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Evaluate the performance of gas power cycles for which the working fluid
remains a gas throughout the entire cycle.

Develop simplifying assumptions applicable to gas power cycles.
Review the operation of reciprocating engines.

Analyze both closed and open gas power cycles.

Solve problems based on the Otto, Diesel, Stirling, and Ericsson cycles.

Solve problems based on the Brayton cycle; the Brayton cycle with
regeneration; and the Brayton cycle with intercooling, reheating, and
regeneration.

Analyze jet-propulsion cycles.
|dentify simplifying assumptions for second-law analysis of gas power cycles.

Perform second-law analysis of gas power cycles.
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BASIC CONSIDERATIONS IN THE ANALYSIS OF POWER CYCLES

Most power-producing devices operate on cycles.

Ideal cycle: A cycle that resembles the actual cycle closely but is made up totally
of internally reversible processes is called on.

Reversible cycles such as Carnot cycle have the highest thermal efficiency of
all heat engines operating between the same temperature levels. Unlike ideal
cycles, they are totally reversible, and unsuitable as a realistic model.

Thermal efficiency of heat engines

W

‘net
_ or mng =
0, ]

=2 1n in

" ‘Ilcl

M —

4 Prof. Dr. Ali PINARBASI Chapter 9 GAS POWER CYCLES




OVEN

Potato
- <+— ACTUAL

-

[758E

WATER <— IDEAL

Modeling is a powerful
engineering tool that provides
great insight and simplicity at
the expense of some loss in
accuracy.
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Care should be exercised in the
interpretation of the results
from ideal cycles.
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Actual cycle

Ideal cycle
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The analysis of many complex
processes can be reduced to a
manageable level by utilizing some
idealizations.
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The idealizations and simplifications in the analysis of power cycles

1. The cycle does not involve any friction. Therefore, the working fluid does not
experience any pressure drop as it flows in pipes or devices such as heat
exchangers.

2. All expansion and compression processes take place in a quasi-equilibrium
manner.

3. The pipes connecting the various components of a system are well insulated,
and heat transfer through them is negligible.

On a T-s diagram, the ratio of the area enclosed by the cyclic curve to the area under
the heat-addition process curve represents the thermal efficiency of the cycle. Any
modification that increases the ratio of these two areas will also increase the thermal

efficiency of the cycle.
P T4

[
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P-v and T-s diagrams, the area enclosed by the process curve represents the net work of the cycle.
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THE CARNOT CYCLE AND ITS VALUE IN

The Carnot cycle is composed of four totally reversible processes: isothermal heat
addition, isentropic expansion, isothermal heat rejection, and isentropic
compression.

For both ideal and actual cycles: Thermal efficiency increases with an increase in

the average temperature at which heat is supplied to the system or with a decrease
in the average temperature at which heat is rejected from the system.
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A steady-flow Carnot engine.
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EXAMPLE 9-1

Show that the thermal efficiency of a Carnot cycle operating between the temperature limits of T,
and T, is solely a function of these two temperatures and is given by

! Iy
”[h. Carnot
TH

Solution It is to be shown that the efficiency of a Carnot cycle

1 1 depends on the source and sink temperatures alone.

Analysis All four processes that comprise the Carnot cycle are
_____ 41 ) : reversible, and thus the area under each process curve represents
the heat transfer for that process. Heat is transferred to the
system during process 1-2 and rejected during process 3-4.
Therefore, the amount of heat input and heat output for the cycle
can be expressed as

G = Tu(s2 — 81) and  Gou = Tp(85 — 84) = Ti(s2 — 51)

= Whet =1 — out o ‘TL('?E _ Sl) . TL
Gin 4in Ty ('5‘2 - Sl) I'y

Discussion Notice that the thermal efficiency of a Carnot cycle is independent of the type of

the working fluid used (an ideal gas, steam, etc.) or whether the cycle is executed in a
closed or steady-flow system.
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AIR-STANDARD ASSUMPTIONS

AR Air-standard assumptions:
Combustion COMBUSTION : PR : : :
e R 1. The working fluid is air, which continuously
— PRODUCTS circulates in a closed loop and always
oL behaves as an ideal gas.
(a) Actual
2. All the processes that make up the cycle
HEAT are internally reversible.
b 3. The combustion process is replaced by a
e Heating =t . heat-addition process from an external
o — source.
4. The exhaust process is replaced by a
(b) Ideal e
heat-rejection process that restores the
The combustion process is replaced working fluid to its initial state.

by a heat-addition process in ideal
cycles.

Cold-air-standard assumptions: When the working fluid is considered to be
air with constant specific heats at room temperature (25°C).

Air-standard cycle: A cycle for which the air-standard assumptions are

applicable.
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AN OVERVIEW OF RECIPROCATING ENGINES

- - Viax  VBDC
Compression ratio b K L TEOK
Il"fllmn l'/,IT[,‘.ME'

Spark-ignition (Sl) engines
Compression-ignition (Cl) engines

Intake Exhaust
valve valve

SURERE S R

Stroke

SOSINE N W

(a) Displacement (b) Clearance
volume volume

Nomenclature for reciprocating engines.
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Mean effective pressure

Wi W

et
MEP = & - (kPa)
U]I‘m.‘{ o U[mn Vinax — Vmin

The mean effective pressure can be used as a
parameter to compare the performances of
reciprocating engines of equal size. The engine with a
larger value of MEP will deliver more net work per
cycle and thus will perform better.

W, = MEP X Piston area X Stroke

= MEP X Displacement volume
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lrli'{J'm:L = MEPU":HM = L".minj

MEP [ ——————————————

The net work output of a cycle is
equivalent to the product of the
mean effective pressure and the

displacement volume.
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Actual and ideal cycles in spark-ignition engines and their P-v diagrams.

Prof. Dr. Ali PINARBASI

hark-ighition engines

mixture

Intake
stroke

_.q qDUI

AlIR

v = const.
heat rejection

Chapter 9 GAS POWER CYCLES




Four-stroke cycle
1 cycle = 4 stroke = 2 revolution
Two-stroke cycle
1 cycle = 2 stroke = 1 revolution

[-2 Isentropic compression

2-3  Constant-volume heat addition
3-4 Isentropic expansion

l

4-1 Constant-volume heat rejection

T4 3
Gin /
Y

<

' rram of the ideal Otto cycle.
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The two-stroke engines are
generally less efficient than their
four-stroke counterparts but
they are relatively simple and
inexpensive, and they have high
power-to-weight and power-to-
volume ratios.

Intake
port

Crankcase \

Fuel-air
mixture

Schematic of a two-stroke

reciprocating engine.
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(ff-"in o qijut) + (win o 1|H""1u|:r1|t) = Au (k“]/kg) Gin = Uy — Uy = CU(TB o Tg)

Gou = Uy — Uy = ¢(Ty — T))

=W"et=1 _q‘)“t: I __T4—Tl _ _TI(T4/T1 - l)

Thn, Otto Gin Gin == 1 LT — 1)
071_ Tl (vz)k—] B (v3)k—l _ T4
0.6F T, Vi Vy T;

Typical

0.5 compression Py 4
g ratios for
S 0.4 gasoline
o 03l engines
0.2
0.1
[ | | | s
2 4 6 8 10 12 14

Compression ratio, r

The thermal efficiency of the Otto cycle increases with the specific heat
ratio k of the working fluid.
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In S| engines, the compression ratio is limited
by auto ignition or engine knock.

T;'.lh. Ot T l o Fﬁ'—l

0.8}

nth Otto
o
™
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o
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1 | L I ! | I | !
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Compression ratio, »

Thermal efficiency of the ideal Otto cycle as a function

of compression ratio (k = 1.4).

The working fluid in actual engines contains larger molecules such as carbon
dioxide and the specific heat ratio decreases with temperature, which is one of
the reasons that the actual cycles have lower thermal efficiencies than the ideal
Otto cycle. The thermal efficiencies of actual spark-ignition engines range from
about 25 to 30 %.
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EXAMPLE 9-2

An ideal Otto cycle has a compression ratio of 8. At the beginning of the compression process, air is
at 100 kPa and 17°C, and 800 kJ/kg of heat is transferred to air during the constant-volume heat-
addition process. Accounting for the variation of specific heats of air with temperature, determine (a)
the maximum temperature and pressure that occur during the cycle,(b) the net work output, (¢) the
thermal efficiency, and (d ) the mean effective

pressure for the cycle.

F, kP Solution An ideal Otto cycle with specified compression ratio and
heat input is considered.

Assumptions 1 The air-standard assumptions are applicable. 2
Kinetic and potential energy changes are negligible. 3 The
variation of specific heats with temperature is to be accounted for.

[sentropic

(a) The maximum temperature and pressure in an Otto cycle
occur at the end of the constant-volume heat-addition process
(state 3). To determine the temperature and pressure of air at the
end of the isentropic compression process (state 2), using data

_| from Table A-17:

100

The properties P, (relative pressure) and v, (relative specific volume are dimensionless

quantities used in the analysis of isentropic processes, should not be confused with the
properties pressure and specific volume.

T, = 290 K — u; = 20691 kl/kg
vV, = 676.1
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| Process 1-2 (isentropic compression of an ideal gas): |

Vi, VY | V, 676.1 i __
22y, == = 8451 —>7T, = 6524K u, = 475.11 kI /kg
Va W T r 8
Psv, Py (E)( Vi
— Po— pe e
r, 1, 2 ‘U7 /\y

652.4 K
= (100 kPa) (8) = 1799.7 kPa
290 K

Process 2-3 (constant-volume heat addition):

din = Uz — Uy

800 kJ/kg = u; — 475.11 kJ/kg
u; = 1275.11 kl/kg > T, = 1575.1 K
Vs = 6.108
S = Amale 1
1575.1 K

)(l) = 4.345 MPa

= (1.7997 MPu)( i
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(b) The net work output for the cycle is determined either by finding the boundary (P dV)
work involved in each process by integration and adding them or by finding the net heat
transfer that is equivalent to the net work done during the cycle. We take the latter
approach. However, first we need to find the internal energy of the air at state 4:

Process 3-4 (isentropic expansion of an ideal gas):

Vy W _ _ |
== =r>v,=ry, = (8)(6.108) = 48.864 > T, = 795.6 K u, = 588.74 kJ/kg

v,

Process 4-1 (constant-volume heat rejection):

T out = Uy T Uy > Qo = Uy — U
Gour = 388.74 — 206.91 = 381.83 kJ/kg
Woet = Gret = Gin — Gout = S00 — 381.83 = 418.17 k] /kg

(c) The thermal efficiency of the cycle is determined from its definition,

Wee 418.17Kl/kg

Mo = g T 800 K /ke

0.523 or 52.3%

| _; i _ |
Mih, Otto = 1 _rk—_i =1—-rt=1- (1’3)E 14 = (0.565 or 56.5%
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(d ) The mean effective pressure is determined from its definition,

h-"']:E,P = 1Irrl'J!Iﬂl;".E = H’Ji'iet = H’Jﬁt":i
vi— Vv vy —v/r vl = 1/r)

RT, (0.287 kPa-m’/kg-K) (290 K) .
= == = 0.832 m”/kg
P, 100 kPa

418.17 kIl /kg
MEP =

(0.832 m*/ke)(1 — 1)

| kPa-m’
1 kJ

) = 574.4 kPa

Therefore, a constant pressure of 574.4 kPa during the power stroke would produce the

same net work output as the entire cycle.
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DIESEL CYCLE: THE IDEAL CYCLE FOR COMPRESSION-

IGNITION ENGINES

In diesel engines, only air is compressed during the compression stroke,
eliminating the possibility of auto ignition (engine knock). Therefore, diesel
engines can be designed to operate at much higher compression ratios

than Sl engines, typically between 12 and 24.

SPRLY Spark Fl}el
plug Injector
AIR
Air—fuel
mixture Fuel spray
Gasoline engine Diesel engine

In diesel engines, the spark plug is replaced by a fuel injector, and
only air is compressed during the compression process.
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(@) P- v diagram (b) T-5 diagram

1-2 Isentropic compression

2-3 constant-pressure heat addition
3-4 isentropic expansion

4-1 constant-volume heat rejection.

22
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Jin = Whout = Uz — Uy = (i = Pﬂ(u?a == UE) it (”3 B HE)

=hy — h, = cp(TB B TE)

Tout = Uy T UL oy T Uy — U = :U(Tfﬂr - Ti)

for the same compression ratio

- _— Wiet —1 — q out T — T4 o T] - T[(Tit/TE o 1)
Hes {in in k(Ts - Tz) sz(TB/TE - 1)
Vi v, l rk—1
Cutoff ratio fo = v, B v, Mih, Dieset = 1~ ,.k—l|:k(l.(‘ _ 1)]

Nih, Otto > Tlth, Diesel

(a) P- v diagram

[P |

(b) T-s5 diagram
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Thermal efficiency of the ideal Diesel cycle as a function of

I

1

T

Vi v
.} N T —
‘ Vs Vs
\ (Otto)

Typical
compression
ratios for diesel
engines

1 1 1 | 1 | | I

2

[ | 3
4 6 8 10121416 18 20 22 24
Compression ratio, r

compression and cutoff ratios (k=1.4).
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Dual cycle: A more realistic
ideal cycle model for modern,
high-speed compression ignition
engine.

P4

P-v diagram of an ideal dual cycle.
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STIRLING AND ERICSSON CYCLES

« 1-2 T = constant expansion (heat additi Q
- 2-3 v = constant regeneration (internal | Diesel engines operate at id
to the regenerator) higher air-fuel ratios than

- 3-4 T = constant compression (heat rej¢ gasoline engines. Why?
* 4-1 v = constant regeneration (internal |
back to the working fluid)

Despite higher power to i

weight ratios, two-stroke
orking fluid 1 angines are not used in

/£ .
— automobiles. Why?
REGENERAT

The stationary diesel engines

Enerey( ~—— are among the most efficient
power producing devices
(about 50%). Why?

‘ What is a turbocharger? Why

are they mostly used in diesel
engines compared to gasoline
engines.

N

A regenerator is a device that borrows energy from the working fluid

during one part of the cycle and pays it back during another part.
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{a) Carnot cycle

(&) Stirling cycle

=y

L |

{c) Ericsson cycle

T-s and P-v diagrams of Carnot, Stirling, and Ericsson cycles.
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The Stirling and Ericsson cycles give a
message: Regeneration can increase

efficiency.

H:q h
i

e Regenerator

Ej State
1

in

. State
| 2

Ty t:—-— State
3

-

1

- State
4

b

ff ot

The execution of the Stirling cycle.

Both the Stirling and Ericsson cycles are totally
reversible, as is the Carnot cycle, and thus:

1y
— i — l RN

nth Stirling T]th Ericsson ﬂm Carnot
Ty

The Ericsson cycle is very much like the Stirling
cycle, except that the two constant-volume
processes are replaced by two constant-pressure
processes.

Reeenerator
m— = ——

| |

A A A

Hgat

W
= const. L TH = const. nel

Compressor/r_ Turbine

quu[ in

A steady-flow Ericsson engine.
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Stirling and Ericsson cycles are difficult to achieve in practice because they involve
heat transfer through a differential temperature difference in all components
including the regenerator.

This would require providing infinitely large surface areas for heat transfer or
allowing an infinitely long time for the process. Neither is practical. In reality, all
heat transfer processes will take place through a finite temperature difference,
the regenerator will not have an efficiency of 100 percent, and the pressure
losses in the regenerator will be considerable.

More research and development are needed before these engines can compete
with the gasoline or diesel engines. Both the Stirling and the Ericsson engines are
external combustion engines.

Despite the physical limitations and impracticalities associated with them, both
the Stirling and Ericsson cycles give a strong message to design engineers:
Regeneration can increase efficiency. It is no coincidence that modern gas-turbine
and steam power plants make extensive use of regeneration.
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External combustion offers several advantages.
v' A variety of fuels can be used as a source of thermal energy.

v' There is more time for combustion, and thus the combustion
process is more complete, which means less air pollution and
more energy extraction from the fuel.

v These engines operate on closed cycles, and thus a working
fluid that has the most desirable characteristics can be
utilized as the working fluid.

v" Hydrogen and helium are two gases commonly employed in these
engines.

v' In fact, the Brayton cycle with intercooling, reheating, and
regeneration, which is utilized in large gas-turbine power plants
and discussed later in this chapter, closely resembles the
Ericsson cycle.
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EXAMPLE 9-4

Using an ideal gas as the working fluid, show that the thermal efficiency of an Ericsson cycle is
identical to the efficiency of a Carnot cycle operating between the same temperature limits.

Solution It is to be shown that the thermal efficiencies of Carnot and Ericsson cycles are

identical.
Analysis Heat is transferred to the working fluid isothermally from an external source at
temperature TH during process 1-2, and it is rejected again isothermally to an external sink

at temperature TL during process 3-4.

0

_ A P P,
q =TAs As =c,In==— RIn—= = —RIn—=
T P, P,

i

P, /i
qin = Ta(s2 = 1) = Ty(=RIn—= | = RTIn—

I 2

P, P,
Gout = TL(54 - 53) — _TL =K lnP_ — RTL ll’l;

3 3

. out RTL IH(P%L/P'%) - TL

_ = | — -
since P1=P4 and P3=P2_ nth, Ericsson G RTH In (PI/PE) TH
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Stirling Cycles
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Rejenerative Stirling Cycles

Copyright 2000, Kevenay.com
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BRAYTON CYCLE: THE IDEAL CYCLE FOR GAS-TURBINE ENGINES

The combustion process is replaced by a constant-pressure heat-addition
process from an external source, and the exhaust process is replaced by a
constant-pressure heat-rejection process to the ambient air.

1-2 Isentropic compression (in a compressor)

2-3 Constant-pressure heat addition

3-4 Isentropic expansion (in a turbine)

4-1 Constant-pressure heat rejection

Heat
exchanger

Fuel —s Combustion q:‘
chamber @
® - /‘
@ Compressor b Turbine ———
(\ 1IIr"l'l'..‘l
Compressor b Turbine =3
/_ @ Heat & @
exchanger |

Fresl Exhaust
@ {uilfu g;{se:ﬁm @ %

qOUl

An open-cycle gas-turbine engine. A closed-cycle gas-turbine engine.
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("'?in o guui) + (win o wﬂut) = hexit o 'I;"inlet Gin = h3 o }’."2 - {:P(T3 o Tﬁ)

Gour = Ny — M = ;J(Tﬂf o Tl)
Thermal efficiency

7 B Wiet = — d out | CP(T‘:]' — Tl) l -T](T4/T| — l)
th, Brayton ~— Tl _ = — = —
h e CP(TS - T) T(T5/T, — 1)

T

Pressure ratio

P,
r, = —
p

P,

I

(k—1)/k
I?

Mth, Brayton — I —
!

{a) T-5 diagram . () P-vdiazram

T-s and P-v diagrams for the ideal Brayton cycle.
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Pressure ratio yoo=—

0.7

35

nth, Brayton

Typical pressure
ratios for gas-
turbine engines

0.3

0.1

I
5 10 15 20 25

Pressure ratio, r,

Thermal efficiency of the ideal Brayton cycle as a

function of the pressure ratio.
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The two major application areas = The highest temperature in the cycle is limited
of gas-turbine engines are by the maximum temperature that the turbine

aircraft propulsion and electric blades can withstand. This also limits the
pressure ratios that can be used in the cycle.

ower generation. - . .
P g The air in gas turbines supplies the necessary
T4 oxidant for the combustion of the fuel, and it
serves as a coolant to keep the temperature of
T nax various components within safe limits. An air—
R fuel ratio of 50 or above is nhot uncommon.
wI'IE[
Wiurbine
SE%HK Back work

For fixed values of T, . and T .,, the net work of
the Brayton cycle first increases with the W compressor
pressure ratio, then reaches a maximum at r, = The fraction of the turbine work used to drive

(T o/ T ) /2= 11 and finally decreases. the compressor is called the back work ratio.
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Development of Gas Turbines

1. Increasing the turbine inlet (or firing) temperatures
2. Increasing the efficiencies of turbomachinery components (turbines compressors)

3. Adding modifications to the basic cycle (intercooling, regeneration or

recuperation, and reheating).

Deviation of Actual Gas-Turbine 5
CVC'ES from Idealized Ones Pressure drop

during heat
addition

Reasons: Irreversibilities in turbine and
compressors, pressure drops, heat losses

Isentropic efficiencies of the
compressor and turbine

Pressure drop
: o during heat
W 5 h 25 )t? I 1 1'6jCC[i0n

i

Ne=—=
¢ Wg J'!l/"'zﬁ_"‘l/‘rl

The deviation of an actual gas-turbine cycle
Ny = = from the ideal Brayton cycle as a result of
. h: — h : o
Wy 3 45 irreversibilities.

H’ﬁ- hg P ;'!?4[1

i
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EXAMPLE 9-5

A gas-turbine power plant operating on an ideal Brayton cycle has a pressure ratio of 8. The gas
temperature is 300 K at the compressor inlet and 1300 K at the turbine inlet. Utilizing the air-
standard assumptions, determine (a) the gas temperature at the exits of the compressor and the
turbine, (b) the back work ratio, and (c) the thermal efficiency.

Solution A power plant operating on the ideal Brayton cycle with a specified pressure ratio
is considered. The compressor and turbine exit temperatures, back work ratio, and the
thermal efficiency are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are
applicable. 3 Kinetic and potential energy changes are negligible. 4 The variation of specific
heats with temperature is to be considered.

(a) The air temperatures at the compressor and turbine
T K exits are determined from isentropic relations.
1300

1, = 300 K — Ay = 300.19 kJ/kg
P,, = 1.386
at compressor exit

| P e PE
r2 P;

300

P, = (8)(1.386) = 11.09 > T, = 540K

hy = 544.35 kI /kg
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Process 3-4 (isentropic expansion of an ideal gas):

T, = 1300 K — h; = 1395.97 kJ/kg P, = 3309

B, |
at turbineleiml Fre = P—4P1.3 = (g) (330.9) =41.36 > T, = 770 K h, = 789.11 kl/kg
3

(b) To find the back work ratio, we need to find the work input to the compressor and the
work output of the turbine:

Weompin = M2 ) = 24453 — AU = 24416 kl/kg
Wiarb. ot = N3 — hy = 1395.97 — 789.11 = 606.86 kl/kg
Weomp,in ~ 244.16 kJ/kg
Wb 606.86 kI /ke
(c) The thermal efficiency of the cycle is the ratio of the net power output to the total heat input:
Gin = h3 — h, = 1395.97 — 544.35 = 851.62 kl/kg
Whet = Wour — Win = 006.86 — 244.16 = 362.7 kl/kg
W et 362.7 k] /kg
g 851.62 kI /ke

Back work ratio ry,, = = 0.402

= 0.426 or 42.6 %

N —
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The thermal efficiency could also be determined from

q"nut
in

e

Gour = hy — hy = 789.11 — 300.19 = 488.92 kl/kg

l
T th, Brayton — l = rg:—l}jk = = 8[1.4—[}}1.4

= 0.448
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EXAMPLE 9-6 |
Assuming a compressor efficiency of 80 percent and a turbine
efficiency of 85 percent, determine (a) the back work ratio, (b) 1300
the thermal efficiency, and (c) the turbine exit temperature of the
gas-turbine cycle discussed in Example 9-5.

Solution The Brayton cycle discussed in Example 9-5 is
reconsidered. For specified turbine and compressor
efficiencies, the back work ratio, the thermal efficiency,
and the turbine exit temperature are to be determined.

300

(a) The actual compressor work and turbine work are determined by using the definitions of
compressor and turbine efficiencies,

w, 244.16 k/kg

Compressor: Weomp, in = Th-f = S = 305.20 kl/kg
Turbine: Warb st = NWs = (0.85)(606.86 kJ/kg) = 515.83 kI /kg
_Mempn _ 305.20KV/ke
™ Wubom 515.83kI/kg

That is, the compressor is now consuming 59.2 % of the work produced by the turbine (up
from 40.2 %). This increase is due to the irreversibilities that occur within the compressor
and the turbine.
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(b) In this case, air will leave the compressor at a higher temperature and enthalpy, which
are determined to be

Wi — s, i =W
= 300.19 + 305.20
= 605.39 kl/kg (and T,, = 598 K)
Gin = hy — hy, = 1395.97 — 605.39 = 790.58 kJ /kg
Woet = Wour — Win = 515.83 — 305.20 = 210.63 kJ /kg
W, 210.63 kl/kg
¢ 790.58 kJ/kg
(c) The air temperature at the turbine exit is determined from an energy balance on the

= 0.266 or 26.6%

”fIm =

turbine:

Wiarb, out — hB _ f?-fm —> ’I?Jra = l"!I/"'?- — Wiurb, out Then. from Table A—17
= 1395971 — 515.85
= 880.14 kJ/kg I,, =833 K

This value is considerably higher than the air temperature at the compressor exit (7,,=598

K), which suggests the use of regeneration to reduce fuel cost.
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In gas-turbine engines, the temperature of the exhaust
gas leaving the turbine is often considerably higher than
the temperature of the air leaving the compressor.

Therefore, the high-pressure air leaving the compressor
can be heated by the hot exhaust gases in a counter-flow
heat exchanger (a regenerator or a recuperator).

The thermal efficiency of the Brayton cycle increases
as a result of regeneration since less fuel is used for
the same work output.

THE BRAYTON CYCLE WITH REGENERATION

eratio
6

i Gsaved = qregen
Yout

Py

T-s diagram of a Brayton cycle

(‘-"P Regenerator with regeneration.
| 1

l ? y % [ —

T3

Combustion
—ili:
\H | [ (:;b chamber j_l/

I,"“l

Compressor

Prof. Dr. Ali PINARBASI
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A gas-turbine engine with regenerator.
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Effectiveness of regenerator

The thermal efficiency depends on the ratio of the minimum to maximum
temperatures as well as the pressure ratio.

Regeneration is most effective at lower pressure ratios and low minimum-to-
maximum temperature ratios.

Hregen, max — hs: — hy, = hy — h, Uregen, act — hS B ;?2

Effectiveness of regenerator

Hregen, act h:-, — h,
= — —_—

q[tgcm max ‘FF_L — h,

Regeneratio
T _ T’}
/ Effectiveness under cold-air € = = e

Gsaved = Gregen standard assumptions I, — 1T,

re gen

l

I

T-s diagram of a Brayton cycle . - ( I ) (r )(.ﬂ:—l]-_-"#: Under cold-air standard
th, regen — p '

assumptions

with regeneration.
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. P,
Pressure ratio r, = M =1 —
R

T,

= )(m) "

With regeneration

0.7 Without regeneration

0.6 |-
0.5

T =025

0.4

Thir,Brayton

0-3 ‘.‘TI-"‘TS = 0.33‘

0.2

0.1

! ! ! !
5 10 15 20 25

Pressure ratio, r

Thermal efficiency of the ideal Brayton

cycle with and without regeneration.
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EXAMPLE 9-7

Determine the thermal efficiency of the gas-turbine power plant described in Example 9-6 if a
regenerator having an effectiveness of 80 percent is installed.

LR Solution The gas-turbine power plant discussed in
Example 9-6 is equipped with a regenerator. For a
specified effectiveness, the thermal efficiency of the cycle
is to be determined.

Analysis We first determine the enthalpy of the air at the
exit of the regenerator, using the definition of effectiveness:

1300

J'lir:"- o '!?En'

E —
/ l4a — hf{?

(hs — 605.39) kI/kg
(880.14 — 605.39) kJ/kg

300

] — hs = 825.19 kI /kg

g = hs — hs = (139597 — 825.19) kJ/kg = 570.78 kJ/kg

Woee 210.63 kI/kg
dn  570.78 KJ/kg

Ny = = 0.369 or 36.9%

Discussion Note that the thermal efficiency of the power plant has gone up from 26.6 to
36.9 percent as a result of installing a regenerator that helps to recuperate some of the
thermal energy of the exhaust gases.
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THE BRAYTON CYCLE WITH INTERCOOLING, REHEATING,

AND REGENERATION

For minimizing work input to compressor and . ) i P P
maximizing work output from turbine: e L o
o P P, P, P, P,
Regeneraton
(
*@——-—Wﬂ
s AATAY T
o |l
Combustion
chambser
@
_h‘q_h‘_‘_‘-‘-‘-‘-‘-\-‘-\-\_-\_‘- Ilﬁll
f~:1111]]}1'|_";:mr .llJ I{ Turbine Il | el 5
\_\\-“—\N _I — e — —
@ _ ] 4 Uregen = Ysaved
3 i 1 3‘qout

AN~

Inscreooler

A gas-turbine engine with two-stage compression with intercooling, two-stage expansion
with reheating, and regeneration and its T-s diagram.
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Multistage compression with intercooling: The work required to compress a gas
between two specified pressures can be decreased by carrying out the compression
process in stages and cooling the gas in between. This keeps the specific volume as

low as possible.

Multistage expansion with reheating keeps the specific volume of the working fluid
as high as possible during an expansion process, thus maximizing work output.

Intercooling and reheating always decreases the thermal efficiency unless they are
accompanied by regeneration. Why?

Polytropic T

process paths

Work saved
as a result of
intercooling

TH, avg

Intercooling

Isothermal
process paths

° | TLave

Comparison of work inputs to a single-stage Compression and expansion stages increases, the

compressor (1AC) and a two-stage compressor gas-turbine cycle with intercooling, reheating,
with intercooling (1ABD). and regeneration approaches the Ericsson cycle.
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EXAMPLE 9-8

An ideal gas-turbine cycle with two stages of compression and two stages of expansion has an
overall pressure ratio of 8. Air enters each stage of the compressor at 300 K and each stage of the
turbine at 1300 K. Determine the back work ratio and the thermal efficiency of this gas-turbine cycle,
assuming (a) no regenerators and (b) an ideal regenerator with 100 percent effectiveness. Compare
the results with those obtained in Example 9-5.

Solution An ideal gas-turbine cycle with two stages of T K} Grehea
compression and two stages of expansion is considered. The '
back work ratio and the thermal efficiency of the cycle are to
be determined for the cases of no regeneration and maximum
regeneration.

Assumptions 1 Steady operating conditions exist. 2 The air-
standard assumptions are applicable. 3 Kinetic and potential
energy changes are negligible.

1300

300

Pﬂ P4 e Pﬁ PS J= %
== =R =R R and == = R
Fi s P; Py

At inlets: I'=T,, hy=hy and T,=T; hg= hg

At E?Iff-gf Tz = T4.. hg e hq_ Lllld .Tjr — Tg.. h? — ;I/.I'g
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(a) In the absence of any regeneration, the back work ratio and the thermal efficiency are
determined by using data from Table A—17 as follows:

T, = 300 K — h, = 300.19 k] /kg P, = 1.386
P
P, = P—EP,, = V/8(1.386) = 392 > T, = 4033 K h, = 404.33 kI/kg
1
T, = 1300 K — hs = 1395.97 kJ/kg P,c = 330.9
P, 1
P, =—P,,=—=(3309) = 117.0 > T, = 1006.4 K
7= p Fre \/g( ) 7 h, = 1053.35 kJ/kg
Weomp.in = 2Weomp.in.1) = 2(h — hy) = 2(404.33 — 300.19) = 208.28 kJ/kg
Wb, ot = 2 (Wb, out 1) = 2(hs — 17) = 2(1395.97 — 1053.35) = 685.24 kI/kg
Waet = Wb, ot — Weomp,1n = 685.24 — 208.28 = 476.96 kI /kg

Gin = qPri11L1l'y + Qreneat = (hfr - hri) 5 (hS - h?)

= (1395.97 — 404.33) + (1395.97 — 1053.35) = 1334.26 kJ/kg

Weomp, in 208.28 kJ / kg 0.304 or 30.47%
Ihw B Wlurl:-,vcrut B 68524 k‘]/kg - S

w.. 47696 kl/kg |
N = = _ = (.357 or 35.7 %
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I A comparison of these results with those obtained in Example 9-5 reveals that multistage I
compression with intercooling and multistage expansion with reheating improve the back work

ratio (it drops from 40.2 to 30.4 %) but hurt the thermal efficiency (it drops from 42.6 to 35.7 %).

(b) an ideal regenerator with 100 percent effectiveness.

The heat input and the thermal efficiency in this case are
Gin = Gprimary T Grehear = (he — hs) + (hg — hy)
= (1395.97 — 1053.35) + (1395.97 — 1053.35) = 685.24 kJ/kg
W 476.96 kl/kg
G 68524 Kl /ke

That is, the thermal efficiency almost doubles as a result of regeneration compared to the
no-regeneration case. The overall effect of two-stage compression and expansion with

N = = 0.6096 or 69.6 %

intercooling, reheating, and regeneration on the thermal efficiency is an increase of 63 %.
and the thermal efficiency will approach.

T 300 K _

— |

Iy 1300 K

Adding a second stage increases the thermal efficiency from 42.6 to 69.6 %, an increase
of 27 % points. This is a significant increase in efficiency. Adding more stages, however

1?t]L Ericsson = nt]LCm'[mt — l o

can increase the efficiency an additional 7.3 % points at most, and usually cannot be
justified economically.
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IDEAL JET-PROPULSION CYCLES

Gas-turbine engines are widely used to power aircraft because they are light
and compact and have a high power-to-weight ratio.

Aircraft gas turbines operate on an open cycle called a jet-propulsion cycle.

The ideal jet-propulsion cycle differs from the simple ideal Brayton cycle in
that the gases are not expanded to the ambient pressure in the turbine.
Instead, they are expanded to a pressure such that the power produced by
the turbine is just sufficient to drive the compressor and the auxiliary
equipment.

The net work output of a jet-propulsion cycle is zero. The gases that exit the
turbine at a relatively high pressure are subsequently accelerated in a nozzle
to provide the thrust to propel the aircraft.

Aircraft are propelled by accelerating a fluid in the opposite direction to
motion.
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‘/ Vexil
N .
b Nozzle 4
In jet engines, the high-temperature and -
high-pressure gases leaving the turbine
are accelerated in a nozzle to provide
st High T and P
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Thrust (pfOpUlSiVG fOFCG) F o= (‘Ff?"rr)ox]t o (‘Ffﬂ;) inlet — '}f?(i"iﬁmt B2 1";'1[1[91) (N)
PrOPU|Slve Poves H;P = (F) Vanm‘a['t 5. fh("{&xit Iy Hnlcl)r‘{urcruft (I\“')
Propulsive efficiency _— Propulsive power Wy

P .

Energy inputrate Q.

Propulsive power is the thrust acting
on the aircraft through a distance per
unit time.
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Diffuser Compressor Burner section  Turbine  Nozzle

Basic components of a turbojet engine and the T-s diagram for the ideal turbojet cycle.
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Modifications to Turboijet Engines

The first airplanes built were all propeller-
driven, with propellers powered by engines
essentially identical to automobile engines.

Both propeller-driven engines and jet-
propulsion-driven engines have their own
strengths and limitations, and several
attempts have been made to combine the
desirable characteristics of both in one
engine.

Two such modifications are the propjet
engine and the turbofan engine.

Low-pressure
COMPressor

A turbofan engine.

Fan Duct Burners

Low-pressure turbine

,_.----—_l_] r-""..--"""'.'

\
Fan

High-pressure High-pressure turbine
COMPressor

-
k
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WP (propulsive power)

6 7
A

.I KEOU‘[
AIRCRAFT

(excess kinetic energy)

Qo

(excess thermal energy)
Energy supplied to an aircraft
(from the burning of a fuel)
manifests itself in various forms.

[E\ _;’ #‘__‘___
N— ————="—= Fan exhaust

e T'irbine exhaust

The most widely used engine
in aircraft propulsion is the
turbofan (or fanjet) engine
wherein a large fan driven by
the turbine forces a
considerable amount of air
through a duct (cowl)
surrounding the engine.
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Low pressure Fan air bypassing 2-stage high pressure
Fan COMPressor the jet engine turbine to turn outer shaft

Low pressure turbine

- Combustors to turn mner shaft

- m
—

High pressure -

COMPressor —+ Thrust
— o . X ~h : .-.' &
f{ R T Jﬂ-?lii'1'|'1-,ﬁz_:-; ‘,1:} i /7
Air | o2~ | sup TR TONGEhed O
inlet f Y
—+ Thrust

— ¥ Twin spool
" shaft to turn the fan
i and the compressors

A modern jet engine used to power Boeing 777 aircraft. This is a Pratt &
Whitney PW4084 turbofan capable of producing 374 kN of thrust. It is 4.87
m long, has a 2.84 m diameter fan, and it weighs 6800 kg.
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Various engine types:
Turbofan, Propjet, Ramjet, Sacramjet, Rocket

Burners Turbine

Compressor
I X " T"-‘-‘-‘—‘_
—

i

Propeller

Gear reduction
A turboprop engine.

Fuel nozzles or spray bars

et nozzle

Air inlet

AN N

Flame holders

A ramjet engine.
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SECOND-LAW ANALYSIS OF GAS POWER CYCLES

Exergy destruction for a closed system

Xgest = TDSgen = TD(‘&SS‘;‘S — 8 Sout)

= Tc{ (52 = 81)sys — f Foo f B } (KJ)
b, in b, out
For a steady-flow system
Xdcﬂt = T'[]Sgen — T{}(S{mt o Sin) - T{}(Eme’é‘f o E-"Hjsf' N '}‘Ef]]_] §n -}Efnm )
. 1N ., out

Steady-flow, one-inlet, one-exit

Xgest = Tﬂ‘ggeu = Ti}(SE’ 8 ;f'ﬂl + ;{Gm ) (k‘l/kg)
b, in b, out
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Exergy destruction of a cycle

out in ;
Y = J - k]/ke
o . <Z Th.nut E Th. m) ( J h-)

For a cycle with heat transfer only with a source and a sink

; ou in
Xdest = TD( - — ) (k‘]/l\g)

I Iy
Closed system exergy b= (u—ug) — Ty(s — 59) + Po(v — V) + —1 + 97
Stream exer V-2
= ‘i.-'ll‘r = (h o hu) o T:_'r("*. o '1"-”) * . . 8L [I\J’I\g)

A second-law analysis of these cycles reveals where the largest
irreversibilities occur and where to start immprovements.
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SUMMARY

Basic considerations in the analysis of power cycles

The Carnot cycle and its value in engineering

Air-standard asssumptions

An overview of reciprocating engines

Otto cycle: The ideal cycle for spark-ignition engines

Diesel cycle: The ideal cycle for compression-ignition engines
Stirling and Ericsson cycles

Brayton cycle: The ideal cycle for gas-turbine engines

The Brayton cycle with regeneration

The Brayton cycle with intercooling, reheating, and regeneration
|deal jet-propulsion cycles

Second-law analysis of gas power cycles
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The world’s largest turbine, with an output of 340 MW that a new
combined cycle power plant achieves a record-breaking efficiency of
more than 60 % when it goes into operation in 2011.
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After assembly at Siemens’ gas turbine plant in Berlin, the world’s largest gas

turbine hits the road. The turbine arrives on a flat bed trailer at its destination

, ';‘:.“ ¥ _L. E____._._.:_

"l"- = - -_ =l b
4" =

b s i s i o 7 . gy e

ArAnE B 1; __-:_‘.,_ 1‘1:}”“{:* ".ﬂ!'_l' g ._ 15 ._1 ¢ R 1. .H '-Hl

i " i i LS E, i -

1 I p..‘- r_#ﬁ?‘.!ilﬁ#ui ;:‘Ig‘l i .Jl -..":1 'E'lr; I-]E hlrl;-"_;" b ] L _‘|_ n "|"l._F g Ha wpt i L.
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EXAMPLE 9-16

A gas-turbine power plant operates on the simple Brayton cycle between the
pressure limits of 100 and 1200kPa. The working fluid is air, which enters the
compressor at 30°C at a rate of 150 m3/min and leaves the turbine at 500 °C.
Using variable specific heats for air and assuming a compressor isentropic
efficiency of 82 percent and a turbine isentropic efficiency of 88 percent,
determine (a) the net power output, (b) the back work ratio, and (c) the
thermal efficiency.

Assumptions 1 The air-standard assumptions are

Combustion applicable. 2 Kinetic and potential energy changes
S are negligible. 3 Air is an ideal gas with variable
O IT;*”’“ ‘I o specific heats.

Properties The gas constant of air is R = 0.287 kJ/kg-K
(Table A-1).

_'_,_a-'-'_'- 5 --_-\-\_\-‘-\—\_

e ——

Compressor Turbine ‘

{

— 5
. 100 kPa A )
0 } s 500 C\[ @)

FIGURE P9-84



Analysis (a) For this problem, we use the properties from EES software. Remember that for
an ideal gas, enthalpy is a function of temperature only whereas entropy is a function of both
temperature and pressure.

Process 1-2: compression.

Combustion
chamber 1; =30°C——h; =303.60 kl/kg
112 Mpa 7, =30°C |
1 Ls;l =5.7159 kl/kg-K
Compressor Turbine JDI =100 l';.Pﬂ J
rDFWG kPa m@“ By =120k 1 I 617.37 kl/ke
5 500° o B — s ST Tl .
i ’ sy =5, =5.7159kIkg K| ** i
FIGURE P9-84
1y, —1 7.37—303.60
Be=t2"M__ ,05=01 030, 68624 ki/kg
Iy — Iy iy, —303.60 ‘

Process 3—4: expansion.

Ty =500°C——> 1y =792.62 kl/kg

_ hy —792.62
- +0.88 = :
;33 _.I'T.i'q_.; |I'T.|1_J:l _.I'I.i'45
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We cannot find the enthalpy at state 3 directly. However. using the following lines in EES together with
the isenfropic efficiency relation. we find /5 = 1404.7 kl'’kg. T3 = 1034°C, 53 = 6.5699 kl'’kg. K. The
solution by hand would require a trial and error approach.

Combustion
chamber

h_3=enthalpy(Air, T=T_3) 1.2 MPa
s_3=entropy(Air, T=T_3, P=P_2)
h_4ds=enthalpy(Air, P=P_1, s=s_3)

Compressor

Turbine

@ F 100 kPa
. . 30°C
The mass flow rate is determined from

FIGURE P9-84

ARV, (100kPa)(150/60m’ /s)

= : =2.875kg/s
RT, (0287 kPa-m’/kg-K[30+273K)

=

The net power output is
Ffi’c_in =m(hy, — Iy ) =(2.875kg/s)(686.24 — 303.60)kl/kg=1100 kW

ﬁfr__ﬂm =iy —hy)=(2.875kg/s)(1404.7 - 792.62)k]/kg=1759 kW

Woet =W ot — Wein =1759—1100 =659 kW
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(b) The back work ratio is

_ Wew  1100kW

o ALOOEW 608
I{ET.DHT ]_ 2 9 ].‘;EI'II'I

7 Ib‘.“.'

(c) The rate of heat input and the thermal efficiency are

O, =r1i(hy —Iy) = (2.875kg/s)(1404.7 — 686.24)kI/kg = 2065 kW '

. Woet 659kW _0.319
"7 0. 2065kW
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EXAMPLE 9-25

A gas-turbine engine with regeneration operates with two stages of
compression and two stages of expansion. The pressure ratio across each
stage of the compressor and turbine is 3.5. The air enters each stage of the
compressor at 300 K and each stage of the turbine at 1200 K. The compressor
and turbine efficiencies are 78 and 86 percent, respectively, and the
effectiveness of the regenerator is 72 percent. Determine the back work
ratio and the thermal efficiency of the cycle, assuming constant specific
heats for air at room temperature.

Assumptions 1 The air-standard assumptions are applicable.
2 Kinetic and potential energy changes are negligible.
3 Air is an ideal gas with constant specific heats.

Re EenErialid




Analysis The work inputs of each stage of compressor are identical, so are the work
outputs of each stage of the turbine.

(k-1)/k £ T S
Ty =Ty =Tj| ?3 =(300 K)3.5)**!* =420.1K
\ 47

=0y C_E(Tzs -1)

N = sy Ty =Ty =T +(T5. = T3 )/
lc RS r:j_,{fﬁ—fl) 3 2 1+l 1) }?C._
- - =300+(429.1-300)/(0.78)
=4655K
P NE-1)/k { 04714
T, =Ts, =T, P—?i =(1200 K) T=|  =8389K
L ) 5 o

hi: —H c,(Ts—T7)
R AL > Ty =T; =T —n1(Ts — Ty )

hg—=hz  ©p (Ts - T3; ) =1200-(0.86)1200-838.9)
=8895K
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=465.5+(0.72)(889.5 - 465.5)
=770.8K

We =201, —hy)=2c, (T, - ;)= 2(1.005 kI/kg- K 465.5-300)K = 332.7 ki/kg

)

Wwrou = 20 =y )=2¢, (T — ;)= 2(1.005 kI/kg-K N1200-889.5)K = 624.1 ki/kg

Wem 3327 kl'kg

= = — =53.3%
Wront 024.1kl/kg

=(1.005 ki/kg-K J(1200—770.8)+(1200—-889.5)[K = 743.4 kl/kg

Woet = Wi ot —Wein = 624.1-332.7=291.4 k/kg

Woet 2914 Klkg

= = 39.2%
giq 1434 klkg

'rfﬂl ==
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