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He, who through vast immensity can pierce,

- See worlds on worlds compose one universe,
Observe how system into system runs,

What other planets circle other suns,

What varied Being peoples every star,

May tell why Heaven has made us as we are.

oooooooooooooooooooooooooooooooooooooooo

Who sees with equal eye, as God of all,

A hero perish, or a sparrow fall,

Atoms or systems into ruin hurled,

And now a bubble burst, and now a world.

- ALEXANDER PoPE
(1688-1744)
An 'Essay on Man
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PREFACE

This book is the outgrowth of lecture notes used in a course on powerplant technology
and engineering and given to a class of semior graduate students over several years.
The author is indebted to many colleagues in the academic and industrial community
who have made many helpful suggestions and supplied much needed material; and to
his own students, whose give and take has helped in the evolution of the lecture notes
into the present manuscript.

A course on powerplants was a popular and integral part of engineering curric-
ulums, especially mechanical engineering, in the 1940s and 1950s. The material cov-
ered then was largely nonanalytical, preferring to concentrate on system and component
description and operation. The course fell out of favor with the tréend toward more
fundamentalism in engineering education that started in the 1960s, and because the
supply of cheap fossil fuels seemed so assurred that development in the field slowed
down comsiderably. | '

With the turnaround in the energy picture in the 1970s, and the need for new
solutions to efficient power-generatidn problems, the course experienced a remarkable
revival with a strong student and graduate engineer demand. That demand, which is
expected to continue for the indefinite future, relied on available books, most of which
lack some of the modern aspects of power generation, concentrate on problems of
energy supply, demand, conservation and economics; or address a wide variety of
topics that are not all relevant to the subject matter.

It has become apparent that a modern up-to-date text is sorely needed. This book
was written with this goal in mind. It attempts to focus on the treatment and synthesis
of electric-generating powerplant technology and engineering, with a balance between
the analytical and technological aspects of powerplant design, systems, and effects.
The old powerplant systems, which were almost exclusively fossil-fired, have given
way to a wide spectrum of systems including improved fossil and nuclear plants and
plants that rely on renewable energy sources for their input. While the author has
certain opinions on the viability of some of these as serious contributors to the large
demands for electric energy in the near and long term, he has attempted to give most
of them more or less equal emphasis, at least for the sake of completeness. The subject
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of energy, in general, generates much discussion, some of it emotional. The author
has attempted to keep editorializing under control, however; but in a few instances,
his opinions surfaced. Some readers may or may not agree with them. i

The book is designed mainly for the use of mechanical, nuclear, and electrical
engineers, but also for other enginecring, energy, and applied-science majors. To
accommodate a variety of backgrounds of readers, the book begins with introductory
material that is necessary for the understanding and amalysis of most powerplant
systems. It then proceeds to cover fossil-fired powerplants of the Rankine, Brayton,
and combined types. This is followed by introductory nuclear material and the current
and most-promising fission-type nuclear powerplants. Fusion powerplants are not cov-
ered except in an introductory manner, since an electric-generating fusion powerplant
is not now, and not expected to be, a reality in a well-defined form for decades to
come. The book then proceeds to cover powerplants that rely upon renewable energy
sources, such as geothermal, solar, wind, ocean temperature difference, and tide and
wave energy. It terminates with presentations of various energy storage systems, most
of which are still under development; and environmental aspects of electric-power
generation, both fossil and nuclear. _

~ Now a word about what this book doés not cover. Probably the most important
is hydroelectric energy, a major topic in its own right that is taught in separate courses
and is adequately covered in many textbooks. Focusing on electric-power generation,
the book does not cover areas of domestic and municipal heating and cooling, which
are also covered elsewhere. It also does not cover the small but well-established electric-
generating systems by internal-combustion engines which are also covered elsewhere.
Power-generation systems from such sources as biomass and solid wastes, while en-
vironmentally helpful, are not expected to ever become major contributors to the
electric-power-supply picture, and are covered with less emphasis than are other types.

Because of the expected variety in readers’ backgrounds, a problem encountered
in the author’s own classes, some of the material in the book may not be necessary
for some readers and may be bypassed by them, or used as a refresher. Also, because
of the wide variety of topics covered, the book has been written with flexibility in
mind, so that readers may change some of the’order of presentation, qr omit some of
the material to suit their interests and purposes without loss of continuity. The book
can be covered in three to five semester hours depending upon background and extent
of coverage. While it is designed primarily as a college textbook with solved examples
within and problems at the end of chapters, a conscious effort has been made to make
it usable by graduate engineers in industry. _ B _

An engineering book that is published these days must face the dilemma of what
system of units to use. Industry, particularly in the United States, still relies largely
on the U. S. Customary System. In addition, many of the established heat-transfer,
fluid-flow, and design correlations for powerplant equipment are based on it. On the
other hand, the trend in the scientific and world communities is toward use of the
5. I. (Le Systtme International d'Unités), adopted in 1960. This book uses both
systems, often together, and trusts that the reader can, or can leam to, convert easily
from one to the other. It is important to keep in mind that mass is mass, force is force,
and weight is a force. The dimensional conversion factor g. used whenever mass and
force appear in the same equation is used throughout. It does not vanish in the S. I.
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system but simply assumes a numerical value of unity. The Appendix contains an
extensive number of conversion tables, the last column of each of which is reserved
for the S. L. system.

The author is indebted to colleagues, too numerous to mention, who made many
suggestions and gave much encouragement, and to his students, who by their probing
questions have helped put proper emphasis where it was most needed. He is also
indebted to many who have contributed to the preparation and typing of the manuscript,
in particular, Mary Jo Biechler, who competently and cheerfully had to beat numerous
deadlines on such a difficult and long manuscript.

The author is also grateful to the College of Engineering, University of Wisconsin,
for the creative and challenging atmosphere in which he has been fortunate to work,
and to his family and friends in both Madison and Alexandria for their love, support,
and patience. It was on the shores of the latter that much of the inspiration for this

work has come.

M. M. El-Wakil






CHAPTER -
ONE
A THERMODYNAMICS REVIEW

1-1 INTRODUCTION

The design, operation, and performance of electric-generating powerplants are largely
dependent upon the science of thermodynamics. It is assumed that the reader is familiar
with the basics of that science. The material in this chapter, then, will not be a
comprehensive treatment of thermodynamics but will instead review some fundamen-
tals and present some aspects that are of particular relevance to power-generation
systems.

The material in this chapter will include parts of both basic and applied ther-
modynamics. The first and second laws will be reviewed as well as processes, property
relations, and cycles. The concepts of reversibility and entropy and the roles they play
in the performance of power-generating cycles will be discussed.

Chapter 2 will be devoted to the analysis of the Rankine cycle, which plays the
major role in power systems today. Other cycles and aspects, such as the Brayton
cycle, heat transfer, and fluid flow in powerplant components, will be presented where
appropriate and applicable throughout the book.

1-2 THE FIRST LAW AND THE OPEN SYSTEM

The first law of thermodynamics is the law of conservation of energy, which states
that energy can neither be created nor destroyed. The energy of a system undergoing
change (process) can be increased or decreased by exchange with the surroundings
and converted from one form to another within that system. This is, therefore, simply
a “bookkeeping” law that declares the exchange and convertibility of energy and sees
to it that all energy is accounted for when a change occurs. The first law does not
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indicate whether conversions of energy from one form to another are or are-not
performed perfectly or whether some forms may be completely converted to others.
Such limitations are left to the second law.

The most general mathematical expression of the first Iaw is that for an open’

system undergoing change in a transient state. A system is a specified region, not
necessarily of constant volume or fixed boundaries, where transfers and conversions
of energy and mass are to be studied. An open system is one where energy and mass
cross the boundaries of that system. An open system in the transient state is one in
which the mass inflow and outflow are not equal or vary with time and in which the
mass within the system changes with time. The transient system will not be covered
here, although an example (a pressurizer in a nuclear pressurized-water reactor) will
be presented in Chap. 10.

We will now discuss the steady-state open system, also called the steady-state
steady-flow (SSSF) system. This is one in which mass and energy flows across the
boundaries do not vary with time and in which the mass within the system remains
constant. The SSSF system, applicable to mechanical energy (i.e., ignoring electrical,
magnetic, chemical, and other effects) is shown schematically in Fig. 1-1. The first-
law equation for that system is.. -

PE, + KE, + IE, + FE, + AQ
= PE, + KE; + IE, + FE, + AW, (1-1a)

where the subscripts 1 and 2 indicate the inlet and exit stations of the open system.
Equation (1-1a) assumes for simplicity that only one inlet and one exit exist, although
the SSSF equation can be written easily enough for multiple inlets, exits, or both. In

Eq. (1-1a)

- PE = potential energy = mz (1-2)
where m is the mass of a quantity of matter or fluid entering and leaving the system
(both equal in SSSF), z is the elevation of stations | or 2 above a common datum, g
is the gravitational acceleration, and g. is a conversion factor numerically equal to
32.2 b, - f/(lb, - s%) or 1.0 kg - m/(N - s?)

Vz
KE = Kkinetic energy = m 2; - (1-3)

~ where V, is the velocity of the mass at 1 or 2.

|4
\
l—-* _ﬁzn
PE, PE,
KE, | KE, :
IE, j IE,  Figure1-1 Schematic of a steady-state steady-flow (SSSF)
FE, ' - AWy FE;  system with one inlet and one outlet.

L T .
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A THERMODYNAMICS REVIEW 3

IE = internal energy = U - (1-4)

Internal energy is a sole function of temperature for perfect gases and a strong function
of temperature and weak function of pressure for nonperfect gases, vapors, and liquids.
It is a measure of the internal (molecular) activit_y and interaction of the fluid.

FE = flow energy = PV = Pmv (1-5)

Flow energy, or flow work, is the work done by the flowing fluid to push the quantity
represented by mass m into, and out of, the system. Mathematically it is equal to the
product of pressure P and volume V.

AQ = net heat added = Q, — |Qx| (1-6)

where Q4 is heat added to (entering) and Q is the heat rejected by (leaving) the
system across its boundaries. It is convenient to consider that heat added is positive
and heat rejected is negative. Mathematically

AQ = mc(T2 — Tv) (1-7)

where ¢, is a specific heat that depends upon the process taking place between 1 and
2. Values for ¢, for various processes are given in Table 1-1.

AW, = net steady-flow mechanical work done by the system
= Wby - |Won| (1-8)

where W,, is the work done by the system and W,, is the work done on the system.
The convention is that the work done by the system is positive and the work done on
the system is negative. Mathematically the steady-flow work is given by

2 -
AWy = -J-n vV dP (1-9)

Equation (1-9) requires a relationship between pressure P and volume V for evaluation.
The most general relationship is given by
PV* = constant (1-10)

where n is called the polytropic exponent and varies from zero to infinity. Its value
for certain processes is given in Table 1-1.

Table 1-1 Values of ¢, and n for various processes

Process Ca n
Constant pressure & 0
Constant temperatures o 1
- c
Adiabatic reversible 0 k= f
Constant volurne ey x
k—-n

Polytropic & 1

| |



Equation (1-1a) may now, be written for mass m entering and leaving the system

as
g2 V%l
mzy— + m— + U1‘+ PlVl + &Q
8¢ ch '
g Vi |
= mzy— + m— + Ug + Psz + AW,{ (l'lb)
8¢ 28, _
"and for a unit mass
V2
z,ig—-+—’l+u|+P;vl + Ag
8c 28,
b4 sz
= 7,7 + + uy + Py + Awye (1-1¢)
8c 28::

where the lowercase symbols represent specific values of the uppercase ones, i.¢., per
unit mass. Thus ¥ = specific internal energy = U/m, v = specific volume = V/m,
etc. S e

Table 1-2 Some common thermodynamic symbols

¢, = specific heat at constant pressure, Btu/(lb, « °F) or J(kg - K)
¢, = specific heat at constant volume, Baw/(Ib, - °F) or J(kg * K)
h = specific enthaipy, Bu/lbs or J/kg
H = "wtal enthalpy, B orJ
J = energy conversion factor = 778.16 ft - Ib/Btu or 1.0 N m/J
M = molecular mass, lb,/lb-mol or kg/kg mol
n = polytropic exponent, dimensionless
P = absolute pressure (gauge pressure + barometric pressure), tby/ft%; unit may be Ibyin?, commenly.
written psia; or Pa .
@ = heat transferred to or from system, Bt or J, or Buw/cycle or Jicycle
R = gas constant, lby  f/(Ib,. - °R) or J(kg - K) = RiM"
R = universal gas constant = 1.545.33, Ib, - ft/(Ib:mol - °R) or 8.31434 X 10 Ji(kg-mol - K)
5 = specific entropy, Ba/(lb,, - °R} or J(kg - K)
§ = total entropy, Btu/°R or Jikg
t = temperature, °F or °C
T = temperature on absolute scale, “R or K
u = specific internal energy, Bawlb,, or J’kg
U = total internal energy, B or J
v = specific volume, ft'/Ib, or m’kg
V = total volume, ft’ or m’
W = work done by or on system, lby - ft or J, or Brw/cycle or Jicycie
x = quality of a two-phase mixture = mass of vapor divided by total mass, dimensionless.
k = ratio of specific heats, ¢,/c,, dimensionless
7 = efficiency, as dimensionless fraction or percent
Subscripts used in vapor tables
f refers to saturated liquid .
F 4 refers to saturated vapor . .
fe refers to change in property because of change from saturated liquid to saturated vapor

4
4
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A THERMODYNAMICS REVIEW J

The units of all the terms in Eqgs. (1-1a) and (1-1b) are those of energy, such as
Btu, ft - lby, or Joule (7). The units in Eq. (1-1¢) are Bavlb,,, ft - lbytb,, or J/kg. A
tist of these and other common thermodynamic symbols is given in Table I-2.

The Enthalpy

The sums U + PV and u + Pv appear together very frequently in thermodynamics.
The combination, therefore, has beeni given the name enthalpy (with the stress on the
middle syllable) and the symbols H and h, where k = specific enthalpy = H/m. Thus

H=U+ PV (1-11a)
and h=u+Pv (1-11d)

Equation (1-15) can now be written, using H, as

Vi
mzl§-+m-?l+H1+AQ
g Va
= Mmi,;— + m— + Hz + Ast (l‘ld)
8e 28

and Eq. (1-1¢) can be similarly written using A.
Enthalpies and internal energy are properties of the fluid, which means that each
would have a single value at any given state of the fluid. They are defined as

_ (%
Cy = (aT)v | (1-12)

| oh
and c, = (5‘)p (1-13)

where ¢, and c, are the specific heats at constant pressure and constant volume,
respectively. They have units of Btw/(Ib,, * °R) or J/(kg - K). They are related by

¢, — ¢ =R (1-14)
where R is the gas constant. For ideal gases

du = ¢, dT (1-15a)
and dh = c, dl’ (1-16a)

where ¢, and ¢, are constant and independent of temperature for monatomic gases
such as helium but increase with temperature for diatomic gases such as air and more
so for triatomic gases such as COg, etc. For helium ¢, = 0.753 Btw/(lb,, * °R) =
3.153 kJi(kg - K), ¢, = 1.250 Buw/(iby, - °R) = 5.234 kJ/(kg * K), both independent
of temperature. For air at low temperatures, ¢, = 0.171 Btu/(lb,, - °R) = 0.716 kJ/
(kg - K), ¢, = 0.240 Btw/(lb,, - °R) = 1.005 klitkg - K). For constant specific heats,
or for small changes in temperature, Eqs. (1-15q) and (1-16a) may be written as

Au = ¢, AT (1-15b)




and | Ak = ¢, AT | . (1-165)

Where there is a large increase in temperature -

Au = ﬁ * edT) dT (1-17)

2
and Ah=j; (D dT - (1-18)

Expressions for c,(7) in terms of temperatures for various gases (other than monatomic)
may be found in the literature {4, 51. ¢(T) is found from ¢p(T) by subtracting the gas
constant R for the particular gas, Eq. (1-14). For pure air

(1) = 0.219 + 3.42 X 10757 — 2.93 x 10712 (1-19)
where ¢,(7) is in Btu/(Ib, - °R) and T in °R. c,(7) for pure air is obtained by subtracting
R for air or 53.34/778.16 = 0.0685 Btw/(lb,, - °R) from Eq. (1-19).

It should be added here that the combination U + PV is enthalpy H whether the
system is open or closed (below). In the open system PV is the flow energy. In the
closed system PV is simply the product of pressure times volume.

Equations (1-1a) through (1-1d) are used to solve problems of open systems. In
considering a particular problem, it is often found that some terms drop out, some are
unchanged between stations 1 and 2, or that the change is negligibly smail compared
with those of other terms. Some examples of open systems are
1. A steam generator

Ast =0
PE, — PE, = negligible
KE, — KE, = negligible _
Thus AQ =H, - H, (1-20)
and  Ag=h, - A (1-20b)
2. A gas or steam turbine |
AQ = negligible
PE, — PE, = negligible
KE; - KE, = negligible
thus ' AW, = H, ~ H, (1-21a)
and Awge = hy — by (1-21b)
3. A water (or incompressible fluid) pump '
| AQ = negligible -
e PE"Q"— PE, = 0  (considering immediate inlet and exit)

e R R D e
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KE, — KE, = negligible
- Uz = U;

And, because water is essentially incompressible and little or no
change in temperature or volume. takes place,

V2 = V] =V
Thus AW, = FE, — FE, = V(P, — P;) (1-22q)
and Awg = v(P, — P) (1-22b)

Both shouid be negative.
4. A nozzle
AQ =0
AWge = 0

PE, — PE, = 0 (considering irnmediate inlet and exit)

KE,; = usually negligible compared with KE,

Thus Vo = V2g J(hy — hy) (1-23a)
= V2gJc (T, — T2) ideal gas (1-23d)
= V2gw(P, ~ P;)  incompressible fluid (1-23¢)

5. Throttling _
AQ =0
AW, = 0

PE, — PE, = 0 or negligible

KE, — KE,; = negligible
Thus H, = H, (1-24a)
and by = h, (1-24b)

1-3 THE FIRST LAW AND THE CLOSED SYSTEM

The open system, discussed above, is one in which mass crosses the boundaries. A
closed system, by contrast, is one in which only energy and not mass may cross the
boundaries. A third system of some interest is the isolated system, a special instance
of the closed system. It is one in which neither mass or energy cross the boundaries
but in which energy transformations may take place within the boundaries.

Because mass does mot cross the boundaries in a closed systéem, the potential,




kinetic, and flow energy terms of Eqgs: (1-1a) through (1-1d) drop out and the first-
law equation for the closed system is simplified to

| U + A0 = U, + AW, (1-25a)
or AQ = AU + AW,  -25h)
and Ag = Au + Awys (1-25¢)

In the case of the open system, Egs. (1-1a) through (1-1d), 1 and 2 refer to positions
in space with respect to the system. In the case of the closed system they instead refer
to differences in the time domain, i.e., before and after the process in question has
taken place.

AW, is called the nonflow work. Mathematically it is given by

2
AW, = J'l Pdv (1-26)

which, as does Eq. (1-9), requires a relationship between P and V for evaluation, such
as that given by Eq. (1-10).
Some examples of the closed system are:
1. A closed rigid tank
AW,,; = 0
Thus AQ = U, - U, = AU (1-27

2. An insulated cylinder in which a fluid expands behind a piston (or is compressed
by it)

AQ = 0
Thus AW, = U, - U, = —AU, (1-28)

1-4 THE CYCLE

In order to convert forms of energy, particularly heat, to work on an extended or
continuous basis (our main objective), one needs to operate on a cycle. A process
begins at one state of the working fluid and ends at another, and that is that. A cycle,
on the other hand, is a series of processes that begins and ends at the same state and
thus can repeat indefinitely, or as long as needed. An example is the ideal diesel
cycle,* shown on the P — V and T — s diagrams in Fig. 1-2. It is composed of an

* Rudolf Diesel (1858-1913) was born in Paris of German parents and moved to London in 1870 because
of the Franco-German War. He was educated in Germany, where in 1893 he obtained a patent on the engine
that bears his. name. Originally his idea was to inject coal dust instead of liquid fuel into compressed air
at high enough temperatures for the dust to ignite. He narrowly escaped death when his first attemyt resulted
in the engine’s blowing up at the first injection of fuel. A successful engine was produced after some 4

years of tedious and costly work. Diesel disappeared and presumably drowned while crossing the English
Channel during a storm. '

-
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p T 3
2 3
4
2
4
h Figure 1-2 Pressure-volume and
| temperature-entropy diagrams of
v s an ideal diesel cycle.

ideal and adiabatic (no heat exchanged) compression process 1-2, a constant-pressure
heat addition process 2-3, an ideal and adiabatic expansion process 3-4, and a constant-
volume heat rejection process 4-1, which retumns the cycle back to 1. Because the
beginning and the end of the cycle is 1 (or any other point), a thermodynamic cycle
is a closed system where

ﬁU = Ul - U] = {
and the first law for this, and all other cycles, becomes

AQu = O — Qx| = AW, (for a cycle) (1-29)

1-5 PROPERTY RELATIONSHIPS

Perfect Gases

Property relationships for perfect gases for different processes are given in Table
1-3. A perfect (or ideal) gas is one which, at any state, obeys the equation of state
for perfect gases

PV = T (1-30a)
Pv = RT (1-30b)
pV = nR,T | (1-30¢)

where R = specific gas constant. Different gases have different values of R;
for air R = 53.3 ft - lb, /(Ib, * °R), 286.8 J/(kg - K)

n = number of moles = m/M, where M is the molecular mass of the
gas = 28.97 for air
R, = universal gas constant = RM, the same for all perfect gases
= 1545.33 ft « Ib;/(b - mol - °R) = 8314.34 J/(kg - mol - K)
T = absolute temperature in degrees Rankine or Keivin
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Imperfect Gases
Property relationships for nonperfect gases and vapors are more complex than those

for pe

and tables [4, 5, 6].
A nonperfect gas is one in which the molecules are close enough to exert forces

on each other, as when a perfect gas is highly compressed and/or highly cooled with
respect to its critical conditions. It is often described by modifying Eqs. (1-30a, b,

and c) to the form

rfect gases. Property values for these fluids are facilitated by the use of charts
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Figure 1-3 Generalized compressibility factor chart.

Reduced pressure P,



PV = mZRT _ (1-31)

where Z is a compressibility factor that depends upon P, T, and the gas itself. Z is
given in various compressibility charts. A generalized compressibility chart (see Fig.
1-3) gives Z for all gases as a function of the reduced pressure P, and reduced
temperature T,, where . \ :
P.=— d T, =—

. T,
where P. and T, are the pressure and temperature, respectively, at the thermodynamic
critical point for each gas. Note that at P, = 1 and T, = 1, the critical point for all
fluids, Z = 0.27.

- The critical constants for some fluids of interest are given in Table 1-4.

(1-32)

Example 1-1 Nitrogen is stored in a 10-ft* rigid tank at 1000 psia and 70°F. Find
the mass of nitrogen in the tank and the error if the perfect gas law were used.

SOLUTION For nitrogen, P, = 492.91 psia, T. = 227.16°R, and R = 55.15 ft
* Ib/(lb, * °R). Therefore

po= -0 _y09 1,=02140_,
492.91 227.16
From Fig. 1-3: Z = 0.98. Using Eq. (1-194d)
m = id = (1909 x 144)10 = 50.27 Ib,,

ZRT 0.98 x 5515(70 + 460)

Table 1-4 Constants for some fluids*
. P. T.

_ R, ft - lbs-
Fluid M (1bm * °R) psia bar R K
Air 28.967 53.34 547.43 37,744 557.1 309.50
Ammonia 17.032 90.77 . 1635.67 112,803 238.34 132.41
Carbon dioxide 44,011 35.12 1071.34 73.884 547.56 304.20
Carbon monoxide 28.011 55.19 507.44 34.995 239.24 132.91
Freon-12 120.925 12.78 596.66 4]1.148 693,29 385.16
Helium 4.003 386.33 33.22 2.291 9.34 5.19
Hydrogen 2.016 766.53 188.07 12970  _ 59.83 33.24
Methane 16.043 96.40 67.31 46.418 343.26 190.70
Nitrogen 28.016 55.15 - 492.91 33.993 227.16 126.20
Octane 114.232 13.54 362.11 24.973 1024.92 569.40
Oxygen 32.000 48.29 736.86 50.817 278.60 154.78
Sulfur dioxide 64.066 24.12 1143.34 78.850 775.26 430.70
Water 18.016 85.80 3206.18 221.112 1165.09 647.27

*Data from Ref. 4.
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Using the perfect gas law, m = PV/RT = 49.265 lb,, with an error of about =2
percent.

Vapors

Property values for vapors, such as steam, are more complex than those for nonperfect
gases and are given in the tables in App. A through F and in charts such as the 7-s,
p-v, and h-s (Mollier) diagrams (s is entropy, Sec. 1-8). They include data for the
saturated liquid, the saturated vapor, the difference between these two, and for the
superheated vapor. By the use of the familiar parameter quality x, which is the ratio
of mass of vapor to mass of vapor and liquid in a two-phase mixture, one is able to
obtain the properties of such a mixture. Recall that a two-phase mixture in equilibrium
includes saturated liquid and saturated vapor and that neither can be subcooled or
superheated. Thus the specific enthalpy of a two-phase mixture is given by

k= hy + xhy (1-33)

where hy is the enthalpy of the saturated liquid and Ay, is the difference I;)etwcen‘ the
enthalpy of the saturated vapor, h,, and hs, that is, h,, = h, — hy, all obtained at the
pressure of the system. Similar equations are written for specific volume and entropy

» .
as
v = Vet XV, (1-34)

and | s = s + xS (1-35)

Subcooled Liguids

The subcooled liquid is the least understood. A subcooled liquid is one at a temperature
below the saturation temperture at the given pressure. Examples are water at 70°F and
14.696 psia where the saturation temperature is 212°F, or water at 640°F and 2500
psia where the saturation temperature is 668.11°F. The term compressed liquid is
synonymous with subcooled liquid. If we change our point of view from pressure to
temperature and use the same examples above, we find that water at 70°F, if saturated,
would have a pressure of 0.36292 psia. Because it is at 14.696 psia, it is said to be
compressed. Likewise, water at 600°F has a saturation pressure of 2059.9 psia. Being
at 2500 psia, it is said to be compressed. Hence, subcooled and compressed liquid
have the same meaning. _ -

Property data for the subcooled liquid may be found in tables [6], charts (Fig.
1-4), or by approximation from the saturated temperature steam tables. This works as
follows. Data for a subcooled (or compressed) liquid are obtained as if the liquid were
saturated at its given temperature, and the pressure is ignored. This approximation is
reasonable, provided the actual and saturation pressures are not too far apart, within
a few hundred psia for water, for exampie.
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Figure 14 Enthalpy of subcooled water.

Example 1-2 Find the enthalpj; of water at (1) 70°F and 1 atm and at (2) 640°F -

and 2500 psia.
SOLUTION

1. k = hyat 70°F = 38.052 Buwlb,,
2. h = hyat 640°F = 679.1 Btw/lb,,

The American Society of Mechanical Engineers (ASME) tables for the compressed
liquid give enthalpies of 38.09 and 673.47 Btw/lb,,, respectively. The approxi-
mations have resulted in errors of less than —0.1 percent in condition 1 and less
than + 1 percent in condition 2. Some subcooled water data is included in the
superheat steam table, A-3, Appendix.

1-6 THE SECOND LAW OF THERMODYNAMICS

Whereas the first law:of thermodynamics was one of conservation of energy, declaring
that all forms of energy are convertible to one another, the second law puts a limitation
on the conversion of some forms of energy to others. We are most concerned with
two forms, heat and work. The second law does not negate the equivaience of con-
version of these two, only the extent. Work is the more valuable commodity. It can
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be completely and continuously converted to heat. The opposite is not true. Heat
cannot be completely and continuously converted to work. In other words, heat is not
entirely available to do work on a continuous basis, i.e., in a cycle (though it may
be in a process). -

The portion of heat that cannot thus be converted to work, called unavailable
energy, has to be rejected as low-grade heat after the work has been done. Thus, while
energy is conserved, availability is not. The availability of a system always decreases.
Another way of phrasing the second law is that the thermal efficiency of continuously
converting heat to work, in a heat engine, must be less than 100 percent. The Camot
cycle (Sec. 1-9) represents an ideal heat engine that gives us an upper value of that
efficiency between any two temperature limits.

There are a few historical statements of the second law that convey the above
thoughts. Two are:

I. The Kelvin-Planck statement.* It is impossible to construct a device which will
operate in a cycle and produce no effect other than the raising of a weight and
the exchange of heat with a single reservoir. In this statement “operate in a cycle”
means operate continuously, “raising of a weight” means doing work, and “ex-
change of heat with a single reservoir” means heat is only added, not rejected, and
that there is a thermal cfﬁcnency of 100 percent. Figure 1-5 shows 2 device that
violates the Kelvin-Planck statement.

* This statement is credited to both William Thompson, later Lord Kelvin (1824—1907), and Max Planck
(1858-1947), though each stated it in a somewhat different way. Kelvin, who was knighted for helping
lay the first transatlantic cable, was a professor of physics at Glasgow University, an excellent mathematician,
an inventor, and a designer and was interested in athletics, the arts, and music. He contributed most to
thermodynamics, establishing the thermodynamic temperature scale which is independent of the properties
of matter. He also helped establish the first law on a firm foundation and contributed to the statement of
the second law. Max Karl Emst Ludwig Planck was a German professor who studied in Munich and taught
in the universities of Munich, Kiet, and Berlin. One of his great contributions was in wavelength radiation
and the definition of the “black body."” He postulated the quantum theory and Planck’s constant &, which
has continued to influence physics and related sciences to a degree well beyond its original intent. Planck
had wide interests in fields other than phys:cs including philosophy, religion, and social and political
matters.
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2. The Clausius statement.* It is impossible to construct a device which operates in
a cycle and produces no effect other than the transfer of heat from a cooler to a
hotter body.

These two statements, though they say different things, can be shown to be
equivalent. Figure 1-6 shows a device that operates between a high-temperature res-
ervoir and a low-temperature reservoir. A reservoir is a source of heat or a Heat sink
large enough that it does not undergo a change in temperature when heat is added or
subtracted from it. The device in Fig. 1-6 produces no effect other than the transfer
of heat from the low-temperature reservoir to the high-temperature reservoir; hence,
it produces (or absorbs) zero work. By the first law, with this device as a system, the
heat Q;, received from the low-temperature reservoir is equal to that delivered to the
high-temperature reservoir.

Let us now add to the above a device that does not violate the Kelvin-Planck
statement (Fig. 1-7a). Let us also choose that second device so that it rejects to the
low-temperature reservoir the same Q, as the first device. When we combine both
devices (Fig. 1-7b), the result will be a device that receives Qi — O, from the single
reservoir, the high-temperature one, and produces work W. This violates the Kelvin-
Planck statement. ' - '

* Rudolf Julius Emmanuel Clausius (1822-1888) was a German professor of physics and a mathematical
genius who worked in optics, electricity, and clectrolysis and is credited with founding the kinetic theory
of gases. Clausius efaborated and restated the work of Camot (Sec. 1-9) and thus deduced his famous
principle of the second law. He wrote an exhaustive treatise on the steam engine in which he emphasized
the then new concept of entropy. '
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1-7 THE CONCEPT OF REVERSIBILITY

The concept of reversibility was first introduced in 1824 by Sadi Carnot, who laid the
foundations of the second law and introduced the concept of a cycle. Reversibility
applies to processes. A cycle can be reversible, but only if all its processes are
reversible. One irreversible process in a cycle renders the whole cycle ireversible.

A reversible process, also called an ideal process, is one which can reverse itself
exactly by following the same path it undertook in the first place and thus restore to
the system or the surroundings the same heat and work previously exchanged. For
example, process 1-2 in Fig. 1-2, which was called ideal and is now called reversible,
is so only when it can trace its exact path back from 2.to I and thus give back the
exact work of compression done upon it from 1 to 2.

Needless to say there are no ideal, and hence no reversible, processes in the real
world. Real processes are irreversible, although the degree of irreversibility varies
between processes. There are many sources of irreversibility in nature. For our pur-
poses, four are most important. These are friction, heat transfer, throttling, and mixing.

Friction Mechanical friction is one in which mechanical work is dissipated into a
heating effect, such as in the case of a shaft rotating in a bearing. It is not possible
to add the same heat to the bearing and expect the shaft to rotate. Another example
is the rubbing of one’s hands. Thus friction is the dissipation of energy that otherwise
could have been transformed to useful work.

Fluid friction is similar to mechanical. A fluid expanding behind a piston or through
a turbine undergoes internal friction, resulting in the dissipation of part of its energy
into heating itself at the expense of useful work. The fluid then does less work and




exhausts at a higher temperature (or enthalpy) than it would had this fluid friction not
existed. The more irreversible the process, the more the heating effect and the less
the work.

Heat transfer Heat transfer in any of its forms, conduction, convection, or radiation,
occurs from a higher temperature to a lower temperature. It cannot reverse itself without
the help of an external aid (a heat pump). If it could, it would violate the Clausius-
statement of the second law. '

Heat transfer causes a loss of availability because no work is done between the
high- and low-temperature bodies. It also follows that the larger the temperature
difference between the two bodies, the larger the loss of availability (i.e., the loss of
potential work), and the larger the irreversibility.

All power systems employ heat-transfer processes from a primary source, such
as combustion gases or nuclear-reactor primary coolant, to a working fluid. It is thus
important to reduce the temperature differences across the heat exchanger to the min-
imum practicable to reduce this source of irreversibility, which is a primary cause of
reduction in efficiency of real systems.

Throttling Throttling is an uncontrolled expansion process of a fluid from a high-
pressure (and occasionally high-temperature) region to a low-pressure region. Examples
are leakage from a steam pipe or the flow through a valve. No work is done and heat
transfer across the narrow opening is negligible. The resulting high kinetic energy is
dissipated in fluid friction to restore the enthalpy of the fluid to its original value. In
Eq. (1-1d) all terms drop out except enthaipy, resulting in Eq. (1-24a), which is
repeated here.

Hl = Hz - (1‘240)

A throttling process, therefore, is a form of fluid friction, one in which the enthalpy
is constant. Such a process is also called a Joule-Thompson expansion. Throttling is
irreversible because flow cannot be reversed from the low-pressure region to the high-
pressure region. It results in the loss of availability, i.e., the loss of work that could
have been otherwise obtained if expansion between the two regions occurred ideally
behind a piston or through a turbine. -

It follows that the greater the pressure difference in throttling, the greater the
irreversibility. Throttling should be avoided or minimized in power systems, though
it is necessary in some applications.

Mixing When two or more separate fluids or gases are made to mix or diffuse into
each other, they cannot unmix without external aid. Hence mixing is an irreversible
process that results in the loss of availability of the constituent fluids. Mixing is
unavoidable in many cases, such as when fuels and air are prepared for combustion
or when steam and colder water mix in certain devices, such as open feedwater heaters.
It is not, however, as major a concermn in power systems as fluid friction or heat
transfer.
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External and Internal Irreversibilities In power systems, irreversibilities are some-
rimes classified as external and intemal. _ |

External irreversibilities are those that occur across the boundaries of the system.
The primary source of external irreversibility in power systems is heat transfer, both
at the high-temperature end, the heat source, fmd the low-temp_eranue en'd, the. h.eat
sink. Another source of external irreversibility in power systems IS mechanical friction
in bearings of rotary machines such as turbines, compressors, pumps, and generators
and electrical losses in the latter and in distribution systems.

Insernal irreversibilities are those that occur within the boundaries of the system.
The primary source of internal irreversibility in power systems is fluid friction in rotary
machines such as turbines, compressors, and pumps and in pipes and valves. Other
sources are throttling and mixing.

1.8 THE CONCEPT OF ENTROPY

Entropy, first introduced by Clausius in 1865, is a property, as are pressure, temper-
ature, internal energy, and enthalpy. It is given the symbol S {and sometimes P) and
has the units Btu per degree Rankine (Btu/°R) or the units joule per kelvin (J/K).
Specific entropy § has the units Btw/(lb,, - °R) or J/(kg - K). The physical meaning of
entropy wiil be apparent later. It is convenient to introduce it first as a mathematical
convenience. '

An analog is made with nonflow work

2
AW, = ﬁ P dv (126)

This expression strictly gives the nonflow work for a reversible or ideal process because
it is the only case where there is pressure equilibrium, i.e., when the pressure at the
face of the piston is the same as in the bulk of the fluid, a situation that does not
happen in nature, especially for high-speed machines. Its use, however, is extended
to real processes because the pressure differential is small.

Equation (1-26) shows that the nonflow work is, graphically, the area under the
process when plotted on a P-V diagram (Fig. 1-8a). Because heat, like work, is an

s Figure 1-8 Areas under process
- 1-2 on P-V and T-§ diagrams.

N\




important energy term in energy systems, we ask ourselves: Wouldn't it be convenient:
to have a similar graph where areas represent heat? It is natural to have tcmperature
as one of the ordinates. We invent the second and call it entropy. As AW,,, =fip
dV strictly for a reversible process, then we can write

AQ = j; TdS (reversible procéss- only) ( 1-365.

and the area under process 1-2 on the 7-S diagram equals AQ (Fig. 1-85). As we shall
see, although we can waive the reversibility requirement for Eq. (1-26) with little
error, we cannot do the same for Eq. (1-36), which is true strictly for reversible
processes.

In both Egs. (1-26) and (1-36), if the integral is positive, i.e., we move from left
to right, work is done by and heat is added to the process. In cycles, the net work
and net heat of the cycles are represented by the enclosed areas on the P-V and 7-S
diagrams, provided the cycle is reversible (i.e., all its processes are reversible) in the
case of the T-S diagram.

It also follows that the net work of a cycle, such as the diesel cycle (Fig. 1-2),
is equal to the enclosed area of the cycle.on the P-V diagram. A cycle is a power
cycle, i.e., the net work is positive, if the cycle is clockwise. It is a reversed cycle
or a heat pump if the net work is negative and the cycle is counterclockwise on the
P-V diagram. It also follows from Eq. (1-29) that the enclosed area on the 7-S diagram
is also equal to the net work if the cycle is reversible. The enclosed areas on the
P-V and T-§S diagrams for the same reversible cycle are therefore equal in sign and
magnitude, taking scales and conversion factors into account, of course.

We now examine (1-36) further. A reversible adiabatic process (already mentioned
in the case of the ideal diesel cycle), while not existing in nature, is a most important
process in cycle analysis. For such a process, being adiabatic, AQ = 0, and being
reversible, it obeys Eq. (1-36). Thus, for an adiabatic reversible process,

) ITdS =0 (1-37a)

and because T cannot equal zero, d§ = 0

or S = constant ' (1-37b)
and s = constant (adiabatic reversible process)

Thus an adiabatic reversible process is one of constant entropy, i.e., vertical on the
T-§. diagram, as represented by the expansion line 1-2, (Fig. 1-9a).

All this leads to one physical meaning for entropy: Entropy is the property that
remains constant in an adiabatic reversible process. This is much like temperature
being the property that stays constant in an isothermal process; pressure in a constant-
pressure process, etc. A more important physical meaning will become apparent shortly.

Let us now assume that the expanding fluid is a perfect gas (though we can easily
come to the same conclustons using a vapor or a mixture of liquid and vapor.) Lines
P, and P, (Fig. 1-9a) are constant-pressure lines for a perfect gas on the T-s plane
where P, > P,. Their shape can be ascertained from the perfect-gas relationship
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Figure 1-9 Expansion (g) and
compression (b) of a gas from P,
to P, on the T-§ diagram. 1-2,
adiabatic reversible, 1-2 adi-

5 $  abatic imreversible, 1-2, throt-
@) ()] tling.

s; — &1 = ¢ In (IYT) (Table 1-3). Let us further assume that the gas starts at 1
with T}, 5; (and corresponding P, and v,) and expands adiabatically to pressure P,.
We have already seen that if the process is reversible as well as adiabatic, entropy
remains constant and the process is represented by 1-2,.

The question is: What does the process look like if it were adiabatic but irre-
versible? We have already noted that irreversibility would manifest itself in an increase
in temperature of the gas leaving at P,, point 2, beyond that for the adiabatic reversible
process. Thus T2 > T, On the P; line, which curves upwards, this can only occur
if the entropy at 2 is greater than at 2,. A more irreversible expansion results in greater
self-heating of the gas and the process would be 1-2', etc. In other words:  The greater
the irreversibility, the greater the increase in entropy in an adiabatic process.

If the expansion were to occur in a turbine, the work is obtained from the first
law (which applies equally to reversible and irreversible processes) for the three pro-
cesses as Hy — H,,, H, — H,, and H, — H,, respectively. Because the T, > T, >
T, and dh = ¢, dT for gases, then Hy > H, > H,,. Thus the work produced by the
turbine Wy for three cases is given by

H - Hy,>H = H;>H, — Hx

The adiabatic reversible turbine produces the most work. The greater the irreversibility,
the less the work. ‘ '

The process 1-2, is one of constant temperature and hence, for a gas, constant
enthalpy. This is a throttling process [Eq. (1-11)], where the work AH is zero and ail
energy is dissipated in fluid friction. This is the most irreversible process and the one
with the most increase in entropy (Fig. 1-9a).

The degree of irreversibility is given by an expansion or turbine efficiency called
the polytropic turbine efficiency nr (sometimes called the isentropic or adiabatic turbine
efficiency), which is equal to the ratio of actual work to ideal work and is given by

H 1 = H 2 hl - hz

= = 1-38
M H - Hy B — hy (1-38)




and for constant specific heats

T -—
1= 0 (1-39)

T - T
In the case of compression from P, to P, where P, > P, (Fig. 1-9b), an adiaba-
tic reversible compression follows the constant entropy path 1-2,. In the case of adi-
abatic irreversible compression the gas leaves at a higher temperature T, here be-
cause the fluid absorbs some work input which is dissipated in fluid friction. The
greater the irreversibility, the greater the exit temperature T, > T, > T,, and
the greater the increase in entropy. Again, since dh = ¢, dT for gases, then
Hy > H; > H,, and the work absorbed in compression |W,| increases with irreversibility
or

Hz' "H1>H2_H1>H2,“H1

The degree of irreversibility here is given by a compressor efficiency, cailed the
polytropic compressor efficiency 7, (and sometimes the isentropic or adiabatic com-
pressor efficiency) equal to the ratio of ideal work to actual work (the reverse of that
for expansion) and given by :

Hy — H  hy — b

. = = 1-40
"W —H  h - (140
and for constant specific heats
I, — T,
=== 1-41
=TT (1-41)

We can now state that the change of entropy is a measure of the unavailable energy,
which leads us.to an important physical meaning of entropy, namely that entropy is
a measure of irreversibility, or more generally: Entropy is a measure of disorder.
This is a concept that is used in sciences other than thermodynamics, such as social
sciences that deal with society disorders.

Because the universe is an isolated system it does not exchange energy across its
boundaries; i.e., it is adiabatic. Because it is full of irreversible processes, it follows
that: The entropy of the universe is continually on the increase and the end of the
universe would occur when entropy is at maximum, i.e., when all energy has been
dissipated to a bottom state, when all availability is lost, when all matter is at the
same temperature and no life, as we know it, is possible.

In the case of vapors, when expansion between P, and P, ends in the two-phase
region, shown in Fig. 1-10 on both T-s and A-s (Mollier) charts, the same observation
as for the gases applies except that the exit temperature is the same for the adiabatic
reversible and adiabatic irreversible processes because they are both in the two-phase
region. The exit enthalpy, however, is greater in the case of the irreversible process
hy > hy, and the work is less: Ay — hy < hy — h,,. The degree of irreversibility here
is given by a turbine efficiency, the same as in Eq. (1-38).
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Figure 1-10 Expansion of a vapor from Py to P; on the T-s and Mollier (h-s) diagrams. 1-2, adiabatic
reversible, 1-2 adiabatic irreversible. :

In the case of pumping liquids, a pump efficiency n,, given by the ratio of ideal
work to actual work, is used to obtain the actual work. Using Eq. (1-22a), actual work
s = H V(P - P)

H
W,| = . == - (1-42)
/o P

1-9 THE CARNOT CYCLE

Sadi Carnot* laid the foundations oftthe second law of thermodynamics, introduced
the concepts of reversibility and cycles, and introduced the principle that the temper-
atures of the heat source and heat sink determined the thermal efficiency of a reversible
cycle. He also postulated that because all such cycles must reject heat to the heat sink,
efficiency is never 100 percent [7]. To show this, and to show that the effect of the
working fluid on the thermal efficiency of a reversible cycle is nonexistent, Carnot
invented his famous, though hypothetical (one cannot build a reversible engine), Carnot
cycle.

The Carnot cycle, shown in Fig. 1-11 on the P-V and T-S diagrams, is composed
of four processes: :

* Nicolas Leonard Sadi Carnot (1796~1832), despite his profound and lasting effect on the science of
thermodynamics, was a quiet, unassuming Frenchman who lived during the turbulent Napoleonic years and
had an unspectacular life. One of his mottoes, “Speak little of what you know and not at all of what you
do not know,” reflects something of his demeanor. )
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Figure 1-11 Carnot cycle on the P-V and T-§ diagrams. ap'
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1. 1-2: reversible adiabatic compression
2. 2-3: reversible constant-temperature heat addition
3. 34: reversible adiabatic expansion
4. 4-1: reversible adiabatic heat rejection
The thermal efficiency of the Camot cycle nc can now be easily obtained, noting
that the change in entropy during heat addition and rejection are equal in magnitude.
Thus
Qa = Ty (55 — §3)
Or = T (5) — S4)
or Qal = T (S = S1) = T (S5 ~ $2)
where Ty and T, are the heat source ahd heat sink absolute temperatures, respectively.
Note that the Carnot cycle is both externally and internally reversible. Thus heat transfer
between the heat source and the working fluid occurs, hypothetically, across a zero
temperature difference. Hence Ty, = T,. Similarly T, = T,.
For all power cycles the net work and. the thermal efficiency are defined by .
| AWoee = Qa — | Q4] (1-43)

AW, .. Ex:
and ™= o (1-44) hea
Thus, the thermal efficiency of the Camot cycle 7¢ is given by SoL

- Ty - T,
Ne = % (145)
L

This relationship can also be easily obtained from the net work of the different processeé
using the appropriate relationships in Table 1-1 (Prob. 1-11).
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Bquation (1-45) shows that the thermal efficiency of the Camnot cycle is only a
function of the heat source and heat sink temperatures and is independent of the working
fuid. Indeed this conclusion is true of other reversible cycles (Stirling, Ericsson) that
receive and reject heat at constant temperature.

Because the Carnot cycle is reversible, it produces the maximum work possible
between the given temperature limits Ty and 7; and, hence, a reversible cycle operating
between given temperature limits has the highest possible thermal efficiency of all
cycles operating between these same temperature limits.

The Camnot efficiency, therefore, is to be considered an upper limit, an ideal, a
goal to strive toward when building real cycles, but one that is impossible to exceed
or equal.

Another observation of importance is that the trends predicted by the Carnot cycle
apply to real cycles. Thus real cycles will have higher efficiencies, the higher the
iemperature at which they receive heat and the lower the temperature at which they

reject heat.

Example 1-3 Air expands in a gas turbine from 10 atm and 2000°F to 1 atm.
The exhaust temperature is 1050°F. Assuming a constant specific heat of 0.240
Btw/(lb,, - °F), find the turbine work in Btw1b,, and the turbine adiabatic efficiency.

SOLUTION Wy = By — hy = ¢,(Ty — T,) = 0.24(2000 — 1050)
= 228 Btw/lb,,

Referring to Table 1-3 and Fig. 1-9a

sz P2 k— 1)k TZJ 1 {1.4—1¥%0.4
=== or = |-
T, (Pl) (2000 + 460) (10)

1274.2°R = 814.2°F
_ hl — h2.r _ -!.Tl — TZ:
nT -hl - hz T[ - Tz

2000 — 1050
= J000 —B142 = 001 = 80.1%

Therefore T,

(for constant Cp)

Example 1-4 Find the work of the turbine of Example 1-1 but use variable specific
heats.

SoLuTioN Using Eq. (1-19)

2 2450 ot
Wy = J: ¢, dT = (0.219 + 3.42 X 10°T — 2.93 X 10° T%) dT

1510

0.219T + ~———TI*

_ [ 3.42 x 10°° 2.93 x 107° ]M’
- 2 -— 3 T

1510



3.42 X 1073 293 x 10°°

= 0.219(2460 — 1510) + S —— (460° - 15107) ~ .

(2460° — 1510°)
= 208.05 + 64.49 — 14.54
= 258 Bw/lb,

as compared with Wr = 228 Btw/lb,, when a constant specific heat at low temperature
[0.24 Baw/(lb,, - °R)] was used.

To get the adiabatic efficiency, it is necessary to calculate T, and h,, using average
values of ¢, and k between T, and the unknown T»,. The solution may be obtained by
trial and error, keeping in mind that because both ¢, and ¢, increase with temperature,
and the difference between them is a constant, k = c,/c, decreases with temperature,
Thus one expects that T, would be greater than in Example 1-1. Assuming it to be
950°F, find an average ¢, between 2000 and 950°F using Eg. (1-19)

2460 -
j;uo %Al 48764
= 20T 0.2739 Bav(lb,, - °R)

% = 2000 — 950 1050
_ 53.34
T= 7 - R = 02739 — === = 0.2739 — 0.0685 = 0.2054 Btu/(Ib, - °R)
778.16
- 02739
Theref = 2=y
erefore % 0.2054 1.3335

and Ty =T (%)"m’ = 2460 x 0.5622 = 138%°R = 923°F

4

A second trial and error shows thatc, = 0.2736 and T, = 1382°R = 922°F compared
with 814.2°F for the adiabatic reversible work.
The ideal work is

2460 o
hy — ha = L ¢, dT = 5T, — Tp,) = 295.4 Brlb,,

382
The turbine adiabatic efficiency is

258.0

395.4 0.873 = 87.3%

Compared with 80.1 percent when calculated using ¢, = 0.24 Btw/(lb,, - °R). In the
case of air with products of combustion, as in the case with gas turbines and other
devices, there are available property tables [8] that take into account the temperature,
the fuel-air ratios, and the effects of chemical equilibrium.
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_5 A water pump compresses saturated water at I to 2500 psia. The

Exam le 1 "
’ is 0.70. Find the ideal and actual pump and the water exit

pump efficiency
temperature.
SOLUTION We will use two methods.

1. Assume water to be incompressible so that v = constant = v, at | psia = 0.016136
#3/lb,,, and no temperature rise across the pump,

0.016136(2500 — I)i44

Ideal pump work [W,,| = n(P; — P)) = 27816
= 7.46 Btw/lb,,
AW,. 7.46
Actual pump work |[W,| = —= = = 10.66 Btwlb,,
N, 0.7

2. Use the ASME steam tables [6]
T, = 101.74°F 5, = 0.1326 Btw/lb,,’R A, = 69.73 Btwlb,,

Using the compressed-liquid tables (a portion of which is reproduced in Table
1-5), for the ideal case s,, = 5, = 0.1326. By interpolation T;. = 102.63°F, vy,
= 0.01602 ft¥/ib,, hy; = 77.17 Bu/lb,,. Thus, the temperature rises by 0.89°F
and, in the ideal case, the specific volume decreases by 0.72 percent.

Ideal work |W, | = 77.17 — 69.73 = 7.44 Btwlb,

7.44
Actual work |W,| = 27 = 10.63 Bww/lb,,

The actual temperature and specific volume changes may be obtained by inter-
polation at , = 69.73 + 10.63 = 80.36 Bawlb,, as 105.86°F and 0.01603 ft¥

Ib,,.
It can be seen that the two methods are fairly comparable even for the large

pressure difference chosen for this example. Thus method 1 is sufficiently accurate
for most calculations, with the possible exception of exit water temperature.

Table 1-5 Liquid data used in calculation of example 1-5*

Pressure, Temperature, Specific volume, Enthalpy, Entropy,
psia I ft3/1b,, Btwlb., Btw/(lb. * °R)
1.0 101.74 0.016136 69.73 0.1326
(saturated)
2500 100 0.01601 71.57 0.1280
L10 0.01605 84.45 0.1455

*Data from Ref. 6.



PROBLEMS

1-1 A perfect gas that has a constant specific heat at constant pressure ¢ = 0.26 Ba/lb,, undergoes an
expansion process in a steady-flow machine with a mass flow rate of 100 Ib/h. The machine is water-
cooled. The water mass flow rate is 10 lbh. During the process the gas temperature drops from 200 to
100°F and the water temperature rises from 70 to 100°F. Ignoring changes in potential and kinetic energies
for the gas, calculate the work of the gas in Btus per hour and watts. {¢, for water = 1.0 Btu/(lb,*°R).]

1-2 Air at 140°F and 100 psia is confined in an uninsulated 10-ft* vessel. A propeller is driven inside the
vessel by a 50-W electric motor. After a period of 1 h the air temperature dropped to 100°F. Find the heat
transfer in Btu per hour.

1-3 A gas has a molecular mass of 30 and a specific heat at constant pressure of 0.25 Buw/(lb,°R). It
undergoes a nonflow polytropic compression during which its temperature increases from 100 to 200°F.
The polytropic exponent is 1.3. Calculate the work done and the heat transfer in Btus per pound mass.
1-4 1000 Ib,/h of pure air enters a gas turbine at 2000°F and leaves at 1000°F. Find the work in kilowatts
using variable specific heat for air, and the error if a constant specific heat equal 1o that at low temperatures
is used.

1-5 Calculate the average specific heats for air in Btus per pound mass per degree Rankine between 1000
and 2000°F.

1-6 Steam is confined in a 100-ft’ rigid vessel at 5000 psia and 1000°F. Find its mass in pounds mass using
(a) data from the steam tables and (b) the compressibility chart.

157 A 10-m? rigid tank contains steam at 30 bar and 400°C. It is left to cool down until its pressure drops
to 5 bar. Find (a) the final condition of the steam and (b) the heat transfer, in kilojoules.

1-8 A rigid 10-ft* vessel contains air at 15 psia and 1000°F, Heat is added until the air teraperature reaches
2000°F. Assuming variable specific heats, calculate (a) the heat added, in Btus, and () the final pressure,
pounds force per square inch absolute,

1-9 Steam at 30 bar and 400°C expands behind a piston in an insulated cylinder to 5 bar and 20 ft>. Find
the work done in kilojoules.

1-10 10 1b./h of liquid ammonia at 87°F and 250 psia is throttled into a flash tank to 100 psia. Ammonia
vapor is drawn out at the top of the tank while liquid is discharged at'the bottom. What are the temperature
in degrees Fahrenheit, mass and volume flow rates in pounds mass per hour and cubic feet per hour of the
two streams?

1-11 Derive the expression for the Camot cycle efficiency (Eq. (1-45)) using the appropriate work relation
for gases from Tabie 1-3. )

1-12 An inventor claims to have built an engine that operates on 2 cycle, receives 1000 kJ at 500°C,
produces work, and rejects 350 kJ at S0°C. Is this claim valid? Why?

1-13 The Camot cycle is rectangular on the T-s diagram. Consider another cycle that is rectangular, but
on the P-v diagram. Draw that cycle on both the T-s and P-v diagrams, labeling comers comrespondingly,
and name all its processes. :

1-14 Derive expressions for the efficiency of the cycle in Prob. 1-13 in terms of its high and low temperatures
Tx and T, and coustant specific heats ¢, and c, of a gas working fluid for the cases of equal (a) temperature
rises and (b) heats added at constant volume and pressure. Is this a good cycle? Why? _

1-15 Using the expression for the change in entropy of gases for a polytropic process in Table 1-3, derive

similar expressions in‘terms of changes in (a) pressure and temperature and (b) volume and temperature. -

1-16 A reversible cycle consists of an isentropic compression from an initial temperature T, to 1000°R, a
constant-volume process from 1000 to 1500°R a reversible adiabatic expansion to 1000°R a constant-pressure
expansion from 1000 to 1500°R, and a constant-volume process to the initial temperature. Draw the cycle
on the P-v and T-s disgrams, and calculate the initial temperature if the working fluid is a gas with k =
1.40.

1-17 Air expands from 10 bar and 1000°C to | bar and 500°C in an insulated turbine. Calculate (a) the
turbine polytropic efficiency, (b) the change in entropy, in kilojoules per kilogram per Kelvin, and (¢) the
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. specific of 1.005 kJ/
1-18 Helium is compressed from 15 psia and 40°F

: . to 60 psia. Th .

Find (a) the helium exit temperature, in degrees gs;a. e compressor adiabatic i ;

(c) the change in entropy, Bawlby“R. Fahrenheit, (b) the work done in Bu pe: mzf,;;‘”‘h
1-19 1000 kg/h of water at 60°C and 1 b . a
work in kilowatts. ar are pumped to 100 bar. The pump efficiency is 0.65. Find th
1.20 Saturated Freon-12 i . o ¢
b it vapor ‘at2215 psia expands in a nozzle to 72.433 psi

) 2 exit area of 10 in®. Find the mass flow mte in POun&s psia. The nozzle has an efficiency
. . mass

:nfll:;ech:uihaloifzz?emnc?:szigoop;g and 1000°F expand in a turbine to | Pfr hour. .

e oncy o 0.96. Calculate the c;mp;ngo&:f;fff;l’“ﬁvely. It drives an 932;1‘ °g:::$ h:; adiabatic

¢ generalor in megawatts r that has an



CHAPTER
TWO

THE RANKINE CYCLE

2-1 INTRODUCTION

When the Rankine* cycle was devised, it was readily accepted as the standard for
steam powerplants and remains so today. Whereas the ideal diesel cycle (Fig. 1-2) is
a gas cycle and the Carnot cycle (Fig. 1-11) is a cycle for all fluids, the Rankine cycle
is a vapor-and-liquid cycle. ' - ,

The real Rankine cycle used in powerplants is much more complex than the
original, simpie ideal Rankine cycle. It is by far the most widely used cycle for electric-
power generation today and will most certainly continue 'to be so in the future. It is
the backbone of much of the work: presented in this book.

This chapter is devoted exclusively to the Rankine cycle, from its simplest ideal
form to its more complex nonideal form with modifications and additions that render
it one of the most efficient means of generating electricity today.

2-2 THE IDEAL RANKINE CYCLE

Because Rankine is a vapor-liquid cycle, it is most convenient to draw it on both the
P-V and T-S diagrams with respect to the saturated-liquid and vapor lines of the working
fluid, which usually, but not always, is H,O. Figure 2-1 shows a simplified flow

* William John M. Rankine (1820-1872) was a professor of civil engineering at Glasgow University.
He was an engineer and scientist of many talents which, besides civil engineering, included shipbuilding,
waterworks, singing, and music composition. He was one of the giants of thermodynamics and the first to
write formally on the subject.
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&_—- Figure 2-1 Schematic flow diagram

Wp of a Rankine cycle.

diagram of a Rankine cycle. Figure 2-2a and b shows ideal Rankine cycles on the (a)
p-v and (b) T-s diagrams. The curved lines to the left of the critical point (CP) on
both diagrams are the loci of all saturated-liquid points and are the saturated-liquid
lines. The regions to the left of these are the subcooled-liquid regions. The curved
lines to the right of CP are the loci of all saturated-vapor points and are the saturated-
vapor lines. The regions to the right of these lines are the superheat regions. The
regions under the domes represent the two-phase (liquid and vapor) mixture region,
sometimes called the wet region.

Cycle 1-2-3-4-B-1 is a saturated Rankine cycle, meaning that saturated vapor
enters the turbine. 1'-2'-3-4-B-1’ is a superheat Rankine cycle, meaning that super-
heated vapor enters the turbine. The cycles, being reversible, have the following
processes. :

/3

{a) ' b)

Figure 2-2 Ideal Rankine cycles of the (@) P-v and (b) T-s diagrams. 1-2-3-4-B-1 = saturated
cycle. 1'-2'-3-4-B-1' = superheated cycle. CP = critical point.
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1-2 or 1'-2’: adiabatic reversible”expansion through the furbine. The exhaust vapor
at 2 or 2’ is usually in the two-phase region. ]

2-3 or 2'-3: constant temperature and, being a two-phase mixture process, constant-
pressure heat rejection in the condenser. ,

34: adiabatic reversible compression by the pump of saturated liquid at the condenser:
pressure, 3, to subcooled liquid at the steam-generator pressure, 4. Line 3-4 is
vertical on both the P-V and T-§ diagrams because the liquid is essentially in-
compressible and the pump is adiabatic reversible.

4-1 or 4-1'; constant-pressure heat addition in the steam generator. Line 4-B-1-1' is
a constant-pressure line on both diagrams. The portion 4-B represents bringing
the subcooled liquid, 4, to saturated liquid at B. The section 4-B in the steam
generator is called an economizer. The portion B-1 represents heating the saturated
liquid to saturated vapor at constant pressure and temperature (being a two-phase
mixture), and section B-1 in the steam generator is called the boiler or evaporator.
Portion 1-1', in the superheat cycle, represents heating the saturated vapor at 1
to 1’. Section 1-1’ in the steam generator is called a superheater.

The cycles as shown are internally reversible so that the turbine and pump are
adiabatic reversible and hence vertical on the 7-S diagram; no pressure losses occur
in the piping so that line 4-B-1-1' is a constant-pressure line.

The analysis of either cycle is straightforward. Based on a unit mass of vapor in
the saturated cycle

Heat added g4 = A, ~ A, Btw/lb,, or J/kg

\

Turbine work wr = h;, — h, Bwy/lb,, or Jkg
Heat rejected [gs| = h, — h,  Buwlb,, or J/kg L (@2-1)
Pump work |w,| = A, — h;

Net Work AWoe, = (hy — hy) — (hy — hy)  Btwlb,, or J/kg

Aw,e - (By = hy) — (hy — hs)
Ga (hy — hy) )

For small units where P, is not too large compared with P;, h, = h,, the pump
work is negligible compared with the turbine work, and the thermal efficiency may
be simplified with little error to (hy ~ hy)/(h; — hs). This is not true for modern steam
powerplants where P, is 1000 Iby/in? (about 70 bar) or higher, while P, is about 1 Iby/
in® (0.07 bar). The pump work in this case may be obtained by finding 4 as the
saturated enthalpy of liquid at P; from the steam (or other vapor) tables given in Apps.
A to F. h, is fourd from subcooled liquid tables at T, and P,. T, is nearly equal to
T;, and the latter is usually used in lieu of T, which is difficult to obtain (see Sec.
1-5). Finally, a good approximation for the pump work may be obtained from the
change in flow work (Example 3, Sec. 1-2). Thus '

Wl = Py — P3) o 2-2)

Thermal efficiency 1y =
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THE RANKINE CYCLE 33

which should be converted to the same units as in Eq. (2-1) by the use of proper
onversion factors, such as multiply by 144 to convert psia (pounds force per square
fnch absolute) to pounds force per square foot absolute and divide by 778.16 to convert

unds force to Btu.
foo! i?xother parameter of interest in cycle analysis is the work ratio WR, which is

defined as the ratio of net work to gross work. For the simple Rankine cycle the work
ratio is simply AWne/Wr- |

The superheat cycle 1'-2'-3-4-B-1" is analyzed by use of Egs. (2-1) and (2-2),
except 1’ is to be substituted for 1. o

Because of the information it readily gives regarding the turbine and pump pro-
cesses, the -5 diagram Is moss useful than the P-V diagram and is usually preferred
when only one is used. The Moilier, or enthalpy-cntropy, diagram is another useful
diagram. Its utility, however, is restricted to processes involving the turbine because
it gives little or no information of the liquid region.

2.3 THE EXTERNALLY IRREVERSIBLE RANKINE CYCLE

External irreversibility, we are reminded, is primarily the result of the temperature
differences between the primary heat source, such as the combustion gases from the
steam generator furnace or the primary coolant from a nuclear reactor, and the working
fluid; and the temperature differences between condensing working fluid and the heat
sink fluid, usually the condenser cooling water.

In Fig. 2-3, line ab represents the primary coolant in a counterflow heat exchanger
with the working fluid 4-8-1 in a saturated Rankine cycle. Line cd represents the heat
sink fluid (condenser cooling water) in a counterflow or parallei-flow heat exchanger
with the condensing working fluid 2-3; both types are the same because the latter is
at constant temperature.

As can be seen, the temperature differences between line ab and 4-B-1-1' and

o b Figure 2-3 External irreversibility
s with Rankine cycle.




between 2-3 and line cd are not constant. We shall evaluate the effects of these.
differences beginning with the upper end. Figure 2-4 shows temperature-heat exchanger
path length diagrams for (@) parallel-flow and (b) counterflow heat exchangers (steam

generators) and the effect of flow directions in the heat exchanger. The minimuni.

approach point between the two lines, called the pinch point, represented by b-1 and
e-B, must be finite. Too small a pinch-point temperature difference results in low
overall temperature differences and, hence, lower irreversibilities, but in a large and
costly steam generator; too large a pinch-point temperature difference results in a
small, inexpensive steam generator but large overall temperature differences and ir-
reversibilities and, hence, reduction in plant efficiency. The most economical pinch-
point temperature difference is obtained by optimization that takes into account both
fixed charges (based on capital costs) and operating costs (based on efficiency and,
hence, fuel costs).

Figure 2-4, in addition, clearly shows that the overall temperature differences
between the heat source and the working fluids are greater in the case of the parallel-
flow than counterflow heat exchangers; the result is a less efficient plant if parallel
flow is used. Heat-transfer considerations also favor counterflow, resulting in higher
overall heat-transfer coefficients and hence smalil heat exchanger. Thus counterflow is
favored over parallel flow from both thermodynamic and heat-transfer considerations.

We will now examine the effect of the type of heat source fluid. Such a fluid may
be a gas, such as the combustion gases in a fossil-fueled powerplant, the primary
coolant in a gas-cooled reactor, such as CO, or He (Sec. 10-11), the water from a
pressurized-water reactor (Sec. 10-2), or the molten sodium from a liquid-metal fast-
breeder reactor (Chap. 11). This variety of fluids has different specific heats and mass-
flow rates. Water from a pressurized-water reactor has a higher specific heat ¢, than
gases but also a higher mass-flow rate m because an effort is made to limit the
temperature rise of water through the reactor to maintain nearly even moderation of
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Figure 2-4 Effect of flow direction on external irreversibility: (@) paraliel flow, (b) counterflow.
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the neutrons (Sec. 9-8). Thus the product ric, is greater in the case of water than in
the case of gases. ' -

Assuming that a differential amount of heat dQ exchanged between the two fluids
is pm'portional to a path length 4L and that dQ = riic, dT, where dT is the change in
pﬁmary-ﬂuid temperature in 4L, the slope of line ab is then proportional to the recip-
rocal of i, or

ar _ 1 . ,
L x — (primary fluid) (2-3)

Hence the slope of line ab for water is much less than that for gases. Liquid sodium
falls in between, though closer to gases than to water. This state of affairs is shown
in Fig. 2-5 for a counterflow heat exchanger. It can be seen that for a given pinch-
point temperature difference, the overall temperature differences between the primary
and working fluids are greater in the case of gases than water, in particular in the
boiler section, between ae and B-1.

This brings us to an important deduction, namely the determination of whether
or not superheat (and reheat) is advantageous. We note that there are two distinct
regions where the external irreversibility exists at the higher-temperature end of the
cycle. These are: (1) between the primary fluid and the working fluid in the boiler
section, i.e., between ae and B-1, and (2) between the primary fluid and the working
fluid in the economizer section, i.e., between be and 4-B. We shall deai with these
in turn in the next two sections.

There is little that can be done to improve things in the low-temperature end of
the cycle, i.e., between 2-3 and cd in the condenser (Fig. 2-3), short of optimizing
the condenser to obtain the lowest temperature differences between the two lines.
Remember, however, that the lower the temperature of the cooling water at ¢, the
lower the condenser steam temperature and the higher the cycle efficiency.

K]

4

l"lst:lre 2-§ Effect of primary fluid tjrpe on external irreversibility: (a) water, (b) gases or liquid
metal.
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2-4 SUPERHEAT

In this section we will deal with the temperature differences between ge and B-1 (Fig.
2-5). It can be seen that these for a given pinch-point temperature difference AT, 5,
gases (and liquid metals) exhibit larger and increasing temperature differences as the
working fluid boils from B-1 than is the case of water where the slope of line ae is
much lower.

Although the temperature levels are not the same in the two cases, the gases are

(@)

- Figure2-6 Superheat with (a) water
s as primary fluid, (b) gases or liquid
(®) metal as primary fluid.
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usually at higher temperatures, the irreversibility in the case of gases can be reduced
by the use of superheat (Fig. 2-6) by bringing the two lines back together again at a
and 1’ and thus reducing the overall temperature differences between ae and B-1-1'
(line 4-B-1-1" is a constant-pressure line). Thus superheat would improve the cycle
thermal efficiency. Looking at it another way, superheat allows heat addition at an
average temperature higher than using saturated steam only. From the Camnot analogy,
this should result in higher cycle efficiency.

In the case of water, superheat is not practical because the differences between
ae and B-1 vary little. Actually, if we were to fix the temperature at 1 and use superheat,
we would need to lower the boiling temperature (and hence pressure) in B-1, as seen
by the dashed line in Fig. 2-6a. This increases rather than decreases the overall
temperature differences and resuits in reducing rather than increasing cycle efficiency.
This is the reason why fossil-fuel and gas-cooled and liquid-metal-cooled nuclear
powerplants employ superheat, while pressurized-water-cooled reactors do not. (A
boiling-water reactor, Sec. 10-7, produces only saturated steam within the reactor
vessel.

Sui)erheat has an additional beneficial effect. It results in drier steam at turbine
exhaust 2’ as compared with 2 for saturated steam (Fig. 2-2 and Example 2-1). A
wurbine operating with less moisture is more efficient and less prone to blade damage.

Example 2-1 Consider three Rankine steam cycles, ail exhausting to 1 psia. Cycle
A operates at 2500 psia and 1000°F; cycle B operates with 2500 psia saturated
steam; and cycle C operates with superheated steam at a temperature equal to that
of cycle B but with a pressure of 1000 psia. Calculate the efficiencies and exhaust
steam qualities of the three cycles.

SoLuTION Using Egs. (2-1) and (2-2), and the steam tables, and referring to Fig.
2-2, calculations for cycle A are
hy = 14575 Brwlb, s = 1.5269 Buw/(lb,, - °R)

Because the turbine is reversible adiabatic, its expansion line is isentropic, or
5- = §y-. Thus

Sz = (5 + X287)1 psia
1.5269 = 0.1326 + x,(1.8455)
From which quality of turbine exhaust x, = 0.7555
ha = (b + Xahp)i psia = 69.73 + 0.7555 X 1036.1
= 852.5 Baw/lb,
hy = 69.73 Btw/ib,,

0.016136(2500 - 1) x 144
778.16

Wil = hy — By = (P, — Py) =

= 7.46 Btw/lb,,
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hy

I

69.73 + 7.46 = 77.19 Bawib,

hi — hy = 1457.5 - 852.5 = 604.98 Btw/lb,,

AWoe = wr — |w,| = 604.98 — 7.46 = 597.52 Brw/lb,,
ga = hy— hy = 1457.5 — 77.19 = 1380.31 Bu/lb,

Wr

lgel = Ry — By = 852.5 — 69.73 — 782.77 Buwlb,,

AWee  597.52
= = = 0.4329 = 43.2
T =TT = T3g0a1 - 08P %
Aw,, _597.52 _
WR = = = S = 0.9877

Table 2-1 lists the results for cycle A and, using a similar procedure, for cycles
B and C. Cycle D is a superheat-reheat cycle that will be discussed in Sec. 2- 5.
Cycle E is a nonideal cycle that will be discussed in Sec. 2-7.

~ Note that cycle C is actually less efficient than cycle B, which proves that
superheat is not beneficial if the upper temperature is limited.

2-5 REHEAT

An additional improvement in cycle efficiency with gaseous primary fluids as in fossil-
fueled and gas-cooled powerplants is achieved by the use of reheat.

Figures 2-7 and 2-8 show simplified flow and T-s diagrams of an internaily
reversible Rankine cycle (i.e., one with adiabatic reversible turbine and pump and no
pressure drops) that superheats and reheats the vapor.-

Table 2-1 Solutions for Examples 2-1, 2-2, and 2-3

Cycle

A B Cc D E

Superheat 2500 Superheat 2500/ 2500/1000
Data - 2500/1000  Saturated 1000/668.11  1000/1000  Nonideal
Turbine iniet pressure, psia 2500 2500 1000 2500 2500
Turbine iniet temperature, °F 1000 668.11 668.11 1000 1000
Condenser pressure, psia i 1 1 1 t
Inlet stecam enthalpy, Btw/lb,, 1457.5 1093.3 1303.1 1457.5 1457.5
Exhaust steam enthalpy, Btu/lb,, 852.52 688.36 834.44 970.5 913.02
Turbine work, Btwlb,, 604.98 404.94 468.66 741.8 544 48
Pump work, Btwib,, 746 7.46 2.98 7.46 11.52
Net work, Buwlb,, 597.52 397.48 465.68 734.34 532.96
Heat added, Brw/lb,, 1380.31 1061.11 1230.39 1635.10 1376.25
Exhaust steam quality 0.7555 0.5971 0.7381 0.8694 0.8139

Cycle cfficiency, % 43.29 39.12 37.85 4.91 38.713
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Figure 2-7 Schematic of a Rankine cycie with superheat and reheat.

In the reheat cycle, the vapor at 1 is expanded part of the way in a high-pressure
section of the turbine to 2, after which it is. returned back to the steam generator,
where it is reheated at constant pressure (ideally) to a temperature near that at 1. The
reheated steam now expands in the low-pressure section of the turbine to the condenser
pressure.

As can be seen reheat allows heat addition twice: from 6 to 1 and from 2 to 3.
It results in increasing the average temperature at which heat is added and keeps the
boiler-superheat-reheat portion from 7 to 3 close to the primary fluid line ae, which

Figure 2-8 T-s diagram of Ran-
s kine cycle of Fig, 2-7.
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results in improvement in cycle efficiency. Reheat also results in drier steam at turbine
exhaust (4 instead of 4'), which is beneficial for real cycles. _

Modern fossil-fueled powerplants employ superheat and at least one stage of
reheat. Some employ two. More than two stages, however, results in cycle complication
and increased capital costs that are not justified by improvements in efficiency. Gas-
cooled nuclear-reactor powerplants often employ one stage of reheat. Water-cooled
and sodium-cooled nuclear-reactor powerplants often employ one stage of reheat,
except that the steam to be reheated is not returned to the steam generator. Instead, a
separate heat exchanger that employs a portion of the original steam at 1 is used to
reheat the steam at 2. That portion condenses and is sent to a feed water heater (Sec.
2-6). Examples of this will be presented in Chaps. 10 and 1.

The analysis of a reheat cycle involves two turbine work terms as well as two
heat addition terms. Referring to Fig. 2-8

wr = (b — k) + (hs — hy)
prl = hg — hs

Awoe = (hi-—~-hy) + (Bs = hy) — (hg — hs) f (2-4)

ga = (hy — hg) + (hy — hy)
Awnet
M = —
Ga )

The pressure P, at which the steam is reheated affects the cycle efficiency. Figure
2-9 shows the change in cycle efficiency Az percent as a function of the ratio of reheat
pressure to initial pressure P,/P,, for P, = 2500 psia, T, = 1000°F, and T; = 1000°F.
P,/P; = 1.0 is the case where no reheat is used and hence An = 0. A reheat pressure
too close to the initial pressure results in little improvement in cycle efficiency because
only a smali portion of additional heat is added at high temperature. The efficiency
improves as the reheat pressure P, is lowered and reaches a peak at a pressure ratio
P,/P| between 20 and 25 percent. Lowering the reheat pressure further causes the
temperature differences between the primary and the working fluids to increase and
begin to offset the addition of heat at high temperature, thus causing the efficiency to
decrease again. Too low a reheat pressure, in the above case at a pressure ratio of
about 0.025, actually resuits in a negative A7, i.e., an efficiency below the case of
no reheat. The optimum at a pressure ratio of 0.2 to 0.25, calculated for the above
conditions, actually holds for most modern powerplants. Figure 2-9 also shows the
value of T; and x,. Note that reheat results in drier exhaust steam. Too low a pressure
ratio may even result in superheated exhaust steam, an unfavorable situation for con-
denser operation.

A superaeat-reheat powerplant is often designated by P,/T\/T; in pounds force
per square inch absolute and degrees Fahrenheit. The above case, for example, is
2500/1000/1000, whereas a double-reheat plant may be designated 2400/1000/1025/
1050. The following example shows a sample of the calculations conducted for Fig.
2-8, near the optimum pressure ratio.

-
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Figure 2-9 Effect of reheat-to-initial pressure ratio on efficiency, high-pressure turbine exit temperature,
and low-pressure turbine exit quality. Data for cycle of Fig. 2-7 with initial steam at 2500 psia and 1000°F,
and steam reheat to 1000°F (2500/1000/1000).

Example 2-2 Calculate the efficiency and exhaust steam quality of a 2500 psia/
1000°F/1000°F internally reversible steam Rankine cycle (cycle D, Table 2-1).
The reheat pressure is 500 psia. The condenser pressure is 1 psia.
SoLUTION Referring to Fig. 2-8 *
hy = 1457.5 Bullb, s, = 1.5269 = 5 > s, at 500 psia
Therefore point 2 is in the superheat region. By interpolation |
T, = 547.8°F  h, = 1265.6 Bulb,,
At 500 psia and 1000°F |
h; = 1520.3 Btw/1b,, 55 = 1L.7371 = 54
Therefore xs = 0.8694 ks = 970.5 Buvlb,,

As in Example 2-1, [w,| = 7.46 Bw/lb,, and ks = 77.19 Btwlb,,. Using Egs.
(2-4) gives

wr = 191.5 + 549.8 = 741.7 Btwlb,,
Aw,, = T41.7 — 7.46 = 734.24 Bu/lb,,
ga = 1380.3 + 254.7 = 1635.0 Btwib,,
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This cycle is compared with the previous cycles in Table 2-1. It shows the ? omiz

highest efficiency and driest exhaust steam of all i in that table. satur
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2-6 REGENERATION a5

heat

We have so far discussed means of reducing the external irreversibility caused by the woull.
heat transfer between the primary fluid and the working fluid beyond the point of exte -
boiling of the latter (point B, Figs. 2-3 and 2-4b). An examination of these figures opert

shows that a great deal of such irreversibility occurs prior to the point of boiling, i.e., or m

in the economizer section of the stcam generator where the temperature differences its W
between bd and 4-B are the greatest of all during the entire process of heat addition. be

. . N . tw:
The slope of the primary-fluid temperature line is of less concern here than in the

boiler section because it has a relatively minor effect on the temperature differences :::sr
in the economizer. Hence, all types of powerplants, fossil-fuel, liquid-metal, gas- or low. .
water-cooled nuclear-reactor powerplants, suffer nearly equally from this irreversibil- conte
ity.

This irreversibility can be eliminated if the liquid is added to the steam generator -
at B rather than at 4. This can be done by the process of regeneration, in which Feed
internal heat is exchanged between the expanding fluid in the turbine and the com- A cot
pressed fluid before heat addition. A well-known gas cycle that uses regeneration is is acc
the Stirting cycle, shown on the T-s diagram of Fig. 2-10. The ideal Stirling cycle is heatir
composed of heat addition at constant temperature 2-3 and heat rejection at constant invol
temperature 4-1. Regeneration or heat exchange occurs reversibly between the constant comp
volume processes 3-4 and 1-2, i.e., between portions of each curve that are at the by va
same temperature. This heat exchange does not figure in the cycle efficiency because heat ¢
it is not obtained from an external source. The areas under 3-4 and 1-2 denoting heat 1920s
lost by the expanded fluid and gained by the compressed fluid are equal in magnitude,
though not in sign. The ideal Stirling cycle has the same efficiency as the Carnot cycie
operating between the same temperature limits. This would not have been the case -
had heat been added from an external source during 1-2 and 2-3 and rejected to an
external sink between 3-4 and 4-1.

s
T EE
2 N 3 q:
e 3
P —
S
P
] 4 ' Figure 2-10 T-s diagram of Stirling cycle. Regener-
ation occurs between 3-4 and 1-2. Arrows mdlcate heat

s exchange. Figure
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Adopting the same prof:edure to'a Ranl.dn'e cycle, i.e.. , internal and reversible heat
exchange from the expandmg working fluid in tl}e turbine and the fluid in the econ-
omizer section, would necessitate flow am.:l T_-s diagrams as shown in Fig. 2-11 for a
saturated Rankine cycle. ’I:he compressed liquid at 4 would have to be carefully passed
around the turbine to receive heat from the expanding vapor in the turbine reversibly
at all times (i.e., with zero temperature difference) until it enters the steam generator
at B. The steam generator w'ould have no economizer and the imeversibility during
neat addition to the economizer would be eliminated. The resulting Rankine cycle
would receive and reject heat at constant temperature and, in the absence of other
external irreversibilities, would also have the same efficiency as the Carnot cycle
operating between the same terpperature limits. Hence the great need for eliminating
or minimizing the economizer irreversibility.

The ideal procedure of Fig. 2-11 is not practicaily possible. The vapor making
its way through blade passages cannot be made to have adequate heat-transfer surface
petween it and the compressed liquid, which by necessity would have to be wrapped
around the external turbine casing. Even if an adequate surface were possible, the
mass-flow rates are so large that the effectiveness of such a heat exchanger would be
low. Further, the vapor leaving the turbine would have an unacceptably high moisture
content (low quality) for proper turbine operation and efficiency.

Feedwater Heating

A compromise that would reduce rather than eliminate the economizer irreversibility
is accomplished by the use of feedwater heating (the more general term feed liquid
heating that would apply to fluids other than H,O is seldom used). Feedwater heating
involves normal adiabatic (and ideally also reversibie) expansion in the turbine. The
compressed liquid at 4 is heated in a number of finite steps, rather than continuously,
by vapor bled from the turbine at selected stages. Heating of the liquid takes place in
heat exchangers called feedwater heaters. Feedwater heating dates back to the early
1920s, around the same time that steam temperatures reached about 725°F. Modemn

Boiler 2

A A A RAMNAAN
VYYVYYVYYYSYY

B ZQJ,

Figure 2-11 Ideal regeneration of a Rankine cycle.




large steam powerplants use between five and eight feedwater heating stages. None
is built without feedwater heating. _ ]

Because of the finite number of feedwater heating stages, the liquid enters the
steam generator at a point below B, necessitating an economizer section, though one
that is' much smaller than if no feedwater heating were used. Because of this, and
because the feedwater heaters have irreversibilities of their own, the ideal situation of
Fig. 2-11 is not attained and the Rankine cycle cannot attain a Carnot efficiency. A
well-designed Rankine cycle, however, is the closest practical cycle to Carnot, and
hence its wide acceptance for most powerplants.

There are three types of feedwater heaters in use. These are:

1. Open or direct-contact type
2. Closed type with drains cascaded backward
3. Closed type with drains pumped forward

These types will be discussed and analyzed in detail in this chapter beginning with
Sec. 2-8. Their physical design will be described in Chap. 6.

2-7 THE INTERNALLY IRREVERSIBLE RANKINE CYCLE

Internal irreversibility is primarily the result of fluid friction, throttling, and mixing.
The most important of these are the irreversibilities in turbines and pumps and pressure

losses in heat exchangers, pipes, bends, valves, etc.
In the turbine and pumps, the assumption of adiabatic flow is still valid because

the flow rates are so large that the heat losses per unit mass is negligible. However,
they are no longer adiabatic reversible, and the entropy, in both, increases. This is
shown in Fig. 2-12.

Figure 2-12 A T-s diagram of an
internally irreversible superheat
Rankine cycle.
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The entropy increase in the turbi‘ne, unlike -that in a'gas turbine (Fig. 1-8), does

qot result in @ temperature increase if exhaust is to the two-phase region, the usual
ase. Instead it results in an increase in enthalpy. Thus the ideal expansion, if the

fm—binc were adiabatic rthj:rsnble, is 1-2,, but the actual expansion is 1-2. The irre-
versible losses in the turbine are repres;ntcd by a mine efficiency ny, called the
wurbine polytropic efficiency _(and sometimes the adiabatic or isentropic efficiency).
This is not to be confused with the cycle thermal efficiency. nr is given by the ratio

of the turbine actual work to the ideal, adiabatic reversible work. Hence

Sl (2-5)
hy — hy,

Well-designed turbines have high polytropic efficiencies, around 90 percent. 7 usually
increases with turbine size and suffers from moisture in the steam. - as given above
is an overall polytropic efficiency. However, individual turbine stages have different
efficiencies, being higher for early stages where the steam is drier. There will be more

on turbines in Chap. 3.
No pressure losses are encountered in the condenser process 2-3 (Fig. 2-12) because

it is a two-phase condensation process.

The pump process, being adiabatic and irreversible, also results in an increase in
entropy. A single-phase (liquid) process, it results in an increase in temperature and
enthalpy. Thus the actual work s, — h; is greater than the adiabatic reversible work
h,, — hs. In other words, one pays a penaity for irreversibility: the turbine produces
less work, the pump absorbs more work. The pump irreversibility is also represented
by a pump efficiency 7,, also called a pump polytropic efficiency (and sometimes
adiabatic or isentropic efficiency). 7, is given by the ratio of the ideal work to the
actual work, the reverse of that for the turbine. Thus -

h4s - hS
= — 2-6
e = o , (2-0)

In both Eqs. (2-5) and (2-6), the smaller quantity is in the numerator. The actual pump
work may now be obtained by modifying Eq. (2-6) to &

hy — hag vy(Py — Ps)
Wp‘ M

w,l = 2-7

The liquid leaving the pump must be at a higher pressure than at the turbine inlet
because of the friction drops in heat exchangers, feedwater heaters, pipes, bends,
valves, etc. Thus P, represents the exit pump pressure, P, represents the turbine inlet
pressure, and Ps represents the steam-generator exit pressure. The steam leaves the
generator at 5 and enters the turbine at 1. The path 5-1 is the result of the combined
9ffccts of friction and heat losses. Point 5’ at pressure P, represents frictional effects
in the pipe connecting steam generator and turbine, including turbine throttle valve,
if any. Heat losses from that pipe cause a decrease in entropy to 1. Pressure losses
between 4 and 1 could be of the order of a few hundred pounds force per square inch.



Example 2-3 A superheat steam Rankine cycle has turbine inlet conditions of ¥
2500 psia and 1000°F. The turbine and pump polytropic efficiencies are 0.9 and E
0.7, respectively. Pressure losses between pump and turbine inlet are 200 psi. -
Calculate the turbine exhaust steam quality and cycle efficiency.

SoLuTION Referring to Fig. 2-12

Steam

h; = 1457.5 hy, = 852.52 Bw/lb, (as in Example 2-1) genera
wr = il — b)) = 0.9 X 604.98 = 544.48 Btwlb,,

Therefore hy = by — wr = 913.02 Btw/lb,,
At 1 psia 913.02 = 69.73 + x,(1036.1)
soxp= 0.8139
Py =P + 200 = 2700 psia T
Thas o = v;(hq: g? - 0'01‘?%36;_2’;02 - 71) X 144
= 11.52 Buwlb,

he = hy + |w,| = 69.73 + 11.52 = 81.25 Bw/lb,,
Awgee = wr — |w,| = 532.96 Btw/lb,,
ga = h} - h4 = 1376.25

Awnei

Therefore T = 7 = 0.3873 = 38.73%

A
6 %
Thus the internal irreversibilitics have resulted in reducing the cycle efficiency 3
from 43.29 percent (Example 2-1) td 38.73 percent, but in an increase in exhaust
steam quality. from 0.7555 to 0.8139, one beneficial effect of an imperfect turbine.

This example is listed as cycle E in Table 2-1.
a préss

. and we'

2-8 OPEN OR DIRECT-CONTACT FEEDWATER HEATERS at 7. 'Ief
_ the sub.

In the open- or direct-contact-type of feedwater heater the extraction steam is mixed than th:
directly with the incoming subcooled feedwater to produce saturated water at the heating
extraction steam pressure. Figure 2-13a and b shows a schematic flow diagram, and two-ph:
the corresponding T-s diagram for a Rankine cycle using, for simplicity of illustration, Lir
two such feedwater heaters, one low-pressure and one high-pressure (normally one is enco.
open-type feedwater heater and between four and seven other heaters are used in gerated
modern large powerplants). The physical construction of such a feedwater heater is Th .
covered in Chap. 7. A typical open-type feedwater heater is shown in Fig. 6-15. else rev

The condensate water leaves the condenser saturated at 5 and is pumped to 6 to must th
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6 4 Figure 2-13 Schermnatic flow and
5 T-5s diagrams of a nonideal su-
s  perheat Rankine cycle with two

(b} open-type feedwater heaters.

a pressure equal to that of the extraction steam at 3. The now-subcooled water at 6
and wet steam at 3 mix in the low-pressure feedwater heater to produce saturated water
at 7. Thus the amount of bled steam 5 is essentially equal to that that would saturate
the subcooled water at 6. If it were much less, it will result in a much lower temperature
than that corresponding to 6, which would partially negate the advantages of feedwater
heating. [If it were more, it would result in unnecessary loss of turbine work and in a
two-phase mixture that would be difficult to pump.

Line 6-7 in Fig. 2-13b is a constant-pressure line. (In practice some pressure dmp
is encountered.) The difference between it and the saturated liquid line 5-8 is exag-
gerated for illustration purposes.

The pressure at 6-7 can be no higher than the extraction steam pressure at 3 (or
else reverse flow of condensate water would enter the turbine at 3). A second pump
must therefore be used to pressurize the saturated water from 7 to a subcooled condition



at 8, which is at the pressure of extraction steam at 2. In the high-pressure feedwater - .

heater, superheated steam at 2 mixes with subcooled water at 8 to produce saturated

water at 9. This now must be pressurized to 10 in order to enter the steam generator
at its pressure.

Because the extracted steam, at 2 or 3, loses a large amount of energy, roughly
equal to its latent heat of vaporization, while water, at 6 or 8, gains sensible heat, the
amount of extracted steam s, or /; is only a small fraction of the steam passing
through the turbine. Note, however, that the mass-flow rate through the turbine is a
variable quantity, highest between I and 2 and lowest between 3 and 4.

It can also be seen that besides the condensate pump 5-6, one additional pump -
per open feedwater heater is required.

Open-type feedwater heaters also. double as deacrators because the breakup of
water in the mixing process helps increase the surface area and liberates noncondensible
gases (such as air, Oz, Hz, CO,) that can be vented to the atmosphere (Sec. 6-7).
Hence they are sometimes called deaerating heaters, or DA.

In order to analyze the system shown in Fig. 2-13, both 2 mass balance and an
energy balance must be considered. The mass balance, based on a unit-flow rate (1
Ib,/h or kg/s) at throttle (point 1) is given, clockwise, by

Mass flow between | and 2 = | ‘

Mass flow between 2 and 9 = m,

Mass flow between 2 and 3 = | — s,

Mass flow between 3 and 7 = m; Y (2-8)

Mass flow betweend and 7 = | — my, — m,

Mass flow between 7and 9 = 1 —

Mass flow between 9 and | = | ; J
where i, and m, are small fractions*of 1. Energy balances' are now done on the high-
and low-pressure feedwater heaters, respectively

mylhy — ho) = (1 — my)(hy — hs) (2-9)

and mylhs — By) = (1 = my — ma}h;y — hy) (2-10)

where h is the enthalpy per unit mass at the point of interest. Equations (2-9) and
(2-10) show that there are two equations and only two unknowns, i, and s, if
the pressures at which steam is bled from the turbine (Sec. 2-13), and therefore the
- enthalpies, are all known. For any number of feedwater heaters there will be as
many equations as there are unknowns, so solutions are always possible. A large num-
ber of feedwater heaters would, of course, require the solution of an equal number
of simultaneous linear algebraic equations on a digital computer. The pertinent
cycle parameters are now obtained, as energy per unit mass-flow rate at turbine inlet

(point 1)
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=T Heat added ga = (A — h10)

Y
ed — ‘
or Turbine work wr = (y — hy) + (1 — my) (h; — hj)
+ (1 = my = m3)(hy — hy)
ly _
he pump Work |Zwol = (1 — iy — my)hs — hs) + (1 — ri)(hg — hy)
ng )
S a +(k10_'h9)==(1_'m2—fﬁ3)M
N
np _ _
+ (1 _ mz) V‘T(PB P?) + Vg(P[o Pg) , (2_11)
of nP‘] npj
l;l)e Heat rejected lg] = (1 = iy — ma)(hy — hg)
. Net cycle work AWeee = wr — |w,)|
an . Aw,,
(1 Cycle thermal efficiency nuy = .
A
Wnet
Work ratio WR = —
W

where 7, is the pump efficiency and J = 778.16 ft-1b/Btu.

Example 2-4 An ideal Rankine cycle operates between 2500 psia and 1000°F at
ﬁ throttle and 1 psia in the condenser. One open-type feedwater heater is placed at
~8) 200 psia. Assuming 1 1b,/h flow at turbine throttle and no flow pressure drops,
: calculate the mass-flow rate in the heater and the pertinent parameters for the cycle
| and compare them with those of the cycle in Example 2-1, which has the same
conditions except that no feedwater heater was used.

SorutioN Referring to Fig. 2-14 and the steam tables

th- h, = 1457.5 Brwlb, s, = 1.5269 Btw/(lb,, - °F)

;:2_9) At 200 psia |

|10) J =5 = 1.5269 = 0.5438 + 12(1.0016)

! Therefore

and

it x; = 0.9815 A, = 355.5 + 0.9815 (842.8) = 1182.7 Btw/lb,,
‘the At 1 psia | | |

- 5y = 5= 1.5269 = 0.1326 + x,(1.8455)

t‘ber Thus ‘ '_

nent '

nlet X3 = 0.7555  hy = 69.73 + 0.7555(1036.1) = 852.2 Buv/lb,,

hs = 69.73 Btu/lb,, vs = 0.016136 ft¥/lb,,



By

s ample 24

0.016136 X (200 — 1) X 144 _
69.73 + 816 = 69.73 + 0.59

= 70.32 Buw/lb,,
355.5 Buw/lb,, ve = 0.01839 ft’/lb,,

(2500 — 200) x 144
- 778.16

i

355.5 + 0.01839 +

= 355.5 + 7.83

]

363.3 Btwlb,,
ma(hy — hs) = (1 — my)(he — hs)
my(1182.7 — 355.5) = (1 ~ my)(355.5 — 70.32)
iy = 0.2564
wr = (b — k) + (1 — m)(hy — hy)
= (1457.5 — 1182.7) + (I — 0.2564)(1182.7 — 852.5)
= 274.77 + 245.57 = 520.34 Buwy/lb,,
[Zwpl = (1 ~ my)(hs — k) + (17 — he)
= (1 — 0.2564)(0.59 + 7.83) = 8.27 Bavlb,,
AW = wr — [Zw,] = 520.34 — 8.27 = 512.07 Brw/lb,,
ga = hy — by = 1457.5 — 363.3 = 1094.2 Bvlb,,
lgel = (1 = s — hy) = (1 — 0.2564)(852.5 — 69.73)
= 582.1 Btwlb,,

Figure 2-14 T-s diagram for Ex-
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Aw,, 512.07
- - = = 0.468 = 46.8%
T T 10942 '
Awgee _ 512.07
—_ == = 0.984
WR = e 52034

Compare this with cycle A (Table 2-1), which had no feedwater heater. Note
that the turbine work is decreased for the same mass-flow rate at throttle because
of reduced turbine mass-flow rate after bleeding and that the pump work is in-
creased. Note also the greater decrease in heat added, which more than makes up
for the loss of net work, resuiting in a marked improvement in cycle efficiency.
This improvement increases as the number of feedwater heaters is increased. The
number of feedwater heaters can be as high as seven or eight. An increase beyond
that causes little increase in efficiency but adds complications and increased capital
costs and thus diminishes returns.

As seen above, open feedwater heaters require, in addition to the condensate
pump, as marny additional pumps as there are feedwater heaters. Each of these pumps
carries nearly full flow, or more accurately fuil flow minus the bled steam following
it. For example, pump 7-8 (Fig. 2-13) carries (1 — nt,) 1b,/lb, at throttle. In pow-
erplants such large flow pumps are the source of operational, service, and noise
problems and increase plant complexity and cost. In general only one open-type
feedwater heater is used, which doubles up as a deaerating heater, followed by a pump
called the boiler feed pump. (In some nuclear powerplants no open feedwater heaters
are used and degassing is done elsewhere.) Other feedwater heaters in the system are

therefore of the closed type.

2-9 CLOSED-TYPE FEEDWATER HEATERS WITH DRAINS
CASCADED BACKWARD

1

This type of feedwater heater, though it results in a greater loss of availability than

~ the open type, is the simplest and most commonly used type in powerplants. As in

the case of the closed-type feedwater heater with drains pumped forward (Sec. 2-10),
it too is a shell-and-tube heat exchanger but differs because of the lack of any moving
equipment. '

In a closed-type feedwater heater (of either type), feedwater passes through the
tubes, and the bled steam, on the shell side, transfers its energy to it and condenses.
Thus they are, in essence, small condensers that operate at pressures more elevated

~ than those of the main plant condenser. Because the feedwater goes through the tubes

in successive closed feedwater heaters, it does not mix with bled steam and therefore
can be pressurized only once by the first condensate pump, which then doubles as a
boiler feed pump, though often there is one condensate pump and a boiler feed pump
placed downstream to reduce the pressure rise in each pump. A boiler feed pump is
automatically required and placed after the deaerating heater if one is used in the plant.
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Figure 2-15 shows a simplified flow diagram and correspording T-s diagram of F‘L
£
¥
¥

a nonideal superheat Rankine cycle showing, for simplicity, two feedwater heaters of
this type. One pump, 5-6, pressurizes the condensate to a pressure sufficient to pass
through the two feedwater heaters and enter the steam generator at 8. Again the
difference between the high-pressure line 6-B and the saturated-liquid line 5-B is
exaggerated for illustration purposes.

As the bled steam condenses in each feedwater heater, it cannot, of course,

O
2 3 ’
4

-]
Steam "
generator _—{ ]
m Y ) | 10
C .
5
12 P
— e A - i A A
8 yyreY E _'!" Ty ﬁ 6{ 2 |
11 9
{a)
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(b)

Figure 2-15 Schematic flow and T-s diagrams of a nonideal superheat Rankme cyclc with two
closed-lype feedwatcr heaters  with drains cascaded backward.
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of ccumulate there and must be removed and fed back to the system. In this type of
; of :wdwawf heater, the condensate is fed back to the next lower-pressure feedwater
?;: | heater. The condensate of the lowest-pressure feedwater heater is (though not always)

led back to the main condenser. One can imagine, then, a cascade from higher-pressure

to lowér-pressure heaters; hence, the name of this type of feedwater heater.

_ Again starting with the low-pressure feedwater heater, wet steam at 3 is admitted

se, and transfers its energy to high-pressure subcooled water at 6. The events in that heater
can be represented by the temperature-llength diagram shown in Fig. 2-164. The water
exit temperature at 7 cannot reach the inlet bled steam temperature at 3. A difference
called the terminal temperature difference (TTD, sometimes simply TD) is defined

all closed feedwater heaters as

 is

for
TTD = saturation temperature of bled steam — exit water temperature (2-12)

The value of TTD varies with heater pressure. In the case of low-pressure heaters,
which receive wet or at most saturated bled steam, the TTD is positive and often of
the order of 5°F. This difference is obtained by proper heat-transfer design of the
heater. Too small a value, although good for plant efficiency, would require a larger
heater than can be justified economicaily. Too large a value would hurt cycle efficiency.
[n some heaters, the drain at 9 is slightly subcooled. This will be shown later.

The drain from the low-pressure heater is now led to the condenser and enters it
as a two-phase mixture at 10. This is a throttling process from the pressure corre-
sponding to 9 to that of the main condenser, and hence there is loss of some availability,
as alluded to earlier. There is also some loss of availability as a result of heat transfer.
Process 9-10 is a throttling process and hence is a constant enthalpy one.

A closed feedwater heater that receives saturated or wet steamn can have a drain
cooler and thus be physically composed of a condensing section and a drain cooler
section (Fig. 2-16b). '

Returning to the system of Fig. 2-15, the high-pressure feedwater heater receives

| superheated steam bled from the turbine at 2 that flows on the shell side at the rate
| m, and transfers its energy to subcooled liquid entering the tubes at 7. The events

- DC I
—— C wr— DS
T T . T "
b o
9 3_{_ : /—L
7
6 7/D!C

LorH _ I LotH LorH
(@) (&) ()

;’wo Figure 2.16 Temperature-enthalpy diagrams of (a) and (5) low-pressure and (c) high-pressure feedwater
' Beaters of Fig. 2-15. TTD = terminal temperature difference, DS = desuperheater, C = condenser,
' DC = drain cooler,
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there are shown by the temperature-path length diagram in Fig. 2-16¢. Note hen: that a’

because the inlet steam is superheated at 2, the exit water temperature at 8 can be
higher than the saturation temperature of that steam and the TTD, defined by Eq. (2-
12), can be negative. The TTD values for high-pressure heaters, therefore, range
between 0 and —S5°F, being more negative the higher the pressure, and hence the
greater the degree of superheat of the entering steam.

Note also that the drain in this heater is slightly subcooled and hence imparts .
more energy to the water and thus reduces the loss of availability due to its throttling
to the low-pressure heater. The heater is physically composed of a desuperheating -

section, a condensing section, and a drain cooler section (Fig. 2-16¢).
Thus there are four physical possibilities of closed feedwater heaters composed
of the following sections or zones (Sec. 6-5):

1. Condenser
2. Condenser, drain cooler
3. Desuperheater, condenser, drain cooler
4. Desuperheater, condenser

The drain at 11 is now throttled to the low-pressure heater entering it at 12 as a
two-phase mixture where it joins with the steam bled at 3 and thus aids in the heating
-of the water in the low-pressure heater. The combined m, + m; constitutes the low-
pressure heater drain, which is throttled to the main condenser at 10. The high-pressure
heater exit water at 8 is led into the steam generator. Again, to analyze the system,
both a mass and an energy balance are required. A mass balance, also based on a
unit-flow rate at turbine inlet, point 1, is given, clockwise, by

Mass flow between 1 and2 = 1

Mass flow between2and3 =1 — m,

Mass flow between 3 and 10 =1 — my — m;

Mass flow between 10 and 1 = 1| L (2-13)
Mass flow between 2 and 12 = m,

Mass flow between 3 and 12 = m;,

Mass flow between 12 and 10 = s, + s ,

‘The energy balances on the high- and low-pressure heaters are now given, re-
spectively, by

mylhy — hy) = he — hy (2-14)
and my(hy — he) + rfig(hiy ~ ho) = hy — kg (2-15)
Recalling that a throttling process is a constant enthalpy process so that

ha = hy and ho = ho

RO
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and two unknowns,

there are U ,
now obtained, again as

Heat added 44 = hy — hs * |
Turbine work wr = (k. = h2) + (1 — ma)hz — hs)

+ (1 = 1ity = i)y — ha)

vs(Ps — Ps)
pump work wol = s — hs = noJ

Heat rejected Jgel = (1 = Mz — ma)(hs — hg) + (my + m3)(e — hs)

Net cyclc Work Awnet = Wr = |wP'

4 A"Vﬂet
Cycle thermal efficiency 7w =
qa
) AW per
Work ratio WR =
wr
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s at which steam is bied from the turbine (Sec. 2-13) so that
es in Egs. (2-14) and (2-15) are all known, we again have two equations
i, and ;. Or, in general, we will have as many equations as
aknowns making a solution possible. The pertinent cycle parameters are
energy per unit mass flow rate at turbine inlet (point 1)

)

L (2-16)

,

Example 2-5 An ideal Rankine cycle operates with 1000 psia, 1000°F steam. It
has one closed feedwater heater with drain cascaded backward placed at 100 psia.
The condenser pressure is 1 psia. Use TTD = 5°F. The heater has a drain cooler

resulting in DC (drain cooler temperature difference) = 10°F.

SoLUTION Referring to Fig. 2-17, the enthalpies, all in Buwlb,,, found by the

usual procedure are

h = 15054 h, = 1228.6 hy = 923.31 hy = 69.73

4

hy = 298.5

hs = hy + vo(Ps — Py) = 69.73 + 2.98 = 72.71 corresponding to 104.72°F

For TTD = 5°F
1 =t — 5 = 32782 — 5 = 322.82°F
Therefore :
' hs = 293.36 (by interpolation)
For DC = 10°F
ts = s + 10 = 104.72 + 10 = 114.72°F
Thus kg = 82.69 (by interpolation)

mylhy ~ hg) = hg — hs

39336 — 7271
M2 = 1228.6 — 82.69 01926
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wr = (l — k) + (1 — 1)y — h3)~
= (1505.4 — 1228.6) + (1 — 0.1926)(1228.6 — 923.31)
= 276.8 + 246.49 = 523.29
wol = (hs — hs) = 2.98 "
Awg, = 520.31
qa = hy — hg = 1505.4 — 293.36 = 1212.04
gl = (1 = rp)Chs — he) + ralhs — hy)
= 689.18 + 2.50 = 691.68

520.31 ‘

Torse = 1312.08 = 0.4293 = 42.93%
Aw,,  520.31

WR = wr  523.29 0'994_3

Table 2-2 contains other solutions for ideal Rankine cycles with 1000 psia steam.
The cycle in Example 2-5 is cycle D in that table. Again note the reduction in work
but the improvement in 7y, over the cycle with no feedwater heating. As stated for
the open feedwater heaters, this improvement increases with the number of feedwater
heaters until increases in complexity and capital cost make the addition of further
heaters, beyond about seven or eight, unprofitable.

3 Figure 2-17 T-s diagram of Ex-
s ample 2-5.
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Table 2-2 Results of example calculations for ideal Rankine cycles*

-—-'-__-___

Cycle  Pasticulars Awne qa % lgai WR
7 No superheat; no fwht 41372 112019 36.93 70649  0.9928
A Superheat; no fwh 579.1t1 1432.69 40.42 853.58 0.9949
5 Superheat; one open fwh 519.3 1203.95 43.13 685.25 0.9939
g Superheat; one closed fwh; drains 520.31 1212.04 42.93 691.68 0.9943
cascaded; DC '
E Superheat; one closed fwh; drains 529.85 1245.63 42.54 715.73 0.9945
pumped; DC
F Superheat; one closed fwh; drains 520.59 1210.48 43.01 689.95 0.9943
pumped; no DC
G Superheat; reheat; one open fwh 641.59 1447 .44 44.33 805.83 0.9951
H Superheat; reheat; two closed fwh; 609.83 1351.0 45.14 727.62 0.9952
drains cascaded
I Supercritical; double reheat; no 861.95 1831.92 47.05 %969.97 0.9880

fwh; 3500/1000/1025/1050

p—————

+ All values in Btw/lb,,; all examples, except for cycle A which is saturated, and cycle I, at 1000 psia/
1000°F. All at I psia condenser pressure.
t fwh = feedwater heater. o

m,
K

or _

er Although this type of feedwater heater is the most common, it causes some loss
ieT of availability because of throttling and, to a lesser extent, heat transfer.

2-10 CLOSED-TYPE FEEDWATER HEATERS WITH DRAINS
PUMPED FORWARD

This second closed-type feedwater heater avoids throttling but at the expense of some
added complexity because of the inclusion of a small pump. It also allows some
Rexibility to the plant cycle designer who prefers a mix of feedwater heater types that
would be deemed most suitable. =

As with the previous closed-type feedwater heater, it is a sheli-and-tube heat
exchanger in which the feedwater passes through the tubes and the bled steam, on the
shell side, transfers its energy to it and condenses. They do not mix and the feedwater
may be pressurized only once, although a deaerating heater followed by boiler feed
pump are usually inserted into the system. _

. The drain from this type of heater, instead of being cascaded backward, is pumped
| forward into the main feedwater line. Figure 2-18 shows a simplified flow diagram
= and corresponding T-s diagram for a nonideal superheat Rankine cycle showing, for

simplicity, two heaters of this type. Although this system requires one additional pump
: per heater, it differs from the system using open-type feedwater heaters in that the
: Ex- pumps this time are small and, rather than nearly full feedwater flow, carry only
; fractional flows corresponding to the bled steam m, and ;.
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Figure 2-18 Schematic flow and 7-s diagrams of nonideal superheat Rankine cycle with two
closed-type feedwater heaters with drains pumped forward.

Starting with the low-pressure heater, the drain at 13 is pumped forward to the
main feedwater line, enters it at 14, and mixes with the exit water from that heater at
7, resulting in a mixture at 8. Point 8 is closer to 7 than 14 on the T-s diagram because
the main feedwater flow at 7 is greater than the drain flow ;.

The water at 8 enters the high-pressure heater and is heated to 9. The drain leaves
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the heater at 11, is pumped to 12, and mixes with the feedwater at 9, resuiting in full
reedwater flow at 10 which now goes to the steam generator.

A mass balance, based on a unit mass-flow rate at turbine inlet, point 1, is given,
clockwise, on the T-s diagram by

Mass flow between 1 and 2 = 1 )

THE RANKINE CYCLE 59

Mass flow between 2 and 12 = m,
Mass flow between2and3 =1 — m,
Mass flow between 3 and 14 = m;,
Mass flow between 3and 7 = 1 — i, — m, > (2-17)
Mass flow at 14 = 1,
Masﬁ flow between8 and 9 =1 — m,

Mass flow at 12 = m,

[
et

Mass flow between 10 and 1

The energy balances on the high- and low-pressure heaters are given, respectively, by
my(hy — hyy) = (1 — mx)(hs — hg) (2-18)
and my(hy — hy3) = (1 — my — ms)(hy — h) (2-19)

The values of 45 and h; are obtained from the temperatures ¢ and ¢,, which are
equal to the saturation temperature of the steam in each heater minus its terminal
temperature difference or ‘

e = 1y — TTD hp heater (2'20{1)
andt; = ty3 — TID lp heater (2-208)

hyo, needed for gu, and ks, to be used in Eq. (2-18), are obtained from A,; and A,
respectively. The latter are given by

P, —
hi = by + vy P — Pu (2-21a)
p
two | : P, — P
and Bye = hys + vy —2 (2-215)
Ip
. Thus th = ?ilzh]z -+ (1 - ﬁlz)hg (2-22&)
the . . : .
br at and (1 = mdhs = »'_"3}'14 + (1 = my — myhy (2-22b)
[1USE The turbine work

aves wr = (hy = ko) + (1 = i)y — hs) + (1 = sy — rns)(hy — k) (223)
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Pump work [Zwy| = (1 — sty — rity)(hg — hs) -+ my(hyg — hys) + ritg(hyy — Ry} f
@24 .
Heat added g, = A, ~ hyo ' (225) @
-z | -
Thermal efficiency 7y, = fz__l_l_*ﬂ (2-26)

qa

Example 2-6 Repeat Example 2-5 but for one closed-type feedwater heater with
drain pumped forward. TTD = 5°F.

SOLUTION Refer to Flg. 2-19. h[, hz, h3, hs, hs, hs, h‘y are all the same as in
Example 2-5.

_ Py ~ Py) X 144 _ (1000 —~ 100) x 144

= 298.5 + 2.95 = 301.45 Bw/lb,,
hs (as betore) = 293.36 Btwlb,,
myhy — hy) = (1 — ry)(hg — hq)
my(1228.6 — 298.5) = (1 — my)(293.36 — 72.71)
iy = 0.1917
hy = tichg + (1 — tity)hg = 57.79 + 237.12 = 294.91 Btwlb,,

3 Figure 2-19 T-s diagram of Ex-
s ample 2-6. -

forwse
feedw
of the

flow |
presst

witho
cooler
prima
Table
= 10

feedw:
heater:
combi
combii

2-11 "

In gene
designe
one se
commo



¥ THE RANKINE CYCLE 61
hy) e = (i — b + (1 — i)y = h3) = 276.8 + 246.77
-24) = 523.57 Bu/lb,,
)-26) = 2.98 Bu/lb,

Awe = 520.59 Btu/lb,,
g = I — hio = 1505.4 ~ 294.92 = 1210.48 Brwlb,

with
gl = (1 — Ay — hy) = 689.95 Bawlb,,
520.59
1 = = _4 1 - .
as 1n Teyle = 1210.48 0.4301 = 43.01%
520.59
= == = 0.9943
44 WR = 2 = 0.99

This example is listed as cycle F in Table 2-2.

As indicated earlier, the type of closed feedwater heater that has drains pumped
forward avoids the loss of availability due to throttling inherent in the previous closed
feedwater heater with drains cascaded backward. This, however, is done at the expense
of the complexity of adding a drain pump following each heater. Note, however, that
unlike the open feedwater heater the drain pump is a low-capacity one because its
flow is only that of the bled steam being condensed in the heater. It must however

urize that condensate to the full feedwater line pressure.

This type of feedwater heater results in a slightly better cycle efficiency if used
without a drain cooler because energy transferred from the heater drain in the drain
cooler lowers the point in the feedwater line at which energy is to be added from the
primary heat source or from a higher pressure feedwater heater. Compare cycle F in
Table 2-2 with cycle E, which is identical except that there is a drain cooler with DC
= ]0°F.

One other advantage of pumped drains is that, when used as the lowest-pressure
feedwater heater in an otherwise all-cascaded system, or with all-cascaded feedwater
heaters between it and an open feedwater heater, it prevents the throttling of the
combined cascaded flows to the condenser pressure where the energy left in that
combined flow is lost to the environment.

2-11 THE CHOICE OF FEEDWATER HEATERS

In general the choice of feedwater heater type depends upon many factors, including
designer optimization and preference, practical considerations, cost, and so on, and

»f Ex- one sees a variety of cycle designs. There are, however, features that are rather
- common.
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Figure 2-20 Flow diagram of an actual S12-MW 2400 psig/1000°F/ 1000°F rehear powerplant with seven feedwater heaters. (Courtesy Wisconsin Fower &

Light Co.)
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N -type feedwater heater, which doubles as a deaerator and is thus called
L. One OPCI:ieacmﬁng) heater, is used in fossii-fueled powerplants. It is not yet the
the QA (m use it in water-cooled-and-moderated nuclear powerplants because of
pra cncecem regarding radioactivity release with deaeration. This type of heater is
e laced near the middle of the feedwater system, where the temperature is
uSllaLuya:)gducivc to the release of noncondensables.

most ;: sed-type feedwater heater with drains cascaded backward is the most com-
2. Thec™® used both before and after the DA heater. It usually has integral desu-
mc:;e?t?:é and drain cooler sections in the high-pressure stages but no superheating
g:ction in the very low-pressure stages because the bled steam is saturated or wet.

A separate drain cooler is sometimes used for the lowest-pressure heater.
3. One closed feedwater heater with drains pumped forward is often used as the lowest-
' pressure feedwater heater to pump all accumulating drains back into the feedwater
lin¢, as indicated above. Occasionally one encounters one more feedwater of this

type at a higher-pressure stage.

Table 2-2 is a compilation of the results of calculations similar to and including
those in the previous examples. They all have 1000 psia, 1000°F steam at turbine
inlet, except for cycle 4, which is saturated. Cycles G and H have reheat to 1000°F.
Cycles A, B, and I have no feedwater heaters. The rest have one feedwater of various
types except for cycle H, which has two. All cycles are ideal, meaning that they are
internally reversible with adiabatic reversible turbines and pumps.

Comparison shows large efficiency increases as a result of superheat, reheat, and
the use of even one feedwater heater. The differences between different types of
feedwater heaters are small. It is to be noted, however, that even a fraction of a percent
difference in efficiency can mean a very large difference in annual fuel costs, especially
in a fossil powerplant, where the fuel cycle costs are a large portion of the total cost
of electricity. (Other costs are the fixed charges on the capital cost and the operation
and maintenance cost, O & M.) Differences in efficiency aiso mean differences in
plant size (heat exchangers, etc.) for a given plant output and hence differences in
capital cost. Although the cycles summarized in Table 2-2 are ideal, the trends they
exhibit are applicable to nonideal cycles, so one should expect the same relative
standings in both cases.

Figure 2-20 shows a flow diagram of an actual 512-MW powerplant with superheat,
reheat, and seven feedwaters: one DA, five closed with drains cascaded backward,
and one, the lowest pressure, closed with drains pumped forward. In such diagrams,
there are standard notations (not all to be found in Fig. 2-20), such as

AE Available energy or isentropic enthalpy difference, Bn/lb,,

BFP Boiler feed pump

DC Drain cooler terminal temperature difference (Fig. 2-16b and ¢),
°F

EL Exhaust loss, Btw/lb,,

ELEP Expansion line end-point enthalpy, Btwlb,,

h Enthalpy, Buw/lb,,
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| Pressure, psia

RHTR Reheater :

SGFP Steam generator feed pump-

SJIAE Steam-jet air ejector condenser -

SPE ' Steam packing exhaust condenser -

SSR Steam seal regulator

TD or TTD Terminal temperature difference (Fig. 2—16),
UEEP Used energy end point, Btw/lb,,

# ' Mass-flow rate, 1b,/h

2-12 EFFICIENCY AND HEAT RATE

In the thermodynamic analysis of cycles and powerplants, the thermal efficieney and
the power output are of prime importance. The thermal efficiency is the ratio of the
net work to the heat added to the cycle or powerplant. The thermal efficiencies of
powerplants are less than those computed for cycles as above because the analyses
above failed to take into account-the various auxiliaries used in a powerplant and the
various irreversibilities associated with them. A complete analysis of a powerplant
must take into account all these auxiliaries, the nonidealities in turbines, pumps,
friction, heat transfer, throttling, etc., as well as the differences between full-load and
partial-load operation. Such analyses are quite complex and require the use of high-
capacity computers.

The gross efficiency is the one calculated based on the gross work or power of
the turbine-generator. This is the work or power, MW gross, produced before power
is tapped for the internai functioning of the powerplant, such as that needed to operate
pumps, compressors, fuel-handling equipment, and other auxiliaries, labs, computers,
heating systems, lighting, etc. (Fig. 2-21). The net efficiency is calculated based on

‘-
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Figure 2-21 Schematic of a powerplant showing turbine, gross and net work.

the I
abov

the ¢
They
That
B,

thus

henct
work

and tl
3412

by

E
It
ne

Sc



£ THE RANKINE CYCLE 63

pet work or power of the plant, i.e., the gross power minus the tapped power,
thb‘:,ve or the power leaving at the station bus bars.
al ]

powerplant designers and operators are interested in efficiency as a measure of
the economy of the powerplant because it affects capital, fuel, and operating costs.
They use in addition another parameter that more readily reflects the fuel economies.
That parameter is called a heat rate (HR). It is the amount of heat added, usually in
Btu, to produce a unit amount of wonjk, usually in kilowatt hours (kWh). Heat rate
thus has the units BtwkWh. The HR is inversely proportional to the efficiency, and
nence the lower its vaiue, the better. There are various heat rates corresponding to the

work used in the denominator. For example

heat added to cycle, Btu
net cycle work kWh

ey and __rate of heat added to cycle, Buwh
of the - net cycle power, kW

Net cycle HR =

;ies of
:alyses le HR = rate of heat added to cycle, Brwh
nd the Gross cycle - turbine power output, KW
crplant , rate of heat added to steam generator, Btwh
umps, Net station HR = .
ad and net station power, kW
f high- fon HR = of heat added to steam generater, Btu/h

Gross station - gross turbine-generator power, kKW
wer of
- power and there are as many thermal efficiencies as there are heat rates. Because 1 kWh =
operate 3412 Btu, the heat rate of any kind is related to the corresponding thermal efficiency
puters, by
ised on 3412 _

HR = —= (2-27)
4 n‘lh

Example 2-7 A coal-fired powerplant has a turbine-generator rated at 1000 MW
gross. The plant requires about 9 percent of this power for its internal operations.
It uses 9800 tons of coal per day. This coal has a heating value of 11,500 Btw/
Ib,., and the steam generator efficiency is 86 percent. Calculate the gross station,
net station, and the net steam cycle heat rates.

SOLUTION

Rate of coal bumed = 9800 X -2—;—.? = 816,667 Ib,/h

816,667 x 11,500
G i = . . = .
ross station HR ] 1 9391.67 BtwkWh

Station net power output = (1 — 0.9) x 1000 = 910 MW
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) 816,667 x 11,500
Net station HR = 910 % 1000 = 10,320.5 Btukah

Heat added to steam generator = 816,667 x 11,500 x 0.86
= 8.07683 x 10° Bawh

8.07683 x 10°
Net steam cycle HR = 091 x 105 8875.64 BtwkWh

The corresponding thermal efficiencies are

, L3412
Gross station efficiency = 039167 36.33%
: . 3412
Net station efficiency = 103205 33.06%
4
Net cycle efficiency = 3412 = 38.44%

8875.64

When the efficiency and heat rate of a powerplant are quoted without specification,
it is usually the net station efficiency and heat rate that are meant. A convenient
numerical value to remember for heat rate is 10,000 Brw/kWh. Usually large modem
and efficient powerplants have values less than 10,000, while older plants, gas-turbine
plants, and alternative power systems such as solar, geothermal, and others, exceed
this value.

Figure 2-22, originally published in 1954 [9], contains a history of steam cycles
since 1915 and an interesting prediction of things to come, up to 1980. It gives the
average overall (net) HR range or band as a function of steam conditions, shown above
the band. The heat rates are in tum dependent upon metallurgical constraints and
development. The available materials are shown below the band. A landmark station
was the 325-MW Eddystone unit I of the Philadelphia Electric Company, a double-
reheat plant designed for operation with supercritical steam (Sec. 2-14) at 5000 psig/
1200°F/1050°F/1050°F (about 345 bar, 650°C/565°C/565°C). Its actual operation was
at 4700 psig and 1130°F wrbine inlet (325 bar, 610°C). Built in 1959, it had the
highest steam conditions and lowest HR of any plant in the world, and its power output
was equal to the largest commercially available plant at the time.

~ Figure 2-22 is shown to predict conditions far beyond what has been achieved to
date. The material X needed to raise the pressures and temperatures to the 7500 psig
and 1400°F level, for example, remains to be developed. The most common steam
conditions remain at 2400 to 3500 psia (165 to 240 bar) and 1000 to 1050°F (540 to
565°C). The 1960s and 1970s saw little improvements because there was no motivation
to lower heat rates with the then-cheap fossii fuels and the advent of nuclear power.
In fact, recent years have seen a rise in heat rates as a result of environmental restrictions
on cooling and the increased use of devices to reduce the environmental impact of
power generation (cooling towers, electrostatic precipitators, desuifurization, etc.).

Figure 2-22, however, correctly predicts advancements such as single and double
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[mprovements due to

Regenerative feed heating m Double reheat
Single reheat Ry Gas-steam cycle
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Figure 2-22 The evolution of the steam cycle as predicted in 1954 {9].

reheat and combined gas-turbine-steam-turbine cycles (Sec. 8-10). An advanced 773-
MW piant design utilizing double reheat, supercritical steam at 4500 psig/1100/1050/
1050°F (310 bar, 593/565/565°C), 10 feedwater heaters, and other novel features, and
yielding a heat rate of 8335 Btu/k\Yh, has recently been proposed [10].

2-.13 THE PLACEMENT OF FEEDWATER HEATERS

A natural question arises as to where to place the feedwater heaters (of any kind) in
the cycle. In other words: What are the pressures at which steam is to be bled from
the turbine that will result in the maximum increase in efficiency (or maximum reduction
in heat rate)? It is expected that the answer to this question can be obtained most
accurately by a complete optimization of the cycle, a job that entails large, compiex,
and usually not readily available computer programs. ‘

There is, however, a simple answer based on physical reasoning. As indicated
previously, the role of feedwater heaters is to bring the temperature of the feedwater
as close as possible to that of the steam generator before the feedwater enters that
steam generator. If we were to assume first for simplicity that only one feedwater
heater (the type is not important for this discussion) is to be used, we may consider
placing it in positions 1, 2, or 3 with respect to the cycle (Fig. 2-23). In position 1
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/N
/ : N

/ __\\_Figure 2-23 One feedwater heater
s in three possible positions.

we see that heat transfers to the feedwater are caused by AT, and AT, ., where T,
and Tc are the boiler and condenser temperatures, respectively. In position 3 the
corresponding heat transfers are the result of 75 — T and T3 — T¢. Itis obvious that
in both these cases one of these AT s is very large. The one position that would
minimize both temperature differences is in the middle, position 2, where T ~ T,
= T, — T¢. Thus the optimum, from an efficiency point of view, of the pressure at
which the one feedwater heater is to be placed is obtained by finding the temperature
that is half way between T and T, and then obtaining the saturation pressure cor-
responding to that temperature. Note that the temperature at which steam is actually
bled from the turbine may be in the superheat region at that pressure and thus higher
than Tz. :

If two feedwater heaters are to be ysed, the optimum placement is at temperatures
that would divide Ty — T into three equal parts. In general, then, for n feedwater
heaters (Fig. 2-24), the optimum temperature rise per heater would be given by

ITB - TC

AT,y =

(2-28)

Example 2-8 The Rankine cycle shown in Fig. 2-24 has an ideal turbine that
operates between 1000 psia and 1000°F, and 1 psia. It has seven feedwater heaters.
Find the optimum pressure and inlet temperature for the high- and the low-pressure
feedwater heaters. -

SoLUTION Referring to Fig. 2-24 and the steam tables
Ts = 544.58°F T¢ = 10L.74°F 5, = 1.6530

544.58 — 101.74
ATop = 7+ 1

= 55.36°F

T,

Bec

Beca
inlet
a deg
Ib,,,.

thus w
most }
pressu;
perhea
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Figure 2-24 T-s diagram of Ex-

s ample 2-8

The low-pressure heater

T, = Tc + AT = 101.74 + 55.36
= 157.10°F, comresponding to P; = 4.422 psia

Because s, at P; = 1.806 > sy, the bled steam to heater 7 is, as expected, in the
two-phase region, for which

sy =5 = 1.6530 = (s¢ + X985)4.422 psin
= 0.2266 + x4(1.6277)
0.876

Thus X7

and hy = 125.05 + 0.876 X 1003.9 = 1004.5 Btw/lb,,
The high-pressure heater

Tai =T — ATy = 544.58 — 55.36
= 489.22°F, corresponding to P, = 617.04 psia

Because at P s, = 1.4433 < s,, the bled steam to heater 1 is superheated. The
inlet temperature, found by interpolation from the steam tables, is 850.0°F with
a degree of superheat of 360.8°F, corresponding to an enthalpy of 1435.05 Btw/
Ib,,.

Heater 1, the high-pressure heater, receives highly superheated steam and
thus would be constructed with a desuperheater zone, a condensing zone, and
most likely, a drain cooler. Its TTD is most likely negative. Heater 7, the low-
pressure heater, on the other hand, receives wet steam and will have no desu-
perheating zone. It will have a condensing section and may not have an integral
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~ drain cooler. If not, its drain may be cascaded to the condenser either directly op

via a separate drain cooler, or it may be pumped forward into the feedwater line. 2

The temperatures, pressures, and inlet conditions of the other five feedwater heatery
are found in a like manner. They are then used in the appropriate equations for

determining the mass-flow rates in the particular type of heater, or mix of heaters &
and the various cycle parameters. If the turbine in Example 2-8 were not ideal, the .
exact turbine expansion line must first be determined in order to find the bled steamy +
inlet temperatures and enthalpies. Here the use of the Mollier diagram may be mops -

useful than the T-s diagram.

It is now instructive to show the effect of varying AT between feedwater heaters
from AT, on cycle efficiency. Figure 2-25 shows the effect of varying the tota]
feedwater temperature rise (above the condenser temperature) for a saturated internaily
reversible steam cycle operating between 1000 and 1 psia, corresponding to saturation
temperatures of 544.58°F and 101.74°F, respectively. The curve shows the percent
decrease in cycle heat rate (corresponding to increase in cycle efficiency) for 1, 2, 3,
4, and 10 feedwater heaters versus the total temperature rise above the condenser
temperature. _ S

It can be seen, as expected, that the curve for a single feedwater heater peaks at
a temperature rise halfway between the above saturation temperatures; i.e., it peaks
at AT of 0.5(544.58 — 101.74), or about 222°F. For two feedwater heaters, the peak
occurs at §(544.58 — 101.740), or about 295°F. It can also be seen that the curves
are relatively flat about the optimum values, which indicates that small departures
from these optimum values have no serious effect on heat rate. In actual powerplants,
the feedwater heaters are not positioned necessarily at their optimum positions, Other
considerations may dictate the exact positions. These considerations include the place-
ment of the deaerating heater for best deaeration and the relative positions of the closed
heaters before and after it, the existence of a convenient point at which steam is bled
such as the crossover between turbine sections or at the steam outlet to the reheater,
the design of the turbine casings, and others.

[ )

Reduction in heat rate, %
o0

y/

0 100 200 300 400 Figure 2.25 Effect of AT between feedwater heat-
Total feedwater temperature rise. °F ers on cycle heat rate
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114 THE SUPERCRITICAL-PRESSURE CYCLE

2.26 the feedwater is pressurized at 8 to a pressure beyond the critical pressure
In Fig. r (3208 psia for steam). The feedwater heating curve shows a gradual
of the \tap:empemm and density but not in phase to the steam temperature at 1.
chang® " can be made to be closer to the heat source temperature than a subcritical
Such he‘_‘:hmge same steam temperature that shows an abrupt change in temperature
c)[clt? v:;c two-phase region. Looking at it another way, the supercritical-pressure cycle
wn:fes more of its heat at higher temperatures than a subcritical cycle with the same
tr:c;bine inlet steam temperature. . N

Because of the gradual change in density, supercritical-pressure cycles use once-
through steam generators instead of the more common drum-type steam generators
(ChaK- zi)s-advantage of the supercritical-pressure cycle, however, is that expansion
from point 1 to the condenser pressure would result in very wet vapor in the latter
stages of the wurbine. Hence, supercritical-pressure cycles invariably use reheat and
often double reheat. A popular base design for a supercritical powerplant used 3500
psia and initial 1000°F steam with reheats to 1025°F and 1050°F (3500/1000/1025/
1050). The higher temperatures after reheat were tolerated by the reheater tubes because

of the much lower pressures in them.

2
T azsep ' 950F
3

Figure 2-26 T-s diagram of an ideal
supercriticai, double-reheat 3500/
s 1000/1025/1050 steam cycle.
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£

Example 2-9 Calculate the net work, heat added, efficiency, and work ratio of 4 &

an internally reversible supercritical double-reheat 3500!1000!1025! 1050 cycle B
Reheats occur at 800 and 200 psia. Condensing is at 1 psia...

‘ SOLUTION Refemng to Fig. 2-26 and the steam tablcs with & values in Btuflb (3
and s values in Btu/(Ib,, - ) _

b = 14222 5, = 1.4709

$: = 14709  h, = 1254.5

hy = 15253 53 = 1.69015

se = 1.69015  h, = 163363

hs = 15554 55 = 1.8603

o= 1.8603  x; = 0936 & = 1039.7
hy = 69.73

0.016136(3500 — 1)144
778.16
Awg, = (1422.20 — 254.5) + (1525.3 — 1336.3)
+ (1555.4 — 1039.7) — 10.45
167.7 + 189 + 515.7 — 10.45
= 872.4 ~ 10.45 = 861.95 Btwlb,,
qa = (b ~ hg) + (hs_ — hy)) + (hs — hy)
1342.02 + 270.8 + 219.3 = 1831.92 Bru/lb,

hy = 69.73 + = 69.73 + 10.45 = 80.18

Therefore
861.95 °
= 133107 04705
. 861.95
= ——— ) 0
and . WR = == 0.988

The efficiency, of course, would be furt.her improved by the addition of feedwater
heaters. This example is listed as cycle / in Table 2-2.

2-15 Cogeneration

Cogencration is the simultaneous generation of electricity aind steam (or heat) in 2
single powerplant. It has long been used by industries and municipalities that nees
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steam (or heat) as well as electricity. Examples are chemical industries, paper

p,?cessand places. that use district heating. Cogeneration is not usually used by large

“‘fl!s - < which tend to produce electricity only. Cogeneration is advisable for industries

“m‘?ne:nicipaliﬁes if they can produce electricity cheaper, or more conveniently, than
that brought from & udility. . . . N o

From an energy resource pomlf of view, cogenerat-mn is beneﬁf:lgl only if it saves

. energy when compared with separatf: generation of electricity and steam (or

heat). The cogeneration plant efficiency 7., is given by

_E + AH,
Qa
E = electric energy generated

Teo (2-29)

where
AH, = heat energy, or heat energy in process steam

= (enthalpy of steam entering the process)
- (enthalpy of process condensate returning to plant)
Q. = heat added to plant (in coal, nuclear fuel, etc.)

For scparate generation of electricity and steam, the heat added per unit rotal
energy output is

e (1=9
e Ma
= electrical fraction of total energy output = ——E——
where e=2¢e _ gy tp ET )

7. = electric plant efficiency
7, = steam (or heat) generator efficiency
The combined efficiency n. for sepérate generation is therefore given by
1
" (em)+[(1=e)im]

and cogeneration is beneficial if the efficiency of the cogeneration plant Eq. (2-29)
exceeds that of separate generation, Eq. (2-30).

e (2-30)

Types of Cogeneration
There are two broad categories of cogeneration:

1. The topping cycle, in which primary heat at the higher temperature end of the
Rankine cycle is used to generate high-pressure and -temperature steam and elec-
tricity in the usual manner. Dependng on process requirements, process steam at
low-pressure and temperature is either (@) extracted from the turbine at an inter-
mediate stage, much as for feedwater heating, or (5) taken at the turbine exhaust,
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in which case it is called a back pressure turbine. Process steam pressure require:

ments vary widely, between 0.5 and 40 bar,

therefore is of little thermodynamic or economic interest.

Only the topping cycle, therefore, can provide true savings in primary energy,
In addition, most process applications require low grade (temperature, availability)
steam. Such steam is conveniently produced in a topping cycle. There are severy
arrangements for cogeneration in a topping cycle. Some are:
(a) Steam-electric powerplant with a back-pressure turbine.
(b) Steam-electric powerplant with steam extraction from a condensing turbine

(Fig. 2-27).

(¢) Gas-turbine powerplant with a heat-recovery boiler (using the gas turbine ex.

haust to generate steam).

(d) Combined steam-gas-turbine cycle powerplant (Secs. 8-8 and 8-9). The stean
turbine is either of the back-pressure type (a) or of the extraction-condensing

type (b), above.

The most suitable electric-to-heat generation ratios vary from type to type. The
back-pressure steam turbine plant (a) is most suitable only when the electric demand
is low compared with the heat demand. The combined-cycle plant (d) is most suitable
only when the electric demand is high, about comparable to the heat demand or higher,
though its range is wider with an extraction-condensing steam turbine than with 3
back-pressure turbine. The gas-turbine cycle (c) lies in between. Only the extraction-

condensing plant (b) is suitable over a wide range of ratios.

‘-

£

- The bottoming cycle, in which primary heat is used at high temperature directly 4
for process requirements. An example is the high-temperature cement kiln. The &
process low-grade (low temperature and availability) waste heat is then used to &
generate electricity, obviously at low efficiency. The bottoming cycle thus has 4 -
combined efficiency that most certainly lies below that given by Eq. (2-30), anq -

Turbine

Generator

Steam ' —
generator

Process
steam Condenser

 ; F

————is) N
| 4 "~_&.

3 P
Deaerating \
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]f‘eet:watef 'Q feedwater
eater P heater

Figure 2-27 Schematic of basic cogeneration plant with extraction-condensing turbine.
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THE RANKINE CYCLE 7§

Economics of Cogeneration

municipally owned cogeneration plant is advisable from an economic
-« of view if the cost of electricity generated by it is less than if purchased from a
'u.xt (If a utility is not available, cogeneration becomes necessary, irrespective of
unh;z;mcs,) In general, very low fractions of electric to total energy are not considered
:gnomical for cogenerati_on. o .
Since the main incentive of cogeneration is process steam (or heat), the economics
f cogeneration arc sharply influenced by the additional cost of generating electricity.
oe [fowerplant costs are of two kinds: capital costs and production costs. Capital
/s are given in total dollars or as unit capital costs in dollars per kilowatt net.
g:;duction costs are calculated annually, or more frequently if desired, and given in
mills per kilowatt hour. A mill is one one-thousandth of a United States dollar. Capital
costs determine whether a given utility or industry is sound enough to obtain financing
and thus abie to pay the fixed charges against these costs. Production costs are the
true measure of the cost of power generated. They are composed of:

A privately or

a. The fixed charges against the capital costs
b. The fuel costs

¢. Operation and maintenance costs
all m mills per kilowatt hour. They are therefore given by:

total (a-+b+c¢) $ spent per period X 10°
KWh (net) generated during same period

Production costs = (2-31)
where the period is usually taken as one year. ‘

For a congeneration plant, it is important to calculate the production costs of
electricity as an excess over the generating cost of steam alone, and to compare it
with the cost of electricity when purchased from a utility. It is now necessary to
introduce the plant operating factor POF, defined for all plants as

_ total net energy generated by plant during a period of time

POF rated net energy capacity of plant during same period

(2-32)

where the period is again usually taken as one year. For estimation purposes, it is
common to take POF = 0.80. A plant operating with POF = 0.8 is the same as if
it operated only at rated capacity for 80 percent of the time or for 0.8(365 X 24) =
7008 h/yr, which is usually rounded out to 7000 h/yr.

The excess cost of electricity for a cogeneration plant may now be obtained from

Electric cost = {(C.,—Cy)r + (OM.,—OM,)

10 .
+ (Feo=Fp)] :IEO—OF_mlllskah (2-33)

where C = capital costs, $

r = annual fixed charges against the capital cost, fraction of C
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OM = annual operation and maintenance costs, $/yr

F = annual fuel costs, $/yr

P = electric plant net power rating, kW

and the subscripts co and % indicate cogeneration and process heat plants, respécﬁvely_ ,ﬁ 211 An mli:
Cogeneration plants, built mostly by industries or municipalities, are smaller thay - }:;'Zf:« b
utility electric-generating plants and therefore tend to have higher unit capital anj:  cascaded ba
operating costs. They have not usually been considered for operation with coal o:  case the fee

nuclear energy as a primary heat source, though this picture is slowly changing. 2-12 A supe
at 1 psia. It

turbine sectic

(@) the specif

PROBLEMS the turbine C

_ -feedwater he:

2-1 A simple ideal saturated Rankine cycle turbine receives 125 kg/s of steam at 300°C and condenses ‘: 2-13 An 850

40°C. Calculate (a) the net cycle power, in megawatts, and () the cycle efficiency. :“’55““’ a‘f :}
eater is 0

2-2 A simple nonideal saturated Rankine cycle turbine receives 125 kg/s of steam at 300°C and condensy open type; (©)
at 40°C (same conditions as Prob. 2-1). This cycle has- turbine and pump polytropic efficiencies of 0.8 . oione h:ive
and 0.75, respectively, and a total pressure drop in the feedwater line and steam generator of 10 ba percent. Calcu
Calculate (a) the net cycle power, in megawatts, and (b) the cycle efficiency. 1o the conden:
2.3 Analyze the ideal Rankine cycle C in Tabie 2-2 if the feedwater heater is placed at 100 psia. undergoes a 2

2-4 Compare the inlet steam mass and volume flow rates in pound mass per second and cubic feet py  hour.

second of (a) a fossil-fuel powerplant turbine having a polytropic efficiency of 0.90 and receiving stey 2-14 If the Rai
at 2400 psia and 1000°F and (b) a nuclear powerplant turbine having a polytropic efficiency of 0.88 ax to space which
receiving saturated steam at 1000 psia. Each turbine produces 1000 megawatts, and exhausts to 1 psia.  weight of the ¢

2.5 To reduce the volume flow rate and hence turbine physical size, powerplants that operate with In Rankine cycles
initial temperature water as a heat source, such as some types of geothermal (Chap. 12) and ocean temperamy  SFitical tempern
energy conversion, OTEC (Chap. 15), powerplants, use working fluids other than steam, such as Freee Such as sodium
12, ammonia, and propane. Compare the mass flow rates, pound mass per hour, volume flow rates, cul sodium, operati
feet per second, and boiler and condenser pressures of (a) Freon-12, (b) propane, and (c) steam, ifd :The turbine anc
cycles operate with adiabatic reversible turbines that receive saturated vapor at 200°F and condense at 70% ignoring pressu;

and each produces 100 kW. radiator if it has
2-18 Calculate

2-6 In Prob. 2-5, why do the cycies operate with saturated vapor? hown in Fi

2-7 Consider three nonideal saturated Rankine cycles operating between 200 and 70°F using Freon-ll';. wn in Fig. 2
propane, and steam as working fluids. Each has turbine and pump polytropic efficiencies of 85 and £ , 16 A 100-MW
percent, respectively, and produces net work of 100 kW. Calculate (a) the mass flow rate in pound ma inlet. The mercu
per hour, () the volume flow rate in cubic feet per second, {c) the heat added, in Btus per hour, and { generated at 400
the cycle efficiency. :;a:;:ondenses
2.8 Consider an ideai saturated steam Rankine cycle with perfect regeneration (Fig. 2-11) operating betwa g, .o ﬂ:wﬂ;: an
1000 and 1.0 psia. Neglecting pump work, calculate (a) the quality of the turbine exhaust steam, (5} Iqpq the cycle : f;
turbine work in Btus per pound mass, (c) the heat added in Btus per pound mass, and (d) the cycle eiﬁcienrz_ 17 An |
Compare that efficiency to that of a similar cycle but without regeneration, and a Camnot cycle, alt opemlit-eheat ¢ ladVance.
between the same temperature limits. i’°lytroapic 6?0 psi
2-9 Compare the net works, in Btus per pound mass, and efficiencies of two ideal saturated Rankine cYafficien cy :f%cl;sn
using Freon-12 as a working fluid and operating between 200 and 72°F. One cycle has no feed heaters1 10 short l:ons. Ca"
the other has one open-type feed heater placed optimaily. Why is feed heating not usually resorted nechanica} and el
such cycles? ' MNtput is used to
2-10 A Rankine cycle with inlet steam at 90 bar and 500°C and condensation at 40°C produces 500 Meaters, calcuiate
It has one stage of reheat, optimally placed, back to 500°C. One feedwater of the closed type with drifficiencies, and (c
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back to the condenser receives bled steam at the reheat pressure. The high- and low-pressure
a_sc_aded ions have polytropic efficiencies of 92 and 90 percent, respectively. The pump has a polytropic
wrbine ¢ Calculate (a) the mass Sow rate of steam at turbine inlet in kilograms per second, (b)

Cfﬁdmlc:;;coi;ﬁ.)ﬂ and (¢) the cycle work ratio. Use TDD = -1.6°C.
the <y¢ . deal Rankine cycle operates with turbine inlet steam at 90 bar and 500°C, and a condenser
2.11 An 1 of 40°C. Calculate the efficiency and work ratio of this cycie for the following cases: (a) no
mwﬂmhcatins' (b) one opea-type feedwater heater, (¢} one closed-type feedwater heater with drains
feedwamback to the condenser, and {d) one closed feedwater heater with drains pumped forward. In each
casc the fecdwater heater is optimally placed. Use TDD = 2.5°C.

rheated nonideal steam cycle operates with inlet steam at 2400 psia and 1000°F and condenses
at 1 psia. It has five feedwater heaters, all optimally placed. Assume the polytropic efficiencies of the
nurbine sections before, between, and after the bieed points to be ail the same and equal to 0.90. Calculate

specific enthalpies of the extraction steam to each feedwater heater, in Btus per pound mass and (b)

g::ﬂr::-binc overall polytropic efficiency; and (c) estimate the terminal temperature difference for each

feedwater heater. _
213 An 850-MW Rankine cycle operates with turbine inlet steam at 1200 psia and 1000°F and condenser

are at | psia. There are three feedwater heaters placed optimally as follows: (a) the high-pressure
heater is of the closed type with drains cascaded backward; (b) the intermediate-pressure heater is of the
open type; (c) the low-pressure heater is of the closed type with drains pumped forward. Each of the turbine
sections have the same polytropic efficiency of 90 percent. The pumps have polytropic efficiencies of 80

ent. Calculate (@) the mass flow rate at the turbine inlet in pound mass per hour, (») the mass flow rate
(o the condenser, (c) the mass flow rate of the condenser cooling water, in pound mass per hour, if it
undergoes a 25°F temperature rise, (d) the cycle efficiency, and (e} the cycle heat rate, in Btus per kilowatt

hour.

2-14 If the Rankine cycle is to be used in outer space, heat rejection can be done only by thermal radiation
1o space which has an effective temperature of  absolute. To reduce the size and mass and hence lifting
weight of the condenser, condensation has to be at temperatures muck higher than those used in fand-based
Rankine cycles. Condensing temperatures of 1000 to 1500°F are considered. These are tigher than the
critical temperature of water. This also means a much higher turbine inlet temperature. Thus a liquid metal
such as sodium must be used as the working fluid. Consider a 100-kW (thermal) Rankine cycle using
sodium, operating with 24.692 psia and 2400°R sodium vapor at turbine inlet and condensing at 1500°R.
The turbine and pump polytropic efficiencies are 0.85 and 0.65, respectively. For no feed heaters and
ignoring pressure drops, caiculate (a) the cycle efficiency and (b) the heat transfer area of the condenser-
radiator if it has an overall heat transfer coefficient of § Btw/ft? - h - °F.

2-15 Calculate the gross heat rate, in Btus p;‘r kilowatt hour, and the gross efficiency of the powerplant
shown in Fig. 2-20. :

2-16 A 100-MW (thermal) binary-vapor cycle uses saturated mercury vapor at 1600°R at the top turbine
inlet. The mercury condenses at 1000°R in a mercury-condenser~steam-boiler in which saturated steam is
generated at 400 psia. It is further superheated to 1160°R in the mercury-boiler-steam superheater. The
steam condenses at | psia. Assume both mercury and steam cycles to be ideal, and ignoring the pump work
(a) draw flow and T-5 diagrams of the binary cycle numbering points correspondingly, (b) calculate the
mass flow rates of mercury and steam, and (c) calculate the heat added and heat rejected, in Btus per hour,
and the cycle efficiency.

2-17 An advanced-type supercritical powerplant has turbine inlet steam at 7000 psia and 1400°F, double
n:he:_n at 1600 psia and 400 psia, both to 1200°F, and condenser at | psia. The three turbine sections have
polyfropic efficiencies of 0.93, 0.91, and 0.89 in order of descending pressures. The pump has a polytropic
efficiency of 0.75. The plant receives one unit train of coal daily, which is composed of 100 cars carrying
1O short tons each. The coal has a heating value of 11,000 Btus/lb,. The turbine-generator combined
Mhﬂl?ical and electrical efficiency is 0.90. The steam-generator efficiency is 0.87. 8 percent of the gross
Output is used to run plant auxiliaries. Ignoring, for simplicity, all steam-line pressure drops and.all feedwater
beaters, calculate (a) the plant gross and net outputs, in megawatts, (b) the plant cycle, gross and net

2.12 A supe

4 type with drai efficiencies, and (c) the cycle, and station gross and net heat rates, in Btus per kilowatt hour.
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2-18 Draw flow diagrams of cogeneration plants of (a) the topping back-ptmue steam turbine type and

(b) the bottoming-condensing steam turbine type. N
2-19 A cogeneration steam plant of the extraction-condensing steam turbine type has turbine inlet flow of ¥

12.5 kg/s at 50 bar and 400°C, extraction forpmswmnnﬂ'cmmnfmbo&m us-
and process steam at 40°C. Assuming ideal turbine and pump, no feedwater heating and 50 percent fractiog .:

of electricity to total energy output, calculate (4) the cogeneration plant efficiency, (b) the combined efficiency «
if separate electric and steam generation plants producing the same outputs as above are used. For ail casey »

take the steam generator efficiency as 85 percent.
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CHAPTER
THREE
- FOSSIL-FUEL STEAM GENERATORS

3.1 INTRODUCTION

Steam generators are used in both fossil- and nuclear-fuel electric-generating power-
plants. The most modem steam generators produce high-pressure (2400 to 3500 psia,
165 to 240 bar) superheated steam, the exception being pressurized-water reactor steam
generators, which produce lower-pressure (1000 psia, 70 bar) saturated steam. The
stcam is invariably used in a Rankine cycle. Steam generators represent by far the
greatest energy source for powerplants in the world today.

This chapter will cover fossil-fuel steam generators. Nuclear-fuel steam gener-
ators are of radically different design ‘and will be covered in examples in Chaps. 10
and 1.

A steam generator is a complex combination of economizer, boiler, superheater,
rcheater, and air preheater. In addition, it has various auxiliaries, such as stokers,
pulverizers, burners, fans, emission control equipment, stack, and ash-handling equip-
ment. A boiler is that portion of the steam generator where saturated liquid is converted
to saturated steam, aithough it may be difficult to separate it, physically, from the
economizer. The term “boiler” is often used to mean the whole steam generator in the

literature, however. Steam generators are classified in different ways. They may, for

example, be classified as either (1) utility or (2) industrial steam generators.

Utility steam generators are those used by utilities for electric-power generating
plants and are our main concern in 'this book. Modern utility steam generators are
essentially of two basic kinds: (1) the subcritical water-tube drum type and (2) the
supercritical once-through type. The supercritical units usually operate at about 3500
psia (240 bar) and higher, above the steam critical pressure of 3208.2 psia. The
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subcritical drum group usually operate at either 1900 psig (about 130 bar) or 260¢ .
psig (180 bar). The majority of utility steam generators purchased in the 1970s anq $&
1980s are of the 2600 psig water-tube drum variety, which produce superheated steap g
at about 1000°F (540°C) with one or two stages of reheat. They have the ability 1, §:
burn coal in pulverized form or oil, although oil is being gradually retired as a fue| w:-
because of rising costs and supply problems. Natural gas, although still used in certaj &
parts of the world, is also costly and is now being conserved for domestic uses in the ~
United States. Gas, however, is a clean burning, relatively pollution-free fuel. Th, .
steam capacities of modern utility steam generators are high, ranging from 1 to |
million lb./h (125 to 1250 kg/s). They power electric powerplants ranging in outpy -
from 125 to 1300 megawatts (MW).

Industrial steam generators, on the other hand, are those used by industrial ang
institutional concerns and are of many types. These include water-tube pulverizeg,
coal units similar to those used by utilities, but they also may burn stoker (lump) coal,
oil, or natural gas, often in combination, as well as municipal refuse and proceg
wastes or by-products. Some even use electric heating. Some are heat-recovery type,
that use waste heat from industrial processes. They may also be of the fire-tube variety
Industrial steam generators usually do not produce superheated steam. Rather, they
usuaily produce saturated steam, or even only hot water (in which case they shoujq
not be called steam generators). They operate at pressures ranging from a few psigy
as much as 1500 psig (105 bar) and steam (or hot water) capacities ranging from,
few thousand to 1 million Ib,/h (125 kg/s).

Fossil-fueled steam generators are more broadly classified [12, 13] as those havina
the following components or characteristics.

. Fire-tube boilers
Water-tube boilers
Naturai-circulation boilers SN
Controlled-circulation boilers - e
Once-through flow _ ' :
Subcritical pressure

Supercritical pressure

NO AW~

3-2 THE FIRE-TUBE BOILER

Fire-tube boilers have been used in various early forms to produce steam for industid
purposes since the late eighteenth century. They are no longer used in large utiliy
powerplants. They are covered here, however, for historical reasons and, by contras
to emphasize the modern water-tube variety. Fire-tube boilers are stiil used in industid
plants to produce saturated steam at the upper limits of 250 psig (about 18 bar) pressut

and 50,000 1b,/h (6.3 kg/s) capacity. Although their size has increased, their gened.
design has not changed appreciably in the past 25 years. ,

The fire-tube boiler is a special form of the shell-type boiler. A shell-type boilt
is a closed, usually cylindrical, vessel or shell that contains water. A portion of ¥

-
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shell, such as its underside, is simply exposed to heat, such as gases from an ex ] 5
fired flame. The shell boiler evoived into more modern forms such as the ele
boiler, in which heat is supplied by electrodes embedded in the water, or the acoy: -
mulator, in which heat is supplied by steam from an outside source passing throyods

tubes within the shell. In both cases the shell itself is no longer exposed to heat, . .

The shell boiler evolved into the fire-tube boiler. Hot gases, instead of steay &
were now made to pass through the tubes. Because of improved heat transfer the fipy .
tube boiler is much more efficient than the original shell boiler and can reach efficienciye.
of about 70 percent.

The fire tubes were placed in horizontal, vertical, or inclined positions. The Moy
common was the horizontal-tube boiler. Figure 3-1 shows such an early fire-tup,
boiler. Figure 3-2 shows a simplified sketch of such a boiler. The furnace and gratyy
are located undemeath the front end of the shell. The gases pass horizontally alogy
its underside to the rear, reverse direction, and pass through the horizontal tubes I
the stack at the front. '

There are two types of fire-tube boilers: (1) the fire-box and (2) the scotch maripe.

In the fire box boiler, the furnace, or fire box, is located within the shell, togeth
with the fire tubes. In the scotch marine boiler (Fig. 3-3), combustion takes play
within one or more cylindrical chambers that are usually situated inside and near g
bottomn of the main shell. The gases leave these chambers at the rear, reverse directiop

and return through the fire tubes to the front and out through the stack. Scotch mariy ~ Figwre 3-3
boilers are usually specified with liquid or gas fuels.

Because boiling occurs in the same compartment where water is, fire-tube boiley

are limited to saturated-steam production. They are presently confined to relatively gﬁ;:noﬁ
small capacities and low steam pressures, such as supplying steam for space heatiy contains t
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: and, in decreasing numbers, for railroad locomotive service. The largest scotch marine
relatively e offered in the United States today is rated at 2000 boiler horsepower (blhp),*
‘e heating contains two combustion chambers within a 13-ft diameter, 30-ft-long shell.

;, ALVE 3.3 THE WATER-TUBE BOILER: EARLY DEVELOPMENTS

The forerunner of the modern steam: generator was a water-tube boiler developed by
George Babcock and Stephen Wilcox in 1867. Babcock and Wilcox called it the
“nonexplosive” water-tube boiler, an allusion to disastrous boiler explosions that were
frequent at the time. It was not, however, until early in the twentieth century, with
the advent of the steam turbine and its requirement for large steam pressures and flows,
that commercial development of the water-tube boiler became a reality.

With higher steam pressures and capacities, fire-tube boilers' would need large-
diameter shells. With such large diameters, the shells would have to operate under
such extreme pressure and temperature stresses that their thicknesses would have been
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* Boiler horsepower was originally used to indicate the size of the boiler. One blhp was defined as 10
R* of boiler beating surface. This was later changed to the amount of heat required to evaporate 30 Ib,/h
of water at 100°F to saturated steam at 70 psia. Thus, using enthalpies from the steam tables, this was
oqual to 30(1180.6 — 68) = 33,378 Btwh. Later on this was changed to the amount of heat necessary to
Svaporaie 34.5 Ib/h of saturated water to saturated steam at 1 atm or 34.5 x 970.3 = 33475.35 Buwh.
Thuisnowroundedsothstthemodemvalueis 1 blhp = 33480 Bawh.
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too large. In addition, they were subjected to scale deposits and boiler explosions ang- |

.

became intolerably costly.

The water-tube boiler puts the pressure instead in tubes and relatively smalj. .
diameter drums that are capable of withstanding the extreme pressures of the modeny -
Steam generator. In general appearance, the early water-tube boilers looked much lik, &
the fire-tube boiler except that the higher-pressure water and steam were inside the «

tubes and the combustion gases were on the outside. The water-tube boiler went througp -
several stages of development. :

The Straight-Tube Boiler

The first water-tube boiler was the straight-tube boiler (Fig. 3-4), in which straighy
tubes, 3 to 4 in OD, inclined at about 15° and staggered with 7- to 8-in spacingg
connected two vertical headers. One header was a downcomer, or downtake, which
supplied nearly saturated water to the tubes. The water partially boiled in the tubes,
The other header was a riser, or uptake, which received the water-steam mixture. The
water density in the downcomer was larger than the two-phase density in the riser,
which caused natural circulation in a clockwise direction (Sec. 3-5). As capacity
increased, more than one header each and more than one tube “deck” were used. The
two-phase mixture went into an upper drum that was arranged either parailel to the
tubes (the longitudinal drum, Fig. 3-4a) or perpendicular to them (the cross drum,
Fig. 3-4b). These drums received the feedwater from the last feedwater heater ang
supplied saturated steam to the superheater through a steam separator within the drug
which separated steam from the bubbling water. The lower end of the downcome
was connected to a mud drum, which collected sediments from the circulating water

A single longitudinal drum, usually 4 ft in diameter, can allow only a limited
number of tubes and hence a limited heating surface. Longitudinal-drum boilers wer
built with one or more than one parallel drums, depending upon capacity. They wer
built with heating surfaces of 1000 to 10,000 ft* (93 to 930 m?) and were limited t
low pressures of 175 to 340 psia (12 to 23 bar) and steam capacities from 5000 1
80,000 1b,/h (0.63 to 10 kg/s).

Cross-drum boilers, because of geometry, could accommodate many more tubes
than longitudinal-drum boilers and were built with heating surfaces of 1000 to 25,000
ft? (93 to 2300 m?), pressures of 175 to 1465 psia (12 to 100 bar), and steam capacities

of 5000 to 500,000 lb,/h (0.63 to 63 kg/s).

Baffles were installed across the tubes in both kinds to allow for up to three gas

- passes to ensure maximum exposure of the tubes to the hot combustion gases and

minimal gas dead spots.

The Bent-Tube Boiler

There were many versions of the bent-tube boiler. In general, a bent-ube boiler usd
bent, rather than straight, tubes between several drums or drum and headers. The tube
were bent so that they entered and left the drums radially. The sumber of drums usualy
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varied from two to four. Gas baffles were installed to allow for one or more g

passages, as above. _ 2

It will suffice to show one example of bent-tube boilers, the so-called four-druy, &
Stirling boiler (Fig. 3-5), which was conceived in the early 1890s and has changay. g
little since. Unlike other bent-tube boilers, this one had three top drums, all containing ¥
a two-phase mixture, and one bottom drum (also called 2 mud drum) that was filleg.«.
with water. '

The four-drum Stirling boiler worked as follows. The combustion gases floweg---
upward from the furnace at bottom right, through the first bank of tubes connecting:.
the water and front steam drum, through the superheater, and by proper baffling through+-
the second and third tube banks connecting to the center and rear steam drums. Th,
gases then left in counterflow fashion through a straight-tube economizer. Feedwate, -
from the economizer entered the rear steam drum, which may be at a slightly highe
level than the other two. Water circulated from the rear to the lower drum througy
the rear bank of tubes (the downcomer tubes) and then up through both the center an
front banks of tubes (the riser tubes) to the center and front drums. All three drum,
had their stearn and water regions interconnected at top and bottom.

Figure 3-5 A four-drum early Stirling boils
[12].
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re typically 3 to 34 in OD and spaced 5 and 7 in on centers, with
dw;ased to maintain gas velocity of the cooler and denser gases. The
:; for replacement of defective tubes without removing neighboring

The tubes

§ acing
nibes. irling boiler was superseded by a simpler two-drum design in
The fow'dm(;?u;ufvligdimmy above the water drum with one bank of bent tubes
which the steant on the side of the incoming gas and another to the rear. Later designs
(o the front, 1.€- ,Sﬁfling boiler used a single gas path. More recent designs of Stirling
of the :wo-dﬂ'mled furnace walls by lining the interior of the walls with tubes carrying
woilers used i‘;‘r’ water from the plant as seen in Fig. 3-5. These added to the heat-
the same bo;:rface and protected the refractory lining of the walls from excessive
absorbing S The result was higher rates of combustion and higher steam-flow rates.
tcmpcra“;fgl:li ng boiler was generally capable of meeting conditions of rapidly varying
Th:as useful where high water quality was difficult to maintain, and was adaptable
:ga;i:;i ous fuels. It found use in both stationary and marine applications.

3.4 THE WATER-TUBE BOILER: RECENT DEVELOPMENTS

The advent of the water-cooled fqmace u.lalls, called water walls, evenn.lally led to
the integration of furnace, economizer, boiler, s.uper.heater, reheater, and air preheater
into the modern steam generator. Water cooling is also used for superheater and
economizer compartment walls and various other components, such as screens, dividing
walls, etc. The use of a large number of feedwater heaters (up to seven or eight) means
a smaller economizer, and the high pressure means a smaller boiler surface because
the latent heat of vaporization decreases rapidly with pressure. Thus a modemn high-
pressure steam generator requires more superheating and reheating surface and less
boiler surface than older units. Beyond about 1500 psia, the water tubes represent the
entire boiler surface and no other tubes, such as those seen in the earlier designs of
the previous two sections, are required.

Figure 3-6 shows a schematic flow diagram of a common steam-generator system.
Water at 450 to 500°F from the plant high-pressure feedwater heater enters the econ-
omizer and leaves saturated or as a two-phase mixture of low quality. It then enters
the steam drum at midpoint. Water from the steam drum flows through insulated
downcomers, which are situated outside the furnace, to a header. The header connects
to the water tubes that line the furnace wails and act as risers. The water in the tubes
receives heat from the combustion gases and boils further. The density differential
between the water in the downcomer and that in the water tubes helps circulation.
Steam is separated from the bubbling water in the drum and goes to the superheater
and the high-pressure section of the turbine. The exhaust from that turbine returns to
the reheater, after which it goes to the low-pressure section of the turbine.

Atmospheric air from a forced-draft (FD) fan is preheated by the flue gases just
before they are exhausted to the atmosphere. From there it flows into the furnace,
where it mixes with the fuel and burns to some 3000°F. The combustion gases impart
portions of some of their energy to the water tubes and then the superheater, reheater,
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Figure 3-6 Schematic flow diagram of a modern steam generator.

and economizer, and leave the latter at about 600°F. From there they reheat ty
incoming atmospheric air in the air preheater, leaving it at about 300°F. An induced
draft (ID) fan draws the flue gases from the system and sends them up the stack. Tk
temperature of about 300°F of the exiting flue gas represents an availability loss 4
the plant. This, however, is deemed acceptable because (1) the gas temperature shouy
be kept well above the dew point of the water vapor in the gases (equal to the saturatin
temperature of water at the partial pressure of the water vapor) to prevent condensati
which would form acids that would corrode metal components in its path, and (2) th
flue gases must have enough buoyancy to rise in a high plume above the stack fu
proper atmospheric dispersion. '

- Example 3-1 A steam generator burns fuel oil with 20 percent excess air. Th
fuel oil may be represented by C,;H,s. Determine the minimum stack temperatuz
needed to avoid condensation. Assume- the flue gas pressure is leaving the 4

~ preheater at 45 psia.

SOLUTION Recalling that there are 3.76 mol Ny/mol O, in atmospheric air, tt
combustion equation for stoichiometric (chemically correct mixture) is

CiHys + 18.50, + 69.56N; — 12CO; + 13H;0 + 69.56N,
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12 sl prossure of any component in a gas mixture is equal to the total pressure
Z;‘:gﬁ mole fraction of that component. Thus partial pressure of H,O in products

15
13

45 X 5713 + 3.7 + 83.472

= 5.215 psia

ds to a saturation temperature of 164°F. The average temperature

. eSO : .
1};:;1:0335::’ is kept much higher to avoid local cool spots that might cause
o

condensation.

The Boiler Walls

tubes that cool the water walls are closely spaced for maximum heat
absorption. Tube construction has varied over the years (Fig. 3-7) from bare tubes (a)
tangent to or (5) embedded in the refractory, to (c) studded tubes, to the now-common
membrane design (d). The membrane design consists of tubes spaced on centers slightly
wider than their diameter, connected by bars or membranes welded to the tubes at
their centerlines. The membranes act as fins to increase the heat transfer as well as to
afford a continuous rigid and pressure-tight construction for the furnace. No additional
inner casing is required to contain the combustion gases. Insulation and metal lagging
to protect it are provided on the outer side of the wall. One manufacturer has stan-
dardized its design on 3-in-diameter tubes on 3.75 in between centers, another on 3
in on 4 in, and yet a third on 2.75 in on 3.75 in.

The water

The Radiant Boiler

Heat is transferred from the combustion gas to the water walls by both radiation and
convection. A radiant boiler, as the name implies, receives most of its heat by radiation.

The combustion gases have characteristics that depend upon the fuel used, the
combustion process, and the air-fuel ratio. They may be luminous, i.e., emit all
wavelengths and hence strong visible radiation if there are particulates such as soot
particles during the combustion process. This is the case with coal and oil. They may
be nonluminous, in which case they burn cleanly without particulates, as is the case
of gaseous fuels. No combustion gases are truly nonluminous because the heavier
gases in the combustion products, in particular the triatomic CO, and H,O, but also
SO,, ammonia, and sulfur dioxide, are selective radiators that emit (and absorb)
radiation in certain wavelengths, mostly outside the visible range. The portion of
radiation within the visible range is small but gives the combustion gases a green-blue
appearance. Lighter gases such as the monatomic and diatomic gases are poor radiators.

The radiant energy emitted by the combustion gases depends upon the gas tem-
perature (to the fourth power), the partial pressures of the individual constituent ra-
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diating gases, the shape and size of the gases, their proximity to the absorbing body,

- and the temperature of that ‘body (to the fourth power) [14].

The convective portion of the heat trarisfer follows the usual Nusselt-Reynolds
turbulent forced-convection relationship. It is smaller than the radiant portion because
radiation is caused by a thick body of gas, whereas convection is localized near the
tube surface.

Heat received by the water walls is conducted through the membranes and tube.

walls and is then convected to the two-phase mixture inside the tubes by forced-
convection nucleate-boiling heat transfer. The heat-transfer resistance of the latter is

much smaller than the others so that it may be neglected in design calculations with -

little error.
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diant boilers are designed for electric-generating stations to use coal or lignite
zed or cyclone fumace applications, oil, or natural gas. They are built to
a wide range of steam pressures and temperatures, but usuaily around 1000°F
supply 540°C) and steam capacities up to 10 X 108 Ib,/h (1260 kg/s). They are limited

(ab:ulgcﬁtical pressures, usually 1800 to 2500 psig (about 125 to 170 bar).
to

for pulvest

1.5 WATER CIRCULATION

water circulates from the steam drum via downcomer pipes to a bottom header, up
the water ubes (which act as risers), where it partially boils, and back to the steam
drum. Full poiling to 100 percent quality in the tubes is avoided because it would lead
10 tube burnout or failure as a result of departure from nucleate boiling (DNB). The
density of the saturated water in Ehe downcomers is greater than the average density
of the two-phase mixture in the risers. :

Natural circulation is dependent upon the difference between these two densities
and the height of the drum above the bottom headers. Most large steam-generator
poilers have sufficient natural-circulation driving force and are called natural-circu-
lation boilers. Some require additional help by pumping the single-phase flow and are
called controlled- or forced-circulation boilers. For a number of years, forced circu-
{ation was favored over natural circulation for relatively high subcritical pressures of
about 2300 psig (160 bar) and higher. At such pressures the difference between water
and steam densities rapidly decreases (becoming zero at the critical point, 3208 psia,
221 bar). This reduced natural circulation and required a margin of safety against tube
failure and bumout due to DNB, i.e., reaching the critical heat flux (also a major
concem in water-cooled nuclear-reactor design), if a particular tube receives reduced
flow. A pump assist supplied this margin of safety. -

More recently the water tubes in high-heat-absorbing areas of the furnace were
provided with such devices as internal twisters and springs that would break the vapor
film and thus inhibit or retard the onset of DNB. Another approach was to use tubes
that were grooved, corrugated, or ribbed on their inside surface. The most recent and
satisfactory answer has been tubes that were ribbed (rifled) helically on their inside

fferent surface. This ribbing creates a centrifugal action that directs water- droplets to the
vapor film clinging to the surface and provides a much greater margin of safety against
DNB problems than do smooth tubes. Modern large steam-generator boilers can now

nody, be designed with natural circulation. :

Natural-circulation driving forces are explained with the simplified flow diagram
“nolds of Fig. 3-8. The driving pressure caused by natural circulation, Ap,, is given by
.cause

ar the 8pu = (pu ~ BIH (3-1)
Id tube where Ap, = driving pressure, 1by/ft? or N/m? (Pa)

breed- _

\ter is ‘ ps. = density of water in the downcomer, nearly

s with saturated at the system pressure, lb,/ft’

or kg/m’
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pr = average density of steam-water mixture iﬁ
the riser, Ib,/ft* or kg/m?

H = height of drum-water level above bottom
header, ft or m

8 = gravitational acceleration ft/s? or mys?
8: = conversion factor 32.2 Ib,, - ft/(lb, - 5%
or 1 kg/(N - s?)

The most difficult of the parameters in Eq. (3-1) to obtain is p,, the average density
in the riser. It is a function of the void fraction distribution along the riser height. The

volume of vapor
volume of vapor + liquid

as opposed to the quality x, which is a mass quality, o and x are related by [2]

(3-2)

a= 1+ = Dy (3-39

and - x= l 1 (3-3)
'+ [(1 - a)!a]-!}l-

where ¥ = ]—:'fs _ (3-3¢)

4

where v, and v, are the specific volumes of the saturated liquid and vapor, respectively,
at the system pressure, and § is the slip ratio of the two-phase mixture. The two phases
of that mixture do not travel at the same speed. Instead there is a slip between them,
which causes the vapor to move faster than the liquid. S is a dimensionless number,
greater than 1, defined as

" —— =

i

o [

e -

—_ = g Height
Heat 8 8 H

= )

- ]

—r

——r—

—

(
L

Figure 3-8 A natural circulation loop.
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§ = (3-4)

flk‘:l

= and f;': s are the average vapor and average liquid velocities at any one cross
where V,.f: the riser. S has been measured experimentally and found to vary between
section O tems, approaching 1 at high pressures (where the liquid

less than 10 in mOSt §¥S s .
:Dt: por de nsities approach each other). It is, in general, fairly constant along the
v

path Ieng:(ial heat flux distribution to the riser determines the quality distribution. In
‘I‘h\‘-;n a reasonable value for § (between I and 2), a void fraction distribution is
obmfd gA mixture density distribution p,, is now found from

Pm = (1 = a)pr + ap, (3-5)

pr and pg are densities (reciprocals of the specific volumes) of the saturated

re ) : . o o=
whe d vapor, respectively. The average mixture distribution in the riser p, is now

liquid an
obtained from
= _ 1% () dz
pl’ H

where z is the axial distance from the bottom of the riser. In the case of uniform axial
heating, the solution of the above integral is (2]

- = _ ___1.____...] ! } )
h=p 1—¢{1 [a,u—w) HMTaa—gf @7

where a, is the riser exit void fraction.

The driving pressure given by Eq. (3-1) should balance the pressure losses of the
single- and two-phase fluids in the loop, which are proportional to their mass-flow
rate to the second power. The system seeks its own equilibrium,; that is, if the driving
pressure is greater than the losses, more fluid is pushed through, causing more losses
but also causing x and a to become lower (for the same heat flux) and p;. — p, to be
reduced until equilibrium is reached. The reverse is also true. If the driving pressure
is too low for the desired flow rate, a pump is added to assist in circulation.

(3-6)

Example 3-2 A 40-ft-high downcomer-riser system operates at 2500 psia. The
riser receives uniform heat flux and saturated water. The exit quality is 50 percent.
Calculate the driving pressure. Take § = 1.2.

SoLution Using Eq. (3-3¢)

_ug 002859 L _ .
Y= T Grsoes < 12 0268
Using Eq. (3-3a)
1 1

@, = = = .
1+ [(1 —x)x]y 1 + (0.500.5) x 0.2625 0.8879
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Using Eq. (3-7) -

5 = 34,977 — 24977 — 7.652 {1 _ [ 1 1] 5

1 — 0.2625
1

0.8879(1 — 0.2625) _
} = 18.701 b /e

" T 5.8879(1 = 0.2625)

Pac = pr = 34.977 b/t
Use Eq. (3-1) to find the driving pressure

(34.977 — 18.701)(40)(3—2-'-%) = 651.06 Iby/ft?

Aps = 322

i

4.521 psi

3-6 THE STEAM DRUM

The steam drum provided in all modern steam generators except once-through types
(Sec. 3-8) is where feedwater from the economizer is fed, saturated steam is separate
from the boiling water, and the remaining water is recirculated as discussed above,
The drum may also be used for chemical water treatment and blowdown to redug
solids in the water. The drum aiso must be of sufficient volume to accommodate waty
level changes caused by load changes (assisted by proper steam generator controk)
and to prevent a dangerously low level or the “carryover” of water toward the super
heater. This would cause deposits of entrained solids in the superheater tubes and thy
materially increase their temperature, which would lead to their distortion or burnout
Carryover of solids with the steam has also been known to have far-reaching effect;
such as deposit problems on turbine blades (the most troublesome being silica deposit,
which are not easily removed by water washing).

The most important steam-drum function is separating the steam from the boilin
water. The simplest method is gravity separation (Fig. 3-9a). If the steam velociy

Screens
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Figure 3.9 Steam drum separation: (a) gravity, () mechanical primary (baffler) and secondary (screeth
(¢) centrifugal. - _
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water surface is low enough (below about 3 fi/s), the-steam bubbies separate
the out entraining water droplets and the solids they carry (carryover), and
. > drawn with the recirculating water into the downcomers (carryunder).
without bein than velocity that affect this process are the positions of the downcomer
Facto_rs othc:ﬂes with respect to the steam outlet, usually at the top of the drum, and

riser 10 ressure. Gravity separation is strongly affected by the difference in
the opcra;l l:fater densities. The higher the pressure, the less the difference between
steam &0 d the less effective the separation. Thus gravity separation, while

sities an : : :
these F:lcgn a simple drum, is economical only for low-steam-capacity, low-pressure
requifl

service.
[n modern

or supplements

leaving & |
mra_[]y wuh

high-capacity, high-pressure boilers, mechanical separation that assists
gravity separation takes place in two steps: primary and secondary.
. separation removes most of the water from the steam and prevents the car-
prim™ of steam with the recirculating water to downcomers and risers. Secondary
ryunde;_on also called steam scrubbing or drying, removes remaining mist or fine
5P a{:ts an,d the solids they carry from the steam, which results in pure, or “dry and
S;Om[i-ated." steam going to the superheater. Mechanical separation is accomplish.ed by
fiting the drums with baffles, screens, bent or corrugated plates, and centrifugai
s,cpa:'alﬂfS- \

Baffle plates act as primary separators. They change or reverse the steam-flow
direction (Fig. 3-9b), thus assisting gravity separation, and act as impact plates that
cause the water to drain off. Screens made of wire mesh act as secondary separators
where the individual wires attract and intercept the fine droplets, much like fabric
filters attract dust from gases (Chap. 17). The accumulating drops then fall by gravity
back to the main body of water. Bent or corrugated plates are used for both primary
and secondary separation. Their effectiveness derives from their large ratio of surface
to projected areas. The above plates and screens are used in many other configurations
to maximize gravity separation {12, 13]. :

At high pressures, where the density differential between water and steam di-
minishes, centrifugal forces, much greater than the gravity forces, are used. Centrifugal
separation devices are also called cyclone or turbo separators. They provide separation
at pressures nearing critical. In a typical centrifugal separator (Fig. 3-9¢), the mixture
coming in from the risers is deflected tangentially downward into the main body of
water. It then enters the separators, which are arranged along the length of the main
steam drum. Guide vanes within the separators impart a spinning motion to the mixture,
which causes the heavier water droplets to move radially through the lighter steam,
to impinge on the separator wall, and to discharge downward befow the water surface
through an outer concentric cylinder. The separator may be equipped with a corrugated
plate at its exit to provide further separation. Finally, screens, just under the drum
exit, provide the final drying action.

Typical utility steam drums range in length to more than 100 ft, in diameter to
more than 15 ft, and in mass to a few hundred tons. They contain as many as 30 outlet
nozzles and many more riser and downcomer nozzles. The larger drums are usually
constructed in cylindrical sections, called courses, which are welded together, and
two hemispherical heads which are welded to the ends.
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3-7 SUPERHEATERS AND REHEATERS

S : . =
Superheaters and reheaters in utility steam generators are made of tubes of 2 to 3 in €
&
2
Lo

OD (smaller sizes, about half these dimensions, are used in marine service). The-
smaller diameters have lower pressure stresses and withstand them better. The larger .
diameters have lower steam-flow pressure drops and are easier to align. Finning oy
the outside surface of the tubes is avoided because it increases thermal stresses ang

kR

makes cleaning difficult. Internal ribbing, like that used in boiler water tubes, s ..
unnecessary because no DNB problems arise here. Adequate heat-transfer design iy .

based on gas flow inside the tubes, which has a much lower conductance than nucleats
boiling in the boiler tubes. Because the tubes are subjected to high temperaturzg,
pressures, and thermal stresses, their materials of construction must be carefully se.
lected. Below 850°F carbon steel is adequate. Modem superheaters and reheatery
operating at about 1000°F, however, are usually made of special high-strength alloy
steels chosen for both strength and corrosion resistance [15]. The exact alloy depends
upon steam conditions and the types of fuel, especially if it contains undesirabie
impurities. The allowable stresses for materials drop drastically as the temperature
increases.* _ R '

Convection Superheater

Early superheater designs placed them above or behind banks of water tubes to protect
them from combustion flames and high temperatures. The main mode of heat transfer
between the combustion gases and the superheater tubes, therefore, was convection,
and that type of superheater became known as the convection superheater. The main
distinguishing characteristic is its response to load changes. As demand for steam
increases, fuel- and airflow, and hence combustion-gas flow, are increased. The con.
vective heat-transfer coefficients increase both inside and outside the tubes, increasing
the overall heat-transfer coeff:-ient between gas and steam faster than the increase in
mass-flow rate of the steam atone. (The combustion temperatures do not materially
change with load.) Thus the steam receives greater heat transfer per unit mass-flow
rate and its temperature increases with load (Fig. 3-10).

Radiant Superheater

Because of the need for greater heat absorption, superheaters were eventually placed
nearer higher-temperature, in view of the combustion flames. Steam-flow veldcities
were increased to increase the overall heat-transfer coefficients, and overall superheater
designs were improved to overcome expected higher metal temperatures.

This placement of superheater results in the main heat transfer between the hot
gases and flame, and the tube outer walls, to be accomplished by radiation. This desig

* For example, a material cailed Croloy 24, specification number SA213, Grade T22, has maximus
allowable design stresses of 13,100, 11,000 and 7,800 psi at 900, 950, and 1000°F, respectively. Carba
steel SA210-Al has allowable stresses of only 5000 and 3000 psi at 900 and 950°F, respectively.
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Steam-ouliel wemperilute
A
a"?”
g

10 60 80 100 Figure 3-10 Exit-temperature response of convective, ra-
0 gteam flow, percent diant, and combined (in-series) superheaters.

me to be known as a radiant superheater. Radiation heat transfer is proportional
74 ~ T4, where Ty and T, are the flame and tube wall absolute temperatures,
to Iy w . : .
respectively- Because Ty 1s m}lch greater- than 7, the heat transfer is essentially
pmpom‘onal to T}. Because Ty is not strongly dependent on load, the heat transfer per
unit mass flow of steam decreases as the steamn flow increases. Thus an increase in
steam flow due to an increased load demand would result in a reduction in exit steam
perature, the opposite effect of a convection superheater (Fig. 3-10).
Design considerations for reheaters are similar to those for superheaters except
that. although the steam outlet temperatures are about the same, the overall temperatures
are lower and the steam pressures are about 20 to 25 percent of those in the superheaters.
The pressure stresses are therefore lower and a lower grade steel alloy is tolerated. In
addition, larger tubing with higher stresses may be used, which has the additional
beneficial effect of reducing the pressure losses in the reheater.

Convection superheaters alone are used with low-temperature steam generators.
Radiant and convection superheaters and reheaters are used for high-temperature ser-
vice. The radiant units are arranged in flat panels or platen sections with wide spacings
of several feet to permit radiation through. These are usually followed downstream
by sections on a narrower spacing that permit both radiation and convection. Me-
chanical construction of the sections are of three kinds: pendant, inverted, and hor-
izontal,

Pendant-type superheaters and reheaters are those that are hung from above (Fig.
3-11a). They have the advantage of firm structural support but the disadvantage of
flow blockage by condensed steam after a cold shutdown, which necessitates slow
restart to purge the water that accumulates in the bottom. Inverted-type units, on the
other hand, are supported from below (Fig. 3-115). They have proper drainage of the
condensed steam but lack the structural rigidity of the pendant type, especially in high-
speed gas flow. The inverted type is not commonly used. Horizontal-type units (Fig.
3-11c) are usually supported horizontally in the vertical gas ducts parallel to the main
flfmace and receive the hot gases after a U-turn at the top. They do not view the flame
directly and hence are mainly of the convection type. They have both proper drainage
and good structural rigidity. Figure 3-12 shows a typical arrangement of superheaters
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Figure 3-11 Schematic diagram showing (a) pendant, () inverted, and (c) horizontal superhesters and
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Figure 3.12 Superheater (SH), reheater (RH), economizer, and air preheater arrangements in a drum-type
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Superheaters and reheaters are often split into primary and secondary

reheaters. | purposes (Sec. 3-13).

18 ()NCE-THROUGH BOILERS
ce-through boiler, or steam generator, is also called the forced-circulation,
The o r universal-pressure boiler. The latter name is because it is applicable to all
B enSOﬂrt;’res and pressures, although economically it is suited to large sizes and
mmpefﬂs in the high subcritical and supercritical range. In contrast to the drum type
r?ssufz 14), the feedwater goes through the economizer, furnace walls, and super-
(Fig. sectio;ls, changing sequentially to saturated water, saturated steam, and super-
hca::; steam in one continuous pass (Fig. 3-134). No steam drum is required to separate
hezuatcd steam from boiling water and no water recirculation takes place. Reheat of
:fcam after it is expanded in the high-pressure turbine is accomplished by a reheater
i, the usual manner. Because of the once-through mode of operation, very high purity
feedwater is requirement. Figure 3-14 shows a typical once-through steam generator.
The once-through boiler is the only type suited to supercritical-pressure operation
(above 3208 psia, 221 bar, for steam) because the latent heat of vaporization at and
beyond the critical pressure is zero and liquid and vapor are one and the same, so no
separation in a drum is possible or necessary. While particularly applicable to super-
critical pressures, once-through steam generators are used economically for high-

Saturated
steam Superheated
sU steam
Steam EC » Feedwater su Superheated
drum steam
& ] .
Boiler Boiler
¥ Recirculation
) f
EC e Feedwater

@) . b)

gure 3-13 Schematic Row diagrams of (a) drum type and (b) once-through steam generators. SU =
superheater, EC = economizer.
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Figure 3-14 A once-through steam generator with pulverized coal furnace. (Courtesy Babeock and Wilear)

pressure subcritical steam. The economical range for steam is from 2000 to 4000 psiy
(138 to 276 bar ) pressure and 30,000 to 10,000,000 Ib,/h (3.8 to 1260 kg/s) stean
output.

The once-through boiler was first developed by Sulzer Brothers, Ltd., of Swit
zerland in the late 1920s. The first commercial unit was installed in 1932. It wass
subcritical unit and was followed by many units whose range was 1200 to 2400 psi
(84 to 167 bar).

A large number of pioneering supercritical-pressure once-through steam generatos

were built for the utility industry, many with double reheat, especially during t
1940s and 1950s. Some used advanced steam pressures of 4500 to 5000 psig (3104
345 bar) and steam temperatures of 1150 to 1200°F (620 to 650°C) and cross-compound
(two-shaft) turbines. Operational and economic considerations, however, led to te
use of more moderate steam conditions of 3500 psig and 1000 to 1050°F. Furtha

optimization by the late 1960s led to the development and use of 3500/1000/1028

1050 plants with single-shaft four-casing steam turbines. During the 1970s howevs,
such units fell out of favor because of equipment unreliability, significantly mostlyi_l
the low-pressure components of the plants, as well as operational complexity. It
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Figure 3-15 Effect of steam cond-
tions on heat rate [16].

pow believed that newly developed sophisticated schemes for boiler-turbine operation
will largely overcome these difficulties [16] and that the large improvements in effi-
ciency and reduction in heat rate possible with supercritical-double-reheat plants (Fig.
3.15) may reverse the downward trend of the 1970s. Under development, for example,
is a 900-MW plant with steam conditions of 4500/1000/1025/1050 that will have a 6
percent improvement in heat rate over the currently popular 2400/1000/1000 plant.
Capital costs for a supercritical steam generator are a few percent higher than
those of a drum-type subcritical one of the same capacity, but because of the increased
efficiency of the powerplant the capital costs of the turbogenerator as well as the

- balance of plant (condenser, feedwater heaters, cooling towers, etc.) are lower. The

net effect is that the total production costs of electricity in mills per kilowatt hour are
lower for the supercritical cycle, p?irticularly one with double reheat.

A combined-circulation boiler, developed by Combustion Engineering, Inc., com-
bines once-through flow with circulation for use in supercritical-pressure operation
{13]. Recirculation is used only during start-up and low loads in a spherical mixing
vessel to protect the furnace walls. A stop-check valve assures once-through flow alone

~ at high loads. A typical unit is 805 MW single reheat 3590/1005/1005.

3-9 ECONOMIZERS

The economizer (EC) is the heat exchanger that raises the temperature of the water
leaving the highest-pressure feedwater heater to the saturation temperature correspond-
Ing to the boiler pressure. This is done by gases leaving the last superheater or reheater.
Th?se gases, at high enough temperatures to transfer heat to the superheater-reheaters,
enter the economizer at 700 to 1000°F. Part of their energy is used to heat the feedwater.
The term “economizer” historically was used because the discharge of such high-
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temperature gases would have caused a large loss in availability and efficiency ang i

hence loss in economy of operation.

Economizers were introduced before feedwater heating, which meant very loy ».
injet water temperatures to the economizers and consequently low tube outer wal} &
temperatures, below the dew point of the flue gases. This caused condensation apg ¢
corrosion because of the presence of SO, and SO; in the gases. The moisture alsy ~
aided in the collection of ash, thus fouling the tube outer surfaces that reduced hey -
transfer. Economizers were made of cast iron and had mechanical scrapers for cleaning, _

Early in its use, steel suffered from corrosive attack of the insides of the tubes by
oxygen freed from the feedwater as its temperature rose in the economizer.

Modem steam generators receive heated feedwater and their economizers operats
above the dew point of the gases, thus eliminating external corrosion and fouling,
Chemical cleaning of internal surfaces is also used [12]. Also, much of the feedwatey
oxygen is removed in the deaerating feedwater heater (Sec. 2-8) at or above 212°F,
which reduces internal corrosion. This is also aided by maintaining the water in the
economizer at a pH of 8 to 9. These advances permitted the use of steel, which iy
turn is suitable for the high pressures encountered in modemn economizers.

Modem economizers are designed to allow some boiling of the feedwater in the
outlet sections, up to 20 percent quality at full power, less at part loads.

Economizer tubes are commonly 1.75 to 2.75 in OD and are made in verticy
sections of continuous tubes, between inlet to outlet headers, with each section formeg
into several horizontal paths connected by 180° vertical bends for proper draining,
Sections are placed side by side on 1.75- to 2-in minimum spacings (edge to edge),
The exact spacing depends upon the type of fuel and ash characteristics, which are
smaller the cleaner the fuel, such as natural gas. When high-ash fuels are used, the
water-soluble ashes accumulating on the economizer are dissoived and washed off
during plant shutdown. In that case the economizer is usually located above a hopper,
which receives the dissolved deposits. Steam or air-jet cleaning is also used in additio
to washing. '

Economizers- have been built with plain or extended surface tubes. Extended
surface tubes with fins or studs on their outer surface have higher heat-transfer char-
acteristics and thus require smaller space. On balance, they have lower capital cost.
They are, however, more suited to clean-burning gaseous fuels and situations in which
no air preheaters are used, such as in combined steam-gas-turbine cycles (Chap. $).

Economizers are generally placed between the last superheater-reheater and the
air preheater. In some cases, a low-temperature economizer is placed after the ai
preheater. Such an economizer is called a stack cooler and acts as a low-pressur
feedwater heater except that the heating medium is the flue gas instead of steam bled

ﬁ'_om the turbine.

3-10 AIR PREHEATERS

Like economizers, air prehéarers (or simply air heaters) utilize some of the energ
left in the flue gases before exhausting them to the atmosphere. They receive 6004
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. »dicated previously, these gases are cooled to only 275 to 350°F to
ases. AS mn'on and corrosion problems and to allow for proper dispersion in
avoid gas condelI;;e air is heated from forced-draft outlet temperatures, not far from
the atnlosghcfc's 00 to 650°F and sometimes higher. Preheating the air saves fuel that

pheric wse be used for that heating. The fuel savings (and hience increase in
y are nearly directly proportional to the.au- temperaturf: rise in the
al fuel savings are 4 percent for a 200°F air temperature rise and about

500°F air temperature rise in the preheater.

11 percent ,ﬂ.Jr 4 fuel savings, preheated air is a requirement for the operation of

In addition 8 . Air in the 300 to 600°F range is needed for drying that fuel,

Ivcrized'coald for transporting it to the furnace and then burning it there. Small
Air is 250 u:ts do not require preheated air. However, large stoker-fired bituminous-
sg:‘;f;dgznemmrs benefit from preheated air, but only up to about 350°F, to prevent
(ciamagc to the stoker moving parts. . :

Air preheaters, like economizers, were first developed in Euro;_:e. Tl.lc ﬁrs.t unit

mmercially built in the United States was a flat-plate heat exchanger in whxfh adjacent
o | plates formed alternate air and gas passages. Present day higher air and gas
e p however, use tubular or regenerative designs that better withstand these

sﬁ’ There are two general types of air preheaters: recuperative and regenerative.

Recuperative air preheaters have heat transferred directly from the hot gases to
the air across the heat-exchange surface. They are commonly tubular, aithough some
plate types are stiil used. Tubular units are essentially countefﬂow shell-.and-tube heat
exchangers in which the hot gases flow inside vertical or horizontal straight tubes and
the air flows outside. Figure 3-16 shows a vertical preheater. Baffies are provided to
maximize air contact with the hot tubes. The tubes are mechanically expanded into
top and bottom tube sheets. Thermal expansion is provided by a bellows-type expansion
ugit shown at the bottom sheet. A hopper is provided below the tubes to collect soot
and dust that deposit on the inside tube surfaces. Care is taken to avoid leakage between
the air and the hot gases. Leakage would occur from the air that is at a higher pressure
to the gas. A leak would result in short-circuiting of combustion air, which would
increase both forced- and induced-draft-fan power consumption in direct proportion
to the leakage. It also reduces the heater effectiveness.

Tubular preheaters are built in a variety of designs to suit particular steam gen-
erators spaces and duct layout. They may provide for one or more passes for both air
and gas in counter- or crossflow, in vertical or horizontal arrangements. Tube sizes
vary from 1.5 to 4 in OD. The smaller the diameter, the larger the number of tubes
and the greater the surface area for a given overall size. Thus smaller diameters result
in more compact heaters of a given heat load. Cost, cleaning requirements, and fuel
type determine the diameter to be used in a given situation. Modern large steam
generators use 2 to 2.5 in OD heater tubes. Diameters of 1.5 to 2 in are used in marine
service where space and weight limitations are important.

Regenerative air preheaters are those in which heat is transferred from the hot
flue gases, first to an intermediate heat-storage medjum, then to the air. The most
common is the rotary air preheater, known as the Ljungstrom preheater, first developed
‘0 Europe in 1920 and first installed in the United States in 1923. It is composed of

would otherwi
lant efficiency
preheater. TYPIC
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i Figure 3-16 a tubular counterflow air preheater.,
" a—— Saot or Air bypass is used to control metal temperatures
=2 Cinder Hopper 4y air inlet end. (Courtesy Babcock and Wilcox,)

a rotor driven by an electric motor t.hfbugh reduction gedring so that it rotates slowly
and continuously within a housing at 1 to 3 r/min, depending on diameter. The rotor
has between 12 and 24 radial members that form sectors (Fig. 3-17). The sectors are
filled with a heating surface composed of steel sheets that are flat or form-pressed with
corrugated, notched, or undulated ribbing and formed into baskets. They constitute
the heat-storage medium of the preheater. A stationary seal covers the equivalent of
two opposite sectors. Half the remaining sectors are exposed at any one instant to the
hot gases, which are moving in one direction, the other half are exposed to the air,
which is moving in the opposite direction. ,

As the rotating sectors enter the hot-gas zone, they are progressively heated by
the gas. They store that heat as sensible heat. When they enter the. air zone, they
progressively give up this heat to the air. The seal system reduces leakage.

Rotary air preheaters are designed with a vertical or horizontal shaft, depending
upon layout and ducting. They are also designed as laminar- or turbulent-surfact
types. In the laminar type, the heat-storage elements are compactly spaced so that flow

through them is laminar, They are used with clean-burning gaseous fuels. The turbules
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Figare 3-17 A vertical shaft Ljungstrom air preheater (Courtesy Combustion Engineering, Inc.)

type has elements with wider spacings (to facilitate cleaning of ash deposits) and
wrbulent flow in between. It is more suited to coal- and oil-fired systems. To get the
same mass of heat-storage elements, the turbulent-type rotor is several times longer
than the laminar-type and is, in general, vertically mounted, whereas the laminar type
is usually horizontally mounted. Cleaning is accomplished by air or steam jets.

Another type of rotary air preheater, recently developed in Europe, is one in which
the storage elements are stationary and the gas and air ducts are connected to two
rotating segments each.

3-11 FANS

Early and small-capacity steam generators relied upon natural draft for the combustion
gases. Proper design of gas passages must be provided to have the driving pressure
between the atmosphere and the gases within the generator, caused by the density
difference between atmospheric air and the average gas density, overcome the various
pressure losses within the generator and supply the required air for combustion. Anal-
ogy here may be made with natural circulation in the boiler (Sec. 3-5).

Large steam generators require an assist to push the air in, pull the gas out, or
both. For this, they use large fans [17, 18]. There are two types of fans in use today:
forced-draft (FD) and induced-draft (ID) fans. When either one is used alone, it should
overcome the total air and gas pressure losses within the generator.



106 POWERFLANT TECHNOLOGY

Forced-draft fans, used alone as in many large steam generators and practically
all marine applications, are placed at the air entrance to the air preheater and put the &
entire system up to the stack entrance under positive gage pressure. Because they @
handle only cold air, they have several advantages over induced-draft fans. Some §

advantages

pa—
.

They have lower maintenance problems.

2. They consume much less power because the cold air has the lowest specific volume -

in air-gas path. Recall (Sec. [-2) that a fan is a steady-flow thermodynamic system
so that the work w, per unit mass-flow rate is given by

Wy = _r v dP . (1'9)

where v is the specific volume, being lowest for the cold air entering.

3. Their load is reduced by the absence of the additional gas equivalent of the fuej
added.

4. As a consequence of the above, their capital and operating costs are lower.

Disadvantages result from the fact that they put the furnace under pressure, in which
case it is called a pressure furnace: .

1. Leakage of noxious gases from the furnace walls would be to the outside, neces.
sitating a gas-tight furnace construction.

2. Special attention must be given to the design of inspection doors, soot blower
boxes, and fuel-igniter openings.

For good reliability two forced-draft fans, operating in parallel are usually used, each
one capable of at least 60 percent of full load flow when the other is out of service.

Induced-draft fans are located in the gas stream between the air preheater and the
stack, either before or after the dust collector (Chap 18). They discharge essentially
at atmospheric pressure and place the entire system under negative gage pressure.
They must handle hot gases, including the original air, the gas equivalent of the fuel
added, and leakages into the system. Their power requirements are therefore greater
than forced-draft fans. In addition they must cope with corrosive combusuon products
and ash. Induced-draft fans are seldom used alone.

When both forced- and induced-draft fans are used in a steam generator, the FD
fans push atmospheric air through the air preheater, dampers, various air ducts, and
bumers into the furnace. The ID fans pull the combustion gases from the furnace,
through the heat-transfer surfaces in the superheaters, reheaters, economizer, and gas
side air preheater and into the stack. (Sometimes they are built into the stack base.)
The stack, because of its height, adds a natural driving pressure of its own (Sec. *
12). The furnace in this case is said to operate with balanced drajft, meaning that the
pressure in it is approximately atmospheric. Actually, it is kept at a slightly negative
gage pressure to ensure that any leakage would be inward.

Steam generators that use low-ash fuels such as gas or oil are usually designed

where
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urized firing. Coal-fired generators may be designed with either pressurized-
with PWSZd _draft firing. Modem systems seem to favor the latter.
or balanc ced in electric-generating plants are among the largest made: capacities of
F§n§0n ft’/min (700 m?/s) and 60-in water static pressures (about 2.2 psi, 0.15
1.5 mill Because they operate continuously for long periods (up to 1 or 13
the fans must be well designed, ruggedly constructed, well balanced, and
Y?’ISJ ’ fficient over a wide range of outputs. There are two types of fans in common
bighly im‘fugﬂl and axial. In the centrifugal fan, the gases are accelerated radially
usé: C€ curved or flat impeller blades from rotor to a spiral or volute housing. In the
mmu%h gases are accelerated paralle] to the rotor axis. This is similar to a desk fan,
aial an,the fan is housed in a casing to develop static pressure. Axial fans (with
but. h::.pitch moving blades) maintain high efficiencies over a wider range of loads
vand onstant-speed centrifugal fans but have higher capital costs.
(hal?ll‘;1 general, centrifugal fans with backward-curved blading are used for FD fans
and with flat or forward-curved blading (Fig. 3-18) for ID fans. (Occasionally back-
ward-curved blading but with curvature less than that for FD fans is used.) The lesser
curvature results in lower tip speed and allows less dirt to cling to the backside of the
plades, thus minimizing the erosive e.ffcct of ash. Low-speed fans with flat blades are
used with particularly dirty or corrosive gases.
Because the pressure differential AP across a fan is usually small, the airflow or
gas flow may be considered incompressible, that is v = constant, and Eq. (1-9) may

be modified to
v AP

lwe = ft - 1bs/lb,, or Jkg (3-8)
Ty
The power would be given by
. v AP
Wy = —= ft - Ibs/s or W (3-9)
Ny
where v = specific volume of air or gas, obtained from

the perfect gas equations (1-30), ft’/lb, or m’/kg
AP = pressure rise across fan, Ib,/ft*> or N/m? (Pa)
n; = fan efficiency, dimensionless

m = mass-flow rate of air or gas, lb,,/s or kg/s -

Figure 3-18 Centrifugal blading: (@) for-
ward (b) flat, and (¢) backward-curved.
Vector diagrams show blade tip velocity
V), air velocity relative to blade, and V
absolute velocity of air leaving blade. V
is the same in all cases.
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The horsepower may be obtained by dividing W, in ft - Ib,/s by 550 or in W by 745.7.

The assumption of incompressibility results in errors less than 3 percent for pressure-

ratios across the fan up to 1.10. Higher pressure ratios would require the use of a P-
V relationship of the type PV" = C (Table 1-3) to evaluate the exact work and power:

Figure 3-19 shows typical characteristics of a centrifugal fan with backward-curved
blades. The characteristics usually show pressure and other parameters based on static

pressure. Static pressure is the force per unit area exerted on a wall by an adjacent
fluid that is at rest with respect to the wall (the velocity at the wall in a boundary layer- -
is zero). A fluid in motion, in addition, has a velocity pressure. The sum of the static -

and velocity pressures is called the toral pressure. Static and velocity pressures are
obtained correspondingly from the kinetic and flow energy terms in the general energy
equation rewritten for no heat, work, or friction and for incompressible flow (the
Bernoulli equation). Ignoring the potential energy term

i - 3
Pv + —~ = constant
2g.

where each term has units of energy. Multiplying by the density p = 1/v gives

(3-10)

. Vz
P + p—= = constant
28
where each term has units of pressure, P is the static pressure, and pV?/2g, is the
velocity (or kinetic) pressure. Dividing Eq. (3-11) by the weight density pg/g. gives
V2
h + — = constant
28
where the terms have the units of length, & here is called the static head, Vi2g is
called the velocity head. The term head, in feet (ft) or meters (m) is often used in
fluid technology. Static horsepower is that calculated from Eq. (3-9), where AP is the
difference between static pressures.

(3-11)

(3-12)
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¢rol There are two common methods of controlling the output of fans: damper™
Fan coft and variable-speed control. _
r control has the advantage of low capital costs for the damper mechanism
D for the fan drive motor, which would be a simple constant-speed induction
itself and It is easily adaptable to automation and allows continuous rather than stepwise
It suffers, however, from the disadvantage that it adds additional flow resis-
control. the fan must overcome by increasing its power input. Dampers are usually
tance thaﬂ:e outlet side of the fan, although inlet dampers, called inler vanes, are
put of used. They consume less power than outlet dampers but are only effective
sometie te load changes near full load. When used with FD fans, they are usually
ro combination with outlet dampers. Another combination that results in power
usafl in is the use of a two-speed ac drive motor in conjunction with damper control.
savms;wd motors are less expensive than variable-speed ac drives.
TWO":M able-speed consrol has the advantage of reduced power consumption and is
the most efﬁcient method of fan control. The effect of speed on fan performance is
that flow, pressure, and power input are directly proportional to N, N2, and A3,
mpecti\'d?, where N is the speed of the fan in revolutions per minute (r/min). Thus,
reducing speed by say 70 percent reduces the capacity to 70 percent, the pressure to
about 50 percent, and the power input to about 35 percent. The actual relationships
are dependent upon changes in the effectiveness of the variable-speed drive used.
f-'igure 3-20 shows the effect of speed on pressure and power for a centrifugal fan.
The types of drives are (1) variable-speed steam turbine, (2) hydraulic coupling, (3)
magnetic coupling, (4) variable-speed dc motor, (S) multiple-speed ac motor, and (6)
clectronically adjustable motor drive. The main disadvantage of variable-speed control
is that all these methods involve higher capital costs than damper control, though the

latter is less efficient. _

10
1160 1/min .
.
o ’Wo‘rfml in X
; 6_960 r/min \ 20
i [ scormin | \ ! y
» Lo B . 3 0
34 \\ §_ 30 =5 ’/m.«,.,\
- _ o 2 Mip
3 -&f’l \\\ 2 — /“I\j%
a2 & E 40 7/‘ 860.%”_‘
“’\:?/ \V\ . -
o.é‘ 0
80 !

0 20 40 60 00 0 20 40 60 80 100
Flow output, 1000 ft3/min Flow output, 1000 ft3 /min

Figure 3-20 Typical centriﬁ:gal fan performance curves showing effect of varying speed, r/min [12].
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Two other types of fans are used in powerplants: prirnary-air fans and gas-recir.-
culation fans. Primary-air fans supply air to dry and transport pulverized coal to the
furnace or to a storage bunker. Gas-recirculation fans recirculate gas from a point &
between the economizer and air preheater back to the bottom of the furnace as par: §
of a steam-temperature control system. :

Fans are a major source of noise in powerplants. To reduce that noise, they are »
often housed in thick masonry acoustical enclosures or equipped with inlet silencers
(FD fans), or both [19)].

3-12 THE STACK P, 8

com

Tail and conspicuous from a distance, stacks are used in nearly all powerplants. Early 53.2

steam generators relied solely on stacks to meet the total pressure losses (draft) at the 8o
required gas flows. Modern ones have high gas-flow requirements and, because of the
various heat exchangers (superheaters, reheaters, economizers, air preheaters), have
such high pressure losses that stacks alone are insufficient and fans are added. Stacks
have two functions: (1) to assist the fans in overcoming the pressure losses and (2) o In ar
help disperse the gas effluent into the atmosphere. of th
3-1.
Driving pressure The driving pressure Ap,, in 1b/ft> or N/m?, supplied by a stack temp
is given by an equation similar to Eq. (3-1) losse
of T,
8pa = (b, — PIHE (3-13 divid
8c . cham
where Pa = atmospheric air density, 1b,/ft’ or kg/m? avera
p. = average stack gas density, Ib/ft> or kg/m®
H = height of the stack, ft or m
where
Because both air and gas obey the perfect-gas law, Eq. (1-19a), from which p=m Value
V = PIRT, Eq. (3-13) becomes outsid
Pa ] P: TH ing
Ap, = (RT _R’?)H£ (3-14) S
a4 a sdy gc ' wall f
where P, and P; = absolute pressures of atmospheric air stack.
(barometric pressure) and stack gas, few pe
respectively, 1b/ft* or N/m? ‘
) Dispe;
R, and R, = gas constants for air and stack gas, the atr

respectively; ft - Iby/(lb,, - “R) or J/(kg - K)

T,and 7, = air and average stack gas temperatures ‘ cm: )
respectively, °R or K .
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‘The variation of barometric pressure with altitude

Table 31
Altitude, ft

#'_I-'-'_

o 1000 2000 3000 4000 5000 6000 7000 8000 10,000
P

002 2886 2182 2682 2584 2490 2098 B0 22 2058

a0 1417 1X66 1347 1269 1223 (L8 L34 1091 10.1
psia Lo13 0977 0942 098 0875 0843 0812 0782 0752  0.697
- .
_..--'-'-"---—___

p,and Ps differ only slightly. R, = 53.34 ft - Ib/(lb,, * “R). R, depends upon the gas

dmpositio“* and hence upon the fuel used and is about 52.2 for bituminous coal,
;g 3 for fuel oil, and 55.6 for natural gas. Equation (3-14) can then be rewritten with
g ood accuracy into the form

P,/ 1 1 g
P =
A d = a( 3 :)H (3 15)

In any one location P, varies daily according to weather conditions. It is also a function
of the altitude of the location. Standard values at different altitudes are given in Table
3.1, T,, of course, varies seasonally, daily, hourly, etc. T, is dependent upon the
temperature variation of the gas along the stack, which is dependent upon the heat
losses through the stack walls and any infiltration of cold outside air. The exact value
of T, is obtained by integrating the stack local temperature as a function of height and
dividing by H, in the same manner as finding the average density in a two-phase
channel [Eq. (3-6)]. This function is difficult to evaluate exactly, and arithmetic
averaging, implying nearly constant heat loss along the stack, is accepted. Thus

i = 5__*_'_2{! ) (3-16)
2 _

where T, and T are the stack inlet and exit temperatures, respectively, in °R or K.
Values of Ty depend upon T, the stack height H and internal diameter D, and the
outside atmospheric conditions such as temperature and wind velocity. As expected,
Ty increases as T, and D increase and decreases as H increases.

Stacks, of course, introduce pressure drops of their own. These are caused by
wall friction and the pressure equivalent to the kinetic energy of the gases leaving the
stack. The latter is usually a few times greater than the former. The total is only a

few percent of the driving pressure.

Dispersion The second important function of a stzick, dispersion of the flue gases into
the atmosphere, is defined as the movement of the flue gases horizontally and vertically

* R for a mixture is equal to the sum of the products of the mass fraction in the mixture times the gas
constant for each individual constituent. ‘
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irection
H
l e T et T e et e,

Figure 3-21 Dispersion model forms a stack of height # and plume AH.

and their dilution by the atmosphere. The horizontal motion is the result of existing
wind. The vertical motion results from the upward motion of high-velocity warm stack.
exit gases to much higher elevations. The stack-exit velocity results in a plume rise
AH above the actual stack (Fig. 3-21). The gases bend in the direction of wind flow,
According to most models, the plume height AH is the height of a virtual point source
above the stack, obtained by extending the lines of dispersion backward. AH is there.
fore obtained some distance downwind from the stack, where the plume has reacheq
its maximum height. There, thus, is an effective stack height H, given by

H,=H + AH G-17)

In specific situations the proper design of a stack is dependent upon the local topography
and airflow patterns. Valleys, for example, can concentrate emissions to unacceptable
levels. Model studies are often necessary.

One of the most severe hindrances to dispersion is atmospheric inversion, which
occurs when the temperature of the atmosphere increases with elevation. It is a condition
of little wind and strong stability that results in the reduction of vertical dispersion
and therefore the trapping and concentration of local emissions.*

There are several analytical methods of calculating AH [20]. Most of them utilize
a momentum term that accounts for the vertical momentum of the gas caused by the
stack exit velocity and a buoyancy term that accounts for the difference between stack
gas and atmospheric densities. They yield different correlations and widely differing
values for AH. Some of these correlations, giving AH in meters, are:

1. Carson and Moses [21]

v )3 '
where AH = —0.029 —‘;Q + 2.62%)-— 3-19
V. = stack-gas exit velocity, nvs
D = stack diameter, m

* There are two kinds of inversion. The first, called subsidence inversion, is due to the descent of
layer of air within a high-pressure air mass. The second, called radiation inversion, is due to them
radiation from the earth’s surface to the atmosphere above at night.
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&
I

wind velocity at stack exit, m/s
Q, = heat emission, J/s, given by
Q. = me(T, — To) (3-19)
m = gas mass-flow rate, kg/s

¢, = specific heat of gas = 1005 J/(kg - K) for dry air
at low temperature)

where

b
Il

gas temperature at stack exit, K

T, = air temperature at stack exit, K.

2. Briggs (22]
_ 114CF!?
Ve

AH (3-20

here
¥ ¢ = dimensionless temperature gradient parameter = 1.58 —41.4(A8/42)

A/Az = air potential temperature gradient, K/m = 0 for neutral atmospheric
stability conditions*

F = buoyancy flux = gV.D¥(T, — T,)/4T,, m*/s’
g = gravitational acceleration = 9.8 m/s?

3. TVA model {24]

173F
- Vw

AH = g~ (04 avdy (3-21)

Equation (3-18) is based on many-observations and is applicable to all atmospheric
stability conditions. Equation (3-20) takes account of the various stability conditions
via C and was based on values of A6/Az between —0.001 to +0.013 K/m. Equation
(3-21) was proposed to yield a value of AH some 2 km away from the stack where

* Stability is defined as the tendency to resist vertical motion or to suppress turbulence. When the
atmosphere is considered to be an adisbatic system, free of frictional or inertial effects, it can be shown
{2)] that dT,/dz = —0.01 K/m for dry air. The negative of this temperamure gradient is called the adiabatic
lapte rate [' = 0.01 K/m. Because the standard atmosphere does not meet the above restrictions, a value,
based on meterological data, of dT/dz = —0.0066 K/m has been adopted as an international standard.
The air average temperature in the earth’s middle latitudes decreases linearly with elevation in the troposphere
from sea level to neariy 10,760 m (35,300 ft), above which it remains constant at 216.7 K (—67°F) in the
snaosphere. A stable atmosphere is one that does not exhibit much vertical motion or mixing, and hot
gases emitted near the earth’s surface tend to remain there. A sirongly stable atmosphere is one where
dT jdz i-s positive, This is the case of inversion referred to earlier, A weakly stable armosphere is one where
'_‘T Jd2 15 negative but greater than the environmental standard. A newtral atmosphere is one where d7./dz
1 hegative and equal to the environmental standard. In neutrat conditions, air that is carried rapidly upward
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the maximum plume rise was believed to have taken place. It takes into account the

stability conditions via A@/Az, directly built into the equation. There arc numery,
other correlations for AH, some including the horizontal distance from the stack s, ¥ stea
parameter. Finally, there are theories based on the assumption that the concentratioy lF  wou
of dispersed material in the wake is a three-dimensional gaussian distribution aroupy fic  con!
the axis of the wake (Fig. 3-21). A formulation by Cramer [25] is presently acceptey

for predictions of particulate distributions of the atmosphere. such

The nature and environmental effects of pollutants from powerplants are COVeryy -. the ¢

in Chap. 17. This
flow.
in dr
3-13 STEAM-GENERATOR CONTROL ' direc
Steam-generator, and indeed total, powerplant control is a rather broad subject thy - Stea
includes instrumentation, data processing and controls for combustion, steam foy
temperature and pressure, drum level, burner sequencing, desulfurization precipitaton' : The s
ash handling, system integration, start-up and shutdown, and automation. It obviousl; . maint
cannot be covered fully in this textbook. In this section, therefore, we will cover, j pressi
a simplified manner, only a few basic control systems that apply to the steam generato - direcd]
These are: feedwater and drum-level control, steam-pressure control, and steam-tep, - U?c fo
perature controi. airflov
accura
' sensor
Feedwater and Drum-Level Control Us
Feedwater (and therefore steam) flow is controlled to meet load demand by the turbiy ensure
and at the same time maintain the level of water in the steam drum within relativel smoke-
narrow limits. It is common to maintain the normal drum level at “half-a-glass’
Steam
— Steam-
?uill have the same ten?peram:_e as the environment and tl}cre is no further movemf:nt. An unstable ammosphar erplant
is one where d7,/dz is negative and less than the environmental standard. It is the case where motion;
the vertical direction is enhanced. '
z z
N
\
N
N\ Drum levej
\ senstor
- 7, Feedwater
Unstable Neutral Weakly stable Strongly stable flow sénsor
Actual environment e Adizbatic
. . Steam flow
The parameter A%Az used in Eqs. (3-20) and (3-21) is called the potential temperature grait ~ ensor  °
and is equal to the difference between the environmental and adiabatic temperature gradients, A&4r’
(AT/AZ)eqy — (AT/AZ)usian. Thus it is zero for a peutral atmosphere, positive for a strongly stable -
phere, and negative for an unstabie atmosphere. : Figure 3.22
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ant th, JIf full, in reference to sight glass tubes used outside the drum. A high

Imergy, i ing B tion by the turbine, combined with low feedwater supply, for example,

ack ag, ° cmlSllﬂ:illJ water level in the drum. Figure 3-22 shows a three-element automatic

‘Nratig, would Jower eof which drum level is one element.

! ArOupy - control S}'swnfi'l evel sensor responds to the error between actual drum and its set point,

iCCeptey Thc,dr; case of high steam consumption and low feedwater supply, and acts on
such as 18 em increase the feedwater valve opening to meet the steam-flow demand.

COVergy conq‘oll T ay be too slow and is supplemented by sensors for feedwater and steam
This acnoﬂdf’;f;encc between the signals from these two sensors anticipates changes
ﬂo\:I:u EIch:al and sends a signal to the controller to actuate the valve in the proper
:;:rcction.

ject thy Steam-Pressure Control

im ﬁow‘ -pressure control system (Fig. 3-23), sometimes cailed the “boiler master,”

ipitatory, The Sta:i?sgeam pressure by adjusting fuel and combustion airflows to meet the desired

prilesly malf;‘l?‘m When pressure drops, the flows are increased. A steam-pressure sensor acts

OVer, iy dir:cﬂ)’ on fuel- and airflow controls, such as the pulverized-coal power drives and

enerator, the forced-draft fan, to affect the desired changes. A trimming signal from fuel- and

Jam-ter. sirflow sensors maintains the proper fuel-air ratio. Because it is often difficuit to obtain
sccurate fuel flows, a steam-flow sensor is sometimes substituted for the fuel-flow
s¢nsor. , . .

! Usually about a 5-s delay is allowed when changing coal flow and airflow to

| ensure the prevention of a momentary rich mixture (high fuel-air ratio) and thus assure

£ turbine smoke-free combustion.

-elatively

wglass, Steam-Temperature Control
Steam-generator outlet temperature control within narrow limits is important to pow-

atmosphere erplant operation. Steam temperatures may fluctuate because of the buildup of slag or

e motion i

Steamn

Controller

N\ Drum level 7 :"0:’“3'
N sensor H I ater-
| s level
T F
¢ cedwater
] Control
¥ stable flow sensor %2 valve
; Steam Now L Feedwater
ELI'C gl'ﬂ.dleﬂ wensor
i AGO: Trimming signal
~able atmo¥

Figure 322 Schematic of a three-element feedwater control system.
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Steam-flow| | Air-flow

sensor sensor
} }
¥ Trimming signal
Steam
pressure -
sensor
|
Pulverized-coal Forced-draft
power drive fan drive
1 l Figure 3-23 Schematic of a stez,
: pressure control system.

ash on heat-transfer surfaces. The main fluctuations, however, occur because of changy -
in load. Recall that radiant-type superheaters and reheaters have a drooping temper -

ature-load characteristic, whereas convection-type units have a rising temperature-loy
characteristic (Fig. 3-10).

A reduction in steam temperature results in loss in plant efficiency. For example
a drop of 35 to 40°F results in about 1 percent increase in heat rate. On the othe
hand, an increase in steam temperature above design may result in overheating ang
failure of superheater and reheater tubes and turbine blades.

The temperature of the saturated steam leaving the drum corresponds to the systen
pressure and thus remains constant as long as the steam-pressure controls are in working
order. It is the superheater-reheater responses to load changes that have to be corrected
There are several ways of adjusting the temperature, some of which are discusse
below.

Combined radiant-convective superheaters In certain cases radiant and convectiv
superheaters are arranged in series to yield a relatively flat final steam temperate
over a wide load range (Fig. 3-10).

Attemperation Attemperation is the reduction of steam temperature by one of tw
methods. The first uses a surface attemperator; which removes heat from the stean
in a heat exchanger. One form of the latter, called the shell type, has a portion of tk
steam taken out through tubes from between the primary and secondary superheaten

by an automatic valve and diverted to a shell-and-tube heat exchanger containing som:

of the boiled water. The steam gives up some of its heat to that water and then remixy
with the primary steam upon entering the secondary superheater. Temperature contrd
is accomplished by controlling the amount of diverted steam. Another version of t
surface attemperator, called the drum type, has the heat exchange between the diverts
steam and the boiler water occur within the main steam drum, which must now i
made larger to accommodate the attemperator tubes.

vapor
steain
othen
depos
has be
contrd
produs
illustr:
the enl
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Water flow
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second method of attemperation uses a device called the spray, or direct
The attemperator (Fig. 3-24). It reduces the steam temperature by spraying low-~
contach: water from the boiler or economizer exit into the line between the primary
temper dary superheaters, Fig. 3-6. The spray nozzle injects water into the throat
and secon g venturi, where the water mixes with high-velocity steam in the throat,
. es, and cools the steam. The venturi and a thermal sleeve also protect the main
vaponz ip; from thermal shock caused by any unvaporized water droplets that might
steai® Ei’sc impact on the pipe. The water used must be of high purity to avoid adding
omcl"f’ts on the superheater tubes, pipes, and turbine blades. The spray attemperator
depob-‘:en satisfactory in service. It provides a rapid and sensitive means of temperature
has |. Steam temperature is controlled by regulating the amount of spray water to
conﬂ:’cé a flat temperature curve beyond point a (Fig. 3-25). A simple energy balance
iJlustrates the principle. For no work, heat, or chaqges_in potential and kinetic energies,
the enthalpy entering the system equals that leaving it. Thus

’h:h:l + mwhw = ("hs + mw)hsz (3"22)
m, and /i, = mass-flow rates of steamn and water,
respectively, b, /h or kg/s

h, and h,, = specific enthalpies of steam and water,
respectively, Btw!lb,, or J/kg

where

subscripts 1 and 2 refer to steam inlet and exit,
respectively

Thermal
sleeve

Venturi-
miXing

Thermal
steeve

(thy + ) Figure 3-24 A spray attemperator for steam temperature

l Total flow
controt.
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- - -
- -
a - ’
1000 -
iz, Spray
. attemperator
o ] ~ Secondary
2 cooling T superheater
g
E
2 ____________________
S Primary
o superheater
” 1
500 . ! Figure 3-25 Attemperation uy
60 100 oversized primary and secondary g,
Load, percent perheaters.

Example 3-2 Steam enters a spray attemperator at 2500 psia and 950°F. Ty,
spray water comes from the boiler drum, which operates at 2600 psia. Calculy,
the mass of spray water that must be added per unit mass of steam to reduce ity
temperature to 900°F.

SOLUTION From the steam tables: A, = 1423.1, h,, = 1386.7, h, = k4
2600 psia = 744.47, all in Btwlb,,. Using Eq. (3-22)

1423.1 + =¥ x 744.47 = (1 + ™ x 1386.7
m,

m,

Therefore

Pur— 0.0567
m;

The attemperator, of either type, may be located before, between, or after
superheater. The first choice will cause condensation of the saturated steam from
boiler before it enters the superheater. In the last choice, the steam temperature excest
the final desired steam temperature before attemperation. The midlocation betwes
the primary and secondary sections of the superheater is therefore the preferred ox

Attemperation is sometimes used in series with gas recirculation (below), as show
in Fig. 3-26. :

Separately fired superheater A superheater with its own burner, fans, combusti
chamber, controls, etc., all independent of the steam generator, is sometimes us
and may serve more than one steam drum. The rate of firing is adjusted to yield a
steam temperature-load curve. This system is not generally economical for large electi
generating systems and is usually used in the chemical process industry.

Gas reci
reheaters
outlet, is
at the enc
gas is int
hopper, e
rempering
acteristics
desired ef
Other
gas tempe:
a portion (
Regul.
those for re
the same.

PROBLE;

31 Calcuiate |
refuse and hea
coal is 13,000 |
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with 835
- ecirculation
C atrolled Superheater
""""o q

L_ with
ttemperation

Uncontroiled
superheater

Sleam temperature

|
— 100
9 Load, percent Figure 3-26 Gas recirculation and attemperation in series.

Gas recirculation In this system, gas from some point downstream of the superheater-

” rs, mostly from the economizer outlet but sometimes from the air preheater
ml:lcatcis ;-ccirculated'back to the furnace by means of a gas-recirculation fan (mentioned
out:ct'cnd of Sec. 3-10). The term gas recirculation is restricted to the case where the
illas is introduced back to the burning zone, such as before the burners, at the bottom
:opper. etc. Gas recirculation to a point downstream of the burning zone is called gas
tempering. Varying the percentage of recirculated gas alters the heat-absorbin-g char-
acteristics of the various heat-absorbing surfaces in the steam generators to yield the
desired effect and is taken into account in the initial design of the system.

Other types of steam-temperature control are selecting burners that give the desired
gas temperature, using tiltable burners to shift the flame zone in the funace, bypassing
a portion of the hot gas around the superheater by dampers, and others.

Regulating reheat outlet steam temperature is necessary for the same reasons as
those for regulating superheater outlet temperatures, and the methods used are generally

the same. i .

PROBLEMS

31 Calculate the percent energy distribution in a steam generator that goes into steam, losses to flue gases,
refuse and heat losses. The steam generator receives 480 short tons of coal per day. The heating value of
coal is 13,000 Bru/b,. 375,000 Ib,/h of water enters the steam generator at 2500 psia and 450°F and leaves
4 steam at 2400 psia and t000°F. Combustion air enters at 80°F and the flue gases leave at 350°F. The
refuse, generated at the rate of 45 short tons per day, has an intemai energy of 800 Bu/lb,. The air/fuet
ratio by mass is 20:1. Assume that the flue gases have the same variable specific heat as air,

3-1 A steam generator buins a fuel oil that has the following chermical analysis by mass: Carbon 85.3%,
hydrogen 14.1%, sulfur 0.5%, and nitrogen 0.1%. Combustion takes place in 125% theoretical air. The
flue gases leave the air preheater at 25 psia. Find (@) the minimum stack temperature to avoid condensation
and (5) the maximum mass of suifurous acid (H2SQ5) that may be deposited per unit mass of fuel oit bumed.
+3 A West Virginia coal has the following mass analysis: Carbon 75.0%, oxygen 6.7%, hydrogen 5.0%,
water 2.5%, suifur 2.3%, nitrogen 1.5%, and ash 7.0%. It bumns in a steam generator with 125 percent
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theoretical air. Calculate (a) the minimum stack temperature to avoid condensation if the flue gas pressge.
leaving the air preheater is 12 psia and (b) the mass of SO, produced per unit mass of cosl burned:
34 A gaseous fuel has the following volumetric analysis: 90% methane (CH,}, 5.0% cthane (C;H), ang -
3% nitrogen. It burns in a steam generator with 115 percent theoretical air. Calculate the minimum stack
temperature if the flue gases leaving the air preheater are at 15 psia.

3-5 A water-tube steam generator operating at 2400 psia has 50-f-high 3-in ID tubes. The pressure droy. i’

is given by 3.25 x 107 m?, where mh is the mass flow rate, in pound mass per hour. Assuming

water in the downcomer, a water-steam mixture in the tubes with an average density of 18 Iby/f, and u K
iniet tube velocity of 3.0 fi/s, calculate the pump pressure necessary for the given flow. <

3-6 A drum-type steam generator operates at 160 bars. 1260 kg/s of water goes down the downcomey

power, in kilowatts, needed to drive a forced circulation pump if the pump efficiency is 0.70.

3.7 A 40-ft-long 3-in-diameter steam generator water tube receives saturated water at a velocity of 2 fay - '
per second and a pressure of 2400 psia. Heat is added to it uniformly. The slip ratio is 1.8. Calculate thy. »

maximum heat added to the tube in Btus per foot if the exit void fraction is not to exceed 0.80.

3-8 Steam enters a convective-type superheater saturated at 160 bars. At a given load it leaves at 480°C -
The convective heat transfer coefficients inside &, and outside A, of the tubes are proportional to 71, apg

g’ S, respectively, where rir, and i, are the mass flow rates of steam and gas. Find the exist gas temperanyy -

in degrees centigrade if both steam and gas flow are doubled. The gas temperature T, remains constant y -
2000°C. Assume for simplicity that heat transferred between gas and steam is proportional to the produc -
of an overall heat transfer coefficient U and (T, — T,), where T, is the average steam temperature, and -
also proportional to (T,; — T,), where T.,; and T, are the exit and iniet steam temperatures. Ignore the -
conductive resistance in the tube walls and recall from heat transfer that U is inversely proportional
(l/h, + h).

3-9 Steam enters a radiant-type superheater in a dry and saturated condition at 2400 psia. The convective
heat-transfer coefficient inside the tubes is proportional to ®®, where it is the steam mass flow rate. The
radiative heat transfer between the combustion gases and the tubes outer surface is proportional to (T} -
T%), where T, and T, are the flame and tube watt temperatures, respectively. At a given load, the superheater
exit steam temperature is 1000°F, and the external heat-transfer coefficient is five times the internaj hex.
transfer coefficient. Ignoring the conductive resistance in the tube walls and the tube thickness, estimak -
the temperature of the steam leaving the superheater if the steam mass flow rate is doubled.

3-10 A 24-sector Ljungstrom air preheater contains 1/16-in-thick corrugated steel sheets and rotates a1 )
t/min. The hot gases enter at 600°F and leave at 350°F. The air enters at 70°F. For simplicity assume tha
the gases and air have equal mass flow rates of 100,000 Ib./h each, and the same specific heat of 0.243
Btu/lb,’R. The preheater has an effectiveness of 0.80 (ratio of actuai air temperature rise to theoretical
maximum temperature rise). Ignore short-circuiting in the preheater and assume perfect heat absorption ad
release by the steel sheets. Steel has a density of 490 Ib./ft’and a specific heat of 0.1 Btw/1b,°R. Calculate
(a) the air exit temperature and (b) the total preheater steel sheet area, in square feet,

3-11 A powerplant receives 92,000 Ib,/h of coal which bums in 125 percent theoretical air. The coal i .
assumed, for simplicity, to be composed of 100 percent carbon. The air-flue gas pressure losses in the
Steam generator total 60 in water. Find the power, in megawatts and horsepower, necessary to drive (a)1
forced-draft fan with air at 60°F and () an induced-draft fan with flue gases at JO0°F if either is used alone. -
The fans have efficiencies of 0.7. Use ¢, for cold air and flue gases of 0.24 and 0.243 Baw1b,°R, respectively. -
Assume a 2 percent inleakage in the case of the induced-draft fan, and negligibie change in specific volume -
across the fans. ‘

3-12 Find the total power consumed, in megawatts and horsepower, by forced- and induced-draft fans
both are used on a steam generator operating on a balanced draft. Assume that the pressure losses befos -
and after the furnace are 20 and 40 in water, respectively. The steam generator uses 800,000 Ib,/h of fud
oil with air-fuel mass ratio of 18.75. Take leakage into the steam generator at § percent of total flow. T
outside air is at 40°F and the flue gases are at 325°F. The FD and ID fan efficiencies are 0.8 and 0.7, .

respectively.

3
7.32°C subcooled. The downcomer and risers are all 12 m high. The average water-steamn mixture den.my ¥
in the risers is 350 kg/m®. The pressure losses in the downcomer and risers total 0.5 bar, Calculate the &
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1n oquipped with damper control has the damper wide open at full flow. The damper

313 A gcnniﬁlsalmzu ce flow to 80 percent of full load. Estimate the changes, in percent, in static pressure,
to _

i partly © uirernent. ‘

:dp.;le wpow;rf:equipped with variable speed control produces a flow of 20,000 ft*/min at 860 r/min.
314 A ocnt.nfusased at 1160 t/min. Estimate the flow in cubic feet per minute, shaft horsepower and static
its w I.S mc‘::H;O, if its sped is increased to 1160 r/min,

1156, . oases at 800°F enter a cross-flow-type economizer of a steam generator and leave at
Combustof gmssurc is 1200 psia. 10° Ib/h of feedwater leave the high pressure feedwater heater at
«O0'F. The steamml: economizer 7.2°F subcooled. The overall heat transfer coefficient U (which takes into

iion of both gases and water and radiation between the gases and the tubes) is 13.5
sccount convécalculaw the total tube length required if the tubes are 2 in OD. _
Bwh'ﬂ”F' t is situated at an altitude of 1000 ft above sea level. Flue gases enter the stack at 285°F
316 A Powcfpé;‘; (a) Find the height of stack, in feet, necessary for a driving pressure of 0.1 psia if the
and I;:v:“ 3:52;5( 50;1,: and (b) the change in flue gas flow if the outside air temperature changes to 60°F.
outs

lant is situated at sea level. 1650 kgfs of flue gases enter a 5-m-diameter stack at 140°C and
T A p;’:;g The outside air temperature is at 10°C. The stack is designed for a driving pressure of
leave a )

007 bar. Using the Carson and Moses correlation, calculate the flue gas plume height if the prevailing
0. .

winds arc at 80 i , o . op - )
8 A 200-m-high 4-m-diameter stack emits 1000 kg/s of 100°C gases into 5°C air. The prevailing wind
3

Locity is 50 tm/h. The atmosphere is in a condition of neutral stability. Calculate the height of the gas
ye

by two methods. . _ o
A 200-m-high 4-m-diameter stack emits 1000 kg/s of 100°C gases into 5°C air. The prevailing wind
19 v is 50 km/h. Using the TYA model, calculate the height of the gas plumes if the atmosphere is (a)
mz t:here dTidz = -0.010 K/m, (b) weakly stable where d7/dz = (.0050 K/m, and (¢} strongly stable
where dTidz = +0.010 K/m.
3.20 The steam outlet temperature from a superheater may be given by ((°F) = 850 + 25 L', where L
» load, percent. That temperature shouid not be allowed to exceed 1000°F. A spray-type attemperator is
wed to regulate that temperature, using feedwater at 400°F. Calculate (a) the percent load at which the
is activated, and () the pound mass of water injected_ per pound mass of steam entering the
semperator at half load and at full load. Steam pressure is assumed constant at 1000 psia.

3.21 A spray attemperator receives 125 kg/s of steam at 80 bar and 540°C. It uses spray water from the
feedwater line at 200°C. The attemperator exit is at 78 bar and 480°C, How much feedwater is used in
tikograms per second?

322 A superheat-reheat Rankine cycle has altemperators on both the superheater and reheater which are
of the convective type. Flows in the superheater and reheaterare 1.1 X 10%and 1.0 x 10° ib/h, respectively.
The maximum pressure is 1000 psiz and the reheater is placed optimally in the cycle. At 25 percent load
the exit steam from both is 1000°F. As load is increased to 50 percent, these temperatures (without
sttemperators) would become 1200 and 1150°F. How much water must be added in pounds mass per hour
in the attemperators to maintain 1000°F exit temperatures in both if water is available at 400°F?




CHAPTER

FOUR
FUELS AND COMBUSTION

4-1 INTRODUCTION

In Chap. 3 we covered those components of fossil-fueled steam generators that deal
with the working fluid (water and steam) and with the air and flue gases. We deferred
discussing the fuel aspects because they require independent treatment. There is ;
rather wide variety of fuels. Their preparation and feeding, often outside the steam
generators, and their methods of firing deserve special attention.

The increasing worldwide demand for energy has focused attention on fuels, their
availability (Table 4-1), and environmental effects. The fuels available to utility in-

dustry are largely nuclear and fossil, both essentially nonrenewable. Nuclear fuels .

originated with the universe, and it takes nature millions of years to manufacture fossil
fuels.

Fossil fuels originate from the earth as a result of the slow decomposition and
chemical conversion of organic material. They come in three basic forms: solid (coal),
liquid (oil), and natural gas. Coal represents the largest fossil-fuel energy resource in
the world. In the United States today (1983), it is responsible for about 50 percent of
electric-power generation. Oil and natural gas are responsibie for another 30 percent.
The remaining percentage is mostly due to nuclear and hydraulic generation. Natural
gas, however, is being phased out of the picture in the United States because it must
be conserved for essential industrial and domestic uses.

New combustible-fuel options include the so-called synthetic fuels, or synfuels,
which are liquids and gases derived largely from coal, oil shale, and tar sands. A tiny
fraction of fuels used today are industrial by-products, industrial and domestic wastes,
and biomass. '
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World epergy reserves

41
V *
Type Energy, Q

_,i“:""'/ 32
Fossi Oil and gas 6
. Uranium aad thorium 600
Fissile
Fusile Deterium 10"
10" Btu or roughly 102! J, not to be confused with a
This chapter will cover the combustible fuels available to the utility industry, both

(fossil) and synthetic, and their preparation and firing systems. Nuclear fuels
renewable energy sources, and the environmental aspects of power generation in

s ral, will be covered later in this text.

gene

42 COAL

Coal is a general term that encompasses a large number of solid organic mine::als with
widely differing compositions and properties, although all are esscntial}y rich in amor-
phous (without regular structure) elemental carbon. It is found in stratified deposits at
different and often great depths, aithough sometimes near the surface. It is estimated
that in the United States there are 270,000 million tons of recoverable reserves (those
that can be mined economically within the foreseeable future) in 36 of the 50 states.
This accounts for about 30 percent of the world’s total.

There are many ways of classifying coal according to its chemical and physical
properties. The most accepted system is the one used by the American Society for
Testing and Materials (ASTM), wifich classifies coals by grade or rank according to
the degree of metamorphism (change in form and structure under the influences of
heat, pressure, and water), ranging from the lowest state, lignite, to the highest,
anthracite (ASTM D 388). These classifications are briefly described below in a de-
scending order. :

Anthracite This is the highest grade of coal. It cotains a high content, 86 to 98 mass
percent, of fixed carbon (the carbon content in the elemental state) on a dry, mineral-
matter-free basis and a low content of volatile matter, less than 2 to 14 mass percent
(chiefly methane, CH,). Anthracite is a shiny black, dense, hard, brittle coal that
borders on graphite* at the upper end of fixed carbon. It is slow-buming and has a
heating value just below that of the highest for bituminous coal (see below). Its use

_ *Graphite is a moderately soft allotropic form of carbon. Carbon crystallizes perfectly into diamond,
umperfectly into graphite, and is amorphous (having no regular structure, noncrystalline) in anthracite and
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in steam generators is largely confined to burning on stokers, and rarely in pulverizeg= ):

form. In the United States it is mostly found in Pennsylvania.—

The anthracite rank of coal is subdivided into three groups. In descending ordes
of fixed-carbon percent, they are meta-anthracite, greater than 98 percent; anthracite - -

92 to 98 percent; and semianthracite, 86 to 92 percent.

Bituminous coal The largest group, bituminous coal is a broad class of coals con. :

taining 46 to 86 mass percent of fixed carbon and 20 to 40 percent of volatile Mmatte g
of more complex content than that found in anthracite. It derives its name from bitumen &

- an asphaltic residue obtained in the distillation of some fuels. Bituminous coals Iange &

in heating value from 11,000 to more than 14,000 Btu/lb,, (about 25,600 to 32,600 -
kJ/kg). Bituminous coals usually bum easily, especially in pulverized form.

The bituminous rank is subdivided into five groups: low-volatile, medium-volatile -
and high-volatile A, B, and C. The lower the volatility, the higher the heating value, -
The low-volatility group is grayish black and granular in structure, while the high. -
volatility groups are homogeneous or laminar.

Subbituminous coal This is a class of coal with generally lower heating values thay -
bituminous coal, between 8300 to 11,500 Btw/lb,, (about 19,300 to 26,750 klikg). tt -
is relatively high in inherent moisture content, as much as 15 to 30 percent, but oftey
low in sulfur content. It is brownish black or black .and mostly homogeneous i -
structure. Subbituminous coals are usually burned in pulverized form. The subbity.
minous rank is divided into three groups: A, B, and C.

Lignite The lowest grade of coal, lignite derives its name from the Latin lignum,
which means “wood.” It is brown and laminar in structure, and remnants of wooq
fiber are often visible in it. It originates mostly from resin-rich plants and is therefors
high in both inherent moisture, as high as 30 percent, and volatile matter. Its heating
value ranges between less than 6300 to 8300 Btwlb,, (about 14,650 to 19,300 kJ/kg),
Because of the high moisture content ahd low heating value, lignite it is not economical
to transport over long distances and it is usually burned by utilities at the mine site,
The lignite rank is subdivided into two groups: A and B.

Peat Peat is not an ASTM rank of coal. It is, however, considered the first geological .
step in coal’s formation. Peat js a heterogeneous material consisting of decomposed
plant matter and inorganic minerals. It contains up to 90 percent moisture. Although

not attractive as a utility fuel, it is abundant in many parts of the world. Several states

in the United States have large deposits. Because of its abundance, it is used in a few

countries (Ireland, Finland, the USSR) in some electric generating plants and in distria-
heating.

4-3 COAL ANALYSIS

There are two types of coal analysis: proximate and ultimate, both done on a masy-
percent basis. Both of these methods may be based on: an as-received basis, useful-
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pustion calculations; a moisture-free basis, which avoids variations of the
for com Satent even in the same shipment and certainly in the different stages of
moistU! 'tci:on' and a dry mineral-matterfree basis, which circumvents the problem of
Pujv:sf;z:ome’m's not being the same as the mineral matter in the coal.
the .

Proximate Analysis
the casier of two types of coal analysis and the one which supplies readily
. oful information for coal’s use in steam generators. The basic method for
meaninB ' ) is is given by ANSUASTM* Standards D 3172. It determines the
xxmarccmages of fixed carbon, volatile matter, moisture, and ash. Suifur is obtained
Flassg,mte determination.
in 3 Fixed carbon is the elemental carbon that exists in coal. In proximate analysis,
. determination is approximated by assuming it to be the difference between the
" : 1l sample and the sum of volatile matter, moisture, and ash.
onnghe volatile marter is that portion of coal, other than water vapor, which is driven
off when the sample is heated in the absence of oxygen in a standard test (up to 1750°F
for 7 min). It consists of hydrocarbon and other gases that result from distillation and
decomposition. _
Moisture is determined by a standard procedure of drying in an oven. This does
not account for all the water present, which includes combined water and water of
hydration. There are several other terms for moisture in coal. One, inherent moisture,
is that existing in the natural state of coal and considered to be part of the deposit,
excluding surface water.
Ash is the inorganic salts contained in coal. It is determined in practice as the
noncombustible residue after the combustion of dried coal in a standard test (at 1380°F).
Sulfur is determined separately in a standard test, given by ANSI/ASTM Standards
D 2492. Being combustible, it contributes to the heating value of the coal. It forms.
oxides which combine with water to form acids. These cause corrosion problems in
the back end of steam generators if‘the gases are cooled below the dew point, as well
as enviconmental problems (Chap. 17).

This i

Ultimate Analysis

A more scientific test than proximate analysis, ultimate analysis gives the mass per-
centages of the chemical elements that constitute the coal. These include carbon,
hydrogen, nitrogen, oxygen, and sulfur. Ash is determined as a whole, sometimes in
a separate analysis. Ultimate analysis is given by ASTM Standards D 3176.

Heating Value

The heating value, Btw/lb,, or J/kg of fuel, may be determined on as-received, dry,
or dry-and-ash-free basis. It is the heat transferred when the products of complete

* American National Standards Institute’American Society for Testing and Materials.
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combustion of a sample of coal or other fuel are cooled to the initial temperature o

air and fuel. It is determined in a standard test in a bomb calorimeter given by ASTMRE

Standards D 2015. There are two determinations: the higher (or gross) heating va

(HHYV) assumes. that the water vapor in the products condenses and thus includes h

latent heat of vaporization of the water vapor in the products; the lower heating vaj
(LHV) does not. The difference between the two is given by

LHV = HHV - m,h, (‘Hai
or ' LHV = HHV —~ 9my,h, @y &

where m, = mass of water vapor in products of
combustion per unit mass of fuel (due
to the combustion of H, in the fuel,
i.e., not including initial H,O in fuel)

my, = mass of original hydrogen per unit mass
of fuel, known from ultimate analysis

hs = latent heat of vaporization of water
vapor at its partial pressure in the
combustion products, Btw/lb,, H,O or
Ikg H,0

The partial pressure of water vapor in the products of combustion is obtained by
multiplying the mole faction of H,O in the products, which is obtained from the
combustion equation in the usual manner, by the total pressure of the products. The
9 in Eq. (4-1b) is the ratio of the molecular masses of H,O and H; and represents the
mass of H,O vapor obtained from a unit mass of H,. :

Because gases are not usually cooled down below the dew point in steam generato
(or engines), it does not seem fair to charge them with the higher heating value i
calculating energy balances and efficiencies of cycles or .engines. Some, however
argue that they should be chargcd*with the total energy content of the fuel. A unifom
standard had to be agreed upon, whereupon everybody uses the HHV in energy balances -
and efficiency calculations. (The LHV is the standard used in European practic,
however.)

As indicated above, heating values: are obtained by testing. However, a formuli
of the Dulong type (which does not include the effects of dissociation) is used to give-
approximate higher heating values of anthracite and bituminous coals in Btw/lb,,.

HHV = 14,600C + 62,000(H - %) + 40508 4.
where C, H, O, and S are the mass fractions of carbon, hydrogen, oxygen, and sulfir,..
respectively, in the coal. For lower-rank fuels, the above formula usually underest: -
mates the HHV. i

Table 4-2 gives the proximate and ultimate analyses of some typical U.S. coalt 2
Calcuiations of heating value for fuels of known composition will be covered #te:
Sec. 4-14..
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of rable 4.2 Proximate and ultimate analyses of some U.S. coals .
M 1 Bituminous,
lue 3 . medium
the ‘; Agalysis: . Anthracite volatility Subbituminous Lignite
lue f;’/’_—-_ Proximate
¢ 83.8 70.0 45.9 30.8
la) Fixed bl 5.7 20.5 30.5 282
volatile 2.5 3.3 19.6 34.8
13) ’r:l;ls“"‘ 8.0 6.2 4.0 6.2
—_— Ultimate
83.9 80.7 58.8 42.4
c 2.9 4.5 3.8 2.8
H; 0.7 1.8 0.3 0.7
5 0.7 2.4 12.2 12.4
g’ 13 1.1 1.3 0.7
! : 3.3 19.6 34.8
0 2
- HHY
Bwlbe 13,720 . - 14,310 10,130 7,210
, : Example 4-1 Write the complete combustion equation, calculate the HHV and
i by LHV, Btwlb,,, of the medium volatility subbituminous coal in Table 4-2 by using
the the Dulong-type formula and find the dew point, °F. Assume stoichiometric, i.e.
Tt::e chemically correct, combustion air. Total pressure = 1 atm.
i
SOLUTION
tors
e in 0.024
HHV = 14,600 x 0.807 + 62,000{ 0.045 — 3 + 4050 x 0.018
ver, _
orm - = 11,782 + 2976 + 73 = 14,831 Buwlb,,
nces

tice, - Note that the actual value, 14,310, is slightly lower by about 3.5 percent because
- dissociation and other effects are not taken into account by the Dulong-type
mula formula. ' .
give - The relative mole fractions of the fuel constituents from the ultimate analysis
are obtained by dividing the mass fractions by their molecular masses. The equiv-
alent molecule of the coal, therefore, is

4-2) 80.7 . 4.5 1.8, 24 1.1 3.3
o=! Bkt -0 270, + =N, + —
fur p C ¥ g+ S 50 T RET R
resti- or (.725C + 2.250H, + 0.056255 + 0.0750, + 0.03929N, + 0.1833H,0
sals. A hydrogen balance gives 2.250H;0 from the H; in the fuel + 0.1833H,0

edin originally in the fuel = 2.4333H,0 in the products.
A sulfur balance gives 0.0562580; in the products.
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An oxygen balance thus requires 0.725 + (2.250/2)-+ 0.05625 = 190625y

for combustion, but only 1.90625 — 0.075 originally in the fuel = 1.831250;'

from the atmosphere.

A nitrogen balance (the atmosphere contains 3.76 mot N, per mol Q;) give {8
3.76 x 1.83125 = 6.8855N, from the atmosphere + (.03929 originally ip thy
2y

fuel = 6.92479N, in the products.
The complete combustion equation, therefore, is

(0.725C + 2.250H, + 0.05625S + 0.0750; + 0.03929N; + 0.1833H,0) - &

=

+ 1.831250; + 6.8855N, — 0.725CO, + 2.4333H,0 + 0.0562550,
+ 6.92479N,

The latent heat of vaporization, necessary for the calculation of the LHV ;-

due to the partial pressure of the H,O that was formed in the combustion p
only, because the moisture originaily in the fuel receives and gives off the same

heat upon vaporization and condensation. The partial pressure of the combustigy -

HO is equal to its mole fraction in the products

2,250
0.725 + 2.4333 + 0.05625 + 6.92479

From the steam tables, A, at 3.705 psia (by interpolation) 'is 1008.6 Btu/ly,
Using Eq. (4-1b)

LHV = 14,831 — 9 x 0.045 x 1008.6 = 14,422.5 Btwlb,,

Note that the differences between HHV and LHV for coal.s are small (ley
than 3 percent in the above example) because of their low H, content. This is ny
the case with liquid or gaseous hydrocarbons, which contain a large portion o

hydrogen in the C-H molecules.
The dew point of the products is the saturation temperature corresponding iy

the partial pressure of the total H,O in the products, or
2.4333
0.725 + 2.4333 + 0.05625 + 6.92479

This corresponds to a saturation temperature of about 148°F, which is the der

point,
There will be more discussion of heating value in Sec. 4-14.

X 14.696 = 3.705 psia

X 14,696 = 3.5268 psia

4-4 COAL FIRING

Since the old days of feeding coal into a furnace by hand, several major advancs:

have been made that permit increasingly higher rates of combustion.
The earliest in the history of steam boilers were mechanical stokers, and sevetd

types are still being used for small- and medium-sized boilers. All such stokers .
designed to continuously feed coal into the furnace by moving it on a grate within .

furmace and also to remove ash from the furnace.
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1J.S. Standard Sieve Designation
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Figure 4-1 Coal sieve analysis. (4) pulverized-coal sample; (B) coal range for cyclone firing; (C) coal as
fired. Plot based on graphical system proposed in Ref. 26.

Pulverized-coal firing was introduced in the 1920s and represented a major increase
in combustion rates over mechanical stokers. It is widely used today. To prepare the
coal for use in pulverized firing, it is crushed and then ground to such a fine powder
that approximately 70 percent of it will pass a 200-mesh sieve* (Fig. 4-1). It is suitable
for a wide variety of coal, particuiarly the higher-grade ones. Advantages of pulverized-
coal firing are the ability to use any size coal; good variable-load response; a lower
requirement for excess air for combustion, resulting in lower fan power consumption;
lower carbon loss; higher combustion temperatures and improved thermal efficiency;
lower operation and maintenance costs; and the possibility of design for muitiple-fuel
combustion (oil, -gas, and coal).

* There are some seven screen, ot sieve, standards in the United States and Europe. The one used here
is the U.S. Standard Sieve, in which the number of openings per linear inch designates the mesh. A 100-
mesh screen has 100 openings to the inch, or 10,000 openings per square inch. The higher the mesh, the
finer the screen. The diameter of the wire determines the opening size. The U.S. Standard Sieve mesh and
opening size in inches and millimeters are given below.

Meh 20 30 0 50 60 100 140 200 325 400

n 10331 10234 00165 0.0117 0.0098 0.0059 0.0041 0.0029 00017  0.0015
@am 0.840 0.595 0.420 0.297 0.250 0.149 0.105 0.074 0.044 0.037
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In the late 1930s cyclone-furnace firing-was introduced and became the third majop-vs
advance in coal firing. It is now also widely. used though for a lesser variety of uses: =
than is pulverized coal. In addition to those advantages already mentioned for pul. -olF
verized-coal firing, cyclone firing provides several other advantages. These are the il
obvious savings in pulverizing equipment because coal need only be crushed, reductions g
in furnace size, and reduction in fly ash content of the flue gases. Coal size for cyclone. -
furnace firing is accomplished in a simple crusher and covers a wide band, with -
approximately 95 percent of it passing a 4-mesh sieve (Fig. 4-1).

Most recently, fluidized-bed combustion has been introduced. In this type of firing, ¥
crushed particles of coal are injected into the fluidized bed so-that they spread across »
an air distribution grid. The combustion air, blown through the grid, has an upwad -
velocity sufficient to cause the coal particles to become fluidized, i.e., held in sus.
pension as they burn. Unburned carbon leaving the bed is collected in a cyclone
separator and returned back to the bed for another go at combustion. The main ad. -
vantage of fluidized-bed combustion is the ability to desulfurize the fuel during com-
bustion in order to meet air quality standards for sulfur dioxide emissions. (Other -
methods are the use of low-sulfur coal, desulfurization of coal before it is burned, and
removal of SO, from the flue gases by the use of scrubbers, Chap. 17.) Desulfurization -
is accomplished by the addition. of limestone directly to the bed. Fluidized-bed com.-
bustion is still undergoing development and has other attractive features (Sec. 4-8).

4-5 MECHANICAL STOKERS

Almost all kinds of coal can be fired on stokers. Stoker firing, however, is the least
efficient of all types of firing except hand firing. Partly because of the low efficiency,
stoker firing is limited to relatively low capacities, usually for boilers producing less
than 400,000 Ib,/h (50 kg/s) of steam, though designers are limiting stoker use to
around 100,000 1b,/h (12.6 kg/s). These capacities are ‘the result of the practical
limitations of stoker physical sizes and relatively low burning rates which require a
large furnace width for a given steam output. Pulverized and cyclone firing, on the
other hand, have higher burning rates and are flexible enough in design to meet the
millions of. pounds per hour of steam requirements of modern steam generators with
narrower and higher furnaces. Stokers, however, remain an important part of steam- .
generator systems in their size range.

Mechanical stokers are usually classified into four major groups, depending upon -
the method of introducing the coal into the fumace. These are spreader stokers, -
underfed stokers, vibrating-grate stokers, and traveling-grate stokers. '

The spreader stoker is the most widely used for steam capacities of 75,000 to -
400,000 ib,/h (9.5 to 50 kg/s). It can burn a wide variety of coals from high-ranki
bituminous to lignite and even some by-product waste fuels such as wood wastes,.
pulpwood, bark, and others and is responsive to rapid load changes. In the spreadet.«
stoker coal is fed from a hopper to a number of feeder-distributor units, each of which-
has a reciprocating feed plate that transports the coal from the hopper over an adjustables.
spill plate.to an overthrow rotor equipped with curved blades. There are a number of »
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such feeder-distributor mechanisms that inject the coal into the furnace in a wide
aniform projectile over the stoker grate (Fig. 4-2). Air is pnmarily fed upward through
from an air plenum below it. This is cailed undergrate air. The finer coal

-les, between 25 and 50 percent of the injected coal, are supported by the upward
sirflow and are bumed while in suspension. The larger ones fall to the grate and bum -
ina relatively thin layer. Some air, called overfire air, is blown into the furnace just
above the coal projectile. Forced-draft fans are used for both undergrate and overfire
air. The unit has equipment for coilecting and reinjecting dust and controls for coal
flow and airflow to suit load demand on the steam generator.

The problem with stationary spreader stokers was the removal of ash, which was
Girst done manually and then by shutting off individual sections of grates and their air
supply for ash removal without affecting other sections of the stoker. The spreader
stoker became widely accepted only after the introduction of the continuous-ash-
discharge traveling-grate stoker in the late 1930s. Traveling-grate stokers, as a class,
also include the so-called chain-grate stoker. They have grates, links, or keys joined
in an endless beit that is driven by a motorized sprocket drive at one end and over an
dle shaft sprocket mechanism at the other. Coal may be injected in the above manner
or fed directly from a hopper onto the moving grate through an adjustable gate that
regulates the thickness of the coal layer. Ash is discharged into an ash pit at either
end, depending upon the direction of motion of the traveling grate.

Continuous-cleaning grates that use reciprocating or vibrating designs have also
been developed, as have underfeed stokers that are suitable for buming special types

Figure 4-2 A traveling-grate spreader stoker with front ash discharge. (Courtesy Babcock and Wilcox.)
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of coals. The continuous-ash-removal traveling-grate stoker, however, has high burning- 4

rates and remains the preferred type of stoker.
Ignition of the fresh coal in stokers, as well as its combustible volatile matter,

driven off by distillation, is started by radiation heat transfer from the bumning gases . -
above. The fuel bed continues to burn and grows thinner as the stoker travels to the -
far end over the bend, where ash is discharged to the ash pit. Arches are sometimes

built into the furnace to improve combustion by reflecting heat onto the coal bed.

4-6 PULVERIZED-COAL FIRING

The commercial development of methods for firing coal in pulverized form is a land-
mark in the history of steam generation. It made possibie the construction of large,
efficient, and reliable steam generators and powerplants. The concept of firing *“pow-
dered” coal, as it was called in earlier times, dates back to Camot [7], whose idea
envisaged its use for the Camot cycle; to Diesel, who used it in his first experiments
on the engine that now bears his name [27]; to Thomas Edison, who improved its
firing in cement kilns, thus.improving their efficiency and production; and to many
others. It was not, however, until the pioneering efforts of John Anderson and his
associates and the forerunner of the present Wisconsin Electric Power Company that
pulverized coal was used successfully in electric generating powerplants at their Oneida
Street and Lakeside Stations, Milwaukee, Wisconsin [28].

The impetus for the early work on coal pulverization stemmed from the belief
that, if coal were made fine enough, it would bum as easily and efficiently as a gas.
Further inducements came from an increase in oil prices and the wide availability of
coal, which makes the present situation sound rather like history repeating itself. Much
theoretical work on the mechanism of pulverized-coal combustion began in the early
1920s [29,30]. The mechanism of crushing and pulverizing has not been well under-
stood theoretically and remains a matter of controversy even today. Probably the most
accepted law is one published in 1867 in Germany, called Ritringer’s law, that states
that the work needed to reduce a material of a given size to a smaller size is proportional

to the surface area of the reduced size. This, and other laws, however, do not take .

into account many of the processes involved in coal pulverization, and much of the
progress in developing pulverized-coal furnaces relies heavily on empirical correlations
and designs. .

To burn pulverized coal successfully in a furnace, two requirements must be met:
(1) the existence of large quantities of very fine particles of coal, usually those that
would pass a 200-mesh screen, to ensure ready ignition because of their large surface-
to-volume ratios and (2) the existence of a minimum quantity of coarser particles to
ensure high combustion efficiency. These larger coarse particles should contain a very
small amount larger than a given size, usually that which would be retained on a 50-
mesh screen, because they cause slagging and loss of combustion efficiency. Line A

in Fig. 4-1 represents a typical range for pulverized coal. It shows about 80 percent -
of the coal passing a 200-mesh screen that corresponds to a 0.074-mm opening and -

-
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sbout 99.99 percent passing a 50-mesh screen that corresponds to a 0.297-mm opening,

., only 0.1 percent larger than 0.297 mm.

- "m size of bituminous coal that is shipped as it comes from the mine, called run-

o mine coal, is about 8 in. Oversized lumps are broken up but the coal is not screened.

Other sizes ar given names like lump (5 in), which is used in hand firing and domestic

3ppli63ﬁ , egg (5 X 2in), nut (2 X 1% in), stoker (1} x 1 in), and slack (} x O
ing 1 in or less). [Anthracite coal has similar designations, ranging from

bl’;okﬂ' @§ x 3 in) to buckwheat (3% X fy in) and rice (f5 X 1§ in), ASTM D 310].
Coal i8 usually delivered to a plant site already sized to meet the feed size required

py the pulverizing mill or the cyclone furnace (Sec. 4-7). If the coal is too large,
powever, it must 20 through crushers, which are part of the plant coal-handling system
and are usually located in a crusher house at a convenient transfer point in the coal-
conveyor system. The feed size required in pulverizing mills is designated at 13 X 0
in; that required for cyclone furnaces is $ X 0 in.

Crushers

Although there are several types of commercially available coal crushers, a few stand
out for particular uses. To prepare coal for pulverization, the ring crusher, or gran-
ulator, (Fig. 4-3) and the hammermill (Fig. 4-4) are preferred. The coal is fed at the
top and is crushed by the action of rings that pivot off center on a rotor or by swinging
yammers attached to it. Adjustable screen bars determine the maximum size of the
discharged coal. Wood and other foreign material is also crushed, but a trap is usually
provided to collect tramp iron (metal and other hard-to-crush matter.) Ring crushers
and hammermills are used off or on plant site. They reduce run-of-mine coals down
w0 sizes such as # X 0 in. Thus they discharge a large amount of fines suitable for

' Cleanout
. H Opening
N
L O }
. 4 ¥ Screen Access
Adjustable ” it \\\“ (Bars) Door

Pigure 43 A ring-type coat crusher. (Courtesy Babcock and Wilcox.)



134 POWERPLANT TECHNOLOGY

Adjustable Adjustable

Figure 44 A hammer-mill coal crusher. (Courtesy Babcock and Wilcox.)

further pulverization, but not for cyclone-fumace firing. For the latter, a crusher type
called the reversible hammermill is preferred. _

A third type, the Bradford breaker (Fig. 4-5), is used for large-capacity work. It
is composed of a large cylinder consisting of perforated steel or screen plates to which
lifting shelves are attached on the inside. The cylinder rotating slowly at about 20
t/min receives feed at one end. The shelves lift the coal, and the breaking action i
accomplished by the repeated dropping of the coal until its size permits it to be
discharged through the perforations, whose size determines the size of the discharged
coal. The quantity of fines is limited because the crushing force, due to gravity, is
not large. Bradford breakers easily reject foreign matter and produce relatively uniform
size coals. They are usually used at the mine but may also be used at the plant.

Other simple devices called rodl crushers, which have single or double roils or
rotors equipped with teeth, have been used but have not proven very satisfactory
because of their inability to produce coal of uniform size.

Perforated
Plate

Lifter

gineering, Inc.)

Figure 4-5 A Bradford breaker. (Courtesy Combustion En- -
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pulverizers _
The pulvcﬁZing process is composed of several stages. The f?.rst is the feec{ing system,
pich must automauatally control. the fuel-feed rate accord_mg to the. boiler demand
:n 4 the air rates r_equu'ed for drying _(belmfi) and transporting pulverized fuel to .the
pusser (primary air). ’_I'l.le El?xt stage is drying. One important property of coal bel_ng
repared for pulverization is that it be dry and dusty. Because coals have varying
antities of moisture and in order that lower-rank coals can be used, dryers are an
9“ gral part of pulverizing equipment. Part of the air from the steam-generator air
lJJtﬁhcater, the primary air, is forced into the pulverizer at 650°F or more by the primary-
pfef _ There it is mixed with the coal as it is being circulated and ground.
= The heart of the equipment is the pulverizer, also called grinding mill. Grinding
is accomplished by impact, attrition, crushing, or combinations of these. There are
several commonly used pulverizers, classified by speed: (1) low-speed (below 75
¢/min): the bail-tube mill; (2) medium-speed (75 to 225 r/min): the ball-and-race and
roll-and-race mill; and (3) high-speed (above 225 r/min): the impact or hammermili,
and the attrition mill. '

The low-speed ball-tube mill, one of the oldest on the market, is basically a hollow
cylinder with conical ends and heavy-cast wear-resistant liners, less than half-filled
with forged steel balls of mixed size. Pulverization is accomplished by attrition and
impact as the balls and coal ascend and fall with cylinder rotation. Primary air is
circulated over the charge to carry the pulverized coal to classifiers (below). The
palitube mill is dependable and requires low maintenance, but it is larger and heavier
in construction, consumes more power than others, and because of poor air circulation,
works less efficiently with wet coals. It has now been replaced with more efficient

5. . _
tychhe medium-speed ball-and-race and roll-and race pulverizers are the type in
most use nowadays. They operate on the principles of crushing and attrition. Pulver-
ization takes place between two surfaces, one rolling on top.of the other. The rolling
clements may be balls or ring-shaped, rolls that roll between two races, in the manner
of a ball bearing. Figure 4-6 shows an example of the former. The bails are between
a top stationary race or ring and a rotating bottom ring, which is driven by the vertical
shaft of the pulverizer. Primary air causes coal feed to circulate between the grinding
elements, and when it becomes fine enough, it becomes suspended in the air and is
carried to the classifier. Grinding pressure is varied for the most efficient grinding of
various coals by externally adjustable springs on top of the stationary ring. The ball-
and-race pulverizer has ball circle diameters varying between 17 and 76 in and ca-
pacities between 14 to 20 tons/h. The roll-and-race pulverizer is operated at lower
speeds and larger sizes. A typical one has an 89-in bail circle diameter, a 12-ft diameter,
and a 22.5-ft height overall, weighs 150 tons, and is driven by a 700-hp motor [12].
Both types are suitable for direct-firing systems (see below).

High-speed pulverizers use hammer beaters that revolve in a chamber equipped
with high-wear-resistant liners. They are mostly used with low-rank coals with high-

moisture content and use flue gas for drying. They are not widely used for pulverized
coal systems.
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Figure 4-6 A single-row ball-and-race coal pulverizer. (Courtesy Babcock and Wilcox.)

The classifier referred to above is located at the pulverizer exit. It is usually a

cyclone with adjustable inlet vanes. The classifier separates oversized coal and returns .

it to the grinders to maintain the proper fineness for the particular application and coal -
used. Adjustment is obtained by varying the gas-suspension velocity in the classifier -

by adjusting the inlet vanes.

The Pulverized-Coal System

A total pulverized-coal system comprises pulverizing, delivery, and burning equip- -

ment. It must be capable of both continuous operation and rapid change as required
by load demands. There are two main systems: the bin or storage system and the
direct-firing system.

The bin system is essentially a batch system by which the pulverized coal is
prepared away from the furnace and the resulting pulverized-coal-primary-air mixture
goes to a cyclone separator and fabric bag filter that separate and exhaust the moisture-
laden air to the atmosphere and discharge the pulverized coal to storage bins (Fig. 4
7). From there, the coal is pneumatically conveyed through pipelines to utilization
bins near the furnace for use as required. The bin system was widely used before
pulverizing equipment became reliable enough for continuous steady operation. Be-
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Figure 47 Pulverized-coal bin system. (Courtesy Babcock and Wilcox.)

cause of the many stages of drying, storing, transporting, etc., the bin system is subject
to fire hazards. Nevertheless, it is still in use in many older plants. It has, however,
given way to the direct-firing system, which is used exclusively in modern plants.
Compared with the bin system the direct-firing system has greater simplicity and
hence greater safety, lower space réquirements, lower capital and operating costs, and
greater plant cleanliness. As its name implies, it continuously processes the coal from
the storage receiving bunker through a feeder, pulverizer, and primary-air fan, to the
furnace burners (Fig. 4-8). (Another version of this system, less used, places the fan
on the outlet side of the pulverizer.) Fuel flow is suited to load demand by a combination
of controls on the feeder and on the primary-air fan in order to give air-fuel ratios
suitable for the various steam-generator loads. The control operating range on any one
direct-firing pulverizer system is only about 3 to 1. Large steam generators are provided
with more than one pulverizer system, each feeding a number of burners, so that a

wide control range is possible by varying the number of pulverizers and the load on
each.

Burners A pulverized-coal burner is not too dissimilar to an oil burner. The latter
fmust atomize the liquid fuel to give a large surface-to-volume ratio. of fuel for proper
interaction with the combustion air. A pulverized-coal bumner already receives dried
pulverized coal in suspension in the primary air and mixes it with the main combustion



138 POWERPLANT TECHNOLOGY

Cold (Tempering) Air Haot Air from -
from Forced Draft Fan Baoiler Air Heater
Temperir(g Air
Damger
i f——
Y |, Boiler
T Hot Air Front Wall
- Toas Damper
Raw Coal
Bunker
unxe l Burner
|~ Windbox
1
. Pulverized Fuel i i
Bin Burners
Gate -
Feeder Pulverized Fusl
5 and Air Piping '\
| —
Control o
Pulverizer i Damper™
HE ——
=3 Primary
Air Fan

Basement Floor—,

Figure 4-8 Pulverized-coal direct-firing system. {Courtesy Babcock and Wilcox.)

air from the steam-generator air preheater. The surface-to-volume ratio of pulverized
coal or fineness requirements vary, though not too greatly, from coal to coal (th
higher the fixed carbon, the finer the coal). For example, pulverized coal with §

percent passing a 200-mesh screen and 99.5 percent passing a 50-mesh screen possesse

a surface area of approximately 1500 cm?/g with more than 97 percent of that surfa
area passing the 200-mesh screen. -

The fuel burners may be arranged in one of two configurations. In the firs,
individual burners, usuaily arranged horizontally from one or opposite walls, ar
independent of each other and provide separate flame envelopes. In the second, tt-
burners are arranged so that the fuel and air injected by them interact and produce:
single flame envelope. In this configuration the burners are such that fuel and air ar.

injected from the four corners of the furnace along lines that are tangents to an imaginat
horizontal circle within the furnace, thus causing a rotative motion and intensive mixiyj:
and a flame envelope that fills the furnace area. Vertical firing is also used but is moe..

complex and used only for hard-to-ignite fuels.

The burners themselves can be used to burn pulverized coal only (Fig. 4-9) or i
three primary fuels, i.e., pulverized coal, oil, or gas (Fig. 4-10). In Fig. 4-9, the ool
impeller promotes the mixing of fuel with the primary air and the tangential doon
built into the windbox provide turbulence of the main combustion, or secondary, .

to help mix it with the fuel-primary-air mixture leaving the impeller. The total as:
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Figure 49 A pulverized-coal burner. (Courtesy Babcock and Wilcox.)
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Figure 410 Multifuel bumers for pulverized coal, oil, and gas. (Courtesy Babcock and Wilcox.)




140 POWERPLANT TECHNOLOGY

Table 4-3 Excess air required by some fuel systems

Fuel System o Excess air, % -

Coal: Pulverized, completely water-caoled fumnace 15-20
Pulverized, partially water-cooled furnace: “ 1540
Spreader stoker 30-60
Chain grate and traveling stoker 15-50
Crushed, cycione furnace 10-15

Fuet oil: Oil burners 5-10
Muitifuel bumers 10-20

Gas: Gas burners 5-10
Multifuei burners 7-12

fuel ratio is greater than stoichrometric (chemically correct) but just enough to ensupe -
complete combustion without wasting energy by adding too much sensible heat to the -
air. Table 4-3 gives the range of excess air, percent of theoretical, necessary for good -

combustion of some fuels. — -

Initial ignition of the burners is z;c;ofnpﬁshed in a variety of ways including,
light-fuel oil jet, itself spark-ignited (Fig. 4-9). This igniter is usually energized long -

enough to ensure a self-sustaining flame. The control equipment ranges from manug
to a remotely operated programmed sequence. The igniters may be kept only for
seconds in the case of fuel oil or gas. In the case of pulverized coal, however, they
are usually kept much longer, sometimes for hours, until the combustion-zone tem.
perature is high enough to ensure a self-sustaining flame. It may also be necessary t
activate the igniter at very light loads, especially for coals of low volatility. The
impeller is the part of the burner that is subject to severe maintenance problems and
is usually replaced once a year or so.

4

4-7 CYCLONE FURNACES

Cyclone-furnace firing, developed in the 1940s, represents the most significant step
in coal firing since the introduction of pulverized-coal firing in the 1920s. It is now
widely used to burn poorer grades of coal that contain a high ash content with 1
minimum of 6 percent to as high as 25 percent, and a high volatile matter, more than

15 percent, to obtain the necessary high rates of combustion. A wide range of moistur
is allowable with predrying. One limitation is that ash should ot contain a high sulfur -
content or a high Fe,0,/(Ca0 + MgO) ratio. Such a coal has a tendency to form high :
ash-fusion temperature materials such as iron and iron sulfide in the slag, which negates -

the main advantage of cyclone firing. _
The main advantage is the removal of much of the ash, about 60 percent, &

molten slag that is collected on the cyclone walls by centrifugal action and drained.
off the bottom to a slag-disintegrating tank below. Thus only 40 percent ash leavss -
with the flue gases, compared with about 80 percent for pulverized-coal firing. This -
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naterially reduces erps.ion and fouling of steam-generator surfaces as well as the size
of Just-removal precipitators or bag houses (Chap. 17) at steam-generator exit. Other -
advantages are that o.nly f:rushed coal is used and no pulverization equipment is needed
and that the boiler size 1s .reduced. Cyclone-furnace firing uses a range of coal sizes
Jveraging 95 percent passing a 4-mesh screen {region B, Fig. 4-1).
The disadvantages are higher forced-draft fan pressures and therefore higher power
girements, the inability to use the coals mentioned above, and the formation of

miatively more oxides of nitrogen, NO,, which are air poilutants, in the combustion

ess.

proCThc cyclone is essentially a water-cooled horizontal cylinder (Fig. 4-11) located
sutside the main boiler furnace, in which the crushed coal is fed and fired with very
high rates of heat relgase. Combustion of the coal is completed before the resulting
pot gases enter the bonlel: fuma}ce. The crushed coal is fed into the cyclone bumer at
left along with primary ai, which is about 20 percent of combustion or secondary air.
The primary air enters the burner tangentially, thus imparting a centrifugal motion to
the coal. The ‘secondary air is also admitted tangentially at the top of the cyclone at
high speed, imparting further centrifugal motion. A small quantity of air, called tertiary
air, is admitted at the center. -

The whirling motion of air and coal results in large heat-release-rate volumetric
‘Jensities, between 450,000 and 800,000 Btw/(h - ft®) (about 4700 to 8300 kW/m’),
and high combustion temperatures, more than 3000°F (1650°C). These high temper-
atures melt the ash into a liquid slag that covers the surface of the cyclone and eventually
drains through the slag-tap opening to a slag tank at the bottom of the boiler furnace,
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Figore 4-11 A cyclone fumace. (Courtesy Babcock and Wilcox.)
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where it-is solidified and broken for removal. The slag layer that forms on the walls
of the cyclone provides insulation against too much heat loss through the walls and
contributes to the efficiency of cyclone firing. The high temperatures also explain the -
large production of NO, in the gaseous combustion products. These. gases leave the -
cyclone through the throat at right and enter the main boiler furnace. Thus combustion ¢
takes place in the relatively small cyclone, and the main boiler furnace has the sole
function of heat transfer from the gases to the water-tube walls. Cyclone furnaces are
also suitable for fuei-oil and gaseous-fuel firing. ' :

Initial ignition is done by small retractable oil or gas burners in the secondary air
ports. :
Like pulverized-coal systems, cyclone firing systems can be of the bin, or storage,
or direct-firing types, though the bin type is more widely used, especially for most
bituminous coals, than in the case of pulverized coal. The cyclone system uses either
one-wall, or opposed-wall, firing, the latter being preferred for large steam generators,
The size and number of cyclones per boiler depend upon the boiler size and the desired
load response because the usual load range for good performance of any one cyclone
is from 50 to 100 percent of its rated capacity. Cyclones vary in size from 6to 10 ft
in diameter with heat inputs between- 160 to 425 million Btu/h (about 47,000 to 125,000
kW), respectively {12].

The cyclone component requiring the most maintenance is the burner, which is
subjected to erosion by the high velocity of the coal. Erosion is minimized by the use
of tungsten carbide and other erosion-resistant materials for the burner liners, which -
are usually replaced once a year or so.

K‘..".\"‘" “ “?‘_F’.ﬂ'\’\'m_- T ¥
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4-8 FLUIDIZED-BED COMBUSTION .

We have already noted various attempts at reducing pollutants in the flue gas of
powerplant steam generators. The most common are the postcombustion processes
that utilize such devices as electtostatic precipitators and baghouses for particulate
matter and scrubbers for sulfur dioxide (Chap. 17). Others are processes concurrent -
with combustion such as cyclone-furnace combustion, in which much of the ash, and
hence the particulate matter, is removed during the combustion process. Others, still,
are precombustion processes in which ‘“clean” gaseous or liquid fuels, produced from .
coal By gasification or liquefaction and free of sulfur and ash, are used as steam- -
generator fuels (Sec. 4-11). .

Fluidized-bed combustion is of the concurrent type. It differs from the cyclone »-
furnace in that sulfur is removed during the combustion process. In addition, fluidized- -
bed combustion occurs at lower temperatures, resulting in lower production of NG, *
as well as the avoidance of slagging problems with some coals. _

The fluidized-bed combustor has been under development since the 1950s with +
the aim of perfecting the process and comparing its reliability and economy with S0, »
postcombustion scrubbing. Fluidized beds have been in use for many decades i #
chemical-industry applicatiofis where intimate mixing and contact between reactants &
are desired. Such contact-in a fluidized turbulent state increases heat and mass transfet &
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and reduces time of reaction, plant siz¢, and power requirement. Fluidized beds have
cn been proposed for use in nuclear-power reactors [1,3]. When used for coal,
;:ﬁdl'zed-bed combustion results in high combustion efficiency and low combustion

wmperanlms.

ﬂ“idiution

A fluidized bed is one that contains solid particles which are in intimate contact with
fluid passing through at a velocity sufficiently high to cause the particles to separate

? d become frecly supported by the fluid (Fig. 4-12). A fixed bed, on the other hand,

is one in which the velocity of the fluid is too slow to cause fluidization. The minimum

fiuid velocity necessary for fluidization may be calculated by equating the drag force
on a particle due to the motion of the fluid to the weight of the particle. Thus

vi g
CoAcpr 77 = Vp, = (4-3)
# 2s. 8¢
where Cp = drag coefficient, a function of the particle
shape and the Reynolds number, dimensionless
A, = cross-sectional area of the particle = = for

a spherical particle, ft* or m?
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Figare 4-12 Schematic of a fluidized bed: (a) particles in collapsed state, (b) particles in fluidized state.
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r = radius of the particle, if considered spherical, ft or m
pr = density of the fluid, Ib,/ft’ or kg/m?
V. = velocity of the fluid, ft'/h or m/s

V = volume of the particle = % ar3 if spherical,
ft or m*

p: = density of the solid particle, 1b,/ft* or kg/m?

g = gravitational acceleration, ft/h® or m/s?

g. = conversion factor, 4.17 X 108 ib,ft/(Ib; - h?) or
1 kg/(N - s2)

For a spherical particle, Eq. (4-3) yields

_ .8

The total pressure drop AP, Ib/ft? or Pa, in a fluidized bed is composed of three
components

AP = AP, + AP, + AP, 45

where AP, = pressure drop due to friction at the walil

AP, = pressure drop due to static weight of
solids in bed .

AP, = pressure drop due to static weight (or
hydrostatic head) of fluid in bed J

Fluidized beds usually have large wall diameters, so AP,., is relatively small. The -

fluid in a fluidized-bed combustor varies in a complex manner from air to hot gaseous
combustion products. Their average density is much smaller than that of the solids,
and APy, therefore, is also relatively small. Equation (4-5) thus reduces to

AP = AP, = H(L - @pt 9
where B = height of bed in fluidized state, torm
a = average porosity or void fraction of bed in fluidized state
= fraction not occupied by solids, dimensionless
The value of « is obtained from
l - a
1 — a,
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H, = height of the bed in the collapsed state, i.e.,

ere s
wh when all solids are randomly packed at bottom

i

a, = porosity in the collapsed state; the value of a,
of a bed of spheres of equal diameter, randomly
packed is very nearly equal to 0.40 [31] but

lower for spheres of different diameters

and

In fluidized-bed combustion, crushed coal, between 1/4 and 3/4 in maximum (6
1o 20 mm), is injected into the bed just above an air-distribution grid in the bottom
of the bed (Fig. 4-13). The air flows upwards through the grid from the air plenum
into the bed, which now becomes the fumace where combustion of the swirling mixture
1akes place. The products of combustion leaving the bed contain a large proportion of
unburned carbon particles that are collected in a cyclone separator, which separates
these particles from the gas by imparting a centrifugal acceleration on the mixture.
They are then returned back to the fluidized bed to complete their combustion. The
poiler water tubes are located in the furnace.

As indicated previously, the most important advantage of fluidized-bed combustion
is the concurrent removal of the sulfur dioxide that results normally from the combustion
of the sulfur content of the coal. Desulfurization is accomplished by the addition of
limestone directly to the bed together with the crushed coal. Limestone is a sedimentary
rock composed mostly of calcium carbonate (CaCOs) and sometimes some magnesium
carbonate (MgCO,). Limestone absorbs the sulfur dioxide with the help of some oxygen
from the excess air, according to

CaCO; + SO; + %02_)‘ CaSO,. + CO; (4-8)
The rate of this reaction is maximum at bed temperatures between 1500 and 1600°F
(815 to 870°C), though a practical range of operation of fluidized beds of 1380 to
1740°F (750 to 950°C) is common. .

The calcium sulfate CaSO, produced in this process is a dry waste product that
is either regenerated or disposed of. Technical problems for handling this calcium
sulfate are under study. Reductions in sulfur dioxide emissions of up to 90 percent
have been achieved in fluidized-bed pilot plants.

There are other advantages as a result of the low combustion temperatures of
fluidized-bed combustors. They allow inferior grades of coal to be used without slag-
ging problems; the carbon and ash carryover in the flue gases does not reach temper-
atures at which they become soft and foul heat transfer surfaces; the low temperature
combustion results in substantial reductions in the emission of oxides of nitrogen NO,,
a serious air pollutant; and cheaper alloy materials are possible, resulting in economy
of construction. ' _

Another advantage is the absence of pulverization equipment, resuiting in further
economies. Also, a fluidized-bed combustor can be desigred to incorporate the boiler
within the bed, resulting in volumetric heat-transfer rates that are 10 to 15 times higher
and surface heat-transfer rates that are 2 to 3 times higher than a conventional boiler.

ChouHE
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Flue gas and dust

to particulate
/ removal system

Drum-...,_\
. \ j Convective
tube bank /.' .
Fumace waterwalls\c y 4 Y Primary cyclone
{ 4
o F i J
Submerged tube bank\ !
Cyclone fines
Coal and limestone ° oc o = 5 : recycle feed line
feed h r — ; < S
eed hoppe Grid pIate& _ _ ; Fluidized bed
. g — (Combusticn zone)
Transport air supply «_ x - 4 - o
q K
Air fan Plenum chamber
Bed drain tube

Figure 4-13 Schematic of a fuidized-bed-combustion steam generator. (Courtesy Combustion Engineering,
Inc.)

A fluidized-bed steam generator is therefore much more compact than a conventional
one of the same capacity.

In addition, reductions in sulfur dioxide (and trioxide) in the flue gas means that
lower stack-gas temperatures can be tolerated because less acid is formed as a resuit
of the condensation of water vapor. Lower stack-gas temperatures result in an increase
in overall plant efficiency.

The problems facing the deveiopment of fluidized-bed combustors include those
that are associated with feeding the coal and limestone into the bed, the controi of
carbon carryover with the flue gases, the regeneration or disposal of calcium suifate,

the quenching of combustion by the cooler water tubes within the bed, and variable--

load operation.

Fluidized-bed combustors may be used with either a conventional steam power-
plant (Rankine cycie) or a combined gas-steam powerplant (Brayton-Rankine) cycle
(Sec. 8-6). In the conventional powerplant application, the bed can be of the armos-

pheric, or pressurized, type. Atmospheric beds utilize both forced- and induced-draft -

fans. Pressurized beds use compressors to supply combustion air at pressures of up to
10 bar, which results in slightly higher heat-transfer rates. Electrostatic precipitators,

fly-ash removal, air preheaters, and other auxiliaries as are found in conventional steam
generators are used. In the combined gas-steam cycle pressurized beds are used. They

receive compressed air from the gas-turbine cycle compressor.

By the end of 1981 more than 20 fluidized-bed-combustion water-tube steam
generators were contracted for worldwide. Their ratings extended up to 330,000
Ib./h (about 42 kg/s) capacity, 2450 psig (about 170 bar), and 1000°F (about 540°C)

g

steam conditions. They now are considered by some as competitive with conventiona -
steam generators with gas scrubbing when high-sulfur coals or waste fuels are burned. -
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49 LIQUID FUELS

ically, liquid fuels are an excellent energy source. They are easy to handle,
Technl® 4 burn and have nearly constant heating values. They are usually a mixture
store, 27 arbons that may be represented by the molecule C,H., where m is 2 function
of hydﬂ:cdepends upon the “family” of the hydrocarbon. Table 4-4 gives the families
0: ;y%:ocarbms found in crude and refined oils.
0

The number of carbon atoms in a hydrocarbon molecule is identified by

| meth 6 hex 11 undec 16 hexadec 21 heneicos
5 eth 7 hept 12 dodec 17 heptadec 22 docos

3 prop 8 oct I3 tridec 18 octadec 23 tricos

4 but 9 non 14 tetradec 19 nonadec 30 triacont
5 pent 10 dec 15 pentadec 20 eicos 100 hect

and so on. Straight chain molecules are often called normal and are preceded by the
letter 7. Some chain molecules, called isomers of the original molecule, are branched
and use the prefix iso. Some examples are:

. Methane, CHa: He CH

2. n-Octane, CgHs: —C—C—C—C—C—C—C-—~C—

where the H symbol has been droﬁ‘pcd for simplicity.

Table 4-4 Hydrocarbon families in oils

General Prefix/

Family : formula suffix Structure
Paraffin* (alkanes) C.Hza + 2 -ane Chain, saturated
Olefin C.Ha, -ene, -ylene Chain, unsaturated, one double bond
Diolefin C.Hz, - 2 -diene Chain, unsaturated, two double bonds
Naphthene* (cycloparaffin) C.Ha, Cyclo—ane Ring, saturated
Aromatic*

Benzene C.Hax -6 Ring, unsaturated

Naphthalene CaHan - 12 Double ring, unsaturated

* The primary hydrocarbons found in crude oil

. ——
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—C— —C—
3. Isooctane, CgH3: __C_(lj_c_(lj_c
S O I A

The latter molecule is also called 2-2-4-trimethyl pentane because it has the alky] fz
(C.Hz. + 1) methyl radical (CH;) attached to the numbers 2, 2, and 4 carbon atomg ﬁ:
on 2 pentane base. It still has the formula C3Hs. This hydrocarbon, because of ity
structure, is hard to “break” and resists detonation in a gasoline engine. It is thig
isooctane, rather than normal octane, that is used as a standard with a scale of 100

for detonation-resistant gasoline fuels. Other examples are:

4. Butadiene, C,Hsg: _c|:=(|:—(|:=(|:—

where the double bonds indicate unsaturation, meaning only one hydrogen atom
is attached to each of the adjacent carbon atoms.

\C/C\C/
5. Cyclopentane, CsH,q: 3 /A
—C—C—
\ o/
| 1
\‘C’C“\C/ :
6. Benzene, C¢Hs: Il | :
4 | (
Crude oil is 2 mixture of an almost infinite number of hydrocarbons, ranging from ]I
light gaseous (low n) to heavy (high n) tarlike liquids and waxes of complex molecular )
structure. They average 83 to 87 percent carbon and 11 to 14 percent hydrogen. Crude )
oil also contains varying amounts of sulfur, oxygen, nitrogen, particulates, and water. K
It is refined, fractionally distilled, or cracked into products of narrower range suitable R
for various applications, such as gasoline, aviation fuels, diesel fuel, fuel oil, lubri- d
cating oil, etc. e
_ The fuel most suitable for utility powerplants and industrial uses is fuel oil. It £
comes in various grades, from light to heavy. They are: o
Distillates: No. 1, No. 2, and No. 4 | a
Residual oils: No. 5 (light), No. 5 (heavy), and No. 6

No. 4 could be either a distillate or a mixture of refinery products. The latter grades - he
di:

require preheating for burning and handling. Like coals, oils are classified according -
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Tabl
Grade l 2 4 5 6
.--‘"'"———-__
Aull)'siSo mass %
C 86.50 86.40 86.10 85.55 85.70
H 13.20 12.70 11.90 11.70 10.50
0z a0d Nz 020 020 0.48 0.70 0.92
s 0.10 0.4-0.7 0.4-1.5 2.0 maximum 2.8 maximum
Sediment and water Trace Trace 0.5 maximum 1.0 maximum 2.0 maximum
Ash Trace Trace 0.02 0.05 0.08
ity (60°F)
ot s1.46  53.98 57.87 59.43 61.50
byU.S. gal 6.870  7.206 1727 7.935 8.212
scosity
Y (100°F) 1.60 2.68 15.0 50.0 360
pour point, °F <0 <0 10 30 65
Atomizing .
emperature, °F Atm Atm 25 minimum 130 200
Higher heating vaiue
Brwlb. 19,940 19,570 18,900 18,650 8,260
BrwU.S. gallon 137,000 141,000 146,000 148,000 150,000

m——

to physical characteristics by an ASTM spemﬁcatlon (ASTM Standards D 396), see
for example Table 4-5.

Crude oil has been burned in some boilers and gas turbines. However, because
it contains light fractions, its flash point* is low and presents a fire hazard and thus
requires special handling procedures. The crude most suitable for direct burning is the
so-called sweet or low-sulfur crude because it is a low air pollutant. However, it is
usually reserved for use as refinery feedstock rather than as a fuel.

In many countries, including the United States, oil is becoming a scarce or valuable
commodity and often results in extremely high plant fuel costs. In such countries, new
powerplants are often nuclear or coal-fired. For existing oil-fired plants or where no
large coal reserves are available, altematives to straight oil bummg are being sought.
Some of these are described below.

Emulsion firing An emulsion is a suspension of a finely divided fluid in another, in
this case water emulsified in heavy oil. Research has shown that, when atomized, the
drops of such an emulsion undergo microexplosions of the entrained water as they
enter the hot combustion chamber. This causes additional atomization and increased
fuel surface-to-volume ratio. In turn, this reduces carbon loss to the combustion pro-
cess, thus reducing soot and preventing deposit buildup on heat-transfer surfaces. It
also reduces excess air requirements and improves combustion efficiency, thus reducing

* The flash point is the lowest temperature that allows inflammable vapors to be formed. It is found by
heating the fuel slowly, sweeping a flame across the liquid surface, and noting the temperature at which a
distinet flash occurs.
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oil requirements. This reduction, although technically meaningful, is, however, much
less than needed for oil conservation on a national scale.

Coal-oil and coal-water mixtures (COM and CWM) The main advantage of COMs
and CWMs is their ability to reduce or replace oil as fuel in oil-fired utility steam
generators. They are currently receiving increasing attention as the cost differential
between coal and oil increases.

COMs usually contain about 50 percent coal on a heating-value basis. Their main
attraction is that the technology for producing and burning them exists (the first tests
on COMSs were run as far back as 1880), and several fuel suppliers are offering them
commercially, though in limited quantities.

CWMs, preferred by some over COMSs because of their greater ability to replace
oil, are 70 to 80 percent coal, the rest water, plus a fraction of a percent of a stabilizer.
CWMs are used in the form of a slurry, that is, a relatively fine coal suspended in the
water. They can thus be handled, stored, transported, and fired like otl. CWMs are
expected to result in derating of the steam generators. Limited testing of CWMs as
fuel is taking place in the time being.

4-10 LIQUID, GAS, AND SOLID BY-PRODUCTS

Combustible industrial wastes have received increased attention as steam-generator
fuels, beginning in the decade of the 1970s. So used, they serve the double purpose
of disposing of them and reducing the use of oil. The liquids include solvents, waste
oil and oil sludges, oil-water emulsions, polymers, resins, chlorinated hydrocarbons,
phenols, tars, combustible chemicals, greases, and fats. The obvious main disadvantage
of such liquids is that they vary considerably in heating value, flash and fire points,
viscosity, and moisture content. They are not expected to make a big dent in the oil
picture.

Gaseous by-products are mor¢ attractive, with refinery gas and coke-oven gas the
most suitable. Refinery gas is generated in the conversion of crude oil to gasoline and
other refinery products. It has a high heating value and is often blended with lower-
heating-value gas by-products from the refinery prior to combustion. Coke-oven gas
results from the manufacture of coke from raw coal in a coke oven where the volatile
matter is distilled off and the coke-oven gas separated from liquids and solids in the

volatile matter by cooling and extraction. It consists of about half H;, about a third .

methane, and the remainder of various other gases. Its heating value ranges from 400
to 600 Btw/ft> (14,200 to 21,300 ki/m?).

Other less attractive gases include regenerator gas, which is produced in refinery
catalytic-cracking processes. It includes less than 10 percent CO and high inert gas
and solids contents, and is low in heating value. Its one redeeming factor is its
availability from the process at high temperatures (more than 1000°F, 540°C), so that

its sensible heat is significant when burned on site. Another, blast-furnace gas, a

product of iron reduction processes, has a higher CO content (about 30 percent) but
has a high dust loading that would cause burner plugging and heat-transfer surface.

fouling if burned directly. It thus requires cleaning prior to burning.

3
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There are many solid wastes that are available as fuels. The ones that have seen

st use are wood waste and sugar-cane waste. Both, naturally, are confined in use
momosc industries where they are available as waste products. Wood waste is found
Fo sawmjlls, where it represents some 50 percent of the mass of the logs, and in pulp,
i r. furniture, plywood, and similar industries. It appears as refuse, bark, sawdust,
P;E:S: shavings, and slabs. Most woods have about the same chemical composition,
;aving a proximate analysis of about 70 to 75 percent volatile matter, 25 percent fixed
carbon, and 0.5 to 5 percent ash on a dry basis, and a heating value ranging between
8300 t0 slightly over 9000 Btw/lb,, (about 19,300 to 21,000 ki/kg), but they vary in
density and moisture content. To bum wood efficiently, it must be cut down to chip
size in a hogger of chipper to permit continuous feeding and should not have a moisture
content greater than 60 or 65 percent. Wood-bumning furnaces burn the wood in piles,
thin beds on traveling-grate spreader stokers or cyclones. Environmentaily, wood burns
more cleanly than oil or coal. A relatively smail 10-MW powerplant that burns wood
chips from forest residue has been in operation since 1977 in Burlington, Vermont.
The city has plans for a 50-MW wood-burning station. Other plants are in Wisconsin,
Montana, and Oregon.

Sugar-cane waste, also called bagasse,- is that portion of sugar cane that remains
after the sugar is extracted. It consists of matted cellulose fibers and fine particles. Its
proximate analysis is about 84 percent volatile matter, 12.5 percent fixed carbon, and
3.5 percent ash on a dry basis, but it contains more than 50 percent moisture. To burn

~it, it is shredded to short fibers and fines. It has a heating vaiue of 3600 to 4200 Btw/

Ib,, (about 8400 to 9770 ki/kg). Sugar milis generate enough bagasse to satisfy much
of their demand for cogeneration of both process steam and electricity. Bagasse has
been burned most successfully in the so-called Ward furnace, which is a refractory
fumace that contains individual ceils. Piles of bagasse are fed via chutes and bumn
incompletely in the cells, resulting in partially drying the fuel. A secondary furnace
above the cells completes the combustion. Spreader-stoker furnaces have been recently
introduced but have not yet proved as simple and reliable as the Ward furnace. Nu-
merous bagasse-fired steam- and electric-generating plants have been in operation at
sugar mills throughout the world for decades.
Other solid fuels include food industry by-products, solid wastes, and biomass.

Solid Wastes

Solid wastes, or refuse, are generated by industrial and domestic processes (garbage).
Industrial wastes include paper, wood, metal scraps, and agricuitural waste products.
Domestic wastes include paper, containers, tin, aluminum, food scraps, and sewage.
In the United States, solid-waste production is at the rate of about 1 metric ton per
person per year and growing at about 5 percent per year. Most of this waste is currently
disposed of in land-fill sites near industrial and metropolitan areas. A typical com-
position of municipal waste in the United States is given in Table 4-6, Some of these
wastes, such as paper, some metals, and woods, can be recycled for reuse. Much of
it can be burned, since about 50 to 60 percent of it is combustible. Thus there is a
potential of burning some 100 million tons of refuse each year for heating or generating
steam for electric powerplants.
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Table 4-6 Typical composition of municipal
waste in the United States

Material % Materiai %

Paper 50.7 Leather, rubber, plastic 33
Food 19.1 Wood - 2.9
Metal 10.0 Textiles 2.6
Gilass 9.7 Miscellaneocus 1.7

.

The heat content of refuse varies widely, sometimes up to 100 percent, but averages &
about half that of coal on a mass basis. Thus the energy potential of refuse is not tog *
great, being about 1 percent of the total U.S. needs. The attractive feature, however,
is getting rid of a good portion of the total refuse by burning it rather than by dumping -
it in land-fill sites that are becoming scarce. Another advantage of refuse as fuel is jtg
much lower sulfur content as compared with that of coal or oil.

The main problems are the wide assortment of constituents, a high moisture =
content, dangers of explosions due to careless volatile-fuel dumping and metal sparks :
during processing, yet-unknown effects on the operation of large powerplants, and of
course, the wide variations in heat content. Because of the latter problem, a practice
now receiving wide acceptance is to burn a mixture of solid waste and fossil fue},
with the refuse supplying 10 to 20 percent of the required heat input to the boilers.

Refuse must be carefully prepared for burning. First it is discharged from collecting
trucks into a raw-refuse receiving building. It is then shredded in a hammermill and
conveyed to a storage bin. The head end of the conveyor is equipped with a magnetic
separator that removes ferrous material which may be sent for recycling. An air-
classification system removes most of the remaining noncombustibles and heavy par-
ticles that cause abrasion. The costs here are in collecting, transporting, and processing
the refuse and in the dual-fuel system.

Refuse burning in incineratorshas been a wide practice in many parts of the world.
One of the first successful refuse-burning electric-generating powerplants, in Bem,
Switzerland, burns about 200 tons/day and produces heated water, steam, and elec-
tricity. Munich, Germany, has a notable installation, and other cities around the world
are foilowing suit. : .

Some attention and research are directed toward the conversion of organic wastes
to synthetic fuels, such as those produced from coal and biomass (below). These -
processes are largely in the developmental stages. : |

4-11 SYNTHETIC FUELS

Expected future shortages and supply problems of naturally found liquid and gaseous. =
fuels, as well as environmental problems that restrict the bumning of coals, are re- *
sponsible for the large developmental efforts going on around the world toward the &
production of synthetic fuels. Synthetic fuels, also called synfuels, are gaseous and #

FMls oo
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. uid fuels produced largely from coal but also from various wastes and biomass (Sec.
hqﬂ) This production must, among other things, be economical and environmentaily
4;ccp'table. In this section we shall discuss coal conversion to these two fuels by (1)
a ification and (2) liquefaction. As indicated earlier, the modern use of the available
5;:; resources of coal requires the use of low-sulfur coal, leaving the bulk (about 66

ccent) of it unused, cleaning it prior to combustion (washing, froth floating, micro-
wave, and magnetic separation}, during combustion (fluidized bed), or after combustion
(prccipitators, scrubbers). Some of these methods are as yet commercially unproven,
and some arc CDSﬂy.'

Synthetic fuels in the form of coal-converted clean gaseous or liquid fuels are
another alternative. Besides use for steam generation in powerplants, they can be used
for domestic, industrial, and transportation purposes. '

The basic idea of coal gasification is not new. Gas was manufactured from coal
around 1800 when wood and charcoal were growing scarce for smelting of iron, and
coal was carbonized to coke by removing its volatiles and using them as a by-product
gas. It had a heating value of 550 to 600 Btw/scf (standard cubic foot), was distributed
to urban areas, and was called town gas. Coal liquefaction is more recent, initial
research having been done in Germany in the 1920s and 1930s. During World War

" |1 the Germans and the Japanese, denied access to much of their fuel needs, developed

several liquefaction processes that ran their entire war machines, inciuding fuel oil,
[ubricants, and motor and aviation fuels. One of the German processes, called the
Fischer-Tropsch process, is in use commercially in oil-short South Africa today.

Of course, these operations were and are the result of necessity, in one case need
in a war economy, in the other political and economic independence. Where such
circumstances do not exist, the processes involved must be able to compete econom-
ically and environmentally against available fuels or must show potential improvements
in expected future shortages to be pursued actively. Because prices of natural fossil
fuels have moderated in the early 1980s, the United States government has withdrawn
its support from many synthetic-fuel projects. However, it is believed that several such
fuels will appear in commercial quantities before the end of this century, and certainly
in the next,

Coal Gasification .

As stated above, town gas was first produced from coal more than a 100 years ago
and had a heating value of 550 to 600 Btu/scf. The next step was water gas, similar
to our present-day synthetic gas in that it is mainly hydrogen and carbon monoxide,
made at about 1800°F (1000°C) by the action of water vapor on coal. It has a heating
value of 250 to 325 Btu/scf. This value is increased to 500 to 550 Btw/scf by carburetion
with oil cracked at a higher temperature. Producer gas obtained from the partial
combustion of coal, coke, or wood with added water vapor has a heating value of
only 100 to 180 Btu/scf. It is used locally and is not suitable for distribution because
distribution costs per Btu are inversely proportional to heating value. It was also used
in “gasogens” on motor vehicles in some countries during World War II.

Several coal-gasification processes exist, including three that survived World War

hat}
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LI: the German Lurgi, the Koppers-Totzek, and the Wellman-Galusha processes. These 4

have now evoived into processes that differ slightly, depending upon the particulag
rank of coal used. L

The basic process involves several steps. First, the coal feedstock is crushed by
usual methods (Sec. 4-6). If a caking coal,* such as certain biteminous coals, is used;
the feedstock will have to be pretreated by oxidizing its surface to avoid plugging the
gasifier. The following step occurs in the gasifier where the coal undergoes chemicaj
reaction with a mixture of air and steam or oxygen and steam. The reactions with air
or oxygen are partial combustion because a rich mixture is used, i.e., one having 5
fuel-to-air ratio greater than chemically correct, or stoichiometric, which also meang
that the oxygen in either case is not sufficient to convert all the carbon to carbop
dioxide. Coal gasification results in three gas mixtures, classified according to their
heating value. They are called low-Btu, medium-Btu, and high-Btu gas. These are
obtained in the following ways. '

Low-Btu gas The feedstock is reacted with a mixture of air and steam. The air may
be enriched in oxygen (i.e., oxygen-to-nitrogen ratio greater than atmospheric) but
will be less than stoichiometric.-The-reactions taking place are

In air C + 0, + 3.76N, ~ CO, + 3.76N, 4-9)

CO; from this reaction reacts further with additionat C in the rich mixture to give
C + CO, + 3.76N; — 2CO + 3.76N, (4-10)

In steam C + HO—-CO + H, -1

The result is a gas composed principally of CO, H,, N, and some CO,. The N, may
be less than shown if the air is oxygen-enriched. The CO, appears if the air is increased
beyond that shown or because of stratification (imperfect mixing) in the gasifier. It
may also contain small amounts of H,0, CH,, and C;H,. The gas has a heating value
range of 180 to 350 Btw/scf, depending upon the composition of reactants and resulting
composition of products..

Medium-Btu gas The feedstock is bumned with a mixture of oxygen (rather than air)
and steam in the same reactions as given by Egs. (4-9) to (4-11) but with the nitrogen
removed. The result is a gas, composed principally of CO and H,, that has a heating

value range of 250 to 500 Btu/scf, again depending upon the composition of reactants -
and resulting products. The increase in heating value is a result of the absence of the -

diluting effect of nitrogen.

In the literature, the term low-Btu gas is sometimes used to refer to both low- and -

medium-Btu gases.

The next step in proceésing low- and medium-Btu gases is quenching to condense -
the tars and heavy oils that come with the feedstock and did not burn. This is followed -
by a purification process in which the hydrogen sulfide in the gas, formed by the -

* A caking coal is one which softens and agglomerates as a result of the application of heat.
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. _ation of the sulfur in the coal with hydrogen gas, is converted to elemental
.;ombmb an absorption process* and, simultaneously, a cleaning process in which
s }l;d coal residue, mainly fixed carbon and ash), dust, and ash are removed.
char (89 sses occur at low temperature with aqueous solutions at 100 to 220°F so

These Proce . i .
¢ ensrgy in the form of sensible heat of the product gases is lost to the environment.
tha

.Btu gas Purified medium-Btu gas may be converted to a high-Btu gas by two
al steps. The first is shift conversion, in. which CO from the CO-rich gas is
with steam and passed through a catalytic reactor thus producing more
d carbon dioxide :

CO + H,O—H, + CO, (4-12)

addition
saturated

The ratio of H, to CO; in the products can be changed by changing the composition
of the reactants. The CQ, is removed in a wash plant.

The next step is that of methanation, which is the production of methane, CH,,
from the available mixture of CO and H; in a catalytic reactor

3H; + CO — CH, + H.0 (4-13)

and the H,O is removed. High-Btu gas is thus largely methane, with a heating value
of 950 to 1000 Btu/scf, approaching that of natural gas, which is 950-1100 Buw/scf.
[t has all the characteristics of natural gas but without the suifur and other pollutants.

Various methods under development for the production of low- and high-Btu gas
may be found in the literature [32]. Because the production of high-Btu gas is more
complex and expensive than low-Btu gas, it is intended for use in lieu of natural gas
in domestic and industrial applications. Low- and medium-Btu gases are considered
for use as utility fuels. - :

Purified low-Btu gas can be fired directly in a conventional steam generator. It
has the advantages of being sulfur and ash free, thus eliminating the need for precip-
itators and scrubbers (Chap. 17). The lack of SO, in the flué gases also permits lower
stack temperatures, which results in ‘improved efficiency. In addition, its content of
the CO, and H,O inerts reduces combustion temperatures and hence the formation of
nitrogen oxides. The disadvantages are the large volumetric rate of flow of the gas
for a given heat input to the steam generator, the high costs, and the large demand
for water as a source of steam and hydrogen and for cooling in the coal gasification
Process.

A Combined-Cycle Powerplant

An attractive utilization of low-Btu gas for electric generation is as a fuel for a
com.bzned-cycle powerplant. Such cycles are covered more fully in Chap. 8. However,
a brief description of such a cycle integrated with a coal gasifier is appropriate at this

. "In contrast to removal of SO, from the steam-generator flue gases, the removal of H;S at this stage
18 easier and is accomplished by any of several commerciaily available and proven processes.
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time. A combined-cycle is one which uses a gas turbine at the high-temperature eng -

and a steam turbine at the low-temperature end.

Low-Btu gasifiers operate at different pressures and temperatures, depending upoy -J¥
the process used. Some operate at high pressures, up to 35 bar, and at exit temperaturey - {8
between 1000 and 2000°F (540 to 1100°C). As indicated above, the exit gas must be [
cooled for purification and cleaning. Normally this cooling represents a large loss of
energy to the environment. A combined cycle (Fig. 4-14) takes advantage of the high
gasifier pressure, and recovers much of that heat loss by a gas-to-gas heat exchanger,

In one proposed design [33] the gas leaves the gasifier at 1 at about 1000°F (540°Cy
and 300 psia (20 bar), gives up some of its heat in a regenerative heat exchanger
leaving at 2, where it is further cooled to 3 by an external heat exchanger to temperatureg
suitable for purification and cleaning from 3 to 4. The gas then recovers the heat it
gave up in the regenerative heat exchanger leaving it at 5. It then enters a combustiog
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where it mixes with compressed air from the gas turbine—driven compressor
Jeaves at 6 at about 1800°F (980°C). It expands in the gas turbine, leaving it at
7 at about 965°F (520°C). It then enters 2 heat-recovery steam generator (HRSG) where
;i generates steart and leaves to the stack at 8 at about 260°F (125°C).
: The gas turbine drives one of two electric generators and the compressor. The
compressor receives atmospheric. air at 9 at about 60°F (15°C) and compresses it to
about 600°F (315°C). The compressor has a dual role: it supplies combustion air to
combustion chamber at 10 and gasifier air at 11. The latter is first cooled in a
swam.cycle feedwater hca;er to 12, then boosted by a motor-driven compressor to the
gasifier pressure at 13. The gasifier is designed to generate its own steam from feedwater
14. The feedstock 15 reacts there with the steam-air mixture to generate the low-Bt
1.
g ?;hc steam cycle is fairly standard. Superheated steam at 300 psia (20 bar) and
900°F (480°C) is generated in the HRSG at 16, expands through a steam turbine that
drives the second electric generator, and exhausts at 17 to a condenser. The condensate
at 18 is pumped, 19, to the feedwater heater which receives its heat from the compressed
gasifier air. No bled turbine steam is used in this design, although that form of feedwater
heating can be used. The feedwater then enters the HRSG at 20, completing the cycle.
The above cycle (with irreversibilities taken into account) shows an overall effi-
ciency of 34.3 percent, which compares favorably with modern 2400 psi/1000°F/
1000°F conventional steam powerplants with scrubbers. An advanced conceptual de-
sign with gas turbine inlet at 2800°F (not yet developed) and 2400 psi/1000°F steam
shows an efficiency of 43.3 percent [33].

¢

Coal Liquefaction

Coal liquefaction is the conversion of coal into a liquid fuel for direct energy production
or a liquid substitute for refinery feedstock from which other liquid fuels may be

Coal-liquefaction technology, first researched in the 1920s and 1930s, was stim-
ulated in both Germany and Japan by World War 11. Japan produced aviation gasoline
in a large plant in North Korea which converted coke from coal to calcium carbide in
electric furnaces, then to acetylene, acetaldehyde, butyraldehyde, octanol, and finally
octane. In a plant in Taiwan, the Japanese also used starch from root vegetables which
they fermented to butanol, which was then converted to butyraidehyde, octanol, and
octane. The most important German processes were the Bergius, which is no longer
in use, and the Fischer-Tropsch process, which is still used commercially by the Union
of South Africa’s SASOL Corporation. South Africa has no indigenous oil of its own
but has coal. Thanks to coal liquefaction, it is completely independent of foreign oil.

Long, complex hydrocarbon molecular chains have a lower hydrogen-carbon atomic
ratio than shorter molecules, like that of octane. In coal liquefaction, the long molecules
are shortened by adding hydrogen. The needed hydrogen is generated, and desulfur-
ization is accomplished, in the same manner as for coal gasification. The Fischer-
Tropsch process first produces a mixture of CO and H, from coal and steam. This is



followed by catalytic reactions at about 300°F (150°C) and 150 bar, which yield g -
range of hydrocarbons from gaseous methane to higher liquid hydrocarbons. These: -
are then separated with methane going as pipeline gas and the rest going to different -

liquid fuels. : _ :

Some half-dozen new processes are currently under development [34] in pilot
plants. Scaling these up to commercial sizes is one of the major problems. Another
problem, as in coal gasification, is the large demand for water that restricts the use:
of the large western coal reserves in the United States, which are not located near
large supplies of water.

Qil Shale

Shale is a fine-grained rock, formed by the hardening of clay, that splits into thin
layers when broken. Oil shale is not oil-impregnated shale but rather is a shalelike
rock impregnated with a waxy organic material cailed kerogen, a substance which
originated from vegetation that degraded over millions of years to oil that got absorbed
in inorganic matter. Stratification under pressure produced the oil shale. Kerogen can
be decomposed to yield synthetic crude oil; called syncrude or shale oil, by heating
in retorts or by underground combustion. One ton of oil shale can produce 25 to 35
gal (95 to 130 L) of low-sulfur oil by retorting at about 950°F (500°C). This 0il makes
a good refinery feedstock that can be processed further to various useful liquid and
gaseous fuels, although one low in fuel oil.

There are vast amounts of oil-shale deposits throughout the world, the largest
being in the United States in Colorado, Wyoming, and Utah. It is said that the United
States deposits can, by present technology, produce 50 times as much syncrude as all
the natural crude produced in the United States to date. The first production was started
in France around 1840. The only commercial (publicly owned) facilities nowadays
exist in the Soviet Union and China.

Several pilot plants have been successfully operated in the United States, aithough
commercial operations have run into major economic and practical difficulties, resuiting
in one major cancellation in 1982. Some of the current problems are (1) the large
demand for water (3 times as much water is needed as oil produced) in the largely
desert areas where oil shale is found in the United States; (2) environmental concerns
arising from surface mining; (3) disposal of the spent rock (10 times the mass of the
syncrude produced), which has increased in volume due to “puffing” upon heating;
and (4) the large amounts of energy required for mining, transportation, processing,

and disposal. Doubtless to say, such problems will be less restrictive in future decades :

when the cost and availability problems of natural crude make oil-shale piants com-
petitive. :

Tar Sands

Another potential and very rich source of oil, but one which is even less attractive .
than oil shale, is found in tar sands in such places as Alberta, Canada, about 10 degrees :
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the arctic circles. Tar sand is a thick, extremely viscous bitumen locked in sands
T ilt to form a sodden, sticky semiplastic material. It is believed that it contains 2
and stimcs the oil reserves of all the Middle East. Although small pilot plants have
03 ted in the inhospitable terrain, the problems of commercial exploitation seem, at
opc":nt_ to be insurmountable. _
e’ On’e 1ast word regarding synthetic fuels: Coal and other conversion plants, while
they arc designed to produce clean sulfur- and ash-free fuels, are nor themselves
lution free. The plants generate enormous amounts of air pollutants such as CO,,
H,S, SOz and NO,; liquid effluents such as phenols, cresols, xylenols, thiocyanates,
anzd ammonium sulfides; and solid wastes such as ash, slag, and sludge. In addition,
Carcinogenic compounds in the form of polycyclic aromatic hydrocarbons and amines
may be produced from coal tars and coal-derived oils. It is obvious that very careful
disposal schemes must be designed at the plant sites.

412 BIOMASS

Biomass is organic matter produced by plants, both terrestrial (those grown on land)
and aquatic (those grown in water) and their derivatives. It includes forest crops and
residues, crops grown especially for their energy content on “energy farms,” and
animal manure [35]. Unlike coal, oil, and natural gas, which take millions of years
o form, biomass can be considered a renewable energy source because plant life
renews and adds to itself every year. It can also be considered a form of solar energy
as the latter is used indirectly to grow these plants by photosynthesis.

Biomass includes wood waste and bagasse, which have already been covered
above, plus other matter. All are highly dispersed and bulky and contain large amounts
of water (50 to 90 percent). Thus, it is not economical to transport them over long
distances, and conversion into usable energy must take place close to the source, which
is limited to particular regions. HoweVer, biomass can be converted to liquid or gaseous
fuels, thereby increasing its energy density and making feasible transportation over
long distances. E

Terrestrial crops include (1) sugar crops such as sugar cane and sweet sorghum,;
(2) herbaceous crops, which are nonwoody plants that are easily converted into liquid
or gaseous fuels; and (3) silviculture (forestry) piants such as cultured hybrid poplar,
sycamore, sweetgum, alder, eucalyptus, and other hardwoods. Current research focuses
on the screening and idenification of species that are suitable for short-rotation growing
and on the optimum techniques for planting, fertilization, harvesting, and conversion.

Animal and human waste are an indirect terrestrial crop from which methane for
combustion and ethylene (used in the plastics industry) can be produced while retaining
the fertilizer value of the manure.

Aquatic crops are grown in fresh, sea, and brackish waters. Both submerged and
¢mergent plants are considered, including seaweeds, marine algae, and of particular
Interest, the giant California kelp.
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Biomass Conversion.

Biomass conversion, or simply bioconversion, can take many forms: (1) direct com.
bustion, such as wood waste and bagaase (above), (2) thermochemical conversion, -
and (3) biochemical conversion.

Thermochemical conversion takes two forms: gasification and liquefaction. Gas-:
ification takes place by heating the biomass. with limited oxygen to produce low-Btu
gas or by reacting it with steam and oxygen at high pressure and temperature to produce
medium-Btu gas. The latter may be used as fuel directly or used in liquefaction by
converting it to methanol (methyl alcohol CH;0H) or ethanol (ethylaicohol CH,CH,OH),
or it may be converted to high-Btu gas.

" Biochemical conversion takes two forms: Anaerobic digestion and fermentation.
Anaerobic digestion involves the microbial digestion of biomass. (An anaerobe is a
microorganism that can live and grow without air or oxygen. It gets its oxygen by the
decomposition of matter containing it.) It has already been used on animal manure
but is also possible with other biomass. The process takes piace at low temperatures,
up to 65°C, and requires a moisture content of at least 80 percent. It generates a gas
consisting mostly of carbon dioxide and methane with minimal impurities such as
hydrogen sulfide. The gas can be burned directly or upgraded to synthetic natural gas
oy removing the CO, and the impurities. The residue may consist of protein-rich sludge
that can be used as animal feed and liquid effluents that are biologically treated by
standard techniques and returned to the soil.

Fermentation is the breakdown of complex molecules in organic compounds under
the influence of a ferment such as yeast, bacteria, enzymes, etc. Fermentation is a
well-established and widely used technology for the conversion of grains and sugar
crops into ethanol. Some 60 million gal were produced in the United States in 1979,
with capacity projected to 500 million gal per year by 1985 by the use of surplus
grain. It is intended for mixing with gasoline to produce gasohol (90 percent gasoline,
10 percent ethanol). By the early 1980s the scheme had not met with great success
because of the high cost and the high energy required in the process. One scheme
considered for cutting costs of ethanol production by fermentation is in finding less
expensive grains or sugars and a process that requires less energy. Glucose produced
by hydrolysis of an abundant carbohydrate polymer called lignocellulose is being
considered for the former.

Biomass energy concepts under study are resulting in the cultivation of large
forests in areas not suitable for food production that may yield 10 to 20 tons/acre per
year. The energy forest would perhaps be 50 to 200 mi®, The trees are to be harvested .
by automated means, then chipped and pulverized for burning in a powerplant that %
would be located in the middle of the forest. Sycamore is a promising tree that yields
up to 16 tons/acre per year. All of it is used except the foliage, which contains the
nutrients and is returned to the soil. A harvested sycamore produces a number of
sprouts that are themselves ready for harvesting in 2 to 3 years. Thus no replanting
and little fertilization are necessary. It is estimated that an energy farm 350 mi? in
area could produce 400 MW of electricity. The electricity costs are uncertain at this
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ime and the possibilities depend upon the costs from other sources, such as oil or
ool Other schemes envision aquatic farms growing algae, tropical grasses, floating
kelp, water hyacinth (one of the most pemicious weeds in the world, one that shelters
Jisease-carrying organisms, causes floods, disrupts hydroelectric plants, and interferes
with traffic on major waterways such as the Nile and the Congo), and others. In
controlled environments they could yield several hundred tons/acre year. One inter-
esting idea is to use hot condenser cooling water to grow algae in large quantities or
increase the yield of other crops.

Finally, while the efficiency of solar energy use in the growth of crops, the
photosynthesis efficiency, is rather low, about 3-5%, means of increasing it to 10—11%
are under study.

413 THE HEAT OF COMBUSTION

In Chap. 1 we treated the first law of thermodynamics from a mechanical engineering
point of view, ignoring such energy terms as chemical, electrical, and magnetic. When
dealing with combustion systems, we can no longer ignore the chemical energy in the
fluid.

The Open System

The first law equation for the steady-state steady-flow system (SSSF) Eq. (1-1d) will
now be written but for a chemically reactive system (Fig. 4-15), with changes in kinetic
and potential energies ignored, as :

HR + AQ = Hp + Ast (4-14)

where Hg and H,, are the enthalpies of the reactants and products, respectively, eval-
uated for their constituents at their respective pressures and temperatures; AQ is the
net heat added to the system from the surroundings (which is usually negative because
in combustion heat is usually rejected to the surroundings); and AW,; is the net work
done by the system, if any.

|2¢
{ ————
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Reactants - Products
——————-
——

lv AWy

Figure 4-15 A steady-state steady-flow chemically reactive system.
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Because the reactants and products are usually composed of several constituenty, .- 4
each, Eq. (4-14) is written in the form .

3 (mhy + AQ z(mh) + AW, - - RELE 3

where m is the mass and & the spec1ﬁc enthalpy of each constituent. To define the
enthalpy, consider the complete combustion of ethane in oxygen

The enthalpies of the various reactants and products are those that start at the
same datum of composition and temperature, in this case the elemental substances and  §
the datum temperature commonly chosen as 25°C (77°F). For example, C,Hg is formeq
from elemental carbon C and hydrogen H,, CO; from C and O,, and so on. These
are exothermic reactions that, when they begin at 25°C and are cooled back to 25°C
after the reaction takes place, yield 1211.3 and 3846.7 Btw/ib,, of product, respectively.

In other words, in steady flow at 25°C, the formation reactions are

2C + 3H, —» C,Hs + 1211.38 Buw/lb,, C,Hg
and C + 0, — CO, + 3846.7 Bu/lb,, CO,

Table 4-7 Enthalpies of formation &, at 25°C (77°F) and 1 atm pressure*

by
Substance Formula M _ State Baw/ib, kg
Carbon C _ 12.011 solid 0 0
Oxygen ' (078 32.000 gas 0 )]
Hydrogen H, 2.016  gas 0. 0
Nitrogen "N, " 28.016 gas 0 0
Sulfur S 32.060 solid 0 0
Carbon monoxide CcoO 28.011 gas - 1697.6 ~3948.3
Carbon dioxide CO; . 44011 gas —3846.7 - 8946.8
Water HO 18.016 liquid —6825.7 —15,875.5
vapor —5774.6 —-13,430.8

Methane CH, 16.043 gas —2007.8 —4669.8
Ethane C;Hs 30.070 gas -1211.3 -2817.3
Propane C;H, . 44,097 £as -1013.1 ~-2356.3
Butane CHio 58.124 gas -933.7 -2171.6
Octane CsHis 114.230 liquid -941.4 ~2189.5

: vapor —1785.1 —1826.0
Nitric oxide NO 30.008 gas —-1298.8 —3020.3 :
Nitrogen dioxide NO, 46.008 gas —-315.3 —-733.3 E
Sulfur dioxide SO, 64.060 gas —-1992 —4632.8 L

* Based on data from Ref. 36.
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The quantities 1211.3 and 3846.7 leave the system and hence are negative. They are

iven the name enthalpies of formation, hy. Table 4-7 gives values of  for various
substances at 25°C. Note that the elemental substances, C, O,, etc., have zero en-
thalpies of formation. Also note that if the combustion equation involves a liquid,
such as octane, or water there will be two enthalpies of formation, depending upon
whether they start or end the reaction in a liquid or a vaporized state.

At temperatures other than the datum of 25°C, the enthalpies of formation must
include the sensible heat that is a product of the temperature difference and c,(7), the
specific heat at constant pressure which varies with temperature (Sec. 1-2). Table 4-
8 gives values of the enthalpies of formation of several substances as a function of
temperature.

Because chemical equations, such as Eq. (4-16), are balanced in terms of moles
and not masses, and because m = nM, Eq. (4-15) is now written in the form

2(nMhy) + AQ = Z(nMhy) + AW (4-17)
R P

where n and M are the number of moles and molecular mass of each constituent,
respectively.

Table 4-8 Enthalpies of formation &, at different temperatures and 1
atm pressure, Btu/b, *+

Tcmperamre. K CO; CO Hzo Oz H; N,

. 298 —3846.7 - 1697.6 —-5774.6 0 0 0
400 --3807.5 —1651.9 —5692.2 40.7 631.4 52.3
500 —3765.4 - 1606.5 —5609.4 81.8 1255.5 90.8
600 - 37204 -1560.2 - 5524.0 124.3 1880.4 136.5
700 —3673.1 —-1513.0 —-35435.9 168.1 2506.9 183.3
800 —-3623.7 —1464.5 —-35345.0 213.0 31374 23{.0
900 -13572.6 —1415.0 - 5251.1 258.8 3773.3 279.8
1000 —3520.2 -1364.5 ' —5154.3 305.3 4414.2 329.5
HOD —34646.5 -1313.1 - 5054.3 352.5 5062.5 380.2
1200 —3411.9 —-1261.0 —-4951.4 400.2 LYAWR 431.6
1300 -3356.4 —1208.2 - 48457 448.4 6381.9 483.7
1400 =13300.2 — 11548 —4737.2 497.0 1055.6 536.5
1500 —32434 -1100.9 —-4626.2 546.0 7739.1 590.8
1600 —-3186.1 - 1046.6 -4512.8 595.3 8434.0 643.5
1700 —13128.3 - 992.0 —4397.1 646.0 9136.4 697.6
1800 -3070.1 - 937.0 —4279.6 694.9 9848.2 752.2
1900 =3¢11.6 - 881.7 —4160.1 745.3 10568 807.0

2000 —2952.8 - 826.1 —-4038.9 795.9 11296 862.1
2100 —2893.6 - 71703 -3916.1 846.8 12031 917.5
2200 —2834.2 - T14.3 —-3791.8 929.3 12774 973.1
300 =2774.6 - 658.2 - 3666.2 949.6 13523 1028.9
2400 —-2713.1 - 601.8 ° -—35394 1001.5 14279 t084.9
2500 —2654.9 — 5453 —3411.5 1053.7 15043 1141.1

* To convert to ki/kg multiply by 2.32584.
t Based on data from [36].
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Example 4-2 Find the useful heat generated by the combustion of 1 ib,, and ¢
scf (standard cubic foot) of ethane in a furnace in a 20 percent deficient air if the
reactants are at 25°C and the products at 1500 K. Assume that hydrogen, being
more reactive than carbon, satisfies itself first with the oxygen it needs and burns
completely to H,Q. Five percent of the heat of combustion is lost to the furnace
exterior. -

SoLuTION The stoichiometric equation for ethane in air is

(where there are 3.76 mol Nz/mol O, in atmospheric air, thus 13.16 = 3.5 x
3.76). With 20 percent deficient air muitiply the O, and N; moi by 0.8. H; will
burn completely to H;O and C will burn partially to CO, and partially to CO:

Carbon balance: a+b=2
| b 3
Oxygen balance: a + 5 + 5 = 2.8

Thus ¢ = 0.6, b = 1.4, and the combustion equation is

C,Hs + 2.80, + 10.528N, — 0.6CO, + 1.4CO + 3H,0 + 10.528N,
As there is no work done in a fumace, Eq. (4-17) is written as

AQ = Z(nMhgisoox — E(thf)zs"c
" _
S(nMh)sox = 0.6 X 44.011 X -3243.4 + 1.4 x 28.011 x —1100.9
P
+ 3 x 18016 X —4626.2 + 10.528 x 28.016 x +590.8
= —85647.2 + —43172.2 + —250036.9 + —174257.9

= —204,598.4 Btw/(ib-mol C;Hs)
2(nMHpsc = ~1211.3 4+ 0 + 0 = —1211.3 Btw/(Ib-mol C;He)
R

Thus AQ -204,598.4 — —1211.3 = ~203387.1 Btw/(lb-mol C;He)

~203,387.1 _ :
= ey = ~61638 Btw/lb,, C;Hs

= —6763.8 X 2.32584 = —15731.5 kJ/kg CoHe
AQuurs = 0.95 X —6763.8 = —6425.6 Btu/lb,, CoHs
= —14,944.9k)/kg C.He
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A standard cubic foot is obtained at 1 atm and 60°F. Since C,Hs is a gas, its
density at these conditions is obtained from PV = mRT

2 L 14096 x 144 = 0.0792 Ib/scf
or P Ty T RT T (154530.70) X (60 + 460) - omis€
Thus  AQuers = —6425.6 X 0.0792 = —508.9 Btw/scf

The Closed System

Combustion equations for fuels burning in a closed system, such as a cylinder or
pomb, may be obtained by writing the first-law equation for the closed system. Thus,

by analogy with Eq. (4-14)
Ug + AQ = Up + AW, (4-18)
when AW, is the nonflow work. For gases
H=U+ PV =U+ nRT

where R, is the universal gas constant. Thus combustion calculations for a closed
system may be carried out using the enthalpies in Tables 4-6 and 4-7 by modifying
Eq. 4-18 to

S(nMh; — nR,T) + AQ = 3(nMh; — nR,T) + AW, (4-19)
R P

414 HEATING VALUES

We have repeatedly used the term heating value in this chapter to indicate the useful
energy content of different fuels. Actually there is more than one heating value for
each fuel and these should be carefully differentiated. We have already explained the
difference between the higher heating value (HHV) and the lower heating value (LHV).
The former is the heat released when water vapor in the products due to the combustion
of hydrogen in the fuel condenses, the latter when it stays in the vapor state (Sec. 4-
3). Heating values are commonly tabulated in the literature as the heat released when
complete combustion begins at a standard temperature, such as 77°F or 25°C, and the
products are cooled to the same temperature, in a steady-flow adiabatic system without
work. Thus it can be calculated from Eq. (4-17) by putting AW, = 0 and replacing
4Q by HV for heating value

= [E(Mh,e) - (E"th)]n (4-20)

where T, represents the standard temperature.
The heating value given by Eq. (4-18) is for an open system and is thus sometimes
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called the enthalpy of combustion. It depends upon T; upon whether the water vapor -~

formed in combustion condenses (in which case it is the HHV), or not (in which it ig
the LHV); and upon whether the reactant fuels were in a liquid or vapor state, as jt
takes a certain amount of energy to vaporize a liquid fuel such as octane.

Example 4-3 Find the higher and lower heating values of ethane at 25°C (77°F).

SoLuTIoN Using Eqs. (4-16) and (4-20) and Table 4-6, HHYV is calculated by
assuming that H;O in the products has condensed.

S(MMhp)ysc = 2 X 44.011 X —3846.7 + 3 X 18.016 x —6825.7
o

= —707,509.6 Btu/(Ib-mol C;Hs)
S(nMhp)ysc = 1 % 30.070 X —1211.3 + 3.5 x 32.00 X 0
R

—36.423.8 Btw/(Ib:mol C;Hs)
Thus HHV = —707,509.6 — —36,4238 = —~671,085.8 Btw/(lb mol C;Hy)

6] 1 085-5 -

= —22,317.5 x 2.32584 = —51,906.8 ki’kg C;Hs

I

LHV is calculated by using A, = —5774.6 Bu/lb,, for HO vapor instead of
—6825.7 Btwlb,, for H,O liquid, resulting in

LHV = —614,276.0 Btu/(1b:mol C,Hy)
= —70,428.2 Br/lb, = —47,512.7 kl/kg

Note that in calculating the heating values, writing the complete combustion
equation in oxygen alone suffices because the addition of nitrogen on both sides of
the equation with A, the same at T, (0 at 25°C) does not aiter the results. Note also
that the same results are obtained with stoichjometric and lean mixtures (excess OXygen
or air), so long as complete combustion (C to CO,, H; to H;0, etc.) is assured.

Heating values for complex fuels such as coal and gas mixtures are obtained by
writing the stoichiometric equation for the fuel and following a similar procedure as
above.

Heating values for a closed system are obtained by modifying Eq. (4-19) to

anf = Z(Iﬂhf - H.RGT) - E(thf - H.ROT)
P .

and since the temperature of the products is brought back to that of the reactants T,
HV, = HV — (np — ng)RIH (4-21)

L)
5
3
)
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where HV,s = nonflow, a closed system heating value

HV = heating value as defined for a steady-flow system

n, and g = tf)t&l number of moles of products and reactants, respectively

HV, is sometimes called the internal energy of combustion. Needless to say,
(here are as many HV s as there are HVs; that is, they both depend upon T, whether
the water vapor formed in the combustion process condenses or not, so there are HHV
and LHVan» and whether fuels begin the reaction in a liquid or vapor state.

In the literature, heating values of different fuels are usuaily listed for an open
system and for a given T,, which unfortunately varies from source to source. For
example, 60°F and 77°F (25°C) are used, though the numerical differences between

415 COMBUSTION TEMPERATURES

if the heat of combustion or a portion of it is kept in the gases, it will have the effect
of increasing their enthalpy (internal energy in a closed system) and hence their
temperature. The high temperature is then normally used to effect heat transfer from
the gases to the heat-transfer surfaces (water tubes, superheaters, and reheaters in a
steam generator) by radiation and/or convection. The same basic first-law equation
used to calculate heats of combustion and heating values of fuels can be used to
calculate combustion temperatures.

Example 4-4 A low-Btu gas from a coal-gasification plant has the following
volumetric analysis: CO 22.9 percent, H, 10 percent, CO, 4.4 percent, N, 62.7
percent. It enters the furnace at.l atm and 800 K and bums in 100 percent air at
25°C in a steady-flow combustion process during which it loses 10.72 Btw/ft® at
inlet conditions to the surroundings. Find the temperature of the products.

SoLuTioN Recalling that volumetric and molal analyses are equal for gases, the
stoichiometric combustion equation (for 100 percent air) is

: 0.:00
0.229CO + 0.100H, + 0.044CO, + 0.627N, + (0.229 + > )Oz

+ (0.229 + Q%Q) 3.76N, — (0.229 + 0.044)CO, + 0.100H,O

+ [(0.229 + @)3.76 + 0.627]N2

or  (0.229CO + 0.100H; + 0.044CO, + 0.627N;) + 0.2790, + 1.049N,
— 0.273C0O, + 0.100H,O + 1.676N;
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Using Eq. (4-17)

%(th)n = E(thf) + AQ
Using PV = nR,T, 1 mol of gas, between paréntheses in the combustion equation
above, occupies

v o BT _ 1545 (800 x 1.8)
P 14.696 x 144

= 1051.3 ft

Thus AQ = —10.7 x 1051.3 = 11,270 Btu/mol gas.
2(nMhy) are figured at 800 K for the fuel and 25°C for the air. Thus
R

E(thf) = 0.229 X 28.011 X —1464.5 + 0.100 x 2.016 x 3137.4

+ 0.044 x 44.011 X -3623.7 + 0.627 X 28.016 X 231.0
+0 + 0 = ~11,721 Bu/(Ib'mol fuel)
Therefore

E(thf) = —11,721 - 11,270 = —22,991 Baw/(lb-mol fuel)

It is now necessary to solve the problem by finding a value for the combustion
temperature that resuits in a 2(nMhy) of —22,991 Btw(lb-mol fuel). This vaiue
P

is found by trial and error to be 1400 K. To confirm
2(nMhdraco x = 0.273 X 44.011 x —3300.2 + 0.1 x 18.016 x —4737.2
P

+ 1.676 X 28.016 x 536.5 = —22,995 Btw/(ib-mol fuel)
Thus the combustion temperature is 1400 K = 1127°C = 2520°R = 2060°F.

The Adiabatic-Combustion Temperature

It can be seen from Example 4-4 that a lean mixture, e.g., 120 percent combustion
air, would yield a lower combustion temperature because of the dilution effect of the
excess air. A rich mixture would also yield a lower temperature because of incomplete -
combustion. ‘ ,

A fuel burning with no heat exchange with the surroundings and no work done
will result in the adiabatic-combustion or adiabatic-flame temperature. It is greaterif -
the fuel is buned in oxygen than in air because of the dilution effect of nitrogen and -
greater for a stoichiometric than either a lean or rich mixture because, as above, 2 -
lean mixture has a dilution effect, whereas a rich mixture results in incompiete com- -
bustion. :
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At the adiabatic-flame temperature, AQ = 0 and
2(nMh) = Z(nMh) (4-22)
£ R

Example 4-5 A desulfurized coal has a moisture-ash-free ultimate analysis of C
81.1 percent, H; 4.4 percent, O, 2.7 percent, N, 1.8 percent on a mass basis. It
burns in 120 percent air. The reactants were at 25°C. Find the adiabatic-flame
temperature.

SoLuTioN The relative number of moles of each constituent is found by dividing
its mass percent by its molecular mass M. Thus the molal composition of the coal
would be

0.811 = 0.044 0.027 0.018

C +
o T 2062t 32 %2t R o

N
or

0.06752C + 0.02183H, + 0.000840; + 0.00064N,

Normalizing to 1 mol of coal gives
0.7434C + 0.2403H; + 0.00920, + 0.0071N,

The stoichiometric combustion equation is

0.2403

0.7434C + 0.2403H; + 0.00920, + 0.007IN, + (0.7434 +
0.2403

- 0.0092)02 + (0.7434 + -~ 0.0092)3.76N2 — 0.7434C0O,

0.2403

+ 0.2403H,0 + (0.7434 +

4

- 0.0092 + 0.0071)N2

or

0.7434C + 0.2403H,-+ 0.00920, + 0.007IN; + 0.854350,
+ 3.21236N; — 0.7434CO, + 0.2403H,0 + 3.21946N,

120 percent air means that atmospheric air is increased by 20 percent. The com-
bustion equation is therefore

0.7434C + 0.2403H, + 0.00920, + 0.007IN, + (1.20 X 0.85435)0,
+ (1.2 X 3.21236)N, - 0.734CO, + 0.2403H,0
+ (0.2 x 0.85435)0, + (1.2 X 3.21236 + 0.0071)N,

or

0.7434C + 0.2403H, + 0.00920, + 0.007IN, + 1.025220,
+ 3.85483N; — 0.7434CO; + 0.2403H,0 + 0.170870, + 3.86193N,

o AT o
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All reactants in this particular case are made up of elemental substances (not true
if the fuel contained complex molecules such as a hydrocarbon), so that at 25°C

S(nMh) = 0
R

The temperature of the products that yields Z(nMh;) = 0 is now obtained by trja]
and error. At 2100 K i

2(nMh) = 0.7434 x 44011 x —2893.6
P

+ 0.2403 x 18.016 X —3916.1
+ 0.17087 X 32 X 846.8
+ 3.86193 x 28.016 x 917.5 = —7725

Similarly, at 2200 K
S(nMhy) = 1221 Buu/(lb-mol fuel)
3 (nM

By interpolation, the adiabatic-flame temperature = 2186 K = 3935°R = 3475°F,

The combustion temperatures as calculated in the previous two examples are higher
than actual because dissociation of some of the products takes place at high temper-
atures. For example, some CO, dissociates to CO and 30,, which is an endothermic
reaction that lowers the temperature. Chemical equilibrium occurs at a certain tem-
perature when the reaction rate is the same in both directions, i.e., when

| 1
CO + 20, = CO, 4-23)
and
1

The effect of dissociation on the theoretically obtained temperatures above is greater
the higher the temperatures but is lower for lean mixtures because the excess oxygen
tends to drive the reactions toward completion and the higher the pressure. Thus the
effect of dissociation is minimal in steam-generator furnace combustion, which occun -
with lean mixtures around 3000°F.

Finally, it should be recalled that all combustion calculations can be done if ther -
is heat exchange to or from the environment (as in Example 4-4), work done by « -
on the system, or even changes in Kinetic or potential energy between products a -

reactants by including the proper terms into Eq. (4-17).

E
F
&
%;
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PROBLEMS .

A sample of coal has the following molal analysis C 67.35%, H, 26.26%, O, 2.28%, N; 0.57%, §
1.31%, H;O 2.17%. Write the complete combustion equation in stoichiometric air and caiculate the coal
uitiml" analysis, mass percent.

42 Write the complete combustion equation for the anthracite coal in Table 4-2, assuming stoichiometric
air and find the dew point, degrees centigrade, of the combustion products if the total pressure is | bar.
43 Hybums in pure oxygen in a chemically correct (stoichiometric) mixture. Write the combustion equation
and calculate (a) the mass of products per unit mass of Hy, and (&) the lower heating value of H; if its
higher heating value is 61,100 Btu/lb,,. '

44 Calculate the higher and lower heating values, in Brus per pound mass, using the Dulong-type formula,
of the anthracite coal in Table 4-2, if the total pressure is | atm,

45 A gaseous fuel that is derived from coal (Sec. 4-11) has the following ultimate volumetric analysis:
H, 47.9%, methanc (CH.,,) 33.9%, ethylene (C;H.) 5.2%, CO 6.1%, C0; 2.6%, N; 3.7%, and O, 0.6%.
1t bums in 110 percent of theoretical air. Calculate (a) the volume flow rate of air required per unit volume
fow rate of the gas when both are measured at the same pressure and temperature, and (5) the dew point
of the combustion products, in degrees fahrenheit, if the total pressure is 2 atm.

46 10,000 U.S. gal of a fuel oil are bumed per hour in 20 percent excess air. The fuel oil has the following
ultimate analysis by mass: C 87%, S 0.9%, H, 12%, ash 0.1%. Write the combustion equation and find
the volume flow rate of air required, in cubic _feet per minute, if the fuel has a density of 7.73 Ib,/ U.S.
s‘dmdﬂ;eairisatl atm and 60°F.

47 A southern California natural gas has the following ultimate analysis by mass: H, 23.3%, C 74.72%,
N, 0.76%, and O; 1.22%. The flue gases have the following volumetric analysis: H;O 15.583%, CO,
3.387%, 02 3.225%, N; 72.805%. Calculate (a) the percent theoretical air used in combustion and (b) the
dew point, in degrees centigrade, if the flue gases are at 2 bars.

48 A fuel oil composed only of carbon, hydrogen, and suifur is used in a steam generator. The volumetric
flue gas analysis on a dry basis is; CO; 11.7%, CO 0.440%, O, 4.002%, SO; 0.176, and N, 83.682. Find
(a) the fuel mass composition, (b) the air-fuel ratio by mass, (¢) the excess air used, in percent, and (d)
the dew point, in degrees centigrade, of the flue gases if their pressure is 2 bar.

49 A fuel oil burned in a steam generator has a composition which may be represented by C; Hso. A dry-
basis flue-gas analysis shows the following volumetric composition: CO; 11.226%, 0, 4.145%, CO 0.863%,
N; 83.766%. Write the complete combustion equation for 1 mol of fuel and calculate (a) the air-to-fuel
natio by mass, (b) the excess air, in percent, and {c) the mass of water vapor in the flue gases per unit mass
of fuel. * -

410 A crushed bituminous coal to be used in a fluidized-bed combustion chamber varies in size between
1/4 and 3/4 in and has a density of 80 1b,/ft*. The coefficient of drag when fluidized is 0.60. Calculate (a)
the minimum gas velocity that fluidizes ail the coal if the gas is at 1600°F and 9-atm pressure, and (b) the
pressure drop in the bed, psi. Assume that the coal in the collapsed state has a height of 2 ft and a porosity
of 0.25 and that the gas density can be approximated by that of pure air.

4-11 10,000 tons of coal are bumed in a powerplant per day. The coal has an as-received ultimate analysis
of C 75%, H; 5%, 0; 6.7%, H,0 2.5%, S 2.3%, N> 1.5%, ash 7.0%. It bums in excess air in a fluidized-
bed combustor. Calculate (a) the mass of calcium carbonate to be added, in tons per day, and () the mass
of calcium sulfate to be disposed of, in tons per day. (The molecular mass of calcium = 40.)

412 Write the chemical formula and sketch the molecule for the following hydrocarbons: (a) ethane, (b)
cthene or ethylene, (c) decane, (d) iso-decane (2,2,3,3 tetramethyl hexane), (¢) pentatriacontane (do not
sketch), (/) isobutene (2-methyl propene), (g} 1,5-heptadiene (the numbers indicate the positions of the
cubon atoms that precede double bonds), (4) cyclohexane, (i) naphthalene, () 1-methyl napthalene (a
methyl radical CH; attached to a carbon atom instead of a hydrogen atom), (k) tetracontane (do not sketch),
and () dotriacontahectane (do not sketch). '

413 A coal-oil mixture (COM) is composed of the bituminous medium volatility coal listed in Table 4-2
g a distillate oil no. 2 that has an ultimate analysis on a mass basis of C 87.2%, H; 12.5%, § 0.3%, N,
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0.02%, and negligible O, and ash, and has a higher heating value of 19,430 Btu/lb,,. The mixture is 50
50 on a heating-value basis. It bums in 15 percent excess air. Write the complete combustion equation and
caiculate the air-to-fuel ratio by mass.

4-14 Purified medium-Btu gas at 77°F is burned in 110 percent theoretical air. It leaves the combustioy.

chamber at 1700°F. 5 percent of the heat released is lost to the environment. Calculate the useful heat addeq
to the chamber in Btus per pound mass and Btu per standard cubic foot (at 14.696 psia and 60°F) of the
gas.

4-15 A purified low-Btu gas at 77°F burns in stoichiometric air and gives off 52.49 Btu/lb,in the combustiy
chamber. Calculate the exit temperature, in degrees Fahrenheit,

416 Gaseous propane at 77°F is mixed with air at 300°F and ignited. What percentage theoretical air myg
be used if the temperature of the products is 1700°F? Assume an adiabatic process.

4-17 100,000 standard cubic feet per minute of a purified low-Btu gas enters a gas turbine combustion
chamber at 440°F, where it bumns adiabatically in 150 percent theoretical air. It then drives a gas turbine
and leaves it at {160°F. Calculate the power input to the turbine in megawatts.

4-18 Ethane at 25°C burns completely in stoichiometric air in a vertical cylinder so that a piston is pushed
upward. The cylinder diameter is 0.15 m and the piston mass is 20 kg. The air pressure above the pistog
is 1 bar. The initial cylinder volume is 0.1 m®. Calculate the final cylinder volume, in cubic meters, if the
products of combustion at the end of expansion were at 1600 K. (The Universal gas constant in ST unig
is 8314.3 JI/kg-mot-K.)

4-19 300 Ib./h of liquid octane is burned in an internal combustion engine with 125 percent theoreticy]
air. The initial temperature is 77°F and the products leave the cylinder at 1160°F. 85% C bums to CO,
the rest bums to CO, (a) Write the complete combustion equation for 1 mol of CgH,s, (b) find the hey
released in the process, Btu/mol CsHys, and (¢} find the horsepower developed if the engine efficiency i
15 percent.

4-20 A chemically correct mixture of gaseous methane and air at 77°F is admitted into a nozzle where it
bums completely. Calculate the nozzile exit velocity in feet per second if the exit temperature is 2000 K,
4-21 Calculate the higher and lower heating values in Btus per pound mass at 25°C of fuel oil no. 2 (Table
4-5), assuming that O, and N; have mass percentages of 0.1 each.

4-22 Gaseous propane is mixed with air at 77°F and burned. The products reached a temperature of 1520°F,
There was a loss of 10 percent of the reactants energy by heat transfer, Calculate the percentage theoretica)
air used.

4.23 Calculate the adiabatic flame temperature, in degrees fahrenheit, for the subbituminous coal in Table
4-2 if it bumns from 77°F with 100 percent air. Ignore the effect of sulfur on the energy balance.

Cor
Ne

stea
a v;
ont



CHAPTER

FIVE
TURBINES

5.1 INTRODUCTION

Using steam to provide mechanical work probably owes its birth to the need for

ing water from coal mines. The very first successful attempt at this was a “pump-
ing engine™ built by Thomas Savery (1650-1715) in England. In Savery’s engine,
steam at pressures between 50 and 100 psig (4.5 to 8 bar) acted directly upon the
surface of water in a chamber to force it up through a pipe. A crude check valve
prevented reverse flow. After the chamber was cleared of water, steam supply was
manually cut off and cold water was applied over the chamber, thus condensing the
steam inside and creating a vacuum that sucked in more water. The direct contact
between steam and water caused large condensation losses, and the lack of safety
valves was responsible for many explosions. .

At about the same time, Denis Papin (1647-1712), who invented the safety valve,
conceived of the idea of separating the steam and water by a piston, and Thomas
Newcomen (1663-1729) designed and built an engine with one. In it low-pressure
steam was admitted to a vertical cylinder, where it pushed the piston upwards. The
steam left in the cylinder was then condensed by a jet of outside cold water, creating
a vacuum in the cylinder. The outside atmospheric pressure pushed the piston back
on the working stroke, hence the name “atmospheric engine.” The piston was attached
0 one end of a beam that had a fulcrum about midpoint. A piston in a separate pumping
cylinder was attached to the other end. The pump piston was smaller in diameter than
the steam piston, so a greater water pressure than steam pressure was obtained. The
L various valves of Newcomen's engine were operated manually at first. Automatic
' Operation, the first on record, was conceived by a small lad who was hired to operate
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:
L

allowed the beam to actuate the valves. Newcomen'’s engine used one-third leg
per hph than Savery’s. ' L
It was not until some 60 years later that James Watt* developed the ideag of“
“modem” reciprocating steam engine. Working as an instrument maker, he wag cally
upon one day in 1764 to repair a Newcomen engine and noticed the waste of ey
condensed in the cylinder. In 1765 he conceived of the idea of a separate cond

and subsequently ideas such as the working stroke caused by steam expansio,
double-acting cylinder, the fiyball throttling governor, the conversion of recipm;ﬁl:i\‘
wk

a major contributor to the industrial revolution. Watt's engine used 60 percen N

to rotary motion (in 1781), and other important features. His now-famous engine

coal than Newcomen’s and 75 percent less than Savery’s.

The next major improvement was made by Corliss (1817-1888), who devejy, ¢

the quick-closing intake vaives that bear his name which reduce throttling d"ﬁq--'-'
closing. The Corliss engine used about half as much coal as Watt’s but still foy "
five times as much as modemn steam-turbine powerplants. Next came Stumpf (1863, .
who developed the “uniflow engine,” which was designed to further reduce cond,"ﬁ
sation losses.

The reciprocating steam engine reached its pinnacle in size when it was cy-
upon to drive the then-giant 5-MW electric generators early in the twentieth Centy -
No larger engines were built then or after, although performance continued to impry
mainly with the uniflow engine. But about that time electric generators were capa.
of getting bigger with no reciprocating engines large enough to drive them. Entery
steam turbine, not a new idea by any means, for the need for it was foreseen by my.
inventors in the late 1800s. Like many great inventions, it became practical when k-
world needed it.

Actually, history’s first recorded steam turbine was one buiit by Hero of Alexand-
about the first century A.D. It consisted of a hollow sphere that was free to tum by
a horizontal axis between two fixed tubes that connected it to a caldron or boiler (fy
5-1). Steam, generated in the caldron, enters the sphere and exits to the atmosphe:
tangentially via two nozzles situated in the plane perpendicular to the axis of rotaiy
and pointing in opposite directions. The steam leaving the nozzles causes the spee
to rotate in a manner similar to that of water ejecting from a lawn sprinkler. Hemi:
turbine thus operated on the reaction principle (Sec. 5-3). Much later, about 1629
steam turbine used a jet of steam that impinged on blades projecting from a whed

* James Watt (1736-1819) was a Scottish seif-educated instrument maker and inventor. Besids).
famous engine, he is credited with the first meaningful research on the properties of steam. He ras i
considerable financial difficulties that necessitated borrowing money from benefactors before his e
became a financial success. In 1769 he took a patent for “A New Invented Method of Lesseniag b
Consumption of Steam and Fuel in Fire Engines.” In 1775 he went into partnership with Matthew Boiie.
_a manufacturer in Birmingham. The partnership lasted 25 years. Unilike many great inventors, his achies.-
ments were recognized during his lifetime. He was awarded a doctor of laws degree from Glasgow Univesk.
in 1806, was made a foreign associate of the French Academy of ‘Sciences in 1314, and was offesk.
baronetcy, which he declined because of- modesty. : :
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