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Chapter 4 Thermodynamics 

4.1 Introduction 

This chapter focuses on the turbine cycle:thermodynamics and heat engines. The objective is to 
provide enough understanding of the turbine cycle to enable an appreciation of the role that it plays in 
overall plant design and perfomwnce. To set the scene, some thermodynamic fundamentals are 
reviewed in the next few sections. Then heat engine cycles are discussed. Sections 4.2 to 4.7 are 
based on [SEA75]. 

4.2 work 

The infinitesimal amount of work done by a system 
(shown in figure 4.1) is: 

dW=fdr 
=PAdr (4.1) 
=P dv 

In figure 4.2, the shaded area represents the work done in 
moving from state a to state b, i.e. 

W,=jPdv 
v* 

(4.2) 

In the MKS system of units: 
Pressure, P I,?4 = newton) 
Volume, V E N/m2 “I’ 
:. Work, W [=I N - m = J (J = joule). 

Figule 4.1 A simple systems for doing 
work 
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4.3 First Law of Thermodynamics 

“The total work is the same in all adiabatic processes behwen any two equilibrium states having the 
same kinetic and potential energies”. We generalize this to include the internal energy. This is just 
conservation of energy: 

dE=dQ-dw 
where E = U + Ek + Ep 

= internal + kinetic + pomaial energk. 
(4.3) 

4.4 &~~APY, h 

Consider a substance undergoing a phase change (state 1 -+ state 2) at constant temperatare. Since 
some change in volume generally occurs, the total change resulting from the energy input is 

jdo/jdU+pJ* (4.4) 

,On a unit mass basis, q=Q/M, u = U/M and v = V/M, v&em h4 = mass. Thus: 

42-81=,%-~1+~*-% 

(assuming that P = constant for this process). 

The combination u + Pv occurs frequently and is called the specific enthalpy, h: 

h=u+Pv. 

(4.5) 

(4.6) 

Exam&: Consider the change in phase from liquid water to water vapour at 100°C. The latent hoat 
of vaporizationis 22.6x10JJ/kg. The vapour pressure at lOO“C is 1 atm = l.O1xlO~/mz and vs = 1.8 
ml/kg and vr = IO-‘/kg. 

Thus the work done (in pushing back the atmosphere to make room for tbe vapour) is: 

w = p(y, - VJ = 1.7~105 J,‘kg 

l’hrxi us-ur = 22.6~10’ - 1.7~10’ J/kg 
= 20.9 x10’ J/kg. 

(4.7) 

Thus 92% of the energy of transformation is used in increasing the internal energy and 8% is used in 
Pv work. 
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4.5 Energy Equation 

The law of conservation of energy states: 
Total energy of an isolated system is constant. 

Consider the case, as shown in figure 4.3, where a mass m is added at I and leaves at 2. The system 
is at steady state. Thus: 

AE=O=~enegyi@w-~energyoutflow 

=;mV:+m,+Q+P,V, + msz, 

+ W - P,V, - m& 

(49 

On a per unit mass basis, where q = Q/m, w = W/m, we find: 

cu2 + 4 +@+gq-($ +Pvl+~vf+gZJ=q-w 

Or 

(4 + +y: + gz.J - (h, + iv;’ + gZ,) = q - w. 

cw 

. 

(4.10) 

Soecial case: flow through a nozzle: q = 0 = w 

vf = v: + 2(h, - h& (4.11) 

Special case: Bernoulli equation: q=o=w 

h, + - ;c + IF, = h, +l+gz,-corutont 
2 

or 

u+Pv+-Iv +gz=cow. 
22 

(4.12) 

If there is no friction, a = constant. In addition, if the fluid is incompressible: 
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Pv+~P+gz=conrtanr 

i.e. 

P + ;pr + pgz = coN7Mt 

(4.13) 

Figure 4.3 Steady flow process [Source: SEA75, figure 3-131 
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4.6 The Cannot Cycle 

The Camot Cycle is illustrated in figure 4.4 and 4.5. This is the basis for all heat cngiae cycles and 
the hrrbine cycle in particular. The segments in the cycle are: 

a-b energy addition, AE = Q, 
b-c shaft work, AE - W, 
cd condensation, AE = -Q, 
d-a pressurization, AE = 2W,. 

The overall efficiency, q is: 

(W = Q, - Q, since there is no net change in energy in a cmnpiete cycle, ie. 
A!Z = 0 = Q - W = net heat addition - net work done i.e. Q = QI - Q, = W) 

Q, is the reject heat. 

(4.14) 

It can be shown that: 

IQA _ T, 
E&i-r, 

(4.15) 

Thus: 

(4.16) 

ffigum 4.4 Schematic flow diagram of a heat 
engine [Source; SEA75, figure 4-q 
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4.7 ElltIOpy 

Since Q, is heat flow h and Q, = heat flow m their signs are o&osite. Thus, fmm equation 4.15: 

T, Qz - = -_ 
T QI 

* J&+%0 
T T2 

(4.17) 

This cm be generalized by splitting a general reversible cycle as in figures 4.6 and 4.7. We split the 
cycle up into many small Camot cycles. The common boundaries cancel. For each small cycle: 

-+!LO AQ, 
? =2 

(4.18) 

(4.19) 

Since the closed integial = 0, dQlr must be ao exact differential and must be a state variabl&, i.e. a 
property of the state of the material, like o, P, T, p, etc. We defme this to be tbe~ entropy, S. Thus: 

pds=o (430) 

So since S is a Property of a system, we can express any equilibrium state in terms of S plus one 
other state variable (T,P or whatever). 

P, 

I 
L , 

Fipm 4.6 Any arbitrary reversible cyclic p-s 
can be approximated by a number of small Carnot 
cycles. [Sowee: SEA75, figure 5-31 

> 
\I i 4-a -,a. 1% Icn 

Figure 4.7 T-v d&ram for the Camot cycle 
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The &mot cycle now becomes as shown in figure 
4.8. 

The T-S diagram gives tbe heat flow directly since: 

Note this is consistent with the previous definition 
ofq: 

e 

I 
1 
I 
I 

h Sl 
s 

Figme 4.8 The temperature-entropy diagram for 
the Camot cycle [SEA75, tigurc 5-41 

(432) 
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4.8 Reactor Power Cycle 

[for the remainder of this chapter, the reference source is RUS79] 

The thexmodynamic power cycle in reactor systems is similar to the Camot cycle. As sketched in 
figure 4.9, the steam generator boils the working fluid (water) isothermally (sort of), the turbine 
expands the fluid automatically and performs shaft work, the condenser extracts the reject heat and 
condenses the fluid, and the water pump returns tbe fluid to the steam generator at pressure. Of 
course, the cycle is not reversible but the principles of the cycle are the same. The typical cycle used 
in power plants is called the Rankine Cycle. The T-s and h-s diagrams for an ideal simple Rankine 
cycle is given in figure 4.10. 

The h-s diagram is useful for calculation 
purposes while the T-s diagram is useful for 
illustration purposes. 

7. 

In the ideal Rankine cycle, saturated steam 
(shown as point I) enters the turbine and 
expands isentropically to position 2,. At point 
2,, the wet steam enters the condenser where 
heat is removed until the fluid is condensed to a L----L--- --------’ 
sat!,-ated liquid at point 3. After leaving the 

% 

condenser, the. fluid is condensed isentmpically Figure 4.9 Schmatic diagram for a rcabtor power 

from pressure P, to the boiler pressure P,. The cycle [Source: RUS79, figure 2.71 

high pressure liquid at point 4, enters the boiler 
where the fluid is vaporized and emerges as steam at point 1. 

The shaded area represents the net work done (W = Q1-Q,), the total area under the cycle curve 
represents the heat addition, Qlr and the unshaded area is the rejected heat, Q,. 

From the h-s diagram it is straightforward to determine (on a unit mass basis): 

Sh#twurkofthenubine= W,-h,-h, 
pump@ work = Wp = h,,-h, 

hcot inpa = Q-2 = h,-h, (4.23) 

q= (4 -U - (hd - h3 wr-w, _ 
QZ 

WQ! 
2 V+ - hJ 

Note: The above expression for q can be -ged to give: 

as expectsd. 



-- 
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rl = (“I - U - (h, - h3, = Qs - Q, 
h, - ‘v QZ 

Turbine performance is frequently given as the turbine heat rate: 

Power cycle performance is improved in practice by 
(1) raising the boiler pressure 
(2) Lowering the exhaust pressure 
(3) using superheat 
(4) using reheat 

(424) 

(435) 

(l), (3) & (4) effectively raise the inlet temperature while (2) effectively lowers the outlet temperahwe 
with attendant effect on the cycle effkiency. 

The condenser pressure is limited by the temperature of available cooling water, size and cost of the 
condenser, and size of the vacuum pumps required to deaerate the condenser. Consequently, the 
practical lower limit in condenser ‘pressure is a few centimetres bf Hg abs. Consequently,,(l), (3) & 
(4) are used in achieve increases in eflkiency. 

Fip~ 4.10 T-s and h-s diagram representations for the ideal Raekin cycles. Note: We are assuming 
fluid velocities are. zero; i.e., the diagram ilb~trates stagnation pmperties. [Source: RUS79, figure 
2.111 
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4.9 Raising Boiler PIlessure 

The effect of increasing the. boiler pressure on Raakine cycle eff~cieacy is readily shown oa the T-s 
diagram (see figure 4.11). Increasing boiler pressure results in aa increase in net work (represented by 
the shaded area) with a corresponding decrease in heat rejected. 

However, for the indirect power cycle, the downside of raising the boiler pressure (and temperature 
since the steam is saturated) is that it forces the primary side temperatam up to provide sufficient AT 
to transfer the heat fmm the primary to secondary side. This higher primary side temperature push the 
fuel closer to its limits aad increases the tendency for the fluid to boil. To coanter this, if necessary, 
the primary side pressure would have to be increased aad pressure vessel walls would have to be 
thicker. In a pressure vessel type reactor, this can be costly or lead to redaced reliability. Ia pressare 
tube reactors, the main drawback is the increased parasitic neutron absorption aad consequent higher 
bumup. 

-. ;.,_ - 

Fipm 4.11 5Tects of iacreasiag boiler pressure on 
the Rankin cycle [Soarce: RUS79, figure 2.131 
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4.10 Supeheat 

Figure 4.12 illustrates the. Rankine cycle with superheat. Sup&eat causes a net increase in 
temperature at which heat is being received with a resulting improvement in cycle eflicioocy. Another 
important factor is that the. amount of moisture in the fluid leaving the turbine is reduced which 
increases turbine efficiency and reduces erosion. However, in order to make use of superheat, one 
mast have a high temperature heat source or reduce boiler pressure. 

t 

Figure 4.12 Raakia cycle with superheat [Source: 
RUS79, tigure 2.141 
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4.11 Reheat 

The effective temperature of heat addition is increased and the moisture content further reduced by 
using reheat in the Raakine cycle. A schematic diagram of the power plant and appropriate 
temperature-entropy diagram is shown in figure 4.13 High pressure, superheated steam is expanded 
in a high-pressure turbine to an intermediate pressure p; and the fluid then rctumed to a second stage 
boiler and superheat and reheated to state 1”. The reheated steam is then expanded in a low-pressure 
turbine to the tinal exhaust pressure P”~. The moisture content of the working fluid is dmsticdly 
reduced by use of reheat and this approach is used in all fossil-fuelled and many nuclear power plauts. 

The approach used to compute the work and effkiency of reheat cycles is the same as used in the 
example problem for the simple Rankine cycle. One calculates the work produced in each turbiuc 
separately and the required pumping work. Heat is added to the fluid at two different stages of the 
cycle and is given by the difference in enthaipy between states 1’ and 4 and states 1” and 2’. 

4 
Boiler Feed &mP 

WP 3 

T 
t 

I “52 
5 -- 

I-x. mr IB)1 

Figure 4.13 Rankin cycle with reheat [Source: RUS79, figure 2.151 
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4.12 Regeneration 

Modifications to the cycle can also be made to reduce cycle irreversibility. One of the principle 
sources is the sensible heat addition required to bring the boiler feedwater up to saturation 
temperature. This is accomplished by using some of the flow through the turbine to heat the 
feedwater. To achieve reversibility, the setup would be as in tigurc 4.14 but this is impractical. A 
practical setup is shown in figure 4.15. Analysis is beyond the scope of this course. 

Fiple 4.15 Single heater regenerative cycle 
[Source: RUS79, figure Z.llt] 

Figure 4.14 Schematic diagram of a power plani 
with ideal regeneration [Source: RUS79, tigure 
2.171 


	Chapter 4  Thermodynamics
	4.1 Introduction
	4.2 Work
	4.3 First Law of Thermodynamics
	4.4 Enthalpy, h
	4.5 Energy Equation
	4.6 The Carnot Cycle
	4.7 Entropy
	4.8 Reactor Power Cycle
	4.9 Raising Boiler Pressure
	4.10 Superheat
	4.11 Reheat
	4.12 Regeneration

	Figures
	4.1 A simple systems for doing work
	4.2 PA diagram
	4.3 Steady flow process
	4.4 Schematic flow diagram of a heat engine
	4.5 The Carnot cycle
	4.6 Any arbitrary reversible cyclic process can be approximated by a number of small Carnot cycles
	4.7 T-v diagram for the Carnot cycle
	4.8 The temperature-entropy diagram for the Carnot cycle
	4.9 Schematic diagram for a reactor power cycle
	4.10 T-s and h-s diagram representations for the ideal Rankin cycles
	4.11 Effects of increasing boiler pressure on the Rankin cycle
	4.12 Rankin cycle with superheat
	4.13 Rankin cycle with reheat
	4.14 Schematic diagram of a power plant with ideal regeneration
	4.15 Single heater regenerative cycle


