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6.1, Overview

A conventional thermal power station uses fossil fuel, such as; coal, oil or
% 10 produce the necessary heat for the conversion of water into steam in the
. ler. The superheated steam is allowed to produce kinetic energy in the
| Ubine, which in turn rotales the generator for the production of electrical power.
A‘Simple Schematic arrangement is shown in figure 6.1. The detail working of
. Weren Components of thermal power station will be discussed in chapter 7.

ol s Shown In figure 6.1, in a thermal power plant, fuel such as; natural gas,

Of .

heay Ieoa '8 burnt in the combustion chamber of a furnace to produce heat. The

per:g °N 10 a steam generator or a boiler in which water Is converted it
eate : AR

“Onveyq | steam gt high pressure. The superheated, high pressure steai.. r

° Vi turbine system.
The turb 2 steam valve to a single or multi-stage steam y

"® Shaft is diractly mechanically coupled to an electric generator,
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: t rotate at fixed speed to produce voltage at a fixed power freqUenCy.
which e eed IS maintained through speed control and governip
e roces= iing appropriate steam valve settings at the turbine input |g
mechanism ﬁe(;:cal nergy i produced and is then transmitted O'Venr
Ir:xsn\:lss'ionelines 0 load centers: After driving the turbine, the exhaust steam
(rom the low-pressure turbine 15 passed into the condenser where hot steam is
condensed into water to beé reused in the boiler. Thermal power plants are
outstanding pecausé of their high efficiency and capacity and long service life.
In an inter-connected system, thermal power plants aré usually coordinated to
run continuously all the time as base load plants for the joad system.

ot e
Exhaust oa':;rpwp
steam Valve Generator
Tu::bwumau m ' .
— |

Figure 6.1: Simple Schematic Diagram of a Thermal Power Station

Howeve ‘
r, the conventional steam turbine generating plants use to supply

the grid's base load are via
precautions because of thte)il:a ;r:lgyeasr:ar?e-sca.lle installations requiring special
currents involved. Smaller scal physical size and the high voltages and
schemes, which can also be t:lile systems use a variety of alternative generation
thermal-electric generating pl ored for domestic use. Paradoxically small-scale
electric power plant. Coal 'p ant can be more complex than the Ia. thermal-
despite having anviron is the most economical option t 0o o
me_ntal hazards. The most o be used as 4 fuel
controversial part of the useé of

coal in thermal
power statio
n is the environmental poliutio
n and health hazards

as already discus
sed in cha
pter 5. Non
. -practicing of
proper safety
procedures of

using coal in th
thermal pow
power statio
ns raises vo
ice of co
ncern am nerd!
ongst the gé rat

public. Envir
. onment and
he
alth hazards are one of th
@ most promin ~
ent reason>
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g mBNY groups are against the use of coal for power production. Excessive
W

oxic GBS and fumes emission from thermal power plants adds to environment.

pollution control of emission by treatment can lower the risks of health hazards
and reduce environmental pollution. Another major factor to be kept in mind is
hat despite the abundant supply of coal, it is still a non-renewable source of
energy which is formed through a Complex process lasting thousands of years
and hence cannot be formulated at a short notice. Energy is available from many
sources, most of the energy used to satisfy the world's ever increasing demand

for electricity is still derived from fossil fuels. The dependency on fossil fuels,
however, brings with it two problems.

1. Finite supplies of fossil fuels will eventually run out.

2. Burning fossil fuels gives rise to gases, which cause environmental
pollution and global warming.

6.2. The Thermodynamic Process

The basic function of the thermal power station is to convert energy
contained in fuel to electricity. Power engineers are required to perform two-part
basic calculations regarding the key parameters of a power plant. The first part is
the heat energy produced by fuel combustion that is converted to electrical
energy, which can be calculated by knowing the efficiency of the boiler and
Combustion. The efficiency can be about 80 — 90% on an HHYV basis, which is the
hormal range for a well-optimized power plant. Second part is the steam cycle
efficiency. Modern Rankine cycle, adupted in coal fired power plants, have

efficiencies that vary from 30 - 40%, depending mainly on the steam parameters.

-
'

|

b

The first parameter required to know is how much energy is contained in
the fuel, the quantity and its cost. The heat energy equivalent of 1kWh of
ical energy is 860 kcal or 3412.14 Btu, which can then be expressed as
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electrical energy and Is 860 kcal/lkwh or 3412.14 Btu/kwh,
mined by knowing the energy content of

coal in terms of kilocalories per kilogram of coal as the calorific value (CV) or the
higher heating value (HHV) of coal, which vary, depending on the_ quality and
type of the coal. The heat rate Is calculated from the thermal efficiency of the
system. Heat rate Is the heat Input required to produce one unit of electricity
(1KWh). One kW Is 3600 kJ/hr. If the energy conversion is 100% efficient, then to
produce one unit of electricity we require 3600 kJ equivalent of heat energy (or
860 kcal). The amount of fuel required can be calculated by knowing the quantity

he calorific value of fuel. Thus if Q Is the quantity of heat input to the
consumed is:

heat equivalent of
The quantity of fuel (my) can be deter

of heat and t
system or the heat rate, then the quantity of fuel

My =§-V 6.1

The heat energy output Oy can then be calculated by knowing the heat rate ¢

and the efficlency n of the system:

-2
=75 6.2

Since the energy output of a thermal power station Is In terms of kWh, the heat
energy output Is converted to equivalent electrical energy.

!xuomplo 6.1: At atmospheric pressure (zero bar gauge or absolute 101.33 kN/m?), water boils &t
100°C. 419 kJ of energy Is required to heat 1 kg of water from 0°C to the saturation temperature

0
of 100°C. Calculate the energy per kg avallable In water at this temperature.

At zero bar gauge (absolute 101.33 kN/m?) and 100°C, the spect!
enthalpy of water Is 419 kJ/kg. Another 2257 kJ (latent heat of steam or heat of
::z:rization of water) of energy Is required to evaporate the 1 kg of water at

C to steam at 100°C. Therefore, at zero bar gauge (absolute 101.33 kN/m”)

’ 158
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the specific enthalpy of evaporation is 2257 kJ/kg. The total specific enthalpy of
; ihe steam (or heat required to evaporate water to steam) at atmospheric
pressure and 100°C can be summarized as:

Qs = 419 + 2257 = 2676 kJ/kg

The energy E in kWh available per kg of steam is then:
E = 2676 (kJ/kg) / 3600 = 0.74 kWh/kg

[ Example 6.2: A 100 MW thermal power station uses coal with calorific value of 7000 kcal/kg as
fuel. If the overall efficiency of the station is 30% and the station is delivering 75% of the rated
power, determine the coal consumption per hour.

Given that:
P =100 MW or 100 x 10® kW
n=30% or 0.3
Electrical energy generated per hour at 75% of the rated power is:
E=0.75x100x 10°x 1 =75 x 10° kWh
The equivalent heat energy of 75 x 10% is:
Qv = 75 x 10° x 860 = 645 x 10° kcal

Knowing the overall efficiency, the heat input Q to the system is:

_O
4 =3
5
Or _O  645x10° _ 5454 108 keal
n 0.3

The quantity of fuel mr is then determined as:

6
m, =2 =215X10 _ 30714.28 kg

“Tcv 7000

Example 6.3: A 70 MW coal fired thermal power station uses coal of calorific value 7600 kcal /
kg, which Is consumed at a rate of 0.55 kg per kWh. If the station is working on a load factor of
80% on daily basis, calculate the efficiency and coal consumption per day.

Given that:
Calorific value of fuel = CV = 7,600 kcal/kg
Fuel consumption per kWh = m; = 0.55 kg

Load factor = Fip = 50% or 0.60
159
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Maximum demand can be taken as the capacity of the power station, which is

70MW. Therefore the average energy delivered by the power station is:

E=F,,xP,x24=060x70x10"x24 = 1.008 x 10° kWh

For efficiency, we use.

QO
n=-—
Q
Where: Q=CVxmy

The quantity of fuel consumed daily or coal consumption per day is therefore:
m, =1.008x10" x0.55= 554400 kg
Therefore:  Q=7600x554400=4213.44 x 10° kcal
The station output is 1.008 x 10° kWh daily, therefore the equivalent heat output
Qo is:
O, =860%1.008x10° = 866.88 X 10° kcal

6
Thus using: 7= % «100= f;gsi" 11006 x100= 20.57%
X

6.2.2. The Rankine Cycle

Described in 1859 by Wiliam Rankine, it is used as a standard for
understanding the performance of steam power plants. The Rankine cycle is the 1
fundamental operating cycle of all power plants where an operating fluid is
continuously evaporated and condensed. The selection of operating fluid
depends mainly on the available temperature range. Figure 6.2 shows the
idealized Rankine cycle system. The major components of a Rankine cycle

system are; pump, boiler, turbine and condenser. In the Rankine cycle, the
working substance of the engine undergoes four successive changes:

Heating at constant volume (as in a boiler).

Evaporation and superheating (if any) at constant pressure.
Expansion in the engine or turbine to do useful work.

Condensation at constant pressure with return of the fluid to the boiler.

N =
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Figure 6.2: The idealized Rankine Cycle System

The operation of a system using Rankine cycle can be understood by

considering the temperature-entropy (T-s) diagram shown in figure 6.3, which

illustrates that the Rankine Cycle operates according to the following steps:

\ 1-2: Isentropic compression in pump (work input).
| 2-3: Isobaric heat transfer (constant pressure heat addition in boiler).
3-4: Isentropic expansion in turbine (work output).

4-1: Isobaric heat rejection (constant pressure heat rejection in a condenser),

The process taking place according to the steps mentioned are discussed
With reference to figure 6.3 as follows:

1-2 |88ntroplc Compression: High pressure fluid (water) enters the boiler from

the feeq PUMp and is heated to the saturation temperature. Further addition of
heat Shergy causes evaporation of water until it is fully converted to saturated
Vapour or steam. As shown in the T-s diagram of figure 6.3, water enters the
PUMP at state 1 as saturated liquid and Is compressed isentropically to the
O?erating Pressure of the boller. In isentropic process a change takes place
Withoyt any increase or decrease in entropy (constant entropy), such a process is
oth eversible and adiabatic. The water temperature increases somewhat during
this Isentropic compression process due to slight decrease in the specific volume
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{ the water in state 2 The vertical distance between state 1 and 2 on the T.g
of the -

diagram is greatly exaggerated for clarity.

-1 CP (3205 psi, 374°C)

Turbine
Output

Figure 6.3: Rankine Cycle, T-s Diagram

2-3 Isobaric Heat Transfer: An isobaric process is a thermodynamic process in
which the pressure remains constant. In this process the volume is allowed to
increase or decrease In such a way so as to neutralize any pressure changes
that would be caused by heat transfer. Water enters the boiler as a compressed
liquid at state 2 and leaves as a superheated vapor at state 3 as shown in figure
6.3. The boiler is basically a large heat exchanger where the heat originating
from combustion gases, is transferred to the water essentially at constant .'

pressure. The boiler together with the section where the steam is superheated
(the superheater) is often called the steam generator.

3-4 Isentropic Expansion: The superheated vapor (steam) at state 3 enters the
turbine, where it expands isentropically. The vapor or steam is expanded in the
turbine, thus doing work which may be converted to electrical energy when an
electric generator is coupled to the turbine shaft. In practice, the expansion is
mem :yla:;o temperature of the cooling medium and by the erosion of the

8 by fluid in the vapor stream as the process moves further into the
two-phase region (vapor and liquid). Exit vapor qualities should be greater than

90%. Th
N © pressure and the temperature of steam drops during this process to
ues at state 4; where the steam enters the condenser.
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4-1 Isobaric Heat Rejection: The vapor-fluid mixture leaving the turbine at 4 as
shown in the T-s diagram of figure 6.3 is condensed at low pressure, usually in a
condenser, which is basically a large heat exchanger with circulating cooling
water taken from a source such as a lake or a river. Steam is condensed at
constant pressure by rejecting heat to the cooling water. In well designed and
maintained condensers, the pressure of the vapor is well below atmospheric
pressure, approaching the saturation pressure of the operating fluid at the
cooling water temperature. The pressure of the condensate is raised in the feed

pump. Because of the low specific volume of liquid fluids, the pump work is
relatively small and often neglected in thermodynamic calculations.

The components of the Rankine cycle; pump, boiler, turbine and
condenser are steady-flow devices. All four processes of the Rankine cycle can
therefore be analyzed as steady-flow process. Values of heat and work can be
determined by applying the first law of thermodynamics to each step. When it

comes to the design of a power plant, the first law of thermodynamics will be
much more useful if we can express it as:

AH=0+W 6.3

In equation 6.3, AH is the change in internal energy of the system or
enthalpy, Q is the heat transferred into/out of the system and W is the work done
by/on the system. This reformulation of the first law of thermodynamics tells us
that when we define a system the energy of the system will remain constant
unless there is heat added or taken away from the system, or some work is done.
According to the law of thermodynamics, the steady flow equations of the

Process for per unit mass are:;

Pump(Q=0). W, =(H,-H,)

Boiler (w = 0): O, =(H,—H,)~(H,-H,) because H; = H,
Tutbine (@ =0): W, =(#H,-H,)

Condenser (w = 0): Q,..=(H,-H,)
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Or @, -CQ.)+W, -W,,)=2H,-H)

6.4
Or (Qin - Qnul) + (I/Vr'u - an ul) = AH

W represents the work done and Q represents the heat value, then the efficiency
of cycle, according to laws of thermodynamics is defined as:
)

W:Ief 6.5
Qin

77:

_—(H,—H))+(H, -H))

T
! (Hs—Hz)

Since (H, - H,) is neglected, then:

enthalpy for isentropin compression is then given by:

dQ=dH —Vip=0

Therefore: gy = Vdp

2
1 1

Or prunu(in)z(Hz -'H]) =V(P2 ‘pl) 6.7
for a Particular pressyre and temperature can be obtained
p

. ¥ chart (Molligr diagram) o from steam tables given in
Appendix B or from standar

The enthaipy
from the heat-entrg
d steam tables given in 'most books on engineering
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thermodynamics. However, in real plants each stage of the Rankine cycle is
associated with irreversible processes, thus reducing the overall efficiency. The
actual vapor power cycle differs from the ideal Rankine cycle as a result of

ireversibilites in various components. The situation is illustrated in figure 6.4.

T] IDEAL CYCLE Tt

Pressure drop in

Pressure drop
in the pump

Ireversibility in
the turbine

L]
2
[}

X

p4
Pressure drop in }\

the condenser .

(a) | (b)

Figure 6.4: Deviation from Ideal Rankine Cycle

Fluid friction and heat loss to the surroundings are the two common
sources of irreversibilites. The major source of irreversibility is the heat loss from
the steam to the surrounding as the steam flows through various components in
the thermal power plant. Fluid friction causes pressure drop in the boiler, the
condenser and the piping between various components. Of particular importance
are the irreversibilites occurring within the pump and the turbine. The pressure at
the turbine inlet is somewhat lower than that at the boiler exit due to the pressure

drop in the connecting pipes. As a result of irreversibilities a pump requires a
a turbine produces a smaller work output. Under ideal

greater work input, and
condition the flow through these devices is isentropic. To compenséte for these

er must be pumped to a sufficiently higher pressure than

pressure drops, the wat
the

the ideal cycle. This requires a large pump and larger work input to the pump,
‘situation is shown in figure 6.4(b). Tu/bine and pump irreversibility can be
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W, _ Q= Qo 6.¢

Mo =W (Qu—Qou)s

=

script 'a’ indicates actual values and subscript ‘s’ indicates laentroplo

then:

Where sub
values. If the pump efficiency 1S Np:

o
©

ws _V(p, -p)

—

np=—u-,i W

If nm and np are known, the actual enthalpy after the compression and
expansion steps can be detérmined from the values for the |s@ntropic procesaea.
The turbine inefficiency directly reduces the work produced in the turbine and,
therefore the overall efficiency. The inefficlency of the pump increases the
enthalpy of the liquid leaving the pump and, therefore, reduces the amount of
energy required to evaporate the liquid. However, the energy to drive the pump |8

usually more expensive than the energy to feed the boiler. The result is that the
efficiency of the Rankine cycle is less than that of the ide;xl vapor cycle

Example 6.4: Determine the wo.< done and efficienc
y of the |d . ,

pressure of 25 bars and condenser pressure of 0.15 bars. ® ol Rankine cycle for balle
Given that:

pb =25 bars

pc=0.15 bars
Where p, and ' |

pc are the boiler and conde ‘

figure 6.3. From N36T pressure respectiv '

o steam tables or heat-entropy chart oly. Refer (0
saturated steam at pressure of 25 b » the total entropy of dry :
kJ/kg (assumi ars s 6.254 ki/kg %K :’1

ng dryness fraction of unity). Thus: AG Snthaipy la 2601

H, =2801 kd/kg |

53 =6.254 kJ/kg °K
In case of ideal expamsion, 83=g84
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for pressure 0.16 bars at the 1urtine e

(202340755
Or 4 7.2%4 =0 75%

'ntfan o f revst-artrenry cnan

The enthalpy of steam at the oyl 4 the 1urtine
pressure of 0.16 bare with the help
dotermined as follows

B e condenser u

A stenrm taties o ram»mmw/ et s
Hywh, 4 x4h,,

The values of hy and hy, are obiained from standsre

0.15 bars et the condenser

Therefore:  /f, =226 +O.T582373.2) = Un24.55 kg

From steam tables, the onthalpy of water comversion from stearn in the

condenser at the pump or boller input is 226 kg for pressure of 0.15 bars
Therefore:

slearn tables for pressure of

H, =226 kJ/kg

Therefore the heat input from the boiler to the turbine input is:
OmH, ~H, =2801-226=2575 37

The work done Is the output of the turbine, which is:
Pw=H,y~H, =2801-202438 = 776.12 kg

The efficiency of the Rankine system Is therefore:

net 100="7012 . 30 14%,

Q 2575

It must be noted that Rankine cycle has a low efficiency. The efficiency of
even the ideal Rankine cycle, with an isentropic turbine and pump drops below
the efficlency of the Carnot cycle. The followings are the main factors, which
lends 1o reduce the overall efficiency of the thermal plant.

1. Steam exists as o utyrzlod midure in the condenser at the saturation
lemperature corresponding 10 the pressure inside the condenser. The feed water
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is always a sub-cooled liquid and the effluent is sometimes a saturateé vapot, but
more often it is a superheated vapor. Therefore, lowering the operating pressure
of the condenser automatically lower the temperature of the steam, and thus the
temperature at which heat is rejected. The effect of lowering the condenser
pressure on the Rankine cycle efficiency is illustrated in figure 6.5.

Increase in Wnet

Figure 6.5: Effect of Lowering Condenser Pressure

However, the disadvantage of lowering the condenser pressure

is
increase in the moisture content of the steam at the final stages of the turbi

ne

working fluid in a reversible Mmanneg. Even the most sophisticated boilers

transform only 40% of the fuel energy into useable steam energy. There are two
main reasons for this wastege: firstly, the combustion gas temperatures are
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petween 1000°C and 2000°C, which is considerably higher than the highest

vapor temperatures and the transfer of heat across a
dfflerence, increases the entropy. Secondly, combustion
feasible temperatures is highly imeversible. The ave
heat is added to the steam can be
pressure by superheating the steam
gesirable effect as can be seen in

large temperature
(oxidation) at technically

rage temperature at which
increased without increasing the boiler

Figure 6.6: Rankine Cycle with Vapor Superheating

As mentioned earlier, the temperature to which steam

can be superheated is,
however, aiso limited by the metallurgical consideration.

3. The average temperature during the heat addition process is to increase the
INg pressure of the boiier, which automatically raises the temperature at

Wwhich boiling take place. This in tum rdises the average temperature at which

k .
T':t  added to the steam and thus raises the thermal efficiency of the cycle.

'Sentropic turbine in a Rankine cycle takes in saturated or Superheated vapor
and Sxhausts a high-quality vapor liquid mixture. The quality of the turbine
*Muent is Usually greater than 90%. The condenser in the Rankine cycle
:'wﬁnrs 4 saturated liquid. Since the heat transfer surface in the condenser has

: Value, the condensation will occur at a temperature higher than the

169

Scanned by CamScanner



6. Thermal Power Statjo,
ical Power Genevation (Thermodynamic Process)

temperature of the cooling medium. Again, heat transfer occurs across gz
temperature difference, causing the generation of entropy. Moreover, the
deposition of dirt in condensers during operation with cooling water reduces the
efficiency. The isentropic pump raises the pressure of the saturated liquid feed,
producing a sub-cooled liquid thus completing the cycle.

Example 6.5: Calculate the ideal and actual steam consumption of a steam engine working with

dry steam from the boller in example 6.4 between the given pressures If the engine efficiency is
62%.

The efficiency of the Rankine cycle in example 6.4 between the given pressures
Is calculated to be 30.14%. The efficiency of the steam engine is 62%. The work
done as calculated in example 6.4 is:

=776.12 kJ/kg
The ideal steam consumption is:

0.746x3600
- = o s
77612 3.46 kg per HP hour

The actual steam consumption is:

_346 _
06" 5.58 kg per HP hour

Power output P = 30MW = 30000 kw
Isentropic efficiency n = 88% or 0.88
Refer to figure 6.3. From the themod

the enthaply of the Superheated steg
H, =34106 kJ/kg
From steam tables,

ynamic steam tabiles; at 500°C and 70 bars,
m at the turbine is:

the corresponding value of en

tropy is:
53 =6.799%kJ/kg °K
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For an ideal expansion: s, =s,. Then: s, =Sy + XS Where x4 Is the dryness

fraction (steam quality). Using steam tables:
6.799=0.649+x,(7.502)

From which: x, =0.8197 kd/kg K. The enthalpy of steam after exiting the turbine .
at 0.1 bar is then:

H,=h,+xh,
Using steam tables, we have:

H,=191.8+0.8197x23929= 2153.26 kJ/kg
Ideal change in the enthalpy:

AH'=H; — H, =215326-34106 =—-1257.34 kJ/kg
Actual change in enthalpy is therefore:

AH =nx AH' =0.88x(-1257.34) =-110646 kJ/kg
Also: AH = H; - H, =-110646 kJ/kg
From which: H, =—-110646+34106 = 2304.14 kJ/kg
Using the law of thermodynamics:

Q+W =AH
At the turbine @ = 0, therefore:

W =AH =>P=A—H-: by dividing both sides by time f. Then the work
t

done per unit time Is the power P.
or —-P=mAH |
The negative sign is added to P since this is the output power from the turbine.

Therefore: = —£ = .=30000

= = = 27.11 kg/sec
AH -110646

Example 6.7: A Rankine cycle works between 40 bars and 400°C at the boller exit and 0.035
bars at the condenser. Assuming isentropic expansion, calculste the efficiency.

Refer to figure 6.3, steam is superheated at 400°C and 40 bars at the .
Output of the boiler. The steam enters the turbine system, where it expands thus
doing work and the exit pressure from the turbine at the input of condenser is
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QORR b P the steam tables, at boiler exit temperature and pressure, the

SOtRARY O the wteai
N CIE N WY
Faam Ihasinama tables of superheated steam, the entropy of steam at
A00Cand at 40 baie »
S = & TTIRAG UK (from superheated steam table)
FOr R axpanan: &y =8 Then:
Ny =N RN
At the condenser where the pressure is 0.035 bars, from the steam tables the
QOFRRDONGING \alves or the above expression are substituted to calculate the

ANNess FAcon 1, we have:

o LN aTnade

S AN KR
Therele: M, =&, AL = LIS+ QA TR 24386 = 202366 kJ/kg

AL e pump M at 0088 dars is 111.8 kJ&g. Therefore the heat input O to the
rdine from the doiler axt i

Q=8 -H =32187-1118=31039 kJkg

mmwpdmmsmmm by the expansion of steam
MMMQNWM

P= - H =32187- 200366 =119204 kJ/kg

a784

- The efficancy is therelore:
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High-pressure Reheating
T turbine 5

Low
o
+ Pressure Boiler o,
Reheater 41
é Py = pS =

N
° N\

Figure 6.7: (a) T-s Diagram (b) Schematic Diagram

To preheat the feed-water to its saturation temperature, bleeding vapor
from various positions of the turbine which is then passed through external heat
exchangers (regenerators) is used as shown in figure 6.8.

, Te Ps
~ B —seam Turbine

Ti<T2<T;s ";T4< Ts<Tg
P1<P2<P;<P4<P5<Pg

-

T4 T3

Feedwater Heaters

Figure 6.8: Regenerative Feed-Water Heating System
| .- - 1o
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It is quite common to reheat the vapor after expansion in the high pressure
turbine and expand the reheated vapor in a second, low pressure turbine. The
resulting Irreversibllity reduces the efficiency of the boiler. According to the
Carnot thermodynamic cycle, the highest efficiency is reached if heat transfer
occurs |sothermally. The cold liquid leaving the feed pump is mixed with the
saturated liquid in the boller and/or re-heated to the boiling temperature.

Ideally, the temperature of the bleed steam should be as close as possible
to the temperature of the feed liquid. The average temperature at which the heat
I8 supplied for the cycle with a higher maximum pressure is increased over the
original cycle, so that the efficlency increases. The T-s diagram of the situation is
shown In figure 6.9. The stearn is bled from the turbine system to heat the feed
water. Knowing the bleed steam temperature and pressure the efficiency of the
system can be determined. The high combustion temperature of the fuel is better
utilized If a gas turbine or Brayton engine is used as ‘topping cycle’ in conjunction

with a Rankine cycle, referred to as combined cycle, which is discussed later in
this book. In this case, the hot gas leaving the turbine

is used to provide the
energy Input to the boller.

4
T

: ‘ . R <P
-y k s
lncmaseil?w.:: 9 :

Figure 6.9: T-s Diagram
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In co-generation systems, the energy rejected by the Rankine cycle |s
used for space heating, process steam or other low temperature applications.

gxample 6.8: Calculate the efficiency when a fead water heater is used with the Rankine cycle
system described in example 6.7.

The pressure and temperature of the bleed steam can be determined from
. steam tables: At 40 bars the steam temperature is 250.3°C and at 0.035 bars
pressure the temperature is 26.69°C. Thus the steam bleed temperature for one
feed heater will be the average temperature between the two pressures:
Therefore: '

_ 26.69+250.3
o

This temperature of 138.5°C corresponds to 3.5 bars pressure acording to steam
tables. Refer to the figure 6.9. Thus steam is bled at pressure of 3.5 bars In the
turbine to heat the feedwater to the boiler. Thus from the figure, the path 6-7-3-4-
6 is followed. From example 6.7:

H, =32157 kJ/kg

s

=1385°C

The corresponding entropy of superheated steam at 40 bars pressure Is:
s, =6.773kJ/kg °K. For ideal expansion: s, =s,. Thus:

Sy =S, +X8,

Sy=S; _6.773-1.727
Sk 5212

The enthalpy at 3.5 bars pressure is calculated as:
H,=h, +x,h, =5843+0.968x21473= 266288kJ/kg

or X, = =(0.968

And at 0.035 bars pressure the enthalpy at the pump of boller input, from the
steam tables is:

Hg = H, =h, =5843 kl/kg

The enthalpy of steam Hs after it has expanded in the turbine to the condenser
pressure is calculated as: For ideal expansion: s, =s;. Thus:

Ss =8, +Xs8 5
175

F N

Scanned by CamScanner



6. Thermal Powear Station

Thermodynamic Process)
Electrical Powe! Generalion (

wy=n, 677303919y
Xy o e o 133
or s Ly #

e turbine output is calculated as:

‘ 035 bars prossure at 1}
ey K4 24380 = 2023,66 kJ/KY

H,=h, 4 xhy =11 1.4+ 0.7
At pressure of 0,035 bars, the enthalpy at the pump oF boiler input is:
Hy=H,=h; =] 1.8 kJ/Kg (from steam tables)

Heat input to the boiler is therefore;
Q=H,~H,=32157~ 584,3 = 263 1.4kJ/kg

From figure 6.9, the energy balance equation for heat transfer Is:
yH, +(1~y)H, = H,

or W(2662.88) +(1-y)111.8 = 584.3

From which: y = 0.185. Thus the heat output from the turbine is:
O =(-y)H,-H))

-0, =(1-0.185)(2023.66—111.8) =1558.16 kJ/kg
The power output from the turbine is: ,
| P=Q-Q, =2631.4-155816=107324 kJ/kg
The efficiency is therefore:

P 107324
] - 0
== 26314 - 04078 or 40.78%

There is an improvement of 40.78 — 38.4 = 2.38% by incorporating a single
feedwater heater for which steam is bleed from the turbine at a pressure of 3.5

bars to heat the incoming water to the boiler.

Example 6.9: By how much percent the efficiancy w
i
300°C in example 6.4. ey Increase by superheating the steam at

From steam tables or heat entropy chart, at 25 bars and at 300°C, the enthalpy
of superheated steam is: .

H, =3010 kJ/kg
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Using steam tables or heat-

entropy chart, the entropy at at 25 bars pressure and

at 300°C temperature is:
5y =6.647 kd/kg °K

For ideal expansion: s; = s, therefore:

or x, =475 _6.647-0.755
S i 7.254

=0.8122

The enthalpy at 0.15 bars pressure at the turbine output is calculated as:
H, = hj. + ng,x =226+0.8122x23732=215351 kJd/kg

And at 0.15 bars pressure the enthalpy at the pump of boiler input, from the
steam tables is:

H, =h, =226 kJ/kg

At the pump H; at 0.15 bars is 226 kJ/kg. Therefore the heat input O to the
turbine from the boiler exit is: '
O=H,—H =30104-226=27844 kJ/kg

The power output P of the turbine is the work done by the expansion of steam
from boiler pressure to the condenser pressure:

P=H,-H,=30104-2153.51=2856.89 kJ/kg

The efficiency is therefore:

n=—=———=0.3077 or 30.77%

Thus there is increase of 30.77 — 30.14 = 0.66% when the steam is superheated
to 300°C at the same pressure of 25 bars. The efficiency can be increased by
either superheating at higher pressure at the same temperature of 300°C or
.superheating at higher temperature at the same pressure of 25 bars.

6.3. Thermodynamic Circuits of Thermal Power Plant

There are four main circuits which would give an idea about the working of
different components of a thermal power plant. These are discussed as follows:
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: nty with feedng tne ooilers furmace atn coal for
This circuit ¢eas manty | _ e e

+ ooz and ash and is Showm 0
haadteﬁeuafwsiaarﬁssnragecfwaaﬁ The

s zce and ash pit
» ie cirT coal mill, bumer, fumace
major components of This Grcun 378 " 4 —
"rsmjshedmocrwememﬂzeaMasconveyedaﬂd
coal from the coal yard | h 1o the coal

_ the boder. The cod 8 ,
in the hoppers above 4o 2 coal mill or pulverizers

Figure 6.10: Coal and Ash Circuit

1. mwmw,msmmm@mm
pieces.

2. Attrition: in this lechnigue, coal peces rub aganst each other and metal

3. Crushing: By this technigue, the coal '8 crushed down 10 dust or powder
by makang # ic be grind between meta’ rollers.

The acdvaniage of the bin sysiem inCiuce the ability to gnnd coal at 2
steady raie regardiess of boiler icac and therefore iess capacity pulverizer or mil
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needs to be Installed for a given boiler capacity. Furthermore, in such a system,
the mills can be run steadily at their most efficient rating and occasional mill
outage does not affect coal feed to the furnace. From the pulverized coal bin, the
pulverized or powdered coal is conveyed by primary hot air injectors through coal
pipes to burners of one tier or level at an angle into the furnace to give a swirling
action for powdered coal for proper mixing of coal powder and also the incoming
secondary hot air from forced draught (FD) fans, to give the best combustion.
Primary air that carries the powdered coal from the mill to the furnace is only
about 20% of the total air needed for combustion. Before the coal enters the
furnace, it Is mixed with secondary hot air. Too much secondary air can cool the
mixture and prevent its heating to ignition temperature. The secondary air inlet is
controlled by the speed of the forced draught fans. Generally, the typical air-fuel
ratio of the mixture leaving the pulverizers is about 2:1. However, the air-fuel ratio
is different for different types of coals and do have an impact on the combustion
at the burner. In order to ensure uniform dlstn:lbution of the fuel mixture supplied
by any pulverizer to the burners, all fuel pipes from any particular pulverizer
usually have the same length and same number of bends so as to give the same
head loss between the mill and the individual burners. Division of the flow into
separate pipes is either at the mill exit or at riffle boxes along the pipe. The
pulverized coal is propelled by means of exhausters towards the burners,
incorporated with each individual arrangement of pulverizers and burners. The
individual exhauster is connected to the top of the mill by a pipe, and another
pipe connects the same exhauster to burners on the furnace. The exhauster acts
like a big vacuum cleaner, sucking coal powder out of the mill and then blowing it
through pipes leading to the burners. The fuel mixture is conveyed in pipes to the

burners, with each mill serving several burndrs. Figure 611(a) is a sectioned
rmal power plants. To provide sufficient

view of a typical bumer used in the
combustion temperature in the furnace before spraying powdered coal to catch

fire or ignite, the furnace temperature is brought up by spraying and burning light
oil by means of igniter oil guns. Oil is used in a fine spray, as oil can catch fire

even in ambient temperature.
179
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g0% of the full load value. Different manufactures provide different arrangements
of the burners on the funace walls to give different flame characteristics.

tangential Firing: In this type, the coal feeds into the furnace at the corners of
the furnace. This produces a cyclone effect in the furnace thus ensuring proper
mixing of air and fuel that is essential for efficient and complete combustion. The
combustion air also enters into the furnace tangentially above and below these
burners. Each pulverizer supplies coal to one level so that the firing is always
balanced. In most of the tangential firing systems, the bumers can tilt 30 degrees
up or down which aids in controlling temperature and combustion conditions.
Thes= are called "tangential tilting burners."

Wali Firing: In this type of firing method, the burners are placed on the front wall
or the sidewalls of the furnace. Each set of burners connects to one pulverizer to
maintain balance. The air required for each bumer enters the furnace adjacent to
the burners.

Down-Shot Firing: In this type of fiing method, the burners are placed in such a
way that the flames are pointed downwards. This method is used with coals that
take more time to burn, for example anthracitic coals.
Figure 6.11(b) showg a cut-away view of a typical fumace. Furnace walls
are usually made up of solid\reﬁragtory bricks, containing about 40% aluminum
_ oxide, 55% silica and 5% other oxides as impurities. In some furnaces, insulating
bricks with 85% magnesia, rock wool, diatomaceous earth are used, which
reduces heat losses but raise the refractory temperatures. In large furnaces,
Steel ledges or hangers supportedson steel columns or beams hold brick wall :
sections to provide extra load bearing strength. Fusion temperatures of refractory
materials generally vary between 1450°C and 2000°C. In the furnace shown in
figure 6.11(b), the finely powdered pulverized coal is piped into different burners
Placed in the fumace of the boiler, the arrangement usually used in boilers of

large capatity pawer plants. By circulating fluidized bed where large coal
‘ 181
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Smaller units use
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the furnace and
cOmbustion.
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keeps It floating
moving

from the bottom
coal is spread on &

grate firing where the
combustion air is admitted from below.

s the main fuel. This oil
due to its high content of

perature even
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) below about 50°C
s kept above this tem
g into the furnace the

or all instruments
r working. The 1
ided with
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congeals (becomes solid like wax
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itable for pumping. For sprayin

s maintained at about 100°C. F
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of oil wagons prov

wax (about 5
in storage tanks to make it su

oil temperature at burner tips |

on this oil line, lagging orf heat insu

directly from refinery by means

oil is transported
the refinery at about 80°C.

steam heating colls and is generally loaded at

6.3.2. Air-Gas Circuit

ponents of the heat producing system and thus

Air is one of the main com
lied into the combustion

necessary for combustion. Pre-heated air is Supp
chamber and the flue gases aré exhausted to the atmosphere through air-heater,

economizer, evaporatc’ superheater and dust collectors, which forms the ‘
components of air-gas circuit. Since large amount of coal Is bumt inside the !
furnace of boiler, it requires sufficient quantity of air which is supplied using either

forced draught (FD) or induced draught (ID) fans. The exhaust gases from the
combustion are used to heat the ingoing air through a heat exchanger before
being allowed to escape into the atmosphere. This process is known as
reheating; and is one of the techniques to increase the efficiency of the system
using Rankine cycle. The main practical advantage of reheat system is the
decrease in moisture content in the turbine because most of the heat addition i

the cycle occurs in the vaporization part of the heat addition process. Th on in
the same as the superheaters but their exit temperature is a “t::- o :)’ :::

oressure about 20-25% less than the superheater
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6.3.3. Feedwater-Steam Circuit

The components of this circuit are feed pump, boiler (including sup>er-
heater) and condenser as shown in figure 6.12. This circuit deals with supplying
of steam generated from the boiler to the turbines and to handle the outgoing
steam from the turbine by cooling it to form water in the condenser so that it can
be reused in the boiler as ‘make-up’ water to compensate for any losses due to
gvaporation. Water is fed into the boiler using a feed pump. Water is evaporated
inside the boiler. The vapour is fed to the superheater and the superheated -
steam is supplied to the turbine to generate power.

ALTERNATOR

TURBINE

CONDENSER

FEED PUMP

Figure 6.12: Feed-Water Circuit

6.34. Cooling Water Circuit

This circuit of the thermal power plant deals with handling of the cooling
W, . . K
aler equired in the system and is shown schematically in figure 6.13. Since the
a oo
mount of water required to cool the outgoing steam from the boiler is

Substantial i : -
Stantial, it is either taken from a nearby water source such as a river or lakde_.
109
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Figure 6.13: Cooling Water Circuit
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