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OVERVIEW

What is HEAT ?
Heat is the transfer of energy from an object to another
object as a result of a difference in temperature between
two of them.
• Two objects are in thermal contact with each other if
energy can be exchanged between them.
• Thermal equilibrium is a situation in which two objects
in thermal contact with each other cease to exchange
energy by the process of heat → These two objects
have the same temperature.

Heat is the energy transferred between a system and its
environment because of a temperature difference that
exists between them.
Units: 1 cal = 4.1868 J; 1 Cal = 1 kcal

OVERVIEW

• Thermodynamics is one of the main branches of physics
and engineering which study the application of the
thermal energy (the internal energy) of systems.
•These systems exist in various phases: solid, liquid and
gas.
• Temperature is one of the central concepts of
thermodynamics.
Examples of the application of thermodynamics:
-The heating of a car engine.
-The proper heating and cooling of foods.
-The transfer of thermal energy in an El Nino event.
- So on.

2.1. Temperature and the Zeroth Law of
Thermodynamics
A.
•
•
•

Temperature [Unit: Kelvin (K)]
Temperature is one of the seven SI base quantities.
T of a body have a lower limit of 0 K.
T of our Universe is about 3 K.

B. The Zeroth Law of Thermodynamics:
thermal
equilibrium
A

T
A

thermometer
B

thermal
equilibrium

thermal
equilibrium

T

B

If bodies A and B are each in thermal equilibrium with a third
body T, then A and B are in thermal equilibrium with each other.

C. Measuring Temperature:
To set up a temperature scale, we need to
select a standard fixed point temperature.
The triple-point of water:
Liquid water, solid ice, and water vapor
can coexist in thermal equilibrium at
one set of values of pressure and temperature.
This triple-point temperature has been assigned at 273.16 K.
The constant-Volume Gas Thermometer:

•The temperature of any body in thermal
contact with the bulb:

T=Cp

C: Constant
P: Presure

•If we next put the bulb in a triple-point cell:

T3 = C p 3

p
p
T = T3   = 273.16 ×   (K)
 p3 
 p3 

T slightly depends on
the nature of gas

C. The Celsius and Fahrenheit Scales:
• The zero of the Celsius scale is computed by:

TC = T − 273.15

0

• The relation between the Celsius and Fahrenheit
(used in US) scales is:

9
0
TF = TC + 32
5

• 00 on the Celsius scale
measures the same
temperature as 320 on the
Fahrenheit scale:
00C = 320F
• A temperature difference
of 5 Celsius degrees is
equivalent to a temperature
difference of 9 Fahrenheit
degrees:
The Kelvin, Celsius, and Fahrenheit
5 C0 = 9 F0
temperature scales are compared.
Note: the degree symbol
that appears after C or F
means temperature
differences.

T=
T K − 273.15
C
=
TF
∆T F

9
TC + 32
5
9
= ∆TC
5

Problem 1:
A healthy person has an oral temperature of 98.6 F. What
would this reading be on the Celsius scale?
Solution
𝟗𝟗
𝑻𝑻𝑭𝑭 = 𝑻𝑻𝒄𝒄 + 𝟑𝟑𝟑𝟑
𝟓𝟓
𝑻𝑻𝑪𝑪 =

𝟓𝟓
(𝑻𝑻𝑭𝑭 −𝟑𝟑𝟑𝟑)
𝟗𝟗

=

𝟓𝟓
(𝟗𝟗𝟗𝟗. 𝟔𝟔
𝟗𝟗

− 𝟑𝟑𝟑𝟑)=37 oC

Problem 2:
On a day when the temperature reaches 50 0F, what is the
temperature in degrees Celsius and in kelvins?

Solution
𝟗𝟗
𝑻𝑻𝑭𝑭 = 𝑻𝑻𝒄𝒄 + 𝟑𝟑𝟑𝟑
𝟓𝟓

𝟓𝟓
𝟗𝟗

⇒ 𝑻𝑻𝑪𝑪 = (𝑻𝑻𝑭𝑭 −𝟑𝟑𝟑𝟑) = 10 oC

𝑻𝑻 = 𝑻𝑻𝑪𝑪 + 𝟐𝟐𝟐𝟐𝟐𝟐. 𝟏𝟏𝟏𝟏 = 10 + 273.15 = 283.15 K

Problem 3:
At what temperature is the Fahrenheit scale reading equal to
(a) Twice that of the Celsius scale?
(b) Haft that of the Celsius scale?

9
0
TF = TC + 32
5
a) TF = 2 Tc

=> Tc = 160 0C ; TF = 320 0F

b) TF = ½ Tc

=> Tc = -24.6 0C ; TF = -12.3 0F

2.2. Thermal Expansion
The change in volume of materials in response to a change in
temperature is called thermal expansion. Under the microscopic
view as the temperature increases, the particles (atoms and
molecules) jiggle more rapidly, atoms are pushed away from each
other, leading to an expansion.

1280C

900C

A bimetal strip

2.2. Thermal Expansion
Three types of thermal expansion:
1. Linear expansion: (solids)

ΔL = Lα∆T

α: the coefficient of linear expansion,
Unit: 1/C0 or 1/K

2. Area expansion: (solids)

ΔA = Aα A ∆T
αA: the coefficient of area expansion
For isotropic materials: αA= 2 α

3. Volume expansion: (solids and liquids)

ΔV = Vβ∆T
β: the coefficient of volume expansion

For isotropic materials: β=3α

1 ∂L
1 ∂V
1 ∂L3
1 ∂L3 ∂L
= 3α
=3
β=
= 3
= 3
L ∂T
V ∂T L ∂T L ∂L ∂T
● Special case of water:
+ 00C < T < 40C: water contracts as the temperature
increases.
+ T > 40C: water expands with increasing temperature.
+ The density of water is highest at about 40C.

Question: The initial length L, change in temperature
∆L of four rods are given in the following table. Rank the
rods according to their coefficients of thermal
expansion, greatest first.
Rod

L (m) ∆T (0C) ∆L (10-4m)

a

2

10

4

b

1

20

4

c

2

10

8

d

4

5

4

ΔL = Lα∆T
The coefficient of linear
expansion

ΔL
α=
L∆T
L x ∆T is the same for all the 4 rods.

Example:
What is the volume of a lead ball at 30.00C if the ball’s
volume at 60.00C is 50.0 cm3?
For a volume expansion:
−6

∆V = Vβ∆T = 50.0 × (3 × 29 ×10 )(60.0 − 30.0) = 0.13(cm )
V

300 C

3

= V - ∆V = 50.0 − 0.13 = 49.87(cm )
3

Homework: 2, 3, 4, 6, 10, 15, 19, 21
(pages 500-501)

15. A steel rod is 3.0 cm in diameter at 25.00C. A brass ring has an
interior diameter of 2.992 cm at 25.00C. At what common
temperature will the ring just slide onto the rod?

For a linear expansion of the steel rod:

Dsteel = Dsteel ,0 + Dsteel ,0α s ∆T
For a linear expansion of the brass ring:

Dbrass = Dbrass,0 + Dbrass,0α b ∆T
If the ring just slides onto the rod, so Dsteel = Dbrass

∆T =

∆T =

Dsteel ,0 − Dbrass,0

Dbrass,0α b − Dsteel ,0α s

3.0 − 2.992

2.992 × 19 × 10 −6 − 3.0 × 11 × 10 −6
0
T = 25 + 335.5 = 360.5 C

= 335 .5

0

21. As a result of a temperature rise of 320C, a bar with a crack
as its center buckles upward. If the fixed distance L0 is 3.77 m
and the coefficient of linear expansion of the bar is 25 x 10-6/C0,
find the rise x of the center.

For a linear expansion:

L − L0 = L0α∆T
x

2

2 (
2
2
= l − l0 = l0 + l0α∆T ) − l0
2

where l = L/2; l0 = L/2

2
2
2
2
2
x = l0 (1 + α∆T ) − l0 ≈ 2l0 α∆T
(using the binomial theorem, see Appendix E)

3.77
x = l0 2α∆T =
2

2 × 25 × 10 −6 × 32 = 75 .4 × 10 −3 (m) = 75 .4(mm )

2.3. Heat and the Absorption of Heat
by Solids and Liquids
A. Temperature and Heat
Recall: Thermal energy is an internal
energy that consists of the kinetic and
potential energies associated with the
random motions of the atoms,
molecules, and other microscopic
bodies within an object.
Thermal motion of a segment
of protein alpha helix.

Experiment: Leave a cup of hot coffee in a cool room  the
temperature of the cup will fall until it reaches the room
temperature.

Heat (symbolized Q) is the energy transferred
between a system and its environment because of a
temperature difference that exists between them.

●

TS>TE: energy transferred from the system to
the environment, Q<0.
●

TS<TE: system  environment, Q>0.

●

TS=TE: no transferred energy, Q=0.

Unit: SI: Joule (J);
CGS: erg, 1 erg=1 g.cm2/s2
107 ergs = 1 joule
calorie (cal): the amount of heat is needed to raise the
temperature of 1 g of water by 1 0C (from 14.50C to 15.50C).
1 cal = 4.1868 J
1 food calorie = 1 Cal = 1 kcal

B. The Absorption of Heat by Solids and Liquids
B1. Heat capacity: The heat capacity C of an object is the
amount of energy needed to raise the temperature of the
object by 1 degree.

Q = C ΔT = C (Tf − Ti )

Tf and Ti are the final and initial temperatures of the object,
respectively. Unit of C: J/K or J/C0; or cal/K or cal/C0

B2. Specific Heat: The specific heat c of a material is
the heat capacity of the material per unit mass.

Q = cm ΔT = cm (Tf − Ti )
m: the mass of the object
Unit:

cal
J
or
0
kg K
gC

B3. Molar Specific Heat:
In many instances, the mole is the most convenient unit for
specifying the amount of a substance:
1 mol = 6.02 x 1023 elementary units
• Elementary unit: atom or molecule
Examples:
1 mol of aluminum (Al) means 6.02 x 1023 atoms
1 mol of aluminum oxide (Al2O3) means 6.02 x 1023 molecules

 The molar specific heat is the heat capacity per mole.
B4. Heats of transformation:
• Phase change: When heat is absorbed or released by a
solid, liquid, or gas, the temperature of the sample does not
change but the sample may change from one phase (or state)
to another.
• Three common states of matter: solid, liquid, gas (vapor).

•Three common states of matter: solid, liquid, gas (vapor).
• melting (solid  liquid) >< freezing
• vaporizing (liquid  gas/vapor) >< condensing
The amount of energy per unit mass that is transferred as
heat when a sample of mass m completely undergoes a phase
change is called the heat of transformation L:

Q = Lm
Q is also called “latent heat” or “hidden heat”;
L: specific latent heat
Phase change from liquid to gas: the heat of vaporization LV
(or specific latent heat of vaporization)
Phase change from solid to liquid: the heat of fusion LF
(or specific latent heat of fusion)

Sample Problem 18-8 (page 488):
(a) How much heat must be absorbed by ice of mass m=720
g at -100C to take it to liquid state at 150C?
•Key idea: heating process from -100C to 00C, then melting of all the
ice, and finally heating of water from 00C to 150C.
cice: the specific heat of ice, 2220 J kg-1 K-1 (see Table 18-3)
LF: the heat of fusion of ice, 333 kJ kg-1 (see Table 18-4)
cliquid: the specific heat of water, 4190 J kg-1 K-1 (see Table 18-3)

•First, we compute the heat Q1 needed to increase the ice temperature
from -100C to the melting point of water (00C):

Q1 = cice m (Tf − Tinit ) ≈ 15.98 kJ
cice: the specific heat of ice, 2220 J kg-1 K-1
•Second, the heat Q2 is needed to completely melt the ice:

Q 2 = L F m ≈ 239.8 kJ
LF: the heat of fusion of ice, 333 kJ kg-1
•Finally, the heat Q3 is needed to increase the liquid water of 00C to
'
150C:
Q 3 = c liquid m (Tf − Tinit ) ≈ 45.25 kJ
cliquid: the specific heat of water, 4190 J kg-1 K-1

Total Q = Q1+ Q2 +Q3 = 301.03 kJ

(b) If we supply the ice with a total energy of only 210 kJ (as
heat), what then are the final state and temperature of the
water?

Q1 < Qsupply < Q1 + Q 2


The final state is a mixture of ice and liquid, the mass of
water mwater (=the mass of melted ice) is:

m water =

m water

Qsupply − Q1

LF
≈ 583 g

The mass of remaining ice: 137 g
The temperature of the mixture is 00C

Homework:
25, 30, 32, 34, 40 ( page 501-502)
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2.4. Work and Heat in Thermodynamic Processes
A gas confined to a cylinder with a movable
piston,from an initial state pi, Vi, Ti to a final state
pf, Vf, Tf:
The procedure for changing the system from
its initial state to its final one is called a
thermodynamic process.
During a thermodynamic process,
• Energy as heat may be transferred into the
system from a thermal reservoir.
• Work can also be done by the system by raising
(positive) or lowering the piston (negative work).
The work dW done by the system for a differential displacement


F:

 
dW = Fd s = (pA)(ds) = p(Ads) = pdV

the force exerted by the gas on the piston;
A: the cross-sectional area of the piston;


ds

• The total work done by the gas is given by the integral :
Vf

W = ∫ dW = ∫ pdV
Vi

If the gas expands : dV > 0
→ the work done by the gas : dW > 0
If the gas were compressed : dV < 0
→ the work done by the gas (which can be
interpreted as work done on the gas) : dW < 0
When the volume remains constant
→ No work is done on the gas

From state i to f, there are many ways to change the gas
The work done depends on the particular path

W = ∫ dW =

Vf

∫ pdV

Vi

• (f): The net work done by the gas for a complete cycle Wnet>0.

Checkpoint 4: The p-V diagram here shows 6 curved paths

(connected by vertical paths) that can be followed by a gas.
Which two of the curved paths should be part of a closed cycle
(those curved paths plus connecting vertical paths) if the net
work done by the gas during the cycle is to be at its maximum
positive value?

c and e gives a maximum
area enclosed by a
clockwise cycle

Example: A gas sample expands from 1.0 m3 to 4.0 m3 while its
pressure decreases from 40 Pa to 10 Pa. How much work is
done by the gas if its pressure changes with volume via (a) path
A, (b) path B, and (c) path C?

W=
(a)

∫

pdV

W = p∆V + 0 = 40 × 3 = 120 ( J )
(b)

1
W = (10 + 40 )3 = 75 ( J )
2

or you can use
4

W=
(c)

∫

∫

pdV = (50 − 10V )dV = (50V − 5V 2 ) |14 = 75 ( J )
1

W = 0 + p∆V = 10 × 3 = 30 ( J )

2.5. The First Law of Thermodynamics and Some
Special Cases
• The first law of thermodynamics:

- When a system changes from state i to state f:
+ The work W done by the system depends on the path taken.
+ The heat Q transferred by the system depends on the path
taken.
However, the difference Q-W does NOT depend on the path taken.
It depends only on the initial and final states.
The quantity Q-W therefore represents a change in some intrinsic
property of the system and this property is called the internal
energy Eint.
ΔE int = E int, f − E int, i = Q − W
For a differential change:

dE int = dQ − dW
The internal energy Eint of a system tends to increase if
energy is added as heat Q and tends to decrease if energy is
lost as work done by the system.

Let Won be the work done on the system:
Won = - W

ΔE int = Q + Won
Checkpoint 5: In the figure below, rank the paths

according to (a) ∆Eint, (b) W done by the gas, (c) Q;
greatest first.

ΔE int = Q − W

(a) all tie (only depending on i and f)
(b) 4-3-2-1
(c) Q = ∆Eint + W
so the ranking is 4-3-2-1

Some special cases:

ΔE int = Q − W

1. Adiabatic processes: Q=0

(no transfer of energy as heat)
- A well-insulated system.
- Or a process occurs very rapidly.

ΔE int = − W
2. Constant-volume (isochoric) processes:
W=0 (no work done by the system)

ΔE int = Q

3. Cyclical processes: ∆Eint=0

In these processes, after some interchanges
of heat and work, the system is restored to
its initial state.

Q=W

4. Free expansion: Q=W=0

ΔE int = 0

Checkpoint 6: One complete cycle is shown (see
figure). Are (a) ∆Eint for the gas and (b) the net
energy transferred as heat Q positive, negative, or
zero?
(a)zero
(b)the cycle direction is
counterclockwise, so W < 0,
thus Q < 0

2.6. Heat Transfer Mechanisms
There are three types of transfer of energy as heat between a
system and its environment: conduction, convection, and radiation.

2.6.1. Conduction:
Example: Leaving the end of a metal poker in a fire  its handle
gets hot because energy is transferred from the fire to the handle
by conduction.
Physical mechanism: Due to the high temperature of the poker’s
environment, the vibration amplitudes of the atoms and electrons of
the metal are relatively large, and thus the associated energy are
passed along the poker, from atom to atom during collisions between
adjacent atoms.

•We consider a slab of face area A, thickness L,
in thermal contact with a hot reservoir TH and
a cold reservoir TC:
•Let Q be the energy transferred as heat
through the slab in time t.
•Based on experiment, the conduction rate,
which is the amount of energy transferred
per unit time, is calculated by:

Pcond

TH − TC
Q
(Unit: W = J/s)
= = kA
t
L

k is called the thermal conductivity; good thermal conductors
(or poor thermal insulator) have high k-values.

Thermal Resistance to Conduction:
A measure of a body’s ability to prevent heat from flowing through it.

L
R= ;
k

L : the thickness of the slab

Good thermal insulators (poor thermal conductors) have high R-values.
Conduction through a Composite Slab:
A composite slab consisting of two materials
having thicknesses L1 and L2, and thermal
conductivities k1 and k2.
If the transfer is a steady-state process
that is the temperature everywhere in the
slab and the rate of energy transfer do not
change with time.

Pcond

k 2 A(TH - TX ) k1A(TX - TC )
=
=
L2
L1

Pcond

k 2 A(TH - TX ) k1A(TX - TC )
=
=
L2
L1
Pcond

A(TH - TC )
=
L1/k 1 + L 2 /k 2

If the slab consists of n materials:

Pcond =

A(TH - TC )
n

∑ (L /k )
i =1

i

i

Checkpoint 7: The figure shows the face and interface

temperature of a composite slab consisting of four materials, of
identical thickness, through which the heat transfer is steady.
Rank the materials according to their thermal conductivities,
greatest first.

Pcond

TH − TC
= kxA
Lx

The heat transfer is steady, therefore Pa=Pb=Pc=Pd.

k a (T1 - T2 ) = k b (T2 - T3 ) = k c (T3 - T4 ) = k d (T4 - T5 )

k bkdka kc

2.6.2. Convection:
Energy is transferred through fluid motion (gases, liquids).
Physical mechanism: When a fluid comes in contact with an object
whose temperature is higher than that of the fluid. The part of the
fluid in contact with the hot object has a temperature higher than
that of the surrounding cooler fluid, hence that fluid becomes less
dense; buoyant forces cause it rise. The cooler fluid flows to take the
place of the rising warmer fluid, producing fluid motion.

Examples: convection in the Earth’s atmosphere; in the
oceans, in the Sun.

Hurricane Felix (NASA)

2.6.3. Radiation:
Thermal energy is transferred via electromagnetic waves.
Physical mechanism: Thermal radiation is generated when heat from
the movement of charged particles within atoms and molecules is
converted to electromagnetic radiation.
Properties:
+ Every object whose temperature above 0 K emits thermal
radiation via electromagnetic waves.
+ No medium is required for heat transfer via radiation.
+ The rate of emitting energy of an object is given by:

Prad = σεAT

4

σ = 5.6703 ×10 −8 W m −2 K −4 : the Stefan - Boltzmann constant
ε is the emissivity of the object' s surface (values from 0 to 1)
ε = 1 : an idealized blackbody radiator will absorp all the radiated energy it intercepts
A is the object' s surface area
T is the object' s surface temperature

Reference: e-education.psu.edu

Review

1. The Zeroth Law of Thermodynamics
2. The temperature of any body in thermal contact with the bulb
 p
T = T3 
p
 3


 p

 = 273.16 × 
p

 3

3. Temperature scales:

TC = T − 273.150

1. Linear expansion: (solids)

ΔL = Lα∆T

9
TF = TC + 320
5

α: the coefficient unit: 1/C0 or 1/K

2. Area expansion: (solids)

ΔA = Aα A ∆T






αA: the coefficient of area expansion

3. Volume expansion: (solids and liquids)

ΔV = Vβ∆T

β: the coefficient of volume expansion

For isotropic materials:

αA= 2 α

β = 3α

Homework:
44, 46, 47, 49, 51, 54, 59, 60
(Pages 502 - 504)

