
Thermal Physics



What is the difference?

Temperature . . . Is that all?

State . . . Solid, liquid or gas

Movement of the molecules



What makes a hot body hot?

All matter is made up of tiny particles that 

are always in motion

the kinetic-molecular theory



• When we talk about “how hot something is” 

we are thinking about temperature.

• Temperature is a measure to the average 

kinetic energy (KE) (energy of motion) of 

individual molecules.

– Hot – molecules are moving fast

– Cold – molecules are moving slow



Three Temperature Scales

K = C + 273.15 C = K – 273.15



Absolute Zero

• 0 K, the lowest point on the Kelvin scale

• Molecular motion becomes a minimum

– Theoretically there is no motion, thus no 

kinetic energy

– But since it has never been reached, there is 

no proof of that



Comparison Temperatures
• Surface temperature of the Sun   

6000 K

• Dry Ice (solid CO2) 

-79 oC (194 K)

• Liquid Nitrogen   

-200oC (73 K)

• Empty space   

2.7 K



The average kinetic energy per molecule for 

gases is 

E = 3/2 k T

– where k = Boltzman constant (1.38x10-23 JK-1)

T = temperature in Kelvin



• Kinetic Energy – moving energy
– Translational motion – moving in a straight line

– Rotational motion – spinning around an axis

– Vibrational motion – back and forth motion centered at one 
fixed position

• Potential Energy – stored energy
– Bond energy – stored in chemical bonds

– Intermolecular forces of attraction between particles

If we add up all of the kinetic energy (KE) and 
potential energy (PE) the molecules in an object 

the internal energy

Substances have both KE and PE



It is good to know how hot or cold something is, 

but more often we want to know how an object 

interacts with the world around it.

ex. ice in our drink, car engine cooled by air, etc.

For this we want to know about the movement of 

this heat 

Thermal Energy



1) Thermal energy only moves if there is a 

difference in energy (one hot and one 

cold).

2) Thermal energy always moves from hot 

to cold.



Example: 

✓ put ice into water

✓ water gives ice some of its thermal energy

(the ice warms up)

✓ eventually/after some time the whole thing 

has the same thermal energy

✓ and thus the same temperature

thermal equilibrium



Thermometer

• This is how a thermometer works.

• You are hot, it is cold.

• The thermal energy moves until they are 

the same

thus the same temperature.



If heat is the movement of this thermal 

energy, what are the different ways this 

energy can move?

1) When the molecules of one object come 

in contact (touch) the molecules of another 

object they directly transfer their kinetic 

energy (KE) until thermal equilibrium is 

reached

Conduction



Examples of conduction

• Thermometer

• Ice in water

• Spoon in coffee

• (what can you think of?)  



Conductors and Insulators
• There are substances that are good at 

transmitting heat. Heat flows through them 
easily, like metals.

Conductors

• There are substances that are poor 
conductors, like wool, fiberglass, 
polyurethane, down, air.  Heat does not 
flow through them easily.

Insulators



2) Movement of fluids (liquids, water, air, 

etc.) caused by difference in densities this 

movement intermixes the high and low 

energies until thermal equilibrium is 

reached

Convection



Examples of convection

• Currents in the atmosphere

• Gulf Stream in the Atlantic Ocean

• Cooking macaroni

• (what can you think of?)  



Human Body

• The human body has lots of thermal energy.

• Food – 20% used to do work

–80% appears as thermal energy

• Blood transfers energy through convection
-moving fluid

• Skin transfers energy through conduction
-touching

– Good thing skin is not a good conductor or you would 
loose all your warmth.



3) This type of heat transfer occurs without 

any medium at all.  Consists of essentially 

electromagnetic waves

Radiation



Examples of radiation

• The Sun: visible and infrared 

light heat the Earth

• A fire (you don’t have to touch 

the flame to feel the heat)

• (what can you think of?)  



• Dark colored objects are 

good radiators and absorbers

• Shiny and light colored objects are

poor radiators and absorbers,

but they are good reflectors



You can tell things are hot by just looking at 

them.

Red-hot objects are cooler than 

white or blue-hot objects.

Red = long wavelengths = low frequencies = 

low energies = low temperatures

Blue = short wavelengths = high frequencies 

= high energies = high temperatures



Reinforcement:

Physics Classroom: What is Heat?

http://www.physicsclassroom.com/class/thermalP/Lesson-1/What-is-Heat


The Kinetic Model

of an 

Ideal Gas



Moles and Molar Mass
Mole:

• A fundamental unit to measure the 

quantity of particles in a substance

• 1 mole of any substance has the same 

number of particles as the number of 

atoms in exactly 12 g of Carbon-12 

(Avogadro’s constant)

NA = 6.02x1023 molecules·mol-1



Molar mass: the mass (g) of one mole of a 

substance.

– On the periodic table: the mass given for each 

element is the average molar mass

As a general rule, the molar mass in grams of a 

substance is numerically equal to its mass number

Determining molar mass of a molecule:

– Determine the molar mass of each element, and 

multiply by the subscript (if there is one)

– Add together the molar mass for each element in the 

compound to obtain a molecular molar mass



a)  1 mole of has a mass of 

b)  2 moles of has a mass of

c) How atoms are in 8 grams of helium (mass 

number = 4)? 

7 g

54 g

8 g/ 4 = 2 moles
2 moles x NA = 1.20 x 1024 atoms



Kinetic Model of an Ideal Gas

• Kinetic theory views all matter as consisting of 

individual particles in continuous motion in an 

attempt to relate the macroscopic behaviors of 

the substance to the behavior of its microscopic 

particles.

• Certain microscopic assumptions need to be 

made in order to deduce the behavior of an ideal 

gas, that is, to build the Kinetic Model of an 

Ideal Gas.



Assumptions . . .
This model extends the assumptions of the Kinetic Theory 

of Matter in order to relate the macroscopic behavior of 
an ideal gas to the microscopic behavior of its 
molecules.

1.Gases consist of tiny particles called atoms (for 
Noble Gases) or molecules

2. The total number of molecules in any sample of 
a gas is extremely large number

3. The molecules are in constant random motion



4. Volume of the particles is negligible

compared to the volume occupied by the 

entire gas.  

Another way of saying that  . . .

The range of the intermolecular forces 

is small compared to the average 

separation of the molecules

5. The size of the particles is relatively 

small compared with the distance 

between them



6. Collisions of short duration occur between 

molecules and the walls of the container 

and the collisions are perfectly elastic 

collisions

7. No forces act between particles except 

when they collide (no intermolecular 

forces), and hence particles move in 

straight lines

As a consequence, the internal energy 

of an ideal gas consists solely of random 

kinetic energy – no potential energy.



8. Between collisions the molecules will obey 

Newton’s Laws of Motion

This means . . . Particles travel in straight 

lines and at a constant speed.



Pressure

Macroscopic definition:  

force per unit area acting on a surface

Formula:    P = F/A

Units: N/m2 = Pa (Pascals)



Atmospheric Pressure
Weight per unit area of all air above

Atmospheric pressure at sea level

1.01x 105 N/m2 = 1.01 x 105 Pa

= 101 kPa

= 1 atm (atmosphere)

= 760 mm Hg



Microscopic definition:  

total force per unit area from the collisions 

of gas particles with walls of container



Explanation:
1) A particle collides with the wall of 

container and changes momentum.  

By Newton’s second law, a change in 

momentum means there must have been 

a force by the wall on the particle.  

(Dp = Dmv = Ft)

2)   By Newton’s third law, there must have 

been an equal and opposite force by 

the particle on the wall.



3)  In a short interval of time, there will be 

a certain number of collisions so the 

average result of all these collisions is a 

constant force on the container wall.

4)  The value of this constant force per 

unit area is the pressure that the gas 

exerts on the container walls.



Macroscopic behavior:  When more gas is 

added to the container an ideal gases 

increase in pressure.

Microscopic explanation:  More gas

means more gas particles in the 

container so there will be an increase in 

the number of collisions with the walls in 

a given interval of time.  The force from 

each particle remains the same but an 

increased number of collisions in a given 

time means the pressure increases



Macroscopic behavior:  When their volume is 

decreased an ideal gas increases in 

temperature.

Microscopic explanation:  As the volume is 

reduced, the walls of the container move inward.  

Since the particles are now colliding with a 

moving wall, the wall transfers momentum (and 

kinetic energy) to the particles, making them 

rebound faster from the moving wall.  Thus the 

kinetic energy of the particles increases and this 

means an increase in the temperature of the 

gas. 



Macroscopic behavior: When their volume 

decreases and it is held at a constant 

temperature, ideal gases increase in pressure.

Microscopic explanation:  The decrease in 

volume means the particles hit a given area of 

the wall more often.  The force from each 

particle remains the same but an increased 

number of collisions in a given time means the 

pressure increases

Relationship:  pressure 
is inversely related to 
volume   (Boyle’s Law)



Squeeze a balloon

Control = temperature

P a 1/V         

P = k/V

PV =k
p
re

s
s
u
re

volume



Macroscopic behavior: When their temperature increases
and is held at a constant volume, ideal gases increase in 
pressure.

Microscopic explanation:  The increased temperature
means the particles have, on average, more kinetic 
energy and are thus moving faster.  This means that the 
particles hit the walls more often and, when they do, they 
exert a greater force on the walls during the collision.  
For both these reasons, the total force on the wall in a 
given time increases which means that the pressure 
increases.

Relationship:  pressure is 
directly related to temperature   
(Pressure Law – Admonton Law)



Heat can of soup

Control = volume

P a T        

P = kT

And what happens?

The can explodes
p
re

s
s
u
re

temperature



Macroscopic behavior: If you increase the volume when 
the temperature increases, then idaeal gases can have a 
constant pressure.

Microscopic explanation:  A higher temperature means 
faster moving particles that collide with the walls more 
often and with greater force.  However, if the volume of 
the gas is allowed to increase, the rate at which these 
particles hit the walls will decrease and thus the average 
force also decreases exerted on the walls by the 
particles, that is, the pressure can remain the same.

Relationship:  volume is 
directly related to temperature   
(Charles Law – Gay-Lussac Law)



Hot air balloon

Control = Pressure 

V a T      

V = kT

v
o
lu

m
e

temperature



Absolute Zero:  temperature at which gas 

would exert no pressure 

Kelvin scale of Temperature: an absolute scale of temperature in 

which 0 K is the absolute zero of temperature

temperature (0 C)

pressure

temperature (K)

K = C + 273

pressure



Ideal Gas Equation of State
Derivation:

P a 1/V P a T PV a nT

V a T V a n PV = nRT

Equation of State:   PV = nRT

The “state” of a fixed amount of a gas is described by the 
values of its pressure, volume, and temperature.

Gas constant:  R = 8.31 J/(mol K) 



Ideal Gas: a gas that follows the ideal gas 

equation of state PV = nRT for all values 

of P, V, and T 

Compare real gases to an ideal gas:

a) real gases only behave like ideal 

gases only at low pressures and high 

temperatures

b) ideal gases cannot be liquefied but 

real gases can



Combined Gas Law derivation:

State 1: P1V1 = nRT1 P1V1/T1 = nR

State 2: P2V2 = nRT2 P2V2/T2 = nR

P1V1/T1 = P2V2/T2

T must be in K



1.What is the volume occupied by 16 g of 

oxygen (mass number = 8) at room 

temperature and atmospheric pressure?               

200 C     0.049 m3



2.  A weather balloon with a volume of 1.0 m3

contains helium (mass number = 4) at 

atmospheric pressure and a temperature of 

350 C.  What is the mass of the helium in 

the balloon?         

0.160 kg



Ideal Gas Law Simulations

• http://highered.mheducation.com/olcweb/c

gi/pluginpop.cgi?it=swf::100%25::100%25:

:/sites/dl/free/0023654666/117354/Ideal_N

av.swf::Ideal%20Gas%20Law%20Simulati

on

• http://phet.colorado.edu/simulations/sims.p

hp?sim=Gas_Properties

http://highered.mheducation.com/olcweb/cgi/pluginpop.cgi?it=swf::100%25::100%25::/sites/dl/free/0023654666/117354/Ideal_Nav.swf::Ideal%20Gas%20Law%20Simulation
http://phet.colorado.edu/simulations/sims.php?sim=Gas_Properties


Warm-up Question:
What is the difference between heat and 

temperature and internal energy?

Heat is a form of energy that is transferred from 
one body into another as a result of a difference 
in temperature

(absolute) Temperature is a measure of the 
average kinetic energy of the molecules of a 
substance

Internal Energy is the total kinetic energy 
plus any potential energy associated with 
forces and bonds between molecules in a 
substance



Heat Capacity
Objects undergoing identical temperature 

changes will absorb (store) or release 

different quantities of thermal energy

High Heat Capacity means that an object 

will absorb or release thermal energy at a 

slower rate

Objects with a Low Heat Capacity will 

absorb or release thermal energy more 

quickly



Heat Capacity = DQ

DT

Q = change in thermal energy; measured in Joules(J)

T = change in temperature; measured in Kelvin (K)

Examples:

WATER—used in cooling systems (cars) because of 

its HIGH heat capacity

METALS—used as “heat sink” on the back of 

refrigerators because of its LOW heat capacity



Heat  = Movement of Thermal Energy

When heat flows into an object . . .

* thermal energy increases

* temperature increases

* the amount depends on the mass of the object

* the amount depends on the material the object 

is made of 

Specific Heat Capacity



Specific Heat
Is the amount of energy that must be added to 

raise the temperature of a one kilogram one 
degree Kelvin.

Symbol  =  c

SI units  =  J/kgK  or Jkg-1K-1

c =   __Q__

mDT

or     Q = mcDT



Example:

903J of energy added to 1 kg of Aluminum  

the temperature will rise 1degree Kelvin

thus  cAl = 903 J/kgK

Water has a very high specific heat

cwater = 4180 J/kgK



Practice Problem
5) How much heat is absorbed by 60.0 g of 

copper when it is heated from 20.0oC to 
80.0oC?

m = 60.0 g = 0.0600kg

DT = 80.0 – 20.0 oC = 60.0 oC

C = 385 J/kgK (look up in table 12-1 page 248)

Q = mcDT

Q = (0.0600kg)(385 J/kgK)(60.0 oC)

Q= 1390J



How would you measure specific heat?

You need an instrument called a calorimeter.

Works by conservation of energy in an 

isolated, closed system.

Two objects put together in the calorimeter, 

each has thermal energy . . .  

Conservation of energy says no energy is 

gained or lost.

EA +  EB =  constant number



 If the two objects are at different temperatures 

(ie. different energies) one will heat up and one 

will cool down

DEA +  DEB =  0

(the amount A heats up is equal to the amount B 

cools down)

DE = Q = mcDT

And by knowing how much change there is we 

can find the specific heat of a substance.



Practice Problem

9) A 0.200 kg sample of water at 80.0oC is mixed 
with 0.200 kg of water at 10.0oC.  Assume no 
heat loss to the surroundings.  What is the final 
temperature of the mixture?

m = 0.200kg  at T = 80.0oC

m = 0.200kg  at T = 10.0 oC

C = 4180 J/kgK (look up in table 12-1 page 248)

Tf = m1c1T1i + m2c2T2i

m1c1 + m2c2

Tf = (0.200*4180*80.0) + (0.200*4180*10.0)

(0.200*4180) + (0.200*4180)

Tf = 45.0 oC



Phases or States of Matter
These substances that we have been talking 

about can be solid, liquid, or gas.

Macroscopic Characteristics 

Solid Liquid Gas

Shape
Definite 

(crystal lattice)

Variable

(shape of container)

Variable

(shape of container)

Volume Definite Definite Variable

Compressibility Almost Incompressible Very slightly compressible Highly compressible

Diffusion Small, if at all Slow rate Fast rate



Microscopic Characteristics of 

Solids, Liquids, and Gases

Solid Liquid Gas

Kinetic Energy Vibrational

Vibrational

Rotational

Some (but little) 

translational

Mostly translational; 

more rotational 

and vibrational 

than liquids

Potential Energy* High Higher Highest

Mean molecular 

separation

r0

(relatively small)

R0

(slightly larger than 

solids, still 

small)

10·r0

Molecules per m3 1028 1028 1025





What happens if you keep adding energy to a 
substance?

The thermal energy added increases the potential 
energy of the particles.  This breaks the bonds 
holding the particles together, thus changing it 
from a solid to a liquid to a gas.

Phase Change or Change of State

The thermal energy added does NOT increase the 
kinetic energy, so the temperature is NOT 
increased!



Graph of Temperature vs. Time of 

Energy being added to H2O

Ice

Q = mcDT

Ice + Water

Melting

Q = mLf

Water

Q = mcDT

Water + Water Vapor (steam)

Boiling

Q = m Lv

Water Vapor (steam)

Q = mcDT

The energy added increases the KE  thus 

increasing the temperature.

The energy added increases the KE  thus 

increasing the temperature.

The energy added increases the KE  thus 

increasing the temperature.

The energy added increases 

the PE thus increasing the 

separation between 

molecules (phase change).



Phase Changes

It is possible to calculate specific heats, as 
well as Latent Heats: 

◦ Latent Heat of Fusion (Lf) = the 
amount of thermal energy required to 
MELT OR FREEZE 1 kg of a substance 

◦ Latent Heat of Vaporization(Lv)= the 
amount of thermal energy required to 
VAPORIZE OR CONDENSE 1 kg of a 
substance 



Latent Heat of Fusion

A certain amount of heat is required to melt 
or freeze a substance: 

◦ Melting: energy is added 

◦ Freezing: energy is removed (released) 

The amount of energy required depends on 
the mass of the substance and on the 
Latent Heat of Fusion: 

Q = m Lf



Latent Heat of Vaporization

A certain amount of heat is also required in order 
to vaporize or condense a substance 

◦ Remember, to vaporize refers to a liquid  
changing into the gas phase at its boiling point! 

◦ Vaporizing: energy is added 

◦ Condensing: energy is removed 

The amount of energy required depends on the 
mass of the substance and on the Latent Heat of 
Vaporization: 

Q = m Lv



Once the whole kilogram is melted then the 

thermal energy being added increases 

both the kinetic energy and potential 

energy thus increasing the temperature 

once again.

Until . . . the temperature reaches the 

“boiling point”



Graph of Temperature vs. Time of 

Energy being added to H2O

Ice

Q = mcDT

Ice + Water

Melting

Q = mLf

Water

Q = mcDT

Water + Water Vapor (steam)

Boiling

Q = m Lv

Water Vapor (steam)

Q = mcDT



KE Distributions 
In a system, there is a 
distribution of KE values for 
the molecules, even though 
the entire liquid is at one 
temperature.

In both boiling and 
evaporation, the most 
energetic molecules change 
phase, thereby decreasing 
the average kinetic energy of 
the remaining molecules.

However, in boiling, a heat 
source is adding energy, 
continuously replacing the 
energy lost from molecules 
leaving the system.



Boiling vs. Evaporation

Boiling

– Occurs throughout 

liquid

– Temperature of liquid 

remains constant from 

an external heat 

source

Evaporation

– Occurs only at the 

surface of the liquid

Increase Evaporation

– Increase Surface Area

– Increase Temperature

– Decrease Humidity

– Fan!

Leads to cooling
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