
Thermodynamics	of	gas	turbines	



Ideal	Joule-Brayton	cycle	



Efficiency	of	the	ideal	cycle	
•  The	efficiency	of	the	ideal	cycle	is:	
																														dove																								e	
•  By	assuming	cp=costant:	

•  And	assuming	isentropic	and	adiaba@c	
compression	and	expansion:	
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pressure loss in the fl uid fl ow, and the compression and expansion processes 
are adiabatic and isentropic. 

 The real Joule–Brayton cycle can be described by removing all the simpli-
fying assumptions concerning the working fl uid and the components. 

 If we consider a closed cycle the following assumptions can be made:

   1.     The fl uid is real and the specifi c heat at constant pressure is a polynomial 
function of the temperature.  

  2.     The heat exchangers in the closed cycle or the combustor in the open 
cycle have heat losses, and the passage of the working fl uid in them and 
in any other duct produces friction losses, thereby reducing the pressure 
from the inlet to the outlet of each component.  

  3.     The fl uid in the compressor and the expander produces friction losses 
and the compression and expansion processes are adiabatic but they 
are not isentropic. The non-ideal behaviour of the compressor and the 
expander can be described by defi ning an adiabatic compression and an 
adiabatic expansion effi ciency as follows ( Fig. 3.9 ):          
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3.8      Ideal effi ciency of the Joule–Brayton cycle vs pressure ratio.  



Ideal	cycle	specific	work	
•  The	ideal	cycle	specific	work	is:	
																															
•  By	assuming	cp=costant:	

•  Since														and		
It	is	possible	to	calculate	the	pressure	ra@o	at	
which	the	specific	work	is	maximum:		
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 Examining Equation [3.28], we may notice that the specifi c work is null 
when βεββ = 1   , which occurs in a cycle where point 1 and 2 and points 3 and 
4 coincide, and there is neither compression nor expansion, with the fl uid 
being heated from point 2 to point 3′ and then cooled at the same pressure 
to point 1 ( Fig. 3.6 )      

 The specifi c work is also null when τ βεββ    . This is the case when the fi nal 
point of the compression reaches the maximum temperature of the cycle 
and the cycle consists of two processes only: a compression and an expan-
sion, both requiring and providing the same work respectively. The cycle 
moves from point 1 to point 2 *″  and vice versa ( Fig. 3.6 ). 

 Between these two limiting values of  β  we can fi nd the maximum value 
of the specifi c work ( Fig. 3.7 ). Since at both extremes the Equation [3.28] 
is null, and for any other value of  β  the function is positive, by deriving 
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Limit	cycle	efficiency	
•  The	limit	cycle	(real	fluid	in	ideal	components)	
efficiency	is:	

•  where	

•  By	using:	

	
•  Since	cp	is	a	func@on	of	temperature:	
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Influence	of	the	mass	flowrate	
•  In	open	Joule-Brayton	cycles	the	flowrate	in	
the	compressor	and	turbine	is	different.	This	is	
mainly	due	to	the	addi@on	of	the	fuel	flow	
rate	in	the	combus@on	chamber.	

•  We	can	use	a	paramter	that	defines	the	air/
fuel	ra@o:	

•  By	assuming	a	perfect	combus@on	of	a	fuel	
with	hea@ng	value	(H),	we	can	write:	

α = Air mass flowrate Fuel mass flowrate
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Influence	of	the	mass	flowrate	
•  We	can	define	excess	of	air:	
•  And	we	can	calculate	the	specific	work	
referred	to	the	compressor’s	inlet	air	flowrate:		
	
	

•  If	we	substract	the	specific	work	for	the	case	
without	change	in	mass	flowrate:	

•  We	obtain:	
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Influence	of	the	mass	flowrate	
•  As	far	as	the	efficiency	is	concerned:	

We	can	say	that	the	efficiency	is	not	affected	by	
a	change	in	the	mass	flowrate	€ 
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Real	gas	turbine	cycle	



Real	cycle	efficiency	
•  The	real	cycle	efficiency	can	be	defined	as:	

•  The	limit	cycle	efficiency	is:	

•  We	can	define	the	internal	efficiency:	

•  So	that	the	real	cycle	efficiency	can	be	wriRen	
as:	
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Real	cycle	efficiency	
•  The	internal	efficiency	can	be	wriRen	as:	

•  The	ra@o	of	the	compressor’s	over	the	
turbine’s	work	is:	

	

€ 

ηi =
ηr
ηl

=
Q1
Q1r

LTr − LCr
LT − LC

=ϑ
LTr − LCr
LT − LC

=ϑ
ηT LT −

LC
ηC

LT − LC
=
ϑ
ηC

ηCηT −
LC
LT

1− LC
LT

€ 

=
ϑ
ηC

1−ηCηT +1− LC
LT

1− LC
LT

=
ϑ
ηC

1− 1−ηCηT
1− LC

LT

% 

& 

' 
' 
' ' 

( 

) 

* 
* 
* * 

€ 

LC
LT

=
cp T2 −T1( )
cp T3 −T4( )

≅
T2 −T1( )
T3 −T4( )

=
T2
T3

1− T1
T2

1− T4
T3

=
T2
T3

=
T1
T3
T2
T1

=
βε

τ



Real	cycle	efficiency	
•  Thus:	

	
•  And	eventually:	

•  Which	is	posi@ve	if:		
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 The real effi ciency is thus the product of a term increasing with pressure 
ratio and one decreasing with it, showing the trend shown in  Fig. 3.10 .      

 It is also noteworthy that Equation [3.55] provides a positive result if  

    η η β
τ

εββ
T Cη ηη >        [3.56]   

 This is the fundamental reason why the gas turbine has had a very slow 
development. In fact, building compressors with high pressure ratios and 
high effi ciency has been a challenge for decades, which was solved  concretely 
during the Second World War and released to the public after the 1950s, 
when most of the studies of fl uid dynamics of compressors and turboma-
chinery were published. 

 The disequation [3.56] could be solved if  τ  were high enough to make the 
right-hand side larger than the left-hand side. However, in the early stages 
of gas turbine development the available materials were not able to with-
stand temperatures higher than 600°C, giving a very low  τ . 

  Figure 3.10  shows the minimum compressor effi ciency that should be 
attained for a given turbine effi ciency and turbine inlet temperature to ver-
ify Equation [3.56]. It can be noted that if the turbine effi ciency is less than 
0.7, the compressor effi ciency should not be less than 0.8 for any turbine 
inlet temperature. Unless the pressure ratio is less than 10, the compressor 
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 3.10      Minimum compressor effi ciency to verify Equation [3.56] vs 
pressure ratio and for given values of turbine effi ciency and TIT.  



Working	fluid	
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effi ciency is the critical parameter to ensure gas turbine operation at an 
acceptable effi ciency and power output. All curves are limited to a pres-
sure ratio such as β τββ    , which is a reasonable level to avoid too small 
a power output. 

 Disequation [3.56] was not verifi ed for many years, slowing down the 
development of the gas turbine until the last 50 years. If the cycle is closed 
we may use different fl uids from air and combustion products and take 
advantage of their thermodynamic properties to increase specifi c work and 
effi ciency. The most suitable fl uids to increase specifi c work are those with 
a high specifi c heat at constant pressure. Among the gases which have this 
property, it is possible to cite carbon dioxide and, in general, triatomic gases. 
Instead, in order to increase the effi ciency, fl uids with a higher  k  value would 
be preferable, because a higher value of  k  provides a higher value of  ε . Gases 
with higher  k  are generally mono atomic gases, such as helium. Eventually, 
closed cycles have an additional degree of freedom, due to the pressure of 
point 1. Open cycles are constrained to use air at atmospheric pressure, but 
in closed cycle it is possible to pressurise point 1, thus increasing the mass 
of the working fl uid with the same volume and size of the gas turbine. The 
size of the gas turbine may be reduced if the pressure at point 1 is increased 
from ambient pressure. 

  Figure 3.11  shows the ideal and real effi ciency of gas turbines using dif-
ferent fl uids as working fl uid. Gas turbines using helium have a higher ideal 
cycle effi ciency than those using air or carbon dioxide. The same holds true 
for the real cycle at low pressure ratios.      
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fl uids.  
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 It is interesting to note that the optimal pressure ratio for maximum 
power output in the ideal cycle increases with turbine inlet temperature. 
This is the reason why the pressure ratio has grown during the years follow-
ing the trend of increasing turbine inlet temperature. The increase in turbine 
inlet temperature has been the main goal of gas turbine research since the 
beginning. 

 Improvements in metal resistance at high temperature may be seen in 
 Fig. 3.12 , where the maximum temperature blade and nozzles that materi-
als can withstand has grown from 700°C to almost 900°C over the last six 
decades. But nozzle and blade cooling has helped to allow much higher tur-
bine inlet temperatures while keeping the metal temperature at a safe level. 
 Figure 3.13  shows how cooling techniques have enabled reaching turbine 
inlet temperatures higher than 1900 K over the last decade.           

  Figure 3.14  shows the increase of pressure ratio during the years. This can 
be compared with the ideal pressure ratio for maximum specifi c power as a 
function of turbine inlet temperature that is shown in  Fig. 3.15 .             

  3.4     Improvements to the simple cycle 

 The development of the gas turbine described previously has followed a 
steady trend, with a number of signifi cant innovations in the main com-
ponents but always with a careful attention to maintain a leading role as 
aircraft engines. The main features of aircraft engines are a high power/
weight ratio, small overall volume (length and external diameter of the 
gas turbine) to fi t the aerodynamic casings located under the wings or in 
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the tail, and a low specifi c fuel consumption to increase the load capacity 
of the aircraft for a given cruise range. All those features have required a 
signifi cant effort in improving all the components: higher loading of com-
pressors and turbines, more compact combustion chambers, higher pres-
sure ratios, and higher turbine inlet temperatures. Fundamental studies 
of fl uid dynamics of turbomachinery, of combustion, of high temperature 
materials, and the introduction of nozzles and turbines blade cooling, have 
made the current technology reach compressor and turbine effi ciencies 
well above 92%, a pressure ratio of axial compressor up to 30, and a tur-
bine inlet temperature of 1700 K. The marginal improvements of those 
parameters has become smaller and smaller, and even the turbine inlet 
temperature is reaching its limit, due to environmental regulations that 
prevent combustion temperatures exceeding 1800 K, in order to keep NO x  
emissions under control. 

 Therefore, the simple Joule–Brayton cycle is approaching its real limits, 
and only new concepts may further improve the performance of gas cycles. 
Several improvements to the Joule–Brayton cycles have been proposed 
over the years, but only few of them have been commercially developed 
for industrial and ship propulsion utilisation. Modifying the Joule–Brayton 
cycle means using additional components that are generally either heavy or 
bulky, or that use mixtures of air and water or steam. Most of the proposed 
changes improve either the effi ciency or the specifi c work, and only in a few 
cases both of them. Among the proposed solutions, the following will be 
described:

30

25

20

15

10

O
pt

im
um

 p
re

ss
ur

e 
ra

tio

5

0

Turbine inlet temperature (K)TT

75
0

80
0

85
0

90
0

95
0

10
00

10
50

11
00

11
50

12
00

12
50

13
00

13
50

14
00

14
50

15
00

15
50

16
00

16
50

17
00

17
50

18
00

  
 3.15      Pressure ratio for maximum power output vs TIT.  



Trend	of	pressure	ra@o	

 Fundamentals of gas turbine cycles 65

© Woodhead Publishing Limited, 2013

2600

2400

2200

2000

1800

Tu
rb

in
e 

en
tr

TT
y 

te
m

pe
ra

tu
re

 (
°K

)

Introduction
of blade cooling

1600

1400 Simple cooling

Sophisticated
cooling systems

Convection

Film
impingement
convection

Transpiration
and others

New
cooling
conceptPro

jec
ted

 tr
en

d

ne
w m

ate
ria

l

1200

1000
1950 1960 1970

YearYY

Uncooled turbines
Allowable metal temperature

1980 1990 2010

3.13      Evolution of TIT with cooling techniques. 3   

60

50

40

30

O
ve

ra
ll 

pr
es

su
re

 r
at

io

20

10

0
1930 1940 1950 1960 1970 1980

TurbojetTT
TurboTT fan
TurbopropTT

Max. EFF.FF E3

ADV.DD TurbofTT an

Year of first flighYY t
1990 2000 2010

3.14      Increase of compressor pressure ratio during the years. 3   



Recuperated	gas	turbine	

T4 > T2



Efficiency	
•  Let	us	define	the	recupera@on	ra@o	and	set	it	
as	1:		

•  We	can	calculate	the	efficiency	as:	

	
•  The	point	where	the	efficiency	is	the	same	as	
that	of	the	simple	cycle	is	given	by:	

•  A	similar	expression	can	be	derived	from		
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Recuperated	gas	turbines	with	R≠1	

•  If	R<1	we	can	write:	

•  From	which:	

•  		
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  R  is 0 for the simple cycle and 1 for the ideal recuperated cycle with com-
plete heat recovery described earlier. 

 For  R  < 1, we can now calculate the heat supplied and released:
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 and calculate the effi ciency of the partially recuperated cycle as:
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  [3.62]   

 If Equation [3.62] is plotted for different  R , all the curves lie between the 
 R  = 1 and the  R  = 0 curves as shown in  Fig. 3.20 .      

 It can be observed that the optimal value of the pressure ratio for the 
recuperated cycle with any value of  R  > 0 is always much less than for the 
simple cycle, and also much smaller than the pressure ratio for maximum 
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specifi c work. This means that recuperated cycles are convenient for very 
small pressure ratios, which are not normally encountered in modern gas 
turbines. 

 Today, recuperated cycles are only used in microturbines that have only 
one centrifugal compressor stage and therefore a very low pressure ratio. 

 In the real cycle the assumptions listed for the ideal cycle are no longer 
valid, and those concerning the heat exchanger are those that most affect 
the performance. The heat exchanger is a gas–gas compact heat exchanger 
and its size is generally quite large compared to the size of the gas turbine, 
so that the plant volume is practically doubled by its presence. The large 
size is mainly due to the small heat transfer coeffi cient between air and 
fl ue gases, and to allow ample ducts to prevent too high pressure losses on 
both sides. 

 Nonetheless, in real recuperated gas turbines  R  is always less than 1, 
because it is impossible to exchange heat with a null temperature differ-
ence between the hot and the cold fl uids, and pressure losses have to be 
accounted on both sides. 

 These two factors affect the effi ciency of the cycle, as is shown in  Fig. 3.15 , 
but they also reduce the specifi c power. In fact pressure losses on both the 
cold side, where they are added to the combustor pressure losses, and on 
the hot side, where they cause the exhaust pressure of the turbine to rise 
over the ambient pressure, reduce the expansion ratio of the turbine with 
respect to the compression ratio of the compressor. In addition, it is impor-
tant to note that compact heat exchangers are subject to fouling, and thus 
to a reduction of their performance with time, and the insertion of a large 
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3.20      Effi ciency of the recuperated cycle vs pressure ratio for 
different  R .  
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•  If	we	refer	to	the	figure:	
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and turbine inlet temperature. The same cannot be said in general for the 
intercooled real cycle. If we look at  Fig. 3.24 , which depicts an intercooled 
real cycle and  Fig. 3.25  that is an enlargement of cycle II, we cannot imme-
diately determine if cycle II has a lower effi ciency than cycle I because we 
cannot use Equation [3.31] which is valid only for the ideal cycle. Moreover, 
point 6 in the real cycle will not be at the same temperature as point 1, since 
the heat exchanger cannot cool the air at a lower temperature than ambient 
temperature.           

 However, if we draw a constant temperature line from 6 to 6′ and from 5′ 
to 5″ and fi nd the intersection with a constant entropy line from 7′ to 6′ and 
from 2′ to 5″, from the description of the thermodynamic properties of gases 
in Section 3.2, we can affi rm that points 6′ and 5′ lie on the same constant 
pressure line  p  d . Moreover, cycle 67′2′5′ is energetically equivalent to cycle 
6′7′2′5’’ because they receive the same amount of heat in the 7′2′ process 
and release the same amount of heat in the 65′ and 6′5″ processes. Line 6′5″ 
is perfectly translated from 65’ and therefore the heat released is exactly the 
same. Two cycles with the same heat received and released have the same 
effi ciency, but cycle 6′7′2′5″ is an ideal Joule cycle and its effi ciency can be 
easily calculated from Equation [3.31]. However, it is possible to notice that 
the cycle 6′7′2′5″ has a higher pressure ratio than the cycle 67′2′5′ and in 
some peculiar cases its pressure ratio could be high enough to have cycle 
II effi ciency higher than cycle I. Therefore, in the intercooled compression 
real cycle we cannot state for sure that the effi ciency will decrease with 
respect to the simple cycle with the same pressure ratio and turbine inlet 
temperature.  

Q1

Q21QQ

Q21QQ

S

Wc1WW

Wc2WW

WtWW

3

42

7

T

6

5

1

 3.23      T-s diagram of an intercooled compression ideal cycle.  

ηIC =
WI +WII

Q1I +Q1II
=
ηIQ1I +ηIIQ1II
Q1I +Q1II

WIC = cp T5 −T1 +T7 −T6( ) < cp T2 −T1( )
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  3.4.3     The gas turbine with reheat 

 Reheat in gas turbines is a similar modifi cation as intercooled compression. 
The aim of this improvement is to use the same advantage from the ther-
modynamic properties of gases by allowing a partial expansion of the gas 
in the turbine, followed by a reheat and a second expansion to the ambient 
pressure ( Fig. 3.26 ).      

 Reheat is made possible by inserting a second combustor between the 
fi rst turbine and the second. As we have discussed earlier in this chapter, 
all gas turbines operate with quite large excess air and there is still enough 
oxygen available after the fi rst combustion process to be able to burn addi-
tional fuel in the second combustor. The second combustor will provide 
heat to reach the same maximum temperature  T  5  as the fi rst combustor  T  3  
( Fig. 3.27 ).      
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3.24      T-s diagram of an intercooled compression real cycle.  
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3.25      T-s diagram of cycle II of an intercooled compression real cycle.  
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