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ERRATA AFD REVISIONS
FURDAMENTALS OF PCWER PLANT ENGINEERING
by

GEORGE E. REMP

Page 9, first line after Table I:. "load" should read
" "demand."

Page 10, second line in solution of Example 1: "lcad"
should read "demand."

Page 11, equation in 3rd line from bottom of page:. "5.2"
should read "5.9."

Page 37, last paragraph on page should read:

Make a block meter rate which will recover the fixed
element in the first 8 kwh per customer per month; the cus~
tomer elerent in the next 1% kwh per customer per month; and
the energy and profit elements from the excess over 23 kwh
per customer per month.

Page 39, load table in Example 4:. "11.2" in hours from
6 -7 and 7 - 8 AM should read "12.2."

Page 39, 15th lire from bottom of page: Annual fuel cost
"$363" should read "§3630."

Page 39, 10th line from bottom of page:. Total annual energy
element "E10803" should read "$£14070." ’

Page 40, section E of Example 4 should read:
E. Block reter rate:
First block:

£18730

35?36557 = §0.195/kwh for first 8 kwh

rate =

Second block:,

¥27855
12 (15000)

rate = = $0.155/kwh for next 15 kwh

(continued next page)
1



2 FUNDAMENTALS OF FOWER PLANT ENGINEERING
Third block:

$14070 + 315750
365(1653)
12

rate =

= §0.091/kwh for

12( — 23000] excess over 23 kwh

Page 41, section B of Example 5: Total annual energy element
"$10803" should read "$14070."
Page 41, sectiog E of Example 5 should read:

E. Block meter rate:

First block:

$19148

- = £C.19 : :
12(8000) $C.199/kwh for first 8 kwh

rate =

Second blcck:

§£28235
: = = 8 1 15
rate 12 (15000) T0.187/kwh for next 15 kwh

Third block:

£14070 + E15750
14 E = §0.091/kwh for excess

t =
rake 12(27300) over 23 kwh .

Page -43, 10th lire from bottom of vage:. Machine shops

"7 AM to 5 PM" should read "8 AM to 5 PM."
Page 44, last paragraph shouvld read:
(e) Set up a block meter rate which will recover the fixed
element in the first 30, the customer element in the rext 40
and the energy and profit elements in the excess over 70 kwh

per customer per month.

Page 46, Figure IV-2: Designations of points 5§5,' and §,
should be reversed. :

Page 98, solution of Examrle 9: Last term in denowirator of

0.75 1 C.75 1
s U, "———[——q" n
expression for U, 0.652[3000] should read C.652[1615]

Page 115, 5th line from bottom of page: "on of the" should
read "one of the."
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Page 136, sclution of Example 18: Last term in equation for
M £d. "C.025" ghould read *o.c3e."

Page 1E0, solution of Example 20‘ Numerator of equation for
SH, "497" should read "4C7" and "0.24[535 — 701" should
read "0.24([535 - 70]{14.82)." Ad4 the following note:
See Example 24 for determination cf M = 14.82. -

Page 161, 5th line from hottom of page: "23;12)/4.5" should
read "20(12)/4. 5. .

Page 162, solution of Example 22—A beg1nn1ng at the third
line from the top of the page should read:

If the superheater is disposed in two of three boiler
passes, each rass will be 2C ft wide by 6.€7 ft deep. Then
the area for gas flow between the superheater tubes will be
(63 - 1)(4.5 - 2)(6.€7)/12 = 72.2 sq ft.

The mass flow of gas between the tubes will be:

g = 291000
£ 3600(72.3)

0.41(1.12)"'"5 (2048) o, 316 .
£ (z.0712y > * ¢ = 10.12

= 1,12 lbs/sec/sq £t

and, h

Then, the overall cdefficient of heat transfer is:

1

1 _,__4.0 0165 2.0 1
10.12 = 2.0 + 1.67_12(30; 1.67 236

U = (0.90) = 8.65’

1

Superteater area is:

50, €00,000 _
A = Fes(re0y - ©800 saq ft

Each foot of superheater tube has an area of 2n/12 =
0.523 sq ft. There will be €6800/0.523 = 13000 linear. feet

of tube, and the length of each element will be 13000/53
24€ feet.

Page 186, solution of Exarple 26-4: Vlsc051ty z = 0. 025'
sbould read "z = 0.022* and Reynolds' nurber "r =
1,465,000 sbould read "r = 1,€90,000,"
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Page 188, solution of Example 26-B, add at top of page!

(0.041)(682)(2.91)*
= = 5
dh = 0,745~ 3 516 49.F ft of oil

Pagé 207, Example 30, 2dd the following:

Note: The above method of expressing entrance and exit
losses is often used. Another method would be to express -.
the entrance and exit losses as equivalent lengths of straigh
pipe added to the fittings, etc., when calculating the fric-
tion losses.

Page 239, 12th line from bottom of page: "states in" should
read "stated in."

Page 246, éequation for draft produced by .a stack should read:

E . , H w 2
h=0.254 BH (0— - =) - 1.49 X 10~* < o
T, Tg p L;

where:_Wg = weight of flue gas, 1lb per hr

"f = 0,0013" for steel stacks shovld read "f = 0.013"
"f = C.0018" for brick lined stacks should read .
"f = 0,018." :

Page 248, last part of solution of Example 34 should read:

Then, by trial in the equation for stacks:
H

0.6 = C.00384 H ~ 43.4—
Du'
H 160 170 180 190 200 210
L, 13.60 10,70 9.68 9.11 8.76 8.50
HL, 2180 1810 1740 1730 1780 1785
Di/H 0.085 0.063 0.054 0.C48 C.C44 0.041

It can be seen that the product BD; has reached a mini-
mum at a stack height of 190 ft. This stack height by
chance produces & diameter which falls within the stability
range for the parameter D;/H.



PREFACE

i ook is the outgrowth of the author's experience
in opztziiﬁg power plants anq in teaching power plant_en%1n—
eering to students in mechanlcal{ electrical and_c?e@1caon-
engineering. The principal portion of the materia lihc
fined to steam power plants and is presented in what ':h
author has found to be a logical sequence, peg1nn1ng with a
study of load curves and power plant economics a?d progress—
ing through vapor eycles and a detailed examination of the
fundamental principles of the various plant copponents.
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 engireer.

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 int¢ a whole
which has meaning to the student. Examples are given in the
text in sufficient quantity and detail to guide the 'student
%n the.execution of the projects. Only one series of pro-
Jects is given in the text as an aid to the instructor in

prepaging additional projects from materials out of his own
experience.

In order to hew to the lirne of fundamentals, it has been
found necessary to say little about the minor 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 tire. It is expected that tke in-
structor will make free use of visual aids, such as motion
pictures and plant inspection trips, to supplement and clar-
ify the presentation in the text. A bibliograrhy 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 irtensely interesting subject.
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FUNDAMENTALS OF POWER PLANT ENGINEERING

CHAPTER |
IRKTRODUCTION

. It is the function of the power rlant 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 fundamentals 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 tke 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
power plant engineer does not have & thorough knowledge of
the poesibilities and liritations of the machinery with which
he is dealirg, he cannot make workable recomrerdations.

2. Growth of Power Generation in the United Stetes-=Un-
til Thomas A. Edison built the Pearl Street Stetion for the
New York Edison Company in 1880, very little power was pro—
duced in the form of electricity. Most of the irstalled
power machirery was in the fcrm of steam engires of various
specialized types in mrills and mines. Some bLydro power was
utilized ir wills 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 abovut
this time, however, the large central steam-electric station
became & necessity and it was not long before these stations
surpassed the marire power plant in both size and efficiency.

The growmth of the power irdustry in the United States
has been phenovenal. A study by the Twentieth Century Fund
has shown conclusively that the rise in our standard of liv—
irg bas 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 ircrease
in our standard of living during the sarme 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 engireer's contribution has been the cortinuval im-
proverent in thermal efficiency of the power plant. Figure
I-4 shows 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 proven practicable and thermal eff-
iciency improvements up to 50 per cent will be seen in the
not-too—distant futvre. Power from nuclear fission may some—
day become economical when cheaper sources of energy become

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

Y. Progress in Hydro and Internal Combustion Power--Fig-
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ure I-1 showed that the larger part of the nation's power
production has been obtained from steam power rlants, and it
is likely that such a relation will continue so long as fuels
are easily obtainrable. 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 maxirum utilization
of hydro power possibilities is to be seen in the install~-
ations of the Tennessee Valley Authority which has 26 danms
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

80
4
§ 60 7\
2 | Y
N
g ’<<<§L\Q\\§<>§;
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Ko A Internai.l \
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: ,\ );2;7
i NN\
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Pig. I-2. !n-tnllndleop-elty of genertating plents,

889 - 1960,
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is insignificant, because there are locations where condit-
ions are such that steam power plants would be imgractical.
As 8 general rule, where the tctal load is less than about

7,500 kilowatts the Diesel-generator plant will be found to
be most economical.

5. Power Systems-~Due to the fact that larger power
plants can produce power rore cheaply than small plants, we
have the central station rather than individual power plants
for each consumer. The problem of supplying power to the
consumer from the central station gives rise 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 plant and a primary and secondary distribu~
tion system. The secondary distribution system is always
existent in any power system, but the primary distribption
(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 distance:
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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.

IGener— High Tension  Substa. y

ator Transmission | Secondary Service:
Volt- Voltage. Voltage vbltagé.
age”
B B =

Power Plent|Prirary Distr. Secondary_Distr.'Cus.-

Systen Systenm fsys.

Pig. 1-85. A typliceal power systom.

1 "pebite n!lll!y" is the gensric tose for utilities of alf
clenses,
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Secondary Dist. Customer

System Systen
. _§§._| |

| Primary
! Pist. !
] ~ |
Power Plant System : ‘%3 U Volts
110
: _i; ‘% i 220
: i Kvolts 2338
Kilovolts | Kilovolts ?g ' —!
2.3 12.0 | 13.2 44.0 12-0
6.6 13.2 |13.8 86.0| 12.

13.8
22,0 33.0 132.0 220

rig. I-6. Wiring dliegram for a typical powver systerm.

11.0 13.8 ' 22.0 110.0 13.2 _iii__ﬂ

Privats 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
companies, known as operating companies. The common stock
of the holding company is usually held by the public, but a
few individvals may hold sufficient of the common stock to
exerf 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 is 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
intended to break up these large aggregations of power com-—
Fanies, and it has had some success to date with several

which had been in particularly vulnerable positions due to
mlsmanagement.

Nunicipal utilities are operated by municipal governing
bodies for the benefit of ‘the citizens of the municipality.
Financing is obtained by the sale of either bonds or revenue
certificates. Revenue certificates encumber only the future
income 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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Fedsral utilities do not usually sell power directly to
the consumers but sholesale 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 thenm.
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CHAPTER 11
LOAD CURVES

7. Before an attempt is made to design any type of power
plant, whether a new installation (quite rare) or an extension
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 maxinum 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 end Diversity--Consideration of the problem of
providing adequate plant capacity for a given situvation 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. Engireers 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 momert, or during
any given period of time. The periods of time are not stand—-
ardized, but usuvally are taken as fifteen or thirty minutes.
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
total connected load in kw

i i

Diversity factor expressés 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-
pressed as an equation, the diversity factor is the ratio of
the maxirmum demand in kilowatts for a class of service, meas-
ured at the point of supply, to the sum of the individual

customers' maximum demands in kilowatts for the same class of
service, or

g1 = maxirum demand in kw at point of supply
d % individual maxirum demards in kw
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Table I gives the generally accepted demand and diversity
fectors 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 : 0.50
Hospitals 0.45
Warehouses ‘ 0.40

General Power Service
Less than 10 hp 0.75
10 to 20 hp : 0.85
20 to 100 hp ' 0.55
Over 100 hp ‘ 0.60

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 .0.980

_General Power 0.70 0.75 0.8%6 0.90

Example 1 shows the use ofdémandand diversity factors
in the determiration of the capacity of the various compon-

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

Example |.

A power plant suprlies energy to a town through a pri-
rary distribution system consistirg of a transmissicn line
snd three substations., Substation A serves a residential
district through two feeders and five transforrers; Sub-—
station B serves a conrercial district through two feeders
snd five transforrers; and substation C serves an irdustrial
district through three feeders and four transforrwers. In-



10 FUNDAMENTALS OF POWER PLANT ENGINEERING

PLARY -

a b e de f- g b i } kK1 @8 e p qr=5rs t w v wsy s

rig. 11-1, Elemontary poéwer system.

dividual custcmer connected loads are as follows -(Refer to
Figure 1I-1):

HORHME A T®
mERT

. 3 kw j. 1E kw (theater) t. 10 bp
. 2 kw k. 20 kw (restaurant) u. BO hp
. & kw 1. 17 kw (store) v. 35 hp
. 4 kw v. 25 kw (warehouse) w. 2 hp
6 kw n. 20 kw (school) x. 100 hp
7 kw o. 26 kw (hospital) y. 40 hp
5 kw p. 15 kw (office) z. 60 hp
10 kw q. 18 kw (store)
8 kw r. 35 kw (store)
s. 40 kw (hotel)

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

‘Solution’:

1. Teterrmire the prrcbable maximum kilowatt demand for
each custcrer by arrlying thecrnanafactor arpropriate for
each case, as follcws'

a. 3(C.E)=1.5 kw j. 15(0.60)= 9.C kw t. 10(0.65)(0.748)

_ + 0.80 = 6.1 kw
b. 2(0.5)=1.0 kw k. 20(0.70)=14.0 kw u. 50(0.55)(0.7486)
+ 0.80 = 25.7 kw
£(0.55)(C.746)
0.8C = 18,0 kw
d, 4(0.5)=2,0 kw _m. 25(0.20)=10.0 kv w. 2(0.75)(0.748)

, _ + 0.80 = 1.4 kw

e. 5(C.E)=2.5 kw 1. 17(0.70)=11.9 kw v.

-I'r.,
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e. 6(0.FE)=2.0 kw n. 30(0.EF)=16.5 kw x. 100(0,E5)(0.748)
+ 0.80 = £1.3 kw
f. 7(0.5)=2.5 kw o. 26(0.45)=11.7 kw y. 40(0.E5)(C.748)
+ 0.8C = 20,8 kw
g. E(C.8)=2.5 kw p. 1F(0.70)=10.5 kw z. 6C(C.E55)(0.746')
+ 0.8C = 20,8 kw
h. 10(0.E)=F.C kw gq. 18(0,70)=12.6 kw
. Note: Motor eff-
i. 8(0.65)=4.0 kw r. 25(0.70)=24.F kw iciency estimated at
80: per cent.
s. 40(0.50)=20.C kw

Determire

2.

by

as follows:

1. (1.5 + 1.0)(0.30)=0,7%
2. (2.8 4+ 2.0)(0.230)=1.35
2. (2.0 + 3. £)(0.30)=1.95
4. (2.5)(no div.) =2.850
E. (5.0 + 4.0)(0.20)=2.70
6. (9.C 414.0)(0.70)=16.1
7. (11.9410.0)(0.70)=1£.3

2

kw
kw
kw
kw
kw
kw
kw

8.

9.
10.
11.
12,
13.
14,

the kilowatt rating of each transformer
applying the aprropriate diversity factor for consumers,

(16.5411.7)(0.70)=19.8 kw
(10.5412.6) (0,70)=186.2 kw
(24.5+zo.o)(o.7o;=31.2 kw'
(6.1 +25.7)(0.7C)=22.2 kw
(18.,0+ 1.4)(0.70)=12.8 kw
(51.3)(no div.) =51.2 kw
(20.5420.8)(0,70)=25.9 kw

3. Pleterrire the kilowatt rating of each feeder by

aprlying the diversity factor for transforrers, as follows:

D. (0.75 + 1.35)(0.75) = 1.58 kw
E. (1.95 + 2.50 + 2.70)(C.75) = 5.26 kw
F. (16.1 + 15.2)(0.75) = 23.6 kw
. (19.8 + 16.2 + 21.2)(0.75) = £0.4 kw
H. (22.2 + 12.6)(0,75) = 26.8 kw
I. (51.2)(no div.) = E1.3 kw
J. (28.9)(no div.) = 35.9 knw
4. Tleterrire the kilowatt rating of each substation

by- applying the diversity factor for feeders, as follcws:
A. (1.58 + E,26)(0.€5)

B.
C. (26.8 + 51.7 +

©
L3

(22.6 + 50.4)(0 8F)
25.9)(0.8E)

l'eterrire the probable maximum

5.9 kw
62 kw
97 kw

demand on the power

rlant by aprlying the diversity fector for substatiors, as

follows:

(5.9 + 62 + 97)(0.90) =

149 kw

It will be obviovs from the preceeding analysis that -
the rating of any comporenrt of the system will never be less
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then the probable maximum demand of the largest compcrent
served by it. For example, transformer 1 would of necess-
ity bave a rating of 1.F kw in spite of the mathematics
vhich indicates that the rating is 0.75 kw. However, as
the size of the system increases, the tehavior of the sys-
ten aprroaches the statistical ideal and these irration-
slities disappear.

9. Load Curves--The foregoirg discussion of demand and
diversity factors irdicates 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 same 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
minipum durirg the night; a minor and somewhat flat-topped
peak during the morning; a sharp dror at noon; and a sharp
peak in the early evening., These characteristics are shown

8

Load — Thousand Kilowatts

i

MN '3 6 9 N 3 6 9 MN
- Xu PM
Time

ll'v. 11-2. Typical deily-loead curve for industriel plent,
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Time
(Ylerids Power & Light Co.)

rig. 11.3, Typlcsl deily loed curve for publie utility.

in Pigures II-2 and II-3. Load curves of thkese 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 maxinrum loads
may be plotted to give an annual peak load curve. This type
of curve is useful in deciding vpon the best .time during the
year for scheduling major plant maintenance operations. The
yearly maximum loads mway be plotted to give a load growth
curve. This type of curve will give information as to when
it »ill 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 public utilities, and vice versa, when the peaks in tke
two types of operations do not coincide. Figures II-4 and
II-5 show typical annual peak and lcad growth curves for a
public utility.

[
b\,
[=

200

180 > e

bt
o]
O

140 /

120

100

3

oy
(o]

System Peak Load - Thousand Kilowatts

40
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
"Month

Fig. I1-4, Annusl posk loed curve for public utility,

The daily lcad curve or the annual peak load curve may
be plotted in a form known as the load duration 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 II-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 of synthesis of a daily load
curve for the elementary power system of Example 1.
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. Pig., 115, Losd grewth curve for public utiliey.

Example 2.

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

Residential load:
10 o/0 - all day

100 o/c 6 AM to 9 AM
4 FM to 8 FM

Copmercial load':

Theater, j 11 AM to 11 M
Restaurant, k . 6 AM to 9 aM
11 AM to 2 ™
STFM to 9 M
Stores, 1, q, r 9 AM to 6 MM
Offices, p 9 AM to 12 KN
1 FM to &5 M

Schools, n 9 AM to 12 N
4 M

1 M to
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Hospitsls, o

10 o/o all day
100 o/0 9 AM to 5 M
Warehouses, m 6 AM to 6 PM
Hotels, s
10 o/0 all day
160 o/0 7 AM to 10 M
Industriel load:
25 o/o . © all day
100 o/0 8 AM to 12 ¥

1M to 5 M

Usirg the demand and diversity data from Exsrrle 1,
set vp a load table and plct an expected daily load curve.

220

g
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[os
O
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B

120

¥

[y
o
O

0
=)

System Load ~ Thousand Kilowatts

[
o

40

0 3 6 9 12 15 18 21 24

Duration — Hours
(Ploride Poewer & LIghe To.)

Flg. 11:6. Daily loed durstion ecurve for public utility,
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4.78
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32.30
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6-7.AM
5.31

5.62

0.47
4,01
0.80
21.70
37.91
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£.53
3.61
65.€2
19.€9
4.21
4.70
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5-6PM
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" 0.53

0.47
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23.80
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Fig, IX-7. Loead curve for slementary power system,

10, Factors Used in Operation Anelysis--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 loed 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 éeneration'for day in. kwh
l 24[maximur demand in kw sustaired for one hovrl

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

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

Use factor is the total power braiuction 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:

_ total deneraticn for day in kwh

f =
# Z[(hours operated)(cavacity of machine in kw)]

ll. Determination 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 maximum 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

(Courtesy of D. ¥sn Nestrend Ceo., Ine.)

100

‘Pfeo

wrbime
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o
O

80

.

Hydraulic Turbine Eff., o/o

70
1/4 1/2 3/4 Full 5/4
Load

rig. 11-8. Efficlency vs load, engines snd turbines.

Thermal Eff. — Steam and Diesel, o/¢
-
o

o

this is the case. Power generating equirment design involves
many compromises, especially when the equipment is e{pected
‘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-

jciency 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 maximum efficiency could be approached 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 ebility 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
must be provided, usually to the extent of about
25 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 investment 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 combiration.

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 150 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 = 50 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

(a) fe = EZTEBBS = 0.229
: 1652.7
(b) and (d) £, = Zaczso! - 0275
652.7 -
(¢) £_= 165 =

c  24(275) 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,
snd (c) and (d) offer high capacity factors with no leeway
for growth. From this analysis, then, (c) and (4) 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
factors are:

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

1652.7
24(100) + 11(100)
(b} 1 - 50 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

£, = = 0.472
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¢ = 1652.7 - 0.602
% 24(50) + 11(50) + 20(80) ~ °°
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 3-8B.

The power plant whose load growth curve is shown in
Figure II-5 had a net assured capacity (total plant capacity
less the cepacity 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 thig 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
1954. It was decided to crder another 15,000 kw unit to op—
erate initially in 1962, 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 sore of the older
machines which had been operating sirce 1820.
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CHAPTER (1)
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 from
the revenues of the company of which it is a part.

It can be seen, after some thought, that the public
utility company's charge, or rate, for electrical service to
its customers wmust include an element to pay for the laborj;
materials and fuel, an element to pay for 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 than domestic customers,
the industrial customers are usually 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 in industry takes only the average ann—
ual cost of power per unit of production for the determin-—
ation of the power element in the cost of the manufactured
product. This may not be a fair method of accounting if the
irdustry suffers from seasonal yreaks, but, on the other hand,

it is only the net annual profit for the industry which is
significant.

In spite of the tremendouvs growth of the manufacturing
industries in this country, the domestic customer -supplies
the greater part of the public utilities' revenuve. Figure
III-1 shows the growth of lcad and decrease in cost per kilo-
watt-hour for domestic customers. The engineer's contrib—
utiocn can be seen clearly in these curves. Increasirg eff-
iciency, as seen in Figure I-4, has made lower rates poss—
ible, which in turn has made it possible for customers to
ircrease their use of electricity. It should be noted that
the trend of rates has been continually downward in spite of

the fact of creeping irf.lation which has been reducing the’
resl value of money.

13. Public Utilities as Monopolies-=It does not take
careful consideration to arrive at the conclusion that a ser~-
vice such as electric power can be supplied most econoric—

25
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rig. 1111, Cost sad use of domestiec eclectric service.

ally by only one company operating within a given area. Any
other arrangement would be wasteful and even inconvenient.
Congider, 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 to0 pay for two systems
where one would be sufficient. The public utility, ther,
takes on the character of a monoroly, but abuses are prevent—
ed, in the case of private ownership, by the necessity of
obteining a renewal of its permit to do business (or fran-
ckirse) at intervals of time. Franchise granting agencies
always reserve the right to purchase the utility at the end
of the franchise period, 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 municipal 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 inrclude 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
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the least opposition from the public when they are spread
out in small payments attached to some widely used commod-
ity. ’

14, Retes=-~Any rate for rower should be examined with
the following criteria in mind:

1., Feirness—Rates should distribute costs in eccord-
ance with the variability of the customer's demand.

2. Simplicity—Rates, esrecially domestic, should be
as simple as possible in order to avoid antagonism
from the public.

3. Cost—The outlay for metering egqairment and account—~
ing machinery should not be s0 great as to increase
costs to & greater amount than can be paid for out
of ‘increased revenues fror more complicated rate
structures.

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

1. Fixed elewsnt is the element of cost which is pres-—
ent in the system operation whether or not erergy
is produced.

2. Emergy slement is the element of cost which is pro—’
portional to the amount of energy produced.

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

4. Custower slewent iz the element of cost which is
proportional to the number of customers.

5. Investors! profit is the element of cost which goes
to ielmburse the investor for the use of his cap-
ital. ’

165. The Fixed Element-~The fixed element of the cost of
producing power is the sum of the following factors:

1. Capital cost of the power plant.
a. Real estate.
b. -Building and machinery.
¢. Cost of construction.
d. Engineering fees..

2. 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.

« Depreciation of buildirgs and equirment.?

3
4
5. Sipking fund contributions. for bond retirement.?
6. Cost of management. '

7. Capitalized maintenance, or the cost of general

maintenance required whetker or not power is pro-
duced. i

Estimating tbe capital cost-of a power plant is a rather
difficult rroblem due to variations in such factors as lo-
cation, availability of labor and materials and size of -plant.
Table II in comnnection 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 estirate 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-—
tence over which the lines extend. It is almost impossible
to give any figures as to cost per mile for transmission
systems because of the many factors, such ag type of terrain
and size of conductors and carrying capacity, that enter
into the cost. However, for purposes of estimatirng very

z Municipsl utilities are required by State lews to include
e silnking fund for bond retirement in the fixed element of
the conmt. Sometimes w deprecistion reserve is slso included
to provide for replecement of equipment when it becomes ob-
solete, but more often a smsll]l recserve 9o mainteined for min-
or replecenents oenly, snd whee major improvemsents are requir-
ed bonde or revenue certificates are sold.

.The private utility alvways Includes 8 doprecistion reserve
in the fized element of the cost, but it is expected to pro-
vide 8 sinking fund for bond retiremept out of the profit efl-
ement. This is vesueslly ezplsined as preventing the practice
of masking the customer pay for the capital required te pro-
vide him with service.M

.
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TABLE II

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

Turbo~generator plants 80 to 150
Engire-generator plants 70 to 150
Piesel-generator plants 130 to 250
Hydro—-generator plants 100 to 300

roughly, the cost of the primery distribution system ray be
taken as ranging between %1500 and 35000 per mile ( based on

1928), the lower figure arplying 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
gonstruction 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 sre
low, usually around three per cent, but in the past they
have been ms bigh 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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usuelly amount to from two to three per cent of the invest-
rent annually. In some States muricijpally owned utilities
must pay the State occupational licence fee.

All utilities maintair insurance on their equipment and
liability insurance for protection against clsims for damages .
The cost of insiuranrce amounts to from one to two per cent
of the investment annually,

In order to provide a fund for eventual replacement 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 III shows the legally approv—
ed retirement periods for various types of equirment. The
reserve may be accumulated in two different ways: by the
sinking fund method or by the streight line metkod, although
the straight lire method is most usual. In either case, the
sum eccumulated will be equal to the original cost of the
equirment less a salvage value. For a number ¢f years bus-
iness organizations have been attempting to have income tax
laws amended to allow retirement reserves to be accumulated
on the basis of present 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 for 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 earned
over the retirement pericd will equal the total sinking fund
‘reserve. The annual payment can be calculated from the fol-
lowing equation:

anpual paywent = {P - S}i{r.+ [(1 4 )" - 1]}
where: P = original cost
S = salvége 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 metkod of dejreciation and to treat
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TABLE III
PROBABLE LIFE OF POWER PLANT COMFONERTS

Component Years
Boilers, fire-tube 10 to 15
Boilers, water-tube 20
Breechings and ducts . 10 to 30
Buildings . 20 to 30
Cables and feeders : © 156 to 25
Coal and ash machinery 10 to 20
Condensers 20
Cranes - 30
Econorizers and air heaters 15
Electric generators .20
Electric motors 20
Engines, steam 15 to 35
Engines, Diesel 15
Feed-water heaters 20
Fuel o0il handling equipment 20
Fipe and pipe covering 16 to 25
Pumps i 15 to 20
Stacks, brick or concrete 30
Stacksf steel 12 to 15
Stokers and other coal burning equipment 20
Superheaters. 20
Switchboards and equipment 20
Transformers 15
Turbires, steam 15 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 - 8)

annual payment = T

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

The cost of management is included in the fixed charges,
§nd usuglly management is taken to include all administrat-
ive officers down to and including the plant superintendent.

‘Usually about ten per cent of the total maintenanee for
thq'system is included in the fixed charges. This so-called
capitalized maintenance is assumed to be the pcrtion of the

:aingénance which is independent of the amount of power pro-
uced.

i6. The Energy Element--The energy element 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 operating supplies.
i 5. Maintenance.

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

Since the steam power plant operates best with pure
water, and natural waters are very seldom pure enough, the
cost of preparation of the water for use as well as the cost
of the water itself, in cases where it must be purchased or
pumped, must be considered.

A not 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 might be needed. Lubrica—
tiog oil is not a large item of expense in the well 9per§ted
turbc-generator plant, since with proper care a lubricating
cil charge will last alrost indefinitely and requires only a
small smount of makeup at infrequent intervals.

Maintenance costs include the cost of repair and of re-
rlacement of parts which wear cut. Prorerly supervised plants
have a schedule of continucus maintenance designed to keep
the machinery in the best possible cordition at all times.

All but the smallest plants employ a maintenance force in
addition to the plant operators. The cost of maintenance is
usually estirated at about one per cent of the investment
annually.

I7. The Verieble Load Element-~This element of the cost
of rroduction cf rower is usuvally included with the energy
element because of the difficulty in assessing its effect.
Consideration would have to be made of the reserve capacity
required and the status of the plants in the system with re-

spect to the tyre of loading, that is, base load, standby or
swinging.

i18. The Customer Element--The customer element in the
cost of producing power is the sum of the follcwing factors:

1. Capital cost of the secondary distribution systenm.
a. Cost of easements or right-of-way.
b.  Cost of line and substation equirment.
c. Cost of construction. .
d. Engineering fees.

. Irterest, taxes and insurance.
. Depreciation c¢f equirment.

2
3
4., Sirking furd contributions forvbond retireﬁent.
6. Cost of franchise.

€

. Fublicity.
e, Fublic relations.
b. Advertising.

7. Cost of collecting revenue.
2. Meter reading. .
b. Billing and ccllecting.
c. Accounting.

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

Investment in the secondary distribution system is rough-
ly proportional to the number of customers served, and for
purposes of estirmation may be taken as arproximately 350 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, detending 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 coilecting revenue may vary between ¥1.50
and 33 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 producipg power may or may not be present, according to the
type of utility operation. It is inhérently present in the
rrivete 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-
rupey. :

The profit on electric utility operations is usually
estizated at about ten per cent of the irvestment 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—In 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 charged
for succeading blocks. Figure III-3 shows a rate sched—
ule based on this system. The block meter rate has the
advantage of encouraging the use of electricity, pro-
viding the initial blocks 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 rvesid and individaally d units.

LIMITATION OF SERVICE: -

All residential service ired on the ises by Ci shall be lied through one meter. Standby or re-
sale service mot permitted hereunder.

CHARACTER OF SERVICE:

Single phase, 115 /230 volts, 8 wire or 115 volts, 2 wire d ding upon C ‘s i Three phase, 230
volt service may be furnished but only under special arrangoments.

MONTHLY RATE:

$1.00 which entitles Customer to use 14 kwh,
4.5¢ per kwh for the mext 36 kwh,

. 25¢ per kwh for the next 130 kwh,
15¢ per kwh for all sdditional kwh,

Tax Adj Plus the licable proporti part of any taxes and i d by eny g

al euthority in excess of those in efiect 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 teke care of extreme increases in costs in the event of inflstion there shall be added
to the sbove rate 1% of 1% for each 1% increase in cost of oil over $2.00 a barrel (or $2.00 per 6,300,000 Bru, if fuel
used is other than oil) based on the average cost of fuel wsed in Company’s plants during the next preceding month,

Excess Capacity Cherge: For each kw of Demand in excess of 10, edd $1.75. The kw of Demand is the average kw
supplied durjog the 1S-minute period of maximum use during the eurrent month,

RULES AND REGULATIONS:

Service under this schedule is subject to orders of governmental bodies having jurisdiction and to the um'ently of.
foctive “General Rules end Regulations for Electric Serviee™ on file in Company’s office, which are bereby made & part here
of. A copy of the present effective “General Rules and Regulations for Electrie Service™ is attached hereto. In ease of con

fliet b any provision of this schedule and said "General Rules and Regulations for Electrie Service™ the provision
of this schedule shall apply. . .
FLORIDA POWER & LIGHT COMPANY Effective June 1, 1946

Fig. IXl.38. Residential rate schedula.

Block Hopkinson Demand Rate—In this type of rate a de-—
mand charge based on the maxirum demand during any stat—
ed period is added to a block meter rate. Figure 114
shows a rate schedule based on this system. It is

named after Dr. John Hopkinson, 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 exawple: 9€ per kwh for the first three kwh per

room; 6-1/24 .per kwh for the next three kwh per roonm;

and 3-1/24 per kwh for the excess over six kwh per room.
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Rate Schedule IR

INDUSTRIAL SERVICE—ELECTRIC

APPLICATION:
Fnrpowarnrvloelor jal, facturing or i The use of energy for lighting purposes with-
In and about the b ises housing or losi lbn power driven and openledlmuhmery and
mmenluledinormeonnemon wnhmch’ dustrial f i to the use
power for such p isaibl underlhil“"' Formch"' uee, C will
end (11} and nunlilry appurienances.
CEARACI'ER OF SERVICE:
. Single or three phase, 60 cycles and at sny svailable standard voltage.
LIMITATION OF SERVICE:
All service ired on ises by Ci shall be furnished through one meter. Not applicable to service in
stores, hotels, office buildi th 8 houses, clubs, or in any other commercial establishments,

nor to or resals service.

MONTHLY RATE:

31.50 per kw for the first 400 kw of Demlnd.
$1.00 per kw for all additional kw of Demand.
2.6¢ per kwh for the first 1,700 kwh.

13¢ per kwh for the next 4,300 kw

1.0¢ per kwh for the next 34,000 kwh.

0.8¢ 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,
:dtl 3 ﬁad‘z .64 bl;:k- 100 kwh per kw for the first 50 kw, 80 kwh per kw for the next 100 kw, and 70 kwh per kw
or tional o

Adjustments:

First,—Minus or plus 0183¢ per kwh used for cach 1¢ below 12¢ or lbove lB‘. lupemvely. in Compmy‘l cost
per million British Thermal Units of fuel. For this purpose there be i cost
(mdudm| frei t, storsge nnd hndlm; eosts) as lllown by Compunyl bookt, ol -ll fnel uud dnnns the next
preeeding month in dw with C ’s main system.
Second,—Plus portionate part of any taxes and i d by sny g I so-
thority in excess of lhou in elfecl Y::ulry 1, 1937, which are assessed on the basis of meters or customers or the
vnlie of or revenues from electrie energy or service lold or the volume of energy generated or pnrc.hned for sale or

Minimamt $1.50 per kw of the highest Demand established dnnn; the 12 months ending with the current month,
not more than sn mouni sufficient to make the total charges for such 12 months equal to $20.00 per kw
of such Demand, and not less than the charge for the currently effective Demand.

. The foregoing rate is net and not subject to amy mumicipal, county or other discount
DEMAND:

The kw as determined from Company’s demand meter for the 15-minute period of C: s use during the
month, adjusted for power factor, but not less than 15 kw.

-ON-PEAK DEMAND:

The kw as determined from Company’s demsnd meter for the 15-minmte period of C r's use during the
On-Peak Hours of the current month, adjusted for power factor.
The On-Peak Hours shall’be from 5 to 9 p.m. each day, excluding Sund: Chri and New Year's, from Decem-

ber } to Merch 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 eonsecutive,

EXCESS ON-PEAK DEMAND: 4

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 ealendar months of April to November, inclusive.

The Excess OnPeak Demand effective for uch month of the fi rst contract year will be mutually agreed upon by
Compeny and Customer, and used qnul actal data sre il

POWER FACTOR:

(3 Cnnomu‘. power factor lhll average leu tlnn B5% hgsmg dnnn; ey month, thcn Company msy adjust the
readings taken to the D d by the kw mch by 85 and by dividing
the result by the average power factor unully established during the current month, Such adjusted readings shall be
wed in determining the Demand.

TERM OF SERVICE: .
Not less than one year. In the event this schedule is & part of an agreement for & term of less than 5 years, 5% shall
be added to the amount computed under the sbove Monthly Rate, before Adjustments, and to the above 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 n“lee. which are hereby made a part
bereof. A copy of the pmml effective “Gcnenl Rule- and Regnhl.lonl for Eleeme Service™ is attachcd hereto, In
cuse of conflict of this snd said “G i Rules and Regulati for Electric Service™ the .
provision of this ulmlnlo shall apply.

FLORIDA POWER & LIGHT COMPANY Effective May 1, 1946

Fig. I11-4, fndustrial rate nchedule,
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. !
The computations invclved are somewhat cumbeérsome, 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.

Exemple 4,

The power plant of Examples 1, 2 snd 3-A contains five
60 kw Diesel-generators which cost £250: per kw, installed,
and have a salvage value of 10 o/o at the end of 15 -years.
The primary distribution system cost 320000 and has a sal-
vage value of 20 o/o at the end of 12 years. Management
cost is §6000 per year and texes and insurance together are
7 ofo. 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. The bonds are to be retired out of profits and
the remaining 40-0/0 of the investment is raised by the sale
of common stocks. o

The engine heat rates (Btu/kwh net output) are: full
load, 11800; 0.75 load, 12000; 0.5 load, 12900; 0.25 load,
14850, Fuel oil having 6,300,000 Btu/bbl end costing $3.00
per bbl is used; maintenance $600 per year; labor §800 per

month; supplies $200 per year; and cost of water $100 per
year. ‘

The system has 1000 customers and the cost of collec—
tion is ¥3.00 per customer per year. The secondary distrib-.
ution system cost 75000 and has a salvage value "of .15 o/o0.
at the end of 12 years; labor §1000 per month; maintenance
¥800 per year; and taxes and insurance together are 7 o/0.
The depreciation and financing are managed in the same way
as for the rlant and primary distribution system. ’

The annual profit is expected to be 10 0/0 of the total
investment, before income taxes are deducted.
tax rate is 30 o/o0.
common stock dividend
bond retirement. The

C The income
Find the amount of money available for .
s fftgr setting up a sinking fund for
sinking fond earns interest at 2 o/o.

Make a block meter rate wh
element in the first 8 kw
tomer element in the next

ich will recover the fixed
h per customer per month; the cus—
15 kwh per customer per month; and
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the energy and profit elements from the excess over 30 kwh

rer ¢
Solut

A, F
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ustomer per month.
ion:
ixed element:

Investment in plant = 250(£250)
Investrent in primary distribution systen

62500
Annual depreciation of plant = 0.90-—33——
. . 20000

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

Taxes and insurance = 0.07(82500)
Interest = 0.035(0.60)(82500)
Capitalized maintenance = (0.1C)(1400)
Managemrent

Total annual fixed element

B. Fnergy element:

§ 62500
20000

In Figure I1I-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. Figure III-5 b shows the plant heat rate vs plant
load in kw. The following table can then be calculated:
15 15
: \
2 2
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Pig., I1I-5, ZEngine heat rates for elementary power system.



Time
AM
MN~ 1
1 -2
2 -3
3 -4
4 - 5
£ -8
6 -~ 7
7 - 8
8 -~ 9
9 -10
10-11
11- N
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kwh HR Heat Time kwh
X KBtu PM
23.8 13.1 308 N-1 68,2
23.8 13.1 308 1 - 2 143.8
23.8 13.1 308 2 -3 138.2
23.58 13.1 308 3 -4 138.2
23.5 13.1 308 4 - £ 136.4
23.5 13.1 308 5 -6 72.7{
37.9 12.2 428 6~ 7 44 .8 |
12.2
37.9 { } 591 7 - 8  44.8
20.0
116.2 12.8 1410 8 - 2 44 .8
134.6 12.4 1670 9 -10 34.4
134.6 12.4 187C 10-11 27 .1
143.8 12.3 1770 11-MN 23.E
Total Btu/day = 20,887,000
20,887,000
/ =2 2" (g3.,00) =
Cost of fuel/day 6,300,000($ )
Annual fuel cost = 365(89.95)

Labor = 12(§800)

Water

Suprlies

Maintenance = 0.80(§600)

Total annual energy element .

C. Customer element:

Investment in sec. dist. sys. =
7 8000:
12

Pepr. of sec. dist. sys. = 0.85

Taxes and insurance = 0.07(78000)
Interest = 0.035(C.60)(75000)
Maintenance = 0.90(800)

Labor = 12(1000)

Cost of collection = 1000(§2.00)

Total annual customer element

£9

HERWO ©O O MNO Mo

.96

39

Heat
KBtu

938
1770
1718
1716
1690

2968

565

£3620
9600
100
54C

T 170

75000
§ 5710

52860
1875
720
12000
2000

27865
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D. Profit element:

Total investment 2167500
Profit = 0.10(167500) F185750
Less income tax = 0.30(15750) 472§
Profit after taxes $11025
Less sinking fund cont.=

€.60(157500): 0.02 3880' )

(1 + 0.02)%° -1
Available for dividends T 7145
) _ 7145(100)

Dividend rate 0.40(167500) _ 11.3 o/c

E. Block meter rate:

First block:

_ 518730 S
rate = 15096000) $0.156/kwh for first 10 kwh
Second block:
- §278865
= e— = §0,:
rate 12(20000) $0.116/kwh for next 20 kwh

‘Third block:

¥10803 + §15750

rate = = §0.109/kwh for
lz[égéilgéél - 30000] excess over 30 kwh

12

Example 5.

This example is.the same as Example 4 except for the
method of finmancing, which is typical of municipal practice.
All of the capital is raised by the sale of revenue certif-
icates which mature in 20 years and bear intefest at 3.5 o/o
and the sinking fund earns interest at 2 ofc. Profit of
10 o/0 on the investment goes to defray town operating ex—
penses. No taxes are paid, and insurance is 2 o/0.

Solution:

4. TFixed elevent:
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Investment in rlant = 250(§250) g 62500
Investment in primary distribution system 20000
Annual depreciation of plant ¥ 3760
Annual depr. of pri. dist. sys. 1333
Insurahce = 0.02 82500) 1650
Interest = 0.035(82500) . 2885 .
Capitalized maintenance - 140
Management 6000
Sinking fund cont. = 0.0411(82500) : 3390

Total annual fixed element $19148
B. Energy element: o

Total annual energy element ¥10803
C. Customer element:

Investment in secondary distribution system  §78000

Depréciation of sec. dist. sys. 5310
Insurance = 0.02(75000) . 1500
Interest = 0,035(75000) 2625
Maintenance 720°
Labor 12000
Cost of collection 3000
Sinking fund cont. = 0. 0411(75000) 3080
Total annualcustomer element ' . ¥28235

I'. Profit element:

Frofit = 0.10{(1E7500) ¥16750

E. Block meter rate:
First block:

§£19148

rate = m = £0.159/kwh for first 10 kwh

Second Block:

$28235

rate = m = ¥0.118/kwh for next 20 kwh
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Third block:
_ $10803 + $15750

rate - = $0.109/kwh for excess
12(20300) over 30 kwh
BIBLIOGRAFHY

dnon., "Public Control of Fower," Electrical Norld, April,
1 . '

Anon., "Building and Equipﬁent Cost Indexes," Chemical Engin-
ssring, February, 1949,

Brydon, H. B,, "Some Economic Factors of Power Station Design,
Transectiows A.S.¥.E., Volume 5C.

Committee of Edison Electric Institute, "Power Station Build-
~ing Costs,” Powsr Plant Engincering, July, 1934,

Elliot, Louis, "Semi—outdoor Flants Save Dollafs," Combustion,
July, 1942,

Knowlton, A. E., "Cost of Power, Survey, 1938," Electrical
‘Forld, December, 1939.

Fash, L. R., Ecosomios of Public Utilities, McGraw-Hill, New
York, 1932.

Raymond, W. G., The Pudlic and Its Utilities, Wiley, New York,
1925. : .



FUNDAMEKTALS OF POWER PLAMT EKGINEERING - 43
PROJECT I

1. A certain town of 20,000 porulation is served by a
private utility and has the equivalent of 6,0C0 custoners,
divided among three substations. Substation A serves a res-—
idential district; substation B serves a commercial district;
and substation C serves an irdustrial district. Street
lighting is supplied from substation D. The system (incom—
prlete) 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 € AM
< 5 to 11 FM
Arartments 2500 - : 6 to 8 AM
5 to 11 PM
Substation B:
Public buildings 250 9 AM to 5 PM
Churches 140 10 AM to 1 PM
. 6 to 9 IM
Hospitals 450 all day
Theaters 250 2 to 11 PM
Laundries 1C0 7 AM to 5 PM
Retail stores 450 9 AM to € FM
Offices 300 9 AM to 5 PM
Newsparers 150 9 AM to 8 PM
Substation C:
Factories : 3000 7 AM to 5 PM
Machire shops 600 2 AM to 5 FM
Substation D: .
Street lighting 500 6 PM to 6 AM

(a) Find the probable maxirum demend for each class of ser—
vice.

(b) Find the prctable waximum demand on each substation.

(¢) Fird the probable maximum demand on the power rlant and
plot a tyrical daily load curve for the plant.

(d) Turbo-generator sizes available are: 500 kw, 750 kw,
1000 kw, 1500 kw, 2000 kw, 2500 kw-and 3000 kw. Choose a unit
or units which will give the maximum vse and caracity factors
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consistent with requir-
PLART, 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
é é é 7 o/o. Depreciation
of the investment is on

Pig. IIL-6. llo-ont-fy power sys- the straight line bas-
tem, Project I. 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 remasinder of the investment is
financed by the sale of common stcck. What is the annual
fixed cost?

(b) If the turbo-gererator 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 oil hav1ng
6,325,000 Btu per bbl, costing §1. 50 per bbl is used;  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) Estimate the cost of the secondary distribution system
and the annval customer element if labor costs.$5,000 per
month and taxes and insurance together are 7 ©/b. The de-
preciation and financing of the investment is ih 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 per month.



CHAPTER 1V
VAPOR POWER CYCLES

21, Carnot Cycle=-A cycle composed of completely re-
versible processes was propcsed by Sadi Carnot, a French en-
gineer, in 1824. The Carnot cycle is accepted as beirg the
rost efficient between any two temperature limits. The eff-
iciency of the Carnot cycle can only be approached, however,
because all real processes are irreversible. Figure IV-1 -
shows the Carnot cycle on the T-S and H-S planes for satur-—
ated steam and for superheated steam, both produced from
saturated water.

Tempersture
.
Enthalpy

Entropy ~ Entropy.
(a) T-S Plane (b) HE~S Plane

Pig. V.1, Carnot cyecle,

It will be noted that the Carnot cycle consists of two
reversible isothermal and two reversible adisbatic processes.
Examination of the cycle on the H-S plane will show that the
characteristics of real varors, such as steam, will not al-
low 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 figures are not to scale, considerable dister-
tien exists, especially in the liquid reglion.

45
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22. Rankine Cycle-=The sinplest vapor power eycle which-
has been proposed was conceived by Prof. W. J. M. Rankine, of
the University of Glasgow, in 1849. This eycle is shown on
the T-S and H-S planes in Figure IV-2, and will be seen to
be a modification cf the Carnot cycle to meet the require-
ments of real vapors. The expansion and compression lines

‘l
5 s
= §
= 2 I\
—
] 3 sl
g : Sa < se!
:2 = 2 ;b
’.
71
, 4Entropy Entropy
(a) T-S Plane (b) H-S Plane

'

Fig. 1V.2, Rankine cyele,

are shown to follow paths of increasirg entropy because of the
irreversibility of real processes. The ideal Rankire cycle
would have these two processes follow paths of constant en-—
trory. .

A schematic diagram of the Rankine ecycle is shown in Fig-—
ure IV-3. The process 1-2 takes place in the pump and is
one of subcoolirg in which the pressure is increased to that
prevailing in. the boiler. The process 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, also, and represents the production of
steam from water at constant pressvre. The steam at state 4
may be either wet or superheated. The process 4-5 rerresents
the expansion in the engine, during which process work is
done. The process £5-1 takes place in the condenser and is a
constant pressure rejection of heat. It should be remember-—
ed that withir the region of vapor mixtures (under the sat-
uration line) a constant pressure process is identical with
a constant temperature rrocess.

The cycle rerresented in Figure IV-3 is closed, in that
the same working fluid is used over and over. Often in
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4
| 2
t -
[ V) AeT1)
Q‘-'—;- ':S' S
m
3
Condenser
Pump
1
3
W/Jl n

Pig. IV-3. Rankine cyecle.

sipple plants the cycle is open, that is, the condenser is
absent and the steam is exhausted to the atmosphere at state
5. Sometimes part of the steam exhausted at state 5 in an
open cycle is used to heat the feed~water going to the purnp.
This arrangement is shown in Figure IV-4,

4 1 1b )
| ©
£ 5 ] W/ Jeue
Qia :0) ?_-“ - .
—pnd 4 2]
o
/m
3 Qout _g
5 y —~
excess stean —_
Ma 1b 6 =
a— fup—
Heater makeup !
Pump o
2 o 1 |
W/Jll

Pig. IV-6, Open -Reakine cycle with -feed-wates heatdng.
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. The general 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 closed Rankine cycle:

Pump:l  wyg, =m, -8, _

Boiler: Qp =He -H, =H, -5, - (§, - B, )
Enginei W3, = He - He,

Condenser: Qo = B&p - Hy

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

o, =Fa =B, - (B, - H,)
te He - By - (Ep “Hx)

For the open. Rankine cycle with feed-water heating:

Pump: W/J~in =H, -
Boiler: Qin =Hs -H; - (H, - Hy)
Engine: W/Jout =H, - He,

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

M, (B, = By) = (1 ~ M) (B, - H,)

1 Pory pressure rines in the pump of less then 300 1bs per
sq in. the pump work terms may be neglected without aeppreec-
fable ervor. For pressure rises gtester than 300 lbs per s9g
in. the pumwp work can be determined from Table 4 of Thesrmoa
dyossic Propaszties of Stesm, by KXKeenan asnd Keyes.

e
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\ P, - Hy
M D ———
4 .HB_D —HI

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,

_Fu = Fy, - (B, - F,)
c .H4—H1-(-HA9—H,)

€t

This same sort of analysis could be arplied 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 is exzamiped.
With feed-water heating Hy will be greater, thereby causing
a decrease in the value of the denorinator with a resulting
increase in efficiency. In additidn, less makeup water
would be required.

23, Engine Efficiency~-~-The ratio of the actual 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 names: engine efficiency, Rankime cycle
efticiency ratio, ard Ramnkine cycle ratio. The preferred
nerme, however, is engine efficiency. The mathermatical re-
lation (referring to Figure IV-2) ig:

. -E. -8,
¢ H, - H,,

The engine efficiency can be determined directly for
steam engines because it is 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,

_ 2545
e 5,(H, - By,)

a
where: §; = stear rate, lbs/indicated 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. 1In
this case,

2545

e T att——————————
S,(B. - B, )

)

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 stean
passes completely throvgh 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 prorosed by Ferranti -
as a means of improving the efficiency of the Rankine eycle
for real engines. It is a characteristic of real engines
and turbires 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 ixproved engine efficiency. Figure IV-5 shows
the reheating cycle on the T-S and H-S planes, and Figure
IV-6 shows a scheratic diagram of the cycle.

. The reheating of the steam way be done in one of three
ways: (a). Using steam from the boiler in a heat exchanger;
(b) using a separate reheating furnace; or (c) using a re-
heater built into the boiler gas passages. The reheeting
cycle utilizirg 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 metkod has both thermodynamic and eco-
nomic advantages over the first method.

"The cycle can be analyzed as follows:
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(a) T-S Plane
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Fig. I1V.5. Reheating cycle.
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Fig. IV.6, Rehosting cycle,
Pump: wWJ, =P, -H,
"Boiler: Qin, =F, -8, - (H, - H,)
-Engine E.P.: W/Joutl = Es - Hg,
Rehester: Q,_;,L = B¢ - H‘o
2
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Engine L.P.: W/Jout2 = E, - H,,

Condenser: Q =B, - H,

out [

o, BB, +H -B, - (B, - H,)
t; W, - H, + Hy - Hg, - (B, - H,)

25. Regenerative Cycle--This cycle was proposed by Frof.
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. FPigure IV-7 shows the regenerative cycle on the
T-S and B~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 diagran® and the lower rart of
the H-S plane that is necessary when the low pressure open
heater is rerplaced by a closed (or surface) heater.

Y | Ny

Temperature
Enihalpy

Entropy Entropy
(a) T-S Plarne - {b) B-S Flane

Pig. IV-7. Regenerative cycle.

R. L. Reynolds has given considerable data on the per-
forrmance of regenerative cycles m#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. It will be noted that the curves in Figure

IV-9 (a) are drawn for a standard throttle temperature of
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Filg. IV-8. Regenarstive cycle.

750 F and a standard condenser vacuum of 29 inches of mercury.
The effect of derarture from these stsndards can be computed
with the aid of the correction curves in Figures IV-9 (b) -

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

in each heater are approximately equal. Ordinarily only one
open heater is used in the mcdern regenerat1ve cycle, so
placed that the pressure in the heater is sllghtly above at-
mostheric at the minirum normal load.

The cycle can be analyzed as follows:

A. For two open heaters:

Pumps: WJIin, = (By - H,)(1 ~ My ~ Mp)
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Boiler: Q- = F.g"‘ H. - (Hg - H;)

13

Engine: W3, = Ha = Hap + (1 = W,)(E,, ~ Hy,,)
'!’ (1 - M\‘ - MB)(H"'(’D —H"lb.)

Condenser: Qé“t = (1 - My - MB)(E,,0 - H,)_
The extraction quantities can be determined by the use of
energy balances for each feed-water heater, as foliuws:
M, [H,, - Hsl = [1 - MJ[E; - By - (Hy - E,))
MplHy0, - Byl = [1 - M, - Mpl[H, - B, - (H, - H,)]
The thermal efficiency is:
W m Wiy - W, W,

e.
t, : g

»

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

Pumps: W Jiw, = (Hp < B, )1 - Mg -'Mp)
Win, = (Hypa = Byo0c)(Mp)
W/J,-.,.s = (B, - H,)

Boiler: Qin = Fqa = Hy - (Hy - Hy)

Engine: Wout = Ba - Egp + (1,-'M‘)(E°° = Fao)
+ (1 - Ml‘ - MB)(E‘QD - -Hllc)

Condenser: QO“t
Extraction quantities:
NglHep ~ Hgl = [1 - My1[H, - H,}

_ (1 - Mg = Mpl[E,) 4 [Mp)[Hy0p + (Byog = HyoM)
(1 - My,

MplBya, ~ Fyo ) = [1 - M, - M )[B, — B, - (B, - B,)]

:
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The addition of more stages of feed-water heating mere-~
1y 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 lire will give sufficient equations to solve for all
of the unknowns.

Modifications of the cycle are sometimes 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 usval, however, to have at least one heater drip pung,
located at the closed heater nearest to the condenser. Fig-
ure IV-10 shows the heat balance diagram for a modern high
pressure regenrerative cycle.

26. Reheating-Regenerative Cycle--The sirple reheating
cycle is no longer used in central station practice because
greater efficiency gairs 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 Rankire 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 sirple cycle can be analyzed as follows:

Pump: W/Ji51 =.(M)(H, - H,)
Tompressor: W/Jinz =H, - H;D
Svperheater: Q. =E4 - H,

n
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Fig. IV-13, Flefd eyela.

The theoretical 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 pradtical disadvantage,
however, is the large smount of the output of the engine
which is returned to the compressor. The cycle is similar
to the gas turbire cycle in this resgect,(see Chapter XIX), )
and for all practical purposes is a clcsed gas turbire cycle
using steam instead of air as the working fluigd.

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~
pound arrangement in which new high pressure boilers, re-
placing obsolete low pressure boilers, supply steam to a new
high pressure turbo-generator which exhausts to the exist-
ing low pressure turbo-generators. The low pressure turbo-
generators are rehabilitated to give additional useful life.
This type of additional capacity can be installed for about
ore~-half the cost of a complete new plant of the dame cap-
acity. The upper portion of the cycle is shown on the H-S
plane in Figure IV-14, and a scheratic diagram is shown in
Pigure IV-16. To date, superposition has been practiced
only on regenerative cycles.

The cycle can be analyzed in the usual manner, rerem—
bering that the condition of the steam at state 10, (the ex—
haust of the high pressure turbire) must be identidal with
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the specified cornditions 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 comparison
with that of the low pres-—
sure turbires.

Perhaps tke most import-
ant calculations in the super-
posed cycle have to do with
the determination of the add-
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 superimposed 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:
\J = ! - b - 1 - E
/J (H, Fﬁ)Pq (He S)PJO

i”add
Additional engine work:

'W/JOutz = Eo - Fyo,

State 10, is known, but in order to determine state 9 the
engine efficiency of the superposed turbine and the avproximate
amount of power required from it must be known. In general,

a superposed turbine rroduces about one-~tkird as much power
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 turbines, and kw is the output of
the low pressure turbines,

Po - Fie, _  3413(kw)

© Py - Byo, GM(E, - Pyo,)

e

9
|
8
[
Qia 2
-
o
m
>
X
6

Pump

Fig. 1IV-15, Superposed cycle.
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The two enthalpies, Hs and Hyo,, will serve to locate
the pressure and temperature to the throttle of the super-
rosed turbine, as a first approximation. 4 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
fprogress 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-
ly high pressures are requir-
od 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

F-]
The mercury-steam birary Steam Cycle I
cycle utilizes the latent heat E—
of condensation of the mercury . Entropy
to generate steam. Figure
IV-17 shows the cycle on the Fige IV-17. (Mercury-stean
T-S plane, and Figure IV-18 bisery ecycle.

shows a schematic diagram of .
the cycle. Figure IV-19 is a Mollier diagrar for mercury
vagpor. .

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

[lbs Pg) _ PBe - B, - (B, = Fy)

[1bs H,0] Hie, - Eis
Wiy =Wiggo  +F J,gt—i:—gi—ll»
Qin,.” Qin, ? Q*'M%:_:—g%
ey, - Z/Jmtc
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W/Jln, W/J{Q’
ri.:.xv;ls. Mercury-stees binesry 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-steam binary cycle is that of seal-
,ing in the highly toxic mercury vapors . However, this diff-
iculty has been overcome satisfactorily and a complete rlant
is presently being built in New England.

Other binary cycles have been rroposed which use steam
as the upper fluid followed by sulphur dioxide, petroleum
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
in the fact that both engines exhaust at pressures above at-
mospheric, thus elirirating the necessity for a vacuum pump
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on the condenser. There is little, if any, gain in thermal
efficiency over the straight steam cycle.
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CHAPTER V
PRIME MOVERS

30. The only prire movers used in vapor power cycles
are engires or turbires. The engire is a reciprocating de-~
vice which utilizes both pressure and expansion energy of
the steam, while the turbire is a rotating machire which
utilizes only the exransion 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 process use is
required. Steam turbines have replaced steam engires in

sizes over E0O0 hp, principally because of their comractness
and higher efficiency.

31. Steem 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 growth
and vse in the early 1900's. Engine sizes reached 25,000 hp
on a single shaft with four cylinder trirle expansion mach-
ines for driving battleships. As previously mentioned, how-
ever, the steam engine is finding its field limited to small
sizes. It appears that the steam engine on the railroads is
also doomed to obsolescence. The American Locomotive Com-
pany, which built stearn locomotives for 100 years, recently
announced that its entire production in the future would be
confined to Diesel-electric equipment.

The principal types of engine remaining in use today
are divided into two general classifications, counterflow
and uniflow, depending upon-the location of the main exhaust
ports with relation to the stroke of the piston. The class~
ifications are further subdivided as to valve types, whether
slide, rotary or porpet. It can be said, in general, that
the uvniflow engine is more efficient than the counterflow
engine because of reduced thermal losses resultirg 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 dynarmometer
is used for its measuremént) and input horsepower (called
indicated horserower 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
it. If the constants of the brake, engine and indicator are
known, the following equations will give the required infor-
mation:

2nFLN

-3BP = 33060

where: F = net force exerted by brake, lbs.
L = length of brake arm, ft.
N = sreed of engine, rpm.

Pu,LAN 4 Py LA N

Ibp = —3000 35000

where: P'h and P.c = mean effective pressures

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

L = length of piston stroke, ft.

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

N = speed of engine, rpm.

AgS
P —
» Ld

Ay = area of indicator diagram, sq in.
Ld = length of indicator diagram, in.
S = scale of:indicator spring, lbs/sq in./in.

where:

- Bhp
Cn Ihp

The mechanical efficiency of steam engines is high, and
the shape of the efficiency vs load curve depends rrirarily
upor 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
vV-6.
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32, Estimation of
Steam Engine Dimensions=-~
In prelininary calcula-
tions for engine plants
it is necessary to esti-
mate the dimensions of the
ergire. This estiration
is based on emrirical data
as to piston speeds and A
derasrture from the ideal
expansion ih the engine.

[

The approxirate work
obtaired from the engine
can be obtaired from con-
sidersticn of the ideal
indicator diagram with the
application of a diagram
fﬁgtor tofallow for the 3
effects of compression an _
the departure of the ex— % %
ransion fror the adiabat-
ic.? Pigure V-7 shows the
ideal indicator diagrar i
with a realized diagrar ﬂ

with D slide valve.

superimposed. From the
idesl diagrar:

Net area = net work

Counterflow stesn engine

2

v
= BV, + PV logi™ - PV,

1 -

Vs/V, is called the expan- >
sion ratio, R. It can be .
seer from the disgram that -
|

the larger the valve of R,

the larger the proportion i
of the total work done by B

the exransion of the steam.

One method of governirng the

output of a steam engire is

to vary the expansion ratio. For purroses of estimaticn for
full load, R is usually teken as being between three and four.
Makirg the substitution for R,

: For simpliclty, the derivetion of the 1deal diegram area
essumes thet the expension is isothernel,
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Net work _

T P, = [(Py/R)(1 4 log R) - R, IF,

where: Py = mean effective pressure, 1bs/sq in.
Py, and P, = throttle and exhaust pressure,
respectively, lbs/sq in abs.
R = expansion ratio
F; = a diagram factor depending on the
type of engine (Table IV)

The engine dimensions are affected by the rotational
speed and the allowable piston speed, as shown in Table IV.

Example 6 shows
the method of esti-
mating steam engine
dirensions by use of
the preceeding in-
formation.

Example 6.

‘Determine the
approximate dimen—
sions of a single

cylinder double—act—

ing uniflow steam en-
gine to develop 250
bhp at 200 rpm.

Fig. 1-2. Uniflow
ateem engine cylin-
der with D slide
valve,

Preny breke.

v-3.

rig.
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Steam to the throttle is at 150 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/0, and from Table IV, the piston speed and
diagram factor are estirated to be 750 fpm and 0.80 respect-
ively. Taking the expesnsion ratic¢ as 4,

164 7

(1 + log,4) - 1.47]1[0.80) = 77.5 psi

750
2(203)

250 . 77.5(1.875)(200)(2)4
Thp = 555 = 278 33000

[

Length of stroke = 1.875 ft = 22.5 in.

from which, A = 168 sq in. and d = 14.2 in.

The required engine dimensions are 22¢ in. X 14} in. X
200 rpm. . .

TABLE IV
DESIGN DATA FOR STEAM ENGINES
ROTATIONAL SPEEDS

Counterflow enginesg 200 to 350 rpm'
Uniflow engines 100 to 300 rpm
' PISTON SFEEDS
Counterflow engines 600 to 450 fpm
Uniflow engines . 900 to 600 fpm
 DIAGRAM FACTORS
Counterflow engines 0.70 to 0.85
Uniflow engines .
Condensing 0.76 to 0.85
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 indicator with diasgram.

j'i.|vt‘q:

o} ’-"rs‘ ae

et

N

o

0 20

Type of engine

40 ) 60 80 100

Per Cent of Rated Load
(Q@. A, Gaffert)

Full load e, ber cent

Four rotary valves 90 to 92
‘Uniflow 90 to 91
Slide valves (D or piston) 88 to 90
g VS5, laeh-nlye-l efficioeney of steam engines.

" Fi



PRIME MOVERS 73

.70
o [TIITIT T,
> Uniflow = l:l_lll lloll 1
g el éo;néo;llo- - lnlll]:q1
.2 ol - U-llao; - haltf lo-:
30.65 -
=] RV
]
=
v
g -
& C.e0 / Lt Countorflow - helf load
- / 3
—~
a3
[ 2]
[ Y]
>
o
0.55 v 7 7
100 200 300 400 500 600

Engine-CGenerator Bet Rating, Kw
"€6. A, Gaffart)
FPig. V-6, Engine efficlency of steam

p—g— V;-—{

engines,

PV* = const.
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Flg, V-7, JIdes]l indicator diagras.

33, Steam Turbines--The steam turbinre as we know it to-
day has been developed from the machine invented by Delavzl
in 1882 to run his cream separator. Delaval's machine was
of the sirgle stage irpulse type having an extremely high
rotational speed. C. A. Parsors, an Englishrar, invented
the multistage resction turbire; Rateau, a Frenchman, the
fressure ccupourded irpuvlse turbire; and C. G. Curtis, an
Americarn, the velocity compounded irpulse turbine, all of

which make it possible to reduce rotational syeeds to reas—
cnable levels.
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30

Thousand Dollars

1
v

10

//
//

Bjsed 1u 1916

Cost F.O0.B. Factory,

100

FPig.

200 300 400 500 600
Engine-Generator Set Rating, Kw

(G. A. Gaffert)

Cost of steem engine-generator sets.

The first comrercial turbo-generator installations
arpeared around 1900, and were of the vertical type to con-
serve floor space. The largest vextical turbine, a 20,000

Presssre—

(Pevwer)
Plg. V-9, Delav-
al impulse stage.

kw unit, was built in 1914, but shortly
after its initial operation the horizontal
turbine was introduced in order to elim-
inate troubles which had been experienceg
with thrust bearings in the vertical mach-
ines. By 1930 50,000 kw single cylinder
machines had been built, but further in-
creases in size required multi-cylinder
cross or tandem compound arrangdements. 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
separate generators and steam reheating
between high and low pressure cylinders.
Manufacturers now are confining their pro-
duction of compound machines to the tandem
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type in capacities of from 40,000 to 100,000 kw and with
speeds of 3600 rpw. The 3600 rpm machires are attractive
because of their saving in space over the 1800 rpm machines.

All of the basic types of turbine are built in this
country, and are more or less characteristic for the various
canufecturers. Allis-Chalwers produces
the Parsons reaction turbine; Westing- ' A o A
house produces a combiration machire, v )
usually with one Curtis velocity com- A
pounded stage followed by Parsons stages;
and General Electric makes what they call
the Curtis turbine, but which at present
is really a Rateau pressure compournded
turbire, sometimes with an initial Curtis
stage. DeLlaval still builds the single
inpulse stage machine with reduction
gearing. Figures V-9 through V-13 show (Power)
the various types of staging, with pres- Fig. V-10. Curtis
gsure and velocity relations for the veloelty compound-
steam. ed ateging.

— ‘A "‘

v
;; :V-loelly
Pressure

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

¥echanical drive turdines are rade
in sises.from five to 2,000 hp and are
uged for driving fans, pumps, etec. They
have from 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 . .
gpeed to jet velocity, but where process S
eteam or steam for feed-water heating is Velodlt g ———

required they can often be justified for

. P
continuovs service. In other cases they g
are used for emergency service. Figure Fig. V-11., Parsons
V-14 shows the variation in overall en- reaction staging.

gire efficiency (ircludirg mechanical
efficiency) for tyrical mechanical drive turbines.

Turdines for generator drive are made in sizes trom €00
kw capacity upwards to a maximur of about 100,000 kw. All
vajor manufacturers have adopted the A.S.M.E.-A.I.E.E. Stan-
dards for Turbo-GCenerators which are shown in Table V.
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Pressure

anoc‘g,

(Power )
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Fig. v-12, Rateau

pressure compounded Fig. Vv-13,

staging. staging.
TABLE V

POWER PLANT ENGINEERING

(Power)

Curtis-Parsons

AIFE-ASME- STANTARPIZED TURBINE GENERATOR UNITS

2600 rpm, 60 cycles, 3 phase

Single-casing, Single-flow Turbine ‘Tandem-compound, Double-flow Turbine
‘é::::::f Hydrogen-cooled Generator
11,500 Kw | 15,000 Kw | 20,000 Kw | 30,000 Kw 40,000 Kw 60,000 Kw
Throttle pressure, Ib 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: 1.5 1.5 1.5 1.5 1.5
Turbine capability, kw......... 12,650 |16,500 22,000 |[33,000 44,000 66,000
Number of extraction openings . . 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 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 b hydrogen pressure.. . . . — 20,294 |27,028 ,588 54,117 81,176
Power factor. . . ................. 0.85) 0.85] 0.85| 0.85] 0.8! 0.85
Short-circuit ratio. .............. 0.8 0.8 0.8 0.8 0.8 0.8

Figures V-1§
gine efficiencies
iencies) to be ex
condensing and no

and V-1€ show the approxirate overall en—

(includin

¢ mechanical and gererator effic-
pected from small turbo-generators, both
n—condensing.
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(Power)

Overall
Engine Efficiency

(Power) C.?C ‘°‘ !
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(G. A. Gaffert)

Fig. V-14, Mechanical drive turbines.
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Overall Engine Efficiency
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R
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| N

.65

.80

.55

hrottle Pressure

/é;/ 400 to 800 psig
Superheat 200 F ___|

0 2 4 6 8 10

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

Fig. V-15%, Smsll condensing turbo-generstors.
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shows some turbo-—generator cost data (based on

shows overall engine efficiency data for large

condensing turbo-generators; Figure V-18 shows data for cor-
recting engine efficiencies for part load o
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Figure V
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Where it is necessary to
estirate mechanical and gererstor
efficiencies in order to predict
the turbire expansion line, the
follcwirg empirical formulae will be useful:

0.026 (Rating)
vRated kw/1000 (Load)

0.0685(Rating)
vRated kw/1000 (Load)

For 1800 rpm machines: em 1.00 -

0.9885 -

4
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For 3800 rpm mechines: e, =1.00 - 0.04(Ratirg)
YRated kw/1000 (Load)
e =0.96 0.019(Rating)
¢ PRated kw/1000 (Load)
Per Cent of Rated Load
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Engine efflclency cortection facters for turbjines,
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Fig. v-19, Turbo-generstor cost d-;..
- The likeness of a throttle-governed turbire to an orifice

having the back rressure less than the critical makes it poss-
"ible to rredict extraction pressures at any rartial load if
they are known for any one load. It can be assumed, with very
slight error, 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 diagram by
a straight line; move along the saturation line to point B
which is 20 Btu per pound greater than point 4, 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
total steam flow vs
output for a turbire
is a straight line
(called Fillans'
lins), and can be
estimated from engine,
rechanical and gen-
erator efficiency
data. The slope of
the line is constant
only so long as a
single throttle valve
is employed. As add-
itional valves open
the slope becomes
steeper. Example 7
shows the method of
estimating Willans'
line and the expan-
sion lines for a sin-
gle valve turbine.

Example 7.

Entbalrpy,

83

20 Btu/lb

Fig. W20, E
expaneion 1in

Entropy

stismating turbine
es.

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

2 in. Hg abs.

Solution:

Estimate the non-extraction Willans' lire.

From Figure V-15, the full lcad overall engine effic-

iency is estirated to be 0.68.

From Figure V-18, the super-

heat correction factor is found to be 1.017 (superheat 205F)
end the following table is made:

Load Eng. eff.
full load
Full 0.68
0.78 0.68
0.80 0.€8
0.25 0.68

surht. load corr.
corr. .ecorr. eng. eff.
1.017 1.000 0.€9
1.017 0.975 0.87
1.017 0.940 0.65
1.017 0.820 - 0,87

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

determined ss:

full load, 320 Btuy;
load, 274 Btu; and 0.2% load,

0.
216 Btu.

75 load, 298 Btu; 0.50
From these work out~
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Enthalpy

7
/4:00

94 2

/,24

Entropy

Fig. Vv-21, Turblne expansion 1ines for Example 7,

ruts, the steam flows to the throttle at the various loads
- can be computed fromr the relation:

3412(2500)(1cad frac.)
Work, Btu/lb

Threttle flow, lbs/hr =

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

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

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

Example 8.

The turbo-generator of Exarple 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
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Fig. V.22, Willens' tines for llnrplil 7 and 0,

is 5 psia at 0.25 load. One open heater is placed in the
cycle so that the extraction rressure is 16 psia at 0.25
load. The arrangement is similar to that in Figure IV-8(B).
Neglect pump work. Make a heat balance and estirate 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 performance it is nrecessary to estimate the mech—
anicsl and generator efficiencies and to replot the expan—
sion lines.

0.04(rating)
= 1.00 - [——o—_raving;
en=1 [¢250071000»(1oad)]

0.019(rating)

= 0,96 - 4

4 ® - 7255071000 (10ad)).

Load overall mech, - gen. internal
eng. eff. eff. eff. eng. eff.

Full c.e9 0.975 0.946 0.749

.75 c.e7 0.9¢6 0.941 0.737
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Load overall mech. gen, internal
eng. eff. eff. eff. eng. eff.

G.50 0.65 0.949 0.932 0.738

0.25 0.57 0.899 0.904 0.702

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

extraction enthalpies determined, remembering that the ex—
traction pressures are directly proportional to load. The
following table is set up to aid in the calculation of ex-
traction quantities: :

Load

Full
0.75
-0.80
0.258

H, H:o, Bs Hj. Hq mao H;ob Hl*o

69.0 196.2 190.2 266.4 1387 '1224 1150 1040
69.0 181.1 175.1 247.5 1367 1240 1189 1C59
69.0 161.2 155.2 222.6 1387 1245 1175 1077
‘69.0 130.1 124.1 184.4 1387 1262 1195 1120

1887

/Y

Enthalpy

Y/

/

Entropy

rig. Vv-123, Turbine expsusion lines for Exemple 8§,

It should be noted that it was assumed in setting up

the preceeding table that Hsy is € Btu/lb less than Hyo, gye
to the use of a clcsed feed-water heater. Also, in order to
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avoid the necess1ty of solving for Hs, the drip from the
closed heater is assumed to be pumped dlredtly to the open
heater.

The extraction quantltles, and MB' can be found by
use of the equations in Section Zg as follows:

Full load:

u,(1224 - 266.4) = (1 - ¥, - Mp)(266.4 - 190.2)
+ Mp(266.4 - 196.2)

MB(IISO - 196.2) = (1 - M, - MB)(IQO.Z - 69.0)

= 0.073 Mp = 0.104 1b/1b to throt.
0.76 load 0.068 - 0.099 ‘
. 0.50 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:
WJ = (1387 - 1224) +'0.927(1224 - 1150) + 0.823(1150 - 1040)
W/J = 322.0 Btu/lb to throttle

0.76 load 304.8
0.850 load . 292.3
0.26 load 256.0

Thrgttle flows are:

Full load: 322?3%25252220.946) = 28750=1bs/hr
0.75 load 33100
0.60 load ' 16500
0.25 load 10260

Extraction and condenser flows are:

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

Full 2100 . 3000 23700

0.75 1570 2290 19240
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Load . open closed conden~
htr. htr. ser
1bs/hr 1bs/br lbs/hr

0.80 1027 1228 14298

0.25 . 6545 481 9234

. The Willans' line for extraction operation is plotted
in Figure V=22,
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CHAPTER VI
CONDENSERS, FEED-WATER HEATERS AND EVAPORATORS

35, Condensers-=The purpose of the condenser in a vapor
eycle is prirarily to lower the temperature of the prime
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 nithin 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 condepser and which, if not removed,

would make it irpossible to raintain the low exhhust termper-—
ature.

Condensers may be divided into two general classes:
mixing condensers and surface condensers. The most import-
ant type is the surface condernser 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 lcwer 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 upon the aspirating action of a jet of water to con-
dense the steam and to remove the air from the condenser. 4
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 pump is not required. The bar-
cmetric condenser utilizes a leg of water to provide the
seal for the condenser rather than rower from a pump as in
the jet condenser. The -barometric condenser is always provid-
ed with a vacuum pump for air removal. A typical baroretric
condenser is shown in Figure VI-2. With 70 F cooling 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 type con—

denier, considerirg it a steady flow device with no shaft
work:

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

where: M_ = weight of condensing water, lbs/hr.
M, = weight of steam, lbs/hr.
H = enthalpy of mixture leaving the
condenser, Btu/lb.
Hu = enthalpy of steam entering the
condenser, Btu/lb.
H, = enthalpy of cooling water, Btu/lb.
*l..ll
~
]
|
; . =
T Vater
I

Fig. VvI-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-
court the resistance of the dividirg wall to heat flow. Two
methods of calculating condenser size are available: calcu-
lating fromw the known and estimated resistances to heat flow
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Fig. V1-2, Bearometric condenser.

of the various elements in the heat flow path; and estimatirg
frow empirical data of the Feat Excharge Institute.

Surface cordensers will be wade in as many shapes and
designs as there are manufactvrers, the only sirilarity be-
irg in the existence of water boxes, tubes, a shell and a

hotwell. Pigure VI-3 ghows a typical surface condenser with
its vericus parts.



FUNDAMENTALS OF POWER PLANT ENGINEERING

92

00000000000

d/

*JPsuUapuUOd ed®jang .

d03m® )y

€-1A 3714

fT1ea3oH

[4)

& [ i
|
= | I i
| | — | »
o | _ EEFEEXERF! | ®
e L]
= | 1 | =
- h
el: | [ 2
~__ | = = = = !
» ] -
I I | &
I | ssed puUoOddg |
| | 3
- o
T\\:_ — | =
L
|

3923ys 23agqny

av 33§




CONDENSERS, FEED-WATER HEATERS AND EVAPORATORS 93

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 tass first through a film of water formed by the con-
densing steam, then in succession through the tube, scale
from compounds and dirt deposited by the cooling water and
finally through the boundary water filr on the cooling water
gide of the tube. Figure VI-4 shows the heat paths in re-
lation to a conventional condenser tube in which the tube
conveys the coolirg water and is surrourded by the stean.

Bteam Filnm

- & P
7= -
% Q%@g; 5 M £ e .
) . - 4 wo.ow 2
P |agelals .2
N "
\\\ .
Water File
(a) Tube (b) Temperzture Lrcps

Fig. V1i-4, Temperature rvrelations
in heat trenesfer through condenser
tube.

The outside and inside diameters of the tube are the only
definftely 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_

where! R = total resistance to heat flow
R, = resistance of steam film
R, = resistance of tube
R, = resistance of water film

R¢ = resistance of scale

. If the irdividual resistances to heat flow are defined
in teres of the thickress and area of each element,
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1

R, =——%, etc
t ’ .
K,Se

where: R = resistance,(hr)(deg F)(sq £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

1,41, 1,41
v =t s T <=w
Kv Kt s [

0=

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 thickrness,

U

1
1, () % +D. 1 +0D,1
=v 0= t =0=35S T <=0 =8
XK, D, +D,(k,J T, XK, T;K,
where: Do and Di 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 ratioa-
a2l concepts of heat flow are employed. Substitution of 1/h
is made for the vapor film, scale and water filw, so that,

U =

1
1 4 _2D; %1_% +Dsl +D, L
hu Do + D; Kt D h-s Dg b:

The value of h for the vapor filr is dependent princi-
pally on the amount of air dissclved ir the film. Nusselt
and others have found that this value varies between 15C0
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 comronly used for heat transfer surfaces.

TA3LE VI

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

Pure corper 220
Alupinur . 118
Brasses (Admiralty, Muntz, etc.) &8
Steel 30

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

ditions and 2C00 for unfavorable conditions, with an average
of about 3COC,

The value of h for the water filr way be calculated from

Nusselt's equaticn, with water veloclty between 6 and 9 feet
per second, as follows:

 93.6(1 + 0.01 t)v°"®

h =
] DO’.Q
where: t = arithmetic mean water
temperature, deg F
V = water velocity, 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
Ut
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 end water, deg F

TABLE VII
STANDARI CONLCENEER TUBE DATA

0D Thickness 1D Outside Irside
in. BWG in. ir. surface sectional
sq ft/ft area .
sq ft
£/8 16 C.0656 0.49F 0.1626 0.00134
18 0.049 0.527 0.1626 0.00152
2C 0.035 0.88F 0.1626. 0.0C168
3/4 14 0.083 0.584 0.19863 0.0018¢
16 0.065 0.620 0.1962 0.00210
18 0.049 0.652 0.1963 0.00232
7/8 14 0.082 0.709 0.2291 0.00274
1€ 0.065 0.74% 0.2291 0.003C3
_ 18 0.049 0.777 0.2291 0.,0CF29
1 14 0.083 0.824 0.2618 0.00279
16 0.065 0.87C 0.2618 0.00413
18 0.049 0.902 0.2818 0.00444

The valve of the mean temperature difference is some-
what different from the arithmetic mean temperature differ-
ence due to the fact that the temperature rise of the water
is not a straight line function cf the distance traversed by
_it. Figure VI-5 illustrates this point. It can be shown
that )

te - tu
t =_._Tﬂ_-—r-4—
n o
log s hd t.i
Yo ®,
. where: t _ = mean temperature difference

n
between steam and water, deg F
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t, = temperature of steam, deg F
t,.and t, = inlet and outlet cooling
' water temperatures, deg F

It is neces-
sary to have a
temperatvre 4diff-
erence between
the steamr and the-
outlet cooling
water in crder to
maintain heat
flow., This diff-
erence in temper-
ature is called
the termiral .
difference, and is “"u
usvally 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 be taken into accourt in the comrutation
of the heat transferred, but it must be ignored in the ccm-
putation 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

rot exceed 5 F, and some designs will actually reheat as much
as 2 F.

Steam Temperature
te -

Pig, VI-5, Temperature relations in
heest trensfer through condenser tube.

Exarple 9 shows the method of calculatirg the prircipal

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 turbire of Example 8. Inlet cooling water
temperature 72 F, termiral difference 8 F, Use 3/4" X 18
BWG alumirur brass tubes with a water velocity of 8 fps.
Assume h = 3000,
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Solution:

From Example 8, the condenser flow at full load is
23700 1bs per hour, and the heat removed in the condenser is

(1C40 - €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. o2
" o, 101= 72 . log 22
€201 - (101 - 8) ge7g

= 16.3 F

_ 93.6[1 + 0.01(82.5)1[8] ¢ _
he = [C.6562/121°* 1615

1
U=_1 1.5 0.049 075, 1. , _0.75 1.
2000 * [0.75+O.652][12(58)] * 0.652[30001 * 0.652[16151
1 N —
U= Sooter © °F
23,000,000
=—2_2__ = 2360 ft
4= T59e(16.9) =4
23,000,000 .
i = —t———— = 2190 / = 4.88
Fater required 21(60)(8.33) 190 gal/min | cu ft/sec
' 4.88
Flow area = 5 - 0.€1 sq ft
0.61
T —_—= 2
Number of tubes. 0.00232 64
2360
s = 45.F
Length of tubes 264(0.1963) ?t

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

The principal dirensions of the condenser are:

Area 2360 sq ft

Tube material 3/4" x 18 BWG Alum. brass
. Number of passes .2

Active tuvbe 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
Irstitute 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 €0 70 €80 90 100
Loading, Lb per Sq Ft per Hour

2 3 4 S 6 7 8 9

1.2

=] i
. 900 e 0 E%
: 3 1.0 9%
i /-——' F7/0 K
':; 8C0 et —_—— ’r// 11— 'oh
o oot~ <4’:=;‘ . 0.8 £ =]
S -+ “ «c—10.8 56
700 el ’y - oo
" — .
R I S B> 2 o6 58
2 eoofA -
= (3 ———
5 <k :——10.4 :tg
~ 500 7 - & w.
s L &5
oACC

3 4 5 6 7 8 9 10
Velocity, Feet per Second

(Heat Zxchenge fnetitute)

Fig. VI-6, Heeot Exchange Institute design data for
surface condensars. .

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 usvally taken as about
0.80, Two other correction factors, for loading and inlet
water temperature, are used in addition to the cleanliress
factor. In commercial practice loading ranges from 7 to 10
pounds of steam per square foot per hour. Exarple 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. '

Exesmple 10.
Estimate the principal dizensions of the condenser of

Exarple 9 by means of the Heat Exchange Institute data.
Take the clearliness 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

" “es7(16.3) ~ 2190 sa ft

Cooling water flow and number of tubes would be the
sare as in Example 9.

2150 _
264(0.1963)(2)

Length of tubes = 20.7 ft

The rrincipal dimensions of the condenser are:

Area 2180 sq ft

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

Active tube length 20'-g"

Heat duty 223 million Btu/br

These calculations show that the method of Example 9
is more conservative than the method of the Heat Exchange
Irstitute.

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

- 41. Open Heaters--The nare "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 in the feed—water circuit, so designed
as to act as a scrubber for deaerating the feed-water before
it enters the boiler. Deaeration is necessary to remove Oxy-
gen and other gases which are harmful to boilers and pirirg,
and which bave entered the system by leaking into the conden—
ser. There are a number of types of deaerating open heaters
in use, but the most comron is the tray tyre shown in Figure
VI-7. It is quite comror to provide irtegral or connected
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storage for deaerated
feed-water, as shown irn
Figure VI-E. This stor-
age is usually about a
two or three minute sup-
ply at full load. Cften
additional surge tanks
are connected through
overflows and surge pungs Enclosed-
with the water storage
section of the deaerating
heater to rrovide add-
itional emergercy storage
tor vnusual conditionms.

The same consider—
ations of heat balance »
apply to open heaters as pibot o
to mixing condensers.
Well proportioned deaer-— :
ating heaters will pro- {iProimie £)
duce water with almost Fig. VI- 7- Tray type deserating
irmeasureable quantities faedswaver Beane
cf dissolved gases and
with practically zero termiral difference.

42, Closed Heaters--Pue to the fact that the water 1.
separated fronr the steam in a closed heater, it 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 considerations of heat transfer apply to closer
feed-water heaters as to surface condensersl Because feed-—
water heaters operate with relatively clean tubes, the val-
ue of h for scale can be taken to be about 6000. Followin:
are the terminal differences to be expected in good heater
designs:

Temperature of Terminal
exit feed-water difference
deg F deg F
86 - 230 g
220 - 300 10
300 - 400 18

400 - B28 20
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Fig.

but will be from 1C to 15 F for vertical heaters.

900
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dats for

deserating

feed-water heaters.

Refrigeration in the hotwell of horizontal heaters will
be of about the same magritude as for surface condensers,

Water

velocities are scmewhat smaller than for surface condensers,

Flg.

VI-9.

(Alce Products

Closed

feed-water

Corp.)

heater.

ranging fror 3 to &€
feet per second. The
drainage from 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 ccndensate
line before the
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deaerating heater or flashed to the hotwell of the condenser.

The heater air offtakes are connected to the condenser

through flow limiting orifices.,

Commercial closed heaters are designed using Kittredge's

data frorw Figure VI-10.
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Exarples 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-pass clcsed
feed-water heater to serve the regenerative cycle of Example
B. Terminal difference € F. Use 5/8" X 16 BWG Admiralty
brass tubes. Water velocity € ft/sec and hg = 6000.

Solution:

From Example 8, the extracted steam to the closed heat—
er at full load is 3000 1lbs/hr and the heat given up by the
steam is (1150 - 196.2) = 952.8 Btu/1b. The temperature of
the steam in the heater is 228 F; water temperature to the
heater 101 F and from the heater 222 F.

Q = 3000(953.8) = 2,860,000 Btu/hr

_ 222- 101 _ 121
o 1 228 — 101 157~ 927 F
°f o328 — 222 °fi e

- _ 93.€[1 + 0.01(161.5)][6)°® _
Ba = [0.495/12] °-¢ - 1948

. 1
U=_1 . __1.25 110:085,  0.625 1 .  C.€25 1 ]
2000 0.6254C.495 12(58) - 0.495 6000 0.495"194%
U = e84
2,860,000
= B
A= g8a(ag.7) - 105-F sa ft

" Water flow = conderser flow = 23700 1lbs/hr
237C0
3600

(0.0164) = 0.108 cv ft/sec

0.108
6

Flcw area = = 0.018 sq ft

0.018
0.00134

Number of tubes = 14 per pass

105.8

Length of tubes = o= eeeyte)

= 7.€8 ft
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The principal dirensions of the feed-water heater are:

Area 1065.€ sq ft

Tube material 5/8" X 16 BWG. Adm. brass

Number of passes 6

Active tube length 7'-8"

Heat duty 2.86 rillion Btu/hr
Example 12, M

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

Solution:
222 - 101 Ua
Isi i VI-10, R = ———— — =
p51ng Figure 10, R 228 — 101 = 0,983, M 3.0
and U = 760, From Example 1C, M = 23700 1bs/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 corndenser
rust be supplied with some sort of air removal apparatus.
The usual equipment consists of steam ejectors with suitable
coolers, although
sore plants make .
use of mecharic- Alr fros Condensar

al air rurps. *

Fliret Stage lj-etof
Figures : ~_——JL —~
VI-11 and VI-12 (r——M— Ttoam

show sore de~ —1-
tails -of the lntoveool.t==£éz;!) Wataece
steam ejector (I_C-_.-:- _...._

N

Second Stage Ejector ]qr\m-

P —

tyre of vacuum
punp, and Fig-
ure VI-12 shows
some operating

characteristics. Aftercooier——o |)
The size of the e

vacuur equip— * Drain te Condenser
rent will de~ Alr to Atsosphere

pend vpon the
air leakage tc

be expected, Fig. VI.11, Steam jet vacuus puep.
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(Allis-Chealmers Co.)

vi-12,

vacuum pump,

Steam jet

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.

44, water Cooling Eauipment
--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.

o'

Heg abs

'S

Back FPressure, in.

w

™

[y

0

Fig.

/ i
7 < o
/ il
4//"/' . o
(O
é:::—"_——’———
0 50 100 150 200 250

Per Cent of Rated Capacity

vVIi-13,

Ejector

opersting charscteristice.
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Fig. VI-14, Mazximsum expected condenser air leakage.

Spray ponds are wasteful of ground space because they
depend vpon natural air motion for their effective operation.
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 bavirg a
capacity of about
200 gallons per
rinute.. It can
be estirated that
a spray pond will
require about one
square foot of
ground area for
each 250 rounds
per hour of water - N b -
to be cooled. ' B T,

The depth of the > -
pond need not be (Binke ufg. Co.)
greater than three
feet. Figure
VI-16 shows sore tyrical spray rond perfcrrance data.

Fig. VvI-15§, Sprasy pond.
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Fig. VI-16. Spray pond performence,

Cooling towers of the forced or irduced draft types are
puch rore economical of ground srace than the spray pond be-
cause they do not depend upon ratuvral air motion for their
cooling effectiveness. In either tyre the water is broken
into drops by being allowed to impinge upon wooden packirg
in the tower. The air flows through the falling water drops.
The tower requires sufficient pump power to raise the water
to the distributing troughs at the top, and sufficient fan
power 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 performance data.

45, Evaporators--Since regenerative cycles operate with
the same water continuously and leakage is slight, it has
been fourd advantageous to use evaporators to produce dis-
tilled water for the small amount of makeup required. Make-
up requirements vary frow 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 introduced directly to the boiler as raw or treated
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WATER
INTAKE.

e
(Foster-¥heelesr Corp.)

Pig., VI-17., Forced draft cooling tower.

(The Marley Co.)

Fig. VI-18, Induced draft cooling tower.

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

Evaporators are mcst often fitted into the feed-water
and steam cycle so that they use stear fror one of the high
pressure extraction nozzles in the turbine and use cordensate
to condense the vapor produced. Figure VI-2C shows one of
the rethods of arrangerent of an evaporator set in a regen-—
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Fig. Vi-19, Forced and induced draft
tower pesrformence.

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

In process irdustries which perform evaroration on a
product, multirle effect evaporator systems are used because
of their econory of operaticn. Figure VI-22 shows a typical
quadruple effect system with a firishirg pan for the produc-
tion of citrus rolasses. It will be noted that the vagcr
from a preceedirg effect is used as a scurce of heat for

"sueccessive evarorations. The evarorators are of the long
tube type with varor separating 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 tule
types of ‘evaporator.
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PROJECT 11}

1. The power plant of Project I is to be desigred
around three turbo-generator units. One of the units will
operate continuously, one vnit will be operated to hardle
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.
machine. 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 leaving the open heater will be
at the most economical value. The closed heaters will be
supplied with steam from extraction points in the turbines
so located that at full load half of the feed-water temper-—
sture 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 oren heater is zero. Make heat

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

2. Specify the principal dimensions for a surface con—
denser to serve one of the turbines of part one. The aver-
a%e temperature of the inlet cooling water is 85 F.  Use
3

4" OD X 18 BWG Admiralty metal tubes with a water velocity.
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 velocity
of 5§ ft per sec. Maxirum tube length is six feet.

5. Specify the principal dimensions of the deaeratirg
feed-water heater for the regenerative cycle of part one.
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CHAPTER VI
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 oil. Process indus-
tries often make use of cellulosic 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
sore 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 proportions 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 oil 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 TX shows some
analyses of typical fuel oils. The most important sources

¢f fuel oil 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
retrcleum operations. Natural gas is a product of the fer—
mentation of vegetable matter to produce ccal and petroleum.
Table X shows some analyses for natural gas.

17



TABLE VIII
ANALYSES OF TYFICAL AMERICAN COALS

Proximate Ultimate — mois. inecl.
He0 Vol., FC Ash S B c N 0 HAV

Ark. Semi-anth. 1.28 12.84 72,69 12.21

2.01 3.74 77,29 1,39 3.36 13406
Penna. Anth. ’ 2,19 5.87 86,24 6.90 0,57 2,70 86,37 0.91 3.56 13828
Penna. Semi-bit. 2.95 21.29 66,92 8.84 1.35 4,74 78,51 1.19 65.37 13901
W. Va. Semi-bit. 3.10 17,91 76,28 3,73 0.66 ¢.60 84,02 1,17 6.03 14724
Penna. Bit. 2.44 28,44 60,68 B8.44 1,32 5.07 76,91 1,31 6,95 13732
Ala. Bit. ! 2,63 26,94 £9.48 11,06 0.79 4,80 74,44 1.69 7.32 13288
I11. Bit. 13,31 33.62 41,34 11,73 3,75 5.19 £9.07 0.95 19,31 10648
Ind. Bit. 9.69 28,59 41.04 10,68 4,79 5,39 62.38 1,28 15.60 11412
N, Dak., Lig. 36,18 29,77 25.35 8.70 0.68 6.76 39,45 0,69 43.82 6700
Texas Br. Lig. 13.04 42,75 29,00 14.85 1,04 5.51 62.08 0.95 25.33 938

(0, S. Buracu of Ninmes)
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Ultimate - mois. incl.

. C
Mexican 84,02
Mid-cont. 85.62
Calif. 84.67
Texas 83.26

Marion, Ind.

10.08
11.98
12.36
12.41

TABLE IX
ANALYSES OF TYPICAL FUEL OJLS

S

4.93
0.35
1.16
1.80

TABLE

0.80 O

. API°

v 0. '80F
0.09 0,00 11.9

6 - 27.1

0.0 0.91 16,7
1,60 1,03 21.2

X

ANALYSES OF TYPICAL NATURAL GASES

‘Pittsburgh, Pa. 72.18

Findlay, O.
Monrce, La.

Volumetric — std. cond. 60 F, 30 in. Hg
' H

CH, C,H, C,H, CO . . N,
93.56 0.16 0.00 0.60 1.20 0.55 3.42

3.00 0,00 1.00 20.00 0.80 0.00
93,35 0.35 0.00 0.41 1.64 0.39 3.41
78.80 0.00 9.50 0.00 0,00 0.34 11,30

18510
19376
18836
19654

COs

0.30
0.80
0.25
0.06

(Tariows isosrces)

HEV

1000
920
1010
960

NOILSASNOD ONV $73n4
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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. 1In 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 glace too rapidly to reach equilib-
rium, it is always necessary to supply more than the theo-
retical amount of air. The air suprlied in relation to the
theoretical air is known as the total air, while that sup-
rlied 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 caleculations 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 = €.0428; 0 = 0.0283; N = 0.0103;,S = 0.0064; moisture
'= 0.025; and ash = 0.0533. Also, determine the weight of
air required and the flue gas analysis for combustion with
0 o/o excess air.

Solution:
The combustion reactions are:

C 4 0,—=CO,, Oy = 2.87 C, COp = 3.
H, + # O,—eH,0, O, =8 H, H,0=19
S 4-0,—=50,, Op =S, S0 = 2 §

N, from air = 2.31 0, from air

Theoreti¢ally perfect combustion: Basis, one 1b fuel.

Const. weight Ost 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 .

F  0.01C3 N C.01C 28 0.0004  76.50  81.22

S 0.0064 0.006 S0y 0.012 64 0.0002
moist. 0.0250 H,0 ©.025 18 0.0014

‘ash 0.0533

»



FUELS AND COMBUSTION 124

weight 0, wght . mols,

req. “prod.
1.0000 2.850 3.492 0.0930
N, air 8.440 - 8.440 0.3010
Totals/1lh 10 .990 11.922
air gas

For theoretically perfect combustion, 10.99 1lbs of air
are required and 11.932 lbs of gas are produced per lb of
fuel burned. The dry (Orsat) analysis of the flue gas would
be: COy = 18.78 o/o and N, = 81.22 o/o0.

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

O, req. 2.850 Gas prod., theo. 11,932
Oy suprl. 3.320 Excess Oy 0.770
Ng' air 11.000 Ne with ®xc. Oy 2.560
Air suppl. 14.320 Gas produced 15.262
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
O, 0.770 32 C.0240 4.71 4.93
N, 11.010 28 0.3930 77.21 ‘80,72
S0.  0.012 64  0,0002
15.262 0.5096
gas

For corbustion with 20 ofo excess air, 14.32 1lbs of air
sre required and 15.262 lbs of gas are produced per 1lb of
fuel burned. The dry (Orsat) aralysis of the flue gas would
be: €O, = 14.30 0/0,'0y = 4,93 o/0 and Ny = 80,72 o/o0.

Example 14,

Peterwine the weight of air required for theoretically
perfect corbustion and the flue gas analysis for a gaseous
fuel with the following analysis by volume: CO, = 0.004;
CH, = 0.821; C4Hq = 0.041; and N, = 0.034. Also, deterrine
the smcunt of air required and the flue gas analysis for
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combustion with 20 o/0 excess air.
“Solution:
Combustion resctions are:

CH4 + 2 OQP-'CO" + 2_3.0, 0’ = 4 CH., CO, = 2,75 C‘H‘,
H,0 = 2.25 CH,

CgH. + 3‘} 0,-——-—2 CO.- + 3 Hgo, o.' = 3 73 C,H.,
. 0, = 2.94 C,H,,
HyO = 1.79 C,H,

an

Ne from air = 3.31 0, from air

Theoretically perfect combustion: Basis, one lb_fuei.

Const. anal. mol. 1lbs. anal. 0, Products
by vol. wt. by wt. req. €O, H,0 N,
Cos 0.004 44 0,176 0.0103 ' 0.01

. CH« 0.921 16 14.750 0.8630 3.45 2.37 1.94-
‘CesHe 0.041 30 1.230 0,0720 0.27 0©.21 0.13

N, c.034 28 0.953 0,0557 C.06

: 1.000 17.109 1.0010 3.72 2.859 2.07 0.06

. Ny 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, 0.060.12 0.44 0.62

Anal by. vol. wet.o/o 9.60 18.7 71.70

Anal. by vol. dry o/o 11.80 88.20

) From the preceeding analysis it is seen that one pound
of this particular fuel gas requires 16.02 1lbs of air for
theoretically perfect combustion and produces 17 .02 lbs of
wet flue gas. The dry (Orsat) analysis of the flue gas

would be: CO, = 11.80 o/0 and Ny = 88.20 o/o..

Combustion with 20 o/0 excess air: Basis, one lb fuel.

O req. . - " 3.72 Gas prod., theo. 17.02
0, suppl. 4.46 Excess O, 0.74
Ngt from air 14.76 N, with exc. Oy 2.46

Air supplied 19.22 , Gas produced 20 .22
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Prod. wght. mol.’ mols anal. by ansl. by

grod. wt, vol, wet vol. dry
o/o o/o

COo, 2.69 44 00,0589 8.10 9.63
H,0 2.07 18  0.1150 15.82 ;
0., 0.74 32 0.0221 3.08 3.78
Ne 14.82 28 0.5300 73.00 86.59

20.22 ' 0.7270

gas’

For combustion with 20 o/6 excess air, 19.22 lbs of air
ire required and 20.22 1lbs of flue gas are produced per 1lb -
)f fuel. The dry (Orsat) analysis of the flue gas would be:
0y = 9.63 o/0, 0, = 3,78 o/0 and N, = 86.59 o/o.

Often it is necessary to determine combustion conditions
from a fuel analysis and an analysis of the fluve gas. Ex-
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; S = 0.004; moisture = 0.01; and
ash = 0.001 is burned in a boiler furnace. The flue gas has
the following volumetric analysis on the dry basis:
0, = 13.7.0/0; 0, = 2.6 o/0; CO = 0,4 o/o; and N, = 83.3 o/0.
ind the theoretical air, actval air and flue gas produced
in 1bs per lb of fuel fired. . :

Solution:

1. The theoretical air can be found from the formula:
Mat= 11.53 Coupmed + 34.36(H -9 + 4.32 S 1bs/1b fuel
Mge = 11,53(0.83) + 34,26[0.127 - 0.212] + 4.32(0.004)

Hat = 13.91 1lbs/1b fuel

2. The dry tlue gas produced can be determined with the
aid of & carbon balance, as follows:
44 CO, + 32 0, + 28(N, + CO) ]
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_ 44(13.7) +32(2.6)428(83.340..4)
12(13.74C.4)

= 19.93 1bs/1b fuel

Mgd

(0.834(0.375)0.004]+
+0.€25(0.004)
M,q

Note: Sulphur dioxide in the flue gas is analyzed as carbon
dioxide by the Orsat apparatus. 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:

M

= Mgd + 9 H + moisture 1bs/1b fuel

Mge = 19.93 + 9(0.127) + 0.0t = 21.08 1bs/1b fuel

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

Maa = Mgq + 8[H _.gq ~ Coyrmed — S —F 1bs/1b fuel

0.012
8

M,, = 19.93 + B[C.127 -

] - 0.83 ~ 0.004 - 0.016
20.08 1bs/1b fuel

MBG
§. Excess air can be found from the relation:
Eu____ua.t(]_oc)'
at

Excess air o/o

20.08 ~ 13.91

(190) = 44.3 o/o
13.91 )

Excess air o/o =

Example 16.

s having an analysis of CH, = 77.8 o/o, C.He =
16.0 ﬁ/gfeé0§?= €.3 oso, N, = 0.2 o/o is burned in a boiler
furnace. The flue gas has the following analysis on the dry
basis: .COs = 9.0 o/0, Op = 3.0 o/0, CO = 0.2.0/0, N, =
87.8 o/o. Find the theoretical air, actual air and flue gas
in 1bs per 1b of fuel fired and the percentage of excess air
supplied.

Solution: ~

The first step in the solution is the gonversion of the
volumetric snalysis to a gravimetric analysis.
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Const. anal. by mol. 1bs. anal. by
vol. wt. wt.
CH, 0.775 16 12.40 0.619
Cs:He C.1€0 30 4.80 0.239
CO, 0.063 44 2.77 C.138
N, 0.002 28 0.06 0.004
1.000 -+ 20.03 1.000

1. Theoretical air:

M,, = 17.25 CH, + 16.10 C,Hqe + 14.8 Co,H, + 34.5 H, 1bs/1b
M,, = 17.25(0.€19) + 16.10(0.239) = 14.53 1bs/1b fvel
2. TIry flue gas:
44 CcO, + 32 0, + 28(N, + CO
Mg = 0. e c0)( 2 )(0.75 CH. + 0.8 C.H,
* + 0.857 CoH,] + COs7 + Noy
9.0)432(3.0) +28(87.840.
M, = 24 )12(9(3 2 2)( 2)10.75(0.619) 40..8(0.239)
e 40.138+0.004
Mgd = 17.64 lbs/1lb fuel
8. Wet flve gas:
Mll = Mgd + 2.25 CH, + 1.8 Co,Hqe + 1.29 C,H, + 9 H,
Mg. = 17.64 + 2.25(0.619) + 1.8(0.239) = 19.46 1lbs/1b fuel
4. Actual air supplied:
M, = Mgd + 1.25 CH, + 0.80 CoHe + 0.29 CoH, + 8 H
- Nz‘ - Co: ) P
e = 17.64 4 1.25(0.613) + 0.80(0.239) - 0.002 ~ 0.128
ca = 18.47 1bs/1b fuel
5. Excess air:
18 .47 - 1453
Excess air = —————————(100) = 27.1 o/o

14.83
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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 origiral 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 ultirate analysis, proximate
analysis (for coal) or specific gravity (for fuel oil) is
krown.

For solid or liquid fuels with the ultimate analysis
known:

0 .
THV = 14600 C + 62000 (H —-EQ + 4080 S

where: HHV = higher heating value, Btu/lb
C, H, O and S = carbon, hydrogen,
" oxygen and sulphur, 1bs/lb fuel

For coals with the proximate analysis known, the heating
value can be determined 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 mway be made
as follows:

Converting proximate anralysis as fired to
_combustible basis, lbs/lb fuel:

Volatile matter as fired
1 — moisture as fired — ash as fired

Volatile matter =

Fixed carbon as fired
1 - moisture as fired - ash as fired

Fixed carbon =

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

HEV = (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 cent Volatile Btu/lb on
on Combustible Corbustible
Basis Basis
Pa., Ohio, W.Va., Md., 0-18 HEV = 1450 + 7810 V
Va., EKy., Ga., Temn., -
Ala., Ind., Iowa, Neb., 16 - 36 HEV = 16160 - 2250 V
Ean., Mo., Okla.,
Ark., and Texas 38 - up HHV = 18750 — 944C V
T11. and Mich. all HHEV = 16062 ~ 3830 V

where: HHV = higher heating value
V = deciral fraction volatile
on combustible dbasis

(Fe Ce Evams)

For heavy fuel oils with the specific gravity known:

AHV = 18650 + 40(A.P.1.° -~ 10)

where: A.P.I1.% = specific gravity
on the American Petroleum
Institute scale, or . )
£.P.1.° = 141.5 = (131.5/sp.¢gr.$%)

For gaseous fuels with the volumetric analysis known':

HHV = 323 CO + 328 H, + 1012 CH, + 1762 C,H, + 1641 C,H,
where: FHV = higher heating value, Btu/cu ft
at 60 F and 30 in. Hg
CO, H,, CH,, CsHs 2gd C,Hs = carbon
monoxide, hydrogen, methane, ethane
and ethylene, volume fractions
as fired.

~ The preceeding equations mre 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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For heating val-
ue determinations on
sclid or heavy liquid
tuels, it is custom—
ary to employ one of
the constant volume
"borb" types of cal-
orimeter. The Parr
bomb calcrireter is
shown in Figure VII
-1, and consists of
a heavy steel con-
tairer into which the
fuel sample is placed
with sufficient pure
oxygen to insure com-
plete combustion..
The bomb is immersed
in a known weight of
water whose temper-

(Parr Instrument Co.) ature rise is deter-
mined after igniting
Flg. VII-1, Parr bomb calorimeter. the fuel Sample with

an electric resis-
tance wire.

For heating value determinations on gaseous or light
liquid fuels, the steady flow
calcrireter 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 abscrbing heat
frow the rroducts of combus-
tion of the fuel. If the
products of combustion leave
the calcrimeter at the same
temperature as the incoming
fuel and air, the higher heat-
ing value will be determined.
The heating valve is calcu-
lated from the known weight of
water heated through a known
temperature rise by a known
vclume or weight of fuel.

52. Flue Gas Analysis=--
Analysis of the products of
combustion is most conven-— Fig. VII-2. Sargent
iently made with an Crsat type calorimeter.

(Preclision Scientific Co.)
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of apparatus which absorbs
the various flue gas con-
gstituents, one at a tire,
by means of chemical sol-
utions. Figure VII-3 shows
e comron portable form of
the arparatus.

The Orsat analysis is
given on the dry basis be-
cause the sample remains
saturated with moisture
throughout the test proced-
ure. The ordirary form of
the mrparatus measures vol-—
umetric or mwol fractions of
carbon dioxide, oxygen and
carbor moroxide. It is ass-
umed that the remainirg gas
is nitrogen. Due to the
fact that the reagent for
carbon dioxide will absorb
all acid gases, the sulphur-
cus gases in the products of

COMBUSTION

(Fisher

Fig. vVIl-g3,
enalysie appsraetus.

129

Sclentific Co.)

combustion will be analyzed as carbon dioxide, but the error

is slight for ordinary fuels.
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CHAPTER VI
STEAM GENERATORS

53. Steam genmerator 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 boiler is used somewhat flexibly,
but strictly steaking should only be applied to the convectior
steam generating surface in a steam generator, while the
term 'stean gensreior-dincludes the boiler and all auxiliary
heat recovery apparatus. ’

Steam generators in swall sizes are rated in terms of
boiler horsepower, which amounts to a heat absorption of
33,480 Btu per hour per boiler horsepower, or 34.5 pounds of
steam per hour per boiler horsepower from and at 212 F. One
boiler horsepower is also approximately equal to ten square
feet of convection bheating surface. Large steam generators
are rated in terms of the actual weight of steam produced
per hour at definite outlet conditions with feed-water at a
defirite temperature.

58. Steam Generator Efficiency-=-Steam generator effic-
iency is the quotient of the heat output of the steam gener-
ator divided by the heat input from the fuel. That is:

_ M (B, -h l) + u,(h,u -h,)

7
“oé W (HAV) 1
where: M_ = steam flow, lbs/br
M, = blowdown rate, lbs/hr
. M, = fuel feed rate, l1bs/hr or cu ft/hr
H, = erthalpy of stean at
boiler outlet, 3tu/lb
hf, = enthalpy of boiler feed, Btu/lb
b]u'= enthalpy of saturated water
~ 7% at boiler pressure, Btu/lb
HEV = higher heating value of fuel,

Btu/lb or Btu/cu ft

Quite often it is impossible to messure accurately the
quantities of fuel, steam and blowdown, making it necessary

130
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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 variocus 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
steap 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 sernsible 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) Due to unburned carbon in the ash pit refuse and in
fly ash.

(f) Due to radiation from the boiler setting..

(¢) Due to unaccounted for losses, such as sensible heat
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 irto two gereral classi-
fications, as follows:

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

B. Converaion losses due to failure to transmit all of

the heat developed to the steam. These losses

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

Examyle 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 Exarple 18 shows

the same procedure for gaseous fuels.
Exemple 17,

The following data were recorded for a test on & boiler
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rated at 200,000 ibs per hour and equipped with a completely
water-cooled furnace:

Average steam temperature 900 F
Average steam pressure 910 psig
Stean generated in 8 hours 1,600,000 1bs
Average feed-water temperature 300 F
Heating value of coal as fired 14,400 Btu/lb
Fuel fired in 8 hours 74 tons
Heating value of refuse 5,100 Btu/1b
Refuse collected in 8 hours 5.9 tons
Average flue gas temperature 250 F
Average combustion air temperature 110 F
Average fuel temperature 70 F
Flue gas analysis Fuel analysis
by volume ©° 1b/1b as fired
€O, = 12.8 o/o C = 0.8152
0, = 6.4 o/o H = 0.0447
CO = 0.2 o/o 0 = 0.0495
N, = 80.6 o/0 N = 0.0100
S = 0.0063
ash = 0.0521
rois. = 0,0222

Make a heat balance for the boiler:
Solution:

A. Carbon burned:

) . oo (M of refuse(heating value of refuse)]

burmed 14600 (wt. of fuel)
5.9(5100)
= - f——— = /
Courmed 0.8152 [14600(74)] 0.7873 1b/1b fuel
B. [Cry gas: (See Example 15)
- 44(12.8)+32(6.4)+28(80.6+0.2)[0'7873+o_375(0'0063)]
gd - 12(12.840.2)

40.625(0.0063)
15.230 1lbs/1b fuel

C; 'Heat‘absorbed by boiler:

Wt. of water eveporated(heat added to water) Btu/ 1b
€. = ’ Wt. of fuel fired




.Q2'=

i When

When

Qs =
When

Qe =
Vhen

Qe =

1,600,000(1450.9 - 269.€)
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= 12,780 Btu/1lb fuel

COp + CO

74(2000)
D. Heat loss due to dry flue gas:
O.24(Mgd)(temp. of flue gas — temp. of comb. ‘air)
0.24(15.30)(250 - 110) = 515 Btu/1lb fuel
E. Heat loss due to moisture in fuel:
temperature of flue gas < 575 F:

[wois. in fuell [1083 - temp. of fuel + 0.4€(temp. of
flue gas)])

temperature of flue gas > §75 F:

= [méis. in fuell [1066 - temp. of fuel + 0.50(temp. of

flue gas)]
0.0222[1089 - 70 4 0.46(250)) = 25 Btu/lb fuel

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

[9 H][1089 - temp. of fuel + 0.46(temp. of flue gas)]
temperature of tlue gas > 575 F:

(9 HI[1066 — temp of fuel + 0.50(temp. of flue gas))

- 9(0.04471[1C89 - 70 + 0.46(250)] = 456 Btu/1b fuel

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

co

(10160)(courned)

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

12.8 + 0.2

H. Heat loss due to combustible in refuse:

¥t. of refuse
-;IT—;;—TEET-(heating value of refuse)
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Fig. VIII-1.

Radiation Losses, Brick Walls — Per cent

(Amer. Boliler Nfgre. Assec.)

A.B.¥.,A, boiler gsediation loss chart.

Qe = 57'2(5100) = 407 Btu/1b fuel

I. Radiation losses from boiler settirg:

From Figure VIII-1, radiation losses for a 200,000 1b/hr
boiler at full load are 0.75 o/o for brick walls, with a
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correction factor of 0.75 for four water-cooled walls.

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

Qr

Qe =

Qe =

Heat
Heat
Heat
Heat
Heat
Heat
Heat

J.

Heating value of fuel - [Qy + Qo + Qo

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

Recapitulation:

Unaccounted for losses:

absorbed

loss
loss
loss
loss
loss
loss

due
due
due
due
due
due

by
to
to
to
to
to
to

boiler

dry flue gas

moisture in fuel
mois. from comb. of H
carbon monoxide

comb. in refuse
radiation

Unaccounted for losses

Heating value of fuel

Example

uel

o+ o+

Qs + Qs + Q
Q,] -

13 Btu/1b fuel

Basis, one 1lb fuel as fired.

12780 Btu/1lb 88.7 o/o

615
25
456
123
407
81
13

3.6
0.2
3.2
0.8
2.8
0.6
0.1

14400 Btu/1b 100.0 o/o

The following data were recorded for a test on a boiler
rated at 25,000 1lbs per hour and equlpped 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 Btu/cu ft
Fuel fired in 4 hours, at.

70 F and 2 psig

Average flue gas temperature
Average- combustion air temp.

Flue gas analysis
volume

"9.3

CO,'
OQ‘
co
Ny

nuann <

8

2.5
0.3
7.9

o/o
o/o
o/o
o/o

215 psig
540 F -
86,000 1bs
260 F
89,400 cu ft
380 F
100 F
Fuel analysis
by volunme
CH, = 0.840
CsHq = 0.120
N, = 0,025
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Make a heat balance for the boiler.
FTolution: . ~

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

Cbnst. anal. mol. 1bs. anal.
by vol. wt. by wt.
CH, 0.840 16 13.45 0.759
CoHe 0.120 30 3.60 0.203
N, 0.025 28 0.70 0.038
1.000 17.75 1.000

A. Dry éas: (See Example 16)
W = 44(9.3)432(2.5)428(87.940.3)
gd 12(9.340.3)

{0.75(0.759)+o.8(o.203)]
4+0.038

qu = 18.82 1bs/1b fuel

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

From the calculations converting the fuel analysis 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)

u, = 87(530)

= 4950 lbs
The weight of one cubic foot of fuel at standard con-—
.ditions is:
- 30(0.491)(144)
87(520)

= 0,0469 1lb/cu ft

from which the heating value of the fuél is:

060
AV = —1008

-n676235v= 22600 Btu/ldy

_ 86,000(1287.8 — 228.6)

= 18400 /
2 2950 18400 Btu/1b fuel
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C. Heat loss due to dry flue gas: (See Example 17)
Q, = 0.24(18.82)(350 ~ 100) = 1130 Btu/lb fuel

D. Heat loss due to moisture from combustion of H:

¥hen temperature of flue gas < 575 F:

Q. = [2.25 CH, + 1.8 CoHe + 1.29 CoH, + 9 H,)1[1089 - temp.

of fuel + 0.46(temp. of flue gas)]

¥hen temperature of flue gas > 678 F:

Q, = [2.25 CH, + 1.8 C,H, + 1.29 C,H, + © H;1[1066 —~ temp.
of fuel + 0,50(temp. of flue gas)]
Q. = [2.25(0.759) + 1.8(0.202))[1089 — 70 + 0.46(350))
Q. = 2440 Btu/lb fuel
E. Heat loss due to carbon monoxide in flue gas:
co
= + 0.8 CoH, 4
Qs o T Co(10160)(0 .75 CH, C.Hes + 8.857 C,H,)
0. .
= ——- __(10160)(0,75[0.759 0.8[0.203
U = 53 + = 3(1 160)(0.75[0.759] + { 1) = 232 Btu/1b

F. Radiation losses from boiler setting:

From Figure VIII-1, radiation losses for a 25,000 1b/hr
boiler cperating at 21,500 lbs/hr are 1.5 o/o.

<, C.015(22600) = 239 Btu/lb fuel
G. Unaccounted for losses:.
Qe = 22600 - [18400+113042440+2324339] = 59 Btu/lb fuel

Recapitulation: Basis, one 1b fuel as fired.

Heat absorbed by boiler 18400: Btu/1b 81.5 o/o
Heat loss dve to dry flue gas 1130 5.0
Heat loss due to mois. fror comb. of H 2440 10.8
Beat loss due to carbon monoxide 232 1.0

Heat loss dve to radiation 7 339 1.5

-t
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Unaccounted for losses 69 0.2
Heating value of fuel 22600 Btu/1lb 100.0 o/o

55, Fire-Tube Bollers--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.

_ Horicontal return tubular boilers consist of a drum with
longitudinal flues set over 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 marines boilers are so named 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 tudbular boilers are built in small sizes up to
about 50 boiler horsepower and are popular for laundries and
small food processirg 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
spall amount of superheat. Figure VIII-4 shows a boiler of
this tyre.

Firedox tudbular boilers are made in a number of differ-
ent designs, one of which is shown in Figure VIII-6. 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
agaipst bulging, and because tubes are relatively less re-
gsistant to collapse from external pressvre than they are to
rupture fror internal pressure.

56. water-Tube Bojlers--Water-tube boilers are built in
capacities from about 1CC boiler horsepower to more t@an 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.

Y
Z
Z
Z
7
Z
z
7
7
A
7
7
A
Z
Z
%
Z
z
Z
A
2
%

N
N
N
§
§
N
§
N
N
N
N
N
s

(Pewer) (Power)
Fig. VIIXI-6, Longltudinal Pig. VIII.?, Cross drum
drum strajght tube boiler. straight tube bDoiler.

Bent tube boilers were desigred to elimirate the tube
headers and handhole covers which gave trouble ir the straight
tube boilers in the higher pressure rarges. 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€).

67. Heat Transfer in Boilers--The major portion of the
heat transfer in boilers takes place by convecticn tror 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 sirmrilar 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 steam
and water, and as a ccnsequence it is not easy to deterrire
the velocity of the water rassirg over the bceciler surface.

In a sirilar rarrer to the effect cf 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, manufactwrers of boilers employ empirical formulae
tg a grest extent ir calculating the heating surface reguir-
ed.

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

U =200+ 0.0014 G

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 9.

A boiler using 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 stear per hour
at 150 psig and saturated from feed-water at 212 F. Temp-
erature of flue gas 500 F, temperature of combustion air
80 F, temperature of ¢ombustion 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. UDleternine 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 boiler per pound of fuel fired.

can be determired by the method of losses, allowing about
1 o/o for unaccounted for.

Q, = 0.24(19.,93)(500 - 80) = 2010 Btu/1lb
Qs = 0.01(1089 — 180 + 0.46[5001) = 11

Q, = 9(0,1270)(1C89 - 180 + 0.46[500]1) = 1300

0.4

Qs = m(lOIGO)(O.83) = 239

Q, = 0,015(18500) = _ 278

Qe = 0.01(18500) = 185
Total lesses : 4023

Q, = 18500 -~ 4023 = 14477 Btu/1b

The weight of fuel fired per hour is:

_ 20,000(1195.6 - 180,1)

M, = 14477

= 1405 1bs/hr

The heat transferred is: )

Q = 20,000(1195.6 — 180.1) = 20,300,000 Btu/hr
The gas flow is:

Mg. = 21.08(1405) = 2960C 1bs/hr

The transverse gas flow area between tubes is:

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

1 =
s 3012) 15.35 sq ft

) 29600 .
from which, G = 1535 - 1930 1bs/hr/sq ft

and from the Babcock and Wilcox equation,
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0= 2,00+ 0.0014(1930) = 4.70
The mean temperature difference is:

_ 2500 ~ 500
=" .. 366 — 2500
°%4366 - 500

=724 F

"and the boiler area required is:

_ 20,300,000

= 5970
2.70(72a) ~ 9970 sa ft

a2
Each bank of tubes contains 12({%?(24) = 226 sq ft

therefore, the number of banks of tubes required is:

72 = 26 banks of tub
226 anks of tubes.

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

Heat transfer to furnace cooling surface is alrmost. en-
tirely by radiation and the heat transfer coefficients are
extrerely high. The amourt 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 flue
gas leaving the furnace, the sensible heat in the flve gas
ard the arrangement of the cooling surface.

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

The temperature of the flve gas leavirg the furnace
should always be at least 2CO P and preferably 25C F less than
the ash fusion tempereture 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 (fuel oil has an ash fusion temper—

ature of sbout 1600 F) the steam generator would necessarily
be mostly furnace.

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

Sensible heat/lb fuel = LHV - h' —= h'' 4+ h'"!

where: LHV = lower heating value of fuel
h' = heat lost by radiation and
convection from the boiler
setting

" h'' = heat lost due to incomplete
combustion and due to combus—
tible in refuse

h''' = heat gained by use of pre—

heated air

TABLE XII _
FURNACE HEAT RELEASE
K3tv rer cubic foot per hovr

Fuel All refrac-— Air

Water
tory cooled cooled
Coal
Fulverized 12 - 18 1f - 20 18 - 25
Stokers 16 - 28 25 - 40 30 - 45
GCrates 25 - 40 35 - 45 . 40 ~ 50
Cas and 0il 20 - 25 25 - 40 20 - 80

Lower valuves in 8 range are for smaller boilers.

) The arrargerent of the coolirg surface affects the eff—
ective area as shown in Figure VIII-13. The effective area

is related to the projected area on the furnace envelope by
the equation:

8, = 868p

where: S_ = effective radiant cooling
surface, sq ft
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= a slagging factor (0.90 to 0.95)

B
Sp = projected tube area, sq ft
¢ = an arrangement factor

s 5%,
Gow 1045 Tio o

s

l

&= [n/2]111,/4d] 6§ =n/2 + 6t & = [n/2]1[1,/4] 6 =2
up to 1,/d = 1.5 up to 1,74 =

(Courtesy bf D. Van lo-!rand.c... Tnc. )

rig. VvIII-13. Artreangement of rediant heat transfer surface.

Figure VIII-14 shows scre empirical data which ties to-
gether the rreceeding factors in the estiration of furnace
coolirg area and Example 20 shows the method of estimation
cf the prircipal dimensions of a water—cooled furnace.

Example 20. -

LCetermine for the boiler of Example 17:

1. The furnace volume required for full load operation us—
ing pulverized coal.

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

3. The number and length of 2% in. OD furnace tubes, spaced
on three inch centers. The boiler s¢reen consists of three
banks of 24 in. OD tubes spaced on nire inch centers. The
plan dimensions of the furnace are 20 ft X 20 ft.

Solution:’

1. From Table XII, a heat release value of 22,000 Btu
rer cubic foot per hour is selected. The total heat re—
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" Pig. VIIX.14, Furnece cooling surface donlgn curves.
leased in the furnace is:

e .
Q= ?‘*(zooo)(144oo) = 266,000,000 Btu/hr
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from which the furnace voiume is:

_ 266,000,000

¢ 22000 =.12100 cu ft

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

_LEV=h' = h'" 4+ h''"

SH
M,y
+ 0.24[535 - 70]
o = 14400 —[9(0.0447) + 0.0222]1(1086] - 81 - [123 + 497]
. 15.30 + 9(0.0447) + 0.0222
SH = 856 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 total area is:

_ 14(15.72)(2000)(74/8)

S, = - 1000

= 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)(20)(26)(3) = 525 sq ft

The furnace walls will have an effective radiant surfact
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. Assurming a slagging factor of 0.90 and
6 = (n/2)(3/2.25) = 2.09, the projected area of the furnace
wall tubes will be:

3545 '

S5’ 0.90(2.00) 1885 sq ft
. The furnace walls can each have 20(12)/3 = 80 tubes,
each 30.2 ft long, for a total of:

S, = 4(80)(30.2)(2.25/12) = 1810 sq ft

) ) nalls .

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 75/3.75 = 20 floor
tubes.
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69, Furnace Refractories and Insuletion--In order to min-
irize heat losses from furnaces, it is necessary to supply
gone sort of inpulating material, and in order to prevent
fire damage to insulation it is necessary to supply refrac-
tory.

Refrectories 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 43" X 9", and other sizes are available in multiples and
subnultiples of these dimersions as well as in special
shapes. Figure VIII-15 shows sore heat conductivity data
for various refractory rmaterials.

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

Heat flows through the furnace wall by conduction and
leaves the outer wall by radiation and convection., It is
usually assumed that the heat lost by convection is abouvt 50
per cent of that lost by radiation, so that’:

Q= 1,5 CA(T? - T¢)

where! Q =:heat loss, Btu/hr
c a radistion coefficient
4 = area of radiating surface, sq ft-
Ty = temperature of radiating
" surface, deg R
Ty = ambient temperature, deg R

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

Tt is obvious that the heat lost from the wall surface
rust 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 process. Ordinarily
it will be known how much structural brick is necessary 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 plain walls). Example 21
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shows the method of procedure.
- TABLE XITI
RADIATION COEFFICIENTS

. Bare brick work 16.3 X -.10™1°
Unpainted steel 16.3 X 1072°
Asbestos cloth 16.0 X 10710
Alumirum pairnt 11.0 x 10720
Flat black paint 16.4 X 1C2°
Glossy black paint . 14.0 X 10720

Example 21.

Determine the thickness of insulation required for a
furnace wall which -consists of Armstrong insulaztjon sand-
wiched between eight inches 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. TCesir-
able outside wall temperature is 175 F,.

Solution:
The heat transferred through the wall is:

Q= 1.5[16.3 X 10~1°1[(635)* - (555)*]
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 temreratures will be 6.8 for red
brick and 15.0 for.,kaolin brick. .-

Then, for red brick, At = Qd/k = 164(8)/6.5 = 202 B,
znd for kaolin brick, At = 164(9)/15.0 = 98.5 F,

Recalculaticn of mean iemreratures gives for red brick,
0.5[175 + (175 + 202)]) = 276 F, and for kaolin brick,
0.5[2300 + (2300 - 98.5)] = 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 = 2058 F, and for
kaolin brick, #t. = 164(9)/15.F = 95.2 F,
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Recalculation” of mezn temperatures gives for red brick,
0.E1175 + (175 + 205)) = 278 F, and for kaolin brick,
0.5{2300 + (2300 - 95.3)] = 2257 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
0t = (2300 - 95.3) - (175 + 205) = 1825 F, and the mean temp—
erature is 0.5(2205 + 380) = 1292 P. At this mean temper—
ature, k for the insulation is 1.7, and the irsulation
thickness is d = két/Q = 1,7(1825)/164 = 18.9 inches.

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 temperatuvre of the steam in
the boiler, thus necessitatirg less refractory and insula-
tion. As previously mentioned, water walls are backed with
up to 43" 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 cutside casirg of
sheet metal are ususlly used to corplete the wall. The eff—
ect of the metal casing can be ignored with respect to the
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Fig. VIII-16. Thermal conductivity of insulating meterfals.

‘amount of insulation required, but the exterior finish (coclor
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
for combustion air. Thus, most of the heat passing through
the refractory is salvaged and returned to the furnace.
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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.

Drainable super-
heaters 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
it 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.

77227777,

Convection 'sup—-
erheaters are so
Fig. IX-1. Pendant superheater nared because they
in bent tube boiler. 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 velccities. For this
reason, modern boilers which contain convection superheaters
alone have some means of bypassing part of the flue gas
around part of the surerheater to effect temperature control
in the steam from the superheater. The temperature control
damper can be seen in Figure VIII-10.

(Power)

156
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Radiant 'super-
heaters receive all
or most of their )
heat through rad- !
iation because they AN :
are mounted where S SSS zy
they can "see" the e
fire in the fur- :
nace. They have a S
drooping temperature
characteristic be-
cause the temper-
ature of the fire in
the furnace remairs
essentially constant
throughout the load
range. Radiant
superheaters are of-
ten placed in series :
with convection sup- iy
erheaters, and prop— o
er proportioning of o ; -
the areas in each .
willlresult in a
neaprly constant steanm
temperature charac- e - b LTl Lupprhesean
teristic over the
normal boiler operatirg range. .Pigure IX-3 shows a radiant
superheater mounted in series with a convection superheater,
and Figure IX-4 shows the temperature characteristics.

BB |\ w——ry

(Power)

61, Heat Transfer in Superheaters--Heat transfer in a
convection superheater involves a decreasing flue gas temp-
erature and an inrcreasing 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-5 shows a
comjarison of the temperatures existing in the two arrange-
ments.,

- The logarithmic mean temperature difference for the
counterflow case can be found from the relation:

: -t = L\t -t
t = (t!i Vn) ( £q 421)
»n 1 —tv
logizgi—:—I—ﬂ
&o v
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where: t_ = log mean temperature diff-
erence, deg F
tl; and tl, = iplet and outlet
flue gas temperatures, deg F
t,. and t, = inlet and outlet
*steam tgmperatures, deg F

(a) Counterflow

.t.

sres®
te

(b) Parallel flow

Flg. IX-5, Tempoersture relations in ho;t trenefarw.

and for the parallel flow case from the rei;tion:
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b, -t )=, -t )
4 = _€i Vi £q Yo
" tg.—tv.
log g ——
£o Yo

The overall heat transfer coefficient for a convection
superheater is calculated inea manner sirilar to that for
other heat transfer arparatus. There is no reliahble em-
rirical equation for the overall heat transfer coefficient
as there is for boilers, so that is is necessary to estimate
film coefficients and combine them accocrding to the usual
ranner with the addition of a slaggirg factor, as follows:

1

U=35
. L + .__220_...1'.t +_P.ol.
h, T, +D; ¥, TD;un,

The gas film coefficient can le estirated from the
equation:

0.41 vt;.'sas To .818
gl= D%.tts

where: v, = mass flow of gas, lbs/sec
rer sq ft of gas flow area
T = arithmetic mean gas temp—
erature, deg R
) D°~= outside diameter of tube, ft

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

Tz 0,8
hv 8.0,vv .

where: v, = mass flow of steam, lbs/sec
per 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 ¢,)°"7°"

0,214
D}

U
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where: k = steam conductivity,

©.0131 + 0.000C29 t

arithmetic mean steam

temperature, deg F

G = mass flow of steam, lbs/hr
ver sq ft of steaw flow area

cp = arithmetic rean specific
heat of steam

C. = inside diameter of tube, ft

[ ad
"

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

Example 22-A.

Determire the number and length of tubes required for a
convection superheater for the boiler of Examples 17 and 20.
The tubes are 2 in. OD X 8 BWG and are spaced on 4% in. cent-
ers. Assume counterflow and a slagging factor of ©.90, Dis-
pose of the superheater in two of the three boiler passes.

Solutioh:
M, = (74/8)(2000)(15.72) = 291,000 1bs/hr

Q = 200,000(1450.9 - 1197.8) = 50,800,000 Btu/hr
_ 50,600,000

Bsive gos = Z31000(0.20) - 20 F
Temperature of gas at superheater inlet 1950 P
Temperature of gas at superheater outlet 1225 F
Temperature of steam at superheater inlet 636 F
Temperature of steam at superheater outlet 900 F
0 - 900) - - £
_ (185 ) - (1225 - §38) _ 4.0 &
- 1o 1950 - 900
ge1225 -~ 636

Since the boiler is 20 ft wide, there will be 20(12)/4.5-
= 623 tubes in the superheater. Each tube has a flow area of
[n/41(2.0 - 2(0.165))*/144 = 0,0152 sq ft, and the total
stear flow area is 53(0.0152) = 0.808 sq ft.

The mass flow of steam through the tubes will be:
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200000
Vo © 3600(0.808) 69.0 lbs/sec/sq ft

and, hv = 8.0(69,0) °-® = 236

If the superheater is disposed in two of three boiler
passes, each pass will be 20 ft wide by 6.67 f¢t deep. Then

the area for gas flow between the superheater tubes will be
(63 - 1)(4.5 - 2)(6.67)/12 = 23 sq ft.

The mass flow of gas hetween the tubes will be:

_ 291000

S em————— 5
P 3600(23) 3.52 1lbs/sec/sq ft

+ _ 0.41(2,52)°-588 (2048) %318

and, hg - (2.0/12)0.615

= 19.8

Then:the overall heat transfer coefficient is:

1

1 1.0 0.165. 2.0 . 1. 181

.
1.8 7 2.0 + 1.67[12(30)] + 1.67[236‘

U = (0.90)

Superheater area is:

_ 50,600,000

A= 16.1(86C)

= 3666 sq ft

Each foot of superheater tube has an zrea of 2r/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 combipation convection-radiant superheater. Half of the
temperature rise in the superheated steam i§ to be supplied
by the radiant section which is in series with and follows
‘the convection section. The radiant superheater is to re-
.place part of the rear furnace wall cooling surface. The
tubes will be 2% in. OD X 8 BWG spaced on 3 in. centers with
a length of § feet. Find the number of tubés in the radi-
ant superheater.
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Solution:

Steam temperature at rad. suthtr. inlet 718 F

Steam temperature at rad. suphtr. outlet 900 F
Temperature in furnace 1950 F
900 - 718 _
ta "~ 1ss0 - 718 AT
log —/———=

°€e1950 ~ 900
The heat transferred in the radiant superheater is:
Q = 200,000(1450.9 - 1342.1) = 21,800,000 Btu/hr

Assume, as a first approximation, that U = 400 based on
effective radiant surfacé. 7Then 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(r/2)(3.0/2.25)(2.25/12) = 0.354 sq ft. Then the lin-
ear length of tube required would be 48/0.354 = 136 ft.

If each tube is 5 ft long, there would be 126/5 = 27 tubes
in the radisnt suvperheater.

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

The stear flow area per tube is [8/4][2.25-2(0.165)}/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, then the overall heat transfer coefficient is:

'« 10.0365

= .o 3,___'0.!14 700 O‘O. 1'0. 7068 =_.
U = 0.0332( 5] [870000(0.62)] 404

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

62. Reheaters-=Al) 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 modern reheating steam generator.

63. Economizers--An economizer is essentially a feed-
water heater employing flue gas as the heat source. Its
prirary purpose is to lower the temperature of the flue gas
leaving the steam gererator in order to increase the effic~
iency. Econromizers 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 decreasing temperature to
water at increasing temperature. The overall heat trans-—
fer coefficient may be approximated from the same Babcock
and Wilcox equation used for boilers.

Example 23 shows the method of estimating econcmizer
surface.

N ARUE RN D
HghTing

" A straight-tube economizer of
I extended-surface type. Each pair
of tubes makes up in @ header that
Economirer acts as a menifold to cannect suc-
cessive passes together. Tubes, be-
=0 . leg straight, are reedily roploced

contains a forged-steel header inte
h' l which tubes are rolied and handhole

plugs instelled for tube maintenance

O

|

|| i | i
i i || !'II}| |”'“ll

|]|; |||N| [|||m

'.- .:.,
Tl 1, = As its name implies, continveus~
m, THHNE e i Is d of @

1 ) d tube b twe ot

(Power) (Power)

C=

Fig. IX-6. Reheating Fig. IX.7. Economisers.
steam generator,
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Example 23,

Deterrine the nurber and length of tubes required for
an economizer for the boiler of Exarples 17 and 20. The
tubes are 2 in. OD X 8 BWG and are spaced on 3 in. centers.
Tubes run lengthwise ir the economizer casing whose plan
dimensions are 12 ft X 18 ft. The water flows counterflow
to the gas. Gas inlet temperature is 1226 F, water inlet
temperature is 300 F and water outlet temperature 485 F.

Solution:
The heat transferred in the econcmizer is:
Q = 200000(470.2 ~ 269.8) = 40,100,000 Btu/hr

The weight of wet flue gas is 291000 1bs/hr, so that
the flue gas temperature drop is 40100000/[291000(0.24)] =

575 F. Thenr the flve gas temrerature leaving the econo— -
pizer is 1225 - 875 = €50 F.

_ (1225 - 485) - (€50 - 300)

" |, 1225 - 485
¢ 850 — 300

= 520 F

Since the econcomizer casirg is 12 ft wide, there will
be 12(12)/3 = 48 tubes giving a gas flow area of
(48 - 1)(3 - 2)(18)/12 = 70.E sq ft and a gas mass flow
G = 291000/70.5 = 4120 lbs/hr/sq ft.

Then, the overall heat transfer coefficient is:

U= 2.0+ 0,0014(41230) = 7.78

40,100,000

and, A= T7a(520)

= 9300 sq ft

Each linear foot of econorizer tube bas 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 = 235 feet.

65, Air Heaters--Air heaters are also devices for sal~-
vagirg beat 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.

Recupesrative air hsaters depend upon the flow of heat
frop the flue gas through a dividing wall to the air. Ord-
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inarily, in the tubular type the air flows around the outside
of the tubes and the flue gas passes through the tubes. In
the plate type the gas and air flow through alternate pass-
ages. Figure IX-8 shows the tubular and plate types of air
heater..

Gos inlet

(Power)

(a) Tubular Type (b) Plate Type

rig. I1x-8. Recuperative air 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-9
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 mecharism to those previously 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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Ges inle!

Air ovtiat

(Power)

rig. IX-9. Regenerstive ailr Kester.

U = 0.45 + 0.0004¢€ G

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=0.28 V"""

where: V = grithmetic mean velocity
of gas and air, ft/sec
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Regenerative air heaters do not depend upon the transfe:
of heat through a dividing wall for their action. The temp-
erature relations are somewhat complicated, but, for pur-
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 <
.
Fn-= 3.8

where: Wp = weight of metal, lbs
Mg = gas flow, lbs/hr

and, if 20 URG steel sheets are used, the area would be
(one side of the sheet):
M
=
A 140.7
where: A = area (one side) of
20 U.S. gage steel sheets,
square feet

‘Example 24 shows the method of estimaticn of the diren—
sions of a tubular air heater.

Example 24,

Determine the number and length of tubes and number of
passes on the air side required for a tubular air hezter for
the boiler of Examples 17 and 20. The tubes are 1# in. OD X
14 BWG and are spaced on 23 in. centers. The gas flows
through the tubes in a single pass and the air flows across
the tubes. Plan dimensions of the air heater casing are
12 ft X 18 ft and the tubes run vertically. The air irlet
is 6 ft X 12 ft and placed so that counterflow is obtained.

Solution:

From previous examples:.

Air temperature entering air heater 110 F
Gas temperature entering air heater 650 F
Gas temperature leaving air heater 250 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:

: 0.0495 o
M., = [74/8112000][15.30+8(0,0447~- )-0.7873-0.0063

' ~0.01]

M__ = 274,000 1bs/hr

ca .
Temperature rise in the air is 28000000/ [274000(0.24)]

= 425 F and the temperature of the air leaving the air heat-
er 18 110 + 425 = 535 F.

- (650 - 425) - (250 — 110)

n T, 650 = 425
€250 - 110

= 179 F

Since the air heater tube sheet is 12 ft X 18 ft, there
will be [12(12)/2.51[18(12)/2.5] = 5000 tubes in the air
heater. The gas flow area is 5000[n/4]1{1.5 - 2(0.083)12/144

= 48.F sq ft, and the mass flow of gas is Gg = 291000/48.5
= 6000 lbs/hr/sq tt.

Sirce the air enters the short side of the air heater,
the zir passes between 58 tubes in the first row. The air
flow area per pass is (568 -~ 1)(2.5 - 1.5)(86)/12 = 28.5 sq ft,
and the mass flow of air is G, = 274000/28.§ = 9600 lbs/hr
per sq ft. - »

The overall coefficient of heat transfer is:

9600- + 6000

U= 0.45 + C.00045( ) = 3.96

_ 28,000,000 _

e < 8§ .
end, A 3.96(179) 39,500 sq ft

Each 1# in. OD tube has an area of 1.5x/12 = 0,393 sq ft
per linear foot, so the total length of tube required would
be 39500/0.392 = 100,500 ft, and since 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 amounts
of heating surface rrovided ir a complete steam generator
installation is a corrromise between the economic factors
and the practical necessities. For exarple, air heater sur-
face is the chearest, but combustion considerations limit air
temperatures to about 60C F for pulverized coal, oil or gas,
and to sbout 350 F for stokers. In order to avoid ccrrosion
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difficulties, the minimum gas outlet temperature for air
heaters should be about 250 F, It is usual to lirit 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 locatione 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 enterirng 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 fized by ambient conditions.
The boiler screen is ordinarily 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 and air heater are

then subject to economic analysis as follows (according to
Helanderg: )

Let: C = annval charges per square foot of additional
surface, dollars
T = heat transfer coefficient for surface
Cs = annual saving per Btu of heat recovered per
hour, dollars
valve of Btu X hours service per year
+ overall steam generator efficiency
Ma, Mg and My = air, gas and water flows, lbs/hr
tg = gas temperatures, deg F
tqa = air temperatures, deg F
ta = water temperatures, deg F
tv saturation temperature in boiler, deg F
@, b, &, i and o are subseripts 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 temperatvres are fixed:
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Ce _ (tgoe - tuie) (tgie — teoe)
UeCy (tgie — tuie)

0.24 Mg - (tuoe — twie) = e
cpe Me (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 _ (tgos — taia)(tgia — tasa)

UaCy (tgia — taia)

Mg _ (taoa — taia) _
£ - _-¢%0¢  ara_ - ,
Ma (tgia — tgoa)

To determine the most economical 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:

Celp_ (tgie — tuoe)
UeCo  (tgie = tu )

To determine the most economical 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:

Cale _ (tgia — taoa)
UaCo (tgia -ty )

To determine the most econorical boiler and eccnomigzer
outlet gas temperatures, water temperature leaving the econ-
omizer and air temperature leaving the air heater in the case
of a boiler-econcrizer-air heater combiration when the air
heater gas outlet temperature, entering air temrerature and
water inlet temperature are fixed:

Cole _ (tgie — tv )

Cels (tgie — twoe)
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UeCa _ (tgie = tuie)(tgia — taoa)

Cela (tgia - teoe)(tgia — tuie)

L. The following notes will be helpful in coming to a de-
cision as to the proper combination of boiler and heat re-
covery arpparatus:

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, oil or gas, or 350 F for

stokers, try addirg an economizer to the combin-
ation.

Table- XIV gives some mass flows and heat transfer coeff-
icients to be expected in commercizl practice. After making
an estimate from the table, the firal values of economical
temperatures can be arrived at by successive arproxirations.

TABLE XIV

GAS MASE FLOWS AND COEFFICIENTS OF HEAT TRANSFER
FOR
STEAM GENEERATOR 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

Economizer 2000 to 9000 6.5 to 9

Air Heater 200C 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«

Cetermire the most ecorcmical temperatures for the boil-
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er of Exarples 17 and 20, given the folleowirg additional
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 ft
£ 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:
g8.00(£000)
= = 0.00281

Cf 2000(14400)(0.e8€7)

c, = 10(0.15) = 1.50

C, = 4(0.15) = 0.€0

Cc_= 1(0.15) = 0.15

1. Assuming a boiler-economizer combination:

The temperaturé of the water entering the economizer is
greater than the temperature specified for the flue gas out-

let temperature, therefore this combiration would be im—
possible.

2. Assuming a boiler-air heater combirsation:

tgoa = 250 F tuia = 110 F tv = B35 F
0.15(4.7) (t ., -t
——— = 0.1175 = ;—£ia a0 6~
4.0(1.50) (¢t . - 535)
gia
a = 291—000 = .06 = (_taoa__]']i)
274000 (¢t . - 250)
. £ia
from which, téia =.1230 F and Yooa = 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. Assuring an econcmizer—air heater combination:
’
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7.8(0.15) (1225 — 300 )(t, ¢ )
——— = 0,488 = soax 1]
0.€0(4.0) (1225 - t".)(tg“ - 300 )
_}55-5{&.= 0.322 iuoa_?l_lo = 1.08

tgia ’ tgia - 250

Assume for a first approxiration that t_, = 485 F,
then, t ;, = 650 F and t_,, = 535 F. Substitution of

these temperatures in equation [A] gives a ratio of 0.414
instead of the required value of 0.488,

Assume for a seconrd approximation that tla’ 500 F,
then, €02 F and t = 482 F. Substituffon of these

te-perafures in equation tX] gives a ratio of 0.8503.

Interpolatlon gives t ., = 498 F, however, this temp-
erature is too close to tke saturat1on temperature ir the
boiler so the first approximation will be taken as most
satisfactory.
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CHAPTER X
PIPING ARD DUCT=-®CRK

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
apply to all.

69. Piping==Calculaticns for piping involve the deter—
rination of pipe size, pressure class and pressure drop.

Pipe size is determined from the fluid velocity which
will produce a pressure drop which is not excessive. Table
XV gives rractical velocities for variovs fluids and varors.

TABLE XV |

PIFE LINE VELOCITIES

ft per sec
Low press. sat. steam 66 — 100
High press. sat. stean , 100 - 170
Eigh press. svuphtd. steam ' 170 ~ 250
Atvos. exhaust steam 130 - 200
Low press. exhaust steam 33C - 4C0
Beoiler feed-water o8- 12
Purp suction, water 4 - 7
Gereral service water 1 6§ - 10
Fuel oil 1- 4

Application of the continuity equation will give the solu-
tion for pipe size, as follows:

) 3
A = 300V d; = 0.4 JMv7/rv
where: M = flow, lbs/hr

v = specific volume, cu ft/1b

V = velccity, ft/sec

di = inside diameter of pire, in.
A = flow area, sq ft

175



TABLE XVI

(Crane Co.)
Dimensions of Welded and Seamless Steel Pipe

Nominal| Out- Nominal Wall Thick for Schedule Numbers
Pipe side [Schedule|Schedule[Schedule]Schedule]Schedule|Schedule[Schedule|Schedule|Schedule|Schedule
Size Diam. 10 20 30 40 60 80 100 120 140 160
L4 .405 .068 . 095
% 540 .088 119
7 .675 .091 .126
& 840 o . .109 . 147 . .
4 1.050 N . . 113 . .154 . .
1.315 . 133 . 179 veen .250
li/g 1.660 . . 140 . 191 . .250
1} 1.900 . . .145 . .200 .281
1 2.375 . 154 . .218 . . 343
3 2.875 . . 203 . .276 veen eee .375
3 3.500 . . .216 . .300 .- [ 437
344 4.00 .226 . 318 .
4 4.500 .237 . .337 .437 .531
5 5.563 .258 .375 .500 .625
6 6.625 .280 .432 562 718
8 8.625 322 .500 .718 906
10 10.75 .365 .593 .843 1.125
12 12.75 . 406 687 1.000 1.312°
140D.7 14.00 .437 750 1.062 1.406
160.D.1 16.00 500 .843 1.218 1.562
180.D. | 18.00 .562 937 1.343 1.750
200.D. | 20.00 .593 1.031 1.500
240D. | 24.00 687 1.218 1.750
_ Dimensions of Welded Wrought-Iron Pipe
Nominal Outside Nominal Wall Thicl for Schedule Numbers
Pipe Size Di Schedule 10 | Schedule 20 | Schedule 30 | Schedule 40 | Schedule 60 | Schedule 80
L4 405 . .070 . .098
1{ 540 ve .090 [N 122
675 . .093 . 129
L4 840 . 111 . 151
A 1.050 118 157
1.315 136 . .183
14 1.660 .143 195
14 1.900 .148 .204

'
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TABLE XVI
continved *
2.375 . . .158 .223
%'A 2.875 . . .208 .282
3 3.500 . . 2211 .306
% 4.000 . - .231 3125
4 4.500 . 242 .34
5 §.503 .263 . .383
6 6.625 .286 . 441
8 8.625 .283 .329 510
10 10.75 313 372 .510
12 12.75 .. . .336
Note: Bold face nunbers in Scheduies 40 end 80 correspond
to standard and extra strong weights respectively,

A.P.L and A.S.T.M. Specifications for Pipe, With Tensile Strengths
Calted for and the Corresponding Uses for Which Each Material Is Intended

Tensile Strength

Title Lbs. per Sq. In. Scope

FFurnace welded: Pipe for line pi urposes, to convey
er, 50,000 min gas, water, or oil. Sizes covered, }4 inch
Open-hearth, Class [, 45,000 min nominal size to 24-inch outside diameter.

%aen-heenh, Class I, 48,000 min
Line Pipe rought iron, 42,000 min Couplings for threaded line pipe are of
Specifications Searnless or electric welded: special design. Threads on’ pipe and in
&‘.CP.I. 5-1) Open-hearth, Grude A, 48,000 min couplings are subject to official gage limits.

Open-hearth, Grade B, 60,000 min

Open-hearth, Grade C, 75,000 min
Seamless or furnace welded:

Qpen-hearth iron, 42,000 min

Seamless Carbon-Molybdenum
Alloy-Steel Pipe for Service at
Temperatures from 750 to 1000 F,

(A.S.TM. A206

55,000 min

Seamless carbon— 4 per cent molybdenum alloy steel
??)e intended for service at metal temperatures from

0 to 1000 F, Suitable for bending, flanging, and
similar forming operations, and for fusion welding.

Seamless Alloy-Steel Pipe
for Service at ratures
From 750 to 1100 F

(AS.TM. Al58

Ferritic, 60,000 min
Austenitic, 75,000 min

Seamless alloy-steel pipe intended for service at
metal temperatures from 750 to 1100 F. Several
classes of materials that havé been ratherextensively
used are included. Choice from the respective steels
shouild be made on the basis of requirements of de-
sign, service conditions, and the physical properties.
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Pressure drop is determired by the application of the
pire friction formula, as follows:

L ve £ LV
AP = 0.00518 -7 : Ah = 0,745 ————

where: AP = pressure drop, lbs/sq in.
Ah = pressure drop, ft of fluvid
f = a friction factor
L = equivalent length of pipe, ft
V = average fluvid velocity, ft/sec
v
d;

specific volume of fluid, cu ft/lb
= ipside diameter of pipe, in.
The equivalent length of pire 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' nuhber,
which is in turn a function of the size of the pipe, and the
’velocity, density and viscosity of the fluid. That is,

5 d. Vv
z v

r = 122.

where: r = Reynolds' number
" z = viscosity of flvid, cent-
ipoises

Figures X-2 and X-3 show curves of visccsity for water, steanm
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. PFigures X-5 and X~-6 and Table XVII show some pipirg
details and standard types of fittings. Figure X-7 shows
some of the various tyres of valves used in power plants.

Examples 26-A and 26-B show the methcd of calculation of
ripe data based on the preceeding information.
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EXAMPLE: The dotted line shows
that the resistance of a 6” Std. Short
Radius Elbow is equivalent to 16 ft of
6" Std. Pipe.
NOTE: For sudden enlargements or
contractions, use the smaller diameter,
o O d. on the pipe size scale.
Globe Valve, Open Gate Valve 3000
\l % i
V5 Closed - 2000
~——— 14 Closed -
a ——Fully Open 1000 ~“
/' o 48—
/ » | C 500 * a—i
Angle Valve, Open Sandard Tee - f 36—}
Seing Check Valve / F. :_wo 39 L 30
Q ; ; \ 200 -t
L~ [ sz 20—}-20
Close Retura Bend — M 12 100 . 18—
> C ° 16—
- ! - 14—1
Borda Entrance 50 .
[ o S
L 2 10—t10
Saandard T r 3 ;” - - 3
Through Side Outlet / “' 20 E T R :g
] [;—dda Enh?ﬁhnb-?‘g_ - - 1_E ;
Jp-k. 2T et
(e st S B g
—d/p~- F —f-s
Swandard Efbow or run of] | | T C g‘%—- :
Tee reduced 12 4 1 =% s ; —
= = 3%B—T
1 Ordinary Entrance E-‘ 3 % 313
i) I e
o | -
Medium Sweep Elbow o | -2
run of Tee reduced “ Sudden Contraction |1
\ d/p=14 = mp—
4p-¥ - 14—
=) o E —
&5 B LF
hn'S-pE“onc———a :°1 *-—E
145 Elbow ) o
- Bxl [ [
vo" tdlaary =zle LN ” o
Reprinted by permimsion of Crane Co. tns

Equivaleat

strealght plpe length

fer velves and pipe fittings.
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Fige X-2. Viscosity of water and steam.



PIPING AND DUCT=-WORK - 181

U] »

TTITT 1]
Viscosity \

-

+171

=

AY
ANBY
SEEEAAVNA YA
' 1
AN AVAY
N \\
AN \[ [\
N AV
\
' ANV
! N \ A\
s N
1]

1] - % A W M0 S0 &0 M0

) [c] L]
Yemperaturs, in Degrees Fabrosholt
(1) Midcontinent residuum, $=0.97; (2) California heavy
crude, §=0.976; (3) Residuum, $=0.94; (4) Eastern light lub—:
ricating oil, SAE 30; (5) Midcontinent light lubricating
oil, $=0.90; (&) Olive oil; (7) Eastern light lubricating
oil, SAE 10; (8) California light crude, 5=0.91; (9) Migd-
continent crvde, S$=0.85. » :

T LI T T TT
E —(b) Specific Gravity
3 .
& .
3|nL:_~_“_~ :
2o \\\\‘ Linesnfs s .
—g o :\,\\.\"\ \:er,,w.r e e
e VY L
=07“~§§==55==::“~::“*h~"‘ T—los
N SSSSSSsS—= i
“'::0“ \\Q\\ I~ e -
QT < < ~ ~
o N SN INL :\éEgL*\\
3
A2 <
%o A IKICES N
0.2 L
100 80 S0

QI(D 400 500 600

emperature, in Degrees Fahrenheit
(Crane Ce.)

Flg. X.38. Charasecteriotico of petroleum oile,



N !
. T T 11
o AN SSe—————
N N ppppe———
B A Vs = e F———
& 3 N/ i ~d = —— =
] § l'§ et e T[]
Bom 4 N % T~ e T
R ¥ AW Tom ] -
znzs N ! ‘I"?IGI\D,‘~3 Q\':="“':
I RIS S =S5
0% B o P e a
= L=
. ~- g
015
0ot
2 30 W % 60 80 90 I
Value of Reynolds Number, in Thousands ’ w
.007
DOS
—004
2o
P
Som B ——— —— S
;%ms\\ﬂ-(\‘ T 1 |
[] =EE=:EE e =
- -_—______:E:g:___:::__ ] 1 |
o = I -
— E: =1
—— . — ] ]
s == =1
- —
-4 E::
) 0 500600 700 0090 1,00 7000 50000
Value of Reynolds Number, in Thousands 000 9,000
Roush .
Curve | ness’ Di
No. | & | TypeA | TypeB | TypeC
1 0.2 | 0.35up 7z
i 3 0.45 48 to 66
3 0.81 14to 42
4 1.35 6tol2 | 10to 24
5 2.1
[ 3.0
7 38
8 48
9 6.0
10 7.2
11 10.5
12 14.5
13 19.0
14 24.0
15 28.0
16 315
17 34.0
18 37.5 0.0625 ° Cieeaa % . N TR
Type A: Drawn tubing, and brass TypeD: Best cast iron pipe, cement,
tin, lead, and glass pipe. mﬁﬁ@uﬂwﬂﬁmdmm_
e " Type B: Clean steel and wrought T E: Average cast iron pipe
iron pipe. rough formed concrete ducts.
Type C: Clean galvanized pipe. Type F: First class brick, hea
riveted, and spiral riveted ducts.
In drauwn tubing, the actual In pipe, the nominal sise of
inside diameler is gisen. standard weight is given.

(Ceane Cc.-).

Fig. X-4, Priction factar with relation to Reynolds’ number.,
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(Crane Co.

Fig. X-6. Piping details.
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Small Iren Gates
(Brass similar,
except no clip)

Swing or Horlies-
ontal check

Large Iron Gates

Bteel Bwimg Checko

Globe & Angle Motcr Operated

1

)Steel Glcbes
Steel Apgles Steel Gates
(Crane Co.)

Fig. X-7 Power plont valve types.
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Example 26=A.

Deterrine the nearest standard pipe size and pressure
drop for a stear line (seamless Grade A steel pipe) carry-
ing 30,000 lbs/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 steam is at a moderately h1gh pressure and is super
heated, so a velocity of 180 ft/sec is selected. The re-
quired inside diameter is:

30000(2.521)
180 ®

The pipe schedule nurber (allowing a factor of safety
of about 10) is:

= 0.4[ 1°% = 4,65 in.

1000(215) _ |
S = e——
) N 4800 45
Ttchedule 4C pipe would be safe enough., The inside diameter
of 5 in. Schedule 40 pipe is 5.05 in. which is close enough
to the required 4.65 in. The true velocity of the steam is:

0.16(30000)(2.531)
x(5.05)2

In order to determine the friction factor, Reynolds'
number is calculated (flndlng the viscosity, z, from Figure
X-2) as follows:

[

V=

= 152 ft/sec

_ 122.5(5.05)(152)
0.025(2.531)

= 1,485,000

From Figure X-4, the fricticn factor is 0.016.

" The total equivalen{ length of pipe is found with the
aid of Figure X-1, as follows:

Straight pipe 100 f¢
2 Gate valves 2(2.8) = 5.8 ft
1 Globe valve 140 ft
1 Swing check valve : 31 ft
3 90° Elbows 3(14) 42 ft

Totzl equivalent length 318.8 ft
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The pressure drop is:

(0.016)(318.8)(152)?

LP = 0.00518 —— =115 05)

= 47.7 psi

Example 26-B.

Peternire the nesrest standard pipe size and pressure
drop for a seamless Crade A steel pipe carrying 40,000 1bs/hr
of residual fuel oil at a pressure of 200 psig and a temp—
erature of 200 F, The specific gravity of the oil at 60°/60™
§{s 0.94, The pife line contains 50C ft of straight pipe,

6-90° elbows, 2 gate valves, 1 swing check valve, and 1
glcbe valve.

Solution:

From Figure X-3 b, the specific gravity of the oil at
200°/60° is 0,89, from which the specific volume v is
1/{62,4(0,83)]) = 0,018 cu £t/1b, and taking V = 2 ft/sec,

40000(0.018)

2n

d; = 0.4[ 1% = 3.5 in.

€% ir. Schedvle 40 pipre has an inside diameter of
2.548 in. The actual velocity would be:
_ 0.16(40000)(0.018)

v n(3.548)%

= 2.91 ft/sec

Reynolds' number is calcvlated using the viscosity, z,
frow Figure X~-3 a, as follows:

_ 122.5(2.548)(2.91) _
T~ T17(0.018) = 4120

Frecm Figure X-4, the friction factor is 0.041,

The totzl equivalent length of pipe is:

Straight piype 500  ft
€6 90° Flbows 6(9.5) Y4
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)=

Ah = 0.745 :
! 3.548

= 49,5 fi of 01]

70, Friction in Condensers and Feed-Water Meaters--Fric-
tion losses in condemsers and feed-water heaters may be cal-
culated from the pipe friction forrula, but it is more usual
to use the curves shown 'in Figure X-8 for the losses in the
tubes and Figure X-2 for the losses in the water boxes.

10 ﬂ]
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Friction Head, ft per 10 ft length of tube
on

—t

5 |
0 1 2 3 4 5 6 7 8 9 10
Water Velocity in Tubes, ft per sec

Flg. X-8. Head loss in condenser send feed-water 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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Plg. X-9, Read 1oes in condenser snd feed-wauter heaster
water boxes.,

Example 27-A.

Cetermine the head loss in the tubes and water boxes of
the condenser cf Example 9.

Solution:

From Figure X-8, the head loss in 3/4 in. X 18 BWG
tubes at a velocity of 8 ft/sec is 5.1 ft per 10 ft length
of tube. The water box head loss for a two-pass condenser
at a velocity of 8 ft/sec, from Figure X-2, is 3.6 ft.
Then the total head loss is:
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Tubes 5.1(45.5/1C) 23.3 ft
Water boxes 3.8

Total head loss 26.9 ft
Examplie 27-B.

Determine the head loss in the tubes and water boxes
of the feed-water heater of Example 11.

Solution:

Fror Figure X-8, the head loss in 5/8 in. X 1€ BWG
tubes at a velccity of 6 ft/sec is 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, frow Figure ¥-9, is €.9 ft. Then
the total head loss is:

Tubes 4.2[7.68(6)/1C] 19.4 ft
Water boxes 6.9
Total head loss 2€.3 ft

71, Duct-¥ork--The method of calculatirg the dimensions
of ducts for gas or air are very similar to those erployed
for pipirg. Ducts usually operate at maximur pressures of
the order of several inches of water, so that crdirarily if
the duct is strong enough to support itself without bucklirg,
it will be strong enough to withstand the pressure.

‘Duct 'sieze is determined by substituting the allowable
velccity in the contiruity equation, as for piping. Ducts,
however, are usvally rectangular in cross section rather
than round. Table XVIII gives reasonable velocities in

ducts. The higher velccities arrly to higher static pres-
- gures.

TABLE XVIII-
T'UCT VELCCITIES
ft rer sec
Air dvcts 2C - &0
Gas ducts 20 - 40
Stacks 2C - 40
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Pressurs drop (or draft loss) is usvally measured in
irches of water, and is given by the equation’:

2
Ap = 0.00298 ﬁ-fRA

where: Ar = draft loss, in. water

p = density of gas, lbs/cu ft

R = hydravlic radius of duct, ft
area/perimeter

Reynolds' nurber is as for pipirg, except that the
srallest dimension of the duct (if rectangular) is substi-
tuted for the irside diameter of the pipe. Viscosity in
centipoises for varicus gases can be found fror the follow-—
ing equations:

Flue gas: 2z = 0,0153 + 2.F X 107% ¢

Air: gz C.0165 + 2.E X 10™°% ¢

where: t = temperature, deg F
Figure X-1C shows densities for air and flue gas.

Length allowances for bends ray be found from Table XIX
after converting rectangular duct sizes to equivalent round
duct diameter by the equaticn:

_ R (a b)o-02?
d, =1.35 (a + p)o-286

vhere: d_, = equivalent round duct
diameter, in.
a and b = rectangular duct
dimensions, in.

Figure X-11 shows some typical ducts, and Exarple 28
shows sore sasrle duct calculations.

Example 28.

Deterrire the draft loss in the flue gas duct betweer
the econozrizer 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 cf 8 ft. The raximum width of duct is 12 ft
snd the maximu» gas velocity is 20 ft/sec.
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Air Temperature, deg F
-20 O 20 4C 6C 80 100
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Fig. X«.10, Densities of air and flue gas.

TABLE XIX
EQUIVALENT LENGTES OF I'UCT BENIS
Lisreters of Straight Duct

Fight argle bterds
Center line radivs 2 tc & dia. 1C
Certer lire radivs 1 dia. 20

Mitred right angle eltow EC
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Solution:

From Example 23, the gas temperature is 650 P, and from
Figure X-10, the density of the gas is C.0375 1lbs/cu ft,
which is equivalent to a srecific volume of 26.7 cu ft/lb.
The required area of duct is:

- 291000(26.7)

7600(20) 108 sa ft
The duct dimensions are then 9 ft X 12 ft.

The viscosity of the gas is z = 0.0153 + 2.5 X 107°(650)
= 0.,03155 centipoises. Reynolds' nurber is:

; 122.5(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, = 1.35[{(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 2 ft
2-90° bends 2(20)(e2) 277

12
Total equiv. length 297 ft

The draft loss in the duct is:

_  (0.0375)(0.0152)(297) (20)*
bp = 0.00298 e T2(12) + 2(9)7

= 0,078 in.
water

72. Pipe and Duct Insulation--Most pipes and ducts
which ecarry liquids or gases whose temperature is very much
different frcm the ambient temperature require insulation of
sore kird to prevent heat transfer to or from the surround-
ings. The most ccmmon irsulation materials for pipe and
ducts are asbestos, magnesia, mineral wool and diatomite.
These materials are made in the form of blocks, moulded cir-
cular sections, blankets or rlastic fcr application with a-
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trowel. PFigure X-12 shows some of the various forms of in-
svlation and Figure X-13 gives thermal conductivities for a
variety of materials with the arprcxirate temperature ranges
for best utilization.

Plpe Covering
Megnesia or Distomite

Btandard Moulded Shaspes
Nagnesle or Distomite

Pipe Covering
Diasatomite Inner Layer
Magnesia Outer Layer

Plpe Covering
Asbastos Paper

Pipe Ceovering Nineral ¥Weol Blankets
Corrugsoted Wire Reinforced
Asbestess Peper (Philip Carey Co.)

Pig. x-12, Insulasting materiale,
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Heat transfer through insulation follows the same laws
as previously discussed. It is not usual, however, to-make
an exhaustive analysis of the econoric factors involved, but
to use an economic selection chart such as is shown in Fig-
ure X—-14. Example 29 shoys the use of the chart.

Example 29.

Find. the most economical thickress of 85 o/o magnesia
pipe covering for the steam lire of Example 26-A. Ambient
temperature is 90 F; cost of insulation 24.cents/bd ft;
tixed charges 20 o/o0; used 8000 hrs/yr; fuel costs §2.00
per bBbl of 6,300,000 Btu. . B}

Solution:

; From Figure X-13, the conductivity: of 85 o/o magnesia
at a mean temperature of 325 F is 0.53. The value of the
heat in the fuel is $0.318 per million Btu. Entering Figure
‘X=14 at 8000 hours and following the dotted lines, the wmost
economical thickness of 85 o/o magnesia insulation for a

b in. pipe is determined as 2 in.
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PROJECT 111

1. The power plant of Projects I and II is to contair
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 = C,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/0, carbon monoxide-= O o/0, and oxygen '=
3.0 o/o. Expected steam generator efficiéncy is 86.5 o/o.
Temperatures expected are: Combustion air, 100 F; fluve 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 honr.

(b) Estimate the furnace volume required and specify the
furnace dirensions.

(c) Estimate the effective radiant surface ir the furnace
and the nopmber of linear feet of 23" OD tubes spaced on four
inch centers in the furnace walls and boiler screen (gssure
that the boiler screen consists of three staggered rows).

(d) Estimate the superheater surface required and calculate
the number 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, econonizer 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 number 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 13" 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 nuwber of gas passes neces—
sary if the maximum tube length is 2C ft.

2., Specify the pipe sizes and calculate the pressure
drops for the following lines in the power plant of Projects

.1 end II:

j(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° elboms

and one gate valve. Discharge line, 50 ft with eight 90°

elbows, six gate valves and one swing check valve. Assume
vapor condenser tube velocity is 5 ft per sec through two

6 ft passes.

" (¢) 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
globe valve.

(d) Main turbine lead (manifold to throttle): Length, 50
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:pinddox (if necessary): Length, 50 ft
with two 90° benas~«

) Economizer to air heater (if necessary) _ Length, 20 ft
with two 90° bends.

(¢) Air heater, econorizer 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/0 and ambient temperature 90 F):

(a) Main turbine lead: 85 o/o magnesia at $C.21 per bd ft.

(b) Freheated air duct: Mine;al wool at FC.05 per bd ft.



CHAPTER X)
WATER HANDLING EQUIPMENT

73. Water handling equirment consists of pumps and water
softeners. Pumps may be either reciprocating or rotating;
and water softeners may be either rreciritating or .base ex~
changing.

74. Types of Pumps--Pumps are used to move liquids, us-
vally through pipe lines, and at the same time 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 pumyps 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.

(Werren Steam Pump Co.)

Fig. XI-1, Duplex nteem driven pump.

Rotating pumps may be centrifuvgal, turbire, screw or
gear; steam driven or rotor driven; single stage or multi-
stage. PFigures XI-3 through XI-7 show a nunber of rotating
rumps of various types. Rotatirg pumps have the advantage
of sirplicity 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 prired. This disadvantage is not serious,
hovever, because it is always possible to find a tyre of
rump which can be installed with a flooded suction.

200
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20}

(Aldrjien Pump Co.)

Multiplex motor drivep Plunger purp,




pump with hydi I It-balancing device for very
high pressures.

(Delaval)

Fig. XI-.S. Centrifugal
pumpe.

(Auroras Pump Co.)

Flg. XI.-4. Turbine pump. .

Mixed flow pump for large ity agalost
-vl";«nﬂ at h'lh“p’u“d.v el

OUTBOARD
END COVER

Fige X1-6- Centrifugal
pumpas,

.:,..“.":.':?:')’"m" (DeLavel 8Steam Turbine Co.)

(DeLavel) Fig. X1.7, Screw 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 punmp is equal to the work output plus the loss-—

whp = e,(shp)

where: whp and shp = water horsepower
and shaft horsepower
€ , = pump efficiency

Water horsepower is the power required to move the water,
or:

M H

=_____l_.t__
*hp = 55X 35000

where: M, = water flow, 1bs/hr

H; = total head on pump,
ft of fluid

The total head on the purp 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:

v - v2
By =By 44 —i+H, -H,_ +¥

2 i a s o] °;
where: Hf = friction in piping, ft

V = velocity, ft/sec

H, = static head, ft

Hp = pressure head, ft

B, = entry and exit losses, ft

Figure XI-8 shows pump and pipe systems with the various
heads in rszlaticn to thé 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 boiling in the eye
of the pump impeller due to pressure reduction below the sat—
uration pressure corresponding to the temperature of the
water. &n empirical equation which gives the static head at
the pump suction is as follows:
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b = 0.32 X 1077 ¢*-*

where: h = static head on pump suction, ft.
t

water temperature, deg F.

j==1
°
a

I
P

I

Il
|
il

|

(a) Negative suction head (b) Positive suction head

Fig. XI-8, Head velstions in pump wsystems.

76, Pump Efficiencies~-=-In generél, large slow speed
purgs 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 power plant ser-~
vice.

TABLE XX
CENTRIFUGAL FUMP TAT2
Cap., grr Head, ft Sreed, rpm Eff., o/o

Beoller feed 10 tc 400 300 to 6000 1200 to 600 70
Condencate 1C to 4C0 650 to 300 1200 to 26CC 70
Conderser 200 to 5CCCC .10 to FO 120 to 450 80-
Ceneral € to 10C 1C to 300 1200 to 2600 78

77, Laws of Similarity for Centrifugal Pumps~-The per-
formance of centrifugal pumrs 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
horsepower curve reaches a maximur and then falls. The
"self-limitirg" rower characteristic is of value in prevent-
ing the overloadirg of the driver in case the pump should
operate against zero head.

The following ejuation expresses the laws of sirilarity
for centrifuvgal pumps.

Ay _ (3,08 [p,0Y
K, 18,0% Tg,)Y
X Y
A= a M P H a M P H =4
B=N 1 1 3 2 0 1 1 j 1 T const
B=D 2 2 5 2 -0 1 1 1 N corst
where: Q = caracity, volume N = speed F = power
M = caracity, weight p = density H =

head
.D = diameter :

It will be seer that, for any given rump, 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 ir predicting the

effect of changes cf speed or impeller diameter for a par-
ticular pump.-
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Pig. X1.9. Centrifugel pump performence curves.

" Example 30 shows the method of computing the speecifi-
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 1bs/hr
at 297 P; static 1ift 20 ft; friction losses 2 ft in suction
line and 20 ft in discharge line; inlet velocity 5 ft/sec
and outlet velocity 10 ft/sec; entrance and exit losses
one-half of the velocity head; pressure in boiler 400 psia
and in open heater 64 psia.

Solution:
The capacity of the pump is:
Cap. = 28800(0.01742)(7.48)/60 = 62.% gpn

The total dynamic head is:

Static lift . 2 ft
Friction losses 22
Velocity head [102-52)/2g 1.2

Entrance and exit lcsses . 0.6
Press. head (400-64)(144)(0.01742) = 843 ft

Total dynamic head 886.8 ft

Example 31-A.

A centrifugal pump with an impeller diameter of 12 in.
cperates at 3600 rrm 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?

Soluvtion:

(a) At constant speed, the capacity and head are pro-
portional to the square of the diameter.

100 _ (12) : 300 _ (12)?
Q. (10)¢ H, (10)2
Qe = 62.5 gpm H, =208 ft

(b) At constant diesmeter, the capacity is proportional
to the speed and the head is proportional to the square of
the speed.
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100 _ 3600 200 _(2600)*
@, 1800 H, (1€00)?
Qs = 50 gpm He = 75 £t

Example 31-B.

A three stage boiler feed pump with 17 irch diameter
impellers is rated at 1000 gpm at 675 ft TDH with a motor
sreed of 1750 rpw. 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 heen overestimated, and instead of being 675 ft at 1000
grm was actually €600 ft. It was proposed to correct the
purp characteristics by turning down the ocutside diameter
of the imreller. Calculate the required impeller diameter
and plct the new characteristic curves for the purg.

1C00 &
z
o
2
. o
Tee A o
ey 5
800 TR 2
§ -—-——.-—._-ih_‘h‘ L \Bnnq -
& -~ . P
- ‘~.\ \ —(%
o P~ 23
3 600 )q><\ 300
= . '\\4 N
© ] N
-4
a Ry /// N\
o ots®? — O St wm—
s 4C0 8 — 200
(= // L - A \
" -
"
g ::::.—-"——. J///—
B 200 /, 100
[~
o : 0
o 200 400 €00 800 1000 1200

Carpacity, gallons per minute

Fig. XI-10. Effect of reduced impeller disseter on
centrl fugal pump charescteristice.
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Solution:

An erpirical method for deterrination of the new irpel-
ler diameter is as follows:

1. UDlraw a line from the origin through the new spec—
ification point to 1ntersect the origiral head-cap-—-
acity curve.

2. Read the Lead and caracity at the poirt of inter—
section and solilve for the impeller diameter from

both head and capacity relations in the pumr equa-
tion.

2. Obtain 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 original hesd-capacity curve
at 640 ft and 1070 gpm.

2. Solving for impeller diameter,

1070 _ (17)® . 640 _ (17)*
1000 (D,)* 600  (D.)*
Dy = 16,40 in. D = 16.45 in,

3. The root mean square of these two soluticns is:

£(16.40)* + (16.45)*
= 2

D2=

) = 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 - 565 _ (17.000)-"= 1.07 Qe = 1120 gpm
Q. P, (16.425)* : H, = 519 ft
5 =
800 _ 745 _ 1.07 Q. 748 gpm
Qe He H, = 696 ft

etc.

The new power curve can be plotted in a similar manner,
as follows



210 - FUNDAMENTALS OF POWER PLANT ENGIKEERING

Q, = 1200 gpm 248 _ (17.000)°

. - _=-1,182 P, =210 h
Qs = 1120 gpm P (16.425)° 2 P
Q, = 800 gpu 224 _ . oo P, = 190 by

Q, = 748 gpm Py
ete.

The rew characteristic curves are shown as dotted lines
on Figure XI-10.

78. water Treatment-=411 natural waters contain quant-—
ities of dissolved salts which make the water undesirable
for use in steam generators. Calcium and magnesium salts
precipitate ir 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 derosits in superheaters and
turbires. It is the purpose of water treatment to either
rexove 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 forrms
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 Zemporary hardness (hardness is a measure of
the soap destroying power of water). Non-—carbonate salts of
calcium and magnesium Produce what is termed permament hard-
ness, that 1s, boiling 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 cold 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
runicipal water supplies). Following are detailed explan-
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ations of the various processes.

The cold lines and aslum 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 removal of
bscteria and dirt. Figure XI-11 shows a typical softener
operating with this process. The reactions are:

Ca(HCO,), + Ca(OB), —— 2CaCO4t + 2H,0

Mg (HCO,), + 2Ca(CH) y—— Mg(OH),f + 2CaCOsf + 2E,0
CO, 4 Ca(OH), == CaCOsf + H,0

A1,(S0,)s + 2Ca(OH),—=241(0H)4t + 3CaSO.t

Secondery mizing ond

- (Poewer)

Fig. XX-11. Celd process softenecr.

The lowest hardness which can be produced by this rrocess is
about 70 parts per million, which is the solubility of cal-
cium carbonate at ordinary temperatures.

The cold Line—seds end alum process uses lime and alum,
as in the previous process, plus soda ash to precipitate
non-carborate hardness. The apparatus employed is identical

with that used for the lime and alum process. The addition-
sl reactions are:
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CaSO¢ + Na,COg— CaCOq¢f + Na,f0,
CaCly, + Na,COy—>CaCOyt + 2FaCl
MgSO, + Ca(OH), + Na,COq—=Mg(OH),¥ + CaCOs¢ + Na,SO,
MgCl, + Ca(OH), + Na,COg —=Mg(OH),t + CaCQg{ + 2NsCl
In this process it is customary to use excess soda ash in
order to depress the solubility of calcivm carborate by com

mon ion effect. Figure XI-12 shows the hardness attainable
by the use of excess soda ash.

80
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Y —

Hardness, ppm as CaCO,,
-
(e,
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~‘\=‘ .
-—-—_::===
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Excess Soda Ash, ppm as CaCOs

FPig. XI-12. Residusl]l hardness resulting
from use of excess sods esh.

The hot lime-soda process 1s sirilar to the cold lime-
soda and alum 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-13.
Figure XI-13 shows a typical hot process softener with its
auxiliaries.

Examrple 32 shows the method of calculation of quant-
ities of chemicals required for softering by the various
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Fig. XI-. 18, Bot process softener.

precipitation methods. Useful chemical tables will be found
in the Appendix. ’

Exsmple 32-A.

A water of the following anslysis 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;
HCO, = 250 ppm; SO, = 139 ppm; C1 = 11 ppm; CO, = 16 ppm.
Determine the weight of 90 o/0 hydrated lime and 95 o/o
crystalline filter slum required per thousand gallons of
water.

Solution:
The first step in the solution is the conversion of the

icnic enalysis to the hypothetically combined form, as
fcllows:

Yons ppu tepn —-epm Combinations epm ppo
Ca 62 3.10 Ca(HCO, ) 3.10 251.%
Mg 31 2.85 Mg (HCO4 ), 1.00 73.2

Ne 38 1.€5 Mg S04 1.65 93.5
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Ions ppm tepm —-erm Combirations epm 194
HCOq 250 4.10 Na,S04 1.34 95.1
S04 139 2.89 NaCl 0.31 18.2
Cl 11 0.31

Sub.tot £31 7.20 7.3C : 7.30 831.%
CO, 16 .16
‘Total 547 547.5

It will be roted that the hyrpothetical combinations are made
in a definite order, as follows:

.Positive ions Negative ions
Ca HCOa
Mg . T0.,
Na Cl

Next, the reactions are writter with molecular weights
and parts per million, as follcws:

162.1 741

Ca(HCOs)s + Ca(OH),—=2 CaCCsf + HO
251.5 Xy = 11§ ppm
146.2 148.2

‘Mg(BCOs)s + 2 Ca(OH) ,—>=Mg(OH)of + 2 CaCOst + 2 E,O
73.2 X2 = 74.1 ppw

"120.4 74.1
MgSO, + Ca(OH) ,—=Mg(OH)of + CaSO.¥
93.8 xs = 57.5 rpm

4.0 74.1
CO, + Ca(OH),“-‘-“CaCOs' + H,O
16.0 x, = 27.0 ppm

666.4 : 222.3
21,(S0,)s 18H:0 + 2 Ca(OH),——-z AI(OH)st +°3 CaSC.t + 18 H,
10(0.95) X5 = 3.2 ppm

Total 90 o/0 bydrated lime required = 276.8/0.80 = 308 ppm
Total 95 o/o filter alum required 10 ppm

The firal water anslysis would be: NaCl = 18 ppm;
Va,8C, = 95 ppm; hardness about 70 pprm as CaCOq4.

AOne-thousand gallons of water = 8.33 X 107° pillion lbs.
Therefore, the lime required is 2.F56 lbs per thousand gallons
and the alve required is C.083 1lbs per thousand gallons.
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Example 32«8,

The water of Exarple 32-A is to be softened by the lime
soda and alum frocess. In order to depress the solubility
of calcivm carbonate, 25 ppm of excess soda ash is added.
Petermire the weight of 95 0/0 soda ash required in addition
to the lime and alum. .

Solvtion:

The reactions with molecdlar weights and parts per mill—-
ion are:

120.4 : 106.0 142.0
MgS0, + Ca(OH), + NapCOg—=Mg(OH)of + CaCOs{ + Na,SO, .
92.5 ya = 82.3 ppm z, = 110.0

ppm
€66.4 318.0
Al,(SO.),'lBH,O + 3 Ca(OH)g + 3 NagCOQ—*‘Z Al(OH)a* .
9.5 y: = 4.8 ppm
426.0
+ 3 CaCO,i + 3 Na,£0,
" zp = 6.1 ppm

The total 95 o/o soda ash required (incluvding excess) is
111.8/0.95 = 118 pro.

The final water analysis would be: NaCl = 18 ppm;
Na,S0, = 211 ppm; Na,COy = 25 ppm; hardness abcut 50 ppm
as CaCOs. :

The soda ash required would be 0.98 1lbs 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,0, = 20§ prm; Na,COs = 25 ppm; hardness about 22 ppm
as CaCOy. Slightly less lime woulid be used because of the
orissicn of the alum.

80. Base Exchange Softening--Several natuvral minerals
called seolites (complex sodium alumirur silicates) have -the
Frorerty of base exchange, that is, they will exchange their
sodium for calciur or magnesium, or vice versa, depending
upon yhich is present in the greatest concentration ir 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 ab111ty to operate
with acids or bases.

The sotiun eyele exchanges sodium for caleium or mag~
nesium in 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(HCOg ),——2Nchos + Ca2
.Na,Z + Mg(HCOg),—= 2NaBCO, + MgZ .
Wa,Z + MgCl,—e 2NaCl + MgZ

Regeneration: L
CaZ + 2NaCl—=Na,Z + CaCl,
MgZ + 2NaCl—=—Na,Z + MgCl,

Both magnesium and calcium ¢hlorides are extremely sol-
ublé and are washed out, with the excess brine, with raw
water. When the wash water becomes soft the washing is -
stopped and the zeoliie is ready for another softening run.

Figure XI-14 shows a tyrical zeolite softener” which operates
on the sodium eycle.

h-d
W”WM Graded grovél T
mmmw . or anthrocile A
/ = - La l
; -
: Rinsa-woter fiow controlier Sofr-woater outiet
|] l I__mm”mWﬁ S
- VY oram .. : ; S

(Po'pi)

Fig. XI-.14, Zeolite ioftener, sodium eycle,
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The Aydrogsm eycle exchanges hydrogen for all metals,
and the regeneration is accomplished with acid. Some of the
reactions are!

Softenirg: .
HeZ + Ca(HCO4)p—>—2H,C0, + CaZ
HeZ + CaCley——2HC1 + CaZ

Regeneration:
CaZ + H,SO0,~——H,Z + 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 wmater 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 softener which
operates on the dual cycle.

Pressure reguloion,
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Flg, XX.15. Zeolite acftener, dusl cyele,
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. The acid adsorbdbing cycle employs a synthetic resin
wh1ch.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-HEC1 + NaOH—s~R + NaCl + H,0

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 indus-
trial use. It does not appear, however, that the process
bhas any advantages cover the evaporator in a regenerative
rower cycle.

81. Boiler Water Treatment--Even in cycles which use
evaporators for makeup water it is necessary to use some
form of boiler water treatment because contamiration of the
boiler water results from 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-
Jjectives:

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 mairtaining the boiler water
within a narrow alkaline range as indicated by the pH (which
should be between 1C and 11) and by reroving as much as poss—
jble of the dissolved gases in the ccndensate or boiler feed
before it reaches the boiler.

The alkalinity is maintained by the use of caustic soda,
soda ash or ore or more of the polybasic phosthates. The
phosphates have the advantage of helping to prevent scale;
caustic soda has the disadvantage of inconvenience ir hand-
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lirg as well as the ability to cause boiler embrittlement
when not clcsely controlled; and socda ash has the disadvant-
age of decorposirg to caustic scda and releasirg carbon di-
oxide which, when in sclution, is corrosive to pirping.

The reroval of dissolved gases was discussed under
feed-water heaters. The best deserating feed-water heaters
will not remove all of the dissolved oxygen from the boiler
feed, so it is customary to raintain a residuval of about 10
pem of sodium sulphite in the boiler water to act as an oxy—
gen scavenger, according to the reaction:

2Na,S0s + O —s= 2Na,SO,

'

The sodium sulphate produced has the advantage of helping to
irhibit boiler embrittlement, .

Boiler embrittlement, which is caused by caustic attack
on intergranular cementite, is prevented prirarily by avoid-
ing riveted boiler drurs, and inhibited in all cases by
maintairirg concentrations of certain raterials in the boil-
er water. The best known inhibitor is scdiur svlphate which
is mairtained at a ratio of about three tc cne with relation
to the concentration of sodiur carbonate in the boiler water.
Trisodium phosphate has an embrittlement irhibiting property,
and will rerlace an equal weight of sodium sulphate for this
purpose. Organic inhibitors, such as sodium lignin sulphon-
ate (from sulphite parer rill wastes) and quebracho extract
(a tarnin) are also used to some extent.

Scale formation is usvally prevented or mirirized by
raintairing a residual of phosphate ion (about 50 ppm) in
the boiler water. Calcium phosphate is less soluble than
calcium carbcnate 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 calecium
precipitetes. Sluvdge ccnditioners, such as scdivr alginate
(fror certsir seaweeds) and starches, are scnetires used to
irprove the fluidity of the sludge, thus makirg it easier to
rerove by boiler blowdown.

Deposits im superheaters and turdines are the result of -
carryover of sclids from the boiler with the stear. These
derposits can be rrevented or ririrized by careful attention
to the mairtenance cf a practical mirirur of dissclved sol-
ids in the boiler water by proper blcwdcwn, and by the ir~
stellaticn of efficient steam purifiers inside the btoiler.
Figure XI-1€ shows several types of steam rurifiers which
are vsed ir modern stesr generators.
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2
.mprove separation of steam from U
water and to clean steam invoives
boffles to change direction and Steam leaves baffle to enter Steam enters cbove water lev
“washing’’ of steam by feedwater centrifugal separater In exit zene eol, flows to baffies, scrubbers, driers

(Power)

Fig. XI-16., Steam purifiers.
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CHAPTER X1
‘FUEL HAKDLIRG EQUIPMENT

82. The eimplest fuel handling equipment will be found
in the plant which burns gas. The complexity of the system
increases when fuel o0il is used, and becores a large part of
the plant investrent when coal is burned.

83, Gas Burning Equlpment~-The fuel handling equirment
for a gas burning plant would consist of a pipe lire brirg-
ing the gas to the plant, a gas holder: (when the suprly is
subject to fluctuation), gas meters, -control valves and
burners. Figure XII-1 shows the elements of a gas fuel sys-
tem and figure XII-2 shows a tyrical gas burner.
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rig. XiY-1, Gas fuel system.

84, Fuel 0il Burning Equip-
ment~~The fuel bandling equipment
for a fuel oil burning plant
would consist of unloadirg facil-
ities (docks or railroad sidirgs),
tanks (for about a 30 day sup-
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 atomizirg burner
tip details. Figure XII-6 shows
a so-called rotary cup 0il burn- . - .
er which embodies a forced draft CHermey Namilnews iy cosd
prizary air fan, fuel oil pump
and controls. This type of burn-
er is well adapted to small TRy MEEE. SR Baewi.
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Fig. X11.3, Fuel oil system.

(Peasbody Eangineering Corp.)

Fig. X11-.4. 0il burner.,

boilers, since burners of this tyre are avzilable ir sizes
to handle up to about 2C0 boiler horserower.

85, Coal Rurning Fouipment--The variety of fuel bhand-
ling equirment for a ccal burnirg plant is quite large.
Whetker the plant burns lump ccal or pulverized coal, a
stcrage yard of sufficiept size for about a 30 day surply of
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ccal is necessary; as well
as conveying equipmert for
storirg and reclsirirg the
coal, bringirg the coal to
sizing crushers and thern
to the rlant bunkers. If
the plant operates with
lump coal it will be fed
frow the hurkers to the
stokers throuvgh weighirg
devices. Then, after the
fvel is burned, the ash
must be disposed of in
sore way (some companies
sell it for road surfac-
ing or for concrete block
aggregate). Figure XII-€
shows a typicsl lurr coal
(stoker) burnirg system,
and Figure XII-7 shows a
pulverized coal system of
the direct firirg tyre..
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Fig. XII-6. Coasl stoker system.



224 . FUNDAMENTALS OF POWER PLANT ENGINEERING

‘B-Bailding lall’

-B5W Type B Puvarizer
. > ‘
36-0™
fH g
[
R R Track L
] (181 1]
Y g — e gl

7
7
/
7
7
/
7
/
/
7
/
7
7
/
/
7
.
’
7
é
%

" RR Track
& Y

" (Babecock & Vilecox)

Fig. X11-7. Coual pulveriszser system, direct firing.

Sometimes the pulverizers are operated to store pulverized
coal ir bunkers from vihich it is fed to the burrers. The
storage system requires smaller rulverizers than the direct
firing system, but the storage of pulverized coal is hazard-
ous and more plant space is taken up by the extra set of
_bunkers. Figure XII-8 shows a coal storage yard with the
coal handling machlrery

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 coal
~comes inr under or over the air surply.

Ou;fjeed-stokers may be of the travelling grate type
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(suitsble for free burning coals), the chain grate type

(suitable for caking coals), or the spreader type with dump-—

frg or travelling grates (suitable for a wide variety of

coals). Figure XI1-9 shows some of the various overfeed
stokers in use at the pres-
ent tire.

Underfeed stokers are
of the retort tyre and are
suitable fcr high volatile
coals. There may be one or
more retorts, depending up-
on the amount of fuel to be
burned. Figure XII-10 shows
typical single and multiple
retort stokers presently in
use.
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!I‘. l!l-.. Coml storage system.

Table XXI shows some approx1mate data for fuel burning
_rates per square foot of areas for the various types of stok—~
ers.

TABLE XXI
' FUEL BURNILG RATES FOR STOKERS

Pounds per hour per square foot

Cverfeed
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