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CHAPTER

ONE
A THERMODYNAMICS REVIEW

1-1 INTRODUCTION

The design, operation, and performance of electric-generating powerplants zis furgely
dependent upon the science of thermodynamics. Itis assumed that the reados v 7 r
with the basics of that science. The material in this chapter, then, will 20t el
comprehensive treatment of thermodynamics but will instead review some tenda.- i
tals and present some aspects that are of particular relevance to power-r=narar.
syslems.

The material in this chapter will include parts of both basic and = i .
modynamics. The first and second laws will be reviewed.as well as proces: . .-t
relations, and cycles. The concepts of reversibility and entropy and the rol.- x>
in the performance of power-generating cycles will be discussed.

Chapier 2 will be devoted to the analysis of the Rankine oo te, whinl poo,. ..
major role in power systems today. Other cycles and aspects, such a= = 51 ..
cycle, heat transfer, and fluid flow in powerplant components, will be pres. v oo
appropriate and applicable throughout the book. 4

1-2 THE FIRST LAW AND THE OPEN SYSTEM

Thc first law of thermodynamics is the law of conservarivi r_; gneray, vhich il

that encrgy can neither be created nor destroyed. The encrgy ol & Sysiem wmwiguing

change (process) can be increased or decreased by exchange wiin the susisam. oo

and converted from one form to another within that system. This is, thcn:rorc simply

a “bookkeeping” law that declares the exchange and convertibility of energy and sees -
to it that all energy is accounted for when a ¢hange occurs. The first law docs 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 1o others

Such limitations are left to the second law. - .

The most general mathematical expression of the first law 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 arc to be studied. An open system is one where energy and mash
cross the boundaries of that system. An open svstem in the fransient stare 1S 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 ealled the steadv-state
steady-flow (SSSF) svstem. This is onc’in which mass and energy flows across the
boundaries do nor vary with time and in which the mass within the system remains
constant. The SSSF system, applicable to mechanical energy (l.e., ignoring electrical,
magnetic, chemical, and other effects) is shown schematicatly in Fig. 1-1. The first-
law equation for that system is '

P, + KF, + IE, + FE, + AQ u i
= pE: * Kh; + lEx + FE. + J""..I (1-1e)

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 = mzl. (1-2)

Be
where m is the mass of a quantity of matter or fluid entering an 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 Ib,, - fU(lb, - %) or 1.0 kg * m/(N - 5%) . y

2

it V : '
KE = kinetic energy = m 2—' - ] (1-3)
J .

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

aQ
S, .
: 2
1 . S,
H 2 RN T

v I o) ‘ )
IE, IE;,  Figurel-1 Schematic of a steady-state stcady-flow (SSSF)
FE, Tk FE;  system with one inlet and one outler,

o -
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- IE = intenal energy = U (14

Internal energy is a sole function of temperature for perfect gases and a streng fancticn
of temperature and weak function of pressure for nonperfect gases, vapors, and iguids.
It is 2 measure of the internal (molecular) activity 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 guantiy
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 = 0, — Q% {1-0

where Q4 is heat added to (entering) and QO is the heat refected by (keaving) the
system across its boundaries. It is convenient to consider that heat addad is positine

and heat rejected is negative, Mathematically
AQ = mc (T, = T)) (.7

ce b ]

where ¢, is a specific heat that dépends upon the process taking placs et 227
3 Values for ¢, for various processes are given in Table 1-1.

-

AW, = net steady-Nlow mechanical worl. donc by the syscin
= ivl\)r = |“’uu!

where Wy, 15 the work done by the system and W, 1s the work donz on fin syite
The convention is that the work done by the system s positive and the war!
the system is negative. Mathematically the steady-flow work s given by

2
AW, = —I V dF
]

Ezeation (1-9) requires a relationship between pressure P.and volume V for evai o
The most general relationship is given by

PV" = m(!alm

L B

where 7 is called the polytropic exponent and varies from zero to infinity. I w2l
for certain processes is given in Table 1-1.

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

Process Ca =

Cieetnnr nemagiors % 0

ARG g - '

Adubatic reversible u k= :‘;

Uomstamt volume €. -

Polyiropic [ :—:—-E 0-= . O
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Equation (1-1«a) may now be written for mass entering and leaving the system

as
2
ma L 4 mzz'u' + U + PV, + 40 o
2 V.zz
=imzy = e U PV 4 ARG (1-1b)
B 23!‘ .
and for a unit mass
V!
:,i + if + oy + Py 4+ Ag
& «
& sz f
==+ —+u+ P 4 Ay (I-1¢)
8 2

where the lowercase symbols represent specific values of the Uppercase ones, i.e., per
unit mass. Thus u = specific internal energy = Ulm, v = specific volume =" Vim,
etc.

Table 1-2 Some common thermodynamic symbaols
e = specilic heal at constant pressure. Brw/lb, - “Fror Jikg « K
Y= speciiic heat at constant volume, Buw(lb, - °F) of Jikg - K)
= specific enthalpy, B lb,, or Jikg
H = toual enthalpy, Bru or J
4= cnergy éonversion factor = 778.16 ft - Ib/Busor 1.0 N pvi
M = molecular miss, hl-mol or kg/ikg:mol
fi = polytropic exponent. dimensionless
£ = ahsolute Pressure (gauge pressure + barometric pressure), Ib/ft%; unit may be Ibsin?, commonly
wrilten psia; or Pa
heal wanstered w or from system, Btu or 1, or Buweycle or Jieyele
Eas constant, Iby - fi(lb, - °R) or Jikg - K) = Bisd
universal gas constant = 1.545.33, Ib; - fulb'mol - R) or 831434 % 10" Jkg-mol - K}
specific entropy, Baw/(lb. - *R) or J/(kg - K)
total entropy, Btw"R of Jkg .
temperature, °F of °C
lemperature on absolute scale, °R or K
specific intemal energy, Buw/lb., or kg &
total intemnal energy, Bry or J
specific volume, ft¥ib, or m'kg
total volume, ft' ar m"
= work done by dr on system, Iby + 1t or.J, or Bweycle or Jicycle
= quality of a two-phase mixture = mass of vapor divided by total mass, dimensionless
= ratio of specific heats, o fr,, dimensionless
= efficiency, as dimensioaless fraction or percent
3 Subscripls used in vapor tables
J feferi 1o satirarad Yiguid -
¥ refers to saturaied vapor F
Iz refers to change in property because of change from sdturated liquid 1o saturated vapor

T

o N ono
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Thc'units of all the terms in Egs. (1-1a) and (1-15) are thosc of cncrﬁy. such'as
Btu, ft - Iby, or Joule (J). The units in Eq. (1-1¢) are Buw/lb,, ft - Ib/lb,, or Jkg. A
list of these and other common thermodyramic symbols is given in T%blc 1-2.

peie

The Enthalpy

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

H=U+PY (1-11a)
and h=u+ Py (I-116)

]

~ Equation (1-1b) can now be written, using H, as
2

v
- m:,i + m= 4 H, + AQ
& 2g.

13 Vi ;
= mnp- + omo— H: + AW, (1-1d)

v L8

and Eq. (1-1c) can be simtlariy written using 4.
Enthalpies and internal earrgy 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

e (1-12)
ar),

and e (g) (1-13)
o P

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

A (1-14)
where R is the gas constant, For 1deal gases )

du = ¢, dT (1-15a)
and dn = ¢, dT .1  (1-16a)

where ¢, and ¢, are coistant sad indcpendent of temperature for monatomic gases
such as helinm but increase vl lemparature for diatomic gases such as air and more
50 for triatomic gascs suti . _O;. oic. For helivm ¢, = 0.753 Bu/(lb,, * °R) =
3.153 kiikg - K3, ¢, = 1.250 B/l « °R) = S.234 kJ/(kp - K), both independent
of temperature. For air at low temperatures, ¢, = 0.171 Bu/(lk, - °R) = 0.716 kJ/
(kg * K). ¢, = 0.240 Brw/(lb,, - °R) = 1.005 kJ/(kg - K). For constant specific heats,
or for small changes in temperature, Egs. (1-15a) and (1-16a) may be written ds o

: _ Au = ¢, AT . (1-15b)
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and N Ah = ¢, AT (1-16h)
Where there is a large increase in temperature :
" op2
An = f o AT) T d (1-17)
1
and Ak = f e 1) dT (1-18)
]

Expressions Tor ¢, (T) interms of temperatures for various gases (other than monatomic)
may be found in the lteruture [4, 5], o7 is found from ¢, (7) by subtracting the gas
constant K for the particular gas, Eq. (1-14). For pure air

oM = 0.219 + 3.42 x 10°°T — 2.93 x 10T (1-19)

where (T is in Buw/(Ib,, - °R) and T in °R. ¢.(T)for pure air is obtained by subtracting
R for air or 53.34/778.16 = 0.0685 Buu/(1b,, * °R) from Eq. (1-19),

It shotld 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 ln the
closed system PV is simply the product of pressure times volume.

Equattons (1-1a) theough (1- 1) are used 10 solve problems of open systems. In
considering a particular problenr. 1t is often found that some terms drop out, some ire
unchanged between stations 1 and 2, or that the change is negligibly small compuared
with those of other terms. Some examples of open systems are

I. A stcam generator

AW, =0
. PE. — PE, = negligible
KE. — KE; = negligible
Thus AQ = #, - H, | . (1-200)
and Ag = h. — h (1-20b)
2. A gas or steam turbine :
AQ = negligible
PE; - PE, = negligible
3 KE; — KE, = negligible
thus AWy = Hy — H, ' (1-21a)
nds s aa e e o W Ty iy (1-214)

3. A water (or incompressible fluid) pump
. AD = negligible
PE; — PE, =0  (considering immediate inlet and exit)

=
o .
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KE, — KE, = negligible

U, = U,

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

Vs~ V) =
Thus AW, = FE, — FE;, = V(P, - Py) (1-22a)
and Awiye = WP, = Py) (1-225)

Bath should be negative,
4. A nozzle
AQ =0
AW = 0
FE, - PE, - 0 (considering immediate inlet and exit)

KE; = usually neghgible compared with KE,

Thus Vi = V2. Jth — hy) (1-23a)
= V2gJcT, = T;)  ideal gas (1-235)
= \m mcompressible fluid (1-23¢)
3. Throuling
AQ =0
AW, =0

PE; — PE, = 0 * or negligible

KE; — KE; = negligible
Thus 5 H, = H, (1-24a)
and hy=hy (1-24B)

1-3 THE FIRST AW AND THE CLOSED SYSTEM

-

The open system, discussed abuve, is one in which mass crosses the boundaries. A
closed system, by contrast, is one in which only energy and not imass may cross the
boundaries. A third system of somc interest is the isoluted system, a special instance
of the closed system. It is one in which neither mass or-energy cross the boundaries
but in which energy tsansformations may take place within the boundarics.

Because mass does not cross?the boundarics in a closed system, the potential, -

L
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kinetic, and flow energy terms of Egs. (1-la) through (1-1d) drop out and the first-
law’ equation for the closed system is simplified to -

U, + AQ = U, + AW, ! (1-25a)
die . AQ = AU + AW, T 2sh)
and Ag = Au + Awy (|‘25'r:']

In the case of the open system, Egs. (I-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

. AW, = fI-PJV (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:
I A closed rigid tank
AW, = 0
Ihus AQ = Us - U, = AU (1-27)

2. An insulated cylinder in which a fluid expasi’s behind a piston (or is compressed
by 1)

0
Uy — Us = ~AU (1-28).

AQ
Thus ) AW,

14 THE CYCLE

In order to convert forms of energy, particulariv heat, to work on an extended or
continuous basis (our main objective), one neecs to operate on a cycle. A-process
begins at one state of the working fluid and encs ot ancther, and that is that. A cycle,
on the other hand, is a series of processes that ixzins 2nd 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 — Vand T — : diagie: in Tig. 1-2. It is composed of an

* Rudolf Diesel (1858-1913) was born in Pans'of fiennen < =nte 2. micved t5 London in 1870 because
of ihe Tranco-German War. He was cducated in Germany, where in 1897 li uidained & jpe=2al on the engine
that bears his name. Omiginally his ides was to inject coal dust instead of liquid fuel into compressed air
at high enough temperatures for the dust to ignite. He narrowly cscaped death when his first attempt resulted
in the engine's blowing up at-the first injection of fuel. A successful engine was produced after some 4
yeaes of tedious and costly wk.muldwwmmﬂyﬁ?-mdnﬁkmh; the English
Channel during a storm. , :
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r T 3

g Figure 1-2 Pressure-volume and
| femperature-entopy  diagrams of
s g ) . o s an ideal dicsel cycle.

ideal and adiabatic (no heat exchanged) compression process 1-2, a constant-pressure
heat addition process 2-3, anidez! and adiabatic expansion process 34, and a constant-
volume heat rejection process 4-1, which returns the cycle back w 1. Because the
beginning and the end of the cycle is | (or any other point), a thermodynamic cycle
15 a closed system where

M=U - =0
and the first law for this. and all other cveles, becomes

AQu = 04 — el = AW, (for a evcle) (1-29)

[-5 PROPERTY RELATIONSHIPS

Perfect Gases

Property re]alibnships for perfect gases for different processes are given in Table
I-3. A perfect (or ideal) gas is one which, at any state, obeys the equarion of state

Jor perfect gases

PV = mRT ’ (1-30a)
" Pv = RT (1-306)
pV = nR,T cl-éfk)
where R = specific gas constant. Different gases have differeni values of R,
for air R = 53.3 1t - Ib /(Ib,, - °R), 286.% Jiikg - K)
n = number of moles = m/M, where M is the molecular mass of the
gas = 28.9/ for air
R, = universal gas cnstant = RM, the same for all perfect gases )
- = 1545.33 fi - Iby /(1 mol - °R) =5 8314.34 J.’(llcg smol * K)
T = absolute temperature in degrees Rankine or Kévin
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Imperfect Gases

Property relationships for nonperfect gases and vapors are more complex than those
for perfect gases. Property values for these fluids are facilitated by the use of chars
and tables [4, S, 6], '

A nonperfect gas is one in which the moleeules are close enough to exert forces
on each other, as when a perfect gas is highly compressed and/or highly cooled with
respect to ats critical conditions. It is often described by madifying Eqs. (1-30a, b,
and ) to the form

(=]
o

o
-4

Compressbality facror 2

e
o

(=1
un

<
T T LU e -

[=]

l
i
-

\ =
2
L'u
Yk
AR
.
3
1
| —————
|

1
'
1
|
I
L

L f
saturated V2R
obm====1" ] — O 0 )

0.1 02 .03 0405 1.0 o 30 4050 0 5 BTV e
- - . AREIEE Reduced pressure

Flgure 1.3 Generalized cumpr:séibilily factor chast.
7 2
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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,==— and T = (1-32)

P I

where P and 7, are the pressure and temperature, respectively, at the thermodynamic
critical point for cach gas. Notc that at P, = | 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.

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.

SOLUNGH For mitrogen, P, = 49291 psia, T. = 227.16°R, and R = 55.15 fi
b lip. - “R). Therefore

1000 _ 70 + 460

i

= = 2.029 Th=—— =252
492.91 227.16
From Fig. 1-3 Z = 0.98. Using Eq. (1-194)
PV (1000 x 14410
m o= — = = 50.27 Ib,,
ZRT 098 X S5515(70 + 460)
Tebie f-n Constants for some fluids*
P’ TI'
R M- 1oy
Fiu: M (lba - °R) psia bar ‘R . K
A 28.967 $334 . M43 3744 SST1 3950
Amdicas 17.032 90.77 1635.67 112.803 238.34 132.41
Carbos diorie 44.011 3512 1071.34 73,884 547.56 304.20
Carion monar ide 28.011 55.19 507.44 34 995 - 239.24 1329
_F:.,‘.-_ 4 120.925 1278 596 66 41148 693,29 385.16
Helivy 4.003 386.33 in 2.29] T 934 <. 519
Hyd-op=n 2.016 766.53 188 07 12.970 59.83 D24
Met are . 16.043 96.40 . 61.31 46.418 343.26 190 70
Nitrpasn 8 0i6 53.15 492.91 33.993 227.16 126.20-
Ut s 14.257 1154 362.11 49 1024 97 L ]
Uxygen 1 non 18.27 136,86 %087  278.60 15478
Suifur dooxide 61,066 2442 11433 78.850 775.26 430.70
Water 18.016 . 8580 120618 21112 1165.09 641.27
= - - r #
*Data from Bcf. 4. st ¥
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Using the perfect gas law, m = PVIRT = 49.265 Ib,, 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 chans 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 guality 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

h=h+xhy (1-33)

where h, is the enthalpy of the saturated liquid and Ay, is the difference between the
enthalpy of the saturated vapor, h,. and A, that is, b, = h, — b, all oblained at the
pressure of the system. Similar equations are written for specific volume and entropy

as
(1-34)

and : 5 = 8+ X8, (1-35)

Subcooled Liquids

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 temperatire 1s 662.11°T. The term compressed hiquid s
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 satrated,
would have a pressure of 0,36292 psia. Because it is at 14.696 psia, it is said to be
compn:ssc;l Likewise, watcr 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], chants (Fig.
1-4}, or by approximation from the samrated temperature steam tables, This works as
follows. Data for a suheooled (or compressed) liquid are ootamned as i the iiquid were
saturated at its given témperature, and the pressure is ignored: This approximation is
reasonable, provided the actual and saturation pressures arc not-foo far apart, within

a few hundred psia for wa’lcr. for-example,
!
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T.°F A, Btu i

Figure 1 ¢ nihalpy of subcooled water,
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Exaraple §-2 Find the enthalpy of water at (1) 70°F and | atm and at (2) 640°F

H i Lediael® 4} [l

boio= b J0°F = 38.052 Buu/lb,,
T = -',__ e tl 64|'}°F = 579.! Blujlbm

L |

The 4 nericn ) Society of Mechanical Engineers (ASME) tables for the compressed
liqui# give enthalpies of 38.09 and 673.47 Bu/ib,, respectively. The approxi-
Maudss sz “osulted in errors of less than —0.1 percent in condition 1 and léss
han < ° pe -ent in condition 2. Some subcooled water data is included in the
superhert st~21: table, A-3, Appendix. '

I-6 THE ¢ ND LAW OF THERMODYNAMICS

Whereas ive s [+ of thermodynamics was one of conservation of energy; declaring
that ali fe - ot e rov 2re converiible Lo one another, the sccond law puts a limitation
i the conversianof soma forme of eneray 12 athars. We are most conceriied with
two forms, heat anc' work. The sccond jaw does uot acgate the equivalence of con-

~ version of these iwo, only the extent. Work is the more valuable commodity. It can

¥ -
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Heat souice

@,

[leat
enine

Figure 1.5 A device that violates the Kelvin-Planck statement of
the second law,

be completely and continuously converted 1o heat. The opposite is not true. Heat
cannot be completely and continuously converted to work. 'In other words, heat is not
entirely available 10 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 1o be rejected as low-grade heat afrer the work has been done, Thus, while
energy is conserved. availability 1s rot. The availability of a system always d=creases.
Another way of phrasing the second law s that the thermal efficiency of continuoushy
converting heat to work. in o heat engine, myst be less than 100 percent. The Camot
cyele (Sec. 1-9) represents an 1dzal heat engine that gives us an upper value of that
cificiency between any two temperature limits.,

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

1. The Kelvin-Planck statement.* [t is impossible to construct a device which will
operate in a cycle and produce no cffect other than the raising of a weight and
the exchanee of heat with a sincle reservoir, In this statement “operate in a cycle™
means operale 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 efficiency of 100 percent. Figure 1-5 shows a device that
violates the Kelvin-Planck statement. '

* This statement is credited to both William Thompsan, later Lord Kelvin (1824-1907), and Max Planck
(1858-1947), though cach staled it in 3 somewhat ifferent way. Kelvin, who was knighted for helping
lay the first transatlantic cable, was a professor of physics at Glasgow University, an excelleat mathe matician,
an nventor, and a designer amd was interested in athletics, the arts, and music He contributed most to
thermodynamics, establisting the thermody namic lemperature scale which is independent of the propertics
of matter. He alwo helped establish the fisst Liw on a firm foundation, and contnbuted 1o the statement of
the second law. Max Karl Emst Ludwig Planck was 3 German prefessor who studied in Manich and taught
in the universities of Munich, Kiel and teriin. Ome of his ereat contributions was in wavelength radiation
and the Jefinition of the "Mack Wy " Mo postulaicd th= ovantum theory and Planck’s constaat h, which
* Has continued to influence physics and related sciences to a degree well beyond irs original intent: Plancke~

had wide interestsin fields other than physics, including philosophy, religion, and social and political
matlers,

F
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Ihgh-temperature reservonr

- *
&
|
-
15
Lowtemperature rescryour Figure 1-6 A device that violates the Clausius state-
ment of the second law.

2. The Clausius statement.* 7 is- impossible 1o construct a devic e which operates in
a cxcle and produces no effect ether than the warsjer of heat from a cooler to a
hotter body.

These wo statements, though they say difieron thinss, ean be shown to be
equivalent. Figure 1-6 shows a device thac operat: - Fetwesn 3 fiugh-temperature res-
ervoir and a low-temperature reservoir. A recorvais i< a seooce of heat or a heat sink
large enough that it does not undergo a chang= wiperatuz: when heat is added or
subtracted from it. The device in Fig. 1-6 produis na eftet other than the transfer
of heat from the low-lemperature reservoir tn the kgt 20 ima mservoir; hence,
it produces for absorbs) zero work. By the first b iioius device as a system, the
heat Q, received from the low-temperature reservesr is el to that delivered to the
high-temperature reservoir.

Let us now add 1o the abcve a device that does ri - olats s Kalvin-Planck
statement (Fig. 1-7a). Let us also choose that second c>vi  so that it rejects to the
low-temperature reservoir the same (, as the first deviee Wher we combine both

devices (Fig. 1-75), the result will be a device o~ =ivi- t.- =+t from the single
reservoir, the high-temperature one, ard producc = = /. 7 his violates the Kelvin-
Planck statement. i by i

LI &

* Rudolf Jubus Emmanuel Clausius ( } 8221838} vt = Cmrmeztvnion: [ of s s ond 3 sicthemer os)
genius who worked in optics, electricity, ard stect=toric and i cedited with f ing the kinetic theory
of gases. Clausius elaborated and, restated the work of Camot {3ec. 1-9) and thus deduced his famous
principle of the sccond law. He wrote an exhaustive ireatise on the steam; engine jn which he emphasjzed

the then new concepi of entropy. - : & 2

o - ! ) F
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Thgh temperature reservaon thgh temperature reservoar

LT ¥ &y @)

o, ¢

Lowelompn tarue teserair Low-temperiture reservolr ‘

' ik

Figure 1-7 Convenion of device in Fig. 1-6 to device in Fig. 14

1-7 THE CONCEPT OF REVERSIBILITY ,

The concept of reverstbility wis first introduced in 1824 by Sadi Carnot, who laid the
foundations of the second luw und introduced the concept of 4 cycle. Reversihility
applies to processes. A cyvele can be reversible, but only if all its processes are
reversible. One wreversible process in a cycle renders the whole eycle irraversible.

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 wark previously exchanged, For
example, process 1-2 i Fig. 1-2, which was called ideal and is now called ;eversibic
is so only when it can trace its exact path back from 2 to | and thus give back the
exact work of compression done upon it from | 10 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 imreversibility varies
between processes. There are many sources of irreversibility in nature. For our put-
poses, four are most important. These are friction, heat transfer, throttling, and mixing.

Friction Mechunical friction is one in which mechanical work is dissipated inte a
heating effect. such as in thecase of a shaft rofating in a bearing. It 1s 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 otharics
could hive heen transformed 1o veafnl work ) -

Fluidfriciionissiiiiiiar-to mechanical. A fiuid cxpanding benind 4 pisiow i through
a furbifie undergoes internal friction, fesulting in the dlSS]pallOﬂ of part of its energy
into heating itself at the cexpense of useful work. The fluid'then does less work and

x
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exhausts at a higher temperature (or enthalpy) than it would had this fluid friction not
cxisted. The more immeversible the process, the more the heating cffect and the less

the work. )

Heat transfer Hear transfer in any of its forms, conduction, convection, or radiation,
occurs from a higher temperature 10 a lower temperature. It cannot reverse itself without
the help of an external aid (a heat pump). IT 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 cfficiency of real systems.

Throtiting / irorednie s an uncontrolled =xpansion process of a fluid from a high-
pressure Gand cccasionaliy hiph-temperature) region to a low-pressure region. Examples

are leakage {0 astoam pipe or the low through a valve. No work is done and heat
transfer aeees = sl cocrow opening 1s neghgible. The resulting high Kinetic energy 18
dissipated in fhindd frenon o restore the enthalpy of the fluid to its original value. In
B tiodety w0 oo Coop cnn except enthalpy, resulting in Eq. (1-24a), which is
repeated hees

H =H, (1-24a)
A throithng oo« heretore, 18 a form of fluid friction, one in which the enthalpy -
is conuant, ocnoa nwocess s also called a Joule-Thompson expansion. Throttling is
irmeversthic ¢+ Luse o cannot be reversed from the low-pressure region to the high-
prassiie sxp ¢ ¢ t'ts im the loss of availability, i.e., the loss of work that could
have bees ofr 1o aained il expansion between the two regions occurred ideally
peino Fopie L or 18 ozigh < turbune. =

greaicr the pressure difference in throttling, the greater the
iimg should be avoided or minimized in power systems, though
appiications.

Mixing Wi, o < o0 separate fluids or gases are made to mix or diffose into
cach oiher, cnmney +x without external aid. Hence mixing is an imeversibie
pipa e T ine uss of availability of the constituent fluids. Mixine i<

firacacs il
unzvoid dile oo wes such o7 shen fuels and air are prepared for combustion
or whcn sicam and colder water min ia cortain devices, such as open feedwater heoters,
It is not, however, as major a concemn in power systems as fluid friction or heat
transfer : v

a
[
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External and Internal Irreversibilities In power systems, irreversibilities are some-
times classified as external and internal.

External drreversibilities are those that occur across the boundaries of the system
The primary source of external irreversibility in power systems is heat transier, both
at the high-temperature end, the heat source, and the Jow-temperature end, the heat
sink. Another source of external irreversibility in power systems is mechanical fnctior
in bearings of rotary machines such as turbines, compressors, pumps, and generators
and electrical losses in the [atter and in distnbution systems.

Internal irreversibilities are those that occur within the boundaries of the system.
The primary source of internal irreversibility n power systems ts 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, 1s are pressere, teinper-
ature, internal energy, and enthalpy. It 1s given the symbal § (and sometimes ) and
has the units Bu per degree Rankine (Bru®R) or the units joule per kelvin (J Ko
Specific entropy s has the units Bru'dlb., * "Ry or Jitkg « K). The physical meamng of
entropy will be apparent later. [t is convenient to introduce it first as a mathemztic

convenience.
An analog is made with ronflow work

AW, = f Pav (1-26)
1

This expression strictly gives the nonflow work for a reverstble on ideal piovess oo auns
it is the only case where there is pressure equilibrium, i.c., when the pressure at the
face of the piston is the same as in the bulk of the fluid, & situation that does ot
happen in nature, especially for high-speed machines. [ts use, however, is exiended
to real processes because the pressure differential 1s 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 ai

5 Figure 1-8 Arcas under process
1-2 on P-V and T-§ diagrams.

AN
R\

¥ «
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important energy ferm in energy systems, we ask oursclves: Wouldn't it be convenicnt
to have a similar graph where areas represent heat? It is natural to have temperature
as one of the ordinales. We invent the second and call it enropy. As AW, = [i P
dV strictly for a reversible process, then we can write e

AQ = J: TdS (reversible process only) (1-36)

and the area under process |-2 on the T-§ diagram equals AQ (Fig. 1-8b). As we shall
sce, although we can waive the reversibility requirement for Eq. (1-26) with little
crror, we cannot do the same for Eq. (1-36), which is true strictly for reversible
processes.

In both Eqgs. (1-26) and (1-36), if the integral is positive, i.c., 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 £-V and T-§
diagrams, provided the cycle is reversible (i.e., all its processes are reversible) in the
case of the T-S diagram. ;

)t alw follows that the net work of a cycle, such as the diesel cycle (Fig. 1-2),
i5 ¢ 01 o3 the enclosed area of the cycle on the P-V diagram. A cycle is a power
cycle, i.c., the net work is positive, if the cycle is clockwise 1t is a reversed cycle
or a heat pump if the net work is negative and the cycle 1s counterclockwise on the
2.V diagram. It also follows from Eq. (1-29) that the enclosed area on the 7-§ diagram
is also equal to the net work if the cycle is reversible. The enclosed areas on the
 diagrams for the same reversible cycle are therefore equal in sign and
codprotueaking scales and conversion factors into account. of course.

We s examine (1-36) further, A reversible adiabartic process (already mentioned

s o of the ideal diesel cycle), while not existing in nature, 1s a most important
fiony “vele analysis. For such a process, being adiabatic, A@ = 0, and being
“uzesitin it obeys Eq. (1-36). Thus, for an adiabatic reversible process,

o

[ras =0 ' (1-37a)

. 7 ¢czanot equal zero, dS = 0 |
i & = ¢enstant M (1-37h)
wredl & = constant (adiabatic reversible process) 5

1 3 iy=iic reversible process is one of constant entropy, i.e., vertical on the
ieorais. as represented by the”expansion line 1-2, (Fig. 1-9a).

%1 4i s leals to one physical meaning for entropy: Entropy is the property that
Ceropine cameiane in an adiabatic reversible process. This is much like temperature
Deing e pro ey that stays constant in an isothermal process, pressure in a constant-
ST muTsse, wic A rore important physical meaning will become appaient shanty:

f.ci s now assume that the expanding fluid is a perfect gas (though we can easily -
come to tiie same conclusions using a vapor or a mixture of liquid and vapor.) Lines
Py and F, (Fig. 1-9a) are constant-pressure lines for a perfect gas on the T-s5 plane
where P, & 'P,. Their shape can be ascertained from the perfegt-gas relationship
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Ao P

Figure 1-9 Expansion (a) and
compression (b) of a gas from P,
to Py on the 7-§ diagram, 1-2,
adiabatic reversible, 12 adi-

s 4 abatic irreversible. 1-2, throt-
fat) (b tling.

52 = 8 = ¢ In(Ty/Ty) (Table 1-3). Let us further assume that the gas starts at |
with T, s, (and corresponding Py and v) and expands adiabatrically 10 pressure P,.
We have already scen 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 aghabatic but irre-
versible? We have already noted that irreversibility would manifest itself in an increase
in temperature of the gas leaving at P, pont 2, beyond that for the adiabatic reversible
process. Thus T; > 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 grearer
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 My — Hy, Hy — Hy, and Hy — Hy., respectively. Because the 7y > 7, >
Ts, and dh = c, dT for gases, then Ha > H, > H>,. Thus the work produced by the
turbine Wy for three cases is given by ,

HI_H.&}HJ—Hz:’HJ"Ha‘

The adiabatic reversible turbine produces the most work. The greater the irreversibility,
the less the work. - T
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 all
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 pelyiropic turbine efficiency ny (sometimes called the isentropic or adiahatic turhine
efficiency}, which i< rqual to the ratio of actual work to ideal werk and is given, by

N H —H: h — hy
. R = = o 1-38
- o o Wl Bk W I
7
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and for constant specific heats

3 1
e et 1-39)
T .

In the case of compression from Py to Py where P, > P, (Fig. 1-98). an adiaba-
tic reversible compression follows the constant entropy path 1-2,. In the cuse of adi-
abatic irreversible compression the gas leaves at a higher temperawre T, here be-
cause the fluid absorbs some work input which is dissipated in fluid friction. The
greater the irreversibility, the greater the exn temperature 7, > T3 > T,, and
the greater the increase in entropy. Again, since dh = ¢, dI' for gases, then
Hy > Hy = My, and the work absorbed in compression [W, | increases with irreversibility
or

Hy —H >H; - H >H, - H,

TFhe degree of irreversibility here is given by a compressor efficiency, called the
polstrapic compressor efficiency m, (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

H., - H, hy -k

=== = 1-40)
W= Bk :
and for constant specilic heats
o Rk (141)
LA

We can now state that the change of entropy 1s u 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 thonundynamics, such as social
sciences that deal with society disorders.

Because the universe is an isolated syster it does ol cachange energy across ils
boundaries: i.e., it is adiabatic. Because it is full of ineversible processes, it follows
that:  The entropy of the universe is continually on :hr increase and the end of the
universe would oceur when entropy is at maximum, «.¢ , when all energy has been
dissipated to a bottom state, when' allavailability is Im: uhcn all matter is af the
same temperature and no life, as we know it, is possibic. X

In the case of vapors, when expansion between Fy 2nd #5 ends in the two-phase
region, shown in Fig. 1-10 on both T-5 and har {Msllier) chasq the<ame observation
as for the gases applics cxcept that the et tempeialuee i« the same for the adiabatic
reversible and adiabatic irreversible processes Lecanse uicy are both in the two-phase
region. The exit enthalpy, however, is greater ia the casc of the ireversible process
hy > hy, and the work is less: by — hy < h, — h,,. The dcgrcc of lrr:vcmhlll!v here
is given by a turbine efficiency, the same as in Eq. (1-38). a
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Figure 1-10 Exparsion of a vapor from Py to P; on the T-5 and Mollier (h-r) diagrams. 1-2, adishatic

3 -
reverble, | 2 adiakanc imeversible

In the case of pumping liquids, a pump efficiency 7,. given by the ratio of ideal
work to actual work, is used to obtain the actual work, Using Eq. (1-22a), actual work
, Hy, = By _ WVIP) - #)
W, = = (1-42)
M N

119 THE CARNOT CYCLE

Sadi Camot® laid the foundations of the second law of thermodynamics, intreduced
the concepts of reversibility and cycles, and introduced the principle that the temper-
alures of the heat source and heat sink determined the thermal clliciency of a reversible
“cycle. He also postulated that beeause all such cycles must reject heat to the heat sink,
efficiency is never 100 percent [7). To show this, and 1o show that the effect of the
working fluid on the thermal efficiency of a reversible cycle is nonexistent, Camot
invented his famous, though hypathetical (onc cannot build a reversible engine), Carnot
cyvele, :
The Camot cycle, shown in Fig. 1-11 on the P-V and 7-§ diagrams, is composed
of four processes: ' )

¢ Nicolas Leonard Sadi Carnol (1796-1832). despiie his profound and lasting eitect on the science of
theemodynamics, was a quiet, unassuming Frenchman who lived during the turbulent Napoleonic years and
had an unspectacular Lfe. One of his mottoes, “Speak hitle of what you know and not at all of what you
do hot know " reflects something of his denicanor. .
? <
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Figure 1-11 Cumot cycle on the P-V and 7-§ diagrams.

1. -2 reversible adiabatic compression
2. 2-3: reversible constant-temperatuie heat addition
3. 3-4; reversible adiabatic expansion
b4 reversible adishatic heat rejection
-

The thermal etficiency of the Carnot cyele 7,- can now be eusily obtained. noting
that the change in entropy during heat addition and rejection are equal in magnitude,
Thus

Tn (5; — S:]

O,
GR = Tf' tS, = S..]'
or: EQNI T, (Ss = 8) =T, (5 - §)-

where 7 and T, are the heat source and heat sink absolute temperatures. respeciively,
Note that the Camot cycle is both externally and internally reversible. Th: beag tea-sier
“etween the heat source and the working fluid occurs, hypotheticaily, 22 55 & cerm
mperatere difference. Hence Ty = T, Similarly T, = T,.

For all power cycles the net work and the thermal efficiency are defined by

- AWeee = Q4 — |04 {143)
) AW,
and . The = 'E ti-ad)

“Thus, the thermal efficiency of the Camot cycle ‘- is given by
e o
- T‘, .
This relationship can also be easily obtained from the net work of the different processes
using the appropnate:relationships in Table 1-1 (Prob. 1-11).
§ -
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Equation (1-45) shows that the thermal efficiency of the Camot cycle is only a
function of the heat source and heat sink temperatures and is independent of the working
Muil. Tndeed this conclusion is true of other reversible eyeles (Stirling, Ericsson) that
receive and reject heat at constant temperature,

Because the Camot eyele is reversible, it produces the maximum work possible
between the given temperature hots ypand 7y and, benee, a reversible cycle operating
between given temperature limits has the highest passible thermal efficiency of all
cycles operating between these same temperature limits.

The Carpot efficiency, therefore, 15 to be considered an upper limit, an ideai. a
goal 10 strive toward when building real cycles, but one that is impossible 10 exceed
or equal,

Anather observation of importance is that the trends predicted by the Camot evele
apply to real cycles. Thus real eycles will have higher efficiencies, the higher the
temperature al which they receive fieat and the lower the temperature at which they
reject heat.

Example 1-3 Air expands in 2 gas turkine from 10 atm and 20006°F to ! atn
Tane exhaust remperature s 1030°F. —'\ﬁsunum. u constant specific hra' of 0240
Bru i, - 5. dind the wurbine work i Buwdl o and the turbine adiabutic efficieny.

"

SOLLteN Wy = Ny = hy = ol T, — 15 = 02412000 — 1050)
= 228 Buwlh,,

Refeming 1o Table 1-3 and Fiz. 1-9q

i P, T Ty, R
Ty (F. ) (2000 + 460) (ﬁ)

Therefore Ta, = 1274 ¥R = 814 2°F
h| - h;, T| . Ta

= ———— = (for constant ¢,)
S PN s b

- R 0N o o S
o= o e

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

Souumion Using o (1-19)

Wy = I* s = J-I (0.2 '. JAL U BOAER IS N
S Jisio
. 3.42 x 10 U0 1 s el
= [u.zm b= s 2B H I T]
2 3 1510° o -
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" 3.42x 100

’ g . 293 x |0
= 0.219(2460 - 1510) + (24607 — 15107 - w0

©(2460" - 1510") ' .
= 208.05 + 64.49 — 14,54
= 258 Buvlb,,

as compared with W; = 228 Buwlb,, when a constant specific heat at low temperature
[0.24 Buu/(lb,, - °R)| was used.

To get the adiabatic efficiency, it is necessary to calculate Ty, and b, using average
values of ¢, and & between 7, and the unknown Ts,. The solution may be obtained by
trial and error, keeping in mind that because both ¢ and c, increase with temperature,
and the difference between them is a constant, k = p/t, decreases with temperature.
Thus one expects that 75, would be greater than in Example 1-1. Assuming it to be
950°F, find an average ¢, between 2000 and 950°F using Eq. (1-19)

l‘."lbU
C, dT
- Jran 287.64 - .
oA et R - = 0.2739 Bw/(lb, "~ °R)
MUK g3l 1050}
Gkt = & | m. 24 0.2739 — () (685 2054 Buwitlb
A 0.27; ——— = ().2739 - 85 = 0.2054 Buwilb,, - ©
0= G 778.1¢ RESSecs B
Thezef, F oo Soli |.3335
nerefore 4 _t.F_Ef'-i = L.
LIRS ET1

1 \i333s
T ( ) = 2460 X 0.5622 = 13§3°R = 9V

ane T.. = ‘]ﬁ

A scenid iria! and error shows thatc, = 0.2736 and T3, = 1382°R = 922°F compared
Wi B14.77 for the adiabatic reversible work.
¢ i al work is

2400 i '
hy — hy, = fnsz Gdl = (T, — T,) = 295.4 Buwlb,,

Tho ochine adiabatic efficiency is

258.0
= 0.873 =
3953 3 = 873% "
Tem ded i B0LIL percent when eatecianan WHnEr, - e waNni 5. S i

LA OF Al withl products of combustion, as i tne casc with gas turbines and otner
uevis, theie are available property tables [8] that take into account the ingerature,
the fuet-air vatics. and the effects of chemical equilibrium.

L=
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Example 1-5 A water pump compresses saturated water at | to 2500 psia. The
pump cfficiency is 0.70. Find the ideal and actual pump and the water cxit
temperature.

SoLuTioNn We will use two methods.

I. Assume water to be incompressible sothat v = constant = v, atl psia = 0.016136
ft¥/lb,.. and no temperature rise across the purnp, 3

0.016136(2500 — 1)144

Ideal pump work |W,,| = w(P; — P,) =

778.16
= 71.46 Buwib,,
AW, 7.46
Actual pump work [W,| = —qE o 10.66 Bulb,
A .

2. Use the ASME steam tables [6]
T, = 101.74°F s, = 0.1326 Buw/Ib°R hy = 69.73 Bu/ib,,
Using the compressed-liquid tables (a portion of which is reproduced o e
1-3). for the ideal case 5, = 5, = 0.1326. By interpolation T,, = 102.63°F, v.

= 0.01602 ft¥lb,,, k>, = 77.17 Buwlb,. Thus, the temperature rises by 01 58F
and, in the ideal case, the specific volume decreases by 0.72 percent

Ideal work |W, .| = 77.17 - 69.73 = 7.44 Bu/lb,.

7.44
Actual work |W,| = — = 10.63 Bw/lb,
0.7
The actual temperature and specific volume changes may be obiained by aater-
polation at by = 69.73 + 10.63 = 80.36 Buw/lb,,, as 105.86°F ana G (123 ft')
Ib,..

It can be seen that the two methods are fairly comparable ever. icr ie> larg-

pressure difference chosen for this example. Thus method 1 s suilivicrdy accursi:
for most calculations, with the possible exception of exit water tempera’ire.

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

Pressure, Temperature, Specific volume, Enthalpy. Entropy.
psia °F ft'ilb. Buu b Buw/(lb. - °R)
Lo 10074 0.016136 o973 0.1326
{saturaed)
2500 100 - . 0.01601 11.57 0.1280 &
1no 0.01605 B4 45 0.1455
*Dats from Ref. 6. - o
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PROBLEMS

-1 A peefect gay that has a constant specific heat at constant pressure ¢ = 0.26 Btwlb,, yndergoes an
crpansion processy in a steady-flow machine with 2 mass fow rate of 100 Ib/h, The machine is water-
couled. The water mass flow rate « 10 1bo/h. Druning the process the gas temperature drops from 200 10
IFF and the water temperaure rises from 70 10 100F 1gnonng changes in polential and kinclic Cnergics
for the gas, caleulale the work of the gas in Bius per hour and watts lep for water = 1.0 Bw/(lba-"R).)
1-2 Asr at 146°F and 100 psia is confined in an uninsulated 0. vessel. A propeller is driven inside the
vessel by a 50-W elecine motor. After a periind of | hthe 31 termperature dropped 1o 100°F. Find the heat
transfer in By per howr, .

1:3 A gas has 3 molecular mass of 30 and a specific beat at constan! pressure of 0,25 Biu(iba"R). It
undergocs 1 nonflow polytropic compression during which its temperature increases from 100 to 200°F,
The polytropic caponent is 1.3, Caleulate the work done and the heat transfer in Brus per pound mass
1-4 1009 Ib/h of pure air enters a gas turbine at 2000°F and leaves at 100°F. Find the work in kilowarts

_using vanable specilic heat for air, and the emor if a constant specific heal equal to that at low temperatures
15 used,

1-5 Calculate the average specific heats for air in Btus per pound mass per degree Rankine between 1000
1-6 Steam ts confined ina 1000t rigid vesse! at 5000 psia and 1000°F, Find its mass in pounds mass using
(al data from the steam tables and (b the compressibility chart.

-7 A 10-n" nzid tank contains steam at 30 bar and $00°C. 1t 15 left 1o cool down unul its pressure drops
10 5 bar. Fin ) (g1 the final'eppdition of the sicam and (b} the hear transfer, in Xilojoules

1-8 A npid 10-8t" vessel contains air at 15 psia and 1000°F. Heat 15 added until the i temperature reaches
2000°F Assuming variable specific heats, calculate (20 the heat added, in Bius. and b} the final pressure,
pounds force per square inch absolute.

1-9 Steam at 30 bar and 400°C expands behind a prton i 26 insulated eylinder to 5 bar and 20 1", Find
the work done in 'n.l][ljuu.lcn.

1-10 10 Ib_h of liquid ammonia at 87°F and 250 psia s theattled 1o a flash tank 1o 100 psia Ammonia
vapor is drawn out at the top of the tank while liguid s discharged at the bottom, What are the lemperature
in degrees Fahrenheit, mass and volume flow rates in pounds mass per hour and cubic feet per hour of the
two streams? ) ¥

111 Derive the expression for the Camot cycle efficiency [Eg. (1-45]] using the appropriate work relation
for gases from Table 1-3. ! '

1-12 An inventor claims to have built an engine that operates on a cycle, receives 1000 kI at s00°C,
produces work, and rejects 350 kJ at S0°C. Is this claim valid? Why? ’

1-13 The Camot cycle is reciangnlar 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 correspondingly,
and name-all its processes. ) ) >

L-14 Derive expeessions for the efficiency of the cycle in Prob. 1-13 in terms of its high and low temperatures
Ty and T, and constant specific-heats ¢, and c, of a gas working fluid for the cases of equal (a) temperature
ri'!-es and (b) heats added at cBpstant 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.
116 A revensible cycle consists of an isentropic compression from an initial temperature T, to 1000°R. &
constant-volume pmcess from 1000 to 1500°R & reversible adiabatic expansion to 1000°R & conslasi-pressure
expansion from 1000 to 1500°K. and a constant-volume nrivess 10 the wmitial tempesnie. Draw the cycle
0 e #-v and T-5 diagrams, sud ~iovlate the iniriat frmpeiii U e working fluid i gns with k=
i.80, )

. 117 Air expands from 10 bar and IWClolbundSN'Ciumiawhlbdm:bi:m&hm- ‘a) the
* turbine polytropic eliiticncy, (b) the change in entropy, in kilojoules per kilogram per Kelvin, and (c) the
# 2
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wark, kilojoules per kilogram, and (d) the polyuopic exponent . Assume a constant specific of 1005 ki
kg K

1-18 Helium is compressed (rom 15 psia and $0°F (o 60 psia The compressor adiabatic efficiency 150 70
Find (a) the helium exit temperature, in degrees Fahrenheit, (b the work done in Bru per pound mass. and
(c)the change in entropy. Buwib.-°R.

1-19 1000 kg of water at 60°C and | bar are pumped to 100 bar. The pump cfficiency is 0.65. Find the
work i kilowatts.

1-20 Saturated Freon-12 vapor at 215 psia capands in a nozzle to 72 433 psia The nozzlc has an efficiency
of 095 and an exit area of 10 in’. Find the mass flow ratc i pounds mass per hour.

1-21 107 Ibh of steam at 2500 psia and 1000°F expand in a turbine to | psia. The turbine has adiabanc
and mechanical efficiencies of 0.90 and 0.95, respecuvely It drives an electric generator that has an
effhicency of 0,96, Calculate the output power of the generator in megawatts.

L]



_ CHAPTER

TWO
THE RANKINE'CYCLE:Z

2-1 INTRODUCTION

When the Rankine® cvele 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 gascycle and the Camot eycle (Fig, 1-11) is a cycle for all fuids, the Rankine cycle
is a vapor-and-liquid cyvele.

The real Rankine cycle used in powerplants is much more complex than the
original, simple ideal Rankine cycle. It is by far the most widely used cycle for electric-
power generation today and will most centainly continue 1o be so in the future. It is
the backbone of much of the work presented in this book.

This chapier is devoted exclusively 1o 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-Vand T-§ diagrams with respect to the saturaled-liquid and vapor lines of the working
fluid, which usually, but not always, is H,0. Figure 2-1 shows a simplificd flow

® William John M. Rankine (1820-1872) was a professor of aivii engincenng at Glasgow University.
He was an engineer and scientist of many talents which, besides civil enginsering, included shipbullding,
waterworks, singing, and music composition. He was one of the giants of thermodynamics and the first to
wriie farmally on the subject. A, -
4 A
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Figure 2-1 Schematic Row 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 (CF) on
both diagrams are the loci of all saturated-liquid points and are the sarurated-liguid
lines. The regions to the left of these are the su scooled-liquid regions. The curved
lines 40 the right of CP are the loci of all saturated-vapor points and are the saturated:
vapor lines. The regions to the night of these haes are the superheat regions. The
regions under the domes represent the mwo-phase (liquid and vapor) mixiure region,
sometimes called the wet region,

Cycle 1-2-3-4-8-1 is a suturated 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 cyeles, being reversible, have the following
processes.

Figure 2-2 ldcal Rankine cycles of the (a) P-v and (b) T-s diagrams. 12-3;4-8-1 = saturated
cycle. 1:2:3.4-8-1' = saperheated cycle. CP = critical point. _ o



A2 ot REFLANT T1OHSOLOGY

F-2 or 17-2": adiabatic reversible expansion through the rurbine. The exhaust vapor -

at 2 or 2" is wsually in the two-phase region.

-3 or 2’-3: constant temperature and, being a two-phase mixture process, constant-

pressure heat rejection in the condenser,

d-4: adabatic reversible compression by the pump of saturated hiquid at tHe condenser
pressure, 3, to subcooled liquid at the steam-generator pressure, 4. Line 3-4 is
vertical on both the £-V and 7-§ diagrams because the liquid is essentially in-
compressible and the pump is adiabatic reversible,

F-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 4-8 represents bringing
the subcooled liquid, 4, to saturated liquid at B. The section 4-8 in the steam
generator is called an economizer. The portion B-1 represents heating the saturated
liquid to saturated vapor at constant pressure and lemperature (being a two-phase
mixture). and section B-1 in the steam venerator is calléd the boiler or evaporator,
Portion 1-1", in the superheat ¢ycle, represents heating the saturated vapor at |
to I”. Section 1-1" in the steam generator is called a superheater.

The cycles ay shown are internally reversibie s ihat the turbine and pump are
adiabatic reversible and hence vertical on the 7-§ diagram; no pressure losses oceur
it the piping so that Line 3-8-1-1" is a constant-pressure line.

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

Heat added ¢y = B, — h, Buw/lb,,, or kg
Turbine work wy = by — A Brellh, or Jikg
Heat rejected el = he = hy Btu/lb,, or J’kg (2-1)
Pump work [w,| = By = by

Net work Awe, = (h, = h) = (}:4 = hy) Buw/lb,, or J/kg

By (e = B) = the ~ hy)

Thermal efficiency 1, = -
a (s — hy) % !

For small units where P, is not too large compared with Py fn. = hy, the pump
work is negligible compared with the turbine work, and the thermal efficiency may
be simplified with little error to (h, - ha)l(hy — hs). This is not true for modern steam
powerplants where P, is 1000 Ib/in® (about 70 bar) or highet, while P, is about 1 Ib,/
in® (0.07 bar). The pump work in this case may be obtained by finding h; as the
saturated enthalpy of liquid at £, from the steam (or other vapor) tables given in Apps.
Ato F, Ay is fou~d from subcooled liquid tables at 7, and Py Ty is nearly equal to
Ty, and the lager is usually used in lieu of 7., which is difficult io obiain {sce Sec.
! 7. Finaliy, a good appiuaimation for the PUmp Wik may be obuuned from the
change in flow work (Example 3, Sec. 1-2). Thus i

[wplo= vsPy = P3) LTy
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which should be converted to the same units as in Eq. (2-1) by the use of proper
conversion factors, such as multiply by 144 to convert psia (pounds force per square
inch absolute) to pounds force per square foot absolute and divide by 778.16 to conven
foot pounds force to Btu.

Another parameter of interest in cycle analysis is the work raric WR, which is
defined as the ratio of net work to gross work. For the simple Rankine cycle the work
ratio 1s simply Awpa/wr.

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

Because of the information it readily gives regarding the turbine and pump pro-
cesses, the 7-§ diagram 1s more useful than the P-V diagram and 1s usually preferred
when only one is used. The Mollier, or enthalpy-entropy, 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

& ;
Extemal imeversibility, we are remanded. 15 pnimanly the result of the tempersiure
differences between the primary heat source. such as the combustion gases from the
steam generator furnace or the pnmary coolant from a nuclear reactor, and the working
fluid. and the temperature differences between condensing working fluid and the hezt
sink fluid, usually the condenser cooling water

In Fig. 2-3, line ab represents the pnmary coolant in a counterflow heat exchanger
with the working fluid 4-8-1 in a saturated Rankine cycle. Line cd represents the hear
sink flwd (condenser cooling water) in a counterflow or parallel-flow heat exchange:
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-B2 1 1" and

o

Figure 2-3 External iﬁvmibiluy
s With Rankine cycle.

y
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between 2-3 and line ed dre 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 (a) parallel-flow and (b) counterflow heat exchangers (stcam
generators) and the effect of flow dircctions in the heat exchanger. The minimum
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 temaperature differences and, hence, lower imeversibalitics, but in a large and
costly stcxm 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 ecenomical pinch-
point temperature difference is obtained by optimization that takes into account both
fixed charges (based on capital costs) and operating costs (hased 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 small heat exchanger. Thus counterflow is
favired aver parallel flow from both thermodynamic and heat-transfer considerations.

We will now examine the effect of the’type of heat source fiuid. Such a fluid may
be a zas, such as the combustion gases in a fossil-fucled powerplant, the primary
coolant in @ gascooled reactor, such as CO; or He (Sec. 10-11), the water from a
pressurized-water reactor (See. 10-2), or the molten sodium from a liguid-metal fast-
breeder reactor (Chap. 11, This variety of fluids has different specific heats and mass-
How rates. Water from a prescurized-water reactor has a higher specific heat ¢, than
gases but also a higher mass-flow rate mr because an effort is made to limit the
temperature rise of water through the reactor to maintain nearly even moderation of

Lol
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the neutrons (Sec. 9-8). Thus the product ritc, 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 proportional to a path length dL and that dQ = ric, dT. where dT is the change in
primary-fluid temperature in dL, the slope of linz ab is then proportional to the recip-
rocal of mc, or

] (p‘ Y nldj 2-3
x nma u ¥t
q ‘C I ( )

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 arc 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 advarhageous, We note that there are two distinet
regions where the external irreversibility exists at the higher-temperature ¢nd 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 fiuid and the working
fluid in the economizer section, i.e., between be and 4-B. We shall deal with these
in turn in the next two secrions.

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.

|

-:-‘: —_———
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=

n.:]u 2.5 Effect of primary fluid type on external irreversibility: (a) water, (b) pases or liquid
metal.

o
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2-4 SUPERHEATT

In this section we will deal with the temperature differences between ae and fi-1 (Fig.
2.5). It can be secn that these for a given pinch-point temperature difference A7 .a.
gases (and liquid metals) exhibit lirger cnd increasing temperature differentes as the
working fuid banls 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 cascs, the gases are

Figure 2-6 Superheat with (a) water
e . - as primary fluid, (b) gases or liquid
;M metal as primary fluid,
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usually at higher temperatures, the irreversibility in the case of gases can be reduced
by the usc of superheat (Fig. 2.6) by bringing the two lines back together again at a
and 1’ and thus reducing the overall temperature differcnces between ae and B-1-1'
(line 4-B-1-1' is a constant-pressure linc). 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 Carnot analogy,
this should result in higher cycle efficiency.

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

Superheat 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
turbine operating with less moisture is more efficient and less prone to blade damape.

Example 2-1 Consider three Rankine steam cycles. all exhausting to 1 psia. Cycle
A operates at 2500 psia and LO00°F; cycle B operates with 2500 psia saturated
steam: and cycle C operates with superheated steam al a temperature equal to that
of cycle B but with a pressure of 1000 psia. Calculate the efficiencies and exhaust
steam qualitics of the three cycles.

SoLution Using Egs. (2-1) and (2-2), and the steam tables, and refermning to Fig.
2.2, calculations for cycle A arc
hy = 1457.5 Bw/b, s = 1.5269 Buw/(lb,, - °R)

Because the turbine is reversiblé adiabatic, its expansion line is isentropic, or
5 = 5. Thus

32
1.5269

From which quality of turbine exhaust x; = 0.7555
he = Gy + xahgh = 69.73 + 07555 x 1036.1

{5y + X25g)1 puis
0.1326 + x,(1.8455)

852.5 Buvlb,
= 69.73 Buwlb,

-
-
|

0.016136(2500 — i) » i34
778.16

hy — hy = vy(Py — P3) =

il
)

o
]

7.46 Biwlb,,
F
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hy = 69.73 4+ 7.46 = 77.19 Bu/lb,,
1457.5 — 852.5 = 604.98 Buw/lb, i

[}

wp = hy — hy
Awy, = wy — |w,| = 604.98 = 7.46 = 597.52 Bwib,
ga = hy— hy = 14575 = 77.19 = 1380.31 Buw/lh,,
lgxl = hy — h, = 8525 — 69.73 — 782.77 Buw/b,,

A L+ 3.4
g = e 39732 _ g 4309 = 43.29%
ga 1380.31

. 59
AW - 597.52 — 0.9877

WR =
8 Wr 60498

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 eycle that will be discussed in Sec. 2-5.
Cycle E is a nonideal cycle that will be discussed in Sec. 2-7.

INote that cycle C is actually less efficient than cycle B. which prov=s that
superhzat is not beneficial if the upper temperature is limited.

2-5 REHEAT

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

Figures 2-7 and 2-8 show simplificd flow and T-s diagrams of an mtermally
reversible Rankine cycle (i.e.. one with adiabatic reversible turbine and pamp snd no
pressure drops) thut superheats and reheats the vapor.

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

Cycle

A i C D E

Superheat 2500 Superheat 25000 2500/ 1000
Data 250011000  Saturated 100V668 11 1000000 Nonideal
Turbine inlet pressure, psia 2500 2500 1000 2500 2500
Turbine inlet temperature, 'F 1000 66811 B6R. T 1000 1000
Condenser pressure, psia -~ 1 1 1 i i
Inlet steam enthalpy, Buvib, 1457.5 1093.3 13031 | 1457 8§ 1457.5
Exhausi steam enthalpy, Bruwlib, §52.52 688.36 834,44 970.5 1362
Turbine work, Biwlb. 50498 404 94 ARH 66 - TR 54445
Pump work, Buvlb. 7.46 7 44 7 an 746 1152
Net work, Bulb,, 57 52 397.48 465.68 7M. 53296
Heat added, Buvib,, 1380.31 1061.11 1230.39 1635.10 - 1376.25 ©

ust steam quality . 07388 0.5971 0.7381 0.86%4 0.8139

Cycle efficiency, % B & . 3942 37.85 491 38.73
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Figure 2-7 Schemanc of a Rankine cycle with superheat and reheat.

In the reheat cycle. the vapor at | is expanded part of the way in a high-pressure
section of the wrbine to 2, after which it is retuned back to the steam generator,
where it is reheated at constant pressure (1deally) 10 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 hear addition twice: from 6 to | 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

-

Y S ————

il Figure 2-8 T-s diagram of Res-
J L4 s Iine 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 nstead of 4'), which is beneficial for real cycles.

Modern fossil-fueled powerplants employ superheat and at least dne stage of .
reheat. Some employ two. More than two slages, howgver, results in cycle eomplication
and mnereased capital costs that are not justified by improvements in efficiency. Gas-
cooled nuclear-reactor powerplants often employ one stage of reheat. Water-cooled
and sodwm-cooled nucléar-reactor powerplants often employ one stage of rcheat,
except that the steam to be reheated is not returned to the stcam 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 1s sent to a feed waler heater (Scc.
261 Examples of this will be presented in Chaps. 10 and 11,

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

wr = (h, - h;] + {hl =35 ’I,‘]

il = he = hs
d'll'm,1 = ”’I‘L f }l;i) + Uh EE h]) — ”l;, - J'.'{} b (2-4y
ga = Uy = ha) + (he = hi)

2 Woer
Tlm e e

L

The pressure £, at which the steam is reheated affects the cyele efficiency. Figure
2-49 shows the change in cyele efficiency 3n percent as a function of the ratio of reheat
pressure 1o initial pressure Py/Py, for Py = 2500 psia, Ty = 1000°F, and Ty = 1000°F,
7Py = 1.0 s 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 small portion of additional heat is added at high temperature. The efficicncy
improves as the reheat pressure Ps is lowered and reaches a peak at a_pressure ratio
PP, 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 additiort of heat at high lempcramre thus causing the efficicncy to
decrease again, Too low a reheat pressure, in the above case at a pressure ratio of
about 0.025, actually results in a negative Ax, i.e., an efficiency below the case of
o rehear, 'Ihc optimum at a pressure ratio of 0.2 to 0.25, calculated for the above
conditions, aclually holds for most modem powerplants, Figure 2-9 also shows the
value of T, and v, Note that reheat results in drier exhaust steam. Too low a pressure
ratio may even result in superheated exhaust steam, an unfavorable sitwation for con-
denser operation.
A superheat reheat powcrplant is ofien designated by P Ty, in pounds fouce
per squarc uuh absolute and degrees Fahrenheit. The above case, for exampie, 1
2500/1000/1000, whereas a double-reheat plant may be designated, 244:0!1000.‘]025;’
1050. The following example.shows a sample of the calculations conducted for Fig.
2-8, near the opt:mum pressure ratio. ?

¢
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Figure 2-9 Ettect of reheat-toaminal pressure i on efticiency. begh-pressure turbine exat temperature
and low -pressure turbine exit guality. Data for exelte of Fig 27 with amtial steam at 2500 psia and {0OU7F,
and steam reheat o OO0 (2500 1000 1000

Example 2-2 Calculate the efficiency and exhaust steam guality of a 2500 psia
V000PF/ 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 Rct‘;'rring to Fig. 2-8
h, = 1457.5 Buw/lb,, 5y = 1.5269 = 5, > 5, at 500 psia
Therefore point 2 is in the superheat region. By interpolation
Ty = S41.8°F  hy = 1265.6 Buu/lb,

At 500 psia and 1000°F 4

hy = 15203 Bavib, 53 = 1.7371 = 5,
Therefore o= 08694 k. = 970.5 Buslb,,
As in Example 2-1, |w,| = 7.6 Buwlby and hs = 77.19 Buwlb,. Using Eqs,
(2-4) gives
191.5 + 549.8 = 741.7 Buvlb,,

'HJ' -
Aw, = 7417 = 746 = 734.24 Bulb,,
il ga = 13803+ 254.7 = 1635.0 Buwib,,



=%

42 PFOWLRPLANT TECHNOLOGY

734.24
| i = = 04491 = 44914
e ™= 1635.0 _
This cycle is compared with the previous cycles-in Table 2-1. It shows the
highest efficiency aud driest exhaust steam of all in that table. '

2-6 REGENERATION

We have so fur discussed means of reducing the external ireversibility caused by the
heat transfer between the primary fluid and the working fluid beyond the point of
boiling of the latter (point 8, Figs. 2-3 and 2-44). An cxamination of these figures
shows that a great deal of such irreversibility occurs prior to the point of boiling, i.c.,
in the cconomizer section of the steam generator where the temperature differences
between bd and 3-8 are the greatest of all during the entire process of heat addition.
The slope of the primary-fluid temperature line is of less concemn here than in the
boiler section because it has a relatively minor effect on the temperature differences
in the economizer. Hence, all types of powerplants, fossil-fuel, liquid-metal, gas- or
water-cooled nuclear-reactor powerplants, suffer nearly equaully from this irreversibil-
iny.

This irreversibility can be eliminated il the quﬁld 15 added to the steam generator
at B rather than at 3. This can be done by the process of regencration, in which
internal heat is exchanged between the expanding fuid in the turbifie and the com-
pressed fluid before heat addition. A well-known gas eycle that uses regeneration is
the Stirling cycle, shown on the T-s diagram of Fig. 2-10. The ideal Stirling cycle is
composed of heat addition &t constant tcmperature 2-3 and heat rejection at constant
temperature 4- 1. Regeneration or heat exchange occurs reversibly between the constant
volume processes 3-4 and 1-2, i.e., between portions of each curve that are at the
same temperature. This heat exchange does not figure in the cycle efficiency because
it is not obtained from an external source. The areas under 3-4 and 1-2 denoting heat
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 cycle

. 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. .

T

} 4 Flgure 2-10 T-s diagram of Stirling cycle. Regener-
| = . alion occurs between 3-4 and 1-2. Arrows indicate heat
= = “s  exchange.
. s +
<
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Adopting the same procedure to a Rankine cycle, i.e, internal and reversible heat
exchange from the expanding working fluid in the turbine and the fuid in the econ-
omizer section, would necessitate flow and T-5 diagrams as shown in Fig. 2-11 for a
saturated Rankine cycle. The 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.c., with zcro temperature difference) until it enters the steam generator
at B. The steam gencrator would have no economizer and the irreversibility during
heat addition to the economizer would be ehminated. 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 Camot cycle
operating between the same temperature limits. Hence the great need for eliminating
or minimizing the cconomizer ireversibility.

The ideal procedure of Fig. 2-11 is not practically possible. The vapor making
its way through blade passages cannot be made to have adequate heat-transfer surface
between 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 mdisture
content (low quality ) for proper turhine operation and efficiency.

Feedwater Heating

A compromise that would reduce rather than eliminate the economizer irreversibility
15 accomplished by the use of feedwaier heating (the more general term feed hguid
heating that would apply to fluids other than H-0 is seldom used). Feedwater heating
involves normal adiabatic (and ideally also reversible) 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 selecied stages. Heating of the liquid takes place in
heat exchangers called feedwarer heaters. Feedwater heating dates back to the early
1920s, around the same time that steam temperatures reached about 725°F. Modern

i

AA

Boiler 1 i_'
' PO S =

" I % I

. 2 4 3

Figure 2-11 Ideal regeneration of a Rankine cycle.
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large steam powerplants use between five and eight feedwater heating stages. Nonc
15 built without feedwater heating.

Because of the finite number of feedwater heating stages, the liguid 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 ireversibilitics 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:

I. 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
See. 2-B, Their physical design will be described in Chap. 6.

2.7 THE INTERNALLY IRREVERSIBLE RANKINE CYCLE

Internal irreversibility is primarily the result of Auid friction. throttling, and muxang.
The most important of these are the irreversibilities in wrbines and pumps and pressure
losses in heat exchangers. pipes, bends, valves, etc.

In the turbine and puiips, the ssumption of adiabatic flow is still valid because
the flow rates are so large that the izat losses per unit mass is negligible. However,
they are no longer adiabatic reversit's. and the entropy, in both, increases. This is
shown in Fig. 2-12, -

Figure 2-12 A T-s diagram of an
intgmally imeversible superheat
Rankide cycle.
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The entropy increase in the turbine, unlike that in a gas turbine (Fig. 1-8), docs
not result in a temperature increase if exhaust is to the two-phase region, the usual
case. Instead it results in an increase in enthalpy. Thus the ideal expansion, if the
turbine were adiabatic reversible, is 1-2,, but the actual expansion is 1-2. The ire-
versible losses in the turbine are represented by a turbine efficiency called the
turbine polytropic efficiency (and sometimes the adiabatic or isentropic efficiency).
This is not to be confused with the cycle thermal efficiency. 7, is given by the ratio
of the turbine actual work to the ideal, adiabatic reversible work. Hence

- hl — h; 5
T = —__fh 575 (2-3)

Well-designed turbines have high polytropic efficiencics, around 90 percent. 7y usually
increases with turbine size and suffers from moisture in the steam. nr 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. 5. 5
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 1n
entropy. A single-phase (liquid) process, results in an increase in temperature and
enthalpy. Thus the actual work A = fi is greater than the adiabatic reveniblc work
he, — hy. In other words. one pays a penalty for irreversibility: the turbune produces
less work, the pump absorbs more work. The pump irreversibility is alw represented
by a pump efficiency 7. also called a pump polvtropic efficiency (@nd semilimes
adiabatic or isentropic efficiency). 7, is given by the ratio ol the weil work o the
actual work, the reverse of that for the turbine. Thus

hy, = hs : ;
= — fi-ty
G  2-6)

In both Egs. (2-5) and (2-6)., the smaller quantity is in the numerator. The acinal pum?n
work may now be obtained by modifying Eq. (2-6) to : '

Ry = kJ'__- wPy — Pii (z-7)
L ™ 5=

The liquid leaving the pump must be at a higher pressure than at the rurhine intet
because of the friction drops in heat exchangers, feedwater heaters, pipacs, bends,
valves, etc. Thus P, represents the exit pump pressure, P, iepresents the turbine inlet
pressure, and Ps represents the steam-generator exit pressume. The steam keaves the
generator at 5 and enters the turbine at 1. The path 5-1 is the result of the combines
effects of friction and heat losses. Point §' at pressure Fy repiescine ssuiias Loeias

" in the pipe connecting steam generator and turbine, including tuipine Wmviuc vaive,
_if any. Heat losscs from that pipe cause 8 decrease in entropy o 1. Pressure Josses
> between 4jmd 1 could be of the order of a few hundred pounds force per square inch.

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

SoLvnion Refeering to Fig. 2-12

h, = 1457.5 hy, = 852.52 Buw/'lb, (as in Example 2-1)
mhy = hy) = 0.9 x 604.98 = 544.48 Buu/lb,,

Wy =
Therefore hy = hy = wp = 913.02 Bu/lb,,
At 1 psia 913.02 = 69.73 + x:(1036.1)
sLox= 08139
' Py = Py + 200 = 2700 psia

ks i v(Py = Py) _ 0.016136(2700 —.1) x 144

R My 778 x 0.7

= 11.52 Bru/lb,,
hy = hy + |w,] = 69.73 + 11.52 = B1.25 Bu/lb,, .
Awe = wy — |wy| = 532.96 Bruib,,

ga = hy — hy = 137625

Therefore = et 47 = 38,73
4a

Thus the internal irreversibilities have resulted in reducing the cycle efficiency
from 4220 percent (Example 2-1) to 38.73 percent, but in an incredse 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.

2-8 OPEN OR DIRECT-CONTACT FEEDWATER HEATERS

In the opei- or direct-contact-type of fecdwater heater the extraction steam is mixed
directly with yhe incoming subcooled feedwater to produce saturated water at the
extraction steam pressure. Figure 2-13a and b shows a schematic flow diagram, and
_ the correspanding T-s5 diagram for a Rankine cycle using, for simplicity of illustration,
0 such feedwater heaters, one low-pressure and one high-pressure (normally osc
Upcitype feedwater heater and between four and sevan giher healers arc wseu i
medidl L. powerplante). ‘The physical construction of such a feedwater heater js
covered in Chap” 7. A typical open-type feedwater heater is shown in Fig. 6-15.
Ihe conilensate water leavgs the condenser saturated at 5 and is pumped to 6 to

4
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Seamn —I

prrctalor |

| =

Figure 2-13 Schematic fiow and

T-s diagrams of a nonideal su-
s perheat Rankine eycle with two
th : ! open-ype feedwater heaters.

a pressure equal to that of the extraction steam at 3. Thc now-sutczcled warer at 6
and wel steam at 3 mix in the low-pressure feedwater heater to produce saturated water
at 7. Thus the amount of bled steam s, 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. I it were more. it would result in unneccssary loss of iurbine 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 drop
is encounteied.) The difference between it and the saiuralcd lu}md line 5-7 »s exag-
gerated for illustration purpm

The pressure a8 67 can bc "o ﬂlgucl (ail (he extraction steam pressure at 3 (or
else réverse 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 spbeooled condition

- a

& - &
£
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at 8, which i1s 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
al ils pressure.

Because the extracted steam, at 2 or 3, loses a large amount of encrgy, roughly
cqual to its latent heat of vaporization, while water, at 6 or 8, gains sensible heat, the,
amount of extracted stcam m, or ity 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 guantity, highest between 1 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 deaerators because the breakup of
water in the mixing process helps increase the surface area and liberates noncondensible
gases (such as air, Q.. H;, 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 a mass balance and an
encrgy balance must be considered. The mass balance, based on a unit-flow rate (1
Ib,/1: or kg/s) at throttle (point 1) is given, clockwise, by

- .

Mass flow between | and 2 = |

T  Mass Mlow berween 2 and 9 = m;
Mass flow between 2 and 3 = | -
Mass flow between 3 and 7 = m, (2-8)
Mass flow between 4 and 7 = | = s — m,y

Mass flow between 7and 9 = | = m,

Mass flow between 9 and 1 = | . J

where ri1; and rity are small fractions of 1. Energy balances are now done on the high-
ar! low-pressure feedwater heaters, respectively

mylhy — hg) = (1 — m;)hy — hy) (2-9)
and mylhy = hy) = (1 — riy = maiths = hy) (2-10)

where b 1c 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, my and sy, if
e pressuses at which steam is bled from the turbine (Sec. 2-13), and therefore the
eathalpics, are all known. For any number of feedwater heaters there will be as
many squations as there are unknowns, so solutions are always possible Alarge num-
U¢ Gi recawater heales would, of course, require the solution of an equal number
ot simultaneous linear zlgsbrzic equetions ca a digial competer The pertinent
cycle parameters are now obtained, as encrgy per unit mass-flow raie at turbine inlet
- (point 1) :

.
- o
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Heat added g = (hy = hy) \
Torbine work w, = (h, = ) + (1 = m2) th: - hy)
b= oms = omathy = b
Puinp work [Sw,] = (1 = iy = mthy = ha) = (1 ~ nea)lhg — hs)
¥ U= hV'= (1 = sy — aig) Y206 = Ps)
.

vi{Py — F3) N wiP — Py)

+ 1l = my)— (2-11)

n.J et
Heat rejected [quf = (1 — my — mythe — hy)
Net excle work Awne = wy — ||

A Wiee

Cyele thermal efficiency ny =
Ga

Wi
Work ratio WK = =
Wy

where 7 is the purap efficiency and J = 778.16 [t-1b/Btu

Example 24 An 1deal Rankine cycle operates between 2500 psia and 1000°F at
throzile and | psia in the condenser. One open-type feedwater heater is placed at
200 paii Assuming 1 Ib,/h flow at wrbine throtile and no fow pressure drops.
celeulate the mass-flow rate in the heater and the pertinent parameters for the eycle
and compaie them with those of the eycle in Example 2-1, which has the same

conditions except that no feedwater heater was used.

SoLuTion Relerring to Fig. 2-14 and the steam tables
hy = 14575 Bulb,, 5 = 15269 Buw/(lb,, * °F)

At 200 psia
53 = 5 = 1.5269 = 0.5438 + x(1.0016)

Therefore
Cx; = 0.9815 hy = 3555 + 0.9815 (842.8) = 1182.7 Bu/lb, -

At | psia
vyo= 3 = 15269 = (.1326 + ny{].B455)
Tl.'ub-

xy = 0.7555 hy = €9.73 + 0.7555(1036.1) = 852.2 Bwilb,, -
hy = 69.73 Bru/lb,, vy = 0.016136 ft'ilb,, :
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/4

l':lgure 2-14 7T-5 diagram for Ex-

h,,

[

0.016136 x (200 — 1) ¥ 144

5 ample 2-4

= 6973 + .59

= 69.73 +

= 70.32 Buw/Ib,,

778.16

= 355.5 Bw/lb,, ve = Q01839 ft' b,
(2500 — 2001 = 144

= 355.5 + 0.01839 +

= 363.3 Bw/lb,,

e = 3858 ¥ 143,

mylhy — hg) = (1_— mWhg — hs)

Cmy(1182.7 — 355

-5)

. Pi‘l:

W

It

I

(1 = my)(355.5 — 70.32)
0.2564

(.’h = k;) + l:i s m;hﬂ; TF- Jl‘;j
(1457.5 — 1182.7) + (1 - 0.2564)(1182.7 — 852.5)
274.77 + 245.57 = 520.34 Bwlb,,

JSH'.,,I = (] —_flﬂz)(hg = )‘h] T {h; =23 hﬁ)
= (1 = 0.2564)0.59 + 7.83} = 8.27 Buw/ib,

Awne = wr — [Sw] = 52034 - 837 = 512.07 Ruwib,

g4 = fh Iy

- 45735

Jura = (U942 Buwib.

lgal = (1 = Fz)thy — hy) = (1 - 0.2564)(852.5 — 69.73) -

= 582.1 Bu/lb,,
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Mwer  512.07

Ty = =

{IF;'I."»; = (0,468 = 468%
Ga 4.2

. 512,07
WR = Weer _ 3 = (.984
Wy 520034

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 4t 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 nct work. resulting 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 lutde increase in efficiency but adds complications and increased capital
costs and thus diminishes retums.

As seen above, open feedwater heaters require, in addition to the condensate
pump, as many additional puiaps as there are feedwater heaters. Each of these pumps
carries nearly full flow, or mare accurately full flow minus the bled stcam following
it. For example, pump 7-8 (Fig 2-13) carries (| rit;) Ih/th, 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-lype
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
arc used and degassing is done clsewhere ) Other feedwater heaters in the system are
therefore of the closed type.

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

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 cither type), feedwater passes through the
tubes, and the bled steam, on the shell side; transfers its encrgy 1o 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 [cedwater goes through the tubes
in successive closed feedwater heaters, #4623 not mix with bled sicaii and thereiure
can be pressurized only once by tie fisi condensaic pump, which then.doubles as a
boiler feed pump, théugh often there is one condensate pump and a beiler feed pump
placed downstream to reduce the pressure rise in each pump. A boiler focd pump is

= automatically required and placed after the deacrating heater if one is used in the plant.
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Figure 2-15 shows a simplified flow diagram and corresponding T-s diagram of
2 nonideal superhcat Rankine cycle showing, for simplicity, two fecdwater 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 gencrator 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 cach feedwater heater, it cannot, of course,

Steam
generator

3
ib)

Flgure 2.15 Schematic flow and T-s diagrams of a nonideal superheat Rankine cycle with two
closed-type feedwater heaters with drains cascaded backward, s 285
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accumulate there and must be removed and fed back to the system. In this type of
feedwater 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 lower-pressurc heaters; hence, the name of this type of feedwater heater,

Again starting with the low-pressure feedwater heater, wet steam at 3 is admitted
and transfers its energy to high-pressure subcooled water at 6. The events in that heater
can be represented by the temperature-length diagram shown in Fig. 2-16a. The water
exit temperature at 7 cannot reach the inlet bled steam temperature at 3, A dilference
called the terminal temperature difference (TTD, sometimes simply TD) is defined
for all closed feedwater heaters as
TTD = satration 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 reccive wel 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 economically. Too large a value would hurt cycele efficiency
In 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,
Frocess 9-10 1s a throttling process and hence 1s a constant enthalpy one.

a “A closed feedwater heater that receives saturated or wet steam 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 heator receives
superheated steam bled from the turbine at 2 that flows on u= she'! side at the rate
m, and transfers its energy to subcooled liquid entering the tubes at 7. The events

S e 2
9 . 3 & Cﬂ __M_L

Lorii 1 Lottt ioorg
fa) (b) (]

Flgure 2-16 Temperature<nthalpy diagrams of (a) and (b) low-pressure and (c) high-pressure feedwater
beaters of Fig. 2-15. TID = terminal temperature difference, DS = desuperbicator, © = condenser,

DC = dnin cooler. i "



84 POWERFLANT TECHNOLOGY

there are shown by the temperature-path length diagram in Fig. 2-16¢. Note here that
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 ncgative. The TTD values for hlgh-pmsun: heaters, Ihcn:forc range
between 0 and — $°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).

Condenser .
Condenser, drain cooler P
Desuperheater, condenser, drain cooler

Desuperheater, condenser

B B e

=

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; + sty 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 bascd on, a
unit-flow rate at wrbine inlet, point 1, is given, clockwise, by

Mass flow between L and 2 = | 4 ] ¢
Mass flow between 2 and 3 = | — s,

Mass flow between 3 and 10 = 1 = i, — niny

Mass flow between 10and 1 =1 v ¥ (2-13)
iMass flow between 2and 12 = m

Mass flow between 3and 12 = my

Mass flow between 12 and 10 = m; + my )

. The energy b.:lzmc:s on the high- and low- pressure heaters are now given, re-
spcrlwtly by

. »
mylhy = i) = hy — by (2-14)
aml mathy = h) + :ir.fh,z = ha) = h; — hy (2-15)

Rccallmg that a throllllng proccss is a constant enthalpy proccss so !hal
Ma=hy oand ko =k
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.

and knowing the pressurcs at which steam is bled from the turbine (Sec. 2-13) so that
the enthalpies in Egs. (2-14) and (2-15) are all known, we again have two equations
and two unknowns, #1; and #1,. Or, in general, we will have as many equations as
there are unknowns making a solution possible. The pertinent cycle parumeters are
now obtained, again as encrgy per unit mass flow rate al turbine inlet (point 1)

Heat added g4 = hy — by * \
Turbine work wy = (hy = hy) + (1 = mihy = hy)
+ “ - f’i‘l_« Ly f'i'f_';)(-bj e ha.‘
(Py, — P
Pump work fu},t = hy — hy = i‘——n—-J—d
Tl (2-16)

Hear rejected |gal = (1 — my — mythe = hs) + (A1, + my)lhyg — hy)
Net cycle work Awpe = wr — |
Qv

Ga

Cycle thermal efficiency g =
A“IMK

Wy

Work ratio WR =

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 | psia, Use TTD = 5°F. The heater has a drain cooler
resulting in DC (drain cooler temperature difference) = 10°F.

SoruTioN Referring to Fig. 2-17, the cmhalpm all in Buw/lb,, found by the
usual procedure are
b= 15054  hy = 12286  hy= 92331  hy = 69.73  hy = 2985
hy = hy + vilPs — P) = 69.73 + 298 = 72.71 corresponding w 104.72°F
For TTD = 5°F
fs = 1, — 5 = 327.82 - 5 = 322.82°F

Thercfore -
) h, = 293.36 {by mterpolation)

For DC = 10°F . .
t=ts+ 10 = 10472 + 10 = 114.72°F

Thus h; = 82.69 (v interpoltion)

malhs — he) = ha = hy "

393,36 = 72,71
38— = (. :
e T

-
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wr = (h — h) + (1 = m)hy — hy)

(1505.4 — 1228.6) + (1 = 0.1926)(1228.6 — 923.31)
276.8 + 246.49 = 523.29 !
|w,] = (hy — hy) = 2.98

Awi, = 52031
ga = hy — he = 1505.4 — 293.36 = 1212.04

anl = (1 - ’5'31)(&.1 - h) + fhz(hq - hy)
= 689.18 + 2.50 = 691.68

520.31 :

e = 0.4293 = 42.93%

Tleycle 1212.04 0 293
Aw,, 520.31

WR = —= = = 0.9943"
wr 523.29 e

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 thé reduction in work
but the improvement in mg over the cycle with no feedwater heating. As stated for
the open feedwater heaters, this improvement increases with the number of fecdwater
heaters until increases in complexity and capital cost make the addition of further
heaters, beyond about seven or eight, unprofitable.

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  Particulars Awan g & sl WH

A No superheat; no fwh? 413.1m 112019 3693 706 49 0.9928

B Superheat. no fwh 579.11 1432 69 4042 _351.53 0 s

C Superhear, one open fuh 5193 1203 95 43.13 685.25 0.9939

n Superheat, one clused fwh, drains 520.31 121204 4297 69168 0694
cascaded, DC ;

E Seperhent, one closed fwh, drains 529 85 1245 63 4254 71573 0.9945
pumped, DC

F Superheat, ane closed Pwh; drains 520.59 121048 4301 689.95 0.9943
pamped, no DC

G Superheat, rcheat; one open fuh 641 59 1447 4 4433 £05. 83 0.9951

H Superheal, reheat; two clased fwh; 609,83 1351.0 45.14 721.62 0.9952
draims cascaded

1 Supercritical, double reffeat, no B61 93 183092 47.05 469.97 0 9880

fwh, 3500/ 1000.1025/1050

o All values in Brulba; all examples, except for cycle A which 15 sarurated, and eycle J, at 1000 psia/
1000°F. Al at 1 psia condenser pressure.
t fwh - fecdwater heater

Although this type of feedwater heater s the mMost COMMER, 1 causes some loss
of availability because of throttling and, 1o a lesser extent, heat transfer.

2-10 CLOSED-TYPE FEEDWATER Hi":ATERS WITH DRAINS
PUMPED FORWARD

_This sccond closed-type feedwater heater avoids throttling but at the expensc i som?
added complexity because of the inclusion of a small pump. It also allows seme
flexihility to the plant eyele designer who prefers a mix of feedwater heater types that
would be deemed most suitable.

As witn the previous closed-type feedwater heater, it is 2 shell-and-tube heut
exchanger 1a 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 pressenized only once, although a deacrating heater followed by boiler feed
pump are usually inserted into the system.

The drain from this typie of heater, instead of being cascaded backward, is pumped
forward into the main feedwater line. Figure 2-18 shows a simplificd flow diagrarm
and corresponding T-s diagram for a nonideal supcrheat Rankine cycle showing, for
sienplicity, two heaters of this type. Although this system requires one additional pusip
per heater, it differs from the system using open-type jeedwater heaters in dial di
pumps this time are small gnd, rather than nearly full feedwater flow, carry, Gny
fractional flows corresponding to the bled steam s, and .

& " a
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Figure 2-18 Schematic flow and T-s diagrams of nonideal superheat Rankine cyclc with two
closed-type feedwater heaters with drains pumped forward.

Starting wish the low-pressure heater, the drain at 13 is pumped forward to the
main feadusicr line, cniers i al 14, and mixes with the exit water from that heater at
7, fesuiag in a mixture at 8. Poini 8 is closer (o 7 than 14 on the T-s. dlagrarn because
the main feedwater flow at 7 is greater than the drain flow ;.

The water at 8 enters the high-pressure heater and is beated (0 9. The drain Isaves

A
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the heater at 11, is pumped o 12, and mixes with the feedwardr at 9, resulting in full

feedwater flow at

10 which now goes to the stcam generator.

A mass balance, based on a umt mass-flow rate at turbine inlet, point 1, is given,
clockwise, on the T-5 diagram by

Mass flow between 1 and 2 = 1

Muass fTow between 2 and 12 = miy
Mass flow between 2 and 3 = | — m,
Mass flow between 3 and 14 = rhy

Mass flow between 3and 7 = | — sty — ity

« Mass flow at 14 = My
Mass flow betweerBand 9 = | = 1,
Mass flow at 12 = Ih3

Mass flow between [0 and | = |

r (2-17)

The cnergy balunces on the high- and low-pressure heaters are given. respectifely, by

and

msths — hy) =10 — maollh, = he)

mthy — k) =t my — mthy — k)

t2-18)

(2.1

The values of Ay and iy we obtaned from the temperatures & and ¢, which are
equal to the saturation temperature of the steam in cach heater minus ity termunal
temperature difference or

g =1y — TTD hp heater

and ty = s — TTD Ip heater

{2-20a)

12-208)

hio. needed for ga, and Aig: to be used in Eq. (2-18), arc obtained from £y and A,

respectively. The Fatter are given by

" Thus -

and
The turbine work

- P""F“
hip = by + 't‘nl*—
[
PH'_PIJ
P

.kln = Fh'_‘h}: + (1l - ’ﬂ_‘}hv

hyy = hyy + iy

(l = J'j'l_w]h; = ’i"\h“ + (1 — fi"'; = fh_;"h?

wr = (hy = ha) + (1 = mfths = hy) + (1 = Bz = my)ihy =

-

12-2la)

(7-215)
(2-224)

(2-23b)

by (2-23)
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Pump work [Ew,| = (1 = s, — my)hy — hy) + my(hie = his) + by = hyy)

(2-24)

Heat added g, = h, — hy ' a2s)

Thermal efficiency ny, = “T—;E—“"’—I - (2-26).
A

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

SOLUTION Refer to Fig. 2-19. hy, hy, hy, h,, hs, he. hy are all the same as in

Example 2-5

(Py — P) x 144 _ (1000 — 100) x 144
e = 298.5 + 0.017740 2

= 298.5 + 2.95 = 301.45 Bu/lb,,
- hg (as betore) = 293 36 Br/lh,,
mylhy — hy) = (1 = madhe — hs)

}!'=}!7+V?

my(1228.6 — 298.5) = (1 — m;)(293.36 — 72.71)
somy = 01917
ho = rzhy + (1 = righhy = 57.79 + 237.12 = 294.91 Buvlb,

Figure 2-19 7-5 diagram of Ex-
s ample 2-6. :

@

& - e F
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Wr = (hl = 'h.!) + {I == m.‘}(h} e hj) = 2768 + 246.77
523.57 Buvlb,,

Nwp = (1 = maths — hy) + ke — hy) = 2.41 + 0.57
= 298 Buvlb,
AW, = 520.59 Buib,,
ga = hy = hyo = 1505.4 - 294.92 = 1210.48 Buw/lb,,
lgs] = (1 = mndthy — kg = 689.95 Bulb,,

. 0.4301 = 43.01%
ke R e o
520.59
= = (0.9943
523.57

This example is listed as cy.clc F in Table 2-2.

As indicated earlier, the type of Closed feedwater heatér that has drains pumped
forward avoids the loss of avalability 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-capacily one because ils
flow is only that of the bled steam being condensed in the heater. It must however
pressurize 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
pnmary heat source or from a higher pressure feedwater heater. Compare cycle F in
Table 2-2 with cycle £, which is identical except that there is a drain cooler with DC
= 10°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 tvpe depends upop many factors including
_ designer optimization snd preference, practical considerations, cost, and so vn, and
one secs a varety of cycledesigns. There are, “however, featurcs that arc rather
common.
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1. One open-type feedwater heater, which doubles as a deaerator and is thus called
the DA (deacrating) heater, is used in fossil-fucled powerplanis, It is not yet the
practice to use it in water-cooled-and-moderated nuclear powerplants because of
the concem regarding radiouctivity release with deacration. This type of heater is
usually placed near the middle of the feedwater system, where the temperature is
most conducive to the release of noncondensables.

2. The closed-type feedwater heater with drains cascaded backward 1s the most com-
mon type, used both before and after the DA heater, It usually has integral desu-
perheating and drain cooler sections in the high-pressure stages but no superheating
section in the very low-pressure stages because the bled steam is saturated or wet.
A scparate 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
line, as indicated above. Occasionally one encounters one more feedwater of this
type at a higher-pressure stape.

Tablc 2-2 15 a compilation of the results of calculations similar 10 and including
those in the previous examples. They all have 1000 psia. 1000°F steam at turbine
inlet, except for cycle A which is saturated. Cyceles G and H have reheat to 1000°F.
Cycles A, 8. and 1 have no feedwater heaters. The rest hive one feedwater of various =
types except for cycle A, which has two. All cycles are ideal. meaning that they are
internally reversible with adiabatc reversible turbines and pumps.

Comparisen shows large efhaiency increases as a result of superheat. reheat, and
the use of cven one feedwater heater. The differences between different types of
feedwater heaters are small. 1115 1o be noted, however, that even a fracuon of a percent
difference in efficiency can mean a very large difference in annual fucl 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 cfficiency also mean differences in
plant size (heat exchangers, etc.) for a given plant output and hence differences in
capital cost. Although the cycles summanzed 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 How 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-rotations (not all to be found in Fig. 2-20), such as

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

BFP Boiler feed pump

De Drain cooler terminal temperaiure difference (Fig. 2-160 and ¢),
. : =

EL . Exhaust loss, Buvib,, ) .

ELEP .+ Expansion line end;point enthalpy, Buu/lb,, '

" h Enthalpy, Bulb,, . 7
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P Pressure, psia

RHTR Reheater

SGFP 3 Steam generator feed pump

SJAE ; Steam-jet air ejector condenser ¢
SPE Steam packing exhaust condenser "
SSR Steam seal regulator .

TDor TTD Terminal temperature difference (Fig. 2-16), °F
UEEP Used energy end point, Buwlb,,

# Mass-flow rate, Ib,/h

2-12 EFFICIENCY AND HEAT RATE

In the thermodynamic analysis of cycles and powerplants, the thermal efficiency 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
tie turbine-generator. This is the work or power, MW gross, produced before power
15 tapped for the internal 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 ner efficiency is calculated based on

Turbine Gross  Net
work work  work
3 | | |
b3 Turb Electric
L urbine generator N
Heat > Steam [
sdded B i" generator . -
>
S
1
Condenser = "‘."I
rejected
To fuel . T
and Pump
“pimern { 2
Lutem To
. auxiliari=s . To
\ ol \ EF'-”TIS"

i‘l_lurr 2-21 Schematic of a powerplant showing turbine, gross and pet work.
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the net work or power of the plant, i.c., the gross power minus the tapped power,
above, or the power leaving at the station bus bars

Powerplant designers and operators are interested in cefficiency as a measure of
the cconomy of the powerplant because it affects capital, fuel, and operating costs,
They use in addition another paramcter that more readily reflects the fuel econamies.
That parameter is called a heat rate (HR), It is the amount of heat added, usually in
Btu. to produce a unit amount of work, usually in kilowatt hours (kWh). Hear rate
thus has the units BawkWh. The HR is inversely proportional to the efficiency, and
hence the lower its value, the better. There are vanous heat rates comesponding to the
work used in the denominator. For example

heat added to cycle, Biu
net cycle work kWh

Net eyele HR =

rate of heat added to cycle, Bw'h
net cycle power, kW

rate of heat added to cycle, Buwh
turbine power putput, kKW

Gross cycle HR =

rate of heat added to steam generator, Buwh
net station power, KW

Net station HR =

rate of heat added 1o steam generator, Btuth

Gross station HR - -
gross turbine-generator power, kW

and there are as many thermal efficiencies as there are heat rates. Because | kWh =
3412 Btu, the heat rate of any kind is related to the corresponding thermal efficiency
by

HR = — . (220

Example 2-7 A coal-fired powerplant has a turbine-generator rated at j00U 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 Bt/
Ib,., and the steam generator efficiency is 86 percent. Calculate the gross station,
net station, and the net steam cycle heat rates. ‘

SOLUTION

!
Pate of coal humed = 9800 x 2000
24

= B16.667 Ib./h

, 816,667 x 11,500
Gross station HR = T 1000 X 1000, = 0391.67 BiwkWh

Station net power output = (1 — 0.9) x-1000 = 919 MW

-



66 POWLRPLANT TECHNOLOGY
816,667 x 11,500
910 x 1000
816,667 x 11,500 x 0.86
8.07683 x 10° Buwh
8.07683 x 10°

Net station HR = = 10,320.5 BiwkWh

I

Heat added to steam generator

Net steam cycle HR = = B875.64 BrwkWh

0.91 x 10
The corresponding thermal efficiencies are
G ation cfficiency = L = 36.33%
ross station cfficiency = 9391 67 _ 0¥
£ s .
Net station efficiency = Kln—o-; = 33.06%
; 3412
Net cycle efficiency = 3875 64 38.44%

When the efficiercy and heat rate of a powerplant are quoted without specincation,
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 Bruw/kWh. Usually large modern
and efficient powerplants have values less than 10,000, while older plants. gas-turbine
plants, and altémative power systems such as solar, geothermal, and others, exceed
this value,

Figure 2-22, originally published in 1954 [9], contains a history of sieam 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 marerials 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 500C psig/
1200°F/1050°F/1050°F (about 345 bar, 650°C/565°C/565°C). Its actual operation was
a 4700 psig and 1 130°F turbine 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 commen steam
conditions remain at 2400 to 3500 psia (165 to 240 bar) and 1000 1o 1050°F (540 to
£65°C). The 1960s and 1970s saw little improvements because there was no motivation
3 iower haat retas with the then-cheap fossil fuels and the advent of nuclear power
in1act, recent years have seen arise in heat rates as a result of environmentsl restactions
on cooling and the increased use df devices to reduce the environmental impact of
power generation (cooling towers, clectrostatic precipitators, desulfurization, eic.). :

Figure 2-22, however, comrectly predicts advancefnents such as single and doubie
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Figure_2-22 The evolution of the steam cycle as predicted w 1954 [9].

reheat and combined gas-turbine-steam-turbine cycles (Sec. 8-10). An advanced 173-
MW plant design utilizing double reheat, supercritical steam at 4500 psig/1 100/1020/
10S0°F (310 bar, 593/565/565°C), 10 feedwater heaters, and other novel featurss end
yielding a heat rate of 8335 BuwkWh, has recently been proposed [16].

2-13 THE PLACEMENT OF FEEDWATER HEATERS

A natural question arises as to where 1o place the feedwater heaters (of any kied) in
the cycle. In other words: What are the pressurcs at which steam is to be bleo {rom
the turbine that will result in the maximum increase in efficiency (or maximum red:stion
*in heat rate)? It is expcclcd that the answer to this question can be obtained mosi
accurately by a complete optimization of the cycle, a job that entails large, complex,
. and usually not readily available computer programs. .
There is, however, a simple answer based on physical rcasoning  As indicated
previousiv. the role of feedwater heaters is {o briag dic lempraluse O wie itawan
_us close as possible to that of the steam generater before the fcedwater enters that
steam generator. If we were to assume first for simplicity that only one feedwater
heater (the type |§ pot.important for this discussion) is to be used, we may consider
pracmg it in positipns 1, 2, of 3 with respect to the cycle (Fig. 2-23). In position 1
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Figure 2-23 One feedwater heater
5 in three possible positions.

we see that heat transfers to the feedwater are caused by ATy, and AT, ¢, where 7,
and Te- arc the boiler and condenser temperatures, respectively. In position 3 the
corresponding heat transfers are the result of Ty = Tyand Ty - Te. Itis obvious that
in both these cases one of these AT's is very laige. The one position that would
mimmize both temperature differences is in the middlc, position 2, where 7, - T,
= T3 = T¢. Thus the optimum, from an cificiency point of view, of the pressure at
which the one feedwater heater is to be placed is obtained by finding the temperarure
that is half way between T, # and T¢ and then obtaining the saruration 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 7,.

If two feedwater heaters are to be used, the optimurm placement is at temperatures
that would divide Ty — 7 into three equal parts. In general, then, for n feedwater
heaters (Fig. 2-24), the optimum temperature ise per heater would be given by

1o Ts = Tc
Ao = ~2— ; (2-28)

Example 2-8 The Rankine cytle shown in Fig. 2-24 has an ideal turbine that
operates between 1000 psia and 1000°F, and | 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 )

Ta = SU.S8°F T = IOLMF 5, = 16530

58 - 10174
o arg = B O a0

# .
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The low-pressure heater
T; = Te + AT = 101.74 +.55.36
= 157.10°F, comesponding to P, = 4.422 psia

Because 5, at Py = 1.806 > 5, the bled steam to heater 7 is, as expected, in the
two-phase region, for which

s 5 = L6330 = (5 + Xo3g)iar pa
= 0.2266 + x4(1.6277)
IThus x, = 0.876-
and h, = 12505 + 0.876 x 1003.9 = 1004.5 Brwlb,

The high-pressure heater

Ty = Tp — AT, = 544.58 — 55.36
= 489.22°F, corresponding to P, = 617.04 psia

Because at P, 5, = 1.4433 < 5, the bled Steam to heater | is superheated. The
inlet temperature, found by interpolation from the steam tables, is 850.0°F with
a degree bf superheat of 360.8°F, corresponding to an enthalpy of 1435.05 Brw/
Ib,.. i 3

: Heater 1, the hign-pressure heater, vcceives highly superheated steam and
thus would pe constructed with a desuperheater zone, a condencing zone, zad
most likely, a arain 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. -1t will have a condensing section and may not have an integral

¥ .
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-

drain cooler. 1f not, its drain may be cascaded to the condenser either directly or
via a separate drain cooler, or it may be pumped forward into the feedwater line.

The temperatures, pressurc’s, and inlet conditions of the other five feedwater heaters
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 parueters. IT the turbine in Example 2-8 were not ideal, the
exact turbine expansion line must first be determined in order to find the bled steam
ket wemperatures and enthalpies. Here the use of the Mollicr diagram may be more
useful than the T-s diagram.

[t 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 total
feedwater temperature rise (above the condenser temperature) for a saturated internally
reversible steam cycle operating between 1000 and 1 psia, corresponding to saturation
temperatures of 534.58°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, , {

It can be seen, as expected. that the curve for a single feedwater heater peaks at
a temperature tise hallway between the above saturation temperatures; 1.¢ . it peaks
gl AT of 0.5(544 55 =" 101,74, or about 222°F. For two feedwaler 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 cffect 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 deacrating heater for best deacration 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.

16
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2-14 THE SUPERCRITICAL-PRESSURE CYCLE

In Fig. 2-26 the feedwater is pressurized at 8 to a pressure beyond the cntical pressure
of the vapor (3208 psia for stcam). The feedwater heating curve shows a gradual
change in temperature and density but not in phase 1o the steam temperaturc at 1.
Such heating can be made to be closer to the heat source temperature than a subcritical
cycle with the same steam temperature that shows an abrupt change in lemperature
within the two-phase region. Looking at it another way, the supercritical-pressure cycle
receives more of 1ts heat at higher temperatures than a subcritical cycle with the same
turbine inlet sieam lemperature.

Because of the gradual change in density, supercritical-pressure cycles use once-
through steam generators instead of the more common drum-type steam gencralors

" (Chap. 3).

A disadvantage 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 turbine. 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 becaue
of the much lower pressures in them.

: _10S0°F
1025°F

- N Figure 2-26 T-s diagram of an ideal .
supercritical, double-reheat 3500/
-+ 1000/1025/1050 steam cycle. °
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Example 2-9 Calculate the net work, heat added, efficiency, and work ratio of
an intemally reversible supereritical double-reheat 3500/1000/1025/1050 cycle.
Reheats occur at 800 and 200 psia. Condensing 1s at | psia. '

’
SoLuTioN Relerning to Fig. 2-26 and the steam tables with A values in Bwlb,,
and s values in Bru/(lb,, * °R) :
h = 14222 5= 1.4709

52 = 1.4709 hs = 1254.5

hy, = 1525.3 5y = 1.69015
Soo= 169015 h, = 163363
hs = 1555.4 ss = 1.8603

5o = 1.8603 0.936 h, = 1039.7

h‘j = 69‘?3
.
; 36(3 - b)lad
he = 69.73 4 m—l-}—q[—ﬂ = = 69.73 + 1045 = B0.18
778.16 -
Av = (1422,20 — 254.5) + (1525.3 - 1336.3)

¢ (15554 — 1039.7) — 10.45
= 167.7 + 189 + 515.7 — 10.45
= 8724 - 1045 = 861.95 Buulb,
gr = l_‘h = hy) + (hy — hy) + (hs — k)
= 1342.02 + 270.8 + 219.3 = 1831.92 Bulb,

Therefore
861.95
B
861.95
= m—— 0
e P T

. The efficiency, of course, would be further improw:a by the addition of fecdwater
heaters. This example is listed as cycle 7 in Table 2-2.

~2-15 Cogeperation

Cogeneration is the simultancous gencration of clectricity and steam (or heat) in a
? single pow;rp]am. It has long been used by industries and municipalities that need

L -
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process steam (or heat) as well as electricity. Examples are chemical industnies, paper
mills, and places that use district heating. Cogeneration is not usually used by large
utilitics which tend to produce electricity only. Cogeneration is advisable for industnies
and municipalities if they can produce clectricity cheaper, or more conveniently, than
that brought from a utility.

From an energy resource point of view, cogeneration is beneficial only if it saves
primary energy when compared with separate generation of electricity and steam (or
heat). The cogeneration plant efficiency m,, is given by

Neo = E%Aii’ (2-29)
where £ = electnic energy generated
AH, = heat energy. or'heat energy in process steam
= (enthalpy of steam entering the process)
— (enthalpy of process condensate returning to plant}
@+ = heat added to plant (in coal, nuclear fuel, etc.)

For separate gencration of clectricity and stcam, the heat added per unit rotal
energy output is

L {1-e)
e n
where ¢ = electnical fraction of total energy output = - £
(E+AH)

n. = electric plant efficiency
n, = steam (or heat) generator efficiency

I

The combined efficiency 0. for separate generation is therefore given by
i 1
(e/me) +[(1 =€)/

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

7 {2:30)

Types of Cogeneration
There are two broad categories of cogeneration:

I. The topping cycie, in which primary heat at the higher winperare end o1 e
Rankine cycle 1s 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 cither (a) extracted from the turbine at an inter-

" mediate stage, much as for feedwater heating, or (b) taken at the tusbine 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.
. The bottoming cycle, in which primary heat is used at high temperatare directly
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 eyele thus has o
combined cfliciency that most certainly lics below that given by Eq. (2-30), and
therefore is of litle thermodynamic or economic interest.
Only the topping cycle, therefore, can provide true savings in primary cnergy.

In addition, most process applications require low grade (temperature, availability)

steam. Such steam is conveniently produced in a topping cycle. There are several

arrangements for cagencration in a topping cycle. Some are:

(@) Steam-clectric powerplant with a back-pressure wrbine,

() Steam-clectric 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 sieam-gas-turbine cycle powerplant (Secs. 8-8 and 8-9). The steam
turbine is citier of the back-pressure type (a) or of the extraction-condensing
type (£), 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 () is most suitable
only when the clectric demand is high, about comparable to the heat demand or higher,
though ity range is wider with an extraction-condensing stcam {urbine than with a
back-pressure turbine. The pas-turbine cyele (¢) lies in between. Only the extraction-
condensing plant (b) is suitable over a wide range of ratios.

Turbine - Generator
- Steam —
nerat
FRHERIRON Process 1
Heam:, Condenser -
i
= &
- Deaerating
- . feedwater \ Clased
heater - P feedwarer
- heater

‘Figure 2-27 Schematic of basic cogeneration plant with extraction-condensing turbise:

<
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Economics of Cogeneration

A privately or municipally owned cogencration plant is advisable from an economic
point of view if the cost of electncity generated by it is less than if purchased from it
utility. (If a utility is not available, cogencration becomes necessary, irrespective of
economics.) In general, very low fractions of electric to total energy are not considered
economical for cogeneration.

Since the main incentive of cogencration is process steam (or heat), the cconomics
of cogeneration are sharply influenced by the additional cost of generating electricity.

Powerplant costs are of two kinds: capital costs and production costs. Capital
costs are given in total dollars or as unit capital costs in dollars per kilowatt net
Production 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 cnough to obtain financing
and thus able 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. The fixed charges against the capital costs
b. The fuel costs
¢. Operation and mainteniance costs

all in mills per kilowatt hour Thev are therefore given by:
total (@ +b+¢) § spent per period x 107 (3-31)
KWh (net) generated during same penod o

Production costs =

where the period is usually taken as onc 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 (o
introduce the plant operating factor POF, defined for all plants as

total net energy generated by plant during a period of time (232)
raied net cncigy apacity of plant during same period -

POF =

where the period is again usually taken as onc ycar. For estimation purposes, 1l is
common fo take POF = 0.80. A plant operating with PQF = 0.8 is the same as if
it operated only at rated capacity for 80 percent of the time or for (1L8(365 X 24) =
7008 h/yr, which is usually rounded out to 7000 h/yr.

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

Electric.cost = [(C.o— Ca)r + (OM,_,— OM,)
S | - ]
t (Fegr - Fp)) S0 P millskWh

——
L=
el
Lad

e

=

where C= c:p:tal costs, $
' r = annual fxcd ch.n.rges against the capifal cost, fraction of C
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I

OM = annual operation and maintenance costs, $/yr

F

P

and the subscripts ca and k indicate cogeneration and process heat plants, réspectively.

Cogeneration plants, built mostly by industries or municipalitics, are smaller than,

utility electric-generating plants and therefore tend to have higher unit capital and

operating costs. They have not usually been considered for operation with coal or
nuclear cnergy as a primary heat source, though this picture is slowly changing.

annual fuel costs, $/yr

It

Il

electric plant net power rating, kW !

PROBLEMS

2-1 A simple ideal saturated Rankine cycle turbine receives 125 kg/s of steam at 300°C and condenses al
40°C. Caleulate () the net cycle power, in megawatts, and (b) the cycle efficiency. ’

2-2 _A simple nonideal saturated Rankine cycle turbine receives 125 kg/s of steam at 300°C and condenses
at 40°C (same conditions as Prob. 2-1). This cycle has turbine and pump polytropic efficiencies of 0.88
and 1175, respectively, and a total pressure drop in the feedwater line and steam generator of 10 bar.
Calculate (@) the net cycle power, in megawatts, and (h) the cycle efficiency i

2-} Analyze the wdeal Rankine cycle € in Table 2.2 of the feedwarer he rer is placed ar 100 psia

2-4 Compare the jnlet steam masy and volume flow rates in pound mass per second and cubic feet per
second of (a) a fossil-fuel powerplant turbine having a polytropic efficiency of 090 and receiving steam
al 2400 psia and 1000°F and th) a nuclear powerplant turbine having a polytropic efficiency of 0.K8 and
receiving saturated steam at 1000 psia. Each turbine producey 1000 megawatts, and exhausts to | psia
2-5 To reduce the volume flow rate and hence turbine physical size, powerplants that operate with low
initial temperature water as a heat source, such as some types of geathermal (Chap 12) and ocean temperature
encrgy conversion. OTEC (Chap 15). powerplants, use working Muids other than steam, such as Freon
12, ammonia, and propane. Compare the mass flow rates, pound mass per hour, volume flow rates. cubic
feet per second, and boiler and condenser pressures of (a) Freon-12, (b) propane, and (¢) steam, if all
cycles operate with adiabatic reversible turbines that receive saturated vapor at 200°F and condense at 70°F,
and each produces 100 kW . »

2-6 In Prob. 2.5, why do the cycles operate with saturated vapor?

2-T Consider three nonideal saturated Rankine cycles operating between 200 and 70°F using Freon-12,
propane, and ‘steam as working fluids. Each has turbine and pump polytropic cfficiencies of 85 and 65
percent, respectively, and produces net work of 100 kW. Calculale (a) the mass flow rate in pound mass
per hour, (b) the volume flow rate in cubic feet per second, (c) the heat added, in Btus per hour; and (d)
the cycle efficiency. . i

2-8 Consider an ideal saturated steam Rankine cycle with perfect regeneration (Fig. 2-11) operating between
1000 and 1.0 psia. Neglecting pump work, caleulate (a) the quality of the turbine exhaust steam, (b) the
turbine work in Bius per pound mass, (c) the heat added in Btus per pound mass, and () the cycle efficiency.
Compare that efficiency to that of a‘similar cyele but without regencration, and & Camot eycle, all operating
between the same temperature limits

2-9 Compare the.net works. in Bius per pound mass, and efficiencies of o ideal saturated Rankine cycles
using Freon-12 as a working fluid and operating between 200 and 72°F One cycle has no feed heaters and
tha ibar has ane open-tvpe feed healer placed optimally. Why ic ferd heating not usvally resorted 1o in
suzh oyeles?

2-10 A Rankine cycle with inlet stcam at 90 bar and 500°C and condensation at #°C produces 500 MW,
It has one stage of reheat, optimally placed, back 1o 300°C. One feedwater of the closed type with drains

]
o "
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cascaded back 1o the condenser receives bled steam at the reheat pressure. The high- and low-pressure

turbine sections have polytropic efficiencies of 92 and 0 percent, respectively. The pump has a polytropic

efficiency of 0.75. Calculate (a) the mass flow rate of steam at turbine inlet in kilograms per second, (b)

the cycle efficiency, and (c) the cycle work ratie. Use TDD = -1 6°C.

2-11 An ideal Rankine cycle operates with turbine inlet steam at 90 bar and 500°C, and a condenser
temperature of 40°C. Calculate the efficiency and work ratio of this cycle for the following cases. (a) no
feedwater heating, (k) one open-type feedwater heater, (¢) one closed type feedwater beater with drains
cascaded back 1o the condenser, and () one closed feedwater heater with drains pumped forward. In cach
case the feedwater heater is optimally placed Use TDD = 2.5°C.

2-12 A superheated nonideal steam cycle operates with inlet steam at 2400 psia and 1000°F and condenses

at | psia. It has five feedwater heaters, all optimally placed. Assume the polytropic efficiencies of the

turbine sections befure, between. and after the bleed points to be all the same and equal 10 0 90 Calculate

{a) the specific enthalpies of the extraction steam 10 each feedwater heater, in Bius per pound mass and (&)

the turbine overall polytropic efficiency. and (c) estimate the terminal temperawre difference for cach

feedwater healer. "

2-13 An 850-MW Rankine cycle operates with turbine inlet steam at 1200 psia and 1000°F and condenser

pressure at | psia. There are three feedwater heaters placed optimally s follows: (a) the high-pressure

heater is of the closed type with drains cascaded backward, (&) the intermediate-pressure heater is of the

open type; () 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 pereent. The pumps have polytopic efficiencics of 80

percent Calculate fa) the mass fow rate at the turbine indet in pound mass per bour, b1 the mass Alow rate

to the condenscr. f¢) the mass flow rate of the condenser cooling water. 1 pound mass per hour, 1f it

undergoes 3 25°F temperature nse. () the cycle ethiciency, and () the ¢ycle heat rae. in Brus per kilowat

hour

2-14 If the Rankine cycle s to be used in outer space. heat rejection can be done unly by thermal radiation
to space which has an effective temperature of 0 absolute. To reduce the size and mass and hence hiting
weight of the condenser. condensation has to be at lemperatures much higher than these used in land-based
Rankine cycles. Condensing temperatures of 1000 to 1500°F are considered These are higher than the
critical temperature of water This also means @ much higher wrbine inlet temperature. Thus a hguid metal
such as sodium must be used as the working fuid. Coosider a 100-kW (thermal) Rankine cycle using
sodium, operating with 24 692 psia and 2400°R sodium vapor at turbine inlet and condensing at | 500°R.

The turbine and pump polytropic efficiencies are 0.85 and 0.65, respectively. For no feed heaters and
ignoring pressure drops, calculate (a) the cycle efficiency and (b) the heat transfer area of the condenser-
radiator if it has an overall heat transfer coefficient of § Buft® - h - °F, )

2-15 Calculate the gross heat rate, in Bius per kilowatt hour, and the gross efficiency of the powerplant

shown in Fig. 2-20.

2-16 A 100-MW (thermal) binany -vapor cycle uses satvrated mercury vapor at HOOR at the top turbine

inlet. The mercury condenses at 1000°R in & mercury~condenser—steam-boiler in which saturated steam is

gencrated at 400 psia. It is further superheated to 1160°R in the mercury-boiler-sicam superheater. The

steam condenses at | psia. Assume both mercury and steam cycles 1o be ideal, and ignoring the pump work

(a) draw fow and T-s duagrams of the binary cycle numbering points comespondingly, (b) calculate the

mass flow rates of mercury and sieam, and (c) calculate the heat added and beat rejecied, in Bius per hour,

and the cycle efficiency -F _

2-17 An advanced-type supercritical powerplant has (urbine inlet steam st 7000 psia and L400°F, double
reheat at 1600 psia and 400 psia. both 10 1200°F, and condenser at | psia The three turbine sections have

polytropic efficiencies of 0.93, 0.91, 37d 0.5Y in order of descending preswres The pump has a polyiropic

efficiency of 0.75. The plant receives onc uhit wrain of coal daily. which is composed of 100 cars carrying

110 short tons each. The ¢oal has x heating value of 11,000 Brug/iba, Ide turbine-gencrator compined

mechanical and electrical efficiency 1s 0,90. The steam-generator cfficiency s U.87. 8 percent of the gross

output is used o run plant suxiliaries. Ignoring, for simplicity, all steam-linc pressure drops and all fecdwater

beaters, calculate (a) the plant griss and net outputs, in, megawars, (b) the plant cycle, gross and net
efficiencies, and (¢) the cycle, and station gross and net beat faics, in aunp}:um.n bour. - °
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1.18 Draw flow diagrams af cogencration plants of () the topping back-pressure steam turbine fype and
{h) the bottoming-condensing steam furbine type

2.19 A copencration steam plant of the eatraction-condensing steam turbine type has turbine inlet flow of
125 ks at 50 bar and $00°C, extraction fur progess stcam at 220°C and condensation e both urbine
and process steam at 40°C. Assuming ideal turbine and pump, no feedwater heating and S0 percent Iraction
of elecinciy w total energy wutput, calculate (¢ the cogeneration plant efficiency, (&) the combined efficiency
il separate electric and steam generation plants prisducing the same outputs as above are used. For all cases
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 electnic-generating power-
plants. The most modern steam generators produce high-pressure (2400 to 3500 psia,
165 1o 240 bar) superheated steam, the exception being pressurized-water reactor steam
generators, which produce lower-pressure (1000 psia, 70 bar) saturated steam. The
steam is invariably used in a Rankine cycle. Steam generators represent by far thc
greatest energy source for powerplants in the world today.

This chapter will cover fossil-fuel steam generatcr:. Nuclear-fuel steam gener-
ators are of radically different design and will be covered in examples in Chaps. 10
and 11.°

A stearn generator is a complex combination of econemizer, Lol supilicates,
reheater, and air preheater. In addition, it has varions 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 liguid is converted
to saturated steam, although 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. Théy may, for

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

Urility steam generators are those used by u:ilitics for rlrrqric-puwcr generating
plants and are our main concem in this book. Motz LUl cteany guicialons arc
essentially of two basic kinds: (1) the subcritical walel wlx drum iype 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

i ; ;
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subcritical drum group usvally operate at cither 1900 psig (about 130 bar) or 2600
psig (180 bar). The majenity of utility steam generators purchased in the .1970s and
1980s are of the 2600 psig water-tube drum variety, which produce superbeated steam
at about 1000°F (540°C) with one or two stages of reheat. They have the ability to
bumn coal in pulverized form or oil. although oil is being gradually retited as a fuel
because of nising costs and supply problems. Natural gas, although still used in certain
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. The
steam capacitics of modern utility steam generators are high, ranging from 1 to 10
million Ib,/h (125 to 1250 kg/s). They power clectric powerplants ranging in output
from 125 to 1300 megawatts (MW),

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

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

. Fire-tube hoilers

. Water-tube boilers

. Natural-circulation boilers

. Controlled-circulation boilers
Once-through flow
Subcritical pressure
Supcreritical pressure

SO a W —

3-2 THE FIRE-TUBE BOILER

Fire-tube boilers have been used in various early forms to produce steam for industrial
purposes since the late eighteenth century. They are no longer used in large utility
powerplants. They are covered here, however, for historical reasons and, by contrast,
to emphasize the medem water-tube variety. Fire-tube boilers are still used in industrjal
plants to preduce satwrated stcam at the upper limits of 250 psig (about 18 bar) pressure
and.5u,000 1b/h 16 3 kprs) capacity  Althougk thelr size has increased. their general
design has not changed appreciably in the past 25 years. <

The fireztube boiler is a special form of the shell-type boiler. A shell-type boiler
is a closed, usually cylindrical, vessel or shell that contains water- A portion of the
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shell, such as its underside, is simply exposed to heat, such as gases from an cxternally
fired flame. The shell boiler cvolved into more modemn forms such as the electric
boiler, in which heat is supplied by electrodes embedded in the water, or the aecu.
mulator, in which heat is supplicd by steam from an outside source passing through
tubes within the shell: In both cases the shell itself is no longer exposed to heat,

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

The firc tubes were placed in horizantal, vertical, or inclined positions. The most
common was the horizontal-tube boiler. Figure 3-1 shows such an early fire-tube
boiler. Figure 3-2 shows a simplified sketch of such a boiler. The fumace and grates
are Jocated underneath the front end of the shell. The gasces pass horizontally along
its underside to the rear, reverse direction, and pass through the horizontal tubes o
the stack at the front.

There are two types of fire-tube boilers: (1) the fire-box and (2) the scotch marine.
In the fire box boiler, the fumace, or fire box, is located within the shell, together
with the fire tubes. In the scorch marine boiler (Fig. 3-3), combustion takes place
within one or more cylin'drical chambers that are usually situated inside and near the =
bottom of the main shell. The gases leave these chambers at the rear, reverse direction,

< and return through the fire tubes to the front and out through the stack. Scotch marine
boilers are usually specified with liquid or gas fuels.

Because boiling oceurs in the same compartment where water is, fire-tube boilers
are himited to saturated-steam production. They are presently confined to relatively
small capacities and low steam pressures, such as supplying steam for space heating
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and, in decreasing numbers. for railroad locomotive service. The largest scotch marine
boiler offered in the United States today is rated at 2000 boiler horsepower (blhp),*
contains two combustion chambers within a 13-t diameter. 30-ft-long shell

3-3 THE WATER-TUBE BOILER: EARLY DEVELOPMENTS

The forerunncr of the modern steam generator was a water-tube boiler developed by
George Babeock 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 stéam pressures and flows,
that commercial development of the water-tube boiler became a reality.

With higher steam pressures and capacitics, fire-tube boilers would need large-
diamcter shells. With such large diameters, the shells: would have 0 operate under
such extreme pressure and temperature stresses that their thicknesses would havie been

<

* Boiler honepower was oniginally used 4o indicate-the size of the boiler. Oac blip was definsd as 10
ft* of boiler heating surface. This was later changed Lo the amount uf heas requied cvapoiz . 30 '
of water st 100F to saturated stcam at 70 psia. Thus, using enthalpics from the sicam wbles, this was
equal 1o JX(1180.6 — 68) = 33,378 Brwh. Later on this was changed to the amount of heat necessary 1o
evaponuie 34.5 Ib/h of saturated water to saturaied steam at | stm or 34.5 x 9703 =-33475.35 Brwh.
This Is now rounded io that the modermvalue is | bihp = 33480 Buwh,
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too large. In addition, they were subjected to scale deposits and boiler explosions and
became intolerably costly. ;

The water-tube boiler puts the pressure instead in tubes and relatiyely small-
diameter drums that are capable of withstanding the extreme pressures of the modem
steamn generator. In general appearance, the early water-tube boilers looked much like
the firc-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 through
several stages of development.

The Straight-Tube Boiler

The first water-tube boiler was the straight-tube boiler (Fig. 3-4), in which straight
tubes, 3 to 4 in OD, inclined at about 15° and staggered with 7- to 8-in spacings,
connected two vertical headers. One header was a downcomer, or downtake, which
supplied nearly saturated water to the tubes. The water partially boiled ip the tubes.
The other header was a riser, or uprake, 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 parallel to the
tubes (the longirudinal drum, Fig. 3-4a) or perpendicular to them (the cross drum,
Fig. 3-4b). These drums received the feedwater from the last feedwater heater and
supplied saturated steam to the superheater through a steam separator within the drum
which separated steam from the bubbling water. The lower end of the downcomer
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 were
built with one or more than one parallel drums, depending upon capacity. They were
built with heating surfaces of 1000 to 10,000 fi® (93 to 930 m?) and were limited to
low pressures of 175 to 340 psia (12 to 23 bar) and steam capacities from 5000 to
80,000 Ib,/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
£t? (93 to 2300 m?), pressures of 175 to 1465 psia (12 to 100 bar), and steam capacities

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

Baffles were installed across the tubes in both kinds to allow for up to three gas
passes (o 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 gencral, a Sert-fube buller uscd
Bent, rather than straight, tubes between several drums or drum and headers. The tubes
~ were bent 5o that they entered and left the drums radially. The number of drums usually

(=]
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varied from two to four. Gas baffles were installed to allow for one or more pas
passages, as above.

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

The four-drum Stirling boiler worked as follows. The combustion gases flowed
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 balfling through
the second and third twbe banks connecting 1w the center and rear steam drums. The
gases then left in counterflow fashion through a straight-tube economizer, Feedwater
from the economizer entered the rear steam drum, which may be at a slightly higher
level than the other two. Water circulated from the rear to the lower drum through
the rear bank of tubes (the downcomer tubes) and then up through both the center and
front banks of tubes (the riser tubes) to the center and front drums. All three drums
had their steam and water regions interconnected at top and bottom.

©

Figure 3-8 A fourdrum early Stirling boiler
o
2.

2
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The tubes were typically 3 1o 3§ in OD and spaced 5 and 7 in on centers, with
back spacing decreased to maintain gas velocity of the cooler and denser gases. The
spacings allowed for replacement of defective tubes without removing neighboring
tubes. '

The four-drum Stirling boiler was superseded by a simpler two-drum design in
which the steam drum was dircctly above the water drum with one bank of bent tubes
to the front, i-e., on the side of the incoming gas and another 1o the rear. Later designs
of the two-drum Stirling boiler used a single gas path. More recent designs of Surling
boilers used cooled fumace walls by lining the interior of the walls with tubes carrying
the same boiler water from the plant as seen in Fig. 3-5. These added to the heat-
absorbing surface and protected the refractory lining of the walls from excessive
temperature. The result was higher rates of combustion and higher steam-flow rates.

The Stirling boiler was generally capable of meeting conditions of rapidly varying
loads, was useful where high water quality was difficult to maintain, and was adaptable
to various fuels. It found use in both stationary and marine applications.

3-4 THE WATER-TUBE BOILER: RECENT DEYELOPMENTS

The advent of the water-cooled furnace walls, called water walls, eventually led to
the integration of furnace. economizer. hoiler, superheater, reheater, and air preheater
o the modern steam generator. Water cooling is also used for superheater and
ecopomizer compartment walls and vanous other components, such as screens, dividing
walls. ete. The use of a large number of feedwater heaters (up to seven or cight) 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 gencrator 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 acommon 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 walls 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 retumns to
the reheater, after which it goes to the low-pressure section of the turbine.
Atmespheric air froun a fUrccd-drafi (FD) fan is pichiiated by the fine gaces just
before they are exhausted to the atmosphere. From there it flows into the furnace,
where it mixes with the fuel and bumns to some 3000°F. The combustion gases impart
portions of some of their energy o the water tubes and then the superheater, reheater,
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Figure 3-6 Schematic flow dugram of & modemn steam generator.

and economizer, and leave the latter at about 600°F. From there they reheat the
Incoming atmospheric air in the air preheater, leaving it at about 300°F. An induced-
draft (1D) fan draws the flue gases from the system and sends them up the stack. The
temperature of about 300°F of the exiting flue gas represents an availability loss to
the plant. This, however, is decmed acceptable because (1) the gas temperature should
be kept well above the dew point of the water vapor in the gases (equal to the saturation
temperature of walter at the partial pressure of the water vapor) to prevent condensation
which would form acids that would corrods metal components in its path, and (2) the
flue gases must have enough buoyancy (o rise in a high plume abave the stack for
~ Proper atmospheric dispersion.

Example 3-1 A steam generator bums fuel oil with 20 percent excess air. The
fuel oil may be represented by Cy2Hzs. Determine the minimum stack temperature
needed to avoid condensation.. Assume the flue gas pressure is leaving the air
Ppreheater at 45 psia.

SQLUTION Recalling that ther= =re * 75 mzi Nymol O, in atmospheric air, the
combustion equation for stoichiometric (chemically correct mixture) is
C|1!*15 + |8$0= + 69.56N3 =l 12(,'01 + I3H,-.0 + 6956”1

@

¥ 2
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With 20 percent cxcess air
C”ih‘ + EZJN: 4 H‘4T3N: = IECO: + IJI'I:O + JATO: + 83 4?2N_~
The partial pressure of any component in a gas mixture 1s equal 1o the total pressure
times the mole fraction of that component. Thus partial pressure of H;O in products
15
13

4y 2 —— =
12 + 13 + 3.7 + 83.472

= 5.215 psia

This corresponds 1o a saturation temperature of 164°F. The average temperature
of the pases is kept much higher to avoid Jocal cool spots that might cause
condensation

The Boiler Walls

The water 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 (b) embedded in the refractory, to (¢) studded wbes, to the now-common
membrane design (). The membrane design consists of tubes spaced on centérs slightly
wider than their diameter, connected by bars or membranes welded to the tubes at
their centerlines. The membranes act as fins W increase the heat transfer as well as to
afford a continuous rigid and pressure-tight construction for the furnace. No additional
inner casing 18 required 1o 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 1 on 3.75 1n.

The Radiant Boiler

Heat is transferred from-the combustion gas to the water walls by both radiation and

convection. A radiani 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-fucl ratio. They may be Juminous, 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 monluminous, in which case they bumn 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 triastonme CO, and H,0, but also
$0,, 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 distomic gases arz poor redintors,

" The radiant cnergy emitied by the combustion gases depends upon the gas tem-
_perature (to the fourth power), the partial pressures of the individual conslituent ra-

a

#
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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 transfer follows the usual Nusselt-Reynolds
turbulent forced-convection relationship. It is smaller than the radiant portion becausc
radiation is caused by a thick body of gas, whereas convection is localized near the
twbe surface. s

Heat received by the water walls is conducted through the membranes and tube
walls and is then convected to the two-phase mixture nside 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. ok ? ' '
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Radiant boilers are designed for electric-generating stations to use coal or lignite
for pulvenzed or cyclone furnace applications, oil, or natural gas, They are built 1o
supply a wide range ol stcam pressures and temperatures, but usually around 1000 F
(about 340°C) and steam capacities up to 10 x 10° Ib,/h (1260 kg/s). They are limited
to subcritical pressures, usually 1800 1o 2500 psig (about 125 to 170 bar). '

3-5 WATER CIRCULATION

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

Nawral circulation is dependent upon the difference between these two densities
and the height of the drum above the bottom hemlers. Most large steam-generator
boilers have sufficient natural-circulation dnving force and are called narural-circu-
lanon botlers. Some require additional help by pumping the single-phase flow and are
called controlled- or forced-circulation boilers, For a number of yeary, forced circy
lation was favored over natural girculation for relanvely high suberitical 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 1o DNB, je., reaching the critical heat ux (also 4 major
concem n water-cooled nuclear-reactor designi. if a particular tube receives reduced
flow. A pump assist supplied this margin of safety.

More recently the water tubes in high-heat-absorbing arcas 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
surface. This ribbing creates a centrifugal action that directs water droplets 1o the
vapor film clinging to the surface and provides a much greater margin of safety against
DNB problems than do smooth tubes. Modemn large steam-generator boilers ean now
be designed with-natural circulation.

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

£

JP.; = ‘p.k = 5,)}{{ (3'[)

where Apy = driving pressure, I/ o Mo (Puj

Psc = density of water in the downcomer, ncarly -
saturated at the system pressure, 1b/ft?
or kg/m*
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p. = average density of stcam-water mixture in
the riser, Ib./ft’ or kg/m?

H

= height of drum-water level above bottom
header, ft or m f
& = gravitational acceleration ft/s? or m/s?

8 = conversion factor 32.2 Ib,, - fu(lb, - s?)
or | kg/(N  §%)

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
void fraction a of a two-phase mixture is a volumetric quality defined as

- volume of vapor
#~ Volume of vapor + liquid

(3-2)

as opposed to the quality x, which is a mass quality, & and x are related by [2]
1

S T (3-3a)

™ o e l =g (3-38)
U (U ayaly

where T :‘.ES o

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. § is a dimensionless pumber,
greater than 1, defined as -

——
s
- E Height iy
Hul-_'-1g 21 .J',f
— - s _I .. o
—— ° *
- & |
| | 5 '
b= Figure 38 A ssunal circulation Joop. -~
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5 = (3-4)

=

rf

where V,, and V, ; are the average vapor and average liquid velocities at any one cross
scction of the riser. § has been measured experimentally and found to vary between
| to less than 10 in most systems, approaching | at high pressures (where the hquid
and vapor densities approach cach other). It is, in general, fairly constant along the
path length.

The axial heat flux distnbution to the riser determines the quality distribution. In
tumn, using a reasonable value for § (between 1 and 2), a void fraction distnbution is
obtained. A mixture density distribution p,, is now found from

P = (1 — a)pg + ap, (3-5)

where pr and p, are densities (reciprocals of the specific volumes) of the saturated
liquid and vapor, respectively. The average mixture distribution in the riser g, is now
obtained from

4 dz
b= fe £as) o2 p’;jz) (3-6)

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]

D. = &,u ___.__l____._]lil } ()
B = 1-:::[' [ﬂ,[l—‘!m ]"l—n,ti—-m_ '

where «, 1s the niser 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 arc proportional to their mass-flow
rate lo 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 moie losses
but also causing x and « to become lower (for the same heat flux) and ps. — 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

Example 3-2 A 40-ft-high downcomer-riser system operates at 2500 psia. The
niser 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¢)

=Yg D839 o o 02625
b=35 = toe X120

Using Eq. (3-3a) 3

1 - 1
o &, =

- : - = 0.8879
L 4,00 = x)xly 1+ (0.50.5) x 0.2625
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Using Eq. (3-7)

7 = 3agm - BN - 1652 [ 1 :
Moy AR T 1
e I - 0.2625 0.8879(1 - 0.262)

I
s 0.8879(1 — 0.2625)

Pse = p = 34977 b, /01"

= 18.701 Ibuft!

Use Eq. (3-1) to find the driving pressure

Ap,

32.2 s
(34.977 — ;3.7011(40)(ﬁ) = 651.06 Ibff

4.521 psi

3-6 THE STEAM DRUM

The steam drum provided in all modern steam Benerators except once-through types
(Sec. 3-8) is where feedwater from the economizer is fed. saturated steam is separated
from the boiling water, and the remaining waler is recirculated as discussed above.
The drum may also be used for chemical water treatmenr and blowdown to reduce
solids in the water, The drum also must be of sufficient volume 1o dccommodate water
level changes caused by load changes (assisted by proper steam generator controls)
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 thus
materially increase their temperature. which would lead to their distortion or burmout.
Carryover of solids with the steam has also been known to have far-rcaching effects,
such as deposit problems on turbine blades (the most troublesome being silica deposits,
which are not easily removed by water washing),

The most important stcam-drum function is scparating the steam from the poiling
water. The simplest method is gravity separation (Fig. 3-9a). If the steam veloeity
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leaving the water surface is low enough (below about 3 fus), the steam bubbles separate
naturally without entraining water droplets and the solids they carry (carryover), and
witheut being drawn with the recirculating water into the downcomers (carryunder).
Factors other than velocity that affect this process are the positions of the downcomer
and riser nozzles with respect to the steam outlet, usually at the top of the drum, and
the operating pressure. Gravity separation is strongly affected by the difference in
steam and water densutres. The higher the pressure, the less the difference between
these densities and the less effective the separation. Thus gravity separation, while
requinng a simple drum, is economical only for low-steam-capacity, low-pressure
service.

In modern high-capacity, high-pressure boilers, mechanical separation that assists
or supplements gravity separation takes place in two steps: primary and secondary.
Primary separation removes most of the water from’the steam and prevents the car-
ryunder of steam with the recirculating water to downcomers and risers, Secondary
separation, also called steam scrubbing or drying. removes remaining mist or fine
droplets and the solids they carry from the steam, which results in pure, or “dry and
saturated.” steam going to the superheater. Mechanical separation is accornplished by
fitting the drums with baffles, screens, bent or corrugated plajes, and centrifugal .
separalors .

Barfle plates act as primary separgtors. They change or reverse the steam-flow
dircction (Fig. 3-94), thus assisting gravity separation, and act as impact plates that
cause the water o dran 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 accumilating drops then fall by gravity
back to the main body of water. Bent or corrugated plates are used for both primary
and seconduary separation. Their effectiveness derives from their large ratio of surface
to projected areas. The above plates and screens are used in many other configurations
lo maximize gravity scparation [12, 13].

Al 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 arc also called cyclone or turbo scparators. They provide separation
at pressures nearing critical. In a typical centrifugal separsior (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 scparator wall, and 1o discharge downward below 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 (2 ivore than 100 ft, s dianicter o
more than 15 ft, and in mass to a few hundred tons. They contain as many as 30 vulie
nozzles and many more riscr and downcomer nozzles. The larger drums are usually
constnicted in cylindrical sections, called courses, which are welded together, nnd
two I}:mlsphcnca] heads which are welded to the ends,
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3-7 SUPERHEATERS AND REHEATERS

Superhcaters and reheaters in utility steam generators are made of tubes df 2 to 3 in
OD (smaller sizes, about half these dimensions, arc wsed in marine service). The

smaller diameters have lower pressure stresses and withstand them better. The larger

diameters have lower steam-flow pressure drops and arc easier to align. Finning on
the outside surface of the tubes is avoided because it increases thermal stresses and
makes cleaning difficult. Internal ribbing, like that used in boiler water tubes, is
unnecessary because no DNB problems anse here. Adequate heat-transfer design is
based on gas Aow inside the tubes, which has a much lower conductance than nucleate
boiling in the boiler tubes. Because the tubes are subjected to high temperatures,
pressures, and thermal stresses, their maternials of construction must be carefully se-
lected. Below 850°F carbon steel is adequate. Modem superheaters and reheaters
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 dcpcnds
upon steam conditions and the types of fuel, especially if it contains undesirable
impurities. The allowable stresses for materials drop drastically as the temperature
Increases.*

Convection Superheater

Early superheater designs placed them above or behind banks of water tubes to protect
them from combustion fames 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 convecrion superheater. The main
dastmgu:-,hmg 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 hr:.:t transfer coeflicients 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 stcam aone. (The combustion temperatures do not materially
change with load.) Thus the steam receives greater heat transfer per unit mass-flow
rate and ,its temperaturc 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 velocities
were increased to increase the overall heat-transfer coefficients, anc overali superheater
designs were improved to overcome expected higher metal tempcratures. .

This placcrcit of superheater results in the main heat transfer between the hot
gascs and flame, and the tube outer walls, to be accomplished by radiation. This design

* For example 2a material called Croloy 21, specifi¢ation number SA2)3, Grade T22, has maximum
allowable design stresses of 13,108, 11,000 and 7,800 psi at 900, 950, and 1000°F, respectively. Carbon
steel SA210-Al has allowable stresses of only 5000 and 3000 psi at 900 and 950°F, respectively. -

-
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has come to be known as a radiant superheater. Radiation heat transfer is proportional
to 7} — T, where 7y and T are the flame and tube wall absolute temperatures,
respectively. Because 7y is much greater than 7., the heat wansfer is essentially
proportional to 7 7. Because T, 1s not strongly dependent on load. the heat transfer per
unit mass flow of stwam decreases as the steam flow increases Thus an increase in
steam flow due to an increased load demand would result in a reduction in exit steam
temperalure, the tﬁ:p«.mlc effect of a convection superheater (Fig. 3-10),

Design constderations for reheaters are sumlar 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 15 tolerated. In
addition, larger wbing with higher suesses 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 unils are arranged in flat panels or piaten 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-rype 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. laverted-npe units, on the
other hand, are supported from below (Fig. 3-115b). 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. Horzenal-type units (Fig
3-11c) are usually supported horizontally in the vertical gas ducis paraliel (o tic main
furnace and receive the hot gases after a U-tumn 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 3-12 Superheater (SHJ, rebeater (RH), economizer, and air preheater asfangements in a~drum-type
steam generator with cyclone fumace. (Courtesy Babeock and Wilcox.)
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and rcheaters. Superheaters and reheaters are often split into primary and secondury
units for control purposes (Sec. 3-13). .

3-8 ONCE-THROUGH BOILERS

“The ernce-threugh boiler, or stcam generator, is also called the forced-circulunion,
Benson, or universal-pressure boiler. The latter name is because it 1s applicable 1o all
temperatures and pressures, although economically it is suited to large sizes and
pressures in the high subcritical and supercritical range. In contrast to the drum type
(Fig. 3-13a), the feedwater goes through the economizer, fumace walls, and super-
heater sections, changing sequentially to saturated water, saturated steam. and super-
heated steam in one continuous pass (Fig. 3-13b). No steam drum 1s reguired to separate
saturated steam from boiling water and no water recireulation takes place. Reheat of
steam after it 1s expanded i the high-pressure wirbine is accomplished by a reheater
in the usual manner. Because of the once-through mode of operation, very high purity
feedwater is a requirement. Figure 3-14 shows a typical once-through steam generator,

The once-through boiler 15 the only type suited to supercritical-pressure opgration
tabove 3208 psir. 221 bar. tor steam) because the latent heat of vaponzation at and
beyond the entical pressure is zero and hyuid and vapor are ‘one and the same., s0 no
separation in a drum is possible or necessary. While particularly apphicable to super-
critical pressures, once-through steam generators are used cconomically for high-

Saturated ————
aleam 1 Saperheatad
sl —
I shoam
Steam T e Feedwater et
drum
3
Benler Boiler
Recmaulation
_l'f—'l"— Feedwater
L

(] (td] "

Figure 3-13 Schematic flow diagrams of (a) drum type snd (b) once-through steam gencrators. SU =
supetheater, EC = economirer &
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Figure 3-14 A once-through steam generator with pulverized coal furnace. (Courtesy Babcock and Wilcox.)

pressure subcritical steam. The economical range for steani is from 2000 to 4000 psia
(138 to 276 bar ) pressure and 30,000 to 10,000,000 Ib,/h (3.8 to 1260 kg/s) steam
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 was a
subcritical ynit and was followed by many units whose range was 1200 to 2400 psig
(84 to 167 bar). _

A large number of pioneering supercritical-pressure once-through steam generators
were built for the utility industry, many with double reheat, especially during the
1940s and 1950s: Some used advanced steam pressures of 4500 to 5000 psig (310 to
345 bar) and steam temperatures of 1150 to 1200°F (620 10 650°C) and cross-compound
(two-shaft) turbines. Operational and economic considerations, however, led to the
usc of n:ore moderats sicam conditions of 3500 psig.and 1000 to 1050°F. Furiher
optimization by the late 1960s ied 10 e development and use of 3500/1000/1025/
1050 plants with single-shaft four-casing steam turbines.” During the 1970s however,
such units fell out of favor because of equipment unreliability, significantly mostly in
the low-pressure confposents of the plants, as well as operational complexity, It is

: ¥
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now 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,
15 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
cfficiency 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 mulls per kilowatt hour are
lower for the supercritical cycle, particularly one with double reheat.

A combined-circularion 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 fiow 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
icaving the highest-pressure feedwater heater o the saturation lemperaiuic cormespond-
ing to the boiler pressure. This is done by gases lcaving the last superheater or rencater.
These 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 “cconomizer™ historically was useg because the discharge of such high-
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temperature gases would have caused a large loss in availability and cfﬁcicncy and
hence loss in economy of operation.

Economizers were introduced before feedwater heating, which meang very low
inlet water temperatures to the economizers and consequently low tube outer wall
temperatures, below the dew point of the flue gases. This caused condehsation and
corrosion because of the presence of SO, and 50, in the gases. The moisture also.
aided in the collection of ash, thus fouling the tube outer surfaces that reduced heat
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.

Modemn steam generators receive heated feedwater and their economizers operate
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 feedwater
oxygen is removed in the deacrating 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 in
turn is suitable for the high pressures encountered in modem economizers.

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

Economizer tubes are commonly 1.75 to 2.75 in OD and are made in vertical
sections of continuous tubes, between inlet t outlet headers, with each section formed
into several horizontal paths connccted 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 cconomizer are dissolved and washed off
during plant shutdown. In that case the economizer is usually located above a hopper,
which receives the d1sso|vcd deposits. Steam or air-jet cleaning is also used in addition
to washing. .

Economizers have been built with plam 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 cos..
They are, + Bowever, more suited to clean-buming gaseous fuels and situations in whicl.
no air prebeaters are used, such as in combined sieam-gas-turbine cycles (Chap. 8).

Economizers are generally placed between the last supcrhcatcr-rchcatcr and the
air preheater. In some cases, a low-temperature economizer is placed after the air
preheater. Such an cconomizer 4s called a stack cooler and acts as a low-pressure
feedwater heater except that the heating medium is the flue gas instead of steam bled
from the turblnc

-

-

3-10 AIR PRFHEATERS
Like economizers, air prthcag‘ef: (or simply air heaters) utilize some of the energy ™
left in the, flue gases before exhausting them o the-*atmospherc,f'mcy receive 600 to
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BOOF gases. As indicated previously, these gases are cooled to only 275 to 350°F to
avoid gas condensation and corrosion problems and to allow for proper dispersion in
the atmosphere. The air is heated from forced-draft outlet temperatures, not far from
atmospheric to 500 to 650°F and sometimes higher. Preheating the air saves fuel that
would otherwise be used for that heating, The fuel savings (and hence increase in
plant efficieney) are nearly directly proportional to the air temperature rise in the
preheater. Typical fuel savings are 4 percent for a 200°F air temperature risc and about
11 percent for a S00°F air temperature nise in the preheater,

In addition to fuel savings, preheated wir is a requirement for the operation of
pulverized-coal furnaces. Air in the 300 to 600°F range is needed for drying that fuel.
Air is also used for transponing it to the fumace and then burning it there. Small
stoker-fired units do not require preheated air. However, large stoker-fired bituminous-
coal stearn generators benefit from preheated air, but only up to about 350°F, to prevent
damage to the stoker moving parts.

Air preheaters, like cconomizers, were first developed in Europe. The first unit
commercially built in the United States was a flat-plate heat exchanger in which adjacent
sieel plates formed alternate air and gas passages. Present day higher air and gas
pressures, however, use whular or regenerative designs that better withstand these
pressires. There are two peneral types of air preheaters: recuperative and regeneraihve

Recuperative air preheaters have heat transferred directly from the hot gases to
the air acrosy the heat-exchange surface They are comifionly tubular, although some
plate types are still used. Tubular units are essentially counterflow shell-and-tube heat
exchangers in which the hot gases flow inside vertical or horizontal straight whbes and
the air flows outside, Figure 3-16 shows a vertical preheater. Baffles are provided to
mavimize air contact with the hot tubes The tbes are mechanically expanded into
top and bottom tubg sheets, Thermal expansion is provided by a bellows-type expansion
unit 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-drafi-fan power consumption in direct pmponmn
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 verical 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 fucl
type determine the diameter 10" be used in a given situation. Modem large steam
generators use 2 to 2.5 in OD heater tubes, Diameters of 1.5 to 2 in dre used in marine
service where space and weight limitations are important.

© Regenarative uis preheaters are those in which heat is transferrcd from the hot
flue gases, first to an intermediate heat-storage medium, then to the air. The most
common is the rotary air preheater, known asthe Ljungstrom preheater, first developed
in Eurdpe in 1920 and first installed in the United States in 1923. It is composed of

. )
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a rotor driven by an electric motor through reduction gearing 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 shesis Giat 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. ¥erF

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. Toe seal system reduces leakage.

Rotary air preheaters are designed with 2 veitical oo horizontai shaft, depending
upon layout and ducting. They are also desigied as laminar- or turbulent-surface
types. In the laminar type, the heat-storage clements are compactly spaced so that flow
through them is laminar, They arc used with clean-burning gascous fuels. The turbulent

. pg
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Figure 3-17 A verical shatt Leagstrom air preheater { Courtesy Combustion Engineering [ne |

type has elements with wider spacings (to facilitate cleaning of ash deposits) and
turbulent 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
15 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 drving 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 combusuon Anal-
ogy here mav be made with naturai circulation in the bailer {Sec 3-5)

| arpe steam gensrators fequire an assisi L0 pusit e ail ip, puli i Z2ac anr ar
both. For this, they dse large fans [17, 18], There are two types of fans in use today:
forced-draft (FD) and induced-draft (D) fans. When cither one is used alone, it should

overcome the total air and gas pressuro losses within the generator. .
: ¥
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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
entirc system up to the stack entrance under positive gage pressure. Begause they
handle only cold air, they have several advantages over induced-draft fans Some
advantages:

1. They have lower maintenance problems.
They consume much less power because the cold air has the lowest specific volume
in air-gas path. Recall (Sec. 1-2) that a fan is a steady-flow thermodynamic system

so that the work w;,, per unit mass-flow rate is given by
we= [vdP (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 fuel

added. !
4. As aconsequence of the above, their capital and operating costs are lower.

rJ

1 ; . . ;
Disadvantages result from the fact that they put the furnace under pressure, in which
case 1t 1s called a pressure furnace: -

I 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 pressurc and place the entire system under negative gage pressure.
ey imust handie 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 combustion 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 1D fans pull the combustion gases from the fumace,
through the heat-transfer surfaces in the superheaters, reheaters, economizer, and gas
side air pmhcatw' and. into the stack. (Sometimes they are built into the stack base.)

........ canse of itz height, adds a natural driving pressure of its own (Sec. 3-
12). The fumace in this case is said to operate with balanced drafi; meaning that the
pressure in it is approximately atmospheric. Actually, it is kcpt ata shgh!l)r negative
gage pressure’ to ensure that-any leakage would be inward.

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

<
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with pressurized firing. Coal-fired generators may be designed with either pressurized-
or balanced-draft firing. Modemn systems seem to faver the latter,

Fans used in electric-generating plants are among the largest made; capacitics of
1.5 million ft%min (700 m*s) and 60-in water static pressures (about 2.2 psi, 0.15
bar) are common. Because they operate continuously for long periods (up to 1 or 1}
years), the fans must be well designed, ruggedly constructed, well balanced, and
highly efficient over a wide range of outputs. There are two types of fans in common
use: centrifugal and avial. In the centrifugal fan, the gases are accelerated radially
through curved or flat impeller blades from rotor to a spiral or volute housing. In the
axial fan, gases are accelerated parallel to the rotor axis. This is similar to a desk fan,
but here the fan is housed in a casing to develop static pressure. Axial funs (with
variable-pitch moving blades) maintain high efficiencies over a wider range of loads
than constant-speed centrifugal fans but have higher capital costs.

In general, centrifugal fans with backward-curved blading are used for FD [ans
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
blades, thus nunimuzing the erosive effect of ash. Low-speed funs with flat blades are
used with partcularly dirty or corrosive gases.

Because the pressure differential AP across a fan i usually small, the airflow or
gas flow may be considered incompressible, that is v = constant, and Eq. (1-9) may
be modified 1o

ol = £25  fie ydbaorJkg (3-8)
T
The power would be given by
my AP

Wy = ft - Ib,/s or W (3-9)

= specific volume of air or gas, oblained from
the perfect gas equations (1-30), ft¥1b,, or m'kg

-
I

where

AP = pressure rise across fan, Ib/ft? or N'm? (Pa)
ny = fan efficiency, dimensionless
M = mass-flow rate of air or gas, lb./s or kg/s
v, v
LA

Figure 318 Centrifugal blading: ) for-

ward (b) flat, and (c) back ward-curved.

Vestor diagrams show blade tip velocity
" V. wir 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 + Iby/s by 550 or in W by 745.7.
The assumption of incompressibility results in erors 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 total 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 equarion). lgnoring the potential energy term

VE '}
Pv + — = constant (3-10)
Le -
where each term has units of energy. Multiplying by the density p = v gives
V} =
P+ p:’—' = constant (3-11)

o'+ 13

where each term has units of pressure, P is the static pressure, and pV3i2g, is the
velocity (or kinetic) pressure. Dividing Eq. (3-11) by the weight density pg'g, gives

5

*h + —= = constant (3-12)
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
fiuid technology. Static horsepower is that calculaied from Eq. (3-9), where AP is the
difference between §tatic pressures.
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Fan control There are two common methods of controlling the output of fans: damper
control and variable-speed control.

Damper control has the advantage of low capital costs for the damper mechanism
itself and for the fan drive motor, which would be a simple constant-speed induction
ac motor. It is casily adaptable to automation and allows continuous rather than stepwise
control. It suffers, however, from the disadvantage that it adds additional flow resis-
tance that the fan must overcome by increasing its power input. Dampers arc usually
put on the outlet side of the fan, although inlet dampers, called inlet vanes, arc
sometimes used. They consume less power than outlet dampers but are only effective
for moderate load changes near full load. When used with FD fans, they are usually
used in combination with outlet dampers. Another combination that results in power
savings is the use of a two-speed ac drive motor in conjunction with damper control.
Two-speed motors are less expensive than variable-speed ac dnives.

Variable-speed control 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?, and A,
respectively, where  is the speed of the fan in revolutions per minufe (r/min). Thus,
reducing speed by say 70 percent reduces the capacity to 70 percent, the pressure (o
about S0 percent, and the power input to about 35 percent. The actual redationships
are dependent upon changes in the effectiveness of the variable-speed drive ussd.
Figure 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 de motor, (5) muluple-speed ac motor. and (6)
electronically 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.
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Two other types of fans are used in powerplants: primary-air fans and gas-recir-
culation fans. Primary-air fans supply air to dry and transport pulverized coal to the
fumace or to a storage bunker, Gas-recirculation fans recirculate gas frum a point
between the economizer -and air preheater back to the bottom of the furhace as part
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
(FID fans), or bath [19].

3-12 THE STACK

Tall and conspicuous from a distance, stacks are used in nearly all powerplants. Early
steam generators relied solely on stacks to meet the total pressure losses (draft) at the
required gas flows. Modern ones have high gas-flow requirements and, because of the
various heat exchangers (superheaters, rcheaters, cconomizers, 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) to
help disperse the gas eftluent into the atmosphere.

Driving pressure The driving pressure Spy. i Ib/ft7 or N'm?. supplicd by a stack
is given by an cquation sinular to Eq. (3-1)

Aps = (pa — EJHf- (3-13)

where p. = atmospheric air density, Ib,/ft* or kg/m’
P, = average stack gas density, Ib,/ft* or kg/m’
H

Because both air and gas obey the perfect-gas law, Eq.*(1-19a), from which p = m/
V = PIRT, Eq. (3-13) becomes

]

height of the stack, ft or m

Py P Nyl
Ap, = [ = - == )H=> 314
. o (mn RL)& 0
where P, and P, = absolute pressures of atmospheric air

ibarometric pressure) and stack gas,
respectively, lby/ft* or Nrm?

R, and R, = gas constants for air and stack gas,
respectively, fr - IhJ(ih_ -« "Ry ar Ji(kg - K3
= 7,and 7, = air and average stack gas temperaturcs
< respectively, °R or K
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Table 3-1 The variation of barometric pressure with altitude

Altstude, f
! a 1000 000 3000 4000 3000 6000 T000 8000 10,000
inHg 2N 28 86 27.82 26 82 15 84 M50 2198 1309 nn 20 38
paia 1470 I 1266 1317 1269 n»n A1 78 1M 109 10.11
bar 1013 o 0942 0908 Q875 03] 0812 0.782 0.7352 0.697

P, and P, differ only slightly. R, = 53.34 ft - Ib/(lb,, - °R). R, depends upon the gas
composition® and hence upon the fuel used and is about 52.2 for bituminous coal,
53.2 for fuel oil, and 55.6 for natural gas. Equation (3-14) can then be rewritten with
good accuracy into the form

Pl1 1
AP, = —(— . :)Hi (3-15)

In any one location P, vartes daily according to weather conditions. It is alzo a function
of the altitude of the location. Standard values at different altitudes are given in Table
3-1. T,. of course, vanes seasonally, daily, hourly, etc. T, is dependent upon the
temperature vanation 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 7, 1s 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

T
T, = ~——2—i’ (3-16)

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 diameier 4, and the -
outside atmospheric conditions such as temperature and Wwind 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 u}uscd by

wall friction and the pressure equivalent to the kinetic energy of the gases leaving the
“stack. The latter 1s usually a few times greater than the former. The total is only a
few percent of the driving pressure, :
Dispersion The second umportant function of a stack, dispersion of the fine gases intwo
the atmosohere, is defined as the movement of the fiue gases horizontaily and verucally

‘Rrornmumrruqudlollwtumaflhcpmducuol’hnm!rlmonmdnmmummc;u
comstant fur cach indiidual constituent. i S '

o :
- 4
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Figure 3-21 Disperston mudel Torms a stack of height 4 and plume AH

and their dilution by the atmosphere. The herizontal 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 1o 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. wheresthe plume has reached
s maximum height. There, thus, is an effecnive stack height H, given by ~

H =H + AH (317

In specitic sitwations the proper design of a stack is dependent upon the Jocal topagraphy
and airflow patterns. Valleys, for example, can concentrate cmissions (o unacceptable
levels. Model studies are often necessary.

One of the most severe hindrances to dispersion is stmospheric inversion, which
oceurs when the temperature of the atmosphere increases with elevation. Itis 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 caleulating AH [20]. Most of them utilize
a momentun term that accounts for the vertical momentum of the gas caused by the
stack cxit velocity and a buoyancy term that accounts for the difference between stack
gas and atmospheric densities. They yield different correlations and widely d:ffcnng

values for AH. Some of these correlations, giving AH in meters, are:

I. Carson and Moses [21]

0.3
where AH = —0.029 22 2,62(%]
v, e

(3-18)

V, = stack-gas exit velecity, m/s

D = stack diamieicr, m
* There are two kinds of inversion. The first, called subsidence inversion, is due to ‘the descent of a

layer of air within a high-pressure air mass, The second, called radiation inversion, is due to thermal
uh';-atiun from the carth’s surface (o the atmosphere above at night. .
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-~
It

wind velocity at stack exit, m/s
Q. = hcat emission, Js, given by
Q. = mey(T, = T,) ) (3-19)
where m = gas mass-flow rate, kg/s

= specific heat of gas = 1005 Ji(kg - K) for dry air
at low temperature)

= gas temperature at stack exit, K

T, = air lemperature at stack exit, K

2. Briggs [22]

113
AH = ui'fL (3-20)

where
C = dimensiopless temperature gradient parameter = 1,58 —4] 4(A@/A D)

Al/Az = air potenual temperature gradient, Kim = 0 for neutral atmospheric
o
stability conditions*®

F = buoyancs Nlun = ¢V, DT, T AT, més'

£ = gravitanonal acceleration = 9.8 nmys?

3. TVA model [24)
173F"?
AH = ———3, 4 [ a%am (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 AB/Az beoween —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 1o resist vertical motion or to suppress furbulence. When the
atmosphere is considered o be an adiabatic system, free of frictional or inertial effects, it can be shown
[23] that dT,7d: ="=0.01 K'm for dry air. The negative of this temperature gradient is called the adiabaric
lapse rate I' = 001 K'm Bevause the standard atmospliere dues not meet the above rstrictions, a value,

_ based on meterolugical .lau of dTd: = —0,0066 K/m has been adopted as an international standard,
The air average t:mrl:rm mihe cath’s puddic lauudes decreases linearly with elevation in the troposphere
from sea level o neasdy 10 760 m (35 m-'- i1 ahoore which gt remains constant at 216 7 & (= A7) ip the
stratosphere. A stuble atmosphere s one that does not exhibit much vertim=! motivg w audniag, and hot
gases emitted near thg earth’s surface tend 1o remain there. A stromgly stable ammdiphere is one where
dT/dz is positive. This is the case of inversion referred to earlier. A weakly stable atmosphere is one where
dT/d: is negative but greatér than the emtmnntntni standard. A ncuiral atmosphere 13 one where dT/ds
is ncgative and equal 10 the environmental uandard In mr}lemdsm air that is carried rapidly upward
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the maximum plume nise was believed to have taken place. It takes into account the
stability conditions via 382z, dircetly built into the equation. There are numerous
other correlations for AH. some including the horizontal distance from the stack as a
parameter. Finally, there are theories based on the assumption that the concentration
of dispersed material in the wake is a three-dimensional gaussian distribution around
the axis of the wake (Fig. 3-21). A formulation by Cramer [25] s presently accepted |
for predictions of particulate distributions of the atmosphere.

The nature and environmental effects of pollutants from powerplants are covered
in Chap. 17.

3-13 STEAM-GENERATOR CONTROL

Steam-generator, and indeed total, powerplant control is a rather broad subject that
includes instrumentation, data processing and controls for combustion, steam flow,
temperature and pressure, drum level, bumer sequencing, desulfurization precipitators,
ash handling, system integration, start-up and shutdown, and automation. It obviously
cannot be covered fully in this textbook. In this section, therefore, we will cover, in
a simplified manner. only a few blsic control systems that apply to the steam generator,
These are: feedwater and drum-level control, steam-pressure control, and steam-tem-
peraturé control.

Feedwater and Drum-Level Control

Feedwater (and therefore steam) flow is controlied to meet load demand by the turbine
and at the same time maintain the level of water in the steam drum within relatively
narrow limits. It is common to maintain the normal drum level at “half-a-glass,”

will have the same temperature s the eavironment and there is no further movement. An unstable atmosphere
is one where dT,/dz is negative and less than the environmental standard. It is the case where motion in
the vertical direction 1s enhanced.

¥4
\\ o
\ \'\.
R e
B
hY \\ ~
N L} =
T: T, . 7,
Unstable s Neuteal < Weakly stable Strongly stable
Actusl environment ——— Adizhatic

fhe parameter ABAr used 1 cqs. (3-20) and (3-21) is colicd ihe putentid emperature gradient
and Is equal to the dilference between the environmeral and adiabatic temperature gradients, ABAz =
(AT/AZ),.. — (AT/Az).s Thus it is zero for a neutral atmosphere, positive for a strongly stable atmos-.
phere, and ncgative for an unstable atmosphere. = -

o
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meaning half full, in reference to sight glass tubes used outside the drum. A high
steam consumption by the turbine, combined with low feedwater supply, for example,
would lower the water level in the drum. Figure 3-22 shows a three-clement automatic
control system, of which drum level is one element.

The drum-level sensor responds to the error between actual drum and 1ts set pont,
such as in the case of high stcam consumption and low feedwater supply, and acts on
the controller to increase the feedwater valve opening to meet the steam-llow demand.
This action may be too slow and is supplemented by sensors for feedwater and steam
flow. The difference between the signals from these two sensors anticipates changes
in drum level and sends a signal to the controller to actuate the valve in the proper
direction.

Steam-Pressure Control
The steam-pressure control system (Fig. 3-23), sometimes called the “boiler master,”
maintains steam pressure by adjusting fuel and combustion airflows to meet the desired
pressure. When pressure drops, the flows are increased. A steam-pressure sensor acts
directly on fuel- and airflow controls, such as the pulverized-coal power drives and
the forced-draft fan, to affect the desired changes. A trimming signal from fucl- and
arrflow sensors maintains the proper fuel-air ratio Because itis often dithicult to obtain
accurate Tuel flows, a steam-flow sensor is sometimes substituted for the fucl-tlow
SENSOr.

Usually about a 5-s delay is allowed when changing coal flow and airflow o
ensure the prevention of a momentary rich mixture (high fuel-air ratio) and thus assure
smoke-free combustion.

Steam-Temperature Control

Steam-generater outlet temperature contral within narrow limits is important to pow-
erplant operation. Steam temperatures may fluctuate because of the buildup of slag or

Steam

Controller
Drum level r Vi fir
Aenisor = = 3

Fecdwater
Nuw seasor

]

I
kel Lo |
em0r

Trimming signal

Figure 3-22 Schematic of a three-clement feedwater control system. -
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ash on heat-transfer surfaces. The main fluctuations, however, occur because of changes
in load. Recall that radiant-type superheaters and rcheaters have a drooping temper-
ature-load characteristic, whereas convection-typg units have a rising temperature-load
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 abour | percent increase in heat rate. On the other
hand, an increase in steam temperature above design may result in overheating and
failure of superheater and reheater tubes and turbine blades.

The temperature of the saturated steam leaving the drum corresponds to the system
pressure and thus remains constant as long as the steam-pressure controls are in working
vider. Itis the superheater-reheater responses to load changes that have 10 be corrected.
There are several ways of adjusting the temperature, some of which are discussed
below.

' Combined radiant-convective superheaters In certain cases radiant and convective
superheaters are arranged in series to yield a relatively flat final steam temperature
over a wide load range (Fig. 3-10).

Allemperation Attemperation is the reduction of steam temperature by one of two
methods. The first uses a surface attemperator, which removes heat from the steam
in a heat exchanger. One form of the latter, called the shell rype, has a portion of the
steam taken out through tubes from between the primary and secondary superheaters
by an automatic valve and diverted 1o a shell-and-tube heat exchanger containing some
of the boiled water. The steam gives up some of its heat to that water and then remixes
With the primary steam upon entering the secondary superheater. Temperature control
is accomplished by controlling the amannt of disarad craam. Ansther “ersion of the
surface attemperator, called the drim fipe, hias e heat exchange between the diverted
steam and the boiler water occur within the main steam dnm, which must now be
made larger'to accommodate the attemperator tubes.,

Baah gl



FOSSIL-FUEL STEAM GENERATORS 117

The second method of attemperation uses a device called the spray, or direct
contact, atiemperator (Fig. 3-24). It reduces the steam temperature by spraying low-
temperature water from the boiler or economizer exit into the line between the pnmary
and secondary superheaters, Fig. 3-6. The spray nozzle injects water into the throat
of a mixing venturi, where the water mixes with high-velocity steam in the throat,
vaporizes, and cools the stcam. The venturi and a thermal sleeve also protect the main
steam pipe from thermal shock caused by any unvaporized water droplets that might
otherwise impact on the pipe. The water used must be of high purity to avoid adding
deposits on the superheater tubes, pipes, and turbinc blades. The spray attemperator
has been satisfactory in service. It provides a rapid and sensitive means of lemperature
control. Steam temperature is controlled by regulating the amount of spray water to
produce a flat temperature curve beyond point a (Fig. 3-25). A simple encrgy balance
illustrates the principle. For no work, heat, or changes in potential and kinetic energies,
the enthalpy entering the system equals that leaving it. Thus

Ahy, + meh, = (i, + MOk (3-22)

where m, and i, = mass-flow rates of steam and water,
respectively, lb./h or kg's

h, and h, specific enthalpies of steam and water,

respectively, Btuw/lb,, or J'kg
subscripts | and 2 refer to steam inlet and exit,
respectively

E i 7
Steam line Steanifloway

Spray nozzle
Thermal

sleeve

Water MNow

Venturi-
mixing

Thermal .
seeve

T, + ) Figure 24 A spray attemperator for steam temperafure

l Tol!;l' Now
control. o

£
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Example 3-2 Stéam enters a spray ‘attemperator at 2500 psia and 950°F. The
spray water comes from the boiler drum. which operates at 2600 psia. Caleulate
the mass of spray water that must be added per unit mass of steam to reduce its
lemperature to Y00°F,

Sorumion From the steam tables; b, = 1423.1, h, = 1386.7. h, = h at
2600 psie = 744.47, all in Bu/lb,, Using Eq. (3-22)

. M, m,
1423.1 + — % 744.47 = (1 + =) 13867
ml

i1

Theretore

B e
4
The attemperator, of either type, may be located before, between, or after the
superheater. The first choice will cause condensation of the saturated steam from the
boiler before it enters the superheater. In the last choice, the steam lemperature exceeds
the final desired steam temperature before attemperation. The midlocation between
the primary and secondary sections of the superheater is therefore the preferred one,
Attemiperation is sometimes used in series with gas recirculation (below), as shown
in Fig. 3-26.

Separately fired superheater A superheater with its own bumner. fans. combustion
chamber. controls, ete., all ldepeident of e steam generator, is sometimes use
and may serve more than one steam drum. The rate of firing is adjusted to yigld a flat
steam temperature-load curve. This system is not generally economical for harge electric
generating systems and is usually used in the chemigal process industry.

<

-
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Figure 3-26 Gas recirculation and attemperation in senes
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Gasrecirculation In this system, gas from some point downstream of the superheaier-
reheaters, mostly from the economizer outlet but sometimes from the air preheater
outlet, is recirculated back to the fumace by means of a gas-recirculation fan (mentioned
at the end of Sec. 3-10). The term gas recirculation is restncted to the case where the
gas is introduced back 1o the burming zone, such as before the bumners, at the bottom
hopper, ete. Gas recirculation to a point downstcam of the burning zone is called gas
fempering. Varving the percentage of recirculated gas alters the heat-absorbing char-
actenstics of the vanous heat-absorbing surfaces in the steam generators to yield the
desired effect and is taken inte account in the initial design of the system.

Other types of steam-temperature control are selecting burners that give the desired
gas temperature, using tlrable burncrs to shaft the Rame zone in the furnace. bypassing
a portion of the hot gas around the superhcater by dampers, and others.

Regulating reheat outlet stcam temperat . - is necessary for the same reasons as
those for regulating superheater outlet tempeatures, and the methods used are generally

the same.

PROBLEMS )

3-1 Calculate the pervent energy distribution in a sicam gencrator that goees into steam, losses to flue gases,
refuse and heat losses The steam generator receives 480 siiont fons of coal per day. The heating value of

- coalis 13,000 Bru/lb.,. 375.000 [bh of watér enters the steam gencrator at 2500 psia and 450°F and leaves

a3 steam al 2400 psia and 1000°F. Combustion air cnters at 80°F and iHe flue gases leave at I50°F. The
refuse, generated at the rate of 45 short tons fer day, has an anternal energy of 800 Brulb,. The airffuel
ratio by mass is 201 "Assuime ihat the flue gasesshave ihe same vanable specific heat as air.

3-2 A steam generator bumns a fiel oil that has the followine chemical analysis by mass: Carbon 85.3%,
hydrogen 14.1%. sulfur 0 5%, and nitrogen C }%. Combustion takes place in 125% theorstical air The
fue gases leave the aur prencater at 25 psia kynd {a) the minimum stack temperature 10 avoid condensation -
2nd (b) the maximum mass of sulfurous acid (H;S0,) that may be deposited per unit mass of fuel ofl burned.
3-3 A West Virginia coal has the following mass analysis: Carbon 75.0°¢, oxygen 6.7%, hydrogen 5.0%,
water 2.5%, swifur 2.3%, nitrogen 1.5%, and ash 7.0%. It burns i a steam penerytor with 125 percent
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theoretical air. Calculate (a) the minimum siack temperature (o aveid condensation if the flue gas pressure
leaving the air preheater is 12 pya and (6] the mass of SO, produced per unit mass of coal burmned

34 A gascous fuel has the following volumetric analysis: 90% methane {CH.), 5.0% cthane (C;H,), and
S% nitrogen. It burns in a steam gencrator with 115 percent theoretical air. Caleulate the mAnimum stack
temperature if the flue gades leaviag the air preheater are at 1S psia. .

35 A water-tube steam gencrator operating st 2400 psia has 50-M-high 3-in ID twbes, The piessure drop

15 given by 3.25 % 104 0, here m is the mass Now rate, in pound mass per hour. Assuming saturated-
£ ¥ P

water in the downcomer, 3 watcr-steam mixture in the tubes with an average density of 18 b /11, and an
inlet tbe velocity of 3.0 ft's, calculate the pump pressure necessary for the piven flow
36 A drum-type steain Benerator operates al 160 bars, 260 kg's of water goes down the downcomer,
7.32°C subcooled. The downcomer and risers are all 12 m high. The average water-steam mizture density
in the risers is 350 kg/m'. The pressure losses in the downcomer and risers total 0.5 bar. Caleulate the
power, in kilowatts. needed 10 drive a forced circulation pump if the pump efficiency 15 0,70
37 A d0-ft-long J-in-diameter steam Benerator water tube reccives saturared water at a velocity of 2 feet
per second and a pressure of 2400 psia. Heat is added to it uniformly. The slip ratio is 1 8. Calculate the
maximum heat added to the fube in Brus per foot if the exit void fraction is not 1o exceed 0 80).
3-8 Stcam eniers a convective-type superheater saturated at 160 bars. At a given load it leaves a1 480°C,
The convective heat transfer cocfficients inside & and outside s of the tubes are proportional to m,""® and
ctively, where i, and m, are the mass flow rates of steam and gas. Find the cxist gas lemperature
in degrees centigrade if bath steam and 835 flow are doubled. The gas temperature 7, remans constan| at
2000°C. Assume for simplicity that heat transferred between gas and steam is propartional to the product
of an overall heat tran<fer coefficient £ and (T,>= T)). where T, is the average steam temperature, and
also proportional 1o (T = T,)). where T, and Ty are the exit and inlet steam lemperatures. [gnore the
conductive resistgnee in the tube walls and recall from heat transfer that U is inversely proportional 1o
(lth, + 1),
3.9 Steam enters a fadiant-type superheater in 4 dry and saturated condition at 2400 psia. The convective
heat-transfer coefticient invde the tubes )5 propartional to m"®, where m is the steam mass flow rate. The
radiative heat transfer between the combustion gases and the tubes auter surface is propomional to (77 —
T2, where T, and T, are the flame and tube wall temperatures, respectively. Ata given load. the superheater
I ‘eam lemperature is 1000°F, and the extemmal heat-transfer coefficient is five limes the internal heat-
ogfficient, lgnonng the conductive resistance in the tube walls and the tube thickness, estimate
rature of the steam leaving the superheater if the steam mass flow rate is doubled

300 A 2Mecior L.jungstrom air prebeater contains Iiin-thick corrugated steel shests and fotates at 2

flmin. The hot gases emer at 600°F and leave at 350°F, The air enters at TO°F. For simplicity assume that
the gases and air have equal mass flow rates of 100,000 Ib/h each, and the same specific heat of 0,243
Blulb.’R. The preheater has an eliccuneness of 080 (ratio of actual air temperature nise (o theoretical
maximum temperature rise). Ignore shon-circuiting in the preheater and assume perfect heat absorption and
telease by the steel sheers. Steel has a density of 490 Ib/ft"and a specific heat of 0.1 Buwib, R, Calculate
{a) the air exit temperature and (b) the total preheater steel sheet arca, in square feet.
M1 A powerplant receives 92,000 Ib/h of coal which bums in 125 percent theoretical air. The coal is
-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) a
forced-draft fan with air at 60°F and (B) an induced-draft fan with flue gases at J00°F if either is used alone.
The fains have cfficiencies of 0,7, Use ¢, for cold air and flue gascs of 0.24 and 0,243 Brwb."R, respectively.
L Assume a 2 percent inleakage in the case of the induced-drafi fan, and negligible change in specific volume
" across the fans. . o -
3-12 Find the total power consumed, in megawaits and horsepower, by forced- and induced-draft fans if
both are used on a steam RENCALON operating on a balanced drafl. Assume that the pressurs losses before

oil with sir-fucl mass ratio of 18.75. Take leakage into the steam generator al | percent of wotal flow. The
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,

; mpéc‘tivdy.

o ¢
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313 A centrifugal fan equipped with damper control has the damper wide open a1 full flow. The damper
15 partly closed to reduce flow to B0 percent of full load, Estimate the changes, in percent, in static pressure,
and the horsepower requirement %

314 A centrifugal fan cquipped with vanabie speed control produces a flow of 20,000 ft'/min at B60 t'min.
Tts speed is increased at 1160 rfmin Estimate the flow in cubic feet per minute, shaft horsepuwer and static
pressure nise, in HzO, if ils speed 1 incieased to 1164 t/min

315 Combusiion gases at BOO'F enter 3 ervss-flow-type economizer of a steam generator and leave at
600°F. The steam Pressure is 1200 piia 17 Ib/h of feedwater leave the high pressure feedw ater heater at
400°F and leave the economizer 7.2°F subcooled  The overall heat transfer coefficient U (which takes into
account conveclion of both gases and water and radiation between the gases and the tubes) 15 135
Brwh-A%°F, Calculate the total tube length required 1f the tubes are 2 in O

316 A powerplant is situated at an altitude of 1000 ft above sea level. Flue gases enter the stack ar 285°F
and leave at 230°F. (a) Find the boight of stack, i feet, necessary for a dnwing pressure of 0.1 psiaof the
outside air is at 50°F and (b) the change in flue gas flow 1f the outside air lemperature changes 1o 60°F
317 A powerplant is situated at sea Jevel 1650 ky's of flue gases enter a S-m-diameter stack at 140°C and
leave at 110°C. The outside air temperature is at 10°C. The stack is designed for a dnving pressure of
0.007 bar, Using the Carson and Mases correlation, calculate the flus gas plume height if the prevailing
winds are al B0 knvh - ;

3-18 A 200-m-high 4-m-diameter stack emits 1000 kg/s of 100°C pases into 57C air. The prevailing wind
velocity is S0 km/h. The atmosphere s @ 2 conditicn of neutrai stability. Caleulare e height of the uas
plume by two methods

319 A 200-m-high 4-m-diamerer sixch emuts 1000 kg's of 100°C gases into 5°C air The poovafling wind
velocity is S0 kmeh Using the TVA model. calculate the height of the gas plumes if the atrgospher.
unstable where dT7ds = -0 010 K'm. th) weakly stable where d Trd: = 00050 K mi, and (o) strongly siable
where dT7d: = + 0010 K/'m

320 The stcam outlet temperature from a superheater may be given by 1("F) = 550 + 2
= load, percent. That teniperature should not be allowed to exceed 1000°F. A spray ype
used to regulale that temperature, using feedwater at 400°F. Calculate (@) the percent load at which the
amtemperator is activated, and (b) the pound mass of water injected per pound fmass Of siexy entenny U
anemperator at half load and at full load. Sweam pressure 1s assumed constanf ai 1000 psia

321 A spray attemperator receives 125 kg's of sticam at 80 bar and 580°C. It uses spray waler [wom the
feedwater line at 200°C. The aticmperator exit is at 78 bar and 480°C. How much feedvater is used in
kilograms per second?

321 A superheat-reheat Rankine cycle has atemperators on both the superheater and reheater which we
of the convective type. Flows in the superheater and reheaterare 1.1 % 10%and 1.0 « 1T ibo b, respectively
The mazimum pressure is 1000 psia and the reheater is placed optimally ir the cycle. At 25 percent load
the exit steam from both is 10007F. As load is increased to 50 percent, theer temprrfures (withont
anemperators) would become 1200 and 1150°F. How much water must be added in pourds mass pe: hour
in the attemperators to maintain 1000°F exit emperatures in both if water is available at #0°F?

where f.

raperalan ia




CHAPTER

FOUR
FUELS AND COMBUSTION :

4-1 INTRODUCTION

In Chap. 3 we covered those components of fossil-fucled stearmn generators that dealt
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™a
rather wide variety of fucls. Their preparation and feeding, often outside the sicam
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 o utility -
dustry are largely nuclear and fossil, both essentially nonrenewable. Nuclear fuels
originated with the universe, and it takes nature millions of years 1o manufaciure 1ossi|
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 nartural gas. Coal represents the largest fossil-fuel energy resource in
the world. In the United States today (1983), it is respansible for about 50 percent of
clectric-power generation. Oil and natural gas are responsible for another 30 percent.
The remaining percentage is mostly due to nuclear and hydraufic 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. T

New combustible-fuel options include the so-called synthetic fuels, or synfuels,
which arc iiquids and gases denved 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. '

- e

o -
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Table 4-1 World energy reserves

Fuel Type Encryy, Q°
Fousil Coal a

il and gas f
Frssle Uranmwm and thonum [ZLH]
Fusile Deuterium 100

* ] Q = 107" B or roughly 107" J, not to be confused witk 3
quad q = 10" B

This chapter will cover the combustible fuels available to the utility industry, both
natural (fossil) and synthetic, and their preparation and finng systems. Nuclear fuels
and renewable energy sources, and the environmental aspects of power generation in
general, will be covered later in this text. ’

4-2 COAL

Coal is a general tenm that encompasses a large number of solid organic minerals with
widely diffenng compositions and properties. although all are essentially rich in amot-
phous twithout regular structure) elemental carbon. It 1s found in stranfied deposits at
different and often great depths, although sometimes near the surfaze. 10 1s estimated
that in the United States there are 270,000 million tons of recoverable reserves (those
that can be mined economically within the foresceable future) in 30 of the SU states.
This accounts for about 30 percent of the world's total.

There are many ways of classifying coal according to its chemical ari shysical
properties. The most accepied system is the one used by the Amcican Sucicty for
Testing and Materials (ASTM), which classifies coals by prade or rank accordinz to
the degree of metamorphism (change in form and structure under the iniuences of
heat, pressure, and water), ranging from the lowest stite, lignite. o the hiekesr,
anthracite (ASTM D 388). These classifications are briefly described below in ¢ de-
scending order. -

Anthracite This is the highest grade of coal. It cotains a high content, 86 to 98 mass
percent, of fixed carbon (thé carbon content in the elemental state) on a dry, mineral-
matter-free basis and a low content of volatile matier, less than 2 to 14 mass perdent
(chiefly methane, CH.,). Anthracite is a shiny black. dense, hard, britile coal whal
borders on graphite* at the upper end of fixed carben. It is slow-buming and has 2
neating value just below that of the mghest for biwminocs voal (ceo celaw): Hous

-
-

* Graphite is 3 moderately_soft allotropic form of carbon Carboa crystallizes perfectly into diamond,
imperfectly into graphute, and i% amorphous (haviag no regular structure, noocrystalling) in anthraciic and
Chl&ll 8

&
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n steam generators is largely confined to buming on stokers, and rarely in pulverized
form. In the United States it s mostly found in Pennsylvania.

The anthracite rank of coal is subdivided into three groups. In descending order

of fixed-carbon percent, they are meia-anthracite, greater than 98 percent: anthracite,
92 to 98 percent; and semianthracite, 86 1o 92 percent.
Bituminous coal The largest group, bituminous coal is a broad class of coals con-
taining 46 to B6 mass percent of fixed carbon and 20 to 40 percent of volatile matter
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 range
in heating value from 11,000 10 more than 14,000 Buw/lb,, (about 25.600 to 32,600
kJ/kg). Bituminous coals usually burn easily, especially in pulverized form.

The bituminous rank is subdivided into five groups: low-volarile, medium-volagile,
and high-volatile A, B, and €. 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 than
bituminous coal, between §300 to 11,500 Brw/lb,, (about 19,300 1o 26,750 kJ/kg). It
Is relatively bigh m inherent moisture content, as much as 15 10 30 percent, but often
low in sulfur content. It is brownish black or black and mostly homogeneous in
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 wood
fiber arc often visible in it. It originates mostly from resin-rich plants and is therefore
high in both inherent moisture, as high as 30 percent, and volatile matter. Its heating
value ranges between less than 6300 to 8300 Biu/lb,, {about 14,650 t 19,300 kirkg).
Because of the high moisture content and Jow 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 is 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 pans of the world. Several states
in the United States have large deposits. Because of its abundance, it is used in a few
countries (Ircland, Finland, the USSR) in some electric generating plants and in district
heating. '

-

4-3 COAL ANALYSIS -

There are two types of coal analysis; proximate and witimar, ‘both done on a mass-
percent basis. Both of these methods may be bascd on: an as-received basis, useful

G
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- a

for combustion calculations; a moisture-free basis, which avoids variations of the

moisture content even in the same shipment and certainly in the different stages of .
pulverization; and a dry mineral-matter-free basis, which circumvents the problem of

the ash content’s not being the same as the mineral matter in the coal.

Proximate Analysis

This is the casier of two types of coal analysis and the one which supplies readily
meaningful information for coal’s use in steam generators. The basic method for
proximate analysis is given by ANSIVASTM® Standards D 3172. It determines the
mass percentages of fixed carbon, volatile matter, moisture, and ash. Sulfur is obtained
in a scparate determination.

Fixed carbon is the elemental carbon that exists in coal. In proximate analysis,
“its determination is approximated by assuming it to be the difference between the
original sample and the sum of volatile matter, moisture, and ash.

The volatile mauter 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 conststs of hydrocarbon and other gases that result from distillation and
decomposttion

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.
15 that cxisting in the natural state of coal and considered 10 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 ANSIVASTM 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 gencrators if the gases are cooled below the dew point, as well
as environmental problems (Chap. 17).

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,

- Rydrogen, nitrogen, oxygen, and sulfur. Ash is determined as a whole, sometimes in
a separate analysis. Ultimate analysis is given by ASTM Standards D 3176.

Healing Value
The heating value, Dt ~r Vg of fuel, may be determined on as-received, dry,
of dry -and-ash-free basis. It is r.hc heat transferred whcn the products of complete

L]

* American National Standards tnstifute/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 of
air and fuel. It is determined in o standard test in a bomb calorimeter given by ASTM
Standards D 2015, There are two determinations: the higher (or gross) heasing value
(HHV) assumes that the water vapor in the products condenses and thus includes the
latent heat of vaporization of the water vapor in the products; the lewer heating value
(LHY) does not. The ditference between the two is given by *

LHV = HHV — m hy, ) (4 la)
or LHY = HHV — Sy, (4-1h)
where m. = mass of water vapor in products of

combustion per unit mass of fuel (due
10 the combustion of H, in the fuel,
e, not including initial H;O in fuel)

myy. = mass of original hydrogen per unit mass
of fuel. known from ultimate analysis

K, = latent heat of vaporization of water
S . vapar at its partial pressure in the
. combusnion products, Bru/lb,, H.O0 or
ke H.O

The partial pressure of swater vupor in the products of combustion is obtained by
multiplying the mole faction of HO in the products, which is obtained from the
combustion equantion in the usual manner, by the total pressure of the products. The
9 Eq. (4-16) is the ratio of the molecular masses of H.O and H, and represents the
mass of H;0 vapor obtained from a unit mass of H,.

Because gases are not usually cooled down below the dew point in steam generatars
(or engines). it docs not seem fair 1o charge them with the higher heating value in
caleulaung energy balances and efficicncies of cycles or engines. Some, however,
argue that they should be charged with the total energy content of the fuel. A uniform
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 practice,
however.) i .

As indicated above, heating values are obtained by testing. However, a'formula
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 Buulb, .

HHY = 14.600C + az.fm(n - %) + 40508 " (4-2)

where C, H, O, and S are the mass fractions of carbon, hydrogen, oxygen, and sulfur,
respectively, in the coal. For lower-rank fuels, the ahove formula usually undeiosii-
mates the HHV. o 1 o
- Table 422 gives the proximate and ultimate analyses of some typical U.S. coals,
Calculations of heating value for fuels of known. compesition will be covered in
Sec. 4-14, 3 5" =
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Table 4-2 Proximate aﬁd ultimate analyses of some U.S. coals

Bituminous,
Analysis, ) micdium
mass percent Anthraciie volatility Subhituminous Lignite
Provumate
Fiued carbon BAK 700 459 RIiN |
Volatile matter 57 ms 305 2.2
Mausture 23 A3 9.6 38
Ash 8.0 62 4.0 6.2
Ulimate
C 839 80.7 588 424
H: 29 R It 2.8
-] 07 i4 B3 0.7
0, 0.7 24 12:2 12.4
N; 1.3 1l 1.3 0.7
H:0 2.5 ii 19.6 4.8
HHYV
Bou b P 13,720 ._14.]10 10,130 1.210

Example 4-1 Write the complete combustion equation, calculute the HHV and
LHV, Buvlb,,, of the medium volatility subbitunminous coul in Table 4-2 by using
the Dulong-type formula and find the dew pont, “F. Assume stoichiometric. 1.e
chemically correct, combustion air. Total pressure = 1 atm.

SOLUTION

HHV + 4050 ..(_U.UIS

0
14,600 ~ 0.807 : m_m*(n 015 - E@)

11,782 -+ 2976 + 73 = 14,8 vI Biu/lb,,

1]

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

formula.
The relative mole fractions of the fuel constituents from the ultimate analysis

are obtained by dividing the mass fractions by their molecular masses. The cquiv-
alent molecule of the coal, therefore, is

30? iR B 1.1 3.3
o “CH,0
5 211 55+ 330 ENJT H,

or 0.725C + 2.250H, i 0.056255 + 0.0750; + 0.02229N,

FOas2NLC

A hydrogen balance gives 2.250H0 from the H; in the fuel + 0.1833H,0
originally in the fuel = 2.4333H.0 in the products. :
A sulfur balance gives 0.0562580; in the'products. o -

<
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An oxygen balance thus requires 0,725 + (2.25012) + 0.05625 = 1.906250,
for combustion, but only 1.90625 - 0.075 originally in the fucl = 1.831250,
from the atmosphere. :

A nitrogen balance (the atmosphere contains 3.76 mol N, per mol Q,) gives
3.76 x 1.83125 = 6.8855N, from the atmosphere + 0.03929 originally in the
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; — 0.725C0, + 2.4333H,0 + 0.0562550,
+ 6.92479N,

The latent heat of vaporization, necessary for the calculation of the LHV, is
due to the partial pressure of the H,O that was formed in the combustion process
only, because the moisture originally in the fuel receives and gives off the same
heat upon vaporization and condensation. The partial pressure of the combustion
H,0 is equal to its mole fraction in the produets

2.250
0.725 + 24333 + 0.0562> + 6.92479

x 14656 = 3.705 psia

From the steam tables, K. at 3.705 psia (by interpolation) 1s 1008.6 Buw/lb,,.
Using Eq. (4-1h)
LHV = 14831 — 9 x 0.045 x 1008.6 = 144225 Btu/lb,,

Note that the differences between HHV and LHV for coals are small (less
than 3 percent in the above example) because of their low H content. This is not
the case with liquid or gascous hydrocarbons, which contain s large portion of
hydrogen in the C-H molecules,

The dew point of the products is the saturation temperature corresponding to
the partial pressure of the total H,O in the products, or '

2.4333
L0925 + 2.4333 + 0.05625 + 5.92479

This corresponds to a saturation temperature of about 148°F, which is the dew

point. ¥
There will be more discussion of heating value in Sec. 4-14.

X 14.696 = 3.5268 psia

4-4 COAL FIRING

Since the old days of feeding coal into a Tumace by hand, several major advances
have been made that permit increasingly hicher rates of combustion.
The earliest in the histery of steam boilers were mechanical siokers. and several
- types are still being used for small- and medium-sized boilers. All such stokers are
" designed to continuously feed coal into the furnace by moving it on a grate within the
fumace and also to remove ash from the furnace. :
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Figure 4-1 Coal sieve analysis (A1 pulvenized-coal sample; (8) coal range for cxclone firing. (€) coal as
fired. Plot based on graphecal 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 firin g, it is crushed and then ground o such  line powder
that approximately 70 percent of it will pass a 200-mesh sieve * (Fig. 4-1). Itis suitable
for a wide \.mr‘ict}' of coal, particularly the higher-grade oncs. Advantages ol 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 multiple-fuel
combustion (oil, gas, and coal).

* There are some seven sereen, or sieve, standards in Ithe United States and Europe. The oo used here
15 the U.S. Standard Sicve, in which the number of openings per lincar inch designates the mesh. A 100-
mesh screen has 100 openings to the nch, or 10,000 openings per square inch. The higher the uesh, the
finer the screen. The diameter of the wire determines the opening size. The U.S. Standard Sieve mesh and
opsaing size in inches and millimewers are given below,

Mesh 20 w W 0 [ 100 140 200 2 a0

in 1.033) 1.0234 00165 0017 00098 00089  0.004] 00029 00017 0.0015

m}: 0.840 0595 0.420 0.297 0.250 0.14% o103 0074 0.0+ 0.037
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In the late 1930s cyclone-furnace firing was introduced and became the third major
advance in coal firing. It is now also widely used though for a lesser variely of uses
than is pulverized coal. In addition to those advantages already mentioned for pul-
verized-coal firing, cyclone firing provides several other advantages, These are the
obvious savings in pulverizing equipment because coal need only be crushed, reduction
in furnace size, and reduction in fly ash content of the flue gases. Coal size for cyclone:
furndce 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 upward
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 bumned, and
removal of SO, from the flue gases by the use of scrubbers, Chap. 17.) Desulfurizatiog -
15 accomplished by the addition of limestone directly to the bed. Fluidized-bed com-
bustion 15 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 finng. Partly because of the low efficiency,
stoker finng 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
arcund 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, haye higher bumning rates and are flexible enough in design to meet the
~millicns of pounds per hour of steam requirements of modern steam generators with
narrower and higher fumaces. Stokers, however, remain an important part of steam-
gencrator systems in their size range. 5
Mechanical stokers are usually classified into four major groups, depending upon
the method ofl introducing the coal into the furnace. 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
+00,000 15, /h (9.5 to 50 kg/s). It can bumn a wide variety of coals from high-rank
hif:sgimaun 10 lignite pnd even some by-product waste fucls such as wood wastes,
- pulpwood, bark, and others and is responsive to rapid load changes, In the spreader

stoker coal is fed from a hopper to a number of fecder-distributor units, each of which
~ has a reciprgcating feed plate that transports the coal from the hopper over an adjustable
spill plate to an overthrgw rotor equipped with curved blades. There are a number of

o
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s
such feeder-distributor mechanisms that inject the coal into the fumace in a wide
uniform projectile over the stoker grate (Fig. 4-2). Airts primaniy fed upward throueh
the grate from an air plenum below it This is called wndergrate air. The finer coul
particles, between 25 and 50 percent of the injected coal, are supported by the upward
airflow and are burned while in suspension. The larger ones fall to the grate and burmn
in a relauvely thin laver. Some air, called overfire dir. 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 collecting and remjecting dust and controls for coal
flow and mirflow to suit load demand on the steam generator.

The problem with stationary spreader stokers was the removal of ash, which was
first done manually and then by shutting off individual sections of grates and their wir
supply for ash removal without affecting other sections of the stoker. The spreader
stoker became widely accepted only after the ntroduction of the contnuous-ash-
discharze traveling-grate stoker in the late 1930s. Travehing-grate stokers. as a class,
also include the so-called chain-grate stoker. They have grates, links, or keys joined
in an endless belt that is driven by # motorized sprocket drive at onc end and over an
idle shaft sprocket mechanism at the dther. Coal may be mjected 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 ai either
end. depending upon the dircction of motion of the traveling grate

Continuous-cléamng grates that use reciprocating or vibruting designy have also
been developed, as have underfeed stokers that are suttabie for burning special types

Overfire
Air

CnalHo;;p-er~|

Feeder -,

Overthrow A
_—~Rolor [ T

N

Sloher
Chain

Ash Hopper

Flgure 4-2 A vavcling-graic spreader stoker with front ash discharge. (Courtesy Babcock and Wilcos. )
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of coals. The continuous-ash-removal traveling-grate stoker, however, has high burming
rates and remains the preferred type of stoker:

Ignition of the fresh coal in stokers, as well as its combustible volanle matter,
driven off by distillation, is started by radiation heat transfer from the bugning gases
above. The fuel bed continues to burn a.ad 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 pos:sible the construction of large,
efficient, and reliable stcam 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, il coal were made fine enough, it would burn 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
19205 '(29,30). The mechanism of crushing and pulverizing has not been well under-
stood theorctically and remains a matter of controversy even today. Probably the most
accepted law is one published in 1867 in Germany, called Rittinger'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 arca of the reduced size. This, and other laws, however, do not take
inio account many of the processes involved in coal pulverization, and much of the
progress in developing puIvcnzcd-coal furnaces relies heavily on empirical correlations
and designs.

To bura pulverized coal successfully in a furnace, two requirements must be met;
(1) the cxistence 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 amosnt 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-mésh screen that corresponds to a 0.074-mm opening and

¥
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about 99.99 percent passing a 50-mesh screen that corresponds to a 0.297-mm opening,
i.e., only 0.1 percent larger than 0.297 mm. ,

The size of bituminous coal that is shipped as it comes [rom the mine, called run-
of-mine coal, is about 8 in. Oversized lumgs are broken L-l[‘l but the coal is not screencd.
Orther sizes are given names like {fump (5 i), which 1s used in hand firing and domestic
applications, egg (5 X 2in), nut (2 x 1§ in), stoker (13 % ¥ in), and slack (3 x 0
in, meaning 1 in or less). [Anthracite coal has similar designations, ranging from
broken (43 % 3 in) to buckwhear (% X s in) and rice (5 X {5 in), ASTM D 310

Coal is usually delivered to a plant site already sized to meet the feed size required
by the pulvenizing mill or the cyclone fumace (Scc. 4-7). If the coal is too large,
however, it must go through crushers, which are part of the plant coal-handling system
and are usually located in a crusher house at a convenicnt transfer point in the coal-
conveyor system. The feed size required in pulverizing mills is designated at 1§ 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 rru_\h;r, or gran-
wlator, (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
hammers attached to it. Adjustable screen bars determine the maximum size of the
discharged coal, Wood and other foreign matenal is also crushed, but a trap is usually
provided to colfect tramp iron (metal and other hard-to-crusk matter.) Ring crushers
and hammermills are used off or on plant sitc. They reduce run-of-mine coals doan
to sizes such as § X O in. Thus they discharge a large amount of fines suitable for

: r:(“l‘t 43 A ring-type coal crusher. (Courtésy Bubcock and Wilcox.)
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Figure 44 A hammer-mill coal crusher. (Courtesy Babeock and Wilcox. )

further pulverization, but not for cyclone-fumace firing. For the latter, acrusher type
called the reversible hammermill 1s preferred.

A third type. the Bradford breaker (Fig. 4-5), is used for large-capacity work. It
1s composed of a large eylinder consisting of perforated ste=l or screen plates to which
lifting shelves are attached on the inside. The cylinder rotating slowly at about 20
r/min receives feed at one end. The shelves lift the coal. and the breaking action is
accomplished by the repeated dropping of the coal until its size permits it o be
discharged through the perforations. whase 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 casily reject foreign matter sud produce relatively uniform
sizc coals. They are usually used at the mine but may also be used at the plant.

Other simple devices called rof/ crughers, which have single or double rolls or
rotors equipped with teeth, have been used but have not proven very satisfactory
because of their inability o produce coal of uniform size,

e —

Flgure 4-5 A Bradford breaker (Courresy Combustion En.
Bineering, IncY
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Pulverizers

The pulvenzing process is composed of several stages. The first is the feeding system,
which must autornatically control the fuel-feed rate according to the boiler demand
and the air rates required for drying (below) and transporting pulverized fuel to the
buiner (primary air). The next stage is drying. One important property of coal being
prepared for pulverization® is that it be dry and dusty. Because coals have varying
quantities of moisture and in order that lower-rank coals can be used, dryers are an
integral pant of pulverizing equipment. Part of the air from the weam-generator air
preheater, the primary air, is forced into the pulverizer at 650°F or more by the primary-
air fan. These it is mixed with the coal as it is belng circulated and ground.

The heart of the cquipment 15 the pulverizer, also called grinding mill. Grinding
is accomplished by impact, autrition, crushing, or combinations of these. There are
scveral commonly used pulverizers, classified by speed: (1) low-speed (below 75
rimin): the ball-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 hammermill,
and the attntion mill.

The low-speed ball-tube mill, one of the oldest on the market, is basically a hollow
cylinder with conical ends und heavy-cast wear-resistdnt liners, less than half-filled
with forged steel balls of mixed size. Pulverization is accomplished by attrition and
impact as the balls and coal “uscend and fall with cylinder rotation. Primary air is
circulated over the charge to carry the pulverized coal to classifiers (below). The
balltube mill is dependable and requires low maintenance. but it is larger and heavier
in construction, consumes more power than athers, and because of poor air circulation,
works less efficiently with wet coals. It has now been replaced with more efficient
types.

The medium-speed ball-and-race and roll-and race pulvenzers are the type in
most use nowadays. They operate on the principles of crushing and attrition. Pulver-
leation takes place between two surfaces, one roliing on top of the other, The rolling
clements may be balls or ring-shaped rolls that roll between twe races, in the manncr
of a ball bearing. Figure 4-6 shows an example of the former. The balls 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 cnough, 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 statiopary 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 ball circle diameter, a 12-ft diameter,
and a 22.5-ft height overall, weighs 150 {ons, and is driven’by & 700-hp motor {12).
Roth types are suitahle for direet-firing systems (see below),

High-specd puiverizeis use hammer beaters thai icvolve in 2 chamhar aquinnad
with high-wearesistant 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 pulvcmcd
coal systems: 3
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Figure 4-6 A ~|r!g‘u-r\‘“ ball-and race coal pulvenzer (Courtesy Babrock 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 syslem comprises pulverizing, delivery, and buming 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 bawch system by which the pulverized coal is
~ prepared away from the fumace and the resulting pulverized-coal-primary-air mixture
goes 1o a cycione 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 cquipment bc;:ame reliable encugh for continuous steady operation, Be-
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Figure -7 Pulvenzed-coal bin system. (Courtesy Babcock and Wilcor )

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 modemn plants

Compared with the bin system the direct-firing system has greater simplicity and
hence greater safety, lower space requirements, lower capital and operating costs, and
greater plant cleanliness. As its name implies, it continuously processes the coal from
the storage receiving bunker thivugh a feeder, pulverizer, and primary-air fan, to the
fumace burners (Fig, 4-8). (Another version of this system, less used, places the fan
- ‘onthe outletside 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 stcam-generator loads. The control operating range on any on¢
direct-firing pulverizer system is only about 3 to 1. Large steam generators are provided
with more than ne pulverizer system, cach féeding a number of bummers, so that a
wide control range is possible by varying the number of pulverizers apd the load on
cach.

Suiacrs A pulisiiced-coal burner is not top dissimilar to an oil bumer. The latter
must alomize the liquid fuel to give a large surface-to-volume ratio of fuel for proper
“interactiop with the combustion air. A pulverized-coal bumer already receives dried
pulverized cﬁqj in suspension in the primary air and mixes it with the main combustion
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Figure 4-8 Pulvenzed-coal dircct-tiring system. (Courtesy Bahcock and Wilcox )

air from the steam-generator air preheater. The surface-to-volume ratio of pulverized

coal or finencss requirements vary, though not too greatly, from coal to coal (the

higher the fixed carbon, the finer the coal), For example, pulverized coal with 80

percent passing a 200-mesh screen and 99.5 percent passing a SO-mesh screen possesses

a surface area of approximately 1500 cm¥g with more than 97 percent of that surface
% arca passing the 200-mesh screen.

The fuel burners may be arranged in one of two configurations. In the first,
individusl burners, ‘usually arranged horizontally from one or opposite walls, are
independent of each other and provide separate flame envelopés. In the second, the
bumers arc arranged so that the fucl and air injected by them interact and produce a
single flame envelope. In this configuration the burners are such that fuel and air are
injected from the four comers of the fumace along lines thaf are tangents to an imaginary
horizontal circle within the furnace, thus causing a rotative motion and intensive mixing
and a lame envelope that fills the fumnage area. Vertical firing is also used but is more
compica and used only for hard-to-ignite fuels.

he brenere themeabves can be used to bum pulverized coal only (Tig. 4-9) or all
three pamans fusle 32 pulverized coal, oil, or gas (Fig. 4-10). In Fig. 4-9, the cudl
impeller promotes the mixing of fuel with the primary air and the tangential doors
built into th windbox provide turbulence of the main combustion, or secondary, air
to help mix it with the fuel-prinfary-air mixture leaving the impeller. The total air-

ngy
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Figure 4-9 A pulvenzed-coal bumer (Courrenn Bubcocd and Wilcar.)

Multy Purpose Windto —
Onl Lighter . |
Inmer Aur Cuter Aur “ |
Regisler  Regster ||

Water.
Cooled
Throat

F||l :
¥|H|l.
i

. ) ‘|

| i i

4 r{ rul|| 11I1H IHH
U "l”i

iVarni s i b
i thhLLUhJLll
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Table 4-3 Excess air required by some fuel systems

Fuel System Excess ais, %
[
Coal: Pulverized. completely water-cooled furnace 15-20
Pulverized  partially water-cooled furnace 15-40 !
Spreader swker 30-60
Chain grate and traveling stoker 15-50
Crushed, cyclone furnace 10-15
Fuel oil: Ol burncrs 5-10
Multifucl Bumers . 10-20
Gas: Gas burmers 5-10
Multifuel burners 7-12

fuel ratio is greater than stoichrometric (chemically comect) but just enough to ensure
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 accomplished in a variety of ways including a
light-fuel o1l jet, itself spark-ignited (Fig. 4-9). This igniter is usually energized long
enough o ensure a self-sustaining flame. The tontrol equipment ranges from manual
to a remolely operated programmed sequence. The ipniters 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, unul the combustion-zone tem-
"perature is high enough to ensure a self-sustaining flame. It may also be necessary to
activate the igniter at very light loads, especially for coals of low volalility. The
lmp-cllcr is the part of the burner that is subjeci to severc mamtcnancc problems and
is usually replaced ence a year or so.

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 burm poorer grades of coal that contain a high ash content with a
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 moisture
is allowable with predrying. One limitation is that ash should not contain a high sulfur
content or a high Fe,0,/(Ca0 + MgO) ratio. Such a coa! has a tendency to form high
ash-fusion temperature materials such as iron and iren sulfide in the slag, which negates
the main advantage of cyclone firing.

The main advantage is the removal of much of the ash, 2hout 60 percent, as
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 leaves
_ with the flue gases, compared with about 80. percent for pulverized-coal firing. This

. ¥
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materially reduces erosion and fouling of stcam-generator surfaces as well as the size
of dust-removal precipitators or bag houses (Chap. 17) at steam-generator exit, Other
advantages are that only crushed coal is used and no pulverization equipment is needed
and that the boiler size is reduced. Cyclone-fumace finng uses a range of coal sizes
averaging 95 percent passing a 4-mesh screen (region B, Fig. 4-1).

The disadvantages are higher forced-drait fan pressures and therefore higher power
requirements, the inability to use the coals mentioned above, and the formation of
relatively more oxides of nitrogen, NO,, which are air pollutants, in the combustion
process.

The cyclone is essentially a water-cooled horizontal cylinder (Fig. 4-11) located
outside the main boiler furnace. in which the crushed coal is fed and fired with very
high rates of heat releasc. Combustion of the coal is completed before the resulting
hot gases enter the boiler furnace. The crushed coal is fed into the cyclone burner at -
left along with primary air, 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
densities, between 450,000 and 800,000 Brw/(h - t") (about 4700 o §300 kW/mY),
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 1o a slag tank at the bottom of the boiler furnace,

Emergency Standby Gas Burners

Ol Burner

Replaceable
YWear Liners

= ) Re-entrant

Throat Slag Tap Opening_

Figure 4-11 A cyclone fumace. (Courtesy Babcock and Wilcox.)
+ x
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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 wills and
contributes to the cfficiency of cyclone firing. The high temperatures alsé 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
tukes 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 arc
also suitable for fucl-oil and gaseous-fuel finng. -

Initial ignition is done by small retractable oil or gas bumers in the secondary air
pors.

Like pulverized-coal systems, cyclone firing systems can be of the bin, or storage,
or direct-firing types, though the bin type i1s more widely used, especially for most
bituminous coals, than in the case of pulvenzed 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 onc cyclone
is from 50 to 100 percent of its rated capacity. Cyclones vary in size from 6 to 10 fi
indiameter with heat inputs between 16010 425 million Btu/h (about 47 .000 10 135 000
KW, respectively [12].

The cyclone component requiring the most maintenance is the bureer, which is
subjected to crosion by the high velocity of the coal. Erosion is minimized by the use
of tungsten carbide and other crosion-resistant matenials for the burner liners, which
are usually replaced once a year or so.

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 clectrostatic precipitators and baghouses for particulate
matter and scrubbers for sulfur dioxide (Chap. 17). Others are processes concurrent
with combustion such as cyclone-farnace 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 sicam-
generator fuels (Sec. 4-11).

Fliidized-bed combustion_is of the concurrent type. It differs from the cyclofie
furnace in that sulfur is removed during the combustion process. In addition, lwdized-
bed combustion occurs at lower temperatures, resulting in lower production of NO,
as well as the avoidance of slagging problems with some coals. :

The fluidized-bed co.nbasiar has been under development since the 1950s with
the aim of perfecting the process and comparing its reliabikity and economy with SO,
postcombustion scrubbing. Fluidized beds have been in use for many decades in
chemical-industry applicatjons where intimate mixing and contact between reactants
are desired. Such contact in a fluidized surbulent state increases heat and mass transfer

o
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- a
and reduces time of reaction, plant sizc, and power requirement. Fluidized beds have
even been proposed for use in nuclear-power reactors [1,3]. When used for coal,
Auidized-bed combustion results in high combustion efficiency and low combustion
temperatures, .

Fluidization

A fluidized bed is one that contains solid particles which are in intimate contact with
a fluid passing through at a velocity sufficiently high to cause the particles to scparate
and become freely supported by the fAuid (Fig. 4-12). A fixed bed, on the other hand,
is one in which the velocity of the fluid is 0o slow to cause fluidization. The minimum
fiuid velocity necessary for fluidization may be calculated by equating the drag force
on a particle due (o the motion of the fluid to the weight of the particle. Thus

¥; g
LT ; 43
CDA‘p"Eg, ,ﬁ!gr (4-3)

= drag cocfficient, a function of the particle
shape and the Reynolds number, dimensionless

where C;

»

A, = cross-sectional area of the parucle = w77 for
a spherical particle, i or m’ %
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Figurt 4-J2 Schematic of a Auidized bed: (a) pmu:l-:a n ml.hpwd state, (b) parnticles in fluidized state.
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r = radius of thic particle, if considered spherical, ft or m
py = density of the fluid, Ib,/ft’ or kg/m®
V, = welocity of the fluid, fvh or m/s :

V = volume of the particle = ; #r if spherical,
fi’ or m’
p, = density of the solid particle, 1b,/ft’ or kg/m®
£ = gravitational acceleration, ft/h? or m/s?
g = conversion factor, 4.17 x 10* Ib,ft/(lb, - h?) or
1 kg/(N - s?)
For a spherical particle, Eq. (4-3) yields

. f 8 p
V. o= yf— = 4-4
A iCp p,r =

The total prcss..un: drop AP, Tb,-’!'{" or Pa, in a fluidized bed is composed of three
Ci 1[]1[\01')(! nts =

AP = AP, + AP, + AP, (4-5)
where AP, = pressure drop due to fnction at the wall

AP, = pressure drop due to static weight of
solids in bed

APy = pressure drop due to static weight (or
hydrostatic head) of fluid in bed

Fluidized beds usually have large wall diameters, so AP,, is relatively small. The
fluid in a fluidized-bed combustor varies-in a compléx 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(I - a)p.f (4-6)

<

where  H = height of bed in fluidized state, ftor m

a = average porosity or void fraction of bed in fluidized state
= fraction not occupied by solids, dimensionless

. The value of a is obtained from

% 1= e H, .
| =g " s (4-7)
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where H, = height of the bed in the collapsed state, ie.,
when all solids are randomly packed at bottom

and a, = porosity in the collapsed state; the value of e,
of & bed of spheres of equal diameter, randomly
packed 1 very nearly equal 1o 0.40 [31] but
lower for spheres of different diameters

In fuidized-bed combustion, crushed coal, between 1/4 and 33 1n maximum (6
to 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 furnace where combustion of the swirling mixture
takes place. The products of combustion leaving the bed contain a large propertion of
unbumed carbon particles that are collected in a cyclone separator, which separates
these particles from the gas by impaning a centrifugal acceleration on the mixture.
They are then returned back 1o the fluidized bed to complete their combustion. The
boiler water tubes are located i the fumace.

As indicated previously, the most important advantage of fluidized-bed combustion
1s the concurrent removal of the sultur dioxade that results normally from the combustion
of the sulfur content of the coal. Desulturization is accomplished by the addiudh of
limestone directly to the bed together with the crushed coal. Limestone s a sedimentary
rock composed mostly of caleium carhonate (CaCO,) and sometimes some magnesium
carbonate (MgCO,). Limestone ahsorbs the sulfur dioxide with the help of some oxygen
from the excess air, according (o

1
CaCO, + SO, + 50;—' CaSQy + 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°T (750 o 9350°C) is common,

The calcium sulfate €aSO, produced in this process is a dry wasle product that
is either regencrated or disposed of. Technical problems for handling this calcium
sulfate arc 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 cpmbustors. They allow inferior grades of coal to be used without slag-
ging problems; the carbon and ash camyover in the flue gases does not reach temper-
atures at which they become soft and foul heat transfer surfaces; the low temperature
combustion results ¥n substantial reductions in the emission of oxides of nitrogen NO,,
a serious air pollutant; and cheaper alloy materials are possibie, resiéiing in econemy
ui constnction i )

Another advantage is the absénce of pulverization equipment, resulting in further
cconomies. -Also, a fluidized-bed combustor can be designed 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 thatare 2 to 3 times higher than a conventional boiler.
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A Nuidized-bed steam generator is therefore much more compact than a conventional
one of the same capacily.

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 result
of the condensation of water vapor. Lower stack-gas temperatures result in an increase
in overall plant efficiency.

The problems facing the development 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 sulfate,
the quenching of combustion by the cooler water tubes within the bed, and variable-
load operation. X

Fluidized-bed combustors may be used with either 2 conventional steam power-
plant (Rankine cycle) 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 1o supply combustion air at pressures of up 10
10 bar, which results in slightly higher heat-transfer.rates. Electrostalic precipitators,
fly-ash removal, air prchc:ilcrs. and other auxiliaries as are found in conve ntional stcam
generators are used. In the combined gas-steam cycle pressurized beds are used. They
teceive compressed aif from the grs-rurhine cyrle compressor.

By the end of 1981 more ihan 20 fluidized-bed-combustion walter-tube steam
generators were contracted for worldwide. Their ratings extended up to 330,000
Ib/h (dbout 42 kg/s) capacity, 2450 psig (about 170 bar), and 1000°F (about S40°C)
steam conditions. They now are considergd by some as competitive with conventional
steam generators with gas scrubbing when high-sulfur coals or waste fuels are burned.

- o
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49 LIQUID FUELS

Technically, liguid fuels are an exeellent encrgy source. They are casy to handle,
store, and burn and have nearly constant heating values, They are usually a mixture
of hydrocarbons that may be represented by the molecule C,H,,. where m is a function
of n that depends upon the “family™ of the hydrocarbon. Table 4-4 gives the famihies
of hydrecarbons found in crude and refined oils,

The number of carbon atoms in a hydrocarbon molecule is identified by

I meth 6 hex [l undec 16 hexadec 21 hencicos
2cth 7 hept 12 dodec 17 hepradec 22 docos

3 prop 8 oct 13 tridec I8 octadec 23 1ncos

4 but Y non 14 tetradec 19 nonadec 30 tacont
S 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 n. Some chain molecules, called isomiers of the original molecule, are branched
and use the prefix isn. Some examples are:

H
[ Methane, CH, i H—C- H
H
A
2. n-Octane, CH —Cl—LI—Lr‘—-C‘—(IT—.T*“?—CI—
1 ] L]

where the H symbol has been dropped for simplicity.

Table 4-4 Hydrocarbon families in oils

General Prefint
Farmly formula suffiv i Structure
Paraffin® (alkancs) C.Hy . ' -ane Chain, saturated
Olefin C.Hz -ene, -ylene Chain, unsaturated, one dosbie bond
- Diolefin - CHu -3 -diene Chain, unsaturated, 1wo dosbie bonds
Naphihene® Icycloparafling CaHy, Cyclo-ane Ring, saturated
A i
Benzens Cols - Ring, unsaturated .
Naphthalene - Gy y: Double ring, unsaturated

* The pimary. hydrocarbons found in cfude, oil
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3. Iseoctane, CyHyx: —C—

1

The latier molecule is also called 2-2-4-trimethyl pentane becausc it has the alkyl
(C.Hy o ) miethyl radical (CH,) atached to the numbers 2, 2, and 4 carbon atoms
on a pentane base. It still has the formula CH 4. This hydrocarbon, because of its
structure, is hard to “break™ and resists detonation in a gasoline engine. 1t is this
isooctane, rather than normal octanc, that is used as a standard with a scale of 100
for detonation-resistant gasoline fucls. Other examples are:

4. Butadiene, CyHg: —?—_-C|‘——(f=(i?—

where the double bonds indicate unsaturation, meaning only one hydrogen stom
is attached to_each of the adjacent carbon atoms.
- .

e N
5. Cyclopentanc, CsH . A\ Vg
i
Vg
“\..C/C':QC/
6. Benzene, CyHy: Il I
A 2C

-\(-/ 5
|

Crude oil is a mixture of an almost infinite number of hydrocarbons, ranging from
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.
It is refined, fractionally distilled, or cracked into products of narrower range suitable
for various applications, such as gasoline, aviation fuels, diesel fuel, fuel oil, lubn-
cating oil, etc. 5 _

The fuel most suitable for wtility powerplants and industrial uses is fuel oil. It
comes in various grades, from light to heavy. They are:

w

Distillates: No. 1, No. 2, and No. 4
Residunl oifs: No., 5 «iight), No. § (heavy), and No. 6

No. 4 could be cither a distillate or a mixture of refinery products. The latter grades

require preheating for buming and handling. Like coals, oils are classified according - &

poot < e g PO
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Table 4-5 Average characteristics of fuel oils

Grade | 2 4 5 [
JAnalysis, mass %

C 8650 - B6.40 86.10 85,55 8§5.70

H, 13.20 12.70 11 .50 1170 10.50

0; and N; 0.20 0.20 048 0.70 0.92

5 0.10 0.4-07 04-15 20 mauimum 2.8 maximum

Sediment and water Trace Trace 0.5 mavimum 1.0 maximem 2.0 maximum

Ash Trace Trace 0.0 0.0s 008
Density (60°F) ’

b1 5146 53.98 57.87 59.43 61.50

Ib/U S, gal 6.870 7.206 7.727 7.935 8.212
Viscosity

¢St (100°F) 160 2.68 150 300 : 360
Pour point, °F <0 <) 10 30 65
Atomizing

temperature, °F Alm Atm 15 mimmom 130 200
Higher heating value :

Brwib,, 19,930 19,570 18,900 18,650 18,260

Brw/U.S. gallon 137,000 141,000 146,000 J ik 000 150,000

to physical characterisics by an ASTM specification (ASTM Standards D 396), see
for example Table 4-5.

Crude oil has been bumed in some boilers and gzar turbioes. However, because
it contains light fractions, its flash point* is low and nresents a fire hazard and thus
requires special handling procedures. The crude most suitable 101 direct burning is the
so-called sweet or low-sulfur crude because it is a low gir poiiutant. However, it is
usuzlly reserved for use as refinery feedstock rather than as a fuel.

In many countries, including the United States, oil is becoming a scuce or valuable
commodity and often results in extremely high plant fuei costs. In such countries, new
powerplants are often nuclear or coal-fired. For existing oil-fuzd plants or where no
large coal reserves are available, alternatives to straighi oil burming 12 being sought,
Somec of these are described below,

Emulsion firing An emulsion is a suspension of a finely divided fuid in another, in
this case water emulsified in heavy oil. Research has shown that, when atomized, the
drops of such an emulsion undergo microcxplosions of the entrained water as they
enter the hot combustion chamber. This causes additional atomization and increased
fuel surface-to-volume ratio. In tum, this reduces carbon loss to the combustion pro-
cess, thus reducing soot and preventing deposit buildup on heat-transter surfuaces. Ji
also reduces excess air requirements and improves combussiinp einciency, thus reducing

* The flash point is the lowest temperature that allows inflammsble vapors 10 be formed. It is found by
heating the fuel slowly, sweeping a flame across llt ligeid surface. and noting the temperature at which a
distinct ﬁn.hnman - :

s -
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oil requirements. This reduction, although technically meaningful, is, however, much
less than necded for @l conservation on a national scale, 1

Coal-oil and coal-water mixtures (COM and CWM) The main advantage of COMs
and CWNMs is their ability to reduce or replace oil as fuel in oil-lired utility stean
generators. They are currently receiving increasing attention as the cost differentl
between coul and wil increases,

COMs usually contain about 50 percent coal on a heating-value basis. Their man
attraction is that the technology for producing and burning them cxists (the first testy
on COMs were run as far back as 1880), and several fuel suppliers are offering them
commercially, though in limited quantities.

CWMs, preferred by some over COMs becauserof their greater ability to replace
oil, are 70 to 80 percent coal, the rest water, plus a fraction of a percent of a stabilizer
CWNMs arc 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 oil. CWMs aré
expected to result in derating of the steam generators. Limited testing of CWMs as
fuel 1s taking place in the time being. *

4-10 LIQUID, GAS, AND SOLID BY-PRODUCTS

Combusuble industrial wastes have received increased allention as steam-generator
fuels, beginmng n the decade of the 1970s. So used, they serve the double purpose
of disposing of them and reducing the use of oil. The hiquids 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 liguids is that they vary considerably in heating value. flash and fire points,
viscosity, and moisture cantent. They arc not expected to make a big dent in the oil
picture. )

Gaseous by-products are more 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 Jower-
heating- v.:lu:. 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 cxtraction. It consists of about half H,, about a third
methane, and the remainder of various other gases. Its heating value ranges from 400
t0 600 Bru/ft’ (14,200 o 21,300 ki/m?),

Other less atractive gases include regenerator gas. which is produced in refinery
catalvric.erocking p’"’c;_c_i It includes less thau 16 percent CO and high incil gas
and solids conicnis, and is jow in heating value, Its one redeeming factor is its
availability from the process at high tcmp-eraturcs (more than 1000°F, 540°C), so that
its sensible heat is significant when bumed on site. Another, blast-furnace gas, a
product of iron reduction processes, has a higher CO comcm (about 30, percent) but
has a high dust loading that would cause burner plugging and hcal-t.ra.nafcr surface
fouling if bumed directly. It thus requires cleaning prior to buming.



FUELS AND CoMiLsTION 15]

There are many solid wastes that are available as fuels. The ones that have seen
most use arc wood waste and sugar-cane waste. Both, naturally, are confined in use
to those industries where they are available as waste products. Wood waste is found
in sawnulls, where it represents some 50 percent of the mass of the logs, and in pulp.
paper, furniture, plywood, and similar industries. [t appears as refuse, bark, sawdust,
chips. shavings, and slabs. Most woods have about the same chemical composition,
having a proximate analysis of about 70 to 75 percent volatile matter, 25 percent fixed
carbon, and 0.5 10 5 percent ash on a dry basis, and a heating value ranging between
8300 to slightly over 9000 Buu/lb,, fabout 19,300 to 21,000 kJ/kg). but they vary in
density and moisture content. To burn wood efficiently. it must be cut down to chip
size in a hogger or chipper to permit continuous feeding and should not have a moisture
content greater than 60 or 65 percent. Wood-burning furmaces burn the wood in piles,
thin beds on traveling-grate spreader stokers or cyclones. Environmentally, wood burns
more cleanly than oil or coal. A relatively small 10-MW pcr\acrplant that bums 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 porticn of sugar cane thal remains
atter the sugar is extracted. It consists of matted cellulose tibers and fine particles. Its
proximate analysis is about 84 percent volaule matter, 12.5 percent fixed carbon, and
3.5 percent ash on a dry basis, but it contains more than 50 percent moisture. To bumn
it. 11y shredded to short libers and nnes. It has a heating value of 3600 10 4200 B
Ib,, (about 8400 10 9770 k) kg). Sugar mills generate enough bagasse to satisfy much
of their demand for cogeneration of bath process steam and electricity. Bagasse has
been burned most successfully in the so-called Ward furnace, which 1s a refractory
fumace that contains indwidual cells. Piles of bagasse are fed via chutes and bum
incompletely in the cells, resulting in partially drying the fuel. A tecondary fumace
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 fumace. Nu-
merous bagassc-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 wastez, il bicuass.

Solid Wastes A

Solid wastes, or refuse, are generated by industrial and domestic processes (garbage).
IndustrialFwastes include paper, wood, metal scraps, and agricultural 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 | metric ton per
person per year and growing at about 5 percent per year, Most of this wasie Lscum-mly
disposed of in land-fill sites near indicirial and m-:.J.,F,h..l-. areas: A typical come
posiiion of municipal waste in the United Statc 15 given in Table 4-6. Suine of these
wasles, 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 Ion@ofrcfuse cach year for heating of generating
steam for clectric powerplants,
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Table 4-6 Typical composition of municipal
waste in the United States

Material % Matenial %
= L
Paper 07 [ eather, rubher, placic 13
Food - 19.1 Wood 2.9 .
Metal 1nu Teanles 2.6

Glass 9.1 Misce llancous 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 too
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 its
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
durtg processing. vet-unknown effects on the operation of large powerplants. and of
course, the wide varations in heat content. Because of the later problem, a practice
now receiving wide acceptance is to burn a mixture of solid waste and fossi] fuel,
with the refuse supplying 10 1o 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 2 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 incinerators has been a wide practice in many parts of the world.
One of the first successful refuse-burning clectric-generating powerplants, in Bern,
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 following suit, ) 5

Some attention and research are directed toward the conversion of organic wastes
to synthetic fuels, such as those produced from coal and biomass (below). Thesc
processes are largely in the developmental stages. £

4-11 SYNTHETIC FUELS : -

Lxpected future shortages and supply prebl=ms of naturally found liquid and gaseous
fuels, as well as environmental problems that restrict the buming 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 gascons and

<
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liquid fuels produced largely from coal but also from various wastes and biomass (Sec.
4:12). This preduction must, among other things, be economical and environmentally
aceeptable. In this section we shall discuss coal conversion to these two fuels by (1)
gasification and (2) liquefaction. As indicated earlicr, the modem use of the available
vast resources of ¢oal requires the use of low-sulfur coal, leaving the bulk (about 66
percent) of it unused, cleaning it prior to combustion (washing, froth floating, micro-
wave, and magnetic scparation), during combustion (fluidized bed), or after combustion
(precipitators, scrubbers). Some of these methods are as yet commercially unproven.
and some are costly. )

Synthetic fucls 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 purposcs.

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 Bru/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
Il the Germans and the Jupanese, demed access tomuch of their fuel néeds, developed
seversl hquefaction processes that ran their enuire war machines. including fuel oili.
Jubricants. and motor and aviation fuels. One of the German processes, called the
Fischer-Tropsch process. 1y i use commercially i oil-shont South Africa today

O1f course. these operations were and are the result of necessity, in one case aced
in @ war economy. in the other political and economic independence. Where such
circumstances do not exist, the processes involved must be able to compete econon:-
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 Gasiﬁcslion'

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 Buwscf. The next step was waler gas, similas
t our present-day synthetic gas in that it is mainly hysdrogen and carbon monoxide,
nrade 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 Buw'scf by carburetion
with vil cracked at a higher temperature. Producer gas obtained from the partial
~pmbretinn of coal. coke, or wood with added water vapor. has a heating vaive oF
caly 100 15 180 Run/scf. It is used locally and is not suitable for distribution Lecaus
distribution costs per Btu are inversely proportional to heating value. It was also used
in “gasogens™ on motor vehiclesin some countries during World War I1.

0 cher}_sl coal-gasification processes exist, including three that survived World War
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1 the German Lurgi, the Koppers-Totzek, and the Wellman-Galusha processes. These
have now evolved into processes that differ shghtly, depending upon the particular
rank of coul used.

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 bituminous-cdals, 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 chemical
reaction with & mixture of air and steam or oxygen and steam, The reactions with air
or oxygen are partial combustion because a rich mixture is used, 1.c., one having a
fucl-to-air ratio greater than chemically correct, o stoichiometric, which also means
that the oxygen in cither case is not sufficient to convert all the carbon to carbon
dioxide. Coal gasification results in three gas mixtures, classified according to their
heating value. Hn,y are called low-Bru, medium-Bru, and high-Bue gas. These are
obtained in the following ways,

Low-Blu gas The leedstock 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 tess than stoichiometric. The reactions taking place are

In air C + 0 + 3.76N, — CO; + 3.76N, (491
CO, from this reaction reacts further with addinonal C an the nch mixture to give

C + CO, + 3.76N;— 2CO + J.76N; (4-10)
In steam C + HO— (.'(;1 + H, (4-11)

The result is & pas composed principally of CO, H;, N2, and some CO;. The N; may
be less than shown i the air is oxygen-enriched. The CO; appears if the air 1s increased
beyond that shown or because of stratification (imperfect mixing) in the gasifier. It
may .lso contain small amounts of H.0, CH,, and C:H,. The gas has a heating value
range of 180 to 350 Buw/sef, depending upon the composition of reactants and resulting
composition of products.

Medium-Btu gas The feedstock is burned 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 Ha, that has a heating
value range of 250 to 500 Bru/scf, again depending upon the composition of reactants
and resulting products. The increase in hcaliug value is a result of the absence of the
diluting effect of nitrogen. =
In the literature, the term fow-Bue gas is somcumcs used to refer (o both low- and
medium-i3tu gases. -
- The next step in processing !ow and medium-Blu gases is quenching to condense
the tars and-heavy oils that come with (he feedsiock and did not burn. Thus is foliowed
by a purification process in-which the hydrogen. sulfide in the gas, formed by the

* A caking coal is one which softens and agg[umues. as resull of the application of heat:
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combination of the sulfur in the coal with hydrogen gas. is converted to clemental
sulfur by an absorption process® and, simultancously, a cleaning procesy in which
char (solid coal residue, mainly fixed carbon and ash), dust, and ash are removed.
Thesc processes occur at low temperature with aqueous solutions at 100 to 220°F so
that energy in the form of sensible heat of the product gases is Iost to the environment.

High-Btu gas Purified medium-Btu gas may be converted to a high-Btu gas by two
additional steps. The first 18 shift conversion, in which CO from the CO-rich gas 15
saturated with steam and passed through a catalytic reactor thus producing more
hydrogen and carbon dioxide

CO + H,0 — H, + CO; (4-12)

The ratio of H, 1o CO. in the products can be changed by changing the composition
of the reactants, The CO; i1s removed in a wash plant,

The next step is that of methanation, which is the production of methane, CH4
from the available mixture of CO and H; in a catalytic reactor

iH, + CO— CH; + H:0 (+-13)

and the 1:0 s remosed. High-Bru gas is thus largely methane, with o heating value
of 950 to 10(K) Bru sef. approaching that of natural gas. which 4 9301100 Bru scl.
It has all the charactenisties of natural pas but without the sulfur and other pollutants.

Various methods under development for the production of low- and high-Btu gas
may be found in the litersture [32]. Because the production of high-Bru gas 15 more
complex and cxpensive than low-Bru gas, it is intended for use in hieu of natural gas
in domestic and industnal apphications. Low- und medium-Bru 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 S$0; in the flue gases also permits lower
stack temperatures, which results in |mpmvcd cfficiency. In addition. its content of
the CO, and H,0 incrts reduces combustion temperatures and hence the formation of
niirogen oxides. The disadvantages are, the large volumetnic 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 stcam 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
combined cycle powsiplant. Such cycles are covered more fully in Chap. 8. However,
2 hrief description of such a cycle integrated with_a coal gasiber is appiopriate zt this

*In contrast w removal of 50; from the steam- gencrator ﬂu: gaves, the sl of 1,5 at thas stage
is easier and is Etomplul'l.‘d by any fr scveral commercially available and proven processes,
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time. A combined-cycle is one which uses a gas turbine at the high-temperature ¢nd
and a stcam turbine at the low-temperature end.

Low-Btu gasifiers operate at different pressures and temperatures, depending upon
the process used. Some operate at high pressures, up to 35 bar, and at exit temperatures
between 1000 and 2000°F (540 to 1100°C). As indicated above, the exit pas must be
cooled for purification and cleaning. Normally this cooling represents a large loss of .
encrgy 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 anc proposed design [33] the gas leaves the gasifier at 1 at about 1000°F (540°C)
and 300 psia (20 bar), gives up some of its heat in a regencrative heat exchanger
leaving at 2, where it is further cooled to 3 by an external heat exchanger to temperatures
suitable for purification and eleaning 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 combustion
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chamber where it mixes with compressed air from the gas turbine—driven compressor
and leaves 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 a heat-recovery steam generator (HRSG) where
it generates steam and leaves to the stack af § at about 260°F (125°C).

The gas turbine drives onc of two electric generators and the compressor. The
compressor receives atmospheric air at 9 at about 60°F (15°C) and compresses it 1o
about 600°F (315°C). The compressor has a dual role: it supplics combustion air to
the combustion thamber at 10 and gasifier air at 11, The latter is first cooled in 2
steam-cycle feedwater heater 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 1o generate the low-Btu
gas at |.

The 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 ther 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 modemn 2400 pst 1D00°F/
000K conventional steam powerplants with scrubbers. An advanced conceptual de-
sipn 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 liguefaction is the conversion of coal into a liquid fuel for direct energy production
or a liquid substitute for refinery feedstock fromi which other liquid fuels may be
obtained.

Coal-liguefaction technology, first researched in the 1920s and 1930s,.was stim-
ulated in both Germany and Japan by World War 1I. Japan produced aviation gasoline
in a large plant in North Korea which converted coke from coal to calcium carbide in
clectric 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 butyraldehyde, 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 indcpendent of forcign oil.

Long, complex hydrocarbon molecular chzins have 2 lower hydrogen-carbon atomic
ratio than shorier molccules, like that of uctanc. 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 stcam. This is
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followed by catalytic reactions at about 300°F (150°C) and 150 bar, which yield a
range of hydrocurbons from gascous methane to higher liquid hydrocarbons. These
are then separated with methane going as pipeline gas and the rest going tq different
liguid 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

0Oil Shale

Shale is a finc-grained rock, formed by the hardening of clay. that splits into thin
layers when broken. Oil shale is nor oil-impregnated shale but rather is a shalelike.
rock impregnated with a waxy organi¢ material called 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
te decomposed to yield synthetic crude oil, called syncrude or shale oil, by heating
in retorts or by underground combustion. One (on of oil shale can produce 25 to 35
gal (95 10 130 L) of low-sulfur.oil by retorting at about 950°F (S0°C). This oil makes
a good refinery feedstSek that can be processed further to various useful liquid and
gaseous fuels, although one low i fuel oil.

There are vast amounts of oil-shale deposits throughout the workl, the largest
being in the United States in Coloraco, Wyoming, and Utah. 1t is said that the United
States deposits can, by present technology, produce 50 times as much syncrude as all
the natural crude produced i 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 piioi plants have been successlully operated in the Umited States, although

. commercial operations have run into major economic and practical difficulties, resulting
in one major cuncelidtion 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 0il shale is found in the United States; (2) environmental concerns 4
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 encrgy 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 plants com-
petitive.

Tar Sands

Another potenual and very rich source of oil, but one which is even less attractive
than oil shalg, is found in tar sands in such places as Alberta, Canada, about 10 degrees

et s > &
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from the arctic circles. Tar sand is a thick, extremely viscous bitumen locked in sands
and silt to form a sodden, sticky semiplastic matenal. 1t is believed that it contains 2
to 3 times the ol reserves of all the Middle East. Although small pilot plants have
operated in the inhospitablé terrain, the problems of commercial exploitation seem, at
present, 1o be insurmountable.

One last word regarding synthetic fuels: Coal and other conversion plants, while
they are designed to produee clean sulfur- and ash-free fuels, are nor themselves
pollution free. The plants generale enormous amounts of air pollutants such as CO;,
H,S, 50;, and NO,; hquid effluents such as phenols, cresols, xylenols, thiocyanates,
and 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-denved oils. It is obvious that very careful
disposal schemes must be designed at the plant sites.

4-12 BIOMASS )
Biomass is vrganic nuatter 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 prown especially for ther eaergy content on “energy farms,” and
ammal manure [35). Unlike coal, oil, and natural gas. which take millions of years
to forn, biomass can be considered @ renewable energy source because plant hie
renews and adds o itself every year. It can also be comidered a form of solar energy
as the later is used indirectly to grow these plants by photosynthesis.

Biomass includes wood waste and bagasse, which have alrcady been covered
above, plus other matter. All are highly dispersed and bulky and contain large amounts
of water (50 1o 90 percent). Thus, it is not economical 10 transport them over long
distances, and conversion into usable energy must take place close to the source, which
is limited 10 particular regions. However, biomass can be con verted to liquid or gascous
fuels, thereby increasing its energy density and making feasible transportation over

Jong distances. Ty,

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 fuéls; and (3) silviculure (forestry) plants such as cultured hybrid poplar,
sycamore, sweetgum, alder, eucalyptus, and other hardwoels, Current research focuses

" on the screening and idenification of species that are suitable for short-rotation growing
and on the opimum lcchniqu}s for planting, fertilization, harvesting, and conversion.

Animal and human waste arc an indirect terrestrial crop from which methane for
‘combustion and ethylene (uscd in the plastics industry) can be produced while retaining
the feruhzer value of the manure, -

Aquitic crops are grown in fresh; sea, and brackish waters. Both submerged and
emergent plants are considered, including seaweeds, marine algae, and of particular
inferest, the g‘unI?CaliI'umia kelp. ° "
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Biomass Conversion

Riomass conversion, or simply bioconversion, can take many forms: (1) dircct com-
bustion, such as wood waste and bagaase (above), (2) thermochemical donversion,
and (3) biochemical conversion, i

Thermochemical conversion takes two forms: gasification and liquefaction. Gas-
ification takes place by heating the biomass with limited oxygen to produce Jow-Btu’
gas or by reacting it with steam and oxygen al 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.OH) or ethanol (ethylalcohol CHCH OH),
or it may be converted to hi.gh—ﬂlu gas.

Biochemical conversion tukes two forms: Anacrobic digestion and fermentation
Anaerobic digestion invalves 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 place at low temperatures,
up to 65°C, and fequires a moisturc 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 tossynthetic natural gas.
av removing the CO; and the impurities. The residue may consist of protein-rich sludge
that can be used as animal feed and lquid 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. bactena, enzymes, clc. Fermentation 15 a
well-established and widely used technology for the conversion of prains 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 gasohal (90 percent gasoline,
10 pércent cthanol). By the carly 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 yicld 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 pulverizéd 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 ycar. 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
sproyts that are themselves ready for harvesting in 2 to 3 yeais. Thus no replanling
and little fertilization are necessary. It is estimated that an encrgy farm 350 mi® in
arca could produce 400 MW of electricity. The clectricity costs arc uncertain at this

? ' ;
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time and the possibilitics depend upon the costs from other sources, such as oil or
coal.

Other schemes envision aquatic farms growing algae, tropical grasses. floating
kelp, water hyacinth (one of the must pernicious weeds in the world, one that shelters
diseasc-carrying organisms. causes floods, disrupts hydrocleetric 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 algac in large quantitics 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.

4-13 THE HEAT OF COMBUSTION

In Chap. | we treated the first law of thermodynamics from a mechanical engineering
point of view, ignoring such cnergy terms as chemical, electrical, and magnetic. When
dealing with combustion systems. we can no longer fgnore the chemical energy in the
fluid '

The Open System
The tirst law equation for the steady-state steady-flow system (S88F) Eq. (1-1d) wall
now be written but for a chemically reactive system (Fig. 4-15). with changes in Kinetic
and potential encrgies 1gnored. as

He + AQ = H, + AW, (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
niet 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.

- l_;{.l
: |
—
Headants | . — Products
e .
et
fon.

Figure 4-15 A steady-stae sieady-flow chemically reactive system.”
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- -
Because the reactants and products arc usually composed of several constiluents
cach, Eq. (4-14) is wnien in the form

I(mh) + AQ = X (mh) + AW, - Y @18)
R ”r

where s is the mass and h the specific enthalpy of cach constituent. To define 1
enthalpy, consider the complete combustion of ethane in oxygen

CiHy + 3.50; — 2C0; + 3H,0 (4-16)

The enthalpics 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, C2H, is formed
from elemental carbon C and hydrogen H,, CO, from C and 0,, and so on. These
are exothermic reactions that, when they begin at 25°C and are cooled back 10 25°C
after the reaction takes place, yield 1211.3 and 3846.7 Btu/lb,, of product, respectively.
In other words, in steady flow at 25°C, the formation reactions are

2C 4 3H,— C:H, + 1211.38 Buwlb,, C.H,
and C+ 0, — CO, + 3846.7 Buwlb,,~CO,

Table 4-7 Enthalpies of formation /i, at 25°C (77°F) and 1 atm pressure®

Iy

—_—

Substance Formula M State Brulb,, bk

Carbon c - 12011 solid 1] 0

Oxypen 0, ERNTLY Bas’ 0 U

Hydrogen H; » 2.016 pas o 0

Nitrogen N: 28016 gas 0 0

Sulfur 5 32.060 solid o0 o
Carbon monoxide co 28.011 gas - 1697.6 =19483
Carbon dioxide CO, <4011 pas =38456.7 - 8946.8
Water H:0 18.016 . hguid —6825.7 - 15,8755
: vapor —-5774.6 =13,430.8
Methane CHy 16.043 gas - 2007.8 = 4660 §
Ethane CiH., 30 070 pas’ -1211.3 ° o —28173
Propane = CM, H.097 gas - 1013.1 23561
Butane CaHiyy 5810 gas -931.7 -2171 6
Octane Cullya 114.23 liquid -94).4 To-218e s
vapor -785.1 = 1826.0
Menc nuide NO Jo.noy gas —-1258.8 = 30205
Mirogen dioxide NO,y 40.008 - B3 =315.3 =1313
Sultur dioxide ~ 50, 64,060 gas - 1992 —4632.8

* Based Un gata from Ref 36, i :
4 -
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The quantities 1211.3 and 3846.7 leave the system and hence are negative. They are
given the name enthalpies of formation, h, Table 4-7 gives values of k for various
substances at 25°C. Note that the elemental substances, €, Oy, ete., have zero en-
thalpies of formation. Also note that if the combustion equation involves a liquid,
such as octane, or water there will be tho enthe!pics of formation, depending upon
whether they start or end the reaction in a liquid or a vaporized state.

At temperatures other than the datwm of 25°C, the enthalpies of formation must
include the sensible heat that is a product of the temperature difference and (7). the
specific heat at constant pressure which varies with temperature (Sec. 1-2). Table 4-
8 gives values of the enthalpics of formation of several substances as a function of
temperature. i

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

E(nMhy) + AQ = ZinMh) + AW, #-17)
R P

where n and M arc the number of moles and molecular mass of each censtituent.
respectively.

Table 4-8 Enthalpies of formation h; at different temperatures and |
atm pressure, Btu/lb,,*%

Temperature, K CQ; (8] H-O 0 H- b
208 - 3846.7 ~ 1697.6 i 0 0 n
400 - 3R07 5 - 16519 56922 0.7 631 .4 SN
500 - 3765.4 - 1606.5 SN E18 1255.5 TR
600 -37204 - 1560.2 - 5540 1243 IBRO 4 1365
700 —3673.1 —1513.0 - 84359 1681 2506.9 1833
800 - 3621.7 — 1464 5 - S350 2130 374 3o
500 ~3572.6 - 14150 - 5251.1 2588 37733 798
1000 —-13520.2 — 13645 -51843 ns A 4414 2 35
1100 - 34665 =133 - 50543 A52.8 50625 3802
1200 - 34119 -1261.0 - 49514 4002 5717.8 316
1300 -13356.4 - 1208.2 45457 4484 ©iB1.9 4817
1400 Y —3300.2 —1154.8 —47372 497.0 7055.6 536.5

1500 -3243.4 - 11009 - 462b 2 546.0 T739.1 590.8
1600 - 3186.1 = 1(46.6 - 451238 - 5951 84330 6435
1700 -3128.3 - 9920 =43197.1 &16.0 91364 697.6
. 1800 - 30701 - 53710 42796 694 9 9448 2 o
1500 < =3011.6, - BB1T  -41601 7453 10568 7.0
2000 -29528 - K. - s Y 5.9 11296 a2 |
:y:n =289).6 = 7703 -1916.1 B46.8 1203 L i
2200 ~ 28342 - 7143 AU 914 3 12774 573 1
2 . =2774.6 - 658.2 = lodb 2 W96 13521 1028.9
2400 -7 - 601.8 - 35194 1001.5 14279 10849
» 2500 - 26549 - 5453 -MI1S5 Hs1.7 15043 1400

* Toconven to klrkg multiply by 2 32584 3
t Based on data from’[36).
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Example 4-2 Find the useful heat generated by the combustion of | Ib,, and |
scl (standard cubic foot) of ethane in a furnace in a 20 percent deficient air if the
reactants arc at 25°C and the products at 1500 K. Assume that hydrogen, being
more reactive than carbon, satisfics itself first with the oxygen it needs and burns
completely to H,0. Five percent of the heat of combustion is lost to the furnace
exterior, .

SOLUTION The stoichiometric equation for ethane in air is
C:He + 350, + 13.16N; = 2C0, + 3H,0 + 13.16N,

(where there are 3.76 mol Ny/mol O, in atmaspheric air, thus 13.16 = 3.5 %
3.76). With 20 percent deficient air multiply the O; and N; mol by 0.8. H, will
burn completely to H,0 and C will burn partially to CO, and partially to CO;

CaHo + 2.80; + 10.528N; — aCO; + bCO + IH,0 + 10.528N,

Carbon balance: a+b=2

b3
Oxypen balance: = 5 = 2.8 .
Thusa = 0.6, b = 1.4, and the combustion equation is

C:H, + 2.80, + 10.528N, — 0.6CO, + 1,4C0O + 3H,0 + 10.528N,
As there is no work done in a furnace, Eq. (4-17) is written as

._‘IQ = S[m‘n"h;);_“m; = ;‘(IL"P!h/);vu(‘
P
3(nMhy) scox = 0.6 % 44.011 x =3243.4 + 1.4 X 28.011 X —1100.9
P .

+ 3 x 18.016 x —4626.2 + 10,528 x 28.016 x +590.8
—83647.2 + —43172.2 + —250036.9 + —174257.9
—204,598.4 Buw/(Ib-mol C,Hy)

Ef"MH;):s-c = —I12113 + 0 + 0 = —1211.3 Buw/(lb-mo! C,H,)

I

Thus AQ = —204.5?3,4 — —1211.3 = —203387.1 Buu/(Ib-mol C,H,)

—203,387.1
= =TT _6T763. M
30.070. 6638B5uﬂb,,c, &

~6763.8 x 2.32584 = - 15731.5 kifkg C,H,
0.95 x ~6763.8 = —6425.6 Btullb,, C,H,
=~ 14,944.9kl/kg C;H,

Il

I

= aQuumJ

-
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a

A standard cubic fool 15 obtained at 1 atm and 60°F. Since CH, is a gas its
density at these conditions is obtained from PV = mRT

. mo P 14.696 X 144 S
r = —_ = — = = 0. 2 P

P =V T RT T (154530.70) x (60 + 460) HinE
Ty AQuer = —6425.6 x 0.0792 = —508.9 Buvscf

The Closed Systenr

Combustion equations for fuels burning in a closed system, such as a cylinder or
bomb, may be obtained by writing the first-law equation for the closed system. Thus,
by analogy with Eq. (4-14)

Ig + AQ - U,ﬂ + -":'l““"n; (4-18)

.

when AW, is the nonflow work. For gases
' H=U PV =U + nR,T

where R, is the universal pas constant. Thus combustion caleulations for a closed
system may be carried out using the enthalpies in Tables 4-6 and 4-7 by modifs ing
Eg. 4-1¥ 10
nMh, — nRT) = A0 = EmbMh, — nRT) + AW, (3-1
& - r

4-14 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
cach fucl and these should be carefully differentiated. We have already explained the
diff2renel bnaween e Aigher heating value (HHV) and the lower heating value (LHY 1.
The former is the heat released when water vapor in the products due 1o the combustion
of hydrogen in the fuel condenses, the laer when it stays in the vapor state (Sec. 4-
3). Heating values are commonly tabulated in the literature as the heat relcased when
complete combustion begins at a standard temperature, such as 77°F or 25°C, and the
prodiicts are cooled to the same temperature, in a stcady-flow adiabatic system without
work. Thus it can be calculated from Eq. (4-17) by putting AW, = 0 and replacing
AQ by HV for heating value 5

By - ;:.--"ﬂlﬁ (Eni2hgiz, (%
&

\\hcrc T, represents the standard temperature.
- The heating value given by Eq. (4-18) is for an open syslcm and is |hu:. somelimes

¥
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called the enthalpy of combustion. It depends upon Ty; upon whether the water vapor
formed in cor=bustion condenses (in which case it is the HHV), or not (in which it is
the LHV); and upon whether the reactant fucls were in a liquid or vaper state, as it
takes @ certain amount of energy to vaporize a liquid fuel such as octane, +

Example 4-3 Find the higher and lower heating values of cthane at 25°C (77°F).

Sorumion Using Egs. (4-16) and (4-20) and Table 4-6, HHV is calculated by
assuming that H,0 in the products has condensed.

T(nMhrec = 2 % 44011 ¥ —3846.7 + 3 X 18.016 X —06825.7
e H

—707,509.6 Bw/(lb-mol C.H,)

LaMAdse = 1 x 30,070 x —1211.3 + 3.5 x 3200 x 0
R

- 26,421 8 Bu/(Th-mol CaHg).

Thus HHV = —707.509.6 — — 364238 = —671,085.8 Buwilb-mol C,1H,)
- 07 o "
- ot L1 = —22.317.5 Bw/lb,, C:H,
30.070
= —22317.5 ® 232584 = —51.906.8 kJ/kg CH,
LLHV is calculated by wsing f. = —5774.6 Buu/lb,, for H.0 vapor instead of

—6825.7 Buu/lb,, for H;0 liquid, resulting in
LHV = —614,276 .0 B/(ib-mol C,H,)

—20,428.2 Buwlb, = —47,512.7 klikg

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 Ay the same at 7, (0 at 25°C) does not alter the results. Note also
that the same results are obtained with stoichiometric 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 sy<tem are obtained by modilying Eq. (4-19) to

"HV,o = oMb, — nR.T) — Z(aMh, — nR.T)
] "

and since the temperature of the productsis brought back to that of the reactams 7,
HVy = HV = (np = ne)R, Ty (4-21)
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where  HV,, = nonflow, a closed system heating value
HV = heating value as defined for a steady-flow system

f, and ng = total number of males of products and reactants, respectively

HV ¢ 15 sometimes called the internal energy of combustion. Needless 1o say,
there are as many HV s a8 there are HVs: that is, they both depend upon 7., whether
the water vapor formed in the combustion process condenses or not, so there are HHV,,
and LHV,,. and whether fuels begin the reaction in a liquid or vapor state.

In the literature, heating values of different fucls are usually listed for an open
system and for a given Ty, which unflortunately varies from source to source. For
example. 60°F and 77°F (25°C) are used, though the numerical differences between
them are fairly small.

4-15 COMBUSTION TEMPERATURES

o
If the heat of combustion or @ portion of it is kept in the gases, 1t will have the effec
of increasing their enthalpy (nternid energy n a closed system) and hence their
temperature. The high temperature 1s then normally used to effect heat transfer from
the gasey to the heat-transfer surfaces (water tubes. superheaters, and reheaters in &
steam generater) by radiation and/or convection. The same basic first-law eguation
used tw calculate heats of combustion and heating values of fuels can be used 1o
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, Ny 62.7
percent. It enters the furnace at 1 atm and 800 K and burns in 100 percent air at
25°C in a steady-flow combustion process during which it loses 10,72 Buw/fi® 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, + D.62IN, + (0.229 + qé—-)o,_
d!
*

: 0.100

0 I

r(c..:; .- o'lﬁo);‘?a + G.ss?]w'
A z ¢

229 + ) 31.76N; — (0.229 + 0.044)CO, + 0.100H,0

| H]
L
or  (0.229CO + 0,100H; + 0.044C0. + 0.627N;) + 0.2790; + 1.049N,

1
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Using Eq. (4-17)

XMy, = 2(ndhy) + AQ
” .4 )

Using PV = nR.T. | mol f gas, between parentheses in the combustion equation
above, occupies

.1 1545 (B0O x 1.8)

V = Lo APyl il S i R b — : HJ
P 14.696 x 144 wala
Thus A0 = —10.7 x 1051.3 = 11,270 Bw/mol gas.

X(nAfhy) are figured ar BOO K for the fuel and 25°C for the air. Thus
R

(ndhy) = 0229 x 28.011 x —1464.5 + 0,100 x 2.016 x 3137.4
" +

+ 0.044 ¥ 34011 x —3623.7 +.0.627 x 28.016 x 231.0
+ 0+ 0= —11,721 Bu/(Ib-mol fuel)

Therefore .
X(nMh) = —11.721 = 11,270 = —22.99] Bu/lb-mo! fuel)
-

Itis now necessary  solve the problem by finding a value for the combustion
temperature that resslts inoa X(aMhy) of — 22,991 Bu/(Ib-mol fuel). This value
s

is Tound by trial und error 1o be 1400 K. To confirm

L(nMhp oo x = 0.273 X 44011 x —3300.2 + 0.1 x 18.016 X —4737.2
» g

+ 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 yicld 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 buming wilh nio heat exchange with the surroundings and no work done
will resuli in the adicbar-combustion or adiabatic-flame temperature. It is greater if
the fuel is bumned in oxveen than in air becanss of the dilution sffect of nitrogen and
greater for a swichiometric than either a lean or rich miature because, as above, a
lean mixture has a dilution effect, whereas a rich mixture results in incomplete com-
bustion. X

7 : 3
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At the adiabatic-flame temperature, 4Q = 0 and-
1“’1“’” = E(””’” ] (4-32)
" L 5

Example 4-5 A desoffunized coal has a moisture-ash-free ultimate analvsis of €
BI.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 mioles 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
+ “: e C e ] + X
12. Ull 2016 312 28.016 -

or
0.06752C + 0.02183H; + 0.000840; + 0.00064N,
Normalizing to 1 mol of coal gives
0.7434C + 0.2403H. = 0.00920, + 0.007IN,
The stoichiometric combustion equation is I

f1 2403

L T7434C + 0.2403H; + 000920, + 0.007IN;s + (U.-'.J'-i_%-', -

0.2403

= 0.0092)0; + (0.7434 + = 0.0092)3.?6?\!;—* 0.7434C0,

0.2403

+ 0.2403H.0 + ({" T434 +- = 0.0092 + ﬂ.ﬂﬂ?])_\l:

ar

0.7434C + 0.2403H, + 0.00920: + 0.007IN; + 0.854350,
+ 3.21236N; = 0.7434C0; + 0.2403H,0 + 3.21946N,

120 percent air means that aimosphcm. air is increased by 20 percent. The com-
bustion equation is therefore

0.7434C + 0.2403H; + 0.00920; + 0.00TIN, + (1.20 x 0.85435)0.
+ (1.2 x 3.21236)N; = 0.734C0; + 0.2403H,0
+ (0.2 x 0.85435)0, + (1.2 x 3.21236 + 0.0071)N, °

0
-

0.7434C + 0. 2403H, + 0(!)9‘0; + 0.007IN; + 1.025220,
+ 3 BSJBJN-—# 0.7434C0; + 0. ”403“;0 + 0.170870, + 3.80193N;

4
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All reactants in this panticular case are made up of clemental substances (not true
if the fuel contained complex molecules such as a hydrocarbon), so that at 25°C

S(nMh) = 0 '
L A

]

The temperature of the products that yields Z(aMh,) = 0 is now obtained by trial’
and crror. At 2100 K &

X(nMh) = 0.7434 x 44,011 x —2893.6
r

+ 0.2403 x 18.016 x —13916.1
+ 0.17087 x 32 » 846.8
386193 x"28.016 % 917.5 = —7725

b

Similarly, at 2200 K

I(aMh) = 1221 Btu/(lb-mol fuel)
#
By interpolation, the adiabatic-flame temperature = 2186 K = 3915°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 10,, 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

%

CO + %0; «00; (4-23)
and

1
}]2 + 502 = Hzo (4'24)

The cffect of dissociation on the theoretically obtained temperatures above s 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 comibustion, which occurs
with lean mixtures around 3000°F. .

Finally, it should be recalied that al} combustion caicuiations can be done if there
1s heat exchange to or from the environment (as in Example 4-4), work done by or
on the system, or even changes in kinetic or potential energy between products and
reactants by including the proper terms into Eq. (4-17). -
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PROBLEMS

41 A sample of coal has the fllowing molal analya C 67 15%, H: 26.26% 0, 228% N.0%¢% §
137%, HA0 2 17% Write the complete combust.on equation 1 stoichiometric air and calculate the cual
uliimate analysis. mass perrent i

+2 Winie the complete combustion equation for the anthsaciie coal in Table 42, asuming stoschiometine
at and find the dew point, degrees centizrade, of the combustron products if the ol pressure i | bap
+3 W buras in pure oxygen in a chemically correct (storchiometne) misture. Wnite the combutioa equation
and calculate () the mass of products per umt mass of Hy and (b] the Jower heating value of H. of q1s
higher heating value is 61,100 Rru/b,

44 Calculate the higher and lower heating values. 1 Brus per pound mass, using the Dulong-tvpe furmuls,
of the anthracite coal in Tahle 4-2, if the ttal pressure i 1 amm

43 A paseous fuel that is derived from coal (Sec 4 1) has the following ultiniate volumetric anaiysis
H: 47.9%, methanc (CH.) 33.9%. ethylene (C.H) 5.2%. CO 6,14 < CO: 26%, N:3.7%, and 0, 0 6%
Itbums in 110 percent of theoretical 2ir. Calculate (a) the volume flow rate of air requinsd per unic volume
flow rate of the gas when both are measured ar the same pressuse and temperature, and (b) the dew poiat
of the combustion products. in degrees fabrenheit. if the total pressure is 2 atm.

+6 10,000 U.S. gal of a fuel oil are burmed per hour in 20 percent excess air. The fuel ol has the following
ultimate analysis by mass: C 87%, § 0.9%, Hy 12%, 2sh 0.1% . Write the combustion equation and find
the volume flow rate of air tequired. in cubic feet per minute, if the fuel has a devsity of 7 73 b/ 11§
Bt and the air is at | atm and &°F '

7 A scuthern Caliform natural gas has the following wltimate anilysis by musy He 23 35 78 7o
N; 076%, and Oy 1.22%  The Rue pases have the following volumety analvsis: HA) 18 8855 CO-
8 X% 0. ). 1355, Nz 72.805% Caleulate (@) the pervent theoretical air used 1 combustion and (A fne
dew point.oin degrees centigrade, (f the Aue Lases are ur 2 hary

+8 A fuel ol compaosed only of carbon, hydiogen, and sulfur i used 10 4 steam penerator. The wlumeiny
flue ¢as analysis on a dry basis 150 CO; 11.7%. COD UK, 0.4 002%, SO, 0 176, and N K3 682
(@) the fue! mass compasition, (B) the air-fuel ratio by mass, (¢} the evcess air used, i percent, and (£
the dew pont, in degrees centigrade. of the flue gases f thewr pressure is 2 bar.

49 A fuel oil burned in a steam generator has a composition which may be represented by € Huw. A dry-
basis flue-gas analysis shows the following volumernic composition: CO, 11.226% 0:4.145%.CO0.863%,
N: B3.766%. Write the complele combustion cquation foe 1 mol of fuel and calculate (@) the mr-to-fue!
a0 by mass, (b) the excess air, in percent, and (o) the mass of water vapar i the tlue gases per mil mass
of fuel. .

410 A crushed bituminous coal 16 be used in a Nuidized-bed combustion chamber varies in size between
L4 and 34 in and has a density of 80 1b/ft’ The coefficsent of drag when fluidized is 0.60. Calculate (a)
the minimum gas velocity that fluidizes all the coal if the kas is 2l 160O°F and 9-atm pressure, and (b) the
pressure drop in the bed, psi. Assume that the coakin the collapsed state has a height of 2 frand a porosity
of 0.25 and that the gas density can be approximated by that of pure air,

411 10.000 tons of coal are bumed in a powerplant per day. The coal has an as-received ultimaic-analyss
of C75%, H; 5%, O; 6. 7%, H:0 2.5%, § 2.3%, N; L.5%, ash 7.0% It bums in excess airin a Mo zed-
bed combustor. Calculate (a) the mass of calcium carbonate 1o be added, in tons per day, and (b) the mass
of calcium sulfate to be disposed of, in tons per day. (The malecular mass of caleium = 40 )

+12 Wnite the chemical formula and sketch the molecule for the following hydrocarhdns: 1a) ethane, (5)
ethene or ethylenc, () decane, () psordecane (2.2,13 etramethy| hexane), (e) ptitatnacontane (do ot

thei |

skewh), () isobutene (2-methyl propene), (8) 1.5-hepiadiene (the numbers indicate the positions of the
carten atems that precede double bonds), (A1 exchohexzne, Ui agphithalenc, () ariliculys papinaiene |a
methyl vadical CH, attached to 2 carhon stam instesd of » bydrogen stom), (£} iciracontane (do not sketch),
10d () dotriacontahectane (do not sketch), : ]

413 A coal-oil mixture (COM) is composed of the bituminous medium volatility coal lictad in Table'd-?
and a disuilate oil no. 2 that has an ultimate analysis of a pass basis of C 87 2%, H: 12.5%, S0.3%, N,

e : Vi
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0.02%, and negligible O, and ash, and has a higher heating value of 19.430 Biu/lb.. The mixture is 50
30 on a heating-value basis. It bums in 15 percent excess air. Write the complete combustion equation and
calculate the air-to-fuel ratio by mass .
4-14 Punficd medium-Bru gas at 77°F is burned in 110 percent theorctical air [t leaves the combustion
* chamber at 1700°F. § percent of the heat released is lost to the environment. Caleulate the useful heat added
to the chamber in Bies per pound mass and Biu per standard cubic foot fat 14 696 psia add 60°F) of the
gas. ,
4-15 A punfied low-Btu gas at 77°F bums in stoichiometric air and gives off 52 49 Bw/Ibin the combustion
chamber. Calculate the exit temperature, in degrees Fahrenheir )
4-16 Gascous propanc at 77°F is mixed with air at 3J00°F and ignited What percentage theoretical air must
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-Biu gas enters a gas turbine combustion
chamber at 440°F, where it bumns adiabatically in 150 percent theoretical sir, It then drives a gas turbine
and [caves it ar 1160°F. Calculate the power input to the turbine in megawalts
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 piston
is | bar. The ininial cylinder volume is 0.1 m". Calculatc 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 S1 units
is 8314.3 Jkg:mol-K.)
4-19 300 Ib/h of hquid octane is burned in an internal combustion eagine with 125 percent theoretical
air. The initial temperature 1s 77°F and the products leave the cylinder at 1160°F. B5% C bumns 10.COy;
the rest burns to €O ™a) Write the complete combustion equation for T mol of CaHya. (5) find the heat
released in the provess. Biu mol CHiG, and (¢) find the horsepower developed if the engine cfficiency i
15 percent
4-20 A chemically correct misture of gaseous methane and air at 77°F is admitted into a nozzle where it
bumns completely  Calculaie the nozele exat velucity m feet per second of the exut femperature 15 2000 K
4-2i Calculate the higher and lower heating values in Hius per pounsd mass at 25°C of fuel vil no. 2 (Table
4-5), ausuming that O; and N: have mass percentages of 0.1 cach
4-22 Gaseous propane ts mived with air at 77°F and burned. The products mached a temperature of 1520°F
There was a foss of 10 percent of the reactants energy by heat transfer. Calculate the percentage theoretical
air used. )
4-23 Calculate the adiabatic flame temperature, in degrees fahrenheit, for the subbituminous coal in Table
4-2 if it burns from 77°F with 100 percent air. Ignore the effect of sulfur on the: energy balance.



