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TOPIC 3: BRAYTON CYCLE - THE IDEAL CYCLE FOR GAS TURBINE

UTM INTRODUCTION

www.utm.my 4
e ' l L

A gas turbine is an engine that discharges a fast moving jet of fluid to generate
thrust in accordance with Newton's third law of motion. This broad definition of
jet engines includes turbojets, turbofans, rockets and ramjets and water jets,
but in common usage, the term generally refers to a gas turbine used to
produce a jet of high speed exhaust gases for special propulsive purposes.

F-15 Eagle is powered by two Pratt & "
Whitney F100 axial-flow turbofan engines F-15 Eagle engine is tested at Roblns Alr
Force Base, Georgia, USA
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S VNS T\ pES OF GAS TURBINE

Gas Turbine

Turbojet Turboprop Turbofan
The combustion gasses flow (Most of the gas pressure drives) The gas pressure drives the
through the nozzle generating || the turbine. Shaft drives a|| turbine. Turbine shaft drives an

100% thrust and drive a turbine || propeller that creates the | external fan. Both gasses and
shaft. kmajority of the thrust )\ fan create the thrust

|
rird /ff\
]

[
FErF AT

(LTI




TOPIC 3: BRAYTON CYCLE - THE IDEAL CYCLE FOR GAS TURBINE

UTM INTRODUCTION

So why does the M-1 tank use a 1,500 horsepower gas turbine engine instead
of a diesel engine?

Advantages of Gas Turbines

 Great power-to-weight ratio compared to reciprocating engines. i.e. the
amount of power you get out of the engine compared to the weight of the
engine itself is very good.

« Smaller than their reciprocating counterparts of the same power

Disadvantages of Jet Engines

« Compared to a reciprocating engine of the same size, gas turbines are
expensive - because of the high spin and operating temperatures, designing
and manufacturing gas turbines is a tough problem

* Gas turbines use more fuel when they are idling, and they prefer a constant
rather than a fluctuating load.

Mohd Kamal Ariffin, FAM, UTM, 2070
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o Aircraft propulsion system
» Electric power generation
 Marine vehicle propulsion

« Combined-cycle power plant
(with steam power plant)

e Tanks

Recupearalor y - e

F-15 Eagle
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UTM
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THE USE OF GAS TURBINE
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UNIVERSITI TEKNOLOGI MALAYSIA

GAS TURBINE POWER PLANT
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General Electric LM2500 Gas Turbine
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GAS TURBINE POWER PLANT

Wwww.utm. my

: Exhaust
il Air Turbine
Storage Intake  Compressor
_ Transformer
E&rg%ﬁ;n Generator
|
Natural
Gas Line
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O. UTM GAS TURBINE POWER PLANT
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UTM
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UTM Main Components of Gas Turbine Power Plant

UNIVERSITI TEKNOLOGI MALAYSIA

()

1. Compressor

 The compressor sucks in air form the
atmosphere and compresses it to
pressures in the range of 15 to 20
bar.

 The compressor consists of a number
of rows of blades mounted on a shatft.

« The shaft is connected and rotates
along with the main gas turbine.

COMPRESSOR
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M:L:M Main Components of Gas Turbine Power Plant

2. Combustor

* This is an annular chamber where the fuel burns and is similar to the furnace
in a boiler.

e The hot gases in the range of 1400 to 1500 ° C leave the chamber with high
energy levels.

« The chamber and the subsequent sections are made of special alloys and
designs that can withstand this high temperature

COMBUSTOR

Mohd Kamal Ariffin, FAM, UTM, 2070
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M:LM Main Components of Gas Turbine Power Plant

3. Turbine

* The turbine does the main work of energy conversion.

» The turbine portion also consists of rows of blades fixed to the shaft. The
kinetic energy of the hot gases impacting on the blades rotates the blades and
the shaft.

« The gas temperature leaving the Turbine is in the range of 500 to 550 ° C.

* The gas turbine shaft connects to the generator to produce electric power.

GENERATOR

1}
| Hﬂw H
|| i | ; N S [
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®UTM
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Auxiliary Components of Gas Turbine Power Plant

Exhaust system
OUTLET STACK i
discharges the hot
Air Intake System AUXILIARY SYSTEMS gases to a level which is
- IN A SILENCER
provides clean air into _ ; GAS TURBINE POWER PLANT safe for the people and
the compressor ' N the environment
; lEl EXHAUST
SYSTEM
AlR INTAKE
i
=3 [k iviead 1] l
Starting system provides o, hE‘:.{._ Mot = owerrer |,
the initial momentum for 7smnms e 8 il
0 UNIT
the Gas Turbine to reach __ruecassisren i
the operating Speed. " IN A COMBINED
This is similar to the HEATER  FILT el REGLERLIN

starter motor of your car k

The Fuel system prepares a clean fuel for burning in the combustor. Gas
Turbines normally burn Natural gas but can also fire diesel or distillate fuels

Mohd Kamal Ariffin, FAM, UTM, 2070
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) UTM How a Gas Turbine Works?

o Fresh air at ambient conditions is drawn into the
compressor, its temperature and pressure are

raised. (‘E?rk

« The high-pressure air proceeds into the
combustion chamber, the fuel Is burned at '-T |
constant pressure. R gasees.

* The resulting high-temperature gases then enter pa
the turbine and expand to the atmospheric " /fg//
pressure while producing power. i‘h‘

« The exhaust gases leaving the turbine are 38 L}./r |
thrown out (not re-circulated), causing the cycle — J‘f//,/“”‘“ “
to be classified as an open cycle. L

r
l
i 4
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Why?

The actual cycle :
« Difficult to analyze due to the presence of complicating effects, such as friction.

» The working fluid remains a gas throughout the entire cycle, involves chemical
analysis, causes more complicated analysis.

» The working fluid does not undergo a complete thermodynamic cycle, it is
thrown out at the end of the cycle (as exhaust gases) instead of being returned
to the initial state.

« Working on an open cycle.

Mohd Kamal Ariffin, FAM, UTM, 2070
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UTM The Air Standard Assumptions

1. The working fluid is air, continuously circulates in a closed loop and behaves
as an ideal gas.

. All processes are internally reversible.

3. The combustion process is replaced by a heat-addition process from an
external source.

4. The exhaust gas is replaced by a heat-rejection process that restores the
working fluid to its initial state.

5. Air has constant specific heats whose values are determined at room
temperature, 300 K. This assumption is called cold-air-standard assumption

N

k-1
. ; T P,) k
For isentropic —» -2 =| -2
T, P,
Variable specific heat —» 2 — Pra
I:)1 Prl

Mohd Kamal Ariffin, FAM, UTM, 2070
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UTM ACTUAL VS BRAYTON CYCLE

()

Focl —e Combustion
chamhber
e The compression and expansion processes _ E:,\ j“’) _
remain the same e |
OMIPresgnr Turhine
e The combustion process is replaced by a Y =
constant-pressure heat-addition from an external @1[5@ Ehﬂq @
source .
_ FIGURE 9-29
« The exhaust process is replaced by a constant- An open-cycle gas-turhine engine.
pressure heat-rejection process to the ambient air. i
 The ideal cycle that the working fluid undergoes '
- . Heat
this closed loop is the Brayton cycle. exchanger
_lo o
Compressor - IlﬁI Turbines
_—-'""-'_F- U
e
® ][ Hear ®
exchanger
o
FIGURE 9-30
A closed-cycle gas-turbine engine.

Mohd Kamal Ariffin, FAM, 4T M,
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JUTM v T

The Brayton cycle consists of four internally reversible
processes:
» Process 1-2: isentropic compression (in a
compressor)

» Process 2-3:. constant-pressure heat-addition
through a heat exchanger

[
“y

T
a3
» Process 3-4: isentropic expansion (in a turbine) e |
e
» Process 4-1: constant-pressure heat-rejection Tin i,
through a heat exchanger e X
e . !

: F
(a) T-s5 diagram

Mohd Kamal Ariffin, FAM, 4TM, 2070 |
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o All 4 processes of the Brayton cycle are executed in steady flow
devices, thus, they should be analyzed as steady-flow processes.

By neglecting the changes in kinetic and potential energies, the

energy balance for a steady-flow process can be expressed, on a unit
mass basis, as:

D q-) w=u4ah

(qin - qout)+ (Win _Wout): hexit T hinIet =Cp (Texit _Tinlet)

Mohd Kamal Ariffin, FAM, UTM, 2070
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f;-‘dh«‘:f J'
The energy balance for each process of the .
Brayton cycle can be expressed, on a unit mass S X
basis, as: T R
| & " l_'-'"'t
qin > q23 =~ h3 - h2 ~ Cp (T3 —T2) {a) T-5 diagram d
Qout =d41 =hy—hy =c, (T4 _Tl) P
Wiy =Wgz4 =hg—hy =c, (Ts _T4) g3
— — — ." '-\, I.II'-_ ’ l‘\ "n"\-“'
Weom =W, =hy —hy =c¢, (T, -T) A G,
| JL--I-
Eq:\-l.ll

(&) P diagram

FIGURE 9-31
T-s and P-v diagrams for the ideal
Brayton cycle.

Mohd Kamal Ariffin, FAM, 4IM, 2000
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The first-law of thermodynamic states that, for a closed system undergoing
a cycle, the net work output is equal to net heat input i.e. W, = 0, - Joyt

Ny = Whet _ 9in — Yout R Qout = e Cp (T4 _Tl) — = (T4 _Tl)
= - - — -
Qin Qin Qin Cp (Ts —Tz) (Ts _Tz)
For isentropic processes, 1-2 and 3-4 T .
k-1 k-1 I
&_P_Zk_P_Sk_'Ii __ﬁ,a'-‘:',sl
T P; P, = T, . v
= (Pz = P3 and P4 = Pl) % m. 4
2w N
Since P, =P, and P, = P, thus b Four
'
| # F=
P2 _Ps _ r, = pressure ratio
P1 P4

: 5
(@) T-5 diagram

Mohd Kamal Ariffin, FAM, UTM, 2070
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-"-'.'_.;,-r._&?'. U T M
k-1 k-1

Thus,

Substituting into the thermal efficiency equation,

n =1_(T4 —Tl)z, (T4—T1) _=1_#
th (T3 —Tz) (—I-4r(k )ik _71.rk 1)/k) rék_l)/k
Also,
/T4 \
T, _I_—l T
(T, _Tl): > 1 <: L = Thus
o-T2) ¢ (Ts_1) T
\T2 )

Note: Only valid for ideal Brayton cycle — under the
cold air-standard assumptions

Mohd Kamal Ariffin, FAM, UTM, 2070
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)UTM
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Parameters Affecting Thermal Efficiency

L o
» The thermal efficiency of Brayton cycle depends on 06l )
the pressure ratio, r, of the gas turbine and the UEL
specific heat ratio, k of the working fluid. Eoal  /
2 03l T:,-pt!-:'ajfprcs.surt
v & - - - rafos for gas-
« The thermal efficiency increases with both of these ool [ orbineengines
parameters, which is also the case for actual gas ok
turbines. S R T T
5 1] 15 20 25
Pressure ratio, Ty
 For the fixed turbine inlet temperature, T,, the net r
work output increases with the ry, reaches a p=15
: k7[2(k-1)] T s / _
maximum at 1, = (Tax / Trin) and LN AV% ﬂ
then starts to decrease | e
* In most common designs, the pressure ration of 2 Mo A
gas turbines ranges from 11 to 16. e
Tiin -
a0 K

F

Mohd Kamal Ariffin, FAM, UTM, 2070
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UTM WORK RATIO

Work Ratio, r,, (air-standard assumptions) is defined as
W et W3y =Wy, _ Cp (T3 _T4)_Cp (T, _Tl)_l (T, - Ty)

ry = = = B ]
W turbine W34 Cp (T3 —T4) (T3 —T4)
k-1 T3
We know that, T, =T,.r, x and T, =—2>+
I‘p k T .
Therefore, ey
k-1 k-1 k-1 R
rW =1 - =1 - ] P A
1 T, (rpk —1) w7 e
a1 1
I‘p k
i Tl E {a) T-5 diagram d
=1 -——, I’p k

Mohd Kamal Ariffin, FAM, UTM, 2070
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)UTM BACK WORK RATIO

« BWR is defined as the ratio of compressor work | >
to the turbine work
r_/ Back work
g A W comp _ Wipges Cp (T2 = Tl) H.T\u\,/_/
bW N = == COMPressor
Wturbine Wy C p (T3 - T4 ) FIGURE 9-34
k -1 The fraction of the turbine work used
Tl r K to drive the compressor is called the
+— I'p back work ratio.
T3

 The BWR in gas turbine power plant is very high,
normally one-half of turbine work output is used
to drive the compressor

* Thus required a larger turbine

Modkd Kamal Ariffin, FAM, U4TM, 2070 -




TOPIC 3: BRAYTON CYCLE - THE IDEAL CYCLE FOR GAS TURBINE

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.

Assumptions : Steady operating conditions, kinetic and potential

energy changes are negligible 1300 23
Wi
Analysis : The variation od specific heats with temperature is to _eﬁ»f,x’f ind
be considered w Yo +
__.-..-"' =5 \ -
a) The air temperature at the compressor and turbine exits are - e e
; : . . comp
determined from isentropic relations 1',__..%---:';;““
30— -
Process 1-2 : Isentropic compression !
= 300K — h; =300.19 kJ/kg ,P,; =1.386 IGURE 9.95
P2 T-s diagram for the Brayton cyele
Pr2 = P_ Prl = (8)(1386) =11.09 » T2 = 540K discussed in Example 9-5.
1

h, = 544.35 kJ/kg

Mohd Kamal Ariffin, FAM, UTM, 2070
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UNIVERSITI TEKNOLOGI MALAYSIA EXA M P L E 9-5 Pg 507

Process 3-4 : Isentropic expansion

1 300 —_— —————l
Wiurh
o s’f +’
T, =1300K — h; =1395.97 kJ/kg , P, = 330.9 v
in .--..____,;.-.-= i
Py = [P—“]Pm — (%(330.9): 41.36 - T, =770K e By ¥
P3 8 = rh'u:-:-mp _
h, =789.37 kd/kg _ﬁ[_{_,___li.-.------"%
(b) The backwork ratio 5
FIGURE 9-35
W omp = hy —hy =544.35 -300.19 = 244.16 kJ/kg
W, = hs —h, =1395.97 —789.37 =606.60 kJ/kg

I-s diagram for the Brayton cvcle
discussed in Example 9-5.
comp _ 244.16

W
e, = = =0.403
W, 606.60

Note : 40.3% of turbine output is used to drive the compressor

Mohd Kamal Ariffin, FAM, UTM, 2070
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TOPIC 3: BRAYTON CYCLE - THE IDEAL CYCLE FOR GAS TURBINE

EXAMPLE 9-5 Pg 507

(c) The thermal efficiency

| 300 'f?'h' h
-.12‘:'q'_.,-"jx +Fmr
Tin ?”’
. 4
Qin =0,3 =h; —h, =1395.97 —544.35 = 851.62 kJ/kg i =i~ L,
Whet =Wiurb —~Weomp = 606.60 —244.16 = 362.4 kJ/kg T* ’"Pﬂt
ag——— F¥
1
_ Woe 36240 5
Mnh = a = 851 62 =0.426 or 42.6% URE 635

T-s diagram for the Brayton cycle
discussed in Example 9-5.

Discussion  Under the cold-airstandard assumptions (constant specific heat
values at room temperature), the thermal efficiency would be, from Eq. 517,

|
TII:h.ErJ.}'I:I:ﬂ =

|
- glla-1y14 = 0448

Mohd Kamal Ariffin, FAM, UTM, 2070
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S UTM DEVIATION OF ACTUAL GAS
UNIVERSITI TEKNOLOGI MALAYSIA TURBINE FROM |DEAL|ZED ONES

The differences between actual gas turbine and

ideal Brayton cycle : Prams drp,, ;-
» Pressure drop during the heat-addition and heat addition >
rejection processes A 1’&_%
» Larger actual work input to the compressor 20
» The actual work output from the turbine is less PMW
because of irriversibilities i ==
Isentropic efficiency of compressor FIGURE 9-36
= The deviation of an actual gas-turbine
n. = WS — hZS hl cyele t'n.u.n the ]..I.c;?l.aru}-'mn cyele as a
Wa h2a — hl result of irreversibilities.

Isentropic efficiency of turbine
Wa h3 B h4a

77.|_ = —
Wy h3 _h4s

(]
Mohd Kamal Ariffin, FAM, UTM, 2070
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Assuming a compressor efficiency of 80 percent and a turbine efficiency of 85
percent, determine (a) the back ratio (b) the thermal efficiency (c) the turbine exit
temperature of the gas turbine cycle discussed in Example 9-5.

a) The back work ratio TK
3
W 244.16 1300 ¢
Weomp =~ = = 305.20 kJ/K A
comp nc 0.80 g /‘f—f‘,/ li’-“«--“
Wy = =(0.85)(606.60) = 515.61 kJ/k N . e
4'; U e
W oui
Now = = = ab Sl =0.592 or 59.2% .:-::-:1————#; ff i
W, 915.61
FIGURE 9-37

I-s diagram of the gas-turbine cvcle
discussed in Example 9-6.

Mohd Kamal Ariffin, FAM, UTM, 2070
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b) The thermal efficiency - i l
,a"‘f "'--L?_,--'
hy, =hy T Weomp ;.;;.;]____i?-'--:j_'_ f’;ﬁ |
= 300.19 + 305.20 "
=605.39 (and T,, =598K — Table A-17) 5

FIGURE 9-37
T-s diagram of the gas-turbine cycle
discussed in Example 9-6.

Qi = g —h,, =1395.97 —605.39 = 790.58 kJ/kg

W et =Wrs —Weomp = 515.61 — 305.20 = 210.41 kd/kg

W 210.41

= =0.266 or 26.6%
q,, 790.58

n =

Mohd Kamal Ariffin, FAM, UTM, 2070
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c) The air temperature at the turbine exit, T, e N / 1
Wiurp = N3 —N4q = gy =hg —wy, /j j‘"
=1395.97 -515.61 5 iff
- i
= 880.36 kJ/kg 200 ____.il:l:r-ﬂ"'fff Foul
From Table A-17, T,, =853 K ‘
FIGURE 9-37

I-s diagram of the gas-turbine cycle
discussed in Example 9-6.

Mohd Kamal Ariffin, FAM, UTM, 2070
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9-89/90 (page 540)

Air enters the compressor of a gas-turbine engine at 300 K and 100 kPa,
where it is compressed to 700 kPa and 580 K. Heat is transferred to air in the
amount of 950 kJ/kg before it enters the turbine.

For a turbine efficiency of 86 percent, determine:

(a) the fraction of turbine work output used to drive the compressor,
(b) the thermal efficiency.

Assume:
(a) variable specific heats for air.
(b) constant specific heats at 300 K.

Mohd Kamal Ariffin, FAM, UTM, 2070
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UTM IMPROVEMENTS OF
T— GAS TURBINE'S PERFORMANCE

The early gas turblnes (1940s to 1959s) found only limited use despite their
versatility and their ability to burn a variety of fuels, because its thermal efficiency
was only about 17%. Efforts to improve the cycle efficiency are concentrated in

three areas:

1. Increasing the turbine inlet (or firing) temperatures.

The turbine inlet temperatures have increased steadily from about 540° C
(1000° F) inthe 1940s to 1425° C (2600° F) and even higher today.

. Increasing the efficiencies of turbo-machinery components (turbines,
compressors).

The advent of computers and advanced techniques for computer-aided
design made it possible to design these components aerodynamically with
minimal losses.

. Adding modifications to the basic cycle (inter-cooling, regeneration
or recuperation, and reheating).
The simple-cycle efficiencies of early gas turbines were practically doubled

by incorporating inter-cooling, regeneration (or recuperation), and
reheating.

Modid Kamal Ariffin, FAM, U7M, 2070
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)UTM

UNIVERSITI TEKNOLOGI MALAYSIA

BRAYTON CYCLE WITH REGENERATION

T
« Temperature of the exhaust gas is higher than the temperature of
the air leaving the compressor.
« The air leaving the compressor can be pre-heated by the hot
exhaust gases in a counter-flow heat exchanger (a regenerator or
recuperator) — a process called regeneration.
« The thermal efficiency of the Brayton cycle increases due to
regeneration since less fuel is used for the same work output.
5
Y Reseemtor _ FIGURE 9-39
l ‘ b T-s diagram of a Brayton cycle with
(1 ' Combustion I regeneration.
= — I [ 1 chamber _.:'JEJ
e k‘ = 1 e Note:
Compressor | - e s— The Uuse of a regenerator is
— T recommended only when the turbine

~~  FIGURE 9-38

. o exhaust temperature is higher than
A gas-turbine engine with regenerator.

the compressor exit temperature.

Mohd Kamal Ariffin, FAM, UTM, 2070
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UTM BRAYTON CYCLE WITH REGENERATION

Effectiveness of the Regenerator

Assuming the regenerator is well insulated and changes in kinetic and potential energies are
negligible, the actual and maximum heat transfers from the exhaust gases to the air can be
expressed as 'C"-’\ Regenerator

h2 l

—

Uregen,act = h5 ™

4] g \

— — /- (_!Lh 11 :-'.-l;l

qregen,max - h5' g h2 > h4 - h2 >—‘|“ ‘ i\_\ g'}::n:]lhgrn
Gy _'

Effectiveness of the regenerator,
Compressor | . Turbine ] m—-
V' qregen,act “ul h5 b hz — U‘ T
CIregen,max h4 _h2 T

Effectiveness under cold-air standard assumptions,

Thermal efficiency under cold-air standard assumptions,

T k—-1)/k
Thn regen = 1- [T—l](rp)( )
3 [
Mohd Kamal Ariffin, FAM, U7 M, 20. 5
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@ UTM EXAMPLE 9-7 Pg 512

UNIVERSITI TEKNOLOGI MALAYSIA

Determine the thermal efficiency of the gas-turbine described in Example
S9-5 if a regenerator having an effectiveness of 80 percent i installed.

Analysis  The T-s diagram of the cycle is shown in Fig. 9-41. We first deter- T.K
rmine the erthalpy of the air at the exit of the regenerator, using the defini- Y
tion of effectiveness: 1300 o f"f

':?5 - h:ﬁ |

c = _h 50 N
'F?.:l.a - 'F!:i: 2‘:?.____..'.-._‘. ) ____..-';:":T
o -
(hy — 605.39) kl/kg J \
0.80 = - hy = 825.37 kI =

(88036 — 605.39) kl/kg B /ke o= J Foegen = Trmred

Thus, 5
Jin = ha — hs = (139597 — 82537) kl/kg = 570.60 kl/kg FIGURE 9-41

I i I - . T-5 diagram of the regenerative
presents 4a 0 / m h ! £
his represents S5avIngs of 220.0 kJ I-:g from the heat Input requirements. Brayton cycle described in

The addition of a regenerator (assumed to be frictionless) does not affect the Example 9.7,
net work output. Thus,

_ Vw _ 20041KVKg Note : n,, has gone up from
Mg, T ST060kKkg 26.6% 10 36.9%

Mohd Kamal Ariffin, FAM, UTM, 2070
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Air enters the compressor of a regenerative gas turbine
engine at 310 K and 100 kPa, where it is compressed to
900 kPa and 650 K. The generator has an effectiveness of
80 percent and the air enters the turbine at 1400 K. For a
turbine efficiency of 90 percent, determine:

a) The amount of heat transfer in the generator

b) The thermal efficiency

c) Assume variable specifics heats for air.

Answer : 193 kJ/kg , 40.0%

Mohd Kamal Ariffin, FAM, UTM, 2070
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A
2
P, = 900 kPa
h: —h
e £=-—>—2=0.72
h4a w h2
h, —h
P, = 100 kPa n =——22=0.86
h3 i h4s
Ogen = N5 — h,
650 ......................................... Wnet B Wturb —Wcomp
Thn = =
qm qin
i) |
1

A()
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l l TM BRAYTON CYCLE WITH INTERCOOLING,

UNIVERSITI TEKNOLOGI MALAYSIA | REHEATING, & REGENERATION

The net work output of a gas-turbine cycle can be Pt

increased by either: Eﬂtlﬂim
a) decreasing the compressor work, or 0 /N ¢ s arcltof
b) increasing the turbine work, or P, T T nercooling
Cc) both. \ /
) \ [ntercooling

The compressor work input can be decreased by sothrmal 2
carrying out the compression process in stages and process paths
cooling the gas in between, using multistage
compression with intercooling.

-
\

The work output of a turbine can be increased by v
expanding the gas in stages and reheating it in  FIGURE 9-42

between, utilizing a multistage expansion with  Comparison of work inputs to a

reheati ng. single-stage compressor (1AC) and a
two-stage compressor with
intercooling (1ABD).

Mohd Kamal Ariffin, FAM, UTM, 2070
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UTM BRAYTON CYCLE WITH INTERCOOLING,
" UNIVERSITI TEKNOLOGI MALAYSIA REHEATING & REGENERATION

Physical arrangement of an ideal two-stage gas-turbine
cycle with intercooling, reheating, and regeneration

Regenerator

~—— AW T
A
o | [T

Combustion
) Reheater
D chamber
Ry
n o
i . @) '\_b) 1@
@7 ©® 1Y 1

Comp]mssor i CO]“];E\‘-SS‘-’T : : Turbine | | Turbine [ S &b
- 5 VA -
J =
l J ©)
=\ A\~ Yragen = Ysaved
Intercooler
FIGURE 9-43

-

5

A gas-turbine engine with two-stage compression with intercooling, two-stage expansion with
reheating, and regeneration.

Modid Kamal Ariffin, FAM, U7M, 2070
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&S UTM BRAYTON CYCLE WITH INTERCOOLING,
SS”  UNIVERSITI TEKNOLOGI MALAYSIA | === ATlNG, & REGENERATION
S Conditions for Best Performance

The work input to a two-stage compressor is
minimized when equal pressure ratios are T
maintained across each stage. This procedure also
maximizes the turbine work output.Thus, for best

performance,
P_2 = P_4 and P_6 = P_8
Pl PS I:)7 I:)9

e Intercooling and reheating always decreases
thermal efficiency unless are accompanied by
regeneration.

FIGURE 9-44

T-5 diagram of an ideal gas-turbine
cycle with intercooling, reheating, and
regeneration.

Mohd Kamal Ariffin, FAM, UTM, 2070

« Therefore, intercooling and reheating are always
used in conjunction with regeneration.
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®UTM

\E Y\ Y EXAMPLE 9-8 Pg 515

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 (&) an ideal regenerator with 100 percent
effectiveness. Compare the results with those obtained in Example 9-5.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assump-
tions are applicable. 3 Kinetic and potential energy changes are negligible. TK Trheay
Analysis  The T-s diagram of the ideal gas-turbine cycle described is shown
in Fig. 9-4&. We note that the cycle involves two stages of expansion, two 1300 . A |
stages of compression, and regeneration. Ve "_"f i

= N&
(s

For two-stage compression and expansion, the work input is minimized

and the work output is maximized when both stages of the compressor and A | /
the turbine have the same pressure ratio. Thus, p - 2 =
i //1: 10

P-,. Pi — P.I_’-, PE — : e | ”.-""'.- " i

—=—=%8=28) and —=—="8 =283 30073

P, P B TP, |

&
FIGURE 9-46

T-5 diagram of the gas-turbine cycle
discussed in Example 9-8.

Mohd Kamal Ariffin, FAM, UTM, 2070
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UNIVERSITI TEKNOLOGI MALAYSIA

9 UTM EXAMPLE 9-8 Pg 515

Air enters each stage of the compressor at the same temperature, and each
stage has the same isentropic efficiency (100 percent in this case). There-
fore, the temperature (and enthalpy) of the air at the exit of each compres-
sion stage will be the same. A similar areument can be given for the turbine.

Thus,
At inlets: =T, h=h and T,=T; h ="
. T K Yraheal
At exits: =T, h=h and T,=T, k=h {
G | ]
(a) In the abzence of any regeneration, the back work ratio and the thermal | 3060 ————————————!——Il'—— -

efficiency are determined by using data from Table A-17 as fol lows:
I, = 30K — h = 300.19 kl/kg J
_________ A T 0

P, = 1.386

P — /"ﬁ /
P, = F- o= WVEILARE) =392 T, =4033K 4 2

l : e e
By = 40431 kJ/kg P

300 == Tout
Ty = 1300K — hg = 1395.97 kI /kg |
P.e= 3309 :
P, I
Py = 5P = —=(3309) = 1170 > T; = 10064 K FIGURE 9-46
fi ",

I-5 diagram of the gas-turbine cycle
hy = 1053.33 kl /kg discussed in Example 98,

Mohd Kamal Ariffin, FAM, UTM, 2070
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O UTN =TTy Pg 515

UNIVERSITI TEKNOLOGI MALAYSIA

Then

Weompin = 2 (Weompint) = 2(ha — fy) = 2(404.31 — 300.19) = 20824 kI /kg
Wb owt = 2 (Weatiourr) = 2(hs — hi7) = 2(1395.97 — 1053.33) = 68528 kI/kg
= 68528 — 208.24 = 47704 kI kg
Hin = Dprimary + Qreheat = Ehﬁ - 'I:;Inil:| + EF?E - ':?T:I

= (139597 — 404.31) + (139597 — 1053.33) = 133430 kJ/kg

Wt = P’Ilurl:l.l:lul - ]"“Ii:-:-n:p.in

Tl'lLIS, K ::ll'rchtJJ
& | 8
Mo 208.24 kljkg 0,304 or 30.4¢ e N T7
o e 68528KIfkg VA VL
and T - 5 9
e ATTOMKKE s /
= G 133430kI/kg e 4 ,/1: o
s |-——F I e
F
AN a

Mohd Kamal Ariffin, FAM, UTM, 2070
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9 UTM

UNIVERSITI TEKNOLOGI MALAYSIA

EXAMPLE 9-8 Pg 515

(6] The addition of an ideal regenerator (no pressure drops, 100 percent effec-
tiveness) does not affect the compressor work and the turbine work. There-
fore, the net work output and the back work ratio of an ideal gas-turbine
cycle are identical whether there is a regenerator or not. A regenerator, how-
ever, reduces the heat input requirements by preheating the air leaving the
compressor, using the hot exhaust gases. In an ideal regenerator, the com-
pressed air is heated to the turbine exit temperature T, before it enters the
combustion chamber, Thus, under the air-standard assumptions, b = h; = h..

The heat input and the thermal efficiency in this case are LK :f’*"“‘
& | &
Fin = Gprimary T Greber = (fis — fs) + (g — ) 1300 —— o 177
= (139597 — 1053.33) + (1395.97 — 1053.33) = 685.28 kl/kg Sy LAy
| 2_.-' - .__.-".. | l,'l
and 7
W  477.04 kl/kg i » B / 2 __
= = = NG o GU GG 4 A
T g T €85.28 K /kg ' | A g
’ < L out
300 =3 |
&
FIGURE 9-46

T-s diagram of the gas-turbine cycle
discussed in Example 9-8.

Mohd Kamal Ariffin, FAM, UTM, 2070




TOPIC 3: BRAYTON CYCLE - THE IDEAL CYCLE FOR GAS TURBINE

UTM Prob. 9-121 (page 543)

Consider an ideal gas-turbine cycle with two stages of compression and two
stages of expansion. The pressure ratio across each stage of the compressor
and turbine is 3. The air enters each stage of the compressor at 300 K and each
stage of the turbine at 1200 K. Determine:

a) the back work ratio, and

b) the thermal efficiency of the cycle
assuming:
1. no regenerator is used, and

2. a regenerator with 75 percent effectiveness is used.
Use a variable specific heats assumption.

Mohd Kamal Ariffin, FAM, UTM, 2070
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1200 1

300

300

S

mV

N0
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(b) A Brayton cycle with regeneration using air as the working fluid has a pressure ratio of
3. The air temperatures at entry to the compressor and at entry to the turbine are 310 K
and 1200 K, respectively. Assume an isentropic efficiency of 80 % for the compressor,
85 % for the turbine, and the regenerator effectiveness of 70 %. Accounting for the
variation of specific heats with temperature, determine:

(1) the air temperature at the turbine exit, (°C)
(i1) the net power output if 100 kg/s of air ﬂbws through the cycle, (kW)

(ii1)  the thermal efficiency, (%)
(18 marks)

(]
Mohd Kamal Ariffin, FAM, UTM, 2070
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T
h,. —h
1200 e =—=—1=0.80
h2a I hl
= hs —hya —0.85
h3 = h4s
£ = M —0.70
h4a - h2a

310

Mohd Kamal Ariffin, FAM, UTM, 2070




TOPIC 3: BRAYTON CYCLE — THE IDEAL CYCLE FOR GAS TURBINE

9 UTM

UNIVERSITI TEKNOLOGI MALAYSIA TWO - Stag e EX p an S i O n

*"_‘wx_‘,/i T + 3-~| f—._.q--'f" -

7 A Exhaust
— / ‘| e Iﬁ
,_L l Axd-Cenbifuzal o Gas Generator

- Compressor
i A P Turbine Power Turbine

Adr Tnitake ﬂ Compressor:
Pressure ratio

P2P1=15

Tl=16C
Pl=101kPa
wTI'?
|
m = 4.6 ke/fs Wy ?

Combustion
charmber

exhaust w =W
T3 — 1000°C comp turb,HP

P3=P2 P5=F1 —
q]{?/ T57 Whet = Wturb,LP

Mohd Kamal Ariffin, FAM, UTM, 2070
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@ UTM Two-Stage Compression,

UNIVERSITI TEKNOLOGI MALAYSIA

Two-stage expansion

Combusion
High Pressurne To Exhaust or Post

Comprassor Combustion Emission
Controls
Fuel
Alr :

zear
Low Prassura \
Sttt Inercoaler % Power
el Turbine

Turbinea
VV\/ (drives compressor)
Cooling Media ——M\/\/——.'

Modid Kamal Ariffin, FAM, U7M, 2070
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THE END
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