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PREFACE

This book is the outgrowth of the author's experiencg
in operating power plants and in teaching power plant‘engln—
eering to students in mechanical{ electrical and'cheylcal
engineering. The principal portion of the ma?erlal is con—
fined to steam power plants end is presented in wgat tpe
author has found to be a logical sequence, ?eglnnlng with a
study of load curves and power plant economics avd progress—
ing through vapor cycles and a detailed examination of the
fundamental principles of the various plant components. -
Chapters are added, as a matter of interest, on the subjects
of the economics of load division and Diesel-electric, hydro
-electric and gas turbine power plants. No attempt is made
to treat the subject of power plant wiring, as this subject
properly belongs to the field of the electrical engineer.

The presentation of the material in this book is based
on the assumption that it will be presented as a one—semes-
ter course, and that the student is familiar with the funda—
mentals of engineering thermodynamics. The author prefers
the project method of presentation of problems to the student
because he has found that the method has the advantage of
making it possible to integrate the problems into a whole
which has meaning to the student. Examples are given in the
text in sufficient quantity and detail to guide the student
in the'execution of the projects. Only one series of pro-
Jects is given in the text as an aid to the instructor in

preparing additional projects from materials out of his own
experience.

In order to hew to the line of fundamentals, it has been
found necessary to say little about the miror details of de-
sign and operation, because these only serve to obscure the
job at hand, which is to give a broad picture of power plant
engineering in a limited time. It is expected that the in-
structor will make free use of visual aids, such as motion
pictures and plant inspection trips, to suprlement and clar-
ify the presentation in the text. A bibliography of select—
ed referenced is given at the end of each chapter for the
berefit of those students who would delve more deeply into
this extremely important and intensely interesting subject.
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FUNDAMENTALS OF POWER PLANT ENGIKEERING

CHAPTER |

INTRODUCTION

l. It is the functicn of the power plant engineer to
specify the equipment for the production of power at the low-
est possible cost per unit. This function requires the un-
derstanding of the fundamentsls of power plant engineering
from the standpoirt of mechanical design as well as from the
standpoint of economics. The word specify should be care—
fully noted. It is the function of the specialist in equip-
ment design to supply machinery which will fit the specif-
ications of the power plant engineer. Obvicusly, if the
rower plant engineer does not have a thorough knowledge of
the poscibilities and liritations of the machinery with which
he is dealing, he cannot make workable recomrerdations.

49Q. Growth of Power Generation in the United Stetes--Un-
til Thomas A. Edison built the Pearl Street Station for the
New York Edison Company in 188C, very little power was pro—
duced in the form of electricity. Most of the irstalled
power machirery was in the fcrm of steam engines of various
specialized types in rills and mines. Some hydro power was
utilized ir mills located at the sites of the water wheels.

Before the turn of the century, the largest and most
efficient steam power rlants were found on ships. At about
this time, however, the large central steam—electric station
became a necessity and it was rot long before these stations
surpassed the marire power plant in both size and efficiency.

The growth of the power irdustry in the United States
has been phenorenal. A stuvdy by the Twentieth Century Fund
has shown conclusively that the rise in cur standard of liv-—
irng has paralleled the rise in the utilization of power.
Figures I-1 through I~3 show some important data on the growth
of the power industry in the United States and the increase
in our standard of living during the sare period, with an
extension of the electric production and installed capacity

curves to 1960 to correspond with the Twentieth Century Fund's
predictions.

3. Improvement in Thermel Efficiency of Steam Power
Plents--Examination of the data on growth of the power indus+
try is not sufficient to show the contributions of the engin-
eer. The engineer's contribution has been the continual ir-
provement in thermal efficiency of the power plant. Figure
I-4 gshows this improvement in terms of British thermal units
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per kilowatt—hour for plants in the United States. It will
be seen that the rate of improvement has apparently reached
a minimum, and truly it seems that it is impossible to fur-
ther improve our steam power cycles. The end of the engin-
eer's contribution is not yet in sight, however. Binary
vapor cycles have been rroven practicable and thermal eff-—
iciency improvements up to 50 per cent will be seen in the
not-too-distant future. Power from nuclear fission may some~
day become economical when cheaper sources of energy become

exhausted or so scarce as to be more valuable as raw mater—
ials for chemical syntheses.

4. Progress in Hydro and Internal Combustion Power--pig-
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ure I-1 showed that the larger part of the nation's power
production has been obtained from stear power rlants, and it
is likely that such a relation will continue so long as fuels
are easily obtainable. Hydro plants at present provide
slightly more than half as much power as steam plants, and
they are not likely to improve their relative position very
much in the future due to the decreasing availability of
suitable dam sites. A good example of maximum utilization
of hydro power possibilities is to be seen in the install—
ations of the Tennessee Valley Authority which has 26 dams
in the more than 1000 miles of the Tennessee River and its
tributaries. The TVA, as well as any other well designed
hydro system, makes use of steam power plants as auxiliary
power sources during the annual dry season.

In Figure I-1, internal combustion engine plants have
been included with steam plants because the power produced
by the internal combustion engine plants is somewhat less
than one per cent of the total production. It must not be
concluded, however, that the internal combustion engine plant
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is insignificant, because there are locations where condit-
ions are such that steam power plants would be impractical.
As & general rule, where the toctal load is less than about

7,800 kilowatts the Diesel~generator plant will be found to
be most economical.

5. Power Systems-~Due to the fact that larger rpower
plants can produce power more cheaply than small plants, we
have the central staticn rather than individual power plants
for each consumer. The problem of supplying power to the
consumer from the central station gives rige to a rather
complicated system of transmission and distribution lines.
Figure I-5 shows the elements of a power system which in—
cludes a power rlant and a primary and secondary distribu-
tion system. The secondary distribution system is always
existent in any power system, but the primary distribution
(sometires called transmission) system may or may not be
present depending upon the distance between the power plant
and the area which it is to serve. The complexity of the
secondary distribution system depends upon the types and
sizes of the loads served. Figure I-6 shows a schematic
wiring diagram for a typical power system with the varicus
voltages used in present practice. The voltages selected
for a particular system will depend largely on the distsnces
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to be covered and the type of load to be supplied.

6. Public Utility Organization®--At the present time in
the United States there are three classes of utility busi-

nesses:

1. Private utilities.
2. Municipal utilities.
3. Federal utilities.

Gener— , High Tension Substa.
l ator Transmission | Secondary Service
Volt— Voltage Voltage Voltage
age
B B =3
Power Plant|Prirary Tistr.| Secondary Distr,[Cus.
) System System [sys.
Fig. I-5, A typlical power system.

1

classes,

Public utlllty” is the generic

term for utilities of el
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Private utilities are almost always incorporated and are
usually a part of a very complex organization called a hold-
ing company. Briefly, the holding company owns all or a
majority of the common stock of a number of subsidiary power
companigs, known as operating companies. The common stock
of the holding company is usually held by the public, but a
few individuvals may hold sufficient of the common stock to
excrt effective control of the whole holding company system.
Ordinarily the common stock in any corporation amounts to
only 40 to 50 per cent of the capitalization, therefore it
is possible by pyramiding through sub-holding companies for
a few individuals to control huge enterprises. This is not
to say that the holding comrany system 1s undesirable from
the theoretical point of view, because it is possible to ef-
fect great econories in equipment purchasing and in the fur-
nishing of engineering services with an organization of this
type. The Public Utilities Holding Company Act of 1934 was
irtended to break up these large aggregations of power com-
ranies, and it has had some success to date with several

which had been in particularly vulnerable positions due to
mismanagemert.

Hunicipal utilities are operated by municipal governing
bodies for the berefit of the citizens of the municipality.
Financing is obtained by the sale of either bonds or revenue
certificates. Revenue certificates encumber only the future
ircome of the system and usually do not require a property
owners referendum for their authorization. Municipal utility

financing lately has been largely accomplished with revenue
certificates.
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Federal utilities do not usually sell power directly to
the consumers but mholesale it to municipaliiies, private
utilities and rural electrification cooperatives. State
governments are compensated for loss of tax revenues by pay-
ments in lieu of taxes which would have been collected from
the former owners of lands which have been permanently
flooded by storage reservoirs which are necessary for most
hydroelectric plants. These payments are sometimes claimed
to be inadequate by the States which receive them.
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CHAPTER I
LOAD CURVES

7.£Before an attempt is made to design any type of power
plant, whether a new installation (quite rare) or an extensio
to existing facilities, it is necessary to make an exhaustive
analysis of the load which the plant is to serve. This
analysis must take into account the various types of loads,
their probable maxisum demands and their geographic location
in relation to the plant. Other items for consideration
would include a decision as to the relative priority for
maintenance of service during an emergency and provision for
future growth of load.

8. Demand and Diversity--Consideration of the problem of
providing adequate plant capacity for a given sitvation will
show that in very few cases will it be necessary to provide
capacity to serve every electrical device in the system at
the same time. Engineers have developed two statistical fac-—
tors to deal with this fact: the demand factor and the di-
versity factor.

Demand factor expresses as a fracticn the probability
that any one customer will require full rated power for any
particular class of service at any given romert, or during
any given period of time. The periocds of time are not stand-
ardized, but usually are taken as fifteen or thirty mirutes.
Expressed as an equation, the demand factor is the maximum
load demand in kilowatts during a given reriod for a partic-—
ular class of service divided by the total rated load in
kilowatts for the same class of service, or

_ actval maximum demand in kw

d  total connected load in kw

Diversity factor expresses as a fraction the probability
that any nurber of customers will require the maximum demand
for a particular class of service at the same moment. Ex-—
rressed as an equation, the diversity factor is the ratio of
the maximum demand in kilowatts for a class of service, meas—
ured at the point of supply, to the sum of the individ;al

customers' maximum demands in kilow
: atts for the m
service, or same class of

£l =

maximum deman? in kw at point of supply f
% individual maxirum demands in kw }
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Table I gives the generally accepted demand and diversity
factors For a number of classes of service.

TABLE I
DEMAND FACTORS

Residence Lighting 0.50
Commercial Lighting

General commercial lighting 0.60
Restaurants, stores, offices 0.70
Theaters 0.60
Schools and churches 0.55
Hotels 0.80
Hospitals 0.45
Warehouses 0.4C
General Power Service
Less than 10 hp 0.756
10 to 20 hp 0.85
20 to 100 hp 0.55
Over 100 hp 0.50
DIVERSITY FACTORS
Between Between Between Between
Cust. Trans. Fdrs. Substa.
Residence Lighting 0.30 0.75 0.85 0.90
Commercial Lighting 0.70 0.75 0.85 0.90
General Power 0.7C 0.75 0.85 0.90

Example 1 shows the use ofdemand and diversity factors
in the determination of the capacity of the various compon-

ents of an elementary power system such as is shown in Fig-
ure II-1.

Example |.

EA rower plant surplies energy to a town through a pri-
rary stribution system consisting of a transmission line
and three substations. Substation A serves a residential
district through two feeders and five transforrers; Sub-
station B serves a commercial district through two feeders
and five transforrers; and substation C serves an irdustrial
district through three feeders and four transforrers. In-



10 FUNDAMENTALS OF POWER PLANT ENGINEERING

a b e d o f
rig.

1 m 8 o p

Elementary power system,

dividual customer connected loads are as follows (Refer to

Figure II-1):

kw
kw
kw
kw
kw
kw
kw
kw
kw
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o s e e

18
20
17
2
20
26
16
18
36
40

kw
kw
kw
kw
kw

kw

kw
kw
kw
kw

(theater) t. 10 hp
(restaurant) u. 60 hp
(store) v. 35 hp
(warehouse) w. 2 hp
(school) x. 100 hp
(hospital)  y. 40 hp
(office) z. 60 hp
(store)

(store)

(hotel)

Deterrine the rating of each transformer, feeder, sub-
station, transmissiocn line section; and the probable maxi-
mur demand on the power plant.

Solution':

1. Tleterrire the rrchable raximum kilowatt demand for
each custcrer by arrlying the ¢-mandfactor appropriate for

each case, as follcws'

a. 3(C.F)=1.5 kw j. 1F(0.60)= 9.0 kw t.

b. 2(0.5)=1.0 kw
c. B(C.F)=2.5 kw
d. 4(0.5)=2.0 kw _

k. 20(0.70)=14.0 kw u.
1. 17(0.70)=11.9 kw v.
. 256(0.30)=10.C kw w.

10(0.65)(0.,748)
+ 0.80 = 6.1 kw
50(0.F5)(0.748)
+ 0.80 = 25.7 kw
3F(0.85)(C.748')
+ 0.8C = 18,0 kw
2(0.78)(0.748)
+ 0.8C = 1.4 kw



e. 6(0.F)=2.0 kw n. 30(0,85)=16.5 kw x. 100(0.£5)(0.748)
+080=:1ka
f. 7(0.8)=C.F kw o. 26(0.45)=11.7 kw y. 40(0.FF)((.748)
+ 0.8C = 20.F kw
g. F(C.E)=2.5 kw p. 1F(0.70)=10.5 kw z. 6C(C.EF)(0.746)
+ 0.8C = 20.8 kw
h. 10(0.5)=F.C kw gq. 18(0.70)=12.6 kw
Note: Motor eff-
i, 8(0.8)=4.0 kw r. 25(0.7C)=24.F kw iciency estimated at
80 per cent.
s. 40(0.50)=20.C kw
2. Determine the kilowatt rating of each transformer
by eprlying the aprropriate diversity factor for consumers,
as follows':
1. (1.5 4+ 1.0)(0.30)=0.75 kw 8. (16.5411.7)(0.70)=19.8 kw
2. (2.F 4 2.0)(0.30)=1.35 kw 9. (10.5412.6)(C.70)=1€.2 kw
e. (2.0 + 2.5)(0.30)=1_9F kw 10, (24.5+20.o)(o.7o;=31.2 kw
4, (2.85)(no div.) =2.50 kw 11. (6.1 +265.7)(0.7C)=22.2 kw
E. (5.0 4+ 4.0)(0.20)=2.70 kw 12. (18.0+ 1.4)(0.70)=17.8 kw
6. (9.C +14.0){0.70)=16.1 kw 12. (51.2)(no div.) =F1.2 kw
7. (11.941C.0)(0.70)=1€.2 kw 14. (20.5+20.8)(0.7C)=?5.9 kw

2

<.

LOAD CURVES

Fetermire the kilowatt rating of each feeder by

aprlying the diversity factor for transformers, as follcws.

P. (0.7F + 1.238)(0.75) = 1.58 kw
E. (1.95 + 2.50 + 2.7C)(C.78) = 5.26 kw
F. (16.1 + 1E.2)(0.78) = 22.6 kw
c. (19.8 + 16.2 + 21.2)(0.78) = FO.4 kw
H. (22.2 + 12.6)(0.7¥) : = 26.8 kw
I. (51.23)(nc div.) = F1.2 kw
J. (25.9)(no div.) = 28.9 kw
4, Teterrire the kilowatt rating of each substation
by arrlyirg the diversity factor for feeders, as follcws:
A. (1.58 + £.26)(0.8F) = 5.9 kw
B. (22.6 + 50.4)(0.8F) = 82 kw
C. (26.8 + 51.2 + 28.,9)(0.88) = 97 kw

n

l'etermire the probatble maximum

demand on the power

rlant by aprlying the diversity fector for substatiors, as

follows:

(5.9 + 82 + 97)(0.90) = 149 kw

It will be obviouvs from the preceeding analysis that
the rating of any component of the system will never be less
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than the probable maximum demand of the largest compcrent
served by it. For example, transformer 1 would of necess-
ity have a rating of 1.F kw in spite of the mathematics
which indicates that the rating is 0.7& kw. However, as
the size of the system increases, the tehavior of the sys-—
tem aprroaches the statistical ideal and these irration-—
slities diaappear.f
AQ. Losd Curves--The foregoirg discussion of demand and
diversity factors indicates that a constant load cannot be
expected for any actual power plant. This indication is
found to be true, and furthermore, it has also been found to
be true that systems serving approximately the same classes
of loads anywhere will have approximately the seme type of
load curves. For example, industrial plant load will show
flat—-topped curves with sharp drops at the time of shift
changes and at meal times. Utility plant loads will show a
minimum during the night; a minor and somewhat flat—-topped
peak during the morning; a sharp drop at noon; and a sharp
peak in the early eVeningf These characteristics are shown
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Fig. 11-3, Typicel deily loed curve for public utility,

in Pigures II-2 and II-3. Load curves of these types can
easily be synthesized if the character and size of the loads
of various classes along with the time of their demands are
known.

,Other types of load curves can be drawn in addition to
the daily load curves. For example, the daily maximum loads
may be plotted to give an annual peak load curve. This type
of curve is useful in deciding upon the best time during the
year for scheduling major plant maintenance operations. The
yearly maxirum loads ray be plotted to give a load growth
curve. This type of curve will give information as to when
it will be necessary to increase plant capacity. These two
types of curves are used most frequently with the public
utility plant because electric power is the primary product.
The industrial plant will make use of similar curves with
units of production, such as tons of steel, for ordinates
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rather than kilowatts of load. In the ordinary industrial
plant power is not a salable commodity. There are cases,
however, where industrial plznts have arranged to sell power
to publiec utilities, and vice versa, when the peaks in the
two types of operaticns do not coincide!. Figures II-4 and
I1-6 show typical annual peak and lcad growth curves for a
public utility.
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40
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Pec Jan
Month

Fig. 11-4, Annusl pesk load curve for public utility,

The daily lcad curve or the annual reak load curve may
be plotted in a form known as the lcad duraticn curve. This
curve is plotted with time units as abscissa and load as ord-
unate, such that any point cn the curve gives the total time
for which the particular lcad was in demand. Figure I1-6
shows a typical daily load duration curve for a public util—
ity. It will be noted that since power output is the product
of load and time, the area under the load duration curve is
the same as under the load curve.

Example 2 shows the method ot synthesis of a daily load
curve for the elementary power system of Example 1.
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Example 2.

The various loads in the town of Example 1 are to be
expected at the following times:

Residential loead':
10 o/o all day
100 o/o 6 AM to 9 AM
4 FM to 8 TM

Commercial load':

Theater, Jj 11 AM to 11 PM
Restaurant, k 6 AM to 9 AM
11 AM to 2 PM

5 FM to 9 PM

Stores, 1, q, r 9 AM to 6 MM
Offices, p 9 AM to 12 N
1 PFM to 65 PM

Schools, n 9 AM to 12 N
1 FM to 4 PM



System Load — Thouvsand Kilowatts

Fig.
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Hospitsls, o

10 o/c
100 o/c

Warehouses,
Hotels, s

10 o/c
100 o/c

Industrizl load:
2% o/0
100 ©/o0

8
1

ENGINEERING

all day
AM to & FM
AM to & PM

all day
AM to 10 M

all day
AM to 12 V¥
IM to & EM

Usirg the demand and diversity data from Exszrrle 1,
set up a load table and plct ar expected daily load curve.
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Solution:
LOAD TABLE

kw

Service Con. fq fy £} f£! £! max.

load cons. trans. fdrs. sug. dem,
a 3 kw 0.80 0.230 0.78 0.88 0.90 0.26
b 2 kw " " . " " 0.17
c 5 kw n " " " n O .43
d 4 kw " " " " " 0.34
e 6 kw " " n " " O .52
f 7 kW ”n ” " ” ” O 'ec
g & kw " 1.00 " » " 1.44
h 10 kw " 0.20 " " " 0.e8
i 8 kW " " n " " o '69
J 15 kw 0.60 0.70 0.75 0.85 0.90 3.61
k 20 kw 0.70 " " " " 5.62
1 17 kw 0.70 " " " " 4,78
m 25 kw 0.40 " " " " 4.01
n 30 kw 0.55 " " " " 6.623
o 26 kw 0.4% " " " " 4.70
o) 15 kw 0.7C " " " " 4.21
q 18 kw Cc.70 " " " " 5.06
r 35 kw 0.70 " " " " 9.85
s 40 kw 0.80 " " " n 8.04
t 10 hp 0.65 " " " " 2.43
u 8 hp 0.556 " " " " 10.28
v 36 hp 0.56 " " " " 7.21
w 2 hp 0.756 " " " " 0.56
X 100 hp 0.55 1.00 1.00 " " 39.30
y 40 hp 0.8656 0.70 " " " 11.00
z 60 hp 0.66 " " " " 16.80

Fferv. MN-1AM 1-2AM 2-3AM -4AM 4~ 5AM 5-64AM

Res. 0.63 C.63 0.63 0.563 0.63 0.83
J
k
l,q,r
m
n
) 0.47 0.47 0.47 0.47 0.47 0.47
P
s 0.80 0.80 0.80 0.80 0.80 0.80

Ind. 21.70 21.70 21.70 21.70 21.70 21.70
Total 23.80 23.50 23.50 23.80 23.50 23.80
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6-7 AM
5.31

5.62

0.47
4.01
c.e0
21.70
37.91
12-1PM
C.583
3.61
6.62
19.€9
4.21
4.70
8.04
21.70
68.20
6~7PM
5.31

3.€1
5.62

0.47
8.04
21.7C
44,756

7-8 AM
5.31

5.62

0.47
4.01
8.04
21.70
37.91
1-2PM
0.53
3.61
5.62
19.69
4.21
€.63
4.70
4.01
8.04
86.78
143.82
7-8PM
5.31

3.61
5.62

0.47
8.04
21.70
44.75

8-9AM
5.31

5.62

0.83
3.61
19.€9
4.21
€.63
4.70
4.01
8.04
86.78
138.20
8-9PM
0.863

3.61
5.62

0.47
8.04
21.70
44.75

9-10 AM
0.53

.89
.21
.€3
.70
.01
.04

fo o' NN e}

86.78
134.69
3—-4PM

0.53

3.81

19.69
.21
.63
.70
.01

.04

(ool S =@ N SNe]

86 .78
138.20
9-10PM

0.53

3.61

0.47
8.04
21.70
34.35

10-11AM
0.583

19.69
4.21
6.63
4.70
4.01
8.04

€6.78

134.659
4-5PM

§.31

3.61

19.69
4.21

4.70
4.01
8.04
86.78
136.36
10-11PM
0.83

3.61

0.47
0.80
21.70
27 .11

11-12N
0.53
3.61
5.62
19.69
4.21
6.€3
4.70
4.01
8.04
86.78
143.82
5-6PM
5.31
3.61
5.62
19.69
4.21
0.47
4.01
8.04
21.70
72.66
11-MN

0.83

0.47
0.80
21.70
23.580
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Fig. 11-7, Load curve for elementary power system.

10, Factors Used in Operation Analysis--Due to the var-—
iability of the load on power systems, it is seldom that a
plant operates at its ultimate capacity continuously. In
order to express the power output of a plant in terms that
are easily analyzed, several factors have come into use.

[Load factor is the average load during any specified
time divided by the peak load of any specified duration. The
average load may be taken over a day, month or year, and the
peak load duration may be taken as fifteen or thirty minutes
or one hour. For the most common case of daily load factor:

total gereration for day in kwh
24[maximur demand in kw sustaired for one hour]

fl =

Capacity factor is the total power production for any
specified time divided by the product of the installed cap—
acity times the length of the specified period. For the most
common case of daily caracity factor:

total generation for day in kwh
¢ 24[installed capacity in kw]

Use factor 1s the total power production for any given
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time divided by the summation of the products of the hours
operated times the installed capacity for each machine. For
the most common case of daily use factor:

f o= total generation for day in kwh
“  Zl(hours operated)(cavacity of machine in kw)]
\ A S
RS
Il. Detérmination of Size of Equipment--The problem of
variable load and the necessity for insurirg continuity of
service are the two factors which have the greatest influence
in the selection of equipment for a power plant. It has
been seen that the plant must have a capacity sufficient to
carry the maxirum demand, but it is almost never the case
where only one generating unit is selected to meet this de-
mand. It is much more usual to select two or more units for
the installation. Exemination of Figure II-8 will show why

\O (Courtesy of D. Van Nostrand Co., Ine.)
° 40 100
~ N
] o
o -
e :
3 5
T 30 .Bf 90
L ©
<]
g urbine E
o S
Z &
I 20 80'3
* —~
he! =
~ ©
B o
o
—~ S
2 59
¢ 10 70
g © 1/4 1/2 3/4 Full  5/4

Load

rFig. 11-8. Efficiency vs Jloed, engines end turblines.

this is the case. Power generating equirment design involve
many compromises, especially when the equipment is expected
to operate with variable load, and the usual result is that
the thermal efficiency of the machine is at its maximum be-
tween three—fourths load and full load, with the efficiency
falling as the load increases or decreases beyond this range
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It can be seen, then, that for maxirum operating eff-
iciency the machine should operate at or near its rated load.
This means that the usual plant will have more than one °*
machine, and they may very well be of different sizes so
that maximur efficiency could be arproached at all loads. \
Such an ideal case is never the most economical, however,
when the complete picture is considered. It is a fact that
as the size of the machine increases the thermal efficiency
at full load increases and the cost per kilowatt of install-
ed capacity decreases. Economies in investment can also be
made by installing duplicate machines wherever possible.

Continuity of service and ability to meet unusual con-
ditions require that:

1. In order to insure against breakdown in equipment,
reserve idle capacity must be provided equal to
the capacity of the largest machire in the plant
or system.

2. In order to insure against inability to meet sudden
unusual demands, spinning or active reserve capacity
flust be provided, usually to the extent of about
26 per cent of the demand at any time.

The following criteria are useful in the examination of
a proposed design, or will be of help in selecting equipment
to fit a particular situation:

1. The total plant investmenrt per kilowatt of capacity
must be at the minumum, or it must be demonstrated
that the sum of the operating costs and fixed charg—
es are at the mirimum.

2. Capacity and use factors for the plant must be at
the maxirum consistent with adequate idle and spin-
ning reserves and with leeway for growth of load.

Similar considerations apply to the selection of boiler
and other equipment in the plant, Each major item of equip-
ment should be subjected to a critical analysis in order to
determine the most economical combination?

Example 3-A shows the method of selection of machines
for the installation considered in the elementary power sys-
tem of Example 1 and Example 3-B shows the method of selec-—
tion of machine sizes to fit an extension of a lcad growth
curve.
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Example 3-A.

The town of Examples 1 and 2 is to be served by a
Diesel-electric plant. Available generator sizes are: 25
kw, 50 kw, 75 kw and 100 kw. Select a unit or units which
will give the maximum use and capacity factors consistent
with required reserves. Set up an operating schedule for
the plant.

Solution:

Since the peak load is almost 180 kw, provision for
adequate spinning reserve would dictate an assured plant
capacity of at least 185 kw to care for present needs. This
capacity would necessitate the use of at least two machines
in addition to a spare machine for assuring plant capacity.
Possible combinations are: (a) 3 — 100 kw (one spare);

(b) 5 - 50 kw (one spare); (c) 1 - 25 kw, 1 - 80 kw and
2 - 100 kw (one spare); and (d) 2 — 50 kw and 2- 75 kw (one
spare). Capacity factors for these combinations would be:

_ 1652.7

¢ 24(200)
_ 1652.7

c  24(250,
1652.7

(c) f. = 52(57E) 0.250

On the basis of capacity factors alone, (a) could be
eliminated from further consideration, although some lee—
way would be provided for future growth of load. However,
(b) offers the same leeway with a higher capacity factor,
and (c) and (d) offer high capacity factors with no leeway
for growth. From this analysis, then, (c) and (d) are
eliminated and the next step is to investigate the use fac-
tors. Load factors are determined after setting up oper-
ating schedules as in Figure II-®. These schedules with use
tfactors are:

(a) 1 - 100 kw on 24 hours
1 - 100 kw on 7:30 AM, off 6:30 PM, 11 hours

(a) f = 0.229

(b) and (d) f = 0.275

1652.7
24(100) + 11(100)
(b) 1 - 5O kw on 24 hours

1 - 50 kw on 7:30 AM, off 6:30 PM, 11 hours
2 - 50 kw on 7:30 AM, off 5:30 PM, 20 hours

£, = = 0.473
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1652.7 B
fu = 2000 + 11(50) + 20(0) _ 0602

Then, from the standpoints of maximum use and capacity
factors and leeway for growth, combination (b) consisting of
€ - 50 kw machines would be selected. Additional advant-

ages would be realized in the purchase and maintenance of
identical units.

Example 3-B.

The power plant whose load growth curve is shown in
Figure ITI-5 had a net assured capacity (total plant capacity
less the capacity of the largest machine in the plant) of
49,000 kw in 1945. At this time the peak load was 60,000 kw
which necessitated operation with practically no reserve
capacity. An order for a 15,000 kw machine had been placed
in 1942, but, due to wartime conditions, the plant extention
was not placed into operation until 194€. Another 15,CCO kw
machine was ordered in 1945 and was scheduled for cperation
before the 1948 peak load. In 1948 the net assured capacity
of the plant was 79,000 kw and the peak load was €6,000 kw.
At this time it was decided to plan for future load growth.
The load growth curve was projected and it appeared that the
peak load would equal the plant net assured capacity in
1964. .It was decided to order another 15,000 kw unit to op—
erate initially in 19562, and indications were that the plant
net assured capacity would then be sufficient until about
1960. It.was also decided that the situation would be re-
survgyed in 1955 with the view of retiring some of the older
machines which had been operating sirce 1920.
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CHAPTER (11
ECONOMICS OF POWER PRODUCTION

12. Power Plant Income--The public utility derives its
incone directly from the customers it serves, while the in-
dustrial power plant usually receives its operating funds frc
the revenues of the company of which it 1s a part.

It can be seen, after some thought, that the public
utility company's charge, or rate, for electrical service to
its customers must include an element to pay for the labor;
materials and fuel, an element to pay tor the cost of the
necessary machinery, and an element which represents the in-
vestors' profit. Furthermore, since industrial customers
usually supply a higher type of load thapr domestic customers,
the industrial customers are usvally accorded a more favor—
able rate than the domestic customers. These considerations,
when coupled with the inevitability of daily and seasonal
demand fluctuations, result in a somewhat complex rate struc-—
ture for a public utility.

The industrial power plant is not usually faced with the
problem of setting a rate for its power. The present method
of cost accounting ir industry takes only the average ann-—
ual cost of power per unit of producticn for the determin—
ation of the power element ir the cost of the manufactured
product. This may not be a fair method of accounting if the
irdustry suffers from seasonal reaks, but, on the other hand,
1t 1s only the net annual profit for the industry which is
significant.

In spite of the tremendous growth of the manufacturirg
industries in this country, the domestic customer supplies
the greater part of the public utilities' revenue. Figure
ITI-1 shows the growth of lcad and decrease in cost per kilo~
watt-hour for domestic customers. The engineer's contrib—
ution can be seen clearly in these curves. Increasirg eff-
lciency, as seen in Figure I-4, has made lower rates poss—
ible, which in turn has made it possible for customers to
increase their use of electricity. It should be noted that
the trend of rates has been continually downward in spite of
the fact of creeping infilation which has been reducing the
real value of money.

13, Public Utilities as Monopolies--It dces not take

careful consideration to arrive at the conclusion that a ser—
vice such as electric power can be suprlied most economic—

25
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Fig, IT1I-1. Cost and use of domestic electric service.

ally by only one company operating within a given area. Any
other arrangement would be wasteful and even inconvenient.
Consider, for example, the case of a large city which has
two telephone companies competing in the same area . Obvi-
ously, the customer is being made to pay for two systems
where one would be sufficient. The public utility, then,
takes on the character of a monopoly, but abuses are prevent-
ed, in the case of private ownership, by the necessity of
obtaining a renewal of its permit to do business (or fran-
chirse) at intervals of time. Franchise granting agencies
always reserve the right to purchase the utility at the end
of the franchise pericd, or to grant a new franchise. Fur-—
ther insurance against abuses is provided by regulation by
various public utility commissions, local, State or Federal.

The municiral utility has no such restrictions upon it,
and the rates charged may or may not include an element of
profit. Most cities which own and operate their own power
systems do include an element of profit which is intended
to make it possible to charge lower ad valorem property tax-—
es. This method of collecting taxes for municipal operat—
ing expenses is based on the theory that taxes will receive



ECONOMICS OF POWER PRODUCTION 27

the least opposition from the public when they are spread
out in small payments attachpgd to some widely used commod-—

ity.

|14, Rates--Any rate for power should be examined with
the following criteria in mind:

1.

2.

Fairness—Rates should distribute costs in accord-
ance with the variability of the customer's demand.

Simplicity—Rates, esyecially domestic, should be
as sirple as possible in order to avoid antagonism
from the public.

Cost—The outlay for metering egqiirment and account—
ing machinery should not be so great as to increase
costs to a greater amount than can be paid for out
of increased revenues tror more complicated rate
structures.

Every rate charged the consumer of electrical energy
contains the following elements:

1.

5.

Fixed element is the element of cost which is pres-
ent in the system operation whether or not energy
is produced.

Energy element is the element of cost which is pro-—
portional to the amount of energy produced.

Variable lLoad element is the element of cost which
is due to the character of the load served.

Customer element is the element of cost which is
proportional to the number of customers.

Investors' profit is the element of cost which goes
to reimburse the investor for the use of his cap-
1tal.

The Fixed Element--The fixed element of the cost of

producing power is the sum of the following factors:

1.

2.

s

Capital cost of the power plant.
a. Real estate.

b. Building and machinery.

¢. Cost of construction.

d. Engineering fees .

Capital cost of primary distribution or transmission
system.
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a. Cost of easements or right-of-way.
b. Cost of line and substation eguipment.
¢. Cost of construction.
d. Engineering fees.
. Interest, taxes and insurance.
. Depreciatior of buildirgs and equipment.?

Sirking fund contributions tor bond retirement.?

Cost of maragemert.

~2 [e2} o > W

. Capitalized maintenance, or the cost of general

maintenance required whether or not power is pro-
duced.

Estimating the capital cost of a power plant is a rather
difficult groblem due to variations in such factors as lo-
cation, availability of labor and materials and size of plant
Table II in connection with Figure III-2 may be useful in
making a first approximation. The lower figures in Table II
apply to larger plants.

In the final analysis, the only way to prepare an acc—
urate cost estimate is from manufacturers' and contractors'
bids after the general layout of the plant has been deter-
mined.

If the plant is not situated within very close proximity
to the area which it is to serve, a primary distribution sys-
tem will be necessary. This system should be laid out to
carry the expected load of the plant, therefore its cost will
be prorortional to the caracity of the plant and to the dis-
tance over which the lines extend. It is almost impossible
to give any figures as to cost per mile for transmission
systems because o? the many factors, such as type of terrain
and size of conductors and carrying capacity, that enter
into the cost. However, for purposes of estimating very

Municipasl utilities sre regquired by Stste lawms to include
e sinking fund for bond retirement Iin the fixed el ement of
the cooet. Sometimes « depreciation reserve is also fncluded
to provide for replacement of equipment when it becomes ob-

solete, bDut more often s small reserve Is maintained for min-
or replacements only, snd when major improvements ere requir-
ed bonds or revenue certificates sre sold.

The privaete utility always includes & deprecistion reservae
the fixed element of the cost, but it is expected to pro-
s sinking fund for bond retiremept out of the profit el-
This is wvsuslly explalned as preventing the prasctice
¢ the customer pay for the caplitel required toe pro-
with sertvice.
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Fig. I1I11-2, Building and equipment cost index.

TABLE II

APPROXIMATE POWER FLANT CAFITAL COSTS
dollars per kilowatt capacity
(base year 1932)

Turbo—generator plants 80 to 150
Engine—-generator plants 70 to 150
I'iesel-generator plants 130 to 250
Hydro—generator plants 100 to 300

roughly, the cost of the primary distribution system may be
taken as ranging between $1500 and 85000 per mile ( based on

1928), the lower figure applying to low voltages and light
loads in relatively flat and open country.

Since it is usval to finance part or all of the cost of
construction by the issuance of bonds or revenue certificates
interest on these securities is part of the cost of operation
Interest rates vary according to the money pclicies of the
Federal Governrent. At the present time, interest rates are
low, usually around three per cent, but in the past they
have been as high as six per cent.

If the utility is privately owned, ad valorem property
taxes and occupational licence fees must be paid. These
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usually amount to from two to three per cent of the invest-
rent annually. In some States municirally owned utilities
must pay the State occupational licence fee.

All utilities maintairn insurance on their equipment and
liability insurance for protection against claims for damages
The cost of insuranrce amounts to fror one to two per cent
of the investment annually.

In order to provide a fund for eventual rerlacement of
worn-out or obsolete equipment, a retirement reserve is ac-
cumulated over a period of years. The length of time for
the accumulation of the reserve depends upon the estimated
life of the equipment. Table IIT shows the legally approv—
ed retirement periods for variocus types of equipment. The
reserve may be accumulated in two different ways: by the
sinking fund method or by the straight line method, although
the straight line method is most usual. In either case, the
sur accumulated will be equal to the original cost of the
equirment less a salvage value. For a number cf years bus-—
iness organizations have beenr attempting to have i1ncome tax
laws amended to allow retirement reserves to be accumulated
on the basis of presert rerlacement cost, but they have had
no success up to the time of this writing. Inadequate re-—
tirement reserves have necessitated the sale of additional
stocks and bonds to obtain capital for needed modernization.

The sinking fund tor retirement of bonds or obsolete
equipment is sirilar to an annuity, and, as a matter of fact,
annuity tables can be used for computing the annual rayment.
The sinking fund is accumulated by making an annual payment
to an account in a bank, which draws interest at the current
rate, or by purchasing negotiable securities which draw int-
erest. The total of the payments plus the interest earred
over the retirement period will equal the total sinking fund
reserve. The annual payment can be calculated from the fol-
lowing equation:

annual payrent = {P - SH{r + [(1 + r)* - 11}
where: P = original cost
S = salvage value
r = rate of interest earned
(compounded annually)
n = number of years

Since the accumulation of the plant retirement reserve
is not a very accurate process at best, it is more usual to
use the straight line method of derreciation and to treat
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TABLE III
PROBABLE LIFE OF POWER PLANT COMPONENTS

Component Years
Boilers, fire—tube 10 to 156
Boilers, water—tube 20
Breechings and ducts 10 to 30
Buildings 20 to 30
Cables and feeders 15 to 26
Coal and ash machirery 10 to 20
Condensers 20
Cranes 30
Econorizers and air heaters 156
Electric generators 20
Electric motors 20
Engines, steam 15 to 36
Engines, Diesel 15
Feed—water heaters 20
Fuel oil handling equipment 20
Pipe and pipe covering 15 to 25
Pumps 15 to 20
Stacks, brick or concrete 30
Stacks( steel 12 to 15
Stokers and other coal burning equipment 20
Superheaters 20
Switchboards and equipment 20
Transformers 156
Turbires, steam 1F to 20
Turbines, hydro 30

any interest earned as income. The annual payment can be
calculated trom the following equation, with symbols as
above:
(P - S)

n

annual payment =

Unlike the plant retirement reserve, the amount neces—
sary for bond retirement is known exactly. For this reason,
the sinking fund is universelly used for bond retirement.
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The sannual payment can be calculated from the previcus sink-—
ing fund equation (leavirg out the salvage item). It is
necessary to recalculate the annual payment from time to time
as interest rates change.

The cost of management is inclvded in the fixed charges,
and usually management is taken to include 2ll administrat-
ive officers down to and including the plant superintendent.

Usually about ten per cent of the total maintenanece for
the system is ircluded in the fixed charges. This so-called
capitalized maintenance is assured to be the pcrtion of the
maintenance which is inderendent of the amount of power pro-
duced .

6. The Energy Element~-The energy elemert of the cost
of producing power is the sum of the following factors:

1. Cost of fuel.
2. Cost of labor.

3. Cost of water.
a. Boiler feed makeup water.
b. Condensing water.
c. Service water.

4, Lubricating oil and operatirg supplies.
5. Maintenance.

The greatest rortion of the energy element is due to
the cost of fuel, and for this reason it will be fourd that
highly skilled labor 1in the power rlant will always operate
the plant irn such a way as to save more than enough fuel to
pay the difference in salary over unskilled labor. Due to
the fact that the lahbor force required is proportional to
the caracity of the plant rather than to plant output, em-
ployment in the public utility busiress 1s very stable and
attractive to those who would make a career in the business.

Since the steam power rlant operates best with pure
water, and natural waters are very seldom pure encugh, the
cost of rreparation of the water tor use as well as the cost
of the water itself, in cases where 1t must be purchased or
pumped, must be considered.

A rot inconsiderable item in operating costs is that of
supplies of various sorts. These would include forms and
charts for record keeping, clearing and wiping sundries, and
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all other expendable items which right be needed. Lubrica-—

ting oil is not a large item of extense in the well operated
turbc-generator plant, since with proper care a lubricating

cil charge will last alrost indefinitely and requires only a
small amount of makeup at infrequent intervals.

Mairtenance costs include the cost of rerair and of re-—
placement of parts which wear cut. Properly supervised plants
have a schedule of contirucus nairtenance designed to keep
the machinery in the best possible condition at all times.

All but the smallest plants emrloy a maintenance force in
addition to the plant orerastors. The cost of maintenance is
vsvally estirated at about one rer cent of the investment
annually.

I7. The Varieble Load Element--This elenert of the cost
of rroduction cf rower 1s usually included with the energy
element becsuse of the difficulty 1in assessirng 1ts effect.
Consideration would have to be made of the reserve capacity
required and the status of the plants 1in the system with re-
srect to the tyre of loading, that is, base load, standby or
swinging.

18. The Customer Element--The customer element in the
zost of producirg rower 1s the sum of the follcwing factors:

1. Capital cost of the secondary distribution system.
a. Cost of easenents or right—of-way.
b. Cost of line and substation equirment.
c. Cost of corstruction.
d. Engireering fees.

2. Irterest, taxes and insurance.
3. Depreciation cf equirment.
4., Sirking fund contributions for bord retirenrent.
5. Cost of franchise.
€. Fublicity.
a., Fublic relations.
b. Advertising.
7. Cost of collecting revenue.
a. Meter reading.
b. Billirg and ccllecting.
¢c. Accounting.

8. Mairtenance.
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Most of the factors arpearing in the customer element
have been discussed under the fixed element. In the matter
of derreciation and sirking fund, the remarks in the foot-
note on page 28 also apply.

Irvestment in the secondary distribution system is rough-
ly proportional to the number of customers served, and for
purposes of estirwation may be teken as approximately 360 per
customer (based on 1928).

The cost of publicity is usually lumped together with
the cost of the franchise and may be taken as between one and
two dollars per year per customer, derending upon the amount
of advertising considered necessary. The cost of the fran-—
chise itself is usually nominal, and is usually considered
to be in the nature of an occupational licence tax.

The cost of collecting revenue may var{ between §1.850
and $3 per customer per year (based on 1932), the smaller
figure applying to the larger systems.

19. Investors' Profit--The profit element in the cost
of producing power may or may not be present, according to the
type of utility operation. It is inherently present in the
rrivate utility system, and it may be present in the munici-
pal utility operation, as previously pointed out, when it is
desired to reduce property taxes. It is usually absent in
the Federal utility system, and as a matter of fact, the
Federal utility may suffer a deficit without danger of bank-
rupcy.

The profit on electric utility operations is usually
estirated at about ten per cent of the investment annually
before income taxes and bond sinking fund deductions are
made .

20. Types of Rates-~There have been a great number of
methods of calculating rates for electrical power used in
the past, but of them only the following remain to any con-
siderable extent:

Block Meter Rate—Ir this tyre of rate a certain spec-
ified price per unit is charged for all or part of a
block of units, and reduced prices per unit are charge
for succeeding blocks. Figure III-3 shows a rate sche
ule based on this system. The block meter rate has the
advantage of encouraging the use of electricity, pro-
viding the initial blccks are not too large, and is al-
most universally used for residential service,
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Rate Schedule RS-1

RESIDENTIAL SERVICE—ELECTRIC
APPLICATION:

For service for all domestic purposes in private residences and individually metered apartment units.

LIMITATION OF SERVICE:

All residential service required on the premises by Customer shall be supplied through one meter. Stand-by or re
sale service not permitted hereunder.

CHARACTER OF SERVICE:

Single phase, 115 /230 volts, 3 wire or 115 volts, 2 wire depending upon Customer’s requirements. Three phase, 230
volt service may be furmished hut only under special arrangements.

MONTHLY RATE:

$100 which entitles Customer to use 14 kwh,
45¢ per kwh for the next 36 kwh,
25¢ per kwh for the next 130 kwh,
15¢ per kwh for all additional kwh,

Tax Adjustment,—Plus the applicable proportionate part of any taxes and assessiments unposed by any government.
al authority in excess of those m ecffect January 1, 1937, which are assessed on the basis of meters or customers or the
price of or revenues from electric energy or service sold or the volume of energy genersted or purchased for sale
or sold

Inflation Adjustment,—In order to take care of extreme increases in costs in the event of inflation there shall be added
to the above rate 4 of 1% for each 17 increase in cost of o1l over $200 a barrel (or $200 per 6,300,000 Btu, if fuel
used 1s other than oil) based on the average cost of fuel used in Company’s plants during the next preceding month.

Excess Capacity Charge: For each kw of Demand in excess of 10, add $175 The kw of Demand is the average kw
supplied durjng the 15. te period of i use during the current month.

RULES AND REGULATIONS:

Service under thie schedule is subject to orders of governmental bodies having jurisdiction and to the currently eof-
fective “General Rules and Regulations for Electric Service™ on file in Company’s office, which are hereby made a part here.
of A copy of the present effective “General Rules and Regulations for Electrie Service™ is attached hereto. In case of con
flict between any provision of this schedule and said “Genersl Rules and Regulations for Electric Service™ the provision
of this schedule shall apply.

FLORIDA POWER & LIGHT COMPANY Effective June 1, 1946

Fig. III.-3. Residential rate schedule.

Block Hopkinson Pemand Rate——In this type of rate a de-—
mand charge based on the maxirur demand during any stat—
ed period is added to a blcck meter rate. Figure III-—4
shows a rate schedule based on this system. It is

named after Dr. John Hopkinsor, an Englishman who did
much to develop the theory of rate making. This rate
has the advantage of encouraging commercial and indus-
trial customers to develop a high load factor. It is
almost never used for residential service because of

the necessity for demand meters.

Room Rate——In this type of rate the block meter rate is
modified to include the number of rooms in the residence.
For example: 9€ per kwh for the first three kwh per

room; 6-1/2¢4 per kwh for the next three kwh per room;

and 3-1/24 noer kwh fAr the avrece nvar c¢iv kwh nar rnonm
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Rate Schedule IR

INDUSTRIAL SERVICE—ELECTRIC

APPLICATION;

For power service for industrial, manufacturing or processing purposes. The use of energy for lighting purposes with-
in and about the buildings, structures and h or 1 the power driven and operated machinery and
equipment used in or in connection with such industrial, manufacturing or processing purposes and incidental to the use
o? power lied h der for such 18 issible under this Schedule. For such lighting use, Customer will
provide and intain all transf and hary appurtenances

CHARACTER OF SERVICE:
Single or three phase, 60 cycles and at any available standard voltage.

LIMITATION OF SERVICE:

All service required on premises by Customer shall be furnished through one meter. Not applicable to service in
stores, hotels, office buildings, theatres, apartment houses, restaurants, clubs, or n any other corumercial establishments,
nor to stand-by or resale service.

MONTHLY RATE:
$150 per kw for the first 400 kw of Demand,
$100 per kw for all additional kw of Demand.
26¢ per kwh for the first 1,700 kwh,
13¢ per kwh for the next 4,300 kwh,
1.0¢ per kwh for the next 34,000 kwh,
08¢ per kwh for the next 40,000 kwh,
0.6¢ per kwh for all additional kwh.

For each kw of the highest Excess On.Peak Demand established during the 12 months ending with the current month,
add to the 26¢ block 100 kwh per kw for the first 50 kw, 80 kwh per kw for the next 100 kw, and 70 kwh per kw
for all additional kw.

Adjustments:

First,—Minus or plus .0183¢ per kwh used for each 1¢ below 12¢ or above 18¢, respectively, in Company’s cost
per million British Thermal Units of fuel For this purpose there shall be employed the weighted average delivered cost
(including freight, storage and handling costs) as shown bz Company’s books, of all fuel used during the next
preceding mont%l in the generating d with C y's main tr system

Second,—Plus the applicable proportionate part of any taxes and assessments imposed by any governmental au-
thority in excess of those in effect January 1, 1937, which are assessed on the basis of meters or customers or the
nr'lse of or revenues from electric energy or service sold or the volume of energy generated or purchased for sale or
sold.

Minimum: $1 50 per kw of the highest Demand established during the 12 months ending with the current month,
but not more than an amount sufficient to make the total charges for such 12 months equal to $2000 per kw
of such Demand, and not less than the charge for the currently effective Demand
The foregoing rate 18 net and not subject to any municipal, county or other discount.
DEMAND:
The kw as determined from Company’s demand meter for the 15-minute period of Customer’s greatest use during the
month, adjusted for power factor, but not less than 15 kw.
ON-PEAK DEMAND*
The kw as d ined from C y's demand meter for the 15-minute period of Customer’s greatest use during the
On-Peak Hours of the current month, adjusted for power factor.

The On-Peak Hours shall’be from 5 to 9 pm each day, excluding Sundays, Christmas and New Year's, from Decem.
ber 1 to March 31 inclusive Company reserves the right to change the monthly and hourly periods after giving 30 days’
notice, but the On-Peak Hours of each day shall always be consecutive

EXCESS ON-PEAK DEMAND:

The number of kw by which the On.Peak Demand exceeds 20% of the average of the three highest Demands
determined during the next preceding calendar months of April to November, inclusive

The Excess On-Peak Demand effective for each month of the first contract year will be mutually agreed upon by
Company .and Customer, and used until actual operating data are available.

POWER FACTOR:

If Customer’s power factor shall average less than 85% lagging during any month, then Company may adjust the
readings taken to determine the Demand by muluplying the kw obtained through such readings by 85 and by d viding
the result by the average power factor -clullfy established during the current month Such adjusted readings shall be
uted 1n determining the Demand.

TERM OF SERVICE:

Not less than one year. In the ovent this schedule is a part of an agreement for a term of less than § years, 5% shall
be added to the amount computed under the above Monthly Rate, before Adjustments, and to the sbove Minimum.
RULES AND REGULATIONS:

Service under this schedule is subject to orders of governmental bodies having jurisdiction and to the currently ef-
fective “General Rules and Regulations for Electric Service” on file in Company's office, which are hereby made a part

reof. A copy of the present eﬂ'ecln;e ‘;Gen:r:l lRule& nn:ll “R;sgulali.olgnlfor El;ctl{;c lServict”' is ﬁ;t-rhcdsterelo; ‘l.n

case of any provisi ti i
provision of this ale shall lpply.o L and sa es an sulations for lectric rvice” the

FLORIDA POWER & LIGHT COMPANY Effective May 1, 1946
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The computations invclved are somewhat cumbersome, but
the rate is used to a great extent in large cities where
the majority of the population lives in apartments.

Example 4 shows the method of computing rates for the el-~
ementary power system of Example 1, based on the assumption
that the system is privately owned, and Example 5 shows the
calculations for rate making for the same power system based
on the assumption that the system is owned by a municipality.

Example 4,

The power plant of Examples 1, 2 and 3-4 contains five
50 kw Diesel-generators which cost $250 per kw, installed,
and have a salvage value of 10 o/0 at the end of 15 years.
The primary distribution system cost $20000 and has a sal-
vage value of 20 o/o at the end of 12 years. Management
cost is §6000 per year and taxes and insurance together are
7 o/o. Depreciation of the investment is on the straight
line basis. Sixty per cent of the investment is raised by
the sale of bonds which mature in 20 years and bear interest
at 3.%f o/o. Tue bonds are to be retired out of profits and
the remaining 40 o/o of the investment is raised by the sale
of common stocks.

The engine heat rates (Btu/kwh net output) are: full
load, 11800; 0.75 load, 12000; 0.5 load, 12900; 0.26 load,
14850. Fuel oil having 6,300,000 Btu/bbl and costing $3.00
per bbl is used; maintenance 3600 per year; labor §800 per
month; suprlies 200 per year; and cost of water §100 per
year.

The system has 1000 customers and the cost of collec-
tion is $2.00 per customer per year. The secondary distrib-
ution system cost §75000 and has a salvage value of 15 o/o
at the end of 12 years; labor §1000 per month; maintenance
$800 per year; and taxes and insurance together are 7 o/o.
The depreciation and financing are managed in the same way
as for the plant and primary distribution system.

The annual profit is expected to be 10 o/0 of the total
investment, before income taxes are deducted. The inccme
tax rate is 30 o/o. Find the amount of money available for
common stock dividends after setting up a sinking fund for
bond retirement. The sinking fund earns interest at 2 o/o.

Makg a block meter rate which will recover the fixed
nt in the.first 8 kwh per customer per month; the cus-—
element in the next 15 kwh per customer per month; and

eleme
tomer
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the energy and profit elements from the excess over 30 kwh
per customer per month.

Solution:

4. Fixed element:

Investment in plant = 250($250) § 62500

Investment in primary distribution system 20000
L 62500

Annual depreciation of plant = 0.90-—13—— § 378C
. . . 20000

Ann. depr. of pri. dist. sys.= 0.80 12 1233

Taxes and insurance = 0.07(82500) 8775

Interest = 0.035(0.€0)(82500) 1732

Capitalized maintenance = (0.10)(1400) 140

Management ’ 6000

Total annual fixed element § 1870

B. Energy element:

In Figure III-5 a the engine heat rates are plotted vs
kw output. Since all units are identical, the load will be
divided equally among the units operating at any particular
time. PFigure III-5 b shows the plant heat rate vs plant

load in kw. The following table can then be calculated:
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Pig, IXI-5. Engine heat rates for elementary power System.
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kwh HR Heat Time kwh HR
K KBtu PM 'K
23.5 13.1 308 N-1 68.2 13.7
23.5 13.1 308 1 -2 143.8 12.3
23.5 13.1 308 2 -3 138.2 12.4
23.5 13.1 308 3 -4 138.2 12.4
23.5 13.1 308 4 - F 136.4 12.4
13.6
23.5 13.1 308 b5 -6 72.7 { }
13.0
13.2
37.9 12.2 425 6 -7  44.8 { }
12.0
12..2
37.9 { } 591 7 -8 44.8 12.0
20.0
110.2 12.8 1410 8 — 9 44.8 12.0
134.6 12.4 1670 9 -10 34.4 12.3
134.6 12.4 167C  10-11 27.1 12.8
143.8 12.3 1770  11-MN  23.8 123.1

Total Btu/day = 20,887,000
20,887,000

6,3OO,OOO($3'OO) = §9.95

Cost of fuel/day =

Annual fuel cost 365(%9.95)
Labor = 12(%800)

Water

Suprlies

Maintenance = 0.90(§600)

Total annual energy element

C. Customer element:

Investment in sec. dist. sys.

Pepr. of sec. dist. sys. = D.85

Taxes and insurance = 0.07(75000)
Interest = 0.035(0.60)(75000)
Maintenance = 0.90(800)

Labor = 12(1000)

Cost of collection = 1000(&23.00)

Total annual customer element

39

Heat
KBtu

935
1770
1718
1716
1690

968

56b

533

633
424
347
308

£36°0
9600
100
20C
54C

5140 1

E785000
§ 5710

5260
1876
720
12000
3000

278585
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D. Profit element:

Total investment $157500
Profit = 0.10(157500) $15750
Less income tax = 0.30(15750) 4728
Profit after taxes £11028
Less sinking fund cont.=
0.02
C.80(187500 -
(1 >(1 Y 00271 3880
Available for dividends ¥ 7145
. _ 7145(100)
Dividend rate 0.40(157500) 11.3 o/0
E. Block meter rate:
First block:
_ $18730 _ . .
rate = 12(10000) $0.156/kwh for first 10 kwh
Second block:
_ §27855
rate = m $0.116/kwh for next 20 kwh

Third block:

0802 + §18750
rate = 3136 ( 65§} = £0.109/kwh for
12[__§_l___. — 30000] excess over 30 kwh
12

Example 5.

This example is .the same as Example 4 except for the
method of financing, which is typical of municipal practice.
All ot the capital is raised by the sale of revenue certif-
icates which wature in 20 years and bear intefest at 3.5 o/o
and the sinking fund earns interest at 2 o/c. Profit of
10 o/o on the investment goes to defray town Ooperating ex-
penses. No taxes are paid, and insurance is 2 o/o.

Solution:

4. Fixed element:
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Investment in plant = 250(§250) $ 82500
Irvestment in primary distribution system 20000
Annual depr601at10n of plant £ 3780
Annual depr. 5 dist. sys. 1333
Insurance = O 02 82500) 1650
Interest = 0.035(82500) 2885
Capitalized maintenance 140
Management 6000
Sinking fund cont. = 0.0411(82500) 3390
Total annuval fixed element $19148
Energy element:

Total annual energy element $10803
Customer element:

Investment in secondary distribution system §7 8000
Depreciation of sec. dist. sys. 8310
Insurance = 0.02(75000) 1500
Interest = C.035(75000) 2625
Mairtenance 720
Labor 12000
Cost of collection 3000
Sinking tund cont. = 0.,0411(785000) 3080
Total annualcustomer element £2823¢
Profit element:

Frofit = 0.1C(187500) $15750
Block meter rate:

First block:

$19148
= e . = 0.9 J s
rate 15(10000) £0.159/kwh tor first 10 kwh
Second Block:
§£28235

rate = ————— = §0.118/kwh for next 20 kwh

12(20000)

i
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Third block:
$10803 + §15750

= = §0.109/k
rate 12(20300) gvei A zahfor excess
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PROJECT 1

1. A certain town of 20,000 porulation is served by a
privete utility and has the equivalent of 6,0C0 customers,
divided among three substations. Substation A serves a res-—
idential district; substation B serves a commercial district;
and substition C serves an irdustrial district. Street
lighting is supplied from substation D. The system (incom—
plete) is shown in Figure III-6. Connected loads and hours
of use are as follows:

Class of Service Connected Load Hours of Use
kilowatts

Substation A:

Residences : 7500 6 to 8 AM

5 to 11 M
Apartments 2500 6 to 8 AM

5 to 11 PM
Substation B:
Public buildings 250 9 AM to 5§ EM
Churches 140 10 AM to 1 PM

6 to 9 M
Hostpitals 45C all day
Theaters 260 2 to 11 PM
Laundries 1C0 7 AM to £ PM
Retail stores 450 9 AM to € PM
Offices 300 9 AM to 5§ M
Newsparers 150 9 AM to & PM
Substation C:
Factories 3000 7 AM to 5§ PM
Machire shops 500 & AM to 5 EM
Substation D:
Street lighting 500 6 PM to 6 AM

(§) Find the probable maximum demmnd for each class of ser-—
vice.

(t) Find the probable maximum demand on each substation.

(c) Find the probable maxirur demand on the power plant and
plot a tyrpical daily load curve for the plant.

(d) Turbo-generator sizes available are: 500 kw, 750 kw,
100C kw, 1500 kw, 2000 kw, 2500 kw and 3000 kw. Choose a uni
or units which will give the maximum use and caracity factors
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consistent with requir-
PLANT ed reserves and leeway
for growth, and set up
an operating schedule
for the plant.

2. (a) Estimate the
cost of the plant and
transmission system,
assuming that the trans-
mission system consists
of approximately five
miles of 13.2 kv line

in flat country. Man-
agement cost is $10000
per year and taxes and

] insurance together are
r4—1 [4-] < ] 7 o/o. Depreciation

of the investment is on

y power sys- the straight line bas-

Pig. 1I1L-.6. Bleme
Proje

tem, is. Sixty per cent of
the investment is fin-
anced by the sale of bonds which mature in twenty years and
bear interest at 3 o/o. The remainder of the investment is
financed by the sale of common stcck. What is the annual
fixed cost?

(b) If the turbo-generator heat rates (Btu per kwh net out-—
put) are estimated as: full load, 17500; 3/4 load, 17850;
1/2 load, 18650; and 1/4 load, 20500; fuel o0il having
6,325,000 Btu per bbl, costing $1.50 per bbl is nsed; labor,
$2,000 per month; supplies, $3,000 per year; and cost of
water, $1,000 per year, what is the annual energy element?
(Assume that the typical day in part one is the average day.)

(c) Bstimate the cost of the secondary distribution system
and the annual customer element if labor costs 85,000 per
month and taxes and insurance together are 7 o/o. The de-
preciation and financing of the investment is in the same
manner as with the plant and primary distribution system.

(d) If the annual gross profit is to be ten per cent of the
investment, how much will be left for common stock dividends
after setting up a sinking fund for bond retirement and pay-—
ing income taxes? The sinking fund earns interest at two
per cent and the income tax rate is 38 o/o.

(e) Set up a block meter rate which will recover the fixed
element in the first ten, the customer element in the next
25 and the energy and profit elements in the excess over 35
kwh per customer rer month.



CHAPTER IV
VAPOR POWER CYCLES

21, Carnot Cycle~-A cycle composed of completely re—
ersible processes was propcsed by Sadi Carnot, a French en-
ineer, in 1824. The Carnot cycle is accepted as beirg the
ost efficient between any two temperature limits. The eff-
ciency of the Carnot cycle can only be approached, however,
ecause all real rrocesses are irreversible. Figure IV-1
hows the Carnot cycle on the T-S and H-S planes for satur-
ted steam and for superheated steam, both produced fror
aturated water.?

Temperature
Enthairy

Entropy Entropy
(a) T-S Plane (b) H-S Plane

Fig. 1IV-1, Carnot cycle.

It will be noted that the Carnot cycle consists of two
reversible isothermal and two reversible adiabatic processes.
Examiration of the cycle on the H-F plane will show that the
characteristics of real vapors, such as steam, will not al-
lon a practical realization of the Carnot cycle for the rea-—
son that the isothermal additions of heat from 2 to 3 and
from 4 to 4' require that the pressure must decrease as the
heat is being added.

1 Since these flgures ave t to cale, considerable dister-
tion exiets, especiaslly in e 1i 1



46 FUNDAMENTALS OF POWER PLAKT ENGINEERING

22. Rankine Cycle~=The sirplest vapor power cycle which
has been proposed was conceived by Frof. W. J. M. Rankine, of
the University of Glasgow, in 1849. This cycle is shown on
the T-S and H-S planes in Figure IV-2, and will be seen to
be a modification cf the Carrot cycle to meet the require-
ments of real vapors. The expansion and compression lines

8!
2 s
3 b \
(] —~ e
£ w A
[ o Sa
5 : il
B Sp! = 2 3 *°
71
Entrory Entrory
(a) T-S Plane (v) H-S Plane

Fig. 1IVv-2, Rankine cycle,

are shown to follow paths of increasirg entropy because of the
irreversibility of real processes. The ideal Rankire cycle
would have these twc processes follow paths of corstant en-
trorpy.

A scheratic diagrar of the Rankine cycle is shown in Fig-
ure IV-3. The process 1-2 takes place in the pump and is
one of subcoolirg ir which the pressure is increased to that
rrevailing in the boiler. The rrocess 2-3 takes place in
the boiler and represents the constant pressure heating of
water to the saturation temperature. The process 3-4 takes
place in the boiler, alsc, and represents the production of
steam from water at constant rressure. The steam at state 4
may be either wet or superheated. The process 4-5 retresents
the expansion in the engine, during which process work is
done. The process £-1 takes place in the cordenser and is a
constasnt pressure rejection of heat. It should be remember-—
ed that withir the region of vapor mixtures (under the sat-—
uration lire) a corstant pressure process is identical with
a constant temperature frrocess.

The cycle rerreserted in Figure IV-3 is closed, in that
the same workirg fluid is used over and over. Often in
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“ "_‘3— W/Jout
: Ey
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Condenser
Pumg
1
— 3
W/Jln
Fig. 1v-3, Rankine cycle.

sinple plants the cycle is open, that is, the condenser is
absent and the steam 1s exhausted to the atnosphere at state
5. Sometimes part of the steanm exhausted at state 5 in an
oren cycle is used to heat the feed~mater going to the purp.
This arrangement is shown ir Figure IV-4.

a 1 1lb
| o
{9 E ] W/Jout
Qin 2 o —
——Ppnd ~ =l
o
m
3 Qout z
& —
excess stear __
Ma 1b 6 =
ammaey e a—— \
Heater makeug
Pump Z
2 ) 1 |
W/Jln

Fig. 1v-4, Open Renkine cycle with feed-water hesting.
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The gereral energy equation of steady flow can be ap-
plied to each piece of equipment in the cycle and the var-
ious heat and work quantities determined, most conveniently
on the basis of one pound of steam to the throttle of the
engine.

For the clcsed Rankine cycle:

Pumr: 1 W/ J., =E, - F,

3oiler: Q;, = Fa - E, =B, - H, - (F, - F,)
Engire: W/Jo“t = B, - pﬁo

Condenser: Qe = Fs, - H,

The efficiency of the cycle will be the net output divided
by the input, or

Pe - Fy, = (F, - F,)
€+ T T :
c L a ’p! - (}‘,—F,)

For the open Rarkine cycle with feed-water heatirg:

Pump: WJ, = F, - F,
3ciler: Q,, =k =P, - (¥, - B,)
Engire: W/Jout = B, - Fa,

The preceeding relations are the sare as for the closed Ran-
kine cycle, but the fact that part of the exhaust steam is
used for feed-water heatirg rakes it necessary to introduce
a weight term, M,, to rerresent the amount of steam used for
feed-water heating and to make an energy balance for the
feed-water heater, as follows:

My (Fop = By) = (1 = MO(E, - H,)

1 Por pressure rises in the pump of less than 300 Ibs per
¢q in. the pump work terms mey bDe neglected without epprec-
ieble error. For pressure rises greater than 300 1bs per sgq
in., the pump work csn be determined from Table 4 of Thoeszrmoa
dyssesic Ptopertinss of Stesw, by Keenan end Keyens.
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M. = E1 = Ha
4 He, -V,

H, would ordinarily be unknown, but, from the conditions un-
der which the cycle operates, it can be no greater than the

enthalpy of saturated water at the exhaust pressure (atmos-—

pheric usually). Then as before,

_Fa - Ve, - (F, - H,)
®t. P, _H, - (B, - E,)

This same sort of analysis could be arprlied to the open
Rankire cycle without feed-water heating. The advantage of
using part of the exhaust steam for feed-water heating can be
seen if the expression for thermal efficiency 1s examired.
With feed-water heating H, will be greater, thereby causing
a decrease in the value of the denorirator with a resulting
increase in efficiency. Ir additidn, less makeup water
would be required.

23. Engine Efficiency--The ratio of the actuval work en-
ergy reroved from a pound of steam in the engine to the
amount that could be removed in an adiabatic expansion is
known by several nares: engime efficiency, Rankime cycle
efticiency ratio, anrd Rankins cycle ratio. The preferred
nare, however, is engine efficiency. The matheratical re-—
lation (referrirg to Figure IV-2) is:

e =Lle Z Py

e F‘ ‘Fﬁa

The engine efficiency can be determired directly for
steam engires because it 1s possible to follow the path of
the steam expansion with an engine indicator and to deter-
mine the power delivered to the piston. In this case,

254F%
e = —
e Si(P. - P,a)
where: §,; = steamr rate, lbhs/irdicated hp-hr

In the case of the steam turbine, it is difficult to
determine the engine efficiency because the path of the ex-
ransion cannot be followed completely and the mechanical
efficiency cannot be determined easily. Therefore, the term
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overall engine efficiency, which is the product of engine
efficiency and mechanical efficiency (and generator effic—
iency, if electrical output is mgasured) is employed. In
this case,

2545
e F———
e, S (F. - Fg)

0o

where: S = steam rate, lbs/shaft hp-hr

It should be pointed out here that the steam rate has
significance in the above equaticns only for engines or tur-
bines operating on the Rankine cycle where all of the steam
passes corpletely through the engine or turbine. In other
cases the steam rate is of value only in comparing similar
cycles or for checking day to day performance of a partic-—
ular machire.

24, Reheating Cycle--This cycle was proposed by Ferranti
as a means of improving the efficiency of the Rankine cycle
for real engires. It is a characteristic of real engines
and turbines that the engine efficiency is greater in the
region of superheat than in the region of mixtures. The
ideal reheating cycle is intended to cause a greater portion
of the expansion to take place in the region of superheat
where the enthalpy dror between any two pressures is greater
than the enthalpy drop in the region of mixtures between the
same two pressures. This difference is slight, however, and
results in very insignificant gains in thermal efficiency
for the ideal cycle. The opposite is true for the real re-—
heating cycle, and very significant gains are made as a re-—
sult of the improved engine efficiency. Figure IV-5 shows
the reheating cycle on the T-S and H-S planes, and Figure
1V-6 shows a scheratic diagram of the cycle.

The reheating of the steam ray be done in one of three
ways: (a) Using steam from the boiler in a heat exchanger;
(bg using a separate reheating furnace; or (¢c) using a re-
heater built into the boiler gas passages. The reheeting
cycle utilizing the first method of reheating has very little
advantage, if any, over the Rankine cycle due to thermal
losses in the reheating system. The second method has ther-
modynamic advantages over the first method, but requires
considerable additional investment in fuel burning equip-
ment, etc. The third method has both thermodynamic and eco-
nomic advantages over the first method.

The cycle can be analyzed as follows:
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Fig 1V- Reheating cycle.
Pump: W/J,. =P, - H,
Roiler: Qin = F, H, - (H, - H,)
1
Engine E.P.: W/Jout = Hy - Hgy
Reheater: Qip = He - He,
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Engine L.P.: W/Jauﬁz = He - H,,

Condenser: Q = H’o - H,

out
- B, - H,D + Hy - Hzp - (B, - H,;)
¢ H,-H, +H -H,, - (B, - H,)

25. Regenerative Cycle--This cycle was proposed by Prof.
J. H. Cotterill in 1890, and depends for its improvement in
thermal efficiency over the Rankine cycle upon the use of
part of the steam from the engine, after it has done some
work, to heat feed-water going to the boiler. The regener-
ative cycle is similar to the open Rankine cycle with feed-
water heating except for the addition of the condenser to
carry the expansion down to lower temperatures and to close
the cycle. Figure IV-7 shows the regenerative cycle on the
T-S and H-S planes, and Figure IV-8 (a) shows a schematic
diagram of the cycle with two mixing (or open) heaters to
corresponfl with Figure IV-7. Figure IV-8 (b) shows the mod-
ification of the schematic diagram and the lower rart of
the, H-S plane that is necessary when the low pressure open
hea ter is rerlaced by a closed (or surface) heater.

ey

Temperature
Enthalry

Entropy Entropy
(a) T-S Plane (b) H-S Plane
Fig. IV-7, Regenerative cycle.

R. L. Reynolds has given considerable data on the per-
formance of regenerative cycles #ith various numbers of feed-
water heaters, and Figure IV-9 shows some of his data which
are used for the determination of the best final feed-water
temperature. 1t will be noted that the curves in Figure

IV-9 (a) are drawn for a standard throttle temperature of
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Fig., IVv-8, Regenerstive cycle.

7EO F and a standard condenser vacuum of 29 inches of mercury.
The effect of derarture from these stendards can be computed
with the aid of the correction curves in Figures 1v-9 (b)

and IV=9 (c). It is customary to select the extraction pres-
sures for feed-water heating so that the temperature rises

in esch heater are approximately equal. Ordinarily only one
open heater is used in the mcdern regenerative cycle, so
placed that the pressure in the heater is slightly above at-
mospheric at the minirum normal load.

The cycle can be analyzed as follows:

A. For two open heaters:

Pumps: W/Ji»1 = (H, - H,)(l ~ Mg - Mp)
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W/Jim2=

W/Jins

(B, - Hg)(1 - My)

(He - Hg)
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Boiler: Q;,-= Fe-- Hs - (Fy - Hy)

Engine: WJ,ue = Ha = Hop + (1 = M) (H,, - Hyo,)
(1 =My - Mp) (B, ~ Byy,)

Condenser: Quys = (1 =My = Mp)(E;,, - H,)

The extraction quantities can be determined by the use of
energy balances for each feed-water heater, as foliuws:

M (Ho, - Bel = [1 - M,J[Bs - By - (H, - F,)]
MplHio, — Byd = [1 - M, - Mp)(H, - B, - (H, - H,))

The thermal efficiency is:

W, - W, W

w/J
2 3

= out
€ 1

c .
in .

B. For one high pressure open heater and one low pres—
sure closed heater:

Pumps: W/J1“1 = (H, "P,)(l - Mn‘ - MB)
W/J£n2 = (Hyog — Hioe)(Mp)

W/J,;,,, = (H, - Hs)
3

Boiler: Q;, = Fa - Hy - (Hy - Hy)

Engine: W/ Iyt = Ha =~ Egp + (1 = Myg)(Bop = Fyop)
+ (1 - My - MB)(HJoo - Hyqp)

Condenser: Qs = 1 - M, - MB)(H“o - H,)

Extraction quantities:
MalHss — Hgd

{1 - My - Mpl[Ha1 + [Mgl[H,6, + (B 09 - Hyo )]
[1 - Myl

(1 - Mgl[H, - H,]

P, =

Mp(Ey0, = Fi0, ) = (1 - M, - M 1(H, - H, - (B, - H,))
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The addition of more stages of feed-water heating mere-
ly makes the matheratics more complicated. An energy bal-
ance for each feed-water heater and for each junction point
where closed heater drip pumps discharge into the main con-
densate line will give sufficient equations to solve for all
of the unknowns.

Modifications of the cycle are soretimes made in the
minor details, such as disposal of the closed heater drips.
Where closed heaters are placed in series, the drips may be
cascaded counterflow to the condensate with a slight loss in
thermodynamic efficiency, but with saving in installation
and maintenance costs due to the elimiration of several pumgs
It is usual, however, to have at least one heater drip pumg,
located at the closed heater nearest to the condenser. Fig-
ure IV-10 shows the heat balance diagram for a modern high
pressure regenerative cycle.

26. Reheating-Regenerative Cycle--The sinple reheating
cycle is no longer used in central station practice because
greater efficiency gains can be realized by combining it
with the regenerative cycle. In the last few years there
have been several large stations built on this cycle using
flue gas reheating. The reheating-regenerative cycle is gen—
erally considered to provide the ultimate improvement in eff-
iciency over the Rankine cycle where only a single working
fluid is concerned. The cycle analysis is made in the same
manner as given for the two serarate cycles. Figure IV-11
shows the heat balance diagram for a modern high pressure
reheating-regenerative cycle.

27. Field Cycle--This cycle was proposed by J. F. Field,
of the British Electric Authority, in 194€. The cycle elim-—
inates the boiler and depends upon vapor compression to bring
the steam back to the saturation condition before superheat—
irg. The cycle is shown on the T-S and H-S planes in Figure
IV-12, and a schematic diagram is shown in Figure IV-13. The
unavailable energy is rejected in a small condenser called a
"calorifier,”and the condensate is returned to the system
through a spray nozzle. Field has also shown modifications
of the cycle which Irclude reheating and regeneration.

The simple cycle can be analyzed as follows:

Pump: W 3in, =-(M)(He - Hy)
“ompressor: W/Jim2 =H, - Hy,
. Svperheater: Qi” = H, - H,
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Fig. 1V-12, Field cycle.

The thecretical advantages of this cycle are such as to
make the efficiency much greater than that of the reheating-
regenerative cycle because only a small portion of the steam
flowing is condensed to water, The practical disadvantage,
however, is the large amount of the output of the engine
which is returned to the compressor. The cycle 1s similar
to the gas turbire cycle in this respect (see Chapter XIX),
and for all practical purposes is a clcsed gas turbire cycle
using steam instead of air as the working fluid.

28. Superposed Cycle--The superposed (sometimes called
"topping") cycle was developed during the depression of the
1930's to allow the addition of capacity without the necess-
ity for building complete new plants. The cycle is a com-
round arrangement in which new high pressure boilers, re-
placing obsolete low pressure boilers, supply steam to a new
high pressure turbo-generator which exhausts t¢ the exist-
ing low pressure turbo-generators. The low pressure turbo-
generators are rehabilitated to give additicnal useful 1life.
This type of additional capacity can be installed for about
one~half the cost of a complete new plant of the dame cap-
acity . The upper portion of the cycle 1s shown on the H-S
plane in Figure IV-14, and a schematic diagram 1s shown in
Pigure IV-15. To date, superposition has been practiced
only on regenerative cycles.

The cycle can be analyzed in the usual manner, remem-—
bering that the cordition of the steam at state 10, (the ex-—
haust of the high pressure turbine) must be identidal with
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Fig. IV-13, Field cycle.,

the specified conditions for
the throttle of the old low
rressure turbires. It will
be seen that the high pres-
sure turbine must pass large
weights of steam, but the
initial and final specific
volumes are small enough to
make the actual physical size
of the high pressure turbire
rather small in comrparison
with that of the low pres-
sure turbires.

Perhaps the most import—
ant calculations in the super=-

rig,

I1v- 14,

Entropy posed cycle have to do with
the determination of the add-

Superposed cycle, itional power produced by the
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high pressure turbine. The heat balance of the regenerative
cycle upon which the high pressure system is superirposed is
already known, and it is only necessary to consider the ef-
fect of the superposition upon the complete system, as fol-

lows:

Additional pump work:

W impga = Fo m Ee)p = e = Bedp

Additional engine work:

W/JoutJ = Fa = Tio,

State 100 is known, but in order to determine state 9 the
engine efficiency of the superposed turbine and the approxirate
amount of power required from 1t must be known. In general,

a superposed turbine produces about one—third as much rower
as the low pressure turbines which it supplies with steam.
Then, if M is the total steam flow in pounds per hour requir-
ed for the low pressure turbires, and kw is the output of

the low pressure turbires,

_ Pu - P, cp _ 3413(kw)

ee ) Fo - H: g '3M(}Q - p,(-a)

9
r 2
'8 :g W/Joutz
¥ 5
Qin | @ £
S 12
% Qout
o e
6 &
Pumyp 5
124
W Jia, W/ Jia, W/ Jia,

Fig. IV-.1S5., Superposed cycle.
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The two enthalries, B, and Hyo,, will serve to locate
the pressure and temperature to the throttle of the super-
posed turbine, as a first approximation. A standard temp-
erature and pressure nearest to the calculated requirement
is selected and then the heat balance is adjusted accord-
ingly. If steam is extracted from the superposed turbine
for feed-water heatirg, the heat balance and throttle flow
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are further adjusted. Figure IV-16 shows the heat balance
diagram for a modern superposed installation.

29, Binary Cycles--Some years ago it was realized that
progress in increasing the efficiency of vapor power cycles
was being retarded by the thermodynamic disadvantages of
steam in the higher tempera-
ture ranges. That is, extreme-
lyv high pressures are requir-
ed for high initial temper-
atures so that the condition
of the steam at the end of ex-
pansion in- the engine will be
withir a range that can be
economically handled. This
limitation led to the develop-
ment of the mercury-steam bi-
nary cycle. Mercury has the
advantage of requiring much
lower pressures for higher
temreratures than does steam.

Temperature

-]
Steam Cycle ©

The mercury-steam birnary
cycle utilizes the latent heat

of condensation of the mercury Entropy
to generate steam. Figure
IV-17 shows the cycle on the Fig. IV-17,  Mercury-stesnm

binary cycle.

T-S plane, and Figure IV-18
shows a schematic diagram of
the cycle. Figure IV-19 is a Mollier diagrar for mercury
vapor.

The cycle can be analyzed in two parts on the bagis of
one pound of each fluid, and then combined into the binary
cycle, as follows:

[1bs Fgl  Ba - By = (By = Fg)

[1bs E,O] ) Eye, — Bya
[1bs Hg)
= W/J —_—
W/Jn‘etc W/Jﬁ'gonet ! Ke[1bs E,O]
N + [1bs Egl
Qinc.— Qi”1 Qimz[lbs F,01
W e
P v
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Fig. IV.18, Mercury-gstewm binary cycle.

An interesting feature of the mercury cycle is the ab-
sence of a mercury pump. The mercury turbire and condenser
is placed on an elevation above the mercury boiler, and the
difference in density between liquid and vapor is sufficient
to feed the boiler. One problem that has slowed down the
acceptance of the mercury~stear binary cycle is that of seal-
irng in the highly toxic mercury vapors . However, this dif#-
iculty has been overcome satisfactorily and a complete rlant
is presently being built in New Englarnrd.

Other binary cycles have been rrorosed which use steam
as the upper fluid followed by sulrhur dioxide, petroleur
ether, butane or propane. The disadvantages of these cycles
lie in the undesirable properties of steam at higher temp-—
eratures and in the toxicity and inflamrability of some of
the secondary fluids prorosed. The advantage, however, is
ir the fact that both engines exhaust at pressures above at-
mospheric, thus elirirating the recessity for a vacuum punp
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on the condenser.
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CHAPTER V
PRIME MOVERS

30. The only prire movers used in vapor power cycles
are engires or turbires. The engire 1s a recirrocating de-
vice which utilizes both pressure and expansion energy of
the steam, while the turbire is a rotating machire which
utilizes only the expansion energy of the steam.

Steam engines in sizes below 500 hp are more efficient
than steam turbines and find their greatest application
where variable speed and exhaust steam for rrocess use is
required. Steam turbines have rerlaced steam engires 1n

sizes.over 500 hp, principally because of their compactness
and higher efficiency.

31. Stesm Engines--The steam engine became a practical
reality in the 1600's, and after improvemerts by Newcomen
and Watt, and many others, reached the peak of its g¢growth
and use in the early 1900's. Engire sizes reached 25,000 hp
on a single shaft with four cylinder trirle expansion mach-
ines for driving battleships. As previocusly mentiocned, how-—
ever, the steam engine is finding its field lirited to small
sizes. It appears that the steam engine on the railroads 1is
also doowed to obsolescence. The American Locomotive Com—
pany, which built steam locomotives for 100 years, recently
announced that its entire production in the future would be
confined to Diesel-electric equirment.

The principal types of engine reraining in use today
are divided into two general classifications, counterflow
and uniflow, depending upon the location of the main exhaust
rorts with relation to the stroke of the piston. The class-—
ifications are further subdivided as to valve types, whether
slide, rotary or poppet. It can be said,in general, that
the uniflow engine is more efficient than the counterflow
engine because of reduced thermal losses resulting from the
avoidance of alternate heating and cooling of the cylinder.
Rotary and poppet valve engines are more efficient than slide
valve engines. The rotary and poppet valves reduce losses by
avoiding the throttling of steam at the intake and exhaust.
Figures V-1 and V-2 show two common types of steam engine.

The mechanical efficiency of a steam engine can be de—
termined directly if the output horsepower (usually called
brake horsepower because some form of brake or dynamometer
is used for its measurement) and input horsepower (called
indicated horsepower because an engine indicator is used

67
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for its determiration) are known. Figure V-3 shows one type
of brake used to determire engine output, and Figure V-4
shows an engire indicator with a diagram (or card) drawn by
If the constants of the brake, engine and indicator are
known, the following equations will give the required infor-
mation:

it.

V-6.

where:

Thp =

where:

where:

2 nFLN

3P = 35Ec0

F = pet force exerted bty brake, lbs.
L = length of brake arm, ft.

N = sreed of ergrine, rpm.

Py LARN 4 Py LA N
33000 33000

th and Pmc = mean effective rressures

exerted on the head and crank ends
of the piston, lbs /sq in.

L = length of piston stroke, ft.

Ap and A, = effective piston area of
head and crank ends, sq in.

N = speed of engine, rpm.

A4S
p =4
m Ld
Ad = area of indicator diagram, sq in.
Ld = length of irdicator diagram, in.
S = scale of:indicator spring, lbs/sa in./in.
Bhp
e = —
m Ihp

The mechanical efficiency of steam engines is high, and
the shape of the efficiency vs load curve depends prirarily
upon the valve type, as can be seen in Figure V-5. Engire
efficiencies are moderately high and depend primarily upon
the flow direction within the cylinder, as shown in Figure
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32, Estimation of
Steam Engine Dimensions~-~
In prelirirary calcula-
tions for engine plants
it is necessary to esti-
mate the dimensions of the
engine. This estiration
is based on emypirical data
as to piston speeds and
departure fror the ideal
expansion in the engine.

valve,

slide

The aprroxirate work
obtaired from the engire
can be obtaired fror con-
sideration of the ideal
indicator diagram with the
aprlication of a diagrar
factor to allow for the
effects of comrression and
the departure of the ex-
ransion fror the adiabat-—
ic.* Figure V-7 shows the
ideal indicator diagran
with a realized diagrar
surerimposed. From the
ideal diagrar:

with D

engine

stesm

Net area = net work

Counterflow

v
= BV, + PlVllog,V—? - P,V,
1

V-1,

V,/V, is called the expan-
sion ratic, R. It can be
seer from the disgramr that
the larger the value of R,
the larger the proportion
of the total work done by
the exransion of the steam.
One method of governirg the
ovtput of a steam engire is
to vary the expansion ratio. For purrposes of estimaticn for
full load, R is usvally taken as being between three and four .

Making the substitutior for R,

Filg.

For simplicity, the derivation of the ldeal disgram asreas
assumes thet the expansion is isotherm=l.
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speed and the allowable piston speed, as shown in Table IV.

mating steam engine
dimensions by use of
the preceeding in-
formation.

the method of esti- ﬁ:

Fig.

Net work

FUNDAMENTALS OF POWER PLANT ENGINEERING

v, =P = [(p,/R)(1 + logaR) - P.]Fd
where: Pm = mean effective pressure, lbs/sq in.
P, and P, = throttle and exhaust pressure,
respectively, lbs/sq in abs.
R = expansion ratio
Fd = a diagram factor depending on the
type of engine (Table IV)

The engine dimensions are affected by the rotational

Example 6 shows

Example 6.

Determinre the
approximate dimen—
sions of a single
cylinder double—act—
ing unitlow steam en-—
gine to develop 280
bhp at 200 rpm.

04

2/

V-2, Uniflow
steam engine cylin-
der with D slide
valve.

Prony breke.

v-3.

Fig.
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Steam to the throttle is at 160 psig and saturated. Exhaust
is at 3 in. Hg abs.

Solution:

From Figure V-5, the mechanical efficiency is found to
be about 90 o/o, and from Table IV, the piston apeed and
diagram factor are estirated to be 750 fpm and 0.80 respect-—
ively. Taking the expsnsion ratic as 4,

P”l = [161'7(1 + log,4) - 1.471[0.80) = 77 .E psi
780
= ——— = 1.875 ft = 22.5 in.
Length of stroke 2(202) 1 in
_ 280 _ .o _ 77.5(1.875)(200)(2)4
Ibp = 5750 ~ 33000

from which, A = 158 sq in. and d = 14.2 in.

The required engine dimensions are 224 in. X 142 in. X
200 rpm.

TABLE IV
DESIGN DATA FOR STEAM ENGINES
ROTATIONAL SPEEDS

Counterflow engines 200 to 360 rpm
Uniflow engines 100 to 300 rpm

PISTON SPEEDS

Counterflow engines 600 to 450 fpm
Uniflow engines 900 to 600 fpm

DIAGRAM FACTORS

Counterflaow engines 0.70 to 0.85
Uniflow engines
Condensing 0.76 to 0.8F
Non-condensing 0.70 to 0.80

Figure V-8 shows the approximate cost (based on 1936)
of modern steam engine—generator sets.
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Fig. V-4, Engine indicstor with disgrem,

l | = 118¢e velve® 1
- B
AT L AATRer ) h
< ///
-
Q./
¢°q
/]
7
L4
0 20 40 60 80 100
Per Cent of Rated Load
(Q@. A, Gaffert)
Type of engine Full load e, ber cent
Four rotary valves 90 to 92
Uniflow 90 to 91
Slide valves (D or piston) 88 to 90
g. V-5, Mechanical efficiency of steam engines.
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PV" = const.

*N
T

v,

Fig. V-7, Ideal! indicator diasgram,

33. Stean Turbines--The steam turbire as we know it to-
day has been developed from the machine invented by Delaval
in 1883 to run his cream separator. Delaval's machine was
of the single stage irpulse type having an extremely high
rotational speed. C. A. Parsors, an Englishmar, invented
the multistage reaction turbire; Rateau, a Frenchman, the
rressure ccmpounded irpuvlse turbire; and C. G. Curtis, an
Anerican, the velccity compounded impulse turhbine, all of
which make it possible to redvce rotational speeds to reas—
cnable levels.
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Fig. V-8. Cost of stesm engine-generator sets.

The first commercial turbo-generator installations
appeared around 1900, and were of the vertical type to con-
serve floor space. The largest vextical turbine, a 20,000
kw unit, was built in 1914, but shortly
after its initial operstion the horizontal
turbine was introduced in order to elim-
inate troubles which had been experiencegd
with thrust bearings in the vertical mach-
ines. By 1930 50,000 kw sirgle cylinder
machines had been built, but further in-
creases in gize required multi-cylinder
cross or tandem compound arrangements. The
largest cross compound unit in existence
is a three cylinder 1800 rpm machine at
State Line Station at Hammond, Indiana.
This machine has a rated capacity of
208,000 kw, and consists of one high pres—
sure and two low pressure cylinders with

(Pevwor) separate generators and steam reheating
:}';_:;f;‘ Delav- between high and low pressure cylinders.
ge. P
Manufacturers now are confining their pro-—
duction of compound machines to the tandem

Presswre-
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type in capacities of from 40,000 to 100,000 kw and with
speeds of 3600 rpm. The 3600 rpm machires are attractive
because of their saving in space over the 1800 rpm machirnes.

A1l of the basic types of turbire are built in this
country, and are more or less characteristic for the various
ranufacturers. Allis-Chalrers produces

v A\‘.;A

the Parsons reaction turbire; Westing-
house produces a combination machire,
usually with one Curtis velocity com—
pounded stage followed by Parsons stages; X

and General Electric makes what they calk o
the Curtis turbine, but which at present A ..

is really a Rateau pressure compounded s
turbine, sometimes with an initial Curtis [;; ;;: Veloeity
stage. Delaval still builds the single

inpulse stage machine with reduction Treesure
gearing. Figures V-9 through V-13 show (Power)
the various types of staging, with pres— ., ¢ 10 cureis
sure and velocity relations for the velocity compound-
steam. ed steging.

34, Engine Efficiencies and Willans' Line for Steam
Turbines--Steam turbines for power plants are divided irto
two classifications: auxiliary or mechanical drive turbines,
and turbires for generator drive.

Nechanical drive turbines are made
in sizes from five to 2,00C hp and are
used for driving fans, pumps, etc. They
have fror one to three velocity compound-
ed stages and exhaust at a back pressure,
ordinarily to the open heater in the
feed-water system. They are not very
efficient due to the small ratio of blade
speed to jet velocity, but where process
steam or steam for feed-water heating is

required they can often be justified for (Power)
continuous service. In other cases they

are used for emergency service. Figure Fig. V-11, Parsont
V-14 shows the variation in overall en- resaction staging.

gine efficiency (ircluding mechanical )
efficiency) for typical mechanical drive turbines.

Turbines for generator drive are made in sizes from £00
kw capacity upwards to a maxipur of about 100,000 kw. All
major manufacturers have adopted the A.8.M.E.-A.I.E.E. Stan-
dards for Turbo-Generators which are shown in Table V.
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TABLE

Fig.

v

-13.

staging.

v

(Power)

Curtis-Parsons

ATFE—ASME- STANMARDIZED TURBINE GENFRATOR UNITS

2600 rpm, 60 cycles, 3 phase

Single-casing, Single-flow Turbine

Tandem-compound, Double-flow Turbine

Air-cooled
Generator

Hydrogen-cooled Generator

11,500 Kw | 15,000 Kw | 20,000 Kw | 30,000 Kw 40,000 Kw 60,000 Kw
Throttle pressure, |b gage 600 850 850 850 850 1250 ! 850 1250
Throttle temperature, deg F 825 900 900 900 |900 950 900 950
Exhaust pressure, in. Hg. abs. 1.5 1. 1.5 1.5 1.5 ! .
Turbine capability, kw 12,650 16,500 {22,000 33,000 44,000 66,000
N of extraction opening: 4 4 4 5 5 5
Saturation temperature at  1st 175 175 175 175 175 175
openingsatturbine-gen-  2nd 235 235 235 235 235 235
erator ratings with all 3rd 285 285 285 285 285 285
extraction openings in  4th 350 350 350 350 350 350
service, deg F 5th _ — — 410 410 410
Generator kva
Air-cooled generator 13,529 — — — ! —_ —_
Hydrogen-cooled generator
0.5 Ib hydrogen pressure — 17,647 {23,529 35,294 47,058 70,588
15.0 Ib hydrogen pressure —_ 20,294 27,028 |40,588 54,117 81,176
Power factor 0.85 0.85 0.85 0.85] 0.85 0.85
Short-circuit ratio 0.8 0.8 0.8 0.8 0.8 0.8

Figures V-1§&

and V-1€ show the approxirate overall en—

gine.efficiencies (includirg mechanical and gererator effic-
1encles? to be expected from small turbo-generators, both
condensing and non—condensing. ’
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Fig. V-14, Mechanical drive turbines.
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Overall Engine Efficiency

[94)

3600 (XA / |

— rp®

// 1800

/,/ Throttle Pressure
// 400 to 800 psig
Superheat 200 F _____

4 6 8 10

2
Turbo—-Generator Set Rating, Thousand Kw
(G. A, Gaffert)

rFig., v-15, Small condensing turbo-generators.
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Where it is necesssry to
estirate mechanical and ¢ernersastor
efficiencies irn order to predict
the turbire expansion line, the
follcw1rg empirical fornulae will be useful:

i
'J‘III |

0.026 i
For 1800 rpm machines: em = 1.00 = (Rating)
vRated kw/1000 (Load)
eg = 0.9R85 - 0.0685(Rating)

PRated kw/1000 (Load)
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For 3800 rpm machines: e, = 1.00 - 0.04(Ratirg)
vRated kw/1000 (Load)
c, - 0 .96 — 0.019(Rating)
YRated kw/1000 (Load)
Per Cent of Rated Load
0 20 40 60 80 100
1.00
o
Conldclnll'n’; 1//
1T 77
0.95 // /'/'/'/
//// Non;Clonldlen-ln;
LA V/4
177 yay.v//i
R v/ A/l
0.90 “Q“ ,'/(/ v / // //]
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Fig.,

Load Correction Factor
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v-18, Engine efficiency correction factors for turbines,
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Small Turbo-Generator Set Rating, Thousand Kw
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Fig. V-19, Turbo-generstor cost data.

The likeness of a throttle-governed turbire to an orifice
having the back pressure less than the critical makes it poss-—
ible to rredict extraction pressures at any rartial load if
they are known for any one locad. It can be assumed, with very
slight errcr, that the back pressure remains constant, and
that the first stage and extraction absolute pressures will
vary directly with load. With this relation it is possible
to estimate part—-lcad performance of a turbine, providing the
expansion lines are known. The full load expansion line can
be estimated quite closely, if the initial and final con=-
ditions are known, by referring to Figure V-20. Connect the
initial and final steam conditions on the Mollier diagrar by
a straight line; move along the saturation line to point B
which is 20 Btu per pound greater than point A, the inter-
section of the straight line with the saturation line. Con-
nect the initial and final conditions with a smooth curve
through point B so that the slope decreases gradually from
the initial to the final conditions. The extraction con-
ditions can then be lccated at the intersections of the pres—
sure lines with the expansion lines. For part-load expan-
sion lines, the curve will be of the same shape from the in-
itial condition but with point X displaced to the right. A
ship curve is excellent for drawing expansion lines.
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The curve of
>tal steam flow vs
1itrut for a turbire
s a straight line
salled Willans'
ine), and can be
stimated from engine,
schanical and gen-
~ator efficiency
ita. The slope of
1e line is constant
1ly so long as a
ingle throttle valve
3 employed. As add-
tional valves open
ne slope becomes
teeper. Example 7
hows the method of
stimatirg Willans'
ine and the expan-
ion lines for a sir-
le valve turbirne.

Example 7.

Enthalrpy

83

20 Btu/1b

Fig. V-20.
expansion

Entropy

Estimating turbine
lines.

A 2500 kw turbo—generator operates at 3600 rpm with
team to the throttle at 400 psig and 750 F and exhausts at

in. H¢g abs.

olution:

From Figure V-15,
ency is estimated to be 0.68.

Estimate the non-cxtraction Willans'

lire.

the full lcad overall engine effic—

From Figure V-18,

the super-

pat correction factor is found to be 1.017 (superheat Z05F)
nd the following table is made:

Load Eng. eff.
full load
Full 0.68
0.785 0.68
0.EO 0.68
0.26 0.68

supht. load corr.
corr. corr. eng. eff.
1.017 1.000 0.6e9
1.017 0.975 0.87
1.017 0.940 0.85
1.017 0.820 0.87

The expansion lines are drawn as in Figure V-21, and
rom these lines the work output per pound of steam can be

etermined sas:

full load, 320 Btu; 0.75 load, 298 Btu; 0.850
oad, 274 Btu; and 0.2F load, 216 Btu.

From these work out-—
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Enthalry

942
Z924
Entropy
Fig, V.21, Turbine expansioen lines for Example 7.

puts, the stean flows to the throttle at the variovs lcads
can be conmputed fronm the relation:

241%5(2500)(1lcad frac.)

T le f1 =
hrcttle flow, lbs/hr Work, Btu/ltb

Flcws trom this relation are: Full locad, 26700 1lbs/hr;
0.75 load, 21450 lbs/hr; 0.50 load, 15600 1bs/hr; and 0.25
load, 9880 1lbs/hr. Willans' line is plctted in Figure V-22.

Note: The expansion lines ir Figure V-21 are "apparent" or
based on the overall engine efficiencies. For the true ex-
ransion lines which give the actval enthalries of the steam
to the condenser, see Example €.

Example & shows the method of calculating the approx-—
irate heat balarce for a regenerative cycle using the steam
turbine of Examrple 7.

Example 8.
The turbo-gererstor of Exanple 7 is placed in a regen-

erative cycle. One closed heater is used with the extraction
poirt in the turbire located so that the extraction pressure



PRIME MOVERS 85
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o
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(@)

Stear Flow, Thousand Pounds/Hour

500 1000 1500 2000 2500
Load, Kw

O

Fig. Vv-22, Willans' lines for Examrples 7 and 8,

is 5 psia at 0.25 load. One open heater is placed in the
cycle so that the extraction pressure is 1€ psia at 0.2F
load. The arrangement is similar to that in Figure wv-8(b).
Neglect pump work. Make a heat balance and estimate the
extraction Willans' line.

Solution:

The expansion lines and engine efficiencies cf Example
7 were on the overall basis. In order to estimate the ex-—
traction pertformance it is necessary to estirate the mech-
anical and generator efficiencies and to replot the expan—
sion lines.

_ 0.04(rating)
n=1.00- [/556671000 (load)]

®
i

- _ 0.019(rating)
eg = 0.96 -~ lome5/T000 (load)
Load overall mech . gen. internal
eng. eff. eff. eff. eng. eff.
Full C.e9 0.975 0.946 0.749

0.75 Cc.e7 0.9€6 0.941 0.737
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extraction enthalpies determined,
traction pressures are directly proportional to load.

FUNDAMENTALS OF POWER PLANT ENGINEERING

Load

.80

"0.26

overall
eng. eff.

0.65
0.87

mech. gen.
eff. eff.
0.949 0.932
0.899 0.904

internal

eng. eff.

0.738
0.702

The expansion lines are plotted in Figure V-23 and the

remembering that the ex-—

The

following table is set up to aid in the calculation of ex-
traction quantities:

Load

Full
0.756
0.80
0.26

Hy

69 .0
69.0
69.0
69 .0

Fig.

Enthalry

V-

Hloc Hg HB HB H"Do HIOD
196.2 190.2 26€.4 1387 1224 1180
181.1 175.1 247.5 1387 1240 1189
161.2 165.2 222.6 1387 1245 1175
130.1 124.1 184.4 1387 1262 1195

1387 Rg

&

LETYS
N
-
Fi1p V120
\\\ 1077
1089
1040
Entropy
23, Turbine expansion lines for Example

Hllo
1040
1C89
1077
1120

It should be noted that it was assumed in setting up

the preceeding table that Hs is 6 Btu/lb less than Hio, gue

tc the use of a clcsed feed-water heater.

Also,

in order to
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avoid the necessity of solving for H., the drip from the
closed heater is assumed to be pumped diredtly to the open
heater.

The extraction quantities, M, and Mg, can be found by
use of the equations in Section Zg, as follows:

Full load:

¥,(1224 - 266.4) = (1 - M, - M,)(266.4 — 190.2)

+ Mp(266.4 ~ 196.2)
(1 - M, - Mp)(190.2 - 69.0)

L]

MB(IISO - 196.2)

Mg = 0.073 Mg = 0.104 1b/1b to throt.
0.76 load 0.0868 0.099
0.80 load 0.062 0.074
0.25 load 0.052 0.047

Work output to the turbine shaft per pound of steam to
the throttle is then calculated, as follows:

Full load:
W/J = (1387 - 1224) + 0.927(1224 - 1150) + 0.823(1150 - 1040)

W/J = 322.0 Btu/lb to throttle

0.75 load 304.8
0.80 load 292.3
0.26 load 256.0

Thrbttle flows are:

Full load: 322?3%5?:::?20.946) = 28750 1lbs/hr
0.76 load 23100
0.80 load 16500
0.25 load 10260

Extraction and condenser flows are:

Load open closed conden—
htr. htr. ser
lbs/hr 1bs/hr 1bs/hr

Full 2100 3000 23700

0.75 1570 2290 19240
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Load open closed conden—
htr . htr. ser
lbs/hr lbs/hr lbs/hr

0.80 1027 1228 14298

0.26 54E 481 9234

The Willans' line for extraction operation is plotted
in Fipure V-22.
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CHAPTER VI

CONDEMSERS, FEED-WATER HEATERS AND EVAPORATORS

35, Condensers--The purpose of the condenser in a vapor
cycle is prirarily to lower the temperature of the prirme
mover exhaust so that the thermal efficiency of the cycle
can be increased. Due to the nature of steam, operation of
the condenser at a temperature less than 212 F requires that
the pressure ~ithin the condenser be less than a“mospheric.
Operation of condensers at sub-atmospheric pressures requir-
es the use of vacuum pumps to remove the air which unavoid—
ably leaks irto the condenser and which, if not removed,
would make it irpossible to rairtain the low exhaust temper-
ature.

Condensers may be divided into two general classes:
mixing condensers and surface condensers. The most import-—
ant type is the surface condenser which allows the reduction
of exhaust temperature while at the same time allowing the
recovery of the condensate. The mixing condenser is able
only to lower the exhaust temperature without recovering the
condensate.

36, Mixing Condensers--Mixing condensers may be either
of the jet type or of the barometric type. The jet type de-—
pends upcn the aspirating action of a jet of water to con-—
dense the steam and to remove the air from the condenser. A
typical jet condenser is shown in Figure VI-1. The use of the
Jet for aspirating air requires more pump power for a given
vacuum, but a separate vacuur pumgp is not required. The bar-—
cmetric condenser utilizes a leg of water to provide the
seal for the condenser rather than power from a pump as in
the jet condenser. The barometric condenser is always provid-—
ed with a vacuum pump for air removal. A typical barormetric
condenser is shown in Figure VI-2. With 70 F coolirg water,
about the best vacuur which can be mairtained with a mixing
condenser is 28 inches of mercury. Due to the fact that the
volume of the condenser is small in relation to the amount
of steam and water handled, the mixirg process does not reach
equilibrium and the temperature of the mixture leaving the
cordenser will be about 5§ F less than the saturation temper-—
ature corresponding to the pressure in the condenser. The
following equations can be written for the mixing tyre con-—

denser, considering it a steady flow device with no shaft
work:

89
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M (B, - H) =M (B -H)

where: M_ = weight of condensing water, 1bs/hr.
M_ = weight of steam, lbs/hr.

H, = enthalpy of mixture leaving the
condenser, Btu/lb.
Hv = enthalpy of steam entering the

condenser, Btu/lb.
H, = enthalpy of cooling water, Btu/lb.

Vater

rig. vi-1, Jet condenser.

37. Surface Condensers--The surface condenser has the ad
vantage of making it possible to save the condensed steam for
use as boiler feed, but keeping the condensing steam sefarate
from the cooling water requires that the heat be transferred
through a dividing wall. This necessity complicates the de~
sign of condensers by making it necessary to take into ac-
count the resistance of the dividirg wall to heat flow. Two
methods of calculating condenser size are available: calcu-
lating from the known and estimated resistances to heat flow
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Fig. V1i-2, Barometric condenser.
of the various elements in the heat flow path; and estimatirg
from empirical data of the Heat Excharge Institute.

_ Surface condensers will be made in as many shapes and
designs as there are manufacturers, the only sirilarity be-
ing in the existence of water boxes, tubes, a shell and a

hotwell. Figure VI~3 shows a typical surface condenser with
its various parts.
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38. Heat Transfer in Surface Condensers--Heat transfer
in surface condensers is accompliehed entirely by conduction,
and consideration of the process will reveal that the heat
must pass first through a film of water forred by the con-
densing steam, then in succession through the tube, scale
tfrom comrounds and dirt deposited by the cooling water and
finally through the boundary water filr on the ccoling water
side of the tube. Figure VI-4 shows the heat paths ir re-
lation to a conventicnal condenser tube in which the tube
conveys the coolirg water and is surrourded by the steanm.

Steem Film

L]
: . .
&~ - :
. - [
b
w & : - : : .
& . £ - - -
h - 2 v - ]
= "] (] @ = -
¢ o
.
-
N :
L]
\ -
(a) Tube (b) Temperazture Prcps

Fig. VI-4, Temperature relations
in heat trensfer through condenser
tube.

The outside and inside diameters of the tube are the only
definfitely measureable distances in the heat path. It can
be seen that the heat flow path is sirilar to series resis-—
tances in an electrical circuit, that is:

R=R_+R,+R +R
t 'S )

where: R = total resistance to heat flow
R, = resistance of steam film
Rt = resistance of tube
R, = resistance of water film
R. = resistance of scale

'S

If the irdividual resistances to heat flow are defined
in terns of the thickness and area of each element,
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R - etc
¢ Ktst, )
where: R = resistance,(hr)(deg F)(sq f£t)/Btu
1 = thickness in feet
K = thermal conductivity,
Btu/(hr)(sq ft)(deg F)(ft)
S = area, sq ft

and if 1/R is called the overall heat transfer coefficient U
and S allcwed to be one square foot,
1

1, +1:+ 15+ s
X, " X; X T,

=

As previcusly mentioned, the only readily determined
dirensions are the irside and outside diameters of the tube.
Furthermore, the area of condensing surface is always meas-
ured on the outside diameter of the tube. For these reasons
all areas are corrected to the outside area of the tube, so
that if all elements in the heat flow path except the tube
are considered to have no thickness,

1

T @5,) (1,0 D1, v 1, 1
‘K:+Do OET T TORS T TR

s 1 n

where: Do and D, are the outside and
inside diameters of the tube

It is not possible to determire 1/K for any resistance
except the tube wall, so empirical formulae based on ration-—
al concerts of heat flow are employed. Substitution of 1/h
is made for the vapor film, scale and water film, so that,

U =

1
_1__ + 2D° {lt% +_D_°.—1— +20_1_
hy Do + Dj Kt D; h-s D; h:

The value of h for the vapor filr is dependent princi—
pally on the amount of air dissolved ir the film. Nusselt
and others have found that this value varies between 15CO
and 3C00, and in the absence of better data a value of 2000
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may be used.

Table VI shows approximate values of K for several mat—
erials which are commonly used for heat transfer surfaces.

TARLE VI

THERMAL CONLCUCTIVITY OF METALS
Btu per hr(sq ft)(deg F)(ft)

Pure corprer 220
Aluminur 118
Brasses (Admiralty, Muntz, etc.) £8
Steel 30

The amount of scale present in tubes is highly variable,
depending upon the tyrs of water and the season of the year,
among other factors. For purposes of estimation, h for the
scale may be taken as ranging between 4000 for favorable con-

ditions and 2000 for unfavcrable conditions, with an average
of about 3COC.

The value of h for the water filr may be calculated from
Nusselt's equation, with water velocity hetween 6 and 9 feet
per second, as follows:

_93.6(1 + 0.01 t)ye-®e

® D?i.-ﬂ

where: t = arithmetic mean water
temperature, deg F
V = water velccity, ft/sec
D; = inside diameter of tube, ft

Table VII gives the most useful size constants for tubes
of various thicknesses and diameters .

After having found the value cf U for the condenser, the
total surface required may be found from the relation,

Q

T

where: A = total area, sq ft
Q = heat transferred, Btu/hr
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U = overall heat transfer
coefficient

t_ = mean temperature difference
between steam and water, deg F

TABLE VII
STAPDARI CONTENSER TUBE DATA

oD Thickness D Outside Inside
1n. BWG in. ir. surface sectioral
sq ft/ft area
sq ft
5/8 16 C.085 0.,49E 0.1626 0.00134
1€ 0.04¢ 0.527 0.16286 0.00152
2 0.035 0.88F 0.1676 0.001868
a/4 14 0.087 0.584 0.1962 0.001¢€¢
16 0.065 0.620 0.196°2 0.00210
18 0.043 0.852 0.19623 0.00232
7/8 14 0.082 0,709 0.2291 0.00274
16 0.0865 0.74¢ 0.2291 0.00303
18 0.049 0.777 0.2291 0.0Cr29
1 14 0.083 0.82 0.261¢8 0.00279
16 0.065 0.87C 0.2618 0.00413
18 0.049 0.902 0.2618 0.00444

The valve of the mear temperature difference is some-
what different fron the arithmetic mean temperature differ-—
ence due to the fact that the temperature rise of the water
is not a straight line function c¢f the distance traversed by
it. Figure VI-5 illustrates this point. It can be shown
that

te = by,

tat T T, T,
log s——*
-t

o
= mean temperature difference
between steam and water, deg F

where: t
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t, = temperature of stean, deg F

t,. and t, = inlet and outlet cooling
1 0
water temperatures, deg F

It is peces-
sary to have a
temperature diff-
erence between
the steam and the
outlet cooling
water in crder to
mairtain heat
flow. This diff-
erence in temper-—
ature is called
the termriral
difference, and is te,
usually from & to
1C F for surface
condensers, the
smaller applying Length of Tube
to two pass and
the larger to
single pass de-
signs. Refrig-
eration or reheating (according to the design of the ccnden—
ser) is encountered with the water leaving the hotwell. This
action will have to bte taken into accourt in the computation
of the heat transferred, but it must be ignored in the com—
rutation of the mean temperature difference because of the
smallness of the effect of removal of sensible heat in the
condenser. In well designed condensers refrigeration will

not exceed 5 F, and some designs will actually reheat as much
as 2 F.

¢ Steam Temperature
. >

Fig. VI-S. Temperature relastions in
heat trasansfer through condenser tube,

Example 9 shows the method of calculating the principal
dimensions of a surface condenser for the regenerative cycle
of Example 8.

Example 9,

Estirate the principal dimensions of a surface conden-—
ser to serve the turbine of Example 8. Inlet cooling water
temperature 72 F, terminal difference 8 F. [Use 3/4" X 18
BWG aluminur brass tubes with a water velocity of 8 fps.
Assume h _ = 3000.
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Solution:

From Example B, the condenser flow at full load is
23700 lbs per hour, and the heat removed in the condenser is
(1040 - €9) = 971 Btu/lb. The temperature of the steam in
the condenser is 101 F.

Q = 23700(971) = 23,000,000 Btu/hr

_ (101 - 8) - 72 21
tm_l 101 - 72 1o 29
ofel51 — (101 - 8) ge7g

92.6[1 + 0.01(82.5)1(81°®
= = 1615
B [C.e52/121°-¢ 161

1
. 20;0 ¥ [0.7516§652][12£2g?] * O?é;Z[BOéO] * O?égg[16:5]
U= 676%38? = 599
e 00000 _ gy
Water require? = 2?228?22?23) = 2190 gal/min = 4.88 cu ft/sec
Flow area = 4.88 _ 0.61 sq ft
Number of tubes = BT%éS%E = 264
Length of tubes = 552%%%%@557 = 48 .F ft

The cordenser would be too long for a single pass, so
two passes, each 22'-9" long, are specified.

The principal dimensions of the condenser are:

Area 2360 sq ft

Tube material 3/4" X 18 BWG Alum. brass
Number c¢f passes 2

Active tube length 22'-9"

Heat duty 23 million Btu/hr
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39, Commercial Heat Transfer Standards for Surface Con-
densers--Several of the large manufacturers of heat transfer
equipment have cooperated in setting up the Heat Exchange
Institute with the purpose of standardizing design data for
this type of equipment. Figure VI-6 shows the curves in use
for surface condensers. These curves are drawn for tubes

Temperature of Inlet Water, Deg F
30 40 50 60 70 80 90 100
Loading, Lb per Sq Ft per Hour

2 3 4 S 6 7 8 9 1.9
2 900 e
: 374 1.0 88
o 1 A7/ =
o 800 6‘“‘ /' 1 T
8 | 10°% ] 7 . 4//’ -—10.8 g S
., 700 ol ’% ':—— v -
(3 e * +
& 7o ,/,‘“K s—lo.6 58
w 54 <t ° ©
g 600 (& ‘c“ ] g ’6
L]
N ai e £
® /4 &
R ¢
T 4CO

4 5 6 7 8 9 10
Velocity, Feet per Second

(Heat Exchenge Institute)

Fig., VI.6, Hest Exchange Institute design dats for
surface condensers,

with no scale on the water side. In use, the overall heat
transfer coefficient from the curves is reduced by a so—call-
ed "cleanliness factor," which is usually taken as about
0.80, Two other correction factors, for loading and inlet
water temperature, are used in addition to the cleanliness
factor. In commercial practice loading ranges from 7 to 10
pounds of steam per square foot per hour. Example 10 shows
the method of application of the Heat Exchange Institute data
to the determination of the dimersions of a surface conden-—
ser for the same duty as in Fxample 9.

Example 10,

Estimate the principal dimensions of thg condenser of
Exarple 9 by means of the Heat Exchange Institute data.
Take the cleanliness factor as 0.85.
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Solution:

From Figure VI-6, U = 765, temperature corr. = 1.01,
loading corr. = 1.0,

Corrected U = 765(1.01)(1.0)(0.85) = 657

23,000,000 _
A= —ee7(16.3) 2180 sa ft

Cooling water flcw and number of tubes would be the
sanre as in Example 9.

2150
Length of tubes = 264(0.1963)(2) = 20.7 ft

The principal dimensions of the condenser are:

Area 2180 sq ft

Tube waterial 3/4" X 18 BWG Alum. brass
Number of passes 2

Active tube length 20'-9"

Heat duty 22 million Btu/hr

These calculations show that the method of Example ©
is more conservative than the method of the Heat Exchange
Institute.

40, Feed-Water Heaters--The prirary function of feed-
water heaters is to utilize extracted or exhaust steam from
rrire movers to increase the temperature of water before
feedirg it to boilers. Feed-water heaters may be divided
irto two general classes: open (or rixirg) and closed (or
surface) heaters. Feed-water heaters are ccunterparts of
condensers, the difference being ir their smaller size and
higher operatirg temperature.

41, Open Heaters--The nane "open heater" often leads to
a misconception of the operation of this type of heater.
Actually, an cpen heater can operate at any pressure, not
necessarily atmospheric. All modern regenerative cycles in-
clude one open heater ir the feed-water circuit, so designed
as to act as a scrubber for deaerating the feed-water before
it enters the boiler. Deaeration is recessary to remove oxy-
gen and other gases which are harmful to boilers and pirirg,
and which have entered the system by leaking into the corden-
ser. There are a number of types of deaerating open hesters
in use, but the most comron is the tray tyre shown in Figure
VI-7. It is quite common to provide integrsl or connected
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storage for deaerated
feed-water, as shown in
Figure VI-€. This stor-
age is usually about a
two or three minute sup-
rly at full load. Cften
additional surge tanks
are connected through
overflows and surge runmps
with the water storage
section of the deaerating
heater to provide add-
1tional emergercy storage
tor upnusval conditions.

The same consider-—
ations of heat balance
apply to open heaters as
to rixing condensers.
Well proportioned deaer-—
ating heaters will pro-— (Power)
duce water with almost Fig., VI-7. Tray type deaerating
irmeasureable quartities feed-nater heater.
of dissolved gases and
with practically zero termiral difference.

42. Closed Heaters--Due to the fact that the water is
separated fron the steam in a closed heater, 1t is possible
to operate them at high water pressures in relation to the
steam pressure. Figure VI-9 shows a secticn of a typical
closed feed-water heater.

The same ccnsiderations of heat transfer apply to closed
feed-water heaters as to surface condenserst Because feed-
water heaters operate with relatively clean tubes, the val-
ue of h for scale can be taken to be about 6000. Following
are the terminal differences to be expected in good heater
designs:

Temperature of Terminal
exit feed-water difference
deg P deg F
g8 - 230 g
220 - 3CO0 10
300 - 400 18

400 - 626 20
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Fig.

900

Heater Volume, Cubic Feet
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Refrigeration in the hotwell of horizontal heaters will
be of about the same magritude as for surface condensers,
but will be from 1C to 15 F for vertical heaters. Water
velocities are scmewhat smaller than for surface condensers,

Fig.

vIi-9,

(Alce Products Corp.)

Closed

feed-water hester,

ranging fror 3 to &
feet per second. The
drainage fromr closed
heaters is usually
flashed to the next
lower heater in the
circuit, while the
drainage from the
first closed heater
may be either purped
to the condensate
line before the
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CONDENSERS,
Commercial closed heaters are designed using Kittredge's

deaerating heater or flashed to the hotwell of the condenser.
data fror Figure VI-10.

The heater air offtakes are connected to the condenser

through flow limiting orifices.
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Exanples 11 and 12 show the method of computing the
prircipal dimensions of a closed feed-water for the regen-
erative cycle of Example 8.

Example 11,

Specify the principal dimensiors of a six-rass clcsed
feed—water heater to serve the regererative cycle of Example
8. Terminal difference € F. Use 5/8" X 16 BWG Admiralty
brass tubes. Water velocity € ft/sec and hg = 6000.

Soclution:

From Example 8, the extracted stear to the closed heat-
er at full load is 3000 lbs/hr and the hest given up by the
stean is (1180 - 196.2) = 952.8 Btu/lb. The temrerature of
the stear in the heater is 228 F; water temperature to the
heater 101 F and from the hester 222 F.

Q = 3000(953.8) = £,8€0,000 Btu/hr

222 - 1C1 121
te T oy 28 - 101 a7 89.7 F
°f.228 — 222 °fei e
_ 93.el1 + 0.01(161.5)1[8)°° _
by = [0.495/12] °-% = 1945
1
U="1 [ 1.26 ) (0085, 0.625 1, C.626 1
2000 0.6254C.495 12(58)  0.495 6000 0.495 194¢
U = e84
2,860,000
B me—— 5
e8a(39.7)  105-F sa fr

Water flow = conderser flow = 237C0 lbs/hr

= 22228(0.0164) = 0.108 cu ft/sec
Flcw area = 0'208 = 0.018 sq ft
Number of tubes = ——24212 = 14 reyp pass
©.00134
105.8

Length of tubes = 7.68 ft

14(0.1636)(6)
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The prircipal dimensions of the feed—-water heater are:

Area 105.8 sq ft
Tube material 5/8" X 16 BWG Adm. brass
Number of passes 6

Active tube length 7'-8"

Heat duty 2.86 million Btu/hr

Example 12,

Estirate the area required for the clcsed feed-water
heater of Example 11 by means of the Kittredge dats.

Solution:

. . 222 - 101 UA
USlng Figure VI-lO, R = m = 0.953’ —M_ = 3.0
and U = 760. From Example 1C, M = 23700 lbs/hr, then,
_ 23700(3.0) _
A 760 = 107 sq ft.

This area is quite close to the area determined by the
method of Example 11.

43, Vacuum Pumps--As previously mentioned, a cordenser
must be surrlied with some sort of air removal apparatus.
The usuval equipment consists of steam ejectors with suitable
ccolers, although .
sore plants make
use of mecharic- Alr from Condenser
al air ruryps. *

Flsst Stage Ejector
Figures
VI-11 and VI-12 %“iuu

show some de—
teils of the
steamn ejector
type of vacuum
rumng, and Fig-—
ure VI-13 shows
some operating
characteristics.
The size of the
vacuur equip-
rent will de- AMlr to Atmosphere

pend upon the

air leakage tc

be expected, Fig. VI-11, Steam jet vacuum pump.

Intercooloer 7

Second

Stage

Altoreoolof—-—éEZi:]
HL.r—
Drain to

Condenser

Ejector
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(All1is-Chalmers Co.)

Fig.

vi-12,

Steam jet

vacuum pump.

o

e Hg abs
S @ IS

Back Pressure, ir.

—

Fig.

which in turn depends upon the
size and type of condenser. Fig-
ure VI-14 shows the approximate
maximum air leakage to be ex-—
pected.

Y4, wWater Cooling Equipment
~-=-Plants must often be located
where an abundant source of con-
denser coolirg water is not
available. In these cases it is
necessary to provide a spray pond
or cooling tower and to use a
closed circuit for the cooling
water. Both spray ponds_and
cooling towers depend upon the
evaroration into the air of a
part of the water to be cooled.

% ]
L~ Tt
/ ‘“‘.o.
4//
0 50 100 150 200 250
Per Cent of Rated Capacity
VI-13, Ejector opersting characteristicus.,
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Fig. VI-14, Maximum expected condenser sir leakage,.

Spray ponds are wasteful of ground srace because they
depend vpon natural air motion for their effective cperation.
Cn the other hand, they are relatively irexpensive to oper-
ate because they only require enough power to produce a pres—
sure of about 10 pounds per square inch at the spray nozzles.
Figure VI-15 shows a spray pond with the nozzles arranged in
clusters, each
cluster havirg a
capacity of about
200 gallons per
rinute.. It can
be estimrated that
2 spray pond will
require about one
square foot of
ground area for
each 250 rpounds
per hour of water
to be cooled.

The depth of the
pond need not be (Binks Mfg. Co.)
greater than three
feet. Figure

VI-16 shows some tyrical spray pond perfcrrance data.

Fig. VI-18, Spray pond,
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Fig. VI-16. Spray pond performance,

Cooling touers of the forced or induced draft types are
much rore eccnomical of ground srace than the spray pond be-
cause they do not depend uron ratural air motion for their
cooling effectiveness. 1In either tyre the water is broken
into drops by being allowed to impirge upon wooden packing
in the tcwer. The air flows through the falling water drops.
The tower requires sufficient pumr power to raise the water
to the distributing troughs at the top, and sufficient fan
rower to rove the required amount of air. Figures VI-17 and
VI-1€ show forced and induced draft towers, and Figure VI-19
shows some typical perfornance data.

45, Evaporators~-Since regererative cycles operate with
the sare water continuously and leakage is slight, it has
been fourd advantageous to use evaporators to produce dis-—
tilled water tor the small amount of makeup required. Make-—
up requirerents vary trom about two to five per cent, depend-
ing upon a number of factors such as the amount of boiler
blowdown and auxiliary steam unrecovered. The makeup water
might be irtroduced directly to the boiler as raw or treated
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Fig. VI-17, Forced drsft cooling tower.

i

(o mvpma i S ¥

(The Marjfey Co.)

Fig. Vvi-18, Induced draft cooliny tower,

water, but it has been found to be much easier to clean a
small evaporator than to clean a large boiler.

Evaporators are most often fitted into the feed-water
and steam cycle so that they use steam from one of the high
pressure extraction nozzles in the turbine and use condensate
to condense the vapor produced. Figure VI-20 shows one of
the methods of arrangement of an evarorator set in a regen-
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Fig. VI-19, Forced and induced draft
tower performasnce.

erative cycle. It will be noted that the only heat loss from
the system is due to the necessary blowdown from the evapor-—
ator shell. Figure VI-21 shows one of the ueual types of

evarorator.

In process irdustries which perform evajoration on a
product, multiple effect evaporator systems are used because
of their econory of operation. Figure VI-22 shows a typical
quadrurle effect system with a finishing pan for the produc-
tion of citrus rolasses. It will be noted that the varor
from a preceedirg effect is used as a scurce of heat for
successive evaporations. The evaporators are of the long
tube type with vapor separsting heads. Ir this type of evap-—
orator the liquid flows inside the tubes. In the first four
effects the circulation is natural, and in the finishing pan
a pump forces circulation. Figure VI-23 shows long tube
types of evaporator.
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PROJECT 11

1. The power plant of Project I is to be designed
around three turbo-generator units. One of the units will
operate continucusly, one unit will be operated to handle
peak loads and the remaining unit will be a spare. The
plant will operate on the regenerative cycle with one closed
feed-water heater and one evaporator vapor condenser per.
machire. There will be one evaporator and one deaeratirg
feed-water heater common to all machires. Boiler blowdown

is fed to the evapcrator shell. The flcw diagrar is shown
in Figure VI-24,

It is expected that boiler and evaporator blowdown will
each be five per cent and makeup will be two per cent. The
open heater and evaporator will be supplied with stear from
extraction points in the turbires so lccated that at full
load the water temperature leavirg the open heater will be
at the most econorical value. The closed heaters will be
surplied with steam from extraction points in the turbines
so located that at full load half of the feed-water temper-
ature rise will be supplied by the open heater. Throttle
conditions are: 350 psig, 725 F. Back pressure is 2.5 in.
Hg abs. Refrigeration in the condenser hotwell is 2 F and
termiral difference in the open heater is zero. Make heat

balances for the plant at full and half lcad (two rachires
operating).

2. Specify the principal dimensions for a surface con-
denser to serve one of the turbines of part one. The aver-
age temperature of the inlet cooling water is 85 F. Use
3/4" OD X 18 BWG Admiralty metal tubes with a water velccity
of 7 ft per sec.

3. Specify the area of an induced draft cooling tower
to serve the condenser of rart two. Design wet bulb temper-
ature is 78 F.

4. Specify the principal dirensions of a closed feed-
water heater to serve oneof the turbires of part one. Use
5/8" OD X 1€ BWG Adriralty metal tubes with a water velccity
of & ft per sec. Maxirum tube length is six feet.

5. Specify the principal dimensions of the deaerating
feed-water heater for the regenerative cycle of part one.
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CHAPTER VII
FUELS AND COMBUSTION

-

46. The variety of fuels used for the production of
power is large, and the type used in any particular locality
is always dependent upon econoric factors. The most import—
fuels for commercial power production, in order of import—
ance, are: coal, natural gas and fuel o0il. Process indus-
tries often make use of cellulcsic wastes as fuel.

47. Coal--Coal is a product of fermentation of vegetable
matter laid down in prehistoric times. In this country,
coal is found in almost every State in warious phases of the
evolutionary process. The most important coals for power
production are the bituminous and semi-bituminous types, but
some use is made of lignite and anthracite which are respect-
jvely younger and older than bituminous coal.

Coal is made up of moisture, volatile matter, fixed car—
bon and ash. The prorortions of moisture and volatile matt-—
er decrease as the age of the coal deposit increases. Vol-
atile matter consists of hydrocarbons which have a greater
heating value than carbon on a weight basis, but which are
more difficult to burn in small furnace volumes. Table VIII
shows the analysis of some of the more important coals, both
ir the proximate form (fixed carbon, volatile, ash and mois-
ture) and in the ultimate form.

48, Fuel 0il--The fuel o0il ordinarily used in the pro-
duction of elestrical power is residuum from petroleum re-
fining operations. Petroleum is found in large areas through-
the United States and South America, and is also a product
of the fermentation of vegetable matter laid down in past
ages. Its prircipal difference from coal is the almost com-
plete absence of fixed carbon and ash. Table IX shows some
analyses of typical fuel oils. The most important sources
cf fuel o0il for the United States are the Pacific and Gulf
coasts and Venezuela.

49, Natural Gas--Natural gas is principally a by-prod-—
uct from ?etroleum wells, although much gas is removed from
the earth's crust through wells which are not connected with
petrcleum operations. Natural gas is a product of the fer-—
mentation of vegetable matter to rroduce coal and petroleum.
Table X shows some analyses for natural gas.

1z
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50, Combustion-~The process of combustion of fuels is
one of rapid oxidation of the carbon, hydrogen and sulphur
which it contains. In order to calculate the amount of air,
which is the source of oxygen, for combustion, it is neces-
sary to know the ultimate analysis of the fuel. Since the
combustion process takes place too rapidly to reach equilib-
rium, it is always necessary to supply more than the theo-
retical amount of air. The air supplied in relation to the
theoretical air is known as the total air, while that sup-
plied above the theoretical air is called the excess air.
Both total air and excess air are expressed as percentages
by weight of the theoretical air. Examples 13 and 14 show
the method of making combustion calculations for each of the
principal types of fuels.

Example 13.

Determine the weight of air required for theoretically
perfect combustion and the flue gas analysis for & fuel
with the following analysis by weight: C = 0.8339;

H = 0.0428; 0 = 0.0283; N = 0,0103;,8 = 0.0064; moisture

= 0.025; and ash = 0.05633. Also, determine the weight of
air required and the flue gas analysis for combustion with
30 o/o excess air.

Solution:
The corbustion reactions are:

C 4 0,—CO,, O, = 2,67 C, COp = 3.67 C
H, + # Op—=—H,0, 0, = 8 H, H,0
S + 0,—S0p, 0, =15, S0,,=2 ¢
N, from air = 8.31 0, from air

1]
©
==

Theoretically perfect combustion: Basis, one 1b fuel.

Const. weight 0,t  prod. wght. mol. mols. anal. by anal. by

req. prod. wt. vol. wet vol. dry
. o/o o/o
C 0.8239 2.230 CO, 3.060 44 0.0696 17.70 18.78
H 0.0428 0,342 H,0 0.385 18 0.0214 5.80
0 0.0283 -0.028
N C.C1C3 N, C.01C 28 0.0004 76.80 81.22
N 0.0064 0,006 S0y 0,012 64 C.0002
moist. 0.02F0 H,0 ©.0256 18 0.0014

ash 0.0533
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weight 0, wght ., mols,
req. prod .
1.0000 2.550 3.492 0.0930
N, air 8.440 8.440 0.3010
Totzls/1b 10.930 11.0232
air gas

For theoretically perfect combustion, 10.99 1lbs of air
are required and 11.932 lbs of gas are produced per 1lb of
fuel burned. The dry (Orsat) analysis of the flue gas would
be: CO, = 18.78 o/0 and N, = 81.22 o/0.

Combustion with 30 o/o excess air: Basis, one 1lb fuel.

O, req. 2.8580 Gas prod., theo. 11.932
O, suprl. 3.320 Excess Op 0.770
Np air 11.000 N, with exc. Oy 2.560
Ar suprl. 14.320 Gas produced 16.262
Prod. wght. mol. mols. anal. by anal. by
prod. wt. vol. wet vol. dry
o/o o/o
CO, 2.060 44 0.0696 13.70 14 .20
H,0 0.410 18 0.0228 4.48
0. 0.770 32 C.0240 4.71 4.93
N, 11.01C 28 0.3930 77 .21 80.72
S0, o0.012 64  0.0002
18.262 0.5096
gas

For corbustion with 20 o/o excess air, 14.32 1lbs of air
are required and 15.262 1lbs of gas are produced per 1lb of
fuel burned. The dry (Orsat) analysis of the flue gas would
be: €0, = 14.30 o/o, 'O, = 4.93 o/0 and N, = 80,72 o/0.

Example I4.

Petermine the weight of air required for theoretically
perfect combustion and the flue gas analysis for a gaseous
fuel with the following analysis by volume: COp, = 0,004;
CH, = 0.921; C.H4 = 0.041; and N, = 0.034. Also, determine
the amount of air required and the flue gas analysis for



122
combustion with 20 o/o
Solution:

Combustion reacti

CH‘ + 2 Og"_"' CO,

CsHe + 34 0p—e=2 CO4 + 3 H,O,

4+ 2 H,0,

excess air.

ons are:

O, = 4

FUNDAMENTALS OF POWER PLANT ENGINEERING

H,0 = 2.25 CH,

Oy
CO,
H,0

uon

N, from air = 3.31 0, from air

2

CH‘) CO. = 2.75 CH;,
= 3.73 C,H,,

.94 C,H,,

.79 CQ'HQ

Theoretically perfect combustion: Basis, one 1lb fuel.
Const. anal. mol. 1lbs. anal. (oY Products
by vol. wt. by wt. req. COp, H,O N,
CO, 0.004 44 0.178 0.0103 0.01
CH. 0.921 16 14.750 0.8630 3.45 2.37 1.94
CeHe 0.041 30 1.230 0.0720 0.27 0©6.21 0.18
N, c.034 28 0.953 0.0587 C.06
1.000 17.109 1.0010 3.72 2.59 2.07 0.06
Ne from air 12.30 12,30
Total air 16.02 2.59 2.07 12.36 17.02
Mol. wt. 44 18 28 gas
mols, 0.06 0.12 0.44 0.62
Anal. by. vol. wet.o/o 9.60 18.7 71.70
Anal. by vol. dry o/o0 11.80 88 .20
From the preceeding analysis it is seen that one pound

of this particular fuel gas requires 16.02 lbs of

air for

theoretically perfect combustion and produces 17 .02 1lbs of

wet flue gas.
would be:

Combustion with 20 o/0 excess air:

Oy req. 3.72
O, suppl. 4.46
Ng« from air 14.76
Air supplied 19.22

The dry (Orsat)
CO, = 11.80 o/0 and Ny = 88,20 o/o.

analysis

of the flue gas

Basis, one 1lb fuel.
Gas prod., theo. 17 .02
Excess Oe 0.74
N, with exc. 09' 2.46
Gas produced 20.22
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Prod. wght. mol. mols anal. by ansl. by
rrod. wt. vol. wet wvol. dry
o/o o/o
CO, 2.589 44 0.0589 8.10 9.63
H,O 2.07 18 0.1180 165.82
0., 0.74 32 0.0231 3.08 3.78
N, 14.82 28 0.58300 73.00 86.59
20.22 0.7270
gas

For combustion with 20 o/0 excess air, 19.22 1bs of air
are required and 20.22 lbs of flue gas are produced per lb
of fuel. The dry (Orsat) analysis of tha flue gas would be:
CO. = 9.63 0/0, Op = 3.78 o/0 snd N, = 86.59 o/ '

Often it is necessary to determine combustion conditions
from a fuel analysis and an analysis of the flue gas. FEx-—
amples 15 and 16 show the method followed for each of the
types of fuels.

Example 15,

Fuel with an ultirate analysis of: C = 0.83; H = 0.127;
0 = 0.012; N = 0.016; § = 0.004; moisture = 0.01; angd
ash = 0.001 is burned in a boiler furnace. The flue gas has
the following volumetric analysis on the dry basis:
gO, = 13.7 o/o0; Oy = 2.6 o/0; CO = 0.4 o/0; and N, = 83.3 o/0.
ind the theoretical air, actval air and flue gas produced
in 1bs per lb of fuel fired.

o

Solution:

1. The theoretical air can be ftound from the formula:
Mgt = 11.53 Cpurmea + 34.36[H —-83 +4.32 S 1bs/1b fuel
Mgs = 11.53(0.83) + 34.36({0.127 - 0'212] + 4.32(0.004)

Mot

13.91 1bs/1b fuel

2. The dry tlue gas produced can be determired with the
aid of a carbon balance, as follows:

y. - 44COy + 32 0y + 28(N, + CO)
€4 12(C0, + CO)

[Cpurnea + 38T + 48 1bs/1b
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44(13.7)+32(2.€)+28(82.2340 .4)
12(13.74C.4)

= 19.93 1bs/1b fuel

Mgd =

(0.834(0.375)0.004) +

+0.625(0.004)

M!d

Note: ©Sulphur dioxide 1n the flue gas is analyzed as carbon
jioxide by the Orsat aipparatus. If all of carbon in the fuel
is not burned a correction is made (see Example 17).

3. The wet flue gas produced can be found from a
weight balance, as follows:
Mg, = Mgd + 9 H + moisture 1bs/1b fuel

M

ge = 19.93 +9(0.127) + 0.01 = 21.08 1bs/1b fuel

4. The actual air supplied can be found from a weight
balance, as follows:

Mag = Mgq + 8[H _.gq ~ Copyrmea — S - XN 1bs/1b fuel

Mgq = 19.93 + 8[C.127 - 0'212] - 0.83 - 0.004 - 0,016
Mgq = 20.08 1bs/1b fuel
§. Excess air can be found from the relation:

. M - M

Excess air o/o = —&&———at(10C)
at
20.08 - 13.91

Excess air o/o = (100) = 44.3 o/0

13.91

Example 16,

A fuel gas having an analysis of CH, = 77.5 o/c, C,He =
16.0 o/o0, COp = €.3 o/0, N, = 0.2 o/o is burned in a boiler
furnace. The flue gas has the following analysis on the dry
basis: COp = 9.0 o/0, Op = 3.0 o/0, CO = 0.2 o/0, N, =
87.8 o/o. Find the theoretical air, actual air and flue gas
in 1lbs per 1b of fuel fired and the percentage of excess air
supplied.

Solution:

The first step in the solution is the conversion of the
volumetric analysis to a gravimetric analysis.
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Const. anal. by mol, lbs. anal. by
vol. wt. wt.
CH, 0.775 16 12.40 0.819
CoHa G.1€e0 30 4.80 0.239
0, 0.06e3 44 2.77 C.138
N, 0.002 28 0.06 0.004
1.000 20.08 1.000

1. Theoretical air:

17.25 CH, + 16.10 C,He + 14.8 CoH, + 34.5 H, 1lbs/1b
17.25(0.€19) + 16.10(0.239) = 14.52 1bs/1b fuvel

2. TIry flue gas:
44 CO, + 32 0, + 28(N, + CO)

0.7 .8 C,E
12(c0, + CO) [0.75 CHs + 0.8 CsF,

+ 0.857 C,H,] + COp7 + N,y

.0)+422(3. . .
_ 44(9.0)+4 2(3.0)+28(87.840 2)[0.75(0.619)+O,8(0,239)]

12(9.040.2) 40.13840.004

17.64 1lbs/1b fuel

8. Wet ftlue gas:
Mgd + 2.25 CH, + 1.8 C,Hqs + 1.29 C,H, + 9 H,
17.64 + 2.25(0.619) + 1.8(0.239) = 19.46 lbs/1lb tuel

L}

4. Actual air surplied:

4+ 1.25 CH, + 0.80 CpHq + 0.29 CoH, + 8 H,
- N2 - COQ

17 .64 + 1.25(0.619) + 0.80(0.239) - 0.002 - 0.1238

M

gd

18.47 1bs/1b fuel

6. Excess air:

18.47 - 14.83

1 T em———— 0] = 7.
Excess air YWE (100) = 27.1 o/o

o
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51, Heating Value of Fuels~-One of the most important
properties of any fuel is its heating value per unit of
weight or volume. The higher heating value (HHV) is the
value which would be obtained if the products of combustion
were cooled to the temperature of the original fuel and air.
The lower heatirg value (LHV) is the higher heating value
less the latent heat of vaporization of the moisture formed
in the combustion process and present in the fuel originally.
It is customary to base efficiencies on the higher heating
values, although efficiencies would appear to be higher if
they were based on the lower heating value.

The heating values of fuels can be determined approx-—
imately by calculation if the ultimate analysis, proximate
analysis (for coal) or specific gravity (for fuel oil) is
known.

For solid or liquid fuels with the ultimate analysis
known:

0
HHV = 1460C C + 62000(H -EQ + 4050 S

where: HHV = higher heating value, Btu/lb
C, H, O and S = carbon, hydrogen,
oxygen and sulphur, lbs/lb fuel

For coals with the proximate analysis known, the heating
value can be determired from Table XI. It will be noted
that the proximate analysis must be converted to the com-
bustible basis before the table is used, and the result con-
verted to the as fired basis. These conversions may be made
as follows:

Converting proximate analysis as fired to
combustible basis, 1lbs/lb fuel:

Volatile matter as fired

Volatile matter = ~
a 1 - moisture as fired — ash as fired

Fixed carbon as fired

Fixed carb =
xed carbon 1 - moisture as fired — ash as fired

Converting heating value on combustible basis
to as fired basis, Btu/lb:

HHV = (HV on comb. basis)(l — mois. as fired — ash as fired)
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TABLE XI
HEATING VALUE OF COAL BASED ON PROXIMATE ANALYSIS

States Per cert Volatile Btu/lb on
on Combustible Combustible
Basis Basis
Pa., Ohio, W.Va., Md., 0 - 18 HHV = 14EE0C + 7810 V
Va., Ky., Ga., Tenn.,
Ala., Ind., Iowa, Neb., 16 - 36 HHV = 16180 - 2280 V
Kan., Mo., Okla.,
Ark., and Texas 38 - up HHV = 18780 — 9440 V
111. and Mich. all BHV = 160682 — 3830 V

where: BHV = higher heating value
V = deciral fraction volatile
on combustible basis

(Fe C. Evams)

For heavy fuel oils with the srecific gravity known:

dHV = 18650 + 40(A.P.I.° -~ 10)

where: A.P.I1.%° = specific gravity
on the American Petroleum
Institute scale, or
A.F.I.° = 141.5 - (131.5/sp.gr.4%)

For gaseous fuels with the volumetric analysis known':

HHV = 323 CO + 328 H, + 1012 CH, + 1782 C,H, + 1641 C,H,
where: FHV = higher heating value, Btu/cu ft
at 60 F and 30 in. Hg
CO, H,, CH4, C,He and C,Hs = carbon
monoxide, hydrogen, methane, ethane
and ethylene, volume fractions
as fired.
The preceeding equations are only approximate, and for

the most precise determination of heating value it will be
necessary to employ a calorimeter of a suitable type.
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(Parr Instrument

Fig. VvII-1, Parr bomb calorimeter.

tance wire.

For heating val-

ue determinations on
sclid or heavy liquid
tuels, it is custom-
ary to employ one of
the constant volume
"bonb" types of cal-
orimeter. The Parr
bomb calcrireter is
shown in Figure VII
-1, and consists of
a heavy steel cor-
tairer into which the
fuel sample is rlaced
with sufficient pure
oxygen to insure com-
rlete corbustion.
The bomb is immersed
in a known weight of
water whose temper-—
ature rise 1s deter-
mined after igniting
the fuel sample with
an electric resis-

For heating value determirnations on gaseous or light

liquid fuels, the steady flow
calcrinmeter is used. The Sar-
gent calcrireter shown in Fig-
ure VII-2 is of this type and
consists of a water jacket
with flues for abscrbirg heat
fror the products of combus-
tion of the fuel. If the
products of combustion leave
the calcrimeter at the same
temperature as the inccring
fuel and air, the higher heat-
ing value will be determined.
The heating valve is calcu-
lated from the knowrn weight of
water heated through a known
temperature rise by a known
velume or weight of fuel.

52, Flue Gas Analysis--
Analysis of the products of
combustion is most conven-—
iently made with an Crsat type

N DU

(Precision Scientific Co.)

vIiI-a, Sargent
calorimeter.
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of apparatus which absorbs
the various flue gas con-
stituents, one at a tire,
by means of chemical sol-
utions. Figure VII-3 shows
a comron portable form of
the apparatus.

The Orsat analysis 1is
given on the dry basis be-
cause the sanple remains
saturated with moisture
throughout the test proced-
ure. The ordirary form of
the mrparatus measures vol-—
umetric or mol fractions of
carbon dioxide, oxygen anq
carbor moroxide. It 1s ass-—
umed that the remainirg gas
is nitrogen. Due to the

o

fact that the reagent for (Fasher Sclentific Co.)
carbon'd10xlde will absorb Flg. VII-S. Orsat gas
all acid gases, the sulphur- snslysis spparatus.

cus gases in the products of
combustion will be analyzed as carbon dioxide, but the error
is slight for ordirary fuels.
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CHAPTER VI
STEAM GENERATORS

53. Steam generator is the preferred name for equipment
which produces steam from water by means of fuel. Steam gen-
erators are divided into two general classifications: fire
—tube and water—tube, depending upon whether the water sur-—
rounds the tubes or is contained within the tubes. It might
be said here that the term botler is used somewhat flexibly,
but strictly sreaking shovld only be applied to the convection
steam generating surface in a stear generator, while the
terr 'steam generator includes the boiler and all auxiliary
heat recovery apparatus.

Steam generators in small sizes are rated in terms of
boiler horsepower, which amounts to a heat abscrption of
33,480 Btu per hour per boiler horsepower, or 34.5 pounds of
steam per hour rer boiler horsepcwer from and at 212 F. One
boiler horserower is also approxirately equal to ten square
feet of convection heating surface. Large steam generators
are rated in terms of the actual weight of steam prcduced
per hour at definite outlet conditions with feed—water at a
definite temperature.

54. Steam Generator Efficiency--Steam generator effic-
iency is the quotient of the heat output of the steam gener—
ator divided by the heat input fror the fuel. That is:

_ MV(HV -h,

ey 1) + Mo(hf, - h, )
M,(HHV)

P /2

= stear flow, lbs/hr
= blowdowr rate, lbs/hr
= fuel feed rate, lbs/hr ©r cu ft’hr
= erthalpy of steam at

boiler outlet, 3tu/lb
hfz = enthalpy of boiler feed, Btu/lb
hﬁ, = enthalpy of saturated water

“ at boiler pressure, Btu/lb
HHV = higher heatirg value of tuel,
Btu/lb or Btu/cu ft

where: M
M
M
H

¢ W o o

Quite often it is impossible to measure accurately the
quantities of fuel, steam and blowdown, making it necessary
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to determine the steam generator efficiency by the method of
losses. This method requires that the flue gas analysis and
ultimate analysis of the fuel, as well as combustion air
temperature, fuel temperature and flue gas temperature be
known. The various losses per pound of fuel can then be cal-

culated and the difference between the heating value of the
fuel and the losses considered as the heat absorbed by the
steam generator. The losses are:

(a) Due to sensible heat in the dry flue gases..

(b) Due to sensible and latent heat in the vapor formed
from the moisture in the fuel.

(¢) Due to sensiblc and latent heat in the vapor formed
from the combustion of hydrogen in the fuel.

(d) Due to carbon monoxide resulting from the incom-
plete combustion of carbon.

(e) TDue to unburned carbon in the ash pit refuse and in
fly ash.

(f) Due to radiation from the boiler setting.

(g) Due to unaccounted for losses, such as sensible hea
in the ash pit refuse, unburned hydrocarbons, and
moisture in the air used for combustion. (This
item can be estimated at from C.1 to 0.2 per cent.)

The above losses might be regrouped into two general classi-
fications, as follows:

A. Combustion losses due to failure to develop the full
heating value of the fuel. These items would in-
clude items (d) and (e) and part of (g).

B. Conversion lcsses due to failure to transmit all of
the heat developred to the steam. These losses

would include items (a), (b), (c) and (f) and part
of (g).

Examjle 17 shows the method of determination of steam
generator efficiency by the direct method and by the method
of losses for solid or liquid fuels, and Example 18 shows
the same procedure for gaseous fuels.

Example 17,
The following data were recorded for a test on a boiler
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rated at 200,000 lbs per hour and equirped with a completely
water—cooled furnace:

Average steam temperature 900 F
Average steam rressure 910 psig
Stean gererated i1n 8 hours 1,600,000 1bs
Averasge teed-water temperature 300 F
Heatirg value of coal as fired 14,400 Btu/lb
Fuel tired in 8 hours 74 tons
Heating valve of refuse 5,100 Btu/1lb
Refuse collected in 8 hours 5.9 tons
Average flue gas temperature 280 F
Average combustion air temperature 110 ¥
Average fuel temperature 70 F
Flue gas analysis Fuel analysis
by volume 1b/1b as fired
CO, = 12.8 o/o ¢ = 0.8152
0, = 6.4 o/o H = 0.0447
CO = .2 o/o 0 = 0.0495
N, = 80.6 o/0 N = 0.0100
N = 0.0063
ash = 0.0521
rois. = 0.0222

Make a heat balance for the boiler:
Solution:
A. Carbon burned:

wt. of refuse(heating value of refuse)

Courned = c- I 14600(wt. of fuel) L
£.9(5100)
= 0. - [—=——=1 = 0.7872 /
Cpurmea = ©0-8152 [14600(74)] 0.78 1b/1b fuel
B. [Iry gas: (See Example 15)
44(12.8)+32(€.4)+28(80.640.2
M ( )12(§z 810 2§ ) (0.787340.375(0.0063) ]
’ ’ +0.625(0.0063)
= 15.20 1lbs/1lb fuel
C. Heat abscrbed by boiler:
¥t. of water evaporated(heat added to water) Btuv/ 1b

€ = Wt. of fuel fired
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1,600,000(1450.9 - 269.€)

CO, + CO

Wt. of refuse

= /
74(2000) 12,780 Btu/1lb fuel

D. Heat loss due to dry flue gas:
O.24(Mgd)(temp. of flue gas — temp. of comb. air)
0.24(1£.30) (250 — 110) = 515 Btu/lb fuel

F. Heat loss due to moisture in fuel:
temperature of flue gas < 5§75 F:

[mois. in fuell (1083 - temp. of fuel + O.46(temp. of
flue gas)]

temperature of flue gas > 8§75 F:

[mois. in fuell [1066 - temp. of fuel + 0.50(temp. of
flue gas)]

0.0222[1089 - 70 + 0.46(250)] = 25 Btu/lb fuel

F. Heat loss due to moisture trom combustion of H:
temperature of flue gas < 875 F:

[9 HI[1089 — temp. of fuel + 0.46(temp. of flue gas))
temperature ot tlue gas > 6756 F:

[9 H1[1066 - temp of tuel + 0.80(temp. of flue gas)]
9(0.04471([1C89 - 70 + 0.46(250)] = 456 Btu/1b tuel

G. Heat loss due to carbon monoxide in flue gas:

co (10180)(C

0.2 (10160) (0.7873) = 123 Btu/1lb fuel

ourned)

12.8 + 0.2

H. Heat loss due to combustible in refuse:

Wt. of fuel (heating value of refuse)
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Fig. VIII-1, A.B. M. A, boiler radiation loss chart.
5.9
Qe = —52(5100) = 407 Btu/1lb fuel
I. Radiation losses from boiler settirg:

From Figure VIII-1,

radiation losses for a 200,000 1lb/hkr

boiler at full load are 0.75 o/o for brick walls, with a
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correction factor of 0.76 for four water-cooled walls.

0.0075(0.75) (14400) = 81 Btu/lb fuel

Q, =

Qe =

Heat
Heat
Heat
Heat
Heat
Heat
Heat

J.

U

naccounted for losses:

Heating value of fuel - [Q, + Q, + Qe

14400 - [12780+515+25+456+123+407+81]

Recapitulation:

absorbed
loss due
loss due
loss due
loss due
loss due
loss due

boiler

dry flue gas
moisture in fuel
mois. from comb.
carbon monoxide
comb. in refuse
radiation

by
to
to
to
to
to
to

of

Unaccounted for losses

Heating value of fuel

Example

8.

+ Qe+ Q5 + Qo
+ Q,]

13 Btu/lb fuel

Basis, one 1lb fuel as fired.

12780 Btu/1b 88.7 o/o
£16 3.8
25 0.2
456 3.2
123 0.8
407 2.8
81 0.6
13 0.1

14400 Btu/1b 100.0 o/o

The following dats were recorded for a test on a boiler
rated at 25,000 lbs per hour and equipped with plain brick
furnace walls:

Average steam pressure
Average steam temperature
Steam generated in 4 hours

Average feed-water temperature
Heating value of gas (std.cond.) 1,060

Fuel fired in 4 hours, at
70 F and 2 psig

Average flue gas temperature
Average combustion air temp.

Flue gas analysis

by volume
C0g = 9.3 o/o
O = 2.5 o/o
coO = 0.3 o/o
N, = 87.9 o/o

215 psig
640 F
86,000 1bs
260 F
Btu/cu ft
89,400 cu ft
35 F
1CO0 F
Fuel analysis
by volume
CH, = 0.840
CeHqe = 0.120
No = 0.025
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Make a heat balance for the boiler.
Sfolution:

The volumetric fuel analysis is first changed to a grav-
imetric analysis:

Const. anal. mol. lbs. anal.
by vol. wt. by wt.
CH. 0.840 16 13.45 0.759
C,He 0.120 30 3.60 0.208
N, 0.025 28 0.70 0.038
1.000 17 .75 1.000

A. Dry gas: (See Example 16)

. .5)428(87 .940.
My - 44(9 3’:Z?é23+é g?( 849-3) 16.75(0.759)40.8(0.203)]
T +0.038

Mgd = 18.82 1bs/1b fuel

B. Heat absorbed by boiler: (See Example 17)

From the calculations converting the fuel anpalysis to
the gravimetric basis, the apparent molecular weight is
17 .75, from which R = 1544/17 .75 = 87 .0. The weight of fuel
fired is:

_ (3+14.7)(144)(89400) _

My 87(530) = 4950 1bs

The weight of one cubic foot of fuel at standard con-
ditions is:

_ 30(0.491)(144)
87(520)

= 0.0469 1b/cu tt

from which the heating value of the fuel is:

1060
HHV = —Om— 22600 BtU/lb
. 86,000(1287 .8 - 228.6)

* 4950

= 18400 Btu/1lb fuel
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C. Heat loss due to dry flue gas: (See Example 17)
0.24(18.82)(350 - 100) = 1130 Btu/lb fuel

D. Heat loss due to moisture from combustion of H:
temperature of flue gas < 575 F:

(2.25 CH, + 1.8 CoHe + 1.29 C.H, + 9 H,]1[1089 - temp.
of fuel + 0.46(temp. of flue gas)]

temperature of flue gas > 57& F:

[2.25 CH, + 1.8 C,H, + 1.29 C,H, + © H,]1 (1086 - temp.
of fuel + 0.50(temp. of flue gas)]

[2.25(0.759) + 1.8(0.202)][1089 — 70 + 0.46(350))
2440 Btu/lb fuel

E. Heat loss due to carbon monoxide in flue gas:

0 (10160)(0.75 CH, + 0.8 CoHo + 0.857 C,H,)

©.3 (10160)(0.75[0.759]1 + 0.8[0.203]) = 232 Btu/lb

9.3 + C.3

F. Radiation losses from boiler setting:

From Figure VIII-1, radiation losses for a 25,000 1b/hr

boiler cperatirg at 21,500 1lbs/hr are 1.5 o/o.

Q.7=

Qs=

Heat
Heat
Heat
Heat
Heat

C.015(22600) = 239 Btu/lbt fuel
G. Unaccounted for losses:
22600 -~ [18400+1130+42440+232+339] = 59 Btu/lb fuel

Recapitulation: Basis, one 1lb fuel as fired.

absorbed by boiler 18400 Btu/1b 81.5 o/o
loss duvue to dry flue gas 1130 §.0
loss due to mois. from comb. of H 2440 10.8
loss due to carbon monoxide 232 1.0
loss due to radiation 339 1.F
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Unaccounted for losses 59 0.2
Heating value of fuel 22600 Btu/1lb 100.0 o/o

55, Fire-Tube Boilers--Fire-tube boilers (or steam gen—
erators') are built in sizes up to about 500 horsepower and
for pressures up to about 200 psig. The prircipal types are:
horizontal return tubular; Scotch marine; vertical tubular;
and firebox tubular.

Horizontal return tubular boilers consist of a drum with
longitudinal flues set cover a brick firebox, as shown in Fig-
ure VIII-2. They are moderately efficient and are suitable
for use with any kind of fuel.

Scotch marine boilers are so nared because they were
first used in steam powered ships built in Scotland. They
have been adapted to stationary power plants and are most
popular for packaged units tecause the furnace is internal
to the boiler. Figure VIII-3 shows a modern Scotch marine
package unit.

Vertical tubular boilers are built in small sizes up to
about 50 boiler horsepower and are popular for laundries and
small food processing plants because of the small flocr
space requirement. Due to the fact that part of the flues
are above the water line, the steam is delivered with a
small amount of superheat. Figure VIII-4 shows a boiler of
this tyre.

Firebox tubular boilers are made in a number of differ-
ent designs, one of which is shown in Figure VIII-5. Their
advantage is the ability to put more heating surface in a
given total boiler volume than the other fire—tube types.

Fire—tube boilers are not made for high pressures be-
cause of the difficulty of staying the flat tube sheets
against bulging, and because tubes are relatively less re-
sistant to collapse from external pressure than they are to
rurture from internal pressure.

56. wWater-Tube Boilers--Water-tube boilers are buvilt in
capacities from about 1CC boiler horsepower to more than cne
million pounds of steam per hour, with pressures rangirg
from 15 to 3500 psig. The variety of water—tube boilers is
very large, but the general types are: straight tube and
bent tube.

Straight tube boilers require the use of headers for
the tube ends. The main disadvantage is that the many hand-
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hole covers which are necessary have a tendency to leak.
The main advantages are that all of the steam generating
tubes are alike and they are easy to clean, when neces-—
sary. Figures VIII-6 and VIII-7 show two types of straight
tube boilers.

>
A
A
A
A
N
A
N
N
A
78
A
N
N

N

;
\ ol
S *

(Power) (Power)
Fig. VIII-®6, Longitudinal Plg. VIII.T. Cross drum
drum straight tube boiler. stresight tube boiler.

Bent tube boilers were designed to elimirate the tube
headers and handhole covers which gave trouble in the straight
tube boilers in the higher fressure ranrges. Figures VIII-€
through VIII-11 show some modern bent tube boilers of var-
ious sizes and arrangements and Figure VIII-12 shows boiler
cost data (based on 194€).

57. Heat Transfer in Boilers--The major portion of the
heat transfer in boilers takes place by convection from the
flue gases and by corduction through the tubes. Consider-
ation of the mechanisms of heat transfer in boilers will
show that, while they are similar to those in surface condens-—
ers, some of the factors are not easily determined . For in-
stance, in most boilers the circulation of water is by nat-
ural forces set up by the differerce in density between steanm
and water, and as a ccnsequence it is not easy to determire
the velocity of the water rassing over the boiler surface.

In a sivilar nanner to the effect of velccity on water filr
coefficients, the velccity of the flue gas over the surface
of the tubes affects the gas filr coefficient. For these
reasons, manufacturers of boilers employ empirical formulae
tg a grest extent in calculating the heating surface regquir-
ed.

One of the best known empirical formulae for estimation
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of overall heat transfer coefficients in water-tube boilers
is the Babcock and Wilcox equation:

U =2.00 + 0.0014 ~

where: G = mass flow of gas, lbs/hr per sq ft
of projected flow area transverse
to the tubes.

Exarple 19 shows the method of estimating the surface
required for a water—tube boiler.

Example 19,

A boiler usirg fuel oil of the analysis of Example 15
with a heating value of 18500 Btu/lt and with the same flue
gas analysis is to produce 20,000 pounds of steam per hour
at 150 psig and saturated from feed-water at 212 F. Temp—
erature of flue gas EOC F, temperature of combustion air
80 F, temperature of costbustion 25600 F, and temperature of
fuel 180 F. The boiler is to be of the three—pass straight
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tube sectional header type with 3 in. OD tubes spaced & in.
on centers. There will be 24 tubes per bank, and the tubes
will be 12 ft long. Tletermine the number of banks required,
neglecting the area of the sectional headers and the boiler
drum. The furnace has plain brick walls. Assume that no

refuse is formed.
Solution:
The heat absorbed by the Loiler per pound of fuel fired

can be determined by the method of losses, allowirg about
1 o/o for unaccounted for.

Q, = 0.24(19.93)(500 - 80) = 2010 Btu/1lb
Qs = 0.01(1089 -~ 180 + 0.46[500]) = 11
Q, = 9(0.1270)(1C89 - 180 + 0.46[500]) = 1300
0.4
=7 0)(0. =
Qs EERa 0.4(1016 )(0.83) 239
Q, = 0.015(18500) = 278
Qe = 0.01(18500) = 185
Total losses 4022

Q, = 18500 -~ 4023

"

14477 Btu/1b
The weight of fuel fired per hour is:

_ 20,000(1195.6 - 180.1)
1 14477

= 1405 1lbs/hr

The heat transferred is:
Q = 20,000(1195.€ - 180.1) = 20,300,000 Btu/hr

The gas flow is:

Mg' = 21.08(1405) = 29600 lbs/hr

The transverse gas flow area between tubes is:

_ (24 - 1)(5 - 3)12

4y 3(12)

= 15.35 sq ft

29600

from which, G = 15,38

= 1930 lbs/hr/sq ft

and from the Babcock and Wilcox equation,
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U = 2.00 + 0,0014(1930) = 4.70

The mean temperature difference is:

2500 — 500
tn = 1., 366 = 2500 724 F
°84366 - 500
and the boiler area required is:
20, 200, 000
= 2, P00 - 5970
A= Tocrzay - 9970 sa ft

3n
Fach bark of tubes contains 12({5)(24) = 226 sq ft

therefore, the number of banks of tubes required is:

5970 _ 26 bank f tub
226 anks o ubes.

58. Water-Cooled Furnaces--The water-covoled furnace was
intrcduced as a means of reducirg maintenance on furnace re-
fractories. Acceptance was slcw because of difficulties
with water circulation, but a modern steam generator is
alrost all water—ccoled furnace with only enough boiler sur-—
face to reduce the gas temperature to an econorical point
for use in econonizers or air heaters. Reference to the
illustrations of water-tube boilers will show the application
of furnace ccolirg.

Heat transfer to furrace ccolirg surface is almost en-
tirely by radiation and the heat transfer coefficients are
extremely high. The amount of radiant heating surface re-
quired in a furnace is a function of several variables, such
as the volume of the furnace, the temperature of the flve
gas leaving the furnace, the sensible heat in the flue gas
and the arrangement of the cooling surface.

Table XII gives some generally accepted data on values
of heat release per unit of furnace volume.

The temperature of the flue gas leaving the furnace
shovld always be at least 2CC F and preferably 25C F less ths
the ash fusion temperature of the fuel used in order to avoid
tightly adhering deposits in the convection secticns of the
steam generator. The result is that with fuels with very low
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ash fusion temperatures (tfuel oil has an ash fusion temper-—

ature of about 1€00 F) the steam gererator would necessarily
be mostly furnace.

The sensible heat in the flue gas can be calculated from
the followirg relation:

Sensible heat/lb fuvel = LHV — h' — h'' 4+ n'"!

where: LHV = lower heating value of fuel

h'! = heat lost by radiation and
convection from the hoiler
setting

hll =

heat lost due to incorplete
combustion and due to combus—
tible 1n refuse

h''' = heat gaired by use of pre—
heated air
TABLE XII
FURNFACF BEAT RELEASE

K3tu rer cubic foot rer hour

Fuel All refrac— Air Water
tory cooled cooled

(oal
Fulverized 12 - 18 1F - 2C 18 - 25
Stokers 18 - 8F 2F - 40 30 - 45
Crates 28 — 4C 3k ~ 458 40 - EO
Gas and 0Oil 20 — 2B 25 — 40 20 - EO

Lower values in 8 rarge are for smaller boilers.

) The arrangement of the coolirg surface affects the eff-
ective area as shown in Figure VII1-12. The effective area
is related to the projected area on the furnace envelope by

the equation:
s, = séSP
where: S _ = effective radiant cooling
surface, sq ft
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s = a slagging factor (0.90 to 0.YE)
Sp = projected tube area, sq ft
¢ = an arrangement factor

o L 5,
0006 «54x Bl o

Brrd

& = [n/2](1,/4] &5 =n/2 + 8t & = [n/2]1[1,/4] & =2
up to 1,/4 = 1.8 up to 1,/d = 1.5
(Courtesy of D. Van Nostrand Co., Inc.)

Flg. VIII-13. Arrsngement o0f rediant heat tresnsfer surface.

Figure VIII-14 shows sorme empirical data which ties to-
gether the rreceeding factors in the estiration of furnace
coolirpg area and Example 20 shows the method of estimaticn
ct the prircipal dimensions of a water—cooled furnace.

Example 20,
Fetermine for the boiler of Example 17:

1. The turnace vclume required for full load operation us-
ing pulverized coal.

2. The amount of effective radiant furnace coolirg surface
required for a gas temperature of 1950 F enterirg the super—
heater (250 F less than the ash fusion temperature). Assume
that the preheated air temperature is 535 F.

3. The rumber and length of 23 in. OD furnace tubes, spaced
on three inch centers. The boiler screen consists of three
banks of 2% ir. OD tubes spaced on nine inch centers. The
plan diwensions of the furnace are 20 ft X 20 ft.

Solution:

1. From Table XII, a heat release value of 22,000 Btu
per cubic foot per hour is selected. The total heat re—
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leased in the furnace is:

Q= 35(2000)(14400) = 266,000,000 Btu/hr
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trom which the furnace volume is:

266,000,000
= 222 - 12100
Vs 22000 cu ft

2. The sensible heat per pound of flue gas is:

_LHV"h“‘h”"‘h"'

SH =
M!
£ + 0.24[535 - 70)
. _ 14400 ~[9(0.0447) + 0.0222)(1066) - 81 - [123 + 497)
FH = 15.30 + 9(0.0447) + 0.0222
¢H = 866 Btu/lb flue gas

Then, from Figure VIII-14, the area of effective rad-—
iant surface per thousand pounds of gas per hour is 14 sq ft.
The totsl area is:

_ 14(16.72)(2000)(74/8)
” 1000

m

= 4070 sq ft

3. The boiler screen will have 20 ft tubes, and there
will be 20(12)/9 = 26 tubes per bank. Assuming a slaggirg
factor of 0.90 and & = 2, the effective radiant area of the
boiler screen will be:

S, = 0.90(2)(2.25/12)(2C)(26)(3) = 525 sq ft

The furnace walls will have an effective radiant surface
of 4070 - 525 = 3545 sq ft. The length of the furnace wall
tubes will be approximately the same as the height of the
furnace, or 30,2 ft. Assuming a slagging factor of 0.90 and
&5 = (n/2)(3/2.28) = 2.09, the projected area of the furnace
wall tubes will be:

3645
Q= ——— =
S+'= 0s0(z.00) = 1886 sq ft

The turnace walls can each have 20(12)/3 = 80 tubes,
each 30.2 ft long, for a total of:

Sp = 4(80)(30.2)(2.256/12) = 1810 sq ft

zalls

This leaves 75 sq ft of projected area for the furnace floor,
and since each floor tube would have a projected area of

20(2.25)/12 = 3.75 sq ft, there would be 7565/3.75 = 20 floor
tubes.
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59, Furnace Retractories and Insuletion--In order to min-
irize heat losses fror furnaces, it is necessary to supply
some sort of insulating raterial, and in order to prevent
fire damage to insulation it is necessary to supply refrac-

tory.

Refractories are made from materials which have good
resistance to damage from direct flame impingement. They
are usually supplied in brick form, although plastic refrac-
tories are available. The standard refractory brick is 23"
X 42" X 9", and other sizes are available 1n nultiples and
subrultiples of these dimensions as well as in special
shapes. Figure VIII-15 shows some heat conductivity dats
for various refractory materials.

Insulation is made of material which has good resistance
to heat flow but which is not necessarily resistant to di-
rect flame impingerent. Several companies make insulating
refractories which are very useful. Figure VIII-16 shows
sore heat conductivity data for various insulating mater-—
1als.

Heat flows through the furnace wall by conducticn and
leaves the outer wall by radiation and ccrvection. It is
usually assumed that the heat lost by convection is about 50
per cent of that lost by radiation, so that'

Q= 1.5 CA(T? - T2)

where: Q = heat loss, Btu/hr
C = a radiation coefficient
A area of radiating surface, sa ft
T, = temperature of radiating
surface, de¢g R
T, = ambient temperature, deg R

The preceedirg expression will be recognized as a mod—
ification of the Stefan-Boltzman relaticn, and values of the
radiation coefficient can be found from Table XIII.

It is obvious that the heat lost from the wall surface
must be equal to the heat flowing through the wall, so that
the determiration of the thickness of insulation required
resolves itself into a trial and error proccess. Ordinarily
it will be known how much structural brick is recessary on
the outside of the furnace wall and how much refractory is
used inside the furnace (from 23" to 43" for backing water
walls and from 9" to 133" for rlain walls). Example 21
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shows the method of procedure.
TABLE XIIT
RADIATION COEFFICIENTS

Bare brick work 16,3 X 107%°
Unpainted steel 16.3 x 1071
Asbtestos cleth 186.0 X 10720
Alurinum pairt 11.0 x 1020
Flat black paint 18.4 X 1Cc™1°
Glossy black paint 14.0 X 10720
Example 21.

Determine the thickness of insulation required for a
furnace wall which consists of Armstrong insulztion sand-
wiched between eight irches of hard burned red brick and
nine inches of kaolin refractory brick. The furnace temp—
erature is 2300 F and ambient temperature is 95 F. Tlesir-
able outside wall temperature is 175 F,

Solution:
The heat transferred through the wall is:

Q= 1.5{(16.3 X 107*9[(635)* - (555)4]
Q = 164 Btu/hr/sq ft

Temperature drop through the wall is 2300 - 175 = 2125F.
Temperature drops through the individual sections of the
wall will be determired by trial.

Assume mean temperature of red brick = 300 F and mean
temperature of kaolin brick = 2150 F. From Figure VIII-1E,
the values of k at these temperatures will be 6.5 for red
brick and 15.0 for.kaolin brick.

Then, for red brick, At = Qd/k = 164(8)/6.5 = 202 ®,
end for kaolin brick, At = 164(9)/15.0 = 98.E F.

Recalculaticn of mean temperatures gives for red brick,
0.85[175 + (175 + 202)] = 276 F, and for kaolin brick,
0.5[2300 + (2300 - Y8.5)] = 2251 F. At these mean tempera-
tures, k for red brick is 6.4 and for kaolin brick is 15.5.

Then, for red brick, At = 164(8)/6.4 = 205 F, and for
kaolin brick, &t. = 164(9)/15.5 = 95,23 F,
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Recalculation of meazn temperatures gives for red brick,
0.51175 + (175 + 205)) = 278 F, and for kaolin brick,
0.5[2300 + (2300 — 95.28)] = 2287 F. These mean temperatures
are reasonably close to the previous calculations so that
further trials are not considered necessary.

The temperature drop for the insulation will be
At = (2800 - 95.3) — (175 + 205) = 1825 F, and the mesn temp—
erature is 0.5(2206 + 380) = 1292 F. At this mean temper-—
ature, k for the insulation is 1.7, and the insulation
thickness is d = k&t/Q = 1.7(1825)/1€4 = 18.9 1inches.

Example 21 shows clearly why insulated refractory and
brick furnaces are seldom used in modern boiler installa-
tions. Better arrangements are water-cooled or air—-cooled

walls.

In the water-cooled wall the inside.wall temperature is
reduced almost to the saturation temperature of the steam in
the boiler, thus necessitatirg less refractory and insula-
tion. As previously mentioned, water walls are backed with
up to 4" of refractory, and ir addition a layer of Superex
block and 3" of rockwool (conductivities of these materials
can be found from Figure X-13) with an outside casirg of
sheet metal are usually used to complete the wall. The eff-
ect of the metal casing can be ignored with respect to the
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Thermal Conductivity, %,
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amount of insulation required, but the exterior finish (cclor
of paint) must be considered in determination of the heat
loss from the surface.

In the air-cooled wall the refractory and structural
brick are separated by an air space which serves as a conduit
tor combustion air. Thus, most of the heat passing through
the refractory is salvaged and returned to the furnace.

BIBLIOGRAPHY

Bailey, E. G., "Modern Boiler Furnaces,"

October, 1939.

Tramwsactioms A.S.N.E.



STEAM GENERATORS 155

Caldwell, W. E., "Characteristics of Large Hell Gate Direct
F;red Boiler Units," Trawsactiows A.S.¥.E., Volume 56,
1934.

deLorenzi, O., "Furnace Design," Combwstion, February, 1937,

McMillan, L. B., "Heat Insulation Fractice in Modern Steam
Generating Plants," Trawsactiows A.S.¥.E., Volume 51,
1929.

Morse, F. T., Power Plant Enginmeering and Design, Van Nos—
trand, New York, 1942.

Orrok, G. A., and Artsay, N. C., "Furraces, Radiant Heat
Exchange," Combustion, April, 1938.

Van Brunt, J., "Design of High Caracity Boilers," Tramws-
actiows A.S.¥.E., August, 1938,



CHAPTER iX
SUPERHEATERS, REHEATERS, ECONOMIZERS AND AIR HEATERS

60. Superheaters~-The economies to be realized with
superheated steam in a vapor power cycle have been set forth
previously under the discussion of the various cycles.
Superheaters are always made up of tubular elements and they
are classified as to their arrangement in the boiler, that
is, pendant or drainable, convection or radiant.

Pendant superheaters are hung from headers which are
located at the top of the boiler . This is the simplest
arrangement, ‘but they are difficult to clean. Figure IX-1
shows a pendant superheater in a bent tube boiler.

Drainatle super-—
heaterns are mounted
in such a way that
condensation in the
elements can drain
back to the headers.
This type of super-—
heater is more diff-
icult to place in
the boiler because
1t requires that all
of the element slope
toward the headers,
but they are easy to
clean. Figure IX-2
shows a drainable
superheater in a
straight tube boiler.

A
Z
7

UL iz

Convection 'sup—
erheaters are so
Thester named because they
. receive all or a ma-

jor portion of their
heat by convection from the flue gas. They have a rising
temperature characteristic because of increase in heat trans—
fer coefficients with increasirg gas velocities. For this
reason, modern boilers which contain convection superheaters
alone have some means of bypassing part of the flue gas
around part of the superheater to effect temperature control
in the steam from the superheater. The temperature control
damper can be seen in Figure VIIT-10.

rig. IX-
in

1. Pendant su
bent tube boil

IRR
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Radtant 'super-
heaters receive all
or most of their
heat through rad-
iation because they
are mounted where
they can "see" the
fire in the fur-—
nace. They have a = =
drooping temperature =
characteristic be- ===
cause the temper-—
ature of the fire in
the furnace remains
essentially constant j
throughout the load ;
range. Radiant ! NG
superheaters are of- 1
ten placed in series Ny
with convection sup- i 5
erheaters, and prop-— b L 2
er proportioning of (o) p
the areas in each L 2
will result in a (Powar)
nearly constant steam Fig. IX-2. Dralneble sup
temperature charac- in straight tube bol
teristic over the
normal boiler operatirg range. .Figure IX-3 shows a radiant
superheater mounted in series with a convection superheater,
and Figure IX-4 shows the temperature characteristics.

MR
BE

bi\e

erhester
ler.,

61. Heat Transfer in Superheaters--Heat transfer in a
convection superheater irvolves a decreasing flue gas temp-
erature and an ircreasing steam temperature. Wherever poss—
ible the surfaces are arranged so that the gases enter the
superheater at the same end at which the steam leaves. This
counterflow principle results in more uniform temperature
differences and higher steam outlet temperatures in compar-
ison with parallel flow arrangements. Figure IX-§ shows a
comiarison of the temyeratures existing in the two arrange-

ments.
»
The logarithmic mean temperature difference for the
counterflow case can be found from the relation:

(tg - tvn) - (tgn -t,.)

., T . £ T =
m Tty
log —£2 Yo
P T —

&o vi
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where: t, = log mesn temperature diff-
erence, deg F
L. and t_, = inlet and outlet
*flue gag temperatures, deg F
t,. and t, = inlet and outlet
1 [/]
steam temperatures, deg F

(a) Counterflow

te

tv

(b) Parallel flow

Fig. IX-S,. Temperature relations in hest trensfer.,

and for the parallel flow case from the relation:
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t, -t, )= -t )

Lt = &5 Vi £o Yo
m ty. — by
loget 2 : L
€ Yo

The overall heat trarsfer coefficient for a convection
superheater is calculated in.a manner sirilar to that for
other heat transfer ariaratus. There is no reliable em-
rirical equation for the overall heat transfer coefficient
as there is for boilers, so that is is necessary to estimate
film coefficients and combire them according to the usual
ranner with the addition of a slagging factor, as follows:

u

[}
0

The gas filr coefficient can le estirated from the
equation:

0.41 vOg.SB& TO.SI.S
g: po- <16

where: v _ = mass flow of gas, lbs/sec
rer sq ft of gas flow area
T = arithmetic mean gas temp-—
erature, deg R
Fo = outside diameter of tube, ft

The steam film coefficient can be approximated from the
following equation:

= .8
h 8.0 v:

v

where: v, = mass flow of steam, lbs/sec
rer sq ft of steam flow area

The Nusselt equation for radiant superheaters is used

for the determination of the overall heat transfer coeffic-
ient, as follows'

0.0223 k°-2** (G c,)°"°%"

U= L
D%
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where: k = steam corductivity,
0.0171 + 0.0C0C29 t
arithmetic meanr steam
termperature, deg F
G = mass flow of stear, lbs/hr
rer sq ft of stear flow ares
Cp = arithretic rean specific
heat of steam

['. = irside diameter of tube, ft

o+
"

Example 22-A shows the method of calculating the diren-
sions of a convection superheater and Exanmple 22-B shows the
procedure for a radiant superheater.

Example 22-A.

Deterrine the number and length of tubes required for a
convection superheater for the boiler of Examples 17 and 20.
The tuoes are 2 in. OD X 8 BWG and are spaced on 4% in. cent—
ers. Assume courterflow and a slagging factor of C.90. Dis~
pose of the superheater ir two of the three boiler passes.

Solution:
Mg, = (74/8)(2000)(15.72) = 291,000 lbs/hr

Q = 200,000(1450.9 - 1197.8) = 50,600,000 Btu/hr

_ 50,600,000

= 20,009,000 - nas
Btilue gos = Z37000(0.24) 20 F

Temperature of gas at superheater inlet 1980 F
Temperature of gas at superheater outlet 1225 F
Temperature of steam at superheater inlet 836 F
Temperature of stear at superheater outlet 900 F

_ (1850 - 900) - (1225 - 53E)
m Lo 1950 = 900
©f¢1225 - B3F

= 860 F

Since the boiler is 20 ft wide, there will be 20(12)/4.5
= 52 tubes in the superheater. Each tube has a flow area of
[#/41[2.0 - 2(0.165)1%/144 = 0,0152 sq ft, and the total
steam flow ares is 53(0.0152) = 0,806 sq ft.

The mass flow of stear through the tubes will be:



162 FUNDAMENTALS OF POWER PLART ENGINEERING

200000
v~ 2600(0,8086)

]

v = 69.0 1lbs/sec/sq ft

and, hy = 8.0(69.0) °® = 236

If the superheater is disposed in two of three boiler
passes, each pass will be 20 ft wide by €.67 ft deep. Then
the area for gas flow between the superheater tubes will be
(53 - 1)(4.5 — 2)(6.67)/12 = 23 sq ft.

The mass flow of gas between the tubes will be:

- 291000
£ 36C0(23)

v = 3.52 lbs/sec/sq ft

. 0.41(2.52)°- 5% (2048) *+°*0 _
and, hg = (2.0/12)° 1% = 19.8

Then:the overall heat transfer coefficient is':

1
- (0.90 ,
U= (0.90)— .40 o0.165 2.0 1, 16.1
Toe ' 2.0+ 1.67'12(30)" | 1.67 236

Superheater area is:

_ 50,600,000

= = 3666
T6.1(s6c) 066 saft
Each foot of superheater tube has an area of 2rn/12 =
0.522 sq ft. There will be 3666/0.523 = 7000 linear feet of
tube, and the length of each element will be 7000/53 = 132
feet.

Example 22-B.

The boiler of Examrles 17 and 20 is to be fitted with
a combination convection-radiant superheater. Half of the
temperature rise in the superheated steam is to be supplied
by the radiant section which is in series with and follows
the convection section. The radiant superheater is to re-
rlace part of the rear furnace wall cooling surface. The

tubes will be 24 in. OD X 8 BWG spaced on 3 in. centers with
a length of & feet. Find the number of tubes in the radi-
ant superheater.
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Solution:
Steam temperature at rad. suphtr. inlet 718 F
Steam temperature at rad. suphtr. outlet 900 F
Temperature in furnace 1950 F
900 - 718 -
bm = 1950 - 718 L4 F

o8 ;7550 — s00

The heat transferred in the radiant superheater is:
Q = 200,000(1450.9 - 1342.1) = 21,800,000 Btu/hr

Assume, as a first approxiration, that U = 400 based on
effective radiant surface. Ther the effective radiant sur—
face required would be 21800000/[(400)(1134)] = 48 sq ft.
One lirear foot of 2.25 in. OD tube, in this particular
wall arrangement, has an effective radiant surface of
0.90(n/2)(3.0/2.25)(2.25/12) = 0.2364 sq ft. Ther the lin-
ear lergth of tube required would be 48/0.354 = 136 ft.

If each tube is & ft lorg, there would be 126/5 = 27 tubes
in the radiant svuperheater.

It is necessary to check the assumed value of U by
use of the Nusselt equation, as follows:

The steam flow area per tube is [n/4]1[2.25-2(0.165)F/144
= 0.02 sq ft, and the total steam flow area is 27(0.02) =
0.54 sq ft. The mass flow of steam is G = 200000/0.54 =
370000 1bs/hr/sq ft. The conductivity of the steam is
k = 0.0131 + 0.000029(809) = 0.0365 and the mean specific
heat is 0.€2, ther the overall heat transfer coefficient is:

0.0365

= 0'0333 S lYYE 1re.214 270000 0.62 to. 788 _ 0
v SWTTR [376000(0.62)] 404

This value of U checks very closely with the assumed
value.

62. Reheaters--All reheaters which are presently being
built use flue gas as the heat source. For this reason, the
reheater ray be considered to be the same as a superheater.
Figure IX-6 shows a moderr reheating steam generator.

63. Economizers--An economizer is essertially a feed-
water heater employing flue gas as the heat scurce. Its
primary purpose is to lower the temperature of the flue gas
leaving the steam generator in order to increase the effic-
iency. Economizers are made in several styles, some of
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which are shown in Figure IX-7.

64. Heat Transfer in Economizers--Heat transfer in an
econorizer is from flue gas at decreasirg temperature to
water at increasing temperature. The overall heat trans-—
fer coefficient may be approxinated from the same Babcock
and Wilcox equation used for boilers.

Example 23 shows the method of estimating econcmizer
surface.

A A
T : = i
-
[k R o k-
L A ]
= ,.:',;,. = =
; V. ” A stralght-tube economizer of
3 B I extended-surface type. Each palr
of tubes makes up in a header that
() Economrer acts as a manifold to cannect suc-
cossive passes together. Tubes, be-
[W] [@] ing straight, ore readily replaced
Superheater S
=]

_ l\itullﬂ‘ii“'\‘l‘l"\||H\Hll\ll'

U-bend or return-bend economizer

b ] i bes are ralld ama handhol
(\ﬁ n' HM l] “ il {‘“]t Il

lled for fube maintenance

l
l

-

] i

— =)
H i (= >

l‘ 5'1' 1l‘i I i '\1' lm;uli “i‘ =

11. 1va|||!|1 = 830

As its nome implies, continuous-
tube economizer is constructed of @

= a toeped tube b two cth
(Power) (Power)
Fig. IX-6. Rehesting Fig. IX-7. Economi zer

steam generator,
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Example 23,

Deterrine the nurber and length of tubes required for
an economizer for the toiler of Examrles 17 and 20. The
tubes are 2 1n. OD X 8 BWG and are spaced on 3 in. centers.
Tubes run lengthwise ir the economizer casing whose plan
dimensicrs are 12 ft X 18 ft. The water flows counterflow
to the gas. Gas inlet temperature is 1225 F, water inlet
temperature is 300 F and water outlet temperature 485 F.

Solution:
The heat transferred in the econcwmizer is:
Q = 20000C(470.2 - 269.8) = 40,100,000 Btu/hr

The weight of wet flue gas 1s 291000 1bs/hr, so that
the flue gas temperature dror is 40100000/[291000(0.24)] =
875 F, Ther the flue gas temrerature leaving the econo—
mizer is 13285 — &78 = 680 P,

_ (1225 - 485) - (€50 - 300) _
tm 1226 — 4¢% = %20 F
los

¢ 850 — 300

Since the econcrizer casirg is 12 ft wide, there will
be 12(12)/3 = 4€ tubes giving a gas flow area of
(48 - 1)(3 - 2)(18)/12 = 70.E sq ft and a gas mass flow
G = 291000/70.E = 4130 lbs/hr/sq tt.

Then, the overall heat transfer coefficient is:

U= 2.0+ 0.0014(4130) = 7.78

40,100,000

and, AT T a(s20)

= 9900 sq ft

Each linear foot of econorizer tube has a surface area
of 0.523 sq ft, so that there will be 9900/0.523 = 1895C

linear feet of tube. Ther, the length of each tube will be
18950/48 = 298 feet.

65, Air Heaters--Air heaters are also devices for sal-
vaging heat from the flue gas in order to improve overall
steam generator efficiency. They are of two general types:
recuperative, either tubular or plate; and regenerative.

Recuperative air heaters depend upon the flow of heat
from the flue gas through a dividirg wall to the air. Ord-



66 FUNDAMENTALS OF POWER PLANT ENGINEERING

narily, in the tubular type the air flows around the outside
f the tubes and the flue gas passes through the tubes. In
he plate type the gas and air flow through alternate pass-
ges. Figure IX-8 shows the tubular and plate types of air
eater .

Gas inlet

(Poweaer)

(a) Tubular Type (b) Plate Type

rig., IX-8. Recuperative sir heaters,

Regenerative air heaters depend upon the transfer of heat
fror gas to air by the alternate heating and cooling of a
mass of metal or other heat storing material. Figure IX-9O
shows the prircipal type of regenerative air heater in use at
the present tire. This type uses corrugated steel sheets for
the heat storage material.

66. Heat Transfer in Air Heaters--Heat transfer in air
heaters is a similar mechanism to those previouely discussed.
For tubular air heaters where the gas flows through the tubes
and the air flows across the tubes, the overall heat trans-
fer coefficient can be estirated from the equation:
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Gos inlat

Air outier

(Power)

Fig. 1X-9. Regenerastive sir heater,

U = 0.45 + 0.0004E C

where: G = arithmetic mean mass flow
of air and gas, lbs/hr/sq ft

For plate type air heaters the overall coefficient of heat
transfer can be approximated from the following equation:

U =0.28V0-"°

where: V = arithmetic mear velocity
of gas and air, ft/sec
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Regenerative air heaters do not depend upon the transfer
of heat through a dividing wall for their action. The temp-
erature relations are somewhat complicated, but, for fur-
poses of estimation, it can be assumed that (with the rotor
turning at the usual speed of three revolutions per minute)
the weight of metal in the rotor will be':

M
=
Wn= 3538

where: Wy = weight of metal, 1bs
Mg = gas flow, lbs/hr

and, if 20 USG steel sheets are used, the area would be
(one side of the sheet):

M
Py A,
A 14C.7

where: A = area (one side) of
20 U.8. gage steel sheets,
square feet

Example 24 shows the method of estimaticn of the dirmen-
sions of a tubular air heater.

Example 24.

Determine the number and length of tubes and number of
rasses on the air side required for a tubular air hezter for
the boiler of Exarples 17 and 20. The tubes are 1# in. OD X
14 BWG and are spaced on 24 in. centers. The gas flows
through the tubes in a single pass and the air flows across
the tubes. Plan dimensions of the alr hester casing are
12 ft X 18 ft and the tubes run vertically. The air inlet
is 6 ft X 12 ft ard placed so that counterflow is obtaired.

Solution:

From previous examples:

Air temperature entering air heater 110 F
Gas temperature entering air heater 650 F
Gas temperature leaving air heater 280 F

Heat transferred in the air heater:

Q = 291,000(0.24)(650 —~ 250) = 28,000,000 Btu/hr
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Weight of air heated:
M__ = [74/81[2000][15.30+8(0.0447~-

aa

0.049
8 5)—0.7873—-0.0063

-0.01]
M__ = 274,000 lbs/hr

aa

Temperature rise in the air is 28000000/ {27 4000(0.24)]
= 425 F and the terperature of the air leaving the air heat—
er 18 110 + 425 = 535 F.

. (650 - 425) - (250 - 110)
m ) 850 — 425
°¢¢250 - 110

t

= 179 F

Since the air heater tube sheet is 12 ft X 18 ft, there
will be [12(12)/2.81[18(12)/2.5]1 = 5000 tubes in the air
heater. The gas flow area is 5000(n/4]1[1.5 - 2(0.083)12/14¢
= 48.5 sq ft, and the mass flow of gas is Gg = 291000/48 .5
= 6000 1lbs/hr/sq tt.

Since the air enters the short side of the air heater,
the air passes between 58 tubes in the first row. The air
flow area per pass is (58 - 1)(2.58 - 1.5)(8)/12 = 28,5 sq f
and the mass flow of air is G, = 274000/28.5 = 9600 lbs/hr
rer sq ft.

The overall coefficient of heat transfer 1is:

9600 6
U= 0.48 + 0.00045(—§9——%——999) = 3.96

_ 28,000,000

= = 39,500 )
3.96(179) o0 sq ft

and,

Each 1# in. OD tube has an area of 1.5r/12 = 0.393 sq
per linear foot, so the total length of tube required would
be 39500/0.39% = 100,500 ft, and sirce there are 5000 tubes
the tubes would be 100500/5000 = 20,1 feet long. Each air
pass is 6 feet high, so there would be 2 passes on the air
side.

67. Apportionment of Heating Surface--The relative am«
of heating surface rrovided ir a complete stear generator
installation is a compromise between the economic factors
and the practical necessities. For exarple, air heater su
face is the cheapest, but combustion considerations limit :
temperatures to abouvt €0C F for pulverized coal, oil or ga
and to about 380 F for stokers. In order to avoid ccrrosi
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difficulties, the minimum gas outlet temperature for air
heaters should be about 250 F. It is usual to limwit the
water temperature leaving the economizer to about 5C F less
than the saturation temperature in the boiler ir order to
avoid steaming in the economizer.

Equations can be set up to give the most economical
temperatures at the various locations after the superheater
in the steam generator. The temperature of the gas leaving
the furnace is fixed by the characteristics of the fuel; the
temperature of the water entering the economizer is fixed by
the most efficient operation of the regenerative cycle; the
temperatures of the gas and air leaving the air heater are
fixed as previously mentioned; and the temperature of the
air entering the air heater is fixed by ambient conditions.
The boiler screen is ordirarily two or three rows deep and
receives the major portion of its heat by radiation, so that
it may be included as part of the furnace cooling surface.
Then, the temperature of the gas entering the superheater
will be fixed as the temperature of the gas leaving the fur-
nace. The temperature of the gas leaving the superheater
will be determined by the necessities of heat transfer in
the superheater. The boiler, economizer gnd air heater are

then subgect to econoric analysis as follows (according to
Helander

|

Let: C = arnual charges per square foot of sdditioral
surface, dollars
U heat transfer coefficient for svrface
Ct = arnual saving per Btu of heat recovered per
hour, dollars

= yalve of Btu X hours service per year

+ oversll steam generator efficiency
Ma, Mg and Ma = air, gas and water flows, lbs/hr
tg = gas temperatures, deg F
te = air temperatures, deg F
ty = water temperatures, deg F

ty = saturation temperature in boiler, deg F

L]

@, b, e, i and o are subscripts referring to
air heater, boiler, economizer, in and out

To determine the most economical temperature of the out:

let gas from an eccnomizer when the inlet gas and inlet wat-
er temperatures are fixed:
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Ce _ (tgoe — tuie)(tgie = troe)
UeCy (tgie — tuie)

0.24 Mg _ (tuoe — tuwie) = ¢
cpn Mz (tgie - tgoe)

To determire the most economical temperature of the out-
let gas from an air heater when the inlet gas and inlet air
temperatures are fixed:

Ca _ (tgoa - taia)(tgia ~ taoa)
UaCy (tgia — taia)

Mg _ (taoa — taia) _
0T =g
Ma (tgia - tgoa)

To determine the most eccnomical boiler outlet gas temp=
erature and water temperature leaving the economizer in the
case of a boiler-economizer combiration when the economizer
gas outlet temperature and inlet water temperature are fixed:

Cer= (tgte ~ tuoe)
UeCo (tgie — tv )

To determine the most ecoromical boiler outlet gas temp—
erature and air temperature leaving the air heater in the
case of a boiler-air heater combination when the air heater
gas outlet temperature and entering air temperature are
fixed:

Calo _ (tgia = taoa)
UaCo (tgia — tv )

To determine the most econorical boiler and eccnonizer
outlet gas temperatures, water temperature leaving the econ-
omizer and air temperature leaving the air heater in the case
of a boiler-econonizer-air heater combination when the air
heater gas outlet temperature, entering air temperature and
water inlet temperature are fixed:

Colle _ (tgie — tv )

Cellp (tgie — tumoe)
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UeCa _ (tgie — tuie)(tgia = taoa)

Cella (tgie — tuoe)(tgia — tuie)

The following notes will be helpful in coming to a de-
cision as to the proper combination of boiler and heat re-—
covery apparatus:

1. If the water cutlet temperature in a boiler-econo—
mizer combination is not at least 50 F less than
the saturation temperature in the boiler, try add-
ing an air heater to the combination.

2. If the air cutlet temperature from the air heater
in a boiler-air heater combination is greater than
6CC F for pulverized coal, o0il or gas, or 350 F for
stokers, try addirng an econromizer to the combin-
ation.

Table XIV gives some mass flows and heat transfer coeff-
icients to be expected in commercial practice. After making
an estimate from the table, the firal valves of economical
temperatures can be arrived at by successive arproxirations.

TABLE XIV

GAS MASS FLOWS ANI COEFFICIENTS OF HEAT TRANSFER
FOR
STEAM GENERATOR COMPONENTS

G U
Lbs/hr/sq ft Btu/hr/sq ft/deg
Boiler 100C to 5000 3 to 8
Superheater 2000 to 9000 10 to 25
Fconomizer 2000 to 9000 6.5 to 9
Air Heater 2000 to 9000 2.5 to 4

Example 25 shows the methcd of application of the pre=
ceeding equations to the determiration of the most economical
division of heat transfer surface.

Example 25.

Deterrmine the most econromical temperstures for the boil
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er of Examples 17 and 20, given the followirg additicnal

date:

Annual fixed charges

Cost of additional boiler surface
Cost of additional econ. surface
Cost of additional air htr. surface
Boiler heat transfer coefficient

15 o/o
$10.00 /sq ft
§ 4.00 / sq £t
£ 1.00 /sq ft

4.7

Econ. heat transfer coefficient 7.8
Air htr. heat transfer coefficient 4.0
Cost of fuel § 8.00 /ton
Hours operated per year 8000
Solution:
$8.00(&0C0O)
c, = = 0.0028
7 2000(14400)(C.ee7) !

Cp = 10(0.1&8) = 1.80

C, = 4(0.18) = 0.€0

Cc = 1(0.18) = 0.1fF

1. Assuming a boiler—economizer ccorbination:

The temperature of the water enterirg the economizer is
greater than the temperature specified for the flue gas out-
let temperature, therefore this combiration would be ir-
possible.

2. Assuming a boiler~air heater combiration:

t = 250 F t . =110 F t = 635 F

goa ata v
0.15(4.7) (t . - )
—————————— O' 7 = —g1a a0 a—
4.,0(1.50) 1175 (tgi - 535)

291000 (t - 110)

= — = .06 = ——a0

a8 = 571000 ~ © (t . - 250)
£1a
from which, tgia = 1230 F and Yaoa = 1145 F.

These temperatures indicate that no boiler surface
could be justified, but the temperature of the air leaving
the air heater is too high for satisfactory operation.

3, Assuming an econcmizer—air heater combination:
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7.8(0.15) _ o og - (1225 - 300 )t ia = taoad 14]
0.60(4.0) (1225 - ¢, J(t . - 300 )
gta
- 300 - 110
tnae...i...: 0.322 iﬂoa___%la = 1.06
1226 - t ., tyiq = 25

Assume for a first approximation that tuoe = 485 F,
then, t_, = 680 F and t = 535 F. Substitution of

gia aoa
these temperatures in equation [A] gives a ratio of 0.414
instead of the required value of 0.488.

Assume for a secord approximation that t = 500 F,
then, = 602 F and t = 482 F. Substitution of these
temperagures in equation TX] gives a ratic of 0,803,

Interpolation ¢ives t, ., = 498 F, however, this temp-
erature is too close to the saturation temperature in the
boiler so the first approximation will be taken as most
satisfactory.
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CHAPTER X
PIPING AND DUCT-WwCRK
68, Power plants require conduit for the transportation
of fuel, air, gas, water and steam. Conduit for air and gas
are called ducts, and for other materials are called pipe.
The variety of conduit is large, but the laws of fluid flow
arply to all.

69. Piping=-Calculaticns for piping involve the deter—
rination of pipe size, pressure class and pressure drop.

Pipe size is determined fror the fluid velccity which

will produce a pressure drop which is not excessive. Table
XV gives practical velocities for various fluids and vapors.

TABLE XV
PIFE LINE VELOCITIES

ft per sec

Low rress. sat. steam 686 — 100
High rress. sat. stear 10C - 170
Figh press. suphtd. steam 170 - 260
Atmos. exhaust stean 180 - 20C
Low press. exhaust stear 33C - 4CC
Boiler feed-water 8 - 12
Purp suction, water 4 - 7
Genreral service water £ - 10
Fuel oil 1 - 4

Application of the continuity equation will give the solu-
tion for pipe size, as follows:

M
A =?§E%TV d, = 0.4 YMv/nV
where: M = flow, lbs/hr
v = specific volume, cu ft/lb
V = velccity, ft/sec
Ai; = inside diameter of pigpe, in.
A = flow area, sq ft

175
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Pressure class (or schedule number) is determined from

the relaticn:

1000 F

}

NN

cschedule number
F = working rressvre in pire,

= pire

SN

where !

gare

lbs/sq in.
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allowable working stress,

S

(10 to 1% per cent

of ultimate tensile strength)

lbs/sq in.

satasadoud [eoisayd aya pue suoIIpuOd 231A13s ‘UBis
-9p }O S1UAWAIINDII jO SISEq Y3 UO IPBW 3] P[NOYs
$1921s 2A1102d31 Y3 Wo1j 010Yy7)  PapN[oUl B Pasn
AJ2A1SU21X3 J2Y1BI U33q 9APY 1BY) S|BLIIIBW JO SISSB[D
833435 0011 O3 g/ wolj sarnesadwdl [epw
Je 901a13s Jo] papudiui adid [a91s-Aofje SSI[WEIS

Ui (0Q'¢/ 1uisny
uiw 000'9 ‘oN13

tensile

851V WLSV)
4 0011 030/ wod
suniesadwa | 18 311G JO)

adig [9915-A0]]y ssajwieag

Suipjaa uoisny Joj pue ‘suonesado Buiwop Jepuns

00TV INLSV)

| =
T [e]
'Y =~
< el
Q
(%] +
e
MWL U
>
'~ = O
[Sh=I pue ‘Buiduey ‘Burpuaq loj ajgein 0001 03 O¢ X 0001 03 0¢/ wouj sainierdadwa ]
= 2 woyj saniesddwal _MME Nw o_m::u%‘_o_m_u%:ouc— va_% U 000's¢ n_um 991A13G 1] va__nw 1291g-Koj| v
% M [221s Aoj[e wnudpq Ajow 1u33 1ad 3{-—U0qJ PO SSI|LIBIG WINU3PQA[OJN-UOGIEY) SSI[WEIS
O e Anu ui ()0 7§ ‘uodt Yueay-uad()
- e ®© PapIaM 99BUINJ 10 SSI[IES
=~ uiw 000" s ) peID) ‘Yueay-uadq
© o uiw 000 09 d 2PPID ‘Yireay-uad
>+ 0 suuwn| 28e8 [Broyjo 01 393(gns ase sdurjdnod Uil O(()'gE 'V 2PPID Yuieay-uad() (1< 1dV
o Q ut pue adid uo speasy] uSisop [eroads PIP}a % D11103]3 JO SSI|WEIG suotiedyrdadg
Mw 2+ jo a1e adid sui papeaiyy Joj suidnony ulw Q00‘zh U0t yBnos \ adi auiy
B o i 000 8 ‘1] eI Yueay-uadg
o 4y J313WEIP 3PISINO Youl-$7 O3 3TIS [eUIWOU ui oQ° ¢ ‘| SSe|D ‘Yareay-uad(
(. O O your 84 ‘paiaAod $az1G 10 Jo ‘13iem ‘sed Ui g0Q'()¢§ ‘Jwassag
O — AaAauod 01 ‘sasodind adid sun Joj adid Papjam oeUIN |
“ © w “u] b 12d
o ado: 1 971 Eleld
© ~ro i yaSuang apisuay . B
- o PIpPUAIU] S| [BLI2IB]N UOBY YOI 10 sas() Suipuodsario)) ay) pue 10§ pare”)
g syifuaizg apisud ] Y3 ‘2diq 403 SUOnBOYIRAS “W'L'S'Y PUB T'd'Y
-
- (2]
~ e 3 *Afaay3doedsas syydjam 3UOI3IS WIIXI pUS PpIBPUBIE 03
mnm pucdsa3i00 pg puU® gy sSarnpayos UF SJaquUnu 0wy plog t930N
-
Kl 2]
9¢€ (74 [
nog Cors us £Ig < 01 ol
(O3 o1y 67¢ £8 $79 8 8
Sets B = HE
n.C e
e WL 00¢ ¥ " 4
O+ ® 24
> o §7¢ 1€ o:w M \_M
o O gy 90t 44 00¢ z
w0 E - O 187 807 ©8 1 Ut
+ £ 8¢1 ©Uet [4
Hono
ek
B uw ponuTIuUOD
o [ <IN
—~ w Qo IAX 378V
A O M R
S — + A
EH S wu e



178 FUNDAMENTALS OF POWER PLANT ENGINEERING

Pressure drop is determined by the application of the
pipre friction formula, as follows:

f L V2 f L V?
= 518 ———— = 0.748 ——
AP = 0.00518 v 4, Ah a,

where: AP = pressure drop, lbs/sq in.
Ah = pressure drop, ft of flvid
f = a friction factor
L = equivalent length of pipe, ft
V = average fluid velocity, ft/sec
v = specific volume of fluid, cu ft/lb
d

; = inside diameter of pipe, in.

The equivalent length of pipe is equal to the sum of
the length of straight pipe plus an allowance for valves and
fittings. Figure X-1 gives the equivalent pipe length allow-—
ances.

The friction factor is a function of Reynolds' number,
which is in turn a function of the size of the pipe, and the
velocity, density and viscosity of the fluid. That is,

.V
r = 122.5-21——

z v

]

where: r Reynolds' number

z = viscosity of fluid, cent-
ipoises

Figures X-2 and X-3 show curves of visccsity for water, steam
and oils, and specific gravity for oils. Figure X-4 shows
the relation of friction factor to Reynolds' number.

Pipe fittings are specified by pressure class and mater-—
ial. Figures X-56 and X-6 and Table XVII show some piping
details and standard types of fittings. Figure X-7 shows
some of the various types of valves used in power plants.

Examples 26-A and 26-B show the methocd of calculation of
pipe data based on the preceeding information.
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(Crene Co.)

Fig. X-6. Piping details.
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Example 26=A.

Petermine the nearest standard pipe size and pressure
drop for a stear lire (seamless Grade A steel pipe) carry-
ing 30,000 1lbs/hr at 215 psig and 560 F. The line contains
100 ft of straight pipe, 2 gate valves, 1 globe valve,

1 swing check valve and 3-90° elbows.

Solution:

The stear is at a moderately high pressure and is super-—
heated, so a velocity of 180 ft/sec is selected. The re-
quired inside diameter is:

- 30000(2.521). o 4 _ )
d; = 041 ] 4.65 in.

The pipe schedule nurber (allowing a factor of safety
of about 10) is:

1000(215) _

N =
N 4800

45

Schedule 4C pipe would be safe enough. The inside diameter
of & 1n. Schedule 40 pire is £.05 ir. which is clcse enough
to the required 4.€5 in. The true velocity of the steam is:

0.16(30000) (2.531)
n(5.05)2

vV = = 152 ft/sec

In order to determine the friction factor, Reynolds'
nurber is calculated (finding the viscosity, z, from Figure
X-2) as follows:

122.5(5.05) (152) _
0.025(2,531) 1,485,000

Frorm Figure X-4, the fricticn factor is 0.016.

The total equivalent length of pipe is found with the
aid of Figure X-1, as follows:

Straight pipe 100 ft
2 Gate valves 2(2.8) = 5.6 ft
1 Globe valve 140 ft
1 Swing check valve 31 ft
3 90° Elbows 3(14) 42 ft

Totzl equivalent length 318 .6 ft
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The pressure drop is:

(0.018)(318.6)(152)2

= 0.0051R
LP 2.521(5.05)

= A7.7 psi

Example 26-B.,

Petermire the nearest standard pipe size and pressure
drop for a seamless Crade A steel pipe carrying 40,000 lbs/hr
of residual fuel oil at a pressure of 200 psig and a temp—
erature of 200 F. The specific gravity of the cil at 60°/60°
is 0.94. The ripe lire contains 50C ft of straight pipe,
6-00° elbows, 2 gate valves, 1 swing check valve, and 1
glcbe valve.

Solution:

From Figure X-2 b,the specific gravity of the oil at
200°/80° is 0.89, from which the specific volume v is
1/[62.4(0.89)] = 0.01€ cu tt/lb, and taking V = Z ft/sec,

d; = 0.4]

1

éggggig;glgl]O.s = 3.5 in.

<

% ir. Schedule 40 pire has an inside diameter of
2.548 in. The actuval velocity would he:

0.16(40000)(0.018)
V= = 2.9
(3.548)2 2.91 ft/sec

Reynolds' number is calcuvlated using the viscosity, z,
fror Figure X-3 a, as follows:

_ 122.8(2.54R)(2.91) _
r 17(0.018) = 4130

Frecw Figure X-4, the friction factor is 0.041.

The totsl equivalert length of pipe 1s:

Straight pire 500 ft
6 90° Flbows 6(92.8) 87
2 Gate valves 2(2.0) 4
1 Swirg¢ check valve 21
1 Globe valve 1C0

Totsl equivalent length 682 ft
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The pressure drop is:

(0.041)(682)(2.91)* _

ug .5 £ of vl
3.548

Ah = 0.745

70, Friction in Condensers and Feed-Water Heaters--Fric—
tion losses in condemsers and feed-water heaters may be cal-
culated from the pipe fricticn formula, but it is more usual
to use the curves shown 'in Figure X-8 for the losses in the
tubes and Figure X-9 for the losses in the water boxes.

10 QA
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S L
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. # 2

Friction Head,
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0 1 2 3 4 5 6 7 8 9 10
Water Velocity in Tubes, ft per sec

Fig. X-8. Hesad loss in condenser and feed-waster heater tubes.

Examples 27-A and 27-B show the method of calculation
of head losses in the condenser and feed-water heater of Ex-
amples 9 and 11.
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Fig. X-9. Head loss in condenser and feed-wuster heater
water boxes.

Example 27-A.

Determine the head loss in the tubes and water boxes of
.he condenser c¢f Example 9.

Jolution:

From Figure X-8, the head loss in 3/4 in. X 18 BWG
tubes at a velocity of € ft/sec is 5.1 ft per 10 ft length
of tube. The water box head loss for a two-pass cordenser
at a velocity of 8 ft/sec, from Figure X-9, is 3.€ ft.
Then the total head loss is:
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Tubes 5.1(45.5/1C) 23.3 ft
Water boxes 3.€
Totzl head loss 26.9 ft

Example 27-B.

Determine the head loss ir the tubes and water boxes
of the feed-water heater of Exanple 11.

Solution:

Fror Figure X-€, the head loss in &/& in. X 1€ BWG
tubes at a velccity of € ft/sec 1s 4.2 ft per 1C ft length
of tube. The water box head loss for a six-pass heater at
a velocity of & ft/sec, fror Figure ¥-2, is €.9 ft. Then
the total head loss 1is:

Tubes 4.2(7.68(6)/1C] 19.4 ft
Water bores 6.9
Total head loss 2¢.2 ft

71. Duct-Work--The method of calculatirg the dimensiors
of ducts for gas or air are very similar to those employed
for pipirg. Ducts usuvally operate at maxinur pressures of
the order of several inches of water, so that crdinarily if
the duct is strorg enough to support 1tself without bucklirg,
it will be strorg enough to withstand the pressvre.

Duct 'size is determined by substituting the allowable
velccity in the contiruity equation, as for piping. Ducts,
hovwever, are usvally rectengular in cross section rather
than round. Table XVIII gives reasonable velocities in
ducts. The higher velocities arply to higher static pres-
sures.

TARLE XVIII
FUCT VELOCITIES
ft rer sec
Air dvcts 2C - £C

(Cas ducts 20 — 40

Stacks 2C - 40
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Pressure drop (or draft loss) is usuvally measured in
irches of water, and is given by the equation'

2
Ap = 0.00298 efLV?

where: Ap draft loss, in. water

p = density of gas, lbs/cu ft
R = hydraulic radius of duct, ft
= area/rerimeter

Reynolds' nurber is as for pipirg, excert that the
smallest dimension of the duct (if rectangular) is substi-
tuted for the inside diameter of the pipe. Viscosity in
centipoises for various gases can be found fror the follow-
ing equations:

L]

Flue gas: 3z 0.0183 + 2.5 X 107°% ¢

1]

Air: =z C.0165 + 2.&€ X 107°% ¢

where: t = temrersture, deg F
Figure X-1C shows densities for air and flue gas.

Length allowances for bends ray be found from Table XIX
after conrverting rectangular duct sizes to equivalent round
duct diameter by the equaticn:

(a b)0.027

d, = 1.25 = yeaew

where: d, = equivalent round duct
diameter, in.
a and b = rectangular dvct
dimensions, in.

Figure X-11 shows some tyrical ducts, and Example 28
shows some sanple duct calculations.

Example 28.

Determire the draft loss in the flue gas duct between
the economizer and air heater for the boiler of Example 17.
The duct has a straight length of 20 ft and has 2-90° bends
with a radius of 8 ft. The maximum width of Jduct is 12 ft
and the maximum gas velocity is 20 ft/sec.
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Fig. X-10. Densities of air and flue gas.

TABLE XIX
EQUIVALKNT LENGTES OF TUICT BENTE
T1znreters c¢f StraifFht Tuct

Fight argle bends
Center lire radivs ¢« tc € dia. 1C
Certer lire rsdivs 1 dia. 20

Mitred right angle eltow £C
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Solution:

From Example 22, the gas temperature is 650 F, and from
Figure X-10, the density ot the gfas is C.0375 lbs/cu ft,
which is equivalent to a specific volume of 26.7 cu ft/lb.
The required area of duvuct is:

- 291000(26.7)

2600(20) 108 sa ft
The duct dimensions are then 9 ft X 12 ft.

The viscosity of the gas is z = 0.0163 + 2.5 X 107%(650)
= 0.03165 centipoises. Reynolds' nurber is:

_ 122.8(9)(12)(20)
0.03155(26.7)

= 314,000

and the friction factor is fourd to be 0.0152 (Curve 1, Fig-
ure X-4).

The equivalent duct diameter is:

d, = 1.350{(1C8)(144)}°-*27/{108 + 144}°-2%5] = 83 in.
and the radius of the bends is 8(12)/83 = 1.15 dia., for
which the allowance is 20 diameters of duct each. The total
equivalent duct length is:

Straight duct 20 ft
2-90° bends 2(20)(82) 277

N 12
Total equiv. length 207 ft

The draft loss in the duct is:

(0.0375)(0.0182)(297)(20)*
10R/[2(12) + 2(9)]

Lp = 0.00298 = 0.078 in.

water

72, Pipe and Duct Insulation--Most pipes and ducts
which carry liquids or gases whose temperature is very much
different frcm the ambient temperature require insulation of
some kird to prevent heat transfer to or from the surround-
ings. The most common irsulaticn materials for pipe and
ducts are asbestos, magnesia, mineral wocl and diatomite.
These materials are made in the form of blocks, moulded cir—
cular sections, blarkets or rlastic for arplication with a
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rowel. Figure X-12 shows some of the various forrs of in-
vlation and Figure X-13 gives thermal conductivities for a
ariety of materials with the approximate temperature ranges
‘or best utilization.

Pipe Covering
Magnesis or Diatomite

Standerd Noulded Shspecs
Magnesiasa or Diatomite

pe Covering
te Inner Layer
Magnesia Outer Layer

Pipe Covering
Asbestos Paper

Mineral V%ool Blankets
Corrugsted Wire Reinforced
Asbestos Paper (Phililp Cerey Co.)

Pipe Covering

Fig. X-12, Insulsting materisls.
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Fig. X-13, Thermal conductivities of insuleting materials.

Heat transfer through insulation follows the same laws
as previously discussed. It is not usual, however, to make
an exhaustive analysis of the econonic factors involved, but
to use an economic selection chart such as is shown ir Fig-—
ure X-14. BExample 29 shows the use of the chart.

Example 29.

Find the most economical thickress of 85 o/o magnesia
pipe covering for the steam lirne of Example 26-A. Ambient
temperature is 90 F; cost of insulation 24 cents/bd ft;
tixed charges 20 o/0; used 8000 hrs/yr; tuel costs $2.00
per bbl of 6,300,000 Btu.

Solution:

From Figure X-12, the conductivity of 85 o/o magnesia
at a rean temrerature of 23256 F is 0.53. The value of the
hest ir the fuel is ¥0.318 per million Btu. Entering Figur
X-14 at 8000 hcours and following the dotted lines, the most
economical thickness of 85 o/¢c magnesia insulation for a
6 in. pipe is determined as 2 in.
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PROJECT 111

1. The power plant of Projects I and II is to contairn
three steam generators. One will be operated continuously,
one will be operated to handle peak loads and one will be a
spare. FEach steam generator will have a capacity sufficient
to handle one turbo-generator at full load. The fuel oil
has a higher heating value of 18,500 Btu per 1lb as fired and
the analysis is as follows: Carbon = 0.851, hydrogen = 0.11,
oxygen = C.022, nitrogen = 0.002, sulrhur = C.013, and mois-—
ture = 0.002. The expected flue gas analysis is: Carbon
dioxide = 14.0 o/0o, carbon monoxide = 0 o/o, and oxygen '=
3.0 o/o. Expected steam generator efficiéncy is 86.5 o/o.
Temperatures expected are: Combustion air, 100 F; flue gas
to stack, 300 F; fuel o0il at burners, 175 F; and gas enter—
ing superheater, 1500 F.

(a) Make a heat balance for the steam generator and calculate
the weight of fuel fired per hour.

(b) FEstimate the furnace volume required and specify the
furnace dirensions.

(¢) Estimate the effective radiant surface in the furnace
and the number of linear feet of 23" OD tubes spaced on four
inch centers in the furnace walls and boiler screen (gssume
that the boiler screen consists of three staggered rows).

(d) Estimate the superheater surface required and calculate
the nurber and length of 2" OD X 12 BWG tubes required (ass—
ume that the superheater is placed in one boiler pass).

(e) Estirate the most econorical temperatures for the re—
mainder of the steam generator. Assume that boiler surface
costs $8.00, economizer surface $3.50 and air heater surface
§C.90 per incremental square foot with annual fixed charges
of 12 o/o.

(f) If boiler surface is justified, estimate the amount
necessary and the nurber of rows and banks of 23" OD X 12
BWG tubes required.

(g) If economizer surface is justified, estimate the amount
necessary and the number and length of 1" X 12 BWG tubes
required.

(h) If air heater surface is justified, estimate the amount
necessary and the number and length of 13" OD X 16 BWG
tubes required for one of the recuperative type with the gas
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through the tubes. Calculate the number of gas passes neces—
sary if the maximum tube length is 2C ft.

2. BSpecify the pipe sizes and calculate the pressure
drops for the following lines in the power plant of Projects
I and II:

(a) Circulating water: Suction line, 50 ft with three 90°
elbows. Pump to condenser, 6 ft with one 90° elbow and one
gate valve. Condenser discharge, 100 ft with four 90° el-
bows .

(b) Condensate: Suction line, 10 ft with two 90° elbows

and one gate valve. Discharge line, 50 ft with eight 90°

elbows, six gate valves and one swirg check valve. Assume
vapor conderser tube velocity is & ft per sec through two

6 ft passes.

(c) Boiler feed: Suction line, 40 ft with three 90° elbows
and one gate valve. Discharge line, 75 ft with eight 90°
elbows, two gate valves, two swing check valves and one
¢glooe valve.

(d) Main turbine lead (ranifold to throttle): Length, 5C
ft with the equivalent of 3-90° elbows and one gate valve.

(e) Extraction to closed heater: Length, 15 ft with two
90 ° elbows, one gate valve and one swing check valve.

3. Specify the size and estirate the draft loss for
the following ducts for one of the steam generators of part
one:

(a) Air heater to windbox (if necessary): Length, 50 ft
with two 90° benas.

(t) Bconomizer to air heater (if necessary): Length, 20 ft
with two 90° bends.

(¢) Air heater, economizer or boiler to induced draft fan:

Two ducts in parallel, each with length of 20 ft with one
90° berd and one 45° bend.

4. Specify the insulation thickness to be used in the
following locations ir the power plant of Projects I and II
(fixed charges 15 o/o and ambient temperature 90 F):

(a) Main turbine lead: 85 o/o0 magnesia at $C.21 per bd ft.

(b) Freheated air duct: Mineral wool at $C.05 per bd ft.



CHAPTER XI

WATER HANDLING EQUIPMENT

73. Water handling equirment consists of purps and water
softeners. Pumps may be either reciprocating or rotating;
and water softeners may be either rrecipitating or .base ex-
changing.

74. Types of Pumps-~Pumps are used to move liquids, us-
ually through pipe lires, and at the same tire to increase
the pressure (head) of the liquid.

Reciprocating pumps may be sirplex or multiplex; steam
driven or motor driven; or of the plunger or piston type.
Figures X-1 and X-2 show two of the various types of recip-
rocating pumps. Reciprocating pumfs have the advantage of
being able to operate at extremely high discharge heads or
extremely low suction (inlet) heads; and to operate at var—
iable delivery with gcod efficiency.

(Warren Steam Pump Co.)

Fig. XI-1. Duplex steam driven pump.

Rotating pumps may be centrifugal, turbire, screw or
gear; stean driven or rotor driven; single stage or multi-
stage. Figures XI-3 through XI-7 show a nunber of rotating
rumps of various types. Rotatirng pumps have the advantage
of simrplicity and being adapted to direct drive by high
speed turbires or motors. They have the disadvantage of be-
ing unable to start pumping at negative suction pressures
without being primed. This disadvantage is not serious,
however, because it is always possible to find a tyrpe of
pump which can be installed with a flooded suction.
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s AR

|
i}

(Aldrich Pump Co.)

Fig, XI-.2, Multiplex motor driven plunget pump.

(Geo. D. Roper

Corp.)

Fig. X1-.3. Geer pump.
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75. Head and Work Relations in Pumps--Consideration of
a pump as a work transferring device will show that the work
input to the pump is equal to the work output plus the loss-—
es, or:

whp = ep(shp)

where: whp and shp = water horserower
and shaft horsepower
€, = pump efficiency

Water horsepower is the power required to move the water,
or.

M _H

= ot
WhY = 55X 33000
where: M, = water flow, lbs/hr
H, = total head on pump,
ft of fluid

The total head on the pump is the sum of the friction
losses in the pipe, the ircrease in velocity head through
the purp, the entry losses and leaving losses for the sys-—
tem, the difference in pressure between inlet and discharge
and the difference in static heads, or:

vz - V2
= —d 1 — —
By = H, + or tH - Bt R, Hy, ¥ B, +H,
where: Hj = frictior in piping, ft
V = velocity, ft/sec
Hs = static head, ft
= pressure head, ft

jasjitas)
o
]

ertry and exit losses, ft

Figure XI-8 shows pump and pire systems with the various
heads in rslaticn to the above equation. It should be noted
that the static head on the inlet side of hot water pumps
should always be great enough to prevent boilirg in the eye
of the pump impeller due to pressure reduction below the sat—
uration pressure corresponding to the temperature of the
water. An empirical equation which gives the static head at
the pump suction is as follows:
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h = 0.32 X 10™7 t3-°

where: h = static head on pump suction, ft.
t = water temperature, deg F.

(a) Negative suction head (b) Positive suction head

Fig. XI-B. Head relations in pump systems.

76. Pump Efficiencies--In general, large slow speed
punps have higher efficiencies than small high speed pumps.
Table XX shows the ranges of speed and efficiency to be
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expected for various types cf pumps for rower rlant ser-—
vice.

TABLE XX
CENTRIFUGAL FUME TATA
Cap., ¢rr Head, ft Sreed, rpm Eff., o/o

Beoiler feed 10 to 4CC 200 to 6000 1200 to Z600 70
Condencate 1C tc 4CO FO to 300 1200 to 26CC 70
Concderser 20C tc ECCCC 10 to fO 120 to 48C 80
General & to 10¢ 1€ to 300 120C to 2600 7€

77. Laws of Similarity for Centrifugal Pumps~--The per—
formance of centrifugal pumps follows certain definite patt—
erns and laws. Figure XI-9 shows typical performance curves
for two types of centrifugal pump. It will be noted that
the head capacity curve has a falling characteristic and the
hursepower curve reaches a maxirur and then falls. The
"self-limiting" power characteristic is of value ir prevent-
ing the overloadinrg of the driver in case the pump should
operate against zero head.

The fcllowing ejuation expresses the laws of sirilarity
for centrifugal pumps.

Ay _ (3,0% (5,07
r, [(B,0% [p,0Y
X Y
A= o M P H @ M P H =4
B8 =N 1 1 3 2 0 1 1 L const
B =r" 2 2 ) 2 0 1 1 1 N cornst
where: Q = caracity, volume N = speed F = power
M = capacity, weight p = density H = head

D = diameter

It will be seen that, for any given pump, the quantity of
water delivered varies directly with the speed, the head
with the square of the speed and the power with the cube of
the speed. The equation will be valuable in predicting the
effect of changes of speed or imreller diameter for a par-—
ticular pump.
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Fig. XI-.9. Centrifugel pump performance curves.

Example 30 shows the method of computing the specifi-
cations for a centrifugal pump, and Example 31 shows the
method of estimating the effect of changes in pump speed or
impeller diameter.
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Example 30,

Specify the capacity in gallons per minute and total
dynaric head in feet for a centrifugal boiler feed pump to
operate under the following conditions: Flow 28800 lbs/hr
at 297 F; static lift 20 ft; friction losses 2 ft in suction
line and 20 ft in discharge line; inlet velocity & ft/sec
and outlet velocity 10 ft/sec; entrance and exit lcsses
one-half of the velocity head; pressure in boiler 400 psia
and in open heater 64 psia.

Solvtion:
The capacity of the pump is:
Cap. = 28800(0.01742)(7.48)/60 = 62.F gpm

The total dynamic head is:

Static 1laft 20 ft
Friction losses 22

Velccity head [102-52]/2¢ 1.2
Entrance and exit lcsses 0.6

Press. head (4C0-64)(144)(0.01742) = 843 ft
Total dynaric head 886.8 ft

Example 31-A,

A centrifugal pump with an impeller diameter of 12 in.
cperates at 3600 rpm and delivers 100 gpm at 300 ft head.
What would be the capacity and head if (a) the impeller dia-
meter were reduced to 10 inches, or (b) the speed were re—
duced to 1800 rpm?

Solution:

(a) At constant speed, the capacity and head are pro-
portional to the square of the diameter.

100 _ (12)% 300 _ (12)*
Q. (10)2 H, (10)2
Q. = 69.5 gpm Hp = 208 ft

(b) At constant diameter, the capacity is proportional
to the speed and the head is proportional to the square of
the speed.
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100 3600 299 =(3600)’
Q. 1800 H, (1800)°
Q. = 80 gpm Hy = 75 ft

Example 31-B,

A three stage boiler feed pump with 17 inch diameter
impellers is rated at 1000 gpm at 675 ft TDH with a motor
speed of 1750 rpm. The characteristic curves are shown as
solid lires in Figure XI-10. It was found when the pump was
rlaced into operation that the boiler feed system head loss
had been overestimated, and instead of being 875 ft at 1C00
gpm was actually €600 ft. It was proposed to correct the
pump characteristics by turning down the outside diameter
of the imreller. Calculate the required impeller diameter
and plct the new characteristic curves for the purp.

1C00 b
8
2
@
Toe, S
B 800 - D’n..‘e 59-4
:)) = = o - e —— - - Heay -
Gy TS -~ :P G
- ~~.~J.“\ 5
o -~ N v
S 600 % {3
& . \\
N
Q - 8
g o ///P"_——_— \
m. .09". / o o ——.&__
£ 400 not — = o ERU
=~ ————_‘1:5 > =
e =
° ”::——"—’ L ”
B 200 10(
C 0
0 200 400 €00 800 1000 1200

Capacity, gallcons per minute

Fig. Xr-1o. Effect of reduced impeller di ameter on
centri fugal pump eharscteristics.



WATER HANDLING EQUIPMENT 209

Solution:

An empirical method for deterrination of the new irpel-
ler diameter is as follows:

1. Traw a line from the origin through the new spec—
ification poirt to intersect the origiral head—cap-
acity curve.

2. Read the head and caracity at the poirt of inter-
section and solve for the impeller diameter from

both head and capacity relstions in the pump equa-—
tion.

2. Obtsin the root mean square of the two solutions
for impeller diameter.

This method can be illustrated, as follows:

1. The line from the origin through the new specifi-
cation point intersects the origiral head-capacity curve
at 640 ft and 1070 gpm.

2. Solving for impeller diameter,

1070 _ (17)® 640 _ (17)*
1000  (I,)* 600  (Dp)*
D, = 16.40 in. D, = 16.45 in.

3. The root mean square of these two solvtions is:

6.40)< + .45)®
D, =1ﬂ(} ) > (16 .45) ] = 16.425 in.

The new head curve can be plotted'by applying the pump
equation at several poirts on the original curve, as follows:

1200 _ 556 _ (17.000)%" _ 1.07 Q: = 1120 gpm
Q. B, (16.425)* ) He = 519 ft
5 = 748
80O _ 748 _ . ., Q. gpr
Q.g Hg Hg = 696 ft
etc.

The new power curve can be plotted in a similar manner,
as follows:
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Q, = 1200 gpm 248 _ (17.000)°

= "7 = 1,182 P, = 210 hp
Q, = 1120 ¢pm P, (16.425)° 2
Q, = 800 gpm 224 - 1.182 P, = 190 hp

Q, = 748 gpn P,
etc.

The new characteristic curves are shown as dotted lines
on Figure XI-10.

78, Water Treatment--All natural waters contain quant-
ities of dissolved salts which make the water undesirable
for use in steam generators. Calcium and magnesivm salts
precipitate in the boiler to form scales or sludges which
adversely affect the heat transfer coefficients. Sodium
salts are soluble at all temperatures, but excessive con-
centrations of dissolved sodium salts lead to foaming which
has the bad effect of causing deposits in superheaters and
turbires. It is the purpose of water treatment to either
rerove the undesirable salts before they reach the boiler
or to produce conditions within the boiler which are such as
to cause precipitation of the undesirable salts in forms
which will not produce scale and which can be easily removed
from the boiler by blowdown.

Calcium and magnesium bicarbonates are soluble at ord-
inary temperatures, but when water contairing them is boiled
the bicarborates decompose to carbonates and precipitate.
The fact that bicarbonates can be removed by boiling gives
them the name temporary hardness (hardness is a measure of
the scap destroying power of water). Non-carbonate salts of
calcium and magnesium produce what is termed permanent hard-
ness, that is, boilirng has no effect as with temporary hard-
ness.

Hardness can be removed from water in two general ways
(in addition to boiling to remove temporary hardness, which
has no extensive commercial application): by precipitation
or by base exchange.

79. Precipitation Softening--Precipitation softeners
may operate either by the ccld process or by the hot process.
Due to the fact that most of the slightly soluble calcium
and magresium salts exhibit a decreasing solubility with
increasing temperature, the hot process of softening is more
efficient than the cold process. There are cases, however,
where the cold process must be used (such as softening of
municipal water supplies). Followirg are detailed explan—
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ations of the various processes.

The cold lime and alum process uses either quicklime
or hydrated lime for the precipitation of temporary hard-
ness and filter alum for the production of a floc which aids
in the coagulation of the precipitate and in the reroval of
bacteria and dirt. Figure XI-11 shows a typical softener
operating with this process. The reactions are:

Ca (HCO,), + Ca(OH), —— 2CaCO4¥ + 2H,0

Mg (ECO4), + 2Ca(CH) ,—— Mg(OH),¥ + 2CaCO,{ + 2H,O
CO, + Ca(OH), —= CaCOgf + H,0

A1,(S0,.)s + 3Ca(OH),—=2A1(0H) st + 3CaSO,¥

Chemical | ~-Raw woter
\ B

Secondary mixing and
-

Effluent

Sluvdge
line” "

Concentrator
aischorge

(Fower)

Fig. x1-11. Cold process softenet.

The lowest hardness which can be rroduced by this process is
about 70 parts per million, which is the solubility of cal-
cium carbonate at ordinary temperatures.

The cold lLime—soda and alum process uses lime and alum,
as in the previous process, plus soda ash to precipitate
non-carbonate hardness. The apparatus employed is identical

with that used for the lime and alum process. The addition-
al reactions are:
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CaSO, + Na,COyg— CaCOq¢ + Na,f0,
CaCl, + Na,COg—CalOgzt + 2NaCl
MgSO, + Ca(OH), + Na,COg—=—Mg(OH),¥ + CaCOsy + Na,SO,
MgCl, + Ca(OH), + Na,COp —=Mg(OH),¥ + CaCO, ¥ + 2NaCl
In this process it is customary to use excess soda ash in
order to depress the solubility of calcium carborate by com—

mon ion effect. Figure XI-12 shows the hardness attainable
by the use of excess soda ash.

&0
&0
O
E \ 2
C
. \\\SL~£L\\
a
o, 40 \\\ P ——
5 AN
=
20
o aggu, ‘\\\\\~
\\\>
#\
0
0 20 40 60

Excess Soda Ash, ppm as CaCOs

Fig. X1.12. Residual herdness resulting
from use of excess sods ash.

The hot lime-soda process is similar to the cold lime-
soda and aluvm process, except that the alum is not used be-
cause at elevated temperatures magnesium hydroxide forms a
floc. The reactions are the same as previcusly given, and
the residual hardness can be estimated from Figure XI-12.

Figure XI-13 shows a tyrical hot process softener with its
auxiliaries.

. Example 32 shows the method of calculation of quant-
ities of chemicals required for softening by the various
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Fig. X)x-13, Hot process softener,

precipitation methods. Useful chemical tables will be found
ir the Appendix.

Example 32-A.

A water of the following analysis is to be softened
with lire and coagulated with 10 ppm of aluminum sulphate
(filter alum): Ca = 62 ppm; Mg = 31 ppm; Na = 38 ppm;
HCOs = 250 ppm; SO, = 139 ppm; Cl = 11 ppm; CO, = 16 ppm.
Determine the weight of 90 o/0 hydrated lime and 95 o/0o

crystalline filter alum required per thousand gallons of
water.

Solution:

The first step in the solution is the conversion of the
icnic analysis to the hypothetically combined form, as
fcllows:

Ions ppm tepm —epm Combinations epm ppm
Ca 62 3.10 Ca(HCOs ). 3.10 251.%
Mg 31 2.55 Mg (HCOs4 ) 1.00 73.2

Na 38 1.€5 Mg S04 1.556 93.6
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Ions ppm +epm —-epm Combinations epm ppm
HCO4 250 4.10 Na,SO0. 1.34 95.1
SO, 139 2.89 NaCl 0.31 18.2
Cl 11 0.31

Sub.tot €31 7 .30 7.3¢C 7 .30 631.85
€O, 16 1€
Total €47 547 .8

It will be roted that the hypothetical combinations are made
in a definite order, as follows:

Positive ions Negative ions
Ca HCOS
Mg SO0.
Na Cl

Next, the reactions are writter with rolecular weights
and parts per million, as follows:

162.1 74.1

Ca(HCOa), + Ca(OH),—=2 CaCCst + H,O0
251.8 x, = 118 ppm
146.2 148 .2

Mg(FCOq), + 2 Ca(OH) ,—=Mg(OH),¥ + 2 CaCOst + 2 H,O0
73.2 X2 = 74.1 ppm

120.4 74.1
MgSO, + Ca(OH) ,—=—Mg(OH).t + CaSO.¥
93.5 xg = 57.5 rpm

44.0 74.1
CO, + Ca(CH),——CaCOs¥ + H.0
16.0 X4 = 27.0 ppm

666 .4 222.3
21,(S0,)s 18H,0 + 2 Ca(OH),—=2 A1(OH)s¥ + 3 CaSC.¥ + 18 H,
10(0 .95) Xsg = 3.2 rpm

Total 90 o/o hydrated lime required = 276.8/0.90 = 308 ppm
Total 95 o/c tilter 2lum required 10 ppm

The final water analysis would be: NaCl = 18 ppm;
Na,SC, = 9& ppm; hardness about 70 prm as CaCO4.

One thousand gallons of water = 8.33 X 107% pmillion 1lb
Therefore, the lime required is 2.86 1lbs per thousand gallo
and the alum required is 0.083 1lbs per thousand gallons.
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Example 32-B.

The water of Exarple 32-A is to be softened by the lime
soda and alum trocess. In order to depress the solubility
of calcium carberate, 25 ppm of excess soda ash is added.
Petermine the weight of 95 o/0 soda ash required in addition
to the lime and alum.

Solution:

The reacticns with molecular weights and parts per mill-
icn are:

120.4 106.0 142.0
Mgf0, + Cal(OH), + Na,COg —=Mg(OH),{ + CaCOs{ + Na,SO.
92 .8 vi = 82.3 ppp z, = 110.0
ppm
€66 .4 318.0

A1,(S0,)518H,0 + 3 Ca(0H), + 3 Na,COg—= 2 A1(OH) ¢
9.fF vy = 4.5 ppm

426.0
+ 3 CaCOsy + 3 Na, <O,

z = 6.1 ppm

The total 95 ¢/c soda ash required (ircluding excess) is
111.8/0.95 = 118 ppm.

The final water analysis would be: NaCl = 18 ppm;
Na,f0, = 211 ppm; Na,COs = 25 ppm; hardness about 50 ppm
as CaCOg.

The soda ash required would be 0.98 lbs per thousand
gallons.

If this water were to be softened by the hot lime soda
rrocess (atmospheric pressure), the alum would be omitted
and the firal water analysis would be: NaCl = 18 ppm;
Na,f0, = 208 ppm; Na,COs = 25 ppm; hardness about 22 ppm
as CaCOg. Slightly less lime would be used because of the
omissicn of the alum.

80, Base Exchange Softening--Several natural minerals
called zeolites (complex sodium alumirur silicates) have the
rrorerty of base exchange, that is, they will exchange their
sodium for calciun or magresium, or vice versa, depending
upon which is present in the greatest concentration in the
solution passing over ther. Synthetic zeolites of various
types have been rade which have greater exchange capacity
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than the natural materials as well as the ability to operate
with acids or bases.

The sodium cycle exchanges sodium for calcium or mag-
nresium ir the softening run, and vice versa in the regener-—
ating run. Regeneration is accomplished with strong brine
(ordirary salt) solution. Some of the reactions are:

Softening:

Na,Z + Ca(HCO,), —» 2NalFCO, + CaZ
Na,Z + Mg (HCO,) ,—= 2NaBCO, + MgZ
Fa,7 + MgCl, —— 2NaCl + MgZ

Regeneration:
CaZ + 2NaCl——Na,7 + CaCl,
Mg7 + 2NaCl——Na,Z + MgCl,

Both magnesium and calcium chlorides are extrerely sol-
uble and are washed out, with the excess brine, with raw
water. When the wash water becomes soft the washing is
stopped and the zeolite is ready for another softening run.

Figure XI-14 shows a tyrical zeoclite softener which operates
or the sodium cycle.

Raw woter }':

Air
relief

Backwash <
I/o: * \G‘raded grove/ P
controller or anthrocife
/ 4
9 Rinse-water flow controller ———
Sofr-water outlet
| ] B :_ t - ~Orifice pktes
Orain

(Power)

Fig. XI-14., Zeolite softener, sodium cycle.
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The hydrogen cycle exchanges hydrogen for all metals,
and the regeneration is accomplished with acid. Some of the
reactions are:

Softenirg:
H,Z + Ca(HCO;),——2H,C0, + Cal
H,Z + CaCl,— 2HC1 + CaZ2

Regeneration:
CaZ + H,SC,——H,7 + CaSO,

The carbonic acid can be removed from the water by aer-—
ation. The other acids produced in this cycle are extremely
corrosive, so the water is blended with effluent from a sod-
ium cycle softener before aeration to produce essentially
neutral water by the reaction of sodium bicarbonate with the
acids. Figure XI-15 shows a typical zeolite scftener which
operates on the dual cycle.
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Fig. XI-15§, Zeolite softener, dual cycle,
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The acid adsorbing cycle employs a synthetic resin
which has the property of being able to adsorb acids from
solution and of being regenerated by alkali, as follows:

Adsorption:
R + HC1——R-HC1

Regeneration:
R-HC1 + NaOH—=R + NaCl + H,O

When the acid adsorbing cycle follows a hydrogen zeo-—
lite cycle and a deaerator water of alrost as good quality
as comrercially distilled water is produced. The process is
quite economical and requires much less investment than a
distillation plant where pure water is required for inrdus-
trial use. It dces not appear, however, that the process

has any advantages cver the evaporator in a regenerative
power cycle.

81. Boiler Water Treatment--Even in cycles ~hich use
evaporators for maekeup water it is necessary to use some
form of boiler water treatment because ccntamination of the
boiler water results fron even a small amount of condenser
leakage or carryover from evaporators. It is even more
necessary to treat boiler water in cycles where makeup is
raw or softened water. Boiler water treatment has four ob-
jectives:

1. To prevent corrosion of the boiler or power piping.
2 To prevent embrittlement of boiler metal.

3. To prevent formation of scale in the boiler.
4

. To prevent the forration of deposits in superheat-—
ers or turbires.

The methods of accomplishing these objectives are as follows:

Corrosion is prevented by maintaining the boiler water
within a rarrcow alkalire rarge as indicated by the pH (which
should be between 1C and 11) and by removing as much as poss-
ible of the dissolved gases in the ccndensate or boiler feed
before it reaches the boiler.

The alkalinity is maintained by the use of cavstic soda,
soda ash or one or more of the polybasic phosphates. The
phosphates have the advantage of helring to prevent scale;
caustic socda has the disadvantage of irconvenience ir hand-
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lirg as well as the ability to cause boiler embrittlement
when not closely controlled; and soda ash has the disadvant-—
age of decorposirg to caustic scda and releasirg carbon di-
oxide which, when in solution, is corrocsive to piping.

The reroval of dissolved gases was discussed under
feed-water heaters. The hest demerating feed-water heaters
will not remove all of the dissolved oxygen from the boiler
feed, so it is customary to maintain a residual of abouvt 10
ppm of sodium sulrhite in the boiler water to act as an oxy-
gen scavenger, according to the reacticn:

2Na,S0, + O, —= 2Na,S0,

The sodium sulphate produced has the advantage of helpirg to
irhibit boiler embrittlement.

Boiler embrittlement, which is caused by caustic attack
on intergranular cemertite, is prevented prirarily by avoid-
ing riveted boiler drurs, and inhibited in all cases by
mairtairirg concentrations of certain raterials in the boil-
er water. The best known inhibitor is scdiur suvlrhate which
is maintained at a ratic of about three tc cne with relation
to the concertration of sodium carbonate in the boiler water.
Trisodium phosphate has an embrittlement inhibiting prorerty,
and will replace an equal weight of sodium sulrhate for this
purpose. Organic inhibitors, such as sodium lignin sulphon-
ate (from sulphite pater rill wastes) and quebracho extract
(a tarnin) are also used to some extent.

Scale formation is usuvally prevented or mirinized by
raintainirg a residual of phosihate ion (about 50 ppm) in
the boiler water. Calcium phosphate is less soluble than
calcium carhonate or calcium sulphate, which are the princi-
ral constituents of boiler scale, but it precipitates as a
sludge which is much less adherent than the other calcium
precirtitates. Sludge ccnditioners, such as scdiur alginate
(fror certair seaweeds) and starches, are scmetimes used to
inprove the fluidity of the sludge, thus rakirg it easier to
remove Lty boiler blowdown.

Deposits in superheaters and turbines are the result of
carryover of solids fror the boiler with the steam. These
deposits can be prevented or ririrized by careful attention
to the mairtenance of a fractical mirimur of dissolved sol-
ids in the boiler water by proper blowdcwn, and by the ir-
stzllaticn of efficient steam purifiers inside the btoiler.
Figure XI-1€ shows several types of stean yurifiers which
are used ir modern steam generators.
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.mpreve seporation of steam from
water and to clean steam Invelves

baffles to change direction and Steom leaves baffle to enter Steam enters above water lev
“waeshing” of steam by feed ifugal sep in oxit zone ol, flows to baffles, scrubbers, driers
(Power)

Fig. XI-16, Steam purifiers.
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CHAPTER X111

FUEL HANDLING EQUIPMENT

82. The simplest fuel handlirg equirment will be found
in the plant which burns gas. The complexity of the system
increases when fuel o0il is used, and becomes a large part of
the plant investment when coal is burned.

83. Gas Burning Equipment--The fuel handling equirment
for a gas burning plant would consist ¢f a pipe line bring-—
ing the gas to the plant, a gas holder (when the supply is
subject to fluctuation), gas meters, controcl valves and
burners. Figure XII-1 shows the elemerts of a gas fuel sys-—
tem and figure XII-2 shows a tyrical gas burner.

Meter
Pressure
"Re(ulutot
Burner

Check Valve
Holder

|

Pilpe Line
Control
Valve

Fig. XITI-1, Gas fuel system.

84, Fuel 0il Burning Equip~
ment--The fuel handling equipment
for a fuel oil burning plant
would consist of unloading facil-
ities (docks or railroad sidirgs),
tanks (for about a 30 day sur-—
ply), pumps, strairers, heaters,
control valves and burners. Fig-
ure XII-3 shows the elements of
a fuel oil burnirg system and
Figure XII-4 shows a typical oil
burner with mechanical atomiz-
ing and steam atomizing burner
tip details. Figure XII-6 shows
a so-called rotary cup oil burn-
er which embodies a forced draft
primary air fan, fuel oil pump
and controls. This tyre of burn-
er is well adapted to small

(Forney Engineering Co.)

Fig. XII-2, Gas burner.

221
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‘F“

Storege
Tenk

RR Tank Car
Pump

Transfer

Pressure
Strainer

Strainer
Pump

Heater

Fig. XlI-3. Fuel o0oil system,

(Peabody Englineering Corp.)

Fige XII-4, Oil burner,

boilers, since burners of this type are aveilable ir sizes
to handle up to about 2CO boiler horserower.

85. Coal Rurning Fouipment--The variety of fuel hand-
ling equirment for a coasl burrnirg plant is quite large.
Whether the plant burns lumr ccal or pulverized cosl, a
storage yard of sufficient size for about a 3C day surply of
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[——ATOMIZ/NG CUP
ANGULAR VANE NOZZLE
FURNACE HINGE PLATE MTG

FRONT BEARING

STAT/IONARY FUEL TUBE—
ROTATING HOLLOW AMAIN SHAFT-

Fig. XII-S,

ccal is necessary; as well
as conveying equipmert for
storirg and reclsinirg the
coal, bringirg the coal to
sizing crushers and then
to the plart burkers. If
the plant operates with
lump coal it will be fed
from the burkers to the
stokers through weighirg
devices. Then, after the
fuel is burned, the ash
must be disposed of in
some way (some ccompanies
sell it for road surfac-
ing or for concrete bLlock
aggregate). Figure XII-6
shows a typical lump coal
(stoker) burnirng system,
and Figure XII-7 shows a
pulverized cocal system of
the direct firing tyre.

EQUIPMENT

FAN
TOTALLY ENCLOSED MOTOR
AIR COOLED MOTOR JACKET

“—REAR BEARING
-woRrM

Rotary

Filg.

WORM GEAR

(Ray O0it Burner Co. )

cup oil burner.

X11-6. Coal stoker

Y,

S
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(Beabcock & Wilcox)

Fig. XI1-.7. Coal pulverizer system, direct firing.

Sometimes the pulverizers are operated to store pulverized
coal ir bunkers from vthich it is fed to the burners. The
storage system requires smaller pulverizers than the direct
firing system, but the storage of pulverized coal is hazard
ous and more rlant space is taken up by the extra set of
bunkers. Figure XII-8 shows a coal storage yard with the
coal handling machirery.

86. Stokers--The equirment used for burnirg lump coal
in a boiler furrace is known as a stoker, and it may be
either underfeed or overfeed, dependirg upon whether the co
comes inr under or over the air surply.

Overfeea 'stokerms may be of the travelling drate type
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(suitable for free burning coals), the chain grate tyrpe
(suitable for cakirg coals), or the spreader type with dump—
irg or travelling grates (suitable for a wide variety of
coals). Figure XII-3 shows some of the various overfeed
stokers in use at the pres-
ent time.

Underfeea stokers are
of the retort type and are
suitable for high volatile
coals. There may be one or
rore retorts, depending up-
on the amount of fuel to be
hurned. Figure XII-10 shows
typical single and multiple
retort stokers presently in
use.

!n;.)

(Ssurman Bros,,

(Link Belt Co.)

BELT PROPELLED AUTOMATIC
REVERSING BELT TRIPPER BELT CONVEYOR

BELT CONVEYOR TRACK HOPPER
MAGNETIC PULLEY

T ra —
\ AR N
| ILER ROOM ' FLOOR

BASEMENT FLOOR
—

Ay

BELT convevoR Ll
RECIP FEEDER

Fig. XIr.s, Cowsl storage system.

Table XXI shows some approximate data for fuel burning

rates per square foot of area for the variocus types of stok-—
ers.

TABLE XXI
FUEL BURNING RATES FOR STOKERS
Founds rer hour rer square foot

Cverfeed
Srreader
Travellirg and chsin grates
Anthracite 28
Bituminovus 6C

)
n
I
IS
(@]

Underfeed
Single retort 40
Multirle retort £C - 60
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(b) Spreader
(Comb ., Engrg.-Suphtre., Inc.)

Fig. XI11-9, Overfeed stokers.
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Ine.)

Engrg.-Buphte.,

(Comb.
() Single retort

(Westinghouse Elec,., Corp.)

(b) Multirle retort

Fig. X11-10, Underfeed stokers.
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87. Pulverizers--The function of a pulverizer is to
grind previously crushed coal to a fine powder (about 90 per
‘cent through a 200 mesh screen) so that it will burn in a
manner sirilar to gas or oil. The pulverizer may be of the
types shown in Figure XII-11., Mill exhauster fans may be
built into the pulverizer, as with the attrition mill, or
they may be separate. Mill feeders may also be built in or
separate. About twenty per cent of the total combustion air
is used as primary air (always preheated) for conveying the
coal from the pulverizers to the burners. Pulverizers re-
quire powerful motors, and Table XXII shows approximate
pover requiremerts for the various types of mill.

(Ritley Stoker Corp.)
(a) Attrition mill

N . . e
(Babcock & Wilcox)

(b) Ball mill

(Comb, Engrg.-8uphtr,, Inc.)

yinntdy-v.‘n S8aun Mfg. Corp. '

(¢) Bowl mill (4) Tube mwill

Fig. XIr.11, Pulverisers,
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TABLE XXIT

PULVERIZER FOWER REQUIREMENTS

KWH per ton
Ball and race mill 8 - 12
Bowl mill 11 - 16
Tube mill 11 - 17
Attrition mill 11 - 17

88, Pulverized Coal Burn-
ers--A pulverized coal burner is
designed to mix the coal and
prirary air with secondary air
as it is blown into the fur-
nace. A few of the many types
of pulverized coal burners are
shown in Figure XII-12.

89. Horizontal Cyclone
Burner=-A recent development

(¢) Horizontal

(b) Tangentis
(Comb . Engrg.-Suphtr., Ine. )

Fig. X11-12, Pulverised coal burners.



230 FUNDAMENTALS OF POWER PLANT

SECONDARY AR
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in ccal burning
equirment is the
horizontal cyclone
burner which is de-
signed to burn low
grades of coal at
high rates without
the necessity for
pulverizing it. Pig-
ure XII-13 shows the
burner which would
be attached to the
side of a furnace
and connected into
the waterwall circu-
lation. The furnace
is smaller than is -
usual with other

,‘
K
S

- &

Dry bottom

Vet bottam

(b) Pulverized coal

Fig. X11-14.

(Pover)

Furnasce bottoms.
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types of fuel burnlng equipment because most of the combus~
tion takes place in the cyclone. Coal, crushed to about

four mesh size, is fed with primary air at high velocity in-
to the rear end of the burrer where it is met by a high vel-
Locity tangential stream of secondary air. The coal sticks
into a layer of molten slag and burns as the air blows across
it.. The slag is continuously moving toward a drain hole at
the bottom of the burner front from which it drips into the
main furnace.

90, Furnace Bottoms--Furnace bottoms vary in design de-
rending upon the type of fuel to be burned. Some of the var-
ious types of furnace bottoms are shown in Figure XII-14.
Furnaces for gas or o0il usually have sloping flat water cool-
ed bottoms. Furnaces for stokers, naturally, have the bot-
tom made up of grates or retorts. Furnaces for pulverized
coal may be of the wet or dry
bottom types. The wet bottom o
type has little or no cooling
surface on the furnace bottiom,
#0 that the ash which falls ©
on it rerains in the molten i
condition in a pool, from which ’
it is tapped, either continu- l ”H tont ‘

ously or intermittently. The dry

bottom furnace has a completely

cooled hopper bottom, so that the l
ash which falls to the bottom is

cooled sufficiently to be removed

ir granular form. ° lm
SECONDARY-ARINLET BN HA :
H Uquor Nozries M
A -
W 0 0000 -
AIR DOORS I opga|
K i H (1 iy iy :
] GAS BURNER Jl: Wl |i Aooms Bost o
4 Sock iter Furnace | 2
1! ipeLLER = n-|-!!||!||sp!‘ -
- Wit e .
ARCH TILE Nocze -
& — -
L]
* e e H
an
PaivARY-AmAND e .
COAL INLET N
"
°
(Babcock & Wilcox) S e TR TR .‘:
rig. XIir-1s. Three-fuel burner. Pig. X11-16. Sulphate

peper mill chamical re-
covery boiler.
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Bprave Return

TR Ry YIS T
.

Screw Conveyor

(Comb. Eng.-S8uphtr., Inc.)

Fig. XII1-.17. Stoker ‘ash disposa) system.

REAR PASS FLY
ASH HOPPER

HYOROVEYOR PNEUMATIC
FLY ASH CONVEYOR FROM
FLY ASH & DUST HOPPERS

FURNACE BOTTOM & HYDROVEYOR WATER
ASH PIT HOPPER M /JET EXHAUSTER

J) WATER supeLy

SLUICE DISCHARGE
PIPE LINE TO
FILL GROUND

OBSERVATION SLUICE TROUGH
WINDOW WITH VAPOR-PROOF
COVER PLATES

ILLUMINATED WATERTIGHT
EGNACTEOSUIE FOR DISCHARGE

(United Conveyer Corp. )

Fig. X11-18, Pulverized coal ash disposs) system.
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9i, Multiple Fuel Burning Installations==In some local-
ities more than one fuel may be available, and plants have
been designed to burn two or three fuels separately or in
combiration. Figure XII-15 shows a three-fuel burner for
pulverized coal, oil or gas. Other plants have been designed
to burn industrial wastes in combination with some other
fuel. Figure XII-18 shows a sulphate paper rill chemical
recovery boiler which burns black liquor (containing lignin)
in combination with fuel oil.

92. Ash Removal Systems-~Coal burning plants must have
some means of ash removal. Stoker firing produces a large
cirder which can be dropped into a hopper car in an air lock
under the boiler, or removed by a screw conveycr, as shown
in Figure XII-17. Fulverized coal ash can be tarped from
wet bottom furnaces into quench pits from which it can be
transferred to any desired location by sludge pumps. Dry
bottom furnaces may discharge into a conveyor or a quench
pit as with the wet bottom furnace. One of these systems
is shown in Figure XII-18.

93. Dust Collectors--Coal burning plants which are lo-
cated close to population centers must be furrished with
some sort of apparatus to remove dust and cirders fror the
flue gas in order to avoid the creation of a nuisance. Pul=-
verized coal plants produce an extremely fine ash (called
flyash), and at least half of the ash in the fuel goes along
with the flue gas. Stoker fired plants do not prcduce sig-—-
nificant amounts of flyash but some small cinders do travel
through the steam generator. It is often thought that fuel
0il produces no flyash, but some Florida cities have ordin-
ances requiring dust collectors on fuel o0il burning power
plants within their municipal lirits.

Cirder catchers orerate
on the principle of changing
the direction of gas flow so
that heavy particles will drop — —
out of the gas stream. Fig-
ure XI1-19 shows a cirder trap
of this type. Baffle—]

Dust collectors may be of
the centrifugal type, which op-
erate in a manner somewhat simr-
ilar to the cinder trap except
that the gas velocity is high-
er; the electrostatic type
which uses a high direct cur-— Fig. XII-19, Cinder trap.
rent potential to charge the
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R SN EC R o

.4

(Bueil Engrg. Co.) (Westetn Precip., Co.)

(a) Single (b) Multiple

Fig., XI1¥-20, Cycelone dust collectors.

the dust particles so that they may be collected on elec-

trodes; the bag type which employs fabric bags to filter the

gas; and the wet scrubber which uses water for washing the

gas. Figures XII-2C through XII-23 show these various types
- _ of dust collector.

R ny
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CHAPTER

Xttt

DRAFT EQUIPMENT

94, Draft equipment consists of fans and stacks (or
chimneys) whose purpose is to supply air for the combus-—
tion of fuel and to remove the products of combustion from
the steam generator for disposal to the surrounding air.

96. Fans--Fans in use for the production of draft are
almost always of the centrifugal type, although some small
installations use axial flow fans and the new horizontal
burners use axial flow blowers.

Axial flow fans follow the same laws of similarity as
centrifugal pumps, but the shapes of the characteristic

curves are considerably different.

Design Point
A 4

(L. J. W%Wing

Co

Fig. XIITI-1. Axial flow

fan charescteristice.
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It will be noted from

Figure XIIT-1 that
the pressure curve
has an unstable
region which makes
it impossible to
parallel two axial
flow fans within
the region of best
operating effic-—
iency.

Centrifugal
fans follow the
same laws of sim-
ilarity as centrif-
ugal pumps, but
their characteristic
curves will have
somewhat different
shapes due to the
use of several
different types of
blade arrangement.
Blade arrangements,
as shown in Figures
XIII-2 through
XII1-5, may be
either forward
curved, backward
curved, radial or
combination.
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The formard curved tlade fan has @ limited application
in power plants because it is possible to overload the motor
at zero head. In addition, it is impossible to operate these
fens in parallel because of the existence of more than one
point on the head-capacity curve which has the same ordinate.
Such a characteristic leads to hunting (instability) in the
system.
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The radial blade fan is extensively used in pulverizer
exhausters because it is difficult for the blades to become
fouled. Otherwise, the power characteristic is unfavorable
as with the forward curved blade fan.

The backmard curved blade fan is the most popular type
ir use in power plants because, like the centrifugal pump,
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it had a self-liwiting power characteristic, and, due to the
continually falling head-capacity characteristic, two or
more fans can be operated in parsllel without hunting.

The combination blade fan has characteristics intermed-
iate between those of the radial and backward curved blade
fans.

96, Hend and Work Relations in Fans--As previously men-—
tioned, centrifugal fans are sinilar to centrifugal pumps,
the only difference being in the fluid pumped and the magni-
tude of the pressure rise. It can be seen that:

ahp = ef(shp)

where: shp and shp = air horsepower
and shaft horsepower
e; = fan efficiency

Air horsepomer is the power reguired to move the air, or

M H
aBP = ar— el

where: M_ = flow, lbs/hr
H, = total head on fan
£+ of fluid

Since pressures in the steam generator combustion air
and flue gas circuits are stated in terms of inches of water
and fan capacities are stated in cubic feet per minute, air
horsepower is also

b - 2400
&0P * 137¥ 33000

where: Q = fan capacity, cu ft/min
h, = total pressure rise
through fan, in. water

The total pressure rise through the fan is the sum of
the friction losses in the ducts and apparatus; the increase
in velocity head through the fan; the losses at the sntirance
and exit of the system; the difference in pressure between
the inlet and discharge} and the static head (or chimney
effect), or
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i B3 h. + h h, +h. +h
= 1 — ——
hy =h,+ 2g * h'saz 'S4 Pa b e

Figure XIII-6 shows a steam generator with its fan and
duct system and the location of the various positive and
negative pressures.
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Fig.XIXII-6, Steam generstor fan and duct system.

97. Fan Speeds-~The maximum efficiency of fans is appra
irately the same regardless of type or size. Larger fans wi
operate at slower sreeds than smaller ones for the same head
Table XXIII shows the ranges of speeds and sizes to be expec

ed for fans in use in rower plants.
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TABLE XXIII
ABBREVIATED PERFORMANCE—IMPROVED EXHAUSTERS—RIM OR L.S. WHEEL

Fan Bise No. 11 13 18 17 10 21 23 28 29 33 37 4
Wheel Diam. 167_|"30°_|~23" |~ 3a° | 30 | 33° 36° | 40° | 46° | B3° 60° | -@86”
2°8SP. M | 1172 | 1888 | 2170 [ 2794 | 3826 | 4312 | 5176 | 6120 | 8248 | 10640 | 13396 | 16464
20000.V.| RPM | 1305 | 1040 | 905 | 800 | 694 | €31 879 | 820 | 482 | 393 346 | 313
BHP | 66 | .90 1123|188 |200| 243 | 2 348 | 456 | 601 | 786 | 930
3°SP. | CFIM | 1465 | 1982 { 2712 | 3492 | 4407 | 8390 | 6470 | 7680 | 10310 | 13300 | 16745 | 20880
2800 0.V.| RPM | 1600 1110 | 984 776 | 710 | €40 483 | 426 | 388
BHP [1.28 16923 97 | 378 850 | 680 78 | 1130 | 1420 | 1780
4°SP. | CFM | 1758 | 2379 | 3258 | 4191 | 5289 | 6468 | 7764 | 9180 | 12372 | 18960 | 20004 | 24696
30000.V.| RPM | 1868 | 1490 | 1298 | 1140 | 990 | 908 | 830 | 748 862 | 498 | 480
BHP | 202 | 273 | 374 | 480 | 606 | 740 90 | 1080 | 1420 | 1830 | 2300 | 2840
8°S P. 904 | 2877 | 3526 | 4540 | 5730 | 7007 | 8411 5 | 13403 | 17200 | 21768 | 26784
©O.v.| RPM | 2068 | 1650 | 1430 | 1266 | 1100 | 1000 | 918 718 | '623 | 850 | 800
BHP | 270|366 | 800|648 | 814 | 991 | 1190 | 1410 | 1900 | 24 50 | 30 90 | 38 00
@°SP. | CFM | 2051 | 2775 | 3797 | 4889 | 6170 | 7846 58 10710 | 14434 | 18620 | 23443 | 28812
38000.V.| RPM | 2260 | 1808 | 1870 | 1390 | 1203 | 1098 | 1003 7 683 846
BHP | 348 | 472 | 648 | 830 |1050| 1280 | 1840 | 1820 | 2455 [ 3170 | 39 80 | 4900
7°SP. | CIM | 2197 | 2974 | 4068 | 239 | 6610 9705 | 11475 | 15465 | 19950 | 25117 | 30870
37800.V.| RPM | 2440 | 1950 | 1695 | 1498 | 1300 | 1180 | 1080 | 978 | 848 | 736 890
BHP | 434 | 886 | 808 |1035|1308]| 1898 | 1918 | 2260 | 3080 | 3940 | 4980 | 6100
B8° S P. | CFM | 2344 | 3172 | 4340 | 5888 | 7082 | 8624 | 10352 | 122: 16496 | 21280 | 26792 | 32028
40000.V.| RPM | 2608 | 2090 | 1808 | 1600 | 1388 | 1263 | 1188 | 1040 | 903 | 782 | 692 630
BHP | 830 | 716 | 980 |1260/1898| 1945 | 2338 | 2760 | 3720 | 4800 | 60.80 | 74.40
J10°8 P, | CFM | 2637 | 3568 | 4682 | 6286 | 7933 | 02 | 11646 | 13770 | 18558 | 23940 | 30141 | 37044
48000.V.| RPM | 2920 | 2330 | 2028 | 1790 | 1850 | 1418 116! 1010 | 880 | 776 | 708
BHP | 780 |1013]|1390[1788(22 60| 2760 | 33 3910 | 82 €820 | 8580 |108 80
12’8 P, | CFM | 2030 | 3068 | 84285 | 6988 | 8818 | 10780 | 12940 | 18: 26600 | 33490 | 41160
|80000.V.| RPM | 3218 | 2360 | 2228 | 1970 | 1710 | 1888 | 1428 | 1285 | 1110 | 968 | 856 | 776
BHP (1000|1380]/188012380({3010| 3670 | 4410 | 82 70 90 78 | 114 00 | 140 80
ABBREVIATED PERFORMANCE—TYPE HV FANS, SINGLE WIDTH, SINGLE INLET
Fan Sise No. vl sl | 2 |22k | 2% | 3 | 3%u|3%| 4 {45 8
Wheel Dia. 13° | 16814 [ 19147 [ 22347 | 287 | 28147 | 33147 | 35347 | 30 |4214”| 45147 | 627 [881."| 63°
{ sp. CFM | 1035| 1613] 2322| 3156 4128 5220 6444| 7782| 9288[ 10890| 12660| 16524 | 20880| 25800
200 0 RPM | 509 407} ~327| "281| 245 217| 197| 178| 164 146 136| 120{ 106
V.P. HP 2] 18] 220 “29] 38| .48t 59] 75| 85| 104] 122[ 159 200 247
l@'sr. CFM | 1122 1748 2516 3419 4472| 5655| €981| 8430 10062 11798 13715 17910| 22620| 27950
oVv. | RPM | '637] 'si10| “412] 353| 308 273] 247f 224 206 188| 174l 152|135 122
.108 V.P. HP a9 29l 38 49| 64| 81 100l 120 144 248 313 387
%8 P. 1208| 1882| 2709 3682| 4816| 6090 7518| 9078| 10836} 12705| 14770 19278 24360/ 30100
14000 V. | RPM 748] '598| “490| 420( 367| 325| 294 264} 245 222 206| 180| 160| 144
123 V.P. 28] "44] 54| 73] 95| 120 148 176] 213| 245| 285] 372 470 580
1" 8.P. CFM | 1294 2016] 2903| 3945 5160 6525 805S| 9727| 11610f 13613] 15825| 20655| 26100} 32250f
18000.V. | RPM | 851] 680] 557| 478, 417} 369 3:949’ 302f 279 252 233]" 204| 181| 163
.140 V.P. 39| .61 72| e8] 128 161 238 287 328 380 497 6€26f 775
léos.r. CcFM | 1380 2150 3096 4208] 5504| 6960 8592|10375| 12384 14520| 16880] 22032] 27840| 34400)
RPM 754| “618| 530f 463 4100 371 336| 309] 280| 261 228| 203} 182
.160 V.P. 52| B0l .93] 1.26] 166 209 258 313| 372 433 02| 655 827 102
1;&')5.9. 1552] 2420] 3482| 4734 6192 7830 9666|11672| 13932] 16335| 18990} 24786| 31320| 38700)
18000.V. | RPM | 1039 "830] 683| s585{ S12| 453 410 369 3411 308| 286 250 222| 200]
202V.P. HP 70] 109 130} 1.77] 231 292 361 425| S20] s582| 677] 882| 111| 13.9
MNOTE. For performance of double width, double inlet HV Fans (available in sizes No 1} and larger) multiply CFM x 2, RPM x 1015,
BHP x21and OV x 111
TED PERFORMANCE—TYPE W FANS, SINGLE WIDTH. SINGLE INLET
Fan Size No.| w136 | 1% 1% | 2 Jay ]2k |2%| 3 |3%U 3% |3% ] 4| %
Whee! Dia. 1614° | 177%° | 1914" [ 234" | 287 | 2914 | 32147 | 38347 | 30" | 4214,"| 45147 | 803" | 8814" | 6134
( 8.P. CEM | 1344] 16270 1935| 2630| 3440| 4350 5370| 6485 7T740| 9075 10550/ 12900} 15519 19390}
8ooov. RPM | 8091 735 620 “532| "464] 412| 372 338 310 286 266/ 240 218] 196
HP A1) L13) .1ef 9] 2s] .32 48] 57| .66 94| 113] 141
zsr. CFM | 1613[ 1952 2322] 3156| 4128 5220 6444| 7782| 9288| 10890 12660| 15480| 18623 23268
RPM | 1035| 940 680 594 528! 476 432 340 208] 280 250
080 V.P. HP 24 29| 29] 40| s2| 66| .81 98] 117] 137] 159 194f 234 292 ~
CFM | 1747| 2113| 2516] 3419| 4472| 5655 6981 8430 10062 11798] 13715| 16770 20175(25207| o
RPM | 1188 1079 “908| 778 680 604 4 454] 418] 389 351" 320/ 286
HP 37] 45| 43 771 98| 120] Poal 133 2'08| 236| 289 348 435 ©
crM | 1882 2278 2709] 3682| 4816] 6090] 7518| 9079} 10836| 12705 14770| 18060| 21727/ 27146 @
RPM | 1325| 1203| 1012| "868] 760| 676] 608| 5521 506 468| 434| 392 358 320 w
HP 51 62| .60] .83] 1.08) 136 168 204 241] 284 330/ 402 485 60S|
crM | Zo16| 2441| 2903| 3945| S160] 6525 80SS| 9727} 11610| 13613| 15825| 19350f 23279 29085
RPM | 1449| 1317| 1108| 948 830 736 604| S54f 511 474] 4280 390 349 ©
HP 68| .82| .80] 1.09| 142 179] 221} 268 319 375 435 532 640 8 -
-
crM | 2150| 2603 3096 4208] 8504| €960| 8592(10376| 123841 14520| 16880| 20640| 24830} 31024 o
RPM | 1567| 1423 1204| 1032| "902| 800 2| 656| 602| 555| 516 465 42 .
HP 86| 104 101] 137] 180 225 281] 341| 403] 476] S48/ 675| 813{1015], T
‘width, double inlet type W Fans (available in sizes No 1% and larger) multiply CFM x 2, RFM 2 102, ¢

~

24
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98. Dreft Losses--Since a steam generator installation
may include both forced and induced draft fans, the draft
losses may be divided irto two classifications, as follows:

1. Forced draft(pressure) losses (air system).
8. Loss in duct between fan and air heater.
b. Loss in air heater.
c. Loss in duct between air heater and windbox.
d. Loss through fuel bed or burner.

2. Induced draft losses (flue gas system).

a. Loss between furnace and boiler outlet.

b. Loss in duct between boiler and economizer.

¢. Loss ir economizer.

d. Loss in duct between aconorizer and air heater.
e. Loss in air heater.

f. Loss in duct between air heater and fan.

g. Loss in duct between fan and stack.

All of the draft losses, except those for the ducts,
are usually taken from data supplied by the manufacturers,
but the methods of estimating the losses are of interest.

Duct draft losses have been discussed in Chapter X.

Air heater draft losses vary according to the arrange-
ment of the surfaces. The draft loss on the gas side of
tubular air heaters can be estimated by treating the air
heater tubes as rourd ducts in parallel and usinrg the av-
erage gas velocity; considering the inlet and outlet boxes
as part of the main ducts; and adding 0.05 inches of water
draft loss for each right angle turn. The draft loss on the
air side of tubular air heaters may be estimated by using
the empirical formula (adding 0.05 in. H,0 tor each right

angle turn): " £ N (G/1000)%
sp = 0.0002307 L1 2°

where: Ap = draft loss, in. water
f a friction factor
0.08 for in-line tubes
0.09 for staggered tubes
N & number of restrictions
p = arithmetic mean gas
density, lbs/cu ft
G = mass flow of gas, lbs/hr
per sq ft of flow area

i
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Fuel bed or burner draft losses can be estimated from
Figures XIII-7 and XIII-8,
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Fig. XI111-7, Fuel bed draft losses.
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Fig. XIII-8, Burner drsft losses.
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Boiler, superheater and economizer draft losses depend
upon the arrangement of the surfaces and the mass flow of the
gas. Draft losses for fire-tube boilers can be estimated in
the same manner as for the gas side of tubular air heaters.
Draft losses for water—~tube boilers, superheaters and econ-
omizers can be estimated in the same way as for the air side
of tubular air heaters.

Due to the fact that ducts and boiler settings are never
gas tight, an allowance of ten per eent on the gas volume and
air volume should be made when specifyirg fan sizes. The
normal practice is to control the furrace draft at between
0.1 and 0.2 inches of water to allow the opening of inspec—
tion doors without danger to the operators. Some modern
steam generators, however, especially marine types and those
utilizing the horizontal cyclone burner, dispense with the
induced draft fan and operate entirely with forced draft.
Figure XIII-O shows some draft loss curves for a typical
steam generator. It will be seen that, as in all devices
inrvolving fluid flow, the draft loss is proportional to the
square of the quantity flowirg.

Example 33 shows the method of making fan specifications

Example 33.

Determire the fan specifications for an oil tired boil-
er producing 300,000 lbs per hour of steam at 925 psia and
900 F from feed-water at 300 F. The fuel is that of Example
15 with a heating value of 18500 Btu/lb, and it is burned
with 156 o/0 excess air to produce a boiler efficiency of
89 o/o. Air temperature is 100 F and flue gas temperature
is 300 F. The boiler draft losses are shown in Figure
XITI-9.

Solution:

Heat added to steam = (1450.9 - 269.6) = 1180.2 Btu/lb

.. 300000(1180.3) _
0il fired = 0.89(18500) 21500  1lbs/hr
Theoretical air 13.9 1lbs/1b
Actual air = 13.9(1.15) 16.0 1lbs/1b
Weight of air per hr.(incl. 10 o/o
leakage) 378000 lbs/hr
Density of air at 100 F 0.07 1lbs/ft'

Volume of air at 100 P 88800 cfm
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Flg. X111-9. Steam genevator draft losses.

Wet gas produced 17.0 1bs/1b
Weight of gas per hr. (incl. 10 o/o

leakage) 40 2000 lbs/hr
Pensity of gas at 300 F 0.05% 1lbs/ft
Volume of gas at 300 F 122000 cfm

From Figure XIII-9, the forced draft loss is 8.8 in. of
water, and the induced draft loss is 16.7 in. of water at a
steam flow of 300,000 1lbs/hr.

The fan specifications would be:

Forced draft fan: 89,000 cfm air at 100 F, 9 in. water

Induced draft fan: 122,000 cfm gas at 300 F, 17 in.
water.
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99, Stacks--Small boilers may depend entirely upon
stacks for the production of the necessary draft for oper-
ation, while large steam generators use stacks mairly for
flue gas disposal, with draft production for emergency oper-
ation without the fans a secondary consideration. As a mat-
ter of fact, most large steam generators are completely in-
capable of being operated without the induced draft fan.

A stack produces draft because the hot gas inside is
less dense than the air outside. The draft produced by a
stack is proportional to the height of the stack and to the
difference in density between the outside air and the flue
gas, or (allowing for friction in the stack)

1 p £ H2 T
ho=0.254 BHE (-2 -0 EC&-1)
T, T, D; T,

where: h = draft produced by stack, in. water
B = barometric pressure, in. Hg
H = height of stack above duct inlet, ft
Ta = outside air temp, deg R
Tg = arithmetic, mean gas temperature, deg R
p = density of gas, lbs/cu ft
D, = inside diameter of stack, ft
f = a friction factor
= 0.0013 for steel stacks
= 00,0018 for brick-lined stacks

It will be seen that, if given a certain draft to be
produced, both stack height and diameter will be unknown, but
if the first term on the right hand side of the equation is
solved the minirum stack height will be obtained. Then the
dimensions can be determined by trial with due consideration
to stability of self-supporting stacks and to economy of
construction. As a general rule, a guyed stack can be de-—
signed for maximum economy, a condition that is obtained
when the product of the height and diameter is at the mini-
mum, Self-supporting stacks must be designed to give maxi-
mum economy within the range of stability, a condition wshich
will be met when the ratio of diameter to height is between
C.03 and 0.08 and the product of diameter and height is near-
est to that for maximum economy. PFigures XIII-1C and XIII-11

show two common t%?es of power plant stacks , &nhd Example 34
shovws the method of calculating stack dimensions.
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Example 34,

Petermine the most economical dimensicns for a brick
stack to produce a draft of 0.€ inches of water for the

boiler of Example 33. Barometric pressure is 0 inches of
mercury and ambient temperature is 90 F.

Solution:

For a first approximation of the height,

1 1
0.6 = 0.254 —_ - =
6 = 0.254(30) H (550 760)

H . = 156 ft

man
Then, by trial in the equation for stacks':

2
0.6 = 0.00384 H — 0.0000226 %—

1

" 160 170 180 190 200
D, 38.6 12.23 8.0 6.3 5.4
HD, 6180 2090 1448 1192 1C70
P;/H .241 0.072 0.045 0.023 C.027

It is apparent that the product HD; is still decreasing
at a stack height of 200 ft. From the standpoints of econ—
cny and stability, the best choice would be the 6.3 ft dia—
meter by 190 ft tall stack.
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CHAPTER XIV

SUPERVISORY AND CONTROL EQUIPMENT

100. Every power plant contains a great variety of in-
struments and equipment for indicating, recording and con-
trollirg the performance of the plant in many details. The
various instruments and controls may be divided into class-
ifications as to the variable, such as temperature, pressure,
speed, fluid level, combustion conditions, chemical charac—
teristics and fluid flow.

10i. Temperature--Temperature may be indicated by mer-
cury thermcometers, bourdon tube thermometers, thermocouples
or electric resistance thermometers. In addition, all of
these devices, excert the mercury thermometer, may be made
to control temperature by means of secondary devices such as
valves or switches and may be made to record the temperature
with relation to tire. Figures XIV-1 through XIV-5 show

some of the many temperature devices which are used ir power
plants.

Ma

Sersitivity adjustrrent

Link

[
Flapper =\

WNoxzle

Set porrters.

wff
¥

Orr-off
cortrol urit

Dioptiragm valve -

(Power) (Power)
Fig. XIVv-1, Industrial Fig. XIV.2, Air operated

mercury thefmometer. temperature control.ler.

102, Pressure=-Ffressures may be indicated by manoreters
usirg varicus fluids, bouvrdon gages or diarhragm gages, de-—
pending upon the pressure range to be covered. The ranges

249
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iy
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(Power )

rFig. Xiv-3. Bourdon
tube thermometers.

(Power) (Power)
rYig. Xiv-4, Electric- rig. XIiv-S. Thermocouple
sl resistasnce temperas- temperature potentiometers,

ture bridge.

of usefulness of these various tyres overlap somewhat, but
in general, manometers are used for indicating pressures in
the range frow 0.001 inch of water to 1CO inches of mercury;
diaphragm gages for indicating, recording or controlling
pressures inr the range fror C.0l1 inch of water to 10 pounds
per square inch; and bourdon gages for indicating, record-
ing or controlling pressures in the range from one pound per
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square inch to the maxinum obtainable. Figures XIV-6 through
XIV-10 show some of the instruments of this class.

Fig, Xlv-6,

Her-

cury masnometers.

“Roaucing and re/iaf valve

Fig. XIV-8.
pressure

Ale
eontro

epe
1le

(Power)

rated
[

Pig. XIV-17. Bourdon tube
pressure goges.

Fig. XIv.9, Inclined
draft gage.

(Povct{

Fige XIV-10, Dias-
phragm dreft gege.
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103. Speed=--The most common speed controlling deviqe is
the centrifugal flyball resisted by a spring, as shown in
Figure XIV-11. The racial motion of the flyballs may be
transferred to a throttle valve for controlling the speed of
a turbine or engine within predetermined limits. A change
in speed is always necessary to actu-
ate the controllirg device, there-—
fore flyball governors have regula-
tion characteristics as shown in Fig-
ure XIV-12. Since turbo—generators
or engine—generators are constant
speed apparatus, it is necessary to
provide a device for readjusting the
flyballs to a new load position.. This
device is arranged to adjust the gov—
ernor spring tension or the throttle
valve position, either locally or re-
motely by manual or automatic means.

(Power)

'l:;.flzg:l'4‘5112'll The hydraulic governor is found
1] - .
scting. on certain makes of steam turbines and

. consists essentially of an oil pump
on the turbine shaft which produces a pressure which is pro-
portional to speed in the same 1elation as with a flyball
device. The pressure produced by the pumpr is resisted by a
spring which has a load adjustment as in the flyball type of
governor. A governor of this tyre is shown in Figure XIV-13.

SE\| )\

H

f

S Govermor position
o rated position

Governor travel

(Power)

rig. Xiv-.1a, Governor charmcteristics.

The direct acting flyball or hydraulic governors are
satisfactory for small turbines or engires of not more than
a few hundred kilowatts caracity, but in larger sizes the
governing forces are not sufficient to operate the heavy
valve gear. To overcome this difficulty, hydraulic relays
of various kinds are used to amplify the governor forces.
Figures XIV-14 and XIV-15 show two of these relay systems.
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Fower cylinder — . _ _

Prlot volve
= S

Lute ol || Tork

(Power ) (Power)
Figs XIV.-13., Hydreulic Fig. XIv-14, Flyball
governor, direct sacting. governor, rtelayed.

Turbine shaf?

"(Power)
Fig. XIV-1lS, Hydrsulic governor, relayed.
104, Flui¢ Level--Fluid level instrumerts very frequent-

ly contain floats whose mction is transritted to irdicatirg,
recording or controlling devices. The float type of instru-
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ment is applicable to any pressure or level range for which
a suitable float system can be devised. Figures XIV-16
through XIV-20 show several of the float type of fluid level
instruments.

(Strong, Carlisle

(Mason-Nielan & Hammond Co.)
Reg. Co.) Fig. XIV.19,
Open
Fig. XIV.17, Float
controlled feeder., bucket trap.

\L‘i"
il J

(Bailey
Meter Co.)
(Power) -
. XIV.16
;izlor w-to't FPig., X1V.18. (Atmstrong
level Flost controlled Mechine
tecorder. dresiner, Works)
s . . Pig. XIV-20.
Fluid level in boilers may be contrcl- Inverted
led by float types cf irstrgments, but it bucket trap.

is much more usual to employ a thermostat-

ic device or a thermohydraulic reguvlator. The first, shown
in Figure XIV-21, utilizes a long irclined rolished metal
tube connected at the bottom end to the water space and at
the top end to the steam space of the boiler. The tube is
arranged with a bell crank and lever so that any change in
length of the tube will be reflected as a change ir water
control valve position. As the water level in the boiler
falls the tube lengthens, because the steam in the upger
part of the tube has a higher temperature than the water in
the lower rart of the tube. This lengthening of the tube is
employed to cpen the water control valve. A rise in water
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level causes a
reverse acticn.
These regulators
have a falling
water level char-
acteristic with
relation to boil=-
er load, and the
operating limrits
may be too wide
for rodern steam
generators which
are extremely
sensitive to
water level var-
iations (with
respect to steam
quality). In
these cases a Fig. XIV-21. Thermostatic

second element feed-water regulator.

which contains a

spring loaded diaphragm is connected to the regulator in such
a way that the ressure drop across the surerheater is used
to modify the thermostatic tube characteristics to mairtain
the water level withir closer limits over the load range.
This modification is shown in Figure XIV-22, and a hydraulic
or air relay may be vused to cperate large valves.

(Northern Equipment Co. )

1
QSRR
i
(Northern Equipment Co.)

Fig. XIV-22, Two-element

thermostatic
feed-water regulator.
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The thermohydraulic boiler
water level control employs an in=-
clined tube sirilar to the thermo-—
G static regulator except that it is

- surrounded by a jacket with heat
radiating fins. The jacket is con-

. nected by tubirg to a diapbhragm type
- water control valve. The generator
2. Jjacket, connecting tubirg and dia-—
:: rhragm charber are completely fill-
;: ed with water so that any Zecrease
<z in water level in the boiler will

4 result in an increase in pressure

- in the generator jacket and an open-

Fig. XIV-23. Thermo- ing action in the water control

hydraulic feed-water

regul ator. valve. This type of regulator is
shown ir Figure XIV-23. 1Its char—

acteristics are similar to those of the thermostatic type.

to

A third element, sensitive to water flow, may be added
the two—element regulator to coordinate water flow with

steam flow and water level for smoother operaticn on rapid
load changes, as shown in Figure X1IV-24.

in

s .

3oLLN XD waTDe
THIOUGK ECONORZER

[l v v
[T7] saromareo srean
B suromcars srean
(Northern RBEquipment Co .)
F XIV-24., Three-element

ige
thermostetic feed-water
tegul ator.

105. Combustion--Some of the most valuable irstruments
rodern power plants are automatic combustion controls
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which relieve the fireman fror the necessity of manually
controlling fuel and air flcw, and which, incidentally, dc a
much better job than any human fireran could possibly do.
Combustion controls are available for the smallest boiler

as well as for the largest steam generator, and they will
pay for therselves from fuel savings ir a relatively short
time.

A1l combustion controls for boilers or steam gererators
operate to maintain a constant pressure at the turbire throt-
tle by verying the fuel and air supplied to the furnace. In
addition, some controls have an element which mairntairs a
constant draft in the furnace. PFigures XIV-25 through XIV-27
show simple modulating or positionirg electric controls for
application to various fuels in small boilers. Large steam
generators employ elaborate controls which reter fuel and
air flows in exact relation to each other and to load. Some

I
b .

o

STEAM PRESSURE
REGULATOR

f

M)

-
L L : ' -0l CONTROL

DYPASS

.»_‘._J —
(Brooke Bngineering Co.)

Fig, XIV-32S8. Modul ating oil burner control.
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of these control systems are shown in Figures XIV-28 through
XIv-31.

(Leeds & Northrup)

Fig. XIV-26. Modulating gas burner control.

106. Cherical Characteristics--Chemical characteristics
of water in power plants are often controlled or supervised
by electrical instruments. The chemical characteristics
which are useful as control variables are pH and electrolytic
conrductivity. pH can be controlled in preciritation water
softeninrg because the pH of the water is affected by the
softening chemicals. Electrolytic conductivity is most oft-
en used as a variable for operating alarm devices for sig-
rallirg cortamination of condensate by condenser leakage or
faulty evaporator operation. Figures XIV-32 through XIV-34
show some of the instruments used for these purposes.

107. Fluid Flow=-The most common fluid flow measuring
devices utilized in power plants are nozzles and orifices
with various types of secondary elements for measuring and
recording the pressure differential produced by the prirary
element in terms of flow units. Figures XIV-35 through
XIV-39 show some of the more common prirary and secondary
head type flow measuring devices.
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STOKER CONTROL )

STEAM PRESSURE FURNANCE DRAFT
REGULATOR  _ REGULATOR |

E

e (O
o

(Brooke Engineering Co.)

Fig. XIV-27. Moduleting stoker control.

SIGNAL

7

115 V, A C. SUPPLY

TANK

OR

~ PROBE |em L~ VAT
- A

b

7
SENSITIVITY

ADJUSTMENT

(Photoswiteh, Inec.)

FPig. XIV.34, Conductivity alarm.
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Some special flow measuring applications make use of

fluid meters of the disc or vortex types, as shown in Fig-

ures XIV—40 and XIV-41. Rotameters, one of which is shown

in Figure XIV-42, have a float which rises inside a tapered

tube in proportion to the flow.

<)

Co

Meter

(Ne;\tune

XIV-42.
ft) Rota-

Xiv.41,
er.

Fig., XIV-40.
(atove) Disc
fluiéd meter.
Fige
(right) Vor-
tex fluid
meter.

13

e

t

&
Co.)

(Fischer
Porter
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CHAPTER XV
THE COMPLETE POWER PLANT

108, The design of a power plant, it has been seen, in-
volves the integration of many pieces of equipment into a
whole system which must meet exacting economic requirements
as well as requirements for reliability and ease of oper-—
ation. The steps in the design of a power plant are essen-—
tially as follows:

1. A study of present and future load requirements.

2. A study to determine the best possible location
for a new plant or for an extension to an exist-—
ing plant in a system.

3. A study of cycle types and arrangements to reveal
the most economical soluticon for the operating con-
ditions.

4. Selection of the major equirment to fit the cycle
decided uron.

5. Making a preliminary layout of the plant and ana-
lyzing it from the standpoint of ease of operation
and economy of floor space and building volume.

6. Making a firal layout of the plant and writing spec-=
ifications for the minor equirment.

Some of these steps may be transposed, or several may
be carried on simultanecusly. It is always true that subse-—
quent discoveries may invalidate some of the conclusions
drawn in earlier steps, thus requiring modifications. The
final design should be the result of exhaustive analysis and
detailed study from all standpoirts.

After the cdnsulting engireers have completed the de-—
sign of the plant their function is limited to aidirg in the
analysis of bids for equipment and supervising the construc-—
tion and initial operation of the plant. 1In some cases,
esrecially with municipal projects, they will aid in secur-
irg the firancirg of the project.

109. Details of Design--The actual details of the de-
sign of a power plant are so volumirous that it is impossible
to deal with even a small part of them in a text on funda-
mentals. Frobably the best way for a student to gain some

nec
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insight irto the process of power plant design is to examire
very carefully the design of actval plants, both ir the
field and from drawings, tryirg to determine the reason for
eich detail in the light of his knowledge of the fundament—
als.

In crder to show some of the multitude of design de-
tails, a portion of a set of power plant drawings is given
in Figures XV-1 through XV-6.

It will be seen, from an examination of the complete
power rlant, that the mechanical equipment falls into sever-
al major groups, correspondirg somewhat to the chapter head-
ings in this book, as follows:

1. Prire movers.

2. Condensers, feed-water heaters and evaporators.
3. Steam generators and auxiliaries.

4. Fipirg and duct-work.

5. Water handling equipment.

6 Fuel handlinrg equirment.

7 Draft equirment .

8. Superviscry and control equipment.

Another mrethod of grouping the equipment would be as
follows:

1. Prirme mcvers.
¢. Lubricatirng oil system.
b. Gererator cooling system.
c. Shaft gland sealing system.

2. Condensers.
a. Condensate pumps.
b. Circulatirg water purps.
.c. Vacuum punmps.

3. Feed-water heaters and evapcrators.
a. Drair rurps.
b. Evaporator feed pumps.

4. Boiler feed system.
a. Boiler feed pumys.
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SECTION A-A

———r—rr—r—r—
O 510 1S 2025 50 35 40 FT

SECTION D-p

~TrrTTTTTYTTTTTTY
© 5 1052026303540 FT

Fig.

Plant No. 2.

Power

Florida,

Jactrsonville,

of

City

Xv-4.
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b. Ffurge tanks and pumps.
c¢c. Feed-water regulators.

5. Steam generator.
a Boiler and furnace.
b. Superheater.
c. FEconorizer.
d Air heater.
e Fans and stack.

6. Fuel system.
a. Fuel o0il pumps or coal conveyors.
b. Fuel oil heaters or coal pulverizers.
c. Burners.
d. Ash disposal.

7. Piping and duct-work.
a. Circulating water system.
Condensate system.
Boiler feed system.
Steam system.
Service and fire protection water system.
Lubricating oil system.
Fuel oil, fuel gas or coal system.
Air ducts.
Gas ducts.
Compressed air system.

e M Hh RO T
. o . .

8. Water surply.
a. Condenser cooling system.
b. Boiler feed makeup.
c. Service and fire protection water.

9. Fuel supply.
a. Unloading facilities.
b. Storage facilities.

110. Power Plant Buildings--In past years the aim of
power plant architecture was to give the impression of power
and stability. This aim resulted in buildings that were
much too expensive for their primary purpose of sheltering
the power generating equipment. The last ten years has prov-
en the ascendency of functional power rlant architecture in
the acceptance of the semi-outdoor and outdoor plant.

In the semi-outdoor plant more or less of the steam
generating equipment is left exposed to the weather (with
weatherproof casings) and the turbire equipment and boiler
operating stations are completely sheltered. The outdoor
power plant is just what the name implies, except that a
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shelter is provided for the boiler and turbine orerating
stations.

At yresent, with few exceptions, in plants which are
designed for comrlete shelter, as well as for semi-outdoor
installations, the buildings are made as inexpensively as
possitle in order to reduce the carital outlay to the mini-—
mur. Frobably the cheapest type of power plant building
constructicn (but not unattractive with prorer treatment)
makes vse of corrugated asbestos—cement sheeting fastened to
a structvral steel frame. This construction is fire resis—
tant and weatheriroof, and has the additional advantage of
beirg easi1ly modified for expansion in any direction.

Figures XV-7 through XV-15 show sone views of power
plants of the varicus tyres of constructicn.

‘(Florida Power & Light Co.)

Filg. Xv-7. Semi-outdeot plant, exterior.,
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(Long Island Lighting Cos )

Flg. XVe8, Semi-autdoor plant, exterionr,

Seecne s Ol Eamand
Fige XV-9. Sewri outdoor plant, interior.
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Flegs Xv.10,
(ri(htz Out- &
dootr plant,

exterior,

Co. )

Electric

(Centrel Louisisna
. s it

Fig. Xv-11.
(left) Oute
door plant,
exteriorT.




TH

(Philadelphia Flect

Enclosed plant, exterior.,

(Los Angeles Dept. or matve: & Power)

Fig., XV-14. Enclosed plant, interiore.
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(Fairmont Cosl Bureasu)

Fig. XV-15. Enclosed plant, interior.
BIBLIOGRAPHY

Fargo, W. R., "Architecture as a Pactor in Plant Design,"
Pomer Plant Engineering, April, 1931.

Sanderson, J. C., "Power Plant Substructure Problems,"
Transactiomws A.S.¥. k., Volume 51, 1929,



FUNDAMENTALS OF POWER PLANT ENGINEERING 279
PROJECT IV

1. Specify the head, capacity and motor size for the
following pumps (assume ordinary entrances and exits):

(a) Circulating water: No static 1lift.
(b) Condensate: Static lift 40 feet.
(c¢) Boiler feed: Static lift 20 feet.

2. The analysis of the raw water for makeup is: Cal-
cium bicarbonate, 150 ppm; magnesium bicarbonate, 85 ppm;
calcium sulphate, 650 ppm; magnesium chloride, 30 ppm; sodium
chloride, 60 ppm. How much 90 o/o hydrated lime, 95 o/c
soda ash and 96 o/o filter alum (using 8 ppm) would be re—
quired per thougsand gallons of water to soften the water by
the cold process, leaving a residual hardness of 50 ppm as
calcium carbonate?

3. Estimate the draft and pressure losses in the air
and flue gas circuits of the steam generator, and specify
the capacity, pressure and motor size for the following fans"
(a) Forced draft: Backward curved blades.

(b) 1Induced draft: Forward curved blades.

4. Calculate the dimensions of the most economical
brick stack to produce a draft of C.5 inches of water. Am-
bient temperature 9C F and barometer 298.5 inches of mercury.

5. Make a prelimirary plant layout drawing.

Note: The preceeding calculations apply to the power plant
of Projects I, II and III.



CHAPTER XVI
ECONOMICS OF LOAD DIVISION

11l In the intelligently operated power plant or power
system the efforts of all operating and supervisory person—
nel are bent toward the production of power at the least
possible cost. To a large extent the economy of operation
is affected by the manner of division of load between units
ir a plant and plants in a system. It is the purpose of
this chapter to discuss briefly the theory of the increment-
al rate method of load division and to show some of its app-
lications.

112, The Incremental Rate Theory--The theory of incre-—
mental rates postulates that each succeeding block of load
should be thrown on the plant or machine which exhihits the
lowest incremental rate (slope of the input—cutput curve),
regardless of the absolute efficiency of the machire or
rlant. This theory contradicts the widely held opinion that
the most efficient plant or machire should be loaded fully
and the less efficient plants or machires used to supply the
balance of the demand. According to the ircremental rate
theory, this opinion is truve only in the special case in
which the ircremerntal rate of the most efficient plant or
machine is always less than that of the less efficient plant
or machines. The theory can be substantiated by a very
simple demonstration, as follows:

Figure XVI- (a) rerresents the input—output curves of
two machines, A and B. For simplicity these curves are made
parabolic so that equations for them can be differzntiated
algebraically to obtain the equations of the incremental
rate curves. It is not necessary to the theory, however,
that the curves be capable of being expressed in the form of
simple equations because any curve can be differentiated by
graphical or tazbular methods. The input-output curves A and
B can be exrressed as!:

I,=17 + 0, + 0.1 0%

1, =6 + 0, + 0.1F 03

4

where: I and O = input and output in
any desired units
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The incremental rates for A and B are plotted in Figure
XVI-1 (b), and can be expressed as'

a1 _ _

TR, = 1+0.20,
a

91 ~

-(-]T)j- = RD =14 0.2 00

Exarination of the
4C curves cf Figure XVI-1 will
reveal that while machire B
has a greater absolute eff-

35 1’ iciency than machire A at
any load, the incremental
rate is also greater at any

30 / y load above zerc lcad. This

A ///’ l/// indicates that additional
5 e /
=3
&2 / 24
- a”/’ 3/ & E//
15 ~ 3
/ ] /A
b ’//””’,f
10 // £ 2 =
°
y”// o ””‘
=
5 A1
0 0
0 2 4 6 8 10 0 2 4 6 8 10
Output Output
(a) Input—output curves (b) Incremerntal rate—

output curves

Fig. XVI-1, Machine operasting characteristics.,

blocks of load, according to the theory, will be handled at
greater efficiency by rachire A thar by machire B.

{13, Division of Load~-A correlary to the requirerert
that succeeding blocks of load be suprplied by plants or mach—
ines with the lowest increrental rate is that, for maxirum
overall efficiency, all plants or machines must be loaded to
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the point at which the increrental rates are equal. This
correlary can be substantiated by a simple demonstration,
using the data for the machines of Figure XVI-1, as follows:

Suppose it is desired to prcduce a total output of 14
with machire A and machine B running together. Without re-
gard to efficiency, it would be possible to obtein this out-
put with an infinite number of combinations between 1C on
one machine and 4 on the other. However, examination of the
following table will show that one combination alone will
produce an output of 14 with a minirum input. By interpola-
tion the minirum total input is found tc be at an output of

Output Input

A 3 A B Total
10 4 37.0 12.4 49.4
"] & 34.1 14.8 48.9
8 6 31.4 17 .4 48.8
7 7 28.9 20.4 49.3
6 8 26.6 22.6 50.2
IS 9 24.5 27.1 51.6
4 10 22.6 21.0 ©&3.6

§.8 from rachire B and 8.2 from rachire A. Examination of
Figure XVI-1 (b) will show that the incremental rates for
both machines are 2.€4.

114, Loading Schedules--It is now possible to demon-
strate the derivation of loading curves or schedules for
maximur econcmy. The trend of loading of machines A and B
of the previous discussion is such as to bring machine A to
its maxirum load first, and the load on machine B at which
this occurs can be shown graphically by corbination of the
incremental rate curves of Figure XVI-1 (b), as shown in
Figure XVI-2. Beyond this poirt machire B will supply the
additional load to full plant capacity.

115, Applications of the Incremental Rate Method--The
term "machine" has been used rather loosely in the previcus
discussions to indicate that the incremental rate theory is
applicable to any piece of apparatus or collection of appa-
ratus for which input—output curves can be drawn.

Input—output curves for turbires may have shapes simi-
lar to those shown ir the previous discussions, or they- may
be of a variety of other shapes and slopes depending upon
the valve arrangement, variation of efficiency with load and
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Increrertal Rate

c

C 2 4 (<] 3 10 12 14 16 18 20
Output

Fige XVI-2. Plant losding curve,

the auxiliary power requiremerts. However, no ratter what
the share, the basic theory is applicable to determination
of the best load division.

The preceedirg rerarks arply equally well to steam gen—
erators. Input—output curves can be derived fror steam gen-—
erator efficiency data and the incremertal rate curves de—
rived in turn from the input-cutput curves.

For the purposes of the system load disratcher, the
plant loading curves can be integrated to give plant input-
cutput curves. These curves will be of use ir deciding upon
the system loadirg schedule. The plant loading curve of
Figure XVI-2 was based uyon the operation of twc machires at
all times, however, due tc the better absclute efficiency of
machine B, best eccrncny would dictate tke use of machine B
alone up to a plant load of 1C. At this lcad machine A
would be brought on the line and the load divided between
the two machires. Figure XVI-3 shows the plant loadirg
curve replctted on this basis. This curve can be integrated
ir three rparts: fror zero to 10; fron 1C to 1€,7; and fror
16.7 to 20. The equations are:
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W o
[
(=)

10 7- 22 4 0+ 0.06 02
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28.7= 48 — 2 0 + 0,15 O%

The plant irput-cutyut curve is then rlotted as

Figure ¥VI-4.

shown in
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CHAPTER XVII
DIESEL-ELECTRIC POWER PLANTS

116.The l'iesel engire is at the present time the most
efficient machine (with the exception of the mercury-steam
birary vapor cycle) available for the conversion of the en-
ergy in fuel to a vuseful form. It is most unfortunate that
the engires are limited in size to about 7000 horsepower.
As mertioned in Charter I, power plants with capacities up
to about 7500 kw capacity may well contain Diesel engines,
but above this capacity the steam turbine is supreme.

The Diesel engine takes its name fror its inventor,
Rudolrh Diesel, who patented an engine in 1892 which was
supposed to operate on the Carnct cycle. However, practical
difficulties and development over the years has led to the
modern ['iesel engire which ray be made to operate on the
twc—stroke or the four—stroke system. By far the greater
nurber of moderr I'iesel engires operate on the two-stroke
system because of the greater simplicity of the engine.

117, Two-Stroke Diesel Cycle--The two-stroke Diesel
cycle, as the nane implies, requires twoc strckes of the pis-
ton to complete a cycle. Referrirg to Figure XVII-1, it can
be seen that with the piston at the bcttom of the cylinder

2-STROKE CYCLE—~ONE POWER STROKE TO EACH FULL REVOLUTION

(Power)

Fig. XVII-1. Two-strtoke Diesel cycle.,

scavenging air is blown in at cne side of the cylinder and
cut at the other side, rurgirg the cylinder of exhaust gases
and charging it with fresh air. As the piston moves upward
the scavengirg and exhaust ports close and the air is com-—
pressed. When the piston reaches the top of its travel the

2RA
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air temperature has risen to about 800 F, which is sufficient
to cause ignition of the charge of fuel which is sprayed in-
to the cylinder through an injector. The combustion of the
fuel causes a further increase in temperature and the piston
moves downward doing work. Sometimes the mechanical details
are changed to employ a poppet valve in the cylinder head

for the admission of scavengirg air or for exhaust. Figure
XVII-2 shows a fuel injector and Figures XVII-3 through
XVII-5 show soveral two-stroke engines.

118, Four-Stroke Diesel Cycle--In this cycle, referrirg
to Figure XVII-6, the first downward stroke of the piston is

used for drawing in a charge of air through a poppet valve
in the cylinder

head. In the up-
ward stroke the
air charge is com—
pressed. At the
end of the com-
pression stroke
the fuel is spray-
ed into the cyl-
inder through an
injector and the
pieton moves down-—
ward on the power
stroke. At the
end of this stroke
the exhaust valve
in the cylinder

——

‘u

NIRRT N 8

NN

Cylinder fills  Delivery begins  Byposs begins Bottom postion

(Power )

(Nordberg Mfg, Co.)

Fig. XVvIii-.3 Large low
Figs XVIY-2, TFuel injecter. ":'d two-siroke engines
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(Gnnot-l Motors Corps)

(Fairbaenks, Morse & Co.) Fige XVII-S5. High speed
Fig. XVII-4. High speed V-type two-stroke engine,
opposed piston
two-strove engine.

4. EXHAUST
With exhoutt

4-STROKE CYCLE—~ONE POWER STROKE TO TWO FULL REVOLUTIONS

(Power)

Figs. XVI1-6, Four-stroke Diesel cycle.
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head opens and on the upward stroke the exhaust gases are
discharged from the cylinder. It would arpear that the two-—
stroke engine would produce twice as much power for the same
engine dimensions and speed as the four—-stroke engire, but
this is not true because the four-stroke engine has a much
greater volumetric efficiency as an air compressor. Actual-—
ly, the power prcduced per cylinder is alrmost the same, but
the two-stroke cycle engire is preferred because of its
greater simplicity. PFigures XVII-7 through XVII-9 show sev-
eral four-stroke cycle engines.

(Neational Bupply Co.)

(lnlor-oll-a-nd Co. )

Fig. XVIy.7. Medium speed Fig. XVII-8. Medium speed
four-stroke engine. four-stroke engine.

119. The ldeal Diesel Cycle~--The ideal liesel cycle,
shown ir Figure XVII-1C, corsists of a constant pressure
addition of heat fror A to B; an adiabatic expansicn from B
to C; a constant volume rejection of heat from C to D; and
an adiabatic compression fror I to A. The efficiency of the
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ideal cycle can be expressed
as follows:

e =1 1 R" - 1
t, ® -1 (n[R - 17)

where: r = compression ratio,

Vd/Va (15 to 18)

R = fuel cutoff ratio,
v,V
n = polytropic exponent

If n is given a value of 1.4,
which would represent the

adiabatic value for air, the
efficiency obtaired from the

(Yosthington Punp
& Machinery Co.)

Pig. XVII-9, Medium speed
four-stroke engine.

Pressure

equation would

c be called the
air standard
efficiency. Act—

E &€& r tually, the val-
ue of n averages
about 1.35.
Volune
Fig. XVI11-10, Tdes! Diesel cycle. The two-—

stroke engine

will follow the
shape of the air standard quite clcsely except for the dif-—-
erence in the value of n. The four-stroke engine, however,
will exhibit a negative work loop DED due to losses in dis-
charging the products of combustion and drawirg in a fresh
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air charge. The departure of n from the adiabatic value is
due to the necessity of providing the cylinders with water
jackets to prevent overheating.

120. Supercharging--The power output of Diesel engires
can be increased by providing means for forcing more air in-
to the cylirders, which in turn wmakes it possible to burn
more fuel. The prccess involves increasing the initial air
pressure, and the term applied is 'supercharging. Several
systems of supercharging are used, as follows:

1. Positive displacement blowers or compressors.
a. Direct connected.
b. Motcr driven.

2. Centrifugal or axial compressors.
a. FExhaust gas turbire driven.
b. Direct connected.
c. Motor driven.

The advantage of the supercharger lies in its ability
to cause an increase 1in power of the engire which is greater
than the power required to drive the superchargeér. As a
matter of fact, supercharging is necessary for any Diesel
engine when it is operated at considerable distances above
sea level because of the decrease in atmospheric pressure
which results ir lower reak cylinder rressures. The de-
crease in power of an unsupercharged engine with increasing
altitude is such as to cause the engine to have only 70 per
cent of its sea level power at 8000 feet and 650 per cent at
14000 feet. Figures XVII-11 through XVI1-12 show several
types of supercharger and scavenging blower.

121, Diesel Engine Eff-
iciencies~--The thermal eff-
iciency of most Diesel en-
gines will be about 30 per
cent, and the heat balance
will be about as follows:

Shaft output 30 o/o
Cooling water 30 o/o
Exhaust gas 30 o/o
Friction, radiation
compressor 10 o/o

(Pewer)

A rot inconsiderable
item ir the operation of a Fig. XVII-11. Positive

Diesel engine is the lubri- displascement blower.
smtint Ai1l anAanAmv Tabri-
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(Power)

Fig. XVII-12,
Reciprocating
scavenging pump.

122, Diesel
Engine Auxiliar=-
ies~~The auxili—
aries for a Diesel
engine installa-
tion ray be placed
in several class—
ificaticns, as
follows:

Fig,

cating oil will be consumed
becmause at each combustion
the lubricating oil film
burns from the cylirder
wall. Figure XVII-14 shows
some data on fuel and lub-
ricating oil ecoromy for
MNiesel—electric plants.

Power cutput is di-
rectly prorortional to
speed, so that high speed
engines will be more eco—
nomical of space for a giv-—
en output than will low
speed engires. However,
high speed engines (6CO0 to
1200 rpm) have shorter
lives and require higher
grade fuel oils (number 2
or 3), so that a careful
economic analysis with re—
srect to expected life and
cost must be made before
deciding upon the particular
type of engire for any given
irstallation.

(Ell1iot Co. )

XVII-13. Exheust gas turbine
driven centrifugal blower.



DIESEL-ELECTRIC POWER PLANTS 293

28CC
—~ r414 I P
© / s I
w2400 o o >
= 12 Y
2 . 8 AV
22000 . _ B =
< 2/ <10 ALse .‘A.q
£ 1e00 4% ‘A o2
@ Y w B8 VAW O
w 7 e ©u /| 4
o / S fe)
12C0 > & 17
15 4 +° - e N
o A oL 6 /
’
) ’ L hy
> d et A> 4
/
S T p ot~ 3 Q/
£ 400 ,; L g 2
o /| A -7 o
5] T P =
N =

«: C
0 20 40 €C 8C 100 ¢ 2C 4C 6C 80 100
Plant Capacity Factor, per cent

(a) Lubricating oil (b) Fuel oil
econony economy
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Pig. XVII-14, Diesel engine fuel
apd lubriceuting o0il economy.

1. Fuel o0il system.
2 Lubricating oil system.
3. Coolirng water system.
4. Air intake system.
5. Exhaust system.

€. Sterting air system.

Figure XVII-15 shows the arrangement of the various
systems in relation to an engine. The systems can be de-—
signed in accordance with the fundamertals of fluid flow
rresented elsewhere in this book, but especial attention
will have to be given to the air intake and exhaust systems
ir order to avoid conditions which would lead to resonarce
in the ducts.
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(Power)
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Diesel engine suxitiarses.

Fig, XVI1-1S.

Tran



CHAPTER XVIiI1I
HYDRO-ELECTRIC POWER PLANTS

123. Hydro—electric power plants can be classified in
two ways, as follows:

1. Water impoundment volume.
a. Storage rlants.
b. Run-of-river rlants.

2. Head on turbines.
a. High head (over 500 feet).
b. Medium head (50 to 500 feet).
c. Low head (under 50 feet).

The impoundment volume will affect the amount of power
available at any particular time, that is, the storage plant
will be able to supply a swinging load with little or no
water loss, while the run-of—-river plant operates best on
base load status (the base load, of course, varying with
seasonal stream flow). The head available will affect the
choice of type of prire mover. High head plant's character—
istically use small water volumes and high rotational speeds
with impulse tyres of turbines, while medium ana lozx head
plant's use larger water volumes and lower rotational speeds
with reaction type machines. Any of the types are available
in sizes from 75C to 75,000 kilowatts capacity.

124, Impoundment Methods--Any hydro-electric plant will
require a dam which may be high or low depending upon the
topography of the dam site and the surrounding water-—shed.
Fach case is unique and requires its own solution.

High dams (over 100 feet) may be of the arch type or of
the gravity type. The arch dam depends upcn the shape of the
dam to transfer the water load to the enclosing rock walls
which serve as abutments. Hoover LCam on the Colorado River
is of this type. The gravity dam depends upon the mass of
the dam itself to resist the water load and the enclosing
rock walls merely serve to confire the water laterally.

Grand Coulee Cam on the Columbia River is of the gravity
type. The TVA system contains both types of dams.

Lon aams (under 100 feet) are usually of the gravity
tyre and may be of masonry construction, as with high dams,
or they may be of earth fill with cores of rock, clay or
concrete.

295



296 FUNDAMENTALS OF POWER PLANT ENGINEERING

Figure XVI11-1 shows a corcrete arch dan.
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125, water Storage--The rurn—of-river plant requires
little or no inyoundmert volume and the essertial inforra-
tior for estirating the rower carabilities of the site carn
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be obtaired from a river flow duration curve. The flow dur-
ation curve can be constructed from a hydrograph, which is
similar to an electrical locad curve. Figure XVI1I-2 shows a
river hydrogragh, and Figure XVIII-3 shows the flow duration
curve derived from it. The mirimum power available and the
yearly power cutput can be estimated from these curves.
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Fige XVIII-2. River hydrogreph.
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Fige XVIIiI-3. River flow duration curve,

The storage plart makes use of a river mass flcw curve
ir which curmulative water—shed runcff is rlotted versus time
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during the year. Such a curve, derived from Figure XVI1I-2,
is shown in Figure XVIII-4. Using this curve it is possible
to estimate the maximur possible sustained flow to base load
turbines by calculating the slcpe of the line drawn tangent
to two similar yearly peaks (A and B in Figure XVIII-4).
Wherever the slope of the mass flow curve is less than that
of the tangent, the reservcir level will be decreasirg, and
vice versa. The total impoundment volume should be suffic-
ient to maintain a minimum head on the turbines when the
reservoir level is at its lowest, which would be at point C.
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Month

Fige. XVIII-4, River mass flow curve.

126, Hydraulic Turbines--The hydraulic impulse turbire
is similar to the steam impulse turbine in that all of the
pressure drop takes place in the nozzles. If it is assumed
that the initial velocity is zero, the jet velocity is
(assumirg a perfect nozzle):

V = J/2¢8 = /2¢(P, = P,)v

where: V = jet velocity, ft/sec
H head at jet inlet, ft of water
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F, and F, = jet inlet and outlet
pressures, lbs/sq ft
v = specific volume of water, cu f£t/lb

The power in the jet is':

MH _ M(P, - Py)v
8EC £50

why

where: M = water flow, lbs/sec

but due to the fact that it is not possible tc slow the jet
down to zero velocity, and due to mechamrical friction, the
shaft horsepower will only amount to about 85 to 90 per cent
of the jet horsepower. The impulse turbine is for very high
head developments (over 900 feet) and operates at speeds be—
tween 300 and 400 rpr. Figure XVII1-7 shows an impulse tur—
bire runner of the 'felton tyre with its needle nozzles. Two
of the runners are overhung on one generator and the nozzles
are so arranged that one per runner is the power nozzle and
identical nozzles are used for surge relief. That is, as
the rower nozzle closes on a load decrease the relief nozzle
opens an equal amount and then automatically closes slowly
to rrevent surges in the penstock (which is the nare given
to the pipe which delivers water to the nozzles fror the
reservoir. As an extra safety measure, the penstocks are
equipped with surge tanks near the turbires.

For heads between €5 and 900 feet the Frarcis type of
reaction turbire is used. The wheel, or runner, has curved
btlades which receive water through control gates fror a
volute charber and discharge the water vertically downward.
The acticn is very sirilar to that in a reaction steam tur-—
bire, sorme pressure dror taking place in the ccntrol gates
giving some irpulse effect, while the rerairder of the pres-
sure drop takes place ir the runrer. The water horsepower
is the same as the jet horsepower for the impulse tvrbine,
but the efficiency is bigher, usually between 20 and 95 per
cent. Figure XVII1-8 shows a Francis type turbire with an

umbrella generator. These machires operate at speeds be-
tween 100 and 300 rpr.

For heads less than €5 feet the axisl flow propeller
type of reaction turbire is used. The rurner nay be of the
Nagler tyre with fixed pitch blades or of the Kaplan tyrge
with adjustable pitch blades. The Kaplan runner is very
well suited to run-of-river plants because the power outyrut
and efficiency can be mairtaired under reduced head condi-—
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(b) Gereral arrangenmert

(¥m. Cramp & Sons)

Fig. XVIiiyr-s, Francis turbine.
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(b) General Arranderent

(Wm. Cramp & Sons)

Figs. XVIII-6. Nagler turbine.
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(z) Needle nozzles

(b) Runner

(Allis-Chalmers

XVIII-T7.

Pelton

Mfg. Co. )

turbine.

tions. Water is supplied
to the proreller through
cortrol gates ir a manner
similar to that used with
the Francis runner. Eff-
iciencies vary between 85
and 9C per cent and
speeds between €0 and 1CO
rpm. Figure XVIII-6
shows a typical Nagler
turbine connected to an
umbrella type gererator.

BIBLIOGRAFEY

Creager, W. P., Engineer-
ing for Dams, Wiley,
New York, 1948,

Faugherty, R. L., fAydrau-
lic Turvines, McGraw-
Hill, New York, 1920.

Hill, R. A., "Grarhics of
Temporary Flood Stor-
age," Engineering
News—Recora, April,
1928.

Merriman, T., "Dam Con-
struction and De-
sign," Engineering
News-Recora, Febru-
ary, 1929.

Spannhake, W., Centrifu-
gal Pumps, Turbines
and Propellers, Mass.
Inst. of Tech., Cam-
tridge, 1934.



CHAPTER XIX
GAS TURBINE POWER PLANTS

127. In the last war the development of the gas turbine
was given great irretus and at the present tire several manu-
facturers are offerirg 5000 kilowatt units for use with heavy
fuel o0il or natuvral gas. Research is being conducted on
pulverized coal burning units but difficulty is being exper-—
ienced with flyash erosion in the turbires.

128. Gas Turbine Cycles--The simplest gas turbire cycle
corresponds to the open Rankire vapor cycle, as shown in
Figure XIX-1. Referring to the figure, air at atmospheric
pressure and temperature is drawn in by the comrresscr, com-—
pressed and led to the combustion charber where fuel is
burned at constant pressure. The resuvlting high temperature
combustion gases ther expand L0 atmospheric pressure through
a turbire 2nd the unavailable energy is rejected to the at—
mosphere. Part

cf the turbine Pty SRR
work is vused to TS v
drive the com— g&n etk Y
pressor and the ey o k
rerainder is ;??-“u
available for do— P

ing usefvl work. Rl .
Due to the fact e -

that present tur-— RST AR, & e
bire blading mat— [ b LN ) )
erials will with- 5:‘ﬂJ§§ﬁ:

stand temrera-— AT S

tures of only IECTEN

about 1200 F for e

lcng periods, . L

secondary alr in ..

sufficient quan—
tity to cool the
combustion gases )
to a safe temperature must be supplied. The tctal air sup-—
plied amcunts to between 1CC and 180 pounds per pound of
fuel o0il. This large smount of excess air results in lower—
ed cycle efficiency due to the ircrease in compresscr power,
but overall therral efficiencies of 18 to 20 per cent are
obtesinable. An enthalpy—entropy diagram for the simple oren
cycle is shown in Figure XIX-2.

Fig. XIX-1. Simple open gas turbine cycle

The simple open cycle ray have a regenerator added to
irprove efficiency where the air temperature leaving the

303
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Fige XIX-2. Simple open gas turbine cycle,

corpressor 1s less than
the turbire exhaust temp-
erature. Such an arr-
angerent is shown in Fig-
ure XIX-2.

Otrer combiraticns
with regerersztion, mult—
irle stage ccorpression
with interccolirg and re-—
heating will have higher
4ir ntaa efficiencies. Two of the

(Fower) varicus types cf these
mcre complex cycles sre
shown in Figures XIX-4
and XIX-§

Fige X1IX-3. Open gas turbine
cycle with regenerator.
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A closed gas -
turbire cycle has :

been proposed which MU orassar
makes use of a heat : : £
exchanger ip the
combustion chamber | | M gombustion
to make it possible comties
to sepa;ate the Aomder Tt
combustion gases
from the working PR . ;
fluid which can be : . o
made to operate at Hrdind ™ Comprossar  Corioragser,
higher pressures
W [t
. At Intoke ‘(: "/m
! g 1
(Power)
N

Fig. XIX-S. Open gss turbine
cycle with reheat, intercool -
ing and regeneration.

where the density is
greater, thus allowing
sraller machines for
the sare output. Fig—

‘ .
(Mechanical Engineer ing) ure XIX—C Shows s dia—

Fig. XIX-4,. Open gae turbine

cycle with reheat gr"am of the cycle. It
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Fig. XIX.6, Closed gas turbine cycle.
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cycle contains a precooler in which the aravailable energy
is rejected. The efficiency of the closed cycle is slightly
less than that of an equivalent open cycle, but the smaller
size for the same outprut may overbalance the smaller effic—
iency.

129, Gas Turbine Plents--Ur to the present time the
rrincipal application of the gas turbine in industry has been
in the Boudry process of gasoline production where large
quantities of compressed air are required. In these machines
the excess turbine power is used to drive an oversized com—
pressor and the extra air which is not needed for combustion
goes to the prccess.

In the last few years several comrercial gas turbo—-gen-
erator installations with capacities up to 5000 kilowatts
have been made. One of them is shown in Figure XIX-7. This
particular machire is simrilar, excert for the generator, to
the units devélored for use in locomctives.

NG
SRR BN
3 STD FLANGES 3" STO FLANGES _1‘
g , =
EMERGENCY. NG T8RN
oL
O — a7 0 prap
9 O FOR
t—ead ARN 6as ouT EE
ﬂw ] |
e | Gas TREnE REDLCTION 7. S |
waslk A °
g . - — hd bl (M |
| R A | L s
1* FUEL' CONNEGTION Y A

£5p e

(General Electric Co. )

Pig. XIX-7, Locomotive type
gas turbo-generator.
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TABLE XVII
contiruved

Cast Steel Flanged Fittings

Dimensions, in Inches

—1
A = D1
e i3
A E (j;/D
Tee 45°]_ateral
: ﬂ;;ﬂ
| < G
90° Long f J Taper
Radius Elbow 45° Elbow 90° Base Elbow Reducer
Class | Size A B l C D E F G H J K
T [ .8 11% “““gj‘ (7
i, | 3% % 1 T
1% | 4 6 1 2V, b
2 % | 6, | 24 | 8 R ELA
% | 5 7 3 9% |24 | 12
3 51, [ 7% 3 10 3 13 6 m
Wi e 3 1R *._‘3 : % :"i‘*
4 61 | 9 12 3 15 7 514 {?‘
150 5 7l | 101, | 4% | 1314 | 315 | 17 ] % 1 7 | 1A
Pound 6 8 |11k | 5 |14k | 3% | 18 9 7 7 | VA
[] 9 14 [ 8% (171, | 45 | 22 i1 | 8% 9 | 184
10 11| 1615 | 61 ¥ 34 12 A 9 T8/
12 12 19 7%~ ;Qf““ﬁ% 14 | 11y, | 11 1
14 14 | 3% | 7 B 16 £ 1
16 15 1 8 1% ﬁ?_ % 18 1l 1
187 | 1614 | n'@ 8% [ 31 M 19 BT
20 18 1799 179 1368 1@ | 20 | 16 | 184 %
U237 [ S 1% | 4 [T %%
1 ) 313 | T A% |4 -
1Y, | 4V, | 5% zﬁ 7 .| Ay
1% (4 | & | 2% | 8% 21 711 [ 4
7 5 |64 | 3 9 | 2%, | 1104 ‘; TS T %
W | 5% | 7 3% |'10% | 2% |13 [85 | 4% | 8% | ¥
3 6 | 7% s;/2 ’;_1% 3 14 6 (3
TR 3 11 [3 [ 8 | 1R
4 7 9 [ 4 [131, [ 3 T iev H ?‘“ 614 1/,‘L
300 5 8 | 100, 5 15 [ 3% |18% | & ] 6% 17} 1
Pound : s% |1 5% |17 | 4 |26 | 9 | 7 | 7% 1
1 14 6 201 | 5 | 2515 | 11 9 0 [ 1Y,
10 11, |16, | 7 M TER T 12 (10, | 10 |11
12 13 19 [] 6 Wi 2| | 14
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TABLE XVII
continued

Cast Steel Flanged Fittings

Dimensions, in Inches (Cont.)

Class|Size] A | C | D | E F| G
T 1 3% 1.2 %EW B
3 | 3% | % 1 6% 1. 2 js% [
1 4y, TP 1 7Y ¥
] 4% | 3% 1 8 (% 3
1,] 4% | 3 5 | 2% |11} 8
(7 | 5% | 4% |10V | 3V, | 133 #
W, 61, 41, |11V, | 3% | 15
3 7 5 1123, | 4 |16% | 74
3%; Z’iﬁ %] 14 | & BR @
4 | 81, 6 (1614 4%“ 211783

Pound[§ 10 | 7 e
6 | 11 | Pk | 3% [ 64
8 | 13 E% M%7 1
10| 15; | 9% ’@i,_g_ 8 !
12 [161, 1 1 H 8 0 116
3 | 7Ve 533 ﬁ‘if%‘ 19
EJ NN 163, | 4 Z

900 4 9 "Qg_ 7th 1 8% | 2

Pound[5 7 |7 IS '775; it
6 12 Rz 6 2
LA K EEZD 3

FORGEI STEEL SOCKET WRLTING
FITTINGR

WORKING PRESSURES

Class [Size| A (o] D
) 1%] 6
F 71
IYAKY
3 9

-I—.-

1500 | 4 | 103
Pound|Tg 131/,

6 |13 -
8 1634 | 1! s

ek

Yo | 5%4e

Y | 5%

1 [6lhe]| 4

1V | 67 | 4%

14 7% | 4%
7 sv/‘;u?if 5% | 3% | 20%

e

2500
Pound| 22| 10 [ 61/ [ 171, | 53 23

101,

3 | 11%] 7Y [19% ] 63 | 2615 [11%
4 [13Y,[ 8%, | 23 | 73, | 30% 13}
5 115% | 10 277 | 9% |36 :s§
6 |18 |11 |31, | 105|413 ] 18
8 | 20% ] 12% | 35% | 11%4 ] 47 |20%
T0 125 | 16 [43Y, | 14% ] 58 | 25%
12 | 28 | 17% [49% | 16, [ 65% | 29

DIMENSIONS, IN INCHES
(For Standard and Extra Strong Fittings)

. e —i
;] Bp . Eé
ﬂ-A-:AF:
45° Elbow
~D— -—E..
’ -|F Fle “Fcl-
CF
T’T

Coupling

Pounds per Square Inch — Non-Shock
Temp No. 4 Carbon-
Crane
Molybdenum
Carbon Steel

Steel Fittings

F':tmsa (Made to ordgr)

Deg. |Stand-[ Extra |Stand-| Extra

F. ard |Strong| ard |Strong
100 2000 3000 2000 3000
150 1900 2850 1900 2850
200 1800 | 2700 | 1800 | 2700
250 1700 2550 1700 2550
300 1600 | 2400 | 1600 | 2400
350 1500 2250 1500 2250
400 1400 | 2100 | 1400 | 2100
450 1300 | 1950 | 1300 | 1950
500 1200 | 1800 | 1200 | 1800
550 1120 | 1680 | 1150 | 1725
600 1040 | 1560 | 1100 | 1650
650 960 1440 1050 1575
700 880 | 1320 | 1000 | 1500

750 800 | 1200 950 | 1425
800 740 1100 900 1350
850 670 | 1000 850 | 1275
900 600 900 800 1200
950 530 795 640 9%0
1000 380 570 540 810

Size Wl % | %] %] 1 P4 tg] 2

T346[3%:2[ 1% [1%Ae| 1% [1% | 2 | 2%

Tie|1%e] % | 1 l‘% 1544[1744]112
:/' k7 1 ]6 [ 13 134 11/

—

T3 (1% 1% [1% ] 2 | 2% |2V ] 2%

T3 (14 (1% [ 1% 2 |2%] 2}

The | Y | 114 A el Rl 1

O | ™o o)W >

Depth same as . depending on pi
size, ¢eg X’ has socket dge%e
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TABLE XVII
continued

Forged Steel Flanges

Dimensions, in Inches

A

A D .
~—G E
B

Pam— s — L L

Welding Neck Flange
150 and 300-Pou

- 5 N '
Bored to slip ~l£
7 over pipe (HB Yy
b———C /63t
Shy Welding Flai
190 s 300 Poed P36 and 300 Bound™
Closs g: A B‘ c] D ﬁﬂ;t E|F|G|H
1 2, [ %e] 2 3% ] 4 5] 1.32]
1 4% | % |22 3% | 4
1% 5 |11 2% | 37 4
R W ALK
% [ 7 | % [4% 5% ] 4
3 7l [1%84¢] § 6 | 4
3% IR
150 4 9 [1844]63, 7% | 8
Pound |"5 1710 |1844[7%e ] 8% | 8
[ 11 [ 1 [8%[9% |8
8 135 ] 1% |10%]11%] 8
10 [ 16 |13A¢|12% (144 ] 12
12 19 11y |15 17 [12
T40OD| 27 | 1% | 167, |18% | 12
16 OD [ 237 | 1746 | 18% | 214 | 16
180D | 25 |1%s] 21 |22%] 16 |
200D 2715 |1114¢] 23 | 25 | 20
240D| 32 | 17 |271,] 294 | 20
1 4% |MAe] 2 (3% ] 4
RU/ABARARAEAK
1% ey |34 [2% |45 14
P A ﬁLTW. 5 18
2, |7% ]| 1 4% |57 8
3 8, (1% ] 5 |6% | 8
) (]
300 |74 10 11V [6%4¢| 7% | 8
Pound 5-“‘{ 11771% 7% _21/5 0
“6 |12ig 1746 | B [10% | 12
T8 |15 | 154 |10%] 13 12
0 (1|17 | 12%15Y ] 16
1 Tl T2 115 (173416

315
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TABLE XVII
continued

Forged Steel Flanges

Dimensions, in Inches (Cont.)

Bolts w R pem
Clase |Bire | A | B | c | D || BE| F|c|m FL&J?;~ 2 g
Yo 3% [*he | 1R [ 2% [ 4 | %2 | 7 [2%e[2'4¢] 0.84 ] %‘
Y1 4% | % |1"'Ae|l 3% | 4 | % | 1 | 2'5 | 214 | 1.05 2
1 4% [1Mhe| 2 [ 3% | 4 | % [1'4e12' el 2746 | 1.32 &s
17, | 5% | '%e| 2V5 | 3% | 4 | % | 1% | 2% | 2% | 1.66 52
1%, | 6} s | 2% 1 4% | 4 |3 |1V ]| 3 |2%|1.9 < ‘e Eg
2 _Te% 1 1 T3% 1 5 T8 1% [T 3% | 2% 12.38 OF 3=
2% | 7% [ 1% | 4% | 57 | 8 | 3 1% | 3% | 3% | 2.88 Q §".
3 18V | 1Y | S | 6% | 8 | % |113e| 3% | 3% | 3.50 |} 38
- R YU TR R T 3% 5,06 :
600 |4 109, | 11 | 634e | 8% | 8 | Vs | 2Va | 4V, | 4.50 X g
Pound |75 13 | 1% |7%e110% | 8 | 1 | 2% | 4% | 4% | 5.56 =
6 |14 [17% | 8% |11% [ 12 [ 1 [ 2% | 4% | 4% | 6.63 | L-4——4——1-
8 161, | 2346 | 1055 | 1334 | 12 | 1Y, | 3 | 514 | 51, | 8.63 +—
107 |20 [2v (123 | 17 |16 |11, 3% | 6l4 | 6 [10.75 ©
127 722 [ 2% | 15 | 1974 | 20 |1V, | 3% | 6% | 6V |12.75 “',.m.,i., "SF;:F_"
3 9, 11, | 5 | 7% | 8 | 7 | 2V | 4Vs | & | 3.50] B 9
UM )3 gy £1T1 X | 4.0 - - §
i 114 | 13 |6%e | 9% | 8 |1Vh| 23 | 4% | 4V | 4.50 &
Pound |"F™ 13312 [7%e| 11 | 8 |1% | 3% | 5% | 5 | 5.56 8s
6 15 |2%4¢ | 8% | 1215 | 12 [ 1% [ 3% | 5% | 5% | 6.63 & e £2
8 181, 21, |10% | 151, | 12 [134| 4 | 63 | 63 | 8.63 8f e g
% 1 7 1 1% | 2% | 4% | 4 | 1 | 1% [ 3% | 3% | 1.90 x |< ‘§QQ. %8
T 1 8% 1 1% [ 3% [ 654 | 8 | % | 2% | 4% | 4 | 2.38 57|19l 38
20, | 9% | 1% | 4% | 7% | 8 | 1 | 2% | 4% | 4% | 2.88 g pe
1500 |3 100 1% | 3 8 | 8 |1 2% | 4% | 4% | 3.50] ¢ 6§‘
Pound (3T 11 1 3 | S (A% | & I¥ 3 ] N INE?
1 121, | 2% | 634e | 9% | 8 |14 | 3%s | 5% | 4% | 4.50 g
5 143, | 2% | 7%e | 114 ] 8 [1%;| 4% | 6% | 64 | 5.56
6 18V, | 3V, | 81, | 1215 [ 12 | 1% [4114e] 7 | 63 | 6.63
8| 19 | 3% | 10% | 15% [ 12 | 1% | 5% | 8% | 8% | 8.63 N e
A 5V, 11346 | 1% [ 3% | 4 | % [1%e[ 3% [ 27 | 0.84 o] ey ety
Y% 1 5% | 1% (1%l 3% | 4 | % |1"%Ae| 3% | 3% | 1.05| 7] ES “5
1 64 | 1% | 2 | 4% | 4 | % | 1% | 3% | 3% | 1.32 iy =
1 | 7% | 1% | 2% | 5% | 4 | 1 (2V4e| 4 | 3% | 166 N7
T, | 8 | 1% | 2% | 5% | 4 [1Va| 2% | 4% | 4% | 1.90 ¥ I =
2 S, 2 | 3% | 6 8 | 1 2% |54 5 | 2.38 o e | w5
2500 |37 [10% | 2% | 4% | 7% | 8 1% | 3% | 5% | 5% | 2.88] | | [3& || 2" |38
Pound |3 12 (2% ] 5 | O | 8 |1 3% | 6% | 6% | 3.50| <n|2& [OF 5o
1 14 | 3 | 6% |10% | 8 [1% | 4V, | 7% | 7V | 4.50 g0 g
5 164 | 3% | 7% | 12% | 8 (14| 5V | 9% | 9 | 5.56| e <§§
6 19 | 4Y, | 8V, |14, 8 [ 2 | 6 | 11 |10%] 6.63] | 2
8 20% | 5 |10% |17V | 12 | 2 | 7 | 12% |12V, 8.63) N “
10 261, | 65 | 12% |21V, | 12 (25| 9 | 16% | 1614 |10.75
12 30 [ 7% | 15 [24% | 12 234 10 |18, 18141275 + [xg —1
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TABLE XVII
cortinued

Steel Butt-Welding Fittings

Dimensions, in Inches

Standard and Extra Strong Fittings have the same outside dimensions.

<N
B
i
90° Elbow 45° Elbow Straight Tee Reducing Tee Cap 90° Elbow with
© long tangent
5
5 £3
B K|y
] S M T o NG
. o .
l 2 v | ! ",' P :
° | 53 . i
e o ——t
Shaped Nipple = g-s Reinforcing R
90° to | leader ™ Saddle Sleeve Return Bend
>
Elbows, Stralght Tees, Caps, Nipples, Saddles, and Sleeves Return Bends
Size | A B E J K M P Size of I R s
% {& Y 1y 1 mg;i’-“:ﬁ=
2 B 2 1 3 2
iy [ | R 4 6 1y, | 2 | 2948
17, 21, [ 1y | 214 | ¥ 6 1:/‘ 33 F/‘
2 3 |1 2, |1 17 6 |13, |1V | ¥ 3| % 114 37 |211p4
A I IR R IHE R et
A /3 2 2 4 374
e - t/ﬁ ‘»2 A ER% ) 61 2 |13% ] % 1% ﬁ 2 e
4 6 |21p |4 |2V | 7 6 | 2 2 Ya 4 2% | 7% | 5346
5 7 | 3% | 4% | 3 9 8 | 2 7 [ 1 3 % 3 5
6 9" | 3% | 5% | 315 1034 8 |2 | 2% | YA 6 3 6}
8 12| s 7 4 133 8 | 3 3| % 8 | 14 3 {17
10 15 |6l [8% ] 5 | 17 1 10 |3, 3% | % | 10 | 1 ry 8 | 64
12 18 |75 ] 10 ] 6 |20 10 | 4 4 | %112l 4 12 | 8%
140D 16 | 7% 614 3 3 [ % |14 | 1 s 15 |10%4¢
160D| 18 | 814 7 4 4 | S5 | 16| 14 6 18 |12%4¢
180D| 20 | 914 8 4 4 | 85 | 18 | ih 8 24 [1654,
200D| 25 9 1 5 5 s | 20 | 12 10 30 |20%
24 0D| 30 101, 5 5 | % |24 | % 12 36 |24%
Reducing Tees Reducers
Size TCTQN  Size €T Q Size |[T|U|J Size |T|U Size | T | U |
x1Y,x ¥ [1%[1% [ 4x 4x3 [414]3 WAxU TZITTZ 13 xih 6x5
T‘% /xﬂ/. il‘/%zl/ 4x 4x2% 41[ 3% iy ‘3 12750 L || 6x4 .
1 24204 4x ax2’ ainl31a Wox1 " 1y I3 x1v 6x A (5% (5%
WGy, g 5x 5x4 Tapplaty 1Vax% 4 x3 6x3
2" x2" x il 2h4 L Sx 5x3 [474|4%0 2 xily 4 x4l 4 |4 || 8xb
7 x1 x50 5x Sxuplatplete 2 14| 5 [ 5 14 x2 8x% 1o s
2 x2 x1 |(214] 2 6x 6x5 53272 x1 5 x4 1 x
artaxl | 3120 ox exd |55 2ax2 S x3 1 §/|5[10x8
Baxpaxlal 3 20 ox 6237 |50 Waxlhlan || S *2% oxs |7]7
ax2laxliy 3 121, 8x 8§x6 |7 6 ‘Z/zx! 4 x4
3 x3 x214|3%[3%] 8x 8x5 |7 |63 12x 10
3 x3 x2 3 3 8x 8x4 7 |6V les
3 x3 x1%[3%(2%l10x10x8 [815] 8 12xe |81]8
10x10x6 {8132]7% x
12x12x10 [ 10 [9%
12x12x8 |10]9
12x12x6 |10 |85
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TABLE XXIV

FORMULAS AND MOLECULAR AND EQUIVALENT WEIGHTS OF
SUBSTANCES FREQUENTLY APPEARING IN THE CHEMISTRY
OF WATER CONDNIONING

Weght of
Molecule or

Substance Formula Radical Eq. Wt.
Aluminum Al 27.0 9.00
Aluminum chloride (crystal) AlCls 133.0 44.33
Aluminum chloride (anhydrous) AlCl; - 6H,0 241.0 80.33
Aluminum sulphate (crystal) Al (SO,)s 18H, 0 666.4 111.06
Aluminum sulphate (anhydrous) AL(SO0));s 342.1 57.01
Ammonia NH; 17.0 17 00
Ammonium alum AL(S04)s(NH,).S0, - 24H,0 906.6 151.10
Potassium alum Al (S0,) K50, - 24H,0 948 8 158.13
Aluminum hydrate Al(OH); 78.0 26.00
Ammonium chloride NH,CI 53.5 53.50
Ammonium (ion) NH, 18.0 18.00
Ammonia water NH,0H 35.1 35.10
*Alumina AlLO;, 102.0 17.00
Sodium aluminate Na,AlO4 164.0 27.33
Ammonium sulphate (NH,).SO, 132.0 66.00
Barium Ba 137.4 68.70
Barium carbonate BaCO; 197.4 98.70
Barium chloride BaCl, - 2H,0 244.3 122.15
Barium sulphate BaSO, 233.4 116.70
Barium hydrate Ba(OH), 171.0 85.50
Barium oxide BaO 153.0 76.50
Calcium Ca 40.1 20.05
Calcium bicarbonate Ca(HCO;), 162.1 81.05
Calcium carbonate CaCO, 100.1 50.05
Calcium chlonde CaCl, 111.0 55.50
Calcium hydrate (pure) Ca(OH), 74.1 37.05
Calcium hydrate (90%) Ca(OH), . 41.10
Caleium oxide (pure) Ca0 56.1 28.05
Calcium oxide (90%) Ca0 R 31.17
Calcium sulphate (anhydrous) CaSO, 136.2 68.08
Calcium sulphate (gypsum) CaSO, - 2H,0 172.2 861.0
Calcium nitrate Ca(NOy); 164.1 82.05
Calcium phosphate Cas(PO,). 3103 51.71
Carbon C 12.0 3.00
Chloride (gas) Cl, 70.9 35.45

Courtesy of the Cochrane Corg.



Substance

Copper

Copper sulphate
Iron (ferric)
Iron (ferrous)
*Ferric oxide

*Iron oxide and alumina

Ferrous sulphate (copperas)

Ferric chloride
Ferric hydrate
Ferric sulphate

Ferrous carbonate
Ferrous hydrate
Ferrous oxide

Fluorine (gas)
Hydrogen (gas)
Hydrogen sulphide (gas)
Lead

Magnesium

Magnesium oxide
Magnesium bicarbonate

Magnesium carbonate
Magnesium chlonde
Magnesium hydrate
Magnesium mtrate
Magnesium phosphate

Magnesium sulphate
Nitrogen (gas)
Oxygen (gas)
Potassium
Potassium carbonate
Potassium chloride

Potassium hydrate
Potassium iodide
Potassium nitrate
Potassium oxide
Potassium permanganate

Potassium sulphate
Silicon

Silver

Silver chlonde
Silver nitrate

Silica

Sodium

Sodium bicarbonate

APPEND I X

TABLE XXIV
continued

Formula

R0,

FeSO. 7H.0
FeCly
Fe(OH),
Fey(S04),
FeCO;,
Fe(OH).
FeO

F,

H,

Pb

Mg

MgO
Mg(HCO3).
MgCO,
MgClz
Mg(OH),
Mg(NO;).
Mg;(PO,).

MgSO,
N,

0.

K
K1CO$ -
KCl

KOH
KI
KNOs
K.0
KMnO,

K1SO,
Si

AgCl
AgNO,
SiO,

Na
NaHCO,

321

Weght of
Molecule or
Radical Kq. Wt

63.6 31.80
160.0 80.00
55.8 18.60
558 27.90
159.6 26 60
109.0 18.20
278.0 139 00
162.0 54.00
1070 35 66
400.0 66.66
116.0 58.00
89.9 44.95
71.8 35.90
190 19.00
2.02 1.01
34.1
207.0 103.50
243 12.15
40.3 20.15
146 3 73.15
84.3 42.15
95.2 47.60
58.3 29.15
148.3 74.15
263.0 43.83
120.4 60.20
28.0
32.0 8.00
39.1 39.10
138.0 69.00
746 74.60
56.1 56.10
166.0 166.00
101.0 101.00
94.2 47.10
158.0 158.00
174.0 87.00
28.1 7.03
108.0 108.00
143.3 143.30
169.9 169.90
60.1 30.05
23.0 23.00
84.0 84.00
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Substance

Sodium carbonate
Sodium chloride
Sodium hydrate
Sodium nitrate
Sodium oxide

Sodium sulphite
Sulphur dioxide (gas)
Trisodium phosphate

Trisodium phosphate (anhydrous)

Disodium phosphate

Disodium phosphate (anhydrous)
Monosodium phosphate

Monosodium phosphate (anhydrous)

Metaphosphate (Hagan)
Sodium sulphate

Water

Bicarbonate
Carbonate
Carbon dioxide

Chloride

Nitrate
Hydrate
Phosphate

Phosphorous oxide
Sulphate
Sulphite

Hydrogen

Acetic acid
Carbonic acid
Hydrochloric acid
Phosphoric acid

Sulphuric acid
Nitric acid
Sulpurous acid

TABLE XXIV
continued

Formula

NﬂxCO;
NaCl
NaOH
NENO;
Nazo

Na,SO;

SO,

Na,PO, - 12H,0 (18.7% P,0s)
Na,PO (43.3% P;05)

Na,HPO, - 12H,0 (19.8% P,0y)

N31HPO¢ (500% PgOu)
NaH,PO, - H,0 (51.4% P,0s)
NaH,PO, (59.1% P,0y)
NSPO; (69.5% on;)

NagSO.

H;0

ACID RADICALS

HCO,
CO,
Co,
Cl

NO;,
OH
PO,

P;0s
S0,
S0,

ACIDS
H,
HC,H,0.
H.CO,4
HCl
H,PO,

H.SO,
HNO,
H.S0,

FUNDAMENTALS OF POWER PLANT ENGINEERING

Weight of
Molecule or
Radical

106.0
58.5
40.0
85.0
62.0

126.0

64.1
380.2
164.0
358.2

142.0
138.1
120.1
102.0
142.0

18.0

61.0
60.0
44.0
35.46
62.0
17.0
95.0

142.0
96.06
80.1

2.0
60.0
62.0
36.46
98.0

98.1
63.0
82.1

Eq. Wt.

53.00
58.50
40.00
85.00
31.00

63.00
32.05
126.73
54.66
119.40

47.33
46.03
40.03
34.00
71.00

9.00

61.00
30.00
22.00
35.46
62.00
17.00
31.66

23.67
48.03
40.05

1.00
60.00
31.00
36.46
32.67

49.05
63.00
41.05

* AL;O; and Fe;O, are commonly reported together as R;0,, which for purpose of computa-
tion is given a mol. wt. of 109 and eq. wt. of 18.2 on the basis of 88% Al,Os and 12% Fe,0;.
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TABLE XXV
STEAM TABLES

Courtesy of Combustion Engireerirg-furerheater, Ire.

Saturated Steam: Temperature Table

AmsoLUTE PrEssuns Sreciric VoLoue ExtaALPY EnTnOPFYy
Temp Lb per In Hg at Sat. 8at. Sat. Temp.
Fahr. 8q.In 32 F. Liqud Evap Vapor Liquid Evap. Liqud Evap. Va Fahr,
t 14 vt vig vg he big L g [ t

33 00886 01806 001602 33057 33057 0 10751 0 21885 21885 38
34 00961 01957 001602 30804 30604 201 10740 00041 21755 21796 34
36 01041 02120 001602 28366 28366 403 10729 00082 21845 21727 38
38 01126 02292 001602 26322 26322 604 10717 00122 21533 21655 .
40 01217 02478 001602 24451 24451 805 10705 00162 21423 2.1585 [
42 01315 02677 001602 22718 22718 1006 10693 00203 21314 21517 42
“" 01420 02891 001602 21122 21123 1206 10682 00242 21207 21449 “
46 01532 03119 001602 19655 19655 1407 10671 00282 21102 21384 ]
48 01652 03364 001602 18299 18299 1607 10859 00322 20005 21317 .-
[ 01780 03624 001602 17049 17049 1807 10648 0036t 20891 21252° [ 4
] 01918 03905 001603 15884 15884 2007 10636 00400 20786 21188 [ 2]
[ 2] 0,2063 0 4200 001603 14824 14824 2207 106235 00439 20684 21123 [ 2]
[ 3 02219 04518 001603 13835 13835 2407 10614 00478 20582 21060 se
s 02384 04854 001603 12927 12027 26.07 106032 00517 20479 20998 1]
[ ] 02561 05214 001603 12081 12081 2807 10591 00555 20379 20934 .0
(L] 02749 05597 001604 11207 11297 3008 10579 00594 20278 20873 (2]
(2] 02049 0 6004 001604 10571 10571 3206 10568 00632 20180 20812 o
[ ] 03162 06438 001604 9896 089 6 3406 10557 06 20082 20753 [
. 03388 06898 001605 9270 927 0 3605 10545 00708 19983 2.0691 L]
70 03628 07387 001605 8689 8689 3805 10534 00745 1.0887 20632 r0
ks 3 0 7906 001606 8149 8149 4004 10523 00783 19792 20575 T8
T4 04153 08456 001606 7647 764 7 4204 10312 00820 1.9697 20517 T4
76 04440 O 001607 7180 7180 4403 10501 00858 19603 20461 76
7 04744 09659 001607 674 4 674 4 4603 10489 00895 19503 2 78
0 5087 1032 001607 8337 6337 4802 10478 00032 10415 20347 [

0 5400 1101 001608 5058 5958 5002 10466 o 19321 20200 [

05772 1175 001608 560 4 560 4 5201 10455 01006 19230 20238 [ )

06153 1253 001609 5276 8276 5401 1044 4 01042 19139 2018} [ o

08555 1335 001609 4970 4970 5600 10432 01079 19047 20126 s

0 6980 1421 001610 468 4 468 4 6800 10421 01115 18958 20073 b od

07429 1513 001611 4417 4417 5999 10409 01151 18887 20018 ”

07902 1609 001611 4187 4167 6198 10398 01187 18779 1 "

0 8403 1711 001612 3932 3932 6398 10387 01223 18692 19915 Lo

08030 1818 001613 3713 3713 6598 10378 01259 18604 19863 ”

0 9487 1932 001613 3508 3508 6797 10384 01295 18517 19812 100

10072 2051 001814 3318 3318 8996 10352 01330 18430 19760 108

10689 2176 001614 3138 3138 7196 10341 01366 ) 834 19711 104

11338 2308 001615 2065 206 5 7395 10330 01401 18261 19662 108

12020 2447 oo1616 2807 2807 7594 10320 01436 18179 1.89615 108

1274 2594 001617 2657 2657 77904 10309 01471 1.8006 10867 110

1350 2749 001617 2516 251 6 79903 10207 01506 18012 10318 118

1429 2909 001618 2385 2388 8193 10286 01541 17930 10471 114

1812 3078 001619 2262 2262 8392 10275 01576 17848 19424 116

1 600 3258 001620 2145 2145 8592 10264 01610 17767 19377 118

130 1602 3445 001620 20345 203 47 8791 1028.3 01645 17687 19332 120
133 1788 3640 001621 19316 19318 8991 10241 01679 17606 19285 138
134 1889 3 846 001622 18344 18346 9190 10330 01714 17526 19240 134
136 1995 4062 001623 17426 17428 9390 10218 01748 17446 190194 136
128 2108 4286 001624 16570 16372 9590 10207 01782 17 1.9150 138
130 2221 4522 001625 157.55 157 57 9789 10198 01816 17280 19108 130
ass 2343 4770 001626 14983 14985 1018.3 01849 17210 19059 133
134 2470 5029 001626 142590 14261 1018 10172 01883 17134 19017 134
136 2603 3 300 001627 13573 13575 10388 10160 01917 17056 1.8973 136
138 2742 5583 001628 12926 12928 10588 1014.9 01950 1.6980 8. 138
140 2 887 5878 001620 12316 12318 10788 10137 01984 16904 13338 160
143 3039 6187 001630 11737 11739 109.88 10125 02017 16828 1.8845 142
144 3198 6 511 001631 11188 11190 111.88 10113 02050 16752 18802 144
148 3363 6847 001632 10672 10674 113.88 10102 02083 16678 18761 146
148 3536 7199 001633 10182 101.84 11587 10000 11249 03116 16604 138720 148

150 3718 7 568 001634 97.18 97 20 117.82 10078 11257 02149 16530 1.8679 180

158 3 904 7948 0 01635 9279 92 81 119.87 1006.7 11266 02181 16458 1.8639 188
184 4 100 8348 001636 88.62 88 64 121.87 10055 11274 02214 16384 18508 184

188 4308 8765 001037 84 66 84 68 23 1004.4 11283 02247 16313 18560 186

188 4518 9.199 001638 8090 80.92 12587 10032 1120.1 Q2279 1624F 18520 188

160 4730 9 6490 0 01639 7737 77 39 127 87 10020 11299 023t1 16160, 18480 160
168 4970 1012 001640 74 00 74 02 12088 10008 11307 02343 16098 18441 168

164 5210 10 61 001642 7079 70 81 131 88 9997 11316 02376 16029 18405 164

L 168 5 460 1112 001643 67 76 67 78 133.88 9985 11324 02408 15958 18360 168
46 Aoaza 2 go0e 1 S20P 188
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TABLE XXV
continued
Saturated Steam: Temperature Table—{Continved)

ApeoLUTE PREASURR SpECIFIC VOLUME ENTuALPY EnTROPY
Temp. Lb lpu In. Hg. at. Sat. Sat Sat Sat Sat. Temp,
Fahr, 8q.In. 132F. Lwquwd Evap, Vapor Liqud Evap. Vapor Liqud Evap. Vapor Fahr,
t [ ve vig vg he hig he ar sig o t
170 5§ 990 12 20 001645 6212 6214 137 89 9961 11340 02471 15312 18200 170
172 6272 1277 001646 59 50 59 52 139 89 9950 11349 02503 15751 18254 172
174 6 565 1337 001647 57 01 57 03 141 89 9938 11357 02535 15683 18218 174
17¢ 6 869 13 99 001648 54 64 54 66 143 90 9926 11365 02568 15615 18181 176
178 7184 14 63 001650 5239 5241 14590 9914 11373 02598 15547 18143 178
180 7.510 1529 001651 50 26 50 28 147 91 9902 11381 02629 15479 18108 180
182 7 849 1598 001652 48 22 48 24 149 92 9890 11389 02661 15412 18073 182
184 8 201 16 70 001653 46 28 46 30 151 92 9878 11397 02692 15346 18038 184
186 8 568 1744 001654 44 43 44 45 153 93 9866 11405 02723 15280 18003 186
188 8.944 18 21 001656 42 67 42 69 15504 9853 11413 02754 15213 17967 188
180 9 336 1901 001657 40 99 4101 157 95 9841 11421 02785 15147 17932 190
i 9 744 19 84 001658 39 38 39 40 159 95 9828 11428 02816 15081 17897 192
ise 10 168 2070 0016859 37 84 37 86 161 96 9815 11435 02847 15015 17862
196 10 605 21 59 001661 36 38 36 40 163 97 9803 11443 02877 14951 17828
198 11 057 2251 0 01662 3498 3500 165 98 Y790 11450 02908 14885 17793
200 11 525 2346 001663 3365 3367 167 99 9778 11458 02938 14822 17760
1202 12 010 24 45 001665 32.37 32.39 170 01 9766 11468 02069 14759 17728
204 12 512 2547 0 01666 3115 3117 17202 9753 11473 02999 14695 17694
206 13031 26 53 001667 29 99 3001 174 03 9741 11481 03029 14633 17662
308 13 568 2762 001669 28 88 28 90 176 04 9728 11488 03059 14570 17629
110 14.123 2875 001670 27 81 2783 178 068 9715 11498 03090 14507 17597
118 14 698 29 92 001672 26 81 26 83 180 07 9703 11504 03120 14446 17566
218 15 501 001674 2535 2537 183 10 9683 1151 4 03165 14352 17517
330 17 188 001677 23 14 2316 188 14 9652 11533 03239 14201 17440
128 18915 001681 2L15 2117 19318 9619 11551 03313 14049 17362
230 2078 001684 19371 19388 198 22 9587 11569 03386 13900 172868 230
238 22 80 001688 17761 17.778 203 28 9553 11586 03459 13751 17210 238
240 24 97 001692 16307 16 324 208 34 9521 11604 03531 13607 17138 340
245 27 31 001696 15010 15027 213 41 9487 11621 03604 13462 17066 245
280 29.82 001700 13.824 13841 218 48 9453 11638 03675 13320 16995 280
288 32.53 001704 12735 12752 223 56 9420 11656 03747 13181 16928 266
260 3543 001708 11754 11771 228 65 9386 11673 03817 13042 16859 260
268 38 54 001713 10861 10.878 233 74 9353 11690 03888 12906 16794 268
270 41.85 001717 10053 10070 238 84 9318 11706 03958 12770 16728 170
378 45.40 001721 9313 9.330 243 94 9282 11721 04027 12634 16661 278
280 49 20 001726 8.634 8651 249 06 9246 11737 04096 12500 16596 280
286 5325 001731 8015 8032 25418 9210 11752 04185 12368 16533 188
290 57.55 001735 7 448 7 465 250 31 9174 11767 04234 12237 16471 290
198 6213 001740 6.931 6.948 264 45 9137 11782 04302 12107 16409 298
300 67.01 001745 6.454 6471 269 60 9101 11797 04370 1198¢ 16350 300
308 7218 001750 6014 6.032 27476 9063 11811 0 4437 11852 16289 306
310 77.68 001755 5610 5628 279 92 9026 11825 04505 11727 16232 310
318 .50 001760 5239 5257 285 10 8988 11839 04571 11587 16158 31s
330 89 65 001765 4.807 49018 290 29 8950 11853 0 4637 11479 16116 330
328 96 18 001771 4.583 4601 295 49 8911 11886 04703 11356 16059 338
330 10303 001776 4 292 4 310 300.69 8871 11878 04769 11234 16003
338 110 3t 001782 4021 4 039 305 91 8832 11891 04835 11114 15949
340 117 99 001788 3771 3789 31114 8792 11903 04900 10994 15804
348 126.10 001793 3 539 3 557 316 38 8751 11815 04966 10875 1 5841
380 134 62 001799 3324 3 342 321 64 8710 119286 05030 10757 15787
388 143 58 001805 3126 3144 326 91 8668 11937 05094 10640 15734
360 153 01 001811 2 940 2 958 33219 8625 11947 05159 10522 15681
368 162.93 001817 2768 21786 337 48 8582 11957 05223 10406 1 5629
310 17333 001823 2 607 26825 34279 8538 119686 05288 10201 15577
378 184 23 001830 2.458 2.476 348 11 8494 11975 05350 10176 15526
380 195 70 0.01836 2.318 2338 353.45 8449 11084 05413 10062 15475
288 207 72 001843 2.189 2.207 358 80 8404 11002 05476 09949 1 5425
200 220.29 0 01850 2.084 2083 36417 8357 11999 05540 09835 13375 3%
8 233 47 001857 1.9512 19698 369 56 8310 120068 05602 09723 1.532% 398
“we 247.25 0.01864 L. 1.8632 374.97 826.2 1201.2 05664 09610 15274 400
L ol 261.6 0.01871 1.7445 1.7632 380.40 821.4 12018 05727 09499 15226 408
410 276 72 001878 1.6508 1 6698 385.83 816.6 12024 05780 0.9300 1.5179 o
418 20244 0.01886 15630 15819 391.30 8117 12030 0.9280 1.5131 418
430 308.82 0.01894 14806 | 4993 396.78 806.7 1203.% 0.5912 0.9170 1.5082 430
438 32591 0.01902 1.4031 14221 402.28 8016 1203.9 05974 09061 1.5035 438
L 34371 001910 13303 13494 407.80 7965 12043 06036 08953 1.4989 430
438 36227 001918 1.2817 1 2809 41335 7912 12046 0.6097 08843 14940 438
“ue 381 50 001926 11973 12166 41891 7859 1204.8 06159 08735 1.4804 4“e
“s 401 72 0.01934 11367 11560 424 49 7804 12049 06220 08626 14848 a8
L] 42261 0.01943 1.0796 1 0990 430.11 7749 12050 06281 083518 1.4799 480
L 444.35 00195 10258 10451 435.74 769.3 12050 06343 08410 14752 488
40 468 0.0196 09745 0.9041 44142 7636 12050 06403 08303 1.4706 40
4“8 490.43 0.0197 09262 09459 447.10 757.8 12049 06463 08105 14858 488
are 514 70 00198 08808 09006 452 84 7519 12047 06524 08088 1.4612 470
Bt SIS AUSR danae NRREK 07980



APPENDIX 325
TABLE XXV
continued
Saturated Steam: Temperature Toble—(Concluded)
8eactric VoLONE ENTRALPY EnTROPY
Temp. Abs. Press ) t. 8at Bat Sat Temp
Fahr Lb./8q In taqud Evap Vspor Liqud Evap Vapor Liqud Evsp. Vapor Fabr
¢ P vt vig ve by heg by o srg 8¢ t

480 12 00200 07972 08172 464 37 7398 12042 06646 07873 14519 480
48 593 28 00201 07585 07756 47018 7336 12038 06706 07766 14472 488
490 621 44 00202 07219 07421 476 01 7273 12033 068767 07658 14425 490
4% 650 59 00203 06872 07075 481 90 7208 12027 06827 07550 14377 498
00 680 80 00204 06544 006748 487 80 7142 12020 06888 07442 14330 300

71219 00206 06230 06436 4938 7075 12013 06949 07334 14283

744 55 00207 05932 06139 4998 7006 12004 07009 07225 14234

777 96 00208 05651 0 5850 505.8 6936 11994 07070 07116 14188

81268 00209 05382 05591 5119 6865 11984 0.7132 07007 14139

38 848 37 00210 05128 05338 5180 6792 1197.2 07192 06898 1.4090

ase 885 20 00212 04885 05097 5242 6719 11961 07253 06789 14042

(1] 923 45 00213 04654 04867 5304 6644 11948 07314 06879 13993

e 962 80 00214 04433 04647 5366 6567 11933 07375 06569 1.3944
8 1003 8 00216 04222 04438 5429 6489 11018 07436 06459 13895 "
[ Lo 10456 00218 04021 04239 5493 6409 11902 07498 06347 13845 (1.
[ ] 1088 8 00219 03830 04049 5557 6326 11883 07559 06234 13793 (11
[ . 11334 00221 03648 0 3869 5622 6241 11863 07622 06120 13742 8s0
“s 1793 00222 03472 03694 5688 6154 11842 07684 06006 123690 [
sTe 1226.7 00224 03304 03528 5754 6065 11819 07737 05890 13627 Lil]
78 12757 00226 03143 03369 582 1 5074 11795 07810 05774 13584 *7e
[ 1326 1 00228 02989 03217 588 9 5881 11770 07872 05656 13528 880
| o 1378 1 00230 02840 03070 5957 578.6 11743 07936 05538 13474 888
[ .] 143158 00232 02699 02931 6026 5688 11714 08000 05419 13419 90
s 1486.5 00234 02563 02797 6097 5587 11684 08065 05297 1.3362 s
[ od 15432 00236 02432 02668 616 8 5484 11652 08130 05175 1.3305 [
0 1601 5 00239 02306 02545 6241 5377 11618 08198 05050 13246 08
.10 1661 6 00241 02185 02426 6315 5266 11581 08263 04923 13188 .10
(] 17234 00244 02068 02312 6389 5153 11542 08330 04795 13125 (3]
L) 1787 0 00247 01955 02202 646 5 5037 11502 0.8398 04665 1 e
s 18524 00250 01845 02095 6543 4915 11458 08467 04531 132998 «“@s
o 19198 00253 01740 01993 662 2 4788 L4010 08537 04394 12031 a0
[ 1989 0 00256 01638 01894 670 4 465.5 11359 08609 04252 12861 o8
“e 2060.3 00260 01539 01799 678 7 4520 11307 08681 04110 12791 o
(] 21338 00264 O 1441 01705 6873 4376 11249 08756 0.3961 12717 “s
e 2208 8 00268 01348 01618 6960 4227 11187 08832 03809 1.2641 [
(L] 2286 4 00273 01256 01529 705 2 4070 11122 08910 03651 12561 s
[ 2366 2 00278 01167 01443 714 4 3905 11049 08991 03488 1.2479 60
[l 24480 00283 01079 01362 7248 3721 10986 09074 03308 1.2382 [
e 25632.4 00200 00001 01281 7346 3533 10879 09161 03127 1.2288 ore
s 206192 00207 © 01201 7455 3328 10783 09253 02933 1.2186 18
[ 2708 4 00305 00810 01115 1572 3100 1067.2 09352 02720 12072 [ 1od
“s 2800 4 00316 00716 01032 7701 2845 10546 09459 02485 11944 [ ood
[ 2895.0 00328 00617 00945 7842 2549 10391 09579 02217 117968 [3od
s 2992, 0.0345 00511 00856 8013 2191 10204 09720 0.1897 11617 L 1)
T00 3094.) 00360 00380 00758 8239 1717 9956 09904 O 1481 11385 100
8 3199 00440 0.0157 00507 8702 778 047.8 10305 00661 10968 108

708 34* 32082 00541 [ 00541 9103 o »103 10645 ] 10645 708 34

® Cnitical temperature



326 FUNDAMENTALS OF POWER PLANT ENGINEERING

TABLE XXV
contirued

Saturated Steam: Pressure Table

SpEC1FIC VoLuME ENTHALPY LNTHOPY

Abs Press Temp at Sat Sat Sat Sat Hat Abs Press
Lb /8q In Fahr Liqud  Fvap  Vapor Liqud Evap Vapor Liquel  Evap Vapor Lb /5q. In
P t ve vig v he hee hg 80 Six 8 P
o 33057 3305 1075 10751 21865 21865 0 0886
0138 40 69 01602 23837 2 7 1070 1078 9 00176 21388 21564 ot
0 280 31 1603 12358 1235 27 3 1059 1086 9 0542 20414 20946 0280
© 800 58 01607 64171 6417 47 o 048 1095 68 0924 19434 20338 0 500
1 76 01614 33377 3337 69 7 1035 110 1326 18443 19769
[ 25 01641 584 73 60C 1301 000 113 2347 16090 18437
10 21 01659 38 445 38 46! 1611 982 114 2834 15042 17876 0
14 696 01672 26811 26 82 180 07 9703 1150 4 3120 14446 17568 14 696
18 03 01672 26303 26 32! 18111 9696 11507 3135 14413 17548
20 o 01683 20 O 20 11 196 1 9599 115 3356 13959 17315 20
30 50 3 01700 13746 1376 218 8 9452 116 36! 13312 16992 S0
40 2 01715 10489 10 508 £56 0. 9337 116 3919 1 284 16763 40
50 0 01727 8 50% 52, 50 0 923 117 4110 12473 16583 80
€0 7 01738 7162 17 62 1 915 117 4271 12166 106437 60
10 9 01748 6193 214 72 6 907 1180 4409 11905 16314 70
80 20 01757 5458 82 0. 901 1183 4532 11677 16209 80
° 0 2’ 01766 4 880 4 898 90 57 894 11854 4641 11472 1611 20
100 27 8 01774 4 415 4433 98 4 8839 118 4741 11287 60, 00
110 347 0178, 4 03 150 05 8833 1189 4832 11118 15950 10
180 41 2 o1 371 72 1 8731 119 49186 10963 1 587 20
130 47 3 D179 343 45 1 87. 119 4995 10820 1 30
140 53 0 oL 3 20, 224 2 86! 119 5069 10686 575 40
180 58 4 01809 2 99 Q 3 86 119 5138 10560 80
160 63 5 0181 2 Bl 8 3 828 1 5204 10442 564/ 60
170 68 42 0182 2 656 [} 41 85 1196 5266 10327 9 70
180 73 08 01827 2514 2532 46 85 1197 05325 10220 554 80
1%0 77 55 01833 2 386 2 404 50 83 847 1108 05382 10119 550 20
81 82 183 2270 22 55 40 343 1198 4 002 1 545 200
210 85 93 1844 2165 21 59 80 1199 4! 992! 1 541 210
230 89 89 185 2 067 20 64 119¢ 5. 983! 1537 230
230 93 70 185 1980 1 99 68 16 1201 5 975, 1 53% 30
240 4 186 1 899 191 72 120 6. 66! 5’ 40
180 861 1 824 84 76 4 120 8’ 9590 5. 50
160 871 755 77 79 1 7 951 5 60
270 7 87. 691 7 83 4 1 7 943 520¢ 70
180 411 88( 631 6504 86 1 1 8( 936 5 80
200 14 888 5758 5 90 1 1 8- 9291 5 190
300 417 B4 5237 5 93 BOS 1 879 922! 5 300
280 431 91 3 )9 94 1 605 891 4
400 444 58 93 1141 16 42: 30 1204 9 2 8635 4850
480 458 27 95 1012 031 43 78 1 3! 82 473
800 467 00 97 0907 9274 44/ 4 8153 4
280 476 94 99 R21 B416 460 83 4 )4 )9 93! 454
600 86 21 01 749 769 47 L 7' 773! 446(
650 03 637! 708. 4! 2( 8! 755 43
700 503 09 05 [} 635 4 9! 737 43
780 10 83 07 5 60! )0 0 720 42
800 18 20 09 547 5685 509 1 704 41
880 25 23 0210 118 5326 8 1 89° 40!
200 531 94 12 4794 5006 8 3¢ 276 6746 40!
280 53838 14 4503 4717 4 35 1193 3! 5 3960
1000 54 1 4240 4456 24 34 11901 7431 6468 89! 1
1080 50 s 4001 421 50 0 90 504 6335 83! 1080
1100 56 1 3783 400: 4 87 57% 6205 780 1100
1180 56 2 83 3804 ] 85 64 07! 1180
1200 6’ 2. 7 362 7 83 71 95! 1200
1380 7. 2 228 345, a 80 77 83 1280
1300 77 43 227 067 329 4 117§ 84( 71 1
1380 82 32 229 918 314 1 1175 790 5607 50 1380
1400 87 07 231 780 301 8 74 1173 7968 48! 1400
1480 91 70 233 02652 288 305 0 565 1170 802 537! 4 1480
1800 98 20 3! 02785 81 5€ 677 26 5( 1
1680 300 ¥ 02653 ey 4’ 64 8 813 160 1850
1600 304 3¢ 0 2548 A2 3! 619 819 5054 1
1680 309 4 2( 0 2448 63 28 58 8 8250 04 1
1700 1 4! 354 63 1 55 84. 1700
1780 1 4 265 64 1 52 835 744 )OS 1780
1800 21 0C 4 233 180 64 50 49 841 03! 1
1880 2: 4! 850 009 853 49! 45 53’ )02 1380
1%00 28 55 5! 770 022 859 48 42 8517 43 1900
1980 332 20 1254 895 949 665 473 0 38 9 33! 2 1980
2000 635 78 257 6 879 (24 4 35 2 20 23
2100 642 73 202 34 748 683 444 2 276 8722 02! 2751 2100
2200 849 42 267 62R 89 19 8823 82 9
2300 855 87 274 514 70 A 8923 62: 547 2300
2400 862 09 280 410 71 332 01 9025 41 4. 2400
3800 668 10 287 313 73 380 )91 2127 19 322 2800
2600 673 91 29 )9 219 74 337 080 9232 207 2205 2600
2700 879 54 130 123 7 312 )68 2740 2082 1700
2800 684 98 31 ) 032 77 284 54 9458 486 044 2800
2900 690 26 29 1941 8 252 R 25868 199 785 2900
mRoOSEE M Sgw com  an ger ler oo sl
4 76 100
705 04 044 53 396 87 75 )46 0311 D647 0958 :
3306 3* 705 34 00541 o 00541 9103 [ 2103 10645 (1] 10643 3308 3

& tinal mrasanra



APPENDIX

TABLE XXV
continrued

Superheated Steam

327

Abs Press
Lb /Sq In, Sat Sat TIHPIIATUID—DEOHEEl Fuannmzn-
(8at Temp.) Water Steam 200° 350° 380 400° 450° 500° 600° 700° 800° 900° 1000° 1100° 1300°
Sh 98 34 MB 24 198 24 243 24 20824 34824 398 24 40824 598 24 69824 79824 89824 993 24 1093 24
1 v 00161 83379 3925 21 4821 5117 5418 5713 6309 690 2 8 8604
(10176) h 6972 11052 1149 2 l ll94 1217 3 12402 1263 5 12867 13339 13821 14310 14808 15314 15830 16354
e 01326 19769 20491 20822 21128 21420 21694 21957 22206 22673 23107 23512 23802 24251 24502 24918
Sh 8775 13775 18775 237 75 287 75 337 75 43775 53775 637 75 737 75 837 75 937 75 1037 75
8 v 00164 73600 7817 8424 9021 962 10823 114 16 12611 13805 14999 161 91 173 83 185 80 197 72
(16225) h 13013 11308 11483 11711 11936 12166 12398 1263 0 12861 1333 5 13818 14308 1480 6 15313 15829 16353
s 02347 18437 18710 19043 19349 19642 19920 20182 20429 20898 21333 21738 22118 22478 22820 23146
sh 679 5670 10679 15679 20679 25670 30679 40679 9 60679 706 79 806 79 906 79 1006 79
10 v 00166 38462 3888 4108 4498 4802 5101 5404 5702 6301 6899 7496 8092 8689 9283 Of
(19321) h 16117 11433 11467 11702 11928 12160 12393 12625 12858 13333 13816 14306 1480 5 15312 15828 16352
s 02834 17876 17928 1.8271 18579 18875 19154 190418 19665 20135 20570 20975 21356 21716 22058 2.2384
Sh 8800 13800 18800 238 00 28800 38800 488 00 588 00 688 00 788 00 888 00 988 00
14696 v 00167 26828 3052 3261 3465 73 3875 4283 4691 97 5503 5909 6319 6725
(21200) h 18007 1150 4 1169 2 11920 12154 12389 12611 12854 13330 13814 14305 14804 15311 15827 16351
s 03120 17566 838 18148 18446 18727 18989 19238 19709 20145 20551 20932 21202 2.1634 21960
Sh 3697 8697 13697 18697 23697 28697 386 97 486 97 586 97 686 97 786 97 836 97 986 97
15 v 00167 26320 2786 29 3194 3395 3598 3797 4198 4597 4995 5393 5791 6191 6589
(21303) h 18111 11507 11602 11920 12154 12389 12621 12854 13330 13814 14305 14804 15311 15827 16351
8 03135 17548 17816 18126 18424 1.8705 18967 19216 19687 20123 20529 20910 21270 21612 21938
Sh 2204 04 12204 17204 22204 27204 37204 47204 57204 67204 77204 87204 97204
20 v 00168 20110 2081 2236 2391 2543 2695 2845 3146 3446 3744 4043 4342 4643 4941
(22796) h 19616 11561 11680 11911 12148 12384 12616 12850 13327 13812 14303 1480 2 1531 0 15828 16351
s 03356 17315 1.7485 17799 18101 1 8384 1 864 8898 19368 19805 20211 20592 20952 2 1294 21620
8h 993 5993 10093 159 93 209 93 259 93 359 93 459 93 559 93 659 93 759 93 859 93 959 93
28 v 00169 16 321 1658 1784 1908 203 2153 2273 2515 2755 2094 3233 3473 3714 3952
(24007) h 20841 11604 11663 1190 2 12141 12379 12611 1284 6 13324 13810 14301 14800 15309 15825 16350
s 03532 17137 17221 17570 17875 18160 1 8422 18673 19146 19584 19990 20371 20732 2 1074 21400
8h 4966 9066 140 68 199 66 240 66 349 66 449 66 549 66 649 66 749 66 849 66 9049 66
20 v 00170 13763 1482 1587 1689 1791 1892 2094 2294 2494 2893 3094 3293
(25034) h 21883 11640 1189 2 12134 12374 12606 1284 2 13321 13808 14299 1479 9 1530 8 15824 163
5 0 36! 16992 17335 17643 17930 18192 18444 18918 19357 19763 20145 2 050 0848 21174
8h 4072 9072 14072 19072 24072 34072 44072 54072 64072 74072 84072 94072
38 v 00171 11907 1266 135 1445 1533 1620 1794 1066 2136 2308 2479 2652 3
(25928) h 22792 11670 11882 12127 12360 12601 12838 13310 13806 14208 1479 8 15307 15823 16348
s 03807 16869 17156 17468 17758 18020 18274 18750 19189 19596 19978 20339 2 0681 21007
8h 3276 8276 13276 18276 23276 33276 43276 53270 63276 732 76 83276 93276
40 v 00172 10 1104 1184 1262 1340 1416 1568 1719 1869 2018 20 24 69
(267 24) h 23602 11697 11871 12119 12364 12506 1283 4 13316 13804 14206 14796 15306 15822 1634 8
s 03919 16763 1.6997 17313 17606 17868 18123 1 86 9040 19447 19829 20191 2,0533 20860
sh 2555 7555 12555 17555 22555 325 55 425 55 525 55 625 55 725 55 825 55 025 58
45 v 00172 9408 9785 1050 1120 1189 1257 1393 1527 1660 1794 1927 2062 2195
(27445) h 24338 11720 11859 12111 12358 12591 12830 13313 13801 14204 14704 15305 15821 16347
» 04019 16668 - 16854 17175 17471 17734 17990 18468 18908 19315 19697 20059 20401 20728
Sh 1899 6899 11899 16899 21899 31899 41899 51899 61899 71899 B18 99 918 99
80 v 00173 8522 8777 9430 10 1060 1130 1253 1374 1493 1614 1734 1855 1975
(28101) h 25009 11740 1184 6 12103 12352 12586 1282 6 13310 13799 14203 14793 15304 15820 16346
s 04110 16583 1.6724 17051 17349 17613 17870 18349 18790 19198 19580 19942 20284 20611
Sh 1293 6293 112 93 16203 21203 31293 41293 51293 61293 71293 81293 91293
(1] v 00173 7792 7950 8553 9130 0703 1026 1138 1248 1357 1467 1576 16 17 05
(28707) h 25030 11758 11832 12004 12346 12582 12822 13307 13707 14291 14792 1530 3 15819 1634 §
s 0.4193 16506 16604 16938 17240 17507 17764 18244 18685 19093 10475 19837 2.0179 20512
Bh 729 5729 10729 157 29 207 20 307 29 407 29 507 29 607 29 707 29 807 29 907 29
60 v 00174 7179 7260 7821 8353 8882 0398 1042 1144 1244 44 1444 1545 1645
(29271) h 26210 11775 11818 12085 12340 12577 12818 13304 13795 14289 14700 1530 2 15818 1634 4
s 04271 16437 16494 16834 17139 17407 17665 18146 18588 18996 19378 19741 20083 2.0410
Sh 203 5203 10203 15203 202 03 302 03 40203 502 03 60203 70203 802 03 902.
(1] v 00174 6654 6674 7202 7696 8187 8665 9614 1055 1148 1240 1333 142 15 1
(29797) h 26751 11791 1180 4 1207 6 12334 1257 2 12814 13301 13793 14288 14789 15301 1581.7 16344
s 04342 16374 16391 16738 17047 17316 17575 18057 18500 18 19291 19654 19996 2 03
Sh 4708 0708 14708 197 08 297 08 397 08 497 08 597 08 697 08 797 08 897 08
10 v 00175 6210 6671 7132 7502 8036 8920 9791 1065 1151 1237 1324 1410
(30292) b 27261 11808 12067 12328 12567 12810 13209 13790 14286 14787 15300 15816 16343
s 04409 106314 16647 16960 17230 17490 17974 18416 1.8826 19208 19572 19914 20241
sh 4240 9240 14240 19240 29240 392 40 €92 40 592 40 602 40 792 40 892 40
78 v 00175 5820 6210 B644 7076 7492 8319 9133 9938 1074 1236 1316
(30760) h 27744 11819 12058 12322 12562 12806 13296 13788 14284 14786 1529 8 15815 16342
s 04472 16260 16563 16879 17150 17411 17896 18339 18749 19132 19495 19837 20164
Sh = superheat, deg F h = enthalpy, Btu perlb
v = specihc volume, cu. ft per lb s = entropy, B t u. per deg. F. per lb.
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TABLE XXV ‘
contirved
Superheated Steam—(Continved)
él?./szul'; Sat Sat ‘I‘nuum\funs—-f):au:n Faurenumor
(8at Temp ) Water Steam 360° 380° 400° 430° 450° B500° 600° 700° 800° 900° 1000° 1100° 1300°

8h 2797 4797 6797 8797 10797 13797 187 97 281 97 387 97 487 97 587 97 687 97 787 97 887 97

80 v 00176 5476 5720 5889 6055 6217 84 6623 8 558 31 1007 1158 1233
(31203) ll 28202 118311 12000 12“ 0 12212 12315 12403 12557 3293 1378 5 14282 14784 l6291 lS'!l 4 1634 1
s 04532 16209 16424 16560 16683 1 6! 16905 17077 l 7339 17825 18268 | 8679 19062 19426 19768 2 0003

Sh 2375 4375 6375 8375 10375 133 75 183 75 28375 38375 483 75 583 75 683 75 783 75 883 73

88 v 00176 5169 3 5528 5685 5839 59 6226 6504 7329 80, 8762 9472 1018 1000 1161
(31825) h 28640 118413 11985 12100 12205 12307 1239 7 12351 12797 13290 13783 14290 14782 152968 l&al 3 1634 0
s 04587 106159 16339 16481 16608 16728 16831 17003 17266 17754 18198 18609 | 8992 19357 19699 20026
Bh 1073 3973 5973 7973 9973 12973 17973 27973 37973 47973 57973 67073 77973 87973
20 v 00177 4898 5055 5208 51357 5504 5653 5869 220 6916 7599 8272 8943 9626 1029 1096
(32027) h 29057 11854 11973 12090 12198 12300 12391 12545 12793 13287 13781 14279 14781 15205 1581 2 16340
8 04641 16113 16204 16408 16538 16638 16763 16935 17200 17689 18134 18546 1 8920 19294 19636 19964

8h 1587 3587 §587 7587 9587 12587 17587 27587 37587 47587 37587 67587 77587 87587
1] v 00177 4653 4773 49 5083 5205 5346 5552 5886 6547 7195 7834 8481 9117 9 0 38
(32413) h 29458 11664 11960 12080 12190 12293 12336 12540 12789 17234 13778 14277 14780 15294 1581 1 1633 9
5 04692 1G070 ) 6191 16339 16472 16593 16700 16872 1 7138 17624 18073 18485 1 8869 19234 10576 19904

Sh 1217 3217 52 |7 72 17 92 17 122 17 17217 27217 37217 47217 §7217 67217 77217 872 171

100 v 00177 4433 4520 46063 070 266 89 6217 6836 7448 8055 8659 9262 9862
(32783) h 20843 11873 11949 12070 1218'} 1228 4 |2186 12537 12786 13279 13775 1427 5 14780 15292 ISSI 0 16837
5 04741 16028 16124 16273 16409 16528 16645 16814 17080 17568 18015 18428 18814 19177 19520 | 9847
Sh 862 2862 (8 62 6862 8862 118 62 108 62 268 63 368 2 468 682 568 62 668 62 768 62 868 62

108 v 00178 4232 4293 4429 4691 4820 5007 5316 5916 6507 7090 7670 8245 8819 9391
(33138) h 30213 11882 11935 12059 1217 2 12276 1237 5 12529 12780 13276 1377 4 14273 14777 15202 ISWO 1633 7
s 04787 15988 16055 16208 16344 16460 16580 16752 17020 17511 17960 1,8372 1R757 19122 10464 19791

Sh 521 2521 4521 852\ 8521 11521 16521 26521 3063 21 46521 56521 66521 76521 865 21
110 v 001 4050 4084 4217 4345 469 4592 4773 5069 5643 6208 6765 7319 7869 8417 8963
(33479) h 30569 1.800 11922 12049 1216 4 l2.‘6 9 12369 12524 12775 13274 13771 14271 14775 15201 15808 1633 6
8 04832 15950 15990 1.6147 16286 16410 16525 16698 1 6966 17460 17903 18321 18706 19072 19414 19742
Sh 2192 4192 6192 8192 11192 lﬂl 92 261 92 361 92 461 92 561 92 661 92 761 92 861 92
118 v 00179 3882 4022 4146 4268 43 4 5! 3 5393 5935 6469 6999 7525 8049 B 572
{33808) h 30913 11898 1203 8 12156 12262 12363 12519 l277 1 13271 13769 14270 14774 15289 15807 16336
8 04875 159156 16088 16230 106355 16471 16645 1 6915 17410 1.7859 18273 18658 19023 19366 19695
Sh I8 74 3874 5874 78 7‘ 108 74 158 74 25874 35874 458 k] 558 74 65874 75874 83874
120 v 00179 3728 245 3063 4079 4194 4381 35 5165 5685 6197 6705 7210 7713 #2135
(34126) h 31246 11906 l1027 12147 12254 l23‘51 12514 12767 1326 8 13707 14268 1477 2 15288 15806 1633 5
s 04918 15879 16028 16173 16299 16417 16592 16863 17359 17t09 18223 18G08 18974 19317 19646
8h 15 66 35 66 55 66 76 66 105 66 155 66 255 Gﬁ 355 60 455 66 5‘:5 66 65 66 75566 855 66
138 v 00179 3586 3 680 181 5454 5947 6435 6920 7403 7885
(34434) h 31569 11913 1201 6 12137 1224 5 12350 12508 12703 13265 13764 14266 14771 15287 15805 1633 4
8 04956 15846 15973 16119 16246 16367 16544 1 €817 17314 17764 18179 18565 18931 19274 19603
Sh 12 69 3269 5269 71 69 102 69 152 60 252 69 852 09 52 GQ 552 69 651 81) 152 69 852 69

130 v 00180 3455 35 641 3750 38 4013 6186 ll7 7581
(347 31) h 31881 11920 1200 4 12127 12236 12343 12503 1275 8 1125 l 1316 l 1426 l 1476 0 15286 4 16333
s 04995 15815 15018 16066 16194 16317 16496 16769 17267 17718 18134 18520 1 8887 |0230 19559
Bh 979 2979 49 79 69 19 9979 149 79 2‘9 79 349 79 44979 540 79 643 79 74979 84979
138 v 00180 31333 3338 3497 3603 37 3859 580 5043 5 50: 955 6 405 3 7,303
(35021) h 32186 11927 1092 12117 12227 123'16 12497 12754 2‘5. 13759 l4262 IG'IB& 15285 1580 3 1633 2
s 035032 15784 15864 16015 16144 16269 16449 16724 1.7223 17674 18090 18476 18843 1.9186 19515
€h 6 97 26 97 4697 6697 9697 146 97 246 97 346 07 446 97 546 97 MG 97 746 97 846 97
140 v 00180 3220 3258 3364 3467 35067 3715 3954 4413 4863 5303 5741 175 6607 7037
(35303) h 32483 11933 11980 12106 12218 12329 12491 12750 13235 13757 14260 NTGO 152!4 1580 2 1633 2
8 05069 15755 15813 15965 16097 16225 16406 16683 17183 17635 18051 18437 1.8804 10147 1 9476
Sh 424 2424 4424 ﬂl 24 04 24 144 24 244 24 344 24 414 24 MI 24 “4 24 7“ 24 -844 24
148 v 00181 3114 3136 3240 3340 3438 3581 3812 42 4692 5119 6378 6794
(35576) h 32771 11939 11967 P209 5 12209 12’92 2 12485 1274 5 1325 l 13754 14258 1470 5 16283 1580 1 1833 1
8 05104 15726 15760 15914 1€048 1.6178 16360 16638 17139 17592 18009 18396 1 19108 19435

Sh 2157 4157 6157 9157 141 51 241 67 341 57 141 57 541 57 Ml 67 741 87 841 57
180 v 00181 3016 3124 3221 3317 3456 3 4112 4533 4946 5355 6164 6567
(35843) h 33053 1104 4 12084 12200 12314 12480 12741 l324.0 1376.1 14256 14763 15281 15800 1633 0
s 05138 15698 15865 1.6002 16133 1.6319 16598 17101 17583 17070 ) 8357 1.8724 10068 1.9307
Sh 1808 398 5898 88,08 138 98 23898 3339' 438 98 538 08 03000 738 98 838 98
108 v 00181 2921 3015 3110 3203 3340 3558 384 4785 5181 85 5064 6354
(361 02) h 33327 11850 312072 12191 12307 1247 5 1273 6 1324 5 1374 9 14254 1476 2 15280 15799 16329
s 05172 15671 15818 15958 16091 16279 16558 17062 17516 17033 18321 18688 1.9032 1.9361
8h 1645 3645 5645 £645 |30 45 23645 33645 436 45 536 45 636 45 736 45 836 45
160 v 00182 2834 2913 3006 3097 323 3849 4245 633 5018 5398 5777 6135
(363 55) b 33595 11955 12060 12183 12300 1246 9 12732 1324 1 13747 14252 14760 13279 13798 16328
s 05204 15646 15772 15917 1052 16241 16522 1.7026 17482 ) 7809 1 8287 1.8655 18999 1.0328

Sh = superheat, deg F
v = specific volume, cu. ft. per Ib,

h = enthalpy, Btu perlb

8 = entropy, B t u. per deg. F. per lb.
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TABLF XXV
cortinued

Superheated Steam—{Continued)

Abe Press
Lb/8q ln  Sat Sat T:urnnuu—Dmnnn FARRENHEIT
(Sat Temp ) Water Steam 430°  440°  460°  480° 500° 850° 600° 700° 800° 900° 1000° 1100°

h 33 99 53 99

168 v 00182 2752 2909 2997
(36601) I 33855 11959 (2174 12293
s 05236 15619 L 3874 1 1

7399 9399 11399 13390 18399 23390 33399 43300 533 90 633 09 733 99
30 70 3251 3334 3533 3720 4114 4491 4864 5234 5601

16144 16262 16376 16446 16747 16991 17448 17865 1.8254 18622 1

5158 7158 9158 11158 13158 181 58 231 58 331 58 431 58 531 58 631 58 731
17¢ v 00182 2674 2816 2903 2988 3071 3151 3232 3426 3617 3991 4357 4720 5079 154“

(36842) h 34111 11963 12165 12284 12405 12513 12618 12723 12982 13235 1374 2 1424 9 14757 15276 15796

8 05266 15593 15832 15069 16105 16224 16337 16448 16711 16955 17412 17831 18219 18587 18931

8Sh 2923 4923 6923 8923 109 23 12923 179 23 220 23 329 23 429 2! 2. !
178 v 00182 2601 2730 2814 2897 2979 3136 3325 3510 3875 4923:1’ 52’1’) 3 629933 72’238
(37077) h 34361 11967 12156 12276 12399 1250 8 l26|3 12719 12978 13232 13740 14247 14758 1527 5 1579 5
s 05296 15569 15793 15931 16069 16189 16302 16414 16677 16922 17380 17799 18185 1.8553 1 8897

2692 4692 6692 8692 10692 12692 176 92 226 92 326 92 426 92 526 92 626 92 726 92
180 v 00183 2532 264 2968 3045 3229 3410 3765 4112 4455 794 5132

(37308) h 34607 11972 12146 12268 12392 12502 12608 1271 5 1297 4 13228 13737 14245 14755 1527.4 1570 4

s 05325 15545 15751 15891 16030 16151 16265 16378 16641 16886 17345 17765 1 8154 1.8522 1 8866 1

24066 44006 6406 8466 10466 124 66 17466 224.66 324 6
188 v 00183 2466 2570 2651 2731 2809 2884 2058 33‘66? ‘g‘ggg 52‘333 62‘022 72‘98%
€3,534) h 34847 11976 12137 12260 12384 12404 12603 12710 12974 13224 1373 4 14243 14753 15273 1579.3
s 05354 15522 15712 15853 15992 1.6115 16230 16343 16611 16853 17312 17733 18122 18491 1 8835

Sh 2245 4245 6245 8245 10245 12245 17245 22245 32245 42245 52245 622 45 72248

190 v 00183 2404 2498 2576 2654 2731 2804 2877 3053 3225 3563 3893 4218 4540 4860
(377 55) h 35083 11980 12127 12251 12377 12490 12598 12705 12966 13221 13731 14241 14752 1527.1 1579 2
05382 15501 15674 15817 15959 16083 16199 16312 16577 16823 17282 17703 18093 1 8461 1 8806

Sh 2030 4030 60 30 8030 10030 12030 17030 220 30 320 30 42030 52030 62030 72030
198 v 00184 2344 2426 2505 2656 2728 2799 2972 3470 3791 4109 4423 473
(37970) h 35313 11984 12117 12242 |237 0 12483 12593 12700 1296 2 1321 8 13729 14239 14750 15270 1579
409 9 15636 135780 15024 16048 16166 16279 16545 16792 17252 17673 18063 1.8432 1.8777

8h 18 18 3818 5818 7818 9818 11818 16818 21818 31818 41818 518 18 61818 71818
8 2360 2512 2585 2656 2726 2535 3059 3381 3697 311 4616

987 12108 l2231 12363 12479 12587 12694 12056 13214 13725 14239 14749 1526 6 15790
7 15599 15748 } 5859 16017 16)33 16245 1.6511 16761 1,7221 17646 15035 1.8402 1.8749 1

=]
>

%
~
-
w
»
4
I
~
®
©
»
®

3
w
@
<
"
=4
=

8h 1611 361t S$611 7611 9611 11611 16611 21611 31811 41811 516 11 616 11 71811

v 00184 2235 2297 2372 2446 2518 2587 2656 2821 2982 3297 3604 3906 4203 4
(38389) h 35761 11990 12097 12225 12354 12471 12582 12690 12054 13210 13724 14235 14747 15268 1578 9

8 05462 15436 1 5562 15709 15854 15083 16102 16216 16484 16731 17194 17616 1.8007 1.8377 1.8722

8h 1407 3407 5407 7407 90407 114 07 164 07 214 07 314 07 41407 5!4 07 0614 07 1|001

v 00184 2183 2237 2311 23% 2454 2522 25! 2909 3216 3516 3812 04 4395

(38593) h 35980 11094 12088 12218 12347 12465 12577 l268 5 l295 0 13207 13721 14233 14746 15266 1578 8
® 05488 1.5417 15527 15676 15821 15951 16071 16185 16454 16702 17165 17588 17980 18349 18695

84 3170 5 967
1241 1 12518 12624 12728 12985 13238 1374 5 14250 14759 15278 1579 7
8968 1.9

8h 1207 3207 5207 7207 9207 11207 16207 21207 31207 412,07 51207 61207 71207
118 v 00185 2134 2179 2252 2324 2393 2460 2526 2685 2839 3140 3433 3722 4008 4292
(387.93) h 36195 11096 12078 12210 12340 12459 12572 12680 1204 6 13204 13719 14231 14744 15265 15787
8 0.5513 1.5393 1.5401 15643 1 5789 15020 16042 16156 16426 1.6675 17139 17562 17954 18324 1.8670 1
8h 1011 30|l 5011 7011 9011 11011 16011 21011 31011 41011 51011 61011 71011
120 v 00185 2086 2124 196 2267 2335 2400 2465 2621 2772 3067 3354 3637 3016 4193
(38080) X 36408 11900 13008 13201 13333 15452 12567 13075 15941 13500 19716 14559 14748 15084 15788
3 05538 1.5376 1 5457 1 5610 15757 1 5889 16013 16127 16307 16647 17112 17536 17928 18298 1 8644
8h 819 2819 4819 6819 8819 10819 15819 208 19 308 19 408 19 508 19 608 19 708 19
288 v 00185 2042 2072 2142 2212 2279 2344 2407 2560 2708 2997 3278 3555 3828 4100
(39181) h 36611 12002 12058 12192 12323 12445 12562 1267 1 12937 13196 13714 14227 14741 15283 15785
» 05562 15358 15423 15577 15724 15858 15084 16099 16369 16619 17086 17510 17902 18272 18618
8h 6 30 2030 4630 6630 8630 10630 156 30 206 30 306 30 406 30 506 30 606 30 706 30 806
230 v 00186 19989 2021 2160 2226 2289 2352 2502 2647 2930 3203 3477 3744 4010
(39370) h 36816 12004 1204 9 12l83 12316 12438 12556 12667 12933 13193 13711 14225 14740 15262 15784
s 05585 15337 15300 15544 15603 15827 15954 16071 16341 16592 17059 17484 17877 18247 1.8593
8h 444 2‘ 44 4444 6444 84 44 104 44 154 44 204 44 304 44 404 44 504 44 604 44 704 44
238 v 00188 19573 1973 2042 2110 2175 2237 2208 2448 2589 6 3136 3402 3664 3.92¢
(395.56) h 37017 12007 12038 1217 5 12308 12432 12550 12662 12929 13190 13709 14223 14738 15260 15783
» 05600 15320 15387 15513 15662 15798 15025 16043 1.6314 1.6566 1.7034 17459 17852 18222 1.8568
8h 2260 4260 6260 8260 10260 15260 20260 30260 40260 502 60 602 60 702 60
240 v 00186 19176 1995 2062 2126 2187 2247 2392 2532 2805 069 3330 3588 3841
(307 40) h 37216 12009 12166 12300 12425 1254 4 12657 12925 13186 13705 14221 14738 15250 15782
a 03632 1.5301 1.5482 15633 15770 15898 1.6017 16289 16541 17009 17435 1.7828 18199 1.8545
8h 2030 40 80 0080 80 80 10080 15080 200 80 300 80 40080 500 80 600 80 7
248 v 0.0188 1 8797 950 2015 2 I39 2198 2341 2479 2746 3006 3261 3513 3762
(39920) h 37411 12011 l2l56 1229 1 l?ll 8 12652 12920 13183 13703 14219 14735 15258 1578 1
s 05654 15283 5450 15602 1 5742 l 58’“ 15991 16263 16517 16985 17411 17805 18176 1 8522
Sh = superheat, deg. F. h = enthalpy, Bt u perlb

v = gpecific volume, cu. ft. per Ib. s = entropy, B t.u per deg. F. per lb,
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FUNDAMENTALS OF POWER PLANT ENGINEERING

TARLE XXV
ccrtinued

Superheated Steam—{Continued)

Press,
Lb /Sq ln Sat
{Sat Temp ) Water

Sat
Steam

TEMV!;RATUI(I—DEOREI:! FAHRENHEIT
4 480°

420°

440°

500°

830°

880°

600°

700°

800°

900°

1000°

1100°

8
v 00187
(100 91) h 376 04

]

266
402 71)

%]

260
(404 43)

w
TeT ardT urex
o
o
5

265
(406 12)

]

270
@07 79)

w
T eFdT aFdT aFe4T
= @
®
12}
N
X}

278
(409 44)

wm

280
(411.06)

w0

188
(412 66)

w

290
(414 24)

w

298
(415 80)

T ev<T aT<T aF<
© =

o

300
(417 33)

]
TeCT pire

\s10
(420 35)

»

@D<T aP<T nIeT aT<T oTs @
©o owso
4
2

330
(423 29)

2]

330
(426 16)

[}

340
(428 96)

o»

380
(431.71)

360
(434 39)

1.6798
12023
15183

16504
1202 5

2 15167

15426
1203 2

15107,

19 03
1 9065
1214 6
15419

17 29
1 8686
12137
1 5388

15 57
18246
12128
1 5359

15301

10 56
17127
1210 0
15271

8 94
16780
1209 0
15241

7 34
1 6446
1208 0
15214

576
16122
1207 0
15184

4 20

1 580!
1206 1
15157

267
1 5506
2052
5130

3903

15514

88 3388
18481 1

12257
1 5485

3221

15429

28 94
17381
1223 2
1 5401

1220 5
15319

22 67
1 6082
12195
15291

5
1 30
120
1.4

59 03

15574
48 94

4 47 34
17610

12356
15521

4576
17277
1234 8
15493

44 20
16948
1234 0
1 5467

42 67
1 6634
1233 4
15443

15391

.

15291
31 04

blbl

0 1253 2

79 0 9 03
2 0932 f 15215
15844 15965

7729 9729
20489 21065
1252 6 1264
15816 15938

7557 9557
20083 20631
12520 1263 6
15790 15912

8 15762 15386

7221 9221
19259 19810
12506 1262 5
15736 15861

7056 90 56
18879 19422
12500 12620
15711 15837

6804 88094
185121 9048
12494 12615
15688 15813

67 34 8734
18157 1 8687
12487 12009
15662 15790

12480 1260 4
15635 15766

64 20 B84 20
17484 1800
1247 4 12598
15611 15742

6267 8267
17164 17677
12466 1259 2
15585 15718

15539 15673

1 5671 7671
5473 1 5982 16472

12299
9 1 5342 1 5494 15629

12440 1256 8

5384 7384
1 5445 15925
12425 12555
15445 15582

15399 l 5538
4829 6829
14460 1 4923
12395 12529
1 5496

4561 6561
14008 1 4463

12380 125158
15311 15453

11903

»

7 1274 5

117 29
21626

2 12742

16041

1 5946
108 94

105 76
1 8853
1271 4
15879

104 20

88 29
15377
1265 5
15626

85 1

264 5
15587

149 03
2 2920
1291

16238

16212
145 57

143 88 19
21554

1290 4
16164

142 21
21131
1290 0
16140

140 56

137 34
19955
1288 6
16071

13576
19590
1288 2
16048

134 20
19236
1287 8
1 6026

132 67
1 8896
1287 4
1 6004

199 03
24272

6 13179

16492

299 03

16961

29 29729

16468
195 57

16937
295 57

23299 2 583

1317 1
16442

16419
192 21

16395
190 56

6 16373

188 94
21562
13157
16350

187 34

16330

185 76
20783
1315 0
16307

184 20
20413
13147
16286

182 67

3
1369 5
16914

88 293 88

2 5331
1369 3
16892

292 21

290 56
2 4382
1368 7
16847

288 94

16826
287 34

28576
2 3080
1367 9
16784

284 20
22677
1367 6
16763

282 87

20056 2 2286

1314 4
16265
179 65
19375

1313 5
16224

16106
168 29

01 91
16033

1367 4
16742
279 65
2 1541
1366 9
16705

276 71

16667

399 03

397 29
2 8855
14215
17364

395 57

17342

393 88
27744
14211
17320
392 21
27219
1420 9
17298

390 56

1 256
387 34

499 03

497 29
31313
1473 2
17759
495 57
30701
1473 0
17737

493 88

17715
492 21

17652
487 34

56 2 7968

384 20
24463
14199
17195

382 67
2 4447
14197
17175
379 85
2 3631
14193
17138

376 71

17102

84 37384

273
20189
13658

16628 1706

27104

16591
268 29

22163
1418.4

37104

17027

368 29
0863

Hl? 6

16993

305 61

484 20 5

2 7004
14720
17593

482 67
2 6547
14713
17572

479 65
2 5875
14715
17536

476 71
2 4857
1471 2
17501

473 84
2 4090
14708

3 17463 17

471 04
2 3368

468 29
2 2687
1470 2
1.7395

465 61

599 03
34418
15256
18153

597 29
33733
1525 §
18130

595 57
33077
1525 4

699 03

1 8500

697 29
36134
15779
18477

695 57
3 5437
1577 8

56

18109 1 84,

593 88
3 24406
15253
18087

592 21

587 34
30143

1524 7
3 18005 1

6 58576 6

582 67
2 86834
1524 4
17945
579 65
2 7682
1521 1
17909

565 61
3784
1522 8

1.7737 18088 1

693 88
3 4761
1577 7
18434
692 21
34112
15776
18413

690 56

1577 2
18332

634 20

3 31195

1577 1

5 18313

632 67
30670
15770
18294

679 65
2 9671
1576 8
18238

676 71

2 8735 3 06

1576 8
18224

84 673 84 77
27855

1576 4

671 04

27027 2

1576 2
18152

668 29

18120 1

663 61
2 5500
15758

7 18187 18520

Sh = superheat, deg F
v = specific volume, cu. ft. per lb.

h = enthalpy, Btu perlb
8 = entropy, B.t.u. per deg. F. per lb.
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TABLE XXV
cortinued

Supérhea'ed Steam—(Continued)

331

Abs Press.
Lb /8q In. Sat.

Sat Tnnr:m‘rvuz-—Dtonna FAHRENHEIT

Sat. Temp ) Water Steam 460° 480° 8500° 830° 040° 560° ©680° 600° 700° 800° 900° 1000° 1100° 1300°
8h 22 4299 62909 8299 10299 12299 142 99 162 99 262 99 362 99 462 99 562 99 662 99 762 90

370 v 00192 12545 13111 13579 14028 14466 14881 15286 15675 16063 17921 19703 21435 23131 24809 26471
(437.01) h 41558 1204 6 12214 12365 12502 12634 12752 12867 12083 13091 13636 14168 14696 15225 15756 16202
8 06122 14921 15106 15268 15412 15548 15667 15781 15894 15997 16488 16928 17331 17706 1 805! 8391

20 41 041 6041 8041 10041 12041 14041 16041 26041 36041 46041 5604 41 760 41

380 v 00103 12217 12711 13173 13614 14045 14452 14850 15232 15612 17428 19168 20859 22512 24148 25768
(439.59) h 41845 12047 12198 12350 12488 12623 12742 12860 1297 5 13084 13630 14164 14692 15222 15754 16291
8 06154 14897 15063 15226 15371 15510 15630 15747 15859 15963 16455 16896 17209 17675 18027 18361

Bh 17890 37 8 7 97 8 17 89 137 89 157 89 257 89 357 80 457 89 557 89 657 89 757 89

390 v 00193 11904 12332 127 3222 13647 14046 14436 14812 15184 16961 18661 20311 21925 23521 25101
442.11) h 42127 12048 12180 12334 1247,4 12612 12732 12851 12967 13077 13625 14160 14689 15220 15752 16289
s 06184 14872 15017 15183 15330 15472 15593 15711 15824 15929 16423 16365 17269 17646 17998 18332

8h 1542 3542 5542 5 9542 11542 13542 15542 25542 35542 45542 55542 65542 75542

v 00103 11600 11972 ] 2422 1 28. 13260 13660 14042 14413 14777 16522 18179 19796 21367 22926 2 4475

(“4 58) h 42402 12049 12165 12316 12459 12599 12724 12843 12058 13070 13621 14155 14686 1521 5 1574 8 16288
8 06215 1.4850 14977 15140 15290 15434 15561 15678 15790 15897 16393 16835 17240 17615 17968 18344

8h 1300 3300 5300 7300 9300 11300 133 15300 253 00 353 00 453 00 553 853 53 00

v 00194 11327 11628 12071 12494 12006 13291 13669 14033 ] 43 16095 17722 19297 20887 2.235 3864

(“700) h 42674 12050 121468 12302 12445 12588 1271.2 12835 12951 13062 13614 14151 14683 1521 4 15748 16286
s 06244 1.4828 1.4033 1.5101 15252 15399 15524 15646 15750 15865 16362 16806 17212 17589 17943 1827

8h 1062 3062 5062 70 62 9062 11062 13062 150 62 250 62 350 62 450 62 550 62 650 62 750 62

430 v 001904 11058 11300 11738 12156 12042 13312 13671 14021 15693 17285 18826 20332 21819 23200
(449 38) h 42042 12050712130 12286 12431 l257 5 12702 12826 12943 13054 13608 14146 14680 1521 2 15746 16284
8 06273 14805 14892 15060 15213 15361 15489 15612 15726 15832 16331 16776 17184 17561 17915 18249

Sh 2828 4828 6828 8828 108 28 128 28 148 28 248 28 348 28 448 28 54828 64828 74828

y 00195 10800 10986 11419 11834 12233 12607 12972 13326 13670 15300 16569 18377 19850 21305 22742

(451 72) h 43205 12050 12112 12270 12417 12563 12691 12818 1203 5 1304 3603 14142 14676 15209 1574 4 1628 2
s 0.6302 14782 14850 15020 15175 15326 15455 15581 15695 15801 16303 16748 1.7156 17534 1788 8222

8h 599 25 4599 6599 8599 10509 125900 14599 24599 345 99 44599 54599 645 745,99

v 00195 10554 10688 11116 11524 11918 12288 12648 12996 13334 14043 16472 17949 19390 20814 22220

(454.01) h 43463 12050 12096 12253 12402 12550 12680 12809 12026 13039 13597 14138 1467 3 15206 1574 1 16280
s 06330 14762 14812 14981 15138 15291 15422 15550 1 566 5772 16275 16722 17130 17508 1 786! 8197

8h 373 2373 4373 6373 8373 10373 12373 143 73 243 73 343 73 443 73 54373 64373 74378

480 v 00195 10318 10401 10824 11230 11617 11982 12337 12681 13013 14593 1.6092 17539 18951 20345 21720
(45627) h 43718 12050 12079 12237 12387 12538 12669 12800 1291 8 13031 13591 14134 !487 0 15203 15739 16278
8 06357 1.4739 1.4771 14941 15099 15255 15387 15517 15632 | 5740 16245 16694 17103 17481 1.783 8171

Sh 2152 4152 6152 8152 10152 121 52 141 52 241 52 341 52 441 52 541 52 641 52 741.52

460 v 00196 10092 10545 10946 11329 11690 12039 12379 12706 14258 15729 17147 18530 198968 21243
(458.48) h 43969 12050 12220 1237 2 12525 12658 12790 1291 0 13023 13586 14130 1466 6 15200 15737 16277
s 063 4719 14902 15062 15220 15354 15485 15602 15710 16217 1.6667 17076 17455 1.7811 18146

8h 19 39 3. 34 119 34 13934 239 34 339 34 439 34 530 34 63934 73934

470 v 00196 09875 10278 10676 11053 11410 11755 12091 12412 13937 15381 16772 18127 19466 20785
(460.66) h 44217 12050 12202 12357 12512 12647 12780 12000 13015 13580 14125 14663 15198 15735 1627 5
s 06411 1.4699 14862 15025 15185 15321 15453 15570 15680 16189 16639 17050 1 74 1.7785 18120
8h 17 20 3720 5720 7720 9720 11720 137 20 237 20 337 20 437 20 537 20 637 20 737 20

v 00197 090668 10021 10416 10780 11141 11482 11813 12131 13630.15049 16413 17742 19054 2034
(46280) h 444 2050 12)86 12342 12499 12635 12770 12891 13008 1357 5 14121 1466 0 15195 15733 1627.3
s 06436 14670 4825 14989 15151 15288 15422 15539 15650 16161 16612 17023 17402 17758 1 809
8h 1509 3509 5509 7509 9509 11509 13509 23509 33509 43509 53509 63509 73509
490 v 00197 09466 09774 10166 10535 10884 11220 11548 l 1860 13335 14729 15067 17371 18659 19927
(464.91) h 44700 12049 12170 12327 12484 12623 12760 12883 13569 14117 14656 15192 15731 16271
» 06462 14659 14789 14954 15118 15256 15392 1 5511 15522 16135 16588 16999 17379 17736 1.8071
8h 1300 3300 5300 7300 9300 11300 13300 233 00 33300 433 00 533 00 633 00 733 00
800 v 0.0187 09274 09538 09926 10290 10636 10969 11292 11600 13051 14417 15735 17016 18280 1.9532
(467 00) h 44940 1204 9 12153 12314 12486 12611 12750 12873 12993 13563 14112 14651 15188 15729 16273
» 06488 1.464) 14752 14922 15079 15225 15363 15482 15596 16110 16564.16075 17356 17714 1.8052
Bh 1095 3095 5095 7095 9095 11095 13095 230 95 33095 43095 53095 63095 73093
810 v 00198 09090 09310 09695 10056 10397 10727 11046 11350 1 27 14127 1,5418 1667 17915 19135
(469.05) h 45175 12048 12135 12206 12456 12599 12740 12866 12984 13557 14109 14650 15187 15726 16268
s 06513 1.4621 14714 1.4883 15048 15192 15332 1 5454 1.5566 16082 16538 16951 17332 17689 18026
8h 893 6! 0893 12893 228 93 32893 42893 528 93 628 93 72893
520 v 00198 08912 09091 00472 00820 10169 10494 10810 11110 12519 13844 15113 16347 1.7565 18763
(471.07) h 454 07 1204.7 12118 12281 12442 12586 12729 12856 12976 13551 14104 14646 15184 15724 1626 6
8 06537 14601 14677 9 15015 15160 2 15425 15539 16057 16514 16928 17310 1.7668 1 8008
8h 695 2695 46 66 86 95 106 95 126 95 226 95 326 95 426 95 526 95 626 95 726 93
830 v 00199 038741 0 887 9612 0.9948 1 0269 1 0582 1 0878 12267 13571 14818 1 17228 18402
(473.05) h 45635 1204 6 12100 65 1342.8 12573 12718 12848 ) 8 13546 14100 1464 3 1518.1 15722 1626.4
s 06562 1.4584 14642 I4816 14984 15130 35274 15400 156514 16035 16493 16908 17200 17648 17985

Sh = superheat deg. F.

mfin wvaluma an f¢ naore Th

h = enthal B.t.u. per lb.
a = An?rnnl\)ry.g tu ugr dez. F per lb.
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Superheated Steam—(Continued)

TABLE XXV
continued

Abs Press

Lb /Sq In  Sat Sat  TEMPFRATURE— DFGREES FAHRFNHEIT
8500° 520° B640° B560° 580’

(Sat Tomp ) Water Steam

Sh 2498 4448

840 v 00199 08576 09051 09401
(47502) h 45862 1204 5 12250 12414
8 06585 14565 14781 14950

2306 4306

850 v 00199 08416 08851 09198
(476 94) h 46083 1204 4 12234 12400
6609 14548 14748 14919

h 2115 4115
580 v 00200 08253 0 8G38 09003
(47885) h 46304 12013 12218 12385
3 06632 14530 14714 14886

1927 3027

870 00200 08114 0R472 08RI14
(480 73) h 460 22 12041 12202 12369
14512 14081 14853

$Sh 1742 3742

580 v 00201 07968 08291 0 R631
(48258) h 46737 12186 12355
8 06677 14494 14648 14822

Sh 1559 3559

890 v 00201 07831 08116 O 8455
(484 41) h 46950 12038 12170 12340
8 06699 14477 14016 14791

S
=
=1

Sh
600 v 00 7') 5 08‘84
(486 21) h 471359 12036 12156 12325
8 006 4586 14760

201 07695 ‘l)
721 14460 1

Sh 20

610 v 00202 07565 0778
(48799) h 47367 12035 1213
8 06743 14444 1 455

3201
08120
1230 9
14728

Sh 30 25

620 v 00202 0 7960

(48975) h 47572 12033 12122 12295
s 0676

nﬁ BxZ2

4 1 4427 14520 140698 14

Sh
€30 v 00202 0731
(491 49) h 47775
s 06785

640 v 00203 [
(49321) h 47979 12029 12090 12263
s 06806 14394 14458 14636 14

510 2510
680 v 00203 07082 07171 07504
(49490) h 48173 12027 12073 12248
s 06826 14379 14427 14607

Sh 342 2342

680 v 00204 08039 \)7031 0 7361
(496 58) h 48377 12025 12057 12232
s 06847 1 4363 14396 1 4576

177
870 v 00204 06861 06892
(498.23) h 48561 12023 12040 12217
s 06867 14349 14367 14549

13
880 v 00204 086757 07089
(499 87) h 487 64 12021 1220 2
s 06886 14332 14519

8h
690 v 00205 06652
(301 49) h 489 56 1201 8
s 06906

5 06552

18 36

700 v 0020 00830 07
(50300) h 49149 1201 6 12171 1234 13
14461 14638 1 4803

s 06925 14301

64 98

9736
3
5098

63 Oﬁ
09530
125
15

—_——
At
3

61 15

84 93

10054
12707
15243

83 06
09846

8 12696
8 15215

8115

09332 09644

1253 5
15038

15008

57 42
0 8950
1250 9
14978

55 59

14949

53 79
0 8605
12483
14920

14663

]
<82
o
8

12685
15187

79 27
0 9450
1267 3
1 5156

77 42
0 49263
1260 1
15128

15108 15,

7379
0 8107
12637
15072

1] 8736
1262 5
1 5044

104 98

15370

103 06
10151
12829
15344
101 15
09947
12320
15318

99 27

1280 0

14962 15105

65 10
08107
1257 6

4 14935

1

l 4908
8177

0 7820
12551

14883

14828

56 91
074[9

1
14953 15097 1

600°

12498
L0635
129 0
1 5486

123 06

: &g
i ] T B

e
"
SEWw OwvwN

oty
s
g2

N

-

2y &=
=1 1%]

.
g2
I
)

15284

108 51
o 896;

l 5260 1
106 79

o
1287 4
15236

105 10
08648

1286 5
15213

=3

12855
15188

101 77

15118

96 91
07941
1281 9

103 42
8499 0

174 98
1 1356
13258
1 5759

N
B
-
o

167 42
10506
13228
1 5062

100"

22115
1 1506
13529
15964

219 27

15940
217 42

15894
213 79

3 10738

1350 5
15871

01 21201

15591
160 25

10548
1350 0
15850

210 25

15827

‘51 208 51

15785 1

205 10

201 77

750°
274 98

1 6240
27306

16202
269 27

16179
267 42

800°
J.’4 98

13309 145

1409 6

200°
2408
535
1463 9

10469 10884

323 06

1 0447

5 32115

16425 1

319 27
12575
1408 3
16403

317 42

16381

9 315 59

12128

1407 4
1

16134 16360

263 79

16112
262 01

1 6068
258 51

10234

25177
72

09527 100

13463
15723

15703
198 51

5 09225 0O

13451
15681

196 91
0 90!

1344 6
15663

13753
15968

3 250 13

15947
248 51

1374 2
15927

246 M

1373 7
15908

31379

16339
31201

16318
31025

6 16256
0 30510
1 4

16179
298 51

1
16159

206 91
10117
1402 5
16141

403 9
200 1

423 06
4262

421 15
1 3998
1463 2

0841
41927
13744
14629
16820
417 42

16799
415 59

16717
408 51

16678
405 10
11988
{080 1

1000°
524 98

%8

o
S
AN o

17204

517 42
14616

506 79
13210
15150
17085
50510
1 29¢

1514 7

6659 17046

1100°

624 98
16903
15720
17025

62300 7

1 6590
15717
17603

619 27
1 5993
15713
17564

617 42

1300

1792

23 06
17724
1626 0
17940

72115

07
1624 7

17464 17803

608 51
14445 1

1569 9
17445

606 79
14213 1

1569 7
17427

605 10

99 13987
4

1
17408

403 42 503 42 603 42
11803

1469 7
16639

16567

9
096 I
458 2

17027

77 50177
7 12600
1514 1

17012

I 0958

3 600
13357

17390
601 77
1 3560
1568 0
17376

1568 7
l 7356

17321

Sh = superheat, deg F

v = gpecific volume, cu ft. per lb.

h
8

= enthalpy, Bt u perlb
= entropy, Bt u per deg F. per lb.



TABLE XXV
continued
..
Superheated Steam—{Continued)
Abs Press.
Lb /8q ln Sat Sat TEMPERATURE—DEGRFES Fuuuumrn
(Sat. Temp ) Water Steam 820°  540°  860° = 680°  600° €20° 680° 700° 750° 800°  300° 1000° 1100° 1200*
h 1290 32 5200 7200 92090 11299 14299 10299 242 uy 202 299 502 99 692 99
788 v 00206 06314 06524 06827 07109 07373 07624 07804 08203 08740 0 $5ray Tom? Vinns 12511 13383
(50701) b 4962 12009 8 12309 12480 12640 12791 12938 13123 13430 13 14013 14574 15125 15677 16227
« 06973 1.42 14568 14737 14892 15036 15173 15342 15612 1ohe hood 1002 1013 17279 17621
917 29 49 6917 8917 10917 13917 18917 23017 289 17 389 17 489 17 589 17 689 17
100 00207 06091 06237 06538 06818 07080 07326 07561 07896 08419 0 KUI8 09309 10326 11212 12078 1 2928
(510 83) h 5008 12002 1208 8 1227 4 1244 0 12610 12766 12914 13105 13415 13710 14002 1456 5 1511 8 1567 1 16223
07019 14225 14313 14501 14674 14830 14979 15117 15291 15564 15813 106049 106479 16871 17237 17580
8h 543 2543 4543 6543 8343 10543 13543 18343 21543 28543 38043 485 43 s 41 08343
996 v 00208 05882 05000 06268 06545 0 6803 07047 07278 07607 0 &119 0 RG06 09073 00977 10838 1 1676 1 2505
(514.57) b 5053 11995 12047 12237 12415 12582 12719 12890 1308 6 13400 13697 13990 14556 15111 15666 16218
s 07064 1.4189 1.4242 14434 14610 14772 14902 15062 15241 15518 15769 16006 106438 106832 17200 17543
h 180 2180 4180 6180 8180 10180 13180 18180 231 80 281 80 381 80 481 80 581 80 681 80
800 v 00209 05685 05714 06013 06288 06545 0 6785 07013 07336 07838 08313 08770 09648 10486 11302 12105
(618.20) h 5097 11988 12003 12200 12382 12553 12714 12865 1306 8 13384 13085 13978 1454 9 15105 1566 0 1621 4
s 0.7108 1.4155 14170 14369 14549 14715 14868 15000 15195 15473 15727 15904 16400 16794 17162 17506
1825 3825 5825 7825 9825 12825 17825 22825 27825 37825 47825 57825 67825
[11] 00210 0 5500 05774 06046 06300 06539 06763 07081 07573 08038 0 8483 09338 10155 10950 11727
2178 b OSie0 11980 12161 12349 12521 12685 1284 0 1304 8 13368 13670 13966 14538 15007 15634 16208
s 07152 14121 14304 14490 14657 14813 14958 15148 15430 15685 15925 16362 16758 17127 17471
8h 14 3477 5477 TAT7 9477 12477 17477 224 77 274 77 37477 47477 ST4 77 67477
880 v 00210 05326 05545 05817 06070 06306 06528 06841 07323 07779 08213 09048 09845 10619 11375
(52523)* b 518.3 11972 12124 12315 12491 12657 1281 4 13029 13352 13657 13954 14528 1509 0 1564 8 1620 4
o 0.7194 1.4087 14240 14429 14600 14758 14905 15101 15386 15643 15883 16321 16720 17090 17435
8h 1138 3138 5138 7138 9138 12138 17138 221 38 271 38 371 38 471 38 571 38 67138
o v oozn 05162 05327 05601 05851 06085 06305 06615 07087 07535 07960 08773 09554 10306 11045
(528.62) h 5224 1198 12084 12280 12460 12630 12790 13009 13335 13644 13942 14519 15083 1564 3 16199
« 072 u 1.4056 14177 14371 14546 14708 14858 15058 15345 1 5606 1 5847 16287 16687 17058 1 7403
sh 806 2808 48 806 B806 11806 16806 21806 268 06 368 06 468 06 568 08 668 O
900 v 00212 0 05123 05394 05644 05876 06094 06399 0 G8G6 07304 07720 08516 09277 10010 107,
(53194) b 5266 11956 12040 12242 12426 12600 12765 12986 13318 13630 13929 14511 1507 8 15637 16193
s 0.7276 1.4022 14106 14306 14484 14649 14803 15004 15296 15559 15801 16245 16647 17017 17462
Sh 4 1) 4480 6480 8480 114 80 164 80 214 80 264 80 364 80 464 80 564 80 664 80
938 v 0.0213 04858 04927 05199 0 5448 0 5678 0 5894 0 G196 0 6655 0 7085 07494 08272 09014 09731 1 0432
(53520) h 5306 11947 12000 12208 12396 12570 12739 12067 13302 13617 13917 14500 15069 1563 1 16189
« 0.7316 1.3991 14044 14250 14433 14500 14757 14965 15260 15526 15769 16214 16618 16990 17337
8h 162 2162 4162 6162 8162 11162 16162 211 62 261 62 361 62 461 62 561 62 661 62
080 v 00214 04717 04741 05014 05262 05491 05705 06003 06456 06877 07277 08039 08706 09465 10148
(53838) h 5346 11938 11958 12170 12364 125641 12713 12045 13285 13603 13905 14491 1506 1 15626 1618 §
© 07355 13960 13080 14190 14378 14547 14708 14920 15220 15488 15733 16180 16584 16958 1 7305
1850 3850 5850 7850 10850 158 50 208 50 258 50 358 50 458 50 558 50 658 50
(3] 00215 04583 4835 0 5083 05311 05524 05820 06266 06680 07073 07820 0 8533 09214 0
(5413500 h 5385 11929 12130 12330 12512 12687 12921 13267 13588 13892 14482 15054 15620 1618 0y
07393 13929 14128 14322 14495 14659 14873 15178 15449 15695 16145 16551 1 6926 1 7274
1544 3544 5544 7544 10544 15544 20544 25544 355 44 45544 555 44 655 44
1000 v 00216 04456 04665 04914 D 5141 05351 05639 06085 06492 06879 07611 08306 08974 09626
(54456) b 5424 11919 1208 8 12294 12482 12658 12896 1324 9 1357 2 13880 14473 1504 7 15613 1617 5
s 0.7431 13899 14066 14266 14445 14610 14827 15138 15411 15660 16113 16520 | 6895 1 7244
8b 1243 3243 5243 7243 10243 15243 20243 25243 35243 452 43 552 43 652 43
1098 v 00217 04 04498 04751 04978 05188 05479 05913 00314 06695 0 7413 08095 0 8746 0 9384
(34757) b 546.) 1191.0 1204 5 12259 12452 12630 1287 6 13231 13557 13868 14464 1504 1 15608 1617 0
s 0.7468 1.387 14004 14212 14396 14562 14787 15100 15375 15627 16082 | 6491 16868 1 7218
b 048 2048 4048 6948 0948 14948 199 48 240 48 340 48 449 48 549 48 649 48
1080 v 00218 04219 04345 04598 04822 05031 05320 0 5749 06143 06519 07223 07892 08531 09154
(85052) b 8500 11900 1200 5 12224 12419 12602 12851 1321 3 1354 2 13856 14454 15034 1560 0 1616 5
» 0.7504 1.3839 13942 14155 14341 14512 14739 15058 1 5336 1 5590 16047 16458 16833 17184
658 2658 4658 6658 0658 146 58 196 58 246 58 346 58 446 58 546 58 646 58
1078 v 0.0219 04108 04195 04448 04672 04879 05169 05592 0 5980 0 6349 0 7042 0 7696 0 8322 O 8933
(583.42) b 553.7 11889 11963 12187 12388 12572 12828 13194 13526 1384 1 14443 15025 15593 16159
» 0.7540 1.3810 13883 14100 14292 14464 14698 15020 15300 15555 16015 16428 | 6804 17156
b 374 2374 437¢ 6374 0374 14374 19374 24374 34374 44374 54374 64374
1100 v 00219 04002 4054 04304 04530 04736 05027 0 5445 05828 06190 06871 07511 08125 08724
(556.26) I 5674 1187.8 11923 12140 12356 1254 5 12806 13178 13513 13830 14436 15017 15587 16154
0.7675 1.3780 13824 1.4044 14241 14418 14656 1 4984 15207 15523 15986 16398 16776 17128
2093 4093 6093 9093 14093 190 93 24093 :uo 03 44093 54003 64093
00220 0.3902 04167 04392 04598 04883 05301 05678 0 6036 O 7333 07938 0 8524
(mo'l) Y 5610 11867 12113 1232.2 1251 5 12777 13159 13496 13817 tvies 15008 15582 1814 9
» 0.7610 1.3752 1.3991 1.4100 14370 14610 14946 15231 15491 15956 16369 16749 17101
8h = superheat, deg. F h = enthalpy, Btu. perlb
v = specific volume, ou. ft. per lb. 8 = entropy, B tu per deg F. per Ib,
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TABLE XXV
continued
Superheated Steam (Continued)
Ab!'/ ore lS'!' Sat Sat T:uununustonuq Fuummun
(Sat’ Temp)Water Steam 680° 600°  630° 660°  680° 700° T20° 760° 800° $00° 1000° 1100° 1300°
Sh 3819 5819 7819 9819 11819 13819 15819 188 10 238 19 338 19 438 19 538 19 638 I¢
1150 b 00221 03804 0403 04250 ouas 04659 04839 05005 05165 05317 05537 05889 06349 07166 07760 08333
(561.81) h 5646 11856 12074 12387 12486 12609 12844 12995 1314 | 13279 13481 13804 14417 15002 1557 8 1614 4
b 1A08 13t 1007 19493 100t 19640 174783 14910 13028 15107 15458 15026 1omas 1oahy 17078
sh 1546 3546 5546 7546 0546 11546 13546 15546 18546 23546 33546 43546 53546 635 4¢
1175 v 00222 03710 03911 04133 04330 04530 04708 0 4874 O 5032 0 5183 0 5400 0 5747 06396 07005 0 7586 0 814¢
(56454) h 5682 11844 12036 12254 12454 12646 12815 12973 13121 13261 13464 13790 14406 Tib0s Joere O
s 07678 13004 13880 14088 14275 14451 14603 14743 14872 14991 15161 15425 15896 16313 1 6694 1| 704¢
Sh 1281 3281 5281 7281 9281 11281 13281 15281 18281 23281 33281 432 81 532 81 632 81
1300 v 00223 03620 03793 04013 04219 04408 0 4585 04750 04907 05056 05271 0 5613 06251 06853 0 7423 0 707!
(567 19) h 5717 11832 12002 12221 12426 12615 12792 12953 13103 1324413450 13777 14395 14990 1556 6 1613 ¢
» 07712 13067 13831 14040 14232 14405 14565 14707 14838 14058 15131 15395 15867 16289 16671 1702
sh 1018 3018 5018 7018 9018 11018 13018 150 18 180 18 230 18 330 18 430 18 530 18 630 i
1226 v 00224 03534 073669 03895 04102 04290 04466 04631 04786 04934 05146 0 5483 06113 06702 07264 0 780(
(56982) h 5751 11820 11956 12186 12397 12588 12767 12933 13083 13227 13433 13764 14386 14980 15560 1613 (
s 07745 13640 13771 13990 14188 14363 14524 14671 14802 14925 15097 15365 15840 | 6262 | 6646 1 700(
761 2761 4761 6761 8761 10761 12761 14761 17761 22761 32761 427 61 527 61 6276
1380 v 00225 03453 03540 03782 03991 04177 04354 04517 04672 04817 05027 05360 05980 06558 07113 0 764
(57239) h 5786 11808 11909 12150 12367 12560 12745 12912 1306 6 13210 13419 13752 1437 7 1497 2 15554 1612 (
s 07777 13612 13710 13939 14142 14319 14486 14634 14768 14891 15066 15335 15813 16235 16620 1697
Sh 507 2567 4507 6507 8507 10507 12507 14507 17507 22507 82507 42507 52507 6250
1276 v 00226 03371 03437 03672 03881 04068 04244 0 4406 04560 04705 04912 05241 05852 0 6420 0 6966 0 748
(57493) b 5820 11795 11865 12112 12335 12533 12720 12800 13046 13104 13403 13730 14367 14963 1554 7 1612
s 07800 13584 13651 13887 14005 14277 14445 14596 14732 14858 15033 15305 15785 16207 106594 1698
sh 257 257 6257 8257 102,57 122 57 \142 57 172 57 222 57 322 57 422 57 522 87 622 5
1300 v 00227 03294 03329 03567 03776 0 3965 04140 04301 04453 04598 04803 0 5127 0 5730 0 6290 0 6826 0 734
(57743) h 5854 11783 11820 12 2303 12506 12696 12870 13028 13178 13389 13728 14358 14957 1554 2 1611
s 07840 13557 13503 13837 14040 14235 14406 14560 14698 14826 15002 15275 18758 16183 16570 1 692
sh 2011 4011 6011 8011 10011 12011 14011 17011 220 11 320 11 420 11 520 11 620 1
1526 v 00228 03220 03463 03673 03863 04037 04200 0 4350 0 4493 0 4608 05018 0 5611 06162 0 6689 0 719
(57989) h 5887 11770 12038 12270 12478 12670 12850 13008 13159 13373 13712 14348 14949 15534 1611
s 07871 13530 13783 14002 14193 14366 14525 14663 14792 14971 15248 1 5731 16158 16545 | 6
1768 3768 5768 7768 9768 11768 13768 16768 21768 317 68 417 68 5\705 6176
1850 v 00229 03147 03363 03576 03766 03940 04105 04252 G 4393 04504 04911 05497 06042 0 6559 0 705
(58232) h 5021 11758 12000 12238 12450 19646 12832 12091 13142 13358 13700 14338 14943 15528 1610
s 07902 13504 13734 13957 14151 14328 14402 14631 14760 14941 15218 15705 16134 16521 1688
1529 3529 5520 7529 9520 11529 13520 16529 21529 31529 41520 51529 6153
1876 v 00230 03078 03266 03480 03670 03847 04007 04154 04205 0 4494 04808 0 5387 0 5922 0 6432 0 693
(58471) h 5953 11745 11958 12202 12420 12621 12807 12088 13123 13341 138816 14328 14633 15530 1609
s 07932 13477 13680 13908 14108 14280 14453 14593 14726 14908 15188 15678 16107 1 6496 1 68¢
sh 1293 3293 5293 7203 0203 11293 13203 16203 21293 31293 41203 51293 612¢
1400 v 00231 03011 03172 03388 03581 03760 03914 04063 04203 04401 04711 05283 0 5811 06313 0 67¢
(58707) h 5986 11732 11918 12169 12392 12601 12782 12949 13106 13328 1367 4 14319 14927 15517 1609
s 07963 13452 13620 13863 14068 14256 14418 14562 14696 14882 15162 1 5654 16086 16476 | 680
1060 3060 5060 7060 9060 11060 13060 16060 21060 31060 410.60 31060 610 ¢
1436 v 00232 02947 03081 03297 03491 03608 03825 03972 04112 04308 04618 05180 05701 06195 0 66:
(58040) h 6018 11718 11877 12132 12362 12572 12758 12929 13089 1331 1 13661 14310 1491 8 15510 1609
s 07992 13425 13576 13814 14025 14215 14370 14528 14665 14850 15134 15629 16061 16453 168!
830 2830 4830 683 30 10830 12830 15830 20830 30830 40830 50830 608 :
1450 v 00233 02885 02991 03211 03405 03580 03739 03885 04025 04220 04524 05082 05507 0 6083 0 €8
(591 70) 50 11705 11832 12097 12331 12543 1273 5 1307 0 13291 1364 8 14301 14913 15504 1608
s 08022 13401 15520 13700 13084 14175 14543 14403 14634 4 15108 15606 16041 16432 167
8h 603 2603 4603 6603 8603 10603 12603 15603 20603 306 03 406 03 508 03 608 (
1478 v 00234 0282¢ 02903 03126 03318 03495 03654 03801 03939 04129 04435 04086 0 5493 O 5973 0 64
(59397) h 6082 11691 11787 12062 122907 12515 12710 12888 13050 1327 4 13635 14291 14003 1549 8 180§
s 08052 13375 13466 13723 13039 14135 14308 14463 14601 14789 15081 15582 16016 16410 167
Sh 380 2380 4380 6380 8380 10380 12380 15380 20380 303 80 403 80 503 80 603
1800 v 00235 02765 02817 03044 03236 03413 03573 03721 03856 04042 0 4349 0 4894 O 5396 0 5869 0 63
(596 20) 6114 11677 1i742 12025 12264 12485 12685 12808 13030 13254 13621 14281 14838 153493 160s
s 08081 1.3350 13411 13676 13895 14094 14272 14431 15054 15558 1 5995 16390 167
sh 2150 4150 6150 8150 10159 12150 15150 20159 30150 40159 501 59 601
1838 v 00236 0 2708 02952 03158 03333 03493 03042 03777 03963 04265 04804 03209 05708 0 62
(50841) b 6145 11662 11986 12235 12458 12847 13012 13241 13607 14270 14880 15486 160!
s 08109 13323 13626 173855 14055 14236 11997 14308 14730 13028 1'5n3 15070 10967 17
sh ol041 3041 5941 7941 9941 11941 14941 19941 20941 39941 49941 599
1860 v 00237 02653 2853 03084 03261 03420 03567 03702 03891 04185 4719 05208 O 0.61
(600 59) 1164 8 543 12305 19433 12040 15577 12008 13550 13503 a0 s i ey e
s 08138 13208 13576 13814 4020 14203 14365 14510 14706 15001 18511 15051 1 6348 167

Sh = superheat, deg F

v = specific volume, cu ft. per Ib

h = enthalpy, Btu per lb.
8 = entropy, B t.u. per deg F per lb.
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APPENDIX

TABLE XXV
continued

335

Abs P
Lb /Sqrel.:\ Sat Sat Tln'tuATUlll-"Dtnlll:tn FanrENmEIT
(St Temp ) Water Steam 630° 640° 660° 680° 700° 730° T40° 760° 780° 800° 900° 1000° 1100° 1300°
h 1726 3726 5726 7726 9726 11726 13726 157 26 177 26 197 26 297 26 397 26 497 26 597 26
1678 v 00238 02599 02804 03008 03186 03345 03492 03627 03755 03877 03993 04105 04633 05117 05573 06010
(60274) h 6208 11634 11903 12169 12403 12613 12805 12976 13135 13288 13435 1357 8 1424 9 14873 15474 1606 2
8 08166 13273 13524 1.3768 13979 14165 14332 14478 14612 14738 14858 14972 15485 15927 16325 16691
8h 1513 35 5513 7513 9513 11513 13513 15513 17513 19513 29513 395 13 49513 59513
1600 v 00239 02548 02730 02935 03114 03274 03421 23555 03682 03802 03919 04031 04554 05032 05482 0 5914
(60487) h 62390 11619 11863 12137 12376 12589 12784 12957 13118 13273 13422 13567 1424 1 14868 15470 16058
s 08105 13249 13477 13728 13943 14132 14302 14449 14585 14713 14834 14950 1 5465 15909 16308 106674
8h 1303 3303 5303 7303 9303 11303 13303 15303 173 03 103 03 293 03 393 03 493 03 593 03
1628 v 00240 02497 02656 O 2864 O 3044 03203 03348 0 3484 03610 03729 03845 03957 04474 049048 05391 0 5816
(606 97) h 6270 11604 11821 12102 12345 12562 12759 12935 13100 13255 13406 1355 2 14230 1486 0 15463 16052
e 08222 13223 13425 13683 13 14094 14266 14416 14555 14683 14806 14923 15440 15887 1 6287 16652
8h 1095 30 50 7095 9095 11095 13095 15095 17095 190 95 290 95 390 95 49095 590 9
1880 v 00241 02448 02583 02794 02976 03136 03280 03417 03542 03661 03776 03887 04399 04867 05305 05724
(60905) h 6300 11588 11776 12068 12317 12537 12736 1291 8 13084 13241 13393 1354 0 1422 1 14853 15457 16047
s 0 13198 13373 13641 13865 14 14233 14389 14528 14658 14782 14899 15420 15867 16268 1 6634
8h 8 2890 4890 6890 8890 108 90 12890 14890 168 90 188 90 288 90 388 90 488 90 588 90
1676 v 00242 02401 02511 02726 02909 03069 03214 03350 03474 023592 03706 03817 04324 04787 05220 0 5634
(61110) b 6331 11572 11731 12032 12287 12510 12715 12897 13064 13222 13375 13525 14209 1484 4 15450 1604 1
s 08278 13173 13321 13597 13827 14024 14203 14358 14409 14629 14754 14874 15396 15846 16248 16615
Bh 688 26 46 838 6688 8688 106 88 126 88 146 88 166 88 186 88 286 88 386 83 486 88 586 88
1700 v 00243 02354 02441 0 2659 0 2844 03008 03152 03286 03411 03528 03641 03750 04254 04711 05139 05549
(61312) h 6361 11557 11681 11994 12257 12484 12694 12878 13047 13207 13362 1351 2 1420 1 14837 15444 1603 9
» 08304 13147 13262 13549 13786 13987 14170 14327 14469 14602 14728 14848 15374 15825 16227 16597
8h 487 2487 4487 6487 8487 10487 124 87 144 87 164 87 184 87 284 87 384 87 484 87 584 87
1736 v 00244 02300 02384 02593 02780 02043 0 3088 03222 03346 03463 03575 03684 04183 04636 05058 0.5464
61513) b 6391 11541 11652 11956 12224 12458 12668 12855 13027 13189 1334 5 13495 14190 14829 15437 1603 4
s 08332 13123 13226 13505 13747 13954 14136 14206 14441 14575 14702 14822 15352 15808 16208 16579
8h 2 8 4289 6289 8289 10289 12289 14289 162 89 182 89 282 B9 382 89 482 80 582 89
1780 v 00245 02265 02329 02529 02718 02882 03028 03162 03285 03402 03514 03622 04116 04564 04982 0 5383
(617 11) h 6421 11525 11620 11917 12192 12431 12645 12836 13009 1317 4 13331 13483 14181 1481 2 15433 1603 0
s 08359 13099 13187 13460 13708 13010 14105 14269 14414 14550 14678 14800 1 5333 15780 16102 16562
8h 2093 4093 6093 8093 10093 12093 14093 16093 180 93 280 93 380 93 480 93 580 93
1778 v 00246 02222 02466 02657 02822 02968 03102 03225 03340 03452 03559 04049 04493 04906 0 5302
¢61907) h 6450 11509 11876 12160 12404 12621 12815 12990 17155 13315 13468 14169 14813 15425 16023
s 08386 13076 13413 13669 13885 14074 14239 14387 14523 14653 14775 15311 15767 16173 16544
8h 1900 3900 59 79 99 19 00 9 15900 179 00 279 00 379 00 479 579 00
1800 v 00247 02180 02405 02598 02764 G 2912 03045 03168 03283 03393 03499 03986 0 4425 04834 0 5224
162100) h 648 1149 3 11837 12127 12376 12598 12796 12974 13139 13299 13453 14160 14806 15420 1601 8
s 08412 13051 13367 13628 13848 14041 14211 14360 14497 14627 14750 15290 15748 16155 16526
8h 1708 3708 5708 7708 9708 11708 13708 157 08 177 08 277 08 377 08 477 08 57708
1838 v 00248 02139 02345 02540 02708 02855 02991 03112 03225 03335 03441 03924 04357 04763 0 5147
62292) h 6509 11477 11795 12094 12349 12573 12778 12956 13122 13283 13439 14150 14793 lolla 1601 1
s 08439 13028 13319 13589 13815 14009 14185 14334 14471 14602 14727 15270 15728 16137 16508
8h 1518 3518 5518 7518 9518 11518 13518 15518 17518 27518 37518 4751 75 1
1850 v 00249 02099 02285 02482 02651 02799 02936 03056 03170 03279 03384 03863 04293 O 4692 (5) 5507§
62482) h 6539 11459 11751 12058 12318 12548 12756 12935 13105 13267 13424 14139 14790 15408 1600 8
s 08465 13002 13269 13546 13776 13976 14154 14305 14445 14577 14705 15248 15710 16120 16492
8h 1331 3 331 733 331 11331 13331 15331 173 31 273 31 373 31 473 31 57331
1878 v 00251 02060 02225 02427 02597 02746 02882 03003 03115 03224 03328 03804 04229 04626 0 5003
626 69) b 656 144 2 11705 12023 12290 12523 12735 1201 8 13087 13252 13408 14129 14780 15402 16003
» 08401 12977 13218 13504 13741 13043 14124 14278 14418 14552 14677 15227 15689 16101 16475
8h 1145 3145 5145 7145 9145 11145 13145 15145 17145 27145 371 45 47145 57145
1800 v 00252 02022 02165 02371 02543 02694 02828 02950 03063 03171 023274 03747 04170 04562 04934
(62855 h 6500 11424 11656 11988 12259 12498 12710 12897 13070 13235 13304 14119 14775 15397 1599 8
» 08517 12051 13163 13462 13702 13910 14091 14249 14392 14526 14653 15207 15672 16084 16457
8h 962 2962 4962 €962 8962 10962 12962 149 62 169 62 269 62 369 62 469 62 569 62
1986 v 00253 01985 02107 02317 02491 02642 02776 02898 03010 03118 03221 03690 04109 04497 0.4864
(08038) h 6628 11406 11609 11950 12231 1247 3 12687 12877 13051 13218 13378 14107 14766 15389 1599 0
» 08543 12926 13111 13419 3 3667 13878 14061 14221 14364 14500 14628 15185 15652 16065 16438
8h 780 27 47 80 67 80 87 80 107 80 127 80 7 80 167 80 267 80 367 80 467 80 567 80
1960 v 00254 01949 02049 02264 02440 02591 02726 02848 02060 03067 03170 03636 04052 04436 04
(63220) b 6658 11388 11558 11913 12200 12448 12665 12858 13034 13202 13363 14097 14760 15384 15088
s 08560 12901 13056 13376 13630 13846 14031 14194 14339 14476 14604 15165 15635 16048 16424
8h 6 00 6 4600 66 00 6 00 106 00 126 00 146 00 166 00 266 00 366 00 466 566 00
1978 v 00256 0|9!3 01992 02212 02301 02544 02678 02798 02910 03016 03117 03581 0 3994 043 04732
(63400) h 6687 1137 11505 1187 5 12170 12424 1264 4 12836 1301 5 13183 1 4 14084 14751 15378 1598 4
s 08595 1 2877 13000 13334 13595 13816 14004 14165 14313 14450 1 9 15144 15617 1 0032 1 6409

Sh = superheat, deg F

v = specific volume, cu. ft. per Ib,

h = enthalpy, Btu perlb

= entropy, Btu per deg F

per 1b
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FUNDAMENTALS OF POWER PLANT ENGINEERING

TABLE XXV
continued

Superheated Steam—{Continued)

Abs Pre:

ant
In  Sat

Lb /Sq
(8at Temp) Water

Sat

TeMPERATURE—DrcrEEs FARRENHEIT
€60°  680° °  720°  T40°

2000
(635 78)
2018
1637 54)
2080
(639 29)
2078
(641 02)
2100
(642 73)
2128
(044 43)
2180
(646 11)
2178
(647 77)
2200
(649 42)
2338
(651 08)
2180
(852 67)

3378
(654 27)

Sh
v 00207
h 6950 11194

Sh
v 00257
h 6717
s 08620

s 0 8648

8h
v 00259
h 6776

e 08671

Sh
v 00261
h 6805

» 08697

» 08722

8h
v 00263
h 6863

s 0 8747

692 0
{ 0.8798

e 08823

a 0 8398

Sh

2300
(655 87)
3318
(657 T4)
2380
(859 00)
2378
(860 55)

2400
(662.09)

v 00274
h 7067
s 08923

Sh
v 00278

7097
o 0 8048

Sh
v 00277
h 7126

» 08974

h

v 00278
h 7156
s 09000

h

v 00280
b 7185
s 00025

184.

12676

01626

12649

12599

01542
11132
12573

12731
4 l3

1124 2
12065 1

226
88 01530

8 11171

12595

100
01479
11097
1.2524

760°

80°  800°

820°

850°

900°

1000°

1100°

13445

37 27
02152
1200 4
13401

35 57
02108
11973

0 13364

33 89

9
0 2064

11937
1.3328

3223
02018

1780
13156

25

01848
1174 3
1316

2413
80 0 1807
11699

3070

2226
01766

11657 1

13025

21 00
01728
1161 2
12980

64 22
0 2498
12400
13783

62 46
02452

1237 5
13752

12257

13472

47 33
0 2055
1209 7
13432

4573

13287
39 45

86 0 1863

1193 0
13249

13208

84 22
0 2633
12624
13975

13947

80 71
0 2541
1257 9
13916

78 98
0 2494
1255 2
13884

13792

72 23
0 2321
1244 9

1228 2
13565

61 00
0 2046
1225 2
13532

59 45
02010
1222 4
13501

13467 1 36!

104 22

124 22

8 12996

14285
122 46

1 1233
118 98
02724
1294 0
14208
117 27
02679
1292 0
14180
115 57

14151
113 89

14129
11223

90 58 110 58
02509

283 6

81
14072
108 94 128 94

0 2471

12820 1

14051

107 33 127 33

0 2432
1279 8

2 14022

10573

13995

10413
0 2353
12750
139

144 22 164 22
0 2966 0 3067
13164 13327
14422 14552

142 46 162 46
02919 03020
1314 8 13313
14398 14530

14071 160 71
0 2872 0 2972
13130 13295
14372 14504

138 98 158 98
02828 0 2927
13115 13281
14350 1 4483

137 27 157 27

02783 02882 0

13096 1326 4
14323 14458

135 57 2,55 57

2838
1307 8 1324 8
14294 14430

14272 1 4408
132 23 152 23

14250 1 4388
130 58 150 58

14229 14362

2. 148 94
02574 02671
3005 13180
14201 14341

147 33
02535 02632
12986 13163
14175 14317

12573 14573

14151 14295

124 13 14413
0 2457 0 2556
1294 5 13129

64 14123 14270

26 102 26

13920

99 4
02250
1269 5
13893

97 91
02214
1267 1
13865

12226 14226
02423 02520
12930 13115
14101 14249

14082 14227

5 11945 13945

02353 02450
1280 6 1308 3
14057 14207

117 91 137 91

02317 02415 02

1287 3 1306 5
14030 14183

184 22
03165
1348 6
14677

182 46
03116
13471
14654

18071
0 3067
13453
14628

178 98

1 4608

177 27
2977
13426

214 22
03305
13711
14851

21246

03257
13701 1

14832

21071
03208
1368 6
14808

208 98

207 27
03114
13658

(]

14585 14764

175 57

14559

173 86
0 2889
1339 4
1 4540

17223

847 0

02
13380
14519

170 ’18
0 2804

1336 2
14494

168 94
02765
13352
1 4476

167 33
02726
1333 5
14452

165 73
02688
13321
14431

164 13
0 2649
30 3
14407

162 26

@

14387
161 00

14365
159 45

14344

157 91

2506
1324 2
14323

205 57
(1]

202 23
2083
13619
1.4704

200 58

19573
0 2821
1356 §
14619

194 13

1 4o97
192 26

13496
14519

264 22

15122
262 46

257 27
03319
1400 8
15027

255 57

03240 0

1.4985
250 58

247 33
0 3066
1395 5
14922

245 73
03026
1304 4
1.4903

244 13
0 2986
3'73 2
1488

248 26
1.4866

241 00
02910
13910
14848

239 45
0 2873
1389 8
14830

237 91

0 2836
1388 5
14810

364 22

15592
362 46

15525
355 57

353 89

3633
1469 4
1 5492

352 23

347 33
0 3449
14658
15421

34573
0 3407
1465 1
1 5405

34413
0 3365
1464 3

4 15388

34226

156354
339 45

1 5340

337 91
03205
1460 8
15323

404 22
04319
1517 4

16015 163

462 46

15947
455 57

15929
453 89

447 33
0 3800
1531 2

15854 1623

44573
03755
1530 7
15839

444 13
03709
1529 9
15823

442 26 !

0 3065
1529 2

2 15807
441 00 54

15761

16225
544 13

Sh = superheat, &eg F
v = ppecific volume, cu. ft. per Ib.

h = enthalpv, Bt u pe:

s = entiupy, Btu per deg K. perlb.

b



APPENDIX

TABLE XXV
continued

Superheated Steam—{Concluded)

337

fh- Press.
b /8q In  Sat TrurrratTone—Drorers FARRINREIT
(8at. Temp ) Water 680°  700°

720°  740° 760° 780° 800° 830° B880° 900° 950° 1000° 1100° 1300°
8h 488 5488 7488 0488 11488 134 88 154 88 184 88 234 88 284 88 334 88 434 88 534 88
2480 v 00283 01360 0 1567 0 1750 0 1902 02032 02147 02250 0 2347 0 2440 0 2569 02766 02954 03130 0,3458 03764
(66512) h 7246 10863 23 11813 1212 5 12628 12835 13029 1321 4 13471 13863 14238 14500 15256 1588 9
® 09076 12381 12787 13127 13397 13620 13813 13981 14136 14282 14481 14774 1 5200 15732 16125
100 3190 5190 7190 0190 11100 13190 151 90 18190 23190 28! 90 33190 43190 531 90
2800 v 00287 01313 01488 0 1680 O 1834 01967 0 2083 02188 0 2285 0 2375 0 2503 0 2700 O 2884 03058 03381 03683
(068.10) h 7307 10910 11319 11739 12068 12345 12586 12801 12999 13183 13442 | 1421 8 14573 15242 15879
» 09127 32322 12683 13048 13329 13562 13761 13936 14095 14240 14440 14740 15011 15258 15701 1609
897 2807 4897 6897 8807 10897 12897 14897 17897 22897 27897 328 97 428 97 528 07
2580 v 00291 01264 01408 01606 0 1766 01902 0 2020 02125 02223 02315 02440 02634 O 2817 02989 03308 03604
(67103) b 7367 10856 11200 11647 11998 12289 1254 0 12760 12965 13156 13415 1381 8 14198 14556 15229 1588 7
» 0.9179 12265 12568 12957 1 3257 13502 13700 13888 14052 14202 14402 14704 14979 15228 15674 1.6070
600 4600 6600 8609 10609 12609 14609 176 09 226 09 276 6 09 426 09 526 09
2800 v 00203 01219 O 1323 01541 0 1706 0 1842 0 1961 02066 O 2164 0 2256 0 2380 02573 0 2754 02924 03237 03530
(678.901) h 7431 10801 11060 11570 11940 12230 12497 12722 12931 13126 13389 13797 14181 1454 2 15216 15858
8 0.9232 12205 12433 12877 13193 13444 13657 13840 14008 14161 14364 14670 14947 15199 15645 10044
8h 325 2325 4325 6325 8325 10325 12325 143 25 17325 223 25 273 25 323 25 423 25 52325
2880 v 00300 01173 01235 0 1469 0 1640 0 1782 0 1903 02009 O 2108 0 2200 0 2322 02514 02691 02859 03169 03458
(676.75) h 7495 10745 10901 11468 11864 12183 12451 12683 12809 13099 13362 13775 14159 14522 15202 1584 7
s 09287 12147 12284 12777 13116 13384 13606 13794 13967 14125 14328 14637 14914 15167 15618 16018
h 2046 4046 6046 8046 10046 12046 14046 170 46 220 46 270 46 320 46 420 46 520 46
2700 v 00308 01123 01402 01581 0O l725 01846 01954 02053 02147 02269 02458 02632 02798 03105 03389
(679 54) h 7561 10683 11375 11797 I2 0 12403 1204 5 12865 1307 2 13340 13757 14140 14506 15192 1583 8
s 09342 12082 12684 13045 13325 13550 13747 13923 1.4086 14293 14606 1 ABB2 15137 15592 15993
1772 3772 5772 7172 9772 11772 13772 16772 21772 26772 31772 41772 51772
27860 v 00310 01077 01335 01520 01670 0 1794 01902 0 2000 0 2084 0 2215 0 2402 02576 02740 03043 0 3322
(68228) h 7630 1081 8 11271 11722 1207 4 123860 12608 12830 1 2 13314 13733 14122 14492 15180 15828
s 09399 1.2016 12583 12969 132065 13501 13703 13881 14048 14258 1.4572 14853 15110 1 5566 15969
Bh 1502 3502 5502 7502 9502 11502 13502 16502 21502 26502 31502 41502 51502
2800 v 00316 01032 01267 0 1461 D 1615 0 1741 01851 01950 0 2045 02166 02351 O 2521 0 2685 0 2083 03258
(68498) h 7700 10546 11159 11645 12015 12313 12570 -12798 13017 13293 13715 14104 1447 9 15170 15819
8 00458 1.1944 12476 12892 13203 13449 13658 13840 1 4013 1.4226 14542 14823 15084 15542 1.5045
8h 1235 3235 5235 7235 9235 11235 132135 16235 21235 26235 312135 41215 5123¢
v 00322 00986 01198 01404 01563 01690 0 1801 01903 0 1995 02117 02298 0 2469 0 2629 02925 0319]
(037 05) h 7775 1046 6 11035 11566 11958 12285 12529 12769 12084 13268 13689 14087 1446 0 15158 158 |
8 0.9521 118648 12359 12813 13143 13397 13611 13803 13973 14192 14507 14795 15055 15517 1592
9 29 974 6974 8974 10074 12974 15074 20974 25974 30974 40074 5097(
329 0 0941 01126 01348 01511 01641 01754 O 1855 0 1949 0 2063 02250 02418 0 2578 0 2870 0 313!
(69026) h 7852 10381 10802 11483 11895 12216 12491 12733 12057 13242 13671 14069 14448 15148 1580 ¢
6 1.1785 12228 12733 13080 13345 13560 13762 13939 14159 14480 14707 15032 15495 1590:
717 2717 4717 6717 8717 10717 12717 157 17 20717 257 17 30717 40717 507 1!
3960 v 00337 00895 01052 01292 0 1460 0 1593 0 1708 0 1809 0 1902 02023 02202 02369 0 2527 0 2815 0308]
(69283) h 7038 10289 10732 11395 11831 12166 12451 12698 12925 13217 13649 14051 1443 2 1513 5 1579 ¢
® 09655 11697 12080 12647 13014 13290 13522 13720 13898 14124 14448 14738 15004 15469 1587¢
463 2463 4463 6463 8463 10463 12463 154 63 204 63 274 63 304 67 404 63 504 6.
v 00346 00840 00972 01236 01410 0 1946 0 1661 01763 0 1856 0 1978 02155 0 2322 02478 0 2763 0302,
(00537) h 8026 10193 10540 11303 11764 12114 12406 12060 12890 13190 13625 14034 14417 15124 1578 ¢
» 09731 11607 11907 12550 12947 13236 13474 13677 13858 14090 14416 14711 14978 15447 1586(
216 2216 4216 6216 8216 10216 12216 152 16 20216 252 16 302 16 40216 502 ¢
3080 v 00357 00804 00868 0 1183 01361 01499 01617 01719 0 1812 01935 02111 02275 02431 02712 0297,
(69784) h 8129 10077 10250 11212 11696 12059 12363 12624 12857 13164 13604 14013 14402 15111 1577 ¢
s 09818 11501 11650 12472 12879 13179 13437 13035 1 3819 14056 14386 | 4081 14952 1 5422 1383,
1971 3971 5971 7971 9971 11071 14971 19971 24971 20971 39971 4997
$100 v 00372 00752 01128 01312 01456 01576 01680 0 1771 0 1891 02068 02231 0 2385 0 2663 0292
(70029) h 8246 0940 11108 11624 12000 12325 12504 12827 13134 13582 13995 14387 15099 1577 (
» 09916 1.1376 12374 12808 13126 13383 13599 13782 14019 14355 14653 14926 15398 1581
8h 1731 3731 5731 7731 9731 11731 14731 19731 247 31 207131 307 31 4973
$180 v 00392 00691 01075 01266 01410 01532 01636 0 1729 01850 02024 0 2187 0 2341 0 2615 0 287
(70269) h 8413 9763 11003 11553 11947 12276 12549 12792 13105 13555 13975 1437 2 15086 1578
8 10056 1,1217 12276 12738 13064 13331 13550 13741 13983 14320 14623 14900 15373 1579
Sh 14 96 5406 7496 9496 11496 144 96 194 96 2“ 96 204 96 394 494 9
3300 00443 00596 01024 ﬂ l 7 01368 01493 01596 0 1687 O IR‘U 0 l‘)&’: 02145 02296 0 2570 0282
(705 04) h 31!3 946 6 1089 8 IN 9 11803 12234 12511 12752 313077 38 130657 14352 15076 1575
10311 10958 12180 12660 13011 13288 13510 13699 13950 142‘)6 14598 14874 1.353 1577
8h 14 66 34 66 466 04 1466 144 66 194 66 244 66 204 66 394 66 4946
3308 8¢ v 00541 00541 01018 01211 01363 0 1488 01591 (I 1682 0 1805 0 1980 0 2140 0 2290 02 281
(70534) h 90103 9103 10885 11458 11885 12229 125006 1274 8 1307 3 1353 4 13953 1434 8 15073 1575
8 10645 10645 12170 12652 1,3005 13284 13506 13696 13947 14293 14506 14872 15351 1577

¢ Cnucal pressure.

Sh = superheat, deg ¥
v = gpeafic volume, cu. ft. per Ib,

h = enthalpy, Btu perlb
s = entrupy, B.t.u per deg. F. per Ib.
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TABLE XXV
contirnued

Mollier DNiagram for Steam

!Mr\wy Bty per ib per deg F

3 L4 [X.] 18 18 |9 20 21 22 23
1630 T I } 165¢C
2 L
! Y~ 7 7%t 71 o0

1580 4< g E N 77 / 7Y 7 1550

1800 5’ 7 7717 _]'se°

| oilsoo }
/] Jeso]

1200

Entholpy, Btv per Ib
£

1400 f N7 7
\‘“$$ = Fjrsso
V,
\l/
Vi
P

s

:
\?g N
AN
AN

N Y0/ 7247 A
pQA, % /""/f

A
N\
\\
N

N
:

2%

9350 / / ———19%0
900 / ya W 900
13 ‘4 5 16 "7 18 19 20 21 22 23

Entropy, Btu per |bper deg F
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References

A
Air-cooled wall, 183
Air ejector, condenser,
capacity, 105
characteristics, 105
Air, Diesel engire scaven-—
ging, 286
excess, 120
total, 120
Air heaters, economic sur-—
face, 169
heat transfer,
plate type, 1€€
recuperative, 1€5
regenerative, 166
tubular, 166
Air horsepower, 239
Altitude, Diesel engire rat—
ing, 291
Analysis, coal, 117
fuel o0il, 117
gas, 117
proxirate, 117
ultirmate, 117
water, 210
Architecture, power plant,
273
Arithmetic mean temperature
difference, 96
Ash handling, hydrauvlic, 233
mechanical, 233
Ash fusion temperature, 14¢€
Automatic combustion con-—

1C5

1€6

trols, 25€
B
Babcock and Wilcox equa-—
ticn, 144

Balance, steam gererator
heat, 131

are to pages

Baroretric condenser, see
Condenser
Binary vapor cycle, mercury-
steam, 63
miscellaneous, 64
Réiding, turbine, impulse,
impulse-reaction, 75

reaction, 74

Block Popkirson demand rate,
35
Block reter rate, 34
Boiler feed purps, see Pumrps
Boilers, economical surface,
1€9
Boiler heat balance, 'see
Stear generators
Boiler heat transfer,
Boiler horsepower, 123C
Bomt calcrireter, 128
Bonds, €
Brake hcrsepower, 68
Buildirgs, power plant, 272
Burrers, fuel oil, 221

gas, 221

rulverized coal, 229

141

c
Calorineter, homh,
gas, 128
Capacity factor,
Carnot cycle, 45
Carryover, boiler, 219
evarorator, 21F€
Caustic embrittlement, 21€
Centrifugal pungs, 'see Pumrs
Chair grate stokers, 22§
Chimneys, 'see Stacks
Cirder trap, 233

128
19

339
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Circulating water pump, 'see
Pumps
Closed heaters, 55, 101
design, 103
heat transfer, 102
water velocity in tubes,
102
Coal, analysis, 117
calorireter, 128
classification, 117
heating value, 126
proxirate analysis, 117
ultimate analysis, 117.
Coal handling, pulverizer
system, 223
stoker system, 224
storage system, 222
Collectors, dust, bag type,
234
centrifugal, 233
electrostatic, 233
wet scrubber, 234
Combustible, basis for anal-
ysis, 126
Combustion, coal, 120
fuel o0il, 120
gas, 121
Combustion controls, automat-
ic, 256
Common stocks, 6
Comrression ratio, Diesel
engine, 290
Condensate pump, 'see Pumps
Condensers, 89
design,
friction, tube, 188
water boxes, 188
heat transfer, 93
mixing, barometric, 89
jet, 89
surface, 90
Conductivity, electrolytic,
258
thermal, gas film, 160
insulation, 151, 194
metals, 95
refractories, 1E&1
scale, 95
vapor film, 94, 160
water filr, 95

Construction costs, power
plant, 29
index, 29
Cooling ponds, 107
Cooling towers, forced draft,
108
induced draft, 108
Corrosion, boiler, 218€
Correction, for engine eff-
iciency, 79
Costs, collection, 34
distribution system, pri-
mary, 28
secondary, 34
engines, 71
index, 28
mairtenance, 33
power plants, 28
steam generators, 141
turbo-generators, 79
Cotterill, 52
Counterflow engine, 67
Curtis, C. G., 73
Customer element, 33
Cutoff, steam engine, 69
Cycle, binary vapor, 63
Carnot, 45
Diesel, 289
Field, 56
gas turbine, 303
Rankine, 4€
closed, 486
open, 47
regenerative, 652
reheating, 50
reheating-regenerative, 56
superpocsed, 59
topping, see superposed
Cyclone burner, horizontal,
coal, 229

D

Dams, types, 295
Deaerators, see Open heaters
DeLaval, 73
Demand factor, 8

table, 9
Depreciation, 3C
Design, station, 2€5
l'iagrarm factor, engine, 70
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Diesel cycle, 289
Diesel engines, auxiliaries,
292
four-stroke, 287
fuel injectors, 287
scavenging, 286
supercharging,
two—-stroke, 2886
Diesel, Rudolph, 286
Distribution system,
4
secondary, 4
Civersity factor, 8
table of, 9
Division of load, 281
Praft, fans, forced,
induced, 242
losses, air heater, 242
burner, 243
duct-work, 191
economizers, 244
fuel beds, 243
steam generators,

291

primary,

242

242

Drainage, heater, 102
Prips, heater, see Drainage,
heater

Puct-work, design, 190
draft losses, 191
irsulation, 194

Duration curve, river flow,

297
load, 14
Cust collectors, bag type,
234
centrifugal, 233
electrostatic, 233
wet scrubber, 234

Fconomics, insulation thick-
ness, 196
load division, 280
power production, 25
surface apportionrent,
steam generators, 169
Economizers, arrangement, 163
econonical surface, 169
heat transfer, 164
Edison, Thoras, 1
Efficiency, boiler, 'see Steam

gererator efficiency

I

Efficiency, engine, inter-
nal, 49
overall, B0
steam engires, 73
steam turbines, 76
generator,
mechanical,
gines, 291
hydraulic turbines, 299
steam engires, €7
steam turbires, 75, €0
thermal, Diesel cycle, 291
gas turbine cycle, 303
vapor cycles, 46 et 'seq.
Ejector, air, 105
Embrittlement, caustic, 21€
Enclosed plant, 274
Energy element, 32
Engires, Diesel, 286, 287
steam, cost, 71
counterflow, 67
cutoff, 69
diagram factor, 70
engire efficiency, 68
indicator, 67
mechanical efficiency,
87
uniflow, 67
quipment, determination of
size,
Equivalent length,
tings, 178
duct bends,
Evaporators, location in
vapor cycle, 1C9
long tube, forced circu-
lation, 11C
natural circulation,- 11C
multiple effect, 110
shell and tube, 110
Excess air, 120
Expansion lines, 82

Diesel en-—

pipe fit-
191

Expansion ratio, steam-en-—
gine, 69

Extraction, see Regenerative
cycle

F
Factors, caracity, 19
demand, 8
diversity, 8
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Factors, friction, 178
load, 19
use, 19
Fans, characteristics, 236
laws, 236
speeds, 24C
types, 236
Federal utility, 7
Feed—water hardness, residu-—
al after treatment, 212
Feedrwater heaters, closed,
55, 1C1
open, 53, 100
Feed-water treatmert, cold
lime and alum process, 211
cold lire-scda and alum
process, 211
hot lime-soda process, 212
objectives, 21°€
zeolite processes, 218
Ferranti, 50
Field cycle, 56
Field, J. F.
Fire-tube boilers, 138
Fixed carbon, rsee Coal,
imate analysis
Fixed element, 27
Fluve gas analysis, 128
Fluid meters, 258
Flyash, 232
Franchise, 26
Friction factor, 178
Fuel bed resistance, 243
Fuel handling equirpment, 221
coal, 222
fuel oil, 221
gas, 221
see also specific equipment
Fuel oil, analyses, 117
calcrireter, 128
heating valve, 127
Furnaces, bottoms, fuel oil,
231
gas, 231
pulverized coal, 231
heat release, 147
walls, air-cooled, 1F3
insulated, 1f1
water—cocoled, 146
Fusion temperature of ash,
14¢€

pr ox—

G
Gages, rressure, 249
Gas, flue, aralysis, 128
fuel, analyses, 117
calorineter, 128
heating value, 127
Gas turbine cycles, 3C3
closed, 305
open, 303
Generator efficiency, 80
Governors, speed, 252
Grates, dumpirg, 225
travelling, 225

H
Bardness of water, 21C
Head, dynamic, 2C3
fan, 239
friction, 17€
pressure, 2C3
rump, 203
static, 203
velocity, 203
Heat balance, Diesel engire,
291
steam generator, 131
Peat conductivity, see Con-—
ductivity, thermal
Heat transfer, air heaters,
166
boilers, 141
coefficients, steam gener—
ator components, 172
cordensers, 93, 99
econorizers, 1€4
feed—water heaters, 101
furnaces, 14€
superheaters, 157
Heaters, closed, 55, 1C1
deaerating, 100
vclume, 1CO
drairage, 102
heat transfer, 1C1
open, 53, 100
terminal difference, 1C1
venting, 103
Heating surface, apportion-
rent of,
Reating valve, fuel, higher,
12¢
lower, 126



Historical background of
power, 1
Folding company, 6
Horizontel cyclone burner,
229
Horsepower, air, 239
boiler, 130
brake, 68
indicated, 49, 68
water, 203
Hot lime-soda process, 212
Hotwell, condenser, 97
heater, 102
Hydraulic turbires, Francis,
299
impulse, 299
Kaplan, 299
Nagler, 299
Pelton, 299
reaction, 299
Hydro-electric plants, run-
of-river, 295
storage, 295
Hydrogen zeolite, 217
Hydrograph, river, 297
Hypothetical combirations,
salts, 213

[
Irpulse-reaction turbires,
steam, 78
Impulse turbires, hydro, 299
steam, 73
i{ncome, power plant, 25
Incremental rate theory, 280
applications of, 282
Index, cost, 28
Irdicated horsepower, 49, €€
Indicator, engire, 49, 67
Indicator diagram, Diesel
engine, 287
steam engine, 69
Injector, fuel, Diesel en-—
gire, 287
Installed capacity, power
plants in U.8., 1
Instruments, supervisory and
control, 249
Insulation, duct, 194
economical thickness, 196

INDEX 343

Insulation, furnace, 151
pipe, 194
Insurance, 3C
Investors' profit, 34
Investment, distribution
system, primary, 28
secondary, 34
plant, 28

J
Jet condenser, 'see Condenser

K
Kitteredge, A. E., 103

L
Level control, fluid, 2563
Life expectancy, rower rlant
components, 30
Lire and alum process, 211
Lire— soda process, hot, 212
Lire~scda and alum process,
211
Load curves, daily, 9
duration, 14
growth, 13
extension of, 24
reak, 13
Load factor, 19
Logarithmic mean tenperature
dgéference, condensirg vapors,
counterflow, 1E&7
parallel flow, 1569
Losses, friction, ducts, 191
pire, 178
pipe fittings, 178
radiation, steam generators,
134
furrace walls, 151
Lubricating oil, ecconony,
Diesel engires, 291
steam turbines, 33.

M
Maintenance, 33
capitalized, 32
Managerent, cost of, 32
Mass flow, gases, 144
river, 297
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Maximum demand, 19
Mean effective pressure, en-
gine, 68
Mean temperature difference,
arithmetic, 96
logarithmic, 'see Logar—
ithmic mean temperature
difference
Mechanical efficiency, Diesel
engines, 291
hydraulic turbires, 299
steam engines, 67
steam turbires, 75, 80
Mercury-steam birary vapor
cycle, 63
Mercury vactror,
grar, 65
Mills, coal pulverizing, 'see
Pulverizers
Mixing condensers, baroret-—
rie, 89
jet, 89
Mixing heaters, 'see Heaters,
open

Mollier dia-

Mollier diagram, mercury vapor,

85
steam, 338
Municipal utility, 6

L]
Natural draft, 24€
Natural gas, analyses, 117
combustion, 121
Net assured capacity, 24
Newcomen, 67
Nusselt's equations, 95, 160

0
0il, fuel, see Fuel oil
Open heater, 53, 100
Orsat flue gas anmlysis app-
aratuvs, 128
Outdoor plant, 273
Overfeed stoker, 224

4
Paper mill chemical recovery
boiler, 233
Farsons, C. A., 73
Pearl Street Station, 1

FUNDAMENTALS OF POWER PLANT ENGINEERING

Permanent hardness, water,
21C
Petroleum, sees Fuel oil
pH, boiler water, 218
controllers, 258
Phosphates, 219
Piping, 176
fittings, 178
equivalent lengths, 178
friction, 178
insulation, 194
pressure drop, 178
schedule nurber, 176
size determiration, 175
Fiston speed, steam engine,
70
Plant buildings, enclosed,
274
outdoor, 273
semi~outdoor, 273
Ponds, cooling, 107
Power, Diesel, 3
gas turbine, 303
hydro, 3
steam, 1
Power plants, buildirgs, 273
corstruction, 274
design, 273
Preferred standards, steam
turbo—-generators, 7€
Fressure compounded irpulse
steam turbine, 73
Pressure gages, 248
Pressure head, 203
Prirary air, 228
Private uvtility, €
Production costs, 27
Products of combusticn, 128
Profit element, 34
Proxirate analysis, cocal, 117
Public utilities, 5, 25
Fublic Utilities Holding Comn—
pany Act, 6
Pulverized coal, firing sys-
tems, 223
furnace bottoms, 231
Pulverizers, coal, 228
power requirements, 228
Pumps, centrifugal, 200
boiler feed, 205
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Pumps, centrifugal, circu-
lating water, 205
condensate, w76
efficiencies, 204
general purpose, 205
laws of similarity, 205
perforrance character—
istics, 2C6
speeds, 205
duplex steam driven, 2CO
gear, 200
multiplex plunger, 200
screw, 200
turbire, 200
Purifiers, steam, 219

Quality of steam at end of
expansion, 63

R
Radiation coefficients, 151
Radistion losses, steam gen-—
erator, 134
caiculation of, 151
Rankine,W. J. M., 46
Rankire cycle, 4€
efficiency ratio, 489
ratio, 49
Rateau, 73
Rates, steam, 49
requirements, 27
types, 34
Ratio of expansion, steam
engine, 69
Reaction turbines,
steam, 73
Reciprocating pumps, 2€C0
Refractories, 151
Refrigeration, hotwell, con-
denser, 97
heater, 1C2
Regenerative cycle, 52
extraction, 52
feed—water temperatures, 52
Regulators, feed-water, 254
Reheaters, 50, 1€3
Reheating cycle, 50
Reheating-regenerative cycle,
56

hydro, 299

Reserve, spinning, 21
standby, 21

Resin, acid adsorbing, 218

Retirerent reserve, 30

Revenue certificates, 6

Reynolds' nurber, 178

Reynolds, R. L., B2

Room rate, 35

Rotating pumps, 200

S
Scale, boiler, 210, 219
condenser tube, 95
Scales, coal weighing, 223
Scavenging pumps, Diesel
engires, 291
Schedule number, pipe, 17€
Secondary air, 229
Selection of number and size
of units, 20
Semi~cutdoor plant, 273
Sinking fund for bond re-
tirerent, 30
Slagging, furnace, 148
superheater, 1€C
Sodium zeolite, 21€
Speed control, 252
Spinnirg reserve, 21
Spray ponds, 107
Spreader stoker, 225
Stacks, design, 24¢€
draft produced, 24€
Standby reserve, 21
Static head, 203
Station design, 265
Steam engires, see Engines
Steam gererators, 13C
convection surface, 141
cost of, 141
efficiency, 130
fire-tube, 138
heat balance, 131
heat transfer, see specif-
ic component
radiant surface, 14§
water-tube, 138
Steam jet air pump, capacity,
105
characteristics, 1C5
Stefan-Boltzman relation, 151
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Stocks, common, 6 Turbines, hydro, reaction,
Stokers, coal, chain grate, 299
225 governing, 252
overfeed, 224 impulse, hydro, 299
spreader, 225 steam, 73
travelling grate, 225 impulse-reaction, steam,
underfeed, 225 75
fuel burning rate, 225 reaction, hydro, 299
Superheaters, 1856 steam, 73
convection, 156 steam, engire efficiency,
heat transfer, 1£7 78
radiant, 1§87 . large condensing, 79
temperature control, 1856 mechanical drive, 75
Superposed cycle, 59 srall condensing, 7@€
Surface condenser, 'see Con— small non-ccrdensing,
denser 786
Surface, heating, apportion-— superposed, 59
ment of, 169 topping, 'see superposed
Surge tanks, hydro plant, 299 Turbo-generators, preferred
steam plant, 101 standards, 76
Systems, power, 4 cost of, 79
Tva, 3.
T U
Tanks, surge, hydro plant, 299
steam %l;nt: 101r ’ U;tiiate analysis, fuel, 'see
€, 29 ue
Taizzamgf gilorem, 2€, Underfeed stoker, 225
Temperature difference, mean, Uniflow engire, €7
see Mean temperature differ— United States, cost and use of
ence domestic electric service,

Temporary hardness, water, 21C 25 . )
Terminal difference, condenser, ¢€lectrical production, 1

a7 heat rate of power rlants,
heater, 101 1 )
Thermal conductivity, 'see Con-— installed capacity, 1
ductivity, thermal standard of livirg, 1

Thermal efficiency, see specif- Use factor, 19
ic ;ycl, v ? ! Useful life of power plant

Thermometers, 249 components, 30 )
Topping turbires, 'see Super- Utility organrization, 5
posed cycle
Total air, 12C o e
Towers, cooling, forced draft, Vacuur, engine efficiency
108 correcticn for, 79
irduced draft, 108 Vacuum pumps, 105
Transrission systems, 4 Valves, steam engire, 67
Treatment, water, 210 Valves, power rlant, 178
Tubes, condenser, 96 Vapor power cycles, 45
Turbines, hydro, 29€ Variable load elemen@, 33
impulse, 299 Velocity compounded inpulse

steam turbire, 73



Velocity, duct, 19C
pipe, 175
tube, condenser, 95
heater, 102
Viscosity, gases, 191
petroleum oils, 178
steam, 178
water, 178
Volatile matter in fuels,
'see Fuels, analysis
Volume, furnace, 14¢€
open feed-water heaters,
100

w
Waels, furnace, air—cooled,
1€3

INDEX

Walls, furnace, insulated,
151
water—-cocoled, 14e€
Water, boiler, 21€&
treatment, 31C
horse power, 203
Water-tvbe boilers, 138
Watt, €7
Work relations, fans, 239
pumps, 203

z
Zeolite, hydrogen, 217
sodium, 21€
softenirg processes, 215
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