.   Obviously this is a quite unstable situation, as the beam will become unbalance if it is shifted slightly and the centre of gravity is no longer directly above the support - there is then a moment acting which causes the beam to rotate until one end hits the ground.




Figure 45:- Balanced and unbalanced beam on a single support.

It is more usual for a beam to have two supports and such a beam may be used for a platform along which workers may move.  In this section we will look at the reaction forces at each support  and their relationship to the location of workers on the platform.

As a starting point, we will analyse a platform where two supports are used at each end to support a beam of mass, 50 kg which is 4 m long.




Figure 46:- Beam supported at either end.

To determine the reaction forces at each support, we must take moments about each support in turn.

Moments about support1.

Clockwise: weight of beam - 50 g

50 g = 50 x 9.81 = 490.5 N 

Clockwise moment about support 1 = 490.5 x 2 = 981 Nm

Anticlockwise: reaction force from support 2

Anticlockwise moment about support 1 = R2 x 4 = 4 R2
The beam is balanced about support 1, hence we can apply the principle of moments about support 1

Clockwise moment = Anticlockwise moment

981 = 4 R2 ---> R2 = 981 / 4 = 245.25 N
Moments about support 2:

Clockwise: reaction force from support 1, R1 

Clockwise moment = R1 x 4

Anticlockwise: weight of beam = 490.5 N

Anticlockwise moment = 490.5 x 2 = 981 

The beam is balanced about support 2, hence we can apply the principle of moments about support 2

Clockwise moment = Anticlockwise moment

4 R1 = 981 = ---> R2 = 981 / 4 = 245.25 N
Notice that the reaction forces are both equal, this is because the centre of gravity of the beam is halfway between the two supports.

Also note - the upward force acting = R1 + R2 = 490.5 N

the downward force acting = weight of beam = 490.5 N.

As before, when the beam isn't moving the upward and downward forces must be balanced.

Example: A beam of mass 80 kg is 7 m long and is supported by two supports, 1 m from each end.  Calculate the reaction forces at each support when a worker of mass 60 kg stands on the beam between the supports, 1.5 m from one of the supports.

Solution: Draw a force diagram.




Figure 47

Weight of beam = 80 g = 80 x 9.81 = 784.8 N

Weight of worker = 60 g = 60 x 9.81 = 588.6 N

Take moments about each of the supports in turn.

Moments about support 1:

Clockwise: weight of beam (784.8 N) and weight of worker (588.6 N) 

Clockwise moments = 784.8 x 2.5 + 588.6 x 3.5 = 1962 + 2060.1 = 4022.1

Anticlockwise: reaction force at support 2

Anticlockwise moment = R2 x 5 = 5 R2
Using the principle of moments gives

4022.1 = 5 R2 

R2 = 4022.1 / 5 = 804.42 N
Moments about support 2:

Clockwise: reaction force at support 1

Clockwise moment = R1 x 5 = 5 R1  

Anticlockwise: weight of beam (784.8 N) and weight of worker (588.6 N)

Anticlockwise moments = 784.8 x 2.5 + 588.6 x 1.5 = 1962 + 882.9 = 2844.9

Principle of moments gives

5 R1 = 2844.9

R1 = 2844.9 / 5 = 568.98 N   

Considering the forces in the vertical direction - we should obtain

R1 + R2 = weight of beam + weight of worker = 784.8 + 588.6 = 1373.4 N

R1 + R2 = 804.42 + 568.98 = 1373.4 N

The fact that these figures correspond is a good check that our calculation has been accurate.

Note: the reaction force is greater at the support closest to the worker.  Obviously, the closer the worker is to a support the more of the worker's weight that support has to bear.

SAQs

Q1 A beam of mass 75 kg, 5 m long, is balanced on two supports.  One at the end of the beam and the other 1 m from the other end.  Determine the reaction forces at each of the supports.

Q2. A beam of mass 60 kg and 4 m long is supported by 2 supports 1 m from either end.  Calculate the reaction forces at each support when a person of mass 90 kg stands halfway between one support and the end of the beam.

Q3.  If the person in Q2 edges further out towards the end of the beam, there will come a point when the reaction force at the furthest support equals zero.  Calculate the position of the person which would bring this about and explain what is likely to happen if the person edges further out.

5.18.1. Levers

Levers come in all shapes and sizes but the simplest lever, the crowbar, provides an illustration of the application of moments.  In the first example on the principle of moments we saw that a force of 120 N acting 1m from the fulcrum (pivot) of a see-saw exactly balanced a 60 N force acting 2 m from the fulcrum.  This shows that it is possible to raise a large weight using a smaller force by means of a lever.  

Note: the force needed to raise an object is equal to the weight of that object.

F = W = mg

In the diagram a force of 100 N acting 5 m from the fulcrum of the lever has been used to raise a 500 N weight situated 1 m from the fulcrum.

Note: the force applied is referred to as the effort and the weight to be raised is called the load.




Figure 48:- Principle of the lever.

The force of 100 N acting downwards 5 m from the fulcrum has a clockwise turning effect of 100 x 5 = 500 Nm.  At a point 1 m on the other side of the pivot, the clockwise turning effect from the effort applied is still 500 Nm.  This gives an equivalent upward force, F, at this point of 

F x 1 m = 500 Nm

Hence

F = 500 N

which is sufficient to lift the 500 N weight sitting at that point.

Example: A 500 kg mass sits 50 cm from the fulcrum of a lever system.  What force must be applied to the other end of the lever which is 4 m from the fulcrum, in order to lift the car.




Figure 49:- Force diagram for the example.

Solution: The force required to lift the car is equal to the weight of the car given by 

W = mg = 500 x 9.81 = 4905 N.

This upward force must be acting 50 cm (= 0.5 m) from the fulcrum.  Taking moments

4905 x 0.5 = F x 4

where F is the effort required at the end of the lever.

2452.5 = 4 F ----> F = 2452.5 / 4 = 613.125 N
Note that for a lever the ratio of effort to load is equal to the ratio of the distances of load and effort to the fulcrum i.e.

effort / load = distance from load to fulcrum / distance from effort to fulcrum 

For example in the last problem

distance from load to fulcrum = 0.5 m, distance from effort to fulcrum = 4 m

ratio of distances = 0.5 / 4 = 0.125

Hence the effort required should be 

effort = 0.125 x load = 0.125 x 4905 = 613.125 N

which agrees with our original answer.

Example: Calculate the effort required at a distance of 3 m from the fulcrum of a lever to raise a 95 kg mass which is located 0.75 m from the fulcrum.




Figure 50

Solution: The load is equal to the weight of the 95 kg mass.

Load = mg = 95 x 9.81 = 931.95 N

effort / load = ratio of the distances involved = 0.75 / 3 = 0.25

effort = 0.25 x 931.95 = 232.99 N  

You may be wondering where this increase in force is coming from.  Are we getting something for nothing - less effort required to shift the same amount of material.  In the next section of the course, you will see the problem with this argument.  Before we come to that, have a think as to what you feel may be the pay-off for the magnification of force achievable with a lever.

SAQs

Q1.  A lever is 5 m long.  If a mass of 25 kg is placed on one end of the lever and the fulcrum is located 0.5 m from that end, determine the effort needed to lift the load.

Q2. A load of 300 kg is placed 0.3 m from the fulcrum of a lever.  If the effort available is 500 N, determine the point at which this should be applied to just lift the load.

Q3.  You have a load of 650 kg, a lever 4 m long and an available effort of 1200 N.  Determine the location of the fulcrum which will just give the amount of force magnification required to lift the load.  Assume that the effort and load are applied at the extreme ends of the lever. (Hint: Take x to be the distance of the load from the fulcrum and use (4 - x) as the distance of the effort from the fulcrum)

Work, Energy and Power

The terms work, energy and power are ones which you come across routinely in everyday life.  They are usually used to cover a variety of meanings some of which are quite different from the specific definitions assigned to these words in physics.  In this section, we will define these terms, show how they are related and use sample calculations to help you understand them more fully.

5.19. Work

Work is done when a force moves through a distance.

The SI unit of work is the Joule, J.  The work done can be determined using the formula

W = Fs

where


W = work done (J)


F = force applied (N)


s = distance moved by force (m)

Note that by this definition, the force must move for work to be done.  Hence, someone standing carrying a heavy load is not considered to be doing work unless the load is moved.  Examples of work include (a) a hammer striking a metal sheet, the hammer applies a force to the sheet which deforms it (b) a car engine driving a car along a road.

Example: Calculate the work done when a force of 5 N moves through a distance of 7 m.

Solution: W = Fs, F = 5 N, s = 7 m

W = Fs = 5 x 7 = 35 J
Example: Calculate the work done when a mass of 18 kg is lifted 5 m vertically.

Solution: The force required to lift a mass equals the weight of the mass, mg

weight = mg = 18 x 9.81 = 176.58 N

Therefore, F = 176.58, s = 5 m

W = Fs = 176.58 x 5 = 882.9 J
One joule of work is quite a small amount and is equivalent to the work required to lift a 1 kg  bag of sugar through a vertical distance of 10 cm.

In the last section, looking at levers, we made reference to the fact that in science, as everywhere else, there is no such thing as a free lunch.  The effect of a lever in magnifying a force must have a cost somewhere along the line.  The cost is in fact related to work.  Basically, however an operation is carried out, the same amount of work will be done in each case.  When using a small effort to raise a large load, the distance the effort has to be applied for will be much greater than the distance moved by the load.  Hence, the same work is done

W = Fs

(Fs)effort = (Fs)load
The lever may allow us to use a force of 100 N to lift a load of 500 N but if the load is to be raised 1 m, the effort will have to move 5 m.  In each case the same amount of work is done, however it is generally safer and easier to apply a small force for a long distance that a large force over a shorter distance.

5.20. Energy

Energy is defined as the capacity to perform work.  

Without energy there can be no work done, and in this way it is similar to the everyday use of the phrase.  It has the same SI unit as work (J).  Energy comes in many different forms (e.g. chemical, electrical, thermal, sound, light, nuclear, wind, mechanical) and can change between these different types.  One example showing how energy can change from one type to another is the operation of an electric light bulb.  

The energy chain starts in the core of the sun where nuclear energy is released and is converted to thermal energy keeping the sun hot.  All hot bodies radiate energy in the form of light energy.  This travels to earth and is absorbed by plants which use the energy to breakdown nutrients in the soil helping the plant to grow.   Over many millions of years the plants decay and become covered.  The effect of the pressure acting on them and the decay process can cause the formation of gas, oil or coal depending on the local conditions.  The chemical energy contained in these fossil fuels is released when these are burned.  This produces thermal energy which is used to boil steam increasing its pressure enabling it to move turbine blades (mechanical energy) which produce electricity.  This electrical energy is fed to the home and when the light bulb is switched on, the filament of the bulb gets very hot producing light and thermal energy.

5.21. Mechanical Energy

We will discuss many of the other forms of energy in later sections of the course.  However, mechanics is primarily the study of forces and motion and in this section we will look at mechanical energy.  There are two principal types of mechanical energy


(i) Kinetic energy - energy associated with the motion of a body


(ii) Potential energy - energy associated with the position or state of a body.

We will look at these in turn.

5.21.1. Kinetic Energy

The KE of a body is the energy a body has due to its motion.  It is given by

KE = 1/2 mv2 


KE = kinetic energy (J)


m = mass of body (kg)


v = speed of body (ms-1)

Example:  Calculate the KE of a 5 kg mass moving at 14 ms-1.

Solution: m = 5 kg, v = 14 ms-1 

KE 
= 1/2 mv2 


= 0.5 x 5 x 142 


= 0.5 x 5 x 196


= 490 J

Note that it is only the velocity, in this case 14, which is squared.

5.21.2. Potential Energy, PE

PE is a less straight forward form of energy than KE, as it exists in many different guises.

PE is the energy an object has due to its position or state.

Examples: 

A stretched bowstring possesses PE and when released this is transformed into the KE of the motion of an arrow.

When winding up a clock or watch, you are tightening a spring.  This tightened spring has PE which it slowly releases with time into the KE of the mechanism of the clock/spring.

An object held above the ground, has gravitational PE due to its position above the earth.  Again, this can be converted into KE when the object is dropped and moves downwards.

The PE involved in each of the situations above can be calculated, but each requires its own formula.  In order to illustrate the concept of PE more clearly we will look at gravitational PE. 




Figure 51:- Gravitational potential energy of a body.

Figure 51 shows a body of mass m held stationary at a height, h, above the ground.  The gravitational PE of the body is then given by 

PE = mgh


PE = gravitational potential energy (J)


m = mass of body (kg)


g = acceleration due to gravity (ms-2)


h = height of body above the ground (m) 

You may well be wondering how the object managed to obtain this energy.  This can be easily explain if we consider the work required to lift a mass m from the ground up to height, h.

W = Fs

F = force applied and in order to lift a mass, m, a force equal to the weight, mg is required.

s = distance the force moves, which in this case is h.

W = Fs = mg x h = mgh

Hence, the work done in lifting up the body to its present height is exactly equal to the gravitational potential energy of the body.  Hence, doing work on the body in lifting it, gave the body potential energy.

Example: 


(i) Calculate the potential energy of a 800 kg car which is on a platform raised 2 m above the garage floor.


(ii) What amount of work was done in raising the car to this position.

Solution: (i) m = 800 kg, g = 9.81 ms-2, h = 2 m.

PE = mgh = 800 x 9.81 x 2 = 15 696 J

(ii) The work done in raising an object from ground level is exactly equal to the PE of the body at its new height, hence

Work done = 15 696 J

Example:  A 200 kg concrete beam is suspended 5 m above the ground by a mechanical crane.  


(i) Calculate the PE of the beam


(ii) If the crane does a further 15 kJ of work in raising the beam, determine its new height.

Solution: 




Figure 52

(i) m = 200 kg, g = 9.81 ms-2, h = 5 m.

PE = mgh = 200 x 9.81x 5 = 9 810 J
(ii) Work of 15 kJ is done - this equals the increase in PE of the beam

PE of beam after work being done = 9 810 + 15 000 = 24 810 J

24 810 = PE = mgh

24 810 = 200 x 9.81 x h

24 810 = 1962 h

24 810 / 1962 = h = 12 .645 m 

SAQ

Q1. Determine the kinetic energy of a car of mass 850 kg moving at a speed of 22 ms-1.

Q2. The kinetic energy of a ball, mass 400 g, is 50 J.  Determine the speed of the ball.

Q3. Calculate the kinetic energy of a car of mass 900 kg moving at a speed of 100 km per hour.

Q4. Calculate the PE of a 3 kg mass at a height of 17 m above the ground.

Q5. Calculate the potential energy of a 45 g golf ball teed up 2 cm above the ground.

Q6. Calculate the (i) potential energy and (ii) kinetic energy of an aircraft, mass 500 tonnes (1 tonne = 1 000 kg) moving at a speed of 300 ms-1 at a height of 9 km. 

5.22. Conservation of Energy

The law of conservation of energy states that

"within an isolated system, energy can neither be created nor destroyed, though it may change from one form to another"

The universe can be taken to be an isolated system.  This law implies that the total amount of energy in the universe is fixed.  Energy in the universe can change between forms but the total will always be the same.

The universe is quite a complex system.  In the next example we will look at the motion of a ball in the air which can be thought of as an isolated system while in the air.

Example:  A ball, mass 500 g,  is thrown upwards with an initial velocity of 15 ms-1 from ground level. (i) Determine its initial kinetic energy and (ii) use the law of conservation of energy to determine the maximum height attained by the ball.

Solution:

(i) m = 500 g = 0.5 kg, g = 9.81 ms-2, v (initial) = 15 ms-1.

Initial KE is given by: KE = 1/2 mv2 where v is the initial velocity.

KE = 0.5 x 0.5 x 152 = 0.5 x 0.5 x 225 = 56.25 J

(ii) Conservation of energy states that the total energy of the ball at all points on its flight through the air is constant.  We have already calculated its initial KE, in order to determine the total energy we must now calculate the initial PE.

PE = mgh, however initially the ball is launched from ground level i.e. h = 0

Hence, initial PE = 0.5 x 9.81 x 0 = 0

Total energy  = KE (initial) + PE (initial)



= 56.25 J + 0 J



= 56.25 J

Therefore, the total energy of the ball throughout its motion in the air will be 56.25 J.

The question asked for the velocity with which the ball strikes the ground.  This problem can now be solved using the conservation of energy principle.

Total energy of ball at each point in its flight = 56.25 J

PE at ground level (h = 0) = mgh = 0.5 x 9.81 x 0 = 0

(PE + KE) as ball hits ground = 56.25 J, hence

KE as ball hits ground = 56.25 J

KE = 1/2 mv2  = 56.25

0.5 x 0.5 x v2  = 56.25

v2 = 56.25 / 0.25 = 225

v = 15 ms-1 

Note that the final velocity of the ball is equal to its initial velocity.  This occurs because initially the total energy of the ball is all KE as it is thrown from ground level where PE is zero.  When it returns to ground level all its energy must be KE once more and, as the total energy remains constant throughout the flight, the final KE will equal the initial KE.  Therefore the final velocity of the ball equals its initial velocity.

Another point worth noting is what happens when the ball strikes the ground - the simple answer to this of course is that it bounces.  However, the ball will not bounce as high as its maximum height calculated in the last question.  This is because the ball loses energy on impact with the ground.  This energy is lost in the form of sound (we can hear the impact) and vibration energy which passes through the ground.  Because the energy of the ball has been reduced, it will not bounce as high - the maximum height of the ball after each bounce is a measure of its total energy and this will be reduced with each succeeding bounce.

Example: A stone of mass 750 g is thrown upwards with an initial velocity of 12 ms-1 from the top of a cliff which is 20 m above sea-level.  Determine 


(i) the maximum height attained by the stone 


(ii) the velocity with which the stone strikes the sea


(iii) the velocity of stone when 10 m above the sea.

Solution: We will use the conservation of energy principle to solve this question though it could equally well be solved, with a bit more effort, using the equations of uniform acceleration.

Firstly calculate total energy - we are given enough information to determine this at the start of the motion.

KE = 1/2 mv2  = 0.5 x 0.75 x 122  = 54 J

PE = mgh = 0.75 x 9.81 x 20 = 147.15 J (stone is initially 20 m above the sea-level)

Total energy = 54 + 147.15 = 201.15 J

(i) At maximum height, v = 0, i.e. KE = 0, hence all the energy is now PE

PE = mgh = 201.15 J

0.75 x 9.81 x h = 201.15

7.3575 x h = 201.15

h = 201.15 / 7.3575 = 27.34 m 

(ii) As the stone strikes the sea, h = 0, hence PE = 0, all energy is now KE.

KE = 1/2 mv2  = 201.15

0.5 x 0.75 x v2  = 201.15

0.375 v2 = 201.15

v2 = 201.15 / 0.375 = 536.4 

v = 23.16 ms-1 

(iii) At 10 m above the sea

PE + KE = 201.15 J

mgh + 1/2 mv2 = 201.15

0.75 x 9.81 x 10 + 0.5 x 0.75 x v2 = 201.15

73.575 + 0.375 v2 = 201.15

0.375 v2 = 201.15  - 73.575 = 127.575

v2 = 127.575 / 0.375 = 340.2

v = 18.44 ms-1 

SAQs.

Q1.  Calculate the total mechanical energy of a stone which is travelling with a vertical speed of 8 ms-1 when it is 5 m above the ground.

Q2.  For the stone in Q1 determine (i) maximum height attained and (ii) velocity with which it strikes the ground.

Q3.  A ball of mass 200 g is kicked into the air and reaches a maximum height of 25 m.  Determine 


(i) the velocity with which the ball strikes the ground


(ii) if the ball loses 40 % of its energy on impact with the ground, how high is it likely to bounce?

5.23. Power

The term power can be defined in a number of ways

Power is the 

"rate of transfer of energy" which is the same as "energy transferred per second"

or 

"the rate of doing work" which equates to "the work done per second".

Hence, the power may be calculated using

power = work done / time taken

P = W / t 

or 

Power = energy / time

P = E / t

The units of power are those of energy or work (the joule) over the unit of time (the second).  This gives us the joule per second which is also called the watt (W).

1 W = 1 J s-1 

e.g. a 500 W heater supplies 500 J of heat energy every second while an engine working at a power of 1.5 kW does 1 500 J of work every second.

Example: A heater operates at 1400 W.  Determine the amount of heat energy released in 3 minutes.

Solution: Time must be in seconds = 3 x 60 = 180 s and the power of the heater is given in the question in the correct SI unit of W.  

Note: Nowhere in the question does it say that 1400 W is the power of the heater - however, we know it is a power because its unit is W (the watt).

Use P = E / t

1400 = E / 180 

1400 x 180 = E = 252 000 J
A heater operating at a power of 1 400 W releases 1 400 J of heat energy every second.  Over a period of 3 minutes this amounts to 252 kJ of heat.

Example: A machine takes 2 minutes to raise a 2 500 kg mass vertically through 5 m.  Calculate the power developed by the machine.

Solution:  The machine is doing work so the appropriate equation to use is 

P = W / t.  Now we need to calculate the work done (W) first 

W = F s where the force required in this case is the weight of the mass

F = mg = 2500 x 9.81 = 24 525 N

W = F s = 24 525 x 5 = 122 625 J

P = W / t  (note time must be in seconds)

P = 122 625 / 120 = 1021.9 W 

SAQs

Q1. In order to boil the water in an electric kettle, 7 x 106 J of heat energy are required.  How long will this take if the heater used has a power output of     1 200 W?

Q2. How much energy is released in one hour by a heater operating at 2 kW?

Q3. Calculate the power developed in a motor which is used to lift a 100 kg mass through a height of 40 m in a time of 0.5 minutes.

Q4. A car, of mass 800 kg, is moving at constant speed of 25 ms-1 against a frictional force of 4500 N.  Calculate the power developed by the engine.

6. Fluids

Fluids are states of matter in which atoms or molecules can readily move with respect to each other i.e. gases or liquids.

Density

In everyday usage we refer to some materials as being heavier than others.  For example, steel is a heavier material than balsa wood.  Strictly, of course, this may not always be correct because 100 kg of balsa wood is heavier than 50 kg of steel.  However, it is always true that a volume of steel will always be heavier than the same volume of balsa wood.  This property of the materials which we are comparing is called density.

The density of a material is its mass per unit volume 

density  = mass / volume

 (rho)   = m / V

where


m = mass (kg)


V = volume (m3)

SI unit of density is kg m-3 

Density is a measure of the concentration of mass of a material and can be thought of as the mass, in kg, of a 1 m3 block of the material.  

Example - Calculate the density of a block of steel of mass 187.2 kg measuring 20 cm x 30 cm x 40 cm.

Solution: Convert quantities to the appropriate units.  SI unit of length is the metre.  Block measures 0.2 m x 0.3 m x 0.4 m.

density,  = m / V

m = 187.2 kg, V = 0.2 x 0.3 x 0.4 = 0.024 m3 

 = m / V = 187.2 / 0.024 = 7 800 kg m-3 

Question - Calculate the mass of a block of glass which measures 20 cm x 15 cm x 0.5 m and has a density of 2100 kg m-3.

6.1. Relative Density

The above is fine if the volume of the material is readily measured.  However for liquids and many solids it is more common to quote a relative density also known as specific gravity.  This quantity has no units and measures density of the material relative to water i.e.

relative density, RD 
= density of material / density of water

RD is a simple ratio and has no units.  If a material has a RD of 2.7 then, because we know the density of water to be 1000 kg m-3, it is possible to determine the density of the material,  = 2 700 kg m-3.

	
	Density / kg m-3
	Relative density

	Iron
	7 800
	7.8

	Aluminium
	2 700
	2.7

	Lead
	11 300
	11.3

	Alcohol
	790
	0.79

	Air
	1.29 (at 0oC)
	0.00129

	Platinum
	21 500
	21.5


Table 2:- Density and relative density of various substances.

In questions always convert RD to density before doing any calculations.

Example: What volume is occupied by 40 kg of a liquid of relative density 1.5?

Solution: Start by converting relative density to density.  The density of the liquid is found by

 = RD x 1 000 kg m-3 = 1.5 x 1 000 = 1 500 kg m-3 

= m / V  (  V = m  (  V = m /  

V = 40 / 1 500 = 0.0267 m3  

SAQ

Q1. Calculate the mass of a metal which measures 10 cm x 50 cm x 10 mm and has a relative density of 6.8.

6.2. Pressure

The pressure on a surface is defined as the force per unit area

Pressure = Force / Area

P = F / A


F = Force (N)


A = area (m2)


P = pressure (Pa)

Force is measured in N and Area in m2, the SI unit of pressure is then N m-2 (also known as Pascal, Pa).   If a person stands on a floor, he/she exerts a pressure on the floor.  The force on the floor is the person’s WEIGHT ( = mass x acceleration due to gravity) and the area used in the above formula is the area of contact between feet and floor.

Example: Calculate the pressure exerted by a woman of mass 50 kg when the contact area on each foot is 150 cm2.  Indicate how this value would change if she



(i) stood on one foot



(ii) changed into stilettos

Why do snow shoes have such large bases?

Solution: The question asks you to calculate the pressure exerted by the weight of the woman:

P = F / A  where F = mg and A = 150 cm2 x 2 (2 feet in contact with floor)

The area must be converted to SI units i.e. m2 

Remember - 

1 m2 = 1 m x 1 m = 100 cm x 100 cm = 10 000 cm2 

10 000 cm2 = 1 m2 

1 cm2 = 1 / 10 000 m2 

300 cm2 = 300 / 10 000 m2 = 0.03 m2 

Weight of woman = mg = 50 x 9.81 = 490.5 N = force acting, F.

Pressure, P = F / A = 490.5 / 0.03 = 16 350 Pa.

(i) When standing on one foot, the area of contact is halved to 0.015 m2.

P = F / A = 490.5 / 0.015 = 32 700 Pa 

which is, as you would probably have expected, twice the pressure when both feet are on the ground. 

(ii) When wearing stiletto heels, the area of contact between shoe and ground is greatly reduced, hence the pressure at the tip of the heel will be much greater.  

Snow shoes have a very wide base which greatly increases the area of contract, spreading the weight of the person over a much greater area and so reducing the pressure.  This helps prevent people sinking in snowdrifts.  Similarly, tractors have such huge tyres in order to spread the weight, lowering the pressure which prevents sinking in very wet soil / mud.

SAQ

Q1. A brick measures 10 cm x 10 cm x 25 cm, and has a mass of 5.75 kg.  Use this information to determine


(i) density of brick


(ii) the pressure acting when block is placed 

    

(1) standing with the end face in contact with the ground



(2) with one side face in contact with the ground.

Q2. A swimming pool is 20 m long, 7 m wide and has water to a depth of 2m. 
(i) Given that the density of water is 1 000 kg m-3, determine teh mass of water in the pool.


(ii) Calculate the pressure acting on the bottom of the swimming pool.

6.3. Pressure in a Liquid

A beaker contains mass, m, of a liquid, density, , to a depth h as shown in the diagram.  This liquid exerts a pressure on the base of beaker which has an area, A, due to the weight of liquid in the beaker.




Figure 53:- Liquid in a beaker.

We can easily derive a formula for the pressure on the base of the beaker -



pressure = weight of liquid in beaker / area of base 

P = mg / A

Ultimately we want to obtain a formula which can be applied quite simply in a wide variety of situations.  However, the formula above requires knowledge of the mass of fluid involved, m, and the area of the base, A.  These quantities may be difficult to measure in certain situations e.g. when we are trying to determine the pressure on the sea bed due to an ocean.  Fortunately they can be eliminated from the equation.

From before

 = m / V 
(
m = V

but volume of liquid may be expressed as 

Volume = area of base x height of liquid i.e.

 V = hA

Hence

m = hA

We can now replace m in our original equation for pressure in a liquid, 


P = mg / A = hAg / A

Hence



P = gh


P = pressure (N m-2) 


 = density (kg m-3) 


g = acceleration due to gravity (ms-2), 


h = depth of liquid (m)

Example: Calculate the pressure experienced by a diver working at 10 m below sea level due to the water above. (Use density of water = 1 000 kg m-3)

Solution: Pressure can be calculated using

P = gh

 = 1 000 kg m-3, g = 9.81 m s-2, h = 10 m  
All information is in SI units.

P = 1 000 x 9.81 x 10 = 9.81 x 104 Pa
6.4. Atmospheric Pressure

Air is a fluid and we experience a pressure due to the weight of air above us in the atmosphere.  The atmosphere extends for many miles upwards from the earth's surface with the air thinning (density decreasing) with increasing altitude.  The pressure due to the atmosphere above us is called atmospheric pressure.  This pressure is typically around 1.01 x 105 Pa but it is continually varying and this variation plays a significant part in determining our weather.



1 Pa = 1 N m-2


1 atmosphere (atm.)  = 1.01 x 105 Pa



1 bar = 1 x 105 Pa



1 atm = 760 mm Hg
 (millimetres of mercury)

1 atm pressure is equivalent to the pressure exerted by a 10 tonne mass resting on an area of 1 square metre.  This is obviously a very large pressure but as we are born into it and it is the pressure we experience day in, day out we do not notice it.  

Example: Calculate the total pressure acting on the diver in the last worked example.

Solution:  In the last worked example, the pressure due to 10 m of water was calculated and found to be 9.81 x 104 Pa which is only slightly less than 1 atm..  In this situation the diver experiences a pressure of 9.81 x 104 Pa due to the water but on top of the water there is the additional pressure of atmospheric pressure which we will assume to be 1 atm on the day in question. Hence,

total pressure on diver = pressure due to water + atmospheric pressure

Must use SI units i.e. Pa

P = 9.81 x 104 + 1.01 x 105 = 1.991 x 105 Pa

The diver will definitely notice the extra pressure acting.

In general, every 10 m of water adds approximately 1 atm to the pressure on a diver.

Example: Calculate the pressure at the base of a container which contains mercury to a depth of 760  mm, as shown in the diagram. (The density of mercury = 13 600 kg m-3)




Figure 54:- Beaker of mercury.

Solution: 

Use P = gh as before.  

 = 13 600 kg m-3, g = 9.81 m s-2, h = 760 mm = 0.76 m.

P = 13 600 x 9.81 x 0.76 = 1.01 x 105 Pa  

Referring back to the units of pressure / atmospheric pressure, the answer to this calculation is equivalent to one atm which in turn is also equal to 760 mm Hg (Hg is the symbol for mercury).  Older barometers measure atmospheric pressure in mm Hg.  Obviously from this calculation the unit is equating atmospheric pressure to the depth of mercury (in mm) required to produce the same pressure.

SAQ

Q1 In Q2 of the last set of SAQ's, you were asked to calculate the pressure on the bottom of a swimming pool which measured 20 m x 7 m x 2 m.  Confirm your original answer using the formula P = gh.

Q2. Determine the total pressure acting on a diver at a depth of 25 m underwater.  Assume atmospheric pressure = 1 atm. and density of water = 1000 kg m-3.

Q3. Calculate the total pressure at 5 m underwater on a day when a mercury barometer measure 755 mm Hg at sea level.  (Density of mercury = 13 600 kg m-3, density of water = 1 000 kg m-3)
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