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Outline of Part 1: Thermo

• 1st Law of Thermodynamics
– Internal energy
– Work
– Enthalpy

• 2nd Law of Thermodynamics
– Entropy
– Reversible and irreversible processes
– State functions

• Heat to work conversion
– T-S diagrams
– Idealized systems (Carnot cycle)

• Real heat to work and work to heat conversion systems
– Rankine cycles
– Refrigeration cycles and heat pumps
– Engines

• Exergy: calculating the maximum work that can be produced/recovered

• Electrical systems
– Electrical machines
– Fuel cells

Objective: Derive and understand the physical laws that characterize and limit 
energy conversion systems
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Gasoline engines: the Otto cycle

94



3/4/25

2

Gasoline engines: the Otto cycle

Fuel burns, qin

A. Adiabatic compression 
of the fuel mixture

The cycle:

B. Constant volume 
heating of the fuel during 
explosion

C. Adiabatic expansion of 
the hot gas (produces work)

D. Exhaust exits with 
residual heat at constant 
volume (removes heat)

A

B C

D
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Gasoline engines: the Otto cycle

Adiabatic reversible 
compression

A. Adiabatic compression

The cycle:

B. Constant volume 
heating

D. Constant volume cooling

A

B

C

D

Q = 0 and ΔU1→2 =Win =CV (T2 −T1)

W = 0  and  Qin =CV (T3 −T2 )

C. Adiabatic expansion

		Q =0	and	ΔU3→4=Wout=	CV (T3 −T4 )

W = 0  and  Qout =CV (T4 −T1)

	
η = W

Qin
=
Qin −Qout
Qin 		

=
CV (T3 −T2)−CV (T4 −T1)

CV (T3 −T2)
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Gasoline engines: the Otto cycle

Fuel burns, q in

η =
CV (T3 −T2 )−CV (T4 −T1)

CV (T3 −T2 )

=
(T3 −T2 )− (T4 −T1)

(T3 −T2 )
For adiabatic changes we can write:

T2
T1
=

V1
V2

!

"
#

$

%
&

k−1

=
V4
V3

!

"
#

$

%
&

k−1

=
T3
T4

		
η =

(1−T2 /T3)−(T4 /T3 −T1 /T3)
(1−T2 /T3) 		

=
(1−T2 /T3)−(T1 /T2 −T1 /T3)

(1−T2 /T3) 		
=1− (T1 /T2 −T1 /T3)(1−T2 /T3) 		

=1−T1 /T2
(1−T2 /T3)
(1−T2 /T3)

=1−T1 /T2

𝜂 = 1 −
𝑇!
𝑇"
= 1 −

𝑉"
𝑉!

!#$

= 1 − 𝑟%!#$

Notice that V1=V4 and V2=V3. 
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Gasoline engines: the Otto cycle
𝜂 = 1 −

𝑉"
𝑉!

!#$

= 1 − 𝑟%!#$

V1

V2

V4

V3

The 
compression 
ratio:

𝑟% =
𝑉!
𝑉"
=
𝑉&
𝑉'

𝑟%≈8-9

𝜂	≈	45%

In gasoline engines:

𝜂	≈	20-35%
In a real engine:
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Gasoline engines

99

Diesel engines: the Diesel cycle
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Diesel vs. Gasoline

Source: ALSGlobal
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Diesel engines: the Diesel cycle

A

B

C

D

A. Adiabatic compression 
of air

The cycle:

B. Slow fuel injection creates 
a slow burn/heating of the air 
at constant pressure leading 
to an isobaric expansion 
(produces work)

C. Continued (adiabatic) 
expansion of the hot gas 
(produces work)

D. Exhaust exits with 
residual heat at constant 
volume (removes heat)
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Diesel engines: the Diesel cycle

A. Adiabatic compression 
of air

The cycle:

B. Slow fuel injection creates 
a slow burn/heating of the air 
at constant pressure leading 
to an isobaric expansion 
(produces work)

C. Continued (adiabatic) 
expansion of the hot gas 
(produces work)

D. Exhaust exits with 
residual heat at constant 
volume (removes heat)

A

B

C

D
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Diesel engines: the Diesel cycle

A

B

C

D

Key steps:

	
η = W

Qin
=
Qin −Qout
Qin

Qout

Qin

=
𝑄"#' − 𝑄&#(

𝑄"#'
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Diesel engines: the Diesel cycle
Key steps:

B. Constant pressure 
heating

D. Constant volume cooling

W = 0  and  Qout =CV (T4 −T1)

	
η = W

Qin
=
Qin −Qout
Qin

=
𝑄"#' − 𝑄&#(

𝑄"#'

𝑄!" = ∆𝑈 + 𝑃∆𝑉 =
∆𝐻 = 𝐶# 𝑇$ −𝑇%

B

D

=
𝐶) 𝑇' − 𝑇" − 𝐶*(𝑇& − 𝑇!)

𝐶) 𝑇' − 𝑇"
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Diesel engines: the Diesel cycle

	
η = W

Qin
=
Qin −Qout
Qin

=
𝐶) 𝑇' − 𝑇" − 𝐶*(𝑇& − 𝑇!)

𝐶) 𝑇' − 𝑇"

= 1 −
C+
𝐶)

𝑇& − 𝑇!
𝑇' − 𝑇"

= 1 −
1
𝑘
𝑇& − 𝑇!
𝑇' − 𝑇"

We can define:

The compression ratio:

𝑟% =
𝑉!
𝑉"

Same as for gasoline 
engines…
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Diesel engines: the Diesel cycle

V1

V2
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Diesel engines: the Diesel cycle

	
η = W

Qin
=
Qin −Qout
Qin

=
𝐶) 𝑇' − 𝑇" − 𝐶*(𝑇& − 𝑇!)

𝐶) 𝑇' − 𝑇"

= 1 −
C+
𝐶)

𝑇& − 𝑇!
𝑇' − 𝑇"

= 1 −
1
𝑘
𝑇& − 𝑇!
𝑇' − 𝑇"

We can define:

The compression ratio:

𝑟% =
𝑉!
𝑉"

Same as for gasoline 
engines…

The expansion ratio:

𝑟, =
𝑉&
𝑉'

Defines the further expansion 
after the injection of fuel
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Diesel engines: the Diesel cycle

V3
V4

𝑟, =
𝑉&
𝑉'
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Diesel engines: the Diesel cycle
The compression ratio:

𝑟% =
𝑉!
𝑉"

The expansion ratio:

𝑟, =
𝑉&
𝑉'

Steps 1-2 and 3-4 are adiabatic…

=
𝑇"
𝑇!

⁄! $#!

𝑇%= 𝑇& 𝑟' ()&

→	𝑇&= 𝑇%
1
𝑟'

()&

=
𝑇'
𝑇&

⁄! $#!

𝑇$= 𝑇* 𝑟+ ()&

→ 𝑇* = 𝑇$
1
𝑟+

()&
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Diesel engines: the Diesel cycle
𝜂 = 1 −

1
𝑘
𝑇& − 𝑇!
𝑇' − 𝑇"

Let’s further define:

𝑇!= 𝑇"
1
𝑟%

$#!

𝑇& = 𝑇'
1
𝑟,

$#!

𝑇* −𝑇&
𝑇$ −𝑇%

=
𝑇$

1
𝑟+

()&
−𝑇%

1
𝑟'

()&

𝑇$ −𝑇%
=

𝑇$ 𝑇$ −𝑇%
𝑇$ −𝑇%

1
𝑟+

()&
−𝑇% 𝑇$ −𝑇%𝑇$ −𝑇%

1
𝑟'

()&

𝑇$ −𝑇%

=

𝑇$ −𝑇%
1 − 𝑇%𝑇$

1
𝑟+

()&
− 𝑇$ −𝑇%

𝑇$
𝑇%
− 1

1
𝑟'

()&

𝑇$ −𝑇%
=

0(𝑇$ −𝑇%

1
𝑟+

()&

1 − ⁄𝑇% 𝑇$
−

1
𝑟'

()&

⁄𝑇$ 𝑇% − 1
𝑇$ −𝑇%

=

1
𝑟+

()&

1 − ⁄𝑇% 𝑇$
−

1
𝑟'

()&

⁄𝑇$ 𝑇% − 1
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Diesel engines: the Diesel cycle

𝜂 = 1 −
1
𝑘

1
𝑟,

$#!

1 − ⁄𝑇" 𝑇'
−

1
𝑟%

$#!

⁄𝑇' 𝑇" − 1

Step 2à3 is isobaric

Step 4à1 is isochoric

𝑃" = 𝑃'

𝑉* = 𝑉&

𝑇'
𝑇"
=
𝑃'𝑉'
𝑃"𝑉"

With the ideal gas law:

=
𝑉'
𝑉"

=
⁄𝑉' 𝑉&
⁄𝑉" 𝑉!

=
𝑟%
𝑟,

𝜂 = 1 −
1
𝑘

1
𝑟,

$#!

1 − ⁄𝑟, 𝑟.
−

1
𝑟%

$#!

⁄𝑟. 𝑟, − 1
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V1

V2

V1

V2

V2’

Diesel engines: the Diesel cycle

𝜂 = 1−
1
𝑘

1
𝑟,

$#!

1− ⁄𝑟, 𝑟.
−

1
𝑟%

$#!

⁄𝑟. 𝑟, −1

= 1−
1
𝑘

1
𝑟,

$

1/𝑟, − ⁄1 𝑟.
−

1
𝑟%

$

1/𝑟, − ⁄1 𝑟.

= 1−
1
𝑘

1
𝑟,

$
− 1

𝑟%

$

1/𝑟, − ⁄1 𝑟.

For the same compression ratio, 

𝑟' =
𝑉&
𝑉%

the Otto cycle is more 
efficient.
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V1

V2

V1

V2

V2’

Diesel engines: the Diesel cycle

𝜂 = 1−
1
𝑘

1
𝑟,

$#!

1− ⁄𝑟, 𝑟.
−

1
𝑟%

$#!

⁄𝑟. 𝑟, −1

= 1−
1
𝑘

1
𝑟,

$

1/𝑟, − ⁄1 𝑟.
−

1
𝑟%

$

1/𝑟, − ⁄1 𝑟.

= 1−
1
𝑘

1
𝑟,

$
− 1

𝑟%

$

1/𝑟, − ⁄1 𝑟.

But in practice, higher compression ratios 
can be achieved (20 vs. 8-9 for gasoline 
engines à This is because only air is 
compressed instead of a gasoline fuel 
mixture.
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Diesel engines: the Diesel cycle
The higher compression ratios, lead to theoretical 
efficiencies close to 60%.

In real engines, efficiencies can reach a little over 40%, 
making them more fuel efficient than gasoline engines.

Lack of pre-mixing causes gradients 
with uneven combustion:

Higher compression = higher 
temperature = higher NOx formation

115

Gas turbines and jet engines: the 
Brayton cycle 

Advantage over the Rankine cycle: no need for a heat 
exchange network.
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A-B. Air enters the turbine 
and is compressed 
adiabatically.

The cycle:

B-C. Compressed air is 
mixed with burning fuel: 
heating occurs at constant 
pressure and volume 
expands

C-D. Hot gas is expanded 
back to atmospheric 
pressure adiabatically and 
produces work

D-A. Exhaust exits and 
cools back down at 
constant pressure (and 
contracts in doing so).

Gas turbines and jet engines: the 
Brayton cycle 

118

A-B. Air enters the turbine 
and is compressed 
adiabatically.

The cycle:

B-C. Compressed air is 
mixed with burning fuel: 
heating occurs at constant 
pressure and volume 
expands

C-D. Hot gas is expanded 
back to atmospheric 
pressure adiabatically and 
produces work

D-A. Exhaust exits and 
cools back down at 
constant pressure (and 
contracts in doing so).

Gas turbines and jet engines: the 
Brayton cycle 

𝜂 =
𝐸𝑥𝑐𝑒𝑠𝑠 𝑤𝑜𝑟𝑘

𝐻𝑒𝑎𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑓𝑢𝑒𝑙

Win

Wout

=
𝑊./ − 𝑊01

𝑄1.
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Key steps:

B-C. Constant pressure 
heating:

D-A. Constant pressure 
cooling:

Gas turbines and jet engines: the 
Brayton cycle 

𝜂 =
𝑊./ − 𝑊01

𝑄1.

Win

Wout

By energy balance:

𝑄 = ∆𝑈 + 𝑃∆𝑉
= ∆𝐻
= 𝐶# 𝑇, −𝑇-

𝑄 = ∆𝑈 + 𝑃∆𝑉
= ∆𝐻
= 𝐶# 𝑇. −𝑇/

=
𝐶0 𝑇, −𝑇- −𝐶0 𝑇. −𝑇/

𝐶0 𝑇, −𝑇-
=

𝑄-, − 𝑄/.
𝑄-,
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Gas turbines and jet engines: the 
Brayton cycle 

𝜂 =
𝑇. −𝑇1 − 𝑇/−𝑇0

𝑇. −𝑇1

Since A-B and C-B are 
adiabatic:

𝑇-
𝑇/

=
𝑃-
𝑃/

()&
( 𝑇,

𝑇.
=

𝑃,
𝑃.

()&
(

And 𝑃- = 𝑃, 𝑃/ = 𝑃.

𝑇-
𝑇/

=
𝑃-
𝑃/

()&
(
=

𝑃,
𝑃.

()&
(
=

𝑇,
𝑇.

𝜂 = 1−
𝑇/−𝑇0
𝑇. −𝑇1

= 1−
𝑇/
𝑇-

𝑇.
𝑇/
− 1

𝑇,
𝑇-
− 1

= 1−
𝑇/
𝑇-

𝑇,
𝑇-
− 1

𝑇,
𝑇-
− 1

= 1−
𝑇/
𝑇-

= 1−
𝑃/
𝑃-

()&
(
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Gas turbines and jet engines: the 
Brayton cycle 

𝜂 = 1−
𝑃0
𝑃1

$#!
$ This means that the higher the 

compression, the higher the efficiency.

Higher compression ratios also leads to higher post combustion temperatures, 
which is limited by materials (material limits are between 1200-1500°C). 

Practical limits of a gas turbine lead to pressure ratios around 20 and 
theoretical efficiencies around 55-60%.

The compressor employs a significant amount of work (about 80% of the 
output work* is employed by the compressor). And compressors are never 
more than 80% efficient.

Real world efficiencies can now reach about 40-45%.

*which is not the net work, but the work done by the output turbine…
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A gas turbine

https://www.youtube.com/watch?v=jrWHi77oAWI 

123

https://www.youtube.com/watch?v=jrWHi77oAWI
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Brayton cycles applied to jet 
engines 

For a jet engine: same general idea but a different geometry that is built to accelerate 
the exiting gas.
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Aircraft evolution

Boeing 747-100 (1966)

Boeing 777X (2019)
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Brayton cycles applied to jet 
engines 

Ultimately, for a jet engine we care about propulsive power and the amount produced 
with respect to the thermal energy of the fluid.

𝜂12+3455 =
𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒	𝑝𝑜𝑤𝑒𝑟

𝑄̇!"

It is useful to break this efficiency down into two parts: 

𝜂12+3455 = 𝜂67+3845𝜂031095:!2+

Represents the ratio of kinetic energy created over the thermal 
energy given by the fuel.

𝜂67+3845

𝜂67+3845 =
⁄𝑚4!3,196𝑣196% −𝑚4!3,!"𝑣!"% 2

𝑄!"
= 1−

𝑇/
𝑇-

Because all of the pV 
work is used to 
accelerate the gas. 

𝑚̇4!3,!" = 𝑚̇4!3,196 = 𝑚̇4!3
If we neglect the mass 
of fuel added to the air:
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Brayton cycles applied to jet 
engines 

Ultimately, for a jet engine we care about propulsive power and the amount produced 
with respect to the thermal energy of the fluid.

𝜂12+3455 =
𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒	𝑝𝑜𝑤𝑒𝑟

̇𝑄!"

It is useful to break this efficiency down into two parts: 

𝜂12+3455 = 𝜂67+3845𝜂031095:!2+

The ratio of propulsive power produced, divided by the rate of 
production of the kinetic energy transferred to the gas.

𝜂031095:!2+

𝜂031095:!2+ =
𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒	𝑝𝑜𝑤𝑒𝑟

𝑟𝑎𝑡𝑒	𝑜𝑓	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒	𝑘𝑖𝑛𝑒𝑡𝑖𝑐	𝑒𝑛𝑒𝑟𝑔𝑦
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Brayton cycles applied to jet 
engines 

𝜂031095:!2+ =
𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒	𝑝𝑜𝑤𝑒𝑟

𝑟𝑎𝑡𝑒	𝑜𝑓	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒	𝑘𝑖𝑛𝑒𝑡𝑖𝑐	𝑒𝑛𝑒𝑟𝑔𝑦

Again, neglecting the mass of fuel, we can just use the mass of air:

𝜂031095:!2+ =
𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒	𝑝𝑜𝑤𝑒𝑟
𝑚̇4!3 ⁄𝑣196% −𝑣!"% 2

𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑣𝑒	𝑝𝑜𝑤𝑒𝑟 = 𝑣<5!=76 × 𝑇ℎ𝑟𝑢𝑠𝑡

= 𝑣!" 𝑚̇4!3 𝑣196 − 𝑣!"

Flight speed, which is equivalent to the speed incoming air 𝑣!"

𝜂031095:!2+ =
𝑣!" 𝑚̇4!3 𝑣196 − 𝑣!"
𝑚̇4!3 ⁄𝑣196% −𝑣!"% 2 =

2	𝑣!" 𝑣196 − 𝑣!"
(𝑣196+𝑣!")(𝑣196 − 𝑣!")

=
2	𝑣!"

𝑣196 + 𝑣!"
=

2

1 + 𝑣196𝑣!"

128

Brayton cycles applied to jet 
engines 

𝜂031095:!2+ =
2

1 + 𝑣196𝑣!"

The propulsive efficiency only depends on speed 
and is the highest when the increase in speed is 
small.

But the airplane must maintain a high degree of thrust to:
• Counter air resistance (which is ignored in ideal calculations) 
• Maintain the ability to accelerate

𝑡ℎ𝑟𝑢𝑠𝑡 = 𝑚̇4!3 𝑣196 − 𝑣!" Thrust decreases when air speed difference 
decreases.

The opposite of efficiency!

However, thrust increases with 𝑚̇4!3 à The solution was to increase airflow 
while keeping speed differences small 
using so-called high bypass engines

while efficiency is unaffected.
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Modern engines are high bypass 
engines

Source: USAF academy
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Modern engines are high bypass 
engines

Gas turbine technology

Trent
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Figure 6. Development of turbine entry temperature (TET) with time.

(DB-SPF) technique (figure 5). Production of
these components is an exacting and onerous task,
one that Rolls-Royce has met by constructing a
purpose-built facility for the job, a facility that
maintains a cleanliness regime beyond that of the
electronics/microchip industry.

Cleanliness during production is key because
of the ‘stress raising’ effects that impurities and
foreign particulates would have within the internal
structure of the blade. Such point defects could
initiate a fatigue crack that may propagate to
failure under service conditions. When we
consider the kinetic energy of a fan blade released
at maximum revolution (remember the scenario
of a small car launched very high. . . ) it can be
seen that the expense of such a clean facility is
a necessary one. On this front, however, we can
be reassured that extensive testing and modelling
has been completed to demonstrate that, if such
an event were to occur, the engine shrouds and
casings would not be compromised and no high
energy debris would exit the engine. Indeed the
aviation authorities demand that a complete engine
‘blade off’ test is completed for all new engine
projects—necessary, but a multi-million pound
engine is fit for little else afterwards. To complete
this test a small explosive charge is attached to the
root of one fan blade within the set. Then, once
the engine has been powered up to full speed, the
charge is detonated and the blade released. High
speed cameras film the event from a variety of

positions and help to demonstrate that, apart from a
large flame and some low energy material, nothing
is released from the engine that might compromise
an airframe’s integrity.

Turbine blades
A second key area of expertise for Rolls-Royce
is within its turbine blade manufacturing facility.
As stated earlier, there has been a clear trend in
improved engine performance with time. In an
effort to improve efficiencies, weight must be shed
from the construction and operating temperature
must be increased.

From the graph in figure 6 it can be seen
that within 60 years the temperature of the gas

Temperature 

Sp
ec
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c 

st
re

ng
th

 Nickel 
 alloy 

Steel Aluminium 
 alloy 

Titanium alloy 

Figure 7. Specific strength versus temperature for a
variety of common aero-engine materials.
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Recent advances have allowed major improvements in both thermodynamic 
and propulsive efficiency:

Through 
increases 
in T°

Through the development of high bypass engines
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Outline of Part 1: Thermo

• 1st Law of Thermodynamics
– Internal energy
– Work
– Enthalpy

• 2nd Law of Thermodynamics
– Entropy
– Reversible and irreversible processes
– State functions

• Heat to work conversion
– T-S diagrams
– Idealized systems (Carnot cycle)

• Real heat to work and work to heat conversion systems
– Rankine cycles
– Refrigeration cycles and heat pumps
– Engines

• Exergy: calculating the maximum work that can be produced/recovered

• Electrical systems
– Electrical machines
– Fuel cells

Objective: Derive and understand the physical laws that characterize and limit 
energy conversion systems
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Exergy

Is this just a Carnot Cycle? 

Let’s start with the ground state: All energy has to be accounted for as we bring our system to 
the ground state. This includes:

1. 2.
3.

4.
TH=T

TC=T0

No! Ep, Ek  and dWsh are included as well.

Exergy (Wex): the maximum amount of useful work obtainable for a given process.
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Calculating ground state Exergy
1st Law:

dE = dQ0 − dW
Includes 
dU, dEp 
and dEk

Is the heat 
released to 
ground state

Includes all 
dW=dWsh + 
dWpV + dW0

dQ0 = T0dS

We know that the heat released by a 
Carnot engine is reversible and is at T0:

dE = T0dS − dWsh − dWpV − dW0 = T0dS − dWsh − p0dV − dW0

dWEx = dWsh + dW0 = −dE +T0dS − p0dV
We integrate (with E0= U0) :

WEx,1→0 = −(U0 −E1)+T0 (S0 − S1)− p0 (V0 −V1)
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