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MAIN TOPICS TO COVER 

• Thermodynamics 

– Thermodynamic Systems, 
States and Processes 

– The First Law of 
Thermodynamics 

– The Second Law of 
Thermodynamics 

– Heat Engines and Thermal 
Pumps 

– The Carnot Cycle and Ideal 
Heat Engines 

• Vibrations and Waves 
– Simple Harmonic 

Motion 
– Equations of Motion 
– Wave Motion 
– Wave Properties 
– Standing Waves and 

Resonance 

• Sound 
– Sound Waves 
– The Speed of Sound 
– Sound Phenomena 
– The Doppler Effect 

TEXT: College Physics by          Chapters 12-14 



Thermodynamics: Introduction 

• Whenever there is a temperature difference, the 
potential exists for obtaining useful work. 

• Objective : To learn under what condition and with 
what efficiency  heat can be exploited to perform 
work. 

•  This can be achieved in machines as diverse as 
automobile engines and home freezers. 

• What is Thermodynamics? It deals with the transfer 
or the actions (‘dynamics’) of heat (‘therme’-Greek 
word). 

• It is primarily concerned with heat and work. 
• It is a broad and comprehensive science that 

includes a great deal more than heat engine theory; 



Thermodynamic Systems, States & Processes 
• System: This refers to a definite quantity of matter enclosed by 

boundaries or surfaces, either real or imaginary. 

• For example, a quantity of gas in the piston-cylinder of an engine has 
real and imaginary boundaries. 

• We consider systems for which there is a transfer of matter across 
boundaries and systems of constant mass. 

• Important thermodynamic consideration: Interchange of Energy 
between a system and its surroundings. 

• This exchange may occur through a transfer of heat and/or the 
performance of mechanical work.  

• When heat does enter or leave a system, it is absorbed from or given 
up to the surroundings or to heat reservoirs. 

• Heat Reservoir: A system assumed to have an unlimited heat capacity. 

• If heat transfer into or out of the system is impossible, the system is 
said to be a thermally isolated system. 



State of a System 
• Any amount of heat can be withdrawn from or added to a 

heat reservoir without appreciably changing its 
temperature (e.g taking a cup of water from or adding to 
the ocean). 

• There are equations of state that describe the conditions of 
thermodynamic systems which expresses mathematically 
relationship between the variables pressure (p), volume (V), 
absolute temperature (T) and mass, N the number of 
molecules of a gas. 

• pV = NKBT 
• These quantities are called State Variables 
• A set of variables that satisfies the ideal gas law specifies a 

State of a System of ideal gas completely as long as the 
system is in thermal equilibrium and has a uniform 
temperature. 



State of a System Cont’d 

• Using the ideal gas law, we can determine the 
temperature of a gas if we know the pressure and 
volume (and the number of molecules or moles in 
the sample). 

• In other words, on a p-V diagram for a gas, a p-V 
‘coordinate ‘ gives the pressure and volume directly, 
as well as unique temperature for that condition or 
State of the gas. 

• Therefore for most situations involving a gas, only a 
p-V plot is necessary. 

• In other situations, we may refer to coordinates such 
as p-T or T-V. 

 



Processes 
• A process is a change in the state or thermodynamic 

coordinates of a system. 
• When a system undergoes a process, the set of 

variables p, V, and T that describe the state 
completely, will change. 

• For example, a state can go from a state (p1, V1, T1) to 
state (p2, V2, T2) by a thermodynamic process. 

• Processes are said to be either reversible or 
irreversible. 

• Suppose a system in equilibrium is allowed to expand 
quickly. The state of the system will change quickly 
and unpredictably but will eventually return to 
equilibrium with another set of thermodynamic 
coordinates. 
 



Reversible and Irreversible Processes 
• An irreversible process is that for which intermediate steps 

are none-equilibrium states. 
• Irreversible does not mean the process cannot be taken 

back to its initial state, it only means that the process can’t 
be retraced because of the none-equilibrium conditions. 

• If the gas expands very, very slowly, passing from one 
known equilibrium state to a neighboring one and 
eventually arriving at the final state, then the process path 
between the initial and the final state would be known. 

• This is called a Reversible Process – one whose path is 
known. (Path 3-4; previous illustration).  

• A perfectly reversible process is unachievable because all 
real thermodynamic processes are irreversible to some 
degree because they follow complicated paths with many 
intermediate  states. 



The First Law of Thermodynamics 

• The first law of thermodynamics is simply a 
statement of the conservation of energy as applied 
to thermodynamic systems. 

• In this system, Heat, Internal Energy and Work are 
the quantities involved. 

• Suppose some heat (Q) is added to a system. Where 
does the heat go? 
– It could serve to increase the internal energy; 

– It could result in work (W) being done by the system. 

• For example, when a heated gas expands, it does 
work on its surroundings (think of expanding air or 
in a balloon). 

 



First Law Cont’d 

• It is possible for the added heat to go into internal 
energy, work or both. 

• This gives the mathematical expression for the 
first law: 

Q = ΔU + W 

• Sign Convention: 
– +Q means that heat is added to the system; (-Q) – 

heat is removed. 

– +W means work is done by the system (e.g. the work 
done by an expanding gas). (-W)- work is done on the 
system (e.g. when a gas is compressed). 

 



U, Q and W – The Difference 
• The fundamental difference between U, Q and W is 

very necessary. 
• Any given system in a particular state will have a 

certain amount of internal energy, U. 
• Yet, a system does not possess certain amount of 

Heat or Work. 
• They change the state of the system and generally 

change the internal energy. 
• When heat is added or removed from a system, work 

is done on or by a system, thermodynamic processes 
occur that can change the system from one state to 
another, each having a particular internal energy, U. 

• This means the internal energy depends only on the 
state of the system and not on how it got there. 



Internal Energy Change 

• The change in the internal energy of a system, 
ΔU=U2-U1, depends only on the initial and final 
state and is independent of the process path. 

• This is analogous to the change in gravitational 
potential energy (mgh) being independent of 
path. 

• The first law can be applied to several processes 
for a closed system of an ideal gas.  

• Such processes have names beginning with isos, 
meaning “equal”  



Isobaric (Constant-Pressure) Process 
• A constant pressure process is 

called an isobaric process. (iso 
means equal and bar pressure). 

• An isobaric process for an ideal gas 
is as illustrated. 

• On a p-V diagram, the path of the 
process is along a horizontal line 
called an isobar (1-2). 

• When heat is added to the gas in 
the cylinder, the ratio V/T must 
remain constant V/T-NkB/p =a 
constant). The heated gas expands, 
there’s an increase in volume, The 
T must also increase meaning that 
Internal Energy must also increase. 



Isobaric Process Cont’d 
• This means the internal Energy of an ideal gas is directly 

proportional to its absolute temperature. 
• Work is done by the gas as it expands. 

W = F.Δx ; p = F/A; F = p.A; → W= p.A Δx 
• For an isobaric Process 

W = p ΔV = p (V2 - V1) 
• The work depends on the initial and final states and not on the 

process path. 
• The internal energy of a quantity of an ideal gas depends only 

on its absolute temperature. 
• Therefore a change in U is also independent of the process path 

but depends on the difference between the temperatures of 
these states. 

ΔU = U2 –U1 Q T2 – T1 



Isobaric Process Cont’d 
• Since V2 > V1 for an ideal gas, work is done by the 

system (+W), then  

Q = ΔU +W = ΔU + p ΔV   
(for an isobaric process) 

• Meaning, the heat added to the system goes into 
increasing the internal energy and into work done by 
the system. 

• If reverse is the case, gas compressing by an external 
force doing work on the system, all the quantities 
would be negative. 

• Heat flows out (-Q), internal energy and 
temperature would decrease, (-ΔU) 



Isometric (Constant-volume) Process 

• Isometric is short for 
isovolumetric or equal 
volume – An equal 
volume process. 

• It is sometimes called 
isochoric process. 

• The process path is 
shown on a p-V 
diagram along a 
vertical line (1-2) called 
an isomet 



Isometric Process Cont’d 

• No work is done i.e. 

W = p ΔV = 0,  since ΔV = 0) 

• If heat is added, it goes into increasing the 
internal energy & temperature of the gas. 

• By the first law,  

Q = ΔU + W = ΔU + 0. Thus Q = ΔU 

 

 



Isothermal (constant-Temperature) Process. 

• Isothermal means 
Constant temperature 
process. 

• Here the process is 
along an isotherm or 
a line of constant 
temperature. Since 
p=NkBT/V=constant
/V for an ideal gas 
isothermal process, 
an isotherm is a 
hyperbola on a p-V 
diagram. 

 

 



Isothermal Process Cont’d 

• In going from state 1 to 2, hest is added to the system 
• Both the pressure and volume change in order to keep 

the temperature constant (pressure decreases and 
volume increases) 

• The work done by the expanding system (+W) is again 
equal to the area under the process path. 

• For an isothermal process, the internal energy remains 
constant (ΔU  = 0), because the temperature is 
constant. 

• By the first law 

Q = ΔU + W = 0 + W and  
For an isothermal process  Q = W 

Here, heat energy is converted to mechanical work. 



Adiabatic Process 
• This is another process in which a thermodynamic 

condition remains constant. 

• In an adiabatic process, no heat is transferred into or 
out of the system. That is Q = 0. 

• Adiabatic means quickly – before significant heat can 
flow. 

• In actual situations, we can only approximate an 
adiabatic process because, there is always some heat 
transfer. 

• This is satisfied for a thermally isolated system if they 
occur rapidly enough that there isn’t time for much 
energy to be transferred into or out of the system. 

 



Adiabatic 
Process Cont’d 



• A system follows the process path which is a curve 
called an adiabat. All the three thermodynamic 
coordinates change. 

• When a compressed gas is suddenly released, p 
and V would change, Work is done at the expense 
of the internal energy of the gas so T would drop. 

• By the first law 

Q = 0 = ΔU + W and 

• W = ΔU for an adiabatic expansion. 

 

Adiabatic Process Cont’d 



Adiabatic process cont’d 

• In an adiabatic expansion, work i.e. the area 
under the process path, is done by the system 
and therefore positive. 

• ΔU must be negative corresponding to a 
decrease in the system’s internal energy. 

• Since the internal energy U of an ideal gas 
depends only on its temperature, this decrease 
is evidenced by a decrease in temperature. 



Problem 1. 

• An ideal gas occupies a volume of 22.4 L at STP 
(standard temperature and pressure). While 
absorbing 2.53kJ of heat from the surrounding, the 
gas expands isobarically to 32.4 L. What is the 
change in the internal energy of the gas? 

• Note: Heat is absorbed, hence Q is +ve.  

• For an isobaric process, we compute work, W as 
the area under the rectangle. W will therefore be 
+ve. 

• The First Law will allow us to compute the internal 
energy change, ΔU. 



Problem 1 Cont’d 
• Given:  

p1 = p2 = 1 atm = 1.01 x 105 N/m2 Pa. 
V1 = 22.4 L = 22.4 x 10-3 m3 

V2 = 32.4 L = 32.4 x 10-3 m3 
T1 = 0 C = 273 K 

Q = 2.53 kJ = 2.53 x 103 J. 
• The change in internal energy is given by the first law: 

ΔU = Q – W. 
• We first compute W, the work done by the expanding 

gas because we know Q.. 

• W = pΔV = p (V2 - V1) = 1.01 x 103 J. 

• By the first law, ?U = Q – W = 1.52 x 10-3 J 



The Second Law of Thermodynamics 
• Suppose a piece of hot metal is placed in an insulated 

container of cool water,  
– heat will be transferred from the metal to the water; 
– The two will come to thermal equilibrium at some 

intermediate temperature. 

• For a thermally isolated system, the total energy remains 
constant. 

• Is the reverse possible? 
• Obviously, this will not happen naturally. 
• Even if this happens, the total energy will also remain 

constant and the energy transfer will not violate energy 
conservation. 

• Obviously, there must be another principle that specifies 
the direction in which the process can take place. 

• This is embodied in the Second Law of Thermodynamics. 



2nd Law Cont’d 

• This law states that “Certain processes do not take 
place or have never been observed to take place, even 
though they are consistent with the first law”. 

• There are many equivalent statements of the 2nd la 
which are worded according to their application. 

• Statement: Heat will not flow spontaneously from a 
colder body to a warmer body. 

• Another Statement involves Thermal Cycles.  

• A thermal cycle consists of several separate thermal 
processes, connected such that they end up back at 
the starting conditions. 



2nd Law Cont’d 
• If it is a gas that is the material, this means that the gas will end 

up at the same p-V-T state in which it started. 
• In terms of thermal cycle, the 2nd law says that “In a thermal 

cycle, heat energy cannot be completely transformed into 
mechanical work”. 

• In general, the second law applies to all forms of energy. 
• This is valid because a perpetual motion machine could be built. 
• A machine that could transform heat to work completely with no 

loss of energy. This could be transferred back to the reservoir for 
reuse. 

• This indefinite process that would make a machine run 
perpetually is not feasible. 

• Since all the energy can be accounted for, it does not violate the 
first law. 

• However, real machines are always less than 100% efficient.  
• The  work is always less than the energy input. 
• “It is impossible to construct an operational perpetual motion 

machine”. 



Entropy 
• It is important to be able to express the direction of a 

process in terms of the thermodynamic properties of a 
system. 

• The property that indicates the natural direction of a 
process is called entropy. 

• There are several valid interpretations of the concept of 
entropy. 

• The Elephant and the 3 blind Men. 
– 1. “Entropy is a measure of a system’s ability to do useful work. 

As a system loses the ability to do work, its entropy increases”. 
– 2. “No! Entropy determines the direction of time. It’s ‘time’s 

arrow’ that points out the forward flow of events, thereby 
distinguishing past events from future ones.” 

– No! No! No! Entropy is a measure of disorder. A system naturally 
moves towards a state of greater disorder or disarray. The more 
order, the less the system’s entropy is” says the third man. 



Entropy Cont’d 

• We are concerned with the mathematical 
definition of entropy in terms of thermodynamic 
properties. 

• The change in a system’s entropy (?S) when an 
amount of heat (Q) is added or removed by a 
reversible process at constant T is 

ΔS = Q/T (unit of J/K) 

• This will be limited to thermal processes or ones 
with relatively small T changes. 



Temperature-Entropy diagram 



Problem 

• What is the change in entropy of ethyl alcohol when 
0.25 kg of it vaporises at its boiling point of 78C 
(latent heat of vapourisation Lv = 1.0 x 105 J/kg)? 

• A phase change occurs at constant T. 

• Given:  m= 0.25 kg; T = 78 + 273 = 351 K; Lv = 1.0 x 
105 J/kg. We find ?S. 

• From phase change, Q = mLv = 2.5 x 104 J Then 

• ΔS = Q/T = +71 J/K 

• Q is +ve because heat is added to the system. The 
change in entropy is +ve and the entropy in the 
alcohol increases. 



Entropy Cont’d 
• The direction of any process is towards an increase in total 

system entropy. 
• i.e.  
• “The entropy of an isolated system never decreases”; or 

equivalently 
• “The entropy of an isolated system increases for every natural 

process (ΔS > 0)”. 
• Note that “If a system is not isolated, it may undergo a decrease 

in entropy”. 
• A more general statement of the second law of thermodynamics  

in terms of entropy is “The total entropy of the universe 
increases in every natural process”. 

• The entropy of a system is a function of its state because each 
state of a system has a particular value of entropy. 

• A change of entropy depends only on the initial and final states 
for a process or ΔS = Sf – Si.  

• An adiabatic process is a constant-entropy process – an 
isentropic process. 



Heat Engines and Thermal pumps 
• A heat engine is any device that converts heat energy 

to work. 
• Since the second law says that a perpetual motion 

machine is impossible, some of the heat supplied to a 
heat engine will necessarily be lost. 

• For our purpose, “A heat engine is simply a device 
that takes heat from a high-temperature source (a 
hot reservoir), converts  some of it to useful work, 
and transfer the rest to its surroundings, (a cold, or 
low T, reservoir).” 

• Practical engines usually operate in a thermal cycle or 
a series of processes which brings the engine back to 
its original condition. 



Heat Engine 



A cyclic process with 2 isobars and 2 isomets (b); 
a general heat engine cycle, the net work (Wnet) 
per cycle is still represented by the area under 
the curve. 



Thermal Efficiency 
• Thermal efficiency is used to rate heat engines. 

• The thermal efficiency (εth) of a heat engine is defined as 

εth = (net work out)/heat in = Wnet/Qin 

• It tells us what we get out (net) for what we put in. 

• For one cycle of a cyclic heat engine, the work output per 
cycle Wnet is determined by the first law as applied to the 
whole cycle (Qin as Qhot). 

Q = ΔU + W or  

Qhot – Qcold = 0 + Wnet (full cycle) 
• The internal energy is set as zero since the system returns to 

its original state in completing a cycle (ΔT = 0) 

εth = Wnet/Whot = (Whot – Wcold)/Qhot=1 – Qcold/Qhot 



Thermal Efficiency Cont’d 

• Each cycle of an engine has the same 
efficiency (a dimensionless quantity). 

• To maximise the work output per cycle of a 
heat engine, we must work to minimise the 
ratio Qcold/Qhot which increases the efficiency. 

 



Problem 

• The small gasoline-powered engine of a blower 
removes 800 J of heat energy from a high-
temperature reservoir and exhausts 700 J to a 
low-temperature reservoir. What is the engine’s 
efficiency? 

• Qcold =700 J; Qhot = 800 J; We find εth . 
• We calculate Wnet from first law over a cycle 

(?U=0);  
• Wnet = Qhot – Qcold = 100 J; therefore 

• εth = Wnet / Qhot = 12.5 %. 



Thermal Pumps: Refrigerators, A/Cs and Heat Pumps 

• The function of a thermal pumps is basically a 
reverse of a heat engine. 

• This is any device that transfers heat from a low-T 
reservoir to a high-T reservoir. 

• There must be work input to make this possible 
since the second law says that heat will not 
spontaneously flow from a cold body to a hot 
body. 



Thermal Pumps 



Thermal Pumps: refrigerator or A/C 

• Heat is transferred from inside the refrigerator 
(low-T reservoir) with input from electrical 
energy, to the surrounding. 

• A refrigerant is involved in the process. 

• These devices pump heat up a T-gradient or 
“hill”. 

• Cooling efficiency therefore depends on the 
amount of heat extracted  

• Rom the cold T-reservoir. 



Refrigerator Cont’d 



Cooling efficiency 

• The efficiency is expressed as a coefficient of 
perfomance (COP)  

• COPref = Qcold/Win = Qcold/(Qhot - Qcold) 

• The greater the COP, the better the performance. 

• For a heat pump in the heating mode, the heat 
inpt is the major interest, so it is generally 
defined as 

COPhp = Qhot/Win = Qhot/(Qhot - Qcold)  

• Heat pump in heating mode. 

 

 



The Carnot Cycle and ideal heat Engines 
• A statement of 2nd law by Lord Kelvin says “Any cyclic heat 

engine, regardless of its design, must exhaust some heat 
energy”. 

• How much heat must be lost? What is the maximum 
possible efficiency of a heat engine? 

• Engineers strive to attain maximum possible efficiency but 
the 2nd law says 100% efficency is not possible. 

• Carnot, a French Engineer studied this limit. 
• “The ideal heat engine absorbs heat from a constant high-T 

reservoir (Thot)and exhausts it to a constant low-T reservoir 
(Tcold). 

• It was shown that these are reversible adiabatic processes. 
• The ideal Carnot cycle consists of 2 isotherms and 2 

adiabats  expressed on a T-S diagram. 



Carnot Cycle 



Vibrations and Waves 
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Vibrations and Waves: Introduction  

• When the word WAVE is mention, what comes to mind? 
• Ocean wave? Ripples on the surface of a pond or lake  

after disturbance?  
• However the waves of interest to Physicists are either 

invisible or don’t even look like waves. 
• Sound, Light, all Electromagnetic radiations (radio waves, 

microwaves, x-rays etc. are all waves. Rainbow is a wave 
energy in the form of light.  

• We first look at the basic description of waves. 
• What therefore is a wave? What properties do they have 

in common? 
• We first need to understand wave motion by looking at 

other kinds of motions that might not at first look like a 
wave. 



Wave Motion 
• Let us consider 

– Motion of a weight bouncing up and down on a spring; 
– The swinging of a pendulum; 
– Motion of an electron; 
– The perfect wave that surfers dream about; 

• A vibration or oscillation therefore involves back and 
forth motion, such as that of a swinging pendulum. 

• When the end of a stretched rope is given a quick 
shake, it gives rise to what is referred to as a Wave 
Pulse. 

• A continuous, repetitive disturbance gives rise to a 
continuous propagation of energy that is referred to 
as  Wave Motion. 



Simple Harmonic Motion (SHM) 

• The motion of an oscillating object depends on the 
restoring force that makes it go back and forth. 

• Let us consider the simplest type of force acting 
along the x-axis: a force that is directly proportional 
to displacement from equilibrium.  

• This force is the (ideal) spring force described by 
Hooke’s Law. 

Fs = -kx 
• K is a constant and –ve indicates that the force 

always points in the opposite direction to the 
displacement. F = k(-x) i.e. it tends to restore the 
spring to its equilibrium position. 



SHM Cont’d 
• Suppose an object on a horizontal frictionless surface is 

connected to a spring. 
• When the object is displaced to one side of its equilibrium 

position and released it will move back and forth i.e. it will 
vibrate or oscillate. 

• An oscillation or a vibration is obviously a periodic motion – a 
motion that returns itself again and again to along the same 
path. 

• Linear oscillations may be horizontally back and forth or up and 
down. 

• For example the angular oscillation of a pendulum, the path is 
back and forth along a circular arc. 

• Motion under the influence of the type of force described by 
Hooke’s Law is called Simple Harmonic Motion (SHM). 

• The force is the simplest restoring force and the motion can be 
described by harmonic functions (sines and cosines). 
 



SHM Terms  

• Displacement: The directed distance of the object 
from its equilibrium position. Can be +ve of –ve. 
Maximum displacements are +A or –A. 

• Amplitude: This is the magnitude of the maximum 
displacement or the maximum distance of an 
object from its equilibrium position. 

• Period (T): This is the time needed to complete one 
cycle of motion. A cycle is a complete round trip or 
motion through a complete oscillation. 

• Frequency (f): This is the number of cycles per 
second. 

f  = 1/T (Hertz)  



Energy and Speed of a Spring 

• The potential energy in a spring stretched or compressed a 
distance x is given by  

U = 1/2kx2 

• The change in potential energy of an object oscillating on a 
spring is related to the work done by the spring force. 

• An object with a mass m, oscillating on a spring also has 
kinetic energy.  

• The kinetic and potential energies together give the total 
mechanical energy of the system. 

• E = K + U = 1/2mv2 + 1/2kx2   
• When the object is at one of its maximum displacements, 

+A or –A, it is instantaneously at rest (v = 0), all the energy 
is in the form of  potential energy at the location. 

E = 1/2m(0)2+ 1/2k( A2) = 1/2kA2 



Wave Energy Cont’d 
• The total energy of an object in SHM is directly 

proportional to the square of the amplitude of the 
motion. 

• From the preceding equations, we can express the 
velocity of an object oscillating on a spring as a 
function of position: 

E = K + U  or 1/2kA2  =  1/2mv2 + 1/2kx2  

v2  = k/m (A2 - x2)  

v =  √[k/m(A2 - x2)]  
Is the velocity of an object in SHM. 

• Maximum velocity occurs when x = 0. 



Problem 
• A block with a mass of 0.25 kg sitting on a 

frictionless surface is connected to a light spring 
that has a spring constant of 180 N/m. If the block 
is displaced 15 cm from its equilibrium position and 
released. Hat are (a) the total energy of the system 
and (b) the speed of the block when it is 10 cm 
from its equilibrium position? 

• Note: The total energy depends on the spring 
constant (k) and amplitude (A). We expect the 
speed at x = 10 cm to be less than the maximum 
speed. (why?) 

• Solution: (a) E = 2.0 J   (b) v = 3.0 cm. What would 
the speed be at x = -10 cm? 



Spring Constant Determination 

• The spring constant is commonly determined by 
placing an object of known mass on the end of the 
spring and letting it settle vertically into a new 
equilibrium position. 

• Problem: 
• When a 0.5 kg mass is suspended from a spring, the 

spring stretches a distance of 10 cm to a new 
equilibrium position. (a) What is the spring constant 
of the spring? (b) The mass is the pulled down 
another 5.0 cm and released. What is the highest 
position of the oscillating mass? 

• Note:  At the equilibrium position, the net force on 
the mass is zero because a = 0.  In (b) we use –y to 
designate “downward” for vertical problems. 
 



Illustration 

 



Problem Solution 
• m = 0.5 kg; yo = 10 cm = 0.10 m; y = -5.0 cm = -0.050 m.  
• Find (a) k (spring constant); (b) A (amplitude) 

 
• When the mass and the stretched spring are in equilibrium, 

the net force on the mass is zero.  
• The weight of the mass and the spring force are equal and 

opposite. Then 

Fs = w; kyo = mg; Thus 
k = mg/yo = 49 N/m    

• b) Once set  into motion, the mass oscillates up and down 
through the equilibrium position. The motion is symmetric 
about this point. The initial displacement is –A so the 
highest position of the mass is 5 cm above the equilibrium 
position (+A). 



Equations of Motion 

• The Equation of Motion of an object is the 
equation that gives the object’s position as a 
function of time. 

• For example, the equation of motion of an 
object giving position at constant acceleration, a, 
is 

x = vot + 1/2at2 

• where vo is the initial velocity. 

 



Equation of Motion Cont’d 

• For an object in SHM,  an equation can be derived between 
simple harmonic and uniform circular motion. 

• SHM can be simulated by a component of uniform circular 
motion as illustrated. 

• An object moves in uniform circular motion (constant 
angular speed, w) in a horizontal plane. 

• Its shadow has the same horizontal  motion as the object 
on the spring in SHM. 

• The motion can be described by  

x = A cos θ = A cos wt (assuming x = +A at t=0. 
• The equation of horizontal motion for the object is the 

same as the equation of motion for the horizontally 
oscillating object on the spring. 

 



Reference Circle for Horizontal Motion 



Different Forms of EOM (SHM) 

• The angular speed w (in rad/s) of the reference circle object is 
called the angular frequency for the oscillating object since w 
= 2πf. 

x = A cos (2πft) = A cos (2πt/T) for xo = +A 

• to = 0; xo = A cos [2π(0)/T] = A cos 0 = A 
• t1 = T/2; x1 = A cos [2πT/T] = A cos π = -A 
• t2= T; x2 = A cos [2πT/T] = A cos 2π = A 
• The period of an object oscillating on a spring can be 

expressed in terms of the mass m (or inertia) of the object and 
the spring constant (or stiffness) k. 

T = 2 π √(m/k)  
• Period of object oscillating on a spring. 
• The period and frequency are independent of amplitude for 

SHM. 



EOM for SHM Cont’d 
• The frequency of object oscillating on a spring is  

f = 1/2 π √(k/m)  
• The angular frequency of object oscillating on a 

spring is  

w = √(k/m) 
• The period of a simple pendulum oscillating through 

a small angle (θ≤10 ) is given , to a good 
approximation by 

T = 2π√(L/g) 
• The important difference between the spring-mass 

period and the pendulum period is that the latter is 
independent of the mass of the bob. 



Reference Circle for Vertical Motion 



Vertical Harmonic Motion 

• Equilibrium is at y = 0 

• Vertical displacement is given by 

• y = A sin wt (initially upward motion with yo = 0) 

• If the object starts initially from its maximum 
positive displacement position 

• y = A cos wt (vertical motion with yo = A, vo = 0). 

 



Sinusoidal Equation of Motion 
• The equation of motion for an oscillating object 

may be either a sine or a cosine function.  

As time passes, the oscillating object traces out a sinusoidal 
curve on the moving paper. Here y = A cos wt because the 
object’s initial displacement is yo = +A 



Initial Conditions and Phase 
• Initial conditions are the values 

of the displacement and 
velocity at t=0; (xo and vo) 

• The general SHM equation is  
y = sin (wt – δ) 

(wt – δ) is the phase angle 
• Oscillations are described by 

either sine or cosine for the 
Phase Constants. 

• Each curve is out of phase with 
the preceding one. 

• The initial displacement and 
velocity determine δ. 

• Equivalent to shifting each 
successive curve a quarter of a 
cycle relative to the previous 
one. 



Velocity and Acceleration in SHM 
• These can be derived from Energy and Force 

considerations. 
• From equations already derived,  

v = √[k/m(A2 – y2) = √(k/m) A√(1-sin2 wt) 
• since w = √(k/m) and cos θ - √(1-sin2 wt) 

• The vertical velocity if vo is upward, yo = 0 can be written 
as  

v = wA cos wt 

a =Fs/m = -ky/m = -k/m Asin wt (w = √k/m) 
• The vertical acceleration , if vo is upward, yo = 0 is 

a = -w2A sin wt = w2y 
• The magnitude of the acceleration is a maximum when sin 

wt = 1 at y = A – when the displacement is a maximum – 
maximum acceleration magnitude is a = w2A 



Damped Harmonic Motion 

• SHM with a constant amplitude implies that there are 
no loss of energy. In practical applications, there are 
always some frictional losses.  

• To maintain a constant-amplitude motion, energy 
must be added to the system by some external 
driving force. 

• Without a driving force, the amplitude and energy of 
an oscillator decrease with time. This gives rise to a 
damped harmonic motion.   

• The time required for the oscillation to cease or to 
damp out, depends on the magnitude and type of 
damping force. 



Damped Harmonic Motion 



Wave Motion 

• As already discussed, the world is full of different kinds of 
waves such as water waves, sound waves, waves generated 
by earthquakes, and light waves.  

• All waves result from a disturbance, the source of the 
wave. 

• Our concern here will be mechanical waves or those that 
are propagated in some medium. Note that light waves do 
not require a propagating medium. 

• When a medium is disturbed, energy is imparted to it.  
• Suppose energy is added to a material mechanically, this 

sets some of the particles vibrating since they are linked by 
intermolecular forces, the oscillation of one particle affects 
that of its neighbour. 

• A wave is therefore a combination of oscillations in space 
and time. 



Wave Pulse 



Wave Characteristics 
• For a particle in SHM, the amplitude (A) is the 

magnitude of the maximum displacement or the 
maximum distance from the particle equilibrium 
position (figure). 

• A periodic harmonic disturbance can set up a 
sinusoidal wave in a stretched rope which travels 
down the rope with wave speed v. 

• The total energy (also the energy transported) of the 
of the oscillator is proportional to the square of the 
amplitude (E  A2) . 

• Note: A wave is one way of transmitting energy 
through space, whereas an oscillator’s  energy is 
localised in space. 

 



Periodic Wave 



Wave Characteristics Cont’d 

• For a periodic wave, the distance between two 
successive crests (or troughs), is referred to a the 
wavelength (λ). 

• It is actually the distance between two successive 
parts of the wave that are in phase i.e. at identical 
positions in the waveform. 

• The frequency of a wave is the number of cycles per 
second. Same as the frequency of the source that 
created it. 

• A periodic wave is said to posses a period (T = 1/f) 
and a speed or velocity . 

v = λ /T = λf 



Types of Waves 

• Waves may be divided into two types based on the 
direction of the particle oscillations relative to the wave 
velocity. 

• Transverse Wave: The particle motion is perpendicular 
to the direction of the wave velocity. Example is the wave 
produced in a stretched string. 

• Longitudinal Wave: The particle motion is parallel to 
the direction of the wave velocity. This can be produced in 
a stretched spring by moving the coils back and forth along 
the spring  axis. 

• A  longitudinal wave is sometimes called a compressional 
wave. 

• Longitudinal waves can propagate in solids, liquids, and 
gases since all phases of matter can be compressed to 
some extent. 



Transverse and 
Longitudinal 

Waves. 



Waves Properties 

• We now explain the various wave properties and 
the resulting phenomena. 

• Among the various properties exhibited by all 
waves are 
– Interference 

– Superposition 

– Reflection  

– Refraction 

– Dispersion and  

– Diffraction 

• Particles do not share these properties. 

 



Interference and Superposition 

• When two or more waves meet and pass through 
the same region of a medium, they pass through 
each other and proceed without being altered. 

• When in the same region, they are said to be 
interfering. 

• What happens during interference, i.e. what does 
the combined waveform look like? 

• The answer is given by the principle of 
superposition. 

 



Superposition Principle 

• When two waves meet, they interfere. 

• The displacement at any point on the combined 
wave is equal to the sum of the displacements on 
the individual waves: y = y1 + y2 

• If the displacements of the two pulses are in the 
same direction and the amplitude of the combined 
waveform is greater than that of either pulse it is 
called a Constructive Interference.  

• If the pulse has a negative displacement, the 2 
pulses tend to cancel each other when they overlap 
and the amplitude of the combined waveform is 
smaller  than either pulse, then we have a 
Destructive Interference.  



Interference 



Reflection, Refraction, Dispersion and Diffraction 

• Besides meeting other waves, waves can (and do) meet objects or a 
boundary with another medium. Several things occur 

• Reflection: This occurs when a wave strikes an object or comes to a 
boundary of another medium and is at least partly diverted back into the 
original medium. e.g. An Echo ( a reflection of sound waves, mirrors 
reflect light waves. 

• Refraction: When some of the wave crosses a boundary into another 
medium in a direction different from that of the incident wave. 

• Dispersion: When all wave travel at the same speed i.e. non-
dependent on the wavelength (or frequency), they are called non-
dispersive waves. The speed is determined by the medium.  

• When the wave speed does depend on the wavelength (or frequency), 
the waves are said to be dispersive. – the basis for rainbow. 

• Diffraction: This is the bending of waves around an edge of an object 
(unrelated to refraction). Effect is evident when the size of the diffracting 
object is about the same or are smaller than the wavelength of the wave.  



Standing Waves and Resonance 
• If you shake one end of a stretched rope, waves travel down to 

the fixed and are reflected back. 
• The waves going down and back interfere. 

• A standing wave arises because of interference with the 
reflected waves which have the same wavelength, amplitude and 
speed.  

• Since the two identical waves travel in opposite directions, the net 
energy flow down the rope is zero. 

• The energy is “standing” in the loop. 
• Some points on the rope remain stationary at all times and are 

called nodes while the points of maximum amplitude, where 
constructive interference is greatest are called antinodes.  

• The frequencies at which large-amplitude standing waves are 
produced  are called natural frequencies or resonant 
frequencies. 

• The natural frequency of a system are sometimes called its  
characteristic frequencies 



Natural Frequencies 

A stretched string can have standing waves only at certain frequencies 
which correspond to the number of half-wavelength loops that will fit 
along the length of string between the nodes at the fixed ends. 



SOUND 



Sound: Introduction 
• There are numerous (even countless) sound waves that 

surround us all of the time. 
– They provide source of enjoyment (music); 
– They bring us vital information about our environment (from 

doorbell to police siren and the birds that sing etc); 
– Basis of communication (speech); 

• Sound waves become music, speech, or noise only when our 
ears perceive them. 

• Physically speaking, sound is simply waves that propagate in 
solids, liquids and gases. 

• No medium, no sound! In a vacuum such as outer space, there 
is total silence! 

• There is thus a distinction between the sensory and physical 
meaning of sound. 

• There is therefore no doubt that we are exposed to many 
interesting sound phenomena most of the time. 
 



Sound Waves 
• For sound waves to exist, there must be a 

disturbance or vibrations in some medium. 

• Sound waves in gases and liquids (fluids) are 
primarily longitudinal waves. 

• Sound disturbances moving through solids can have 
both longitudinal and transverse components. 

• A tuning fork is a metal bar bent to a U-shape which 
the prongs vibrate when struck so a tone is heard. 

• A tone is sound with a definite frequency. 

• The vibrations disturb the air producing alternating 
high-pressure regions called condensations and low 
pressure regions called rarefactions.  



Sound Waves Cont’d 
• Only sound waves with frequencies between about 

20 Hz and 20 kHz initiate nerve impulses that are 
interpreted by the human brain as sound. 

• This frequency range is called audible region of the 
sound frequency spectrum. 20Hz 

• Frequencies lower than 20 Hz are in the infrasonic  
region which we can not hear are found in nature 
(waves generated by earthquakes).  

• Above 20 kHz is the ultrasonic region which can be 
generated by high-frequency vibrations in crystals. 

• Ultrasonic waves or ultrasound cannot be detected 
by humans but can be by other animals. 

• Audible region for Dogs extends to about 45 kHz; 
Cats (70 kHz) and Bats (100 kHz).  



Some practical Applications of Sound 
• Ultrasound can travel for kilometers in water – 

Sonar – the ultrasound counterpart of Radar which 
uses radio waves for ranging and detection. 

• Sonar appeared in the animal kingdom for example 
in nocturnal hunting flights. 

• Bats emit pulses of ultrasound and track their prey 
by means of reflected echo and they also use it for 
natural navigation in the night and out of caves. 

• In medicine, ultrasound is used to examine internal 
tissues and organs that are nearly invisible to X-
rays. 



Applications Cont’d 

• The best known medical application of ultrasound is 
its use to view fetus without exposing it to the 
dangerous effect of X-rays. 

• In industrial and  home applications: ultrasonic baths 
for cleaning metals, machine parts, dentures and 
jewelry. Vital to the electronic industry.  

• High-frequency (short-wavelength) ultrasound 
vibrations loosen particles in otherwise inaccessible 
places. 

• The upper limit of ultrasonic frequency is about 109 
Hz or 1 GHz – the limit of elasticity of the material 
through which the sound propagates. 

 



The Speed of Sound 
• The speed with which a disturbance moves through a 

medium depends on the elasticity and density of the 
medium. 

• The speeds of sound in solids and liquids are given by  

v = *Young’s (of Bulk) Modulus / Density+ 
• The speed of sound in a gas is inversely proportional to the 

square root of the molecular mass (beyond the scope of 
this course). 

• The speed of sound is generally about 2-4 times faster in 
solids than in liquids and about 10-15 times faster in solids 
than in gases such as air. 

• The speed of sound in air increases with temperature.  
• For normal environmental temperatures, the speed of 

sound in air increases by about 0.6 m/s for each degree 
Celsius above 0C. 

v = (331 + 0.6 Tc) m/s – Speed of sound in air. 



Sound Phenomena 
• A sound wave can be reflected e.g. an echo 

• Sound refraction of sound waves is less common 
than reflection – when you hear distant voices or 
other sounds that ordinarily would not be audible. 

• Refraction (or bending) of sound waves  occurs 
when they pass from one medium into another 
where the air density is different. 

• The required conditions for sound refraction are a 
layer of cooler air near the ground or water and a 
layer of warmer air above it. 

• These conditions occur frequently over bodies of 
water because of cooling effect after sunset. 



Sound Diffraction and Interference 

• Diffraction is another phenomenon – bending of sound 
around corners or around an object. 

• We often think of waves as travelling in straight line. 

• However, you can hear someone who is standing around a 
corner but whom you cannot see. 

• This bending is different from that of refraction in which 
no obstacle causes the bending. 

• Like waves of any kind, sound waves interfere when they 
meet. 

• Example is loudspeakers separated by some distance 
which emit sound waves in phase at the same frequency. 

• In particular region of space there will be constructive or 
destructive interferences. 



Sound Interference 

• Sound waves from two 
point sources spread out 
and interfere. 

• At the points when the 
waves arrive in phase 
(i.e. zero phase 
difference), constructive 
interference occurs. 
Otherwise it is 
destructive (when the 
phase difference is for 
example 180 ) 



Beats 

• This is another interference effect which occurs when two 
tones of nearly the same frequency (f1 = f2) are sounded 
simultaneously. 

• The ear senses pulsations in loudness known as beats. 

• The human ear can detect as many as 7 beats per second 
before they sound “smooth”  or unpulsating. 

• Beats can be produced when tuning forks of nearly the 
same frequency are vibrating at the same time. 

• For example, forks with frequencies 516 Hz and 513 Hz 
have a beat frequency 516 – 513 Hz of  3 Hz. This means 3 
beats are heard every second.  

• The tuning of two stringed instruments to the same note 
by musicians. 



The Doppler Effect 
• If you stand along a highway and a car or truck approaches 

you with its horn or a train approaching a railway crossing, 
the pitch (the perceived frequency) of the sound is higher 
as the vehicles approach and lower as they recede. 

• A variation in the perceived sound frequency due to the 
motion of the sound source is an example of the Doppler 
Effect.  

• The sound waves emitted by a moving source tend to 
bunch up in front of the source and spread out in back. 

• The Doppler Effect also occurs with a moving observer and 
a stationary source.  

• As the observer moves towards the source, the distance 
between successive wave crests is the normal wavelength 
(or L = v/f) but the measured wave speed is different. 



The End 


