
GAS TURBINE POWER PLANT
4

4.1 Introduction
Gas turbine is a rotary type internal combustion thermal prime mover. The gas turbine 

plant work on a gas power cycle.
Of the various means of producing mechanical power, the gas turbine is in many 

respects the most satisfactory one. Its outstanding advantages are:
-  exceptional reliability,
-  freedom from vibration,
-  ability to utilize grades of fuel not suitable for high performance spark-ignition 

engines, and
-  ability to produce large bulk of power from units of comparatively small size and 

weight.
The gas turbine obtains its power by utilizing the energy of a jet of burnt gases and 

air, the velocity of jet being absorbed as it flows over several rings of moving, blades, 
which are fixed on a rotor mounted on a common shaft. It thus, resembles a steam 
turbine, but it is a step forward in eliminating water-to steam step (the process of converting 
water into steam in a boiler) and using hot gases directly to drive the turbine.

The essential difference between a reciprocating internal combustion engine and a 
gas turbine, apart from the difference in reciprocating and rotary motion, is that in the
i.C . engine, compression, combustion and expansion take place in a single component 
(cylinder), while in gas turbine, each of these operations is produced in a separate 
components. The arrangement of the elements of a modern continuous-combustion gas 
turbine plant is illustrated in fig. 4-1. Three major elements (components) required to 
execute its power cycle are:

-  a compressor,
-  a combustion chamber, and
-  a turbine.
The main operations of a gas turbine plant consists of
-  compression of cool air in a rotary compressor,
-  heating of this air by the combustion of fuel in the combustion chamber, and
-  expansion of this hot high pressure gas in a turbine.
The compressor is usually coupled to the turbine and directly driven by the turbine. 

This absorbs considerable portion of the power produced by the turbine and lowers the 
overall efficiency of the gas turbine power plant. The turbine output should therefore, be 
sufficient to produce a useful output in addition to the power required to drive the 
compressor. Another drawback of a gas turbine plant is that it is not self-starting. Against 
these drawbacks, the outstanding advantages of the gas turbine lies in the successful
use of pulversied coal as a fuel, to produce a useful output in addition to the power
required to drive the compressor.
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Between 1905 and 1930 much development work was carried out In the field of gas 
turbine. The development of continuous-combustion gas turbine power plant was considerably 
helped by research and development in the following fields:

* Development of the exhaust gas driven supercharger for reciprocating engines.
* Metallurgical development for the turbine blade material to withstand high tempera

tures.
$

* Progress in aerodynamic knowledge regarding multi-stage reaction turbine and 
multi-stage axial flow compressor.

* Development of turbo-jet engines for aircraft and guided m issiles.
In this chapter we shall deal with the analysis of the continuous combustion gas 

turbine as a basic power plant.
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Fig. 4 -1  Elements of continuous combustion gas turbine power plant.

4.2 C lassification
Gas turbine plants can be classified according to the following factors:
1. Combustion : Continuous-combustion or constant pressure gas turbine and explosive 

type combustion or constant volume gas turbine.
2. Thermodynamic (Gas Power) Cycle : Brayton or Joule cycle (for constant volume 

gas turbines), Atkinson cycle (for constant volume gas turbines) and Ericsson cycle (for 
constant pressure gas turbine with large number of intercooling and reheating.)

3. Cycle of Operation : Open cycle, closed cycle, or semi-closed cycle gas turbine. 
Continuous-combustion (constant pressure) gas turbine may work with open or closed 
cycle. Constant volume gas turbine works with open cycle. Closed cycle gas turbine is 
an external combustion engine while open cycle gas turbine is an internal combustion 
engine.

4. Arrangement o f shafts. : Single shaft gas turbines (compressor is run by power 
turbine) and Multi-shaft gas turbines (separate compressor turbine and power turbine), 
Series flow gas turbines and Parallel flow gas turbines, etc.
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5. F u e l : Liquid fuel, gaseous fuel or solid fuel gas turbine.
6: Application : Stationary, automotive, locomotive, marine and air-craft gas turbine.

4.3 Principles of W orking o f Ideal Open Cycle gas Turbine
In continuous-combustion gas turbine, the fuel is burnt at constant pressure. In this 

gas turbine, combustion being continuous process, valves are not necessary, and it is 
now generally accepted that this type of turbine has greater possibilities for turbine used 
in industry and in aero engines and is therefore dealt with in details in this chapter and 
will be referred as gas turbine.

Continuous-combustion gas turbine, is further classified as open cycle and closed 
cycle. In the more common open cycle gas turbine, fresh atmospheric air is drawn into 
the circuit continuously and heat is added by the combustion of fuel in the working fluid 
itself. In this case the products of combustion are expanded through the turbine and 
exhausted to atmosphere. In the closed cycle, the same working fluid, be it air or some 
other gas, is repeatedly re-circulated through the plant components.

Figure 4-2 shows flow diagram, P -  V diagram and T  -  diagram of a simple 
continuous-combustion (constant pressure) open cycle gas turbine.

Air from surrounding atmosphere is drawn into he compressor at point 1 (fig. 4-2) 
and is compressed to the combustion pressure of about 400 KN/m . The air is then 
delivered at point 2 to the annular combustion chamber. This chamber consists of inner

Volume —— Entropy—

(b) p-V diagram (c) T-^ diagram
Fig. 4 -2  Simple open cycle continuous combustion gas turbine.

and outer casings. The inner casing acts as a combustion chamber. Out of the total air 
delivered by the compressor about one-fourth, known as primary air, is used for the
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combustion of fuel. The oil enters the combustion chamber (inner casing) through a burner. 
The purpose of the burner is to inject fuel oil into combustion chamber at constant 
pressure. The remaining three-fourth air, known as secondary air, flows through the annular 
space between the inner casing and outer casing.

The temperature of combustion products with minimum supply of air would be 
approximately 1,800°C to 2 ,000°C. Since the temperature that can be used in the turbine 
blading is only 650°C to 900°C, the hot gases must be cooled by admitting additional 
compressed air, i.e . admitting 300 to 600 per cent excess air.

The high pressure mixture of air and combustion products now enter the turbine at 
point 3 and flow through the blade rings. Whilst passing over the rotor blades, the gas 
is continuously expanding, its pressure energy being converted into kinetic energy, which 
in turn, is absorbed by the turbine rotor. The gases on leaving the turbine at point 4 
pass away to exhaust.

The part of the power developed by the turbine is used to drive the compressor and 
the remainder is available for driving the alternator or the propeller of other unit according 
to the application for which plant is used. The plant is started by an electric motor.

As a first approximation, the characteristics of the plant will be determined, assuming that 
the working fluid is a perfect gas, that the component parts of the plant are 100 per cent efficient 
and that there are no losses due to friction, radiation, pressure drop, etc.

Let r = P2/P1 = P3/P1 = cycle pressure ratio for ideal plant,
T) = temperature at inlet to compressor,
7*2' = temperature at outlet of an ideal compressor for which ric = 100% 

r 3 = temperature at inlet to turbine, and
7y = temperature at outlet of an ideal turbine for which r|f *  100%.

The cycle of operations of a simple (ideal) open cycle on p -  v diagram (fig. 4-2b) 
or on 7 -  <D diagram (fig. 4-2c) may be described as under:

1-2' Isentropic compression : Atmospheric air at pressure p-\ and temperature Tj is 
drawn into the compressor and compressed isentropically to pressure P2 and temperature
t 2'.

2' -  3 Constant pressure heating : Heat is added at constant pressure p2, and the 
temperature rises to T3 in the combustion chamber.

3 - 4 '  Isentropic expansion : Hot and high pressure gases expand isentropically from 
pressure P3 to p4 (p4 = p i) in the gas turbine.

4' -  1 Constant pressure cooling : Exhaust gases are exhausted in atmosphere and 
replaced by fresh air from atmosphere. This completes the cycle.

Assuming unit flow rate of working fluid,
Enthalpy increase in (1 -  2’) = /Cp(r2’ -  7\)
Enthalpy drop in (3 -  4’) = kp(T3 -  7Y)
Heat supplied in (2’ -  3) = kp(T3 -  T2’)
..................................................  . Net work output
Ideal cycle thermal efficiency, r ,r  = Heat SUppjied"

M 73 -  7-4 ') -  kp (T2 ' -  7 i) _ Ta ' -  7i . .
M T s - Tz') 7b - 7j»' ■ ■ \

For this ideal cycle the pressure ratio for the compression process is the same as 
it is for the expansion process. For a cycle made up of two pairs of sim ilar curves,
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where, 0 -  -= - -  (/)
M TV

(4.3)

From eqn. (4.3) it is seen that the 
thermal efficiency of the ideal cycle for 
the gas turbine power plant depends 
only upon its pressure ratio r and specific 
heat ratio y- The efficiency of the ideal 
cycle is independent of the temperature 
of the cycle.

Fig. 4-3 Air cycle efficiency versus pressure ratio for the 
ideal open cycle gas turbine power plant.

Problem -1 : An ideal continuous combustion gas turbine plant has pressure ratio of 6.0. 
What is its ideal thermal efficiency of the gas turbine plant?

From eqn. (4 .3), ideal thermal efficiency of the gas turbine plant,
X jl1

•nr -  1 -

= 1 -

1-4 - 1 
1-4

=  1 -
1 = o-4 i.e . 40%

1-668
4.4 Causes of Departure of Actual Cycle from Ideal Cycle

The actual cycle for a continuous-combustion gas turbine deviates in several respects 
from the ideal cycle discussed in Art. 4.3 The differences are due to causes discussed 
as under:
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In practice, losses due to friction, heat transfer, shock, etc. occur in both the compressor 
and turbine components (i.e . the compression in the compressor and expansion in the 
turbine are not isentropic) so that actual power absorbed by the compressor increases 
and actual output of the turbine decreases compared with isentropic operation. Thus, in 
practice the compression is polytropic (1-2) and not isentropic. (1-2’). Sim ilarly, expansion 
is polytropic (3-4) and not isentropic (3-4’).

If ric ar|d r|( are isentropic efficiencies of compressor and turbine respectively,
Actual compressor work -  kp (T2 -  T*} per kg of air flow

The value of r|c depends upon the type of air compressor, its pressure ratio, and 
the weight of air passing through it. For modern high-speed centrifugal compressors a 
value of 0-75 appears to be reasonable and for axial-flow compressors value varies from 
0-85 to 0-90.

It should be noted that owing to the pressure loss in the combustion chamber, the 
expansion ratio for the turbine is smaller than pressure ratio for compressor. Further 
because of the injection of fuel in the combustion chamber, the mass flow of gases is 
greater in the turbine than air flow through compressor.

Thus, actual work of expansion -  kp (T3 -  74) per kg of gas flow

The isentropic efficiency of the turbine is affected by its size and number of stages. 
For single-stage impulse turbine, values vary from 0-8 to 0-85, depending upon the care 
taken to reduce the blading losses, nozzle friction, leakage, etc.

In addition to factors responsible for lowering isentropic efficiencies of compressor and 
turbine as mentioned above, we may add briefly other factors responsible for departure 
of actual cycle from ideal cycle. These factors are:

* Pressure losses in the pipes connecting the various components, combustion 
chamber and heat exchanger,

* Mechanical losses at compressor and turbine bearings (2 to 4%),
* Variation of specific heats of working fluid with temperature,

11C
... (4.4)

y -  1
where, 0 = (rc) y

-  kp T3 r |f 1 -

. . . (4.5)

Y
where, 0 = (rt)
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* Variation of mass flow of the working fluid, and
* Heat exchange in the heat exchanger (if included) being incomplete.

4.5 Methods of Improving Thermal Efficiency o f Simple Cycle
A clear understanding of the thermodynamic cycle is necessary in order to appreciate 

the efficient operation of the gas turbine i.e . production of largest mechanical energy with 
least fuel consumed. To achieve this end in a gas turbine, following steps in design and 
operation are necessary:

4.5.1. Turbine and compressor efficiencies : The turbine and compressor should 
be designed to give highest efficiency. Efficiencies obtained in present day designed 
compressors and turbines are of the order of 85 to 90% and future progress in this 
direction will be slow. Axial flow compressors are efficient than centrifugal compressors. 
Figure 4-4 illustrates the critical effect of compressor and turbine efficiencies on the 
thermal efficiency of the simple open gas turbine plant.

CCj
0$a

c0>

o
£
*
£,

Fig. 4—4 Effect of compressor and turbine efficiencies Fig. 4-5 Effect of turbine inlet temperature on
on the overall thermal efficiency. thermal efficiency

4.5.2. Effect of compressor intake temperature : The intake temperature of air, 
affects the temperature at the end of compression. The compressor work for a fixed 
pressure ratio is proportional to the absolute temperature at the inlet to compression, that
is, T |. Consequently, if the intake temperature is reduced and all other variables remain
unchanged, the net power output is increased and the efficiency of the cycle is raised.

4.5.3. Effect o f Turbine Inlet Temperature : The turbine efficiency is greatly increased 
by increasing turbine inlet temperature (fig. 4-5). A practical limitation to increasing the 
turbine inlet temperature, however, is the ability of materials available for the turbine 
blading to withstand the high rotative and thermal stresses. For a turbine inlet temperature 
range of 650° to 750°C, a simple gas turbine may realize an efficiency between 18 to

Thermal efficiency,percent 
0 5 10 15 20 30 40 SO

Tr 1SC: T3=650*C;*=

40 SO 60 70 80 90 100
Turbine efficiency percent----- *

300 400 SOO 600 700 800
Turbine inlet temperature-**
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26 percent, depending upon design. Considerable effort is being made to find new 
m aterials, coatings and techniques, to increase the permissible turbine inlet temperature.

4 .5 .4 . Regeneration : In this method, a regenerator (heat exchanger) is used for 
utilising heat of exhaust gases from turbine, in pre-heating the compressed air before it 
enters the combustion chamber. The preheating of the compressed air reduces the fuel 
consumption and consequently improves the thermal efficiency. Regeneration is shown in 
fig. 4—6. As a result of regeneration, compressed air is preheated from 2 to 5 and exhaust 
gases are cooled from 4 to 6.

(b) p-v diagram (c) T-4> diagram*

Fig. 4 -6  Constant pressure open cycle with regeneration, intercooling and reheating.

4.5 .5 . Inter-cooling : The work required to compress air depends upon its temperature 
during compression. The efficiency of gas turbjne is improved by adopting multi-stage 
compression with intercooling in between two stages as it reduces the work required to 
compress the air. The process a — b in fig. 4-6 shows intercooling of air.

4 .5 .6 . Reheating : The expressions for thermal efficiency, for Brayton and Ericsson 
cycles, suggest that higher inlet temperature to the turbine result in improved efficiencies. 
Thus, to improve the efficiency, the temperature of the gases after partial expansion in 
the turbine is increased by reheating the gases, before gases start further stage of 
expansion. The process c -  d in fig. 4-6 shows reheating.

It becomes apparent therefore, that there are a number of ways to increase the
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efficiency of the gas turbine plant. It may be noted that gain in efficiency due to the 
provision of heat exchangers, intercoolers, and reheaters is achieved at the cost of 
increased pressure loss, increased weight and increased cost. In addition, modifications 
of the basic gas turbine plant have been developed, namely, closed, semi-clpsed system 
and free piston gas generators, which further increase the overall plant efficiency.
4.6 Constant Pressure Closed Cycle Gas Turbine

In the closed cycle gas turbine (fig. 4-7 ), compressed air leaves the compressor and 
passes via the heat exchanger through the air heater. In the air heater there are tubes

Part of the power developed by the turbine is used to drive he compressor and the 
remainder in driving the alternator. The turbine is started by an electric motor.

Some of the chief advantages of the closed cycle air:
-  The working fluid (air), on its way back to the compressor is cooled in a precooler, 

to decrease its specific volume. Thus, the size of the compressor can be reduced.
-  Since the cycle is closed (sealed from outside), the compressor inlet pressure 

can be several times above atmospheric pressure. Thus the pressure through-out 
the cycle can be made much higher than that in the open cycle, and therefore, 
the size of the plant (compressor and turbine) is smaller for the same output.

-  The air remains clean and hence the compressor, heat exchanger, air heater and 
turbine can remain clean for a long time.

-  The closed cycle avoids the erosion of the turbine blades and other detrimental 
(harmful) effects of the products of combustion.

** External heating of air in the air heater, permits the use of any type of fuel.
-  Part load efficiency of a closed cycle is improved. The control of a closed cycle 

is different from that in the open cycle. The output is varied by either withdrawing 
of the working medium to the low pressure accumulator for a reduction or by 
admitting more working medium from the high pressure accumulator for an 
increase in the output. The temperature and pressure ratios of the system remain 
constant at their optimum operating values and efficiencies during load changes. 
Theoretically, then the efficiency of the plant should remain constant over the part 
load range; however, it will vary due to the changes in frictional losses.

The disadvantages of the closed system are:

Fig. 4 -7  Flow diagram of simple constant pressure 
closed cycle gas turbine.

yHeal exchanger

Starter

(not shown) through which the 
compressed air passes. The air is 
therefore further heated in the 
heater. This hot high pressure air 
then passes through the blade 
rings. Whilst passing over the rotor 
blades, the air is continuously ex
panding, its pressure energy being 
converted into kinetic energy, 
which in turn, is absorbed by the 
turbine motor. The hot air on leav
ing the turbine passes through the 
heat exchanger. As the air is still 
at a high temperature, it is cooled 
in a pre-cooler before entering the 
compressor.
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-  Large heating surfaces are required in the air heater and precooler which increases 
the initial cost, so counter-balancing the reduced cost in other direction.

-  It is dependent system . Cooling water must be provided in the precooler. This 
elim inates the use of this system in aircraft.

-  The system must be gas tight. This results in complicated and costly system .
-  Therefore, the closed system is limited to stationary plants such as power plants 

for ships and locomotive and very large power stations of 100 MW capacity.
4.7 Power, Specific Fuel Consumption and Efficiencies

So far we have been referring to overall efficiencies applied to compressor or turbine 
as a whole. When performing cycle calculations covering a range of pressure ratio, say 
to determine the optimum pressure ratio for a particular application, the question arises
as to whether it is reasonable to assume fixed typical values of r|c and r\t. In fact it is
found that t ic tends to decrease and to increase as the pressure ratio increase.

4.7.1. Polytropic or Small Stage Efficiency : Consider an axial flow compressor 
consisting of a number of successive stages. If the blade design is sim ilar in successive

blade rows it is reasonable to assume that the
isentropic efficiency of a single stage, remains 
the same through the compressor.

A Ts ' 1

Also A T

e«

A T ' 
*\c

ZA  V

by definition of r|c

”  Ti* A T ' .

But, because the vertical distance between a 
pair of constant pressure lines in T  -  4> diagram 
increases as entropy increases, £ A Ts ' > A T '. It 
follows that r)c < es and that difference will in-

Fig. 4 -8  Stage working
of pressure ratio. A physical explanation is that 
the increase in temperature due to friction in one 
stage results in more work being required in the 

next stage; it might be termed the ‘preheat’ effect. A sim ilar argument can be used to 
show that for a turbine r\t > es. In this case friction ‘reheating’ in one stage is partiajjy 
recovered as work in the next.

These considerations have led to the concept of polytropic (or small-stage) efficiency 
ec which is defined as the isentropic efficiency of an elemental stage in the process such 
that it is constant throughout the whole process.
For compression.

ec -
But,

d T '
dT

T
Y -  1 

(P) Y

= constant

= constant for an isentropic process, which in differential form is

(4.6)
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d T ' _ 7 - 1  dp 
T  = Y P

Substituting d T ’ from eqn. (4 .6),

ec dT  _  y -  1 dp
r .< T P 

Integrating between inlet 1 and outlet 2,

l^ _L  
iog (P2/p i)

ec *

1

or 72 Y®C

PIlog (72/T i ) 7i
Finally, the relation between ec and r|c is given by,

Pz\ y

. . . (4.7)

r|c -
r2vri -  1
72/Ti  -  1 i .

: .  . (4.8)

(P2\ ®cY

Note that if we write y -  1 / y ec as

-  1

n -  1 
n

, eqn. (4.7) is the fam iliar relation between

p and T  for polytropic process, and thus the definition of ec implies that the non-isentropic 
process in polytropic. This is the origin of the term polytropic efficiency.

Sim ilarly for expansion process in the turbine
dT

et = d T '
. . . (4.9)

For expansion between inlet 3 and outlet 4,
et(Y - 1)

7b
74

ef(7 -  1)
Y

}P 4
and iv  =

-  1 . . . (4.10)

1 - m
I P3 I

Equations (4.8) and (4.10) are 
plotted in fig: 4-9 to show how 
r|c and vary with pressure ratio
for a fixed value of polytropic ef
ficiency of 85 per cent in each 
case.

Fig. 4 -9  Variation of turbine and compressor isentropic 
efficiency with pressure ratio for polytropic 
efficiency of 858.

HE3- 11
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4 .7 .2 . Heat-exchanger Effectiveness : Heat exchangers for a gas turbine can take 
many forms, including counter flow and cross-flow recuperators (where the hot and cold 
stream s exchange heat through a separating wall) or regenerators (where the streams 
are brought cyclically into contact with a matrix which alternately absorbs and rejects 
heat). In all cases using notation of fig. 4-10, the fundamental process is that the turbine 
exhaust gases reject heat at the rate of mg • kpg (T4-T5) while the compressor delivery 
air receives heat at the rate of ma • k^ (T$ -  1^. For conservation of energy, assuming 
mass flows ma * and rru • are equal,

kpglT* ~ Tq) m kpgiTs -  7 )̂ ...(4 .1 1 )

( k) T-4>diogr<Kn
Fig. 4-10

But both 7-5 and T6 are unknown as second equation is required for their evaluation. 
This is provided by the equation expressing the effectiveness of the heat-exchanger.

Now the maximum possible value of T$ is when the ‘cold’ air attains the temperature 
of incoming hot gas T4 and one possible measure of performance is the ratio of actual 
energy received by the cold air to the maximum possible value, i.e .,

Hla kpa ( Ts — 72) 
ma kpa (74 -  72)

The mean specific heat of air will not be very different over the two temperature 
ranges, and it is usual to define the efficiency in terms of temperature alone and call it 
the effectiveness or thermal ratio of heat exchanger. Thus,

Effectiveness = ---- =? • • • (4-12)
*4 ~ '2

Thus, eqn. (4.12) enables of find the value of T5 and then 7$ can be obtained from 
eqn. (4.11).

In general, the larger the volume of the heat exchanger the 'higher can be the 
effectiveness, but with gas turbines for road or marine transport space is vital limiting 
factor. Considerations of weight and space are so important in aircraft applications th.it 
heat-exchangers have not yet been employed to any advantage.

4.7 .3 . Therm al Efficiency of P lant: Thermal efficiency of the plant,

net work output turbine work -  compressor work
117 = heatsupplied = heat supplied
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Referring to fig. 4-2,

Thermal efficiency, ri T  ■
(Ha -  hA) -  (h z -  h ,)

(̂ 3 -  k )  
jg O a  -  r4) -  kp (Tz -  T ,) 

M r3 -  T2)
(T3 -  r 4) -  (7*2 -  T-i)

r3 -  r2
. . . (4.13)

4.7.4. Work Ratio o f Plant: Work ratio of a gas turbine plant is defined as the ratio 
of net work output (difference of turbine work and compressor work) and work done by 
the turbine. Thus,

. . .  . .. net work outputWork ratio = ---- — -----. .. \  - .—
work done by the turbine

Referring to fig. 4-2 , Work ratio

This criterion gives an indication of the size of the machinery which must be installed 
to produce a given power output for useful purposes. The higher the work ratio, the 
smaller is the power plant that must be installed for a given net output.

4.7.5. A ir Rate: This is the amount of fluid which must be handled per unit of power 
output. This is a criterion of the size of the plant. The air rate is usually expressed in 
terms of kg per second of air inducted by the compressor per unit power output. Thus,

ma = — ——------- \  r, j —r  kg per sec/kJ . . .  (4.15)a Net output per unit mass flow of air
Obviously, the lower the value of rrra, the smaller the plant.
4.7.6. Thermal Efficiency and Work Ratio of an Ideal Joule Cycle : In ideal 

Joule cycle, the compression and expansion are isentropic and its thermal efficiency, 
x\t is given as

heat supplied - heat rejected 
= heat supplied

Referring to fig. 4-2, thermal efficiency,

(h3 -  hA) -  (hz -  h ,)
(hs -  /j4) 

kp (T3 -  T4) -  kp (T2 -  Ty) 
kp (T3 -  T4)

(T3 -  r 4) -  (T2 -  7 j) 
(7*3 -  74)

. . . (4.14)

(h3 -  v )  -  ( V  -  *1) V r3 -  V )  -  v v "  r i)
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y - 1 V ~ 1

and
V

P3 Y P2 Y
T  -  T  ' P2

P4 Pa
. .  /3 -  /4

Pi

U l A

••• VT = 1 "
Ta ' -  Ti

y - 1

-  r, J
Y -  1

Do] Y
=  1 -

1
l_ z _ l 

IP2 I V

(4.16)

Pz Pswhere, r„ = —  -  —  •« pressure ratio. Thus, it can be stated that in an ideal case
H  p4

the thermal efficiency of the plant depends only upon the pressure ratio, rp.
, turbine work -  compressor workNow work ratio = ------------. . .  .— ^------------

turbine work
Referring to fig. 4-2 for an ideal case,

W f t  -  7-4 ') -  kp (T2 ' -  ,  T2 ' -  ^
Work ratio = —1—B ------------------  = 1 —

As = Tz ' \P2

kp (T3 -  r4 ') 
l_ i_ L

-  t a 1

i_ i_ i

^1 |P i
-  |fp| ’  ••• V  *  *  {r p } »

Y -  1

*  -  <0>) T

L j l I  
[P2l V -  1

-1

.-. Work ratio = 1 -
Ta {rp\ r -  Ta

T* -

Ta |rp} -  1

=  1 -

- 1
1 -

- 1

'p\

( r p )

is iA  
Y

1 - - 1

(rDV

1 -

1

(rp)
U L±

Y

Ta_
T3= 1 -  w  Krp)f

(4.17)

. . (4.18)
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Thus, though the ideal thermal efficiency does not depend upon maximum temperature 
T3, the work ratio depends on maximum temperature in the cycle, T3.
Problem -  2 : A simple constant pressure gas turbine plant draws in air at 30°C and 
com presses it through pressure ratio o f 6. The air passes to the combustion chamber 
and after combustion of fuel, gases enter the turbine at a temperature of 787°C and 
expand to the initial low pressure. Assuming isentropic efficiencies of both the compressor 
and turbine as 89%, calculate: (a) the thermal efficiency of the plant, and (b) the percentage 
increase in the thermal efficiency if the air temperature at compressor inlet is - 300 C  
and other parameters remain the same. Take y = 1-4 for air and gases.

(a) Referring to fig. 4 - 2 ,  7 , = 30 + 273 = 303 K ; T3 = 787 + 273 = 1,060 K\ 

&  = &  = rp = 6 ; tic = tv = 89% ; T -  1*4
P1 p4

For isentropic compression,
y - 1 Y -  1

T2 ' \pz\ y ^  t 04
T i -  { p i }

& 72 ' = 7, x 1-668 = 303 X  1-668 = 505-4 K  

T2 ' -  T,

= (fp) = (6)T4 = 1-668

Further, r|c ■ T2 -  T,

T2 ' -  T\ 505-4 -  303 202-4 „
•  71 r  -----^  0 8 9  “0 8 9  = 227 4

T2 = 227-4 + 303 = 530-4 K  (actual temp, of air after compression)

Compression work, Wc = kp(T2 -  Ty) » kp m 227-4 kJ/kg
Heat supplied, Qs = kp x (73 -  T2)

= kp (1,060 -  530-4) = kp X  529-6 kJ/kg
Now, for isentropic expansion in turbine,

(p3\ v y - 1 0̂
r  -  (rp) y -  (6)1-4 = 1-668

r  ' 3 1 >06°  m k
7*  -  V668 -  T668 = 6355 K

Now, r|f = r3 -  r 4
t z -  r 4 '

... 7-3 -  74 = i i f (73 -  74 ') = 0-89(1,060 -  635-5) = 377-8
Turbine work. Wt = kp (T3 -  74) = kp x 377-8 kJ/kg

Wt - Wc kp x 377-8 -  kp x 227-4 
Thermal efficiency, n r  ^ -------------------- * 529 6--------

377-8 -  227-4 150-4 = 0-284 or 28-4%
529-6 529-6

(b) Now, 7, = -  30 + 273 = °43 K\ 73 = 787 + 273 = 1,060 K\

—  = —  = Tp = 6‘ v = 1-4; lie  = - 89%
Pi p4 p
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Y -  1 

v 04
= (6)1 4 « 1-668

x 1-668 = 243 x 1-668 -  405-3 K

But, i ic = * ~ J 1 i.e. 0-89 = 243
'2 “  M

162-3
0-89 0-89 "  182 36

T2 « 182-36 + 243 -  425-36 K  

Compression work per kg, Wc = kp(T2 -  7}) = kp x 182-36 kJ 
Turbine work per kg, Wt = kp (T3 -  r 4)

= kp x 377-8 kJ[sam e as in part (a)]
Heat supplied per kg, Qs = kp(T3 -  T̂ j

= /fp(1,060 -  425-36) = kp x 634-64 kJ
. W, - Wc kp x 377-8 -  x 182-36

Thermal efttaency, r ,r  .  —  --------- 6   -  ^ --------

- ^  ■ -3079 .

Thus, % increase in thermal efficiency,
30-79 - 28-4 • „

VT -  ----- £ *4 ------ X 100 *  8 42
Problem -3 : A simple constant pressure open cycle gas turbine plant draws air at 100 
Kpa (1 bar) and 17°C and com presses it through a pressure ratio of 4. The air then 
passes to the combustion chamber and after combustion of fuel, the gases enter the
turbine at a temperature of 650°C and expand to 100 kPa. Assuming the isentropic
efficiency of both the compressor and the turbine as 85 per cent, calculate: (a) the power 
required to drive the compressor if it has to handle 2 kg of air per second, (b) the power 
developed by the turbine, (c) the net plant work output per kg of air, (d) the thermal 
efficiency of the plant, and (e) the work ratio of the plant. Assume kp = 1026 KJ/kg K  
and 7 = 14 for both air and gases. Neglect the mass of fuel burnt and the loss of 
pressure in the combustion chamber.

(a) Referring to fig. 4-2, the following data is available:
7i = 17 + 273 = 290 K ; 73 = 650 + 273 = 923 K ; pi = 100 kPa

^  ^  = 4; kp = 1-026 kJ/kg K; 7 -  1-4
Pi p4

l_ z _ l
72'

Now, for isentropic compression, - y -  =

v - 1
. J  0-4

I £
[Pi

Isentropic temperature rise = T2' -  7j » 431 -  290 = 141

T2 ’ = 7, J— I = 290 x (4|1'4 = 290 x 1-485 = 431 K
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.. Isentropic temperature rise T z -  7i _ _ _
Now, ric = A . \ ^ ----- :----  = — -----—  * 0-851 Actual temperature rise T z -  T\

To' -  I f  141 
•• -  T< *  ^ O S " 1  *  M B  * 1 6 5 5

72 -  165-5 + Ty -  165-5 + 290 -  455-5 K
Again for isentropic expansion,

« _  1
0-4

= {4}1-4 = 1-485 

923 -  621 K
1-485 1-485

Isentropic temperature drop = T3 -  r 4 ' = 923 -  621 = 302

Actual temp, drop 7~3 -  T4 ^
"  Isentropic temp, drop ”  T3 -  T4 '

.% T3 -  T4 = (T3 -  T4' ) X  0-85 =  302 X  0-85 = 257

Compression work, Wc = kp (T2 -  Ti)

= 1-026 x 165-5 = 169-75 kJ/kg of air 
/. Power required to drive the compressor 

= 169-75 x 2 = 339-5 kJ/sec. = 339-5 kW
(b) Turbine work output, Wc = kp{T3 -  T4)

= 1-026 X  257 = 264-7 kJ/kg of air
Turbine power = 264-7 x 2 = 529-4 kJ/sec. or 529.-4 kW.

(c) Net plant work output = Wt -  Wc = 264-7 -  169-75 = 94-95 kJ/kg of air
(d) Heat supplied = kp (T3 -  = 1-026 (923 -  455-5) = 479-7 kJ/kg of air

Thermal efficiency of the plant,
Turbine work-Compressor work 

"  Heat supplied
264-7 -  169-75 94-95

479-7 479-7
= 0-1979 or 19-79%

. . . . .  . .. Net plant work output per kg 94-95(e) Work ratio = ---- r-.------------------------   -  0-3587v ' Turbine work per kg 264-7

Problem -4 : In a gas turbine installation the compressor takes in air at a temperature 
of 20°C and com presses it to four times the initial pressure with an isentropic efficiency 
of 84%. The air is then passed through a heat exchanger and heated by the turbine 
exhaust before reaching the combustion chamber. In the heat exchanger,80% of the 
available heat is given to compressed air. The maximum temperature after constant 
pressure combustion is 580°C and the isentropic efficiency of the turbine is 75%. Determine 
the overall efficiency of the plant.

Take 7 = 1.4 and kp m 1-005 kJ/kg K  for air and gases.

With reference to fig. 4-10,
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T, = 20 + 273 = 293 K ; T3 = 580 + 273 = 853 K ; —  = 4 = —
Pi Pa

Y " 1

\ * L I Y

k I
Y " 1

Y

A

04

Tz = 7j J ^ l = 293 x (4)1-4 -  293 x 1-486 = 435-4 K  

72 -  Ti 435.4 _ 293 T  142-4
But ' - 1 “ • a 8 4  -  -  r 2 -  r-i 72 -  r « '  w  169 5  K

T2 = 293 + 169-5 = 462-5K

0-4

Now, ^  '  .  (4 )«  -  1-486 i.e . T4‘ -  ^  -  674 K

r 3 -  t 4 t 3 -  r4
° 7 5 “ 8 5 h ^ 4  

T3 -  T4 = 0-75 x 279 « 209-25 K 

T4 = T3 -  209-25 = 853 -  209-25 = 643-75 K

T5 -  T2Effectiveness of heat exchanger =
Ta -  To

Tc _ 462-5
■ 0 8 ■ 643 75 - 4 6 * 5  A 75 ’  607 5 K

Heat supplied/kg = kp (T3 -  T5) = 1-005 x (853 - 607-5) = 246-73 kJ

Compressor work/kg = kp (T2 -  T i) = 1 005 (462-5 - 293) = 170-35, kJ

Turbine work/kg = kp (T3 -  T4) = 1-005(853 -  643-75) = 210-3 kJ

Net work output/kg = Turbine work/kg -  Compressor work/kg .*'i
= 210-3 - 170-35 = 39-95 kJ/kg

^ .. .. . . Net work output per kgOverall thermal efficiency = — — 7  r  ..r  .a
Heat supplied per kg

qa-qc
= 0-1619 or 16-19%246-73

Problem -  5 : A simple open cycle gas turbine takes in air at 1 bar (100 kpa) and 
15°C and com presses it to 5 times the initial pressure, the isentropic efficiency of 
compressor being 85 per cent. The air passes to the combustion chamber, and after 
combustion, the gases enter the turbine at a temperature of 557°C and expand to 1 bar, 
with an isentropic efficiency of 82%.

Estimate the mass flow of air and gases in kg/min for a net power output of 1500 
kW, making the following assumptions. Fall of pressure through the combustion system 
= 0-09 bar, kp = 1025 kJ/kg K  and y = 14, far both air and combustion gases.
Assume that mass flows through the turbine and compressor are equal.

Referring to fig. 4-11 (on the next page) and considering isentropic compression,
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0-4

= 288(5) 1-4 = 288 x 1-584 = 456-2 K

TK Isentropic temperature rise
= T2 -  Ta -  456-2 -  288 = 168-2

=
Isentropic temp, rise 

Actual temp, rise

T2 -
T2 -  7-1

= 0-85

. t  T  -  72 ~ 71 = _
•• 2 ~ \ o-85 0-85 19788

.-. T2 = 197-88 + 288 = 485-88 K

Compressor work, Wc = kp (T2 -  T̂ )

-  1 025 X  197-88 = 202-83 kJ/kg of air. 
Since, there is a fall of pressure of 0-09 

bar through the combustion system , the 
pressure ratio across the turbine now is
5 -  0-09

Fig. 4-11 Cycle on T - <j>diagram.     = 4-91.

Now, =
/4

V  830 830
T*  — --------- M  -  T575  '  527 K

(4-91 )T4

Isentropic temp, drop = 7 3 -  7V = 830 -  527 = 303 K
Actual temperature drop = 73 -  74 = 0-82 x 303 = 248-86 K

.-. Turbine work output, Wt = kp {T3 -  T4)
= 1-025(248-46) = 256-67 kJ/kg of air.

Of this, 202-83 kJ/kg of air are absorbed in driving the compressor.
.-. Net work output of the turbine plant per kg of air

= Turbine output -  Compressor work = 256-67 -  202-83 = 53-84 kJ
.-. Net output power in kW = mass flow of air in kg per second x net work output

in kJ/kg of air.
i.e ., 1,500 = m x 53-84
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m 1,500
53-84 = 27-86 kg/sec.

M ass flow of air and gases in kg/min. = 27-86 x 60 = 1,671-6
Problem  - 6  : In an open cycle constant pressure gas turbine plant, air enters the 
compressor at a pressure of 1 bar (100 kPa) and at a temperature of 27'C  and leaves 
it at a pressure of 5 bar (500 kPa). The gases enter the turbine at a temperature of 
627°C. The gases are expanded in the turbine to the initial pressure of 1 bar (100 kpa). 
The isentropic efficiency o f the turbine is 84 per cent and that of the compressor is 86 
per cent. Determine the thermal efficiency o f the gas turbine plant:

(a) When a regenerator (heat exchanger) with 70 per cent effectiveness (efficiency) 
is used to preheat the compressed air before it enters the combustion chamber and (b) 
if no heat exchanger is used.

Assum e no pressure losses in the connecting pipes, combustion chamber and heat 
exchanger. Take kp = 1-005 kJ/kg K  and y = 14 both for air and gases.

Referring to fig. 4-12, the following date is available:
T-, = 27 + 273 = 300 K ; T3 = 627 + 273 = 900 K ; p , = 1 bar; 
p2 — 5 bar; y = 1 \ kp = 1-005 kJ/kg K.

Fig. 4 -12

.  TzFor isentropic compression, -jr-

(a) With Heat Exchanger :
y - 1 

\PZ 1 Y • 

iP lJ
Temp, of air after insentropic compression,

y -  1 0-4

( S ) ' - » f ) “
Isentropic temp, rise = Tz -  7i = 475-2 -  300 = 175-2 K

Tz -  7i

Tz = 7i = = 300 x 1-584 = 475-2 K

Isentropic efficiency of compressor, r\c = Tz -  7i



«
To -  Ti 175-2

.-. Actual temperatures rise, T2 -  T\ = ----------  = ——— = 203-7
rjc 0-86

B\  Actual temp, after compression, T2 = 203-7 + 300 = 503-7 K  
Again for isentropic expansion in the turbine,

0-4
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T3_
Ta

P I
P4

= (5)1'4 = 1-584

Final temp, after expansion in the turbine, if the expansion were isentropic,

7V = ——  -  - = 568-2 K
4 1-584 1-584

Isentropic temp, fall = T3 -  T4' = 900 -  568-2 = 331-8

1 4 ,, . . . .  Actual temp, fallIsentropic eff. of turbine, r\t = -— ——  r — —  =
Ta -  Ta

Isentropic temp, fall T3 -  T4 

... T3 -  T4 = r |f (T3 -  T4') = 0-84 x 331-8 = 278-8

Actual temp, of gases after expansion in the turbine,
T4 = 900 -  278-7 = 621-3 K

With heat exchanger, the air after compression is preheated from T2 to T3 and the 
fuel is supplied to raise the temperature of compressed air from T5 to T3, i.e ., the heat 
supplied per kg of air = kp (T3 -  T5). The actual temperature after compression, T2 is 
503-7 K , so that the temperature drop (T4 -  T2 ) = 621-3 -  503-7 = 117-6°C is available 
for heating the compressed air by the exhaust heat exchanger. Since only 70% of the 
available heat is given to the compressed air, the actual temperature drop available for 
heating the compressed air will be

0-7 (T4 -  T2) = 0-7(621-3 - 503-7) = 82-3
In passing .through the heat exchanger, the compressed air will be heated from T2 

to T5 . T5 can be found from heat balance equation for the heat exchanger,
i.e ., T5 -  T2 = 0-7 (T4 -  T2), where 0-7 is the effectiveness of the heat exchanger.

T5 = 0-7(621-3 -  503-7) + 503-7 = 586 K
Heat supplied per kg of air = kp (T3 -  T5) = kp (900 -  586) = 314 kp kJ

Work required to drive the compressor per kg of air
= kp (T2 -  K )  = kp (503-7 -  300) = 203-7 kp kJ

Turbine work output per kg = kp (T3 -  74) = kp (900 -  621-3) = 278-7 kp kJ

Net work output per kg = 278-7 kp - 203-7 kp = 75 kp kJ

.*. Thermal efficiency of the plant

_  Net work output of the plant per kg = 75 kp  ̂ 0 .2388 or 23-88%
Heat supplied per kg 314 kp

(b) Without heat exchanger :
Work required to drive the compressor per kg

= kp(T2 -  T |) = kp (503-7 -  300) = 203-7 kp kJ
Turbine work output per kg

= kp (T3 -  Ta) = kp (900 - 621-3) = 278-7 kp kJ
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.% Net work output of the plant per kg 
= 278-7 kp -  203-7 kp = 75 kp kJ 

Heat supplied per kg = kp (T3 -  T2) = kp (900 -  503-7) = 396■$ kp kJ 

/. Thermal efficiency of the plant without heat exchanger,
Net work output of the plant per kg 

11 "  Heat supplied per kg
75 k

= = 0-1925 or 1925%396-3/fp
It should be noted that improvement in the thermal efficiency of plant due to introduction 

of the regenerator (heat exchanger) is achieved at the expense of increased weight and 
cost of the plant.
Problem  -  7 : In a single-shaft constant pressure open cycle gas turbine plant, a 
two-stage compression with intercooling and regeneration is employed. The inlet pressure 
and temperature are 1 bar and 20°C. The pressure ratio in each stage is 2 5 and 
isentropic efficiency of the compressor is 85 per cent. The effectiveness of the intercooler 
is 75 per cen t The gases enter the turbine at a temperature of 700* C. The gases are 
expanded in a turbine to the initial pressure of 1 bar. The isentropic efficiency of the 
turbine is 82 per cent. The effectiveness (thermal ratio) of the regenerator (heat exchanger) 
is 75 per cent. Assuming air to be working medium throughout the cycle with kp = 1005 
kJ/kg K  and y = 1-4, find the thermal efficiency of gas turbine plant. Draw the flow 
diagram and 7  = <I> diagram.

TK

cooler 

(a) Flow diagram

Referring to fig. 4-13,

Starter

( b) T d i a g r a m

7, = 20 + 273 = 293 K\ T3 = 700 + 273 = 973 K ; p, = 1 b ar; —  = 2-5;

^  = 2-5; —  = —  x —  = 2-5 x 2-5 = 6-25; = 6-25;
Pb P i Pb P i P4

*ld ■ Vcz = 85% I Tlf = 82% ; Effectiveness of intercooler = 75%;
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Effectiveness of heat exchanger = 75% ; kp = 1 005 kJ/kg K, and y = 1-4

x_z_l 0-4

Now, y -  = j^ j  Y m ( 2 - 5 ) 14 = ( 2 - 5 ) ° 286 =  1 - 3  "

A  Ta =  7-, X  1 * 3  =  2 9 3  x  1 - 3  =  3 8 1  K

M Isentropic increase in temperature Ta -  Ty
actual increase in temperature Ta -  | |

A  I t  -  *  -  .  3 8 1 ^ 9 3  =
a 1 rid  0-85

Ta =  1 0 3 - 5  +  7 ,  =  1 0 3 - 5  +  2 9 3  =  3 9 6 - 5  K

Ta ~ Tb
Effectiveness of intercooler = —-----— - 0 - 7 5

< a -  '1

V Ta -  Tb = ( Ta -  7-1) X  0 - 7 5  « ( 3 9 6 - 5  -  2 9 3 )  x  0 - 7 5  =  7 7 - 6 3  

Tb =  Ta -  7 7 - 6 3  =  3 9 6 - 5  -  7 7 - 6 3  =  3 1 8 - 8 7  K  

Now, considering second stage compression,

r '  M
=  J — I  Y =  ( 2 - 5 ) 1-4 =  ( 2 - 5 ) 0 2 8 6  =  1 - 3

Tb [Pb J
A  r 2 ' =  r 6  X  1 - 3  =  3 1 8 - 8 7  X  1 - 3  =  4 1 4 - 5  K

Tz' -  Tb 
Now, = 0 - 8 5

72 “  'b
T2 ' -  Tb 4 1 4 - 5  -  3 1 8 - 8 7

•• " S k ------------- 0-85 ‘  1125
r 2  -  1 1 2 - 5  +  Tb =  1 1 2 - 5  +  3 1 8 - 8 7  -  4 3 1 - 3 7  K  

Compressor work, Wc = Wc1 +
, -  kp(Ta -  T\) + kp(T2 -  Tb)

=  1 - 0 0 5  ( 3 9 6 - 5  -  2 9 3 )  +  1 - 0 0 5  ( 4 3 1 - 3 7  -  3 1 8 - 8 7 )

= 1 - 0 0 5  x  2 1 6 - 0  = 2 1 7  0 8  kJ/kg 
Now, considering turbine expansion,

'Lj l A  04
J 3  ,  [ E l ]  Y =  ( 6 - 2 5 ) 1-4 =  ( 6 - 2 5 ) ° 2 8 6  =  1 - 6 9
Ta [P 4 j

t 3_ _  973 
69 *  1-69 = 575-74 K

Actual temperature drop 73 -  74
ow’ ”  Isentropic temperature drop 73 -  74 '

... T3 -  T4 = (T3 -  r4 ') X 0-82 = (973 -  575-74) x 0-82 = 325-75

... t 4 = T3 -  325-75 = 973 -  325-75 = 647-25 K

Turbine work, Wt = kp (T3 -  74) = 1-005(973 -  647-25) = 327-37 kJ/kg

173
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Effectiveness of heat exchanger = 0-75 ■
7*5 - T2 
Ta -  To

i.e. 0-75 -
7k -  431-37

647-25 -  431-37 
T5 = 0-75(647-25 -  431-37) + 431-37 = 593-28 K 

Heat supplied = /rp(T3 -  T5) = 1-005 (973 -  593-28) = 381-61 kJ/kg 
Thermal eff. of the gas turbine plant,

Turbine work -  Compressor work 
Heat supplied 

327-37 -  217-08 110-29

r)T -

381-61 381-61
4.8 Constant Volum e G as Turbine

= 0-289 or 28-9%

In this type of gas turbine, the fuel is burnt at constant volume. Air from the surrounding 
atmosphere is drawn in the compressor and is compressed to a pressure of about 3 
kN/m2. The compressed air is then admitted to the combustion chamber through the 
inlet valve as shown in fig. 4-14. When inlet valve is closed, the fuel oil is admitted by 
means of a separate fuel pump into the combustion chamber containing compressed air. 
The mixture (of air and fuel oil) is then ignited by an electric spark, the pressure rising 
to about 12 kN/m2 whilst the volume remains constant. Thus, the combustion takes place 
at constant volume.

The pressure of explosion opens the outlet valve (until the combustion gases are 
exhausted) and high pressure hot combustion gases enter the turbine and flow through 
the turbine blading. Whilst passing over the blades, the gas is continuously expanding, 
its available (enthalpy) energy being converted into kinetic energy, which in turn, is 
absorbed by the turbine rotor.

As a small amount of excess air is admitted to the combustion chamber as compared 
with that in the constant pressure turbine, resulting in higher temperature of products of 
combustion, the rotor blades and the combustion chamber must be water cooled. The 
part of the power developed by the turbine is used to drive the compressor and the 
remainder is available for driving the electric generator or any other load. The electric 
motor is used only for starting the gas turbine plant.

Compressed air 
inlet valve

Compressor Air*In Exhaust 9a m

Generator

Motor
Combustion

chamber

Outlet valve 
for gases

Combustion gases

Fig. 4-14 . Constant volume gas turbine.

The first successful constant volume turbine to work on this principle was Holzworth
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gas turbine. In. this turbine, the exhaust gases discharged from the turbine are passed 
through a heater (not shown is the figure), where the heat of exhaust gases is utilised 
in raising the steam . The steam so formed (in the heater) is then expanded through a 
steam turbine^ which drives the air compressor. This is a great advantage because the 
compressor is driven by separate steam turbine and, therefore, whole of the power 
developed by the gas turbine is available for useful work. ■

Theoretically the thermal efficiency of the constant volume cycle is higher than that 
of constant pressure cycle, but mechanical difficulties of constructing a unit to work 
satisfactorily on this system has hindered its development. With heat addition at constant 
volume, valves are necessary to isolate the combustion chamber from the compressor 
and turbine. Combustion is , therefore, intermittent (not continuous) and machine does not 
run smoothly. It is difficult to design a turbine to work under such conditions and, therefore, 
the development of this type of turbine has been discontinued. In constant pressure gas 
turbine, combustion is a continuous process in which valves are unnecessary, and it is 
now generally accepted that the constant pressure cycle has greater possibilities for future 
development. Constant pressure gas turbine is the only turbine used in industry and in 
aero-engines.
4.9 Free piston Gasifier

The hot high pressure exhaust gases from a modified Diesel cylinder to drive a turbine 
has been used in this case. Such a system for the generation of hot gases for a turbine 
is termed a free piston gas generator. The Diesel engine is highly supercharged and has 
complete balance of power between compressor and engine. This unit combines the high 
thermal efficiency of Diesel cycle with the simplicity of the turbine for the expansion of 
the hot gases down to atmospheric pressure. The free piston gasifier is an out growth 
of the highly supercharged (turbo-charged) Diesel engine and free-piston air compressor 
developed by Pescara.

Figure 4-15 shows the schematic diagram of a free piston gas generator-turbine
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system developed by Pescara. The plant may be considered as a highly supercharged 
two-stroke opposed piston Diesel engine with the hot gases of combustion expanding 
down to atmospheric pressure in the turbine. The gas generator phase consists of the 
Diesel cylinder and combustion chamber in the center. Fuel is injected in the center of 
the Diesel cylinder and burned. The expansion of the gases of combustion forces the 
opposed pistons apart outward. Each of the piston is made integral with another piston 
which acts as a single-stage air compressor' on its inner face, and as an air bounce 
cushion on its outer face. The energy stored in the bounce or air cushion cylinder by 
the outward movement of the piston is utilized to drive the piston inward compressing 
the air in both the air cylinder and in the Diesel cylinder. Air at 0-5 to 0-6 N/mm passes 
through valves from the compressor cylinder into a central air space from which it enters 
the Diesel cylinder through intake ports on the left. This air scavenges and supercharges 
the Diesel cylinder. The mixture of the scavenging air and gases of combustion at a 
temperature around 550°C pass through the exhaust ports and are expanded down to 
atmospheric pressure in the turbine. All the useful shaft power of the plant is produced 
by the turbine.

The pistons are connected together by a light mechanical linkage which acts as a 
synchronization gear to aid in keeping the pistons in step and to time the injection of 
the fuel. The control of the motion of the pistons, both as to the rate of oscillation and 
the distance travelled, is accomplished by the variation in the pressure in the air cushion 
by a stabilizer located and interconnected between the central space and the air cushion. 
Any number of gas generators may be used in parallels to supply a-single turbine. The 
power output of the turbine may then be varied by cutting the gas generator in or out 
of the system .

In this system , the free piston gas generator replaces the compressor and combustion 
chamber of a conventional open cycle gas turbine plant. The free piston gas generator 
replaces the compressor and combustion chamber of a conventional open cycle gas 
turbine plant. In this manner, the high thermal efficiency of the Diesel engine is obtained. 
Thermal efficiency higher than those of Diesel engines and in excess of 40 per cent are 
obtained by this system . Since there are no unbalanced forces, and no side forces on 
the cylinder wall, the engine itself is vibration free. It is smaller and lighter than a Diesel 
engine of the same power output. The turbine is about one third the size of the turbine 
of a conventional open cycle gas turbine plant which has to provide power to the 
compressor in addition to produce useful work. The air flow rate is also low. Due to its 
smaller size and lower temperatures, the turbine should require cheaper material and 
have a longer reliable service life.

In spite of all the theoretical advantages of this system, it is still in the development 
stage. There are a number of mechanical problems of starting and control that require 
development. The problem of synchronization of the pistons in a single unit and in 
multi-unit have not been solved with great degree of success.
4.10 Applications

The gas turbine plant finds its application in the following fields :
A great number of central stationary power stations using gas turbines from 500 kW 

upto 50,000 kW are in use and more being installed each year. These plants include 
the open cycle, semi-closed cycle, and closed cycle plants. Liquid or gaseous fuel is 
being used .n the majority of the plants, but coal is being used in some of the closed 
cycle plants and being experimented in the open and semi-closed cycle plants. Ga’s 
turbines have proved to be useful as power plant where water is not available and for 
stand-by and peak-load plants for hydro-installations and for purchased power. In addition
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to central power stations, gas turbine is being used in industry for crude oil pumping, 
refining processes, etc. It has also been used in steel industry. In developed countries, 
the gas turbine is being used for locomotive propylsion. This application is still in 
experimental stage. Indications are that the maintenance', operational and fuel costs will 
be below that of Diesel electric locomotives. Quick starting and possibility of remote control 
make the gas turbine more suitable for this application.

The development of gas turbine plant for ship propulsion has been slow as compared 
to the rapid advancements made by the gas turbine in the field of aeronautics. Now a 
days, gas turbine engines are being used for ship propulsion.

G as turbine is being extensively used in aircrafts. The gas turbine plant is lower in 
weight and smatter in size for the same power output than that of the I.C . engine. It 
fulfils the military requirements for high speed combat aircraft with a relatively reasonable 
economy.

The small gas turbine is being used as automobile engine. The gas turbine for 
vehicular propulsion is usually of simple form, and can be classified into two main 
categories: single-shaft and two-shaft gas turbine engine with or without heat exchanger.

The exhaust gases from the turbine are at higher temperature (about 400°C to 450°C). 
Hence, they carry some heat. In gas turbine combined with steam plant, the exhaust 
gases from the gas turbine are passed through a steam boiler, where the heat of exhaust 
gases is utilized in raising steam which can be used:

■» for heating purpose,
-  for preheating the combustion air for boiler,
-  for heating the feed water,
-  ’ for driving a steam turbine which drives the air compressor.
4.10.1 A ircraft G as Turb ines versu s Other G as Turb ines The main differences 

between the aircraft gas turbines and other gas turbines are :
. . The life of an aircraft gas turbine is expected to be only about 5,000 running 

hours: where as the life of other gas turbines is about 1,00,000 running hours.
. . Limitation of the size and weight of an aircraft gas turbine is much more important 

than in the case of other turbines.
. . The aircraft power plant can make use of the kinetic energy of gases leaving the 

turbine, whereas this is wasted in other gas turbines and consequently must be 
kept as low as possible in other gas turbines.

These three important differences have a considerable effect on the design of the 
gas turbine. Gas turbines other than aircraft gas turbines are fitted with heat exchangers, 
intercoolers, etc. and consequently are of more robust construction.

4.10.2 Advantages of G as Turbine over Steam Turbine : A gas turbine has the 
following advantages over a steam turbine :

-  A Gas turbine is relatively simple in design as it does not need a boiler, an 
economiser or a condenser.

-  Its weight-power ratio is low.
-  It requires light foundation.
-  Its initial cost is low.
-  It can be started and stopped within a few minutes and hence no loss of fuel 

and time.
-  It is very reliable.
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-  It has wide flexibility and meets a variety of short duration load requirements.
-  Its maintenance and operational cost is low.
-  It does not need feed water.

t
-  Its lubrication system is simple.
-  It has wide choice of fuels.
-  Owing to lower maximum pressure, which seldom exceeds 0.5 N/mm2ab, the 

material is not subjected to heavy stresses. However, the material must be able 
to withstand high temperature of about 950°C and above.

4.10.3 Advantages of Gas Turbine over Reciprocating Internal Combustion 
Engine : A gas turbine has the following advantages over an internal combustion engine:

. . Power developed is large for units of comparatively small size and weight.

. . It has less weight per unit power.

. . There are no unbalanced forces and consequently there are no vibrations.

. . It is very reliable.

. . Its operating cost is low as fuel for gas turbine is kerosene or paraffin, which is 
cheaper than petrol or Diesel oil.

. . There is less danger of fire.

. . It has fewer moving parts and hence frictional resistance and wear and tear are
less.

. . Lubrication is simple as there is no sliding friction.

. . Its maximum working pressure is lower.
Tutoria l- 4

1. Choose correct phrase/s to complete the following statements :
(i) The constant pressure open cycle gas turbine works on the

(a) Ericsson cycle, (b) Brayton cycle, (c) Atkinson cycle, (d) Joule cycle,
(e) Rankine cycle.

(ii) In the closed cycle gas turbine the coolant (cooling substance) used for precooling 
the turbine exhaust before it enters the compressor is ^
(a) water, (b) high pressure cooled and expanded air from the auxiliary compressor, 
(c) atmospheric air, (d) atmospheric air cooled with water vapour.

(iii) The maximum combustion pressure in the case of gas turbine as compared to
I.C . engine is : *
(a) lower, (b) more, (c) very high, (d) depends on the operating range.

(iv) The mechanical efficiency of a gas turbine is :
(a) lower than that of an I.C . engine.
(b) higher than that of an I.C . engine.
(c) same as that of an I.C . engine for same operating pressure and temperature.
(d) none of the above.

(v) The material commonly employed for aircraft gas turbine is :
(a) timken, haste and inconel alloys,
(b) duralumin,
(c) high temperature special alloy steels,
(d) basically aluminium and steel alloys.

(vi) In the gas turbine the hottest point is :
(a) at the tip, (b) at 1/3rd of the blade height, (c) at 1/4th of the blade height,
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(d) at the exit.
(vii)The blades of gas turbine are made of : ,

(a) high carbon steel, (b) stainless steel, (c) mild steel, (d) high nickel steel
(neimonic).

(viii)The maximum temperature in a gas turbine may be of the order of :
_ (a) 500°C, (b) 1,000°C (c) 2,000°C, (d) 2,500°C.

(ix) With the increase in pressure ratio for a given inlet temperature the thermal
efficiency of a simple gas turbine
(a) decreases, (b) increases, (c) first increases and then decreases, (d) first
decreases and then increases, (e) remains same.

[(0 b, (ii) a, (iii) a , (iv) b, (v) a , (vi) b, (vii) d, (viii) b, (ix) c]
2. (a) Why a  gas turbine is termed as an internal combustion turbine ? How it differs

from reciprocating type of I.C . engine ?
(b) How gas turbine are classified ?

3. (a) What is meant by the terms “open cycle" and “closed cycle" as referred to gas
turbine plant ?

(b) Describe the cycle of operations of a simple constant pressure open cycle gas 
turbine plant with the help of a flow diagram, a p -  v diagram, and a T  -  <t> 
diagram.

4. (a) Describe briefly, giving a neat sketch, the working of a constant pressure closed
cycle gas turbine.

(b) What are the advantages and disadvantages of a closed cycle gas turbine ?
5. (a) “Open cycle gas turbine plant is an internal combustion engine and closed cycle

gas turbine plant is an external combustion engine." Explain the statement.
(b) Explain the methods for improving the efficiency of a simple constant pressure 

open cycle gas turbine plant.
6. (a) Draw a flow diagram and a T  -  4> diagram for a constant pressure gas turbine

plant incorporating an intercooler, a preheater, and a regenerator.
(b) Define the terms: (i) effectiveness of intercooler, and (ii) effectiveness or thermal 

ratio of a regenerator.
7. Define “thermal efficiency" and “work ratio" of a gas turbine plant. Prove that 

thermal efficiency of an ideal cycle depends only on pressure ratio while work 
ratio of an ideal cycle depends on maximum temperature in the cycle in addition 
to pressure ratio.

8. (a) State the variables or parameters affecting, the thermal efficiency of an actual gas
turbine plant. •

(b) State the probable range of the following variable or parameters for gas turbine 
plants : (0 pressure ratio, (ii) air-fuel ratio, (iii) maximum temperature in the plant, 
and (iv) thermal efficiency.

9. (a) List the simplifying assumptions made for gas turbine performance analysis.
(b) In an open cycle gas turbine plant working with a pressure ratio of 5, air at 

compressor inlet is at 15°C and at turbine inlet it is at 557°C. If the thermal 
efficiency of the plant is 18% and isentropic efficiency of the compressor is 80% 
find the isentropic efficiency of the turbine. Take kp = 1 005 kJ/kg K, y = 1-4 for 
air and y -  1‘38 for gases. [87-8%]

10. A simple open cycle gas turbine plant draws in air at a pressure of 1 bar (100
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kPa) and temperature of 20°C and compresses it through a pressure ratio of 4. 
The air then passes to the combustion chamber and after combustion of fuel, the 
gases enter the turbine at a temperature of 700°C and expand to a pressure of 
1 bar (100 kPa). Assuming isentropic efficiency of both the compressor and turbine 
as 86 per cent, determine per kg of air : (a) the net work output of the gas 
turbine plant and (b) the thermal efficiency of the gas turbine plant. Also calculate 
the power required to drive the compressor, if it has to handle 2 kg of air per
second and the power developed by the turbine. Take kp = 1.005 kJ/ kg K  and
7 = 1.4 for both air and gases. Neglect the mass of fuel burnt and loss of 
pressure in the combustion chamber.

[ (a) 108.64 kJ/kg, (b) 21 %; 332.86 kW; 550.14 kVVJ
11. Air enters a compressor of gas turbine plant at 1.02 bar and 27°C and leaves

the compressor at 6.12 bar and 260°C. Then in the combustion chamber, due to 
combustion of fuel, its temperature is raised to 787°C. At this temperature gases 
enter the turbine and leave it at 417*0. Neglecting loss of pressure in the
combustion chamber, mass of fuel added, and taking kp = 1.005 kJ/kg K , y **
1.4 for both air and gases, find: (a) the thermal efficiency of plant, (b) the net 
power developed with air flow of 1,000 kg/min, (c) the work ratio, and (d) the 
isentropic efficiencies of compressor and turbine.

[ (a) 26% (b) 2,294.7 kW (c) 0.3703 (d) 86% and 87.16%]
12. Air at 1 bar and 15°C is drawn by a compressor of simple gas turbine plant and

is compressed through a pressure ratio of 5, the isentropic efficiency of compressor 
being 85%. From combustion chamber, combustion gases enter the turbine at a 
temperature of 550°C and expand to 1 bar, the turbine efficiency being 80%. 
Calculate the flow of air in kg/min. for net power output of 1,250 kW. Assume 
the loss of pressure in the combustion chamber as 0.7 bar, kp = 1 046 kJ/kg K 
and y = 1*4 for both air and gases. Neglect the mass of fuel burnt.

[1,667.4 kg/min]
13. In a simple open cycle gas turbine plant, air enters the compressor at a pressure 

of 1 bar (100 kPa) and at a temperature of 30°C and leaves it at a pressure of 
6 bar (600 kPa). The air then passes to the combustion chamber and after 
combustion of fuel, the gases enter the turbine at a temperature of 787°C. There 
is a pressure drop of 0.08 bar (8 kPa) between the compressor and the turbine. 
Assuming the compressor isentropic efficiency as 89 per cent and turbine isentropic 
efficiency as 85 per cent, determine: (a) the net work output of the gas turbine 
plant, per kg of air and (b) thermal efficiency of the gas turbine plant. Take kp 
= 1 025 kJ/kg K and 7 = 1-4 for both air and gases.

[ (a) 135.09 kJ/kg; (b) 25.6%]
14. In an open cycle constant pressure gas turbine plant, the compressor takes in

air at a temperature of 20°C and at a pressure of 1 bar and compresses it to 
four times the initial pressure with an isentropic efficiency of 84 per cent. The air 
is then passed through a heat exchanger and heated by turbine exhaust gases 
before reaching the combustion chamber. In the heat exchanger 79% of the 
available heat js  given to the compressed air. The maximum temperature after 
constant pressure combustion is 580°C. The gases are expanded in the turbine 
to the initial pressure of 1 bar. The isentropic efficiency of turbine is 75%. Assume 
specific heats to be constant and oo pressure drop in the passage of the working 
fluid. Assuming 7 = 1-4 and kp = 1 -005 kJ/kg K for both air and gases, determine 
the overall thermal efficiency of the gas turbine plant. [16.07%]

15. A gas turbine plant takes in air at 15°C. The pressure ratio is 5 : 1, and the
maximum temperature is 537°C. Assuming isentropic efficiencies of 0.8 and 0.85
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for the turbine and compressor respectively, determine the overall efficiency :
(i) 'without heat exchanger, and
(ii) with heat exchanger making use of 80% of the available heat.

Assume the products of combustion to have properties of air. Take kp = 1-005
kJ/kg K and y = 1-4 for both air and gases. [(i) 12.66% ; (ii) 16.03%]

16. In an open cycle constant pressure gas turbine plant, air enters the compressor 
at 1 bar and 15*C and leaves it at a pressure of 4 bar. The maximum temperature 
in the cycle is 560°C. Assuming isentropic efficiency of turbine as 83 per cent 
and that of the compressor as 84 per cent, determine the overall efficiency of 
the plant.
(a) with heat exchanger making use of 78 per cent of the heat available, and
(b) without heat exchanger.

Assume the products of combustion to have properties of air and no pressure 
drop in the passage of the working fluid. Take kp = 1.005 kJ/kg and y » 1-4 for 
air. [(a) 22.93% , (b) 15.74%]

17. Sketch diagrammatically the arrangement of a constant pressure gas turbine plant
with two-stage expansion with reheating the working fluid and a heat exchanger 
for heating the working fluid after compression with the help of exhaust gases.

18. (a) With the help of a neat sketch, explain the operating principle of constant volume
gas turbine. Why its development has been discontinued ?

(b) What are the advantages of gas turbine over reciprocating I.C .. engine?
19. (a) What are the advantages of gas turbine over steam turbine ?

(b) D iscuss the fields of application of gas turbine plants.
20. (a) Name the three major components of a gas turbine unit.

(b) What is the function of the secondary air ? Why is it necessary?
(c) List the three types of compressors in current use.

21. (a) Sketch a schematic diagram of a simple open cycle gas turbine plant, lable all
the components, and show flow passage of working medium.

(b) List the five operating variables that strongly affect the thermal efficiency of an 
open cycle gas turbine. Show by diagrams how the thermal efficiency varies with 
a change in these operating variables.

22. (a) Sketch a schematic diagram and a T  -  <I> diagram of an open cycle gas turbine
plant with a regenerator. Lable all components and thermodynamic process lines.

(b) What limits the regenerator effectiveness ?
23. Explain polytropic or small stage efficiency as referred to compressor and turbine.
24. Establish the relationships between isentropic efficiency and polytropic efficiency 

for compressor and turbine.
25. Prove that :

7 - 1  '  n -  1
y n

(i) For compressor, ec = n _  1 (ii) For turbine, et -  — —

n Y
26. Explain the variation of isentropic efficiency of compressor, r|c and isentropic 

efficiency of turbine, iv , with pressure ratio, r for the given polytropic efficiency 
for compressor* and turbine, et = et = e.


