CHAFTER

FIVE
TURBINES

5-1 INTRODUCTION

Using steam to provide mechanical work probably owes its birth to the need for .
pumping water from coal mines. The very first successful attempt at this was a “pump-
ing engine” built by Thomas Savery (1650-1715) in England. In Savery's engine.
steam at pressures between 50 and 100 psig (4.5 to § bar) acted directly upon the
surface of water in a chamber to force it up through a pipe. A crude check valve
prevented reverse flow. After the chamber was cleared of water, steam supply was
manually cut off and cold water was applied over the chamber, thus condensing the
steam inside and creating a vacuum that sucked in more water. The direct contact
between steam and water caused large condensation losses, and the lack of safety
valves was responsible for many explosions,

Al about the same time, Denis Papin (1647-1712), who invented the safety valve,
conceived of the idea of separating the steam and water, by a piston, and Thomas
Newcomen (1663—1729) designed and built an engine with one. In it low-pressure
steam was admitted to a vertical cylinder, where it pushed the piston upwards. The
steamleft in the cylinder was then condensed by a jet of outside cold water, creating
a vacuum in the cylinder. The outside atmospheric pressure pushed the piston back
on the working stroke, hence the name “atmospheric engine.” The piston was attached
to one end of  beam that had a fulcrum about midpoint. A piston in a scparate pumping
cylinder was attached to the other end. The pump piston was smaller in diameter than
the sleam piston, SO a grealer waler pressure than steam pressure was obtained. The
various valves of Newcomen's cngine were operated manually at first. Automatic
operation, the first on record, was conceived by a small lad who was hired to operate
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the valves. Being smaller and lazier than the others, as the story goes, he noticed the
regular pattern of beam and valve operation and rigged up a string mechanism that
allowed the beam to actuate the valves, Newcomen's engine used one-third less coal
per hph than Savery's. ‘

It was not until some 60 years later that James Wau® dev LIUI\Ld the ideus of the
"modern” reciprocating stcam engine. Working as an instrument maker. he was called
upon onc day in 1764 to repair a Newcomen engine and noticed the waste of steam
condensed in the cylinder. In 1765 he conceived of the idea of a separate condenser,
and subhsequently ideas such as the working stroke caused by steam expansion, the
double-acting cylinder, the flyball throttling governor, the conversion of reciprocating
to rotary mation (in 1781). and other imponamt features. His now-famous engine was
a major contributor to the industrial revolution. Watt's engine used 60 percent less
coal than Newcomen's and 75 'pcrccnl less than Savery's.

The next major improvement was made by Corliss (1817-188E). who developed
the quick-closing intake valves that bear his name which reduce throttling during
closing. The Corliss engine used abdut hall as much coal as Watt's but sull four or
five times as much as modern steam-turbine powerplants. Next came Stumpf (1863-7),
who developed the “uniflow engine.” which was designed to further reduce conden-
sation losses 3

The reciprocasing steam engine reached ity pinnacle in size when it was called
upon to dnve the then-giant 5-MW clectric generators carly in the twenticth century
No larger engines were built then or after. although performance continued to improve
mainly with the uniflow engine. But about that time electrnie gencrators were capable
of getung bigger with no reciprocating engines large enough to drive them. Enter the
steam turbine, not a new 1dea by any means, for the need for it was foreseen by many
inventors in the late 1800s. Like many great inventions, it became practical when the
world needed it.

Actually, history’s first recorded 'itcamlurbmc was one built by Hero of Alexandria
about the first century A.D. It consisted of a hollow sphere that was free to tum about
a horizontal axis between two fixed tubes that connected it to a caldron or boiler (Fig.
5-1). Steam, generated in the caldron, enters-the sphere ‘and exits to the atmosphere
tangentially via two nozzles situated in the plane perpendicular (o the axis of rolziion
and pointing in opposite directions. The steam leaving the nozzles causes the sphere
to rotate in a manner similar to that of water ejecting from a lawn sprinkler, Hero's
turbine thus operated on the reaction principle (Sec. 5-3). Much later, about 1629, a
steam turbine used a jet of steam that impinged on blades projecting from 2 wheel.

* James Watt (1736-1819) was a Scottish self-educated instrument maker and invenor. Besides his
famous engine, he is credited with the first meaningful res¢arch on the propertics of steam. He raninto
considerable financial difficultics that necessitated borowing money from benctactors before his engine
hecame a financial success. In 1769 he took a patent for “A New Invened Mohod of Lessciing the
Coasumption of Steam and Fuel in Fire Engines.” In 1775 he went into partnership with Matthew Boulton,
a manufacturer in Birmingham. The pancrship lasted 25 years, Unlike many great inventors, his achicve-
ments were recognized duning his lifetime. He was awarded a doctor of laws de gree from Glasgow University

_in: 1806, was made a foreign associate of the French Academy of Sciences.in 1814, and was olfered a
baronetcy. which he declined because of maodesty.
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Figure 5-1 The acolipile of Herp of Alevandng
{from .-1r(ifr|_1-, “pod of the wands. and poa. a
“hall”) the first recorded steam turbire in Ristony

thus causing il to rotate. This turbine operated on the impulse principle (Sec. 5-1).
Later yet, in 1831, William Avery of the United States built the first steam turbines,
which were used commercially in sawmills and woodcutting shops, with at least onc
tricd on a locomotive. The Avery turbine had similarities to Hero's in that-it used a
hollow shaft with two 2 S-ft.Jong hollow arms attached 1o it at right angles with g
small opening at the end of cach and each pointing in opposite directions. Steam
supplied through the hollow chaft evited through the openings and caused the shaft o
rotale. Avery's, like Hero's, was therefore a reaction turbine. The turbines. though
claiming similar efficicncics as contemporary reciprocating steam engines, were zban-
~doned because of high noise level, difficult regulation, and frequent breakdowns.
The turbines that were destined to take over from the reciprocating engine. how-
ever, came about late in the nincteenth century as a result of the efforts of a handful
of men, the most prominent of whom were Gustay de Laval® of Sweden and Churles
Parsonst of England. de Laval first developed a small, high-specd (42,000 r'min)
= Carl Gustay Patnch de Laval 1154519130, an engincenng graduate of the University of L'psala,
Sweden, was an inventur whose niain income canmk from a cream separator and was spent on vanous other
wrprofitable ventions. The tubing be incmed wa inicnded for a cream separator. Also active i public
2ffxirs, ke became a mamba of both howses of parhiament and was nunored repeatediy for his coatnbuiuns
1o technology’
* Sir Charles Algernon Parsons (1854-1931), an upper-class Englishman, was motivated by the need
to find 2 Aeap drve for ships. He is credited with:developing the reacnon-siage principle
£ :
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reaction turbine but did not consider it practical and so turned to the development of
a reliable single-stage impulse turbine, which bears his name until today. He is also
credited with being the first to employ a convergent-divergent nozzle for use in that
turbine. “The first unit was tested in 1890 and the first commercial unit,'S hp, went
into service in 1891. In 1892 he built a 15-hp turbine with two wheels for ships: one
for forward and one for astern propulsion. Parsons developed the multistage reaction
turbine, a low-spced machme for use in ships. The first Parsons turbine was built in
1884, The first ship ever 1o use a turbine was launched in 1895 and, naturally, was
called the “Turbinia.” It also had two sets of elements, one for forward and one for
astern propulsion. Later on some turbine-generator sets were installed in both ships
and powerplants.

In addition to de Laval and Parsons, C. E. A. Rateau of France developed the
multistage impulse principle (pressure staging), Charles G. Cunis of the United States
developed the velocity-compounded impulse stage, and George Westinghouse, -also
of the United States, secured American rights to the Parson's turbine and installed the
first U.S. commercial units of 400-kW capacity at the Westinghouse Air Brake Co.,
Wilmerding, Pennsylvania,

Shontly after the tumn of the century, steam turbines began to replace reciprocating
steam engines in powerplams. Rapid development ensucd. By 1909 12-MW units were
installed in the Fisk powerplant in Chicagse. The turbine performance and efficiency
exceeded those of the reciprocating engine and allowed the use of superheated steam
on an expanding scale. This led to the use of cast steel rather than cast iron in turbines
Capacities rose steadily. A 208-MW unit was installed in New York in 1929. The rise
was helped in 1937 by the use of hydrogen-cooled, 3600-r/min electric generators.
By the late 19505 capacities reached 450 MW, In the post-World War Il era, capacities
rose beyond 1000 MW and 3600 rimin became a standard in the United States for 60-
Hz current (3000 for 50-Hz current in most of the rest of the world) for high-pressure
units and 1800 r/min (1500 non-U.S.) for the low-pressure units used in water-cooled
nuclear reactors. The steam turbine today is the mainstay of clectric-power generation
and promises to continue in that role for the foresecable future.

Gas turbines are as old as windmills since a windmill is essentially a gas (air)
turbine. An carly gas device called the smokejack was operated by hot gases rising
through a fireplace chimney. The smokejack is believed to have been first sketched
by Leonardo da Vinci and later described by John Wilkins, an English clergyman, in
his book Mathemarical Magick in 1648, Other attempts followed, including work by
John Barber of England, who received a patent in 1871 for a device that compressed
air and produced gas in a cylinder and then burned and directed the mixture to a
turbine wheel through nozzles. The first significant advance was by F. Stolzé of
Germany, whosc turbine consisted of components similar to those of today's gas
turbines: a separately fired combustion chamber and a multistage axial-flow compressor
coupled directly to a multistage reaction turbine. The efficiencics of compressor and
turbine and the gas temperatures, however, were too low lo permit successful operation,
The first successful gas turbine was built in 1903 in France. it consisied of a multistage
reciprocating compressor, combustion chamber, and a two-row impulse turbine. l: had
a thermal efficiency of about 3 percent. Further progress was slow.
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In more modem times, during World War 1l developers in Switzerland, a country
isolated by the war, developed the technology for power generation by gas turbines.
Sir Frank Whittle of E ngland was one of many who recognized the applicability of
£as turbines for jet propulsion of aircraft. Such efforts led to the development of the
jet fighter and subsequently jel transport in many countrics.

The gas turbine is now used in the utility industry mainly as a peaking unit (o
deliver eacess power during periods of high demand), for powering isolated locations,
on oil pipeline routes, and more recently, in combined-cycle (gas and steam) pow-
erplants (Chap. 8).

5-2 THE IMPULSE PRINCIPLE

Before discussing the impulse turbine, a review of the impulse principle may be useful.
Consider a horizontal fluid jet impinging in the +x direction on a fixed vertical flat
plate (Fig. 5-3a). That fluid will spread out along the plate, its velocity in the direction
of the jet reduced to zeto, and will impart to it a horizontal force F inthe + x direction.
This force is called an impulse and is equal to the change in monentum of the et in
the +.x direction . :

" i

5 Foa S =ty s S (5-1)
K, g
where F = force or impulse, Ib, or N

m = mass-flow rate of the jet, Ib,J/s or kg/s
V, = velocity in the honzontal direction, fu's or m/s

g = conversion factor, 32.2 Ib,, - ft/(lb, - s*) or 1 kg - m/(N - s7)

Now consider that the plate is free to move in the horizontal direction (Fig. §-2b) with
a velocity V. V, — Vg will be the velocity of the jet relative to the plate. Now the
force on the plate is

F= fw. ~ V) (5-2)

—— t
A SRR )
SRS
tal - h)

Flgure 5-2 The impulse of a fluid pet on (a) a fived flat plate and () a mordng fNat plate
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and because the plate is moving, work is being done on it equal 1o the product of
force and distance. In a unit time, that distance is Vs, so that the work done per unit
time, or the power, in ft * Ib,/s or watts, is e

W=FV, = Ev,(v, - V) ‘ (5-3)

The efficiency of the flat plate is obtained by dividing the work, Eq. (5-3), by the
initial power of the jet mV;/2g. (kinetic encrgy per unit time). Thus

Vv, AL
Notae = 2[ 7“ - (F) ] (5-4)

where W = work per unit time, a power, ft * Ib,/s or watts. Note the power is zero
if Vy is zero (fixed plate) or if Vg = V,,"since no force will be exerted by the jet.
Thus there is an optimum plate velocity V, which maximizes the power. It is found
by differentiating W with respect to V, and equating the derivative to zero, or

t‘ﬂ"s Be

Thus the optimum plate velocity is half the jet velocity

d [n 3
[-”—'(V,V, - V},}] =; f(v,—zv,) =0

v,
Vﬂ.nﬂ = T; {5‘5}
and the maximum power is
. mV:
“’.m.u i eAiees (5-6)
48‘

which also happens to be half the power or kinetic energy per unit time of the jet.
Thus the maximum efficiency of converting the jet energy to the plate is 50 percent,
as can be verified from Eq. (5-4).

Now, instead of a flat plate, consider a cylindrical blade that allows the jet to
reverse direction (Fig. 5-3). Again the jet enters the blade with a relative velocity V,
— Vy. Consider furthen iiat he blade is frictionless and that there is neither expansion
nor contraction of the fluid between blade entry and exit. The fluid relative exit velocity
is therefore also V, — Va. The absolute velocity of the jet at exit in the +x direction
will now be Va—(V, — Va) = (2Vs — V,). The impulse equal to the change in
momentum is then equal to

Flgure 5-3 The impulse of a fluid jet on a 180° curved
bilade. - .
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F ==V, = 2¥s = ¥l ==V, =¥ (5-7)
Ky

and the work per unst time 1y FVy or

. m
W= 2=V, = Vil (5-%)
L)
We shall now define a blade efficiency my as the ratio of the power, Eq. (5-8), 1o
the initial power of the jet, mV}i2g,, or

] V :
m:%f—&ﬂj (5-9)

~and F, W, and n,. Egs. (5-7) to (5-9). for the blade are twice the values for the flat
plate, Egs. (5-2) to (5-4). "
To find the optimum blade veloeity that results in maximum power, again dif-
ferentiate W with respect to Vy and equate to zero, also giving

v,
Van =75 (5-10)
B mV?
and Woae = =z (5-11)
<K

The optimum blade velocity 1s half the jet velocity, the same as for the flat plate, but
the maximum power is twice that for the flar plate and equal 1o the total kinetic energy
(per unit time) of the jet. In other words, the maximum blude efficiency as can be.
verified from Eq. (5-9) 1s

Mo = 100% (5-12)

Because the blade moves away from the jet, continuous power can be obtained only
if a series of blades were mounted on the circumference of a wheel so that as the
wheel rotates they continually face the jet. A high-speed jet needs a nozzle which has
physical dimensions so that it is impossible to have the jet impinging on the blades
in their direction of motion but at a shallow angle @ (Fig. 5-4). The blade-entrance
angle also cannot be zero from horizontal because it should correspond nearly to the
relative fluid direction. The blade-exit angle also cannat be zero from horizontal or

Avis ol . .
relition

-

| . Figure 54 Top view of a row of imp\:l;e blades on Whegl.
P

o
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-
else the fluid would not be able to leave the row of successive blades. The practical
blade, therefore, is turned around an angle less than 180°.

The Velocity Diagram .

To evaluate the work on the blade, which is in the direction of motion, one then needs
to construct a velocity vector diagram, shown for a single blade in Fig. 5-5. Figure
5-5a shows the velocity diagram in relation to the blade. Figure 5-5k and ¢ shows
simplified versions of it, called “extended” diagrams, with the blade shape removed.
In these diagrams =

V,, = absolute velocity of fluid leaving nozzle

Vg = blade velocity

V., = relative velocity of fluid (as seen by an observer riding on the blade)
V,; = relative velocity of fluid leaving blade

V.2 = absolute velocity of fliid leaving blade
8 = nozzle angle
@ = blade entrance angle .’
¥ = blade exit angle
& = flufd exit angle

The work on the blade may be obtained from impulse-momentum principles as
above or from first-law principles. Both methods yield numerically identical results.

From impulse momentum, the force, a vector quantity in the direction of motion
of the blade, is equal to the change in momentum of the fluid in the direction of
motion, or

m
5 F= 8—(1-‘,, cos 8 — Vycos 8) . (5-13a)
The component of the steam velocity in the direction of blade motion is called the

velocity of whirl. Thus V,, cos 8 is the entrance velocity of whirl V,,,, and V,; cos
is the exit velocity of whir V., end the force may be written as




TURHINES 18]

F=2(V., - Vo) (5-13h)
The work per unit time (power) 1s equal ro the product of force and distance traveled
by the blade in unit time or the product of force and velocity. Thus

.
W =22y cos 0 - v, c08 § (5-14)
e

Note that if both 8 and 8 arc 0, V,; = Vy — (V,, - Vi) in the +x direction (for
frictionless, nonexpansion or noncontraction flow), and Eq. (5-14) reverts to kq. (5-
8). Note also that cos & is positive if & is less than 9%0° (Fig. 5-5b) and negative if &
is greater than 90° (Fig. 5-5¢), so that the work is greater if & is greater.

The blade efficiency again is defined as the ratio of the blade work, Eq. (5-14),
to the nitial energy of the jet mV?/2g, or

v, v ;
N = 2[(‘!—") cos B — (V—E)(:") cos 6:' (5-15)
1l 1l x1

Oprimum blade speed. By analogy with the 180° blade, the relative velocity of fiuid
entering blade in the +.x direction is V,, cos @ - V. With no friction, expansion,
or contraction, that 1s also the relative veloeny leaving the blade butin the — x direction
The absoluté velocity of the fuid leaving the blade in the + x direction, V.. cos 8, 1s
therefore Vg — (V. cos @ — V) = (2Ve — V| cos #). Equation (5-14) can thus be

written in the form

. 2mV,
w =8y cos 0 — Vy) (5-16)
8

The optmum blade speed that yields maximum work is again obtained by differen-
tiating W with respect to V, and equating the derivative to zero, giving

_ Viycos 8

Vi = 1 (5-17)

The maximum work is obtained by substituting Eq. (5-17) into Eq. (5-16), giving

- ' i
wmn = E{:_(Vsl cos g)? e ng‘ (5-[8)

The maximum blade efficiency is obtained by dividing Wy, by mV312g., giving
No.max = (cOs 8)° (5-19)

An examination of the velocity diagram shows that in ideal Row where Vi = Vand
when ¢ = 5, the optimum blade velocity which results in maximum work also results
in & = O or absolute exit velocity stralght in the axial direction. In that case
“ V2 cos 8, the exit velocity of whirl, is zero. Equations (5-17) to (5-19) revert to Eqgs.
(3-10) to (5-13) for 6 = 0.

From the first-faw principles, with no change in potential energy .and no heat
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transfer, the work is equal to the decrease in enthalpies and absolute kinetic energies

of the Auid

vy i '
W= (H, — H) + in ( L —‘) (5-20)
2Xe 2z, '

where H, and H, arc the enthalpies of the fluid entering and leaving the blade,
respectively. M, — #, is obtained by considering fluid low relative to the blade (as
seen by an observer riding on the blade), where only relative velocitics and no work

are observed. Thus
Vs Vi

H — Hy = 5-21

1 2 _(28” 23‘) ( )

Combining with Eq. (5-20) gives
[ ' :
= ?I(Vh — M) = (V= ¥&)) (5-22)

This is a general equation for the work in any blade, i.e., including friction, expansion,
or contraction of the fluid through the blade passage. In the case of a pure impulse.
blade, where none of these effects is present, H, = H,, V., = V,2. and

-

1 m 2 2 4
“.pw: umpulse = K{V;I = V:l] I.S'I‘}

Values of V,, and V', are obtained from the nozzle equation, V, and the various blade
angles. In an impulse blade with friction, the usual method of describing the effect
of friction 1s by the use of a velocity coefficient k,, less than one and given by
e i : (5-24)
v V,-‘ Lt
We shall now define stage efficiency may. This is the work of the blade divided
by the total cnthalpy drop of the fluid for the whele stage, i.¢.. including nozzle and
blade, if expansion of the fluid were reversible and adiabatic, AM,

W

14
v Ry v o0

Example 5-1 100 Ib./s of stcam enter and leave the nozzle of an impulse turbine
stage at 400 psia and 500°F, and 200 psia, respectively. The nozzle efficiency is
90 percent. The nozzle angle is 20°. The blade is symmetrical, travels at optimum
velocuty. and has a velocity coefficient of .97, Calculate the blade angle, stage
power in hnm:pml'tf nnd mcgewaliq and 1hc blade and stage »fficiencic..

- 2t = o ek e e
Cm

SoruTtioN From the steam lnblcs, App. A, stcam conditions entering nozzle (Fig.
5-6) are h, =.1307.4 Bwlb,, 5. = 1.5901 Bu/(lb, - °R). Steam conditions
£ =
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Figure 5.6 T-r diagram for nozzle of
s Example 5-1.

leaving nozzle if it were adiabatic reversible at @ are 5, = 1.5901 Buu/(lb,, - “R)
and by interpolation at 200 psia, h, = 1237.2 Bww/lb,,.

Nozzle isentropic enthalpy drop = 1307.4 — 1237.2 = 70.2 Buwlb,
Nozzle actual enthalpy drop = 0.9 X 70.2 = 63.18 Bulb,,
 Vu= V2 x322x778.16 X 63.18 = 1779.4 fus

Refer 1o Fig. 5-5

where 8 = 20°, V,, cos 8 = 1672.1 fus
Vaope = ¥, cos 82 = 836.05 fus
V. sind = V, sin § = 608.6 fus
V,., cos = ¥V, cos 8 — Vg = 836,05 fus

from which V,, = 1034.1 fus and ¢ = 36.05°
V,, = &V, = 1034.1 x 0.97 = 1003.1 fus
Vasiny = V,sind, y=d -
Vaocosy + Vocos 8 = Vy

fmﬁ! which Vi = 5908 fus, 6 = 87.57°

Refer to Eq. (5-14)

W= m%l—?—ﬁ'—'um.l ~ 25.1) = 428 X 107 ft -1ty /s

77.818 hp = 58.03 MW

o -

il
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Refer to Eq. (5-22)

. 1000 - z . :
ol 2 x 32.17 [(1779.4 590.8°) + (1003.1 1034.1%))

= 4,28 % 107 ft - Ih/s

which confirms Eq. (5-14).

e W 4% 107 X 2% 3.0
Bideallemmy = A ~ e e -
= 86.97%
. B W 428 x 107
Stage elcteney = G~ 1000 x 70.2 X 778.16 © '®
= 78.35%
i-2 IMPULSE TURBINES v

Impulse turbines or tufbine stages arc simple, single-rotor or multirotor (compoundzd)
turhines to which impulse blades are attached. Impulse blades can be recognized by
their shape, They are usually symmetrical and have entrance and exit angles, & and
y respectively, around 20°. Because they. are usually used in the entrance high-pressurc
stages of a steam turbine, when the specific volume of steam is low and requires much
smaller flow arcas than at lower pressures, the impulse blades are short and have
constant cross sections.

Impulse turbines are also characterized by the fact that most or all of the enthalpy.
and hence the pressure, drop occurs in the nozzles (or fixed blades that act as nozzlez)
and little or none in the moving blades. What pressure drop occurs in the moving
blade is a result of friction that gives rise to the velocity coefficient k, discussed above.
Single-rotor and compounded impulse steam turbines will now be discussed.

The Single-Stage Impulse Turbine

The si.::gle-.rragc impulse iurbine, also called the de Laval turbine after its inventor
(see Introduction, Sec. 5-1), consists of a single rotor to which impulse blades are
attached. The steam is fed through one or several convergent-divergent nozzles which
" do not extend completely around the circumference of the rotor, so that only pant of
the blades are impinged upon by the steam at any dne time. The nozzlss also alivw”
governing of the turbine by shutting off one or more of ihem.

The velocity diagram for a single-stage impulse turhine has baen shown in Fig.
$-5. Figure 5-7 shows the overall pressure and absolute steam-velocity changes in the
nozzle and blade passages for an ideal turbine. As can be seen the pressure drop occurs
in the nozzle and not in the blades. Maximum velocity, and hence kinetic energy, of
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Prewure

Welowity

Figure 5-7 Overall steam pressure and absolute steam-velocity changes
in an ideal single.stage impulse {delaval) turbine

the steam occurs at nozzie cxit and decrcases frog V,, 10 V,. in the blades. The lincar
changes in pressure and velocity shown are only schematic and do not represent the

actual processes .

Compounded-lmpulse Turbines

It has been shown that the optimum blade speed in a single-stage impulse turbine is
0.5 V,, cos ¢ or roughly onc-half of the incoming absolute steam velocity, 8 being
small. Steam expanding from modem boiler conditions, say 2400 psia and 1000°F to
the condenser pressure of 1 psia (or even to atmospheric pressure) in a single nozzle
stage, will have velocities of about 5400 ft's (1645 m/s), meaning a blade speed of
2700 fts (820 mvs). Such a speed is far beyond the maximum allowable safety limits
" because of centrifugal stresses on the rotor materizl In addition, the large steam
velocities result in large friction losses (proportional to the square of the velocity) and
_ a reduction in turbine efficiency. The high ioter speeds would also necessitate large
and bulky reduction gearing to the electric generator. To overcome these difficulties,
two methods have been utilized, both called compounding or sraging. One is the
velocity-compounded turbine, and the other the pressure-compounded turbine.

The Velocity-Compounded Impulse Turbine

The velocity-compounded turbine was first proposed by C. G. Curtis (see Introduction)
to solve the problems of a single-stage impuise turbine for use with high pressure and
temperature steam. The Curtis stegé turbine, as it came o be called, iz composed of
one stage of nozzles as the single-stage wroine, followed by two rows ol moving
blades instead of one. These two rows are separated by one row of fixed blades attached
to the. turbine stator, which has the function of redirccting the steam leaving the first
.
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row of moving blades to the sccond row of moving blades. A Curtis stage impulse
turbine is shown in Fig. 5-8 with schematic pressure and absolute steam-velocity
changes through the stage. In the Curtis stage, the total enthalpy drop and hence
pressure drop occur ideally in the nozzles so that the pressure remains coristant in all
three rows of blades. The kinctic energy of the steam leaving the nozzle at Vy,, however,
is utilized in both rows of moving blades instead of a single row as before. The absolute,
velocity of the steam decreases from V,y to ¥y, in the first row of moving blades,
remains essentially constant in the fixed blades, enters the second row of moving blades
at V,,, and leaves at V. Ideally V,, = V,;, but actually there is a loss as a result of
friction in the fixed blades so that V., < V,; and they are related by a velocity coefficient
k, similar to that of Eq. (5-24)

The velocity diagram for a Curtis stage, with friction in moving and fixed blades,
is shown in Fig. 5-9. The procedure for constructing that diagram is the same as that
for the single-stage impulse turbine (Fig. 5-5). In the diagram, because of friction

v
"’rl < l"“r _I'Z = *\
: vrl . 2
v
Vo<V, 2=k, o (5:26)
vﬂ
: ; Vi ™
V<V i‘j =k,

-

4

Using an analysis similar to that used for the single-stage impulse _ujrbin:. it is easy
w.write expressions for the work of the Curtis stage using either a momentum-impulse
or first law analysis. The latter yields

blades

blades

blades

Ha!ing' Stationary |Nuvln;

Nozzley /

Pressure

. =

Figare 5-8 Overall steam pressure and absolute steam velocity
changes in an ideal velocity-compounded impulse turbine (a
Cunis s1age). -

Ablolute |
wolocity
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Figure 5-9 Veloaty diagram for 3 Curns
stage, drawn with Vy the same in both
mo\.ing blades and with fricson aken .

| -
’ i change on blade angis

m % § 5 A
= “*{.,g (V5 = V&) + (vh + V5 + [V — VR + (VL - vl 652D
<k

where the quantities between the two sets of brackets are due 1o the work of the first
and second rows of moving blades, respectively. The blade efficiency of d.:- Cums
stage turbine is obtained, as usual, by dividing W from Eq. (5-17) by m(V3,2¢.). and
the efficiency of the stage is obtained by dividing W by the adiabatic re\cmhw en ‘uip\
drop for the stage.

Although the Curtis stage is composed cl'two rows of moving blades, a velocity-
compounded turbine can be composed of any number of such rows, all sharing in the
kinetic energy of the incoming steam at V,;. Such staging usually is built with suc-
cessively increasing blade angles, which results in flatter and thinner blades toward
the last row (Fig. 5- IO}. constructed for three rows of moving blades. An expression
“for the work of a three- -stage turbine may be easily obtained by extending the terms
in brackets in Eq. (5-27) to three.

An expression for the optimum velocity may be derived for an ideal frictionless
turbine. It shows _

_ Vi cos 8, ) ($.38)

- 2n

szzle angle and n the number of cia==s {rows 5F wuving bladss). -1 ne

il v‘ 18 Uic nozz!

exit velocity of whirl (duc to V) is zero, Notice lhal lh: optimum blade velocity is
l

=* that of x sipgle- -stage |mpu]s.c In the actual turbine with friction, Vj o is slightly
lcu than that given by Eq (5-28) [37). -

-
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Moving —=

Figure 5.10 velocity diagram and biades tar a velovity-compounded impulse wrbine with thres rows of
TR biades.

The work rativ of the highmt—h,-hmc-t-]an:mun: stages, in an weal turbine, can
B fouid to have the ragiy 101 tor a swo-stupe turbine (Curtis), 5:3:] for a threestape
tutbine, 7:5:31 for 4 four stage turbine, and su on. This pomnts 1o one of the major
drawbacks of velosity compounding, namely that the lower-pressure stages produce
such little work that Saging beyond two stages (Curtis) is uneconomical. Another
drawback i the still-high steam velocities that result in large friction, especially in
thie high prosoyrg Stages,

It blade speeds niust me reduced below that afforded by two stages, the second

ctived of cunpounding is resorted o, :

The Pressure-Compounded Impulse Turbine

To alleviate the problem of high blade velocity in the single-stage impulse turhine,
the total enthalny drop throvgh the aozzle, of that turbine arc simply divided up,
essentially equaly, among many single-stage impulse turbines in serics. Such a turbine
is called a Ratcaie turbine, after its inventor. Thus the inlet steam velocities 1o cach
stage are essentially equal and due to a reduced A4, From the nozzle equation, ignoring
inlet velocities to the nozzles

=

Ah,
VJI’ =Vp == Y"'gr__l'! {5-29)
* n e
where Sh, & i toma! specific enthalpy diop of i wibine and o i fumber AF
Sages. . s
A Wo-slage piasiie-compounded turbine 15 shown in Fig. 5-11. Note that al-
though the enthalpy drops per stage are the same, the pressure drops are not, An
examinaticn of a Mollier steam chart shows, for example, that if we were to divide

J- -
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Mesing

Maovin
> blades

blades

I'ressure

Absolure
welogiy

Figure 511 A wo-stage prossure-compousi.l ompulse
turbine (Rateau) .’

the total enthalpy drop from 000 psia and T000°F to [ psiat in isentroprs 2apaising
approximately S8 Buw/lb,,. into four equal parts, approximately 145 Hu oo e
| 150
s,

pressure drops in the first to fourth stages would roughly be 650, 260. 75, and 1
respectively.

Figure 5-12 shows a velocity diagram of a three-stage pressure-compoundec i
pulse tarbine with friction so that V,, < V. ete. The individual tniangles are construcied
in the identical manner of the single-stage impulse and the equations for that ¢

T PRRRR

)3))) b
_JJ))

Stage 3

r-—

Figure 5-12 Velocily diagrams and noszles and blades for a three-stage pressure-compounded imputse

P (Ratcau) rbine. - )
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a

are applicable here, with the exception that Al per stage is much reduced. In Fig. 5-
12 the exit velocities of whirl for all stages are zero, corresponding to optitium, Nute
also that in calculating Vs, the Kinetic enerpy in V. may not be ignored as was done
in Eq. (5-29), because the nozzles of cach stage must receive the steam discharged
by the preceding stage, expand it, and redireet it to the moving blades. Tlie pressure-
compounded impulse turbine has the advantages of reduced blade velocitics, reduced.
steam velocities (and hence friction) and equal work among the stages, or work
distribution among the stages as desired by the designer. The disadvantages are the
pressure drop across the fixed rows of nozzles, which require leak-tight disphragms
1o avoid steam leakage, and the large number of stages. Thus pressure-compounded
turbines are ordinarily used for large turbines where efficiency is more imponant than
capital cost.

5-4 THE REACTION PRINCIPLE

A fixed nozzle, a rocket, a whirling lawn sprinkler, and Hero's turbine {Fig. 5-1) are
devices that cause a fluid to exit at high speeds. The fluid, beginning with zero veloeity
insie, creat=s a force in the directiodl of motion F equal to
’ Al :
N F = m- (5-30)
£

and there is a corresponding and cqual force tending to move the devices in the opposite
direction. This foree is called reaction. The devices mentioned above are, therefore,
reaction machines that may have to hold stationary (the nozzle), move m a straight
line (the rocket), or in a rotary fashion (the sprinkler and Hero's turbine). In all these,
the pressure drop (caused by enthalpy drop) that causes the high velocities accurs
inside the devices,

I the impulie turhine, no pressure drop (except that caused by friction).occurs
in the moving blades, If now we can imagine a blade passage through which there
will be @ pressure drop, the blade would have a reaction force moving it in an opposite
dircction. Because, however, u blade passage is not a reservoir of steam, or a place
where stean lias zero velocity, a pure reaction blade does not exist. The blades in the
so-called reaction turbine arc in realily par impulse and part reaction.

A reaction turbine, therefore, is one that is constructed of rows of fixed and rows
of moving blades. The fixed blades act as nozzles. The moving blades move as a
result of the impulse of steam received (caused by change in momentum) and also as
a result of expansion and acceleration of the steam relative to them. In other words,
they also act as nozzles. The enthalpy drop per stage of onc row fixed and one row
moving blades is divided among them, oftén equally. Thus a blade with a S0 percent
degree of reaction, or a 50 percent reaction stage, is one in which half the enthalpy
divp ol the stage occurs in the fixed blades and =21 in ths moving blades. The press
arops will not be equal, however. They are greater for the fixed blades and greater

for the high-pressure than the low-pressure stages, as explained for the pressure-

compounded impulse turbine, : o -

=

= sol W - |
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The term reaction turbine is used despite the fact that pure reaction turbines arc
not built. (Some European writers prefer the terms equal-pressure and unequal-pressure
turbines for the impulse and reaction turbines, respectively.)

5-5 REACTION TURBINES

Reaction turbines, originally invented by C. A. Parsons, are illustrated by Fig. 5-13
with three stages, each composed of a row of fixed blades and a row of moving blades.
The stationary blades are designed in such a fashion that the passages between them
form the Mlow areas of nozzles. They are therefore nozzles with full steam admission
around the rotor periphery.

The moving blades of a reaction turbine are easily distinguishable from those of
an impulse turbine in that they are not symmetrical and, because they act partly as
nozzles, have a shape similar to that of the fixed blades, although curved in the opposite

direction.

The schematic pressure line (Fig. 5-13) shows that pressure continually drops
through all rows of blades, fixed and moving, though the pressure chgnge is greater
the greater the pressure. The absolute steam \E]ﬂCIF\ changes witnin each stage as
shown and repeats from stage to stage. .

Figure 5-14 shows a typical velocity diagram for two-reaction stages. To construct
such a diagram, the Al per stage is determined, say by dividing the total enthalpy
drop of the turbine by the number of stages. This Ak is further divided zmong the
_ fixed Ak, and moving Ak, rows of each stage, cach typically half Ah. V,, is calculated

Moving
blades I Fined l t
hlades

Pressure

Flgure 5-13 Thiee stages of reaction turbine with overall
sleam p and absolute w:lonun

" Absolute ve' a0 'y
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s
DIID)
Qs

)}))j /) Moving bides

Flgure 5-14 Vefocity diagram for o two-stage reaction turbing

from Ak,. A blade speed V,, is chosen, say, to correspond to optimum conditions equal
to V,; cos 6 (compared with V,, cos 82 for the impulse turbine). V,, is then found.
Note that y is nearly cqual to 8 but is much less than & here.

The second half of the enthalpy drop Ah,, eccurs in the moving blade. This results
Inincreasing the velocities relative to the blades, In other words, Al in the meving
blades increases its relative velocity. Thus V,, is increased to V,; (in the impulse turbine
Vex was equal (o or less than V,, because of frction). For the same V,, get the new
V,2, which enters the next row of fixed blades (o be increased to V,s. and so on. Thus

V3 - v
) (5-31)

und == A, (5-32)

The work of a reaction stage can also be obtained from momentum-impulse or first-
law principles. The change in momentum on the blade in the direction of motion + x
is due to the change in the components of the relative velocities V,, and V., in that
dircction. For one reaction stage in general

F = m—{V,l cos ¢ + V.3 cos v) (5-33)
£

butas V. cos ¢ = V,, cos 0 - Vy *
~ m 7
F= ;—(V,, cos 8 — Vs + V,acos )

The rate of work, or power, W = FV,

; . , -
W = m=(¥, cos 0 — Yo+ Vacosy)’ (5-34)
8 .

ettty v
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From first-law principles, Eq. {S-ZZj. repeated here, applies.
m

3 [(Vh — V) — (V4 — V&) (5-22)
8e

W=
Optimum Blade Speed

The optimum blade speed can be easily obtained for the case where the fixed moving
blades are similar, so that 8 = y. and Eq. (5-34) is written in the form

. v,
W= :hf(zv,, cos 6 — Vp)

Again differentiating W with respect to V, and equating to zero

W

d-z =2V, cos 8 — 2V = 0
or Voo = Vi cos (5-35)
. ; I
and W =V, cos @ = — (Ve - (5-36)
Be e :

The efficiency=of a reaction stage is dependent upon the efficiency of the fixed
biades (no-zles) and the efficiency of the moving blades. These are explained with
the help of Figs. 5-14 and 3-13, which is a Mollier chart representatnon of Fig. 5-14.

Enthalpy &

Figure 5-15 Condition curve for a
fwo-stage reaction turbine, drawn on
the Mollier (enthalpy-catropy) chart.
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Lines Pg. Py, ete., represent constant pressure lines, which diverge to the right on the
Mollier chart. The actual expansion line 0-1-2-3-4 represents the actual condition of
the steam in the two stages and is called a condition curve, )

The fixed-blade, or nozzle, efficiency my is the ratio of the kinetic energy change
to the adiabatic reversiblé (isentropic) energy change across the fixed blade. For the
first fixed blade :

_ R2g)(Vh = Vi) _ ko~ by
" ahy, ke — ke

The moving-blade efficiency ng is t.hc work of the blade, Eqs. (5-22) or (5-34),
divided by the total energy available to that blade, which consists of the kinetic energy
of the incoming steam at ¥, plus adiabatic reversible (isentropic) enthalpy drop across
it. Note that the latter is greater than Ak, because of the friction (irreversibility) in
the blade, which causes an increase in entropy. Thus

B W B W )
T Va2g) + Bhm | AI(VAIZE) + (B — ha)]

(5-37)

(5-38)

The stage efficiency n,,,. of a reaction stage is the work of the moving blade in
the stage divided by the adiabatic reversible (isentropic) enthalpy drop for the entire
stage, including fixed and moving blades. Thus .

W W
= — i — 5-39
Tiuage m Ah, mih, — hs,,) 5 ( )
where, as shown in Egs. (5-37) o (5-39)

Ahyg, = 1sentropic enthalpy drop across fixed blade
= hy — hy, (first stage), = hy — h,, (second stage), etc,
Al,, = isentropic enthalpy drop across moving blade
= h; — hy, ([irst stage), = hy — h,, (second stage), etc,
Ah, = iscntropic enthalpy drop across entire stage
= hy — hy, (first stage), = hy — hy,, (second stage), elc.

Note that because of the divergence of the constant pressure lines, the isentropic
enthalpy drop charged to a row or stage is greater than that for a succession of rows
or stages or for an entire turbine. In other words

hy = hy > hy — by ;
l'-lln - ;I:“] + (hg = hq”} > illu - h.g"-

The reaction turbine is an cfficient machine that is suited for large capacities. For
a given blade speed, limited hy material centrifugal stresses, the steam velocity in a
reaction turhine is abour half that in & pressure-compounded imoulse turbine [comparc
Fas. {5-35) and {517}, resulting in low-friction losses. On the other hand, its work,

for the same V,, is about half that of an impulse stage [Egs. (5-36) and (5-18)).
_Contrary to an’impulse stage, a reaction stage has a pressure drop across the

4 =
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moving blades. This makes it Y& suitable for work in the high-pressure stages where
AP per unit enthalpy drop is high, which results in §téam leakage around the tips of
the blades, which in turn leads to throttling and 2 loss of availability. It follows then
that impulse staging is preferable in the entrance stages of a turbine, when the pressures
are high, steam specific volumes are low, and the blade height is small so that sicam
velocities would be correspondingly low. In the low-pressure stages, reaclion stages
are preferred because the AP across the moving blades is less; the blades become
progressively Jonger so that the tip clearance becomes smaller relative to the blade
height, i.c., relative to the steam volume, With large reaction blading, Vs is larger,
negating the disadvantage of lower power per stage than an impulse stage of the same
V.

Axial Thrust

Turbine rotors are subjected to an axial thrust as a result of pressure drops across the.
moving blades and changes in axial momentum of the steam between entrence and
exit. This axial thrust must be counteracted to keep the rotor in place. |

la impulse trbines, there is no pressure drop across the moving blades if the
turbine 1s ideal and little pressure drop caused by friction in a real wrbine. b addition
there 15 an axial force on the row because of the change in the axial component of
momentum of the steam from entrance to exit. This is given by (see Fig. 5-5)

m 2
Foiw = —(V,y5ind - Viasiny) [3-400
E-

This axial thrust results in no work. In the case of pure symmetnical in:puise ~lades,
V. = V.. ¢ = yand that thrust is zero. The total axial thrust on an impuls: turbine
rotor is, in any case, small and poses no severe problems.

The case of the reaction turbine is different. The axial components of the <teum
entering and leaving a reaction wrbine are nearly equal (see Fig. 5-14), so thal e
axial thrust due to the change in axial momentum of the steam is, like an impale
turbine, essentially zero. There is, however, a large and continual pressure drop across
the moving blades. Although that pressure drop decreases in the low-pressuc iluges,
the effect is counterbalanced by an increasing blade height and hence area. The resvlting
axial thrust is quite large and must be coped with. In small turbincs, this is donc by
a thrust bearing on the rotor shaft or by one or more dummy pistens (discs) inside the
scasing of sufficient area with high-pressure stcam on one face only, the other face
sealed by a labyrinth packing. 5

In modem large utility steam Iurbmcs the common solution is to have double-
flow twrbines or turbine sections in which steam enters in tic cenier, exnanas both
fefi and right and leaves (0 the mex| lower-nressure section nr 1 the condenser at
oppasits 2nds. This gives the turbine an X shape (Fig. 5-10) wius cath side’s aial
Thrust canceling the other. It also results in dividing up the blade heights and hence
areas and axial thrusts in two and reduces blade tip speeds.

a ’ . ¥

. P g )
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Figure 5-16 A Jouble-flow low pressure turbune section rotor

Twisted Blades

Reaction blades are high, especially in the latter stages. Their height, often one-third
of the mean blade diameter. reaches 43 in. (about 1.1 m) in some cases (refer to Table
3-2). The velocity diugrams constructed so far in this chapter assumed constant blade

speeds Vi, given by

Vg = wDN (5-41)
G P
o= ol L‘ff s
e o i S
_— e |
i e e i & ] i
N Figure 5-17 Effect of reaction blade
i R e il height on entrance and exit anoles
- necessitating & warpad radizh chope
T = haean . Drawn for same V;,, 6, and same exit
________ Tip - whirl,
-,
# £a

=1 iy
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Figure 5-18 33 1/2-in. reaction blading showing Iwisted construction [38]

where D 15 the dizmeter of the blade and A the number of revolutions per un e
Although N is constant, D for a high blade obviously is not (high-pressuse
blades, if used, are so short compared with the rotor shaft diameter that Vy for b
can be considered constant).

Thus Vy increases with radius from base to tip of the blady, resulting in chang
in the shapes of the velocity diagrams along the blade length, as shown in Fig. 5- E
which is drawn for optimum conditions at midpoint. It can be seen that, assuming 1,
and 6 do not vary in the radial direction, the blade entrance angle ¢ incieases, and
exit angle y decreases, from base to tip, which necessitates giving the blade a twasted
shape. It can also be seen that the degree of reaction varies from base to tin with the
blade somewhat resembling an impulse blade at the base and having maximun reaction
at the tip. Such blades are called nwvisted. warped, or vortex blades. Figure 5-18 shows
a turbine wheel with 334-in-long reaction blades with this characteristic [38] See also
rig. 521

5-6 TURBINE LOSSES

Supersaturation 3

When.steam expands rapidlv from a superheated state across the saturated vapor line
(point 1, Fig. 5-19), a condition of merastable equilibrium cx:st« in -u.huh the steam
dues wwn dmimedialely condense upon crossing point 1. Inst
the character of the stcam, which continues to follow the jaws g isiug suptiicaica
steam for some distance pas: point | until a certain lower pressure is reached. At that
point condensation suddenly takes placec and the condition of the system is once again
™ thermodynamic equilibrium, which has a quahty dictatzd by the pressure and specific

16 85 60 Chan Wi i
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e
;%‘,:_
!
Wilvon
b

Figure 5-19 Suipe,saturation condition
and ihie Wilzon line, shown on the Mol-
Entropy o lier (hs) disgram

volume (or entropy ) at point 2. The phenomenon occurs in both turbines and noszles,
where rapid expansion oceurs,

Steam in the region 1-2 is called supersaiuraled, or undercooled, steam. The
locus of points 2 at various pressures, really a band or a zone, is called the Wilson
line (Fig. 1-19). 1t is about 60 Biu below the saturated-vapor line on the Mollier chart,

Inial condensation results in liquid droplets of very small diameters and thus
large curvatre (inversely proportional to diameter). The vapor pressure of a highly
curved surface is greater than that of a flat or less-curved surface at the same temperature
because a molecule on a highly curved surface is freer to leave that surface as it s
restrained by fewer adjacent molecules. Droplet diameters below which this cffect is
pronounced are believed to be around 10 A (1 angstrom A = 010 m). Converscly,
for the samie vapor pressure a snrall drop will be at a lower temperature than a larger
-on¢ or than the saturation temperature corresponding to that pressure. Thus when
expansion occurs rapidly to a given pressure and no condensation takes place, a lower
temperature will be: reached before the first droplets form. Once they form and grow,
thermodynamic equilibrium returns to the system. -

This phenomenon is further illustrated by the use of 4 modified Mollier chan (Fig.
5-20) that represents the region of miost inlerest in steam-turbine supersaturation. In
thermodynamic equilibrium, a two-phase mixture at a given temperature has one and
only one corresponding saturation pressure (e.2., 4.74 mia and T6G°F) . In SHpersa-
wration, the steam behaves somewhat BLC 2 7os and the iciupesalure bines in the
superheat region extend into the two-phas¢ region, as shown by the dashed lines in
the figure. At any given pressure then a supersaturated fluid such as at b has 2 lower
temperature, about 105°F, than if it were in thermodynamic equilibrium (160°F). In

# ’
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other words, the sieam is undercooled. The ratio of actual pressure to the pressure
corresponding to the lower temperature is called the degree of supersamration, or
degree of undercooling.

Enthalpy b, Bruflb,,

Example 5-2 Compare the final conditions and the steady-flow work when su-
perhcated steam at 11.5 psia and 240°F expands (1) isentropically to 4.74 psia
when expansion occurs to a supersalurated state-or (2) slowly and thermodynamic
equilibrium 1s maintained. Assume supersaturated vapor obeys PV' *? = constant.

SoruTion The initial conditions (point a, Fig. 5-20) from the steam tables are

hy = 1165.0 Bu/lb,,, v, = 35.88 ftVlb,, and 5, = 1.8047 Buw/(lb,, - °R).
This steam expands isentropically to point b. If it does so rapidly and becomes

supersaturated, it will behave as a_gas and obey ' ** = constant. Thus

pA R 11.5\ 077
v, (F) = 35.88 (;‘7—4) = 70.22 fe¥lb,,
¢ :

1

Vi

! (1.32 = 1¥1.32 02414
I, =T, (%) = (240 - 46“1)(7%2‘! = 564 .6°R = 104.6°F

From Table 1-3

n
——(Pvs = P

Il

Steady-flow work w,

] =
_ 1.32 X 144 (4.7 x T032 — 11.5 X 3588
T =132 ( 778.16
= 60.1 Buw/lb,,
1180 (I F 5 B S G | T
a 240°F
1160 =
200°F /'
"‘\\ ot
1140 \/Ibﬂ!"
120 /\%

oo

1080

1060

1.8 = 1.9
Entropy 1, Blumb *R) .

Flgure 5-20 ModificS Mollier chart showing supersaturation (ss, dashed hm: and thermpdynamic equi-
librium (te, solid lincs)
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Thercfore .
by = h, = w, = 1165.0 — 60.1 = |104.9 By,

o

If the steam expands slowly and maintains thermodynamic eqliillibnum, the
conditions at b are obtained from the steam fables at 4 74 psiaand 5, = 5, =
18047 Buwyib,,, giving x, = 0.9728, h, = 1102.9 Bwib,,, and v, = '?5._IH
fi%b,,. The steady-flow work ‘wy, = h, — h, = 1165.0 - 1102.9 = 62.1
Buw/lb,,. The solution is summarized in Table 5-1,

It can be seen that supersaturation results in & lower temperature, justifying
the dual name “undercooling,” lower volume, and reduced work.

When expansion crosses the Wilson line, it reverts to thermodynamic equilibrium
by sudden condensation. This releases the enthalpy of vaporization of the condensed

vapor and results in a sudden pressure rise and reduction in specific volume and

velocity. The phenomcenon is called condensation shock, which is similar, though not
identical, to normal shocks that oceur in supersonic nozzles. Itis an irreversible process
that results in further loss in availability.

Fluid Friction
Fluid friction is the biggest cause of all turbine losses. It occurs throughout the turbipe.
There 1s, to begin with, friction in the steam nozeles. Next there is blade friction,
which we tried o minimize by decreasing steam velocities by compounding, etc. Also
there is wrbulence in the blades when the blade shape does not possess the proper
entrance angle for steam at other than design loads. There is also friction between the
steam and the rotor discs that carry the blades. Here rotor design is important (Sec.
5-8). In addition, the rotor and blade rotation impart a centrifugal action on the stea,n,
thus causing part of it 1o flow radially to the casing and be dragged along by the
moving blades. In case of less-than-full steam admission to the moving blades, such
as for an impulse stage, there is churning in the mioving blades. This is called a fanning
loss. -

Fluid friction losses can amount to about 10 percent of all the energy availabie
to the turbine. .

Table 5-1 Comparison of supersaturation and thermodynamic equilibrium
for thre data from Example 5:2 '

Prupcrlics_ P, psia T.'F 1, Buwilh." - R) h, Buwlb, v, (b, W & Brulb,,

e e e e
Initial 15 240.0 18047 1165.0 35.88 -
Uinal s 4,74 WA gng7 2 Mnod49 " nm LB
Finalie* 4.7 1600. 18047 1029 = “725.18 62 |
* 53° = supersaturation, te = thermodynamic equilibrium,
: e
: ¥
<«

PRE Taahase:
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Leakage

Steam leakage can vccur within and to the outside of a turbine. Within the turbine
steam can leak between the tips of moving blades and the casing when there s a
pressure drop across them. such as in a reaction turbine. This leakage is greater the
greater the pressure drop, i.e., in the higher-pressure stages, and the greater the ratio
of tip clearance to blade height. The leaking steam is throttled and represents a loss
of available energy. In a pressure-compounded (Rateau) impulse turbine, leakage
occurs between the base of the stationary diaphragms that carry the nozzles and the
shaft.

Leakage can also occur to the outside of the turbine at the various shaft bearings,
This is minimized by the use of proper seals or packings, such as a labyrinth packing.

Leakage loss can account for about | percent of the total energy available to a
turbine. -

Moisture Loss

Besides the losses encountered as a result of supersaturation in the two-phase regiva
{above), the presence of hguid droplets causes further losses. These droplet have both
4 size and velocity distribution. not unhike those in a iquid nozzle spray. Some low-
speed droplets splush against the moving blades, i.e., strike them at off-design angles,
and thus reduce the mechamcal work of the rotor. Others are accelerated by the steam
and remove some of its energy through momentum exchange. The result s that turbine
sections that operate in the two-phase region are substantially less efficient than those
that opcrate in the superheat region

Turbines are usually designed 1o operate with exit-moisture content of no more
than about 12 percent (88 percent minimum quality). Higher moisture contznt (otien
coupled with high oxygen content in boiling-water reactors) cause blade ervsica a5 a

“ result of the impingement of water droplets on the blades, surface washing, and the
so-called wire drawing caused by high-velocity water leaking through narrow passages,
Oxygen, in addition, causes corrosion. If steam expansion causes higher maisture
content than 12 percent, moisture extraction 2! certain stages in the turdine is resorted
to keep the moisture content within this limit. This is the practice in boiling-water
reactor turbines, for example. The moisture extracted represents a mass-flow, and
hence work, loss to the turbine, though this effect can be minimized by combining it
with bled steam for feedwater heating. Moisture extraction can be accomplished by
constructing the moving blades with grooves on the back side, where the drops are
known to collect (Fig. 5-21). The dtops are then thrown radially by the centrifugal
force of the rotating blades into a collecting chamber in the casing where they may
be bled to a feedwater heater or the condenser [39). :

From an pp=rationnl point of view, contaminante-in- o ziziiin Soadds Gayger,
Srhipe ;"'-'1"1..1:::.: matter and chemicals such as sodium and chlonne from wate:
treatment upcraltons can cause stress-corrosion cracking (caused by otherwise tolerable
stressing, but in a’corrosive atmosphere) and’ erosion. This calls “Yor bcltcr water-
chemistry control, momtonng and mamtcnancc [40].
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Flgure 521 A grooved moisture-. xiracting turbine blade [39].

Leaving Loss

We have noted a velocity residual in individual turbine stages, both impulse and
reaction. The corresponding kinctic energy is usually recovered in subsequent stages,
except for that due to the last row in the turbine. The velocity leaving this row, as a
result of low-pressure steam of maximum specific volume, and the comesponding
kinetic energy represent a loss to the turbine. This velocity is approximately normal
to the plane of rotation near raied foad but has a large forward component at lighter
loads. The marnitude of this velocity can be changed by the designer by the proper
zombinaticn of last-hlade height, speeds. and area of the exhanst ducts to the condenser.
‘(We already noted that low-pressure turbine sections are double-flow and have two

.4
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exhaust ducts cach.) Whereas high leaving velocities result in energy loss, velocities
that are too low result in inordinately high blades, large exhaust ducts, and increased
capital costs. In modern large turbines, leaving velocities around 900 to 1000 fu's (270
to 300 m/s) are typical. They result in a 2 to 3 percent loss (o the turbine,

Exhaust hoods to the cendenser that gradually increase in aread like a diffuser
further decrease the exhaust-steam velocity and increase its pressurc as it enters the
condenser. Such hoods allow the turbine 1o operate down 1o a slightly lower pressure
than that required by the condenser (which is dictated by the available cooling-water
temperature), thus increasing the turbine work. This practice is more common with
3000- and 3600-r/min than 1500- and 1800-r'min turbines because the later have larger
blades and exhaust ducts to begin with.

Heat-Transfer Losses

Heat-transfer losses from turbines, as usual. are caused by conduction, convection,
and radiation. Conduction occurs internally through metal between stages and is aided
by convection, which is largely the result of the high steam velocities. Conduction
also takes place between the turbine casing and the foundation. Convetion and ra-
diation lasses occur from the turbine casings to the surroundings in the turbine
and are more pronounced for the high-pressure section, where steam twemperatares are
the highest. That section, however, is smallest in dizmeter and is usually well nsuluted
The larger low-pressure sections operate with steam not much abuve roon) tenipersure.
and are usually uninsulated,

Although a turbine hall usually feels warm. the total heat losses per cmt mass
flow of steam of large turbines are so small that they are negligible. This is not tic
case, however, with small turbines, such as those used for mechanical drives, for
which the heat-transfer losses usually amount to several percent of the turbine encray.

Mechanical and Electrical Losses

Now that the trbine has extracted work from the system, it must deliver it w the
electric gencrator, In so deing, it encounters frictional losss in beanngs, goverin
mechanism, -and reduction gearing. if present. It must also supply mechanical werk
1o accessories such as oil pumps, etc. -

Mechanical losses are practically constant and independent of foad and thic in-
crease in percentage as load gdecreases. On the other hand, the percentage is also
smaller the larger the turbine. In general, mechanical losses are fairly small, amounting
to | percent or less of the turbine energy.

As turbines arc usually rated by the electric. generator output, a knowledge of dic
extent oi generator losses is essential. Modem large electric gencrators are hvdroeen-
conled, well designed, and veiy efficient. Efficicnsise arund 98 to 99 nercent are
common, increasing slightly wizh load, and are somewhat hsghcr for 1500- and 1800-
r/min than 3000- and 36004!mm generators. &

o . j
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5-7 TURBINE EFFICIENCIES

We have already scen that, because constant pressure lines diverge on a Mollicr chart
(true also for gases), the 1sentropic enthalpy drops charged to a turbine stage are greater
than those for muluple stages and for the entire tuebine. [t follows that the efficiency
of a stage is less than that of a turbine section, ete. This can be seen with the help of
Fig. 5-15 for a reaction turbine, though it applies to all twrbines

f:“!l;

Efficiency of 2 stages = LR > cfficiency of | stage :
4 ho = ha I — b,
The ratio of the total individual isentropic enthalpy drops to the enthalpy drop of
& turbine section or wheole turbine is called the reheat fuctor R, R, is obviously greater
thun 1.0, with values ranging between just above 1.0 to perhaps 1,065, depending
upan the pressure range. For the two stages of Fig. 5-15

_ (hy — M) + (hy — hy)
hy = ha,

Ry (5-42)

1
1

AN ALY lil'\ )'RNY
\

‘
1
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roup bowl-to-exhaust pressure ralio

Stape group efficiency. pervent

oz s 1 2 " & 10 20 : 50
Tatet wolumae fow gor cnd, §LGDG.000 11 h =

Figure 5:22 Typical stage group efficiencies for turbine section operation in superheat region as a function
of steam inlet volume flow and ratio of bowl (inler) pressure to group exhaust pressure. Leaving loss not
included [41), LA : 3
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If the designer wishes to have equal work from the stages, dividing the isentropic
- «cnthalpy drop for the whole turbine in equal pans will not, because of the divergence
of the pressure lines. result in equal actual work in cach stage; thatis, if hy — by, =
hy, — ha,. itdoes not follow that by — k; = hy = hy. To get the same actual work,
the designer must take into account this divergence
We have also seen that turbine stages operating in superheated steam are more
efficient than these operating in the two-phase region. The performance and efficiency
of stages or of a whole steam turbine are undoubtedly a complex function of many
variables. Accurate knowledge of the condition curve of a trbine, which is affected
by the individual stage rather than the whole turbine efficiency, is necessary, for
example, to do the cycle analysis in reheat and moisture-extraction turbines.
Methods for predicting the performances and efficiencies of various steam turbines
are often manufacturer’s proprietary information, but some may be found in the lit-

erature [41. 42]. One such method [41] predicts the performance of large turbines-

used in modemn nuclear powerplants operating with low-superheat or saturated steam
in Figs. 5-22 and 5-23 for the superheat and two-phase regions. respectively. These
figures give base efficiencies for a volumetric flow (10® fi%h, 7.867 m%/s) and other
data. Cormections for the departure from these data are available in the origihal paper
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Figure 5-23 Typical sugc group efficiencies for furbine section operating in two-phase region as a function
-of bowl (inlet) pressure 3nd sratio of bowl pressure 1o group exhaust pressure. Leaving loss not included
[41]. . 7 _
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3-8 TURBINE ARRANGEMENTS

Combination Turbines l

In carlier times. turbines used to be built as pure impulse, of one type or anather, or
pure reaction. With the expiration of patents, manufacturers were free to use combi-
nations, especially in medium and large sizes. One popular arrangement used o be 3
Curtis stage (two-row velocity -compounded impulse) followed by a series of Rateau
(pressure-compounded impulse) stages. Another was ade Laval (single-stage impulse)
followed by a Rateau or reaction turbine,

A more common arrangement is a combination of a Curtis stage followed by a
large number of reaction stages. There are certain advantages of this arrangemen!
Fhe impulse stage is more suited to the high pressure of admission than the reaction
stage because there is virtually no pressure drop in the moving blades. Recall that for
the same enthalpy drop, a much larger pressure drop occurs athigh pressure. Also
the clearance between the blade tip and the casing is greater for the shorter high-
pressure blades, which aggrevates the leakage problem should there be a pressure drop
across the moving blades. After the impulse stage, the pressure is sufficiently low that
the irore efficient reaction stages can now be vsed. They become progressively longer,
the clearunle proportionately less, and the pressure drop across their moving blades
progressively less. '

Partizl sdmission to the Curtis stage, because of the limited number of nozzles
araund the periphery. is convemently used for governing, The nozzles are arranged
i proups, each receiving steam through a valve that is sctuated by the governor. The
valves open in succession as demanded by the twrbine load. Such a stage is called a
Lavermng stage or a conrrol stage.

A pressure drop naturally oceurs in the governing stage, depending upon total
steem flow (load) and number of nozzles in effect. Usually the pressure drop is larger
the Tighter the load.

The governing stage has an additional peripheral advantage in that large pressure
and temperature drops occur in the fixed nozzles, thus subjeeting the turbine proper
0 greatly reduced pressures and temperatures, an important factor in modern turbines
that use high*pressure and high-temperature steam.

Turbine Configurations

We have noted the necessity of double-flow wrbine sections te ¢ancel out the axial
thrust (Sec. 5-5). In addition, modem large twrbines, dictated by practical design and
manufacturing considerations, are made of multiple secrions, also called eylinders, in
both iindem (orf one axis) or cross-compound (on two parallel axes) arrangements
(Table 5-2). The sections may be one high-pressure (HP), one intermediate-prec: . -
HF). and two sow-pressure (LP) sections, all in tandem, but with the iwo LF scoaois
operating in parallel asfar as steam flow is concemed. They may Be one HP, three

. #
a

o

L3
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Table 5-2 Turhine-generator configurations®

Fossil  Fossil Nuclear
TCFLSH 26 Wand 33 S | .TCHFLSB 26, Mand 314 | 1c4rise mamadin
Two casings MO0 nmm Fave casings 3600 pin | Trree cawngs 18I0 pomin

o D 0 | ™
HLIP FLp e Ir feplfoelfer e el e
125400 MW $50- 1000 MW | 450 1000 MW
TCAFLSB~ 20, 30 and 33 85 in TC-6F LSB. 30 and 335 i |  TCLF LSB 38 and 43 n
Three casings 3600 rirun Five casings 3600 t'mun (double | Four casings 1800 rimin

reheat)

s [ M M [
Her el e urae e Lipl el e HE Feellfie} e
250-650 MW 450725 MW #0100 MW
TCAFLSB 26, J0and'3) 5 in CC-4F LSB 38 and 43 in
Four casings 3600 r'mun Four casings 3600/ 1800 rfinin

i .
b L | M ) im )
N ) Hr P
e w el | |
i ; |
S50 850 MW | 1800 £ man
r w6 \ LP LP
|
i BR)- ] 250 MW
* Data provided by the General Flecine Company. TC = ndem can.":pound, CC = oo compound, F = oo

of fow ducts 10 condenser, LSB = last-stage blade.

LP, etc. The multiciplicity of the LP sections further reduces the blade lengths, giving
for example, last-stage-blade or -bucket (LSB) lengths of 43 in for a 1000-MW, 1800-
r/min (water-cooled nuclear reactor) turbine; 33.5 in for a [0R-MW, 2600 Sming 55l
and high-temperature nuclear) turbine; ete.

Configurations are alss affected by admission requirements. Figure 5-24a shows
a nuniber of straight-through turbine sections (for simplicity). Figure 5-24b shows a
turbine with single reheat (steam expanding part way, reheated in the steam generator,
and readmitted to the turbine): Figure 5-24¢ shows an exrraction turbine in which
steam is bled for feedwater, for process steam uscs (cogeneration, Sec. 2-15), or both.
Figure 5-24d shows an induction turbine, the reverse of an exteaction turbine; in which
iow-pressure steam is injected at a low-pressure stage. This fow-piessure steam comes
fom 3 process, in spovial-design uiility buiiers as Dresden 1 nuciear powerplant or
carly British gas-cooled reactor systems |3], or in some combined gas-turbine-stcam-
turbine cycles (Scc. 8-11). i
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| = ()]

Figure 524 Twhine arrungements as affected by dilferent sicam paths: (a) straight through, (b) single
feheal; (¢ extraction. () induction

Figures 5-25 and 5-26 show cross sections for a 3600-r/min fossil-fueled turbine
and a 1800-r'min nuclear-fueled turbine, respectively.

Turbine ﬁulors

The rotor is the heart of the turbine. Current designs are shown in Fig. 5-27. Figure
5-27a and b shows two versions of a rotor produced from a single forging. Figure 5-
27c shows a composite construction produced by shrinking rotor discs on a central
shaft. Figure 5-27d shows a drum-type rotor composed of separate rotor discs that are
welded together. This last design is receiving acceptance for the very large units being
built today, 500 to 1000 MW and larger, which would otherwise be extremely heavy
and uneconomical and would pose severe mechanical problems. .

Materials for such rotors are carefully chosen 1o yicld lasting resistance to softening
and creep. reesive unitorm heat treatment, and have lasting ductility and good resistance
to scaler Becidse motenoic, oitenticn mus be maid ta. manufacturing mielinods ano
T R T

Water-cooled nuclear-reactor turbines pose fewer problems than fossil-fueled tur-
bines because they pperate with lower steam temperatures, around 540°F versus 1000°F

{}85“(,‘ versus 540°C).
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el tf

Flgure 527 Dufferent turbine rotor designs

5.9 GAS TURBINES

Gas turbines for utility service are normally used for peak power production but
sometimes also for intermediate and base-load duties when called upon during a major
plant outage. Gas-turbine cycles will be covered in Chap. 8.

There are two basic types of gas turbines: radial-Now and axial-low: The radial-
Jlow gas turbisne is similar in appearance to a centrifugal compressor, with the exception,
of course, that gas flow is radially inward instead of radially owtward. Radial-flow
turbines are widely used in small sizes. They form a compact rigid rotor when combined
with centrifugal compressors. A common use of such & combination is for turbo-
chargers on stationary-and marine diesel engines and, more recently, on both diesel
and gasoline motor vehicle engines. Radial gas turbines, however,.are not as suitable
to the high-temperature gases necessary for good thermal efficiency (Chap. 8), and
excepl for small sizes, are not as efficient as axial gas turbines. Axial-, flow gas turbines
resemble the stcam turbines discussed in this chapter. Because we are concerned with
larger sizes, the discussion that follows pertains to axial-flow gas turbines.

Gas-urmne stages are similar to those of steam turbines, except that the fluid is
either a pure gas, such as helium. which is proposed for use with high-tempera:-
ods cooled muelear reactars of air-and-combustion products in a fossil-lucicd gas
turbine. There are, obviously, no steam-condensation problems to worry about.

The inlet-pressures to gas 1u.rhincs are much lower than those for Steam turbines.

s
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being about 6 to 10 atm in fossil-fueled gas turbines and about 2 to 3 atm in helium
turbines. The number of stages in fossil-fueled turbines is small, usually one to three,
but the number is much larger in helium turbines. This can be shown by recalling that
blade velocity V) is a direct function of gas velocity V,: Vago = V, cod @ [Eq. (5-
35)). The gas velocity can be obtained, ignoring inlet velocity to the fixed blades V,,
from
Vl

2g.t
where the subscripts 0 and 5 indicate entrance and exit of the fixed blades or nnulcs
For a gas in ideal expansion

=h—h=c, (T, - T, (5-43)

T, P, ke = Ivk

where r,, = PP, the pressure ratio across the fixed blades. Combining Eqgs. (5-43)
and (5-44) . 5

Vz LU i
Py = (1 = —2—— 5-45)
o ( 2.7 c,.T,;) - 4

For helium k and, particularly, ¢, are greater than for air (approximating combustion
gases). Equation (5-45) shows then that the pressure ratio across a single stage (related
1o that across the fised blades by the degree of reaction) is much lower for helium
than for air. Thus while the overall pressure ratio of a helium wrbine is less than that
of a combustion turbine, the pressure ratio per stage is far less and the number of
stages is greater. Note that the overall pressure ratio is equal to the pressure ratio per
stage i a power equal to the number of stages. A cross section of a 36-MW air-
combustion turbine with a 16-stage compressor and a 3-stage turbine is shown in Fig.

———— - _— . —— ————— B e _— _— ———— ———--—b'
i 1 U U '
14DC}BI 1200a r !@0_()5_.: Ilaocm
I ' '
|
- o= : I
_* : I i —
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= il v i | s i e |
1 i ] —!- |
I S l =
-—J—> o ! % I B Y
l : T‘? '__ :,-._. ' d..l ?.... e -J; - ,.‘-. i_- * Bt i T
“mnia F2t SO0y !‘aﬂq ;PLIJI} n300at

T - el y 1y -

. Figure $:2% A proposed design for » helium-driver gas turbine, dimensioas in millimeters [44],

s ol iy . %
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8-12. Figure 5-28 shows a cross section of a proposed design for a single-shaft, 600-
MW helium twrbine showing. from left to right, 9-stage low-pressure, 10-stage me-
dium-pressure, and 12-stage high-pressure axial compressors, and a double-flow tur-
binc with a total of 20 stages [44].

Gas-Turbine Blading

In stcam-turbine practice, relatively inexpensive straight blading, i.e.. untwisted, is
used and designed on conditions at mean diameter, except in the long-bladed low-
pressure stages where the large change in blade velocity with radius necessitates the
use of twisted or vortex blading. The gas-turbine (Brayton) cycle is not as efficient
as the Rankine cycle, and the gas-turbine designer, striving to squeeze improvements
in efficicncy from every stage, has used fwisted blading throughout. Gas-turbine blad-
ing is invariably of the reaction type, meaning, as in steam-turbine blading, par reaction
and part impulse, but the degree of reaction increases from blade root 10 tip. Hence
it has not been the practice of the gas-turbine designer to designate a degree of reaction, ~
or even impulse and reaction blading, but rather to use the so-called voriex theory

45, 46).

A detailed discussion of vonex theory is beyond the scope of this book. We shall
assume for simplicity that the degrec of reaction is constant along the blade and hence
draw the velocity diagrams for pas-turbine blades in the same manner* as steam-turbine
feaction blades (Sec. 5-5). The velocities, however, are caleulated from gas relation-
ships. Helium, being a monatomic gas, has constant specific heats and 1s relatively
casy to do. Combustion-gas properties can either be approximated by variable specific
heat air (the air-to-fuel ratios are usually high) or obtained by the use of gas tables
that take into account variable specific heats, the fuel-air mixture, and dissociation,

App. I [48].

For the case of helium, or other gas with assumed constant specific heats. the
enthalpy drop across the turbine Aky per unit mass-flow is given with reference to Fig.

5-29 by

and

where T,and T, =

i

l}

Ay = (T, = T) (5-46)

¥ =

}:’ g e D (547)
Te = T,
5. ol IS 5-48
Ta il TfJ - & B4

the inlet and exit temperatures, °R or K, respectively

exit temperature if turbine were adiabatic reversible, “K or K

o

* We may add here that, In gas-turbine practice, blade and velocity angles ane measured from the anial
direction instead of the tangential dircction as in steam practice and as we Kavedone throughout this chapter.
This practice we will igRore here and continue the same procedure as for stcam blading. 7
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hine expansion

-

¢, = specific heat at constant pressure = 1.250 Buw/(lb,, - °R)
or 5.233 kJ/tkg * K) for helium and 0,240 Btu/(lb,, - *R)
or L.OOS5 kJ/itkg - K) for air a1 low temperatures

k = ratio of specific heats = 1.659 for helium and 1.40 for air
at low lemperatures

rpy = pressare ratio across turbine = ratio of inlet pressure P,
to exit pressure P, ]

nr = turbine polytropic (adiabatic, or isentropic) turbine efficiency

For cqual work by the stages, the total temperature dirference 7, — 7, is divided
equally (for constant specific heat), and the stage exit temperatures, and pressures,
are found. For example, T, and T, are the exit temperatyres of the first and second
stages in a three-stage turbine (Fig. 5-29). The stage is now divided according to the
degree of reaction. For a 60 percent reaction in the second stage for example, T, the
‘fixed-blade exit temperature, is found from (T, — TO(T, — T,) = 0.40. The fixed-
blade exit velocity, and the moving blade inlet velocity Vs, is Dblamcd from the nozzlc
equation for-gases

Vh - Vi = 2 e Ty = Ty) 1540
where Vi, the inlet velocity to the fixed blades, is obtained Trom the velocity diagram

of the previous stage, amd J = 778.16 ft-- 1b/Buu, if FJngIlsh units are used. V, , may

be negligible, however.” = - =
. ¥

Figure 5-29 73 diagrem for gas tur-
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The velocity diagrams ire now constructed in the manner of -Fip_lm: 5-14, using
Eqs. (5-31) and (5:32) where here Al = ¢ (T, - T3) and Ah,, = Ty~ Ty,

For the case of combustion gases with variable specific heats, products of com-
bustion and dissogiation, the gas tables [8] (see App. 1) are used. This is best illustrated

by an example.

Example 5-3 A gus wrbine using 200 percent theoretical air receives combustion
gases at M46U°R. The first stage has a pressure ratio of 2.0, an efficiency of 0.9,
and a 60 pereent reaction (assumed constant along the blades). Referring to Figs

3-14 and 5-29, take 0 = 20°, V, corresponding to optimum, and calculate (1)
the stage exit temperature 73, (2) the fixed-blade exit temperature 7, and velocity
Vi, (3) the moving-blade inlet and exit angles, and (4) the exit velocity for zero
exit whirl. The molecular weight of the gases is 28 88,

SoLumion Using the gas tables for 200 percent theoretical zir, App. 1

% 19168 .6 ,
T, = 2460°R. h, = 33 88 = 663.7 Buwlb,, and P,, = 521,
_ 521 2 :
B = 5 = 260.55
Thus
Ts, = 2099.7°R hy, = 5554 Bwlib,,
hg — hy
=00 =— =<
Thew ko — hy
Therefore
ha = 3566.2 Buw/ib,,
Thus

T; = 2135.8°R

For the stage Ah = hy — by = 97.5 Buwlb,,. For 60 percent reaction Al = 0.4
X 97.5 = 39.00 Buw/lb,,. by = hy — 39.00 = 624.7 Btwib,,. Thus

# T, = 2331 3R

Therefore

Vo= V2~ 222 x 778.16 » 19.00 = 1398.0 fUs

Va = Vige = Vyycos o = 1398.0cos 20 = 1313.7 tus -

£

b= 90“_
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Vi =V, sin 6 = 4781 fus
=06 x 97.5 = 58.50 Buwilb, ;

- #

Ah, = 58.50 X 778.16 = 45524.0 fi-lb,

e

Therefore

Viz = V2 x 32.2 x 45524.0 + 478.1° = 1777.7 fus

For zero exit whirl § = 90°, Thus

T 1313.7
= cos' -2 = cos! — = 42,3
7 % V., Gl 1777.7 %3

Vaa = Vasiny = 1777.75in 42.3 = 1197.7 fus

FROBLEMS

S0 A dlat plate moonted on wheels, Fig 5-24., receives 2 pcrpcndL'cul;u Jeb OF waler Trom a2 S-cmi’ nozale
¢ welicny of 20 mis. calculate the maximum power, in watts, imparted (o the plate and the velocity of
€ plateanmeters per second, correspending 1o that maximum power. Take water density as 1000 kp/m”.
£:2 A large movable cylindneal blade, Fig §-2b, receives a Jet of air of 1an® cross-sectional area, The
At laim pressure and 1000°F Find the necessary mir velocity, m leet per second. to produce a
THaEmum power to the blade of 45 kW ‘
5.8 Sieam emters @ single-stage impulse (Delaval) turbine a1 900 psia and 900°F and leaves st 300 psia.
P s adiabanic and revensible. The nozzle angle is 20°. The blade speed corresponds (o maximum blade
efliciency. The moving blade is symmetric, Determine the velocity diagram and find (a) the velocity of the
stear leaving the nozzle, in fect per second, (#) the blade entrance angle, (c) the horsepower developed
It = steam flow of 1 Ibo/s, and id) the blade efficiency. ;
8.4 A single-stage impulse turbine is required (o develop 50 MW of power. Steam enters the nozzles
saivrated at 70 bars and leaves a1 50 bars. The blades are symmetrical and have 8 velocity coefficient of
0., Calculate {g) the minimum steam flow, in kilograms per sccond, that would result in the required
pwver, (£) the blade efficiency, and () the stage efiiciency.
£-5 Steam expands ideally in a wrbine from 2500 psia and 1000°F to | psia. Compare the matimum steam
velozities and the number of stages required by (a) a velocity-compounded impulse turbine, (b) a pressure-
compounded impulse turbine, and (c) 3 50 percent reaction furbine if the optimum blade velocity may not
exceed 885 fUs in any of them. Take all nozzle angles o be 25°, o
8:4 1.08 x 10° b of steam enter a Curtis stage with an absolute velocity of 3000 fUs. The nozzle angle
and discharge angle of stalivnary blades are both 20°. The moving blades are symmetne and rotate at 600
Vs Assuming idezl stcam flow in the nozzle and blades, determine the velocity diagram and find (@) the,
pewer, in horsepower and megawatts, developed in the stage, and (&} the blade tificiency.
w o A Cunds siags rectiver 1.6 % i0° /b of steans st 2380 fus and 20° angle. The blade specd is 550
wa. 1ne velocity coelficients 1n moving and starinnan: klade: 2oc ) 00K =nd 0.932, respectively. Determine
b rciocify diagram and find (a) the ol stage fower in feet-pound Torce per second, horsepower, and
kilowatts and (b) the blade efficiency of the stage, .
5-8 Steam enters a Curtis impulse stage at 1000 psia and 1000°F, and exits at | aim. The nozzle angle is
20° and its efficiency is l}' percent. The fixed blade exit angle is 25°. The moving blades are symmetrical.

<
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All welociny coctheients are 0 97, Yor Ot work, cahulaie (w) the blade velovaty, m feet per sovored,
th the werk one by cach stage. in Btus per pound mass of steam, () the stage cfficiency
549 A Ratcau urbine aperatmg between 1O paa and 1000 and 1 atm has symmictrical blades, norele
angles of 2, nozrle cliwiencies of Y7 percent, and velooty cocllivients of 0.97. (The same data as that
fir the Curtiy stage an Prob. 5-8) Calculate (a) the numbes of stages nevessary to homl the opimum hlads
veloity 1o that of the Curtis stage (1URL6 1Us ) (4) the work of cach stage, in Hius per pound mass, (0]
the turbine efticiency, and G the percent erur an veam et veluvaly 1o the second stage due to ignonag
the absolute steam velocity leaving the finst \tage
510 A S0 percent reaction turbine operates hetween 1000 pas and 1000 and 1 paa (the same conditions
a5 lor the velue iy -compourd and pressure-compound impulse turbiies of Probs. -8 and 5.9) All steam
expansion efficiencies in freed and moving blades are 87 percent Al steam absolute angles (8 and ¥) ase
200 The wrbine has the same optmum blade specd 2y the tmpulse turbines of Probs. 3-8 and 59 (1o &
frs), assemed constant for all stages Tor wimplicity. (u) Fad the number of stages, (&) determine the steam
selpcity diagram, () caleulate the work done by each stage, m Bius per pound mass, and (4 caleulate the
fiest stage clticiendy,
S0 A wwonogzle acoliple simular o that of Hero of Alexamdnu contns saturaied steam at 6 bars ard
exhausts to | atm The nozzles are B0 percent efficient, bave exit areas of 20 em’ each and their areas wre
2 mapant Caleulate the torque, 10 Joules, on the urbine shaft 3

512 Consider one stage in a 50 percent reaction urbine. | Ib/s sieam enters the stage at §00 psia and
-HIJ'I and Jeaves at 40 psia, The adiabatic efhciency of the stage is 0.90. The blades have exa angles of
207 The blade-specd ratio (blade velocity 1o incoming steam velocity) is 0.8, Determuine the velosily duagran
and find (u) the pressure a3t the exit of the fxed blades. m psia, (B) the blade speed, i fee! per secor,
and (¢} the horsepower developed in the stage
513 A 50 Tervent recton stage g steam tuibine undergoes o total of 20 Btulbe cnthalpy drop 10
muzzle efficiency and angle are 88 pereent and 25°, nespectively. The blades mvove at 420 1t and have
Vo= 332 fus. Voo = 386, and ¥ = 22F The steam fow s 108 % 107 IbJSh. Find (a) the wodd done
by the stage in horseposwer aml megaw atts, Ch the blade effaency () the stage (nozzle and blade ettivicis »
and (o he Blade selovity comrespondimg o masaimam efficency, in feel per secand
504 A reaction turbine has 3lanclong blades that reccive 3 constant stcam velociy §00 1t's along theis
entire Jengths. The blades are designed for opimem conditions at mudlength. They are-attached 1o & &
in-diameter rotor. Assunnng ideal fnctionless fos ., culeulate the blade entrance and exit angles 12 and »
at the base, mudpoint, and tp of the blades, respecuvely. Assume a constant exit wharl along the sergin of
the biades.
5-15 A steam turbine having N stages develops 20,000 hp when receiving 110,000 Ib./h, 800 psia, AT
stearm, and exhausting at 1 psiz. All stages have equal eathalpy drops and equal efticiencwes Tar e
factor 7o = 1,07, find (@) the individual stage efficiency and (b) the turbine elficiency.
516 10° Ibo/hof steam emiers an ideal steam turbine stage 3t 100 psia and 350°F and leaves it 3t the Wilson
- lire, assumed in this case 1o occur at 50 psia. Caleulate the stage exit temperature, in degrees Fahraaber,
and the power produzed in the siage, In megawatls, in the cases of () supersaturation, zsctiang that
supersaturated steam eapansion may be represented by perfect gas faws mlh a polylropic exponent n =
1.3, and (b} thermodynamic equilibrium. F
§-17 Consider a simple combination turbine with one Delaval impulse stage and one 60 percent rescuon
stage. The nozzle of impulse stage receives steam at 900 psia and 900°F and leaves it at 3K psia. The
nozsle etticiency 1s Y7 percent and its angle is 207, The binde speed is optimum and its veloaity coelficien:
15 095, The impulse stage is followed on the same shafi by the reaction stage which exhausts o 100 psia
The steam enrance angles for that siage are alwo 20°. The efficiency of the fixed blades (norzles) 15 90
percent. Because of different diamcters of the umpulse and reaction moving blades, the velovey of the
teaction blade 1s 1.5 that of the impulse blade. (&) Determine all stedim velocitics and draw the velociny
duagram of the combined turbine, () calculate the work of cach stage. in Blus per pound mas amih
calculate the individual stage and the turbine efficiencies '
$-18 It is wquired 1o compare the design of an ideal helium to an ideal air gas turbine, Both have the same
inlet gas temperature of 2000°R and maximum gas velocity of 1250 fU's, Find the number of stages of cach

a
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.

il the averall pressure ratios are 2 for the helium turbine and 6 for the air turbine. Take ¢, = 125 Hig
Ib~ - 'R for helum and 0.243 Bwib, - *R for air. :
5-19 A pas wrbine composed of two reaction stages receives | Ibts of combustion gases (asqumed to be
pure air) at 80 psia and I800°F. It exhausts at 15 fnia Al stages are S0 percent reaction. Flow is considered
aduabatic and reversible. The blade exit angles are 20°. The blade speeds correspond to maximum efficiency
Hoth stages produce equal power. Determine the velocity diagram and find the wrbine power in horsepower
and megawatts. For simplicity, assume Vi = constant, and ¢, = 0.24 Buw/lb. - *Rand k = 1.4
S:20 An ideal helium gas webine has siv rows of 50 percent reaction blades and an overall pressure ratio
of 25 Al stages have the same enthalpy drop The maximum helium temperature 1s J000°F. The blade
speed comresponds 1o optimum work. All blade entrance angles are 20°. Considering the high-pressure stage,
determine the velocity diagram, and calculate (@) the helium exit temperature and (b) the horsepower and
megaaaits developed in the stage for a helium flow of | Ibs,
5-21 An ideal gas turbine receives combustion gases at 6 atm and 2000°F, and exhausts 10 1 atm 1f has
two stages of 50 percent reaction blading producing equal workper stage. y = 8 = 20°, V.. = V,. Consider
the turbine to be adiabatic and revensible. For the high vp(cs'mn: stage (a) draw the velocity diagram, assuming
opfimum blade speed, (h) find the horsepower for | 1bs air Alow, and () the blade efficiency. For simplicity
assume the gases o have a constant ¢, = 0.24 Buwib. - R k = 1.4. ;
5-12 An ideal-gas turbine composed of two reaction stages receives 1 Ibs of combustion gases with 200
percent theoretical air at 80 psia and 1800°F. It exhausts at 15 psia. All stages are 50 percent reaction The
tonde et angles ure 20°, The blade speeds correspond to maximum efficiency. Both stages produce cuuai
rrwer Betene the velocity diagram and find the turbine power in kikowars. For simplicity, assume Vi
comstazt. The rwlecular weight of the gases 1n 28 88 Use the gas tables, App. 1 -
2N A feactom pas turbing stage wiho S 16 percent degree of reaction thased on an sentropic enthalpy
Prcceres 107 IboJs of combustion passes with 200 percent theoretical air at 2560°R - The pressure raiio
e atage s 1987 The fived blades tnozetesi et angle s 22° and their efhiciency s B6.72 percent
The stage elfnviency is 83,94 percent. The moving blade speeds are optimum. The molecular weight of the
ey of S8 Using the gas tables determine the velocity diagram and calculate (a) the pas velocity, n
feed e wecomd, and lemperature, in degsees Rankine, enening the moving blades, (b) the gas velocity, in
el e eeadd lemperiture, in degrees Rankine. leaving the stage. and the stage power, in mejraw aits
24 A seaction pas turbine stage with 5916 percent degree of reaction receives combustion gases with
<A pricent theoretical air an 2560°R. The pressure ratio across the stage is 1 987 The fixed blade fnozzle)
wificienoy 15 86,72 percent. The stage efficiency is 83.94 percent, Calculate (a) the gis veloouy eniening
i g Blrtes an feet per sucond, (b) the stage efficiency, and (c) the power developed, in megawans.
Tne nwicculas weight of the gases is 28 88, -




CHAPTER

SIX
THE CONDENSATE-FEEDWATER SYSTEM

6-1 INTRODUCTION

We will now continue tollowing the working fMuid around the powerplant evele. We
started with steam generation and combustion in Chaps. 3 and - and then continued
on with turbines in Chap, 5. In this chapter we will cover the major components that
make up the condensate-feedwater svstem, which takes us back to the steam generalor.
These are primarily heat-transfer equipment, such as the condenser and feedwater
heaters, but they also include some important items that are necessary for the efficient
operation of the cycle, such as boiler water makeup and treatment.

The plant heat-rejection svstem, which deals with the circulating cooling waler
of the condenser. requires separate and special attention and will be eovered in the
next chapter, ¢

The primary purpose of the condenser is to condense the exhaust steam from the
turbine and thus recover the high-quality feedwater for reuse in the cycle. Inso doing,
it actually performs an even more useful function. If the circulating cooling-water
temperature is low enough, as 1s usually the case, it creates @ low back pressure
{(vacuum) for the torbine to exhaust to, This pressure is equal to the saturanion pressure
that corresponds o the condensing steam temperature, which’in e 15 a function of
the cooling-water lempezature. As is now known, the enthalpy drop. and hence turbine
work, per unit pressure drop is much greater at the low-pressure ilian the lngh-prossue
end of a turbine. A condenser, by lowering the back pressure by nnli 2 faw na
increases the work of the turbine, increases the plant efficiency, and reduces the steam
flow for a given plant output. The lower the pressure, the greater the effects; hence,
thermodynamically, itis important to-usg cooling-water temperatures that are the lowest

£
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220 POWERPLANT TECHNOLOGY

available. Condcnsing powerplants are therefore much more efficient than noncon-
densing ones. All modern powerplants are of the condensing type. A condenser is a
major and very imporiant picce of equipment in a powerplant.

There are primarily two types of condensers: direct-contact and waacr con-
densers. The latter are used in the majority of powerplants. d

The main purpose of feedwater heaters (Chap. 2) is to imprave cycle efficiency |
by heating the condensate and feedwater before returning it to the stcam generator.
The heating could be as high as 400 to S00°F (200 to 260°C) in a fossil-fueled
powerplant but is lower in a water-cooled nuclear-reactor powerplant. There arc also
two basic types of feedwater heaters: the closed, surface or shell-and-tube type, and
the open, direct-contact or deaerating type.,

'6-2 DIRECT-CONTACT CONDENSERS

Direct-contact, or open, condensers are used in special cases, such as when dry-
cooling towers are used (Sec. 7-6), in geothermal powerplants (Chap. 12), and in
powerplants that use tempesature differences in occan waters (OTEC) (Chap. 15).
Modemn ditect-contact condersers are of the spray type. Early designs were of the
barometric or jet types.

The Spray Condenser

Direct-contact condensers, as the name implies, condense the steam by mixing it
directly with the cooling water. In the spray condenser this is donc by spraying the’
waler into the steam. Thus turbine exhaust steam at point 2, Figs. 6-1 and 6-2, mixes

Turbine
exhaust
Iy cooling
Towes

l ‘ J l ; » Nonconolensabies

P \ 2 to STAE

- _ 7 i
=1 -

ANANANKEARAARAN

Condenser =
=~ - — I' i ' e
- ST — ca
To plaat '\J__._,_ {
iccuwaler Pump
J,l...'.a..__ = i L e - e

-

Flgure 6-1 Schematic fow dugmn of a direct-contact condenser of the spray Type. SJAE = steam- -jet air
ejector. o
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Flgure 6-2 7-s diagram of conden-

: ~ . sate and cooling water in a direct-
se/ - \ contact condenser system. (Differ-
ence between line 4-5 and saturated-

5 biquid line is exaggerated).

with cooling water at 5 to produce nearly saturated condensate at 3, which is pumped
to 4. Part of the condensate. equal to the turbine exhaust flow, 1n sent back to the
plant as feedwater The rest is cooled, usually in a dry- (closed-) cooling tower 1o
point 5. The cooled water ar § is sprayed into the turbine exhaust, and the process is
repeated. Thus cooling water continually circulates. Its purity must be maintained
because it mixes with the steam, hence its use with closed-type dry-cooling tower.
Otherwise the mixture at 4 is discarded, as in geothermal or OTEC plants.
A mass balance on the system, where m denotes mass-flow rates, gives

;'51; = ity 1)
and . my = iy + M
An encrgy balance, where h denotes specific enthalpies, gives
mshy + mnghs = dnghy (6-2)
and the ratio of circulating cooling water to steam flow is given by

o Rt : NS

f}’l; h] . }11

" Thus circulating-water flow is much greater than steamilow because i1, — hiy represents
2 l'lrgc fraction of the large latent heat of vaporization at the reduced pressure, whereas
— hy represents the much smaller sensible hear of the Banid

- -

Example 6-1 Find the ratio of circulating water to steam flows if the condenser
pressure is 1 psia anddhe cooling tower cools the water to 60°F Asnumc turbine
£

exhaust at 90 percent quality.

-
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Sorution From the stcam tables

hy = 6973 + 0.9 x 1036.1 = 1002.22 Buw/lb,,

1
hy = 69.73 Bu/lb, )
hs = hyat 60°F = 28.06 Buu/lb,

s 100222 — 69.73
=2 = = 2238
i 69.73 - 28.06

In Fig. 6-1, two pumps, one in the feedwater line and the other in the circulating-
water line, may be used instcad of the single pump shown. The effect of this arrange-
ment on mass and encrgy balances is minimal.

Barometric and Jet Condensers

These early type condensers operate on the same principle as the spray condenser,
except that no pump is required. The vacuum in the condenser is obtained by virtue
vl 2 static kead, -as in the barometric condenser (Fig. 6-3a), or a diffuser, as in the
Jet condenser (Fig. 6-3b). -

In the parometric condenser, the cooling water is made to cascade down a serics
of baffles in the form of waler cuntains or sheets of high surface-to-volume ratio 1o

Somvondvisabies
[ sTedim ol ar ejeator

‘I_‘—‘ Cooling

= |

s water-
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I urbum
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Exttles = ———Cooling
waler
——— steam [rom

= """ turbine "

Ve pure 1 Caseades N
H r_ﬂ Tl l Migture

t'”‘\' -
2 Diffuser

1. = —..‘J,-:."_‘-:‘E\‘::i
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= *‘\ Figure 6-3 Schematics of early direct-contact condensers: (a) barometric, (b) diffuseor jet.
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mix thoroughly with the turbine exhaust that is trying to rise from a lower inlet. The
steam condenses and the mixture goes dowa a radd pipe 1o the hot well.

The tail pipe compresses the mixture to atmospherie pressure at the hot well by
virtue of ats static head and thus replaces the pump used in the spray-type condenser
Ihe pressure differential created by the tail pipe must overcome the pressure difference
between the atmosphere £, and the condenser proper £, plus the friction pressure
drop caused by the misture flow AP, in the il pipe wsell. Thus

'
ol

= = "“a.'m N ’uu-.l T M’; kb_'”
v,

where p = density of mixture, Ib,,ft" or kg/m’
H = height of tail pipe, ft or m
g = gravitational acceleration, fUs® or mys®
#. = conversion factor, 32.2 Ib,, « fu(lb, - ) or | kg + V(N - 5%)

Itcan be seen that for low values of the friction pressure drop the 1ail pipe 2eight
H 1s around 32 ft (9.6 m) and is higher the larger the friction. Friction 35 reduced b
Increasing tal-pipe diameter, which results 0 a tall, heavy system,

In the jer-pe comdenser (Fig. 6-3b). the height of the tail pipe is reduced by
replacing it with a diffuser. The diffuser acts on the same principle as the tverzing
section ol u comvergent-divergent nozsle i subsonic flow. It thus helps rise the
pressure in u shorter distance than the tail pipe. Even though the height is reduced.

- the mass and cost of the system are probably increased, however,

In both barometric and diffuser-type condensers, the mixture is split and couled
in the same munner as in the spray-type condenser. In all direct-contact condensers.
asin surface-type condensers (below). noncondensable gases must be removed, useally
with a steam-jet air cjector (SJAE).

6-3 SURFACE CONDENSERS: GENERAL

Surface condensers are the most common type used in powerplants. They are cssenually
shell-and-tube heat exchangers, in which the prmary heat-transfer mechanisms are
the condensing of the saturated steam on the outside of the tubes and the forced-
convection heating of the circulating water inside the tubes. Figure 6-4 is a schenuane
of a surface condenser with two passes on the water side. It is composed of . steel
shell with water boxes on’cach side, the right one divided to allow for the two water
passes. The water tubes are rolled at cach end into tube “sheets, and there are <ee]
support plates at intermediate points hetween the tube sheets-to pravent tihe vikeation
the hor well that reccives the condensate ats s a reservorr, with a capacity gl tn
the total condensate flow during a prescribed time, e.g., 1 min. _

Surface condensers have grown in size since late in the Jast century o present-
day sizes th}n exceed | million ft* (~93,000 m%) of heat-transfer surface area. A
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landmark of dev L!opmml was two 80,000 ft? (7432 m®) units built in 1929 by the
Foster Wheeler Corporation for the predecessor of the Commonwealth Edison Co. of
Chicago, illingis, These were and remained through the late 1940s the largest units
built. They were constructed of scctions of cast-iron shells that were bolted together
and weore singic-puss with full reverse backwashing provided by valving built intzgrally
witl: the warer boxed,

Besides siz:, phulosophies of design have also changed over the years. The early
surface a.'umh.nu.rs usesd simple circular tube sheets that supported as many tubes that
could be tightly packed between them. They were 3 or 4 ft in diameter, and the tubes
were no more than 10 or 12 ft in length. As powerplants and their condensers grew
in size, this simple design resulted in heat-transfer problems because the upper tubes
shickicd the steam from effective condensing and in high-steam-pressure drop problems
becanse of the long wrivous path of the steam through the bundle. (We would like to
sec the minimum pressure at turbine exhaust, if possible.) The heat-transfer preblem
was solved by usyiy larger spacings between tubes (called ligaments) and placing them
in rows that provided lanes or steam paths to allow the steam to penetrate deeply into
the lower lubss.

The next improvement tackled the high-pressure drops by cutting the bundle in
half, thus in effect forming two smaller bundles side by side. This gave the condenser
& Klduty Ciuas-secilonil thepe (hat was popular with most manufacturers through the
1940s. Even this solution was not sufficient for the larger units that were coming on
line because the bundles were still too deep for cffective steam penetration. Four tube
bundies were then uscd. This also helped reduce condenser height, an increasingly
frequent requirement because of the low available head room in the plant. |

The current design philosophy is to have a tube layout in the shape of a funnel
witn inost trbes, and the largest tube passage area, where the stcam enters the condenser
from the tuibine. As the Steam condenses and its volume decreases, there are fewer
thec and smaiier oosuge areas. Steam is made to enter the tube bundle, or bundles,
iwom ali siacs toward a central air caoler for deacrauon (below). In effect a low and

balanced (1o avoid cross-flow) steam-pressure drop should be ensured. —— — «
The tubes are rolled into the tube sheets at both ends to prevent leakage of the
- P W
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- a
circulating water into the steam. An cvpansion joine allows for the different rates of
expansion between the twhes and the shell. The tube sheets are usually made of Muntz
metal, which s similar to brass,

A problem of sicam distaibution, other than vertical penetration, is end-to-end or
honzontal distnbution that anses with present-day long-tube units. Tube lengths of 30
o 50 111-9 10 15 m) are commonplace, Multipressure condensers (below) may have
70- to 90-ft (~21- to 27-m) tubes. Long tubes result in larger changes in water
temperature imwde them and hence greater changes in condensing ability. Thus, the
tubes would be oo close at the cold end, where condensing is peod, and too open at
the hot end, A design compromise is, of course, necessary. This results in some short-
cireniting that may be counteracted by cross baffles.

Another distribution problem is the result of the unavoidably unequal steam flow
from the turbine exhiaust duct to the condenser tubes, Thus special attention must be
paid (v the design of the connection between turbine and condenser (called the evharss
neck), such as adding a well-tapered steam dome above the tube bundle o minimize
this problem. An expansion joint is usually provided between ihe turbine exhaust and
the condenser steam inlet. This permits the cordenser 1o be rigidly mounted on the
fleor. Another, fess commoun, arrangement is to bolt the condenser cireed'y to the
turhine exhaust duct wud support it on springs that allow a cerrain vertical movement

and zeduce the stran on tne turhine casing.

Nutnber of Passes and Divisions

Condensers are desizned with one, two, or four cooling-water passes. The number of
passes determines the size and effectiveness of a condenser, Four passes aic seldom
used in utiliny installations. A sengle-pass condenser is one in which the cooling water
flows tarough all the condenser tubes once. from one end to the other. In a fwo-pass
condenser the water enters half (he tubes at one end of a divided inlet water box,
passes throusin diess wohes 10 an undivided water box at the other end, reveries
direction, and passes through the other half of the tubes back to the other side of the
divided waler box. A single-pass condenser with the same total number and size of
tubs, ic.. the same heat-transfer area, and with the same water velocity, requires
EW €0 §8 Gl e fuw Pat results in half the water temperature nse and thus lower
cotdenser pressdre. Thur such a single-pass condenser is good for plant thermal
efficiency and reduces thermal pollution, but requires more than twice the water and
hence four times the pumping power. i

Water boxes are often divided- beyond the divisions required by the number of
passes, A divided water box single-pass condenser, for example, may have a partition
i buth the mlet and outlet water boxes at opposite ends of the condenser. This allows
hetf the condenser 10 operte while the olker half is being cicaned or repaired. In the
case of 4 divided two-pass rondeiisa, ine water 5oxes are dividad o four quarter:,
Leiriutu waiel Doaes fave auphicate iniet and outlet eonnsctione sach sith e mven
Circujsung-water circutt, Valves in the division plates permit backwashing by reversing
water flow for cleaning purposes. . =

a
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" a

Single- and Multipressure Condensers

As is now known, large powerplants usually have two or more low-pressure turbine
sections in tandem. The condenser may be divided into corresponding dections or
shells, situated below the low-pressure turbine sections. b

If the wrbine exhaust pressure in all sections is the same, 1.¢., when the exhaust
ducts are not isolated from each other, we would have a single-pressure condenser.’
If the exhaust ducts are isolated from each other, these individual condenser shell
pressures will increase because (he circulating-water temperature will increase as it
flows from shell to shell. We would then have a multipressure condenser.

A multipressure condenser results in efficiency improvement because the average
turbine back pressure is less compared with that of a single-pressure condenser (which
is determined by the highest circulating-water temperature). Mulupressure condensers
are more commonly used in nuclear powerplants. They are usually single-pass units
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arranged with their tubes parallel to the turbine shaft. They are roughly as long as the
low-pressure turbine sections combined, often 70 to 90 ft (~21.3 10 27.4 m). Single-
pressure condensers, on the other hand are usually 30 to 50 ft (~9.1 10 15.2 m) long
and are often arranged with their wbes perpendicular to the turbine shaft.

In essence, condensers are almost custom-designed to suit individual requirements
of steam flow, available cooling-water flow and temperature, available space, and
other vanables. 5

Figure 6-5 shows a cross section of a typical modem large condenser. It s a
single-pass, single-pressure, radial-flow type condenser in which the steam enters the
bundles from top, sides, and bottom and flows toward the center of the tube nest. At
that point most of it has condensed, leaving only air and other noncondensable gases
that are cooled before being removed by the deacration system (below). Figure 6-6
shows a two-pass divided-box surface condenser,

Table 6-1 lists typical condenser dimensions for plants up to 500-MW capacity

Tube Sizes and Materials

Tube sizes and gauges {Birmingham Wire Gauge, BWG) are listed for condenscs and
feedwater heater tubes in App. K. Nute that the higher the gauge number. th

— Turbine connecisr

\/ - =
Cuoulanng waler = - T
cornsolion -’_;j-?‘: = //—,4— Evpassise wor

- . : @
= Figure 6-6 A two-pass divided-box surface condenser F
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and lighter the tubes, 5/8-in. tubes (all sizes refer to OD) are casily clogged and are
used only for small and special applications. Modern condensers commonly use 7/8
or 1.0 in. of I8 gauge, which is adequate for the water pressures m‘.nunl;rcd in
condensers.

Tube materials in commaon use are listed in Table 6-2. Admiralty metal,* the
popular choice for a long time, although still occasionally specified, 1s being supplantgd
by type 304 stainless steel. Type 304 stainless, now readily available at reasonable
cost, has cxcellent erosion and corrosion resistance in fresh water and immunity 1o
ammonia and sulhide attack. It also climinages the nsk of introducing copper ions into
the feedwater, a potential possibility with other materials. s disadvantages are i low
thermal conductivity and low resistance to chloride attack and biofouling. 90- 10 copper-
nickel is another choice for fresh water.

In the case of scawater and brakish water, 90-10 copper-nickel is the primary
choice whether these waters are clean or polluted. 70-30 copper-nickel is prefened i
the vase of clean waters where shell-side ammonia is # problem. Copper-nickel has
excellent carrosion resistance in salt and brakish water and good immunity to stress-
corrosion cracking. Aluminum-brass is another tube material, though at present a
remote possibility with polluted water.

© Other materials that have seen use are arsenical mppc r and aluminum bronze Nt
IS l'\pcclcd thut, for the foresecuble future, stainless steel and copper-uckel will
dominate the market for condenser tubes. Other materials of promise include titaniu
and ALGX. which are expected to see increasing service under severe conditions ba
any case no one material can function perfectly without periodic cleaning, and there
is a growing nterest in devising methods of on-line cleaning.

Deaeration

In steam and other vapor eyeles, il is important to remove the noncondensable puss
that otherwise accumulate in the system. The noncondunsables are niostiy air that
leaks from the atmosphere into those portions of the cycie that operate below atmos-
pheric pressure, such as the condenser, but also include other gases caused b)’ the
decomposition of water into oxygen and hydrogen by tiermal or oiatytic (onder e
influence of nuclear radiation) action and by chemical reactions between water and
materials of construction. The presence of noncondensable gases in large quantitics
has undesirable effects on equipment operation for several reasons.

I. They raise the tofal pressure of the system because That total pressure is the_sum
of the pantial pressures of the constituents. Thus in a condenser the pressure wil!
be the sum of the saturation pressure of the steam, determined hy its temperatire,
and the partial pressure of the noncondensables. An increase in condenser pressuie
doviis F:Jili Ciiicicin y. ¥ .

[

* Admiralty metal: 70 to 73 percent copper (Cu), 0.9 1o 1.2 pm'rnl lin (Sn), 0.07 pr:uml mavimum

iwon (Fe), the rest zine (Zn). “
& =
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2. They blanket the heat-transfer surfaces such as the outside surface of the condenser
_ tubes, thus resulting in a severe decrease in the condensing heat-transfer coefficient
and hence in condenser etfectiveness.

3. The presence of some noncondensables results in various chemical activities. Ox-
ygen causes corrosion, most severely in the steam generator. Hydrogen, which is
capable of diffusing through some solids, causes hydnding (c.g., uranium hydride,
which swells and ruptures nuclear-fuel elements). Hydrogen, methane, and am-
moma are also combustible.

-

The process of removing noncondensables is called déaeration. Most fassil pow-
erplants have a deaerating feedwater heater (Sec. 6-6), but whether or not a plant has
such a heater, or other separate deaerator, it is essential that the condenser itself be
the place- of good deacration. Manufacturers usually guarantee a maximum oxygen
concentration in the condensate leaving the condenser. For some time, this maximum
was sct at 0.03 em¥/L (0.003 percent by volume), but this has been reduced recently
10 0.01 cmY/L,.required, and 0.005 em¥L frequently guaranteed.

Good deacration within a condenser requires time, turbulence, and good venting
equipment. The cold condensate faliing from the lower tubes must have sufficient
fulling height and -"Puhh]n;: steam for reheat and deaeration. The scrubbing steam is
provided by allowmny some of the incoming steam to pass through an open flow area
directly to the bottom tubes to reheat the condensate. The reason is that noncondensables
are more casily released from a hotter than a colder liquid

Once the noncondensables are released, they are cooled to reduce their volume
before being pumped out of the condenser. For this a number of water tubes, about
6 10 8 percent in the center of the tube bundle, are set aside for this function (Figs.
6-5 and 6-7). This, called an wr cooler section, is baffled to separate the noncon-
densables from the main steam flow. The noncondensables flow toward the cold end
of the condenser, where they connect to a vent duct that leads to the venting equipment.

The venting equipment. as other components, went through’ several stages of
development, including reciprocating compressors, called dry-vacuum pumps, which
were used for some time. These were, however, superseded by jet pumps, which have
now found almost universal acceptance because of their simplicity and lack of moving
parts and, hence, low maintenance aid good reliability,

The jet pumps used on condensers have come to be known as steam-jet air ejectors
(SJAE) because they use a steam jet as their molive or driving flow. They are usually
multistage units, usually two or three. Figure 6-8 shows a twd-stage SJAE. It uses
main steam at a reduced pressure that enters a driving-flow nozzle in the fisst-stage
ejector, from which it exits with high velocity and momentum and reduced pressure.
This reduced pressure draws in the noncondensables from the condenser. By a process
of momientum exchange, The gases are entrained by the stedm jet. The combined flow
Of steany and gas is now conwacss! in the diffuser of the first-stage ejector and
discharged inta a smal! 1t e Zovns, Sinas 3¢ Steam is condensed by passing across
rmling pipes in much the same manner as the main condenser, Cooling here, hewever,
is accomplished by the main condenser condensate and is part of the feedwater heating
system, resulting in improvement wn efficiency of the_plant.
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The condensed steam is drained and returned to a low-pressure part of the cycle
The noncondensables and any remaining steam are then passed to the sccond-stage
ejector, where they are compressed further and passed to an aftercondenser. A thurd-
stage ¢jector may or may not be necessary to bring the system to the discharge pressure
or. in nuclear powerplants, to the off-gas system.

s
64 SURFACE-CONDENSER CALCULATIONS.
Heat-Transfer Surface Area

The heat-transfer calculations for determining the number of tubes and total surface
area required by a surface condenser are rather complex. They require a knowledge
of the total heat load on the condenser, i.c.. the heat removed by the turbine exhaust
steam, low-pressure feedwater heater drains, steam-jet air ejector (SJAE) drains, small
drive turbine exhausts, etc. They also require a knowledge of the heat-transfer mech-
anisms and coefficients in various parts of the condenser. The heat-transfer mechanisms
are conden«<ation of the steam over the colder but varving-temperature tube surfaces.
conduction through the tube walls, Torced coniediton ot tie circuluting water inside
the tubes, und forced convection of the noncondensahles 1o the air-removal section

The outer tube surfaces are usually clen when the codenser s new but quickly
develop an o1ly tilm that changes condensation from dropwise o lilmwise condensation
[247]. This is expected in most condensing equipment, and heat-transfer coclticients
are consenvatively based on the lower filmwise cordenaation mechanism. The heat-
transfer coefticient here depends upon the ditferencs beiween the steam-saturation
temperature and tube-wall temperature (being inverseiy praportional to that difference
to the power (0.25). on the relative positions of twhes, steem velocily and turbulence,
the extent of noncondensables, and the existencs of superheated steam, if any, The
circulating-water heat-transfer coefficient depends apon its velocity and, hence, tem-
perature and the cleanliness of the inside surface. Because this circulating water may
be obtained from a natural body of water, algae and vther deposits accumulate on that
surface, thus affecting heat transfer 2~ nozzrsizin . Loquoin vicaning.

Because all the above are variables with many unceriainities, manufacturers have
usually based their designs in general accordance with a method propased by the Heat
Exchange Institute Standards for Steam Surface Condeasers [48]. The melhod is based
on the U‘-UJT heat wransfer equation

0 = UA A7 : (6-5)

where (0 = heat load on condenser, Biwh or s

77 = averall condenser heat-transfer cocflicient. hased on outside wix aica,
Bl G2 “Far s m? K or Wim? - KD
- ™ - 2!
A = total outside tube surface arca, fi or m-

AT, = log mcan smperature difference in the condenser, “For °C, given by
. 4
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) Table 6-2 Constants in Eq. (6-7)

Tube cuter duameter, in 34 78 1.0
Cy [Van s, £ in Buath - 1t? - °F)) 270 03 251
Cy [Van ms, £ in Wrim?! - K})) hgapl 2708 2582
Water temperature, *F s a0 . 45 50 55 00 70 80 ¢ 50 100
C; 57 [V 2 S Vi 079 0K6 092 100 1.4 1 0% (sl
R Adsmiralty, Aluminum- Aluminum:
stamless Arseng- hr.n.n.‘f bronzre, 0-30)
Tube matenal steel capper Muntz metal 9010 Cu-Na CuNi
Cy I8 gaupe 0 5% 1.00 0,96 0 %0 053
17 pauge 0.56 0.94 0.94 087 050
16 pange 0.54 (.96 0.91 084 076
Co 085 for clean tubes, less for algae covered or sludged tubes
AT; — AT,
- = —— (6-6)

AT,
" In(ATJT,)

AT, = difterence between saturation-steam temperature and inlet circulating

water [émperatare (Fig. 6-9), °F or °C

AT, = difference between saturaticn-steam temperature and outlet circulating-
water temperature (Fig. 6-9). °F or °C, also called terminal temperature

rfrj}w'c‘m'g-, TTD

T overall heat-transfer coefticient U 1s given empinically by

U = CiCiCiCVV

w her

(]

or m/s

€'y = dimensional factor depending upon tube outer diameter

Cy = dimensionless correction factor for tube material and gauge

Cy = dimensionless cleanliness factor
Refer to Tuable 6-2 for the fuctors in Eq. (6-7).

In using Eqs. (6-5) (0 (6-7). it is necessary to know thie steam-saturation tem- .

(6-7)

Vo= circulating-water velocity i the tubes at inlet (cold) conditions, fu's

C; = dimensionless correction factor for circulating-water inlet temperature

perature and the circulating-water inlet temperature, hence AT, and to select a value
lir the reredinal temperasure difference (TTD) of the condenser, which in this case is
AT Tor agiven AT, caleulated U, and sclected AT, the tube surface area is caleulated
anu G SondCREET doangit o fiatd, Fura given Qi a jarge 11D results m a larpe AT,
and smati condensgr (smali A) but an mereased water flow because the water-tem-
perature rise (7, — T, Fig. 6-9) is reduced. A small TTD results in a larger condenser,

- e

]

S
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lemperature

Heat-transfer path bength Figure &9 Condenser temperature distnbutions

reduced water flow, and higher exit-water temperature. An oversized condenser, bigger
than design. will increase capital cost but redoce operating costs because it would
decrease AT, and lower condenser pressure, Proper design, therefore, depends upon
many factors, such as capital costs, operating costs, water availability, and environ-
mental concerns.

The circulating-water inlet temperature should be sufficiently lower than the steam-
saturation temperature to result in reasonable values of AT,. It is usually recommended
that AT, should be botween abour 20 and 30°F (11 10 17°C) aad that AT,. he TTD,
should not be less than 5°F i2.8°C: :

Circulating-yvater Flow and Pressure Dro
P

[t 1y smportant to determine the necessary circulating-water flow and the pressure diop
through the condenser because this, along wath other pants of the circulating-water
svstem (Chap. 7). detenmiine the pump horsepower necessary.

The water mass-tflow rate m,, is simply given by

. e '
W T 6-
mn AT - T (6-8)

where ¢, is the specific heat of the water and T, and T, are the inlet and exil temper-
aturas, respectively,

‘Ihe pressure droy in the condenser is composed of (1) the pressure drop in the
water boxes and (2) the friction pressure drop in the tubes. Again these depend upon
many factors, such as the flow pattern in and the size of the water boxes, the inlet
and exit of the tubes at the tube sheets, the size and length of the twbes, and the water
temperatures and velocities. The Heat Exchange Institute recommends the values given
in Figs. 6-10 and 6-11. The pressure drops are given in terms of head M, which is
related to the pressure loss AP by g

AP = ol

- 1o-Y)

where pis the density, g the gravitational acceleration, and g, the conversion factor
32.21b. - fU(lb, - s*) or 1'0 N - mv(kg - 5%) I
!Wam inlet velocities in condenser tubes are usually limited 1o a maximum 8
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g = 1.
O
: N = "I_ '“;]j_l . 1
‘f T 13T | T a4 "
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| |
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1 4 H Flgure 6-10 Pressure drop in condenser waler boxes, cx-

Water inlet velocity in tubes, 1/ pressed as head in fect: (a) one-pass, (h) (wo pass

fU's (~ 2.5 mv/s) to minimize crosion, and a minimum of 5 or 6 fUs (1.510 1.8 mvs)
for good heat transfer. Values between 7 and 8 fus {(~ 2.1 10 2.5 nv's) arc most
comman.

Example 6-2 Design a condenser that would handle 3 x 10° Ib,./h of 90 percent
quality steam at | psia, as well as 360,000 1b,/h of 112°F drain water from the
low-pressure feedwater heater, and 1875 Ib,/h of 440°F drains from the steam-
jet air cjector. Fresh cooling water is available at 70°F.

: /V,Q/,;Cﬁ;’/ .
W #7577 ARk
02 — 7/;//,; 7

~+ 2 ' ’

Tube fretion loss, It head/ft lengih

Tube OD, in

N\

N

T
by

1

3 - § b 7 2
Water inlet velocity in tubes, ft/s

Flgure 6-11 Pressure drop in condenser tubes, expressed as head in feet per foot length of tubes.
b4

o Tt o b
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SoLuTioN
Heat-transfer calculations:
Select:
. A two-pass condenser
. Type 304 stainless steel tubing
Tubes: 50 ft in length, 7/8 in OD, 18 BWG
TTD = 6°F
Inlet water velocity = 7 ft's

A At .

Heat load @ = turbine exhaust + low-pressure drain + SJAE drain

2 X 108 X xhy + 240,000(h, ¢ — k) + 1250(hasrr — by
3 x 10° % 0.9 x 1036.1 + 360,000(79.98 — 69.7)

2.798 x 10° + 3.701 x 10* + 0.656 x 10°

|

Il

Il

Il

= 2.802 x 10° Buwh
AT, = 1, — 75 = 101.74 — 70 = 31.74°F
AT, = €°F
3T =6
In(31.74/6)
U = 263 x 1.00 x 0.58 x 0.85\7

AT,. = 15.45°F

= 343.0 Buw/(h - [ - °F)

Thus
2.802 x 0% ..

Total tube surface area = m%—ﬁ = 528,875 I

Fér 7/8-in tubes, surface area per foot is 0.2291/11° (sec App. i2). Therefore
528,675

= = 2,307,615 %
Total Icngth.oftubcs 0.2291 307,615
307,615
Number of tubes = 2—-95-% = 46,150

Water calculations:
Ty =T, =A% ~AT, =314 — 6 = 3ME

_Rm- ~ - f\_m‘l D e i/ ey

2.802 x 10° ,
~ 0P LB 1.0996_>< 10% Ibh

a
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= .
Note: A check on i, . obtained above from Eq. 6-8, and that obtained by multiplying
the water velocity by the density by the total cross-sectional area of flow (in this case
of half the tubes) should be made at this point. If not equal, a correction for the TTD
and/or the wbe length would have to be made. ;

1.0996 = 10" » 0.01605

Volumetric flow rate = ey, =
60
= 29414 (tYmin = 29414 x 7481 = 220,043 palimin

Pressure drop in water boxes = 2.7 t head (Fig. 6-10)

3.2 .
- - e It = Py o .
= 623 X 2.7 x 55 = 168.3 /¢ = 1.17 psi
* Pressure diop in tubes = 0.32 1t head/lt (Fig. 6-11) .
2.2
=613 » 032 x % e 19.936 Ib/ft* per ft = 0.1384 psi/ft

Allow for 1.2 in thizk twbe sheats, and thus each pass would have a length of
SO+ 212142 = 5020 '

Total pressure drop mwbes = 0.1384 x 2 x 502 = 1390 psi
Total pressure drop n condenser = 1,17 4 13.90 = 1507 P

The power atributed to the water flow in the condenser only would be
m Al gt
T = Ap o= 37916 X 107t - Ib/h = 1915 hp
i

6-5 CLOSED FEEDWATER HEATERS: GENERAL

Ithas been demaonstrated (Chap. 2) that regenerative feedwater heaters are indispensable
in Rankine-cycle type powerplants if improved cycle performance is to be expected.
They raise the tcinpesatuie of the feedwater before it enters the economizer or steam
drum. Both open- and closed-type feedwater heaters are used. In small _industrial
systems, only onc open-type feedwater heater may be used. Utility and large industrial
plants use a multiple of fecdwater heaters. typically five to seven closed and one open,
which doubles up os a deaerator, Nuclear powerplants of the pressurized- or boiling-
water reactor types do not use opén-type feedwater heaters, but gaseooled and fast-
breeder reactor powerplants do. Open-type feedwater heaters will be described in the
next section. . . -

- Closed-type feedwaicr lieaters are shell-and-tube heat exchangers. In essence they
e emall 2ondiiscis tial OpUIaie at ligner pressures than the main condenser because
bled stcam is condensed on fhe shell side, whereas the feedwater, acting like circulating
condenser water, is heated on the whe side. ; .

Closed fecdwater heaters are placed within the cyele to receive bled steam from



THE CONDENSATE-FEFDWATER SYSTEM 239

the torbines at pressures determined roughly by equal temperature increments from
the coadenser to the boiler saturation temperatures (Sec. 2-13). They are therefore
classified as ow-pressure (LP) and high-pressure (HP) heaters, depending upon their
location in the cycle. The LP heaters are usually located between the condensate pump
and the open heater, which is followed by the main boiler-feed pump. The HP heaters
are located between that pump and the economizer. Occasionally a boiler-feed booster
pump is located up-stream of the main boiler feed pump, in which case the feedwater
heaters are classified as LP, IP (intermediate pressure), and HP. The shell-side (bled-
steam) pressure extends from vacuum to several hundred psia in LP heaters and may
exceed F200 psia in HP heaters. Tube-side (feedwater) pressures after the boiler feed
pump are higher than the maximum steam pressure because of the pressure drop through
the feedwater system and may exceed 5000 psia in supercritical-pressure cycles (Sec.
2-14).

When bled steam entering a feedwater heater is siperheated, as is often the case
in fossik-fueled high-pressure and some low-pressure heaters, the heater includes a
desuperheating zone where the steam is cooled to its saturation temperature (Fig. 6-
12). Thi is followed in all closed feedwater heaters by a condensing zone where the
latent heat of vaporization is removed and the steam is condensed to a saturated liquid.
“This liguid. now called the heater drain, is, in all heaters. except sometimes the one
or two kwest-pressure heaters, cooled below its saturation temperature in a subcooling
Zane ot adrain-cooling zome betore the drain s cascaded backwards or pumped forward
{Chap. 2.

The above is a three-zone closed-type feedwater heater (Fig. 6-12). There are,
however, pvo-zone heaters that include a desuperheating and a condensing zone or a
condensing and 1 subcooling zone. And there are also single-zone heaters that include
only a condensing 2one. A draincooling zone, instead of being integral with the shell,
may be located external to it. Details of construction and standards of feedwater heaters
are given in Ref. 49.

Closed feedwater heaters could he either horizontal or vertical, depending upon
space availability. Vertical heaters are designed with their head (water box) down or
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Figure 6-13 A three-zone horronial clused-type feedwater heater [49]

up, the latter only in special circumstances, Figure 6-13 shows a typical horizontal
three-zonce closed feedwater heater. The feedwater tubes arc usually in the form of U-
tube bundles, although occasionally they are straight, like those of a condenser. The
feedwater enters via a divided water hox through the subcooling zone, Aows through
the U tubes in a generally parallel but opposite direction to the steam flow, and leaves
to the water box through the desuperheating zone.

The bled steam flows first through the desuperheating zone, which is usually
separated from the rest of the heater by a shroud and which is fitted with a series of
vertically cut baffles that provide both a good heat-transfer path and proper tube support.
The condensing zone is the major portion of the heater and also provides a baffled
steam-flow path. The subcooling zone is separated from the rest of the heater by an
end plate and an enclosure but connects to the main water level through a “snorkle™
entrance. While the main water level is low, the subcooling zone is completely sub-
merged with liquid by the differential pressure between it and the condensing zone.
The liquid flows through properly spaced baffles and exits from-the heater through a
nozzle next to the tube sheet to cascade 1o the next lower-pressure heater.

Cascaded driin from the higher-pressuse heater or from a maoisture-separator-

reheater are throttled upon entrance to the shell and flash inw high-velocity steam.
The wbes are protected from erosion by this steam by the use of stainless stecl
impingement plates. The drain inici is usvally at or beyond the tubes U bend, in
horizantal heaters, in order o keep the flashiag steain from the tubes and provide
sullicient volume for it, .

Figure 6-14 shows a vertical closed-type feedwater heater with head down, the

sual arrangement, . s -

o
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Figure 6-14 A three-zone verntical chwed-type feedwater heater [49].
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-
Tubes and Materials

“The tube sheet is an intepral part of the head (water box). In high-pressure heaters the
tubes are welded then rolled or explosively expanded into the tube sheet. Sometimes
a stainless sicel insert is provided with carbon-steel tubing to prevent inlet end erosion.
In low- pressure heaters, the tubes are usually rolled into the tube sheers. Tube sizes

vary from S8 1o | in OD with pauges (BWG) varying from 1010 20 (App. K). Because
closed feedwater heaters aperate at much higher water {and steam) pressures than
condensers and are wsbally bent, a minimum tube thickness (and henee maximum
gauge) must be selected that would be adequate for such service. The minimum tube
thickness 1 1s given by

Pd, d,

= e e Yy
A TS T AT

) (6-10)

< where ' = wibe design pressure, psi
E

d,

[

tube outside diameter, n

5 = allowable design stress, psi

R.o= msude radios of U-tube bend, tken as 1.5 d, i

Tube materials evolved over the years. Admiralty metal and copper-nickel alloys were
extensively used before the age of the high-pressure systems, As steam pressures and
temperatures increased, new materials were required. For fossil-fueled powerplants
with suberitical steam, the preferred materials for low-pressure heaters are now type
304 stainless steel (which is becoming less costly) and 90-10 copper-nickel. For high-
pressure heaters, type 304 stainless steel and empered Monel 30-70 copper-nickel are
the preferred materials, with stress-relieved 70-30 copper-nickel and carbon steel also
specified. For supereritical steam (once-through boilers), type 304 stainless steel and

- carbon steel are specified for low-pressure heaters and carbon steel for high-pressure
heaters. Copper-base alloys are not specified.

For nuclear-reactor powerplants of the pressurized- or boiling-water types, type
304 stainless steel is specified for all heaters.

One problem with heater tubes ic comouion vaused by the presence of noncon-
densable pases, especially in heaters operaling below atmospheric pressure. These
gases also reduce the overall heat transfer of the heaters by blanketing the tube outer
surfaces, much as they do in the main condenser. The gases are released by a proper
vent mechanism.

6-6 CLOSED-FEEDWATER-HEATER CALCULATIONS »

ilvai Transfer

- -
A closed-type feedwater heater will have as many overall heat-transfer coeflficients as
there are zones. For example, a three-zone heater will have one coefficient each for
the desuperheating, condensing, and subcooling zones. These may be combined into

<
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one overall heat-transfer coefficient, if desired, but they must be evaluated indepen-
dently. Once they arc calculated, the total number of tubes for the heater and the zone
lengths are calculated.

The overall heat-transfer coefficient for any zone is given by the usual relationship

| :
U = (6-11)

(1/h,) + (AJRAL) + (AL/hA)

where U = overall heat-transfer cocfficient of the zone in question._based on the
! outside arca of the tubes. Buth -t « °Fy or WAm?® - 3)

h, = heat-transfer coefficient of fuid outside whes, Buwth - it* - °F)
or Wiim* - K)
k = thermal conductivity of twbe material, Bru/th + ft « °F) or Wi(m - K)

h, = heat-transfer coefficient of water inside tubes, Bu/(h - 17 - °F)
or W/m? + K)

A, = outside surface area of tuhes per unit length, fi¥/ft or m¥m
A, = inside surface area of tubes 1t° per unit length, f*/ft or m¥m
An = log mean area of tubes per unit length

As A, = 4, ; v .
= (A, = AVIn— = ——— for thin tubes, ft*/ft or m*m

£ [}

t = thickness of wbes, ft or m

In the desuperheating zone, b, is evaluated for forced convection of the superheated
steam, between points | and 2 in Fig. 6-12, and 4, is evaluated for forced convection
of feedwater inside the tubcs between points 7 and 8,

In the condensing zene, h, is the result of steam condensation between points 2
and 3 and h, of fecdwaler forced convection beiween o ‘and 7. 4

In the subcooling zone, h, and h, are due 10 forced convection of water outside
the tubes between 3 and 4 and inside the tbes between § and 6, respectively.

For single- or two-zone heaters, the unapplicable zonpe nra simply deletad,

The outer tbe surface area A, and ticnc: the zone lengths, is then obtained from

A 4 (6-12)

‘where Q is the heat load and AT, the logarithmic mean temperature difference for the
zone in question. (Notc that an overall AT, for the heater based on temperatures at
1.4.5, and & cannot be obtained because of the diecanvinustics in the steam temperature
line 1-2-3-4.)

The valies of h, for each zone can be obtzined from standard heat-transfer ral.
gulations, . ™

As in the main condenser, there are many flow.and other variables and uncer-
taintics. Condensation heat-transfer coefficients: are usually high, a few thousand
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Brw/(h + 1€ « °F), and the tube thicknesses are small, so the main heat-transfer resistance
is duc to the boundary layer of the feedwater inside the tubes. An empirical calculation
for U in the condensing zone. shown in the form of a graph (Fig. 6-15), thus uses the
average film (boundary-layer) temperature as well as water velocity as parameters.
The average film temperature is defined arbitrarily as

T, =T, - 08 AT, G-13]1
where T; = average film emperature, °F
1100 — —_— "
= 1000 St
= 1500
= 135 % 5
s MM 00 B
£ 175 £
= 800 150 & &
= H
S 700 2% &
£ 1w i"
R z
= -
S s00
£
B 711
= A0 7 i : : |
£ 200 /4 |' ' L -
- / T 1 I ‘[ —
- J | | i i
0 I ! i) 4 5 [0 7 L ] o
E ¢ Water velocity in tubesat #0°F fily
00 20 28 iy . 302304
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Gauge Adms.  pickle mickle  mickle Mone! steel
18 1.00 097 095 0.92 0.8% 08S -
17 1 0G 0.94 09l 047 0.85 080 .
16 100 091 088 084 0R2 0
Is 099 089 [1§.11 082 0379 0.74
14 096 085 082 0717 07s 070
13 093 048] 078 073 070 0ns -
12 090 0.7 071 068 0as 00 x
1 0A7 074 0o dns 06 057
10 0.83 0.69 0 bk 060 058 052
9 080 045. 062 035n « 0 &4 048 . C s
Multipliers of base heat-transfer rates for various tube materials snd gauges
ffor tnhe ﬂﬂ 3 1 ¥ op andiig)

Figure 6-!5 Ov:nfl heat-transfer coefficient for condensing zone only as a function of average film
- temperature as defined by Eq. (6-13) [49]. %
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T, = saturated-stcam temperature = 7, ,, °F 3

log mean temperature difference in condensing zone, °F

L-
30
]

ATy = Ty} = (T - 73
Inj{Ty — Tond, - T+)]

(6-14)

There is un upper limit for U for values of AT,, 250°F or higher. The vanatoa
of water velocity with temperature is 1aken care of in Fig. 6-15 by specifying a velocity
based on water density at 60°F, 62.4 Ib/ft". Correction factors for various tube
matenals and gauges arc included in Fig. 6-185.

Pressure Drop

Pressure drops of the feedwater in feedwater heaters are usually large because of the
flow fnction in long small-diameter tubes in several heaters. Calculations for such
pressure drops are necessary for the design of condensate and boiler feed pumps.
An empirical correlation for the pressure drop in closed feedwater heaters. also
applicable for external drain coolers, is given by the following equation [49)

FAFLAL + 584N
A S ' 6-15)

where 3 = total tbe-side pressure drop. ps:

Fi = fuctor depending upon water velocity, also corrected for densint

at 60°F (Fig. 6-16)
F: = factor depending upon average water temperature 7, (g, 6-16),

given by Ly = T, AT,.°F
d, = inside tube diameter, in (App. K)
N = number of tube passes

length of tubes in one pass

h.
1l

The usual water velocities in closed feedwater heaters, corrected 10 60°F, are 6
o 8 fts

Example 6-3 Find the riumber and length of tubes for a three-zone feedwater
heater that is uscd aficr the reheater (no. 2 high-pressure heater) in 2 subcritical
fossil-fueled powerplant, for the following data:

Feedwater: 3.0 x 10° Ib/h, 3000 psia. 370°F in, 398°F our -

Bled steam: 140,000 Ib,/h, 240 psia. BOO°F

Drain in from no. 1 HP heater: 300,000 Ib,/h, 570 nsia. 410°F

Bidia vut, tvial. “=0,000 1000, J0U°F o

Uverall heat-transter coeflicicnts: desuperheating zone = -
125 Buw/(h - fi* - °F), drain-cooling zone = 300 Bu/(h - fi* - F

@
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Woater velinonty s tubes a1 60 110

RUre 614 Faoews in T2 6 15) fur pressure drop i tubes of Sosed feedwater heaters and drain vinlers

SoLuToN
Tubes:

Cioose a U-tube design, tubes 34 in OD, type 304 stainless steel. To find
gauge, use maximum allowable stress = 20,000 psi. Eq. (6-10) gives minimum

i wall thickness . y
3000 x 0.75 - 0.75 gl
= L. A,
: zxzo.om+o.8x30m(l 4xl.5x0-.75) wel

From App. K, 16 BWG with 0.065 in thickness is selected.

Number of tubes;

Volimetric water flow corrected to 680°F = 3 % 10%vep = 3 % 10 x
0.016033 ifrom stcam tables) = 48,099 fi'/h. Cross-sectional area of 16 BWG,
d4an tubes = 0302 wn° (App. K) Choose water velocity 4t 60°F = 8 {us!
Therefore . =N e e e

48,099 144
Number of tubes =

x
3600 - 0302 X 8

= 796 tubes C e
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which will be rounded to BOKN tubes, (meaning 1600 tubes in a cross section of
the U-tube bundle).

Desuperheanng zong.
Referring to Fig. 6-12: by = 1423.8 Biuwlb., hy = 1200.6 Biu'lb,,. and heat load
O = 140,000tk — hy) = 31,248,000 Buwh. But @, = 3 = 100 — ha).
Iy at 398°F and 3000 psia (assuming pressure drop relatively small) = 376.37
Biu/Ib,,. Thus b, = 365.95 Bulb,,. comesponding to T3 = 388.1°F. The log
mean wemperature dilference in desuperheating zone 1y
. (800 — 398) — (397.39 — 388.1) 3927
Al = In[(800 — 398)/(397.39 — 388.1)] 37675

= 104.24°F

Outside tube area n desuperheating zone A, s

0. 3248000 N
- = = = 2308 .
o= e s =~ NI

From App. K. outside tube surface area per foot length = 0.1963 fr°. Therefore
the length of desuperheating zone tbes L, is
Y }l,]H lh

A = 15370t = 4 655
b =003 x gop T AR =685 m

Dram-cooler zone,
hi = 37227 Brulb,,. fiy (ar 380°F and 240 psia) = 353 63 Bulb,,, he (2t 370°F
anmd 3000 psta) = 347.06 Buu/lb,,. Heat load @y = (130,000 + 300.0001h, —
Iy = B201.600 Buvh. But Q. = 3 x 10%h, — he). Therelore, h, = 349,79
Btulb,,, corresponding to Ty = 372.6°F. Log mean temperature difference in
drain-cooler zone

i (397.39 — Tx‘" 6) — (380 - 3700 147y

s In[(397. 39 - 3?2 6)/(380 — 370)] 0.907y
16.29°F

Qutside wbe area in drain-cooler zone is

8,201,600

= o 167825 6°
Avse = 300 Te 09 = 167825 1t

Therefore length of Jrain-cooler zone tubes Ly is

1678.25
= —_— = (). = 32
La 0.1963 x 800 l. 69 fi & m

Condenser zone :

B2 10T wid 520 psia) = 296 21 Rmflb_ Heat load in condencar 7one
Q. is duc to both bled steam and drain from the higher-pressure heater, called 2°.
€. = 140,000k — M) + 300,000(hy — hy) = 120,149 % 10° Buh. Log
mean temperature difference in condensing zone is -
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(39739 — 372.6) — (397.39 — 3B8.1)

AT, ., = =
T In((397.39 — 372.6)/(397.39 — 388.1)]
ﬁ
. . 15.79°F . i
0.9815 '

Average film temperature. = 397.39 = 0.8 X 15.79 > 250°F. Therefore U from
Fig. 6-15, at8 fs = 910 Bw/(h - fi* - °F). Correction factor for 16 gauge stainless,
steel = 0.770. Therefore overall heat-transfer coefficicnt in, condensing zone is

U, =910 x 0.770 = 700.7 Bu/(h - i - °F)

Outside tube area in condensing zone A, is
120.149 x |10%

= o = 0,857.94 f?
ve = T007 % 1599~ T0EelIe R

Length of condenser zone wbes L,

10,857.94

= = = G014 ft = 2]1.07 .
< 01963 X 800 3 e

L

Foral tube length: : o
Allowing for a 3-in-thick tube sheet. total heater he length 4., 1

Lo, = 1527 + 10,69 + 69.14 + 2 x =

=056t =2914m

Thus-the average length of the U-tube bundle is 47.3 ft, which may be rounded
tw S0 tt. or 15 m.

Pressure drop in bes,
From Eq (6-15)

_ 370 + 308

Average water temperature in heater = 5 = 384°F
L

Tne average water tempcrature, ubtained for the condenser zone (the largest zone),
Is 397.39 — 15.79 = 381 6°F. which is adequate for Fig. 6-16. Thus F, =
0.1275, F, = 0.75, d, (App. K) = 0.620 in.

_ 0.1375 x 0.75(100 + 5.5 X 0.620)
B 0.620" '

AP = 19.29 psi = 1.330 bar

6-7 GPEN FEEDWATER HEATERS

Al upen e iaior Beater, also called Wiveet-conract and deaerating (DA) heater, is
one thal neats the feedwater by directly mixing it with bled steam from the turbine
(Sec. 2-8). Usually only one such heater is.used in fossil- and high-temperature nuclear-

# .
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reactor powerplants. None are used in warr-cooled nuclear-reactor powerplants, which
rely on a more elaborate condenser deacration system. Because the pressure in such
# heater cannot exceed the turbine pressure at the point of extraction, a pump, usually
the main boiler feed pump, must follow the heater. The confluence of steam) and water
flows makes possible the efficient removal of noncondensables as well as the heating
of the feedwater. Hence the various names for this type of heater. .

The DA heater 1s usually positioned in the feedwater line at a pressure to prevent.
aic inleakage and ata wemperature at which oxygen retention is least likely. Most DA
heaters are designed for oxygen concentrations in the outlet feedwater below 0.005
cmYL. .

The DA outlet feedwater is at or near saturation, Pumping saturated water results
in cavitation because of the pressure drop below saturated pressure, thus causing
flashing on the back side of pump vanes. The DA heater is therefore usually positioned
in the powerplant steam-gencrator house high above its pump by perhaps 60 fi. This
provides sufficient pump inlet pressure to render the saturated water compressed (or
subcooled) and prevents cavitation. !

There are three types of DA heaters for industrial and utility use,

. Spray-rype deaerators In this type the fecdwater enters the heater through nozzles
that spray it into the extraction-steam-filled heater sface. The water is heated and
scrubbed to release the noncondensable gpases. A second agitation of the now-heated
leedwater by another steant flow is provided by an internal baffling system.

2 Tray-type deaerators Here the feedwater is directed onto o series of cascading
horizontal trays. It falls in sheels or tubes from tray to tray and comes into contact
with rising extraction steam admitted from the bottom of the tray system. As
scrubbing occurs and noncondensable gases and some steam fise. they come into
contact with colder water, resulting in a reduced volume of mgh concentration of
noncondensables to vent into the atmosphere.

3. Combination spray-iray deaerators In these the feedwater is first sprayed into a
steam-filled space, then made to.cascade down trays. This combination type with ;
horizontal stainless steei trays is cuniently preferred by tne utilities. Spray types
are more common in industrial service.

Figure 6-17 shows a typical combination-type deaciaiing neater. Shown also, just
below the heater, is a relatively large feedwater tank, a hotwell which allows sufficient
water for rapid load variations.

6-8 BOILER MAKEUP AND TREATMENT

Steam powerplants lose a fraztion of their water-steam circui* because of leakaoe from
fiitings and bearings, escape with noncondensable gases in deaciation provcesses boiler
viowdown. and other canses. 1he traction 15 0.3 to 1.5 petcent of the flow rare,
depending upon design and age of the plant, with nuclear powerplants in the low end ‘
- of the range. This fraction should be made up. The water added must bhe well treated "
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to maintain water and steam punty in order to prevent deposition of suspended solids
and scale on boiler surfuces and also silica deposition and corrosion damage w turbine
blades and the condensate-feedwater system

A water makeup system beging by prerrearing the raw water, This is followed by
ademineralizing svstem, which is essential to all powerplants. For plants with steingent
water-quality requirements, such as those using once-through boilers and boiling-water
nuclear reactors, a condensate-polishing system is used to further “polish” the water.
Raw water usually has dilferent concentrations of a variety of impuritics present in it.
They may include suspended sohids and turbidity, organics, hardness (calcium and
magnesium), alkalinity (bicarbonates, carbonates, hydrates), other dissolved tons (so-
dium, sulfate, chloride, ete.), silica, and dissolved gases (0., C0O,)

Pretreatment

The extent of pretreatment depends upon the source of the raw water used. Well water
usually requires simple filtration. Raw water from a surface source, such as a river or
lake, on the other hand, requires more elaborate pretreatment, The first step is elar-
ification, in which the water is chlorinated to prevent biofouling of the equipment,
The suspended solids and turbidity are then made to toagulate by special chemicals
and by being brought together by a slow agitation in the middle of the clanfier vessel
(chlorination that oxidizes erganic matter also helps them coaguiute). The coupulated
matter then settles by gravily in the clarifier and is removed

In the next step, the clanified water, depending upon its hardness and alkalinity,
undergoes softening. Hardness, the uhaci"sourcc of scale in heat exchangers, botlers,
and pipelines, is caused by the presence of calcium and magnesium salts containing
Ca®* and Mg’". Alkalinity 1s mostly bicarbonate HCO; but is also carbonate and
hydrate. Softening is usually done in a cold process using lime/soda ash. Lime, calcium
hydroxide Ca(OH),, precipitates calcium bicarbonate as calcium carbonute CaCO,,
and magnesium salts as magnesium hydroxide Mg (OH), according to

. Ca(OH), + Ca’'(HCO;), — 2CaC0O, ] + 2H.O (6-16)
2Ca(OH); + Mg* " (HCOy); — 2CaCOy ! + Mg(OH), | + 2H,0  (6-17)
(CaDH); + Mg*™ (SO,) — Mg(OH); | + CaSO, (6-18)

The soda ash, sodium carbonate Na,CQ,, is added to react with calcium chloride and
calcium sulfate 1o form calcium carbonate

Na,CO, + CaSC, — CaCO, | + Na.SO, A (6-19)

The products, calciom carbonate and magnesium hydroxide, are insoluble in water
and settle to the bottom ol the vessel, In soltening, calcium, magnesium, and carbonate
alkalinity are reduced to a few ) ppm each, 4 problem o1 slndee removal. bawever,
zriree Environmental regulations do not permit the sludge 1o be dischaged. insiead,
it is “dewatered,” either in a settling basin or by thickeners and ceatrifuges. The water
is then discharged to its source or recycled. Other softening processes ute hot-process

phosphate ind zcolite softening. s
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The next step in pretreatment is filtration, which further removes residual sus-
pended solids and wrbidity. Filtration can be done under gravity or pressure, although
the latter is preferred. Various filter media are used, sand being the mosticommon.
The pressure differcnce across the filtering medium is an indication of solid acecu-
mulation. When it reaches a given limit, the solids are removed from the bed by
backwashing and are-discharged to waste. Further filtration by activated charcoal may
be necessary to absorb organics and remove residual chlorine from the chlorination
process.

Demineralization

Demineralization is the process of removing dissolved solids by fon exchange. Two
types of resins are used. cation and anion resins. Cation resin has a positively charged
hydrogen ion attached 10 a negatively charged polymer. The hydrogen ion is exchanged
for the cations calcium, magnesium, and sodium. Anion resin is similar to the cation
except that it bas a negatively charged hydroxide ion (OH"), attached to a positively
charged polymer structure. The hydroxide ion is exchanged for the anions sulfates,
«htorides, =nd bicarbonates (alkalinity). Both ion-exchange processes are reversibles -
and the resins are restored to their original form by regeneration. Regeneration s cilied
for when the resins are about to be exhausted and traces of dissolved solids pegin
showing up in the demineralizer exit. It is accomplished by passing a concentrated
acid through the cation resin and caustic or sodium hydroxide through the anion resin,

A typical demineralizing “train” (Fig. 6-18) consists of a series of demineralizers
that contains weak-acid cation, strong-acid cation, weak-base anion, strong-bas¢ anion,
and mixed-bed units, which contain both cation and anion resins used for polishing
to produce very high-quality water. Sometimes a decarbonator is added to the train 1o
heip the anion resin in reducing alkalinity. This reduces the amount of strong-basc
anion used. This is a mechanical dealkalizer that operates by blowing air up through
downward-flowing water to drive CO, from the water, thus removing the alkalinity.

The demineralizing and regenération equipment, including tanks, pumps, etc.. is
programmed (o operate automatically. The result is high-quality water, at least equal
1o the best from evaporators (below), that can be wsed directly in the stcam Alan
witiiout scale formation or corrosion.

A method of demineralization that is gaining acceptance for boiler makeup is
reverse osmosis. Osmosis is the diffusion of a solvent, in this case water, through a
semipermeable membrane from a region of no or low solid concentration to a region
of high solid concentration, The membrane blocks the passage of thessolutes, in this
case the dissolved solids. The motion is in the direction of the high partial pressure
of the purer water to the low partial pressure of the less pure water. it is a response
1o an osmotic pressure, which can be relatively large even for dilute solutions. Osmcsis
idays & vital role in many biological processes surh.as the passege ol nulicss wnd
_ wass jualerizl thmugh the cell wall of animal tissee. The diffusion can be prevented

by applying to the region of high concentrations an external pressure equal to the
‘osmotic pressure. If a greater pressure is applied, the flow is reversed. In our case,
a = e - =

F -
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Figure 6-18 A typicsl demineralizing train

pure water flows from the region of high concentrations to the region of pure water.
This is reverse osmosis. The membrancs used are expensive, and cozgulation, scttling,

and filtration are used first to protect them.

Condensate Polishing

Although the above systems produce high-quality makeup water for the plant, the
water in its joumey through the cycle can pick up metallic ions, such as iron and

copper, from pipelines, clc.,

as well as impurities due to condenser inlcakage from

the circulating water. As-mentioned above, powerplants such as those using once-
through boilers and boiling-water nuclear reactors (Sec. 10-7) require continual high-
quality water and use a condensate polishing system. Condensate polishing is accom-
plished by passing the condensate through large demineralizing vessels that contain
both cation and anion resins. The resins remove dissolved solids in the above manner
as weil as act as filters for impuritics or suspended solids.
Condensate-polishine systems are similar for once-throngh bailers and bailing-

water reactors, cacept thet they are shielded in the latter case because the water gocs
through the reactor and the solids become radioactive. Some pressurized-water reactor

¥

_systems (Sec. 10-2) require polishing to meet changing water-quality standards.
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Boiler Blowdown

Condensate polishing is not a requirement for drum-type boilers hcrmlslc they can
utilize blowdown to control water purity. Blowdown lines periodically remove a portion
of the water from the drum where concentrations increase because of steam flashing.

This water is replaced by pure feedwater. The blowdown is then cooled and treated,

for reuse. A common treatment uscs canndge filters to remove. suspended solids,
notably iron and copper oxides, through the use of demineralizers. Condensate polishers
may be indicated in some cases.

Nuclear boilers also feature blowdown. In pressurized-water-reactor steam gen-
erators (Sec, 10-3), the general practice is to use throwaway filter cartridges followed
by demineralizers. In boiling-water reactors (Sec. 10-7), where the steam generator
is also the reactor core, blowdown is radioactive and is treated and returned back 10
the reactor in a closed loop, called the reacror-warer cleanup system.

"6-9 EVAPORATORS

One form of boiler makeup. used in older piants and still used in ships (to produce
both powerplant makeup and potable water from scawater), uses fash-type distilling
waies, or evaporators. Evaporators could be of the one-stage, o single-effect, type or
the mulristage, or mudtieffect, type. Usually two and sometimes three effects are used
Older units had water sprayed on a bank of tubes heated by steam from the plant.
This design has been largely replaced by the submerged type, which consists of a shell
containing the steam tubes, which in tum are completely submerged by the water.
Figure 6-19 is a schematic of a single-effect evaporator. Raw warer, pretreated
(but not demineralized) as above, is introduced at point w. Steam from the plant,
called morive steam, extracted at a relatively low pressure, is introduced at m, goes
into a steam chest. flows through the tubes, and is discharged as condensate at ¢, The
condensate is returned to the plant. The tubes slope slightly toward discharge to allow
proper drainage. The pretreated water boils and pure saturated vapor is extracted at v
10 go to the plant as makeup. Care must be taken to avoid carryover of raw water
with the vapor because that would defcat the purposc of the cvapwaior. 1his is done
by proper separation and baffling for the receiving tube (much as in a boiler steam

S

[ .
Vapor to plant
-
Mutinve bl
wlyem U Preteeated
- $ raw water _
s __Sicam - i e £
chest L
E " Condensme, . Figure 6-19 Schematic of a single-

& = I to plant ‘ # effect submerged evaporalor,
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Flgure 6.20 Schematic of 2 double
effect evaporator

drum) and by keeping the rale of vapor formation per unit water surface area at a low
enough level to reduce violent boiling at that surface. The raw-water surface is kept
at approximately the centerline of the shell. where it would have maximum area The
level 1s maintained by a float-controlled valve on the raw-water line.

Scale that collects on the outside tube surfaces should be periodically cleaned to
maintain heat-transfer rates. This is done during shutdown either manually or by.
subjecting the tubes to alternate high and low temperatures. Periodical blowdown is
necessarny o remove the raw-water sediment Ih:l! accumulates in the shell,

Figure 620 shows a double-cffect e j‘UI.IIur Here pretreated raw water is 1
treduced into 1wo shells at wy and wo. respectively. The motive steam m, condenses
tw fy and s returned 10 the plant. The vapor produced in the first-effect evaporator s
hecomies the motive steam for the second-effect evaporator. Ity condensate o is retumed
10 the plant Both the vapor vy produced in the second effect and the condensate o
constitute the boiler makeup.

A temperature-enthalpy (or heat-transfer length) diagram is shown i Fig. 6:21.
It is now necessary to define Aear head as the difference between the saturation
temperature of the motive steam and the saturation temperature of the vapor.

The overall heat-transfer cocfficient U of an evaporator is a function of both
motive-steam saturation temperature and the heat head and is given empirically by the
curves in Fig. 6-22. Heat heads below 20°F are not effective. Those above 100°F
result in film boiling and a reduction in heat transfer. The most effective heat heads
are in the range 35 to 55°F.

Single-effect evaporators, which can be built in parallel multiples, aveiage ap-
proximately 0.8 Ib,, of vapor produced per Ib,, of motive steam. Double-effect evap-
orators, produce almost double, 1.5 Ih./Ib_. while triple-effect evaporators improve

|
Mitine aleain / 4 o

> ;u.-.:

| | head

l /‘ Haw water .

|

- LS. ) Figure 6-21 Temperature vs. enthalpy (or path-leagth) dia-
. ol gram of a single-effect evaporator: o
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Figure 6-22 Qverall heat-transfer cocfficient for evaporators.

this further to about 2.0 Ib,/Ib,,. but at the cost of increased complexity and ezpital

A &

Heat heads are usually divided up equally among the effects used. If the heat head

and the overall heat-transfer coefficient for each heat head are known, the heat-transfer
areas can then be casily obtained

Example 6-5 Calculate the mass-flow rate of motive steam required xnd the heat-
transfer areas of a double-effect evaporator to produce 100,000 Ib,,/h of vapur.
Pretreated water is available at 60°F. Motive steam is available at 70 psia, saiu-
rated. The vapor leaves the evaporator to a feedwater heater at 15 psia

SoLUTION Referring to Fig. 6-20 and the steam tables: 7,,, = 302.62°F k , =
'180.6 Bw/lb,,, and h,, = 272.7 Buvlb,,. T,, = 213.03°F, h,, = 1150.9 Br./

b, Ty = %302:93 + 213.03) = 258°F, P,, = 34.24 psia, h,, = 1166.7 B/

]I,‘m. !'lﬂ — 220.72 Blu”b.. h.. = ZBOGanb..

Assume raw water flows to the first and second effects to be wy and wy th/
Ib,, motive steam at m,, respectively.

Energy balance on the first effect:

- - withy — h,) = by — Ay o

Therefore

- 1180.6 ~ 272.7
wy = 00 = 227 . 0,397 b8,

Yecond effect:”
-, wilha = h) = wihy = hp)
¢
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. .

Therelore
11667 - 226.T2
— —-'—-—i) = 0.797 x 0.837
' 50,9 - 28,00

= {1667 b, /Ib,,
Total purified water = wy + w. = 0.797 + 0.667 = [.464 b /b,

1K) (4
Mouve steam reguired = Tha - 68,306 Ib./h
U
First-cffect heat-transfer arca;
< 0.797 oo
Q = mathy — h) = —— % WO.OKN1166.7 — 28.06)
p 1464

= 62 » 10° Buwh
Heat head = Ty — T, = 302,93 — 258 =-45°F
From Fig. 622 at T, and heat head. L' = 565 Bwah - [t °F)

y 0 62+ 10° ——
Al = ——————— = = £= AR R
o U % heat head 565 x 45 %

Second-cffeet heat-transfer grey
(0. 667
bAand

51.16 = [U" Bwwh
Heat head = T, = T, = 45°F
At T, and heat head, U = 520 Bw/th - it - °F)

Area = 3116 X 10°
© 520 x 45

Q = math = h) = < O L150.9 — 28.06)

Il

= 2186 ft?

PROBLEMS

6-1 A direct-contact condenser of the spray type recedves 63 he's of 927 quality steam at 006 bar A dry
covling tower system cools the feedwater to 15°C. Caleulare the condensaté pump volume flow raie, in
cudie meters per second, und the pump power input, in kilow atts, if the pressure lusses in the dry cooling
tower system are 2 bar and the pump efficiency 15 0.7 ’
G2 A basuilic condenser is used 0 Conueise 100,000 thaih of W percent yuakny siwali i § joss sasansg
twviing water at 60°F. The tail pipe insige diameter is 1 fi. The friction factor ui il iy 0.055. Tud e
necessary height of the il pipe, in feet, '
64 It 1 required to tompare the cooling water requirements and pumping powers uf single-pass and rwo-
o + Puss surface condensers having the same total heat-tramsfer surface area and inlet water conditions. Assume
&
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at 15°C. Caleulate the height of the tail pipe, in meiers, if the frictional losses in bar are given by 407,
where Vis the water veloaity, in meters per second,

6-4 It is required o compare the cooling water requircments and pumping powen of singlc ipass and two-
pass surface condensers having the same total heat-transfer surface arca and inlet water conditions Assume
that buth have 20,000 40-fi-long 7/8-in-0D 18-BWG tubes. Cogling water enters the tubes at 64°F and 6.5
fUs. The pressure drops arc 0.4 psuft in the tubes, 0.6 psi in cach waler bov and § = 10" &% in the
intake, ducting, and discharge system. where m is the mass flow rate, in pound mass per hour. Calculate
for cach (&) the coaling water requirements, in pound mass per hour and cubic feet pet minute. and (b) the
pumping power, in kilowaits, if the pumps are 70 percent efficient.

6-5 It is required 1o compare the effects of single-pass and two-pass surface condensers on the powerplant
for the same total heat-transfer surface arca and inlet water conditions. Both condemsers have 20,000 40-
fi-long 7/8-in-0D, 18-BWG tubes. Cooling waler enters the tubes at 64°F and 6.5 s (the same conditions
as Prob. 6-4). Assume for simplicaty that both condensers have the same overall heat-transfer cocfficient,
the same steam inlet of 2 % 107 Ib_/h and 92 6 percent quality. but that the single-pass condenser operates
at 100°F, Calculate for cach (4) the condenser operating temperature, in degrees Fahwenheit, and pressure,
in pound per square inch absolute, (b) the cooling water exit lemperature, in degrees Fahrenheir, and (c)
the heat removed, in Bius per hour and megawatts.

6-6 Consider a powerplant operating on an idesl Rankine cyele without feedwater heating. Steam enters
the turbine satrated at TOOOF at the rate of § % 107 Ibu/h. The turbine exhausts o a surface condenser
at | psia. The condenser has an overall heat-transfer cocfficient of 435 Btwh-ft**"F, a heat-transfer surface
area of 402,467 17 and cooling water inde: ‘emperature of 60°F, Calculate (a) the plant net power, in
meavatts, (h) the plamt et ieney, in peicent i) the couling water exit temperature, an degrees Fahrenhe,
and () the water low rate, pound imass per hour and 0 cubic feet per minuke

6T 1t is reguired to evaluate the effens of clanging surface condenser size un rowerplam perfornmance.
Consider for simplicits an ideal Bankioe ova be without feedwater heaters. The turhane bt stean is saturated
at 1K psea and has o mass How rate of 8« 10° Iboh. Condenser cooling water s available at 60°F  For
a condenser lizat-transfer ares of 302,467 (1 and overall heat transfer coefficient of 435 Bru h =°F. the
condenser operatcs at | pyia (the same conditions as Prob. 6.6). Now consider that the same plant vperates
with a condenser that has 15 percent more wbes (and surface area) and 15 pereent more cooling water flow

Calculare ta) the new enr warer lemperature, mdegoees Fahrenheit, (b) the new condenser pressure, 1n
pounds per square inch absoluz:, and (0 the pew plant power, in megawatts, and efficiency. Assume thal
the overall heat-transfer cocliicwent 1 Luchanged.

6-8 A two-pass surfice condarnon conains 30,000 10-m-long 3/-in 18-BWG 90-10 Cu-Nj Tubes. Cooling
waler €nters the twhes at 10°C and 2 me.srs per szcond. The condensing temperature is 38°C, Calculate (a)
the capacity of the condensér (heat rejected) in megawatts, and (A) the exit waler temperature, in deprees
centigrade. Take for water ¢, = 4184 J kg - K and density = 1000 kg/m”.

6-9 Consider for simplicity an ideal Ranbine cycle with turbine inlet and exit steam at 2500 psia and
1000°F, and | psia, respectively ard ot Jwaier heating, The steam mass flow rate is 2 x 10° Ibth.

The plant has a two-pass surface conder 1 with 45-ft-1ong 7/8-in 18-BWG-type 304 stainless steel tubes.

Cooling water enters the tubes st 70°F anc 7 fUs. With no flows into the condenser other than urbine steam,

find (@) the plant power, in megawatts, and “fhciency and (B) the total number of tubes if the condenser
terminal temperature difference s 8°F.

6-10 ltis required 10 ¢valuate the effects of changing surfage condenser inlet water lemperature on poweplunt

performance. Consider the ideal Rankine cycle and condenser of Prob. 6-9 (with 25,696 tubes) bur the

cooling water inlel temperature is changed from 707 to 60°F. Calculate (a) the new exit cooling water

temperature, in degrees Fahrenheit, (B4 the new condenser pressurc, in pounds per square inch absolute,

and (¢} the acw plant power, in mcgawatts

Bl A TI0O0-MW two-pasy sirfaes ~ - % Il 18- BEWG tubes. it wses seawster with tube
intet =¢ 7 feet per second and BO°F. and 10PF axis The condier is situated 18 ft above sea level. The
pressure drops in the circulating water system, expressed in head are; 4 (1 in the inlet tunnel, 6 ft in the
inlet pipe, 3 ft in the outlet pipe, and 2 i in the outlet twancl. Calculate (a) the water flow rate in pound
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mass per hour and gallons per mthute, and (b) the pumping in borepower and megaw aits required of the
pumps efciency 1s BO percent. Use for scawater ¢ = 0962 Hiu lbe "R, and density = o Thott'.
6-12 A condenving only feedwater heater uses To8-n-CHY %010 copger mivhel tubes 1t receives B4,000
Ib/hof 95 percent quality bled sicam at 20 psia, and 160,000 1h_h of Jram from the mest higher pressure
hieater at 240F 3.9 = |0 Ib N of feedwater goes throuph the heater at 7 fu)s, 2000 para, and 195°F. The
tenminal temperature difference is °F. Determine the size. lenpth, and number of whes based on a L-tube
desrgn Take 3 masimum allowable stress in the tubes of 150000 1y

6-13 A closed type two-pass feedwater heater receives 100 000 ho) steam at W0 puia and 45077 and
feedwater at J80°F. The terminal temperature dilferences v - 2 65 F  No dram conler s wsed  Dindd 1)
the mass flow rate of feedwater heated, and (b) the water prassure drop, i pounds per square inch, f the
adjusted cold water velovity 1s 8 Uy, the tube length 1s 20011, and the ke snside dramter 15 11652 1o
6-14 A one-pasy condenving only closed feedwater heater reveives saturated extraciion steamm al 80 paa.
ard 107 Ibh of feedwater at 240°F. The terminal tempersture difference i 4°F. Calculate () the total tube
heat-transfer area 1f they are made of 16 gage admuralty metal and the velicity adjusted 1o 62 4 b1, s
B fu's, (h) the amount of extraction steam required, in pound mass per hour, and () the new log mean
temperaturs difference and the new bled steam temperature 20d pressure of the waler veloctly was changed
to 6 fts at the same inlet temperature

6-15 A condensing only closed type feedwater heater receis ¢ saturated bled steam at 80 psia 09 = 100
Ib/h of feedwater enler the tubes at 260°F and 6 [Us. The tubes wee 45 St Jong Leshaped 3 2-0.00D 5.
BWG admuralty metal, The terminal temperature difference is 35 Calculate (@) the mass fow rate of the
bled steam. 1n pound mass per hour, (b) the number of wbes, and (¢) the pressure dron in the hever, @
pounds per square inch

6-16 A ciosed-trpe tao-pass feedwater he sier with \.’:\;:I’trhu.' e sope Tt oo dran conler uves 20070 hing
Fdon 18 8WG adouralty wbes. 17 b hoof feedwater et tubw gt 200 F and § 527 1oy Bied «
15 a1 80 pua and 350 The terminal temperatare defference s 48 The overall heataranster comliticiem in
the desuperteatng zone is 120 Bruh - £t - °F Caleulate o the mass fow rate of Rled sieani, i pound
mass per hour, 1h) the number of twbes, () the pressure drop in the heater. an pounds per squace imch
B-17 A sample of water upon analysis showed that each liter contaitied 00018 ¢ - ol Galeium boarbonate,
00005 g - mol magnesium bicarbonste, 0.0008 g - mol magnesium sulfate, and O 00 g - mo) sedium
sulfate, Calzulate (a) the total hardness in parts per mullion, th the masses of hme and soda ash, bilozrame
per day needed 1o sofien 100,000 L of the water per day and () the mass of sludge, 1n hinznuns, tha
must be disposed of per day. Take the density of water as 1000 kg'm’.

6-18 A single-cifect c\;:lpﬂr:llar receivies motive steam at 7 bans and 180°C and pretreated raw waicr a1 9
bars and 16°C. It has 123 m? of heat-transfer area. Cakeulate the mass flow rates of molive steant and v apes
produced in kilograms per secand. Ignore the pressure drup in the evaporator,

619 A 35,000 Ibh double-effect evaporator receives motive steam at 40 psia and 300CF. Preticated raw
waler enters at 60°F. The pressure in the second effect 1s § puia. Caleulute, for equal heat heads, (a) the
amount of motive steam required, in pound mass per our, and (B the surface areas for cach evapmazatorn,
in squarz {20

6-20 A double-cffect evaporator is to evaporate 15,000 Ib_/h of 60°F raw wafer using 25 psia motive steam
The vapor from the second effect is al 3.0 psia. Find (a) the heat head for each effect, () the muass flus
rate of motive steam, in pound mass per hour, (c) surface area of cach effect, in square feet, and () 1mal
punfied water, in pound mass per hour, if the pressure of the motive steam was changed 1o 17 psia doning

pant load operaton. . .




CHAPTER

SEVEN ,
THE CIRCULATING-WATER SYSTEM !

7-1 INTRODUCTION ) &

The circulating-water system supplics cooling water 1o the turbine condensers and thus
acts as the vehicle by which heat is rejected from the steam cycle to the environment.
The system also supplies lesser amounts of auxiliary cooling water for turbine and
steam-generator buildings, for the fire protection system. and for general station vard
use. In the case of nuclear powerplants, it supplies, in addition, auxiliary cooling
water to the reactor building (for cooling a closed-loop cooling-water circuit to limit
radioactivity release back to the environment). water for dilution and dispersion of

- radioactive wastes released from the plant, and water for decay heat removal when
necessary. The total auxiliary requirements are usually about § percent of condenser
flow requirements.

The circulating-water system is called upon to reject heat 1o the envimpment in
an cinicient manner but one that also conforms to thermal-dis=aarge regulutions. Its
performance is vital to the cfficiency of the powerplant itself because a condenser
operating at the lowest temperature possible results in maximsm turbine work and
cycle efficiency and in minimum heat rejection. Hence, a good heat-rejection system
makes its owa job easier; i.c.. it is called upon 1o reject less heat and is smaller and .
requires less cooling water. ¥ = ’

The heat rejected by the circulating-water system is greater than tha: converted
to useful work by“the steam cycle. In currently operating powerpiants, new and oid,
the heat rejected varies from 1.5 io 3.0 times the useful work outout of these planr
This is siven by the equativn

-

O = (1 —-I)ﬁ/ oo (1)
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Table 7-1 Effect of cycle
efficiency on heat rejection by
1001]-:\!“ powerplants

W 5 Os Ox 0w
1n) 02 S0 Sinnl 4.0
111 E 1) 025 S KILEY 30
LR 1] 0.3} A 2000 2.0
1001 (IR 1)} 2500 1 5000 (]

100 0.50 2000 1000 1.0

where Q, is the heat rejeclion rate. W the power, and 1w the cycle efficiency. To
evaluate the effect of 1 on Qp one should compare plants with the same W, say 1000
MW (Table 7-1). The first and last efficiencies ruuth} represent old small industral
units and hoped-for advanced future units. 7 = 0.25 is for older but sull-operating
powerplants. i = 0.33 represents current nuclear powerpiants of the pressurized- and
batiing-water-reactor type. 7 = 0.40 represents modern high-temperature fossil-fucled
and gas-cooled and fast-breeder nuclear-reactor powerplants. It can be seen-that an
improvement of 7 percent in cfficieney . from 235 10 33 pereent, resubs in 33 pervem
savings in heat rejection (not 8 percent is one s inclined to guess), whereas an efhcienc
improvement of 7 percent from 33 to 40 percent. results in 25 percent savings

7-2 SYSTEM CLASSIFICATION

Circulating-water systems are broadly classtfied as (1) once-through, (2) closed-loop,
and (3) combination systems.

Once-through systerﬁs In cnce-lhr‘ough systems, water is taken from a natural body
of water such as a lake, river, or ocean and pumped through the condenser, where it
is heated and then discharged back to the source (Fig. 7-1). There are generally three
methods of discharge:

I. Surface discharge, by which the condenser water is released in a relatively thin
layer on the surface of the original body of water. The resulting plumc 15 cooled
by evaporation of some of the water to the atmosphere and by mixing with the
cooler water below. $

2. Submerged dise lmrgr, by which the water 1s released as a buoyant jet below the
surface of the body. The jet mixes with the cooler water, and heat 1s eventually
dissipated by evaporation from the mixture.

s wffuser discliarge, by which the water s fel out (hrough @ number of nozzics um
a long pipe submerged across the Howing system, such as across a river. The jets
may point upstream (o promote more rapid mixing. Again heat rejection is accom-
plished by evaporation from the mixture.
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‘Figure 7-1 Schematic of a once-through circulating-water system.

Once-through cooling is. thermodynanucally, the most efticient means of heat
rejection, It uses the lowest-temperature heat sink available to the powerplant. There
are, however, instances when water 15 scarce or when environmental regulations limit
the utihzation of surface waters or the amount of heating they may be subjected
In such cases. the less etticient closed-loop syatems are used.

Closed-loop systems In closed-loop systems, water is taken from the condenser,
passed through  cooling device. and returned to the condenser. Often a reservoir is
placed between the cooling device and the condenser, A nearby natural body of water
is still necessary to supply makeup water to replace that lost by evaporation during

- the cooling process and to receive blowdown from it. There are several types of cooling
devices available for closed-loop systems, These are:

1. Cooling towers may be of the wet type, (Sec. 7-4), dry type (Sec. 7-6), or com-
bination wet-dry type (Sec. 7-8). The dry-type cooling tower is the least efficicnt
of all heat rejection methods but requires no makeup water and hence is suited for
desert installations or where the usesof natural waters is absolutely prohibited.
Cooling towers are also classifed as naaral draft or mechamcal draft. A cooling
tower operating in a closed loop is wud lo be operating in the closed mode (Fip.
7-2).

2. Spray ponds rely ubon winds that blow cioss i ponds and cool fine sprays of

water by cvapo'a:::r.

= 3. Spray canals arc like spray punds excipt the water is sprayed into large droplcls

so that drift loss (water carryover with the wind) is reduced, but at a lower mass-
transfer rate asd-hence lower cooling efficiency. ¢t ;
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Fipure 7-2 Schematic of a wet-cooling tower operating in the closed mode

- .
4 Cooltng fakes are arcas o which the water 1s cooled naturails by evaporation and
radiation, They are the least elhicient of the three sl bodies of water and
therefore require the preatest acreage, but also the least mechamcal equipment.

Combination systems Combination systems combine once through systems with a
cooling device, usually acooling tower, that cools the water before returning 1t to the
natural body of water A cooling tower operating this way is said to be operarive in
the open made (Fig. 7-3). also called the terminal-difference mode. A cooling tower
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Figure 7-3 A wet-coshing tower uperating in the open mode. An alternaie once-through system is shown
by the dashed line . s
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Figure 7-4 A wet-cooling Ivwer operating an the helper mode

may also operite i the helper mode (Fig. 7-4), in which both once-through and
cooling-tower closed mode share cooling duties. This is the case when water supplics
uiey be unrchable, as dunng drougiht penods, upstream intermittent use, or river
temperature hinutations during certamn penods. The cooling tower may carry anywhere
from O to 100 percent of the cooling load. A cooling-tower installation may also be
operated in the closed. open. or belper modes by the proper use of a variety of gates
and valves, ' '
In Figs. 7-1 through 7-4

R = range = temperature rise across condenser
TTD

terminal temperature difference = exit cooling

’ tower temperature — source temperature

-7-3 THE CIRCULATION SYSTEM
Tne system is compozed o1 a number of components. Besides the condenser and the
coaling device, they pre :

1. An intake structure from a natural body of water in an open system or from cooling

towers, Spray ponds, etc., in a closed or helper mode "
2. A circulating-watér pumping station : e -
<
L4 L]
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3. Circulating-water conduits

4. Flow gates

5. Vacuum breaking system

6 Cold- and warm-water channels

The intake system begins with a skimmer wall that assists in obtaining cooler
botrom water from the natural source. The intake stucture, located at the lund end of
an mtake channel, is usually constructed of reinforced concrete. It houses the necessan
equipment for screening debris from the water (Fig. 7-5). The water passes through
bar racks that are mounted across each inlet bay to intereept large debris. The bar-
rack grill sections extend from the inlet-bay floor 1o the wp of the inake structure
with an incline, usually 15° from vertical.

The debris is removed from the upstream face of the bar racks by a traversug
rrash rake, usually operator actuated, that travels across the top of the intake structure
on two parallel rails. [ts main component is a rake basker, typically 10 ft wide, equipped
with teeth. As the basket is lowered, it is opened and the teeth are turned away from
the bar rack to clear the debris from the rack. As the basket is raised. it is closed
that the teeth penctrate beiween the rack bars to clean out the embedded debris. When
it reaches the discharpe position at the top, 1t s opened to dump the trash inte the
trash can. When full, the latter can be requoved from the end of the trash-rake frume
and towed to a disposal arca.

The main circulating-water pumps are further protected by traveling scrcens 2
their intakes (Fig. 7-6). These screens are composed of a series 0l screen pancls,
which typically have 3/8-in® openings and arc connectéd in o continuous fooep actoss
rotating drive sprockets. As water flows through the initially stationary screens, debris
15 deposited on them and held by the force of the moving water. When sufficient Jebris
accumulates, the pressure drop across the screens reaches a point at which the sereen
drve is automatically actuated. The screen panels rotate at top and arc waslied by a
spray. and the debris collects in"a large tray. Manual operation of the screens is alw
provided from the control room. There are typically six such traveling screens per
circulating pump. " -

Tha cacling water now anters a number of large circularing-water pumps operating
in parallel, The number of pumps depends upon the plant and pump sizes, but a usual
arrangement 1s three pumps per pumping station or unit. In nuclear powerplants, the
size of the circulating pumps is such that any one is sufficient to dissipate reactor-
shutdown decay heat. In emergency conditions that pump can be started by the two
standby diesel gencratoss that are part of these powerplants. Each pump discharge to .

~the condensers is equipped with a motor-operated butterfly valve, which is interlocked
with its pump motor so that both will start together to minimize surges in the condenser

The combinied flow goes through a tunnel 1o the condenser inlel conduit Th"

wWbe 0.5 It (2 ma)in diametet, Das a mull.u-u}n.m“.f !.‘!.'”""ﬂ" ralw

in a veaizal iun ol it [t directs the water 1o cach side of the condenser divided T
water box. A similar arrangement on the condenser discharge side, also with a hotor-
operated butierfly + ¢ permiits throtling for testing or equalization of flows in case
there is ‘l?non: than one condenser. The discharge from the condensers now goes through”

eradoit = bk oo
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Figure 7-5 A typical intake system bar rack and traversing trash rake.

"

a discharge tunncl to a warm-water channel that feeds the cooling tower. g matively,

when senditions permit, the warm water is retuned to the pump re by means
of diffusei pipes. These are pantially perforated, corrugated, galvaniﬁd steci pipes
1810 316C L) sint mesvics it LOMQI ©F 116 1ESCIVOIL. 1hcy PrOVIGE WErnal MIXing with
dwrascrvou'w.-nuu. I T T | R e et s
" When the circulating-water system is operated in the closed or helper modes, the
warmswaler from the condenser is directed to the cooling towe pumping stations,
one per tower, tygically composed of two pumps and located T separate reinforced

<

- b o
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concrete pits. The discharges fram the cooling towers flow into a number of common
open cold-water channels, over a weir, through a gate info a reservoir connecting to
the circulating pump intake structure. The weir adjusts for the difference in water level
between the higher cooling towers and the lower reservoir. i
Vacuum svatems are provided at the high points in tunnels, uxuai[» in the warm-

water channel. that are at a pressure below atmospheric at normal design flows (the
syphon effect). ‘The vacuum is normally maintained by a vacuum priming system bur
must be broken by the control-room operator in the case of unusual happenings down-
stream that may cause backflow through the pump and intake structure.

7-4 WET-COOLING TOWERS

Wet-cooling towers dissipate heat rejected by the plant to the environment by these
mechanisms: (1) addition of sensible heat to the air and (2) evaporation of 4 portion
ol the recirculation water itself. When operated in the open mode, there is a third
mechanism: (3) addition of sensible heat to the natural body of water ay a result of
the terminal temperature difference (TTD).

Wet cooling towers have a hot-water distribution system (Fig. 7- 7] that showers
or aprays the water evenly over o latticework of closely set horzontal siuts o bars
citlled fill. orepacting. The till thoroughly mixes the falling water wath air moving
through the fill us the swater splashes down from one fill level to the next by gravity,
Outside air enters the tower via louvers in the form of horizontal slais on the side ol
the tower. The slats usually slope downward to keep the water in, The intimate mix
between water and wir enhances heat and mass transfer (evaporation), whicl cools the
water, Cold waier 1~ then collected in a conerete basin at the bottom of the tower
where it is pumped back 1o the condenser (closed or helper mode) or returned to the
natural body of water (open mode). The now hot, moist air leaves the tower at the
top.

In Table 7-1 it was shown that a modern 1000-MW fossil-fucicd plant-with

= 0.40 wouid reject about 1500 MW at full load. This is roughly equivalent to
512 x 10° Buwh and uses about 760,000 gal/min (48 m¥s) of circulating water, based
on an I8°F (10°C) range. A water-reactor nuclear plant, with n = 0.33. would rzject
683 x 10° Btu’h. Depending upon climatic conditions, the portion carried by evap-
orative mechanism is about 75 percent in hot weather and 60 percent-in cold weather.
It would result in the evaporation, and hence the nced for makeup, of about 7500 gal/
min (~0.47 m's) for the fossil plant and 10,000 gal/min (~0.63 m¥s) for the nuclear
plant in hot weather. In<old times the figures would perhaps be reduced by 20 percent
(Table 7-2). Additional makeup is required for blowdown and cooling-tower drift
(below). The balance of heat rejected is mostly due to heating the air, and is greater
in cold than in hot weather. Blowdown 1s nnrmal]y 20 percent and dnn is 210 2.5
percent of the evanoriun losses [531.

Wiingh cooling wwers show the obvious advantage of reducing water demand
for available water by at least 75 times, they do this at the expense of large capital,
Jand, and operational costs, as well as some water pollution of their own, noise and,
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it 1s often said, sight pollution. Nevertheless, environmental regulations and thermal
pollution of once-through systems, and the increasing scarcity of dependable natural
water supplies in many parts of the world, are forcing utilities into building more and
more cooling towers (and some other systems such as cooling ponds). Once-through
systems, it should be recalled, are the most efficient cooling systems and <hould be
preferred of there is an abundance of natural water.

Wet-cooling 1owers are classified as either (1) mechanical-draft or (2) natwral
drafr cooling towers. Each of these types is further clussified as (1) counterflow or (2)
cravs-flow cooling towers (Fig, 7-7).

Cement-osbeslos Orift eliminators Hire-mesh fan guard Haoadrails
sheothing \ " R

Concrete
basin -
Wood bosin on lavr sides

Wood fro nauls! o

Code-appro p_‘ﬂi'

- sfrvcture \ plastic packing
; : Redzood pipe milh
Stees boams _Siee! broze rods waier disiabulors

la)
Figure 7-7 The four types of wet-covling towers. (a) medhanical-draft counterflow, {b) mechanical-draft
cross-flow . () natural-dralt counterflow, () natural-draft cross-flow [51.52). (Not drawn to same scale)
. {Continued on next (o pages.)
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Figure 7.7 (continued |

Table 7-2 Typical e\apara_lian from wet-cooling towers serving a 1000-MW plant

Circulating-waler flow,

R = I18°%F = 10°C Evaporation
L.
n MW Lal un niy Chimate cal min m'/s L
3,237 s RSN 478 Ho [EALE T} u.63 1.3
3 Cold £000 0.50 1.0
040 150 568 (00 358 Hot 180 047 1.7
v . Cold H000 0.18 1.0
.4
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Mechanical-Draft Cooling Towers

In mechanical-drafi cooling towers, the air is moved by one or more mechanically
driven fans. As in steam gencrators, the fans could be of the forced-draft, (FD) type,
which would be mounted on the lower sides to force air into the tower. This type
would theoretically be preferred beeause the fans would operate on codler air and
hence consume less power. However, experience with this type of fan has shown somo
disadvantages because of air distribution problems, leakage, recirculation of the hot
and moist exit air back to the tower, and frost accumulation at the fan inlets during
winter operation,

The majority of mechanical-draft cooling towers for utility application are therefore
of the induced-draft (1D) type. With this type, air enlers the sides of the tower through
large openings at low velocity and passes through the fill. The fan is located at the
top of the tower, where it exhausts the hot, humid air 1o the atmosphere. Induced-
draft cooling towers are usually multicell with a number of fan stacks on top and come
in various arrangements: rectangular, octagonal, circular, etc. (Fig. 7-8).,

The fans are usually multibladed and large, ranging from 2 10 33 1 (0.6 to 10 m)
in diameter (Fig. 7-9). They are driven by eclectric motors, as large as 250 hp, at
relatively low speeds through reduction gearing. They are of the propeller type, which
move large volumetric flow rates at relatively low static pressures. They have adjust-
able-pitch blades for minimum power consumption, depending upon load and climatic
conditions. The fans and their drives are designed to function satisfactorily in the hot,
humid atmosphere they are in. The blades are usually made of cast aluminum, stainless
steel, or fibergluss, although plastic and laminated wood have been used.

The airflow into the tower is roughly horizontal. The flow in the fill however is
either horizontal, in which case it is a cross-fiow cooling tower, or vertical, in which
case it is a counterflow cooling tower (Fig. 7-7a and 7-78).

The main advantages of mechanical-draft cooling towers are the assurance of
moving the required quantity of air at all loads and climatic conditions, low initial
capital and construction costs, and a low physical profile. Their main disadvantages
are power consumption, operating and maintenance costs, and greater noise [54].

Natural-Draft Cooling Towers - !

Natural-draft cooling 1owers were developed in Europe. The first ones, érected in
Holland early in this century, were made of wood. They evolved to wood on steel
and finally to the reinforced concrete used today. The early shapes were nearly cylin-
“drical, followed by an inverted truncated cone on top of another,” and finally the
hyperbolic shape of today, Their most extensive use has been in England. In the United
States, the first unitavas binilt in 1972, and the numberbeing built has risen dramatically
since. One hundred units were expected 1o be constructed by 1980 |51

Natural-draft cocling tewers use no fans. They depend for airfiow upon the natural
driving pressure caused by the difference in density between the cool quisiae air and
the hot, humid air inside. The driving pressure AP, is given by

&
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AP, = (p, - p,wf (1-2)

where N, = (lcn\ill_\'_nf outside air, b ft™or kg/m’ .
p. = density of inside air. taken at exit of the
fill, Ib/ft* or kg/m’
H = height of tower above the fill, ft orm
¢ = gravitational accéleration, fvs® or m/s?
£ = conversion factor = 32.2 1b,, - ft/(lb, - s%) or

1.0kg * m/(N + s9)

1his driving pressure must balance the air-pressure losses through the tower.

. Because p, — p, is relatively small, & must be large to result in the desired AP,
Natural-draft cooling towers are therefore very tall, often a few hundred feet. The
tower body, avave the water distribution system and the fill, is an empty shell of
circular cross section but with a hyperbolic vertical profile. Natural-draft cooling towers
we therefore often referred w as Ayperbolic towers. The hyperbolic profile has been
tound to offer superidy strepgth and the greatest resistance to outside wind loadng
(pressure due to strong winds) compared with other forms, so that substantially less
matenial is needed and thicknesses can be as low as 6 or 7 in at the waist. It has litle
to do with inside airflow. Nawral-draft cooling towers are made of reinforced concrete,
very large volumes of concrete, and sit on “stilts” or diagonal support columns in a
shallow basin of water. They are an imposing sight from afar, dwarfing the powerplant
itself (Fig. 7-10).

Natural-draft cooling rowers are also of the counterflow or cross-flow types (Figs.
7-Tc and 7-7d). In counterflow, the fill is inside (above the stilts), spread over a large
area, and is therefore shallower, In cross-flow, the fill sits in a ring outside the tower
outside the stilts. .

The choice between different types of cooling towers depends upon many factors,
- the most important of which are climatic and economic. Mechanical-draft towers are
the choice when the approach (the difference between the temperature of the cold
water leaving the tower and the wet-bulb temperature of the outside air) is low and
when a broad range of water flow is expected. The latter factor is made possible
because they are usually built as multicell units with a variable-airflow fan, a design
which offers versatility and good response 1o changes in cooling parameters and
" demands.

Natural-draft towers are selected most often: (1) in cool, humid climates (low -
wel-bulb temperctures and high relative humidity); (2) when there is a combination
vi luw wee-oulo winperatres and hieh conoensei-waicr infet and outiet temperature,
i.e., a broad range and fong approach; or (3) in cases of heavy winter loads. Economic
factors favqr them when, because of their large capital costs, a long amortization period
can be arranged. In general, they are favored for very large powerplants where fewer
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and larger towers can be built. In the carly 1980s mechanical-draft towers still com-
manded the lion's sharc in wility and large industrial installations, although natural-
draft towers are expected to gradually increase their share in the future, |

The choice between cross-flow and counterflow of either type is less clear. Cross-
flow towers offer less resistance to girflow, thus allowing higher air velocities than
counterflow towers. They are, however, less efficient. Both designs, therefore, haver
counterbalancing advantages and limitations, and the choice depends upon the partic-
ular application. Natural-draft towers, however, recently ordered have been in the
counterflow variety only

The Water-Distribution System

The warer-distribusion system dispenses hot condenser water evenly over the fill. There
are several types, among them are: (1) Graviry distribution, used mainly on cross-
flow towers, consists of vertical hot-water risers that feed into an open concrete basin,
from which the water flows by gravity through orifices to the fill below (Fig. 7-114).
(2) Spray disiribution, used mainly on counterflow towers, has eross piping with spray-
downward nozzles (g, 7-110). (3) Rorary distribunion comsists of two slotted dis-
nbator arms that rotate about a central hub through which waler comes n under
pressure. The slots are aimed downward but slightly to one side. resulting 11 » curtain
of water at an angle and » reaction force that rotates the arms at 25 10 30 roun. The
speed of rotation can be varied by adjusting the slot angle (Fie 7-11¢)

i

1l
il
il
Figure 7-11 \antr:dis&;bulirin t)‘\ll:m; fa) gravity, (b) ipr;y, (c) rotary [51]. -

o
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The Fill
The fill, or packing, is the heart of the cooling tower, It should provide both good
water-air contact for high rates of heat ransfer and mass transfer and low resistance
1o airflow. It should also be strong, light, and deterioration-resistant. There arc basically
two types of fill: (1) splash rype and {2) film, or nonsplash, npe.

Splash packig 1s made of bars stacked in Jdecks (Fig. 7-12e) that break the water
i drops as it falls from deck o deck. The bars come in differers shapes [32]—
are smooth or rough, and are made of itk ent matenals—

narow, square, or prd
redwood, high-impact polystyrene, or polvethylene. Splash fill provides excelient heat
and mass transfer between water and air.

Film fill is usually made of vertical sheets that have a rough adsorbent surface
that wets well and allows the water to fall as film that adheres to the - entical surfaces
{Fig. 7-12h). This cxposes-the maximum water surface to the air without hreaking it
into drops or small rivalets. Film fill 2bso comes in different shapes and materials:
redwood battens, cellulose cormugated sheets, asbestos-cement sheets, and wascform
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metal or plastic. Film fill presents less resistance to airflow and requires less total
height than splash fill.

The present trend in materials for wet-cooling towers favors concrete structures
with plastic fill, drift eliminators (below), fan stacks, fan blades, and manifolds, valves,
and nozzles. The concrete-plastic combination results in longer life and less mainte-

nance.

Drift and Drift Eliminators

Drift 15 water entrained by and carried with the air as unevaporated dnzzle or line
droplets. This water is thus lost to the circulsung-water system and does not contnl e
to heat removal by evaporation. (The problem is somewhat similar to the carryover
of droplets by the steam in a boiler drum.) Drift is minimized by drift eliminators
(Fig. 7-13), which are baftles that come in une, two, or three rows. The baffles force
the air to make a sudd» ~%anoe in direction. The momentum of the heavier drops
separates them from the air and impinges them against the baffles, thus forming a thin
film of liquid that falls back into the tower. The baffles are made of wood. metal, or
plastic. 100 percent drift elimination is not possible, but a well-designed system results
in water loss less than 0.2 percent of the circulating water. This, of course, should
be compensated for by the makeup system. The drift eliminators are situated at air
exit from the fill, above it in counterflow towers, and to the side in cross-Aow towers.
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The Basin

The cold-wuter basin, situated beneath the tower, collects and strains the water before
it1s pumped back to the condenser (in the closed mode). talso receives the circulalng-
water mikeup It has makeup inlet and outlet. quickfill, pverflow, drain, and blecdof!
connections. Large utility tower basing are usually made of conerete. They are sized
to permit to et operation for several hours without adding makeup. The drain is used
1o remove silt deposits and control water level in case of fow surges. Water Jeaves
the basin via 2 sloped canal at the bottom and through screens that prevent debris from
entering the pumps.

Makeup

The total makeup required by a cooling tower is the sum of that which would com-
pensate for evaporation. drift; and bleeding or blowdown. The latier is water inten-
tonally discharged from the circulating-water system and replaced with fresh water.
This water, in addition to makeup for evaporation and dnft. keeps the concentration
entrations would contiruonsly
ated carlier (Tahle 7-2), the

of salts and other impurities down Otherwisd these con
build up 2+ the water continues o evaporite. As i
evaporation loss rafe iy 1 1o 1.5 percent of the tatal Greuluting-water Mlow rate. The

dritloss tvmuch less, perbips 003 percent Large quathities of drift cannot be tolerated
because, 1 addition to the plume [S5]. they can cause water and 1cc deposition problems
at and pear the plant site. Bleeding accounts for an amount comparable to the evap:
oration loss 1f the solids concenirations are 1o be kept low but may be reduced if higher
concentrations can be tlerated. Tuble 7-3 prves @ breakdown of water makeup rc-
quirements for typical 1000-MW fossil-fired and water-reactor nuclear powerplants
for different cooling ranges [S3]. 1t shows that the total makeup s independent ol
runge but.that the perceatage ol wtal os 1 oot ’ <

Circulating-Water Quality and Blowdown Pollution

The circulating water is warm and fully aersted, contains suspended solids, is relatively
high in conductivity, and is a good biological nutrient. -

LIt is almost always corrosive. requining a corrosion inhibitor such as chromates.
To prevent scale and deposits that fou! heat-transfer surfaces. it often needs scale
inhibitors. Stlt washed off the air by the cooling tower usually 15 in the form of small
colloidal matter and is difficult to remove, but can be treated by a family of chemicals
called polyelectrolytes. These keep the particles suspended in flowing water but allow
them 1o precipitate in hasins where they can be remosed as mud. Microbiologicul
groweh (alawe <lime. bacteria), hpgidee o fam santribatee oo eoreosicn by chiclding
metal surfaces and thus provlucing ~vvaer rameantzation coiis. in addition, the deconi-
position of the organisms produces 11,8, CO,. and other products, themselves cor-
rosive. Chlorination, alternated with biocides, is used (organisms can build up tolerance
to chlonne, if used alone). : o -
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Table 7-3 Typical makeup demand for 1000-MAW powerplants

Tower . Bleed required to maintain

water . concentralion,® pal/nun
Range. Tiw. Drift, Evap.. 7
F gal min galmin  galimin. 2 4 6 8

Fossil-fuel~d plant

GO0 0 180 6750 6,570 2070 1170 T84

5 1o, 00 108 6750 h.642 3142 1242 B56
A5 257,153 2 4750 6,672 2173 ya13 887
45 200000 o0 6750 _h.6%) 21940 1290 e
Total makeup required , gl min 13,500 Y100 8100 1714

Nuclear-lucled plant

15 400,000 270 10,125 9,855 3.105 1,755 1.176
25 540,000 . 162 10,125 9,963 3.213- 1,863 1,284
8] 385,718 115.7 10,125 10,00 3,259 1.5 1331
435 300,00 o0 10,125 10,035 4,285 1,935 1,556

Total makeup required, galimn 2250 13,500 12350 11,571

" Conventration = tevap, + dritt hf.-c-.ll-'l:vlnfl + bleed)
Mot Based on heat-regection rates of 4500 amd 6750 DLekWh, respectively. Data based on
i evaporation 0,073 pereent of recireulated gal man per F range and (2) 0.03 percent
dnft loss. Daty from Ret 83

Because of all the above add tives, cooling-tower bleed or blowdown can be an
unacceptable source of pollutics o the natural body of water. (Boiler blowdown is
another source of poliution, It is mainly thermal but also contains small quantities of
phosphates and organics. ) Biced £1+5 contun chemicals and various minerals contained
in or added to the circulating water, including chromate inhibitors, various phosphates,
organic and inorganic compounds, combined with some heavy metals.

Bleed. therefore, has to be handled with care. Depending upon the size-of plant
and the extent of contaminants, it may be discharged 1o the body of water, treated
before being retumned, or allowed to mix with other plant wastes, such as boiler
blowdown, etc:, and treated ali in one installation. T

An example of treatment is the removal of chromates by reducing them from
hexavalent form to trivalent chrome with FeSO,, then precipitated as Cr(OH), by
elevating the pH with lime (or an alkaline stream from somewhere else in the plant).
The resulting sludge can be disposed of in various ways or reused. Another alternative
is to use nonpolluting inhibitors, but these are, at least for now, of qugstionable ability
and econcmics 156

A Hybrid Wet Tower - i

Nawril-drift cooling towers are huge in material, height, and land requirements but
consume little powér for operation. Mechanical-draft cooling towers are smaller dnd
& -
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Figure 7-14 A hybrd or fan deisiad haporbsbic tower |51

cheaper but consume power and suffer from air recirculation. As often happens.
someone has come up with 3 compromise. This is the hvburd on fun-assiied hyperbolic
tower, which combines the best features of natural- and mechanical-draft towers,

The hybrid tower (Fig. 7-14) has a reinforced concrete by perbalic shell, similar
but smaller than that of the natural-draft tower. In addition, it has 2 number of large
electricatly"driven forced-draft fane sitwated around the periphery of the hase. The
hybrid tower will have roughly two-thirds the base diameter (43 percent of the land
aren) and half the haight of & ¢ o2 Baft tower designed for the same performance,
and hence will have less of a visual impact on the landscape. The fans will give better
airflow control than natural-draft and will consume less power than mechanical draft
The high velocity and height of the exit air will climinate the hot-air recirculation
problems associated with mechanical draft towers. Hybrid towens can also be operated
during the cald part of the year without Tans as natural-dratt units. Comstruction costs
will be intermediate between naturals and mechanical-draft wwers.

7.5 WET-COGLING TUWER LALCULATIONS

Wet-cooling tower calculations involve energy and mass balances. The energy balances
here will be based on the first-law steady-state steady-flow (S55F) equation. There
arg, however, three fluids entering and leaving the system: the cooling water, the dry
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air, and the water vapor associated with it. The mass balance should also take into
account these three fluids

Because air hunudity s an important factor in wet-ower caleulations, a short
review of tower and psychrometric terminology is appropriate at this time,

Approach This is the diference between the cold-water temperature and the wet-
bulb temperature of the outside air. .

Range (or cooling range) The range is the difference between the hot-water tem-
perature and the cold-water temperature.

Saturated air This 1< 2ir that can accept no more water vapor al jis given lemperature.
A drop in that temperature would result in condensation and the new cooler air would
also be saturated. An increase in that temperature would make it unsaturated so that
it could accept more water vapor. The partial pressure of water vapor in saturated air
equals the saturation pressure P, (obtained from the steam tables) at the air temper-
alure. For example, saturated air at 60°F and 14.696 psia, would have .

Partial pressure of water vapor P, = 0256 psia
Partiad pressure of dey air P, = 14,340 psa
Total pressure P o= 14 .69 pua

Recall from thermody namies of gas mixtures that the partial pressure ratios, the volume
ratios, and the mole frucions of constituents are all copui] . Water vapor inoair s al
such low pressure Gts partial pressure) that it s treated as a gas with little ¢rror.

Relative humidity This is cqual 1o the partial pressure of water vapor in air P,
divided by the partial pressure of water vapor that would saturate the air at its tem-
perature P, Relative humidity is given the symbol ¢,

P,
¢ = “;;: (7-3)

Thus, for air at 60°F, 14 696 psia, and S0 percent relative humidity
’ P, = &Py = 0.5 x 0.256 = 0.128 psia

P,= P—P, = 14696 — 0.128 = 14,568 psia

P

]

14.696 psia . 3

and ¢ = 100 percent refers (o saturated air.

- -

Absolute humidity (also calied humidity ratio) This it the air per unit mass nfdrv
air (da). Absolute humidity is given the symbol w. Usiog v = mR1 for boils water
vapor and dry air
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m, 53.3p.  D.622P,

W = == T e—

m, 85.7P, P - P (73

where 533 and 85.7 arc the gas constants for dry air and waer. respectively. The
absolute humidiy of saturated air 1s then given by
0.022P,,

- (7-3)
P = Py

Wy

In the above example, air at 60°F, 14.696 psia. and 50 percent ¢ would have
w = 0.005465 Ib,, water vapor/lb., da and w,,, = 0.01103.

Because saturation pressure increases rapidly with temperature (as all vapor pres-
sures do). it can be deduced that warm air can hold much more moisture than cool
air.

Dry-bulh temperature This is the temperature of the air as commonly measured and
used. In psychrometric work, it 1s called dry-bulb to distinguish 1t from the wet-bulb
temperature (below). [t is the temperature as measured by a thermometer with a dry
mercury bulh, a thermocouple. ete.. and is given the symbol T or T

Wet-bulb temperature This is the temperature of the airas mensured By a poe hrraine-
ter in effect 3 thermometer with a wet gauze on its bulb, hence the name Aur 1s mads
to fiow past the gauze If the airis relanvely dry. water would evaporate frem the
gauze at a rapid rate, cooling the bulb and resulting in s much lower readmy than if
the bulb were dry. If the air is humid. the evaporation rate 1 slow and the wet bulb
tessperature approaches the dry-bulb temperature. If the airis ssturated be. & = i
percent. the wet-bulb temperature equals the dry-bulb temperature. Thus. for a given
7. the wet-bulb temperature is lower the drier the air. The wet-bulb temperature is
given the symbol Ty "

Dew point The temperature below which water vapor in a given sample of air begins
to condense is called the dew point. It is equal to the saturation temperature corie-
sponuing tw the partial picssure of the water vapor in the sample Thos for the =b2ve
air al 6G0°F and ¢ = S50 percent, the dew point cquals the saturation temperatu”= at
0.128 psia, which is 41.3°F. For saturated air T, Tus, and the dew point are all equal.

Psvchremetric chart This is a chart that relates @, w. T... and T but which miy
also contain additional information suel as enthalpy and specitic volume (App. M)
Psychrometric charts are caleulated for | standard atmosphere pressure and are based.
on 4 unit mass of dry.air plus associated water vapor. that is, on 1 + w. Thus ail
datn in Ann M are for a fixed 1.0 Ib, of dry air (da) plus a vanable o Ib,, watzr
vapor/lh. on L_neck the above examples on the chart.

Energy balance The first-law SSSF cqumiun with three fluids will now be written
for the tower fill as a system (Fig. 7-15). It applics Yo all types of wel towers. Changes

r
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e petentiad and Kinetic energies and heat transfer are all negligible, No mechanc i
work 1s done. Thus only enthalpies of the three fluids appear. Following psychrometn
practice, the cquation is written for a unit mass of dry air

h,,; + w,h,., + Wahw;\ = J'luz + w;.h..z + “’lth, { =6
where h, = enthalpy of dry air, Buw/lb,, or ¥kg
' w = mass of water vapor per unit mass of dry air
= absolute humidity, dimensionless
h, = cnthalpy of water vapor. Btu/lb,, or Jikg

W = mass of circulating water per unit mass of
dry air, dimensionless

hw = énthalpy of circulating water, Btu/lb,, or J/kg

The subscripts | and 2 refer to air inlet and exit, and the subscrps A and # refer to
circulating-water inlet and exit, respectively.

ek e v -
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. @
Because of the low pressures and temperatures commonly encountered in towers, the
above equation can be simplificd with litle ermor by the Iollowing approximations.

by = iy = (T — T} ¢, = U.24 Buw/(lh, * °F)

o

h h, from the steam tables

Il

fiy = & from the steam tables

The air kzaving the system at 2 is often salurdted.

Mass balance The dry air goes through the tower unchanged. The circulating water
loses mass by evaporation. The water vapor in the air gains mass due to the evaporated
water. Thus, based on a unit mass of dry air

W — ) = W, V'..u (771

Equation (7-0) can now be written in the form

wihy + Waly o = c(Ts = T)) = wmhy + Wy = (=)l (7-8)
At pressures £ other than 1 standard atmesphere, where the psychirametric chun would
not anpls, and when 77 and T are known. the value of P, and hence . from By
(7-41 1> obtained from the empincal Camer equation. %
(Fo= PNT = T .
e e -9

2800 = L3,

F, (pswa) = P -

where P, L 18 the vapor pressure comresponding w Tap, psta, wnd T and 7oy are in B

Air densities We will now evaluate p, and p in Eq. (7-2), repeated below.
N 1 -

AP, = (p, — paH~= (7-2)

The drving pressure AP, which should equal the air-pressure losses in the tower, is
used to caleulate & in natural-draft cooling towers. Here p, is the 2a1side air dencuy
and p, the inside air density at the alr exit of the fill, and #{ the Lcight of the 1ower
above the fill. The density of any gas mixture ts equal 1o the sum of the densities of
its constituents as they all occupy the same volume. Thus, using p = m/V = P/RT.

. =i_'_£:_' i P . (7-10)
. R.Ti RT,

and R Lobe, fs . (7 11}
! R,T: AT

el

where tne subsenpts 1 and 2 again refe 10 air inle! and outlet, B, z20d B, Sic lic g
constants of dry air and water, respectively, and the temperatures are in degrees

absolute. .

@ * L
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The densities can also be obtained from the specific volume v lines of the psy-
chrometric chart 1f P = | standard atmosphere. Note, however that Ihcu_‘ are given
in f1Y1b,, da, so the densities of the moist-air mixture would be 1 + w divided by v
as given in the chart. Note also that the v lines are rather widely spaced, which leads
to less accurate evaluations. Small inaccuracies in p, and p, could lead to large errors
in the difference between them.

Example 7-1 A natural-draft cooling tower with a range of 20°F receives 360,000
gal/min of Y°F ¢rrculating water. The outside air is at 60°F, 14.696 psia, and 50
pereent relative humidity. The exitairis at 80°F suturated. Calculate (1) the amount
of makeup water to compensate for evaporation, (2) the outside air required in
fi''min, and (3) the height of the cooling tower if the total pressure losses are,
0.0105 ps

SOLUTION Referring to Fig. 7-15,
w, = U.005465 (calculated earlier)

([ Sl 0. ‘iL‘()R’«

G, = e Sl = 0.022217
[4.040 0 5l]r‘|‘§3
I, 17 7 B lb,, he = 1096.4 Btu b,
Ty o= 9k fa =90<=30 = 70°%F v,a = DO16050 ftY]b,,
i ik e 360,000 x 0.1337
= rass beonn pde o weater entening lower = ————oo
; > ¢ 0.01605
= 3~ |0 lyymin

Iy 4 = 3s.uiw Bulb,, h, g = 38.052 Bulb,,

Relerring w £y, (7T-8)

0.005465 > 877 4+ W, x 58.018 = 0.24 (80 - 60) + 0.022217
% 1096.4 + [W, — (0.022217 — 0.005465)] % 38.052

Therefore &
W, = 1.1308 Ib,, water/lb da
=* . W, 3xI10° :: i _
Dry air reauired = ﬁi T 2,653 ¥ 10" Ib,/min
hiilkil—il‘l due to evaporation = 2.653 x 10" (wa—w,) i
= 5.0444 x 107 1b,/nun
& 0.0444 x 10° x 0,01605
. : . = =5 /mi
: = 3 0.1337 33‘5 gal/min
. ¥
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Referring to Egs. (7-101 and (7-11)

(14,696 — 0. 128) = )44 5 0128 x 144
) — ’
L 533460 + 400) B5.70(60 + 460)

= 0.07563 + 000031
= () 07604 1h. it

(14696 — 0.30683) = 144 0.50683 x 144
= = 4
F 533480 + 460) 85.76(80 + 460)

= 007094 + 0.00158
= (.0725] b, ft'
Total outside air required = 2,653 % 10°(1 + w))
= 2,653 » 10" ({1 + 0.005465)
= 2.6067 x 10" b, /min

2.667 % 10
Actual volume flow rate of outside air = ———
Cclual volunw W rale outside air o

= 35.072 x 10" fi“min

Referning 10 Eg (7-2)
APy

Height of wwer above fill = —————
(. — piele

~0.0105 x 14
0.07604 — 0.0725)
= 42833 ft

7-6 DRY-COOLING TOWERS

A dryv-cooling tower is ong in which the circulating water is passed through finned
tubes over which the cooling air is passed. All the heat rejected from the circulating
water is thus in the form of sensible heat to the cooling air. A dry-cooling tower can
be either mechanicaul-draft or natural-drafi.

Dry-cooling towers have attracted much. attention in recent years. They permit
plant siting without regard for large supplics of cooling water. Typical sites are at of
near sources of abundant fuel, which cuts down fucl transpostation Costs. al or near
the wility load-distnibution center. which cuts down transmission costs; and at existing
plants that need to be expunded but do not uve sufficient waier for the addirion. Other
advantages of dry-coolng towers are that they are less expensive o maintiin than wel

-
2
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towers and do not require large amounts of chemical additives and periodic cleaning
as do wettowers. Their main disadvantage is that they are notas efficient as evaporative
cooling, and the reselt 1s higher turbine back pressure, lower plant eycle efliciency.,
and increased heat rejection, (The situation worsens at high atmospheric air temper-
atures.) Small dry-cooling towers have seen extensive service i such installations as
industrial-process couling, air conditioning, and atmosphenic-air-cooled heat exchang-’
ers. Large unlity dry-cooling towers have seen more usage in Europe where they have
been developed. with a number of installations i successful operation. The recent
attraction in the United States is certain to grow as powerplants get higger and available
water supphes dwindle so that even the makeup water needed by a wet tower will be
burdensome, not o speak of once-through cooling.

Another important plus for dry-cooling towers is the increasingly restrictive en-
vironmental legislation on thermal pollution of once-through systems, hlowdown pol-
lution, and fogging and icing of wet towers, which are a real menace in certain
localities.

Because of the above-mentioned advantages, dry-cooling towers are intended to
operate only in the closed mode. There are two basic dry-cooling tower types: direct
and indivect .

Direct Dry-Cooling Towers

This system combines the condenser with the tower (Fig 7-10). Turbine exhaust steam
iy admitted 1o a steamn header through large ducts to minimize pressure drop and is
condensed as 1t lows downward through a large sumber of finned tubes or cotls in

Taorbne ¢ aliauist
shodm

Steam
hegder

Fanmivad \ Q:“\\

tihang f-\ -
2

Forced it =
fan

Condepae
headers

Condenwte

Ferdwaler teceiver

1o plant P -
Condensale
mimp

o =

Figure 7-16 Schematic cross section of a direct dry-cooling tower.

<



THE LU ANSG WATIR sasTis 29]

parallel (only two are shown), The Later are cooled by atmosphenic air flowang in a
natural-draft coohing-tower setup or, as shown, by a forced-draft fan. As with surface
condensers (Sec. 6-3), there is a system for removing noncondensables and air, There
alsais a system for the prevention of freezing in cold weather (below). The condensate
flows by gravity to condensate receivers and 1s pumped back to the plant feedwates
system by the condensate pump.

Durect systems operate at the disadvantage of high sacuum in the cooling .coils
and the need for Jarge steam ducts. They are hnuted 1o small-size powerplants, The
largest direet installatton i the United States s the 330-MW minemouth Wyodak
powerplant near Gillette, Wyoming, built by Pacific Powdr and Light Co. and the
Black Hills Power and Light Co. Turbine exhaust sicam s admitted to the coils via
two [3-ft diameter ducts.

Indirect Dry-Cooling Towers

These are of three generad designs. The first uses a conventional surfuce condenser
(Fig. 7-17). The circulating water leaving it goes through finned tubing cooled by
atmospheric air in the tower. The latter could be natural-draftor, as is shown, induced-
draft. In this design there are two heat exchangers in serie< and twao temperature drops,
one between steam and water and one between water 2nd we. This double irreversibainy
mposes a severe penalty on turbine back pressure. H’u« necessiating” operating at
condenser pressures of whout 2.5 to 4.0 psia (017 10 027 pan compared with 0.5 w

. Luvw priasiarse fathries
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Flgure 7-17 Schematic of an imbirect dry coohing tower with a comventional surface condenser
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1.0 psia (0.034 to 0.069 bar) for once-through \}s'h:ms The results arc loss in cycle
efficiency and increased heat rejection.

The second design of indirect dry-coolmg towers climinates the intermédiate water
loop and uses an open- or direct-contact condenser (also called a jet or spray. condenser,
Sec. 6-2). As operation (of all dry-coching towers) is in the closed mode and no
atmospheric or surface water impurities enter the system through makeup, the circu-
lating water can be mixed with the steam from the plant, hence the open-type condenser
The turbine exhaust steam enters the open condenser where the cold circulating water
is sprayed into the steam for intimate mixing (Fig. 7-18). The condensate falls to the
bottom of the condenser, from which most of it is pumped by a recirculation pump
under positive pressure to finfed tubing or coils in the tower. This part, cooled, retums
to the condenser sprays. The balance of the condensate, equal to the steam mass flow,
is pumped to the plant feedwater system by the condensate pump. Again the tower
may be natural-draft or forced-draft, The ratio of circulation to feedwater is large (Sec
6-2). Alternately only one pump may be used on the condensate from the condenser
and flows adjusted by proper valving. ~Condensate polishers (Sec. 6-8) may be used
o maintain the circulation water at condensate quality. Another optional component
is a waleryrecovery turbine, between tower exit and condenser inle.. that is cunncclm}
to the drive shaft of the circulating-water pump to recover seme ¢f the work of that
pump. This indirect system is expected o be more elficient. more cconomical, and
more feasible for large plants

The third indirect dry-cooling tower design uses i circuialing vaponzing coolant

)_
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Flgure 7-18 Schematic of an indirect dry-cooling tower with an open-type condenste ' %
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Figure 7-19 Schemanc of an indirect dry-cooling tower with a surfice condenser and a two-phase recir-

culshng conlant (asumonial,

nstead of water. The one that has been developed use: ammonia as the heat-transfer
medium between the steam and air (Fig. 7-19). The use of ammonia enables phase-
change heat-transfer boiling in the condenser tubes and condensation in the tower
tubes. Nearly saturaled liquid ammenia enters the surface condenser and is vaporized
to saturated vapor. The vapor flows "o the lower finned coils and is condensed to
saturated liquid. The latter 1s pumped back to the condenser. The boiling and con-
densation modes have much higher heat-transfer coefficients, on the tube side, than
foreed convection of a single-phase tuid (as water in Fig. 7-17), This results in (1) a
lower temperature difference between steam and ammoeniz, and between ammenia and
air. and (2) reduced size and power reguireménts of the equipment. An optional addition
is 3 compressor on the ammuoniz vapor [0 nuse 1its emperature sufficiently above that
ot the ar duning particularly hot days, which would result o enhanced heat transfer
i the tower. This makes the system resemble that of a s gpar-compression relngeration
system The work ol the compressor can be panly recovered by the placement of an
expander (turbinet in the hiquid hne

A 6-MW demonstration plant using an aminania system 1s undergoing tests. near
Bakerstield. Califorma. The plant is part of the 1S0-MW Kem powerplant of the
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Figure 7-20 An artist’s conception of a dry-cooling-tower sysicm serving a twin-reac or nuclear powerplant
in an and area. (Courtesy the Marlev Cooling Tower Company, Mission, Kunsas. )

Pacific Gas and Electric Co. The tests are sponsored by the Electric Power Research
Institute, the Department of Energy, and a consortium of utilities |57].

Thermodynamic data of amomnia may be found in App. C.

Because of their lower heat-transfer capabilities, dry-cooling towers in general
are larger and require more land arca than wet towers. Figure 7-20 is an artist’s
conception of the dry-cooling tower system needed for a twin-reactor nuclear pow-
erplant,

7-7 DRYrC()(I)LlJ\'G TOWERS AND PLANT EFFICIENCY
AND ECONOMICS

A parameter of importance 1o dry cooling towers is the iinel semperdture defference
(ITD), given by
ITD = temperature of hot water or other Quid entering the
tower — temperature of outside cooling air

The temperature of the vutside air here is the dry-bulb temperature. Wet-bulb tem-
peratures do not apply (o dry-cooling towers. The most cconomcal 1TD range is 50
to GO°F (10 w 16°C)
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The heat dissipated by a dry-cooling tower is proportional to the product of the
sire of cooling surfuce in the tower and the ITD. other things being equal Thus for
a given tower, an increase in load cuuses an increase in ITD, and hence an increase
inthe temperature of the circulating water entering the condenser and the back pressure
on the turbine. For example, if the outside air is at 74°F, ITD = 60°F, the 1omer inlel
circulating waler temperuture is 134°F With a 6°F condenser terminal tlempetature
difference, the steam condensing temperature would be 140°F, corresponding to 2.89
psia (0.2 bar).

I the plant heat rejection increases by 10 percent, ITD becomes 66°F and the
condensing temperature and pressuze would climb o 146°F and 3.37 psia (0.23 bar).

On the other hand, it the heat rejection and ITD remain the same, bul the vutside
air temperature increases from 74°F to 90°F. the condensing temperature and pressure
would be 156°F and 4,31 psia (0.3 bar).

This dependency of tower performance on foad and outside temperature is much
more pronounced for dry towers than for wet ones because the latter depend upon
cvaporation for much of their heat-rejection mechanism. For a wet tower operating
with the same air at 90°F dry-bulb, and 76°F wet-bulb, and with 18°F approach, 24°F
range, and 6°F TTD. the corresponding values would be [24°F and 1,850 psia (013
hurn

In muny parts of the United States, YO°F e 1s exceeded duning a good part of
the summer and condensing temperatures of dry-cooling towers would range from
I50°F 10 160°F, corresponding 1o 4. 31 and 4. 74 psia (0.3 t0 0,33 bar). During expeniely
hot weather condensing pressures may reach 6 or 7 psia (0.4 10 0,45 bar).

These turbine back pressures. which compare with 0,510 1.0 psta for once-though
cooling systems. resultin the loss of twrbine work and cycle efficiency and an mercase
in heat rejection, thus necessitating a bigger lower yet. So, although dry-ecaling 1owers
save waler, thermal pollution, fogging. ctc.. they are not as effective as wer nawers,
& natural consequence of heat wransfer 1o air being lower than evaporative heat trasier.
Figure 7-21 shows the operating turbine back pressures when the ambieni tempevature
is changed from a base of 100°F. Far example, if the tower is designed to yield a
turbine back pressure of 6 inHg absolute (2.95 psia, 0.2 bar) at 100°F, un ambient
temperature of 60°F would reduce the trbine back pressure (o 2 inilg aus (i poia,
0.068 bar). .

The turbine work losses for the 90°F air example above would be around 6.5
percent, compared with 0.4 percent for a wet tower al the same conditions. Recall
(Chap. 2) that a small change in pressure at the low-pressure end of wrbine expansion
results in a much larger change in work than a COITC“POI’](JIII!, change at the high-
pressure end.

The effect of using dry-cooling towers on electricity unit productinn costs versus
u*kng once-through and wet-Cooling towers is given in Table 7-4 for three nuclear
iy uider construcion 11, 2, and 3 and a hypothatical iucican piaiin ¢+ 1 vanious
purts of the United States. Lhe sium. conducied by K, W, Beck and Associates, was-
based on 1975 completion date prices and the figures should now be used only in a
relative sense. Unit power cols are in mllbk'\\h{l mill = /1000 of a U.S. dol-
lar = 0.1 They are the sum of fixed charges on the capital cpsts, the fuel cycle



Flgure 7-21 Lifect of change in am-
bient wr tempersture an wondenser
pressure for various design pressures at
100°F air temperature |51)

Table 7-4 increase in, bushar cost as a result of using dry-cooling rather
than wet-cooling towers, mill kKWh* .

Fiaed charpes

Plant cooling g 155 (5,127
Avaleim ! o=  —— e —

Fuel costs, ¢ 100 By

if 1¥ b2 ) 15 13 | 13 18 2l

Mechamical-draftdry-
coohing system

i 0.99 102 1.05 1.18 1:21 1.24 1.36 1.39 142
3 1 81 182 (1. ) 0.94 0 9s 0.97 _*l .0 (. 110
3 (R | 073 074 "0KS 087 as7 Q.98 0.%9 1.01
4 V.72 73 4 0.86 0.87 0.89 0.9 1.0l 103

Natural-draft dry. "

cooling system |
1 (N IE] (RGE (W] 125 1.27 1.3 141 147 1.50
3 1 K8 A 089 103 - 1.30 1.08 117 118 1w
¥ 0l 0 A2 0 g2 0% 097 (e L1t (]
4 0.76 77 072 091 0.91 ow2 1.08 1.06
' Data taken trom Kef §)
Pl o= Oncethrouph. peethisasten sttt 906 & MW

£ = Mechanical diaiv wer rower. southeastem, B60.6 5iw
Yoo dvatural dralt wet wwer, western, 928 5§ MW
4 = Mechamcal-diaft wet ower, castern, R60 6 MW .

%6 - -
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costs, and operation and maintenance costs and hence depend on the initial plant costs
and plant efficiency

The above dry-cooling tower “effects™ must be coped with. Large wrbines capable
of operating at high back pressures need to be used and optimized with dry cooling.
Units capable of back pressures up to 15 inHg abs (7.4 psia. (.5 bar) can be obtained
by strengthemng or climinating the last row of blades of existing turbines or by
designing a new line of turbines,

The loss of effectiveness during periods of excessively high ambient temperatures
andior tugh electric demand can be countered by the use of water. Several schemes
are considered:

1. The deluge or spraying with water of the outside tube surfaces. (The tower may
be designed ta have the tubes surrounded by a wet-tower-type fill for that purpose.)

. Cooling the inlet air by presaturation (by water evaporation) or by sensible-heat
removal [38].

3. Using an additional standby wet-cooling tower,

4. Using an additional standby cm.u].:[mg water system, a scheme considered with

ammonia lowers (above).
S Using wet-dry cooling towers (below)

td

7-8 WET-DRY-COOLING TOWERS

Wi have seen that wet-cooling towers consume some water by evaporation, drift, and
bleed and'that they sulter from plume problems. We have also seen that dry-cooling
towers impase @ penalty on powerplant operanon, especially during penads of hoi
weather. As often happens in such cases, a compromise wel-dry cooling tower has
been developed that reduces these disadvantages

As the name implies, a wer-dry-cooling tower operates by a combination of wet
and dry cooling. It has two air paths in parallel and two water paths in scites. Figure
7-22 shows a mechanical- (induced- )draft wet-dry cooling tower. The top part of the
tower, below the fan, is the dry section that contains finned wbing. The lower, widet
part 1s the wet section fhat contains the fill. The hot circulating water is ‘admitted
through a header at midsection. It first flows up and down through the dry section
finned tubing. It then leaves the dry section and gravitates through the fill of the wet
section towards the cold-water basin.

Ambient air is drawn in two streams through the dry and wet sections. The two
streams converge and mix inside the tower before leaving it. Because the first stream
is dry heated and comes out even drier (lower relative humidity) than ambient air,
whereas the second stream normally s saturated, the mixwre leaving the tower is
subsatorated (Fiz. 7-23).

Thare orp therefore, o primary udvantages of the wet-dry- cooimi: tower: (1}
The subsaturated exit air provides a less visible plume than a completely wet tower
and, in favorable weather conditions, conpletely eliminates it. (2) Because the water
is precdoled in the dry section, evaporative losses and hence makeup are substantially
reduced. - :
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Figure 7-22 A wer diy coniang tower with an induced-draft fan [51]).

The ratio of heat removed in the dry and wet sections is adjusted both by design
and operation. 1'or caamnple, if water consumption is the main problem, the tower is
built with a large, Jiv section than wet section. In addition, evaporation can be varied
by a control device that would regulate airflow through the wet section. In cold winter
weather, the tower can operate nearly dry by blocking the air through the wet section,
On the other hand, a doorlike damper, located in the heated air stream between dry
. heat cnlmn,gcr end fan, reduces airflow through the dry section, thus allowing airflow
W increase in the wet section. This damper is used in hot weather where the dry section
(Iike a completely dry-cooling tower) would pose a penalty on powerplant performance.
The Jamper is now intended Lo ix wampletely closed, however, because of the necessity
for pleme conerol.

L L "

Wlldry realine towere e seeing increasing service in those in-beiween cases

of moderate water” availability :md the need for good though not complete plume
reduction. i . "

“a
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7-9 COOLING-TOWER ICING

Ieing is a problem in both wet and dry towers in cold weather. In wet wwers, e may
form where the cold air entering the tower first comes into contact with the water. It
wsually forms on air-intake louvers and on fill nearest to them. If allowed 10 build up,
it may restrict airflow and/or cause structural damage. In natural-draft wet towers this
condition is controlled by increasing warm-water flow lo the outer periphery near the
air intake, thus melting the ice and preventing new ice formation. In mechanical-draft
wet towers, where the amount of ice formed is directly proportional to airflow, icing
is controlled by reducing fan speed or shutting it down completely or by using fully
adjustable air-intake towers. This reduces cooling and allows the warmer water 1o mell
the ice. In extreme cases, such as extended periods of extremely cold weather, the
fan may be reversed so that both warm air and water help in melting the we. In
multicell mechanical-draft towers, fans are usually shut off alternately for 12-h penods
during ice-forming periods. . T

In dry-cooling towers, the pivbicii is that of freezing of condenser coaling water
inside the heat-exchange: wbes dunng umes of extreniely cold ouiside air. Water has
a minimum specific volume (or maximum density) at about °C, or 39°F. When it
freezes to ice’at 0°C, its specific volume increases about 10 percent. If the expansion
is unhindered, no problems anse, as for example when a crust of ice forms on the -

-
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inner surface of a tube with water flowing through it. However, if plugs of ice form
or the flow is stopped by valves, the increase in volume of the ice and trapped water
€an cause severe stresses in the tube walls.

Normal full-load (full water-flow) operation usually poses no probldms even in
freezing weather. The problem arises at very low ambicnt temperaturesy at reduced
load, and/or if the tower or a section of it is shutdown and not properly drained of
water., :

Theoretical analyses of freezing inside tubes in the static case (water at rest), in
steady flow, and in transient conditions are fairly complex and will not be attempted
here. A review and analysis of the problem, as well as recommendations for preventing
ice formation inside dry tower tubes or keeping it within tolerable limits. may be found
in Ref. 58.

7-10 COOLING LAKES OR PONDS
¢

Cooling lakes, also called ponds, arc the oldest and simplest type of artificially made
lieat-rejection systems. Hot circulating water from the condenser is simply dumped
5'u an antificially made lake (or a modified natural lake. regulations permitting) and
i caol. Gool water from the lake is retumned to the circulating-water system.
Cooling is accomplished naturally by evaporation, by thermal radiation to the sky.
cop=ciady during cloudless nights, and by convection 1o the wind. The cooling rates,
ugaide T, sy mechanical means such as sprays (below), are slow, and very large
land areas are required for such lakes. The water residence time has to be long, thus
&2 separation distance between intake and outlet. The effectiveness of
+cooli - ke may be enhanced by making the hot water circulate around a series of
"affie dikes or natural barriers so that most of the lake area is utilized for cooling,
Do il work, partitions, and troughs may also be added.

Cecting lakes may be formed by enclosing a relatively flat area with a dike and
['hag it vith water. The result is a pershed lake. Another method is damming a natural
waterst e 1 which results in a narural contour lake,

Tue main disadvantages of a cooling lake, as mentioned above, are the very low

Lri clieotiverees and therefore the very large acreage required. Others are the
“0 13 ¢ added structures and the relative lack of freedom in choosing its shape. Its
At wnte o5 are simplicity, low maintenance, the ability to operate for extended periods
oot tnakeup water, and the low power requirements, as the only’ mechanical
c~auipment needed are pumps for occasional addition of makeup water, Circulating-
waier puinps ace of course needed by cooling lakes, as by all other systems. Another
advantzee is that the appearance of cooling lakes is less objectionable than coo1E:1g
50res and thai they can be turned into recreational areas,

The weat trensfer to and from a large body of water such as a cooling lake is
cenpler combination of many pivcasses [59). The processes by which heai is wuwid
are: . 5 :

ikl §1 Sl T

=

Heat addition to the lake from the powerplamt ~~ ~ . i <
Absorption of shont-wave radiatios from the sky - 2

<
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Absorption of long-wave radiation from the atmosphere
Convection through the bottom from the carth
Transformation of kinetic energy to sensible energy
Heat addition due to chemical processes

Condensation of water vapor onto the lake

The processes by which heat is rejecred are:

Reflection of short-wave solar radiation by the water
Reflection of Jong-wave atmospheric radiation
Long-wave radiation emitted by the water
Conduction of heat w the atmosphere

Evaporation from the lake into the atmosphere.

The net effect, cooling of the lake, is not constant over the total luke arca because it
is a function of the local water temperature as well as climatic conditions, such as
dry- and wet-bulb temperatures of the air above the water, wind conditions, solar
radiation, clouds, dav and night variations, and others

The lower limit of cooling is the equilibrium remperatere. This 1s the temperature
that the water asviptotically approaches if all parameters are held constant The

cquilibrium temperature iy given by [60] -
H = ff (7-12)
where T, = equilibrium temperature, °F or °C
Tc = cold-water temperature, °F or °C
T = hat-water temperature, °F or °C
U = overall heat-transfer coefficient, Bru/(h - ft° - “F;
or W/(m? + °C)
A = lake surface area, ft* or m?
m = water mass-flow rate, Ib,/h or kg/s
¢ = water specific hieat, Bu/(lb,, - °F) or I (kg - K)
and the heat dissipation rate (4, Btu/h or W, is given by
a © Qe = melTy = To) (7-13)

Values of Ty and U depend upon the weather conditions in-luding solar and sky
radiaton, dry- ang wet-nuin temperatures. and wind speed They can he evaluated oy
procedures outlined in Refs. 61 and 62. The quantity A/mc is then obtained and used
to size the lake for design conditions of U, Tg, Ty.and Te. The same quantity can
also be used to analyze off-design performance. In a numerical example [59], t
quamlly UAime was 1.173 and U was 11.0 Buw/(h - ft* - °F) [62.4 W!(m =Gk
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o
The foregoing is a simplified mogdgl that neglects stratification; Le., 1t assumes
the entire surface area is equally effectve and that there are constant and uniform
weather conditions. Further uncerainties include such effects as buovancy, wrbulence,
and the effects of makeup water and extrancous streams. A rigorous freattent of the
problem requires a computerized hydrodynamic model, which is beyond the scope of
this book.
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Flgure 7.24 The cooling-canal system of the Turkey Point generating station at Biscayue Bay, Flonda;
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Inn_&'v;crm tests on actual cooling 1:!1(:‘:[6_!] have shown that the average heat
dissipation from the surface was about 3.5 Brwdih - [ < “F). or 20 Wi(m? - °C), and
that an area between | oand 2 acres (4000 1o 80K m?) 1s required per megawatt of
plant output

Figure 7-24 shows a plan for a closed cooling-canal system at the Turkey Point
penerating station of the Florida Power and Light Company at Biscayne Bay which
has two 432-MW Jossil-fuel plants and two 666-MW nuclear plants. The systeny s
composed of 38 channels, with a total fength of 168 mi. Water enters a feeder canal
at | and branches into 32 channels traveling south at 0,25 {U's (0,076 m's) 1o a collector
canal at 4, then north through 6 channels back to the plant. Control structures around
the circunt adjust fow, blowdown, and makeup. Regulations restrict the salinity.
remperature, and flow of purge water into Card Sound at 5.

7-11 SPRAY PONDS AND CANALS

Spray ponds and canals, in a sense, operate like wet-cooling towers in that they depend
primarily upon evaporation for cooling the circulating water. A sprav pond is similar
i water-low pattern to a cooling lake or pond. only much smaller. Like a cooling
lake. a spray pond can be turned into a recreational area. A spriy canal usually eansists
ol long open canal or series of canals In both, water is sprayed into the gir above
the surfuce. The spray wn the camal is wsually coarser than n the pond in order
reduce the drift loss (earrvover with the air outside the canal boundaries) at the expense
of lower heat-transter rates hecause of the coarser drops.

The water is sprayed by modules that are self-contained units consisting of elec-
trically drven propeller-type pumps that distribute the water through a diffuser system
to spray nozzles, usually four per module. The spray pattern form a single diffuser
can range up to 50 ft (~15 m) in diameter and between 10 and 20 ft (=3 to 6 m)
high (Fig. 7-25). The modules are properly spaced within the pond (Fig. 7-26). Thev
mm be fixed or floating. In the latter, Aoatation is provided by polyvurethane-filled |
fiberglass or stainless steel floats. which can easily be moored into place and anached
to anchors.

The spray, consisting of a very large number of smuall drops, greatly increases
the total water surface area in contact with the air. Cooling occurs as the spidy is
propelled upwards and then falls down to the surface. Additional cooling is to be
expected from the surface as is the case of a cooling lake, Heat wransfer is by evap-
oration, conduction to the air, and some radiation. In warm weather evaporation is
the predominant mode of heat transfer. whereas conduction is predominant in cold
weather. Evaporation, as usual, is affected By weather conditions: dry- and wet-bulb
temperatures and wind speed. The water lemperature after spraying approaches the
lower wet-bulb rather than the dry-bulb temperature of the air, an advantage of spray

couling R -
A cimplihed governing equation tor a spray canal 1s 10U]
“Te = T N - ru b .
__:____"' = exp (_ _‘L__M_) (7-14)
T — Taw L
f
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Flgure 725 A typical spray modsle and pattera from o diffuser system consisting of Tour nozzies (6]
ta) Plan view of spray module 14) Spray patiem. Spraco #1751 nozzle: pressure. 7 Iben gage; flow rare,
53 galimm,

where T, = wetbulb lemperature of atmospheric air, °F or °C
N = ﬁumbcr of nozzles _
f = interference allowance to correct for local wet-buth temperature cIc;vation
r = ratio of nozzle flow rate to recirculation water flow rute
b = rate of change of enthalpy with temperature dh/dT, i
Bru/lb,, - °F) or J(kg: K),

eviluated ar a film empeiature

Ty = 0.5 (Tey + Ta), glven in the eobte Lelow:
M = a characresistic nimber of the spray system 8
T °F . W 60_ . 80 0~ *, 8

=3

b Builb, - *F) 0.38 048 0.64 0.9 16
< .

o« g -
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Figure 7-20 A 15 pioad lavout of 4 spray pund [63]
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In & numenical example [r:J]_ the quantity N1 — fir was taken as 3.45 and nee was
taken as (.15, both dimensionless.

The many variables in a spray-cooling system. such as chmatic canditions, winds,
spray nozzle design, and pond layout, make the use of theoretical analyses uscful for
comparative evaluations only and make empirical and test results more useful for
specific cases. Figure 7-27 shows a chant prepared by Spray Engineering Company of
Burlington, Massachusetts [63], based on numerous tests over several years under
many chimate conditions and in several locales in the United States and abroad. The
* Ty = T for given values of Ty, and T,
have shown that heat dissipation by a spray pond averaged 127

Chart gives the rar

The same 1est
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Buwith - ft* - °F), or 720 Wim® - *C). Companng this with 3.5 Buu/th - 11 - “F) for
4 coohing lake shows that a spray pond would be, on theaverage, 4 percent as larpe
in area 2s a cooling lake. Others estimate the ratio to be closer to 10 percent. The
difference is, nonctheless. impressive. The arcas are designed from known nozzle-
module flow rite and the diameter of the spray patiern obtained. For example [03] a
four-nozzle module under 7 psig pressure delivers 212 gal'min and sprays it over a
32-ft diameter arca (Fig. 7-25). It is important 1o provide & sulhiciently free mrspace
between sprayvs so that they will not interfere with one another and thus reduce the
efficiency of cooling, The number of modules is easily obtained from the total water
flow. (The recommended spacing is as shown in Fig. 7-26.) Figure 7-28 is a photograph
of a typical spray-pond installation ar Rancho Seco nuclear powerplant, near Sacra-
mento., California.

Finally, cooling lakes and spray ponds and cunals can be combined with cooling
towers. once-through or other circulating-wiiter cooling systems, both open and closed,
to supplement cooling requirements both for new plant construction and cxisling in-
stallations.

PROBLEMS

7-1 A SrMw paserplant uf the pressunizedwarer nogleas eactor tvpe wses once-through cooline T
Recalatnms du mot permit conhng water discharge buck b the mver hotter than $°C atwae naer
e the mecessary water flow,in kilograms per second. and 10 the reduction in percent,
16 B wzter tow o the plant efbicreney s improved by | peroentage pinnt Tahe o, lor water 4k
Miz K =
T-2 A WM mowemniant of the pressurized water fuclesr reastor e uses aower coobing tower i the
closed mode 1he condenser range is 107, Estimate, for hot-w eather cunditions, (@) the amount of makeap
water flow iz Kilograms per second, (b) the percent makeup flow of the 1otal condenser Mo, and 1) the
reduction, in percent, in the makeup if the plant efticiency 15 improved by | percentage pont.
7.3 A rawsal-draft couling tuwer is 430 ft high. Air enters the tower at 14 696 psia, 50 F, and 5U Rreerit
relative humidity and leaves in a saturated condition. The pressure drop in the tower is 0.015 psi. Calculate
) the 2 v evi lemperature, in degrees Fahrenbeit. and (h) the makeup due 1o evaporation, in pound mass
per pvund mass oi dry air,
T4 & et et ¢ soling tower receives 250,000 {1 min of air at standard atmuspheric pressure, T0°F,
and 45 percent relative humidity. The air leaves saturated a1 100°F, 3500 gallons per minute of water at
1047F §s cooled. Calculate (a) the temperature of the waler at tower exit. and (4) the necessary height of
the tower if the total pressure losses are 2.00 I/,
7-5 An nduced-drafi cooling tower cools 90,000 galtons per minute of water from 84 16 68°F Air a1 20 7%
inHp absotute pressure, J0°F dry bulb and 60°F wet bulb, enters the fo er and leaves saturated at S0U°F.
Find (a) the selume flow rate of air, in cubic feet per mendte, and (A) the makeup water required, i poind
maus per honr g
-6 A wet cooling tower receives 1.5 % 10* b /min of condenser water at 96°F, and 1.25 > 10" Ibot
min of a2t | standard atmosphere, 62°T, and S0 percent rel3ine hunudity, The 2ir leaves saturated u
AF Calidlan fu) e «i2 watcr temperature, in degrees Fahrenbeit. anit (k) the percent condenser cooling
waler mateup duc 1o cvanaranon )
T3 A covling tower 1y situated above sea level where the peessure 15 145 psia Air at SO°F and 50 percent
relatve humality enters the tower al the raic of 2 x  10* Io/min and leaves saturated at 80°F, The
condsnser covling water enters at 96°F The condensce range is 18°F Calculue ta) the mass flow rate of
the condenser cooling watercand () the makeup duc 10 evaporation, in pound mass per minule. )
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7-8 A mechanical-drafly ::m!mg tower receives 3.3 x 0% Ibmin of condenser water at 92'F. The
condenser range i 2U0°F. The outside air is at 60°F dry bulb, 467F wet buib, and 14.696 psia. The exit air
1 satucated af ¥2'F The pressure drop in the tower is 00125 psi Find the fan honsepower requirements
in the case of (2i an induced-draft fan, and (b) a forced-daaft fan Assume that both fans have an efficiency
of 65 percent Y '

7-9 A couling tower receives 3,3 % 10" Ibmin of condenser conling water at 92°F. The condenser range
is 20°F. The vutside air is at G0°F dry bulb, 46°F wet bulb, and 14.696 psia. The exit air is saturated at
H2°F. The pressure drop in the tower is 0.0125 psi. (The conditions are the same as those in Prob. 7-8.)-
Caleulate (i) the height of the tower if it is of the natural-draft type. and (b the forced-draft horsepower
requitemenits of & hybnd wet tower half the height of the natural draft tower is used. Because the pressure
drop is mainly in the fill, assume that both have the same pressure drop. The fan efficiencies are 65 percent
T-10 A hybind tower is designed to cool 2 ¥ 10" Ihoh of condenser water from 94 to 72°F. The outside
air is at one standand stmosphere, 66°F dry bulb, and 60°F wet bulb, It leaves the tower saturated at 86°F.
The pressure drop in the tower is given by 5.75 % 107" mi§ psia, where m, is the mass flow rate of air
in pound mass per hour. Caleulate the height of the hybrd tower if the total fan power should pot exceed
3000 kW, The fan-efficiency is 0.65.

T-11 An induced draft wet cooling tower situated on 2 natural body of water at 60°F operates in the helper
mode. The tolal condenser water flow is 3 % 10° lb/min. The condenser exit water is at 967F. The tower
1eceives half the condenser water, and 1 x 10 IbJmin of air at | standard atmosphere, af 62°F, and 50
pervent rxlative humndity, The air leaves the tower sarurated at 82°F. Calculate ta) the water supply from
the fake in pul."al mass per minute, assuming losses due to evaporation only, (b) the tower water exit
tatnpes w2, ad (01 the eondenser inlet temperature, in degrees Fahrenheit.

7-82 1 s wesesd to compare the effect of two types of dry couling tow e systems unp\mcrplml perfurminge
The jowers are of the indirect cooling type. One operates with a surface condenser with an 8°F terminal
temperatire dilference. and the other with a direct-comact condenser with O°F terminal temperature dif-
ferenee Consider fur smplicity a simple ideal Rankine cycle with inlet saturated sticam at 1000 psia Further
comsidar tha both hive (he same condenser cooling waler mass flow rate of 7.21 % 107 Ih/h, the same
inlet tempermtuze of T'F, the same dry tower air temperature range of &0°F in and 90°F out, md the same
air mass Poaopate of & 10Y Ibo/h. Calculate Tor each case (g) the condenser lemperature, in degrees
Falirenhed, and pressure, 1 psia, (b) the steam mass flow rate. in pound mass per hour, (c) the cycle
efficency, and ) the eycle work, in megawatls, ignonng the pump work.

7-13 A wetdry cooling tower receives 20 % 10° Ibo/h of condenser cooling water at 110°F. The water
is cooled in the dry section to 90°F and in the wet section to 70°F. The outside air is at | standard atmosphere,
GO°F, 2nd 40 percent relative humidity. The air leaves both dry and wet sections at 81°F, Caleulate (a) for
the diy section the outside cooling air requiréd, in pound mass per hour, and the relative humidity leaving
1, (b) for the wel section the outside cooling air requircd, in pound mass per hour, () the condition
(temperature and nelative humldaty) of the air leaving the tower, (d) the required makeup of condenser
cooling watcr due 1o evaporation, in pound mass per hour, and (e) the percentage savings in that makeup
beczause of the use of a wet-dry instead of an all-wel tower,

T-14 A cooling lake is used 10 cool a 200-MW powerplant that has a 3% percent efficiency. The condenser
cooling water inlet and exit temperatures are 75° and 95°F, respectively. The lake equilibrium temperature
and overall best-transfer coefficiemt based on the avalable climatic conditions are 65°F and 3.5
Brwh - fi* - °F. Determine the surface arca of the lake, in acres.

7-15 A spray pond is used (o cool 3 200-MW powerplant that has a 39 percent efficiency. The condenser
cooling water outlet temperature is 90°F. Thc atmosphere is at 70°F and 60 percent relative humidity. The
spray nozzles have nip =~ 015, r = 0.0152andf = 0.25. Determine (a) the numer of spray modules
required, (4] the flow per module, in gallons per minvte, and (c) the approximate pond area, jn acres
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EIGHT
GAS-TURBINE AND COMBINED CYCLES

8-1 INTRODUCTION

Gas turbines are used by themsclves in o very wils range of services, most notably
for powering aircraft of all tvpes but also i industrial plants for dnving mechanmical
equipment such as pumps. compressors, and Stnal] clectrie gengrators in electnical
utilities and for producing elevtric power lor peak foads as well as for intermediate
and some base-load duties.

There is also growing interest in using pas (artines in combined cyvele plants.
These plants use combinations of gas and stear turlines i 4 variely 01 conligurations
of turbines, heat-recovery boilers. and regencrators.

Gas turbines for industrial and wtility anp.icatioss have many advantages. Com-
pared with stecam plants they, and their tatai systeras. are small in size, miss, and
initial cost per unit output. They are availabie with retatively shoat delivery tmes and
are quick to install and put to use. They are quick-starting. oftéa by remote control,
and are smooth-running, They offer flexibility in supplying process needs, such as
compressed air, in addition to electric power and in using a range of hguid and pasCous
fuels, including the new. synthetic fuels Iike Tow-Biu gas (See. =11, They are also
subject 1o fewer envirdnmental restrictions than. other prime movers.

Gas turbines have one major disadvantage that prevents utilities from using them
as major base-load prime mevers their present fow Cycie eifiniviny . Another disad:
vantage is their incompatibility with solid fusl The combinations of low capital cost
and low efficiency have detcicis= their use primarily as power-peaking nnite whaere
they are not expected 10 be on line tor more than 1000 or 2000 Wyear and where a
large steam plant designed to meet peak loads would operate at an uneconomical load
factor during ntost of the year. Sl o

: r .
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Improvement in gas-ur:hinc ¢ycle efficiencies can be effected by a boost in the
inlet combustion gas temperatures 1o the turbine from the present 2000 to 2300°F
(1100 1o 1260°C). Manufacturers are engaged in expensive rescarch and development
work to raise this to close 1o 2800°F (1540°C), with an cye on 3000°F (1650°C) for
the future. ' )

The usc of gas turbines in combined cycles is one scheme to overcome their
present low cycle efficiency for utility base-load use, while at the same time offering’
the utilities the gas-turbine advantages of quick starting and flexible operation over a
wide range of loads,

Gas turbines are available in one- or two-shaft models (Fig. 8-1). The latter has
two shalts that rotate at different speeds. One shaft has the compressor and a turbine
that drives it, the other has the power turbine connected to the external load. Or one
shalt might have high-pressure sections of the compressor and the turbine, while the
other has the low-pressure compressor, tutbine, and external load. In either case, the
portion of the system containing the compressor, combustion chamber, and high-
pressure turbine is sometimes called the gas generator. The two-shaft configuration
allows the load to be driven at variable speed, which is well suited to many industrial
applications. Gas wrbines designed for aircraft propulsion are somcetimes medified and
usad for industrial service [64). Single-shafi turbines have the compressor, turbine,
ard load on one shalt running at constant speed. This.configuration 1s used to drive
small generators as well as large generators for utility use,

Gas-Turbine Cycles

The hot gus emerging frem a comhustor or a gas-ceoled reactor can be used directly
as the primary working tiud, i.e.. by expanding through a gas turbine. or indirectly,
by heating a secondary fluid acting as the working fluid. For each of these two cases,
i.e., the direct or the indirect cycle, we may also have an open or a closed cycle.
Following arc the possible combinations.

Combustion chamber,
or reactar

High-pressure
turbine

3

Combustio nl
chamber

Load

Shaft

Tutbine Cumpressor

Low-pressure
tarrhime

[RVIRTIEN]

= ; @) _ - ()

l_r_‘lgnr;'B-l Schematic of a direct open gas-turbine cycle. (a) single shaft and (b) two shaft,

o
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Figure 8-2 Schematic of an indirect open gas-turbune cycle

Direct open cycle The direct open cycle is shown schematically in Fig 8-1. The gas
enters & compressor at point 1, where it is compressed 10 point 2. The gas thea enters
the combustion chamber or reactor, where it receives heat at constant pressure fideally)
and emerges hot at point 3. Fron the ¢ it expands through the turbine to paint 4. The
hot exhaust nuxes with the atmosphere ouside the eycle, and a fresh cool supply s
taken in at point 1. The turbine supphes the compressor power. Useful power may be
supplied by the turbine (or by the gas expanding further in @ nozzle that supplics
propulsion to the vehicle carrying the power plant. such as a jet wreraf). Because this
1< an open cycle, air is the only teasible working fluid (on earth).

Indirect open cycle The elements of the indirect open cycle (Fig. 8-2) are similar to
those in the direct open cycle except that here the air is a secondary fluid that receives
its heat from a primary coolant in a heat exchanger. This cycle is suitable for uses
where environmental concerns prevent the air from receiving heat directly, such as
from a nuclear reactor where radioactvity releases may spread to the atmosphere.
Nuclear-reactor use, however, is best served by a closed cycle (see below).

Direct closed cycle In the dircet closed cycle (Fig. 8-3) the gas coolant is heated 1n
the reactor, expanded through the turbine, cooled in a heat exchanger, and compressed
back 10 the reactor. In this cycle a gas other than air may be used. No effluent of
radioactive pases passes into the iimosphere under normal operating conditions. Closed
cycles permut pressurization of the working fluid with cnn:';cqucnl reduction in the size
of rotating machinery. The most swtable working fluid in this case is helium

Inditect closed cycie The indiied diusad cycle combines the inauect open cycle and
the direct closed cyele in that the réactor is separated from the working fluid by a heat
exchanger, whereas the working gas rejects heat to the atmosphere via a heat exchanger
(Fig. 8-4).The primary coolant may be water, a liquid metal, or a pas such as helium.
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i Figure 8-3 Schematic of a dirgct closed gas-turbine cycle

B-2 THE IDEAL BRAYTON CYCLE 7

The ideal cyele for gas turbine work is the Brayton cycle. It is composed of two
ne-revertible tand hence iseniropic) and two constant-pressure processes (Fig
8-5). The gas is conipressed isentropically from pojnt 1 to 2, heated at constant pressure
from 2 to 3, and then expanded isentropically through the turbine from point 3 1o 4.
Cooling occurs from point 4 to point 1, either in a heat exchanger (closed eycle) or
in the epen atmosphere (open cycle).

The work done i the wrbine (a steady-fAow machine) per unit time (power), with

wilruba

Load.

/

Cray i

Heat exchanger

Conling air 3
oF Watel Fgure 84 Schematic of an indirect closed gas-turbine cycle.
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Figure 8-5 PV ol T-5 deagrams of a0 wdeal Branvton cyile

relatively neghgible change in the Kinetic energy of the gas, W, in Buuh or W, is
equal to the rate of change in s enthalpy. Thus

W, = Hy = Hy = mlhy — ha) (8-1)

where H = total enthalpy of flowing gas, Buwh or W
h = specific enthalpy, Btu/lb,, or Jikg
» ::1-.:“ rate of fTow of 3::1\, Ih..'h ﬂr_l_-.' .
Yor o gas. by (8-1emay be rewntten n the form

sl
W, m! el T) df (%:2)
= N

wheie o470 1s the specihie heat at constant pressure of the gas. which 1s 3 function 0!
temperature 7.

We will now assume constant specific heats for simplicity. a procedure sometimes
referred to as analysis for the air-standard cyele (when ¢, is aconstant for air). However.
it should by noted that specific heats for monatomic gases such as helium and argon
are essentially constant and independent of temperature (except when highly com-
pressed, at very low temperawres and high pressures). Specific heats increase with
temperatute for diatomic gases such as air and N, and ‘increase even faster with
temperzture for tristomic gases such as CO; (Fig. 8-6 and Table 8-1). The following
analysis, therefore, is exact for monatomic gases and only approximate for others. For
a constant ¢, Eq. (8-2) beconws

l';‘.; = Fih}.{Ta = ?\} tﬁf;]

Using the perfect-pas laws (Table 1-2). we can write Eq. (8-3)in terms of the pressure
ratio across the turbine r,, given by

which’is related to the absolute temperature ratio across the twrbine by

?.I
ir_ = r;i'- i % :-(3"”
- |
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where £ is the ratio of specific heats at constant pressure and constant volume

and since . — ¢ =R (1-14)

where £ is the gas constant, a constant ¢, means a constant ¢, and a constant &
Equations (8-3) and (8-4) can now be combined to give

. I
W, = ﬁ;q,rj( i - T—.ﬁ) (8-5)
rr

Table 8-1 ¢, and k for gases at low pressure*

. Brw(ibm - Ry k, dimensionless .
Gas M Low 10007 2000°F Low 1O00°F 2000°F
H; 2.016 A4 1.405 L
He 4.003 1.250 1.25%0 1250 1.659 1.659 1.659

Au 28,97 0.240 0.264 0.289 1400 1.353 1.314

N; 28.02 . 0249 0.209 0.293 1.401 1.357 (71 -
A 39.95 0.125 0.125 0.125 1.668 1.668 1.664
Ty 44 01 0.202 0.280 03 1.293 1192 1.169

* Lrata from Ref. 65, @

T To convert 1o kJ/(kg -‘C}. multiply by 4,1868.
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Usiifg a pressure ratio across the compressor 7, where

Py
¥ &=
i !,I
and ﬁ = pi-ma (H-6)
T ik
The absolute magnitude of the rate of work of the compressor would also be given
£ E
by
[W.| = sinths = Iy
e e ] ] 3
mels| 1 - ;m (8-7)
g i
Assuming r,, = r, = . that is, no pressure Josses in the cycle, & common as-

sumption in the ideal case, the net work rate of the cycle W, is given by
; :: % . Y
“—'" = W; — [“‘.I = [IJ'I(J,{T; - 1)l (1 e ;I——“_“-") (8-8)
» /
“The expression within the hrackets on the right-hand side of this eguation is chviouslv
the heat added Q4 in Bru h or %
(-_’. = Ty = T3 (R-9})

The second expression mwst then be the eyele thermal efficiency ny,. 2 Junction of
both r, and £
l

o= b = (8-10
T r:'i— vk
Although the above equations pertain to constant specific-heat guses, the trends
< they predict apply to all gases. The thermal efficiency of the cycle for any one gas
(same k) is a sole function of r,, increases asymplotically with it, and is independent
of initial or maximum cycle temperatures 7y and Ty. (As we shall see later, this is not
true for nonideal cycles.) However, while m,, increases indefinitely with r,. the specific
power, the power per unil mass-flow rate (and the specific work ar work per unit mass
of working fluid) does not and reaches a maximum at an optimum r,. This can.be
seen by rewriting Eq. (8-8) in terms of T and T, using Eq. (8-6). Again for r,, =

Tp. = 1p
= w. . 1 o=
= = (T — T8} '“l(l = ﬁ) (8-11a)
i i T &
or =
: r Y
— =i LT'EI . .’:,1_1“} + "r,(! ,JJ\JI-IN)J ) (8-418)
aw
& "
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Examination of Eqs (8-8) and (8-11) shows the following:

I. Other things being equal, that is, for the same T, 7', rpeand &, the wirk per uni
mass of gas is a direct function of ¢,. Hence, helium can produce more than five
times W_/rir than air (at low temperatures)

2. Other things being equal, gases with higher values of &, that is. higher (4 — 1)k
produce more work per unit mass of gas than gas with lower values of & Again,
this shows_an advaniage for He over air (h for air decreases with temperature)

3. Forany one gas, an increase in r, from its lowest value of 1.0 (where the work is
zero) decreases one part of Eq. (8-11) and increases the other. The net work thus
goes through a maximum at an optimum value of r,. This state of affairs can be
shown graphically by the three ideal eycles of Fig. 8-7. These operate between the
same temperatures Ty and 7, and have the same inlet and exhaust pressures but
different values of r,. The net work in cach case is represented by the enclosed
area of the cycle,

The optimum pressure ratio can be evaluated for ideal cycles by differentiating
the net veork in Ey. (8-11) with respect to r,, and cquating the derivative 1o zero. This
gives i value of T, expressed hy

Ts = WTEy (8-12)
and sinee Tl = Tel, = o V4 for same pressure ratiog, then
(VIERE . 1813

and

B Z‘_!; Lk = 1y - {Zv‘ Al [§] % IJ
T e - \T St

Note that the qu;fmtity k12(k — 1) decreases as A increases. Thus for fixed initial and
maximum cycle temperatures, the optimum pressure ratio for monatomic gases (He)
is, in general, lower than for diatomic gases (air, N). These in turn have lower ratios
than the tratomic gases (CO.) It follows that a monatomic gas, for exainple, may

Mertalburpreal Lt

= ;
_______ ’l!‘tlﬂ‘ 8-7 Effect of pressure ratio on ideal Brayton
cycle work given by enclosed areas on T diagram T,
N o v and Ty are fixed for all cycles. 7
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operate at lower maximum pressures or, 1f the pressure in the low-pressure section of
the cycle 1s increased (in closed eyclel, may operate with a larger average density

This 15 accompamed by a reduction in plant size and mass.

Example 8-1 Find the pressure ratio required by an ideal Brayton cyele to produce
anet work of 600 Bru'lb,, of (1) hehum and (2) air {with ¢, at low temperatures).
The cycle has initial and maximum temperatures of S00°R and 2500°R, respec
tively. Also calculate the optimum pressure rato for bath gases,

SOLLTION

(1) Helivim.

ty = 1.250 ko= 1659 th - 1k = 0.3972

From kg (8-11)

12502500 — 5007 "*-':( I

b ¥

6o

aor R~ ST+ 5 =19

which yields two values of 7, = 216 und 26,62

ASD0ON |0 sy 2 b 1
r,. =
P (50(} J

From Eq. (8-11), this opimum pressure ratio vields @ maximum work of 934.8
Buwlb,. Note that r, = 1.0 resulis in 7ero work. There is also a maximum
value of r, that results in zero work and beyond which the work becomes negative.
This is the r,, that makes 7, = T.. Fof He it is given by

= 7.58

v E e E s 2300 -
5 B T] ?1 500
which yiclds & maximum rpof 57.5.
(1 Air;
¢ =024 k=14 th — 10k = 0.2857

600 = 0242500 - W, "“'r(l -

r:f.‘l_‘-? - Ilrl:‘l:m‘ + 5 = G

Wik yiewas imaginary vaives ol 5, indicating that air is incapable of proucing
* 600 Buwlb,, '

- (2500 franta-m °
o = fm— o= 16712
; T g( 500)
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Figure 8-8 Specilic power and cfficiency verus pressure ratio for ideal Drayton cycles operating with
helium and air. ' ’

& 3
Compared with 7.58 for He, the maximum work at r, = 16,72 from kg, (8-
11) is 183.3 Btu/lb,,. less than the 600 Btu/lb,, asked for and the 954 8 B |b,,
He is capable of. The maximum r, for air, obtained as for He. is 279.6

Figure 8-8 shows results of calculations for Wim and ny, for ideal Bravion
cycles using He and air as working fluids, where the initial and maximum tem-
peratures 7'y and T, arc the same as in Example 8-1, i.c.. 500°R and 250°R,
respectively. Note that the speciic work Bu/lb,, of He is generally much higher
than that of air, and in the practical range of pressure ratios, occurs at much lower
pressure ratios. Recall, however, that while helium turbines operate with lower
overall pressure ratios than air, they need many more stages (Scc. 5-9). To obtain
the specilie work based on a unit mole (or volume at same P and 7), multiply the
ordinates of Fig. 8-8 by the molecular mass of each gas.

8-3 THE NONIDEAL BRAYTON CYCLE

The Brayton cycle with fluid friction is represented on the P-V and T-s diagrams of
Fig. 8-9 by 1-2-3-4. Both the compression pracess with fluid friction 1-2 and the
expansion process with fluid friction 3-4 show an increase in entropy as compared
with the corresponding ideal processes 1-2, and 3-4,, Drops in pressure during heat
addition (process 2-3) and heat rejection (process 4-1) arc neglected in this analysis,
s¢ the turbine pressure ratio equals the cGmipicssur pressurc rano as neore.

the compression and ¢apansion processes. with-fluid friction can be_assigned
polytropic, also called adi;fbarfr or isentropic efficiencies (Sec. 1-8), as follows,

7 ' 3
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Figure 89 /- and 75 diagrams of wcal and nomdeal Brayton cycle

ideal worke

7. = compressor polytropic efficiency =
stual work
k-] == !i}
e e B-15
R ( )
It we assume constant specific heats
T! — T;
W 8-16
7 g ( )
. . . actual work
and 71y = turbine polytropic efficiency = e
weal work
= hy
= 8-17
hy = h, ( )
and for constant specific heats
Ta:= Ty
= 8-18)
s - (

where in cach case the smaller work is always in the numerator,
The net power of the evele s W, = power of turhine - ;‘pnwcr of cmnprcsmH_
For constant specific heats

W = el — T s T (8190

e By
or W, = me,| o, gy = ——— (8-194)
n
This equation can be wrtten 10 terms ol the il temperature 7, a chosen metal-

lurgical bt 7y, and the compressor and lurbine efficiencies (sbove) to give
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i ? ';J- Iua I
W, = e, .[(m;: B f-ﬂ_—)(l = ;’;—7—.)] (8-19¢)

Ihe second quantity in parentheses can be recognized as the efficiency of the corre-
sponding ideal cycle, i.c,, one having the same pressure ratio and using the same
fluid. As in the case of the ideal cycle, the specific power of the nonideal cycle,
W./m. attains a maximum value at some optimum pressure ratio end is a direct function
of the specific heat of the gas used. ;

The heat added in the cycle. 0,4, is given hy

: ' A g
Qu = the(Ty =Ts) = ;su-,{r'r. - T - (T[-'”-—— ——)] (8-20)

The efficiency of the nonideal cycie can then be obtained b, dividing Eq. (8-19¢)
by LEy. (8-20). AlthGugh the elficicncy of the ideal cycle is independent of eycle
temperatures. egeept as they may affect &, and increases asymptotically with r. the
clficiency of thé honideal eycle is very much a function of the cycle temperatures. It
also issumies a maximum value at an optimum pressure ratio for cach set of temperatures
T: and T5. The two optimum pressure ratios, for specific power and for efficiency,
are not the same, and this necessitates a compromise in design.

Another effect of nonideality is fluid friction in heat exchangers, piping, etc. This
iesulls in a pressure drop between 2 and 3 (Fig. 8-9) and a pressure at 4 greater than
at 1. In other words the pressure ralio across the compressor 7, would be greater than
the pressure ratio across the turbine r,,. General equations that would take these and
other effects on the Brayton cycle will be presented next. Further nonidealities result
from mechanical losses in bearings friction and auxiliarics, heat losses form combustion
chambers, and air bypass to cool the trbine blades (Sec. 8-7). )

Fipures 8-10 and 8-11 show results of calculations [66] for n and W/m of a simple
air-combustion Brayton cycle (solid lines) and of one with a regenerator (dashed lines).
Regeneration is explained below. For the simple cycle, the following data were as-
sumed. 2
T 15°C = 59°F = constant
Py = L.013 bar = | atm = constant
N =9%0%; nr = 87%

Mechanical losses = 1%

Combustion chamber losses = 2%

Air byvpass = 1%

Pressure losses: at inlet = 1%
i combustion chamber = 3%
at.outler = 2%
in regeneration = 3%

It

I

Actud. vanable properties of air and combustion gases were used.
It can be seen that hoth nand Wim e strongly dependent on 1y, which necessitates
operating at as high a 7'y as metallurgically possible. They are also strong functions
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Figure 2-10 LEinciensy senu com-
pressor pressuie rato of o nonsdeal
Erayton cycle, showing =f of max-
s . inum temperatne and J2 s !

ob . with optiium r, increasing with 7o for both efficiency and specific power. T

cin '.!F\u be seen that the optimum r, s greater for 77 than for power

Frgure 812 15 photograph of a single-shaft, direct-cycle, open air vombustion
gas-turbine package. It shows a l6-stage axial compressor, one of ten combustion
chambers. and a three-stage wrbine. A diesel engine for starting 15 shown on the left.

=1 &0

(- | 1 1 _

| !.f. = 1300 *h 060 °F

l“igun- B-11 Specific power verus c\\mpreupr pressure ratio of a nonideal ﬂr:n ton cycls, showmg effects

of mavimum temperaaré and regeneration |66

K
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The powerplant, General Eleetric model MS600L, produces 35.75 MW, is 30.50
pereent efficient, runs at 3100 rimin, and has vverdl dimensions, including electric
generator (not shown), 38 m (122 1) long. 11 m (36 1t) high, and 8 m (26 1) wide

8-4 MODIFICATIONS OF THE BRAYTON CYCLE

Although the above calculations show reasonable efficiencics, they nonetheless do not
take into account some of the complications of a4 real powerplant and are hence on
the optimistic side. While a simple gas-turbine cyele is economically adequate for
many purpascs, such as peaking units and jet transports, eyche and buse-loaded units
require modifications to improve the output and efficiency (and hence the heat rate)
Besides increasing 7y, the modifications are:

. Repeneration

. Compressor intercooling

. Turbine reheat

. Water injection

Lad P e

&

Regeneration

Regeneration, as in steam cyeles, is the internl exchaage of heat within the evele
In the Brayton cycle, 7 1s often higher than 7. wnd heat addition 1s from 2 10 3 thig.
8-91. Regeneration, therelure. is usetd to preheat te conpressed pas at 2 by the exhaust
gases at 410 a surface-type heatexchanger called the revererator or, sometines, the
recuperator. Figure §-13 shows such an arrangement tor a closed cvele. suitahle for
He, but also used equally effectively for open cveles with air.
If the regencrator were 100 percent eftective, the temperature of the gas entering
the combustion chamber or nuelear reactor would be raised fron 7, 00 Tae. The net
" work of the cycle would be maintained, except for the «flect or the added pressure
loss in the regenerator, but the heat added would be materialiy reduced from Hy — H.
tofly — H-, with corresponding increasc in cycle efficicecy. Actually, the regeavrator
cffectiveness is never 100 percent, and the compressed guses are henrad insterd 10 3
lower temperature such as’ Ty, Regenerator effectivencss, ep, is defined as the ratio
of the actual to maximum possible temperature change. In other words
Te = Ts
= pe = (8-21a)

4 =T =

and since point 4" is at the same temperature as point

N Ty = 0> ;
b= — (8-2i0
4 i :

Figures 8-10 and 8-11 include the effects of adding a repenerator with £ = 0.75,
shown by the dashed lines. It can be scen that the effect of adding.a regenerator on

efficiency is remarkable and $hifts the optimum pressure ratio for cfficiency 1o lower
7
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Figure 813 Flow and 73 diagrams of
¥ a closed nonideal Brayton evcle with
1 regeneration

values. Thic is because the lower the pressure ratio, the greater the difference between
T: and T; and the greater the reduction in cycle heat input. At very low value of r,
the effect of reduced cycle work predominates and the turves drop, though sull higher
than those for the simple cycle. The efficiency curves for a cycle with regenerator
cross those for the simple cycle at points such as a, beyond which the cffect of a
regenerator on cfficiency is ncgative. These pomis represent pressure ratios at which
the exhaust gases are cooler than those after compression, i

The effect of the regenerater on the specific power curves is only 1o reduce them
somewhat because of the added pressure losses in the regenerator.

D2ciuse regonctaiive gas Wwibine cyeles are more edficicit tan simple gas-ivbn
vycics, thus reducing fuel consumption by 30 pergent or more, they .arc nOW used by
utilitics for meeting cycling duty as well as base-load assistance in driving pumps,
compressors, and the like. " _ - ZEPY

it - 7
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Compressor Intercooling

The work an a flow system, such as a compressor or tuthine. is given by By (1-9),
here repeated

W= - J v dp (1-9)
L .
Far a perfect gas where PV = mRT, this equation can be wintten s

. 2 i
= = f ,,,Rr‘?l- (8:22)

For a given dP 2. therctore, the work 1s direetly proportions! tu temperahure. A
compressor working between points 1oand 2 (Fig 8- 13) therefore. would expend
more and more work as the gas approaches point 2. Since compressor work is negative
and a drain on the net cycle work, it is advantageous to heep 7 low while reaching
the desired pressure £, This ean theoretically be done by continuous cooling of the
compressed gas (o keep it at 7y, as shown by the lower horizontal dasiied line of Fig,
8-14. However, this is not physically possible, and cooling. instead. is done 1n stages,
Figure 8-13, drawn for simplicity for ideal (isentropic) compression 2nd expansion,
shows two stages of intercooling where gis is partially conpressed fron i 10 7, cooled
back 1o 17 at constunt pressure Gdeally), compressed wren o 27 antercoaied ta 17,
then fimally compressed 0 27 Ideally 7y = T, =7, and 1. = § = Fo I that
dwork boecause

cise we have three compressor sections operiting 1 Landen with
tor any one comprossor sectton ¢from Table 122
nRits Tis)

W=m————
| =

where a1 is the polytropis exponent for compression (equal 10 £ tor reeal o mipression).

When the temperature rises are cqual. the pressure ratios oo, eanal Beeai

73 min—1) .
= 7:

and the pressure ratio per stage is given by
i

{(8-23)

Foiage = Vipi
,

where N, s the number of compressor sections. Thus for un overill compressor pressure
ratio of 10 and 3 sections, the pressure ratio per stage 15 ¥ 10 = 2,154 (nat 10/
3 = 3.33). The improvement 1n the eyele is in increaséd work and officiency. The
increase in work is the resultof the reduction in Wt compressoe work siee

Wy - B+ (s = Hyp) + (s -.h’. 1, —

because of operation at lower temiperstures, This can also =2 casey seen trom e
75 dingram where the work has increased by drea 2202207297 02 Uha o added
ias also inuicased by #, = He However, the warl fnoeeces o the cycie muie dian
offsets the increase in heat addition, resulting in“an improvement in efficiency.
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Figure 8- 14 Flow dad 1 5 dugrams of a closed nesl Brayton gyele wath two stages of miercooling, one
stage of selicar, and revencratiun.

Intercoolers can be air-¢ooled heat exchangers but are more commonly water-
cooled.

Turbine Reheat

Equation (8-22) has shown that compressor work can be decreased by keeping the gas
temperatures in the conpresser low. It also shows that wrbine work can be increased
by keeping the gas temperatures | in the turbine high. This can also be donc theoretically
by continuous heating of the gas as i expands through the turbine, as shown by the
upper liorizontal dached Hine of Fip ©-14 Note that if eooling and T""..:l:.".g woit al
CoRAMARt eipc sy, and if i 1o of e oycle wem idzzl, we would have an mal
Ericsson cycle, which has the same efficiency as a Camot cycle operating bclwctn

the same temperature limits 7, and T',.
_ s
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Again, continuous heating is not practical and reheat is done in steps or stages.
Figure 8- 14 shows mo tarbine sections and one stage of reheat. The gas expands in
the high-pressure section of the turbine from 3 to 4, is then reheated 21 constant
pressure (deally) o 37, and finally expands in the low-pressure section of the wrhine
tod" For Ty = Tyand 7. = T, the pressure ratio per turbine stage is

AT
Tosuager = \,rp LT [H-I‘”

he increase in cyele work s shown by the area 4-3"-4"-y, whereas the heat added is
increased by My = H, The net effect is an inerease in both work and cfficiency.
Intercooling. reheat, and regeneration can all be combined in one cyele as shown
in Fig. 8-14,
General equations for the specific power and heat added for a compostie cycle as
the one discussed above, for the case of constant cpcufr heat. but with nenidealities
tiken into account, are

w 1 o+ 1 -
= Tapln, + 1) (1 = —) L TR

Qs _ Pk
i—”——l = Twlag + h=1Im &)1 =71 = ’_;—.‘.T; {
a - ; .
Tl :Krll +—lr“"‘— 1:] (8-26)
L’
where W, = net power = W, — W] '

7y = turbine adisbanie efficiency. assumed same for all wrbine
sections
n. = compressor-adiabatic efficiency, assumed same for all
compressor sections
rp, = overall wrbine pressure ratio
i - overall compressor pressure ratio
Ex = regenerator effectiveness
ny = number of reheat stages (e.g., | in Fig. 8-14)
n. = number of intercooling stages (e.g., 2 in Fig. 8-14)
The efficiency of the cyele may now be obmmcd by dividing E.q (8-25) by Lq.
{8-20). Ine greater the number of 1ehicat and imercoonng stages there are, the higher
the cfficiency. However, this is attained at the cost of the’ capital investment and size

of the plant. The design of the plant should be optimized, with consideration given
to capital versus aperating (fucl, etc.) cxpenses and to size.

£ .
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Water Injection r . ' a

Water angection is & method by which the power output of a gas-turbine cyele is
matertally increased and the ethiciency is only marginally increased. In some aireraft-
propulsion units and some stationary units, water is injected into the compressor and
evaporites as the wr temperature tises through the compression process, The heal of
vaponization thus reduces the compressed wir temperature, reducing the compressor
work, wn effect similar 10 that of interconling (above). :

In was-turbine cycles that have regenerators, water injection is more beneheial 1f
s ajected between the compressor and regencrator (67, 68], The method can be
used on both smgle- and two-shalt units Figure 8-15 shows a schematic of a two-
shaft unit with water injection between compressor and regenerator, On the -5 dia-
gram, 1-2:4-5-7-9"-1 represents the eycle without water injection, in which 4 and 9°
arc the compressed air und exhaust exits of the regenerator, respectively. With water
mjection the compressed ur at 2 1s cooled m nearly constant pressure by the evaporating
water o 3 (A small increase in pressure does ke place from 2 1o 3.) The cooled
compressed wr at 3 is then preheated in the regenerator o a temperature almost the

Liw pressure s e
turbine l-l

T —— e i

= Figure 8-15 Flow and Is diagrams of a two-shaft gas-turbine cycle with waler injection and regeneration,

£ .
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same as (actually very shghtly below) 4, The added heat required to heat the momst
air back trom 3 1w 2 s abtained from the exhaust gases by heat between 9" and 9,
which would Juas e been Jost to the eyele nany case 9, then represents the new exhaus
emperaturé The nlet water nuy (as shown) or may not be preheated by the pases at
9 befoare imjecnon ?

The quantiiy of water vapor to be anjected s that which would saturate the
compressed airat Ty A preater amount of waler resulis in hquid carrythrough which,
although 1t results i somewhat nereased work. also results n reduced elficiency
compared with that of saturated air and 10 fouling of the regenerator, local severe
temperzre differences, and associated thermal stresses

The increase in work of a turbine plant with water injection is, in part. a result
of increased turbine work due to the increased mass-flow rate of air and water vapor
without a corresponding increase in compressor work. The increased mass stems from
the saturated vapor at point 3 (Fig. 8-13) minus the water vapor originally m the air
at point 1. Using Eq. (7-4), this 1s given by

P.-1 P11
= owy = 0,622 " - : 8-27
N v b (PJ E= -".J Pl = P..l) ( ' ’

where w. @il w = nuass of water vapog per umt mass of dry ar at points
Jand |, respectively
Pooand P purtial pressure of water vapor, saturated at point 3,
and function of relative henudity (Sec 7-5) at point |
Pyand by o= preseure of the mr-vapor mivaures at points 2 and 1, re-
spectively: Pyoas very nearly the same as the compressor
exit pressure P,

The temperature at point 3 can be obtained by «n energy balance on the dry air and
water vapor ) 7

boy = hyr = (s — wlhe, — h3) (8-28)
where fgn — hap = enthalpy change of dry air
i, v = enthalpy of saturated vapor of T,

h, = enthalpy of injected water

Example 8-2 Air at 60°F, 14,696 psia, and 60 percent relative humidity is com-

pressed by a compressor with a pressure ratio of 10 and 89.63 percent polytopic

efficiency. The wr is then saturated by water at 60°F. Find the mass of added

water per unit mass of opsinal air and the temperature of the saturated compressed
. Tor iy use vp = 0.24 Db, - "Frand & = .40 for air.

SoLumion Refer o Fig. 8-14 and use the steam tables (App. A). For Ty-=
60 °F. P,y = 0.25011 psia, and P,y = 0.6 x 025611 = 0.1537 psia,
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0.622 % 0.1537

Ths e oot TR ey
. T 1469 — 0.1537

wy = w; = 0.00657 ) ;

Py = 14.69 X 10 = 146.96 psia ;

.

T2, (isentropic compression) = (60 + 460)(10)''% = W14 = |p04°R
M = enthalpy of injected water at 60°F = 28.06 Bru/lh.

From Eq. (8-16)

1004 ~ 520
— = - 0.5963
n—-3 .

Therefore
T, = 1060°R = 600°F
-'L,_J = h_,:y = ('r[T}. " T‘_u) = 024(?\ -6y o

The problem requires a trial-and-error selution. Assume values of 7, that would
satisfy Eg. (8-28)

ISE Py wy (LEq 7-4) W= y o {ean — anlth, — A, 4) L
20 17,186 N.08237 1 0758 11534 ~85.30 -4l %
i 17.860 005605 0.0795 1154.2 - H9.50 - 90.72
234 I8 556 0.08989 0.0833 1154.9 -931.587 -0 24

By mterpolation
Ty = 222 5°F W — oy = 0.0804

Thus the mass increases by ® (4 percent of dry air, or 0.0804/(1 + w,) = 0.08,
or 8 percent of original air.

Another reason for rthe ificrease in work of a cycle with water injection is that the
optimum pressure ratio for work increases. The cycle efficiency, too, is shown to
inerease, and its optimum pressure ratio also increases, though to a lesser degree than
the work [67). It would thus be advantageous to select a higher pressure ratio to
increase the work, provided the cycle efficiency is not disadvantaged -

Auwther advantage for water injection is that partial load operation eould he
"ected by reduction of the water injection rate while e wivim i Winpiaic gy
- & keptconstant, which would maintain high efficiency during that portion of the loag,
- When the load drops below that requiring water injection, the turbine inlet lemperature
is reduced: =B -
£ =
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The exhaust emissions are also favorably affected by water injection. Emissions
of CO and unbumed hydrocarbons in gas-turbine powerplants are not significant be-
cause of the high air-to-fuel ratios used in them. They become of concern only at very
high loads when the air-to-fuel ratios are reduced. The oxides of nitrogen, NO,,
however, are becoming a problem in gas-turbine combustion because of the steadily
increasing combustion temperatures i modern units. It hay been found that water
injection reduces NQ, by at least half [6Y]

45 CYCLE ANALYSIS WITH VARIABLE PROPERTIES

As indicated above, cyele analysis with canstant properties—in effect ¢, and A, which
are needed to caleulate enthalpies and P, V., and T relationships—are fwcurate {eacept
at extremely low temperatures and high pressure) for monatomic gases such as helivm
For diatomic gases (air, Ny, CO), and more so for triatomic gases (CO;, HAO in gas
form), and larger molecules (NH,), the use of constant ¢, and & yields results that are
useful only to predict trends of variables for the particular gas considered. For such
eases, 3 knowledge of the variation of ¢, With temperature is necessary. For air. for
ewample, ¢, in Bru/1h, R is given by [70] ’
¢ = 0.2317 + 9.008% x [0°7 + 2.1998 x 1077

— 90067 = (0¥ 829

The value of the ‘-rlL‘L'Iﬁi.‘ heat 5t constant volume ¢, 15 obtained by subtracting the gas
constant for air, i.c.. 33.34/778.16 = 0.0683 from Ey. (8-29). The value of & a4
funcuon of T is then obtained as ¢ (7).¢,(7). The change in enthalpy 1s obtained by

. Tz
Ak = ( eAT) T \8-30)

S

or by Ah =TT~ TY) (8-31)
where T, is an average specific heat given by

T:
f o dl
n

Cp = — (8-32)

. Tz =¥y

To obtain P, V. and T relationships for polvtrapic reversible processes un average
value of k should also be found.

Such procedure suffers from two drawbacks: (1) It iscomplicated, especially when
the final temperature of a given process is unknown, and (2) it does not take into
sccount the effects of fuel and combustian-nradosts composiiion and dissoviation. in
analyzing gas-turbine cycles, it is more convenient to fely on tabulated propertics of
air and products of combustion and componcnt gases as given in the gas tables by
Keenan and Kayc [8). It is probably best to illustrate the procedure by ;m;:x.ampic.
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Example 8-3 A single-shaft gas-turbine 25-MW plant has one stage of inter-
cooling, no reheat, and a regenerator, Air enters the compressor at | atm and
S20°R. The compressor has an overall pressure ratio of 10, and cach of its two
sections has a polyiropic efficiency of 90 percent. The intercooler cools the air
back to 520°R. The regenerator has an effectiveness of 75 percent. The air-fuel
ratio corresponds 1o 200 percent of theoretical air. The fuel may be represented
by CH, i« Because of pressure losses through regencrator and combustion chiam-
ber and also at exit. the wrbine pressure ratio is 9.2, The turbine inlet emperature
is 2500°R. 1t has 2 polytropic efficiency of 87 percent. The mechanical efficiency
of the system s 95 percent. The electric-generator efficiency is 98 percent. Cal-
culate the various pressures and temperatures around the cycle, the plant efficiency,
and the necessary airflow. Estimate the plant efficiency if no regenerator were
used. -

Sorunon Refer to Fig. §-16 and the gas tables or App. L

(1) Compressor.
r. per section = V|0 = 3.1623
I, = 5320°R, P,y = 1.2147, h = 12427

Po,= 1.2147 x 31623 = 38412

Therefore

Ty = T22°R hy, = 17288

_hay — Ry 17288 — 124.27
hy = hy  hy = 124.27

Figure 816 75 diagram of gas-turhine
£ powerplant of Example-8-3.




Therefore
hy = 178.28

and
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T, = T44'R = 284°F

For I, = 520°R, calculations for the high-pressure section of the compressor
1'-27 are identical to those of the Tow pressure section -2 Thus

T;' =

The total work of the COMPressor is

744K N

= | 758.28

12th, = h)l = 2(178.28 — 124.27) = 2 % 54.01 = [08.02 Biu/(lb,, air)
(2) Turbine:
T.= 2500°R  p,. = 5598 b, = 195207
55948 =
Pos = S5 = 50.75
Therciore
Ts, = 1482°R i, = 108055
hy = hs 19520.7 — h,
nr = 0.87 = =
he — hy, 195207 — 10905.5
Theretore
he = 12025.5 and 7, = |620°R

Turhine work is

hs = hy =
(3) Regenerator.
Effectiveness g5 = Lp)
T
Therefore
T'I

From the wr wbles (App. 1)

hy =

— T

19520.7 — 12025.5 = 7495.2 Bru/(Ib - mol)

- T Ty — 744
=075, —m —
1620 — 744

= 1401°R

343,16 Btu tdb, ain

It s now important to base all calcilations vn the same basis, say 1 b, of aie
The enthalpies of the combustion gases are based on 1 Ib - mol of components
Al 200 pereent theoretical air, the molecular mass of the products = 28 880,

o 14520 7 .
therelore iy = _:H s = 0754 B b, |"Tl'duut.\
) T495 2 o
and Turbine work = — = 2395 Buu lb,, products

25 8N
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The air-fuel ratio for 100 percent theoretical air is obtained by writing the chemical

equation
2,135 2.14
CH; y4x + (l + —I"")O; L 376(! + —4-§)N:
.14 3 b
—+ CO; 4 -21—-§I!_-D + 3.?6(1 + E-IiS)N,.
2 4
ur

CH: s + 1.536250, + 5.7763N; — CO; + 1.0725H,0 + 5.7763N,
The air-fuel ratio is

1.53625 x 32 + 5.7763 x 28
12 + 2.145

= 14.9]

For 200 percent theoretical air, air-fuel ratio = 29.82. Thus there are ]| o+

12982 = 1.0235 Ih,, products of combustion per b, air, Therefore

Heat added = A4, — h, = 6759 x 1.0335 — 343.16 = 355.38 Buu/lb,, air
Net cycle work = turbine work — [compressor work|

259.5 x 1.0335 — 108.02 = 160.17 Bwlb,, air

It

Net plant work = 160.17 x 0.95 x 0.98 = 149.]12 Btw/lb,, air-

149.12
sfficiency = =042 = 42
Plant efficiency 355 38 0 2%
Since 1| MW = 3.412 x 10° Buwh "

25 X 3412 x 10°

Airflow necessary = %02 % 356

= I158.9 Ib,Js

Without a regencrator the plant efficiency would be approximately W,/
thy = hy) or
144,12

x =5 28.!;:'.{-
6759 x 10335 - 17838 © '™ ‘

The approximation 1s because. without a regencrator, the turbine pressure ratio
would be shightly higiher than 9.2 and the plant work and efficiency slightly higher
However, the difference between the thermal efficiencies as caleulated is indicative
of the large effect of regeneration.

.

8-6 DESIGN FOR HIGH TEMPERATURE

“should be evident by now that it is becoming more necessary to operate gas-turbine
plants with higher and higher turbine inlet temperatures o achieve higher efficiencies
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andoulputs. This also means higher pressure ratios because optimum pressures increase
with increasing turhine inlet temperatures for both efficiency and power. High-pressure
ratio units have Igher capital costs than lower-pressure ones, but the decrease -in fucl
consymption rapidly pays back for this capital cost differential. Anather concern that
goes with higher temperatures is increased potential for corrosion, which has to be
dealtwith As indicated earlier, research and development is underway Lo raise turbine
inlet temperatures from the present 2000 10 2300°F (1090 10 1260°C) o near 2800°F
(1530°C) Such temperatures are well above those that modem steam turbines have
t cope with, which are around 1000 to 1200°F (5340 to 650°C). The present range Is
suitable for peaking service, and with regeneration, for eyclic and some base-lvad
serviee 1 s also competitive with steam plants when used in a combined cycle (Sec.
§-7). Future ranges would make them competitive on their own,

Thers are several approaches 1o the problems associated with high gas tempera-
tures, In general they can be cateponized as developing suitable (1) materials, (2]
coohing, and (3) fucls,

Materials

The components that sulfer most from a combination of high temperatures, high
stresses. and chemical attack are thase of the turhine first-stage hived blades (nozzles)
and mosmg blades. They must be weldable and castable and must resist corrosion.
oxidation. and thermal fatigue. Heat resistant materials and precision casting are o

recent advances. larpely attributable w aircraft engine developments. Cobalt-based

atloys have been used for the fisst-stage fived blades (which are subjected to the highest

temperatures but not the hugh stress of the moving blades), These alloys are now being
supplemented by vacuum-cast nickel-base alloys that are strenythened through solution-
and precipitation-hardened heat treatment. For the moving blades, cobalt-based alloys
with high chromium content are now used.

Ceramic materials are also being developed, especially for the turbine inlet fixed
blades. Developmental problems here are inherent bnttieness, which causes fabrication
problems and raises uncertainties about the mechinical properties of ceramic materials.

Cooling 3
Early turbifies operated uncooled, as do many present-day ones. The increases in
temperatures we are witnessing require coaling, however.

The thermal stresses in high-temperature turbine moving blades are caused by the
high Totational speeds, uneven temperature distributions in the different blade crdss
sections, and static and pulx.mr:u gas forces that may give nse to dangerous vibrational
stresses. Other thermal stresses occur duning start-up, shutdown, and load changes.
Thermal stresses are thus caused by steady-state as well as ransicnt operation. The
falici give fise v fuw-Cycie latigue, wmch reduces blade i, In aadiwon there are
problems of creep rupture, high-temperature corrosion, and oxidation. It is generally
agreed that blade surfaces should be kept below about lﬁSO"F (900°C) to reduce
comesion 1o a tolerable degree.

A blade is couled by being madeghollow so that a uml.mt can circulate through

o
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it. A hollow blade is lighter than a solid blade and has a much lower Biot number®
and henee @ fairly umitorm temperature distribution.

The coolants that have been used and'or are under consideration are ay and water
(and steam). The ranges for these are air for gas temperatures up to about 2100°F
(11507C), water for gas temperatures above 2400°F (1315°C), and a hybrid systen
tor the intermediate range In the hybrid system, water cooling is used for the highest
femperature compaonents, mainly the inlet fixed blades, and air for the remaining blades
und rotor [T1],

Air Cooling

AIr cooling is of three kinds: convection cooling, film or transpirational cooling, and
impingement cooling. Cooling air is obtained directly from the compressor, thus
bypassing the combustion chamber. In corvection cooling the air is made 10 flow
inside the hollow blade. entering at the leiding edge, reversing direction a few times,
and leaving at the trailing edge (o enter the main gas stream. Film coeling is used in
conjunction with convection coaling and never alone. Based on aerospace technology,
itinvoives uir flowing through holes or slots frem the insidg of the blade to the outside
houndiny layer 10 form a protective insulating film between the blade and the hot
guses. Besides the cooling effect, it also helps prevent corrosion of the blades, This
transpirational air must be very clean for proper effectiveness.

Figure 8-17 shows an example of air cooling on inlet fixed blades [72]. The upper
vertical cress section shows air entering ot the top from the stator. It then Hows
downward by the leading edge in two parallel paths, changes direction three or four
umes, and leaves w the trailing edge. The middle path includes longitudinal nbs or
fins to enhance heat transfer. Other designs may include roughened intemal surfaces
and transverse ribs and webs. A good design should allow good heat transfer with

little pressure drop.

The middie horizontal cross section through the blade (Fig. 8-175) shows thé
internal paths in pure convection cooling. The lower horizontal cross seetion () shows
two rows of holes A and B on the suction side of the blade for film cooling.

For the moving blades (Fig. 8-18), the cooling air enters the blade root from the
rotor, flows radially through ducts in the hollow blade, changes direction, and leaves
through slots from the blade trailing edge. Figure 8-18 shows three such ducts, one
change of direction, and scveral exit slots.

The third method, impingement cooling, is one in which the cooling air is made
to impinge on the internal surface of the blade, which provides particularly mtensive
cooling, 5

*Intransient heat trainfer betwesn & sciid bosly and d fiuid. a low Biot number (Bi) indicatss 3 more
uinorm temperature distnibution within the bodv than a high Biot number. B 1s given by AL&, where b
ts e heal-transfer coefficient, L is a charactenstc length of the body., 1n this case the blade wall thickness,
and k the thermal conductiyity of the material of the body. A Biot number less than 0.1 means that all parts
of the body are at the same temperature al any one instant of time and that the body can be teated as a

i..mped capacity in transient heat-transicr analysis. )

e
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Mir-covledegas-turbine moving blade [72).
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A blade-cooling effectiveness £y is defined as

=T
o = L—“ (8-33)
‘{; i 7-1_!
where T, = gas lemperature :

T, = mean blade surface temperature
I',, = inlet cooling air temperature
£ hus been found 1o be a function of a dimensionless parameter B, given by

o

R ===
hx"i?-
where m, = mass-flow rate of air, Ib./h or kg/s
¢pa = specific heat or air, Buw/(lb,, - °F) or Ji(kg - °C)

h, = average heat-transfer cocfficient of gas, Bu/th - ft? - °F) or
Wem? - °C
A, = blade surface area, fi* or m?

It is o be noted that calculation of k, is not a simple matter, especially when film or
impingement cooling is invelved: the calculation requires elaborate computer programs
and needs o be supplemented by experimental data. Local values between 200 and
500 Bu'th - 17 - °F) [1.1 to 2.8 kJ/(m?® * °C)| have been reported [72]. Figure 8-19
shows a plot of . versus 8, It shows that combined convection and film cooling is
superior. followed by impingement and then convection cooling. It is believed that
combined convection and film (transpirational) cooling offers the most promise for
air-cooling schemes and permits an increase in turbine inlet-gas lcmpcraturcs by about
120°F (67°C).

~Water Cooling

As gas temperatures exceed 2100°F (1150°C) or so, air cooling reaches a state of
rapidly diminishing returns because of the quickly increasing demand for cooling air
that bypasses the combusion chamber. Despite their additional equipment requirements,
the regions of hybrid and pure water cooling are reached, with the latter holding the
greatest promise for gas temperatures of 2400°F (1315°C) and beyond, The higher
heat capacity and heat-transfer capability of water permit lower metal gas temperatures
(for the same gas temperatures) and hence reduced hot corrosion*and deposition from
contaminated fuels. Water cooling also eliminates the need for air passages through
the blades, as i film cooling, which would be subject to plugging by such fuels. A
test program sponsored by EPRI (the Electric Power Research Institute) using heavy

ash-bearing fucls showed wmictal temperatures below 850°F (450°C) and reduced ash

* accumulation on the blades with water codling [71].
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Figure 8-19 Companson of different processes of
blte cooleng [72]

In designing a gas wrbine for water coolng, standard acrodynamic design is
followed but the hot gas paths are kept as shosi s possible to minimize suiface areas
that require cnnling. The fixed hlades or ndrzies are hallow and contain seres and
paralie! wuter-ow paths ot unlike wir-cn blades). In one turbine design [71].
cooling water cirewates in. through, and our of these paths 1n g closed loop. Heat
removed front these blades is recovered in o heat exchanger for use i the sieam poraon
of a combined-evele plant thelow), The inler water is hot enough to prevent thermul
shock and s at @ pressure high cnough (about 1250 psii, 86 bur) to prevent boling
and heep the water in single phase. In that design. the Gest-stage Hixed blades are o
compasite construction with a core of high-srength nueriul (Nuronie 501, a surround-

ing copper matrix in which water-cooling twbes are imbedded, and a covenng skin,
all bonded by hot isostatic pressing. Second- and third-stage fixed blades are cast IN-
718 with drilled water paths. Such blades have been munufactured and successfully |
tested at operating conditions.

Moving blades arc cooled by an open-loop water aystem. Water enters the blades
at lower pressures and is allowed to boil, with stemm ejecting from the blade tips to
mix with the hot gas stream. Unvaporized water moves radiaily by centntugal force
and may be collected in a circumpherential cavity in the casing (Fig. 8-20) [73].
Closed-loop systems are being considered but pose some design difficulties, The
moving blades in the above design are forged from IN-718, with the cooling paths
dnlled after forging,

" Fuels

The advantages of increased gas-turbine combustion temperatures—that is, increased
ethciency, power, and reduced fue! consnmntion—are partly negated by the increasing |
cost ef fucls normally uscd by gas turbunes. So far gas turbines have relied primaniy
on natural gas and clean liquid fuels. Natural gas now is being conserved for domestic
use, and liquid hydrocarbons have increased in cost by an order of magniiud34uring
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Figure B-20 A wosterconled vastuhine poving blade [713)

the decade of the 19705 alone. By contrast steam powerplants are making increasing
use of various abundant coal-combustion systems (Chap. 5) and cheap nuclear fuels.
Residual liguid fuels. the residue left after the profitable light fractions have been
extracied from the crude, have been used in gas turbines o some extent [74]. They
are (1) viscous and (7 1end to polymerize (form slndge or tar) when overheated. (3)
Their high carbon content leads to excessive carbon deposits in the combustion cham-
ber. (4) Their contents of alkali metals, such as sodium, combine with slfur to form
sulfates that are corrosive. (5) They have other metals like vanadium with compounds
that form during combustion lso being corrosive. (6) They have a welatively high ash
= content that deposits mastly on the inlet fixed blades, thus reducing gas flow and
power output
The rate of corrosion increases with increasing gas temperatures. Early turbines
designed for residual fuc use operated at :hmpcrnturcs below 1650°F (900 K) to avoid
the problam A damecicing e ot w pioblem il wermittent operation because o
successive ~xpansions anu contractions, but it 15 a serious problem with steady op-
cration.
Fortunately progress is being made at keeping gas turhmcs'compcumc by the
dcvelopmcm of systems that prepare cheapr lower-grade fuels for gas-turbine use

<
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[75). Washing the fuel with water and separating the thixture with centrifugal or
clectrostatic separators is found to remove the alkalis. Fuel additves sueh as magnesium
have been found to neutralize vanadium. Additives and protective coatings are also
used to reduce corrosion [76).

A promising scheme is pressurized-fluidized-bed combustion (PFBC) (See, 4-8),
which makes cheap, abundant coal readily avarluble as o gus-turbine fuel. In the PFBC,
the addition of limestone will remove enough sulfur to meet environmental regulations,
However, much development work remains to be done in order to reduce particurate
matter from the fluidized-bed gaseous product. which can rapidly destroy turhine
bisding. Other J“L"'I.I[I\l.\ (for coal use) are the use of synthetie fuels from coal
gasificatton and Ilqucmtunn A low-Blu gas use in 2 combined eyele hids alrcady been
discussed i Sec. 4-11.

B-7 COMBINED CYCLES: GENERAL

Combined-cycle powerplants are those which have both gas and steam turbines sup-
plying power to the network. The idea of combined cycles has grown out of the need
to improve the simple Brayton-cycle efticiency by utilizing the waste heat in the turbine
exhaust zacec This, as we have seen. can be done by regeneration (See. 843 Re
generaton reduces the heat lost up the stack down from some 70 to 60 pereent of the
energy input. The sole purpose of a regenerator 1s to improve cfficiency: 1t dues not
increase the power output. In fiuct, because of additional pressure losses it imposes on
the plant, a regencrator reduces the wrbine pressure ratio and hence the net plam
vutpul by a few percent. Aside from this small reduction in power output, regencralors
with their large heat-exchange surfaces and large gas and air piping make the plan
more costly. Another effect is that the optimum pressure rato for maximum efficiency
moves sharply to Jower values with regeneration, resulting in reduced power as can
be seen from Figs. 8-10 and 8-11.

Siniple cycles operate near maximum power he cause they are not used in service
where efficiency is the prime concern. Regenerative cycles, however, are meaningful
only If they are operated near maximum efficiency. Thus they would have their output
reduced from a simple cycle by a much larger percentage, perhaps 10 to 14 percent.
In certain applications, an economic compromise between capital and eperating costs
would have to be found.

It can be seen that raising the cfficiency of a gas-turbine plant_by regencration,
while used for stationary applications, is costly. A means, therefore, was sought
whereby both effigiency and power are increased. The solution was found in using
the large quantity of encrgy leaving with the turbine exhaust to generate steam for o
steam-turbine powerplant. This is a natural solution as the gas turbine is a relatively
high-temperature machine (2000 to 3000°F, 1100 ta 1630°C), whereas the steam turbine
15 a relatively low-lemperature machinc (1000 1o 1200°F, 540 1o 650°C). This joint
operation of the gas turbine at the “hot end” and (he sicam turhine at the "cdld and "
is called a combined-cycle powerplant. )

Besides both high efficiency and high power outputs, combined cycles are char-

#



M2 POWIRPLANT TS ray
-

actenized by fexibility, quick pant-load starting, suitability for both base-load and
cychic operation, and a high efficiency over a wide range of loads, They have the
potential of using coal [77] as well as synthetic and other fuels. Their obyious dis-
advantage is in their complexity, as they in essence comhine two technologies in one
powerplant complex : '

The idea of combined cycles is not new, having been proposed as early as the .
beginning of this century It was not, however, until 1950 that the first plant was
installed. This was followed by a rapid rise in the number of installations, especially
in the 1970s. Ap estimated 100 plants, with a woral of 150.000-MW output, had been
installed by the ¢nd of the 19705 throughout the world [78]

There have heen many suggested types of combined eycles, the most important
of which comprise:

A heat-recovery boiler with or without supplementary firing

A heat-recovery boiler with regeneration and/or feedwater heating
A heat-recovery bailer with multipressure steam cycele

A closed-cycle gas turbine with steam-cycle feedwater heating

T

Some examples of these are presented next,

8-8 COMBINED CYCLES WITH HEAT-RECOVERY BOILER

Figure 8-21 shows a schemane flow diagram ol such a combined cyele A simple gas-
turbine cycle, consisting of air compressor (AC). combustion chamber (CC). and gas
turbine (GT) is used with the twrbine exhaust gas going 1o a hew-recovery boiler (HRB)
to generate superheated steam That steam is used in a standard steam cycle, which
consists of turbine (ST), condenser (C), pump (CP), closed feedwater heaters (FWH),
and deacrating heater (DA). The HRB consists of an economizer (EC}, boiler (B),
stcam drum (SD). and superheater (SU). The gas leaves the HKB to the stack. Both
gas and steam turbines drive electric generators (G).

The gas turbine is usually operated with a high air-fuel ratio, approximately 400
percent thearetical air, (0 make sufficient air available in the gas-turbine exhaust for
further combustion.

For low-powered combined cycles the steam-twbine output is less than the gas-
turbine output, by as much as 50 percent. and the number of feedwater heaters is
small, often one déacrator and one closed-type. To increas the output for short periods
during load peaks, supplementary fuel burners may be.fitted to the HRB to increase
the steam mass-flow rate. This can also be done on a continuous basis, but limits on
the amount of fucl added are poscd by the design of the HRB, which usually lacks
refractory lining, water-cooled walls, ete. A limit of about 140K1°F (740°C) o the pan
femperatures 1n the HRB 1s common. This however. is wenally sufficical to incease
thes steam-turbine output by pcrhaps 100 percent and the total cycle output by 30

. percent. -
© In large combined-cycle pl:m}s used for base-Toad operation, where efficiency is
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FWH

+ Figure 8:21 Schemanc flow dinérnm of a combined cycle with heat-recovery boiler (HRB)

of prime importance, separate supplementary fining equipment (SF) is interposed be-
tween the gas turbine and the HRB. The steam-turbine output is usually greater than
the gas-turbine output by up to 8:1. The steam cycle is thercfore designed for high
efficiency with reheat and a full complement of feedwater heaters. A forced-draft fan
may be installed ahead ol the SF 0 opeiate the steam cycie on its own when the gas
tuibine is cut il "

The fuel used in supplementary firing may be the same high-grade fuel used in
the gas turbine. This is the simplest solution as such fuel causes few problems in the

y 5
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SFand HRB. However. cheaper lower-grade fuels such as heavy o1l or coal, can also

be used in the SF

*

Example 8-4 A combined cycle as shown in Fig. 8-20 with supplementary firing
has gas-turhine cycle fuel represented by CHo yus, air-fuel rano corresponding to
400 percent of theorenical air, gas-turbine inlet temperature of 26(0°R. pressure
rato of 8, and a polsropic efficiency of (190, Supplementary firing using the
same fuel rases the gay temperature to 2000°R before entenng the heat-recovery
boiler. The gay leaves (o the stack at RO°R. Steam is generated a1 1200 psia and
ISGO0°R from leedwater at 780°R. Caleulate the heat added in supplementary firing,
Brw/lb,, of air. and the mass ratio of aiflow to steam fow.

SOLUTION Use the gus tables for 400 percent theoretical wir (App. 1) and refer to
Fig, 8-22.
Ty = 2600°R P = 586.4 By = 19979.7 Btu'(lb - mo) gas)

Pia = Bt 133 T:. = 1579°R hy = 114900
=
hy - h, 199797 &
= {3 —— = e —
g h - hy, 199797 — j4ud
Theretore
by = 123471 Budlb - mol gas) Ti = IndS

Assumie that suprementary linmg changes the miviere “om 300 percent at
o 200 percent of theoretical air at 5 (use the gas tables for 700 percent theoreticnl
Air).
Is = 00R" ks = 15189.3 Bu/(ib - st gas)
T, = 800°R Ry = 5676.3 Brw/(lb - mo! gasi

From Example 8-3, the wr-fuel rtio (A-F) for stoichiometric mixmes ACTH
fuel is 14.91. The products-to-air mass ratio is 1/(1 + 1A-Fi. This ts | (335 for

7 h;urr 8-22 T-s diagram for the gas in Fxample 8-4.
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200 percent and LLOT68 for 300 pereent theoretical wir. Also, the moleculur nusses
for these products are 28,880 and 28,925, respectively. Based on | b, of wr

12,3471
= ‘ﬁ; <« 10168 43404 Buedb,, air
oo DGO o ol e
1 —— e 3 1335 = S543.56 Btwlb., ¢
! 38880 4 Btuwlb., air
and
5676.3
h, = — % 10335 = 20313 B ib. air

28 K80

n

Therefore, heat added in SF = ks = My 543,56 — 43404 = 109.52 Bra/lth,
air and, heat added in HRB = e h, = 543.56 20313 = 340.43 Buwilb,

air.
For sleam entering turbine. A = 1550.9 Btu'lb,, steam For feedwater entering

the HRB, it = 290.4 Bu/lb,, steam. Therefore
M = 1556.9 — 2004 = 1266.5 Bru Ib,, steam

34043
1266 3

Mo mtio of @ to stream = = (269 =

Variations o the eycle shown in Fig 8-21 are used to eatract the maximum

amaunt of energy from the gas leaving the heat-recoven hatler before exhausting it
to the stack. Depending upon the temperiture of that gas. it may be wsed for (1) parne!
heating (regeneration) of the compressed air leaving the COMPIeasor, (2; feedwier
heating of the steam cycle in a closed-type feedwater beater, or (3) generating steam
in a dual- or multpressure steam cycle. This last vanution s descnbed in Sec E-14

Because ‘zas turbines are not yet built in sizes as large as steam turbines, combincd

cycles are often built in combinations of more than‘one gas terbine plus onc steam
lirbine. Such combinations show certain advantages, not only in higher total plant
output but also in higher availability, flexibility in service, and pan-load efficiency.

An example is the STAG powerplant, described next.

8-9 THE STAG COMBINED-CYCLE POWERPLANT P

The STAG (for steam and gas) 330-MW cmnbincd-c‘;'clv powerplant [79] is a cyels

plant built for the Jersey Central Power and Light Company. [tis located at the Gilben

Generating Station on the Delaware River south of Philh:\uhnrg NI

The plant was designed by the General Elecuic Company ang is Luiniguant! i

four GE Mdtiel-7000 gas turbines exhausting to supplementary firing in the form of

auxilia{y,bumcr sections within four heat-recovery boilers. The ‘HRBs gencrate su-
a - . #

P 4
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Figure 8:23 Layout of the STAG combined-cycle plant [72)

perheated steam for

one steamn tarbine The steam plant feedwater system wcludes

one low-pressure closed-type feedwater heater with drain cascaded 1o the condenser
and one open-type deacrating feedwater heater. The plant flow diigram can be sche-
muatically represented by Fig. 821, except that there are four gas turbines. Figure 8-

23 shows the STAG
Gas turbines:

Turbine exhaust:

HRB:

Feedwater:
Steam;
Steam turbing.

Fuel: N

STAG, 2% most

plant layout. The plant data follow.

Four GE Model 7000, cach rated at 49.5 MW base and 54.9
MW peak at 80°F (27°C) inlet. '

970°F (521°C). Dampers used to bypass gas to atmosphere when
operating alone, or to direct gas to the HRB when operating in
combined-cycle mode. Silencets are located ahead of bypass
stack and HRB.

Four. single-pressure, bumer-and-steam-generator sections are
factory-assembled modules [80) for site erection. Forced-recir-
culation in boiler section.

267°F (130°C) at economizer inlet. -

1250 psig (87 bar), 950°F (510°C), 995,200 Ib/h (125 kg's).
One high-pressure and one double-flow low-pressure, tandem-
compound sections, nonreheat, rated at 129.6 MW with 3.5 intlg
(0. 12 bar) back pressure.,

No. 2 dustillate oil initially. Corrosion-resistant first-stage gas-
wrbine matedals allow ftees use of heavier fue!.

combined cycles, has operational flexibility. Each of the four gas

turbines and the steam turbine may be started. controlled, and loaded independently
from a centralized control roomi. Either one,or more gas turbines may be operated,

/4
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cach witht or without its HRB and with its HRB supplementary fired or unfired  Gas-
turbine start-ups are stageered by 30 s. Interlocks will prevent steam-turbine starting

i no HRBs are operastional. Steam pressaires of 600, 800, 1000, and 1250 pag we

used with 1, 2, 3, and 4 gas turbines and HRBs. respectively. The totl gas-turhine
output of 198 MW is available within 30 min and the 1otal plant output of 330 MW
within | hour after an overnight shutdown

The efficiency and operational Rexibility of the plant are illustrated by the heat-
rate curves of Fig. 8-24. The wp four short curves are mdicative of operatnon on 1,
2, 3. 4 gas turbines, exhausting to the atmosphere, respectively. They have a hear-
rate range of 13,000 w 13,500 Bk Wh, which corresponds to Giermal elfhcencies
of 26.3 10 25.3 pereent. The curves labeled F are for pant load combinauons with the
steam turbine and minimum HRB firing. Other notations are as explained in the mble
It can be seen that best heat rate, at point Ay, for peak loads and full HRB finng, 15
8700 Brw/kWh corresponding ta 39,2 percent efficiency.

Because STAG is pantly a gas-turhine plant, the cooling-tower and cireiating-
water makeup requirements are about half those of a conventional steam-cyclic plant
of the same output. STAG had a short lead time from order to operation and was
budgeted at $53,300,000, comresponding to shout $160/kW capital cost.
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throttle, PL. = part load.
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Another U.5. built combined-cycle plant is PACE, built for the St Joseph Power
and Light Company of northwestern Missoun [81],

'

8-10 COMBINED CYCLES WITH MULTIPRESSURE STEAM

A combined cycle with multpressure steam reduces the temperature of the gas leaving
the heat-recovery boiler and hence results in increased cfficiency of the plant a5 a
whole. With steam eyeles operaung around 1300 psia (90 bar), saturation temperatures
around 575°F (300°C). and feedwater into the HRB at about 265°F (130°C), the gas
temperature leaving the HR B to the stack is stll at about 300 o 400°F (130 1o 200°C).
Some of the encrgy leaving with that gas can be utilized in a multipressure steam
eycle. The simplest such cyele is a dual-pressure® one, although triple-pressure cycles
have been considered. .

A dual-pressure cyele (Fig. 8-25) shows a heal-recovery boiler with two steam
circuits in it. Qne, a high-pressure circuit, feeds steam to the steam turbine at s inler;
the other; a low-pressure circuit, feeds steam to the same turbine al a lower-pressure
stage. A carresponding t:mperrtere-enthalpy diagram of both gas and steam circuits
in the HRB isghown in Fiz 8-26. .

Exhaust gae leaving the gas turhine enters supplens ntary finng (38 at 4 and the
heat-recovery boiler (HRB) at 5 Ic:u.-im it 1o the stack (STh at 6. Condensate leaves
the steam condenser (C) a1 8 and enters the condensate pump (CP) znd two closed-
type feedwater heaters (FWH ) and one open-type deacrating heater (DA vthen enters
the boiler feed pump (BFP) at Y. where it s pumped o 10 10 @ lower pressure than
that of steam maximum. Process 10-11 iy Teedwater heating o low-pressure eoon-
omizer, followed by evaporation to 12 and supedicat to 13 Superheated low-pressure
steam at 13 enters the steam wrbine at s low-pressure stage.

Water from the low-pressure steam drum at 11 is pumped by a booster pump (BP)
to 14 and goes to the high-pressure econnpzer. Evaporation occurs trom 13 w16
and superheat to 17. High-pressure superheated steam at 17 caters the steam turbine
first stage.

It can be seen from the 7M1 diagram (Fig. 8-26) that bow-pressure steam boils at
a temperature (12) below that of high-pressure steam (16), and henee there are tvo
pinch points between the gas line and the saturated steam lines. It can also be seen
that a single high-pressure steam circuit would be represented by 10°-15-16-17 with
gas leaving to the stack at 6'. Adding the low-pressure circuit allows the gas to leave
at a lower temperature (6), thus extracung more cnergy from it and increasing the
overall eycle efficiency. - if

An example of a dual-pressure combined ¢ycle is the Donge-Geertruidenberg pi.ml
of PNEM in Holland [78]. 1t has a gas-turhine output of 76,7 MW and & steam-turbine

* The idea 18 not unique to cpmbined cyeles. Low-temperature gils‘mo]:d-rcaclm pawerplants of the
British Magnox type (Sec, 10-11) have used dual-pressure cycles for a similar purpose. An caly boiling-
water-reactor powerplant (Dresden 1) used dual pressure, but for a differem purpose 3],

. s
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Figure 8-26 Temperature enthalpy (T HY diagtam of the et
| recovery banler of the dual pressore combaned evele shown

" in Fig H:2%

output of 47.3 MW and attains a remarkable S0l pereent elliciency at standard ai
conditions of 15°C (39 F) and | atm, with unly one DA feedwater heater,

A proposed triple-pressure combined cycle generates steam at an intermediae
pressure between the twa steam-turbine inlets. This steam s injected into the pas-
turbine combustion chamber to reduce nitrogen oxide emissions to meet NO, rigrid
standards, 1t applicable. The water, thus lost, must of course be continually made up.

=
|
L+

[ [y}

Flgure 8227 A schematic diagram of a combined cycle with 3 nuclesr gas turbine and fossil-fuel-fired
steam lurbing |75).
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_ Flgure 8-28 T-s5 diagrams of helium and steams cycles shown
s inFig. 8-27.

8-11 A COMBINED CYCLE FOR NUCLEAR POWERPLANTS

A combined cycle for nuclear plants [82] presupposes that a high-temperature gas-
cooled nuclear reactor (HTGR) (Sec. 10-12) is the heat source for the gas-turbine
cycle. Such a reactor-turbine combination uses helium gas as the reactor coolant and
gas-turbine cycle working fluid in a closed cyele.

Helwm at 1 (Figs. 8-27 and 8-28) 1s compressed in a helium compressor (HeC)
to 2. 1tas then preheated in a regenerator (R) 1o 3, enters the HTGR. and leaves at 4
at 1435 to 1470°F (780 to SK0°C), It expands in the helium turbine (HeT) 1o 5 and
enters the regenerator. The energy left in the gas at 6 is finally transferred to the steam
cycle in @ closed-type steam feedwater heater (FWH). The helium. back at 1. reenters
the helium compressor,

The steam cycle is faidy standard. Feedwater leaves the FWH ar 7, enters the
fossil-fueled steam generator (SG), and leaves it as superheated steam at 8. This
expands in the steam turbine (ST) and enters the condenser at 9. Condensate at 10 is
pumped by pump (P), after which it enters the FWH to repeat the'cycle.

It can be scen that the gas and steam cycles are caoupled only by the FWH, that
the heat generated in the HTGR is completely utilized in both c}clcs and that heat is
rejected only in the steam condenser. |

PROBLEMS

B-1 Show that the efﬁﬂrnc_\r of an ideal Bravtan cycle at«the optimum pressure rabo is a function of
mimmum and maumum femperatures only, and independent of the working fluid.

82 It is required to compare the optimum pressure ratios and comresponding cfficiencies of three idzal
Brayton cycles wsing air, helum, and carbon dioxide as working Aluids The minimum and maximum
wospiiatunds aie 10°C and 410 U, respeciinely. Use properties at low (einperaiiies,

8-3 A gas turbine cycle operates with air only with a constant specific heat of 0.24 Brwio, - K- 1ne imict
aif is at 14.696 pua and 60°F. The i cyele temp © is 1800°F. The compressor and turbine
have the same pressure rano of 8 and polytropic c{ﬁmncu:s of 0 85. A regencrator hnh 75 percent

= ] K
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eifectiveness 1s comsidered “Calculate (a) all temperatures around the cyele. in deprees Fahrenheat, () the
efficiency of the cycle. in percent, {¢) the heat added, in Brus per hour, to pricduce 10-MW pawer, (d) the
efficiency uf the cycle il noregenerator i used, te) the elficieney of a cornparable weal cycle with a perfeat
regenerator ) :

B4 A Brayton cycle oporanng on air only with a constant e, = () M Hwlbe - R, has compressur and
turhine polytropic efticiencies of 08 and 0.4, respectively, and the same pressure ratio of G0, The inlel
amd maxinum |L‘l:!‘|\1'.'.

ares are 30 and FO40'F, respectively A regencraton with 85 percent effectivencss
is used Coleulate t) the pet wists, an Bu b (b the evele efficiency. ard (o) the air mass flow rate for’
a 20MW nutpul

B5 AW

: fraim as o working Nuid with @omass thow rate of 2000 dbys The compressor
and warbine |~uhln e ate 008 and 009 aped their pressare e are 18 and 24, respectivedy
The inlet und nuicomum wmperatnnes are 100 and J000'F, respectively A tepenentor with 83 percent
effectivenesy is used Caleulate (a) the eyele efficiency, (b the pereent mprosement in cycle efficiency
due 10 regenciation, and () the eyele power, in negawalts,

86 A helium gas trbine ovele has compressor and turbine polytropic efficienaies of (8 and 09 and
pressure ratios of 25 Gnd 2 2, respectively. The compressor bas onie stage of interzaoling amn the turbane
has wne st af rebicat The cvele has a gegeneritor with 85 percent effectiveness. The ¢yele minimum
and maximum temperatuees are 100 and 200071, respectively. Caleulate (a) the cycle efliciency, and (h)
the eycle power for a belivm mass Row rate of 200 Ih.fs

8.7 Airat L4695 s 4077 and with 65 percent relative humidity enters the compressor of o gas turbine
¢yele. The compressor and turbine have the same pressure ratio of 6 and polytropic eficicncies of 0.50
and 0.90, respectively Watss at (07K is injected into the compressor exit wr, saturating it Caleulute (n)
the a0 Lemiperature alter water impection (0 e percent imwrease in miss v rate due o waler injection,
(en the SOMPressor swork m Htus per pounsd mass ol vrngenal an, and () the compressor sork i water iy

ingecied duning the Sompression provess W the sime temperature as ), i s per pouid mass of ongmal
atr Ulse u vonstant 2t P b, - R

H-B Aot 14 606, 30°F and woh A% percent relative humidity enters the compresanr of @ gas turhine cyele
The compressor and terpe bave the sime pressure ratiocof & wad polytopic efliciencies of 080 and 096,
pespectively. Water i T e wred 1o the compresser el air, saturating ot The air then goes through
an 85 percent eftectise regenerator. The werbine inled temperature 1s 1940°F. Caleulate (a) the heat added,
i Baus per pound mass of snginal aur (4 the cycle efticiency. (o) the ongmal air masy flow rate, in pound
mass per hour, for a 20-MW net eyele uul;ml. and () the pecessary water injection rate, in pound mass
per hour For simplicity, use's congtant ¢, = 0 24 B, « "R Compare these results with those of Prob.
H-4 that h.u.u: the wame daty hut po water injection

B9 A simple Brayton cycle without regeneration, inlercoohing or rehnl has compressor arul turhine pressure
ratios of 9,286 and 8§ 276, polyviropic efficicncies of 0.862 and 0.904, and minimum and maximum tem-
peratures of 40 and JHOE. Air enters the compressor at the rate of 6 = 10" Iboh. The cumbustion gases
correspons! to 400 percent theoretical air. Find the net cycle power, in megawaus, and cycle efficiency
using (a) a constant specific heat of 0.24 Biw/lb,, + “R and constant & = 1.4, and (o) the gas tables. The
molecular weight of the combustion gases = 28,925, The ratio of products to air by mass = 1.0168.
B-10 A 50-MW combustion gas turbine cycle using 200 percent of theoretical air has one stage of intercooling
no reheat and a 798 perceat elfective regencrator. The compressor and turbane pressure ratios are §.63 and
B.231 and have polstropic efficiencies of 90 and 90 52 percent, respectively. The mlet and maximum
temperatures are 40 and 2140°F . Using the gas tables, calculate (@) the net cyele work, in Bius per pound *
mass air, (4) the evcle efficiency, and (¢) the air mass Mow rate, in pound s per hour, if the mechanical
and electnical elficiencies ane 938 percent cach

B-11 A combustion ‘Wrayton cyele uses 26 percent of theotetical air. The cycle has an inlet temperature ©
of SO0°R and 4 wrbine ket temperature of 2000°R. The compression ratios i the compressor and rurbine
are assumed equal 10 9 One sage of interconling 3 fapt i ihiikas wie uxa Assume that all rotary
machines have efficiencies of (1 RS A D RS effective irgeneratar 13 used. Catculaic the net work of the
cycle and the overall efficiency. using the gas tabled. -
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812 i w-quur.l o conpare the thice methods of air conling of the blades of high- temperature combustion
g turhines (1) convective, (21 smpingement. and L W combined convection and film (ranvpiration) Avsume
tor all cases that the blades have o mean surtae arcs of 10U cm® and that the blade surface remperatue 1y
not to exceed 900°C. with 3 coobing it et remperature to the blades of 300°C. Assume also that the
couling air mass Mow rate 0 (002 kg s per blade and that the heat transier cocthcrent s the saine i all
cases. 20 KW' - U Estimate (21 the permisuble mavimum turbine pas temperature for each of three
methods and (B the et work, in kidogoales per kitopram of air, and the cyele efticiencs for methods 1 and
FTonly. Take b = | 4 and | MJ for compresent and turbine, and o, = 1065, 12267 and 1 1057 L]
kg - K lor compressar, Jurbine, and heat addinon, respectively

B-13 Consader a combined gas-stearm tarhine cucle with both machines weal Aw enters the compressor at
| aten and SO0TR 200 percent thoerchics aif gases enter the gas turhine 40 24060 K Tre presre ralio tor
buth compressor and turbine v § 624 No istercoobng, reheat, or regenerstion are used i the gas-turbine
eyele The rbine exhaust iy used directls without sapplementary inng and leaves o the steck at 1000°R
Stean o produced at 1000 paii and 1OGF - The condenser pressure is | psia No feedw ater heating 1 used
and the pump work may be ignored. Draw the flow and T-5 duagrams labeling points correspondingly. and
valeulute () the hear added, per pourd mass of @, (b the steam flow per pound masy of air. () the
combined work, in Btuy per pound mass of air, td the combined plant efficiency, and (e the plant efficiency

1l the steam cyele & moperative

B-14 A combined gas-steam-turbine powerplant i designed with four SO-MW gas fusbines and one 120-
MW steam turbine, Each gas turbine operstes with compressor inlet temperature S05'R. turbine anlet
temperature 2450°R. pressure ratio for both compressor and turkine 5, and compressor 2nd turbine polytropic
and mechamical efficiencies .87 and 0 96 The gases leaving the turnines po to ¢ heat recovany boiler then
i regeneralor weth an effeinemess of 27 The turhine pases eoprespard o 20 nercent o thenrerical
The st
Pt eptaimally placed | with Teedsater ANTatare 1o e
patie and turbine polvtropic and mechro sl erncenemws 0RT grd 0000 Al eledtre coneratr efficiencies

air iuachke has o tirbane < catonid Sb L0 paid amd o VHL e Dpenbipe Teedaater heater

coovgny Boglier at 930 K, condenser pressune |

ettt flow und

nperature W ek R e

s the as b
i e flow rate i the steam turbane i pound mass per hoar,
heat added in the

arg A0 Wb Supplemteniars hrieg af
Tow diggrarms and find te) the reguined e
i the reguiped @ mass Aow raee i each gas turbane 0 poand miass pos e e
i cacle and i supplementary finng at tull load. () the stack gas tempersture n degress Fahrenhent, tel
the cale efficency at Full Toad, and 5 e etnviency at startup when onle one gas rurbine o= el a1 s
full load with no supplementary tinng oe regeneration. (gnore the steam ovcle pump work

8-15 Cunsider the steam generalo in 3 combined cycle of the dual pressure vaners (Fip 8:25) The
combustion gases, comesponding to 200 percent theoretical air, leave supplementary Lung at § 500°R and
the steam gencrator at 810°K. Steam i generated a1 1000 psia and 1000, and 200 pais and SO00F, from
feedwater at 3J00°F. The high- and low-pressure steam mass flow rates are equal. Using the gas tables.
calculate (g} the pas mass flow rate, in pound mass per pound mass of totul steam. and (£) the gas exit
temiperature, in degrees Fahrenheit, if only high-pressure steam is generated, for the same 248 mass flow
rate. The gas molecular weight = 28 880

B-16 A combined cycle of the type shown in Fig. 8-27uses helium in the gas turbine posion. The compressor
and turbine have the same pressure ratio of 2.0, the same polytropic efficiencies of (183, and inlets at 140 -
and 240°F. respectively. The regenerator effectiveness is 0.85. The steam evcle operates with 1000 psia
and 1000°F steam and condunses ot | psa The stcam turbine polytropic #fficiency 18 0 85, The feedwalter
heater has @ termunal temperature difference of 28 F Caleulste () the hehum mass fow rate, i pound
mass per haur, for a combined vutput of XX MW, and (b} the gas, steam, and combined cycle effieiéncies.
Tgmime the steam Qade pump work




