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CHAPTER

Analysis of Steam Cycles

3.1 Introduction

Steam power plants work on the basis of some thermodynamic cycle, such as Carnot cycle and Rankine
cycle. Carnot cycle is an ideal and most efficient cycle but is not practically feasible. Coal based power stations
are using Rankine cycle.

A steam power plant continuously converts the chemical energy of the fossile fuels or fissile fuels into
mechanical energy and ultimately into electrical energy. The working substance is water which is some times in
the liquid phase and sometimes in the vapour phase.

Flue gas
|

Furnace 1 )
@ Steam Electric
l Superheater turbine generator
' ' ' Evaporator @
Fuel Ar Q[
T @ River
@ l Economiser g Coglring
R \ Coli?~| I\:\?/tater tower
Exhaust @ Q,
gas to stack
Pum
@ P\w,
Fig.3.1

3.2 Carnot Cycle

This cycle was proposed by Sadi Carnot. Under Carnot cycle the working substance receives heat at
temperature and rejects at another temperature. The cycle consists of two isothermal processes and two reversible
adiabatic processes, as shown in fig 3.2.
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T Boiler
Q
4N
A . A
A Y
Pump | Turbine
3§ ¢ T 2
2 Condenser
s
Fig. 3.2

Process 1-2: Isentropic (reversible adiabatic) expansion.
Process 2-3: Reversible isothermal heat rejection

Process 3-4: Isentropic (reversible adiabatic) compression
Process 4-1: Reversible isothermal heat addition

All the above processes of Carnot cycle are reversible hence the entire cycle is also reversible. The same
can also be represented by a heat engine which operates between two thermal reservoirs maintained at temperature
T, and T, and produces the work W.

T
Tyl -- 4 17 1
Tol-------/--- 3 2
Q,
S$3=Ss, § =8, s
Fig. 3.3 Fig. 3.4

The single line hatched area enclosed by points 1, 2, 3, 4 represents the net heat (Q, — Q,) or net work
(W~ W,) interaction, and the double line or crossed hatched area represents heat rejection, (Q,).

For a substance undergoing a cyclic change, cyclic integral of work is equal to the cyclic integral of heat. Thus,
W, W, = Q, - Q,, and efficiency (n) can be represented by
To(sp —3) 15

— NetWOI’k _WT_WP_O1_02 :1_%:1_ :1__
Heat supplied Q, Q, Q Ti(S1~54) T

Since the area under a process on T-s diagram represents the heat interaction.

3.2.1 Limitations of Carnot Cycle

1. Termination of condensation process is not practically feasible at point 3 from where compression
leads to point 4 on saturation line, i.e., water in saturated condition and needs only latent heat for
conversion into vapour.

2. During compression of the mixture of steam and water in the pump from point 3 to point 4, steam
is getting condensed and vanishes at the end of compression. When steam gets converted into
water, a large difference in specific volume causes cavitation over the impellers. The cavitation
damage the impeller due to which impeller requires frequent replacement.

m Theory with Solved Examples MBDE ERSH www.madeeasypublications.org )
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3. Any pump cannot suck the mixture of water and its vapour at state point 3 and deliver saturated
liquid at state point 4, which is the need of Carnot cycle.

4. If exhaust steam from turbine is completely cooled in condenser, then transfer of heat at constant
temperature (6'-4) and infinite pressure gradient is not possible. Addition of heat at constant
temperature is possible only within the dome. Outside the dome, i.e., either in sub-cooled region
or superheat region this is not possible.

3.3 Rankine Cycle

Sensible heat Saturation temperature
Limitation of Carnot cycle can be overcome by T addition atboiler pressure

complete condensation of vapour up to point 3’ (shown as ';gfjei‘tri‘(t):eat
in figure 3.5) as a large amount of cooling water is supplied & | 4 !
in the condenser. The water thus formed is pumped to point " 6 7
4’ and sent to the boiler for addition of sensible and latent 4
heat to get it converted into steam. The area under 3'-4"-4

is sensible heat addition and area under 4—1 is latent heat 7
b

addition. The cycle thus formed by the process

1-2-3-4"-4-1 becomes Rankine cycle, which is being
used in thermal power plants with modifications to induce

superheaters, regenerator and reheater.

This cycle contains four processes:

3

+ Boiler: Reversible constant pressure heating process of water

RS

» Turbine: Reversible adiabatic expansion of steam.

X3

» Condenser: Reversible constant pressure heat rejection

2

» Pump: Reversible adiabatic compression.

When all these four processes are ideal the cycle is an ideal cycle, called a Rankine cycle.

3.3.1 Calculation of Mean Temperature (T,))

In the Rankine cycle, heat is added reversibly at a constant pressure but at infinite temperatures. If T
is the mean temperature of heat addition, then

Heat added: Gy =h—h, =T (s,- Sy
h, - h,

or Tp=——7
82 - 33

3.3.2 Comparison of Carnot and Rankine Cycles

Efficiency of Carnot cycle, N = 1_£

E
For comparison, let us assume that the entire heat addition in Rankine cycle also takes place at some
imaginary temperature T_, i.e., area b—4'-4-1-a—b = area b—6-7—-a-b. Thus, the equivalent cycle with heat
addition at constant temperature becomes 7-2-3'-6-7, with heat addition at T_ and heat rejection at T,. The
efficiency of this equivalent cycle becomes:

Cwww.madeeasypublications.org MRDE ERSH Theory with Solved Examples m
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Mg = 1—i, where T_< T,

m

Since T, is lower than T, in Rankine cycle, the efficiency of Rankine is lower than the efficiency of Carnot
cyclen, <ng.

NOTE Lower is the condenser pressure, the higher will be the efficiency of the Rankine cycle. Since it

is fixed SO Mg ine = (7T, ONly.
The higher the mean temperature of heat addition, the higher will be the cycle efficiency.

3.3.3 Analysis of Rankine Cycle

For 1 kg of fluid, the steady flow energy equation to each processes:

For boiler, q,=h,-h,
For turbine, wy = h,-h,
For condenser, a, = h,—hy
For pump, Wy = h,— h,

Efficiency of Rankine cycle,

n= Whet _ (h1—hp) —(hy — h3)

a4 hy—hy

The pump work is small compared to the turbine work and is often neglected.
Isentropic Cycle

Network — w g

Work ratio = _ =
Turbine work — wy

Critical temperature and pressure of water are 374°C and 221.2 bar. At all temperature above
the critical, it is impossible to liquefy water vapour by using pressure, no matter how great the
pressure is employed.

Steam Rate

The capacity of a steam plant is often expressed in terms of steam rate or specific steam consumption.
Itis defined as the rate of steam flow (kg/s) required to produce unit shaft output (1 kW).

1 grkws = 360

net net

Steam rate =

kg/kWh

Heat Rate

The cycle efficiency is sometimes expressed alternatively as heat rate which is the rate of heat input
(kJ/s) required to produce unit shaft output (1 kW)

Heat rate: HR. = @=% kd/kWh
nth Wnet

m Theory with Solved Examples MBDE ERSH www.madeeasypublications.org )
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Fig.3.6

Water is first heated sensibly in the economiser in the liquid phase at a certain pressure till it becomes
saturated liquid.

Qeco = hNs — hy T 1
In the evaporator there is phase change or boiling with state 5 o 6
changing by-absorbing the latent heat of vapourization at that pressure. / §
Qevo = he —hs = hyg 4 Qeva
The saturated vapour is further heated at constant pressure in Qe Qs \
the superheater to gaseous phase. 3 3 2 2 s
Fig. 3.7
Qsy = hy = he

As the pressure increases, the latent heat decreases and so the heat absorbed in the evaporator
decreases and the fraction of the total heat absorbed in the superheater increases.

NOTE For steam generators operating above the critical T 1

pressure there is no evaporator or boiling section.

However, there is a transition zone where all the
liquid on being heated suddenly flashes into
vapour.

2s

Rankine cycle with S

supercritical boiler pressure
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leaving the condenser is subcooled by 6.3°C.
The boiler is sized for a mass flow rate of 20 kg/s.
Determine the rate at which heat is added in the
boiler, the power required to operate the pumps,
the net power produced by the cycle and the
thermal efficiency.

[Ans. 59,660 kW, 122 kW, 18,050 kW, 30.3%]

Q.3 The closed feedwater heater of a regenerative

Rankine cycle is to heat 7000 kPa feedwater from
260°C to a saturated liquid. The turbine supplies
bleed steam at 6000 kPa and 325°C to this unit.
This steam is condensed to a saturated liquid
before entering the pump. Calculate the amount
of bleed steam required to heat 1 kg of feedwater
in this unit.

[Ans. 0.0779 kg/s]

Postal Study Package PIPX]
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Q.4 A steam power plant operates on an ideal

regenerative Rankine cycle with two open
feedwater heaters. Steam enters the turbine at
10 MPa and 600°C and exhausts to the
condenser at 5 kPa. Steam is extracted from the
turbine at 0.6 and 0.2 MPa. Water leaves both
feedwater heaters as a saturated liquid. The
mass flow rate of steam through the boiler is
22 kg/s. Show the cycle on a T-s diagram, and
determine
(a) thenet power output of the power plant and
(b) the thermal efficiency of the cycle

[Ans. (a) 30.5 MW, (b) 47.1%]
Note: Use steam table if required.
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