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11.

12.

13.

18peed of the engine =315 r.p.m.

Indicated m.e.p. = 7 kgffem?
B.H.P. of the engine =330

Fuel consumption = 80 kg/hour
Calorific value of fuel = 10500 keal’kg
Hydrogen content in hydrocarbon fuel =13%

Air consumption = 30 kg/min
Cooling water circulated = 890 kg/min
Rise in temperature of cooling water = 38°C
Exhaust gas temperature =324°C
Specific heat of air =0.24

Specific heat of exhaust gases =0.26
Ambient temperature =24°C

Specific heat for superheated steam =0.5

Partial pressure of steam in exhaust gases =0.030 kgf/cm?
Find :

(i) Mechanical efficiency, indicated thermal efficiency and specific fuel consumption on L.H.P. basis.
() Cost of energy per k'Wh assuming cost of fuel as Rs. 2.50 per litre and specific gravity of fuel as (.93,
(éii) Draw up the heat balance on minute and percentage basis,
Find : (i) The fixed cost of power generation per kW per annum ; (if) The total cost of power generation
per kWh, Cost of primary distribution is chargeable to generation.
Write brief notes on the following :
(a) Lubrication system in diesel power plant;  (b) Intercooling in gas turbine plant ;
{c) Earthing of a power system ; (d) Flat plate solar collectors.
What are the advantages and disadvantages of diesel power plant over steam power plant ? What is the
status of diesel power plants in our country ?
(2) Make a neat layout line diagram of a diesel power plant shewing in particular the fuel system and
the water cooling system.
{b) What are the primary advantages of a diesel power plant ? '
(¢) Cooling water from a 400 kW diesel power plant enters a cooling tower at 60°C and leaves the tower
at 37.8°C in an atmosphere with a dry bulb temperature of 32.2°C and a wet bulb temperature of
27.8°C. If thermal efficiency of the plant is 30% and 32% of the energy input is lost to the cooling

water, estimate the kg/min of cooling water handled by the tower and the cooling efficiency of the
tower.
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Gas Turbine Power Plants

5.1. Gas turbines—General aspects. 5.2. Applications of gas turbine plants. 5.3. Advantages and
disadvantages of gas turbine power plants over diesel and thermal power plants. 5.4. Site selection.
5.5. The simple gas turbine plant. 5.6. Energy cycle for a simple-cycle gas turbine, 5.7. Parformance
terms. 5.8. Classification of gas turbine power plants. 5.9. Classification of gas turbines. 5.10. Merits of
gas turbines. 5.11. Constant pressure combustion gas turbines—Open cycle gas turbine—Methods for
improvement of thermal efficiency of open cycle gas turbine plant—Cilosed cycle gas turbine—Merits and
demerits of closed cycle turbine over open cycle turbine. 5.12. Constant volume combustion turbines.
5.13. Gas turbine fuels. 5.14. Effect of operating variables on thermal efficiency. 5.15. Combination gas
turbine cycles—Combined turbine and steam power plants—Combined gas turbine and diesel power
plants. 5.16. Operation of a gas turbine. 5.17. Gas turbine power plant layout. 5.18. Components of a gas
turbine power plant. 5.19. Various amangements of gas turbina power plants. 5.20. Effect of thermodynamic
varables on airrate. 5.21. Free-piston engine plant. 5.22. Relative thermal efficiencies of different cycles.
Worked Examples-—Highlights—Theoretical Questions—Unsolved Examplas—Compstitive Examinations
Questions.

5.1. GAS TURBINES—GENERAL ASPECTS

Probably a windmill was the first turbine to produce useful work, wherein there is no pre-
compression and no combustion. The characteristic features of a gas turbine as we think of the
name today include a compression process and a heat-addition (or combustion) process. The gas
turbine represents perhaps the most satisfactory way of producing very large quantities of power
in a self-contained and compact unit. The gas turbine may have an ample future use in conjunc-
tion with the oil engine. For smaller gas turbine units, the inefficiencies in compression and
expansion processes become greater and to improve the thermal efficiency it is necessary to use a
heat exchanger. In order that a small gas turbine may compete for economy with the small oil
engine or petrol engine it is necessary that a compact effective heat exchanger be used in the gas
turbine cycle. The thermal efficiency of the gas turbine alone is still quite modest 20 to 30%
compared with that of a modern steam plant 38 to 40%. It is possible to construct combined plants
whose efficiencies are of order of 45% or more. Higher efficiencies might be attained in future.

The following are the major fields of application of gas turbines :

1. Aviation

2. Power generation

3. Oil and gas industry

4. Marine propulsion.

The efficiency of a gas turbine is not the criteria for the choice of this plant. A gas turbine is
used in aviation and marine fields because it is self contained, light weight not requiring cooling
water and generally fit into the overall shape of the structure. 1t is selected for ‘power generation’
because of its simplicity, lack of cooling water, needs quick installation and quick starting. It is
used in oil and gas industry because of cheaper supply of fuel and low installation cost.

426
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The gas turbines have the following “limitations” :
1. They are not self starting.

2. Low efficiencies at part loads.

3. Non-reversibility.

4. Higher rotor speeds.

5. Low overall plant efficiency.

In the last two decides, rapid progress has been observed in the development and improve-

ment of the gas turbine plants for electric power production. The major progress has been ob-
served in the following directions :

5.2.

(£} Increase in unit capacities of gas turbine units.
(if) Increase in their efficiency.
{iif} Drop in capital cost.

APPLICATIONS OF GAS TURBINE PLANTS

Gas turbine plants for the purpose of power plant engineering find the following applica-

tions :

5.3.

1. To drive generators and supply peak loads in steam, diesel or hydroplants.

2. To work as combination plants with conventional steam boilers.

3. To supply mechanical drive for auxiliaries.

— These plants are well suited for peak load service since the fuel costs are somewhat
higher and initial cost low. Moreover, peak load operation permits use of water injection

which increases turbine work by about 40% with an increase in heat rate of about 20%.
The short duration of increase in heat rate does not prove of any much harm.

— The combination arrangement of gas turbines with conventional boilers may be super-
charging or for heat recovery from exhaust gases. In the supercharging system air is
supplied to the boiler under pressure by a compressor mounted on the common shaft
with turbine and gases formed as result of combination after coming out of the boiler
pass through the gas turbine before passing through the economiser and the chimney.

— The application of the gas turbine to drive the auxiliaries is not strictly included under
direct electric power generation by the turbines and would not be discussed.

ADVANTAGES AND DISADVANTAGES OF GAS TURBINE POWER PLANTS OVER
DIESEL AND THERMAL POWER PLANTS

A. Advantages over Diesel Plants : .
1. The work developed per kg of air is large compared with diesel plant.
. Less vibrations due to perfect balancing.
. Less space requirements.
. Capital cost considerably less.
. Higher mechanical efficiency.

. The running speed of the turbine (40,000 to 100,000 r.p.m.) is considerably large com-
pared to diesel engine (1000 to 2000 r.p.m.).

. Lower installation and maintenance costs.
. The torque characteristics of turbine plants are far better than diesel plants.
9. The ignition and lubrication systems are simpler.
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. The specific fuel consumption does not increase with time in gas turbine plant as rapidly
as in diesel plants.

. Poor quality fuels can be used.

Disadvantages :

1

1.
2.
3.

10.

11.
12,

. Poor part load efficiency.
2.

Special metals and alloys are required for different components of the plants.

3. Special cooling methods are required for cooling the turbine blades.
4.
B.

Short life.

Advantages Over Steam Power Plant
No ash handling problem.
Low capital cost.

The gas turbine plants can be installed at selected load centre as space requirement is
considerably less where steam plant cannot be accommodated.

. Fewer auxiliaries required/used.
. Gas turbines can be built relatively quicker. They require much less space and civil

engineering works and water supply.

. The gas turbine plant as peak load plant is more preferable as it can be brought on load

quickly and surely.

. The components and circuits of a gas turbine plant can be arranged to give the most

economic results in any given circumstances which is not possible in case of steam
power plants.

. For the same pressure and initial temperature conditions the ratio of exhaust to inlet

volume would be only 3.95 in case of gas turbine plant as against 250 for steam plant.

. Above 5560°C, the thermal efficiency of the gas turbine plant increases three times as

fast the steam cycle efficiency for a given top temperature increase.

The site of the steam power plant is dictated by the availability of large cooling water
whereas an open cycle gas turbine plant can be located near the load centre as no cooling
water is required. The cooling water required for closed cycle gas turbine is hardly 10%
of the steam power plant.

The gas turbine plants can work quite economically for short running hours,

Storage of fuel is much smaller and handling is easy.

5.4. SITE SELECTION

While selectinig the site for a gas turbine plant. The following points should be given due
consideration :

1.

=1 N Ul e W N

The plant should be located near the load centre to avoid transmission cosis and losses.

. The site should be away from business centres due to noisy operations.
. Cheap and good quality fuel should be easily available.

. Availability of labour.

. Availability of means of transportation.

. The land should be available at a cheap price.

. The bearing capacity of the land should be high.
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5.5. THE SIMPLE GAS TURBINE PLANT

A gas turbine plant may be defined as one “in which the principal prime-mover is of the
turbine type and the working medium is a permanent gas”.

Refer Fig. 5.1. A simple gas turbine plant consists of the following :

1. Turbine.

2. A compressor mounted on the same shaft or coupled to the turbine.
3. The combustor.

4. Auxiliaries such as starting device, auxiliary lubrication pump, fuel system, oil system
and the duct system etc.

Combustor

Fuel

Generator

Air inlet

Fig. 5.1. Arrangement of a simple gas turbine plane.

A modified plant may have in addition to above an intercooler, a regenerator, a reheater etc.

The working fluid is compressed in a compressor which is generally rotary, multistage
type. Heat energy is added to the compressed fluid in the chamber. This high energy fluid, at high
temperature and presssure, then expands in the turbine unit thereby generating power. Part of
the power generated is consumed in driving the generating compressor and accessories and the
- rest is utilised in electrical energy. The gas turbines work on open cycle, semi-closed cycle or closed
cycle. In order to improve efficiency, compression and expansion of working fluid is carried out in
maultistages.

5.6. ENERGY CYCLE FORA SIMPLE-CYCLE GAS TURBINE

Fig. 5.2 shows an energy-flow diagram for a simple-cycle gas turbine, the description of
which is as follows :

- The air brings in minute,amount of energy (measured above 0°C),

— Compressor adds considerable amount of energy.

— Fuel carries major input to cycle.

— Sum of fuel and compressed-air energy leaves combustor to enter turbine.

— In turbine smallest part of entering energy goes to useful output, largest part leaves in
exhaust.
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Combustor g

Fuelin — T —» - — _—

Compressed
air

VNN T T )
\ - Output

RSOGO

Airin - Exhayst

Fig. 5.2, Energy flow diagram for gas-turbine unit.

Shaft energy to drive compressor is about twice as much as the useful shaft output.

Actually the shaft energy keeps circulating in the cycle as long as the turbine runs. The
important comparison is the size of the output with the fuel input. For the simple-cycle gas
turbine the ocutput may run about 20 per cent of the fiel input for pressure and temperature
conditions at turbine inlet. This means 80% of the fuel energy is wasted. While the 20% thermal
efficiency is not too bad, it can be improved by including additional heat recovery apparatus.

5.7. PERFORMANCE TERMS

Some of the important terms used to measure performance of a gas turbine are defined as
follows :

1. Pressure ratio. It is the ratio of cycle’s highest to its lowest pressure, usually highest-
pressure-compressor discharges to the lowest-pressure-compressor inlet pressures.

2. Work ratio. It is the ratio of network output to the total work developed in the turbine
or turbines.

3. Air ratio. kg of air entering the compressor inlet per unit of cycle net output, for
example, kg/kWh.

4. Compression efficiency. It is the ratio of work needed for ideal air compression
through a given pressure range to work actually used by the compressor.

5. Engine efficiency. It is the ratio of the work actually developed by the turbine expand-
ing hot power gas through a given pressure range to that would be yielded for ideal expansion
conditions.

6. Machine efficiency. It is the collective term meaning both engine efficiency and com-
pressor efficiency of turbine and compressor, respectively.

7. Combustion efficiency. It is the ratic of heat actually released by 1 kg of fuel to heat
that would be released by complete perfect combustion.

8. Thermal efficiency. It is the percentage of total energy input appearing as net work
ocutput of the cycle.
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5.8. CLASSIFICATION OF GAS TURBINE POWER PLANTS

The gas turbine power plants may be classified according to the following criteria :
1. By application :
@) In aircraft

(a) Jet propulsion (b} Prop-jets

(i) Stationary

{a) Peak load unit (b) Standby unit
{(e) End of transmission line unit {d) Base load unit

(e) Industrial unit.
(iit) Locomotive

(iv)} Marine

(v) Transport.

2. By cycle :
(i) Open cycle (i) Closed cycle
(zii) Semi-closed cycle.

3. According to arrangement :

(i) Simple (i) Single shaft
() Multi-shaft (iv) Intercooled
(v) Reheat (vi) Regenerative

(vit) Combination.

4. According to combustion :

(i) Continuous combustion (ii) Intermittent combustion,
b. By fuel :
(i) Solid fuel (#Z) Liquid fuel

(iit) Gaseous fuel.

5.9. CLASSIFICATION OF GAS TURBINES

The gas turbines are mainly divided into two groups :
1 Constant pressure combustion gas turbine
{a) Open cycle constant pressure gas turbine

(b) Closed cycle constant pressure gas turbine.

2. Constant volume combustion gas turbine

* In almost all the fields open cycle gas turbine plants are used. Closed cycle plants were
introduced at one stage because of their ability to burn cheap fuel. In between their
progress remained slow because of availability of cheap oil and natural gas. Because of
rising oil prices, now again, the attention is being paid to closed cycle plants.

5.10. MERITS OF GAS TURBINES

{{) Merits over 1.C. engines :

1. The mechanical efficiency of a gas turbine (95%) is quite high as compared with 1.C.
engine (85%) since the I.C. engine has many sliding parts.
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. A gas turbine does not require a flywheel ag the torque on the shaft is continuous and

uniform. Whereas a flywheel is a must in case of an L.C. engine.

. The weight of gas turbine per kW developed is less than that of an I.C. engine.
- The gas turbine can be driven at a very high (40000 r.p.m.) whereas this is not possible

with 1.C. engines.

. The work developed by a gas turbine per kg of air is more as compared to an I.C. engine.

This is due to the fact that gases can be expanded upto atmospheric pressure in case of
a gas turbine whereas in an I.C. engine expansion upto atmospheric pressure is not
possible.

. The components of the gas turbine can be made lighter since the pressures used in it are

very low, say 5 bar compared with 1.C. engine, say 60 bar.

- In the gas turbine the ignition and lubrication systems are much simpler as compared

with I.C. Engines.

. Cheaper fuels such as paraffine type, residue oils or powdered coal can be used whereas

special grade fuels are employed in petrol engine to check knocking or pinking.

The exhaust from gas turbine is less polluting comparatively since excess air is used for
combustion.

Because of low specific weight the gas turbines are particularly suitable for use in aircrafts.

Demerits of gas turbines :

1.

2.
3.

The thermal efficiency of a simple turbine cycle is low (15 to 20%) as compared with L.C.
engines (25 to 30%).
With wide operating speeds the fuel control is comparatively difficult.

Due to higher operating speeds of the turbine, it is imperative to have a speed reduction
device. :

- It is difficult to start a gas turbine as compared to an I.C. engine.
. The gas turbine blades need a special cooling system.

Fuel (Heat)

A Airin 4’y
Exhaust

Fig. 5.3. Open cycle gas turbine.
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6. One of the main demerits of a2 gas turbine is its very poor thermal efficiency at part
loads, as the quantity of air remains same irrespective of load, and output is reduced by
reducing the quantity of fuel supplied.

7. Owing to the use of nikel-chromium alloy, the manufacture of the blades is difficult and
costly.

8. For the same output the gas turbine produces five times exhaust gases than LC. engine.
9. Because of prevalence of high temperature (1000 K for blades and 2500 K for combustion
chamber) and centrifugal force the life of the combustion chamber and blades is short/
small.
(it) Merits over steam turbines :
The gas turbine entails the following advantages cver steam turbines :
1. Capital and running cost less.
2. For the same output the space required is far less.
. Starting is more easy and quick.
. Weight per H.P. is far less.
. Can be installed anywhere.
. Control of gas turbine is much easier.
. Boiler along with accessories not required.

w
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5.11. CONSTANT PRESSURE COMBUSTION GAS TURBINES

5.11.1. Open Cycle Gas Turbines

Refer Fig. 5.3. The fundamental gas turbine unit is one operating on the open cycle in which
a rotary compressor and a turbine are mounted on a common shaft. Air is drawn into the compres-
sor and after compression passes to a combustion chamber. Energy is supplied in the combustion
chamber by spraying fuel into the air stream, and the resulting hot gases expand through the
turbine to the atmosphere. In order to achieve net work cutput from the unit, the turbine must
develop more gross work output than is required to drive the compressor and to overcome mechani-
cal losses in the drive. The products of combustion coming out from the turbine are exhausted to
the atmosphere as they cannot be used any more. The working fluids (air and fuel) must be
replaced continuously as they are exhausted into the atmosphere,

If pressure loss in the combustion chamber is neglected, this cycle may be drawn on a T-s
diagram as shown in Fig. 5.4.

Line 1-2’ represents : irreversible adiabatic compression.

Line 2'-3 represents : constant pressure heat supply in the combustion chamber.

Line 3-4' represents : irreversible adiabatic expansion.

Line 1-2 represents : ideal isentropic compression.

Line 3-4 represents : ideal isentropic expansion.

Assuming change in kinetic energy between the various points in the cycle to be negligibly

small compared with enthalpy changes and then applying the flow equation to each part of cycle,
for unit mass, we have

Work input (compressor) =c, (Ty - T)
Heat supplied (combustion chamber) = c, (T3 - T,
Work output (turbine) =c, (T,-T,)
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o
»

Fig.5.4

Net work output = Work output — work input
=c, Ty-T,)) - cp(Tﬂ’ -T))
Net work output

Heat supplied

Cp (Ta - T4') - Cp (Tz' - Tl)
= [+ p(T3 - Ta’)

Compressor_ isentropic efficiency,

and Nihermal =

T‘t.:l:unp.
_ Work input required in isentropic compression

Actual work required
o(To-T) Ty-Ty
T, Ty -T) Ty -Ty
Turbine isentropic efficiency,

Neurbine

_Actual work output
- Isentropic work output

_ eI -T) T -1y

T e, (T3-Ty)  T3-T,

.{5.1)

..(5.2)

Note. With the variation in temperature, the value of the specific heat of a real gas varies, and also in the
open cycle, the specific heat of the gases in the combustion chamber and in turbine is different from that in the
compressor because fuel has been added and a chemical change has taken place. Curves showing the variation of
¢, with temperature and air/fuel ratio can be used, and a suitable mean value ofc, and hence y can be found out.

It is usual in gas turbine practice to assume fixed mean value of ¢ 5

and yfor the expansion process, and fixed mean

values of ¢, and y for the compression process. In an open cycle gas turbine unit the mass flow of gases in turbine
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is greater than that in compressor due to mass of fuel burned, but it is possible to neglect mass of fuel, since the air/
fuel ratios used are large. Also, in many cases, air is bled from the compressor for cooling purposes, or in the case
of air-craft at high altitudes, bled air is used for de-icing and cabin air-conditioning. This amount of air bled is
approxXimately the same as the mass of fuel injected therein.

5.11.2. Methods for Improvement of Thermal Efficiency of Open Cycle Gas
Turbine Plant

The following methods are employed to increase the specific output and thermal efficiency of
the plant :

1. Intercooling 2. Reheating 3. Regeneration.

1. Intercooling. A compressor in a gas turbine cycle utilises the major percentage of power
developed by the gas turbine. The work required by the compressor can be reduced by compressing
the air in two stages and incorporating an intercooler between the two as shown in Fig. 5.5. The
corresponding T-s diagram for the unit is shown in Fig. 5.6 (a). The actual processes take place as

follows :
’

Intercooler Fuel (Heat)
3y 5Y

/
T A:l Work
\

A1 F 6’
Airin Exhaust
Fig. 5.5. Turbine plant with intercooler.
12" : L.P. (Low pressure) compression
2'3 . Intercooling
34 : H.P. (High pressure) compression
4-5 : C.C. (Combustion chamber)}-heating

56" : T (Turbine)-expansion
The ideal cycle for this arrangement is 1-2-3-4-5-6 ; the compression process without
intercooling is shown as 1-L’ in the actyal case, and 1-L in the ideal isentropic case.
Now, work input (with intercooling)
=c,(Ty' - T+ Ty — Ty) ...(5.3)
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TJ\

Fig. 5.6. (a) T-s diagram for the unit.
Work input (without intercooling)
=Ty - T =Ty — T+ c (T - T ...{H.4)
By comparing equation (5.4) with equation (5.3) it can be observed that the work input
with intercooling is less than the work input with no intercooling, when ¢, (T, - Ty) is less than
cp(TL’ —T,"). This is so if it is assumed that isentropic efficiencies of the two compresscrs, operating
separately, are each equal to the isentropic efficiency of the single compressor which would be
required if no intercooling were used. Then (T,” - Ty) < (T,” — T',') since the pressure lines diverge
on the T-s diagram from left to the right.
_ Net work output
" Gross work output
_ Work of expansion — work of compression
- Work of expansion
From this we may conclude that when the compressor work input is reduced then the work
ratio is increased.

Again, work ratio

However the heat supplied in the combustion chamber when intercooling is used in the
cycle, is given by, 7

Heat supplied with intercooling = ¢,(T; - T,

Also the heat supplied when intercooling is not used, with the same maximum cycle tem-
perature T, is given by

Heat supplied without intercooling = <, (Tg - Ty

Thus, the heat supplied when intercooling is used is greater than with no intercooling.
Although the net work output is increased by intercooling it is found in general that the increase
in heat to be supplied causes the thermal efficiency to decrease. When intercooling is used a

supply of cooling water must be readily available. The additional bulk of the unit may offset the
advantage to be gained by increasing the work ratio.
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In Fig. 5.6 (b) is shown that the intercooling has marked effect on thermal efficiency only at
high pressure ratio.

% Thermal efficiency —»

40

[ 7]
(=]

N
o

ey
o

-
Intercooled —\_
N Simple
L ! 1 |
0 5 10 15 20
Pressure ratio ——»
Fig. 5.6(b)

2. Reheating. The output of a gas turbine can be amply improved by expanding the gases

in two stages with a reheater between the two as shown in
compressor and the L.P. turbine
is shown in Fig. 5.8 (a). The line

not employed.,

14

2’8

C

b Air in

Fig. 5.7. The H.P. turbine drives the
provides the useful power output. The corresponding T-s diagram
4-L’ represents the expansion in the L.P. turbine if reheating is

—E5—

Reheat
ater 5

C.C,

y 6'
Exhaust

Fig. 5.7. Gas turbine with reheater.

'Neglecting mechanical losses the work output of the H.P. turbine must be exactly equal to
the work input required for the compressor

Le.,

Cpa Ty’ ~ Ty =, (Ty = T,)
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B
>

Fig. 5.8. (a) T-s diagram for the unit.
The work output (net output) of L.P. turbine is given by,

Net work output (with reheating) = Cpy (T, -TgH
and  Net work output (without reheating) =c, (TS =T
40 -
Reheat
1 sl 0\
B3
>
2
o 20+
2
k3
!
E 1o
7]
=
0 ] 1 | j
4] 5 10 15 20

Pressure ratio —»
Fig. 5.8(b)

Since the pressure lines diverge to the right on T-s diagram it can be seen that the tempera-

ture difference (T — T;;") is always greater than (T - T}"), so that reheating increases the net work
output.
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Although net work is increased by reheating the heat to be supplied is also increased, and
the net effect can be to reduce the thermal eﬁir_:iency [Fig. 5.8 (b)]

Heat supplied = T3 —T)) 4 ¢, (Ty - T,

Note. Cpq ANdc,, stand for specific heats of air and gas respectively at constant pressure.
3. Regeneration. The exhaust gases from a gas turbine carry a large quantity of heat with .

chamber. Fig. 5.9 shows a gas turbine plant with a regenerator. The corresponding 7-s diagram is
shown in Fig. 5.10. 2.3 represents the heat flow into the compressed air during its passage through
the heat exchanger and 3-4 represents the heat taken in from the combustion of fuel. Point 6
represents the temperature of exhaust gases at discharge from the heat exchanger. The maximum
temperature to which the air could be heated in the heat exchanger is ideally that of exhaust gases,
but less than this is obtained in practice because a temperature gradient must exist for an unas-
sisted transfer of energy. The effectiveness of the heat exchanger is given by :

Increase in enthalpy per kg of air

ffecti =
Effectiveness, €= Available increase in enthalpy per kg of air
(T3 -Ty")
= 23743 ] ...{5.5)
Ty ~T,) ¢
(assuming c,, and ¢, to be equal)
6 4 Exhaust Heat
/ exchanger
5’
VARAAA, <
FANSAAA-

Airin

Fig. 5.9. Gas turbine with regenerator,

Fig. 5.10 (b} shows that the regenerative cycle has higher efficiency than the simple cycle
only at low pressure ratios. At pressure ratios above a certain limit the efficiency of the regenera-
tive cycle drops since in that case the regenerator will cool the compressed air entering the com-
bustion chamber instead of heating it. -
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A heat exchanger is usually used in large gas turbine units for marine propulsion or
industrial power.

.
L

— S

Fig. 5.10. (a) T-s diagram for the unit.

40

Regenerative

[
[=]
1

10}

2, Thermal efficiency —»
[p%]
(=]
I

I 1 J
0 5 10 15 20
Pressure ratio ——»

Fig. 5.10(b)

5.11.3. Closed Cycle Gas Turbine (Constant pressure or joule cycle).

Fig. 5.11 shows a gas turbine operating on a constant pressure cycle in which the closed
system consists of air behaving as an ideal gas. The various operations are as follows : Refer
Pigs. 5.12 and 5.13.



GAS TURBINE POWER PLANTS 441

Heater

| PV |
| I |
Haat reception
(at constant upper
pressure)

Cooler

[ rvoron

[

Heat rejection
{at constant tower
pressure)

Fig. 5.11. Closed cycle gas turbine.

P2

w

P

r 3

Fig. 5.12. p-V diagram.



442

POWER PLANT ENGINEERING

Fig. 5.13. T-s diagram.

Operation 1-2 : The air is compressed isentropically from the lower pressure p, to the

upper pressure p,, the temperature rising from T, to T,. No heat flow
oceurs.

Operation 2-3 : Heat flows into the system increasing the volume from V, to V; and
temperature from T, to T, whilst the pressure remains constant at p,.
Heat received = me, (T - Ty).

Operation 3-4 :  The air is expanded isentropically from p, to p,, the temperature falling
from T, to T,. No heat flow occurs.

Operation 4-1 : Heat is rejected from the system as the volume decreases from V, to V,
and the temperature from T, to T, whilst the pressure remains con-
stant at p,. Heat rejected = mc,, T,-T).
_ _Workdone
Tuir-standard = Hoat received
_ Heat received cycle — heat rejected cycle
- Heat received cycle

_ me(Ta —Tz)—mcp(T,; _Tl) _1_ T4 _Tl
- m,cp(T;; —Tz) T3 —T2

Now, from isentropic expansion
y-1

T [&_JT
¢ Dy

-1

4"‘

Ty=T,(r,) 7 , where r, = pressure ratio
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) ¥-1

T, (pY7 r-1
» - 3 - 2 -
Similarly, -ﬁ = (;;] orTy=T, (ry) Y
T,-T 1
nair—st.anda.n'l =1- I__j 1 '\'___1 =1- 1_._1 (56)
Tylry) ¥ -Tyr,) Y (r)) v

The expression shows that the efficiency of the ideal joule cycle increases with the pressure
ratio. The absolute limit of upper pressure is determined by the limiting temperature of the
material of the turbine at the point at which this temperature is reached by the compression
process alone, no further heating of the gas in the combustion chamber would be permissible and
the work of expansion would ideally just balance the work of compression so that no excess work
would be available for external use.

We as designers are always interested in the percentage of work developed by the turbine
available for electric generation.

Work ratio = _Waet _ m“rbine ~ Weamp, =1- Weomp.
"thrbi.ne vvturbi.ne VVturbine
()
1 m,.-p(Tz—Tl)zl_ L-T _, %) viom
mcp(ng-T4) Té—n 113_ E:';;_IJ
(Y
¥~-1
! (_)
= 1-p ) ' (5.7)

The ‘work ratio’ increases with increase in turbine inlet temperature, decrease in compres-
sor inlet temperature and decrease in pressure ratio of the cycle. The compressor inlet tempera-
ture is always atmospheric temperature particularly in open cycle plant and turbine inlet tem-
perature is limited by metallurgical considerations. The highest temperature ever used for gas
turbine power plants is about 1000 K,

From the eqn. (5.7), it is obvious that the maximum possible pressure ratio for the fixed
temperature T, and T, is given by

..{5.8)
1

because, the value of r, greater than this gives the negative value of work ratio which is impossi-
ble for power developing system. Thus, the maximum value of r, to be used for finding the maxi-
mum possible efficiency in eqn. (5.6) is given by eqn. (5.8).

Now we shall prove that the pressure ratio for maximum work is a function of the
limiting temperature ratio.

Work output during the cycle )
= Heat received / cycle — heat rejected / cycle
=mc, (Ty - T, - me, (T,—- T = me, (Ty—T,) - me, (T, - T))

T, T,
="‘°‘PT3( ‘T“J ~h ("ﬁ“J

(1';,,),,““,r = (T
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In case of a given turbine the minimum temperature T and the maximum temperature T
are prescribed, T, being the temperature of the atmosphere and T, the maximum temperature
which the metals of turbine would withstand. Consider the specific heat at constant pressure c, to
be constant. Then,

T 1o
Since, A=) = =
T 1
: -1
Using the constant = 2’ = —“Y—' .
' 1
we have, work output/cycle W=K LTS [1 - —;] -y, - 1)]
T,
P
Differentiating with respect to r,
W ] z }
— =K |Thx _————lerp(z D1 2 0 for a maximum
dr, rp(z +1)
L
ZT3 2
o = Tyl )
r.
el
T.
2z 3
F2 _ -8
I Tl
’ 1/22 -
r=|BY e r=|BPY .(5.9)
P Tl P Tl

Thus the pressure ratio for maximum work is a function on the limiting temperature
ratio.

Comparing eqns. (5.8} and (5.9), we get

r,= ’(rp)max ..(5.10)

® Fig. 5.14 shows an arrangement of closed cycle stationary gas turbine plant in which air
is continuously circulated. This ensures that the air is not polluted by the addition of
combustion waste product, since the heating of air is carried out in the form of heat
exchanger shown in the diagram as air heater. The air exhausted from the power tur-
bine is cooled before readmission to L.P. compressor. The various operations as indicated
on T-s diagram (Fig. 5.15) are as follows :
Operation 1-2' :  Air is compressed from p, to p, in the L.P. compressor.
Operation 2-3 :  Air is cooled in the intercooler at constant pressure p,.
Operation 3-4’ :  Air is compressed in the H.P. compressor from p_to p,.
Operation 4’5 : High pressure air is heated at constant pressure by exhaust gases from
power turbine in the heat exchanger to Tj.
Operation 5-6 :  High pressure air further heated at constant pressure to the maximum
temperature T by an air heater (through external combustion).
Operation 8-7 : The air is expanded in the H.P. turbine from p, to p_ producing work to
drive the compressor.
Operation 7-8 : Exhaust air from the H.P. turbine is heated at constant pressure in the
air heater (through external combustion) to the maximum tempera-
ture Ty (= Ty).
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Operation 8-9°: The air is expanded in the L.P. turbine from p, to py, producing energy
for a flow of work externally,

Operation 9-10 : Air from L.P. turbine is passed to the heat exchanger where energy is
transferred to the air delivered from the H.P. compressor. The tem-
perature of air leaving the heat exchanger and entering the cooler is
Tio

Operation 10-1 : Air cooled to T, by the cooler before entering the L.P. compressor.

The energy balance for the whole plant is as follows :

Q1+Q2_Q3"Q4= w
e In a closed cycle plant, in practice, the control of power output is achieved by varying the
mass flow by the use of a reservoir in the circuit. The reservoir maintains the design
pressure and temperature and therefore achieves an approximately constant level of
efficiency for varying loads.

e In this cycle, since it is closed, gases other than air with favourable properties can be

used ; furthermore it is possible to burn solid fuels in the combustion heaters.

e Fig. 5.16 shows the comparison of thermal efficiency between steam and closed cycle
gas turbine plants.

80
70
T 60 Closed cycle T-=
by gas turbine plant__{---~ e
€ 50 '[ s
B Steam plant | ¥ e i
S 40 - £
3 30}[Diese| —<F——1——1Open cycle with
= ~" | ,+7 | regeneration, intercacling
20 M & rehaating
10

200 400 6G0 BOO 1000 1200 1400 1600 1800 2000 2200
Turbine inlet temperature (°F) —»

Fig. 5.16. Comparison of thermal efficiency between steam and closed cycle gas turbine plants.

— It is obvious from the figure that the gas turbine plant should be operated above
550°C to compete with the steam plants.

— Above 375°C, the gap between the steam cycle and gas turbine cycle efficiency
widens.

— Abave 550°C, the efficiency of the gas turbine plant increases 3 times as fast as the
steam cycle efficiency for a given top temperature increase.

e The major factor responsible for inefficiency in this cycle is the large irreversible tem-
perature drop which occurs in the air heaters between the furnace and circulating gas.

Note. 1. In a closed cycle gas turbines, although air has been extensively used, the use of ‘helium’ which
though of a lower density, has been inviting the attention of manufacturers for its use, for large output gas turbine
units. The specific heat of helium at constant pressure is about ‘five times’ that of air, therefore for each kg mass
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flow the heat drop and hence energy dealt with in helium: machines is nearly five times of those in case of air. The
surface area of the heat exchanger for helium can be keptas low as 1/3 of that required for gas turbine plant using
air as working medium. For the same temperature ratio and for the plants of the same cutput thecross-sectional
area required for helium is much less than that for air. It may therefore be concluded that the size of helium unit
is considerably small compaeratively.

2. Some gas turbine plants work on a combination of two cycles the open cycle and the closed cycle. Such
a combination is called the semi-closed cyele. Here a part of the working fluid is confined within the plant and
another part flows from and to atmosphere,

5.11.4. Merits and Demerits of Closed Cycle Turbine Over Open Cycle Turbine
Merits of closed cycle :

1. Higher thermal efficiency 2. Reduced size

3. No contamination 4. Improved heat transmissien
5. Improved part load efficiency 6. Lesser fluid friction

7. No loss of working medium 8. Greater output

9. Inexpensive fuel.

Demerits of closed cycle :
1. Complexity

2. Large amount of cooling water is required. This limits its use to stationary installation
or marine use where water is available in abundance.

3. Dependent system.

4. The weight of the system per KW developed is high comparatively, therefore not eco-
nomical for moving vehicles.

5. Requires the use of a very large air heater.

5.12. CONSTANT VOLUME COMBUSTION TURBINES

Refer Fig. 5.17. In a constant volume combustion turbine, the compressed air from an air
compressor C is admitted into the combustion chamber D through the valve A. When the valve A

A, B = Valves >
C = Compressor D
D = Combustion chamber ;A ‘{#:
P = Fuel pump 4 Sp P
S = Spark plug

T = Turbine \

T ﬁ] Work

4 Airin ¥ Exhaust
(From atmosphere) {To atmosphere)

Fig. 5.17. Constant volume combustion gas turbine.
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is closed, the fuel is admitted into the chamber by means of a fuel pump P. Then the mixture is
ignited by means of a spark plug S. The combustion takes place at constant volume with increase
of pressure. The valve B opens and the hot gases flow to the turbine T, and finally, they are
discharged into atmosphere. The energy of the hot gases is thereby converted into mechanical
energy. For continuous running of the turbine these operations are repeated.

The main demerit associated with this type of turbine is that the pressure difference and
velocities of hot gases are not constant ; so the turbine speed fluctuates.

5.13. GAS TURBINE FUELS

The various fuels used in gas turbines are enumerated and discussed as follows :
1. Gaseous fuels 2. Liquid fuels 3. Solid fuels.

1. Gaseous fuels. Natural gas is the ideal fuel for gas turbines, but this is not available
everywhere.

Blast furnace gas and producer gas may also be used for gas turbine power plants.

2. Liquid fuels. Liquid fuels of petroleum origin such as distillate oils or residual oils are
most commonly used for gas turbine plant. The essential qualities of these fuels include proper
volatility, viscosify and calorific value. At the same time it should be free from any contents of
moisture and suspended impurities that would clog the small passages of the nozzles and damage
valves and plunger- of the fuel pumps.

Minerals like sodium, vanadium and calcium prove very harmful for the turbine blading
as these build deposits or corrode the blades. The sodium in ash should be less than 30% of the
vanadium content as otherwise the ratio tends to be critical. The actual sodium content may be
between 5 ppm to 10 ppm (part per million). If the vanadium is over 2 ppm, the magnesium in ash
tends to become critical. It is necessary that the magnesium in ash is least three times the quan-
tity of vanadium. The content of calcium and lead should not be over 10 ppm and 5 ppm respec-
tively. .

Sodium is removed from residual oils by mixing with 5% of waier and then double centrifug-
ing when sodium leaves with water. Magnesium is added to the washed oil in the form of epsom
salts, before the oil is sent into the combustor. This checks the corrosive action of vanadium.
Residual oils burn with less ease than distillate oils and the latter are often used to start the unit
from cold, after which the residual oils are fed in the combustor. In cold conditions residual oils
need to be preheated.

3. Solid fuels. The use of solid fuels such as coal in pulverised form in gas turbines present
several difficulties most of which have been only partially overcome yet. The pulverising plant for
coal in gas turbine applications is much lighter and smaller than its counterpart in steam genera-
tors. Introduction of fuel in the combustion chamber of a gas turbine is required to be done
against a high pressure whereas the pressure in the furnace of a steam plant is atmospheric.
Furthermore, the degree of completeness of combustion in gas turbine applications has to be very
high as otherwise soot and dust in gas would deposit on the turbine blading.

Some practical applications of solid fuel burning in turbine combustors have been commer-
cially made available in recent years. In one such design finely crushed coal is used instead of
pulverised fuel. This fuel is carried in steam of air tangentially into one end of a cylindrical furnace
while gas comes out at the centre of opposite end. As the fuel particles roll around the circumfer-
ence of the furnace they are burnt and a high temperature of about 1650°C is maintained which
causes the mineral matter of fuel to be converted into a liquid slag. The slag covers the walls of the
furnace and runs cut through a top hole in the bottom. The result is that fly ash is reduced to a
very small content in the gases. In another design a regenerator is used to transfer the heat to air,
the combustion chamber being located on the outlet of the turbine, and the combustion is carried
out in the turbine exhaust stream. The advantage is that only clean air is handled by the turbine.



GAS TURBINE POWER PLANTS 449

5.14. EFFECT OF OPERATING VARIABLES ON THERMAL EFFICIENCY

The thermal efficiency of actual open cycle depends on the following thermodynamic
variables ; .

(¢} Pressure ratio (i) Turbine inlet temperature (T,)
(if) Compressor inlet temperature (T',) (tv) Efficiency of the turbine (.. )
(v} Efficiency of the compressor (nmmp).

1. Effect of turbine inlet temperature and pressure ratio :

If the permissible turbine inlet-temperature (with the other variables being constant) of an
open cycle gas turbine power plant is increased its thermal efficiency is amply improved. A prac-
tical limitation to increasing the turbine inlet temperature, however, is the ability of the material
available for the turbine blading to withstand the high rotative and thermal stresses.

T (Temp.)

F 3

Limiting turbine inlet temperature

—» s (Entropy)

Fig.5.18

— Refer Fig. 5.18. For a given turbine inlet temperature, as the pressure rate increases,
the heat supplied as well as the heat rejected are reduced. But the rate of change of heat
supplied is not the same as the rate of change heat rejected. As a consequence, there
exists an optimum pressure ratio producing maximum thermal efficiency for a given
turbine inlet temperature. .

— As the pressure ratio increases, the thermal efficiency also increases until it becomes
maximum and then it drops off with a further increase in pressure ratio (Fig. 5.19).
Further, as the turbine inlet temperature increases, the peaks of the curves flatten out
giving a greater range of ratios of pressure optimum efficiency.

Following particulars are worth noting :

Gas temperatures Efficiency (gas turbine)
550 to 600°C 20 to 22%
900 to 1000°C 32 to 35%

Above 1300°C more than 50%
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Fig. 5.19. Effect of pressure ratic and turbine inlet temperature.

2. Effect of turbine and compressor efficiencies :
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Fig. 5.20. Effect of component efficiency.
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Refer Fig. 5.20. The thermal efficiency of the actual gas turbine cycle is very sensitive to
variations in the efficiencies of the compressor and turbine. There is a particular pressure ratio at
which maximum efficiencies occur. For lower efficiencies, the peak of thermal efficiency occur at
lower pressure ratios and vice versa.

3. Effect of compressor inlet temperature :

Refer Fig. 5.21, With the decrease in the compressor inlet temperature there is increase in the
thermal efficiency of the plant. Also, the peaks of thermal efficiency occurs at high pressure ratios
and the curves become flatter giving thermal efficiency over a wider pressure ratio range.
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Fig. 5.21. Effect of compressor inlet temperature.

5.15. COMBINATION GAS TURBINE CYCLES

5.15.1. Combined Gas Turbine and Steam Power Plants

The characteristics of the gas turbine plants render these plants very well suited for use in
combination with steam or hydro plants. These plants can be quickly started for emergency or peak
load service. The combination ‘gas-turbine-steam cyeles’ aim at utilising the heat of exhaust gases
from the gas turbine and thus, improve the overall plant efficiency.

Three popular designs of combination cycle comprise of :

1. Heating feed water with exhaust gases.

2. Employing the gases from a supercharged boiler to expand in the gas turbine.
3. Employing the gases as combustion air in the steam boiler.

1. Heating feed water with exhaust gases :

Refer Fig. 5.22. By employing exhaust gases to heat the feed water it is possible to utilise the
entire steam supply to the turbines to expand through entire range of expansion, and thus result in
increasing the output of work, since bleeding would not be required.
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To stock
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To boiler
Feed water

C = Compressor

T = Turbine (Gas)

A Air C.C. = Combusion chamber
G = Generator

Fig. 5.22. Use of exhaust gases to heat feed water of steam cycle.

2. Employing the gases from a supercharged boiler to expand in the gas turbine :

Refer Fig. 5.23. The supercharged boiler is good application of the combined gas turbine-
steam cycle. In this arrangement of the boiler furnace works under a pressure of about & bar and the
gases are expanded in the gas turbine, its exhaust being used to heat feed water before being

To stock

I

Economiser [— ¢—

Feed water
Super-
charged
boiler
A Exhaust
Flue gases
A Y gases
c Turbine ;]H@

A Air

Fig. 5.23. Arrangement of supercharged boiler.
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discharged through the stack. The heat transfer rate in this boiler is very high as compared to that in
a conventional boiler due to higher pressure of gases ; and a smaller size of steam generator is needed
for the same steam raising capacity as of the conventional plant. Further more, since the gases in
the furnace are already under pressure, no induced draught or forced draught fans are needed and
there is saving in power consumption which would otherwise be spent in mechanical draught supply.
Through this combination an overall improvement in heat rate is to the extent of above 7 percent.

3. Employing the gases as combustion air in the steam boiler :

Refer Fig. 5.24. When exhaust gases are used as preheated air for combustion in the boiler,
an improvement of about 5 percent in overall heat rate of the plant results. The boiler is fed with
supplementary fuel and air, and is made larger than the conventional furnace. If only the turbine

exhaust is used in the furnace without any supplementary fuel firing, the arrangement becomes a
waste heat boiler.

To chimney

]

> ¢ . Steam
| ] turbine
Boiler
&
f Superheater
Economiser i
Condenser
Feed water Pump
heaters
4 Exhaust

gase

[ 1
C o
ompressor

L G "
turbine

[ L

| I

Combustor

Fig. 5.24. Use of exhaust gases for combustion in the furnance of the steam plant.

— Fig. 5.25 shows the gain in heat rate due to combination cycle.
— Fig. 5.26 shows the comparison of a steam and closed cycle gas plant.
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Fig. 5.26. Comparison between steam and closed cycle gas turbine plant.
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5.15.2. Combined Gas Turbine and Diesel Power Plants

. The performance of a diesel engine can be improved by combining it with an exhaust driven
gas turbine. It can be achieved by the following three combinations :

1. Turbo-charging
2. Gas-generator
3. Compound =ngine.

1. Turbo-charging :

Refer Fig. 5.27. This method is known as supercharging. Here the exhaust of the diesel
engine is expanded in the gas turbine and the work output of the gas turbine is utilised to run a
compressor which supplies the pressurised air to the diesel engine to increase its output. The load is
coupled to the dies'el engine shaft and the output of the gas turbine is just sufficient to run the

compressor,

F 3
. . Power

. Diesel engine h—a- output
After

cooler

C T

» A 4
Air Exhaust

Fig. 5.27. Turbo-charging.

2. Gas-generator:

Fig. 5.28 shows the schematic arrangement. Here the compressor which supplies the com-
pressed air to the diesel engine is not driven from gas turbine but from the diesel engine through
some suitable drive. The output of the diesel engine is consumed in driving the air compressor and
the gas turbine supplies the power.

Air
Power
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-+ T (]

After v : :
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Exhaust gases j E E

()
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Diesel engine

Fig. 5.28. Gas-generator.



456 POWER PLANT ENGINEERING

i

3. Compound engine : ’

Refer Fig. 5.29. In this arrangement the air compressor is driven from both diesel engine and
gas turbine through a suitable gearing and the power output is taken from the diesel engine shaft.
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cooler b
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4 HH
Power
output
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Fig. 5.29. Compound engine.

5.15.3. Advantages of Combined Cycle

1. Improved efficiency.

2. More suitable for rapid start and shut down.

3. Less cooling water requirement.

4. It gives high ratio of power output to occupied ground space.
5. The combined system offers self-sustaining feature.

6. The capital cost of combined plant with supplementary firing is slightly higher than a
simple gas turbine plant and much below those of a classical steam plant of the same power capacity.

5.16. OPERATION OF A GAS TURBINE

The operation of a gas turbine includes the following :
1. Starting
2. Shut down

1. Starting of a gas turbine :

Starting of a gas turbine power plant requires an auxiliary power source, till the plants own
compressor inducts air and compresses it to a pressure such that expansion from reasonable tem-
perature will develop enough power to sustain operation. The starter may be (f) an I.C, engine (ii) a
steam turbine (iff} an auxiliary electric motor or (iv) another gas turbine. It must be coupled to the
turbo-compressor shaft with a disengaging or over-running clutch. A main generator or its direct
connected exciter may be pressed into temporary service as a motor. '
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Starting‘procedure :
1. Run the unit and induct air.

2. Actuate the combustion ignition system and inject the fuel. The fuel flow is controlled to
obtain the necessary warm up.

3. Adjust the speed and voltage and synchronise the alternator.
4. Build up the load on the alternator by governor gear control.

2. Shut down of a gas turbine :

Shut down of a gas turbine occurs very quickly after the fuel is cut off from the combustor. A
rapid shut down is desirable since it minimizes the chilling effect resulting from passing cold air
through the hot turbine. Turning gears are usually employed, or alternatively the starting device
may be operated at reduced speed to ensure symmetrical cooling of rotor. This avoids thermal ‘kinking’
of the shatt,

5.17. GAS TURBINE POWER PLANT LAYOUT

The layout of a gas turbine plant exercises a very important effect on the overall performance
of the plant, as it is possible to incur a loss to the extent of 20% of the power developed in the
interconnecting ducts having a considerable number of sharp bends. Therefore ample care should be
taken in the design and layout of the air as well as gas circuits. Fig. 5.30 shows a schematic simpli-
fied diagram of a gas turbine power plant layout. The following points are worth noting :

~— In this case the main building is the turbine house in which major portion of the plant as

well as auxiliaries are installed. Usually it is similar to the steam plant house in many
respects.

— The storage tanks containing fuel oil are arranged outside but adjoining the turbine house.

In some installations even heat exchangers are also out of the doors.

L 2 e {!‘ _____ 2 "ro O

filters

4 5 1J L
1 = L.P. Compressor 2 = L.P. Turbine
3 = Starting motor 4 = Alternator
5 = H.P. Compressor 6 = Combustion chamber

7 = Heat exchangers

Fig. 5.30. Gas turbine power plant layout.
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— Whereas the major portion of the total space is occupied by the intercoolers, combustion
chambers, heat exchangers, waste heat boilers and interconnecting duet work, the rotat-
ing parts of the plant form a very small part of the total volume of the plant.

5.18. COMPONENTS OF A GAS TURBINE POWER PLANT

The main components of a gas turbine power plant are enumerated and discussed as
fellows :

1. Gas turbines

2. Compressors

3. Combustor

4. Intercoolers and regenerators.

1. Gas turbines ;

A turbine basically employs vanes or blades mounted on a shaft and enclosed in a casing. The
flow of fluid through the turbine in most design is axial and tangential to the rotor at a nearly
constant or increasing radius. The basic requirements of the turbines are : (i) Light weight (ii) High
efficiency (iii) Reliability in operation and (iv)} Long working life. Large work output ecan be obtained
per stage with high blade speeds when the blades are designed to sustain higher stresses. More
stages of the turbine are always preferred in gas turbine power plant because it helps to reduce the
stresses in the blades and increases the overall life of the turbine.

It is essential to cool the gas turbine biades for long life as these are continuously subjected to
high temperature gases. The blades can be cooled by different methods, the common method being
the air-eooling. The air is passed through the holes provided through the blade.

The following accessories are fitted to the turbine :

(i) Tachometer. It shows the speed of the machine and also actuates the fuel regulator in case
the speed shoeots above or falls below the regulated speed, so that the fuel regulater admits less or

more fuel into the combustor and varies the turbine power according to the demand. The tachometer
is driven through a gear box.

(it) An overspeed governor. The governor backs off fuel feed if exhaust temperature from the
turbine exceeds the safe limit, thermal switches at the turbine exhaust acting on fuel control to
maintain present maximum temperature.

(t1i) Lubricating oil pump. It supplies oil to the bearings under pressure.
(iv) Starting motor or engine
(v) Starting set-up gear
(vi) Oil coolers
(vii) Filters
(viii) Inlet and exhaust mufflers.

2. Compressors :

The compressors which are commonly used are of the following two types :
1. Centrifugal type

2. Axial flow type

— The ‘centrifugal compressor’ consists of an impeller and a diffuser. The impeller imparts
the high kinetic energy to the air and diffuser converts the kinetic energy into the pressure
energy. The pressure ratio of 2 to 3 is possible with single stage compressor and it can
be increased upto 20 with 3-stage compressor. The compressors may have single or
double inlet. The single inlet compressors are designed to handle the air in the range
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of 15 to 300 m*min. and double inlets are preferred above 300 m%min capacity. Fig. 5.31
shows a single stage centrifugal compressor.

Fig. 5.31. Single stage centrifugal compressor.

In the centrifugal compressor :

(i) Capacity varies directly as the speed ratio.

(if) Total pressure varies as the square of speed ratio.

{éii) Power input varies as the cube of the speed ratio.

{iv) Pressure is developed independent of load, but the volume handled depends on the load.

In a multistage centrifugal compressor, two or more impellers operating in series on a single
shaft are provided in a single casing. The effect of multi-staging is to increase the delivery pressure
of air as air compressed in one stage of machine is fed into the next stage for further compression
and pressure is multiplied in each stage. The efficiency of multistage compressor is lower than a
single stage due to the losses.

The centrifugal compressor is superior to the axial flow machine in that a high pressure ratio
can be obtained in a short rugged single stage machine, though at the cost of lower efficiency and
tncreased frontal area.

— The ‘axial flow compressors’ are commonly used in gas turbine installations. An axial flow
compressor consists of a series of rotor and stator stages with decreasing diameters along
the flow of air. The blades are fixed on the rotors and rotors are fixed on the shaft. The
stator blades are fixed on the stator casing. The stator blades guide the air flow to the
next rotor stage coming from the previous rotor stage. The air flows along the axis of the
rotor. The kinetic energy is given to the air as it passes through the rotor and part of it is
converted into pressure. A multistage single flow axial compressor is shown in Fig. 5.32.
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Fig. 5.32. Multistage single flow axial compressor.

An axial compressor is capable of delivering constant volumes of air over varying discharge
pressures. These machines are well suited for large capacities at moderate pressures. If the impeller
of a centrifugal compressor is designed to give an axial component of velocity at the exit, the design
becomes a mixed flote type.

3. Combustor :
The primary function of the combustor is to provides for the chemical reaction of the fuel and
air being supplied by the compressor. It must fulfil the following conditions :
({} Combustion must take place at high efficiency hecause of the effect of the combustion
efficiency on the thermal efficiency of the gas turbine cycle.
(ii) The pressure losses must be low.
(i£i) Ignition must be reliable and accomplished with ease over a wide range of atmospheric
condition especially in aircraft installation.
{iv) Through mixing of fuel and air.
(v) Carbon deposits must not be formed under any conditions.
The physical process of combustion may be divided into four important steps :
1. Formation of reactive mixture
2. Ignition
3. Flame propagation
4. Cooling of combustion products with air. Atomisation should be done for perfect burning.
Fig. 5.33 shows an arrangement of a typical combustor design which employs an outer
cylindrical shell with a conical inner sieeve which is provided with ports or slots along the length. At
the cone apex is fitted a nozzie through which fuel is sprayed in a conical pattern into the sleeve and
near this is anigniting device or spark plug. A fuel line conveys the fuel to the nozzle. A few air ports
provided close to the situation of the nozzle supply the combustion air directly to the fuel and are
fitted with vanes to produce a whirling motion of 0il and thereby create turbulence. The rest of the
air admitted ahead of combustion zone serves to cool the combustor and outlet gases. The combustor
is best located between the compressor outlet and turbine inlet and takes the shape of a cylinder.
Alternatively, the ‘can’ arrangement may be used in which the flow is divided to pass through a
number of smaller cylindrical chambers. In this latter design the adjacent chambers may be
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interconnected through small tubes so that a simple igniting device fitted in one of the chambers
serves all the chambers.

The nozzle sprays the fuel under pressure in an atomised conical spray. The fuel is delivered
to the nozzle through the fuel line and flows out through tangential slots in the nozzle, thus being

given a whirling motion in an annular chamber from where it passes out through a small orifice in
the conical pattern of desired angle.

Some_r shell

=
A

Fusl line

’ " . L Inner conical sleeve
Ignition device

Fig. 5.33. Arrangement of a combustor.
4. Intercoolers and regenerators :

Intercoolers. In a gas turbine plant the intercooler is generally used when the pressure
ratio used is sufficiently large and the compression is compleied with two or more stages. The cool-
ing of compressed air is generally done with the use of cooling water. A cross-flow type intercooler
(Fig. 5.34) is generally preferred for effective heat transfer.

Water in ’ Water out
Dividing
plate
/
2. N.B.B. . 1 H.N.E.N.
+— +——
+— “—
Air Air
+-—
out ¥ in
“— «—
+— -

Fig. 5.34. Intercooler.
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Regenerators. Refer Fig. 5.35. In the regenerator heat transfer takes place between the
exhaust gases and cool air. It is usually made in shell and tube construction with gas flowing inside
the tubes and air outside the tubes, the two fluids being made to flow in opposite directions. Since
the gas is bound to carry dust and deposit the same on the heat transfer surface, the internal flow
through the tubes is convenient as the tube inside can be easily cleaned with brushes whereas it is
very difficult to clean the outside surface of tubes. The effect of counterflow is the highest average
temperature difference between the heating and heated medium with consequent high heat transfer
between the two fluids. A number of baffles in the air put in the shell make the air to flow in contact

with maximum heat transfer. However, the pressure drop in both air and gas during the flow should
be minimum possible.

Gas out Gas in
|
7 7
/ /4/ ;
5 w EC = B/ |
= = ZF md
= = =7 |
= - =
5 LY — 1 <+ 1

Baffle plates

Fig. 5.35. Regenerator.

5.19. VARIOUS ARRANGEMENTS OF GAS TURBINE POWER PLANTS

The various arrangements of gas turbine plants are shown in Figs. 5.36 to 5.41.

Exhaust
‘___......

' 3

H.E.

Power output
LPT. —

H.P.T. = High pressure turbine C.C. = Combustion chamber
L.PT. = Low pressure turbine C = Compressor
H.E. = Heat exchanger

Fig. 5.36. Open cycle gas turbine with separate power turbine.



GAS TURBINE POWER PLANTS

Exhaust

+—

H.E.

F 3

Air

thausl

C.C.

Fuel

Fuel

Fig. 5.37. Series flow gas turbine plant.

Air in

H.E.

Fuel

H.PC,

C.C.

F 3

H.PT.

L.P.C. = Low pressure compressor 7
H.PC. = High pressure compressor

Fig. 5.38. Parallel low gas turbine plant.

463



464 POWER PLANT ENGINEERING

Exhaust

Inter cooler

Watert l Out
in H.E.
—T Cc.C.

F 3

Fuel
H.RT.
4 Reheater Fuel
Air in

Power
output
LPT. —

Fig. 5.39. Series flow plant with intercooled compression.

Exhaust

-

Fuel
1

-

Reheater

Power output
—>

Fig. 5.40. Series flow plant with reheat between power turbine stages.



GAS TURBINE POWER PLANTS 465

Exhaust

»
4

.

Power output
L.PT. —

Air in
Fig. 5.41. Straight compound gas turbine plant.

5.20. EFFECT OF THERMODYNAMIC VARIABLES ON AIR RATE

The gas turbine plant size depends upon air rate. The lower the air rate, the smaller the plant
size. The effect of the various thermodynamic variables on air rate is given in the Figs. 5.42 to 5.45.

45
40 -
T a5 | 650°C
£
I 30 F
o
T
2
@ 25 -
e 815.5°C
< 2k
- t,=21°C
Neomp. = 0.85, Ny pine = 0.90
10 1 1 i 1 I
1 3 5 7 g 11

Pressure ratio (p,/p,) —»

Fig. 5.42. Effect of turbine inlet temperature and pressure ratio on air rate.
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o5l Thoomp, = 0.85
nturblna =0.85
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Fig. 5.43. Effect of the compressor inlet temperature on air rate.
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Fig. 5.44. Effect of compressor and turbine efficiencies on air rate.
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45 -
4oL Open cycle with
regenerator
35|
T Simple open
N cycle
< 30r Open cycle with
o regenerator &
T inter cooler
o
- 25 N
2
‘“:’ Open cycle with
< regenerator, inter-
20 cooler & reheater
=075
Noomp, = 0-85
15F  Thumine = 0.90
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1 0 L] ] i 1 ] ]
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Pressure ratio (p,/p;) ——»

Fig. 5.45. Effect of thermal refinements on air rate.

5.21. FREE-PISTON ENGINE PLANT

Free-piston engine plants are the conventional gas turbine plants with the difference that the
air compressor and combustion chamber are replaced by a free piston engine. The working of such a
plant is explained in Fig. 5.46.

Refer Fig. 5.46. A free-piston engine unit comprises of five cylinders with two assemblies of
pistons that move opposite to each other. The pistons are powered by a diesel cylinder located in the
centre. Each assembly has a diesel piston at the centre of the unit. These are rigidly connected to
large-diameter pistons reciprocating in the large air-compressor cylinders. Each assembly has air-
cushion cylinders at the end.

Refer Fig. 5.46 (a) :

— The pistons are at their innermost position,

— The diesel cylinder has charge of compressed air at about 100 bar ready for firing.

-~ The air-compression cylinders are filled with air at atmospheric pressure ; the inlet valves

IV, and IV, have just closed. The air trapped in the air-cushion cylinders, also called
bounce cylinders, is at its lowest pressure.

— The discharge values DV, and DV, in the air compression cylinders are held shut by the
high-pressure air in the compressed-air receiver that connects the air compression cylin-
ders and the diesel cylinders,

— The compressed air-charge in the diesel cylinder is at high temperature from work of
compression, so that a charge of fuel injected immediately ignites and burns. The resulting
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sudden rise of pressure in the diesel cylinder forces the pistons apart. As they moye apart,
the exhaust portleading to the turbine uncovers first. The combustion products at a pressure
of 3 to 6 bar and temperature of about 550°C rush out through the exhaust to the turbine.
As the pistons continue to move to their outermost positions, the inlet port from the
compressed-air receiver is uncovered and compressed air from the receiver enters the
diese! cylinder to scavenge out the combustion products and fill the cylinder with a fresh
charge of air [Fig. 5.46 (5)]. During this outward stroke, the air in the cushion cylinders
has been compressed. This air now expands and pushes on the end pistons to return the
assemblies back to the innermost position, in turn compressing the fresh air charge trapped
in the diesel cylinder by the opposed piston closing on each other.

Air compression cylinders
Piston Fuel —\ v,
l ‘ 1 rl:l

1

N
N

DV, DV,

Diesel cylinder

Air
Compressed air receiver cushion
(a) cylinder

To turbine
i

7 0 N
777, 7777 SN\

= \r
" 2

(b) iV, IV, = Inlet valves
pDv,, DV, = Discharge valves

—L

Fig. 5.46. Free-piston engine plant.

— Thermal efficiencies of 35% and more can be developed by these plants. This can be achieved
because the 1900°C combustion gas in the diesel cylinder does work directly on the pistons
in compressing air. The higher the temperature of gases doing work, the more efficient the
process. :

Note. The temperature to the tune of 1900°C can be tolerated because it appears only instantaneously
at ignition and cylically. During most of the cycle the cylinder is being cooled by relatively cooler air charges
and expanding combustion products. In addition, the diesel cylinder walls are cooled by a water jacket. The
materials problem of the gas turbine is alleviated considerably by being required to handle temperatures of
550°C. : :

Advantages of Free-piston Engine Arrangement :

1. Less air rate as compared to a conventional gas turbine.

2. It is possible to achieve efficiency more than 40 percent.
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3. Lighter and smaller than a diesel engine of the same capacity.

4. The gas turbine is about one third the size of the turbin
plant.

5. The free-piston is vibrationless.

e for a simple open gas turbine

Disadvantages :
1. Starting and control problems.
2. Synchronization problem not yet fully overcome.

5.22. RELATIVE THERMAL EFFICIENCIES OF DIFFERENT CYCLES

Fig. 5.47 shows the graphs between turbine inlet

temperatures and thermal efficiency for
different cycles and which are self explanatory.

T 60 -
- 50
e Free piston
§' 40 |+ 93s generator
o’ turbine unit
[ &3
£
9 30 Diesel
[+
E
é’ 20
10 1 | 1 1 1

L 1 1 {
200 400 600 800 1000

Turbine inlet temperature, °C —»

Fig. 5.47. Relative thermal efficiencies of different cycles.

WORKED EXAMPLES

Example 5.1. The air enters the compressor of an open cycle constant pressure gas turbine at
a pressure of 1 bar and temperature of 20°C. The pressure of the air after compression is 4 bar. The

isentropic efficiencies of compressor and turbine are 80% and 85% respectively. The air-fuel ratio used
is 90 : 1. If flow rate of air is 3.0 kg/s, find :

{i) Power developed.
(if) Thermal efficiency of the cycle.
Assume ¢, =1.0kJ/ kg K and y= 1.4 for air and gases.
Calorific value of fuel = 41800 kJ/ kg.
Solution. Given : py=1lbar;T =20+273=293 K
) Py = 4 bar ; ncompressur = 80% 3 Tlturbi.ne =856%
Air-fuel ratio =90:1; Air flow rate, m,=3.0kg/s
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(i) Power developed, P:
Refer Fig. 5.48 (b)

-1 L4-1
T, (p2) Y _ [EJ 14
Tl = [Ih] = 1 = 1.486
T2 ={20+273)x 1.486 = 4354 K
T, -T,
neomprasanr = T2r _ Tl
4354 — 293
0.8 = "7, 203
- r M 293 471 K
' 277 08 TTFT
5
 T(K) S

T,=20+273
=203 K > 8
{b)

(a)
Fig. 5.48
Heat supplied by fuel = Heat taken by burning gases
mex C=(m, +mgc(Ty-T,)
(where m_ = mass of air, m= mass of fuel)
m,
C= (;;f‘z- + 1] ¢, (Ty—Ty)
41800 =(90 + 1) x 1.0 x (T4 — 471)

T, < 41800 471 -930K
37 o1

Le.,
y-1 04
. T4 Dy ¥ [ 1)62
, = =|£& == =0.672
Again T, [ s } 1
T,=930x0.672=6249K
Ty -7y

Nturbine = T, — T,
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_ 930-T1
930 -624.9
T, =930 - 0.85 (930 — 624.9) = 670.6 K
Worbine = m,x ¢, x (Ty=T,)
(where m . i8 the mass of hot gases formed per kg of air)

Winrbine = (20_+_1_J x 1.0 x (930 — 670.6)

90
= 262.28 kJ/kg of air.
Wcumpresm =m; xe, % Ty - D= 1x1.0x (471 - 293)
= 178 kJ/kg of air
Wnet = Wtu.rbina - mepressor

= 262.28 — 178 = 84.28 kJ/kg of air.
Hence power developed, P = 84.28 x 3 = 252.84 kW/kg of air. (Ans.)

(iz) Thermal efficiency of cycle, Nihermal °
Heat supplied per kg of air passing through combustion chamber
1

=50 X 41800 = 464.44 kJ/kg of air
_ Work output _ 84.28
Tetermal = Heat supplied  464.44
Example 5.2. A gas turbine unit has a pressure ratio of 6 : 1 and maximum cycle temperature
of 610°C. The isentropic efficiencies of the compressor and turbine are 0.80 and 0.82 respectively.

Calculate the power output in kilowatts of an electric generator geared to the turbine when the air
enters the compressor at 15°C at the rate of 16 kgls.

Take ¢, = 1.005 kJ/ kg K and ¥ = 1.4 for the compression process, and take c,=111kl/kgK
and y= 1.333 for the expansion process.

=0.1814 or 18.14%. {(Ans.)

b
Solution. Given : T, = 15+ 273 = 288 K; T, = 610 + 273 = 883 K ; p—f =6

Neompressor = 0-80 ; Neurbine = 0-82 ; Air flow rate = 16 kg/s
For compression process : ¢, =1.005 kd/kg K, y= 1.4
For expansion process : ¢, =111 kJ/kgK, y=1.333

In order to evaluate the net work output it is necessary to calculate temperatures Ty andT,.
To calculate these temperatures we must first calculate T, and then use the isentropic efficiency.

y-1

== 14-1
For an isentropic pracess, £} '—'[&] L. (6y 4 =1g7
1 7
T,=288x167=481K
Also, -1

nmmpmmr = T2' - Tl

0.8 = 481 - 288
Ty -1
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4 T(K)
T,=610+ 273
=883 K

Generator

14 4’

T,=15+273
=288 K
(a) (b)
Fig. 5.49
T, = 4812288 | 9g8-529K
Q.
¥-1 1-1 1333-1
Similarly for the turbine, 3= {ﬁﬁ-] = (32—] T o=(6) ¥ =1565
T, Py B
T, 883
T,= = =
1565 1.56b5
Ty-T, 883-T,
Also, Nurbine = T, -7, 883 - 564
883 - T’
0.82 = 333 564
. T, = 883 — 0.82 (883 - 564) = 6214 K
Hence,
Compressor work input, chmpreslor =c, (T, -T)
= 1.005 (529 - 288) = 242.2 kJ/kg
Turbine work output, Woarbine = €, (Ty — T4)
=1.11(883 - 621.4) = 290.4 kJ/kg.
- Net work outpﬁt, Wt = Winrine ~ Weompressor

= 2904 — 242.2 = 48.2 kJ/kg

Power in kilowatts =482 x 16 =771.2 kW. (Ans.)

Example 5.3. Calculate the thermal efficiency and work ratio of the plant is example 5.2,

assuming that ¢, for the combustion process is 1.11 kJ/ kg K.
Solution. Heat supplied =c,(Ty-T,)
= 1.11(883 - 529) = 392.9 kJ/kg

Net work output  48.2
= = =0.1226 or 12.26%. (Ans.
hermal = “Feat supplied . 392.9 or (Ans.)
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o
Net work output 482 482

N Wi tio = = =
o ork ratio Gross work output W4, 2904

= 0,166. (Ans.)

Example 5.4. In a constant pressure open cycle gas turbine air enters at 1 bar and 20°C and
leaves the compressor at 5 bar. Using the following data ; Temperature of gases entering the turbine
= 680°C, pressure loss in the combustion chamber = 0.1 bar, Neompressor = 80%, Myypine = 80%,
Neombustion = 39%, Y= 1.4 and ¢, = 1.024 kJ/ kg K for air and gas, find :

(£ The quantity of air circulation if the plant develops 1065 kW.
(i1} Heat supplied per kg of air circulation.
(iif) The thermal efficiency of the cycle.
Mass of the fuel may be neglected. .
Solution. Given :py=1bar, p, =5 bar, P3=5-01=49bar,p, =1bar,
T,=20+273=293K, T; = 680 + 273 = 953 K,
nwmwuwr=85%’nm¢me=80%5nmeMhn=85%‘
For air and gases : ¢, =1024 kJkg K, y= 14
Power developed by the plant, P = 1065 kW,

T(K)
&

e —

293 }--o-

Fig. 5.50
(i) The quantity of air circulation, m,:
For isentropic compression 1-2,

T_j_l 14-1 .
| 22.{21) Y =(.5_J M 1584
n \m 1
T, =293 x 1,584 = 464 K
- 464 - 293
Now, -1

noom = Tz'— TI ie. 085= -1_1_27__293_
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- /
464-293 | 993- 494K
0.85

For isentropic expansion process 3-4,

¥-1 14-1
L _[Pa) Y =(i) 4 0635
T3 p'3 4.9

T,=953x0.635=605K
-1y
Mturbine = T3 - '_'{;
953 - T’
= 953 -605
T,’ = 953 - 0.8(953 — 605) = 674.6 K
Wampressor = ¢ (T’ = Ty) = 1.024 (494 — 293) = 205.8 kJ/kg
Wiaibine = €, (T3 — T,) = 1.024 (953 — 674.6) = 285.1 kJ/kg.
W, = Wmrbme W omapressor = 285.1 — 205.8 = 79.3 kJ/kg of air

If the mass of air flowing is m_ kg/s, the power developed by the plant is given by
. P=m_x Wm kW
1065 = m_ x 79.3

1065
=299 1343k
"= 793 g

fe., Quantity of air circulation = 13.43 kg. (Ans.)
(i) Heat supplied per kg of air circulation :
Actual heat supplied per kg of air circulation
(T3 -T') 1024 (953 — 494)
" Moombwtion 085
(iti) Thermal efficiency of the cycle, n,,

Work output  79.3
= =0.1434 14.34%. (Ans.
Heat supplied 552.9 or (Ans.)

Ty =

Now,

= 552.9 kd/kg.

Tihermat &

i .
Example 5.5. Air is drawn in a gas turbine unit at 15°C and 1.01 bar and pressure ratio is
7 : 1. The compressor is driven by the H.P, turbine and L.P. turbine drives a separate power shaft. The

isentropic efficiencies of compressor, and the H.P. and L.P. turbines are .82, 0.85 and 0.85 respec-
tively. If the maximum cycle temperature is 610°C, calculate :

(i) The pressure und temperature of the guses entering the power turbine.
(i) The net power developed by the unit per kg/s mass flow.
“(iiiy The work ratio.

(iv) The thermal efficiency of the unit.

Neglect the mass of fuel and assume the following :

For compression process Cpp = L. 005 kJ/kg Kandy=14

For combustion and expansion processes ! Cog = 115 kJ/kg K and v=1.333.
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Solutibn. Given : T, =15+273 = 288 K, p, = 1.01 bar, Pressure ratio = %2‘ =17,
. 1
Neompressor = 0-82, Ny e (HLP.) = 0.85, Ny, hine (L-P.) = 0.85,

Maximum cycle temperature, T, = 610 + 273 =‘3883 K

(i) Pressure and temperature of the gases entering the power turbine, p,’ and T, :
Considering isentropic compression 1-2, we get

7 vy M
2 _ (&J =(7) ¥ =1745
T P
T,=288x1745=5025K
IL,-T
0.82 5025 - 288
T Ty _ 288
. 502.5-288
T2 = "'Ts-z—-—- +288—5496K

Weompresor = €Ty~ Ty) = 1.005 x (549.6 — 288) = 262.9 kJ/kg

14 Air 4y
inlet v
2 el
Generator
Power
turbine 5 Y
Exhaust
(a) (b}
Fig. 551

Now, the work output of H.P, turbine = Work input to compressor
: CpelTy ~T) = 262.9
Le, 1.15(883 - T’} = 262.9
262.9
T,

‘= - —— =6544
883 115 6 K

i.e, Temperature of gases entering the power turbine = 654.4 K. (Ans.)
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' Again, for H.P. turbine :

L-T,' 883 - 654.4
Niurbine = T, - T, ie 085= "ggg T,

883-654.4) _ 410 p
0.85

Now, considering isentropic expansion process 3-4, we get

T4=883-—(

-1
(2]
T, Py

- 13
p_[(T)r-? _(E‘éﬁ}"-m =4.32
Py T, 614
o P 70T
Py= 335" gaz - LG8 bar
Pressure of gases entering the power turbine = 1.636 bar. (Ans.)
(i) Net power developed per kg/s mass flow, P :

To find the power output it is now necessary to calculate T;".

p4 p4 p3
Th re rati y i iven by — X ==
€ pressure racio Ps 18 g]v v . .
Py _Ps Pp_ T _ ) i ]
P P3s D 432 = 1.62 (- Py =Py ﬂndps _pl)
L (o) 08
Then, 24 _ [&_] = (162) 133 _ 1.27
T \ps :

T, 6544 ]
Ts=Tag7 ~ 1127 - 008K

Again, for L .P. turbine

L' -7
Aturbine = T4' - ‘1‘5
6544 - Tg'
0-85 = G544 5806

T, =654.4-0.85(654.4 - 580.6) = 591.7K
WL turbine = Cpg (T — Tg) =115 (654.4 - 591.7) = 72.1 kJ/kg
Hence net power output (per kg/s mass flow) = 72.1 kW. (Ans.)
(#ii) Work ratio :
Net work output 721

Gross work output T 72.1+ 2629
(iv) Thermal efficiency of the unit, n,,, .

Heat supplied = ¢, (T3 —Ty)=1.15 (883 - 549.6) = 383.4 kd/kg

_ Net work output _ 72.1
Mehermal = “proqt supplied 3834

Work ratio =

=0.215. (Ans.)

=0.188 or 18.8%. (Ans.)
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Example 5.6. In a gas turbine the compressor takes in air at a temperature of 15°C and
compresses it to four times the initial pressure with an isentropic efficiency of 82%. The air is then
passed through a heat exchanger heated by the turbine exhaust before reaching the combustion cham-
ber. In the heat exchanger 78% of the available heat is given to the air. The maximum temperature
after constant pressure combustion is 600°C, and the efficiency of the turbine is 70%. Neglecting all
losses except those mentioned, and assuming the working fluid throughout the evele to have the char-
acteristic of air find the efficiency of the cycle.

Assume R = 0.287 kJ/ kg K and y = 1.4 for air and constant specific heats throughout,

Solution. Given : T, = 15 + 273 = 288 K, Pressure ratio, —? =P _
1 Py
Effectiveness of the heat exchanger, € = 0.78,
Neurbine = 70%, Maximum temperature, T, = 600 + 273 = 873 K.
Efficiency of the cyclen,,, :

82%.

* ncnmpresnor =

T(K)
&
873
673
626
459
288
]
Fig. 5.52
Considering the isentropic compression 1-2, we get
12 14-1
L =[&J U@ 21486
n \m
T,=288 x1.486 = 428K
L-T
NOW, nmmr = thf - T]_
] 428 — 288
l.e, 7 0.82 = 712;_288
428 — 288
, 428288 +288 =459 K

z- 082
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Considering the isentropic expansion process 3-4, we have

-1

i 14-1
I (E&) Y _) 14 =1486
T Dy
T, 873
4= 1486 ~Tase ~ 875K
. T,-T, _ 813-Ty
Again, Meurbine = T, - T, 873 5875
_ o702 ST8=T/
he "7~ 8735875
T, = 873 - 0.7(873 — 587.5) = 673 K
chmpreaur = cp(TZ’ - Tl)
Y 14
But c,=Rx 7 =0287x 747 = 10045 ki/kg K

W oompressor = 1.0045(459 — 288) = 171.7 kl/kg
Wirbine = €T3 — Ty = 1.0045(873 — 673) = 200.9 kd/kg
Net work = Wiu i = Woomoreamor = 2009~ 171.7 = 29.2 kd/ke.

. -1 .
Effectiveness for heat exchanger, € = 5=
I,/ -T;
. T; — 459
ie., 0.78 = 673 — 459

T,=(673-459)x (.78 + 459 =626 K
Heat supplied by fuel per kg

=¢,(Ty — Ty) = 1.0045(873 ~ 626) = 248.1 kJ/kg
_ Net work done _ 292
Mescle = Foat supplied by the fuel | 248.1
Example 5.7. A gas turbine employs a heat exchanger with a thermal ratio of 72%. The tur-
bine operates between the pressures of 1.01 bar and 4.04 bar and ambient temperature is 20°C. Isentropic
efficiencies of compressor and turbine are 80 and 85% respectively. The pressure drop on each side of
the heat exchanger is 0.05 bar and in the combustion chamber 0.14 bar. Assume combustion efficiency

to be unity and calorific value of the fuel to be 41800 k.J | kg calculate the increase in efficiency due to
heat exchanger over that for simple cycle.

Assume c, is constant throughout and is equal to 1.024 kJ/ kg K, and assume y=1.4.

For simple cycle the air-fuel ratio is 90 : 1, and for the heat exchange cycle the turbine entry
temperature is the same as for a simple cycle.

Solution. Simple Cycle. Refer Fig. 5.53.

¥-1 14-1
i) =(&J ' (3) M _ 1486
Ty P 1
T, = 293 x 1.486 = 435.4
-1

Also, 1']cm'npreswr = Tﬁl — ‘_'[!l

=0.117 or11.7%. (Ans.)
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4354 - 293
08="1" 293
4354 -2
T, = ——O—é—g-é +293=47T1 K
Now mex C=(m, + mpx ¢, x (Tg=Ty)
m_ = mass of air, m, = mass of fuel]
_ me X C ,_ _1x41800 _
T, + Ty = Tosa0.D) * 4T1=9195K

cp (my +my)

T(K)
F

293

Also, Ti:(—&—) Y
T, \p
¥-1 14-1

Ty =Tyx (ﬂJ = 919.5 x (1-0_1) M osesk
Ps 39

. L-T/
Agaln’ nturbine = TS - T"‘

ogs . 95Ty
9= 9195625

T, =919.5-0.85(919.5-625) =669 K
G- -G -T)
Nthermal = (T;a - Tz')

or

- (919.5-669)-(471-203) 725 _ ol e e

(919.5 - 471) T 4485

479

(Ans.)
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Heat Exchanger Cycle. Refer Fig. 5.54 (q, d)
Ty = 471 K (as for simple cycle)
T, = 919.5 K (as for simple cycle)
To find T, :
py=4.04 -0.14 - 0.05 = 3.85 bar
py=1.01 +0.05 = 1.06 bar

Heat

Exhaust / axchanger

FAAVAAAA <

Airin

(@)

T(K)
f 3

293

(b)

Fig. 5.54
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y-1 14-1
Ty (pa) 7 (1.06] 14
—==| == ={— =0.69
T3 (pa J 3.85
Le., T4 =9195x 0.69=634 K
;-1 . 9195-T,

= . 0.85=

eurbine = 0 "7 919.5 - 634
T, =919.5 - 0.85 (9195 - 634) = 677 K
To find T5 :

Thermal ratio (or effectiveness),
- T, — 47
e= 5Ty . 072= 54T
T, - T, 677— 471
T,=0.72(677-471) + 471 =619 K
. _ (G -T)) -1y -TY)
theymal (T3 _ TE)
_ (919.5-677)-(471-293) 645 0.2146 or 21.46%
(919.5 - 619) 3005 ~ ertRorat.

Increase in thermal efficiency = 21.46 — 16.16 = 5.3%. (Ans.)

Example 5.8. A 5400 W gas turbine generating set operates with two compressor stages ; the
overall pressure ratio is 9 : 1. A high pressure turbine is used to drive the compressors, and a low-
pressure turbine drives the generator. The temperature of the gases at entry to the high pressure
turbine is 625°C and the gases are reheated to 625°C after expansion in the first turbine. The exhaust
gases leaving the low-pressure turbine are passed through a heat exchanger to heat the air leaving the
high pressure stage compressor. The compressors have equal pressure ratios and intercooling is com-
plete between the stages. The air inlet temperature to the unit is 20°C. The isentropic efficiency of each
compressor stage is 0.8, and the isentropic efficiency of each turbine stage is 0.85, the heat exchanger
thermal ratio is 0.8. A mechanical efficiency of 95% can be assumed for both the power shaft and
compressor turbine shaft. Neglecting all pressure losses and changes in kinetic energy calculate :

(i} The thermal efficiency ; (i1) Work ratio of the plant ;
(#ii) The mass flow in kg/s.

Neglect the mass of the fuel and assume the following :

For air : Cpa = 1005 kJikg Kand y= 14

For gases in the combustion chamber and in turbines and heat exchanger, Cpg=1.15 kJlkg K
and y=1.333.

Solution. Refer Fig. 5.55.

Given : T,=20+273=203K, T, =T;=625+273 =898 K

Efficiency of each compressor stage = 0.8

Nmeet. = 0-95,£=0.8

(i} Thermal efficiency, Ny, ma °
Since the pressure ratio and the isentropic efficiency of each compressor is the same then the

work input required for each compressor is the same since both compressor have the same air inlet
temperature i.e., Ty =Tyand Ty =T,
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Also, Tz:[&] " and 2-y9-=3
't P m
Intercooler

14

Heat exchanger I Work

10
--‘——
Exhaust

(a)

T(K)
I

ass

203 ¢

(b)

Fig. 5.55
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Now,

Le.,

14-1

T,=(20+273)x (3) ™ =401K

T, ~T;

T%lt:t:unprmmur (LP)= T T

401 - 293
= T, -293
401 - 298

=""0s

+293 =428 K

Work input per compressor stage

=c,,(Ty — T,) = 1.005 (428 — 293) = 135.6 kJ/kg

483

The H.P. turbine is required to drive both compressors and to overcome mechanical friction.

i.e., Work output of H.P. turbine =

¢,g (To—T;) = 285.5
1.15 (898 - T,) = 285.5

Le.,
Now,
Also,
or
Then,
Again,
Also,

Net work output

2x 1356
—0.—95—- =285.5 kJ/kg
285.5

T, =898 - 'm =650 K

T -1/ 898 - 650

Nturbine (H.P) = T ;o 085= 898 -T;
898 — 650
T, = 898 — ( OBE )= 606 K
T, (ﬁe_]
I, \m
1.333
AR (898]0 333
s =482
P (T—,] 606
by _ 9
T I?‘l 1833 -1
_§={£&) =(1.86) 1333 =118
Ts Dy
T, _898

T9 116 1.16 =74 K

-1 898 - Ty’

Nyurbine (L) = Ti-Ty ; 085 = 898 -T74

T, =898 - 0.85 (898 - 774) = 792.6 K
=, (T = Ty) x 0.95
= 1.15 (898 - 792.6) x 0.95 = 115.15 kJ/kg

Thermal ratio or effectiveness of heat exchanger,

Ty-T, _ Ty-428

£E= =
Ty'~T, 7926428
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T, - 428
7926 - 428
-~ T, =0.8(792.6-428)+428=T19.7TK
Now, Heat supplied =c_ (T~ Ty) + ¢, (T — T,

=1.15(898 — 719.7) + 1.15 (898 — 650) = 490.2 kJ/kg

Net work output _ 115.15
Nnermal = "o Cupplied | 4902
= 0.235 or 23.6%. {(Ans.)

ie, 08=

(i) Work ratio :
Gross work of the plant = Wiurbine 31.P) + W tucbine (L.P)
115.15
=285.5 + 095 - 406.7 kd/kg
N .
Work ratio - Net work output _ 11515 _ 0.283. (Ans.)

" Gross work output  406.7
(¢ii) Mass flow, m :
Let the mass flow be m, then

m x 115.15 = 4500

4500
m= 11518 = 39.08 kg/s
i.e., Mass flow = 39.08 kg/s. (Ans.)

Example 5.9. In a closed cycle gas turbine there is two-stage compressor and a two-stage
turbine, All the components are mounted on the same shaft. The pressure and temperature at the tnlet
of the first-stage compressor are 1.5 bar and 20°C. The maximum cycle temperature and pressure are
limited to 750°C and 6 bar. A perfect intercooler is used between the two-stage compressors and a
reheater is used between the two turbines. Gases are heated in the reheater to 750°C before entering
into the L.P. turbine. Assuming the compressor and turbine efficiencies as 0.82, calculate :

(i) The efficiency of the cycle without regenerator.
(i1) The efficiency of the cycle with a regenerator whose effectiveness is 0.70.

(éii) The mass of the fluid circulated if the power developed by the plant is 350 kW,
The working fluid used in the cycle is air. For air : Y= 1.4 and c, = 1.005 kJikg K.
Solution. Given: T, =20 +273 =293 K, Ty = T, = 760 + 273 = 1023 K, p, = 1.5 bar,

Py =6 bar, Neompressor = Meurbine = 0.82,
Effectiveness of regenerator, € = (.70, Power developed, P = 350 kW.
For air: ¢, = 1.005 kJ/kg, K, y= 1.4
As per given conditions : T, =T, T =T,
¥y-1

%:[&) ¥ and p, = 1’P1P2 =,/1.5><6 = 3 bar
I

y-1 . 14-1

¥ 3 ) L4
Now, Ty=T, x [%] = 293 x (ﬁ] = 357K
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T{K)

F 3

1023

872

n

293

485

Fig. 5.56
T -1,

Neompressor (LP) = T -T,

357 — 203

T, — 293

357 — 293 :
123977298 o3 -3T1K
2= "osz

ie., T, =T,/ =311K
¥-1 Lé-1

Now, £=(&}T=[&) i
T \ps Px

r 10286
12,23 =(g) = 1219
&

0.82 =

1023
Te= 1219

-1y
hurbine aLP) = T,

=839 K

1023- T

0.82 = 1023 — 839

[ ps =P2]
Dg = Py
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T, =1023 -0.82(1023 -839) =872 K
Ty =Ty =812K as Nypie @p) = Neurbine (LP)

and T,=T;,=1023K
. -1y
Effectiveness of regenerator, € = T T
3~ Ty
where T" is the temperature of air coming out of regenerator
77-3711
0.70 = 872_371 ‘¢ T"=090(872-37T1)+ 371 =722 K

Net work available, W _, =[Wy;p,+ Wi =~ Wemp, + Wewp)

=2 [Wprpy — Wep,) 88 the work developed by each turbine is
same and work absorbed by each compressor is same.

Wt = 26, (T = Tg) ~ (T = T

=2 x 1.005 [(1023 - 872) — (37 1--293)] = 146.73 kd/kg of air
Heat supplied per kg of air without regenerator

=c,(Tg-T,) + (T, ~T¢)

= 1.005 (1023 — 371) + (1023 ~ 872)] = 807 kJ/kg of air
Heat supplied per kg of air with regenerator

=c (Ts-T)+ cp(T'f -Tg)

= 1.005 [(1023 - 722) + (1023 — 872)]

. 146.73
@ l-‘izhemml (without regenerator) — 807 =0.182 or 18.2%. (Ans.)
146.73 .
(D) Nypermal (with regenerator) = 1543 = 0-3230r32.3%. (Ans.)
(iiz) Mass of fluid circulated, m :

Power developed, P=146.73 x m kW
: 350=146.73x m

i.e.,

™= laen3 ~ 238 kefs

i.e, Mass of fluid circulated =238kg/s. (Ans,)

TExample 5.10. The air in a gas turbine plant is taken in L.P. compressor at 293 K and

1.05 bar and after compression it is passed through intercooler where its temperature is reduced
to 300 K. The cooled air is further compressed in H.P. unit and then passed in the combustion
chamber where its temperature is increased to 750°C by burning the fuel. The combustion products
expand in H.P. turbine which runs the compressor and further expansion is continued in L.P.
turbine which runs the alternator. The gases coming out from L.P. turbine are used for heating the
incoming air from H.P. compressor and then expanded to atmosphere.

Pressure ratio of each compressor = 2, isentropic efficiency of each compressor stage
= 82%, isentropic efficiency of each turbine stage = 82%, effectiveness of heat exchanger = 0.72, air flow
=16 kg/s, calorific value of fuel = 42000 kJ ' kg, c, (for gas)= 1.0 kJ/hgK, ¢ (gas)=1.15 kJ/kg K,

. v P
Y (for air) = 1.4, ¥ (for gas) = 1.33.
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Neglecting the mechanical, pressure and heat losses of the system and fuel mass also, deter-
mine the following :

(i) The power output.

Aii) Thermal efficiency.
(ifi) Specific fuel consumption.

Solution. Given : T, =293K, T, = 300 K, fz: = %";“2,‘ T, =750 + 273 = 1023 K,

Neompressor = 82%, Nyyppine = 82%, € = 0.72, m, = 16 kgs, C = 42000 kJ/kg,
Cpp = 1.0 kJ/kg K, €,e = 1.15 k/kg K, v (for air) = 1.4, y(for gas) = 1.33.
T, =
=2 =(ﬂ] =(2) 14 =1219
nn \pm
- T,=293x1219=357K

T, -T,
2= 4
Also, nmmpreuor = T2’ - Tl
357-293
0-82 = 7121 _ 293
357 - 293
g = o083 +293=371K
T T ua
Similarly, 4 =[&‘-) =(2) 14 =1219
T3 \ps
T,=300x1219=365.7K

Exhaust
9 * Heat

exchanger

A
v

™

(L

Intercooler

48
1 L 4 ?’
A
- / Generator
Airin LPp
T ™~

(a)
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488
T(K)
&
1023
300
293
» s (kd'kg K)
(b)
Fig. 5.57
T, - T
and Neompressor = T, -1,
365.7 - 300
82="7"300
) , {365.7-300
ie., =" o8z J* 300=380K

Work output of H.P. turbine = Work input to compressor.
Neglecting mass of fuel we can write
cpg (To = T7) = ;g [Ty =T + (T - Ty)]
1.15(1023 - T.,") = 1.0[(371 - 293) + (380 - 300)}

or - 1.15(1023 - T.") = 158

15.
T/=1023 - =7 =886 K

1.15

To-T

Also, Nturbine (HP) = ), _ T,
1023 - 886
82="023-T,

ie.,
1023 - 886

T, =1023 - (—Es—z—J = 856 K
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489

r-1
Now, £=(£§J !
7 Pq
X 1.33
-1
£5_=(1‘§}7 [1023)133 1905
: _ P _ 42 ' =1 -
Le., Dy = 205 208 = 2.05 bar [ pg=105x4 = 4.2 bar]
r-1 133-1
_’_{‘i= JIAK: =[2.D5) I8 _ s
B Ps 1.05
T." 886
Tg= =" =751
87118 11 K
. n'-T
Again, Nturbine (L.P.) = T -Ty
886 - Ty’
082 = 3g6_751

T, =886-0.82(886-751) =775 K
(1) Power output :
Net power output =c, T/ ~T)
1.15 (886 - 775) = 127.6 kJ/kg

m x 127.6
16 x 127.6 = 2041.6 kJ/s = 2041.6 kW. (Ans.)

Net output per second

(i) Thermal efficiency :

T -1y
Effectiveness of heat exchanger, £ = T
g ~44

T; — 380
775 - 380
T, =0.72(775 - 380) + 380 = 664 K
Heat supplied in combustion chamber per second
=y, €,y (Tg—Tj)
=16 x 1.15(1023 — 664) = 6605.6 kJ/s
_ 20416
Nihermal = G505 6
(iii) Specific fuel consumption : )
Ifm,is the mass of fuel supphed per kg of air, then '
£ % 42000 = 1.15(1023 — 664)
i 42000 _ 1017
me  115(1023-664) 1

Air-fuel ratio =101.7:1

ie, 0.72=

= 0,309 or 30.9%. (Ans.)
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Fuel supplied per hour

Specific fuel consumption

POWER PLANT, ENGINEERING

16 x 3600
2 2200 566.37 kgh
for7 ~°
566.37
- - 0.277 kg/kWh. (Ans.
20416 (Ans.)

wExample 5.11. Air is taken in a gas turbine plant at 1.1 bar 20°C. The plant comprises of

L.P. and H.P. compressors and L.P. and H.P. turbines. The compression in L.P. stage is upto 3.3 bar
followed by intercooling to 27°C. The pressure of air after H.P. compressor is 9.45 bar. Loss in pres-
sure during intercooling is 0.15 bar. Air from H.P. compressor is transferred to heat exchanger of
effectiveness 0.65 where it is heated by the gases from L.P, turbine. After heat exchanger the air passes
through combustion chamber. The temperature of gases supplied to H.P. turbine is 700°C. The gases
expand in H.P. turbine to 3.62 bar and air then reheated to 670°C before expanding in L.P. turbine.
The loss of pressure in reheater is 0.12 bar. Determine :

(f) The overall efficiency

(ii) The work ratio

(iif) Mass flow rate when the power generated is 6000 kW.
Assume : Isentropic efficiency of compression in both stages = 0.82,

Isentropic efficiency of expansion in turbines = 0.85.
Forair:c,=1.005kJ/ kg K, y= 1.4.
For gases : c,=115kJ/kgK, y=133.
Neglect the mass of fuel.
Solution. Given : T, =20+ 273 =293 K, p, = 1.1 bar, p, = 3.3 bar, Ty = 27 + 273 = 300 K,

P3=3.3-0.15=3.15bar, p, = pg = 9.45 bar, T3 = 973 K,

Tg =670 + 273 = 943 K, p; = 3.5 bar,

Neompressors = 5270, Nyuchines = 80%, Power generated = 6000 kW,

Effectiveness, € = 0.65, Cpg = 1005 klkg K, v, = 1.44, Cog = 1.15 kJ/kg K and Ygnses = 1.33.
Refer Fig. 5.58
T(K)
'Y

973
943

300
293

Fig. 5.58
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¥-1 14-1
T, (p,)Y [33J 14
Now, =L = & =[— =1.369
ow T (PJ 11
T,=293x1369=401K
T, -7 _ 401-293
ncompressor (LP) = 0.82 = T2‘ — Ti - Tz’ — 9293

401 - 29
Ty = (_i}?fé) +293 = 425 K
1-1 14-1
I . T‘l- p4 Y 9.45 14
e el ] i =1369
Agalnl T3 [p::; ] (315 ]
T, =300 x 1.369 = 411 K
T, -1
NOW, ncumpmw (HP)S n' _ T&
411 - 300
0.82 = T4’ _ 300
411 - 300
T, = W +300=435K
¥-1 133-1
Similarly, ;:E = (%] L. (g';_g] 138 _ 1268
k4 \
Te 973
;= 1268 1268 - 'O/ K
Te - T’
Also, Aturbine (HP) = Ty - T,
g5 3BT
T 973-767
T/ =973 -0.85(973-767) = 798 K
-1 133-1
. Ts ps T (3.5) 133
e B i) =1332
Again, Ts (Pe] 11
T, 943
= =—— =TS K
97 1332 1332 0
-1y
Rturbine (LP) = T,-T,
0.85 = 23Ty
T 943 -708

. Ty = 943 — 0.85(943 — 708) = T43 K.
Effectiveness of heat exchanger,

-7
— - %4
e=0.65= T, -1,

491
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T, - 435
743 — 435
T, = 0.65(743 - 435) + 435 =635 K
Wosrbine 1P = Cog (T~ T7)

= 1.15(973 — 798) = 201.25 kJ/kg of gas
W,srtine .2) = €5 Ts = Ts)

= 1.15(943 — 743) = 230 kJ/kg of gas

ie., 0.65 =

chmpresaor (LE)= cpa(TZ’ - Ti)
= 1,005(425 — 293) = 132.66 kJ/kg of air
compressor (HLP.) = cpn(Tt!’ - T3)
= 1.005(435 — 300) = 135.67 kJ/kg of air
Heat supplied = r:m,(T6 -Ty +c, g(TS -T)

= 1.15(973 — 635) + 1.15(943 — 798) = 555.45 kJ/kg of gas

(i) Overall efficiencyn_, ., *

_ Net work done
overall ™ Heat supplied

_ [Waarbine 1.2 + Wourbine 1.y = [Weomp. (L) + Weomp. (H.P))

- Heat supplied

_(201.25+ 230) — (132.66 + 135.67)

- 555.45

= 0,293 or 29.3%. (Ans.)

n

162.92
"~ 555.45

(ii) Work ratio:
Net work done
Turbine work

Work ratio =

_ Wourbine 1Py + Weurpine wp)) = Waomp. wp) + Weomp. (1L.P)]

Wesrbine 5Py + Werbine (LP))

_ (201.25 + 280) - (132.66 + 135.67) _ 162.92
- (201.25 + 230) T 43125
Le., Work ratio = 0.377. (Ans.)
{iii) Mass flow rate, m :
Net work done = 162.92 kJ/kg.
Since mass of fuel is neglected, for 6000 kW, mass flow rate,
6000
m= 162.93 = 36.83 kg/s

i,e., Mass flow rate = 36.83 kg/s. (Ans.)

=0.377.

ADDITIONAL / TYPICAL EXAMPLES

Example 5.12. A gas turbine plant consists of two turbines. One compressor turbine to drive
compressor and other power turbine to develop power output and both are having their own
combustion chambers which are served by air directly from the compressor. Air enters the compressor
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at { bar and 288 K and is compressed to 8 bar with an tsentropic efficiency of 76%. Due to heat
added in the combustion chamber, the inlet temperature of gas to both turbines is 900°C. The
isentropic efficiency of turbines is 86%. The mass flow rate of air at the compressor is 23 kgls. The
calorific value of fuel is 4200 kJ/ kg. Calculate the output of the plant and the thermal efficiency
if mechanical efficiency is 95% and generator efficiency is 96%. Take ¢, = 1.005 kJ/kg K and v =
1.4 for air and Cpg = 1128 kJ/kg K and v = 1.34 for gases, M.U.)
Solution. Given : py=1bar;T =288K; Py =8 bar, Niiseny = 76% ; Ty = 900°C  or 1173 K;
Nigen) = 86%, m, = 23 kg/s ; C.V. = 4200 kd/kg ; Ny, = 95% ; Ngen, = 96% ; ¢, = 1.005 kJ/kg ; v,
=14; Cpg = 1128 ki/kg K ; Y = 1.34.
The arrangement of the plant and the cycle are shown in Fig. 5.59 (), (b) respectively.

(1 1’“1) m
2 g ﬁcj

!

A 4

o/

Generator
1 A 4 k 4
1 kg 41 4’
C = Compressor
C.T. = Compressor turbine
P.T. = Power turbine
(a)
T(K)
1
+ 5 (kJ/kg K)

(b)

Fig. 5.59

Considering isentropic compression process 1-2, we have
r-1 14-1

T, (pz] Y (8) 14
=== == = 1.811
n \m 1
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T, =288 x 1.811 = 5216 K
nL-T

Also, Netisen) = T, 2
o 076 = 5216-288
T, - 288
or T, = izlimm_zs_s +288 =595.4K

Considering isentropic expansion process 3-4, we have

¥-1 1.34

¥-1 34-1
Ty _(pa)? z(l] 134 _ 59
T3 P 8 )

T,=1173x 059 =692.1K

L-T/
Also, Ntisen) = Ty — T,
1173 - Ty

ar 0.86 = 173 —692.1

o T, =1173-0.86(1173 - 692.1) = 7594 K

Consider 1 kg of air flow through compressor.

W eompressor = Cp (T, —T;) = 1.005(595.4 - 288} = 308.9 kJ
This is equal to work of compressor turbine.
308.9=m, xec, (T,~T,), neglecting fuel mass

or 308.9 =0.662 kg

™1 1128 (1173 - 759.4)
and flow through the power turbine = 1 —m, = 1 - 0.662 = 0.338 kg
: Wep=(1~-my) xc, (Ty-T,)
=0.338 x 1.128 (1173 — 759.4) = 157.T kJ
Power output =23 x 157.7 x N0, X Moy,
=23 x 157.7 % 0.95 x 0.96 = 3307.9 kJ. (Ans.)
Qinput = cpgTS - cpaT2’
= 1.128 x 1173 — 1.005 x 595.4 = 724.7 kJ/kg of air

167.7
Thermal efficiency, Mg, = 7247 * 100 = 21.76%. (Ans.)

Example 5.13. (o) Why are the back work ratios relatively high in gas turbine plants com-
pared to those of steam power plants ?

(&) In a gas turbine plant compression is carried out in two stages with perfect intercooling and
expansion in one stage turbine. If the maximum temperature (T, K) and minimum temperature

(T, ;. K} in the cycle remain constant, show that for maximum specific output of the plant, the opli-
mum overall pressure ratic is given by

27
T Hy-1
Topt. = [’IT Mg TMJ
min

where = Adiabatic index ; Ny = Isentropic efficiency of the turbine.
N = Isentropic efficiency of compressor. ' . MNU)



GAS TURBINE POWER PLANTS 495

Solution. (a) Back work ratio may be defined as the ratio of negative work to the turbine
work in a power plant. In gas turbine plants, air is compressed from the turbine exhaust pressure to
the combustion chamber pressure. This work is given by - | vdp. As the specific volume of air is very
high (even in closed cycle gas turbine plants), the compressor work required is very high, and also
bulky compressor is required. In steam power plants, the turbine exhaust is changed to liquid phase
in the condenser. The pressure of condensate is raised to boiler pressure by condensate extraction
pump and beiler feed pump in series since the specific volume of water is very small as compared to
that of air, the pump work (- | vdp), is also very small. From the above reasons, the back work ratio

- [ vdp
" Turbine work ‘
for gas turbine plants is relatively high compared to that for steam power plants.
(b) Refer Fig. 5.60.

T4

Fig. 5.60
Assuming optimum pressure ratio in each stage of the compressors as Jr , we have
-1
Ty _ (Pz } 1
I P
-1
or ' TymTpin = () 2

Wcmpmwr = 2[cp (T, — T,)] for both compressors

¥-1

T,-T, _2 2
2d="Lp Y -1 asT, =T,

=2c
P ong Mg

¥-1 -1
Also, =5 = [&J ={r) &
451
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T T
T6=(r)y—ll'y_(r)y—lf'y'aSTﬁ_Tmu

’ T TE_T‘S’
Wl:u.rbine=cp (TS_T6)=CP [Tm“uzﬁ] N> 88 Ny = -T

1
_L‘p Tm“ [I—W:IT]T
=W W

turbine = *7 compressor

LN [()%111

W

net

= Cp T]T Tmax [1

For maximum work output,
deet =

0
dr

_[I__l]_]_ 9 -1 -u—l
or hcpnTTmax(———Y;l)(r) b4 ""ﬁEE‘Tmin(lz_‘Y_J(r)z =0
C

T,
or Npne o = (%~ D2, on simplification.
min
Hence, the optimum pressure ratio is
2y

3y-1
Topt = [‘17‘ e - 5‘5{] """ Proved.
Tmi.n
Example 5.14. A gas turbine power plant of 12 MW capacity working on closed cycle,
using air as working medium, is to be designed for maximum specific work output. Find the cost
of energy generated if the plant is running at designed capacity. Use the following dato :

The temperature of air at inlet =298 K

The maximum temperature in the cycle =950 K
Isentropic efficiency of compressor =82%
Isentropic efficiency of turbine = 88%
Mechanical efficiency =94%
Generation efficiency =94%
Combustion efficiency = 95%
Percentage of heat developed in the combustion chamber given

to the air working into the system = 90%
Effectiveness of regenerator =0.68

Cost of fuel used = Rs. 4500 per tonne
Calorific value of fuel used = 41000 kJ/ kg
All other charges including profit per hour = Rs. 3500/ hour

Neglect heat and pressure losses in the system. Take ¢, for air = 1.005 kJ /kg K.
Solution. Given : T, = 298 K ; T,=950K,; Neomp, = 82% ; Nypine = 88% 5 Ny, = 94% ;

3

Ngen. = 94% ; Moy, = 95% ; € = 0.68 ; cost of fuel used = Rs. 4500 per tonne ; C = 41000 kJ/kg ; Other
cﬁ!arges = Rs. 3500 per hour.
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Cost of energy generated :

The schematic arrangement of the plant and its corresponding 7-s diagram are shown in the
Fig. 5.61 (a) and (b) respectively. '

As the plant is designed for maximum specific output,

_¥
Dy f[;ii:%'f«l)]
ro=SE=Te XTNp X =
Popy (C T Tl

14 ]
= (0.32 x 0.88 X @)[2(“ -3 (o343
298
¥-1

T T 14~1
Compressor : 22 [&J =(43) 4 =1517
i1 "

T,=208 x 1517 =452 K
T,-T, 452298

=0.82= =
Ne T, -T, T, -298
6 5
- AW A—¢

ALLAALS

b5 3-¢ supply
ey

Alternator
C = Compressor
Water T = Turbine
cooler C.C. = Combustion chamber
6 {a) Schematic arrangement of the

gas turbine plant

(b) T-s diagram

Fig. 5.61
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452 — 298
T, =298 + ———I" =4858K
2 =298+ =0
. T r-1 14-1
Turbine : _4:[3.4_) ' =(43) 14 =1517
T3 Ds
5_£=L50._=626,2K
157 1517
T — ’ - F
np=088= 41 L 950-T

T,~T; 950-626.2

- T; =950 — 0.88 (950 - 626.2) =665 K

Work developed per hour (neglecting fuel mass)

=mgx e, [Ty~ Tp) = (T =Tl x M % Ngen, = 12 x 103 kW
where m_ is the mass of air passed per second.
m, x 1.005 [(950 — 665) - (485.8 — 298)] x 0.94 x 0.94 = 12 x 103
86.31m, =12 x 108

. m, = 139.03 kg/s

Heat exchanger :
Effectiveness of heat exchanger,

e = ;i:: __1;22 (neglecting fuel mass)
0.68 = 34858
665 - 4858
or T, =485.8 + 0.68 (665 — 485.8) = 607.6 K

Combustion chamber :
Considering the combustion process in combustion chamber, we have :
Now, mgx CxNgpp x09=m, Cpy (T, -Ty
where me is the mass of fuel burned per sec.
or m, x 41000 x 0.95 x 0.9 = 139.03 x 1.005 (950 - 607.6)
: m, = 1.365 kg/s
Cost of fuel = 1'—36-;3-6’—‘6-(3)@9- x 4500 = Rs. 17690.4/h

Total cost per hour = Cost of fuel / hour + All other charges including profit per hour
= 176904 + 3500 = Rs. 21190.4/h

211904
12x 10°
Example 5.15. A gas turbine power plant works on constant pressure open cycle. It consists of

compressor, generator, combustion chamber and turbine (the compressor, turbine and generator
mounted on the same shaft). The following data is given for this plant :

The pressure and temperature of air entering into the compressor = 1 bar, 25°C
The pressure of air leaving the compressor =4 bar

Isentropic efficiency of the compressor = 82 per cent
Isentropic efficiency of the turbine s = 86 per cent

Cost of energy generated = = Rs. 1.76/kWh. {(Ans.)
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Effectiveness of the regenerator = 72 per cent
Pressure loss in regenerator along air side =0.08 bar
Pressure loss in regenerator along gas side = 0.08 bar
Pressure loss in the combustion chamber = 0.04 bar
Combustion efficiency = 92 per cent
Mechanical efficiency = 94 per cent
Generation efficiency = 94 per cent
Calorific value of fuel used = 40000 kJ / kg
Flow of air =24 kgls
Atmospheric pressure = 1.03 bar
The maximum temperature of the cycle = 690°C
Determine the following :

(¢) The power available at the generator terminals,
(if) The overall efficiency of the plant, and
(iii) The specific fuel consumption.
Take Y= 1.4 for air and gases.
Cpa=1hkJ/kgK; c =11ki/kg K
Solution. Given : p, = 1 bar; T, = 25 + 273 = 298 K sPy= Py =4 bar;n, =82%; 1, =86%;

€=072;n_, =92%;n_ .., =94%; Nyen, = 94% ; C = 40000 kJ/kg ; m_, = 24 kg/s i Popn = 1.03 bar ;
T,=690+273 =963 K.

The schematic arrangement of the plant and its corresponding T-s diagram are shown in
Fig. 5.62 () and (b) respectively.

Pressure at the inlet to the turbine, p, = 4 — (0.08 + 0.04) = 3.88 bar
" Pressure at exit of the turbine, p;=1.03 +0.08 =1.11 bar
Compressor :

¥-1 14-1

L =(£2—] = [3) M - 1486
n \n 1

T,=T, x 1.486 = 298 x 1.486 = 442.8 K
Ty - T, 4428298

=0.82 = =
Neormp. Ty-T, Ty - 298
T, =208+ H428-298 _ 016K
0.82
Turbine:
¥-1 14-1
E: Py Y =(3.88) 14 — 143
T {ps 111
T, 963
T =4 -2 _g734K
57 1437 143
T,-T, 963-T.
rlt.urbine =0.86 = 4 = 2

T,-T, 963-6734
Ty =963 — 0.86 (963 - 673.4) = T13.9K
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|5 3-9 supply

C = Compressor Alternator
T = Turbine
14 C.C. = Combustion chamber

{a) Schematic arrangement of the
gas turbine plant

»
>

4 bar
3.88 bar

7
\ 1.11 bar
o * 1.03 bar
2 3 1 bar
/

(b} T-s diagram

Fig. 5.62

Combustion Chamber :
Considering the combustion process in combustion chamber, we have
M, % C % My, = (M, + mf) Cpg (T,-7y

My
Cx ncomb. = (mf + 1] Cpg (T4 —- T3)

or 40000 x 0.92 = (2& + 1] x 1.1(963 - Ty)
f
mg _ 40000 x 0.92 33455
or =

m; 11963-Ty) = (963-Ty)
Also, effectiveness of the regenerator,
e Matp (BT
(my +mg) ey (Ty — Ty)

(1)
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T, - 474.6)

or 0.72 =
my
[1 + *v) x 1.11(713.9 — 4746}

mﬂ
_ (T — 474.6) q= (T3 -4746) 1- T, — 6656.8
T 0.72x 1.11(7139 — 474.6) 191.2 1912
191.2
T, - 665.8
From eqns. (1) and (2}, we get
33455 . 1912 o 38455-(963-Ty) = 1912
963 - T, Ty - 665.8 963 - T, T, — 665.8
32492+ T, 1912
9%63-T, T,-6658
(32492 + T, )T, — 665.8) = 191.2(963 - T,)
32492 T, - 21633174 + T, - 665.8 T, = 184126 - 1912 T,
T2 + 32017 T, - 21817300 = 0

m

~

or

?

a

-(2)

or

3
]

- 32017 + /(320172 + 4 x 21817300

T, =
8 2
_- 3201721 33862 _ oo o pe
ie., T, = 667.5 K
m
and ;;’; =112:1,

(i) The power available at generator terminals :
Wopmp, = 1 x ¢, (Tyr — Ty} = 1(474.6 — 298) = 176.6 kJ/kg or air

com:

Winrbine = (1 + mp) x ¢, x (T — Tg)
= [1+ —1—-}'-2—) % 1,1(963 — 713.9) = 276.4 kJ/kg of air
Wnet = Wturbine - chmp.

= 276.4 — 176.6 = 99.8 kJ/kg of air
Work available per kg of air at the terminals of generator

= 99.8 X Nyeep X Nyen, = 99.8 x 0.94 x 0.94 = 88.18 k/kg
Power available at the generator terminal

_ 24 x88.18

~ 1000
{if) Overall efficiency of the plant, 1 .. ¢

Nyverall = —1—%—— x 100 = 24.69%. (Ans.,)
— x 40000
112

=2.116 MW. (Ans.)

(¢i1) Specific fuel consumption :

1
Fuel required per hour =(24 x 3600) x 1z = 771.43 kg/h
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. . 771.43
Specific fuel consumption = 21181000 — 0.364 kg/kWh. (Ans.)

Example 5.16. The followi’ng data relate to a gas turbine plant ;

Power developed =5MW
Inlet pressure and temperature of air to the compressor = 1 bar, 30°C
Pressure ratio of the cycle =5
Isentropic efficiency of the compressor = 80 per cent
Isentropic efficiency of both turbines = 85 per cent
Maximum temperature in both turbines = 550°C

¢, . =1.0kJIkgK;c, =115 kJ kg K ; ¥(air) = 1.4 ; Y(gases) = 1.33.

If a reheater is used between two turbines at a pressure 2.24 bar, calculate the following :

(i} the mass flow rate of air, and (i1} the overall efficiency.

Neglect the mass of the fuel. (P.U. Winter, 1999)
Solution. Given : Power developed =5 MW ;p, =1bar; T, =30+273 =303 K,

rp:i—i=5orp3=5x1=5bar;p2=2.24bar;T3=T5=550+273=823K;nmmp_

= 80%,
M, = Mr, =856%;¢,, = 1kJ/kgK;c, = 115 kd/kg K ; y(air) = 1.4 ; Y (gases) = 1.33.

The schematic arrangement and its corresponding T-s diagram are shown in Fig. 5.63 (¢} and
(b) respectively.

-1

r-- 14-1
Compressor : L_(p =(5) 4 =557 =1584
(i} n

T,=T, x 1.584 = 303 x 1.584 = 480 K
T, -7, _480—303
Ty -T, Ty -303

3-¢ supply
e,
5
T,
Alternator
14 6y
C = Compressor .
Airin C.C. = Combustion chamber Exhaust

Ty, Tp = Turbines
(a) Flow diagram for the plant



GAS TURBINE POWER PLANTS

T{K)
A&

P2

823

P4

303
* 5
kJ/kg K)
(b) T-s diagram (g
Fig. 5.63
T, =308+ 280308 _go40%
Woomp. = €palTy = Tp) = 1.0(524.2 - 303) = 221.2 kl/kg
Turbine, T, :
y-1 1.33-1
— e 0.2481
L ()7 =(__5 \J 133 =(._,_5 ) 122
T, \ps 2.24 2.24
=382 g6k
122 122
-7, 823~ T,
=085="2—% = 4
i, T,-T, 823-6746
o T, =823 -0.85(823 - 674.6)=6969 K
Turbine, T, :
¥-1 133-1
I [.ﬁ’l} L (Emzi] 133 _ (0.04)02481 -] 22
Ty \p; 1
=5 _ 828 g6k
122 122
nr, =0.86= L-Te  88-Tp

T,-T, 823-6746
T, = 823 — 0.85 (823 — 674.6) = 696.9 K
(W oorpinetotal = 2 Cpg (Ts—Ty) a8 Ty=Tgand Ty =T
= 2 x 1,15 (823 — 696.9) = 290 kJ/kg

Wn;t = (Wturbxm)wul - Wcomp.
=2900-2212=688 kJ[kg‘

503
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(£} The mass flow rate of air, m :

Power developed =m, xW,_,,
5x 108 = m,; x 68.8
3
iy = 2X107 79 67 kgls. (Ans.)

(it) Overall efficiency, n__, .1 :

Heat supplied, Q.= Cpg (T3 =Ty) + o Ts =Ty
= 1.15 [(823 — 524.2) + (823 - 696.9)] = 488.6 kJ/kg
e Wy
oversll ™ Heat supplied (Q,)
68.8

= —— =0.1408 14.08%. (Ans.
4886 or (Ans.)
Example 5.17. The following data refer to a gas turbine plant in which the compression is
carried out in one stage and expansion is carried out in two stages with reheating to the original
temperature.

Capacity of the gas turbine plant =6 MW
Temperature at which air is supplied = 20°C
Suction and exhaust pressure =1 bar
Pressure ratio =6

Maximum temperature limit = 750°C
Isentropic efficiency of compressor = 80 per cent
Isentropic efficiency of each turbine =84 per cent
Effectiveness of heat exchanger =072
Calorific value of fuel = 18500 kJ/kg

Cpo =L R RgK ;¢ = 115 kJ/ kg K ; 1 (air) = 1.4, y(gas) = 1.33.
Determine the following :
(i) A/F ratio entering in the first turbine, and
(if) Thermal efficiency of the cycle,
(iit) Air supplied to the plant,
(iv) Fuel consumption of the plant per hour.
Solution. Given : Capacity of the plant = 6 MW ; T)=20+273=293K;p, =1bar;

p
= p =60rpy=6bar; T, =Ty =750 +273 = 1023 K;
Neomp. = 80%, N7, =M1, = 84% ; € = 0.72, C = 18500 kd/kg ;
¢, = 1 kJ/kgK; e = 1.16 kd/kg K ; y(air) = 1.4 ; y(gas) = 1.33.
The schematic arrangement of the gas turbine plant and its corresponding 7-s diagram are
shown in Fig. 5.64 (a) and (b) respectively.

Py = JP3 X pp=\6x1 = 2.45 bar

¥-1

T -2 14-1
iz _ (&] Vo) 14 - (6)0-2557 - 1668
n\m

Compressor:
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Exhaust

‘[ 8 Regenerator
WA

I 3

7' 3-¢ supply
A

Alternator

Air in Reheater

€ = Compressor T, T, = Turbines
C.C. = Combustion chamber

(a) Schematic arrangement of the gas turbine plant
T(K
F 3

1023

T =Ty

» s {kd/kg K}

(b) T-s diagram

Fig. 5.64
T, =T, x 1.668 = 293 x 1.668 = 488.7 K
T,-T, _488.7-293
Teomp. =08 = 7 0 = 1 " 203

T, =208+ 228 o 5yr6k

Turbine-1

¥-1 133-1

T_(ps) v _ (_‘3_) 133 _ (2.45)02481 = 1 249
T, | p 2.45

_ T, 1023

57 1249 1249
T, -T.. 1023-T..

Ny =084 = 4= 45 _ 5
1 T,-T, 1023-819

=819K
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Ty = 1023 — 0.84 (1023 - 819) = 851.6 K
Ny, =M7, (Given), .. T, =T,=851.6K
Regenerator:
T,-T, T,-5316
T, - Ty, 8516-5376
T,=537.6 +0.72(851.6 -537.6)=763.7TK
(i) A/F ratio entering in the first turbine :

Let my = Mass of fuel supplied per kg of air to the combustion chamber (and hence to the
first turbine) '

Effectiveness, e=0.72=

. (1+mf1)cpg(T4—T3)=mfGC
ar (14 mg)x 115 (1028 ~ 763.7) = my, x 18500

or 2082 (1 + mfl) = 18500 iy,
298.2
=202 _ (01638 kefkg of ai
T = (18500 - 298.2) g of alr
. 1
A/Fratio=s ——— =61:1. (Ans.
At = 501638 (Ans.)

(ii) Thermal efficiency of the cycle, M. 0u
Considering the flow with burning through the reheater, we have
1+ mg + mfz)cpg (TE - Ts,) =My, x C
where My, is the fuel supplied in the reheater per kg of air entering into the compressor.
(1+0.01638 + mg ) x 1,15 (1023 - 851.6) = my, x 18500

or 197.11(1.01638 + my,) = 18500 my,
or 200.34 + 197,11 my, = 18500 my,
‘ 200.34

my, = 850019711 = 0.0109 kp/kg of air

Weomp. = 1 X Cpq(Ty. =T ) =1x1x (537.6 — 293) = 244.6 kJ/kg of air
W orurbine (total) = WTn + WTz
=+ mp)e, (T, —Tg) +(1+ my + meYe,, (Tg—To)
=(1 +0.01638) x 1.15(1023 — 851.6) + (1 + 0.01638 + 0.0109)

x 1.15(1023 — 851.6)
= 1.15(1023 — 851.6) {{1 + 0.01638} + {1 + 0.01638 + 0.0109}]

= 402.8 kJ/kg of air.
Wnet = Wturbine (totaly — Wcomp.
= 402.8 - 244.6 = 158.2 kJ/kg of air
n = Wnet - Wnet
thermal ™ Heat supplied (Q,) {myg, +mg, ) % C
1582

= 001638 1 0.0109) x 18500 ~ 23185 or 31.35%. (Ans.)

E‘iii) Air supplied to the plant, m_:
m,xW_, =6 x1000
m = 6000 _ 6000
«” W, 1582
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(iv) Fuel consumption of the plant per hour:
Fuel consumption of the plant per hour

= my(my, +mg) x 3600
= 37.93(0.01638 + 0.0109} x 3600 = 3725 kg/h. (Ans.)

Example 5.18. An open cycle constant pressure gas turbine power plant of 1500 kW capacity
comprises a single stage compressor and two turbines with regenerator. One turbine is used to run
the compressor and other one runs the generator. Separate combustion chamber is used for each

-turbine. Air coming out from the regenerator is divided into two streams, one goes to compressor
turbine and other to power turbine. The pressure and temperature of air entering the compressor
are 1 bar and 25°C. The maximum temperature in the compressor turbine is 750°C and in power
turbine is 800°C. The maximum pressure in the stream is 5 bar. The exhaust pressure of both
turbine is I bar and both exhausts pass through the regenerator. The temperature of exhaust
entering the regenerator is 475°C.

Use the following data ;

Isentropic efficiency of compressor (nmmp_) = 82 per cent
Isentropic efficiency of compressor turbine ("IT,) = 84 per cent
Isentropic efficiency of power turbine (7} = 89 per cent
Calorific value of fuel =40500 kJ / kg
Combustion efficiency (n,,,, } in both the combustion chambers = 94 per cent
Mechanical efficiency (n,,,,, } for both the turbines = 89 per cent
Effectiveness of regenerator (e} =0.72

€pe = 1.005 kdlkg K ; g =11 kJ ! kg K; y(for air) = 1.4 ; ¥(for gases) = 1.35

Neglecting pressure losses, heat losses and mass of fuel, determine :

(1) Plant efficiency, (i) Specific fuel consumption, and

(iii) Air fuel ratio.

Solution. Given : Capacity of the plant = 1500 kW ; p, = 1 bar; T, =25+ 273 = 208 K ;
T,=750+273=1023K;T;=800+273=1073K;p, = 1 bar;p,=5bar;
Ty=475+273="T48K;n . =82%; N, =84 % ; N1, = 89%;

C = 40500 kJ/kg ; ooy, = 94% ; Ny, = 89%, € = 0.72¢, = 1.005 kd/kg K ;
e = L1 KkJ/kg K; v (for air) = 1.4 ; y (for gases) = 1.35.

The schematic arrangement of the plant and its corresponding T-s diagram are shown in
Fig. 5.65 (a) and (b) respectively.

Compressor:
¥-1 14-1

L. (.‘-’2-) L (E}T = (5)0-2857 = 1,584
nn \m 1

T,=T,x 1.584 = 298 x 1.584 = 472 K
T,-T, _472-298

Meomp. = 082 = 7 =77, — 298
472-298
=208+ 25720
T * o8z 5102 K

Compressor turbine :
y-1 135-1
E _ (&J T _ (5) 13 =(5)02%92= 1518
Ty \ P
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Exhaust 9 Regenerator :
xhaus!
out —HTVWWW N <+
FAAMAAM > ¢

3-¢ supply
—A—

14

A 4
L

Airin 8
C = Cormnpressor T, = Power turbine
T, = Compressor turbing C.C. = Combustion chamber
(a) Schematic arrangement of the gas turbine plant
T P2
4

{b) T-s diagram

Fig. 5.65

T, _ 1023
s = —At—=-——=673.9K
1.518 1518
T,-Ty  1023-T;
=084=-4"5 = 8
K T,-T,  1023—6739

T3 = 1023 - 0.84(1023 - 673.9) = 729.7 K

Power Turbine :
136-1

T _ (&J 13 (50921518
T

T,-T,  10713-T
T;-T, 1073-7068

'I'IT2 =089=



GAS TURBINE POWER PLANTS 509

T;» = 1073 - 0.89(1073 — 706.8) = 7T47.1 K
Let, mg = Mass of air passing through the compressor turbine, and

n,, = Mass of air passing through the power turbine.
Then, power output of the power turbine is given by :

Mg, % Cpg (T - T’.") * Nmech, X Mgen. = 1500 A
or My, x 1.1(1073 — 747.1) x 0.89 x 1 = 1500
X mﬂ? =4.7 kg/s

Power developed by the compressor turbine = Power absorbed by the compressor
my x cpg(T4- Ty x 0 = (mg + Mg, ) x cpa(Tz' -T)

or my, x 1.1(1023 - 729.7) x 0.89 = (m, +4.7) x 1.005(510.2 — 298)
287.1 m, = (m,, +4.7) x 213.26
47 % 21326

- _A7x21326 o7k
Mo = (9871 213.26) gfs

The exhaust gases of both turbines are mixed before entering into the regenerator. Therefore,
the temperature of the gases entering into the regenerator is designated by the point 8 on the T-s
diagram and it is given by )
My, xCp, X Ty + My, xe, xTp=(m,y + Mg, )xe, xTy
where, T is the temperature after mixing.

m, m,
Tg=]—t ixTp +| —=— |x T}
my +my,, m, +m,,

(1857 o974 2T ly7471
1357+ 47 1357 + 47

=541.98 + 192.19=7342 K
Regenerator:

m, cpa (T3 - Tz')

Effectiveness, e=072= g <0y Ty~ Ty)
Cpe (T3 -T3) .
or 0.72 = m (o m,= m,, a8 fuel mass is neglected)
_ 1005 (T; - 510.2)
1.1(748 - 510.2)
or T,=5102+ 0.72 x 1.1(748 - 510.2) 6976 K

1.005
Combustion chambers :

Total heat supplied in both combustion chambers

=, M (Ty = Tg) + ¢, M, (Tg =Ty =mex C x Ny,
or 1.1[18.57(1023 — 697.6) + 4.7(1073 — 697.6)] = m, x 40500 x 0.94
1.1(4415.68 + 1764.38) = 38070 x m,
m,=0.178 kg/s

(z) Plant efficiency :
Output 1500
Input  0.178 x 40500

Plant efficiency = =0.208 or 20.8%. (Ans.)
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(ii) Specific fuel consumption :
_ 0.178 X 3600

ific fuel tio
Specific fuel consumption 1500

(#i) Air-fuel (A/F) ratio :

= 0427 kg/kWh. (Ans.)

mg +m,  1357+47

v AJF ratio = =
e T 0.178

= 102-64- (Ans-)

Example 5.19. The air supplied to a gas turbine plant is 10 kg /s. The pressure ratio is 6 and
pressure at the inlet of the compressor is 1 bar. The compressor is two-stage and provided with perfect
intercooler. The inlet temperature is 300 K and maximum temperature is limited to 1073 K.

Take the following data :

Isentropic efficiency of compressor each stage (nwm.) = 80%

Isentropic efficiency of turbine (v, ) = 85%

A regenerator is included in plant whose effectiveness is 0.7. Neglecting the mass of fuel, deter-
mine the thermal efficiency of the plant.

Take c, for air = 1.005 kd/kg K. (P.U. Summer, 1997)

Solution. Given : 1, = 10kgls;rp= 6,p,=1bar;T,=8300K;T;=1073K;

Neomp. = 80% ; Niyrpine = 856% ; € = 0.7.

The schematic arrangement of the gas turbine plant and its corresponding 7-s diagram are

shown in Fig. 5.66(a) and (b) respectively. As the cooling is perfect,

" = = -Ea;- ) &
Py = JP1Ps =J1x6 =2.45bar s rp=8 o1
Considering isentropic compression in L.P. compressor, we have : or py =6 bar
1-1 14-1
ﬁz(&J T =(2.45) 14 _ 99
L \p 1

T,=T,x 1.29=300 x 1.29 = 387K
T,-T, _387-300

Also, Neomp.(L.P) = 0.8 = T -T, - T, - 300
T, =300+ 21250 - 4087k

Weomp .2y = 1 % €,0(Ty — T}) per kg of air
=1 x 1.005(408.7 — 300) = 109.2 kJ/kg
Since intercooling is perfect, therefore,
W eompL.2)= Weomp. ap)
Total compressor work,

W oomap. ctatay = 2 X 109.2 = 218.4 kJ/kg

As Ty=T,andr, = -?1- = i— (for perfect intercooling)

o T,=T,=4087K
Considering isentropic expansion in the turbine, we have
¥-1

T — 14-1
1 =[&) " =) 1% =1668
[t P
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inter cooler
2'

3-¢ supply
—r—,

Alternator
y 7’
e A A
Airin I AW
8 Regenerator
Exhaust

{a) Schematic arrangement of the gas turbine plant

P
L

{b) T-s diagram
Fig. 5.66
T, 1073
T,=—8_=-—"" -6433K
77 1668 1668
-7 1073-T.
Also, ﬂmme—"% Tﬁ_'r7 " 1073 -643.3

or T,.=1073 - 0.85(1073 - 643.3) = 707.7K
: mem = Cpo(Tg — T} = 1.005(1073 ~ 707.7) = 367.1 kd/kg
The effectiveness (¢) of regenerator is given by,
-1, _ T; - 4087
Ty~ T, 707 - 4087
T, =408.7 + 0.7(707 — 408.7) = 6175 K

e=07=

501
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Heat supplied in the combustion chamber,
Q,=1xc (Tg—Tg) =1 x 1.005(1073 — 617.5) = 457.77 kJ/kg
W.=W, W =367.1-218.4=148.7TkJ/kg

urbine ~ "' comp.

W, 1487
Nepermat = ) = 25777 =0.3248 or 32.48%. (Ans.)

Example 5.20. A gas turbine plant consists of one turbine as compressor drive and other to
drive a generator. Each turbine has its otwn combustion chamber getting air directly from the com-
pressor. Air eniers the compressor at I bar 15°C and compressed with isentropic efficiency of 76 per-
cent. The gas inlet pressure and temperature in both the turbines are 5 bar and 680°C respectively.
Take isentropic efficiency of both the turbines as 86 percent. The mass flow rate of air entering com-
pressor is 23 kg/s. The calorific value of the fuel is 42000 kJ/kg. Determine the, power output and
thermal efficiency of the plant.

Take, c,,=1.005kJ/kgK andy, =14;
€pe = 1. 128 kJ [ kg K, and yém =134 (P.U. June, 1998]
Solution. Givern : p; = 1bar, T, =15 + 273 = 288 K ; p, = 5 bar,
T,=T,=680+273=953K; n,, =76%;"Mn ="M, =86%;

m, (=my +mg, ) =23 kg/s ; C = 42000 kJ/kg ; €pe = 1.005 kJ/kg K ;
¢, = 1128 kI/kg K ¥, = 1.4; v, = 1.34.
The schematic arrangement of the plant and its corresponding T-s diagrams (separately for
C —T, and C - T,) are shown in Fig. 5.67 (a) and (b) respectively.
Compressor-Turbine-1 (C-T,):
T r-1 14-1
2 [_32__] T o) 4 = (502857 = 1,584

141

¥5 3-¢ supply

Airin Exhaust Exhaust

C = Compressor
T,, T, = Turbines
C.C -1, C.C - 2 = Combustion chambers

(a) Schematic arrangement of the plant
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T (K)
»
953 953
» 5
C-T, (kd/kg K) C-T,
{b) T-s diagrams
Fig. 5.67
T'2 =T, x 1.584 = 288 x 1.584 = 456.2 K
T)~T, 4562-288
curnp =0.76 = T2: — T]. th - 288
456.2 - 288
=288 44— 7 o 3K
T, + 76 509.3
Let My, = Fuel supplied in C. C— 1
Then, Mpy x C = (Mg + M) x e, (Ty—T,)
m
or C= - x CM(T3 - Ty)
f
ma
or 42000 = L +1| x 1.128(953 - 509.3)
m
h
my, 42000
= -1=82
my  1128(953_ 509.3) %
T Yoo 134-1
Also, 13 _ (32_) VoS5 131 =(5P4=15
T, \p
T; 953
=" =635.3K
1715 15
T, -T,. 953 - T,.
N, = 0.86 = 3~ 44 4

Ty-T, 953-6353
T, = 953 - 0.86(953 - 635.3) = 679.8 K

513

Now the work required to run the compressor must be equal to the work developed by T',.

M, % €T —Ty) = ( M, + M) x ¢, (Ty-T,)

m
= my, [;"- + 1} x ¢, (Ty—T,)
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or

or

and

or
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23 x 1.005(509.3 - 288) = My, (82.92 + 1) x 1.128(953 - 679.8)
5115.35 = 25861.6 My,

5115.35
My = ———— =0.198 k;
fi = 258616  © gs

m,, = 8292 x 0.198 = 16.42 kg/s
My, =m,~— M, =23 -16.42=6.58 kg/s
Compressor-turbine-2 (C-T,) :
Work developed by the turbine T,,
Wr, = (Mg, + 7y,) x ¢, (T - Tg) )
Considering the combustion chamber of turbine T, we can write
me, x C ={Mg, + My} x Cpg(TE -Ty)
my x 42000 = (6.58 + my,) x 1.128(953 - 509.3)
= 500.49(6.58 + my,) = 3293.22 + 500.49 my,
3293.22 ' m, _ 658
= ————————— = = ——— = 83.3
42000 - 500.49) = O07O ke [“r my, 0079 ]
Substituting the values in eqn. (i), we get
Wr, = (6.58 + 0.079) x 1.128(953 — 679.8)
(- Tg =T, as per given conditions)

My,

=2052.1 kd/s. (Ans.)
The capacity of turbine T, to run the compressor,
WT: =My, x cpa(Tz' - Tl)
= 16.42 x 1.005(509.3 — 288) = 3651.9 kJ/s
Total fuel consumed, m,= My + My,
=0.198 + 0.079 = 0.277 kg/s

Thermal efficiency of the plant,
Wihermal = e
thermal = . % C
-—2%—“ 0.1764 17.64%. (An
= 0.277x 42000 ~ or 17.84%. (Ans.)

Example 5.21. A gas turbine plant consists of two-stage compressor with intercooler and it is

driven by a separate turbine. The gases coming out from first turbine are passed to the power turbine
after reheating to the temperature which is equal to the temperature at the inlet of the compressor
turbine. The power turbine generates the electrical energy. A regenerator is used for heating the air
before entering into the combustion chamber by using the exhaust gases coming out of power turbine.

Use the following data :

Ambient air temperature and pressure = 15°C, 1 bar
Maximum cycle temperature = 1000 K

Air mass flow =20kg/s
Isentropic efficiency of each compressor = 80 per cent
Insentropic efficiencies of turbines : Nr, =87%; Mr, =80%

Pressure drop in intercooler = 0.07 bar
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Pressure drop in regenerator (H.E.) = 0.1 bar in each side
Effectiveness of heat exchanger =075
Pressure drop in combustion chamber =0.15 bar
* Pressure drop in reheater =0.1 bar
Mechanical efficiency for compressor-turbine = 899%
Combustion efficiency (in combustion chamber and reheater) = 98%
Compression ratio of each stage of compressor =2:1
Calorific value of fuel used = 43500 kJ / kg

Con=1RJ/ kg K ; Cg=LlIkJIkgK v, =14; Yeas = 1.33.
Assuming perfect intercooling, determine :

() Net output of plant, (i) Specific fuel consumption of the plant, and
(iii) Overall efficiency of the plant. (K.U,, 1999)
Solution. Given : T,=15+273 =288 K; py=1bar;Te=T,=1000K; m, =20kg/s ;

‘r]cl =TI-C2 = 80% ; T]Tl = 87% , T}Tz = 80% y
(AP tercooter = 007 bar ; (Ap)l,egemm“r = 0.1 bar in each side ; € = 0.75 ;
(Ap)c.c = 0.15 bar ; (Ap), ... = 0.1 bar ; Nmech(zy) = 99% ;
Neomb. (C.C. and reheater} — 98% ; (rp)cl=c2 =2:1 ; C = 43500 kJ/kg :

Cpo =1 kd/kg K ; Cpy=11kdkgK; v, =14; Ygas = 1.33

The schematic arrangement of the gas turbine plant and its corresponding T-s diagram are
shown in Fig. 5.68 (a) and (b) respectively.

As for given data, we have :
Pa \
Py =1bar, Py = 2bar as E =2 (Given)

P3=P;—{AD)ocnier = 2 — 0.07 = 1.93 bar
Exhaust

Heat -
‘ 10 exchanger_’ Fuel
FAAAMAANA
Intercooler AWWWAA >
41
2 3
6 F -4
C1 CE T1
Fuel
e 3-6 supply
7' —ee,
+1
1wia=
T,
Alternator

{a) Schematic arrangement of the plant
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T
4 ® p, = 3.86 bar
=36108
AN g/ Pg=1.63 bar

>s
{b) s diagram (kg K)
Fig. 5.68
P,=2p; =2 x 1.93 = 3.86 bar b (e, e, =201
Pg=Ps— By airsige — (AP)gc=3.86-0.1-0.15 = 3.61 bar
P is to be calculated
Pg=pPq— (Ap)reheater
Pg=1+(AP)yE cagside =1 + 0.1=1.1bar
Compressor C, :
L _ (P I;_l M s
7 [;1) =[p)e ] 7 =@ 14 =P =122

T,=T,x122=288x122=35136K
T, -T, _351.36 — 288

-08= =
e, T, -T, Ty -288
351.36 — 288
T2, = 288 + T = 367.2 K

Compressor C,:
Since the intercooling is perfect therefore,
T,=T,=288K, and
T,=T,=3612K [+ Gple, =(rpdg, =2: 11
The power required to run the compressors
=m, cpa(Tz. -Ty+m, cpa(T4. -Ty)
=2xm, Ty~ T)) [~ T,=T, and T, =T,}
=2 x 20 x 1{367.2 - 288) = 3168 kW

Compressor turbine :
Power developed by the compressor turbine,
Wy = 3168 _ 3168 = 3900 kW

U Mo, | 0.99
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Work developed by the compressor turbine per kg of air
3200
= —— = 160 kJ/k
20 £

The work developed by the compressor turbine per kg of air is given by
T — T7) = 160

T, T, = % = 145.45 K

T l:_l
Erf:[‘rp)ﬂ} '
T _T‘
Nz, = 1%_7; or Tg—Tp=Np(Te-T)

or

v-1

T 1
To—Tp=mg x Ty (1-%): Ny, Tg|1-—=
G _—
{p)n}

or Te-T, =0.87x 1000 |1~ _"“ﬁlji‘:f

{(rp )T;} 133

1
or 14545 = 87011 - PR TT T
{tr)n)

1

0.2481
(rP)Tl}

or 0.167 = 1—

Also, (r,)p, =209 = i‘; f pp= 28 381 ggpar

7209 209
ps =P (Ap)reheater =173-0.1= 1.63 bar

where ()7, and (7,)7, are the pressure ratios of the turbines T,and T,
Turbine T, :

¥-1

T — 133-1
- R (.E.&J =(1.48) 133 _ (1.48)0-2481 _ 7 ¢
Ts_; Py

T,= T8 1000 _g09, ¢

11 11

T-Ty 1000-T,.

T,-T, 1000-909.1
Ty = 1000 — 0.8(1000 - 909.1) = 927.3 K

T]T2 =08=
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or

(i) Net output of the plant :
The power output of the plant is only from turbine T\,
Net-output of the plant =m,c,, (Tg~ Ty)

=20 x 1.0(1000 — 927.3) = 1454 kW. (Ans.)
(ii) Specific fuel consumption of the plant :
The effectiveness of heat exchanger
T -Ty _ T;—3672
Ty — Ty 927.3-3672
T, = 367.2 + 0.75(927.3 - 367.2)=7873K
The total heat supplied in the plant per kg of air,
Q,=c,, (Tg— Tg) +¢,, (Ty - T,) =c,, (Tg— T.)+(Tg— Tl
= 1.1(145.45 + 1000 — 787.3) = 394 kJ/kg)
Assuming m, is mass of fuel supplied per second in combustion chamber and reheater, then,
Heat developed = Heat-gained by air
mex C X Mo, = 20 x 394
mp X 43500 x 0.98 = 20 x 394
= 20 x 394
™ 43500 x 0.98

Specific fuel consumption (s.£.c.) = % - 0.458 kg/kWh. (Ans.)

e ={76=

=0.185 kg/s = 666 kg/h

(iii) Overall efficiency of the plant, N, . .1 ®

Output
Noverall = “Tnput
—}ﬂ' 0.1845 18.46%. (Amns.)
= 20x394 = O or . . N
HIGHLIGHTS
1. The major fields of application of gas turbines are :
(i} Aviation (ii) Power generation
(if) Oil and gas industry (iv) Marine propulsion.

2. A gas turbine plant may be defined as one “in which the principal prime-mover is of the turbine type and
the working medium is a permanent gas”.
8. A simple gas turbine plant consists of the following :
(@) Turbine {(ii) Compressor
(itf) Combustor (iv} Auxiliaries.
A modified plant may have in addition an intercooler, @ regenerator, a reheater etc.
4. Methods for improvement of thermal efficiency of open cycle gas turbine plant are :
(@) Intercooling (if) Reheating (iii} Regeneration.
5. Free-piston engine plants are the conventional gas turbine plants with the difference that the air com-
pressor and combustion chamber are replaced by a free piston engive.
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11.

12.
13.

14.
15.
16.
17.

18.
19.
20.
21.
22,

THEORETICAL QUESTIONS

What are the major fields of application of gas turbine 7
State the limitations of gas turbines.
List the applications of gas turbine plants.

State the advantages and disadvantages of gas turbine power plants over diesel and thermal power
plants.

What factors should be considered while selecting a site for a gas turbine power plant ?

Give the description of a simple gas turbine plant.

Explain with the help of a neat diagram the energy cycle for a simple-cycle gas turbine,

Define the following performance terms :

Air ratio, Pressure ratio, Work ratio, Compressor efficiency, Engine efficiency, Machine efficiency, Com-
bustion efficiency and Thermal efficiency.

How are gas turbine power plants classified ?

How are gas turbines classified ?

State the merits of gas turbines over L.C. engines and steam turbines. Discuss also the demerits over
gas turbines,

Describe with neat sketches the working of a simple constant pressure open cycle gas turbine.
Discuss briefly the metheds employed for improvement of thermal efficiency of open cycle gas turbine
plant.

Describe with a neat diagram a closed cycle gas turbine. State also its merits and demerits.

Explain with a neat sketch the working of a constant volume combustion turbine.

Write a short note on fuels used for gas turbines,

What do you mean by “combination gas turbine cyeles”. Explain briefly combined gas turbine and steam
power plants,

List the advantages of ‘combined cycle’.

How is a gas turbine ‘started’ and ‘shut down’ ?

Explain with a neat sketch the layout of a gas turbine power plant,

Enumerate and explain briefly the components of a gas turbine power plant.

With the help of neat sketches give the working of 2 free-piston engine plant. State also the advantages
and disadvantages of such an arrangement.

UNSOLVED EXAMPLES

In an air standard gas turbine engine, air at a temperature of 15°C and a pressure of 1.01 bar enters the
compressor. where it is compressed through a pressure ratio of 5, Air enters the turbine at a tempera-
ture of 815°C and expands to original pressure of 1.01 bar. Determine the ratio of turbine work to
compressor work and the thermal efficiency when the engine operates on ideal Brayton cycle.
Take:y=1.4, ¢, =1.005 kJ/kg K. [Ans, 2.393 ; 37.03%|
In an open cycle constant pressure gas turbine air enters the compressor at 1 bar and 300 K. The
pressure of air after the compression is 4 bar. The isentropic efficiencies of compressor and turbine are
78% and B5% respectively. The air-fuel ratio is B0 : 1. Calculate the power developed and thermal
efficiency of the cyele if the flow rate of ajr is 2.5 kgfs.

Take ¢, = 1.005 kd/kg K and v = 1.4 for air and Cpg = 1.14T kd/kg K and v = 1.33 for gases.

R = 0.287 kJ/kg K. Calorific value of fuel = 42000 kJ/kg. [Ans. 204.03 kW/kg of air ; 15.54%]
A gas turbine has a pressure ratio of 6/1 and a maximum cycle temperature of 600°C. The isentropic
efficiencies of the compressor and turbine are 0.82 and 0.85 respectively. Calculate the power output in
kilowatts of an electric generator geared to the turbine when the air enters the compressor at 15°C at
the rate of 15 kg/s.

Take ; ¢, = 1.005 kd/kg K and v = 1.4 for the compression process, and take ¢, = 1.11 kJ/kg K and
¥ = 1.333 for the expansion process. [Ans. 920 kW]
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Calculate the thermal efficiency and the work ratio of the plant in example 3(above), assuming that
¢, for the combustion process is 1.11 kJ/kg K. {Ans. 15.8% ; 0.206]
The gas turbine has an overall pressure raticof 5: 1 and a maximum cyele temperature of 550°C. The
turbine drives the compressor and an electric generator, the mechanical efficiency of the drive being
97%. The ambient temperature is 20°C and the isentropic efficiencies of the compressor and turbine are
0.8 and 0.83 respectively. Calculate the power output in kilowatts for an air flow of 15 kg/a. Calculate
also the thermal efficiency and the work ratio.
Neglect changes is kinetic energy, and the loss of pressure in combustion chamber.

[Ans. 655 kW ; 12% ; 0.168]
Air is drawn in a gas turbine unit at 17°C and 101 bar and the pressure ratiois 8: 1. The compressor is
driven by the H.P. turbine and the L.P. turbine drives a separate power shaft. The isentropic efficiencies
of the compressor, and the H.P. and L.P. turbines are 0.8, 0.85 and 0.83 respectively. Calculate the
pressure and temperature of the gases entering the power turbine, the net power developed by the unit
per kg/s of mass flow, the work ratio and the thermal efficiency of the unit. The maximum cycle tem-
perature is 650°C.
For the compression process take €, = 1.005 kJ/kg K and y= 1.4
For the combustion process and expansion process, take
¢, =115 kJ/kg K and y= 1.333

Neglect the mass of fuel. [Ans. 1.65 bar, 393°C ; 74.5 kW, 0.201 ; 19.1%]
In a gas turbine plant, air is compressed through a pressure ratio of 6 : 1 from 15°C. It is then heated to
the maximum permissible temperature of 750°C and expanded in two stages each of expansion ratio
J6, the air being reheated between the stages to 750°C. An heat exchanger allows the heating of the
compressed gases through 75 percent of the maximum range posgible. Calculate : (f) The cyele efficiency
(ii) The work ratio (iif) The work per kg of air.

The isentropic efficiencies of the compressor and turbine are 0.8 and 0.85 respectively.

[Ans. (i} 32.75% (i) 0.3852 (iif) 152 kd/kgl

At the design speed the following data apply to a gas turbine set employing the heat exchanger : Isentropic
efficiency of compressor = 75%, isentropic efficiency of the turbine = 85%, mechanical transmigsion
efficiency = 99%, combustion efficiency = 98%, mass flow = 22.7 kg/s, pressure ratio = 6 : 1, heat ex-
changer effectiveness = 75%, maximum cycle temperature = 1000 K.

The ambient air temperature and pressure are 15°C and 1.013 bar respectively. Calculate :

(i) The net power output (i) Specific fuel consumption
(iii) Thermal efficiency of the cycle.

Take the lower calorific value of fuel as 43125 kJ/kg and assume no pressure-loss in heat exchanger and
combustion chamber. [Ans. (i) 2019 kW (i) 0.4999 kg/kWh (iii) 16.7%]
In a gas turbine plant air at 10°C and 1.01 bar is compressed through a pressure ratio of 4: 1. In a heat
exchanger and combustion chamber the air is heated to 700°C while its pressure drops 0.14 bar. After
expansion through the turbine the air passes through a heat exchanger which cools the air through 75%
of maximum range posgible, while the pressure drops 0.14 bar, and the air is finally exhausted to
atmosphere. The isentropic efficiency of the compressor is 0.80 and that of turbine 0.85. Calculate the
efficiency of the plant. [Ans. 22.76%])
In a marine gas turbine unit a high-pressure stage turbine drives the compressor, and a low-pressure
stage turbine drives the propeller through suitable gearing. The overall pressure ratiois 4 : 1, and the
maximum temperature is 650°C. The isentropic efficiencies of the compressor, H.P. turbine, and L.P.
turbine are 0.8, 0.83 and 0.85 respectively, and the mechanical efficiency of both shafts is 98%. Calculate
the pressure between turbine stages when the air intake conditions are 1.01 bar and 25°C. Calculate
also the thermal efficiency and the shaft power when the mass flow is 60 kg/s. Neglect kinetic energy
changes, and pressure loss in combustion. [Ans. 1.57 bar ; 14.9% ; 4560 kW]
In a gas turbine unit comprising L.P. and H.P. compressors, air is taken at 1.01 bar 27°C. Compression
in L.P. stage is upto 3.03 bar followed by intercooling to 30°C. The pressure of air after H.P. compressor
ig 58.7 bar. Loss in pressure during intercooling is 0.13 bar. Air from H.P. compressor is transferred to
heat exchanger of effectiveness 0.60 where it is heated by gases from L.P. turbine. The temperature of
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gases supplied to H.P. turbine is 750°C. The gases expand in H.P. turbine to 3.25 bar and are then
reheated to 700°C before expanding in L.P, turbine. The loss of pressure in reheated is 0.1 bar. If
isentropic efficiency of compression in both stages is 0.80 and isentropic efficiency of expansion in turbine
is 0.85, caleulate : (i) Overall efficiency (ii) Work ratio (i) Mass flow rate when the gas power generated
is 6500 kW. Neglect the mass of fuel.
Take, for air ; ¢, = L005 kdJ/kg K, y= 1.4

for gases : €= L15kJ/BrK, y=13. [Ans. (i) 16.17% ; (i) 0.2215 ; (iif) 69.33 kg of air/s)
In a gas turbine installation, air is taken in L.P. compressor at 15°C, 1.1 bar and after compression it is
passed through intercooler where its temperature is reduced to 22°C. The cooled air is further com-
pressed in H.P, unit and then passed in the combustion chamber where its temperature is increased to
677°C by burning the fuel. The combustion products expand in H.P. turbine which runs the compressor
and further expansion is continued in the L.P. turbine which runs the alternator. The gases coming out
from L.P. turbine are used for heating the incoming air from H.P. compressor and then exhausted to
atmosphere.
Taking the following data determine :

() Power output (i) Specific fuel consumption

{iéf} Thermal efficiency :
Pressure ratio of each compressor = 2, isentropic efficiency of each compressor stage = 85%, isentropic
efficiency of each turbine stage = 85%, effectiveness of heat exchanger = 0.75, air flow = 15 kg/sec.,
calorific value of fuel = 45000 kJ/kg, ¢ (for gas) = 1 kd/kg K, c, (for gas) = 1.15 kJ/kg K, v (for air) = 1.4,
¥ {for gas) = 1.33,
Neglect the mechanical, pressure and heat losses of the systemn and fuel mass also.

[Ans. (i) 1849.2 kW ; (i) 0.241 kg/kWh : (iii) 33.17%]

COMPETITIVE EXAMINATIONS QUESTIONS

(@} With the help of a block-diagram, explain the working principles of a closed cycle gas turbine plant.

() Explain three important refinements by which the efficiency of a simple gas turbine plant can be
improved considerably.

(c}) What are the various fuels that are usually used for running gas turbines ?

(a) What are the advantages of a gas turbine plant over diesel and steam power plants of the same
capacity ?

(b} What are the different components of a gas turbine plant ?

Explain them with the help of neat sketches.

(@) Draw a neat diagram of a regenerative gas turbine plant having intercooling and reheater. Explain
the working on the p-v diagram.

{b) (i} Under what conditions the gas turbine plants have maximum utility ?

(iZ) What are the disadvantages of gas turbine plants ?

(iii) Why are gas turbine plants not se commeon in India ?

{a) What are the different fuels that are used for gas turbine power plants ? What are the most suitable
fuels for gas turbine plants in a country like India ? Explain.

(b} Explain with the help of T-s chart and line diagram the working of a gas turbine plant. How can the
efficiency of the plant be improved ?

(a) Describe with diagram the working of a closed cycle gas turbine plant.
(b) Describe methods of improving output and performance of gas turbine plants.
(@) State the advantages and disadvantages of gas turbine power plants.

(&) The following data refer to an open-cycle gas turbine plant. The compressor, turbine and electric
generator are mounted on the same shaft :
Compressor pressure ratio =4:1

Isentropic efficiency of compressor = B5%
Isentropic efficiency of the turbine = 85%
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Effectiveness of the heat exchanger = T6%

Pregsure loss in the combustion chamber = 0.05 kgfiem?
Combustion efficiency = 90%

Mechanical efficiency =95%

C.V. of fuel used = 9,000 kcal/’kg
Rate of air flow = 20 kpfsec
Ambient pressure and temperature = kgf/em? and 30°C
The maximum temperature of the cycle  =1000°K

Cpair = 24, €p oo = 0.25, y for air = yfor gas = 1.4,

Calculate : (i) Power output at the generator ; (i) Overall efficiency of the plant ; (if) Specific fuel

consumption.

(a) Make a schematic diagram of a gas turbine power plant employing a regenerater, a reheater and an
intercooler. Draw T-s diagram showing the above arrangement.

(b) The isentropic efficiency of a compressor in a simple gas turbine plant is 80% and that of the turbine
unit is 85%. The air enters at 280°K and the maximum temperature in the cycle is 800°C, while the
pressure rises from 1.25 kgffem? to 5.0 kgf/em?. Draw the cycle on T-s diagram and calculate the
efficiency of the plant and the work ratio. Take y= 1.4 and c, = 0.24.

Calculate the h of an open cycle internal combustion turbine fitted with a heat exchanger of 75% effec-

tiveness. The pressure ratio is 4 : 1 and compression is carried out in two stages of equal pressure ratio

with intercooling back to initial temperature of 15°C. The maximum temperature is 650°C. The turbine

isentropic h is 88% and each compressor isentropic h is 85%.

For airy= 1.4 and ¢, = 0.24.

(@) Discuss in brief the methods adopted for improving the thermal efficiency of simple gas turbine
plant.

{b) A simple gas turbine plant draws in air at 1 kgf/em? and 15°C and compresses it through a
pressure ratio of 5 : 1, the isentropic efficiency of compression being 85%. The air passes to the
combustion chamber and after combustion, gases enter the turbine at a temperature of 540°C and
expand to 1 kgffem?2, the turbine efficiency being 80%.

Calculate the flow of air and gases for a net horse-power of 2,200 assuming that the loss of pressure

through the combustion system is 0.07 kgficm?®. Take c,= 0.25 for air and combustion gas and v= 1.40.

Neglect the addition of mass flow due to fuel.

{@) What do you understand by combination gas turbine plants ? What are their salient features ?
Discuss briefly the popular systems.

(&) Describe briefly the working of different type of relays which are commonly used in power plants.

{a) What are the different methods used to improve output and performance of gas turbine plants ?
Discuss.

{b) “Diesel power plants are used as stand by units in a grid system”. Discuss.

Write short notes on the following :

{(a) Solar power plants ; (b) Switchgears ;
(¢} Closed cycle gas turbine plant.

(a) Discuss in brief the availability of nuclear fuel in India.

{b) Distinguish between (i) fission and fusion, and (i) fast neutrons and thermal neutrons.

{c) In a nuclear reactor, explain the functicns of :

(£} Moderator ; (if} Coolant ; (iif} Control rod ; (iv) Reflector.

(@) Discuss the future of nuclear power plants for power generation in India. Enumerate the advan-
tages and disadvantages of nuclear power plants as compared to conventional power plants.

{h) Describe, with the help of a neat sketch, the working of a pressurised water reactor plant. What are
its advantages and disadvantages ? .

(a) Discuss the factors to be kept in mind for selecting the site of a nuelear power plant.

{b) What is the function of moderator in a nuclear power plant ? What are the desirable properties of a
good moderator ? Compare different mederators used in practice.
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18.

17,

18.

19.

20.

(a) Draw a neat diagram of nuclear reactor and explain the function of its various components.

(6) Explain with a neat sketch the principle of working of magneto-hydrodynamie system of power
generation. State the difficulties encountered in its design.

(@) What do you understand by a close cycle gas turbine power plant ? List out its advantages over open
cycle plant. What difficulties are there in development of close cycle plants ?

(6} Following observations were made during a test on an open cycle constant pressure gas turbine
plant :

Inlet temperature =27°C
Maximum temperature in the cycle = 800°C
Pressure ratio =6
Isentropie efficiency of compressor =85%
Isentropie efficiency of turbine = 90%
Combustion efficiency =95%

Mass flow of air = 100 kg/sec
Specific heat of air =0.24
Specific heat of gases =0.26
Specific heat ratio for air and gases =14
Calorifie value of fuel = 10,500 kcal/kg

Find : (i) Therma! efficiency of the plant : (i{) Power developed ; (iif) Air fuel ratio ; (iv) Specific fuel

consumption.

(@) Describe the functions of the major components used in gas turbine plant.

(b} What are the factors to be considered in designing steam piping in thermal plant ? What are the
materials used for (i) steam piping, and (i} its thermal insulation ? ’

(a) What are the advantages of gas turbine plant over other thermal power plants ?

(&) Describe briefly the working of closed cycle gas turbine plant with the help of T-s diagram.

{c) In a closed cycle gas turbine the following data were applied :

Working substance is air with ¢,=024andy =14

Ambient temperature =27°C
Maximum temperature =823°C
Pressure at compressor inlet = 1 kgf/cm?
Pressure ratio =4
Compressor efficiency = B0%

Gas turbine efficiency = 85%

Determine the thermal efficiency of gas turbine.

In a 5 MW gas turbine generating set, HP turbine is used to drive the compressor unit and LP turbine,
mounted on separate shaft, drives the alternator. After two-stage compression having overall pressure
ratio of 9 with perfect intercooling, the compressed air is supplied to the combustion chamber via a
regenerator which receives the exhaust from the LP turbine. The temperature of the gases at entry to
the HP turbine is 727°C and the gases are reheated to 727°C again before entering the LP turbine. Draw
the schematic diagram of the plant and T-s diagram. Considering open cycle, calculate (i) overall ther-
mal efficiency of the plant and (i) the mass flow rate of air in kg/sec.

Assume the following :

Air inlet pressure and temperature 1 kg/em? and 27°C respectively

Isentropic efficiency of compressor in each stage = (.8

Isentropic efficiency of expansion in each unit = 0.85

Mechanical efficiency of both the turbines =0.98
Thermal ratic of the regenerator =0.75
Combustion efficiency =0.97
€, = 0,24 Coaas =025y, =14, Yeas = 1.33.

Neglect mass of fuel and consider the specific heat vahes to be constant over the pressure and tempera-
ture range,
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Hydro-Electric Power Plant

6.1. ntroduction. 6.2. Application of hydro-electric plants. 6.3. Advantages and disadvantages of
hydro-electric plants. 6.4, Selection of site for a hydro-electric plant. 6.5. Essential features/elements
of hydro-electric power plant—Catchment area—Reservoir—Dam—Spillways—Conduits—Surge
tanks—Primemovers—Draft tubes—Power house and equipment. 6.6. Classification of hydro-elec-
tric power plants—High head power plants—Medium head power plants—Low head power plants—
Base load planis—Peak load plants—Run-of-river plants without pondage—Run-of-river plant with
pondage—Storage type plants—Pumped storage plants—Mini and microhydel plants. 6.7. Hydraulic
turbines—Classification of hydraulic turbines— Description of various types of turbines—Specific
speed of a turbine—Efficiencies of a turbine—Cavitation—Performance of hydraufic turbines—Gov-
erning of hydraulic turbines—Selection of turbines. 6.8. Plant layout. 6.9. Hydro-plant auxiliaries.
6.10. Cost of hydro-plant. 6.11. Average life of hydro-plant-components. 6.12. Hydro-plant controls.
6.13. Electrical and mechanical equipment in a hydro-plant. 6.14. Combined hydro and steam power
plants. 6.15. Comparison of hydro-power stations with thermal power stations. 6.16. Underground
hydro-plants. 6.17. Automatic and remote control of hydro-station. 6.18. Safety measures in hydro-
electric power plants. 6.19. Preventive maintenance of hydro-plant. 6.20. Calculation of available
hydro-powet. 6.21. Cost of hydro-power. 6.22. Hydrology—Introduction—The hydrologic cycle—Meas-
urement of run ofi—Hydrograph—Fiow duration curve—Mass curve—6.23. Hydro power develop-
ment in India. Worked Examples—Highlights—Theoretical Questions—Unsolved Examples—Com-
petitive Examinations Questions.

6.1. INTRODUCTION

In hydro-electric plants energy of water is utilised to move the turbines which in turn run the
electric generators. The energy of water utilised for power generation may be Kinetic or potential.
The kinetic energy of water is its energy in motion and is a function of mass and velocity, while the
potential energy is a function of the difference in level/head of water between two points. In either
case continuous availability of a water is a basic necessity ; to ensure this, water collected in natural
lakes and reservoirs at high altitudes may be utilised or water may be artificially stored by con-
strueting dams across flowing streams. The ideal site is one in which a good system of natural lakes
with substantial catchment area, exists at a high altitude. Rainfall is the primary source of water
and depends upon such factors as temperature, humidity, cloudiness, wind etc. The usefulness of
rainfall for power purposes further depends upon several complex factors which include its inten-
sity, time distribution, topography of land etc. However it has been observed that only a small part
of the rainfall can actually be utilised for power generation. A significant part is accounted for by
direct evaporation, while ancther similar quantity seeps into the soil and forms the underground
storage. Some water is also absorbed by vegetation. Thus, only a part of water falling as rain actu-
ally flows over the ground surface as direct run off and forms the streams which can be utilised for
hydro-schemes.

First hydro-electric station was probably started in America in 1882 and thereafter develop-
ment took place very rapidly. In India the first major hydro-electric development of 4.5 MW capacity
named as Sivasamudram Scheme in Mysore was commissioned in 1902. In 1914 a hydro-power
plant named Khopoli project of 50 MW capacity was commissioned in Maharashtra. The hydro-
power capacity, upto 1947, was nearly 500 MW.

Hydro {(water) power is a conventional renewable source of energy which is clean, free from
pollution and generally has a good environmental effect. However the following factors are major
cbstacles in the utilisation of hydro-power resources :
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