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CHAPTER 1 - STEAM POWER PLANT CYCLES

Introduction

The science of thermodynamics covers various concepts and laws describing the conversion of one form of energy to
another, e.g., conversion of heat energy into mechanical energy as in a steam or gas turbine or conversion of chemical
energy into heat energy as observed during the combustion of fuel.

A system in thermodynamics refers to a definite quantity of matter bounded by a specified region (Figure 1.1), where
the transfer and conversion of mass and energy take place. A boundary is a surface that separates the quantity of
matter under investigation from its surroundings. While the region may not be fixed in either shape or volume, the
boundary either may be a physical one, as the walls of a pressure vessel, or it could be an imaginary surface

There are two types of thermodynamic systems: open and closed. /n an open system, mass enters or leaves through
the system boundary (Figure 1.2) as in case of “steam flow through a turbine.” /n the closed system, mass remains
completely within the system boundary throughout the period of thermodynamic study and observation, as in the
event of “expansion or compression of steam in a reciprocating steam engine.” In this system, there is no interchange of
matter between system and surroundings. It is to be noted that in both open and closed systems, heat/work may cross

the system boundary [14]. Heat added
Q
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Figure 1.1 Configuration of a system. Figure 1.2 System Boundary.



« Thermodynamics also deals with the relations between properties of a substance and quantities of “work” and “heat,” which
cause a change of state. Properties of a substance that describe its condition or state are characterized as pressure (P/p),
temperature (T), volume (V/v), etc. These properties are measurable and depend only on the thermodynamic state and thus
do not change over a cycle. From a thermodynamic point of view, the state of a system at any given moment is determined by
the values of its properties at that moment [1,2,5].

* When a system passes through a series of states in a process or series of processes in such a way that the final state of the
system becomes identical to its initial state in all respects and is capable of repeating indefinitely then the system has completed
a cycle [2]. The same principle is also followed in a thermodynamic cycle in which a fluid is returned to its initial state after the
transfer of heat/work across the system boundary irrespective of whether the system is open or closed. However, heat and work
are not zero over a cycle, they are process dependent. If the cyclic process moves clockwise around the loop producing a net
quantity of work from a supply of heat, it represents a heat engine and "work” will be positive. If the cyclic process moves
counterclockwise, during which the net work is done on the system while a net amount of heat is rejected, then it represents a
heat pump, and "work” will be negative [2].

» A reservoiris a source of heat or a heat sink so large that no temperature change takes place when heat is added or subtracted
from it. When heat from a reservoir is transferred to a working fluid circulating within a thermodynamic cycle mechanical power
is produced. Thermodynamic power cycles are the basis of the operation of heat engines, which supply most of the world's
electric power and run almost all motor vehicles. The most common power cycles used for internal combustion engines are the
Otto cycle and the Diesel cycle. The cycle used for gas turbines is called the the Brayton cycle, and the cycle that supports
study of steam turbines is called the Rankine cycle.



A thermodynamic cycle is ideally be made up of any three or more thermodynamic processes as follows:

* L Isothermal (constant temperature) process

* L. Isobaric (constant pressure) process

* lil. Isochoric (constant volume) process

 iv. Adiabatic (no heat is added or removed from the working fluid) process

vi. Isenthalpic (constant enthalpy) process

v. Isentropic or reversible adiabatic (no heat is added or removed from the working fluid and the entropy is constant) process

Table 1.1 shows some examples of thermodynamic cycles. In a simple steam power plant as the fluid circulates it passes through a continuous
series of cyclic mechanical and thermodynamic states. Water enters a steam generator at a certain pressure and temperature and gets converted to
steam, the high-pressure steam then enters a steam turbine and expands to a low pressure while passing through the turbine, the low pressure
steam then gets condensed in a condenser, and the condensed water is recycled back to the boiler at original pressure and temperature (Figure
1.3) [6,7]. The performance of combined heat and power (CHP) generation steam power plants is determined by a term specific steam consumption
(s.s.c.), which is defined as the mass flow of steam required per unit of power output (kg/kWh). The smaller the value of s.s.c., the bigger the plant
size and vice-versa, e.g., for a CHP plant of 30 Mw or lower capacity the value of s.s.c. is more than 4 kg/kWh, while for a utility plant of 250 MW or
higher size the s.s.c. is close to or less than 3 kg/kWh. In utility power plants, however, the heat rate, defined as the energy required to be supplied
to generate unit of power (kcal/kWh), is the best tool to determine the efficiency of the plant [7].

Table 1.1 Example of thermodynamic cycles

Steam
generator

High pressure,
high temperature
stearn_

Cycle/Process Compression Heat addition Expansion Heat rejection
External combustion power cycles:

Carnot 1sentropic isothermal 1sentropic isothermal
Stirling isothermal sochonc isothermal isochoric
Encsson 1sothermal sobaric 1sothermal 1sobaric
Internal combustion power cycles:

Oto (Gasoline/Perol) adiabanc sochone adiabatic isochoric
Diesel adiabanc sobaric adiabatic isochoric
Brayton adiabanc sobaric adiabatic 1sobaric

L

Low pressure

low temperature
Steam steam
turbine -
Water

Condenser

Figure 1.3 Flow diagram of a simple power plant.




LAWS OF THERMODYNAMICS

First law of thermodynamics

In a cyclic process, since the initial and final states are identical, the net quantity of heat delivered to the system is proportional to the net
quantity of work done by the system. When heat and work are mutually convertible, we have the first law of
thermodynamics.Mathematically speaking,

z dQoc Z dW (1.1)  Where; Q=Heat supplied to the system, W=Work done by the system.

From Eq. 1.1 we can see that the first law of thermodynamics is an expression of the principle of conservation of energy. With the help of
this law it is possible to calculate the quantities of heat and work that cross the surroundings of a system when given changes in properties
occur. In a more generalized way the first law may be defined as when a system is taken through a cycle, the net work delivered to the
surroundings is proportional to the net heat taken from the surroundings [2]. As a consequence of the first law, in addition to the pressure,
temperature, and volume, another property exists in thermodynamics, such that any change in its magnitude is equal to the difference
between the heat supplied and the work done during any change of state. This property is known as internal energy, denoted by U, and in
a thermodynamic cycle change in internal energy (AU) is zero. If UL represents the energy of the system at the beginning of a process, U2
its energy on completion of the process, Q the net heat flowing into the system in course of the process, and W the net work done by the
system during the process, then the increase in energy of the steady-state open system having one inlet (subscript 1) and one exit
(subscript 2), according to the first law of thermodynamics is expressed as [1,2,4]

| R 5
Q-W=1U,—U + =(C;— C)) +g(Z,— Z)) (1.2)

Where; Cis velocity of the mass at inlet or exit, Zis elevation at inlet or exit, g is acceleration due to gravity

Neglecting the effects of kinetic and potential energies Eq. 1.2 reduces to

U, — U, =Q— W (1.3)



Equation 1.3 reveals that when a system passes through a cyclic process U2 = U1l and Q=W. Thus, the net heat flowing to the system
equals the net work done bythe system, and as a result it is impossible to construct a machine that would operate in a cycle.
Consequently, the first law may be stated as it is impossible to construct a perpetual motion machine of the first kind [2]. [NOTE: The
perpetual motion machine of the first kind is one, which once set in motion would continue to run for ever.] Equation 1.3 also reveals
that U2U1 depends only on the end states and is independent of the process by which the system is taken from one state to the other.
The entire science of thermodynamics is in conformity with this conclusion. Hence, in a process whose end states change infinitesimally,
the change in the internal energy of the system may be expressed as dU, the change in heat flow as dQ, and the change in net work
done as dW. Accordingly Eq. 1.3 changes to:

dU = dQ — dW (1.4)

In a constant pressure process, as in steam power cycle, dW= pdV, where p is pressure and dV represents the change in volume of the system on
completion of the process, Ea. 1.4 changes to
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Since p is constant, pdV = d(pV), therefore, Eq. 1.5 may be written as
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dQ=d(U +pV) (1.6)



In thermodynamics the quantity (U+pV) occurs frequently, and is identified with a special property called enthalpy H. Therefore,

dQ = dH (1.7)

Following the above expression of enthalpy, the specific enthalpy (enthalpy per unit mass), represented by h in thermodynamics, is expressed in a
state of equilibrium as;

h=u+ pv (1.8)

Where u= Specific internal energy (internal energy per unit mass) and v= Specific volume (volume per unit mass)

Since u and pv are functions of the state of a system only, a change in enthalpy between two states depends only upon the end states, and is
independent of the process. For incompressible fluid or liquid undergoing infinitesimal change in end states the expression in Eq. 1.8 for an
isentropic process changes to

dh = vdp (1.9)

Integrating Eq. 1.9 between state 2 and state 1 it is found that

ha — hy = v(ps — p1) (1.10)



Second law of thermodynamics

While the first law asserts that net work cannot be produced during a cycle without some supply of heat, the second law expresses that
some heat must always be rejected during the course of a cycle. In its simplest form the second law states that “heat cannot, by itself,
flow from lower temperature to a higher temperature.” One of the classical statements of the second law, as given by Kelvin Planck, is "/t
(s impossible to construct a system that will operate in a cycle extract heat from a reservolr, and do an equivalent amount of work on the
surroundings [2]." Another statement of the second law, as set forth by German physicist Rudolf Clausius, is “it is impossible to construct
a system that will operate in a cycle remove heat from a reservoir at one temperature, and absorb an equal quantity of heat by a
reservolr at a higher temperature [2,8]." It is clear from these statements that to have continuous output from a system, it is essential that
there be transfer of heat across the system boundary at inlet and exit. Hence, it may be concluded that, “while the first law states that the
net work can never be greater than the heat supplied, the second law goes further and says that work must always be less." In other
words, all heat input to a system cannot be utilized into work, and a part of this heat must be rejected, thereby involving a term called

system efficiency. 3
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Figure 1.4 A simple cycle.

Suffice it to say that work can be completely and continuously converted to heat, but heat cannot be completely and continuously
converted to work, which means within a cycle heat is not entirely available to do work on a continuous basis. This unavatilable energy,
called anergy, has to be rejected as low-grade heat once the work has been done. The available energy, also known as exergy, on the
other hand, is the work output obtainable from a certain heat input in a cyclic heat engine [5]. Consider a system that receives heat QH
from a high-temperature (TH) heat source, rejects QC to a low-temperature (TC) heat sink, and generates work W while operating in a
cycle (Figure 1.4). Hence, it can be written that;

Qu=Qc+ W (1.11)
where,

or, AE= Available energy (exergy)
W = Qu — Qc UE=Unavailable energy (anergy)

Qr,

AE = Qyq — UE (1.12)



Therefore, the cycle efficiency of the system is defined mathematically as

n= Work done/Heat supplied:

W QH - Q{:
Qu Qu

or

_ Qe
{:gr':'

Since both QH and QC are finite, the value of n must be less than 1, even when all processes involved are ideal and frictionless.

Thus, it could be concluded from the second law that the efficiency of any cycle must be less than 100%.

=1 (1.13)

From this discussion it is evident that “a heat cycle which produces work” comprises (1) a high temperature heat source, (it) a low
temperature heat sink, and (i) a system producing work, e.g., a heat engine. Consequent to this it may be stated that it is
impossible to construct a perpetual motion machine of the second kind. [NOTE: A perpetual motion machine of the second kind is
one, which will produce work continuously, while exchanging heat with only one reservoir] [2].



Concept of entropy

From the first law of thermodynamics it was found that there is a new property called internal energy. Likewise, the second law
contains another new property, which is function of a quantity of heat, that shows the possibility of conversion of heat into work.
This property is a thermodynamic quantity representing the unavailability of a system's thermal energy for conversion into
mechanical work, and is often interpreted as the degree of disorder or randomness in the system. The name of this property was
coined in 1865 by Rudolf Clausius as entropy. Clausius introduced the concept of entropy to facilitate the study of fluids passing
through a reversible process (Section 1.3). Any increase in this new property ‘entropy” lowers the availability of that enerqgy for
doing useful work. In a physical system, entropy provides a measure of the amount of thermal energy that cannot be used to do
work [1,8,9]. From the entropy of a fluid we may assess the degree of orderly or disorderly motion of its molecules. While
condensing steam the degree of order of its molecular motion increases, which in thermodynamics is interpreted as a decrease
in the entropy of the fluid. Likewise, when heat is applied to a fluid, its molecules get more agitated, collisions become more
frequent, and the degree of motion of molecules become more chaotic, resulting in an increase in entropy. Entropy is not a
physical phenomenon that would exist in reality; there is no physical instrument to measure entropy. On the contrary, it is
calculated from the pressure and temperature of a fluid at a particular state. It is a thermodynamic property that determines the
thermal energy that always flows spontaneously from regions of higher temperature to regions of lower temperature in the form
of heat. Like internal enerqgy, the entropy of a system (s a function of its end states only [7]. In a Carnot cycle (Section 1.3) the
total change in entropy (s zero, but when heat flows from a hotter substance to a colder one, the hotter substance loses less
entropy than the colder substance gains thus total entropy increases. In thermodynamics, an increase in entropy is small when
heat is added at high temperature and is greater when heat is added at lower temperature. Hence, in an isolated system the
necessary condition for the equilibrium of a system is that its entropy is at its maximum. Thus, for maximum entropy there is
minimum availability of heat for conversion into work and for minimum entropy there is maximum availability of heat for
conversion into work. Therefore, the second law of thermodynamics may also be stated as “fotal entropy of an isolated physical
system either increases or remains constant: and can never decrease [2]."

Entropy, S, is not defined directly, but rather by an equation giving the change in entropy of the system to the change in heat of the system
or is defined by “the quotient of a quantity of heat divided by its absolute temperature.” For constant temperature, the change in entropy,
AS, is defined by the equation AS=AQ/T, where AQ is the amount of heat absorbed in a thermodynamic process in which the system goes
from one state to another, and T is the absolute temperature at which the process is occurring. Hence, in a process whose end states change
infinitesimally, an “infinitesimal change in entropy is equal to an infinitesimal change in heat addition divided by the temperature at which
the heat is supplied.” Mathematically the above relationship may be expressed as



dSs=dQ/T (1.14)
Integrating Eq. 1.14

[:fQ_,.f’I'=I{H3—H-_} (1.15)

where

S = Entropy of the system

Q =Heat supplied to the system
T = Temperature of the system

2 and 1 stand for final and initial states, respectively.

From Egs. 1.14 and 1.15 we may note that for a adiabatic process dQ=0, dS=0 and for an isothermal process T=T2=T1 and Q=T x (S2- S1).
Combining Eq. 1.7 and Eq. 1.14,

dS=dH/T
0or,

dH = TdS (1.16)
or, pl.‘_‘]' ll]lj[ ITAs%

dh = Tds (1.17)

From this discussion it may be concluded that the science of thermodynamics comprises six properties of a fluid that describe its state: pressure
(P/p), temperature (T), volume (V/v), specific internal energy (u), specific enthalpy (h), and specific entropy (s) [7].



CARNOT CYCLE

The Carnot cycle was invented by Nicholas LeOonard Sadi Carnot in 1824. It is an idealcycle in which heat is taken at a constant
higher temperature and rejected to a constant lower temperature. This cycle laid the foundation for the second law of
thermodynamics and introduced the concept of reversibility. A reversible process is an ideal process, where the process traverses
the same path during forward and backward travel. Both the fluid and its surroundings in a reversible process can be restored to
their original states, and work and heat exchanged in one path is restored in the reverse path. In a reversible process, the entropy of
the system remains unchanged throughout various states of the process. All real processes, however, are irreversible, although the
degree of irreversibility varies among processes. The irreversibility in a process is developed due to mixing, friction, throttling, heat
transfer, etc. One irreversible process in a cycle causes the whole cycle to become irreversible. In an irreversible process, the total
entropy of the system increases as the process continues. In a Carnot cycle a working fluid takes in heat reversibly from a reservoir
(heat source) at a constant higher temperature, T1, expands adiabatically and reversibly to a constant lower temperature, T2, gives
up heat reversibly to a reservoir (heat sink) at T3 (5 T2), and is then compressed reversibly and adiabatically to its original state T4
(5 T1) In P-V (Pressure-Volume) and T-S (Temperature-Entropy) diagrams (Figure 1.5) the cycle is represented by an area bounded
by the following two isothermals and two adiabatic processes:

L. 1-2: Reversible adiabatic expansion =

il. 2-3: Reversible isothermal heat rejection ) M

iil. 3-4: Reversible adiabatic compression |I \1
A\

iv. 4-1: Reversible isothermal heat addition
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1‘\ \ & L
3 o,
H‘H—.__x T2 3 2
T2

State 4 in Figure 1.5 refers to saturated liquid

and state 1 refers to saturated vapor.

Figure 1.5 Carnot cycle.



* From Figure 1.5, it is evident that the changes in entropy during heat addition and heat rejection are equal in magnitude.
Therefore, (s1 — s4) = (52 — 53). Thus:

Heat added to the system

Qi1 =Tis1 —s4)=h — Iy (1.18)
Heat rejected from the system

Q3=Tas2 —s3)=ha— I3 (1.19)
The net work output of the system

Wo= Q41— Q3=Ti(s1 —54) — Tolso —53) =(T7 — Tx)(s2 —53) = (hy —hy) — (h2 — In3)

(1.20)
The efficiency of the Carnot cycle
n. = Work Output/Heat Input = W, /Q4_1,
or,

Ty — T5Ws» — s T, — T T
Lo (- Ble—s) (=) _ T (o)

T1 (51 _5.-;) Tl Tl

ho — h

=1- > (1.22




Equation 1.21 shows that efficiency of the Carnot cycle depends on the temperature of the heat source and heat sink only and is
independent of the type of working fluid. The higher the temperature of the heat source the lower the temperature of the heat sink, e,
the wider the temperature range, the more efficient the cycle. This cycle also establishes that this is the maximum achievable efficiency a
heat engine may attain [9]. In a real cycle, however, cycle efficiency will be always lower than the Carnot cycle efficiency. In practice, T2 can
seldom be reduced below 298-303 K, which corresponds to a condenser pressure of 3.5 kPa. Because the temperature of the sink e.g,
atmosphere, river, ocean ie., the temperature of cooling water below 288 K, is rarely available and the temperature difference between
the condensing steam and the cooling water, required for the heat transfer with a reasonable size of condenser, must be about 1015 K.
The maximum value of T1 is limited to the critical point temperature of 647 K. Thus, the maximum efficiency the Carnot cycle may attain is
about 54%. The Carnot cycle is thermodynamically simple, but it is extremely difficult to realize in practice, because the isothermal heat
rejection must be stopped at state 3, then subsequent adiabatic compression of a very wet vapor needs to be carried out to restore it to
its initial state 4. During compression, the liquid gets separated from the vapor and further compression of the fluid has to work with a
non-homogeneous mixture. As such, none of the practical engines operate on this cycle. Nevertheless, the Carnot cycle is an excellent
yardstick to compare various thermodynamic cycles on a theoretical basis. All practical cycles, nevertheless, differ significantly from the
Carnot cycle.

Example 1.1

Using Figure 15, calculate the efficiency and exhaust steam quality of a steam cycle operating between
4 MPa and 10.13 kPa.

Solution: From the steam table the following values have been found corresponding to steam
pressures 4 MPa and 10.13 kPa:

Steam pressure Fluid temperature K hgkJ/kg hg ki/kg hg ki/kg  s¢ ki/kgK sy kJ/kgK

400 MPa [;=52333 108740 171250 280030 2.7965 6.0685
10.13 kPa I, =31909 19289 239237 258520 06526 8.1466
The cycle efficiency is n. = (T; — T/T;)1"100 = (204 .24 / 523.33) X 100 = 3903 %
Using 51 =52 (Figure 1.5), it is found that at a condenser pressure of 10.13 kPa, dryness fraction at
state 2, exhaust, is

X, = (6.0685 — D.EﬁSEEﬁ};’I{B.'I/—E:-E:- — 0.6526) = 0.723
Enthalpy at exhaust is h, =192.89 + 0.723*2392.31 = 1922.53 kJ/kg




Example 1.2

Consider the Carnot cycle of Figure 1.5 and calculate the heat transfers, net work output, cycle efficiency,
and specific steam consumption (5.5.c), using steam operating between pressures 8 MPa and 9.6 kPa.

Solution: From the steam table the following values have been found corresponding to steam pres-
sures 8 MPa and 96 kPa:

Steam pressure Fluid temperature K hf kl/kg hg kl/kg  hg ki/kg  sp kJ/kgK s, ki/kgK

8.0 MPa T> =568 131627 144180 275807  3.2061 57436
9.6 kPa T, =318 18842  2394.80 258322 06386 8.164/7

Using s; =s; and 53 = 34 (Figure 1.5), it is found that at a condenser pressure of 96 kPa, dryness frac-
tion at states 2 and 3 are as follows:
X2 = (5.7436 — 0.6386) /(8.1647 — 0.6386) = 0.678
and
x3 = (3.2061 — 0.6386)/(8.1647 — 0.6386) = 0.341

Hence, from h = hy + xhg, we find

hy = 188.42 + 0.678 # 2304.80 = 1812.09 kJ /kg
hy = 188.42 + 0.341 % 2394.80 = 1005.05 kl /kg

The net work output is

Wo = (hy — ha) — (h: — hs)
= (2758.07 — 1316.27) — (1812.09 — 1005.05) = 634.76 k_J;’kg

The heat transfer in the boiler is
Qs = hs — hy = 144180 kJ kg
The heat transfer in the condenser is
(h-3=hy — h; = 807.04 kJ/kg
The cycle efficiency is
1. = (Wo/Qs_1) * 100 = (634.76,/1441.80) * 100
= 44.03%

The above value may be verified from Eq. 1.21 as

n. = {(T; — T2)/ T} * 100 = (250/568) X 100
= 44.01%

(Theoretically the above two efficiency values should have been the same. A minor difference
between these values is the result of the approximation taken in the decimal portion while calculating
the former efficiency value)

Since 1 kWh = 3600 kJ, the specific steam consumption is

5.5.C. = 3600/ W, = 3600/634.76 = 5.67 kg /kWh




STIRLING CYCLE

Like the Carnot cycle the Stirling cycle is also a thermodynamic cycle that was invented, developed, and patented before the Carnot cycle in
1816 by Reverend Dr. Robert Stirling [9]. The P-V and T-S diagrams of an ideal Stirling cycle (Figure 1.6) include the following four
thermodynamic processes:

i. 1-2: Reversible isothermal compression

ii. 2-3: Reversible isochoric heat addition 4
iii. 3-4: Reversible isothermal expansion N
iv. 4-1: Reversible isochoric heat rejection 3
Temperature
I
5
The working medium in a Stirling cycle is a E 3T
gaseous matter, such as atir, helium, hydrogen,

etc., instead of water and steam.

Like the Carnot cycle all the processes in an
ideal Stirling cycle are reversible in nature,
hence when the gas is heated the engine
produces work or power and when work is
supplied to the cycle it works as the >
refrigerator or the heat pump. Volume Entropy

T=T,

When the processes in the Stirling cycle are Figure 1.6 Stirling cycle.
reversed they act as cryogenerator and the

cycle is used in the field of cryogenics to

produce extremely low temperatures or to

liquefy gases like helium and hydrogen.



ERICSSON CYCLE

The Ericsson cycle is another ideal thermodynamic cycle named after inventor John Ericsson, who designed and built many unique heat
engines based on various thermodynamic cycles. In the P-V and T-S diagrams (Figure 1.7) the ideal Ericsson cycle is represented by an area
bounded by following two isothermals and two isobaric

processes:

i. 1-2: Reversible isothermal compression
if. 2-3: Reversible isobaric heat addition
iii. 3-4: Reversible isothermal expansion
iv. 4-1: Reversible isobaric heat rejection

The Ericsson cycle does not use the vapor-
compression cycle, since the vapor never
returns back to liquid. Hence, this cycle
does not find practical application in
piston engines. This cycle, however, may
find application in  gas turbines.
Thermodynamically, all three cycles, Le,
Carnot, Stirling, and Ericsson cycles are
identical in nature, since all of them work
between constant temperature at heat
source and constant temperature at heat
sink.

Temperature

T3 =-Ir_¢

Pressure

Volume Entropy
Figure 1.7 Ericsson cycle.

All are theoretically capable of attaining identical efficiency, working between similar hot and cold end temperatures if there are no
losses. However, none of these cycles finds practical application in commercial engines.



RANKINE CYCLE

In a steam power plant supply and rejection of heat is more easily realized at constant pressure than at constant temperature. It
was William John Macquorn Rankine, after whom the Rankine cycle is named, who first calculated the maximum possible work that
could be developed by an engine using dry saturated steam between the pressure limits of the boiler and condenser. The simplest
steam cycle using dry saturated steam as the working fluid has the following basic components (Figure 1.8):

—— % Cooling out

|4——————————— Cooling in

Steam Steam Stetam
a. Steam Generator/Boiler generator turbine
F3
b. Steam Turbine
Water
¢. Condenser
L J
d. Boller Feed Pump N
| o+ | Condenser
NS
Pump
Figure 1.8 Simplest steam cycle.
The Rankine cycle is an ideal thermodynamic cycle involving
Fl

the following processes:

i. Steam generation in boiler at constant pressure
il |sentropic expansion in steam turbine

iii. Condensation in condenser at constant pressure

iv. Pressurizing condensate to botler pressure by isentropic compression

Critical point

T Critical point

1-’

Figure 1.9 Rankine cycle.



Figure 1.9 shows the Rankine cycle in P-V and T-S diagrams. This cycle assumes that all processes are reversible, L.e., all processes
take place without any friction and heat transfers take place across infinitesimal temperature drops The following states/processes
are represented in these diagrams:

o State 1: Condition of saturated vapor at temperature T1 and pressure p1.

o Process 1-2: The vapor then expands through the turbine reversibly and adiabatically (isentropicaly) to temperature at T2 and
pressure at p2.

o The turbine generates power at a magnitude much higher than the power requirey by the boiler feed pump.
o State 2: The exhaust vapor is usually in the two-phase region at temperature T2 and pressure p2.

o Process 2-3: The low pressure wet vapor, at temperature T2 (=T3) and, being a two phase mixture process, at constant pressure
p2 (=p3), is then liquefied in the condenser into saturated water and reaches the state 3, thus minimizing the work required by
the boiler feed pump.

o State 3: Condition of saturated liquid at temperature T3 and pressure p3.

o Process 3-4: The saturated water, at the condenser pressure p3, is then compressed reversibly and adiabatically (isentropically)
by the boiler feed pump to sub-cooled liquid in the steam generator at pressure p4.

o As the fluid is liquid at this stage the pump requires little input energy.
o State 4: Condition of sub-cooled liquid at temperature T4 and pressure p4.

o Process 4-1: The sub-cooled liquid at state 4 is heated at constant pressure p4, in the “economizer” section of the steam
generator, to a saturated liquid at state 5.

o The saturated liquid is further heated in the “boiler or evaporator” section of the steam generator to saturated vapor at constant
temperature and constant pressure (being a two-phase mixture) to its initial state (T1 and p1).



Hence, looking at Figure 1.9 following equations can be derived:

Hear added in the steam generator

Heat rejected to the condenser

Work output of turbine

Work input to feed pump

Thus, net work output

W, = Wr— Wp= “f'_ - .fn'g} - {,f” - jfj]

Q1 =(h1 — hy)
Q2 =(hz — hs)
W :“F'_ _.rfg}

Hp = ”.’4 - h:f._}

Therefore the ethiciency of the Rankine cycle is

1, =

1'1":!: _ ”l"_ - hz} - “l’_l_ - jf:i‘}

Q

n,=1-—

(hy — hy)
(h: — hs)
(h —hy)

(1.23)

(1.24)

(1.25)

(1.26)

(1.28)

Comparing Eq. 1.22 and Eq. 1.28 it may be noted that while working
between identical temperature limits, hl and h2 in both the cycles are the
same, but h4 and h3 in the Carnot cycle are much higher than h4 and h3 in
the Rankine cycle. As a result (hl - h4) and (h2 - h3) in the Carnot cycle are
much smaller than those in the Rankine cycle. Thus, the Rankine cycle offers
a lower ideal thermal efficiency for the conversion of heat into work than
does the Carnot cycle. This conclusion is also evident from Example 1.2 and
Example 1.4.

Example 1.3

Steam at a pressure of 2 MPa has 150K of superheat If this steam expands adiabatically until it
becomes saturated, what will be the pressure and temperature of the final steam?

Solution: Referring to the steam table we get that the saturated temperature of steam at 2 MPa pres-
sure is 485 K. Therefore, the temperature of the superheated steam is 635 K and entropy of this steam is
70019 kl/kg.K.

For adiabatic expansion, since entropy remains unchanged, the corresponding to above entropy,
we find pressure and temperature of dry saturated steam from the steam table as follows:

Pressure: 290 kPa
Temperature: 405 K




Example 1.4

Referring to Figure 19, calculate the net work output, cycle efficiency, and specific steam consumption
(s.s.c) using steam operating between pressures 8 MPa and 9.6 kPa.

Solution: From the steam table the following values have been found, corresponding to steam pres-
sures 8 MPa and 96 kPa:

Steam pressure Fluid temperature K he kJ/kg he ki’kg hg ki/kg s kl/kgK s kI/kgK  vg m>/kg

8 MPa T, =568 131627 144180 275807  3.2061 57436 -
96 kPa T, =318 18842 239480 258322 0.6386 8.1647 0.00101

Using s» =s,, it is found that at a condenser pressure of 9.6 kPa and dryness fraction at state 2 is as
follows:

X3 = (5.7436 — 0.6386)/(8.1647 — 0.6386) = 0.678
Hence, from A = h¢ + xhgg
h, = 188.42 + 0.678 % 2394.80 = 1812.09 kJ /kg
Applying Eq. 19,
(ha — h3) = vi3 * (ps — p3)

= {0.00101 * (81.600 — 0.098) % 10000} s (9.8,/1000)

=8.07 kl/kg
(since 1 kPa= 00102 kg/cm?, 1 MPa =102 kg/cm?, 1 m? = 10000 cm’ and 1000 mkgf = 9.8 kJ).

Therefore,
hs = h; +8.07 =188.42 + 8.07 = 196.49 kl /kg
The heat supplied is
Q) = (2758.07 — 196.49) = 2561.58 kJ /kg
The net work output is

Wo = (hy — h2) — (hs — hs)
= (2758.07 — 1812.09) — 8.07 = 937.91 k) /kg

The cycle efficiency is
n, = (937.91/2561.58) * 100 = 36.61%
The specific steam consumption is

5.5.C. = 3600/ W, = 3600/937.91 = 3.84 kg /kWh




Real rankine cycle

In an ideal Rankine cycle (Figure 1.9) both the compression in the boiler feed pump (process 3-4) and expansion in the turbine (process 1-2) take
place isentropically (reversibly and adiabatically). Hence, the efficiency of the ideal Rankine cycle may be regarded as the highest efficiency
achievable in practice with a straight condensing machine. However, in a real Rankine cycle (Figure 1.10) the efficiency that could be achieved is
less than the efficiency of the ideal Rankine cycle, since none of the compression and expansion processes are isentropic. This is because these

processes on completion are non-reversible causing entropy to increase during compression in boiler feed pump (the isentropic process 3-4s increases

to process 3-4) as well as during expansion in turbine (the isentropic process 1-2s increases to process 1-2), which further results in an increase in
power required by the boiler feed pump and decrease in power generated by the turbine. The irreversibility in a real Rankine cycle is the result of

irreversibility in the following

areas:

I. Friction in bearings, etc.

Ii. Pressure drop in steam and water piping, heat exchangers, bends and valves, etc.
Iii. Friction in turbine blading and pump resulting in increase in entropy in both

Iv. Windage loss in turbine

Further, during the process 1-2, since the vapor is moist it starts condensing and water droplets hit the
turbine blades at high speed, causing erosion and pitting. These water droplets are very harsh,
particularly at the last few stages of a low-pressure turbine. Thus, the efficiency of the turbine starts
reducing gradually. This problem is overcome by superheating the vapor at state 1, which will move to
the right to state 1’ (Figure 1.9) and hence produce less wet vapor after expansion (state 2’). However, by
superheating the heat addition process in the steam generator is no longer isothermal and the average
temperature of heat reception lies somewhere between that corresponding to states 1 and 1, i.e.,
between T1 and T1'.
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Figure 1.10 Real rankine cycle.

In addition to the higher dryness fraction, another advantage of superheating the steam is that the efficiency of the real cycle will also increase,
since the cycle receives heat at higher temperature. Improving cycle efficiency almost always involves making a cycle

more like a Carnot cycle operating between the same high and low temperature limits.

v



Nevertheless, the maximum possible temperature of steam in a thermal power plant is restricted by the strength of the available materials for boiler tubes
or turbine blades. The real superheat cycle is slightly different from the cycle shown in Figure 1.10. Although the liquid leaves the boiler feed pump at
state 4, steam leaves the steam generator, in lieu of a state 1, at state 1’sg (not shown in the figure), and enters the turbine at a different state 1°t (not
shown in the figure). Further, liquid leaving the boiler feed pump must be at a higher pressure (p4) than the steam-generator exit steam pressure (p1°’sg),
which also will have to be higher than the steam pressure at turbine inlet (p1°t) because of friction drops in the heat exchangers, feedwater heaters, pipes
connecting boiler feed pump and steam generator, pipes connecting steam generator and turbine, bends, superheater outlet valves, turbine throttle valves,
etc. [3]. There would also be heat loss from pipes connecting the steam generator and turbine, causing a drop in entropy from state 10’sg to state 1°t.

Example 1.5

Considering the isentropic efficiencies of the expansion process as 0.80 and the compression process as 0.85 calculate the cycle efficiency and specific
steam consumption (s.s.c) of the steam cycle of Example 1.4. If the steam flowing through the turbine is 60 kg/s, find out the power output.

Solution:

Actual expansion work is  Wes = 08*(275807 - 1812.09) = 756.78 klJ/kg
and actual compression work is W, = 8.07/0.85 =949 kl/kg
Therefore, the net work output is W, = 756.78 - 949 = 74729 kl/kg
The enthalpy at state 4 now is  hy =hs+ Wea = 18842 + 9.49 = 19791 kl/kg
And the heat supplied is Q; = (275807 — 197.91) = 2560.16 kl/kg
The actual cycle efficiency is 1, =747.29/2560.16*100 = 29.19%
The specific steam consumption is  ss.c. = 3600/747.29 = 4.82 kg/kWh
The power output is P =60%W, = 60774729 = 44837.4 kl/s
= 448374 kW (since, 1 kW =1 kJ/s)

(Note: The results of Examples 1.2, 14, and 1.5, as presented in the following table, compares the

performance of the Carnot, Ideal Rankine, and Real Rankine cycles of steam operating between 8 MPa
and 96 kPa pressures. It is evident from the table that even though the Carnot cycle provides the high-
est cycle efficiency, its net work output is the least and the specific steam consumption is the highest)

Parameters Carnot cycle Ideal saturated Real saturated
rankine cycle rankine cycle

Heat Added, kl/kg 1441.80 2561.58 2560.16

Cycle Efficiency, % 4401 36.61 29.19

Net Work Output, kl/kg 634.76 937.91 74729

Specific Steamn Consumption, 567 3.84 482

kg/KWh




Reheat rankine cycle

» For large steam power plants it is vital to maximize thermal efficiency and minimize specific steam consumption. Hence, these plants operate
on high-pressure and hightemperature steam cycles. However, the problem encountered by raising the turbine inlet pressure is that the steam
coming out of the turbine (at state 2, Figure 1.10) is very wet. Water droplets accompanying steam impinge turbine blades and damage the
blades severely, impairing the efficiency of the turbine. For all practical purposes it is unwise to allow steam with dryness fraction less than
around 88% to remain in the turbine [7], even though higher-grade low-pressure turbine blade materials may accept a lower dryness fraction.

» Accordingly, with superheating alone, the turbine exhaust dryness fraction will not increase enough to restrict erosion of turbine blades. To
prevent blade erosion and inefficient turbine operation, wet steam is sometimes extracted from the turbine from an intermediate stage and
then passed through reheater, where steam becomes re-superheated and is returned to the next stage in the turbine for further expansion
(Figure 1.11). The fundamental purpose of reheat is not to improve cycle efficiency but to reduce the moisture content of the vapor in the
exhaust of the turbine. Nevertheless, with reheating the thermal efficiency of the cycle increases significantly as compared with non-reheat
cycle.

 In practice steam is extracted from high-pressure (HP) turbine exhaust, circulated to the boiler for re-superheating or reheating, and returned
to the intermediate pressure (IP) or low-pressure (LP) turbine for further work. Exhaust steam from the

» HP turbine is called “cold reheat” steam, while reheated steam coming out of the steam generator is known as “hot reheat” steam.

* Reheating is best suited in high-pressure units since it provides low specific volume of steam, thereby reducing the overall surface area of the
reheater along with a consequent reduction in capital expenditure.

-
« From Figure 1.11, neglecting the work input to the boiler feed pump, the work done in reheat cycle is;
W, = (h3 — hy) + (hs — hg) (1.29)
3
The heat added in the steam generator 5
Q1 = ”.’3 hg) } ”.’5 h-l—) (]30)
Therefore, the efficiency of the Reheat Rankine cycle 1s
2
hy — hy) + (hs — hq
0, = (hy — hy) + (hs — he) (1.31) 4\/
" (hy — hy) + (hs — ha) 6
1
(Note: It should be kept in mind that by increasing the turbine inlet steam tem- \

perature and accordingly the steam pressure the cycle efficiency will always increase.)
Figure 1.11 Reheat rankine cycle.



Example 1.6

Using Figure 1.11, calculate the ideal cycle efficiency and specific steam consumption (s5.c) of a reheat|
cycle operating between pressures 8 MPa and 96 kPa with a superheat temperature and reheat temper-
ature of 773 K and 773 K, respectively. (Assume steam condition after first expansion as dry saturated
and neglect work input to boiler feed pump)

Solution: From the steam table we find h; = h; = 18842 kl/kg (since the given condition is to neglact
the work input to the boiler feed pump.)

hs =3398.80 k) /kg, 55 = 6.7262 kJ /kgK
In order to find the reheat pressure pyo., we refer 1o the steam table 1o find the saturation pressure
corresponding 1o 53 = 54 It is found that
pPs = ps = 0665 MPa,so hy= 2761.2 k] /kg

Further,
hs =3482.0 k) kg and 55 = 7.9545 kJ/kgK
In contrast to Figure 1.11 the expansion from state 5 10 96 kPa, ie, state 6 of this example, is in the
wet region. Hence at the turbine exhaust
he= 25163 k) kg and x5 =0.972
The total heat added to the boiler is
Q1 = Q41 + Qss = (hy — ) + (hs — hy) = (3398.80 — 188.42) + (3482.0 — 2761 2)
= 3931.18 kJ /kg
and the total work output from turbine is
W1 =Wsq + Wse = (1 — hq) + (hs — he) = (3398.80 — 2761.20) +(3482.0 — 7516.3)
=1603.30 kl kg
Therefore, the cycle efficiency is
7, = 1606.30/3931.18 X 100 = 40.86%
The specific steam consumption is

5.5.C. = 3600/1606.3 = 2.24 kg /KWh,
(sincel kWs=1kJ, 1 kWh = 3600 k).
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Figure 1.11 Reheat rankine cycle.



Regenerative rankine cycle

Note from Figure 1.9 that the efficiency of the un-superheated cycle is less than theefficiency of the Carnot cycle, i.e., (T1-T2)/T1, because a certain
portion of the heat supplied to the boiler is transferred to raise the feedwater temperature from T4 to T1 [10]. If this additional heat to the feedwater
could be transferred reversibly from the steam part of the cycle, then the heat supplied to the boiler would be transferred to the feedwater at a
temperature somewhere between T4 and T1. This cycle, where efficiency is raised as explained, is known as the regenerative cycle. In this cycle, a
specified quantity of energy remains circulating within the cycle, and as a result, irreversibility in the process of mixing relatively cold water with hot
steam gets reduced. The purpose of regeneration or “stage bleeding” is to improve cycle efficiency, which in turn minimizes steam consumption and
results in plant efficiency. This is realized by adding regenerative feedheating to the superheat-reheat cycle. Feedheating involves extracting a fraction
of the steam flowing through the turbine from one or more positions along the turbine expansion and using heat in the steam to preheat the water in
feedwater heaters prior to entering the boiler (Figure 1.12) [3,11,12]. Each unit of extracted steam does a certain amount of work in the turbine from
throttle conditions to point of extraction and transfers the remainder of its heat to the feedwater, thus conserving the total heat, instead of losing part of
the heat to the circulating water passing through the main condenser.

Figure 1.13 shows T-s diagram of a multistage feedheating system, which shows that the heat addition to the cycle is reduced from the area bounded by
4°-4-4”-5-1- 1’-2-2°-4’ to the area bounded by 3°-3-4-5-1-1"-2-2’-3’ by adopting regenerative feedheating, i.e., the heat addition to the cycle is
reduced by the area 4’-4-4-3-3’-4°, keeping the output unchanged, thereby reducing the cost of power generation. Figure 1.14 and Figure 1.15 show a

typical triple-extraction three-stage feedheating regenerative cycle [2]. PR
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Figure 1.13 Multistage feedheating system. Figure 1.14 Triple extraction regenerative cycle.
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Figure 1.15 Triple extraction regenerative cycle.

The 1deal cycle efficiency of the above teedheating cycle (see Figure 1.15) 1s

given by

- [1(hy —hs) +(1—y)elhs —he) H(1—y,—yd &by —ha) H(1 —y,— yo— v.) = (hy — hg)
b (hy —hy)

(1.32)



Example 1.7

Calculate the ideal cycle efficiency and specific steam consumption (ss.c) of a regenerative cycle with
triple extractions, as shown in Figure 1.14 and Figure 1.15, with boiler outlet steam pressure and super-
heat stearn temperature are 8 MPa and 773 K, respectively, and condenser pressure 96 kPa. If the steam
flowing through the turbine is 100 kg/s, also find the power output. Determine the heat rate of the tur-
bine, which is defined as “the heat required at the turbine inlet per unit of power generated.” (Assume
the turbine extraction bleed steam pressures such that temperature difference between T, and Tq
(Figure 1.15) is approximately equally divided. Neglect work input to boiler feed pump. Also assume
that on completion of regenerative feedheating, the enthalpies of both the compressed feedwater and
condensed steam are equal to the enthalpies of the saturated liquid corresponding to the respective
extraction bleed steam pressures.)

Solution: From the steam table it is noted that at 8 MPa, the temperature at T, is 568 K and corre-
sponding to 96 kPa, temperature at Ty is 318 K

For approximately equal temperature difference ((568—318)/4 = 62.5K) among (T,—T13), (T13—T;3),
(Tys—T47) and (T,7—Tg), the turbine extraction bleed steam pressures are chosen as 2.8 MPa, 0.8 MPa,
and 0.12 MPa.



In order to facilitate solving this problem the following table has been prepared based on the given
data and assumptions:

Steam Temperature K Inlet/ext. Enthalpy kl/kg Dryness
pressure steam entropy fraction %
Inlet/ext. Saturated kJ/kgK Inlet/ext. steam Sat. steam Sat. water
steam fluid
1 2 3 4 5 6 7 8
sg00MPa 7730 5680 5. =67262 h, = 339880 by = 275550 ho=13171 —
280 MPa  60B0 5030 je=07262 he = hgyy = 308620 280200 fly3 =99048 —
080 MPa 4560 4430 55 =6.7262 hg = hge = 279740 276750 hys=72094 —
012 MPa 3780 3780 s7=67262 h; = hpes = 24672 268340 fi; =43936 x;=090363
960kPa 3180 3180 g =67262 fg=21254 258340 fg = 18850 xx=B80878

This table is also reflects the following:

Column 2 shows temperature at different extraction bleed steam stages and at the exhaust of the turbine
Temperature of saturated liquid is shown in column 3

Isentropic expansion is given in column 4

Enthalpies of vapor at the inlet, extraction bleed steam stages and at the exhaust of the turbine are
given in column 5

Enthalpies of saturated wvapor and liquid at various pressures are presented in columns =6 and 7,
respectively

Dryness fractions of wet vapor at the last extraction bleed steam stage and at the exhaust of the tur-
bine are given in column 8



Let us denote the turbine extraction bleed steam flow quantity to feedheaters per kg of steam sup-
plied to the turbine as y, ¥, and y, and give the extraction steam from each feedwater heater as EX]1,
EX2, and EX3 and the states of condensed steam/drain from each feedwater heater as D1, D2, and D3,
both in decreasing order of pressure.

As per the given conditions and assumptions, we Thave hy=h;,
hpy =hi2=h14= his hpz = h1y = hig = b7, and hp; = he = o = hys.
Using the energy equation for each heater, we get the following relationships:

No. 1 heater
his — hys :}JaX(hEXI —hm):}‘ax(h&i — hys)
Ya = ('hm = h15)/('h5 - h15)

=(990.48 — 72(),94)/(3()86.20 = 720.94)=0.114 kg
No. 2 heater
s = (1 =y,) X hyz =y, X hys + y X (hexo — ho)
his — (1 —y,) X iz = ya X hys + yp X (he — hy7)

v =1 —y,) X (his — hi7)}/(he — hi7)
= {(1 = 0.114) X (720.94 — 439.36)} /(2797.40 — 439.36)

=0.106 kg

No. 3 heater

(1 = ya) X bz — (1 = ya— ys) X ho = yp X hpz + y. X (hy — hp3)
(1= ya) X b7 — (1 =y, — yp,) X e = yp X iz + ye X (h7 — hy)
Ye ={(1 = ya = ) X (17 = ho)}/(h7 — o)
ye={(1 —0.114 — 0.106)
X (439.36 — 188.50)}/(2467.2 — 188.50)
=0.086 kg

Having found the turbine extraction bleed steam flows, it is possible to calculate
the heat and work transfers for the cycle.
Heat added to the boiler is

Qi—13 = hy — hi3 = 3398.80 — 990.48 = 2408.32 k] /kg

Heat rejected in the condenser is

Qgo=(1—yp.—yb— y) * (hg — ho)
= ('1 — 0.114 — 0.106 — 0.0860) * ('2‘125.4() — 188.50)
= 134421 K /ke

Net work output is
W= Q13— Qs =1064.11 k] /kg
Therefore, the cycle efficiency 1s
n, = 1064.11/2408.32 * 100 = 44.18%
The specific steam consumption is
s.5.c. = 3600/1064.11 = 3.38 kg/kWh
The power output is

P=100X W =100* 1064.11 = 106411 kJ /s
= 106411 kW
Neglecting pressure drop in steam pipeline, it may be assumed that “heat required

the turbine inlet” is same as “heat added to the boiler.”
The heat rate of the turbine 13

HR =100 * 2408.32 % 3600/106411 = 8147.61 k] /kWh



