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Some tips for Final Exam

1. For problems: EFD, Basic Equations Assumptions, 
calculate/retrieve known properties 

2. It is highly recommended to create a state 
property summary table especially for cycles:

3. Review Equation Sheet 

4. SI (or kSI) units; avoid “bar” 
• Mandatory for Ideal Gas Law, 2nd law 

calculations





Thermo in a Nutshell

1. There is a game. (0th law, thermal 
equilibrium)

2. The best you can do is tie. (1st Law, 
energy balance)

3. You can never tie. (2nd Law, entropy 
increase principal)



• A system in which the mass within the 
boundary remains constant.

• No mass transfer occurs across the system 
boundary

• Heat and work interactions across the 
boundary ARE still possible

Closed systems (control mass)
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Here we analyze a specific amount, or piece, of mass



Conservation of energy for a closed system (control mass, 𝒄𝒎)

System

ሶ𝑊
ሶ𝑄

𝐸𝑠𝑦𝑠 = 𝑈 +𝐾𝐸 + 𝑃𝐸

𝒄𝒎

𝑑𝐸𝑐𝑚
𝑑𝑡

= ሶ𝑄 − ሶ𝑊

Time rate of change
of the energy

contained within
the system
at time t

=

net rate at which
energy is being
transferred in
by heat at
time t

−

net rate at which
energy is being
transferred out
by work at
time at

+ 𝑎

net rate of energy
transfer into the

system
accompanying
mass flow

න
1

2 𝑑𝐸𝑐𝑚
𝑑𝑡

𝑑𝑡 = න
1

2

ሶ𝑄𝑑𝑡 −න
1

2

ሶ𝑊𝑑𝑡

Δ𝐸𝑠𝑦𝑠 = 𝐸2 − 𝐸1 = 𝑄 −𝑊

1st Law of Thermodynamics 
(Conservation of Energy) 
for a closed system

Δ𝐸𝑠𝑦𝑠 = Δ𝐾𝐸𝑠𝑦𝑠 + Δ𝑃𝐸𝑠𝑦𝑠 + Δ𝑈𝑠𝑦𝑠
= 𝐾𝐸2− 𝐾𝐸1 + 𝑃𝐸2 − 𝑃𝐸1 +𝑈2 −𝑈1



Mechanical forms of work

• Acceleration work (kinetic energy)

• Work to raise a body in a potential field (potential energy)

• Spring work

• Shaft work

• Electrical work
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𝑊𝑠𝑝𝑟 = න

𝑥1

𝑥2

𝑘𝑠𝑝𝑟𝑖𝑛𝑔𝑥𝑑𝑥

𝑊𝑟𝑜𝑡 = න

𝜃1

𝜃2

𝜏𝑑𝜃

ሶ𝑊𝑒𝑙𝑒𝑐 = 𝑉𝐼, assuming constant power 𝑊𝑒𝑙𝑒𝑐 = 𝑉𝐼 ⋅ Δt



Characteristics of work
• Work is done by a system on its surrounding if the sole effect on everything 

external to the system could have been the raising of a weight

• Some important characteristics
• Work enters or leaves the system through the boundaries

• Work is not a property

• Work is associated with a process (change of states)

• Work is a function of the path followed throughout the process.
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Sign Convention:
W > 0 →work done by the system 
(work output)
W < 0 →work done on the system 
(work input)
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Moving boundary work

𝑊 = න
𝑉

𝑎

𝑃𝑑𝑉

• As system expands and contracts, the boundary moves.
• Work interactions between the system and surroundings 

occur when the volume of a fluid changes  

Integral represents area under a P-v diagram



• Polytropic processes are described by the following relationship 
for pressure and volume.

Polytropic process

𝑝𝑉𝑛 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑝𝑣𝑛 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 n: polytropic coefficient
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Polytropic process cases

𝑛 ≠ 1 𝑊 =
𝐶𝑉2

1−𝑛 − 𝐶𝑉1
1−𝑛

1 − 𝑛
, 𝐶 = 𝑃1𝑉1

𝑛 = 𝑃2𝑉2
𝑛

𝑛 = 1 𝑊 = 𝐶 ln
𝑉2
𝑉1

, 𝐶 = 𝑃1𝑉1 = 𝑃2𝑉2

𝑛 = 0 𝑊 = 𝑃 𝑉2− 𝑉1 , 𝑃 = 𝑃1 = 𝑃2



Heat transfer

• Energy transfer between a system and its surroundings that is not 
associated with mass transfer or work.

• Driven by a temperature difference between a system and its 
surroundings.

• Like work , heat transfer is a path function; NOT a property

Sign Convention:
Q > 0 → heat into the system (heat input)
Q < 0 → heat leaving the system (heat output)
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𝑉𝑣𝑎𝑝 = 𝑚𝑣𝑎𝑝𝑣𝑔

Summary of phases
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• Compressed liquid:  to the left of the vapor 
dome

• Saturated liquid:  on the vapor dome, left of 
the critical point

• Saturated liquid-vapor mixture:  under the 
vapor dome, two-phase region; here 𝑃, 𝑇
are dependent properties, need another 
property to fix the state

• Saturated vapor:  on the vapor dome, right 
of the critical point

• Superheated vapor:  to the right of the 
vapor dome

• Critical point:  point where saturated liquid 
and saturated vapor co-exist; cannot 
identify phases above this point

• Saturation temperature: temp. at which 
phase change takes place for a given 
pressure

• Saturation pressure: pressure at which 
phase change takes place for a given temp.



Property evaluation

• For simple compressible substances, two independent, intensive properties 
are required to define a state.

• Once a state is defined ALL properties at the state can be determined.

• Properties are listed in the form of tables

• Property information is available for compressed (subcooled) liquid, saturated 
liquid, liquid-vapor mixture, saturated vapor, and superheated vapor for many 
substances

• Property tables usually list specific properties
• Specific volume (𝑣 = 𝑉/𝑚)
• Specific internal energy (𝑢 = 𝑈/𝑚)
• Specific enthalpy (ℎ = 𝐻/𝑚)
• Specific entropy (𝑠 = 𝑆/𝑚)
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Enthalpy (ℎ) is a property 
defined for convenience:  used 
ONLY for mass flow in open 
systems! ℎ = 𝑢 + 𝑃𝑣
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Property determination

1.) Think about what two, independent, intensive properties are available (state principle)
2.) Determine the phase of the substance (CL, Sat. L, SLVM, Sat. V, SHV)
3.) Select the appropriate table based on Step 2 – if CL data not available, use a suitable approximation



𝑉𝑣𝑎𝑝 = 𝑚𝑣𝑎𝑝𝑣𝑔

Quality (summary) :  an intensive thermodynamic property
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• Quality (𝑥) of the SLVM is defined as mass of vapor divided by the total mass 
of mixture

• 𝑥 lies between 0 (saturated liquid) and 1 (saturated vapor)
• Quality is not relevant outside the vapor dome (i.e. no quality associated 

with either compressed liquid or superheated vapor states)

• At any point inside the vapor dome:

• 𝑣 = 𝑣𝑓+ 𝑥(𝑣𝑔− 𝑣𝑓)

• 𝑢 = 𝑢𝑓 + 𝑥(𝑢𝑔 − 𝑢𝑓)

• ℎ = ℎ𝑓 + 𝑥(ℎ𝑔− ℎ𝑓)

• 𝑠 = 𝑠𝑓 + 𝑥(𝑠𝑔− 𝑠𝑓)

𝑥 =
𝑚𝑣

𝑚𝑡𝑜𝑡𝑎𝑙

𝑥 =
𝑣 − 𝑣𝑓
𝑣𝑔−𝑣𝑓

=
𝑢− 𝑢𝑓
𝑢 − 𝑢𝑓

=
ℎ − ℎ𝑓
ℎ𝑔 − ℎ𝑓

=
𝑠 − 𝑠𝑓
𝑠𝑔− 𝑠𝑓



CL tables

• Tables are organized by pressure and corresponding sat. temperature

• Properties are listed at various temperatures for a given pressure

• Compressed liquid approximations (only use as last resort, i.e. no table exists)
• Liquid can be considered incompressible if ∆𝑃 barely changes 𝑣 and 𝑢

• Under this assumption, properties at the saturated liquid state can be used as 
approximations:
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𝑢 ≈ 𝑢𝑓 𝑇

𝑣 ≈ 𝑣𝑓 𝑇

ℎ ≈ 𝑢𝑓 𝑇 + 𝑃𝑣𝑓 𝑇 ≈ ℎ𝑓 𝑇 + 𝑣𝑓 𝑇 𝑃 − 𝑃𝑠𝑎𝑡 𝑇



Thermodynamic Plots: Example T-v
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Thermodynamic Plots: Example P-v
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Thermodynamic Plots: Example T-s
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Specific heat
• Specific Heat: Heat (energy) required to rise the temperature of a unit mass of 

a substance by one degree.

• We will consider two types of specific heats:

• Specific heat at constant volume 𝑐𝑣
• Specific heat at constant pressure 𝑐𝑝
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Specific heat at constant volume (𝒄𝒗)

❖𝑐𝑣 is related to change in internal energy per unit change in temperature at constant volume

Specific heat at constant pressure 

❖𝑐𝑝 is related to change in enthalpy per unit change in temperature at constant pressure

𝑐𝑣 =
𝜕𝑢

𝜕𝑇
𝑣=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑐𝑝 =
𝜕ℎ

𝜕𝑇
𝑝=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

In general, 𝑢 = 𝑓(𝑃 or 𝑣, 𝑇)

In general, ℎ = 𝑓(𝑃 or 𝑣, 𝑇)



• Substances where volume changes are negligible

• Valid assumption for liquids and solids, NOT GASES

• 𝑢 = 𝑓 𝑇 only since 𝑣 is constant

• 𝑐𝑝 = 𝑐𝑣 = 𝑐

• 𝑢2− 𝑢1 = ׬
𝑇1

𝑇2 𝑐 𝑇 𝑑𝑇

• ℎ2− ℎ1 = ׬
𝑇1

𝑇2 𝑐 𝑇 𝑑𝑇+ 𝑣 𝑃2 − 𝑃1

• Additionally, if we assume constant specific heats:

𝑢2− 𝑢1 = 𝑐 𝑇2 − 𝑇1

ℎ2− ℎ1 = 𝑐 𝑇2− 𝑇1 +𝑣 𝑃2 −𝑃1

Summary:  Incompressible substances

21



Ideal Gas
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• For a compressible substance, volume changes are substantial when 
pressure changes

• Ideal gas is an “imaginary” substance that has certain characteristics

• Negligible particle volume

• Negligible particle forces

• Is this possible? Not really! However, we can get very close to such 
behavior at very low density

• Usually applicable for high temperature and low pressure

Relative to critical point   𝑃 ≪ 𝑃𝑐𝑟𝑖𝑡 and 𝑇 ≫ 𝑇𝑐𝑟𝑖𝑡



Ideal gases – internal energy and enthalpy

• For ideal gases, internal energy depends only on temperature, 𝑢 = 𝑢(𝑇):

• For ideal gases, enthalpy also depends only on temperature, ℎ = ℎ(𝑇):
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𝑢2 𝑇2 − 𝑢1 𝑇1 = න
𝑇1

𝑇2

𝑐𝑣 𝑇 𝑑𝑇 or Δ𝑢 = 𝑐𝑣(𝑇2 −𝑇1)

𝑐𝑣 𝑇 =
𝑑𝑢

𝑑𝑇

ℎ = 𝑢 𝑇 + 𝑝𝑣 = 𝑢 𝑇 + 𝑅𝑇,R constant, so ℎ = ℎ(𝑇)

ideal-gas specific heat at constant volume

𝑐𝑝 𝑇 =
𝑑ℎ

𝑑𝑇

ℎ2 𝑇2 − ℎ1 𝑇1 = න
𝑇1

𝑇2

𝑐𝑝 𝑇 𝑑𝑇 or 𝛥ℎ = 𝑐𝑝(𝑇2 − 𝑇1)

ideal-gas specific heat at constant pressure

Only when 𝑐𝑣 is 
constant from 𝑇1 to 𝑇2

Only when 𝑐𝑝 is 

constant from 𝑇1 to 𝑇2



Evaluating internal energy and enthalpy changes for an ideal gas

• Use tabulated data:  most accurate, we have ideal gas tables on BLACKBOARD

• Use constant specific heats:  only works for very small temperature ranges, 
usually not a good assumption for ideal gases
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Δ𝑢 = 𝑢2(𝑇2) −𝑢1(𝑇1)

Δℎ = ℎ2(𝑇2)− ℎ1(𝑇1)

values at 𝑻𝟏 and 𝑻𝟐 from ideal 
gas tables 

Δ𝑢 ≈ 𝑐𝑣(𝑇2− 𝑇1)

Δℎ ≈ 𝑐𝑝(𝑇2− 𝑇1)

Only when 𝒄𝒗 and 𝒄𝒑 are 

constant or almost constant 
for the temperature range
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Control Volume: Open System

Energy entering the 
control volume in 
the forms of kinetic 
energy, potential 
energy, and 
enthalpy

Energy exiting the 
control volume in the 
forms of kinetic energy, 
potential energy, and 
enthalpy (h = u + pv)

in

2
in

in gz
2

V
h ++

in

2
in

in gz
2

V
h ++

0
dt

dE VC =At steady-state,

 







++−








+++−= out

2

out
outoutin

2

in
inin

VC gz
2

V
hmgz

2

V
hmWQ

dt

dE

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 












++−








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
+++−= out

2
out

outoutin

2
in

inin
VC gz

2

V
hmgz

2

V
hmWQ

dt

dE


Assumptions: (1) adiabatic, Q = 0

(2) no volume changes, W = 0

(3) steady-state, d/dt = 0

(4) change in potential energy negligible
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Nozzles and Diffusers
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Nozzles and Diffusers

Nozzle Efficiency:

Compares the performance of 
a real nozzle or diffuser to the 
performance of an ideal, 
isentropic nozzle or diffuser 
operating between the same 
pressures

( )
( ) 2VV

2VV

h

h
2

inlet

2

soutlet,

2

inlet

2

outlet

ideal

actual

−

−
=




=nozzle Isentropic process with 

same initial state and 
final pressure

Actual process
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 





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
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Assumptions: (1) adiabatic, Q = 0

(2) change in potential energy negligible

(3) steady-state, d/dt = 0

(4) change in kinetic energy negligible

outin hh
m

W
−=





Turbines, Pumps and Compressors



29

Turbine and compressor/pump efficiencies both compare the performance of an 
actual device to the performance of an ideal, isentropic device operating 
between the same pressures

• Turbine Efficiency: In turbines, 

the actual power generation will be 
less than the ideal power generation

• Pump/Compressor Efficiency:
In pumps/compressors, the actual 
power consumption will be greater 
than the ideal power consumption

 

t =
hactual

hideal

=
hinlet − houtlet( )

actual

hinlet − houtlet, s( )
s

isentropic

( )
( )

actualinletoutlet

ssinlet,outlet

actual

ideal
c

hh

hh

h

h

−

−
=




=

isentropic

Turbines, Pumps and Compressors
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 
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Assumptions: (1) adiabatic, Q = 0

(2) no volume changes, W = 0

(3) steady-state, d/dt = 0

(4) change in potential energy negligible

(5) change in kinetic energy negligible

outin hh =

Throttling Valves



31
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Assumptions: (1) passive devices, W = 0

(2) change in potential energy negligible

(3) steady-state, d/dt = 0

(4) change in kinetic energy negligible
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Boilers, Condensers, and Evaporators
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 
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Assumptions: (1) passive devices, W = 0

(2) change in potential energy negligible

(3) steady-state, d/dt = 0

(4) change in kinetic energy negligible

(5) adiabatic, Q = 0                                                 

outoutinin hmhm  = 

Heat Exchangers



Reversible processes and irreversible processes

• Reversible Process is a process in which both system as well as all parts of 
the surroundings can be exactly restored to their respective initial states 
after the process has taken place

• Irreversible Process is a process in which both system as well as all parts 
of the surroundings cannot be exactly restored to their respective initial 
states after the process has taken place

All actual processes are irreversible; we try to minimize factors causing 
irreversibility to optimize performance
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Second law Statements

• Clausius Statement
• It is impossible to construct a device that operates in a cycle and 

produces no effects other than the transfer of heat from a lower 
temperature body to a higher temperature body

• Kelvin-Planck Statement
• It is impossible for any system to operate in a thermodynamic cycle 

and deliver a net amount of energy by work to its surroundings while 
receiving energy by heat transfer from a single reservoir

• Entropy Statement
• It is impossible for any system to operate in a way that entropy 

is destroyed
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Entropy Statement is our 
main focus in ME200



Second law corollaries

The thermal efficiency/COP of an irreversible cycle is always less than 
the thermal efficiency/COP of a reversible cycle when each are 
operated between the same two thermal reservoirs.

All reversible cycles operating between the same two thermal 
reservoirs have the same thermal efficiency/COP.

𝜂𝑡ℎ൞

< 𝜂𝑡ℎ,𝑟𝑒𝑣 irreversible cycle

= 𝜂𝑡ℎ,𝑟𝑒𝑣 reversible cycle

> 𝜂𝑡ℎ,𝑟𝑒𝑣 impossible cycle

Implies that 𝜂𝑡ℎ a function of TC and TH

only for a reversible cycles
𝜂𝑡ℎ = 1−

𝑄𝐶
𝑄𝐻 𝑟𝑒𝑣,1

= 1−
𝑄𝐶
𝑄𝐻 𝑟𝑒𝑣,2
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𝐶𝑂𝑃ቐ

< 𝐶𝑂𝑃𝑟𝑒𝑣 irreversible cycle
= 𝐶𝑂𝑃𝑟𝑒𝑣 reversible cycle
> 𝐶𝑂𝑃𝑟𝑒𝑣 impossible cycle



Second law corollaries
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• Power cycle

• Heat pump cycle

• Refrigeration cycle

𝜂𝑟𝑒𝑣 = 1 −
𝑇𝐶
𝑇𝐻

Any real power cycle will have 
a thermal efficiency less than 
this maximum reversible 
thermal efficiency

𝐶𝑂𝑃𝐻𝑃,𝑟𝑒𝑣 =
𝑇𝐻

𝑇𝐻 − 𝑇𝐶

Any real heat pump cycle will 
have a COP less than this 
maximum reversible COP

𝐶𝑂𝑃𝑅,𝑟𝑒𝑣 =
𝑇𝐶

𝑇𝐻 − 𝑇𝐶

Any real refrigeration cycle 
will have a COP less than this 
maximum reversible COP



Clausius inequality
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ර
𝛿𝑄

𝑇
𝑏

= −𝜎𝑐𝑦𝑐𝑙𝑒

𝜎𝑐𝑦𝑐𝑙𝑒 = 0, reversible cycle

𝜎𝑐𝑦𝑐𝑙𝑒 > 0, irreversible cycle

𝜎𝑐𝑦𝑐𝑙𝑒 < 0, impossible cycle

defined as 
entropy 
generation

No – it doesn’t 
depend on path.  
Therefore, the 
integral must 
represent a change 
in some property!

We define this 
property to be 
entropy! 



Entropy

• Based on the above, we define entropy 𝑆

• Entropy is an extensive property – units J/K

• Specific entropy (𝑠) – entropy per unit mass, units J/(kg-K)

• For most real substances, entropy in “looked up” in tables just like 
our other properties! 
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𝑑𝑆 = 𝑆2 − 𝑆1 = න
1

2 𝛿𝑄

𝑇
𝑖𝑛𝑡.𝑟𝑒𝑣.
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𝑻 − 𝒅𝒔 relations

• Evaluating                                   not always practical

• 𝑇 − 𝑑𝑆 relations are a way to obtain specific entropy from other 
properties

• 𝑇 − 𝑑𝑆 relations are:

𝑑𝑆 =
𝛿𝑄

𝑇 int. rev

𝑇𝑑𝑠 = 𝑑𝑢 + 𝑃𝑑𝑣

𝑇𝑑𝑠 = 𝑑ℎ − 𝑣dP



Ideal gas entropy lookups

• For ideal gases, entropy is a function of both 𝑇 and 𝑃
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𝑠2 − 𝑠1 = න

𝑇1

𝑇2

𝑐𝑃 𝑇
𝑑𝑇

𝑇
− 𝑅 ln

𝑃2
𝑃1

Define  𝑠° 𝑇 = න

𝑇′

𝑇

𝑐𝑃 𝑇
𝑑𝑇

𝑇
, then   න

𝑇1

𝑇2

𝑐𝑃 𝑇
𝑑𝑇

𝑇
= 𝑠° 𝑇2 − 𝑠° 𝑇1

𝑠2 − 𝑠1 = 𝑠 ° 𝑇2 − 𝑠 ° 𝑇1 − 𝑅 ln
𝑃2
𝑃1

Therefore  𝑠° 𝑇 looked up 
ideal gas tables

𝑐𝑝 𝑇 integral is 

hard to evaluate



Evaluating changes in entropy

• “Real” substances (i.e. water) – look up in tables just like other properties such 
as 𝑢, ℎ, 𝑣, etc.

• For incompressible substance:

• For ideal gases, we use the relationship 
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𝑠2 − 𝑠1 = 𝑠 ° 𝑇2 − 𝑠 ° 𝑇1 − 𝑅 ln
𝑃2
𝑃1

For ideal gases, entropy is a function of both 
temperature and pressure – the values for 𝑠° 𝑇 are 
tabulated in ideal gas tables

𝑑𝑆 =
𝑐 𝑇

𝑇
𝑑𝑇,  or  𝑠2 − 𝑠1 = 𝑐 ln

𝑇2

𝑇1



42

General entropy balance

𝑑𝑆𝐶𝑉
𝑑𝑡

= ෍

𝑖

ሶ𝑄𝑖
𝑇𝑖

+ ෍

𝑖𝑛

ሶ𝑚𝑖𝑛𝑠𝑖𝑛 − ෍

𝑜𝑢𝑡

ሶ𝑚𝑜𝑢𝑡𝑠𝑜𝑢𝑡 + ሶ𝜎

Rate of change of 
entropy within the 
system boundary

Rate of entropy transfer 
accompanying heat transfer 

across the system boundary at 
temperature 𝑇𝑖

Rate of entropy 
production 

(generation) within 
the system

Rate of entropy transfer 
associated with mass 
entering the system 

boundary

Rate of entropy transfer 
associated with mass 

leaving the system 
boundary

Unlike mass and 
energy, entropy is 
not conserved!
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𝑑𝑆

𝑑𝑡
= ෍

𝑖

ሶ𝑄𝑖
𝑇𝑖

+ ෍

𝑖𝑛

ሶ𝑚𝑖𝑛𝑠𝑖𝑛 − ෍

𝑜𝑢𝑡

ሶ𝑚𝑜𝑢𝑡𝑠𝑜𝑢𝑡 + ሶ𝜎

Control volume at steady-state
(single inlet, single outlet)

Closed system (control mass)

Adiabatic: no heat transfer → 𝑄, ሶ𝑄 = 0

Internally
Reversible: no entropy generation →𝜎, ሶ𝜎 = 0

Isentropic: closed system  → 𝑠2 = 𝑠1
open system→ 𝑠𝑖𝑛 = 𝑠𝑜𝑢𝑡

2nd Law: requires 𝜎 ≥ 0 and ሶ𝜎 ≥ 0

Entropy balance:

𝑑𝑆

𝑑𝑡
= ෍

𝑖

ሶ𝑄𝑖
𝑇𝑖

+ ሶ𝑚𝑖𝑛𝑠𝑖𝑛 − ሶ𝑚𝑜𝑢𝑡𝑠𝑜𝑢𝑡 + ሶ𝜎

0 = ෍

𝑖

ሶ𝑄𝑖
𝑇𝑖

+ ሶ𝑚𝑖𝑛𝑠𝑖𝑛 − ሶ𝑚𝑜𝑢𝑡𝑠𝑜𝑢𝑡+ ሶ𝜎

𝑑𝑆

𝑑𝑡
= ෍

𝑖

ሶ𝑄𝑖
𝑇𝑖

+ ሶ𝑚𝑖𝑛𝑠𝑖𝑛 − ሶ𝑚𝑜𝑢𝑡𝑠𝑜𝑢𝑡 + ሶ𝜎

න
1

2𝑑𝑆

𝑑𝑡
= න

1

2 ሶ𝑄𝑖
𝑇𝑖
+න

1

2

ሶ𝜎

𝑆2 − 𝑆1 =
𝑄12
𝑇𝑏

+ 𝜎120 =
ሶ𝑄𝑖
𝑇𝑖
+ ሶ𝑚(𝑠𝑖𝑛 − 𝑠𝑜𝑢𝑡) + ሶ𝜎

Assuming only 
one heat transfer 
term

Assuming constant 
boundary temperature 
𝑇𝑏

integrateሶ𝑚𝑖𝑛 = ሶ𝑚𝑜𝑢𝑡 → ሶ𝑚

no ሶ𝑚
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𝑑𝑆

𝑑𝑡
= ෍

𝑖

ሶ𝑄𝑖
𝑇𝑖

+ ෍

𝑖𝑛

ሶ𝑚𝑖𝑛𝑠𝑖𝑛 − ෍

𝑜𝑢𝑡

ሶ𝑚𝑜𝑢𝑡𝑠𝑜𝑢𝑡 + ሶ𝜎Transient process:

න
1

2𝑑𝑆

𝑑𝑡
= න

1

2 ሶ𝑄𝑖
𝑇𝑖
+න

1

2

ሶ𝑚𝑖𝑛𝑠𝑖𝑛−න
1

2

ሶ𝑚𝑜𝑢𝑡𝑠𝑜𝑢𝑡+න
1

2

ሶ𝜎integrate

𝑚2𝑠2−𝑚1𝑠1 =
𝑄12
𝑇𝑏

+𝑚𝑖𝑛𝑠𝑖𝑛 −𝑚𝑜𝑢𝑡𝑠𝑜𝑢𝑡 + 𝜎12
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Isentropic processes

• For a pure substance, use Δ𝑠 = 0 to relate isentropic exit 
condition to inlet condition

• For an ideal gas

𝑠2𝑠 − 𝑠1 = 𝑠2𝑠
° − 𝑠1

° − 𝑅 ln
𝑃2𝑠
𝑃1

= 0

𝑃2
𝑃1

=
𝑃𝑟2𝑠
𝑃𝑟1

𝑣2
𝑣1

=
𝑣𝑟2𝑠
𝑣𝑟1

Relative 
pressure

Relative 
volume

Note: All three relationships are equivalent to each other
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1

2s

2

𝜂𝑡 =
𝑤𝑡 𝑎𝑐𝑡𝑢𝑎𝑙

𝑤𝑡 𝑠
=

ℎ1 −ℎ2
ℎ1− ℎ2𝑠

𝜂𝑐 =
𝑤𝑐 𝑠

𝑤𝑐 𝑎𝑐𝑡𝑢𝑎𝑙
=
ℎ2𝑠− ℎ1
ℎ2 − ℎ1

Turbine Compressor/pump

Isentropic device efficiencies State “2s” has entropy 𝑠2𝑠 = 𝑠1
and pressure 𝑃2𝑠 = 𝑃2

1

2s

2
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Power Generation
(Heat Engine)

Refrigeration, Air-
Conditioning, Heat Pump

Basic Cycles
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Cycle: Series of processes that eventually brings the 
system back to its original state

Power Cycle:
• A cycle that uses heat energy to do work on the surroundings
• Performance is measured by thermal efficiency, which is the ratio 

of useful work output to the energy input required to run the 
cycle:

 

th =
Wnet

Q in

=
Wout − Win

Q in

      =
Qnet

Q in

=
Q in − Qout

Q in

work done ON system
work done BY system

heat INTO system

heat OUT OF system

Basic Cycles: Definitions
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Carnot Cycle:

(1) Theoretical implementation of 
a cycle without any 
irreversibilities

(2) Work output is the maximum 
possible for any heat engine 
due to reversible processes

Processes
A to B: isothermal evaporation of saturated liquid to saturated vapor

B to C: isentropic expansion of vapor (Q = 0; s = 0)

C to D: isothermal condensation of vapor

D to A: isentropic compression of vapor (Q = 0; s = 0)

B

CD

A

Carnot Cycles
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A B

A
B

D C D C

Carnot Efficiency:

 

th,Carnot =
TH − TL

TH

=1−
TL

TH

cold reservoir 
temperature

hot reservoir 
temperature

Carnot P-v and T-s Diagrams
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Rankine Cycle:
• Vapor-power cycle commonly used in 

power plants with water as the 
working fluid

• Efficiency is ratio of useful output to 
required input:

Processes
1 to 2: Isentropic expansion of the working fluid through the turbine from saturated 

vapor at state 1 to the condenser pressure (Q = 0; s = 0)
2 to 3: Heat transfer from the working fluid as it flows at constant pressure through 

the condenser with saturated liquid at state 3
3 to 4: Isentropic compression in the pump to state 4 in the compressed liquid           

region. (Q = 0; s = 0)
4 to 1: Heat transfer to the working fluid as it flows at constant pressure through the 

boiler to complete the cycle

( ) ( )
( )41

3421

in

net
th

hh

hhhh

Q

W

−

−−−
==

Rankine Cycle
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Superheat: Used to increase the 
temperature of the working fluid 
entering the low-pressure turbine 
to reduce the wear on turbine 
blades (point 3)

Rankine Superheat



53

Air-Standard Otto Cycle:  Hypothetical closed system using air as the 
working fluid to simplify the chemistry due to combustion

Processes
1 to 2:  Isentropic compression of the working fluid (Q = 0; s = 0)
2 to 3:  Constant volume heat addition
3 to 4:  Isentropic expansion of the working fluid (Q = 0; s = 0)
4 to 1:  Constant volume heat rejection

Air Standard Otto Cycles
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Cold-air analysis thermal efficiency:

b1 4

2 3 a

VV V
r

V V V
= = =

Compression Ratio:

1 k

th 1 r −= −

compression from A to B expansion from C to D

compression ratio

specific heat ratio

Air Standard Otto Cycle: Performance
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• Air-standard Diesel cycle for CI engines:

• Constant pressure heat addition

• Compression Ratio:

• Cutoff Ratio:

• Thermal efficiency:

• Assuming COLD air-standard V1=V4

qH

qL

V2 V3

TDC

BDC

V

V

V

V
r ==

2

1

2

3

V

V
rc =

23

141
hh

uu
th

−

−
−=

( )
 

rk

r

r
η

c

k

c

k-th 








−

−
−=

1

11
1

1

Diesel Cycle
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• Isentropic compression and expansion

• Constant pressure heat addition and rejection

• Back work ratio (compressor to turbine work ratio)

• Thermal efficiency

• Assuming COLD air-standard

s

T

1

2 4

3

s1=s2 s3=s4

qH

qL
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12

hh

hh

w

w
bwr

t

c

−

−
==

23

141
hh

hh
th

−

−
−=

( )
( )

1

1 /

2 2 1

1
1 1th k k

T
 

T p p


−
= − = −

Ideal Brayton Cycle
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• In refrigeration cycles, heat is transferred from a low-
temperature area (i.e. inside the refrigerator) to a 
high-temperature area (e.g., in the kitchen)

• Since heat spontaneously flows only from high to low 
temperature areas, work is required to force heat transfer

• Opposite of heat engines

• Systems:

• Refrigerator:  Heat is removed from air inside

• Air conditioner:  Heat is removed from air in an occupied 
space

• Heat Pump:  Heat is supplied to air in an occupied space

• Chiller:  Heat is removed from water

Refrigeration Cycles
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 Isentropic compression in a compressor (1-2)

 Isobaric heat rejection in a condenser (2-3)

 Adiabatic expansion in a throttling device (3-4)

 Isobaric heat addition in the evaporator (4-1)

( )

( )

1 2 1 2

1 1 1

2 1

2 2 2

, 1

,

w h h

h h p x

s s

h h p s

− = −

= =

=

=

( )

( )

2 3 3 2

2 2 2

3 3

3 2

,

, 0

Hq q h h

h h p s

h h p x

p p

− = = −

=

= =

=

( )

4 3

3 2

4 1

4 4 4,

h h

p p

p p

x x p h

=

=

=

=

4 1 1 4Lq q h h− = = −

Compressor Condenser

Expansion Valve

Evaporator

Ideal Vapor-Compression Cycle
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• In refrigeration cycles, the coefficient of performance
(COP) is used in place of thermal efficiency to 
measure performance

• The COP is always the ratio of useful energy transfer 
to the work input

W

Q
COP

W

Q
COP

H
pumpheat 

L
ACor,refrigerat

=

=

heat transfer from low-
temperature reservoir

work input

heat transfer from high-
temperature reservoir

Refrigeration Cycles: Performance
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The End


