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Content

• Revision of key concepts from Thermodynamics 2*

• Initial examples illustrating some of these concepts

AIM

• Review/provide overview of material that is assumed background 
knowledge for this course

*The full Thermodynamics 2 lecture series is available on Learn 
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Systems Overview

• Conservation of mass

• Conservation of energy
3

Open system

Open 
system



• Equation of State gives relationship between 
the state variables, temperature, pressure, and 
specific volume

• Know when ideal gas equation of state is 
appropriate

• Be careful to use correct units

Ideal Gas – Equation of State
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𝑃 = 𝑅
𝑇

𝑣
𝑃𝑣 = 𝑅𝑇 𝑃 = 𝜌𝑅𝑇

where Ru is the universal gas constant and M is the molar mass 

(molecular weight) of the gas. The constant Ru is the same for 

all substances, and its value is 8.31447 kJ/kmolK.

𝑅 =
𝑅𝑢
𝑀

(kJ/kgK)𝑃𝑉 = 𝑚𝑅𝑇

Different substances have different
gas constants



Dimension and Unit
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Dimension and Unit
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‘Fundamental’ dimensions have a single symbol eg. [L], while derived dimensions are 

expressed as a combination of fundamental dimensions eg. [L/T], [L2].



Phases and Property Tables

The correct table to use to find the thermodynamic properties of 
a real substance can be determined by comparing the known 
state properties to the properties in the saturation region once 
two independent properties are known.  

T-v diagram for the heating process of water at constant pressure

If the entire process between state 1 and 5 is reversed by cooling 
the water while maintaining the pressure at the same value, the 
water will go back to state 1, retracing the same path, and in so 
doing, the amount of heat released will exactly match the 
amount of heat added during the heating process.
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• See Property Table 3 for states 1 
and 5



Phases and Property Tables

The correct table to use to find the thermodynamic properties of 
a real substance can be determined by comparing the known 
state properties to the properties in the saturation region once 
two independent properties are known.  

T-v diagram for the heating process of water at constant pressure

If the entire process between state 1 and 5 is reversed by cooling 
the water while maintaining the pressure at the same value, the 
water will go back to state 1, retracing the same path, and in so 
doing, the amount of heat released will exactly match the 
amount of heat added during the heating process.
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• See Property Table 3 for states 1 
and 5

• What about state 3?



Saturated Liquid–Vapour Mixture

Quality, x : The ratio of the mass of vapour to the total mass of the mixture. Quality is 
between 0 and 1 (0: sat. liquid, 1: sat. vapour).

The properties of the saturated liquid are the same whether it exists alone or in a mixture with 
saturated vapour.
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The subscript “avg” (for “average”) is 
usually dropped for simplicity.

vapour

total

m
x

m
= total liquid vapour f gm m m m m= + = +

( )1 f fa gvg f gv x v xv v xv+= − + =

avg f fgu u xu= +

avg f fgh h xh= +

Similarly,

fg g fv v v= −



2nd Law of Thermodynamics and Entropy

• ∆𝑆𝑠𝑦𝑠𝑡𝑒𝑚 = ׯ
𝑑𝑄

𝑇
+ 𝑆𝑔𝑒𝑛 ; 𝑆𝑔𝑒𝑛 = ∆𝑆𝑡𝑜𝑡𝑎𝑙= ∆𝑆𝑠𝑦𝑠 + ∆𝑆𝑠𝑢𝑟𝑟 ≥ 0

• Understand difference between the system and the surroundings

− Does heat transfer cross the system boundary to the 
surroundings?

• Know when you can neglect a given term

− Reversible, Adiabatic, Isentropic

• Use isentropic relations (ideal gas or pure substance)

• Identify irreversible processes. Why are they irreversible?

• What is the difference between internally reversible vs. 
externally reversible?
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Entropy balance: The entropy
change of a system during a process is 
equal to the net entropy transfer
through the system boundary and the 
entropy generated within the system.



2nd Law of Thermodynamics and Entropy
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Entropy change of pure substances - determined 
from the tables (like other properties).

• Entropy is a property, and thus the value 
of entropy of a system is fixed once the 
state of the system is fixed.

Entropy change



Processes

• State is independent of the process path
• Process path often defines the energy involved in the process

W=∫PV
Area under PV
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Processes

• Isobaric, isothermal, isochoric, and isentropic process

− The prefix iso- is often used to designate a process for which a particular property remains 
constant. An isothermal process, for example, is a process during which the temperature T 
remains constant; an isobaric process is a process during which the pressure P remains 
constant; and an isochoric (or isometric) process is a process during which the specific volume v 
remains constant.
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Isentropic = adiabatic + reversible



Cycles

• A system is said to have undergone a cycle if it returns to its initial state at the end 
of the process. That is, for a cycle the initial and final states are identical.

• We will assume you are already familiar with                                                                         
and can analyse (see tutorial examples)

− Carnot cycle

− Ideal Brayton cycle (also Otto and Diesel)

− Ideal Rankine cycle

− Ideal vapour compression refrigeration cycle

• Identify each process
− When is worked performed? 

− When is heat added / rejected?

− Where is entropy generated?
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Carnot Cycle
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Carnot Cycle
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• The Carnot cycle is a cycle in which each of its 
processes is reversible.

• A Carnot heat engine is the theoretical heat engine 
that operates on a Carnot cycle. 

• Processes of a Carnot cycle:

− Process 1-2, Reversible Isothermal Expansion, QH

added at TH

− Process 2-3, Reversible Adiabatic Expansion

− Process 3-4, Reversible Isothermal Compression, QL

removed at TL

− Process 4-1, Reversible Adiabatic Compression

• The Carnot cycle is the most efficient cycle operating 
between specified temperature limits.

The thermal efficiency of any reversible heat 

engine is called the Carnot efficiency and is 

given by

th,rev = 1 - TC/TH

where TC and TH are absolute temperatures.



Carnot Cycle
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The Carnot Principles are:

1. The efficiency of an irreversible heat 

engine is always less than the efficiency of 

a reversible one operating between the 

same two temperature reservoirs.

2. The efficiencies of all reversible heat 

engines operating between the same two 

temperature reservoirs are the same.

The thermal efficiency of any reversible heat 

engine is called the Carnot efficiency and is 

given by

th,rev = 1 - TC/TH

where TC and TH are absolute temperatures.
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NOTE: A process is internally reversible if no irreversibilities occur within the boundaries of the system during the process. 
A process is externally reversible if no irreversibilities occur outside the boundaries of the system during the process.
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Cycle Performance 

• Efficiency = what you want / what you pay for

• For heat engine, Brayton and Rankine cycles, etc…

• WORK output is desired

• Efficiency: 

• 𝜂𝑡ℎ =
ሶ𝑊𝑛𝑒𝑡, 𝑜𝑢𝑡

ሶ𝑄𝑖𝑛

• 𝜂𝑡ℎ < 100%
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Schematic of a 
heat engine

Ideal Otto cycle



Closed Brayton Cycle (example)
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Process Description
1-2 Isentropic compression (in a compressor)

2-3 Constant pressure heat addition (in a heat exchanger) 

3-4 Isentropic expansion (in a turbine)

4-1 Constant pressure heat rejection (in a heat exchanger) 

Processes 1-2 and 3-4 are isentropic, and P2 = P3 and 
P4 = P1. The ideal gas isentropic relations are

)( )(1 1

3 32 2

1 1 4 4

k k k k

P TT P

T P P T

− −

   
= = =   
   



2 2 3 3in out inE E m h Q m h=  + =

The conservation of mass gives,

2 3in outm m m m m=  = =

For constant specific heats, 

3 2( )in pQ mC T T= −

Closed Brayton Cycle
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3 2 ,3 3 ,2 2( ) ( )in p pQ m h h m C T C T= − = −

To find  QH (or Qin)

Apply the conservation of energy to process 2-3 for P = 

constant (no work), steady-flow, and neglect changes in 

kinetic and potential energies.

3 2( )in
in p

Q
q C T T

m
= = −

The heat added per unit mass flow is



Closed Brayton Cycle
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Ideal gas isentropic relations:

)( )(1 1

3 32 2

1 1 4 4

k k k k

P TT P

T P P T

− −

   
= = =   
   

P2 rp P1 12bar==

T2 T1

P2

P1









k 1−

k

 604K==

T3 1400K= given in the data

qin 1.005
kJ

kg K
1400K 604K−( )=

qin 800
kJ

kg
=

Numerical example:

P1 = 1 bar and T1 = 297 K

Maximum temperature (T3) = 1400 K and P2 = 12 bar

1 kg/s of air (Cp = 1.005 kJ/kgK; k = 1.4)

3 2( )in
in p

Q
q C T T

m
= = −



To find QL(or Qout)

The conservation of energy for process 4-1 

with constant specific heats gives:

The net thermal efficiency can then be calculated 

4 1 4 1

4 1

( ) ( )

( )

out p

out
out p

Q m h h mC T T

Q
q C T T

m

= − = −

= = −

,

4 1

3 2

1 1

( )
1

( )

out out
th Brayton

in in

p

p

Q q

Q q

C T T

C T T

 = − = −

−
= −

−

qout 1.005
kJ

kg K
688K 297K−( )=

qout 393
kJ

kg
=

th_Brayton 1

393
kJ

kg

800
kJ

kg

−=

th_Brayton 0.509=

qout 1.005
kJ

kg K
688K 297K−( )=

qout 393
kJ

kg
=

th_Brayton 1

393
kJ

kg

800
kJ

kg

−=

th_Brayton 0.509=
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T3 = 1400 K 

T1 = 297 K 

Numerical example continued:

T4 T3

P4

P3









k 1−

k



P4 P1 1bar== T4 1400K
1bar

12bar









1.4 1−

1.4

=

P3 P2 12bar==
T4 688K=



Heat Pumps/Refrigerators

• HEAT transfer is desired

− Either gain heat or remove heat

• Measure performance using COP: 

− 𝐶𝑂𝑃 =
ሶ𝑄𝐻,𝑜𝑢𝑡
ሶ𝑊𝑖𝑛

, heating mode

− 𝐶𝑂𝑃 =
ሶ𝑄𝐿,𝑖𝑛
ሶ𝑊𝑖𝑛

, refrigeration mode

− 𝐶𝑂𝑃 > 1
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Ideal Vapour Compression Cycle
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1-2 Isentropic compression in a compressor

2-3 Constant-pressure heat rejection in a condenser

3-4 Throttling in an expansion device

4-1 Constant-pressure heat absorption in an evaporator



Ideal Vapour Compression Cycle
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Steady-flow energy balance

The ideal vapor-compression refrigeration cycle involves an 
irreversible (throttling) process to make it a more realistic model 
for the actual systems. 

Replacing the expansion valve by a turbine is not practical since 
the added benefits cannot justify the added cost and complexity.

Note:

2 3

2 3

( )

( )

H

H
H

Q m h h

Q
q h h

m

= −

 = = −

in out in out( ) ( ) e iq q w w h h− + − = −

1 4

net, in 2 1

COP L
R

q h h

w h h

−
= =

−

2 3

net, in 2 1

COP H
HP

h hq

w h h

−
= =

−

11  @  g Ph h=

33  @  f Ph h=



SUMMARY

• Course overview

• Strategies to succeed at Thermodynamics 4

• Revision of key concepts from Thermodynamics 2

− Relevant chapters in Borgnakke and Sonntag (8th ed)

• Chapters 1–7

• Sections 9.1–9.3 and 9.8–9.10

• Sections 10.1 and 10.2

• What to do next
− Go to Thermodynamics 2 on Learn and revise lecture slides on 

Thermodynamics 2

− Attempt tutorial sheet #1 of Thermodynamics 4
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NEXT: Gas turbines and Brayton cycle



Thanks for listening
prodip.das@ed.ac.uk

mailto:prodip.das@ed.ac.uk

