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Preface

Over the past ten years, I have had the opportunity to author
over one hundred short articles and tiiree books of interest to
steam plant engineers, covering such topics as heat transfer, heat
recovery equipment design, boiler calculations, fluid flow, and
steam plant equipment sizing. With the plethora of hand-held
and personal computers, I thought that it would be helpful to
steam plant engineers if several of the shorter and more frequently
made calculations could be performed by computer. The result
is this volume, which has thirty useful programs written in BASIC.
The programs run directly on the IBM PC and compatible systems.
The programs can also be modified to run on hand-held computers
such as the Sharp, TRS-80, and Texas Instruments models.

These programs are based on my years of experience, hav-
ing engineered the systems discussed in the text. In contrast,
many programs on the market are developed by softwarg engi-
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neers who are experts on programming, but lack sufficient knowl-
edge of steam plants and processes and the needs of design and
operating engineers. For instance, the programs on combustion
calculations and boiler efficiency take into account the effect of
relative humidity, an important factor which could easily be over-
looked by engineers with inadequate engineering experience.

Flue gas analysis is reported on a dry and wet basis, which is help-
ful in figuring excess air, flue gas density, and gas properties.
Efficiency of boilers is determined using ASME PTC procedures
and is reported on a lower as well as on a higher heating value basis.

The programs on calculation of pressure drop and heat trans-
fer coefficients inside tubes require only easily available data
such as flow per tube, fluid pressure, temperature, and pipe size.
Reference to steam tables or properties of air, water, and flue gas
is avoided, enabling field engineers to obtain the data with ease,
thus saving considerable time. Predicted pressure drop may be
compared with the measured value to see if the equipment mal-
functioned.

In recognition of the widespread use of finned tubes in boilers
and heaters, a number of programs are presented to predict heat
transfer and pressure drop in these types of equipment. Various
fin geometries can be evaluated to study alternates.

Furnaces and heat transfer equipment are routinely lined
with several layers of insulation. Engineers are often required to
predict temperature profiles across the various layers and heat loss
under varying conditions of ambient temperature and wind velocity.
Program 3.9 performs this calculation, handling any number of
layers.

Steam properties after throttling or after expansion are
important to those involved in valve and pipe sizing and steam
turbine selection. Programs 4.1 and 4.2 perform these involved
calculations. Steam blowing is a routinely performed operation
in boiler plants. Program 4.5 predicts the steam flow rate during
a sonjc flow situation, when steam escapes to atmosphere,

Estimating the performance of fire tube and water tube
waste heat boilers and economizers is vital for engineers involved
in their design and operation. Programs 5.1 through 5.3 predict
the exit gas temperature and duty at any inlet conditions of gas
flow and temperature. Plant engineers can then check to see
whether their equipment is functioning properly.
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The data required by these programs are easily available to all
practicing design and field engineers. The results are practical and
useful information for design and performance evaluation of steam
plant equipment. Each program listing includes theory, correla-
tions used, logic, listing, and examples, along with a printout of
results. In addition, a table of nomenclature has been included
with each program. This helps relate the variables used in the text
with those in the computer so the programs can be modified to
run on other computers. One can also obtain the value of any
variable by pressing the appropriate key. A look at the brief
synopsis at the beginning of each program will reveal to the user
the amount of practical information that can be obtained.

The aim of this volume is to present workable BASIC pro-
grams of interest to steam plant designers, consultants. and opera-
tors. As with any project, there is always room for some improve-
.ment. Therefore, comments from readers on the style and ap-
proach of the programs are always welcome.

V. Ganopathy

Diskette to accompany BASIC Programs for Stearni Plant Engineers: 1 have
prepared a diskette (for IBM PC and compatibles) containing all of the pro-
grams discussed in this book. If you would like to purchase a copy, or need
more information, please contact me at the following address:

V. Ganapathy, P.O. Rox 673, Abilene, TX 79604
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PROGRAM 1.1 COMBUSTION CALCULATIONS FOR SOLID
AND LIQUID FUELS

Input

Carbon

Hydrogen

Oxygen

Nitrogen

Sulfur

Moisture

£ xcess air

Ambient temperature
Relative humidity

Output

Wet flue gas analysis

Dry flue gas analysis

Molecular weight of flue gas

Density of flue gas

Dry air required per pound of fuet

Wet air per pound of fuel

Dry flue gas produced per pound of fuel
Wet flue gas produced per pound of fuel
Higher and lower heating values of the fue!

Remarks

Results are helpful in predicting the performance of fired heat transfer
equipment,

Given the ultimate analysis of solid or liquid fuels, excess air,
ambient temperature, and relative humidity, this program per-
forms detailed combustion calculations and prints out the dry and
wet flue gas analysis, dry and wet air quantities, and dry and wet
flue gas produced, along with the flue gas molecular weight and
density. These data are useful for heat transfer calculations and. to
estimate performance of boilers, heaters, and combustion related
equipment. Heating values of the fuel are also printed out.

From partial pressure of carbon dioxide and water vapor,
one can estimate nonluminous heat transfer coefficients. Dry fuel
gas analysis helps the engineer to figure excess air for combustion
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TABLE 1.1A Equations Used for Combustion Calculations

SVP = 0.08 + 281 X 10T (1)
4y = 0:622 X SVP X RH @)
14,7 - SVP X RH
Wgq = 100(2.664C + 7.937TH, + S — 0,) 2—"; (3)
Wwa = Wda(l + M) (4)
3.66C + 8.94H; + W+ wy M+ 25+ 0.7Twy, + Ny + 0.23wg,(E - 1)
ng = -
(9)
Weig = Wwg ~ (8.94H; + W + wyoM) (6)
8.94H, + W+wy M) 077wy +N
F = 0.08318C + 0081258 + ——— da?)  0T7%da* No
18 28
0.23wy,(E-1)
T 32E (7)
o _ B.318C
€O, = F ‘ (8)
o 23w 4y (E ~ 1)
27 T 3%EF (9)
' 0.77Wda + N2
28F 100. ’ (10)
8.84H; + W+ wy M
H,0'~ . 22 100
H; T (11)
.~ _ 3.1258
802 =% (12)
MW = 44C0; + 320_'1” _gau'? +18H,0' + 6430', (18
100
ff'g = (.002636MW (14)
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TABLE 1.1A (Continued)

t

_ O 100

024~ J00-H,0'

CO;
e —2 100
CO24 100 - H,0
, N,
N, = ——2——100
2d " 190~ H,0

o
HHV = 14,500C + 62,000 (H2 ~ —81) + 40008

LHV = HHV — 9720H, — 1110W

(13)

(16)

(17)

(18)

(19)

control purposes. Knowing the density of flue gas aids in esti-

mation of flue gas velocity in ducts.

Table 1.1 A shows the equations used for performing the

combustion calculations. Table 1.1B gives the nomenclature used,

and Fig. 1.1 shows the listing of the program along with the re-

sults. An example illustrates the use of the program.

Example

A coal fired boiler operates under the following fuel conditions

(fraction by weight):

Carbon = 0.728

Hydrogen = 0.048

Oxygen = 0.062

Nitrogen = 0.015

Sulfur = 0.022

Moisture = 0.035, rest ash

Excess air = 25% e
Ambient temperature = 80°F

Relative humidity = 0.60 (60%) -~

Perform detailed combustion calgruTaRions.
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TABLE 1.1B Nomenclature Used in Combustion Calculations

Nomenclature Program symbol Description and units
CO, I %Carbon dioxide in wet flue gas
0; J %0xygen In wet flue gas

N; K %Nitrogen in wet flue gas

H,0’ L %Water vapor in wet flue gas

MW A3% Molecular weight of flue gas

SO; Q %Sulfur dioxide in wet flue gas

M M Moisture in air (1b/1d fuel)

svp P Saturated vapor pressure (psia)

T T Ambient temperature ("F)

RH R Relative humidity (fraction)

Pg D Gas denisty at 60°F (Ib/ft>)

014 U %0xygen in dry flue gas

CO,4 \'4 %Carbon dioxide in dry flue gas
Nz4 Add %Nitrogen in dry flue gas

C C Carbon in fuel (fraction)

H, H Hydrogen in fuel (fraction)

8 8 Sulfur in fuel (fraction)

0, ) Oxygen in fuel (fraction)

N, N Nitrogen in fuel (fraction)

F F . Moles of wet flue gas

w w Moisture in fuel (fraction)

Wia A Dry air for combustion (1b/1b fuel)
Won B Wet air for combustion (1b/lb fuel)
Wdg Z Dry flue gas (Ib/lb fuel)

Ywg G Wet flue gas (1b/1b fuel)

E E Excess air factor; 1.25 means 25%
HHV HHV Higher heating value (Btu/Ib)
LHV LHV '

Lower heating value (Btu/lb)




2 PRINT"COMBUSTION CALCULATIONS-SOLID,LIQUID FUELS®
;a INPUT"CARBON, HYDROGEN, OXXYGEN, NITROGEN, SULFUR, MDISTURE, ( £ract ions) , EXCESS AIRY
"sC,H,0,N,8,W,E ]
zsgfﬁg'n“"aﬁﬁmivz HMIDITY( fraction), AMBIENT TEMP=";R,T
30 P=.26+281%16"~0%T"3,25:M=.622P*R/ (14.7-P*R)
35 HHV=14500%C+620001 * (H-. 1 25*0)4-4?%*5 :I.H\{.h-li!i\;—Q?Zﬁ*I-i-l 110%
43 Am(2.664%C+7.93THHHE-0) *{ 180+E) /231 BoA* {14M
58 Mé-e.939999'l}%4\*ﬂ:0-3.66*0+83ﬂ2*5+.77*#&4-.23*4\*5/(1%!:) ¢ InG-A30
60 P=.36318%C+,831255+(A30/18)+( (. TT*AN) /28)+.23*A%E/32/ (106+E) ,
70 1=8.318%C/F1Im23*AYE/32/F/ (1804E) tKe( ( . 7T*AN) / (28*F) ) #1001 Lm(A30/18/F ) *100
83 Q= (.83125%6/F)*100:A35x(44%1+3207+28%K+19%L+64*Q) /100 D=, 0826 36*A35
98 Us=130*(J/(108-L) ) sv=lBO* (1/(100~1) ) 1A45=108*{K/{100~L))

95 PRINT" *
100 PRINT"RESULTS~OOMAUSTION CALCULATIONS®
195 PRIT ™

119 PRINT"FUEL DATA-fractions"
120 PRINT"CARBON, HYDROGEN, OKXYGEN, NITROGEN, SULFUR, MDISTURE"
138 PRINT USING"$##.##8#";C,H,0,N,8,W

142 PRINT "REL~-HIM-fractiorns":R;"EXCESS AIR § =";E

145 pPrINT" *

150 PRINT"WET FLUE GAS AMALYSIS &"

168 PRINT"CARBON DIOXIDE=":1;“OXYGEN=";J; "NITROGEN=":K
17¢ PRINT*SULFUR DICKIDE=";}: "WATER VAPOR=";1,

1809 PRINT" "

199 PRINT"AIR-GAS QUANTITIES-Lb/Lb fuel"

200 PRINT*DRY AIR REQD=";A; "WET AIR REQD=":B

219 PRINT"DRY GAS PRODUCED=";Z;"WET GAS PRODUCED=";G

220 PRINT® "

23@ PRINT"DRY FLUE GAS ANALYSIS 8"

240 PRINT"CARBON DIQKIDE=";V;"OXYGEN=":U: "NITROGEN=": Ad5
250 PRINT" *

260 PRINT*MOLEQULAR WEIGHT®";A35: "FLUE GAS DENSITY,[b/cu ft-60 F=";D
265 PRINT" *

278 PRINT" ING VALUES-STU/LBtHIV="7 HHV; "LHV="; LHV

275 PRINT* "

280 BND

Rm‘ TS-COMBUSTION CALCULATIONS

FUEL DATA-fractions

CARBON, HYDROGEN, (IXYGEN, NITROGEN, SULFUR, MOISTURE
8.728 0.248 0.862 9.215 9.022 2.035

REL~HM-fraction= .6 EXCESS AIR & = 25

WET FLUE GAS ANALYSIS § -
CARBON DIQXIDE= 13,29994 OXYGEN= 3.9]12859 NITROGEN= 74.97235
SULFUR DIQXIDD= .1509983 WATER VAPORx 7.663852

AIR~GAS QUANTITIES~Lb/Lb fuel
DRY AIR REQD= 12.39331 WET AIR REQD= 12.55727
DRY GAS PRODUCED= 12.83642 WET GAS PRODUCED= 13.4645]

Caom N
DRY FLUE GAS ANALYSIS % P
CARBON DIGKIDE= 14.40382 OXYGEN= 4.237624 NITROGENe 8].19501
MOLEQULAR WEIGHT= 29.57248 FLUE GAS DENSITY,Lb/cu £t-6@8 Fw ?.7953858-02

HEATING VALUES-BTU/LB:tHHV= 13139.5 LHv= 12634.99

FIG. 1.1 Listing of program 1.1, with results.
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Solution

Key in the program, a listing of which is shown in Fig. 1.1. In the
RUN mode, the screen asks for the data in the same order; they
are fed in. Then the computer goes on to solve the equations
shown in Table 1.1A and prints out the results.

It is seen that the wet flue gas produced is 13.464 lb/lb fuel,
wet air required is 12.557 1b/lb fuel, and flue gas density is 0.077
Ib/ft3 at 60°F. Dry and wet gas analysis are also obtained.

Any data or result may be obtained by pressing the appropri-
ate key (see Table 1.1B). Heating values of the fuel are also
printed out. It is seen that the higher heating value is 13,139 Btu/
1b.

Reference

V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa,
Oklahoma, 1982, pp. 5-20.

PROGRAM 1.2 COMBUSTION CALCULATIONS FOR
GASEQUS FUELS

Input

Volume of constituents of gaseous fuel
E xcess air

Ambient temperature

Relative humidity

Output

Higher heating value (Btu/ft3)
Higher heating value (Btu/lb)
Lower heating value (Btu/ft®)
Lower heating value (Btu/lb)
Molecular weight of fuel
Molecular weight of flue gas
Dry and wet flue gas analysis
Wet air required for combustion
Wet flue gas prodic:d

Water dew pojnt
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Remarks

Up to 19 gases can be handied.

This program performs detailed combustion calculations for
gaseous fuels and obtains such data as

Molecular weights of fuel and flue gas

Wet and dry flue gas analysis

Wet and dry air for combustion

Water dew point

Wet flue gas quantity

Moles of air and flue gas per mole of fuel

Heating values (higher and lower) of fuei (Btu/lb and Btu/

ft3)

The program considers the effect of moisture in air and relative
humidity, which results in accurate flue gas analysis required for
boiler efficiency determination. In all, 19 gases can be handled

{see Table 1.2A).
The equations used are as follows: the basis is 1 mol of fuel.

Theory
Theoretical dry air (ft? /ft? of fuel) v, is given by

. hatd

o 100 1)
The molecular weight of fuel is
M T = . 17}
Wr Z 100 (2)
The actual dry air v,, based on excess air of E%, is
E
= + ——
am [1 (100” 9)

The amount (mols) of CO, produced is

Vo, = E b;y;/100 (4)
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TABLE 1.2A Fue] Key®

Fuel number Program symbol Description

1 A1) CH,, methane

2 A(2) C, H,, ethane

3 A(3) C3Hyg, propane

4 A(4) CsHjo, butane

b A(B) Cs Hu s pentune

6 A(6) C; Hy, ethylene

7 A(T) C;Hg, propylene

8 A(8) C4Hg, butylene

9 A(9) Cs H; , benezene

10 A(10) C,Hg, toluene

11 A(11) C,;H,, acetylene

12 A(12) NH;, ammonia

13 A(13) H3 S, hydrogen suifide
14 A(14) H; O, water vapor

16 A(15) N;, nitrogen

16 A(18) CO,, carbon dioxide
17 A(LT) CO, carbon monoxide
18 A(18) H;, hydrogen

19 A(19) SO;, sulfur dioxide

8 All constituents are in % volume.,

The (mols) of H, O produced is

Vg = E ¢;Vi/100 + v, v, (5)

where v, = 100 moles of water vapor in air per mole of dry gair and
_ SVP X RH :

Ym = (14.7-SVP X RE) (6)

where SVP is saturation vapor pressure

SVP = 0.08 + 0.281 X 106325 (7
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where t is the ambient temperature (°F) and RH is the relative
humidity (fraction); y, is the volume % of each constituent. a;, b;,
and c; are constants depending on fuel type. For methane, for ex-
ample, a - 9.528, b - 1, and ¢ - 2. (See Tables 1.2B and 1.2C.)

Flue gas analysis is obtained by solving the following equa-
tions. The amount (mol) of N, in flue gas:

vNg = 0.79v, + 0.01 X %N; in fuel (8)
The amount (mol) of SO, :
vVgoo = 001(?0802 + %H, S in fuel) (9)

The amount (rao}) of oxygen in flue gas:

0.0021v,
Y02 %1 4 E/100

Once the various products are obtained, the total volume of
flue gas per mole of fuel is obtained as follows:

(10)

=vgo. *Vg. *VN_ +Ve +V

Wet flue gas analysis may be obtained as follows:

Pe = #CO; in flue gas = 100 (vco,/vg) (12)
Py = %0, in flue gas = 100 (VQ,/Vg) (13)
Pw = %H; O in flue gas = 100 (Ve /vg) (14)
Pp = %N; in flue gas = 100 (szivg) (15)
P = %80, in flue gas = 100 (vsozjvg) (18)

Dry flue gas analysis is obtained by multiplying each con-
stituent by the factor {100/(100 — Pw)l-
The water dew point t4 is obtained from

tq = {(0.147p, — 0.08) X 10%/0.281] 23077 (17)
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TABLE 1.2C Nomenclature for Program 1.2

Nomenclature

Program symbol

Description and units

8y
b;
C
MW,
MW
Pe
Pn
Po

Pw
Ps

g

E
MWF
MWFG
CO2W
N2W
02w
H20
SO2W
CozZn
N2D
02D
S02D
RH
SVP

T

TDP

VFG
WWA
WWG
HHV
HHVW
LHV
LHVW

A(D

Air required (ft3 /ft? fuel)
Constant from Table 1.2B
Constant from Table 1.2B
Excess air (%)

Molecular weight of fuel
Molecular wejght of flue gas
%CO0, in wet flue gas

%N, in wet flue gas

%0, in wet flue gas

%H; O in wet flue gas

%S0, in wet flue gas

%C0O, in dry flue gas

%N, in dry flue gas

%0, in dry flue gas

%S0, in dry flue gas

Relative humidity (fraction)
Saturaticn vapor pressure (psis)
Ambient temperature (°F)
Water dew point (°F)

Moles of dry air per mole fuel
Moles of wet flue gas per mole fuel
Moles of water vapor per mole fuel
Wet air required (Ib/ib fuel)

Wet gas produced (lb/1b fuel)
Higher heating value (Btu/ft*)
Higher heating value (Btu/lb)
Lower heating value in (Btu/ft?)
Lower heating value (Btu/Ib)
Fuel density (1b/ft* at 60°F)
%V olume of constituent gas
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The weight of wet air per pound of fuel w,, is
18v,, + 29v,
Woa = (18)
wa MW,
The wet flue gas per pound of fuel is

MW
Wy g = Vg X Eﬁfl €19)

where MW, and MW, are molecular weights of flue gas and fuel,

respectively.

yiMW;
100

Higher and lower heating values of tuel are obtained as fol-
lows:

MW, = (20)

y.

HHV, = E HHV; 7o (21)

LHV, = Z LHV,y, (22)
378.1

HHY,, = Wv MW, (28)
: 318.1

LHV = LHV, MW, (24)

where

HHYV, = higher heating value (Btu/ft®)
LHV, = lower heating value (Btu/ft®)
HHV ,, = higher heating value (Btu/lb)
LHV,, = lower heating value (Btu/lb)

Example

A gaseous fuel has the analysis: CH, = 83.4, C,H; = 15.8, and
N; = 0.8%, all by volume. Perform detailed combustion calcula-
tions.
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18 DIM AIR{38),MW{3®), CO2FG(30), H20FG{ 39}, HHV( 38), LHV(30) ,A( 20)

20 FOR I=1 TO 19
3@ READ ATR{I} ,MW{1},C020G({I), H20F:(1),HHVI{I), LHVII)

49 NEXT 1 _
5@ DATA 9.528,16.841,1,2,1013.2,913.1,16.675, 38.0867,2,3,1792,1641,23.821,44.092,

3,4,2590,2385,306.967,58.118,4,5,3370,3113,38.114,72.144,5,6,4016, 3709, 14.293, 28.
@51,2,2,1613.2,1513.2

60 DATA 21.439,42.977,3,3,2336,2186,28.585,56.102,4,4, 3984, 2885,35.732,78.1,6, 3,
3751,3601,42.878,92.132,7,4,4454,4284,11.911,26.0836,2,1,1499,1448,3,573,17.831,0
,1.5,441.1,365.1

7¢ DATA 7.146,34.976,1,1,647,59,9,18.016,9,0,0,9,8,28.91,2,2,2,0,0, 44.01,0,8,0,
@,2.382,28.901,1,0,321.8,321.8,2.382,2.016,0,1,325,275,8,64.06,06,8,8,0

80 INPUT"EXCESS AIR §,AMB TEMP, REL. HM-FRACTION='":E,T, RH

9@ INPUT“GAS NO, ANALYSIS=";I,A(1)

120 IF All)=¢ GOTO 12¢

118 GOTO 99

120 HHV=9: LIN=0: Al R0 : MWF=D : OD2FG=0 : H23EG=0

133 FOR I=l TO 19

140 HHV=HHV+.81*A{1) "N (1)

15@ LEN=LHV+.81*A(I)*LHV(I)

168 AIRsATR+.@1*A{1)*AIR(])

17@ CO2FG=C02FG+.B1*A(1)*C02FG(T)

188 H20FG=H20FG+.F1*A{ 1) *E208G(1)

190 MWP=MWE+ . B1*A(1)*MW(I)

200 NEXT 1

219 HHVW=HHV* 378, 1 /MWE

220 LIVW=LHV*378.1/MWE

230 ALRA=AIR* (1+.@1%E) : SVP=.08+281* 18 ~9*T" 3, 25: VM=SVP* Rei/ (14. 7-SVP*RH)

248 VH20-H20FGHM*AIRA: VN2=. 7T9*ATRA+.B1*A{15)

258 VB02=.21* (A(13}+A(19) ) :VO2=.8021*AIRE

268 VFG=VSO2+VO2+VN2+VH20+CO2EG : Q02W=103* CO2FG /VFG : 02w 100" V02 /VFG

278 H20=100*VH20,/VFG :N2W=1 BQ*VN2 /VFG : SO2W=100*VS02/VFG : P=1 03/ ( 180-H20)

289 COZD=CO2W*F :020=02W* £ :N2D=N2W* F : SO2D=SO2W* F

}?96 wm:—us*w*mwzwnmvmmm(oow.44+02w*.32+nzo*.18+.28w2w+.64*302w
295 TDP=((.147*H20-.08)*18"6/.281) ~. 3077

33T WWNG=WA+ 1

318 PRINT" " -

32¢ PRINT"COMBUSTION CALCULATIONS-GASEOUS FUEL"

330 PRINT" ™ '

340 PRINT”FUEL DATA"

345 PRINT"GAS NO  ¥VOLIME"

350 FOR I=l TO 19

355 IF A(I)=¢ GOTO 37@

36¢ PRINT I,A(1)

FG. 1.2 Listing of program 1.2, with results.

Solution

Key in the program, a listing of which is in Fig. 1.2. In the RUN
mode, the screen asks for ambient temperature { 70}, relative
humidity (0.80) and excess air (15}, which are fed in. Then, the
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370 NEXT I )
386 PRINT"EXCESS AIR $=";E;"AMB TEMP=";T;"REL HUM-FRACTION=";RH
390 PRINT* " i}

408 PRINT"MOL WT' FUEL<":MWF;"MOL WT FLUE GAS=";MWFG

413 PRINT*HV -BTU/LB=":HHW; "LHV ~BTU/LB="{LHUW

420 PRINT“HHV-BTU/CU FT=";HHV;"LHV-BTU/QJ FI=";LIV

438 PRINT* *

440 PRINT"WET GAS FLUE GAS ANALYSIS-% VOL"

453 PRINT" *

46@ PRINT"O02 =";C02W;"H20 =";H20;"02 =";02W;"N2 =";N2W;"502=";S02W
478 PRINT" "

483 PRINT"DRY FLUE GAS ANALYSIS-$VOL"

498 PRINT" *

538 PRINT"CO2=";002D; "02 =”;02D;"N2 =":N2D:"SO2=";S02D

514 PRINT" *

528 PRINT"WET AIR-LB/LR FUEL=":WWA;"WET FLUE GAS-LB/LB FUEL=":WWG
525 PRINT" "

533 PRINT"DEW POINT OF WATER VAPOR-F=";TDP

535 PRINT® “

543 END

GAS ND  SVOLIME
1 B83.4
2 15.8
15 .8
EXCESS AIR %= 15 AMB TEMP= 7@ REL HM-FRACTION= .8
MOL WP FUEL= 18,35286 MOL WI FLUE GAS= 27.69529
BV -BIU/LB= 23241.69 LWV -BTU/LP= 21330.28
HHV-BTU/CQU FT= 1128.145 LHV-BTU/CU FT= 1928.803
WET GAS FLUE GAS ANALYSIS-t% VOL
QD2 = B8.525802 H2O = 17.67677 02 = 2.471011 N2 = 71.32641 S02= @
DRY FLUE GAS ANALYSIS-¥VOL
Q2= 18,3565 02 = 3.001597 N2 = 86.64191 SO2= @
WET AIR-LB/LB FUEL= 19,.46499 WET FLUE GAS~-LB/IB FUE= 20.46499
DEW POINT OF WATER VAPOR-F= 137.8046

FIG. 1.2 (Continued)

gas number and %volume of constituents present are fed in. Then,
to execute the program, input the gas number of a gas not present,
say, 4, and its volume, 0. The computer then solves all of the
equations and prints out the results, as seen in Fig. 1.2.
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PROGRAM 1.3 EFFICIENCY OF BOILERS AND HEATERS
BASED ON ASME POWER TEST CODE

Input

Carbon
Hydrogen

Oxygen

Sulfur

Moisture

Nitrogen

£ xcess air

Ambient temperature

Exit gas temperature

Relative humidity

Radiation loss ;‘r‘
Duty

Unaccounted loss

Output

Dry flue gas loss

Air moisture loss

Fuel moisture loss

Radiation loss

Efficiency on higher heating value basis
Efficiency on lower heating value basis
Higher heating value of fuel

Lower heating value of fuel

Remarks

This program is applicable for solid and liquid fuels. It uses the ASME
PTC 4.1 method of losses. Radiation loss is also determined based on
the ABMA curve, and the higher input of radiation loss and ABMA
value are used. Radiation loss can also be input as zero, and the pro-
gram then uses the ABMA value.

The program calculates the various losses associated with the com-
bustion of solid and liquid fuels based on the ASME power test
code* and predicts the efficiency on a higher and a lower heating

*ASME power test code, Performance test code for steam generating units,
PTC 4.1.
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value basis if the exit gas temperature and ambient conditions are
known. The effect of relative humidity is considered. The pro-
gram accepts any desired radiation loss and uses the higher of the
ABMA chart value and the input radiation loss.

Theory

Given the fuel ultimate analysis, combustion calculations may be
performed as follows.

HHV = 14,5600C + 62,000(H, ~ 0.1250,) + 40008 (1)
LHV = HHV - 9720H, — 1110W (2)
SVP =0.08 + 0.281 X 1076¢,3-% | (3)
M = —0:00822 X RH X SVP 4)
14.7-0.01 X RH X BVP
W,y = 22.58C + 34.3(H, — 0.1250;) + 4.298 (5)
w, = w,(1+0.01K) | (6)
G = 8.49H, + W + 0.01w,EM (T)

The various losses are as follows.

| b, —t
L, = [24w,(1 + M) + (1~ G)] fmﬁ (8)
L, = 100(9H, + W) 1080+ 0.46t, "ty
3 = 100(9H, + W) ————— (9)
L; = 46Niw (1 + 0.01E Yt
3 l“a . ) I’IHV (10)
Lg = 109.62 - 0.4210gQ (11)

Equation 11 is based on the ABMA radiation ioss chart. How-
ever, the program will also accept any radiation loss input
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TABLE 1.3 Nomenclature for Program 1.3

Nomenc]ature Program symbol | Descnptlon and units

C C Carbon in fuel (fraction)

E E Excess air (%)

G G Moisture (1b/1b fuel)

H, H Hydrogen in fuel (fraction)
HHV Vv Higher heating value (Btu/lb)
L, I Dry gas loss (%)

L, J Loss due to fue]l moisture (%)
Lj K Loss due to air moisture (%)
L4 N Radiation loss (%)

L X Unaceounted lass (%)

LHV L Lower heating value (Btu/lb)
M M Moisture in air (1b/lb dry air)
N, Y Nitrogen in fuel (fraction)
0, 0 Oxygen in fuel (fraction)

Q Q Duty of boiler (MM Btu/hr)
RH R Relative humidity (%)

S S Sulfur in fue] (fraction)

SVP P Saturated vapor pregsure (psia)
ty B Ambient temperature (°F)

t T Exit gas temperature (°F)

W, - Actupl air (Ib/lb fuel)

Wat A Theoretical air (1b/1b fuel)
THHV A2T Efficiency, HHV basis (%)
TLHV A28 _ Efficiency, LHV basis (%)

and use the larger of the two. This provision is given because
several heat recovery boiler and fired heater manufacturers use a
value for radiation loss different from the value obtained from the
ABMA chart, which is widely used by utility and industrial boiler
designers. For the nomenclature, see Table 1.3.

Then, efficiency based on higher heating value is given by

T)HHV = 100""(1:; +L, + Ly + Ly + Ls} {12)
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where L; is the unaccounted loss or margin, which the boiler
designer would use in the evaluation of efficiency.

Once the efficiency on a HHV basis is obtained, it can be
converted to an LHV basis using the equation

HHYV
MLHV = THHV [y (13)

Figure 1.3 gives the listing of the program.

Example

An oil-fired boiler of duty 150 MM Btu/hr has the following data
(fuel data are in fractions by weight):

Carbon = 0.865

Hydrogen = 0.125

Oxygen = 0

Sulfur = 0.01

Moisture = 0

Nitrogen = 0

Excess air = 20%

Ambient temperature = 80°F

Exit gas temperature = 350°F

Relative humidity = 60%

Radiation loss = 1.5% (if unknown, input 0 and the program
uses the ABMA value)

Duty = 150

Unaccounted loss = 0%

Determine the efficiency based on a higher and lower heating
value of fuel and the various losses.

Solution

Key in the program. In the RUN mode, the screen display asks for
the data in the same order given here. Once these are fed in, the
program solves the equations and prints out the results shown in
Fig. 1.3. It may be seen that the efficiency on a higher heating
value basis is 86.4%; that on a lower heating value basis is 91.9%.
Heating values and the losses are also printed out.



18 PRINT"BOILER FFFICIENCY USING ASME PTIC METHOD -SOLID/LIQUID FUELS"

20 INPUT"CARBON, HYDROGEN, OXYGEN, SULFUR, MDISTURE, NITROGEN-FRACTIOS="; C,H,0, S, W, Y
3@ INPUT"EXCESS AIR §,AMBIENT TEMP,EXIT GAS TEMP,REL HM #":;E,B,T,R

40 INPUT"RADIATION LOSS $-PROGRAM COMPUTES THE LARGER OF THIS VALUE AND THE ABMA
VALUE -IF ABMA VALUE IS TO BE USED INPUT ZERD=";A29

59 INPUT"DUTY MM BTIU/H(HHV BASIS),UNACCOUNTED 1OBS #=";Q,X

60 Val4583%C+62008 1 * (H=. 125%0)+4000* S 1 Lm=V~3720%1-11 19*W

70 P=.B8+281*10"-9*B"3.25: M= ,08622*R*P/ (14.7-.01*R*P)

80 A=11.53*C+34.3*%(H~.125%0)+4.29*5:1G=8.939999% 1+ . A1 *AVE* M

90 Im24*(A*(1+.B1*E)* {14M)+1-G) *{T=B} /V1I=100* (I* W)} *{ 1060+.46%T-B) /V
100 Km46*M*A* (1+.81*E)*(T-B) /ViN=18" (.62-.1824*L0G(Q) ) :N=. 5* { A29-HN+ABS(A29-N) )
110 A27=100-( IhJ+KHHX) 1 A28=A27*V/L,

115 PRINT" "

120 PRINT"RESULTS~-BOILER EFFICIENCY"

130 PRINT" "

148 PRINT"FUEL DATA"

158 PRINT™ *

168 PRINT"CARBON=":C: “HYGROGEN=";H; "MOISTURE=" ; W; "CQXYGEN="3;0

17¢ PRINT" "

188 PRINT"SULFUR=";S; “NITROGEN=";Y

1909 PRINT" *

200 PRINT"AMB TEMP=";B;“EXIT GAS TEMP=";T;"REL HM %=";R;"EXCESS AIR $=";E
21@ PRINT" “

220 PRINT"FUEL HHV-BTU/LB=";V;"FUEL LHV-BTU/LB=";L

230 PRINT" "

240 PRINT"BOILER HEAT LOSSES-%"

250 PRINT" "

260 PRINT'DRY GAS LOSS="I;"AIR MDIST LOBS=";K;"FUEL MDIS LOSS=";J

278 PRINT*

286 PRINT"RAD LOSS=";N;"UNACC LOSS=";X

308 PRINT" CIENCY HHV BASIS $=";A27;"LHV BASIS #=";A28

305 PRINT" "

319 pD

DUTY MM BTU/H(HHV BASIS),UNACCOOUNTED LOBS $x? 15,8
RESULTS-BOILER EFFICIENCY

FUEL DATA

CARBON= ,B65 HYGROGEN= .125 MDISTURE= @ OXYGEN= @

BULFUR= .01 NITROGEN= §
WMWWT@SMWR&&M&MWMR%*E
FUEL HHV-BTU/LB= 20332.5 FUEL LHV-BTU/LB= 19117.5

BOILER HEAT 10QSSES~%

DRY GAS LOSS= 5.493257 AIR MDIST LOSS= ,1387193 FUEL MOIS LOSS= 6.423829
RAD 10S9= 1.5 UNAOC LOSS= @

EFFICIENCY HW BASIS = 86.4442 LHV RASIS %= 91,9381

FIG. 1.3 Listing of program 1.3, with results.

21
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PROGRAM 1.4 EFFICIENCY OF BOILERS AND HEATERS
BASED ON FIELD DATA

Input

Fuel type {coal, oil, or gas)

Higher heating value =

Lower heating value

%Oxygen, nitrogen, and carbon monoxide in dry flue gas by
volume

Exit gas temperature

Ambient temperature

Radiation and unaccounted fosses

Qutput

Excess air

Wet flue gas loss

Efficiency on higher heating value basis
Efficiency on lower heating value basis

Remarks

This method may be used for good engmeering est;mates of bo;ler
effigiency in the absehice of fuel ultimate analysls.

The program calculates the efficiency of hoflers and heaters fired
on coal, oil, or gas on higher and lower heating value hasis if
the flue analysis, exit gas, and ambient temperatures are known.
Fuel ultimate analysis is not needed. The estlmate is adequaqe

for engineermg purposes.
T_heory
Excess air from the dry flue flue gas analysis is obtained from*

100(0, — CO/2)
0.264N; = (0, ~ 00/2)

E= (1)

;;’8 fuuzp;thy, Applied Heat Trgnefer, Pennwell Books, Tula, Okighomag,
p
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The wet flue gas quantity is given by

10 ]HHV (2)
HHV | 10°%

The wet flue gas loss, on LHV basis, is given by

w = [A(l +0.01E) +

i, —t
= K__ 8 3
L = 24w LAV (3)

If Z is the radiation and unaccounted loss (%), the efficiency on
a LHV basis is given by

Ny =100-L -2 (4)
Then, efficiency on a HHV basis is obtained from
N LHV
THHV = TLHV gy (8}

Table 1.4 shows the nomenclature. An example illustrates the use
of the program, a listing of which is shown in Fig. 1.4.

Exampie

Flue gas analysis on a dry basis performed on an oil-fired boiler
gives the following data.

%02 = 3.2
%Ng =78
%CO = nil
Exit gas temperature = 350°F
Ambient temperature = 80°F

If fuel higher and lower heating values are 18,450 and 17,345 Btu/
Ib, respectively, determine the excess air, flue gas quantity, flue
gas loss, and efficiencies on a higher and a lower heating value
basis. Assume that radiation and unaccounted losses total 2%.

Solution

K'ey in the program, a listing of which is given in Fig. 1.4. The
display asks for the data in the same order as given here:
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TABLE 1.4 Nomenclature

CHAPTER 1

Nomenclature Program symbol

Description and units

A A Factor used in combustion
calculations (1b/MM Btu)

E E Excess air (%)

(%4 C %Carbon monoxide in dry flue gas
by volume

L X Wet flue gas loss (%)

N, N %Nitrogen in dry flue gas

0, 0 %0xygen in dry flue gas

HHV H Higher heating value (Btu/Ib)

LHV L Lower heating value (Btu/Ib)

ty B Ambient temperature (°F)

t T Exit gas temperature (°F)

w W Wet flue gas (1b/1b fuel)

Z Z Radiation and unaccounted
losses (%)

THHV J Efﬂciency on HHV basis (%)

MKy I Efficlency on LHV basis (%)

Fuel number {2) (input 1 for coal, 2 for oil, and 3 for natural

gas)
HHV (18,450)
LHV (17,345)
%0, (3.2) -
%N, (78)
%*CO (0) .

Exit gas temperature (350)
Ambient temperature (80)

Radiation and unaccounted losses (2)

Qn-ce thege data are input, the program solves the various equa-
tions and prints out the results. It is seen that excess air is 18%,
flue gas loss = 6.45%, efficiency on LHV basis is 91.54%.
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18 PRINT"EFFICIENCY OF BDILERS FROM FIELD DATA"

2¢ INPUT"FUEL TYPE NO-1 FOR (DAL, 2 FOR OIL,3 FOR N.GAS=";K

3¢ INPUT"FUEL HIGHER HEATING VALUE,LOWER HEATING VALUE-BTU/LB=";H.L
40 INPUMDRY FLUE GAS ANALYSIS$-CO,02,N2=";C,0,N

58 INPUT"EXIT GAS TEMP,AMB TEMP, RADIATION PLUS UNACC LOSSES=";T,B,2Z
6@ B=(0-.5*C)/(.264*N-(0O~.5*})

70 A=ABS( (K=1)*760+(K=2)}*745+{1:=3}*738 )

80 w=( (A*(1+E)+1076/H)*H/18™: - ¥ < 24* {T-B) *W/L

99 I=100-X-Z:E=10*E:J=1"L/1i

95 PRINT" *

10&¢ PRINT"RESULTS"

119 PRINT" *

120 PRINT"FUEL TYPE-~1 IS QORL,2 IS ~IL,3 IS N.GAS=":K

138 PRINT" "

14@ PRINT"HHV-BTU/LB=";H; "LV-B1"J/18="; L

150 PRINT" *

160 PRINTYEXCESS AIR=":E

165 PRINT" .

178 PRINT"AMB TEMP=";B;"FXIT TEMP=":T

183 PRINT" "

19¢ PRINT"FLUE GAS-LB/1B FUEL=";W; “8CO=";C; "SN2=";N; "$02=":0

195 PRINT" *

200 PRINT"FLUE GAS LOSS=";X; 'OTHIP [SSES=":7;"EFF (N LN BAS.S-$=": 1
21@ PRINT" "

20 PRINT"EFF ON HV BASIS-g=".J

233 END

RUN
EFFICIENCY OF BOILERS FROM FIELD IATA

FUEL TYPE ND-1 FOR (DAL,2 FOR OIL,3 FOR N.GAS=? 2

FUEL HIGHER HEATING VALUE,LOWER HFATING VRiUE-BTU/L8=? 184508,) 7345
DRY FLUE GAS ANALYSISR-Q0,0Z,N2=? @,3.2,78

EXIT GAS TEMP,AMB TEMP, RADIATION FLUS INACC LOSSES=? 353,88,
RESULTS

FUEL TYPE-1 IS (AL,2 IS OIL,3 IS N.GAS= 2

HHV-BTU/LB= 18450 LHV-BIU/L3= 17345

EXCESS AlR= 18,39927

AMB TEMP= 89 EXIT TEMP= 158

FLUE GAS~LB/LB FUEL= 17.27428 %C0O= @ ¥N2= 78 %02= 3.2

FLUE GAS L0OS9= 6.453578 OTHER LOSSES= 2 EFF (N 1HV BASIS-%= 91.54642

EFF ON HHV BASIS-%= 86.986356
FIG. 1.4 Listing of program 1.4, with results.
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PROGRAM 2.1 PRESSURE DROP OF SATURATED AND
SUPERHEATED STEAM IN PIPES

Input

Steam pressure

Temperature {if saturated, input 0 will enable program to estimate
saturation temperatyre}

Flow

Pipe inner diametes

Output

Steam Temperature

Velocity

Specific volume

Pressure drop per 100 ft of pipe

Remarks

ASME 1967 formulations are used to compute steam properties.
Saturated steam temperature, if required, is computed by the program
by the input of 0 for steam temperature.

The program calculates the pressure drop of saturated and super-
heated steam in tubes and pipes for a length of 100 ft, given the
steam pressure and temperature, flow, and pipe inner diameter.

If the steam is in a saturated condition, the input of zero for tem-
perature will accomplish the calcuiation of the saturation tempera-
ture. Ther is no need to refer to the steam tables for the proper-
ties. The program also computes the steam velocity and prints out
the pressure drop, specific volume. pressure, and temperature, and
velocity. ASME 1967 formulations are used in the estimation of
steam properties. The Appendix gives these correlations.

Theory

Pressure drop of fluids flowing in pipes or tubes may be estimated
from the following equations (for a length of 100 ft of pipe)*:

—4 pr2
Ap = 3:36 X 107 W2y
a;®
*V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa, Oklahoma,
1982 p. 522,

(1)
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30
_ 36 0.33}
f—0.0055{1+[(dl) } (2)
The velocity V is given by
V= .05“;v (3)
d;

Table 2.1 gives the nomenclature and Fig. 2.1 the listing.
If the steam is in a saturated condition, the input of zero for

the temperature results in estimation of the saturation tempera-
ture using the equation

t = 115p022%

Steam temperature and pressure are required to estimate specific
volume.

(4)

Example 1
In a boiler superheater, steam conditions are as follows:

Pressure = 1000 psia
Temperature = saturated (use 0 if saturation thperature

is unknown)
~ Flow = 4500 Ib/hr
Tube inner diameter = 1.75 in.

TABLE 2.1 Nomenclature for Progam 2.1

Nomenclatnre Program symbol N Description and units

di D - ll;xpe_;; tube inner diameter (in )
f F Friction factor

P P Steam pressure (psia)

AP Z Pressure drop per 110 ft (psi)

t T Steam temperature (°F)

v \% Specific volume (ft° /ib)

\' S Veloclty (ft{sec)
w ws Steam flow (lb/hr)

LA it it o s o o s el ke ik b b . e o e e e et e
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18 PRINT“PRESSURE DFOP OF STEAM IN PIPES™

20 INPUT"PRESSURE~PSIA, TEMPERATURE({IF SATURATED IN PUT @ AND PROGRAM (DMPUTES TE
MP), FLOW-LB/H,PIPE ID-IN=";P,T,WS,D

30 IF T=Q THEN Tw115%P",225

40 GDSUBR 500

58 S=.@5"WS*V/D/DiP=.8055*% (14+({36/D)+1)".33)

63 =, 080336 WS*WSHWF/D"S |

7@ PRINT" *

80 PRINT"PRESSURE DROP (F STEAM"

9¢ PRINT*

103 PRINT"FLOW=";:;WS; "TEMP=" ; T} *PRESS~-PS[Am"; P

119 PRINT" *

120 PRINT"SP VOL=";V;"VELOCITY-FT/9="1S;"PRESS DROP/100 FI-pSI=";Z

130 PRINT" .

14¢ PRINTPIPE ID~INe";D

15@ END

500 T=273.1+(T-32) /1.8:P=P/14.696

518 K=808701 /T/T1LmlG K" (~2641.62/T) 1Ml , 8F+L sNa*P*P/T/T

520 O=2+(3724201/7/T) 1QmO*L1 R=1 . 894Q1 Um{ . 218261 269781 /T) 1Ve2*U*R- (M/'T) %1 26463
)

538 We82,54~1624681 /T1Yw2*W*R~(M/T)*1624601

540 Ve (( (UMW) ™WN/P+1) *M+4. 5584%T/P) * . 5168185

590 Pe14.696*P:T=(T-273.15)*1.8+32

600 RETURN

PRESSURE DROP CF STEAM

FLOW= 4500 TEMP= 544.8339 PRESS-PSIA= 999.9999

SP VOle= .4449299 VELOCITY-FT/S= 32.68873 PRESS OROP/109 FT-pSIi= 3.809615
PIPE ID-INe 1,75

PRESSURE DROP OF STEAM IN PIPES

PRESSURE-PSIA, TEMPERATURE(IF SATURATED IN FUT 8 AND PROGRAM OOMPUTES TEMP), FLOW~
LB/H,PIPE ID-IN=? 1009, 650,45008,1.75

PRESSURE DROP COF STEAM

FLOW= 4580 TEMP= 649.9] PRESS-~PSIA= 999.9999

SP VOi= ,5633157 VELOCITY-FT/S= 41.38646 PRESS IROP/10% FT-PSI= 4.823269
PIPE ID-INm 1,75

FIG. 2.1 Listing of program 2.1, with results.
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Determine the velocity, specific volume, saturation temperature,
and pressure drop per 100 ft of tube.

Solution _

Key in the program. In the RUN mode, the screen asks for the
data in the same order given; they are fed in. The program solves
all the equations and prints out the results. It is seen from Fig. 2.1
that specific volumie is 0.445 ft? /1b, velocity is 32 ft/sec, and pres-
sure drop per 100 ft is 3.81 psi. Saturation temperature is 544°F.

Example 2

Use superheated steam at 650°F at the samé pressure and flow
conditions:

Solution

It is seen that specific volume ig 0.564 ft* /b and pressure drop is
4.83 psi. Steam velocity is 41 ft/sec.

PROGRAM 2.2 PRESSURE DROP OF WATER IN PIPES

Input

Water flow (either Ib/hr or gpm)
Temperature

Pipe inner diameter

Ouitput

Flow (gpm)

Flow {ib/hr)

Water velocity

Specific volume

Pressure drop per 100 ft of pipe

IS

Remarks

The flow rate can be input in Ib/hr or in gpm; the program computes
both the values.

The program calculates the pressure drop of water in pipes and
tubes given the flow (Ib/hr or gpm), tube inner diameter, and tem-
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perature. Final results include the flow (in both lb/hr and gpm),
velocity, and pressure drop per 100 ft of pipe.

Theory
The pressure drop of fluid per 100 ft of pipe is given by

—4 2
AP=3'§6xﬁ150 Wiy (1)

The friction factor f is abtained from

f = 0.0065 {1 + [ (39)4» 1}0'33} (2)

The specific volume v is obtained from
v=0.016 for t < 120°F

v =0.0149 exp (0.000655t)  for t> 120°F
Then the velocity of water V is
v = 0050y d?;” o (4)

(3)

The flow (1b/hr) is related to gpm as
q = 0.125Wv (5)

Table 2.2 shows the nomenclature; Fig. 2.2 gives the listing
and printout of results.

Example 1

In a boiler plant, 900 gpm of water at 175°F flows in a pipe of
inner diameter 5.762 in. Determine the flow (1b/hr), velocity, and
pressure drop.

Solution

Key in the program. In the RUN mode, the screen asks for the
following data in the same order given:

Water flow (lb/hr = 0, if unknown, input 0)
Flow gpm = 900
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TABLE 2.2 Nomenclature for Program 2.2 |
Nomenclature Program symbol Description and units

d; D Pipe or tube inner diameter (in.)
f F Friction factor

AP Pressure drop per 100 f (psi)

q Q Flow in (gpm)

t T Water temperature (°F)

v \4 Specific volume (ft3 /1b)

v VA Velocity (ft/sec)

w W Flow (Ib/hr)

Temperature = 1786
Pipe ID = 5.762

Once these data are fed in, the program solves the equations and
prints out the results. It is seen that flow (Ib/hr) = 438,495, velo-
city is 10.85 ft/sec, and pressure drop is 2.68 psi per 100 ft.

Example 2

A total of 50,000 lb/hr of water at 220°F flows in a pipe of ID =
2.9 in. Determine the velocity, pressure drop, and flow (gpm).

Solution

In the RUN mode the screen asks for the same data as before, We
input 50,000 for flow in lb/hr and 0 for flow in gpm. The results
are shown in Fig. 2.2: gpm is 105, and pressure drop is 1.27 psi
per 100 ft.

PROGRAM 2.3 PRESSURE DROP OF AIR AND FLUE GAS
IN TUBES AND PIPES

Input

Flow (Ib/hr or scfm)
Pressure
Temperature

Pipe inner diameter
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1@ PRINT"PRESSURE DROP (F WATER IN PIPES"
15 PRINT'FLOW MAY BE GIVEN EITHER IN LB/H OR IN GPM.PROGRAM COMPUTES 80TH.IF 10
W IS NOT KNOWN IN L8/H OR IN GPM,INPUT ZERO FOR THAT VALUE"

20 INPUT"WATER FLOW-LB/H, WATER FLOW-GPM, TEMPERATURE,PIPE ID-IN=":W,Q,T,D

30 IF T<=120 THEN V=.816

42 IF T>120 THEN V=.P149*EXP(.008555*T)

53 IF W=d THEN wW=8*Q/V

63 IF Q= THEN (.1 25%Wry

7@ F=.0855% (1+( (36/0)1+1)".33) 1 P=.0M0 3364 1A WEWRY /D75

80 Z=.85*W*V/D/D

9% PRINT” *

180 PRINT“PRESSURE DROP-WATEK'"

118 PRINT" "

120 PRINT"FLOW-LB/H="W; " FLOW -GPM=";Q; "TEMP= '; T

138 PRINT"

148 PRINT"WATER VELOCITY=-FT/8=";Z: "SP VUL~ k1 {is=";V
lw mll [1]

16& PRINT"PRESSURE DROP/180 FT-PSI=";P

179 END

PRESSURE DRUP-WATER

FLOW-I.B/H= 438495.7 FLOW-38= 93 TtMb- 175

WATER VELOCITY-F1/8= 10.84316 SP VOL~U FI/I8= l.04:277 -V

PRESSURE DHOP/180 FT-PSI= 2.63466]

PRESSURE DROP OF WATER IN PIPES

FLOW MAY BE GIVEN EITHER IN LB/H OR IN GPM.PROGRAM (DMPUTLES BOTH. IF FLOW 1S NOY
KNOWN IN LB/H GR IN GPM,INPUT ZERO FOR THAT VALUE

WATER FLOW-LHB/H, WATER FLOW-GPM, TEMPERATURE, PIPE ID-TN=? 50000,8,220,2.2
PRESSURE DROP-WATER

FLOW-LB/H= S030¢ FLOW-GPM= 105.2189 TEMP= 220

WATER VELOCITY-FT/S= 5.084464 SP VOL~CU FT/LB= 1.6835Q2E~@2

PRESSURE DROP/106 FT-PSI= 1.272416

F1G. 2.2 Listing of program 2.2, with results.

Output

How (Ib/hr)
Vlow (acfm)
Flow (scfm)
Velocity
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Specific volume

Density

Pressure drop per 100 ft of pipe (psi)
Pressure drop (in. of water column)

Remarks

Flow is calculated in Lb/h, acfm (actual cubic feet per minute}, and
scfm (standard cubic feet per minute) given the flow either in ib/hr
or scfm.

The program calculates the pressure drop of air and flue gases
(having nearly same molecular weight as air) inside circular ducts,
pipes, or tubes. The effects of pressure and temperature are con-
sidered. Flow can be entered either in Ib/hr or in scfm (standard
cubic feet per minute) and program computes the flow in lb/hr,
acfm, and scfm, along with velocity, density, specific volume, and
pressure drop per 100 ft (both in psi and in in. of water).

Theory

The following equations are used. Table 2.3 gives the nomencla-
ture,

AP - 3.36 );—i%gﬁfwzv (1)
- (460 +t) =l 1 (2)
2.7P P
ﬁ 0.33
f=0.0055-1+l: 1]

The pressure drop (psi) is related to loss in in. WC as
AP = 27.7H (4)
The flows (scfm, acfm, and Ib/hr) are related as

. |

%=%5 (58)
- Wy

% (5b)
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TABLE 2.3 Nomenclature for Program 2.3

Nomenclature Program symbol Description and units

d; D Pipe or tube inner diameter (in.)
f F Friction factor

H H Pressure drop per 100 ft (in. WC)
P P Pressure (psia)

9, Q Flow (acfm)

9 N Flow (scfm)

t T Temperature (°F)

v \ Specific volume (ft* /ib)

v S Velocity (ft/sec)

w w Flow (lb/hr)

AP Z Pressure drop (psi)

p G Density (1b/ft>)

The velocity V is given by

(6)

where the scfm is estimated at 70°F. A listing of the program is
shown in Fig. 2.3 along with the results.

Example

Air flows in a pipe with the following parameters:

Flow (lb/hr) - 900, scfm = 0; if unknown, input 0
Pressure = 15 psia

Temperature = 60°F

Pipe ID = 3.068 in.

Determine the pressure drop and related parameters.

Sofution

Key in the program. In the RUN mode, the screen asks for the
data in the same order given; they are fed in. The computer solves
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PRINT*GAS PRESSURE DROP IN PIPES"
PRINT"FLOW MAY BE GIVEN EITHER IN LB/H OR IN SCFM AND PROGRAM (DMPUTES BOTH T
VALUES; INPUT ZERO FOR THE UNKNOWN"

INPUT" FLOW-LB/ H, FLOW~SCFM, PRESS~-PSIA, TRP-F,PIPE ID=";W,N,P,T,D
IF wWe THEN We4.5*N

IF MO THEN NeW/4.5
M=.0619+.800042* (T-508) 1vw (460+T) /2.7/P1G=1/V

P, BB55* (14 (36/D)+1)".33)

Z=, BO0336* F*W*W* /D S s =27 . 742 : Sm . @5*WEV/D/D 1 Qow*V /68

PRINT® "

PRINT"PRESSURE DROP CALCULATIONS"

106 PRINT" *

112 PRINT"GAS FLOW-LB/H=";W;:"FLOW-SCFM="$N; "FLOW-AFM=" ;0

120 PRINT™ “

138 PRINT"GAS PRESS-PSIAs=")P;"TEMP=";T;"VELOCITY-FT/9=";§

140 PRINT" *

15¢ PRINT"DENSITY-LB/QU FI=";G;“TUBE ID=";D

169 PRINT"” *

170 PRINT"PR DROB-PSIn";Z:"PR DROP-IN WC=":H

IBG.PRIHT“ "

198 END

GAS PRESSURE DROP IN PIPES

FLOW MAY BE GIVEN EITHER IN LB/H OR IN SCFM AND PROGRAM QUMPUTES BOTH THE VALUES
1 INFUT ZERO FOR THE LRKNOWY

FLOW-LB/H, FLON-SCFM, PRESS-PSIA, TEMP-F, PIPE ID=? 900,9,15,60, 3.068

ERECBELRELE

PRESSURE DROP CALCULATIONS
GAS FLOW-LB/H= 900 FLOW-SCPM= 200 FLOW-ACFM= 192.5926
GAS PRESS-PSIA= 15 TE®= 60 VELOCITY-FT/S= '61.3332_3
DENSITY~LB/CU FI= 7.788461E~32 TUBE ID= 3.068

PR DROP-PSI= 2344246 PR DROP-IN WOs 6.493562

FIG. 2.3 Listing of program 2.3, with resuits.

all the equations and prints out the results. It is seen that velacity
is 61 ft/sec, pressure drop is 0.23 psi or 6.49 in. WC, flow is 182
acfm (actual cubic feet per minute), or 200 scfm, and density is
0.078 1b/ft3.
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PROGRAM 2.4 FUEL OIL PROPERTIES AND PRESSURE
DROP OF OIL IN PIPES

input

Temperature and viscosity af any two temperatures of oil
Operating temperature

Degree API

Flow (Ib/hr)

Pipe inner diameter

Output

Flow (gpm)

Reynolds number
Viscosity of ail (tb/ft hr)
Specific gravity

Density

Pressure drop per 100 ft

'This program calculates the properties of fuel oil, such as vis-
cosity, density, and specific gravity at any given temperature and
also the pressure drop in lines given the flow and pipe inner diam-
eter. A check is made for the type of flow, that is, laminar or
turbulent.

Theory
The pressure drop per 100 ft of pipe is given by the equation
_3.36 X 107 fw?

AP
where p Is the density at the operating temperature 5. p s ob-
tained from
] ]
vE"= = T +e(t - 60)) (2)
P fan

Peo i the density at 60°F, and e is the expansion factor,* which js
e=0.0035 for degree API < 15

e = 0.00040 for 15 < API < 35
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and
e = 0.00050 for API1 > 35 (3)

The density at 60°F is given by

_141.5 X 62.4 (4)
Peo = 181.5 + API -

The friction factor f depends on whether the flow is laminar
or turbulent, which can be determined if the Reynolds number Re

is known.

15.2W
Re = == 5
™ (5)
f = 64/Re for Re < 2100 (6a)

| 6 033 |
£ = 0.0055 [1 +(38+ L2 ] for Re>2100  (6b)
i

Fuel oil viscosity is available in the form of charts in several
readily-available handbooks, including the North American Hand-
book (pp. 20-23).

To arrive at the viscosity at the operating temperature, we
need to input the viscosity at any two temperatures. The program
then uses the following equation that fits the viscosity curves

loglogu=X+Yt (7

The advantage of this approach is that once the viscosity data are
fed in at any two temperatures, we can determine the fuel oil
properties just by changing the operating temperature. Fig. 2.4
shows the listing of the program, and Table 2.4 gives the nomen-
clature used.

: Exampie
Fuel oil with the following characteristics flows through the pipe:

%
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18 PRINT"PRESSURE DROP IN FUEL OIl, LINES”

15 PRINT"FUEL OIL VISCOSITY AT ANY TWO TEMPERATURES"

290 INMUT"TEMP 1,VISCOS 1-CS,TEMP 2,VISC 2=";M,A,N,B

30 INPUT"OPERATING TEMP=";T

43 INPUT"DEGREE API, FLOW-LB/H,PIPE ID=“;X,W,1

58 M=273+,.5555% (M~32) sN=273+,5555% (N~32} 1 Tw273+.5555* (1-32)
6@ P={LOG(LOG{A)/2.382))/2.302:6=({LOG{LOG(B) /2.3082) ) /2. 382
78 Veld” (10" (F~(F=G) *{LOG{M)}=LOG(T) }/ (LOG(M)~-LOG{N) ) })

AP IF X<15 THEN Be.@@835:G010 119

93 IF X>35 THEN B=.0@05:G0T0 118

100 BE=.0004

110 S={{131.54X)/8833)*(1+B*(1.8%(1-273)-28))

120 Del/S:Ve. @3878*V*D: =, 1 246*W/D 1 Re15, 2%W/1/V

133 IF R<2100 THEN Ff=64/R:GOTO 158

140 Fre.P055* (14((36/1)+(18°6/R))".33)

150 YD/62.4:P=3.36%18" (~4) "W*WFF/D/1"5:Twl . 8% (T-273)+32
155 PRINT" *

168 PRINT"RESULTS"

165 PRINT" *

178 PRINT"OIL FLOW-LB/H=":W;"FLOW-GPM=";Q: “OIL TEMP=";T
180 PRINT" *

199 PRINT“PIPE IDe";I:"REY NO=";R;"DEG API-6@F=";X

200 PRINT" "

216 PRINT"OIL VISC~LB/FTH=";V;"DENSITY-LB/CQJ FI=":D;"SP GRAVITY=";Y
22 PRINT" "

230 PRINT"PR DROP/120 FT-PSI=";P;"FRICTION FACTOR=";FF
235 PRINT" *

248 END

PRESSURE DROP IN FUEL OIL LINES

FUEL. OIL VISQOSITY AT ANY TWO TEMPERATURES

TEMP 1,VISO0S 1~CS,TEMP 2,VISC 2=7 100,248,148,66
OPERATING TEMP=? 218

DEGREE API,FLOW-LB/H,PIPE ID=? 16,3400,1.049

RESULTS

OIL FLOW-LB/He= 3408 FLOW-GPM= 7.501208 OIL TEMP= 239.9822

PIPE ID= 1.849 REY NO= 1470.911 DEG API-68F= 16

OlL VISC-LB/FTH= 33.49351 DENSITY-LB/QJ) FT= 56.47624 SP GRAVITY= .9858679
PR DROP/190 FT-PSI= 2.355849 FRICTION FACTOR= 4.351046E-02

FIG. 2.4 Listing of program 2.4, with resuits.

At 100°F, 1 = 240 cs; at 140°F, u = 66 cs
Operating temperature 210°F

Degree API at 60°F = 16.4

Flow = 3400 lb/hr

Pipe inner diameter = 1.049 in.

IR WD e
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TABLE 2.4 Nomenclature for Program 2.4

Nomenclature Program symbol Description and units

d; I Pipe inner diameter (in.)

e E Expansion factor

f F Friction factor

P D Density (lb/ft?)

P P Pressure drop per 100 ft (psi)
q Q Flow (gpm)

Re R Reynolds number

5 Y Specific gravity

t T Operating temperature (°F)
v S Specific volume (ft /Ib)

W w Flow (Ib/hr)

7, Vv Viscosity (1b/ft hr)

API X Degree APL at 60°F

|
|
f

Calculate the viscosity, density, Reynolds number, flow (gpm),
and pressure drop per 100 ft at the operatling temperature.,
Conversion from lb/hr to gpm is made using the equation

_ 0.12467W (8)
p

Solution

Key in the program. In the RUN mode, the screen asks for the
dats in the same order given; they are fed in. Then. the computer
goes on to solve the equations and prints out the results as seen in
Fig. 2.1. It is seen that the density is 56.47 1b/ft?, viscosity at
210°F is 33.46 1b/ft hr, Reynolds number is 1 470, and pressure
drop per 100 ft is 2.35 psi.
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PROGRAM 2.5 SIZING ORIFICES FOR STEAM FLOW

Input

Steam flow

Pressure
Temperature {if saturated, input 0 and program computes saturation

temperature)
Pipe inner diameter
Differential head across orifice

Output

Steam temperature
Specific volume
Orifice diameter

Remarks

If saturation temperature is not known, the input of 0 enables the pro-
gram to compute the value.

The program computes the orifice size given the steam pressure,
temperature, pipe size, and differential head. For saturated steam
the temperature may or may not be input. A quick convergence
logic is used to arrive at the orifice size.

Theory

The basic equation that relates the orifice size with flow* is

W
M=Kg? =
Kp 283'7di2(O.Olﬁh,!v)"'S (1)
where
-4
=4, (2)
and

1000
v/ Re

"‘P sscher and Porter, Handbook of Fh)w Meter Orifice Sizing, No. ]089000
Werminsier, Pennsvivania.

K=0.593+0.48* +(0.0015,/8 + 0.012p%) (3)
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Re = :0:2W (4)
di#
The viscosity of steam may be estimated as |
p = 0.016 + 0.000068t (5)

The specific volume v of steam is computed from ASME
1967 equations as described in the Appendix. If steam isin a
saturated condition, the input of zero for the temiperature will
result in estimation of t using the equation

t = 115p923 (6)

Once M is computed from equation (1), using a trial-and-error
procedure, the orifice size d; is arrived at. Table 2.5 gives the
nomenclature and Fig. 2.5 the listing and results.

Exampie

450,000 1b/hr of saturated steam at 1000 psia flows in a pipe of
inner diameter 9.662 in. Determine the orifice size to limit the
differential head to 500 in. WC.

TABLE 2.5 Nomenclature for Program 2.5

Nomenclature = Program symbol - Description and units
8 Y Ratio d/d;

K Z Factor defined in equation (1)
4 D Pipeé inner diameter (in.)

d I Otifice diameter (in.)

h H " Differential head (in. WC)

M M Factor defined in equation (1)
P P Steam pressure (psia)

Re RE Reynolds number

t T Steam tomperature (°F)

u - Viscosity (Ib/ft hr)

v ' Specific volume (ft° /1b)

W W Steam flow (lb/hr)
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16 PRINT"ORIFICE FOR STEAM FLOW"
20 INPUT"STEAM FLOW LB/H, PRESSURE-PSIA,TEMP(IF SATURATED INFUT & N® mm cm
PUTES THE VALLE)=";Ws,P,T

3¢ INPUT“TUBE ID-IN, DIFFERENTIAL HEAD IN WO=";D,H

40 1IF T THEN T=115%*P".225

50 GOSUB 500

60 M1=WS/ (2837*D*D*SOR( .B16%H/V) )

78 RE=15.2*WS/ (D*(.816+.003358*T) )

80 GOSUB 608

90 I=D*Y

95 PRINT"“RESULTS"

100 PRINT* *

110 PRINT"ORIFICE SIZ2ING"

120 PRINT" “ ,

138 PRINT"STEAM FLOW-LB/H=":WS; "TEMP=";T:"PRESS-PSIA="; P
148 pRiNT

15¢ PRINT"DIFF HEAD~IN WO=";H:"PIPE ID-IN=";D: "oaxﬂcn-mn":l
16@ mwi 1]

170 PRINT“STEAM SP VOL~CU FT/LB=";V

175 PRINT"

180 END

500 Tw273.1+(T-32)/1.8:PmP/14.69

510 Ke808791 /T/T:1m10"K* (=2041.62/T) s M1, 8+L:Na* P*P/T/T
520 O=2+(372420) /T/T) :0=0*Ls Rel . 89403 U= ( . 21828%T-1269731 /T) sVa2*U*R-(M/T) *1 26460
i

538 w=82,54-1624631 /TrY=2%W*R-(M/T) *162460|

54 Vi ( ( (U*M*N+W) *N/P+1 ) *Mid. 5584 *T/P) %, 3168185

550 Pwl4.696*P:Tw(T-273.15)%1.8+32

%60 RETURN

590 P=14.696*P:Tw({T-273.15)*1.8+32

60¢ X=.5:Y=.5

618 Zm.593+.4%Y"4+(.0015%Y" . 5+.012%Y" 4 ) *1900/RE". 5

620 PeZiyry

630 IF ABS((Mi-F)/M1}<.03 THEN 650

640 Y. 5%X 1 YwY+SGN{ML-F) *X:(0TO 610

650 RETURN

ORIFICE FOR STEAM FLOW
STEAM FLOW LB/H, PRESSURE-PSIA, TEMP(IF SATURATED INPUT @ AND PROGRAM (OMPUTES THE
VALUE)=? 450000, 1606,8 _

TUBE ID-IN, DIFFERENTIAL HEAD IN WC=? 9.562, 500

RESULTS

ORIFICE SIZING

BTEAM FLOW~LB/H= 450800 TEMP= 544.0339 PRESS-PSIA= 939.9999

DIFF HEAD-IN WO= 50@ PIPE ID-INe 9,562 ORIFICE-IN= 7.1715

STEARM SP VOL~CU FT/LBw= ,4443299

FIG. 2.5 Listing of program 2.5, with results.
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Solution

Key in the program. In the RUN mode, the following data are in-
put in the same order given here.

Steam flow (450,000)

Pressure, psia (1000)

Temperature (0) (if superheated, input actual value)
Tube inner diameter (9.562)

Differential head (500)

Once these are fed in, the computer goes on to solve for the orifice .
size and prints out the results. -

It is seen from Fig. 2.5 that steam temperature is 544°F,
volume is 0.445 ft3 /lb, and orifice size is 7.17 in.

. a?

PROGRAM 2.6 SIZING ORIFICES FOR WATER FLOW
Input

Flow (Ib/hi or gpm)
Temperature

Pipe inner diameter
Differential head

Output

Flow (ib/hr)
Flow {gpm)
Orifice diameter

B2

The program sizes orifices for metering water flow in pipes. The
effect of temperature is considered, as it is important in boiler
applications. Flow can be input either in Ib/hr or in gpm, and the
program is designed to compute both the values. A quick conver-
gence routine is adopted to solve for the orifice size.

Theory _
The basic equation for sizing orifices for liquid flow* is
_ 19.636Cd2(h/12)%5
T e @

*Ingersoll Rand, Cameron Hydraulic Data, 16th edition, Woodcliff Lake, New
Jersey, pp. 2-8
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where 8 = d/d;. Rewriting, we have

Bz q (2)

—1

“V1-6  19.636Cd;?(h/12)%°

Also
q = 0.125Wy {3)
The specific volume v is estimated from the equations
v=0.016 for t < 120°F (4a)
v=0.0149 exp (0.000555t) fort> 120°F {(4h)

Table 2.6 gives the nomenclature. The program computes M
from equation (2) and arrives at § through a trial-and-error pro-
cedure. The discharge coefficient C is 0.61. Two examples illus-
trate the use of the program, a listing of which appears in Fig. 2.6.

Exampie 1

A total of 50,000 Ib/hr of water at 108°F flows in a boiler plant
line of size 3 in. sch 80. Determine the flow in gpm and the ori-
fice size to limit the differential head to 100 in. WC.

TABLE 26 \omenclature for Prugram 2 6

Numenc]ature Program symbol I)es'nptlon and umtq

i B Ratm of Ol'lflce to pipe diameter
C - Discharge coefficient

d ' D Pipe inner diameter (in.)

d I Orifice diameter (in.)

h H Differential head (in. WC)

M M Factor defined in equation (2)

q Q Flow (gpm)

{ T Water temperature (°F)

v v Specific volume (ft3 1b)

W W Flaow (Ib/hr)
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PRINT"ORIFICE SIZING FOR WATER FLOW" .
ig PRINT"FLOW MAY BE GIVEN EITHER IN LB/H OR IN GPM;PROGRAM OOMPUTES BOTH; INPUT
. @ FOR THE UNKNOWN VALLE" | .
20 INPUT"FLOW -LB/H, LOW-GPM,WATER TEMP,PIFE ID-IN, DIFF HEAD=-IN WO=";W,Q,T,D,H
38 IF T«=120 THEN Va=,016:G0T0 59
40 u-.9149*w( .000555*T)
S@ IF W=0 THEN M=Q/{19.636*.61*D*D*(H/12)".5)
68 IF Qud THEN Mx.125*W*V/(19.636*.61%D*D*(H/12)".5)

140 WFLN—IB/H-":W: "FLOW-GEM="; Q; "TEMP="; T
15@¢ PRINT" "

168 PRINT"PIPE ID-INs=*;D;“ORIFICE DIA~IN=":I;"“DIFF HEAD-IN WO="3H
165 PRINT" "

178 END

500 Lm@:Z=]:A=.5

510 2=,5*(1+Z)

520 FwZ*Z/(1-2"4)".5

530 IF ABS(M~F)<.01 THEN 550

548 Re.5%R:2=Z4+S@I(M-F)*R:G0T0 520

550 B=Z:RETURN

FLOW -LB/H, FLOW=GPM,WATER TEMP,PIPE ID-IN,DIFF HEAD-IN WO=? 50000,8,108,2.9,100
ORIFICE SIZING FOR WATER

FLOW-LB/He 50000 FLOW-GPM= 196 TEMP= 198

PIPE ID-IN= 2.9 ORIFICE DIA~IN= 1.653996 DIFF HEAD-IN WO= 10Q

ORIFICE SIZING FOR WATER FLOW

FLOJ MAY BE GIVEN EITHER IN LB/H OR IN GPM; PROGRAM OOMPUTES BOTH; INPUT 8 FOR THE
UNKNOWN VALUE

FLOW -LB/H, FLOW-GPM, WATER TEMP,PIPE ID-IN,DIFF HEAD-IN WO=? #,13,218,1.084, 100
ORIFICE SIZING FOR WATER "

FLOW-LB/H= 6211.98 FLOW-~GPM= 13 TEMP= 210

PIPE ID-IN= 1.04 ORIFICE DIA~IN= .6@125 DIFF HEAD-IN W= 190

FIG. 2.6 Listing of program 2.6, with results.
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Soltition

Key in the program. In the RUN mode, the screen asks for the
following data in the same order given here.

Flow, lb/hr {50,000)

Flow, gpm (0) (if unknown, input 0)
Pipe inner diameter (2.9)
Differential head (100)

Water temperature (108)

Once these are led in, the computer solves through a trial-and-er-
ror nprocedure and prints out the results. It is seen from Fig. 2.6
that flow (gpm) is 100 and the orifice is 1.65 in.

Exampie 2

A total of 13 gpm of water ai 210° I {iows in o pipe of inner diameter
1.05 in. Determine the flow (Ib/hr} and orifice size to limit the differ-
ential head to 100 in. W(.

Sofution

In the RUN mode the display asks for the same set of data as be-
fore. Input 0 for flow (1bi/hr). The computer solves for flow as
6307 Ih/hr, and orifice size is 0.6 in.

PROGRAM 2.7 PRESSURE DROP OF AIR AND FLUE GAS
OVER FINNED TUBES

Input

Gas flow

Temperature

Tubic QD

Length

Number wide doeep

Fonodensity, height, and thickness
Transverse and longitudinal pitch

Output

Mass velocity of gas
Lincar velogity
Gas pressure drop (in, WQ)
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Remarks

The correlation of Briggs and Young is used. |t is valid for a stag-
gered arrangement and solid fins and gives conservative estimates.

The program computes the pressure drop of air and flue gases
flowing over circumferentially finned tubes arranged in a staggered
fashion as obtained in economizers and waste heat boilers. The
correlation used is that of Briggs and Young, which gives a con-
servative estimate. Results include the gas pressure drog, gas
mass, and linear velocities.

Theory

The equation for gas pressure drop* is

S =0.927 S 0.515 G2 N
AP, = 18.93Re™316 [ T — . 1)
d SL gcpg

The equation may be simplifed after substituting for the gas
molecular weight as

54 X 1011 G1-684 40611 (136 + 0.5283t)N,,

——

g = S 0ATg 0518 (2)
W
G= 3
Ny L{(Sp/12) — Ao ] (3)
- d nbh
Ao = 12 6 (4)
Linear velocity
ve G _ G460+ 5)

36005, 144,000

using the equation Pg = 40/(460 + t) for the density of common
flue gases and air. Table 2.7 gives the nomenclature and Fig. 2.7
the listing of the program. ,

*V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa, Oklahoma,
1982, p. 515.
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TABLE 2.7 Nomenclature for Program 2.7

Nomenciature Program symbol Description and units
Ao A Obstruction area (ft?/ft)

b B Fin thickness (in.)

d D Tube outer diameter (in.)

G G Gas mass velocity (1b/ft? /hr)
h H Fin height (in.)

L L Finned tube length ({t)

MW — Gas molecular weight

n N Fins per in.

Nn K Number of rows deep

Ny M Number of tubes wide

APg P Gas pressure drop (in. WC)
S X Transverse pitch (in.)

S, Y Longitudinal pitch (in.)

t T Average air and gas temperature (" F)
\Y Vv Gas velocity (ft/sec)

w W Gas flow (Ib/hr)

M — Gas viscosity (1b/ft hr)
Example

In a waste heat boiler, the following data are noted:

Gas flow = 75,000 Ib/hr
Gas temperature (average} = 1000°F
Transverse pitch = 4.0 in.
Longitudinal pitch = 3.6 in.
Tube outer diameter = 2 in.
Length = 9 ft

Number of tubes wide = 16
Number of tubes deep = 10
Finsperin. = 3

10. Fin height = 0.75 in.

11. Fin thickness = 0.059 in.

Determaine the gas pressure drop and the linear and mass velocities.

PRI A0
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10 PRINT"GAS PR DROP OVER FINNED TUBES"
2¢ PRINT" SOLID FINS-STAGGERED ARRANGEMENT" .
30 INPUT"GAS FLOW,GAS TEMP,TUBE (D, TR PITQY,I/NG PITM,TUBE LENGTH=":W,T,D,X,.Y,L

40 INPUT“FINS/IN,FIN HT,FIN THK,NO OF TUBES WILE,DEEP=";N,H,B,M.K
5@ A={D/12}+N*B*H/6:Gui/ (M*L* ((X/12)=A) ) : V=G* (462+T} /1448001

60 P=S54*10"(~11)%G"1.684*D".611%(136+.5283*7)*K/(X".412*Y",515)
78 PRINT™ * :

80 H!INI"'GA_S FLOW=" : 4: “"GAS TEMP=";T

99 PRINT" "

100 PRINT"MASS VEL=";G;"LIN VEL=":V

11¢ PRINT® * ,

120 PRINT"TUBE QD=";D:™IR PITQH=";X:"LONG PL{TQ¥";Y

13& mli [1]

140 PRINT"NO WIDE=":M;"NO [EEP=";K;"FINS/IN=";N;"FIN HI=";H; "THK=";B
158 PRINT" “

168 PRINT"GAS PR ROP-IN WO=";P

170 END

GAS PR DROP OVER FINNED TUBES
SOLID FINS-STROGERED ARRANGEMENT

GAS FLOW,GAS TEMP,TUBE QD,TR PITCH,LONG PITCH,TUBE LENGTH=? 75000,1008,2,4,3.6,9
FINS/IN,FIN HT,FIN THK,NO OF TUBES WIDE, DEEP=? 3, .75, .859,16,10

GAS FLOW= 75800 GAS TEMP= 1000

MASS VEL= 3603.344 LIN VEL= 36,5339

TUBE QD= 2 TR PITCH= 4 LONG PITCH= 3.6

NO WIDB= 16 NO DEEP= 1@ FINS/IN= 3 FIN HI'= .75 THK= 5.900001E~02

GAS PR DROP-IN WO= 1.561834

FIG. 2.7 Listing of program 2.7, with resuits.

Solution

Key in the program. In the RUN mode, the screen asks for the
data in the same order given here; they are fed in, then the results
are printed out. It is seen that the gas mass velocity is 361 3 1b/
ft? hr and the linear velocity is 36 ft/sec; the gas pressure c'rop is
1.56 in. WC.
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PROGRAM 2.8 PRESSURE DROP OF AIR AND FLUE GAS
OVER BARE TUBES

input

Arrangement (inline or staggered)
Tube OD

Transverse and longitudinal pitch
Number of tubes wide and deep
Tube length

Gas flow and temperature

Output

Mass velocity
Linear velocity
Pressure drop in {in. WC)

Remarks
The program is valid for infine and staggeted tube bundles.

The program calculates the pressure drop of air and flue gas
flowing over a bare tube bundle arranged either inline or in a
staggered fashion. The inputs are the coil configuration, gas
flow, and temperature. The output includes the mass and linear
velocity and the pressure drop.

Theory

The following equations are used to arrive at the gas pressure
drop*:

9.3 X 1071°fG2Ny
Pg

AP, (1)

where, for inline arrangement for St/d = 1.5 to 4.0 and for 2000
< Re < 40,000,

_ 0.088; /d
- 0.15 ——— L
f=Re {0.044+[(ST/d)_1](0_43+ 1.13d/SL)} (2)

*V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsg, Oklahoma,
1982, p. 542,




54 CHAPTER 2

TABLE 2.8 Nomenclature for Program 2.8

Nomenclature  Program symbol Description and units

d D Tube outer diameter (in.)

f F Friction factor

G G Gas mass velocity, Lb/ft?h

L H Tube length (ft)

N N Number of tubes wide

Ny K Number of tubes deep

APg P Gas pressure drop (in. WC)

Re R Reynolds number

S S Transverse pitch (in.)

S, L Longitudinal pitch (in.)

t T Gas temperature (°F)

M v Gas viscosity (Ib/ft hr)

v c Gas velocity (ft/sec)

w w Gas flow (Ib/hr)

- A Arrangement factor: 1, fo intine,
2 lor staggered

" Fora staggered arrangement for Sr/d = 1.5 to 4.0,

= Qo016 0.1175
=B -{O’gs*usrld)—n*-* _ @
where
Reynolds number Re = % | | (4)
- —12W |
SN Usr ) ®

For air and common flue gases, viscosity may be estimated

#=0.0513+3.66 X 1075t  for t> 800°F (8a)
#=00405+54 X 1075t  fort < 800°F (8b)

¥4’
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1@ PRINT"GAS PR DROP OVER BARE TUBE BUNILES"
20 PRINT“INLINE OR STAGGERED ARRANGEMENT"

32 INPUT"'ARRANGEMENT FACTOR-1 FOR INLINE-2 FOR STAGGERED=":A
40 INPUT"TUBRE QD,TR PITCH,LONG PITCH-IN=";D,S5,L

58 INPUT"NO OF TUBES WIDE,NO DEEP,LENGTH -FT=";N,K,H

€0 INPUT"GAS FLOW,GAS TEMP=";W,T

78 IF T<=800 THEN V=.2405+.883054*T:GOT0 90

80 V=,0513+.0000366*T

9@ =12/ (N*(S-D)*H) : ReG*D/12/V:C=G* (460+T} / 1440001

188 IF A=2 THEN P=R"{~-.16)%*(.25+.1175/((S/D)-1)"1.88):00TC 120
110 P=R"(~.15)*(.844+.88*(L/D)/{(S/D)~1)"(.43+1.13*D/L))

120 P=,2325*10" (~10) *F*G*G*K* (463+T)

13@ PRINT" "

148 PRINT"GAS PR DROP CALOULATIONS”

150 PRINT" "

160 PRINT™GAS FLOW=";W;"GAS TEMP=";T

179 PRINT" "

18¢ PRINT"GAS MASS VEL-LB/FT2i+";G; "LIN VEL~-FT/8=";C

199 PRINT" *

208 PRINT"TUBE OD=";D;"TR PITCH=";S;"LONG PITCH=":L:"TUBE LENGTH="; H
210 PRINT" ¢

220 PRINT"TUBES WIDE=";N;"NO LEEP=";K;“GAS PR DROP-IN WO=";P
239 PRINT® *

240 IF M=) THEN PRINT "INLINE (DIL":GOTO 260

259 PRINT"STAGGERED QDIL"

268 END

GAS PR DROP OVER BARE TUBE BUNDLES

INLINE OR STAGGERED ARRANGEMENT

ARRANGEMENT FACTOR-1 FOR INLINE-2 FOR STAGGERED=? 1
TUBE QD,TR PITCH,LONG PITCH-INe? 2,3.5,4

NO OF TUBES WIDE,NO DEEP,LENGTH -PIw? 18,38,7.1

GAS FLOW,GAS TEMP=? 158000, )00

GAS PR DROP CALOULATIONS

GAS FLOW= 150009 GAS TEMP= 1000

GAS MASS VEL~LB/FT2d= 9389.672 LIN VEL-FT/S= 95.20084
TUBE OD= 2 TR PITGH= 3.5 LONG PITGHe 4 TUBE LENGTH= 7.1
TUBES WIDE= 18 NO DEEP= 33 GAS PR DROB-IN WO= 5.316179

INLINE QDIL

FIG. 2.8 Listing of program 2.8, with results.

The density pg may be estimated as

40
160 + ¢ (7)

Pg =
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and velocity as

G
Vo= 8
3600p, (8)
A listing of the program appears in Fig. 2.8, and Table 2.8
gives the nomenclature.

Example

Determine the pressure drop of flue gases flowing over a staggered
tube hundle with the following data:

Arrangement = 1 {input 1 for inline and 2 for staggered)
Tube outer diameter = 2 in.

Transverse pitch = 4.0 in.

Longitudinal pitch = 3.2 in.

Number of tubes wide = 18

Number deep = 30

Tube length = 7.1 ft

Gas flow = 150,000 Ib/hr

Gas temperature = 1000°F

XD O A o0

Solution

In the RUN mode, the screen asks for the data in the same order
given here; they are fed in. It is seen from Fig. 2.8 that the gas
mass velocity is 9389 lb/ft? hr, velocity is 96 ft/sec, and gas pres-
sure drop is 5.31 in. WC.
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Heat Transfer Calculations

3.1 lleat Transfer Coefficient for Steam Inside Tubes

3.2 Heat Transfer Coefficient for Water Inside Tubes

3.3 Heat Transfer Coefficient for Air and Flue Gas
Inside Tuies

3.4 Heat Transfer Coefficient with Finned Tube Bundles
Heat Transfer Coefficient for Air and Gas
over Plain Tubes

3.6 Nonluminous Heat Tiansfer Coefficient in Tube Banks

©.7 Estimating Fin Tip iemperutures

3.8 Superheater Meta! i'emperature Calctdations

3.9 Heat Loss from Multilayered Insulated Surfaces

3.10 Sizing Insulation to Avoid Surface Condensation
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PROGRAM 3.1 HEAT TRANSFER COEFFICIENT FOR
STEAM INSIDE TUBES

input

Steam pressure
Temperature

Tube inner diameter
Flow

Output

Steam temperature
Heat transfer coefficient

Remarks

For saturated steam, if the temperature is not known, the input of 0
will enable the computer to calculate the saturation temperature and
then the heat transfer coefficient.

With this program, one can obtain the steam heat transfer coeffi-
cient inside tubes given only the steam flow, pressure, tempera-
ture, and tube inner diameter. Thermal and transport properties
have been evaluated, and correlations have been developed to con-
sider their effect. Hence, there is no need to refer to such proper-
ties as viscosity, thermal conductivity, and specific heat. The pro-
gram handles saturated and superheated steam.

Theory

The heat transfer coefficient for flow of fluids inside tubes in the
turbulent regime, which is the case with most of the situations in
steam plants, is obtained from the familiar Dittus-Boelter correla-
tion '

NU = 0.023Re?-3py0-4 (1)
where the Nusselt number
_ hyg;
NU = "1—2-1: (2]

Prandtl number is
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c
Py = o (3)
k
and the Reynolds number
Re = 10:2% (4)
The properties Cp M, and k are est-«i;_p’z}‘ted‘ at the fluid bulk temper-
ature T S T
Equation (1) may be rewritten a: follows after §ui‘§stituting

oqguations {(2) through (4):

0.8
h, =244 F (5)
d;
where
kO.éc 0.4
oo (6
X
The facior F may be estimated for saturated steam as
F=0.172 + 0.079X — 0.007297X? + 0.000257X3 (7)
where X = 0.01P, and, for superheated steam when ' < 200 psia
F = 0.244 + 0.000132(T — 327) (8)

When P 2> 200 psia
F=0.343+0.071IM — 0.043N - 0.088MN + 0.028M?
+ 0.041N? (9)
where M = 3,32 log P~ 10 and N = 0.005T — 4.

The program also computes the saturation temperature T if
zero is input for steam temperature using the equation

T = 115p0-228 (10)
A listing of the program appears in Fig. 3.1 and Table 3.1
gives the nomenclature.
Example 1

Calculate the tubeside heat transfer coefficient in a superheater
when 6500 ib/hr of saturated steam at 1600 psia flows through a
tube with inner diameter 1.706 in.
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S PRINT“STEAM SIDE HEAT TRANSFER (DEFFICIENT"

10 INPUT"STM PRESSURE, DSIA, STEARM TEMP{if saturated input zero)":P,T
15 S=115%P"~.225

20 INPUT"TUBE ID~in, FLOW/TURE~IbD/h=" 1,W

30 IF T=0 GOTO 7@

35 IF P<203 THEN 80

40 X=1.434*"LOG{P)~18:Y=.005*T-4

50 P=.343+. (171 %K-.043%Y~ . A58%X*Y+ . B28%X*X+.041*Y*Y

6€ Q0TO 9¢

70 X=.@Ll*P:b=.172+.079%X~. 00729740 X+ . 00025 7*X " 3: S=115%pP . 225:T=S
75 QAUTO 99

Bd P=.244+.000132*(T-327)

9 H=2.44*W" .B*F/171.8

95 PRINT" "

100 PRINT“RESULTS"

185 PRINT" *

11@ PRINT"STFAM PRESSRE~PSIA=";P;"STEAM TEMPERATURE~F=":T

115 PRINT" "

120 PRINT" FLOW-LB/H=";w; "TUBE ID~IN =":1

125 PRINT"

138 PRINT"STEAM HEAT TRANSFER (DE[FT-BTY, FT2HF=":H
135 PRINT" "

149 END

RESULTS
STEAM PRESSURE~PSLIA= 1620 STEAM TEMPERATURE-F- &34.818]
FLOW-1LB/H= 650¢ TURE ID-IN = 1.706

STEAM HEAT TRANSFFR CDFFFT-BTU/FTHF= 650.) 266

STEAM SIDE HEAT TRAMSFER (DEFF1CIENT

ST™ PREBSURE, PS1A, STEAM TEMP(1f saturated input zero)? 989,650
TUBE ID-in, FLOW. T'BE-1b/h=? 1.706, 6500

RESULTS

STEAM PRESSIRE~-PSIA= WO STEAM TEMPERATURE~F:= 650

FLOW-LB/H= 658¢ TUBE ID-IN = 1.766

STEAM HEAT TRANSFER COEFFT-BTU/FT2HF= 389.5728

FIG. 3.1 Listing of program 3.1, with resuls.

Solution

Key in the program. In the RUN mode, the screen asks for the
steam pressure (1600), steam temperature (0, as saturated), tube
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TABLE 3.1 Nomenciature for Program 3.1

Nomenclature Program symbol Description and units
(ﬂz:w_% o — Specific heat (Btu/lb °F)

d; I Tube inner diameter (in.)

F F Factor defined in equation (6)
k ~ Thermal conductivity {Btu/fthr °F)
NU -~ Nusselt number

P p Steam pressure (psiaj

Pr ' - Prandtl number

Re -~ Reynolds number

T T Steam temperature (°F)

w w Steam flow (Ib/hr)

u - Steam viscosity (1b/ft hr)

inner diameter (1.706), and flow (6500), which are input. The
computer goes on to calculate the saturation temperature and the
heat transfer coefficient and prmts out the results. It is seen that
saturation temperature is 604 F and heat transfer coefficient is

650 Btu/ft? hr °F.

Example 2

What is the heat transfer coefficient when 6500 Ib/hr of super-
heated steam at 900 psia and 650°F flows through the same tube?

Solution

In the RUN mode, the appropriate data are fed in. Temperature
is now 650. It is seen that the heat transfer coefficient is 390
Btu/ft? hr °F.

Reference

V. Ganapathy; Applied Heat Transfer, Pennwell Books, Tulsa,
Oklahoma, 1982, p. 433.
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PROGRAM 3.2 HEAT TRANSFER COEFFICIENT FOR
WATER INSIDE TUBES

input

Water flow (ib/hr)
Temperature
Tube inner diameter

v s

Qutput

Velocity
Heat transfer coefficient

Remarks

Effect of pressure is not significant for water, and hence the program
may be used for high-pressure water.

This program computes the heat transfer coefficient for water
flowing inside tubes. The input is merely the tube inner diameter,
water flow, and temperature. Thermal and transport properties
are taken into account, so reference to water properties is not re-
quired.

Theory

The same theory discussed in the program 3.1 is applicable. Fac-
tor F may be written as

F=10(— 1.318 + .493iogt) (1)
Then,
0.8
h, = 2'44;‘2 F (2)
d;
Velocity
0.05Wv
V= “JT’ (3)
]

Specific volume v is computed using correlations discussed in pro-
gram 2.2,
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Example

In a boiler economizer, 10,000 Ib/hr of water at 400°F flows in-
gside a tube of inner diameter 1.7 in. What are the tubeside heat
transfer coefficient and water velocity?

Solution

Key in the program, a listing of which appears in Fig. 3.2; the
nomenclature is listed in Table 3.2. In the RUN mode, the dis-
play asks for the flow, temperature, and tube inner diameter,
which are fed in. The printout shows a heat transfer coefficient
of 1370 Btu/ft? hr °F and a water velocity of 3.218 ft/sec.

PRINT “HEAT TRANSFER (DEFFICIENT FOR WATER IN TUBES

INPUT*WATER FLOW IN 1B/H PER TUBE,TUBE ID ,IN AND WATER TEMP":W,D,T
He2.44"W" .8%(10" (. 214%L0G(T)-1.318} ) /D"L.8

T <=120 THEN Va,@16:G0TO 60

149-::?( +000555*T)

85 PRINT® *

9% PRINTWATER PLOW-LB/H=":W;"WATER TEMP—Pw";T

95 PRINT* *

183 PRINT"WATER VELOCITY-FT/S=";S8;"HEAT TRANSFER CDEF-BTU/FT2HF=":H
105 PRINT" "

110 PRINT*TUBE ID-IN=":D

115 BRINT" *

120 BXD

HEAT TRANSFER (DEPFICIENT FOR WATER IN TUB
WATER FLOW IN 1B/H PER TUBE,TUBE ID , IN AND 'WATER TEMP? 19000,1.7,400

RESULTS

WATER FLOW-LB/He 10080 WATER TEMP-F= 400

WATER VELOCITY~-FT/S= 3.218636 HEAT TRANSFER (DEF-BTU/FT2HF= 1370.109
TUBE ID-IN= 1.7

FIG. 3.2 Listing of program 3.2, with results.
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TABLE 3.2 Nomenclature for Program 3.2

Nomenclatiire Program symbol Description and units

4 1 Tube ID (in.)

F F Faetor discussed in equation (1)
h; H Heat transfer coefficient

(Btu/ft? hr °F)

Water temperature (°F)
Water veloceity (ft/sec)
Specific volume (ft? /Ib)
Water flow (Ib/hr)

£ % <
£ < w3

PROGRAM 3.3 HEAT TRANSFER COEFFICIENT FOR AIR
AND FLUE GAS INSIDE TUBES )

input

Flow (lb/hr)
Gasfair temperature
Tube inner diameter

Output

Density

Volume (acfm)

Velocity

Heat transfer coefficient

Remarks

Air or flue gas is at low pressure. The program gives good estimates for
common flue gases (products of combustion of fossil fuels).

The program computes the heat transfer coefficient for air and
common flue gases flowing inside tubes. Input are the flow, pres-
sure, temperature, and tube inner diameter (see Table 3.3).

Theory

The theory discussed in program 3.1 is applicable. Factor F may
be written as
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TABLE 3.3 Nomenclature for Program 3.3

Nomenclature Program symbol Description and units
d; I Tube inner diameter (in.)
F F Factor defined in equation (1)
h; H Heat transfer coefficient
(Btu/ft? hr °F)
P P Pressure (psia)
t T Fluid temperature (°F)
\ \' Velocity (ft/sec)
w w flow (Ib/hr)
p D Density (Ib/ft?)
F=0.163 + 0.000042(t — 200) (1)
F does not vary significantly with pressure up to 300 psig.* Then,
2.44w-2F
h; = __ETTT (2)
1

The tubeside velocity V is computed using a molecular weight of
29 for air/flue gas in the evaluation of density.

_ _2.7P
P 260 +1 (3)
_ 0.05W
Example

Determine the heat transfer coefficient when 200 Ib/hr of air at
15 psia and 700°F flows inside a tube of inner diameter 1.7 in.

Solution

Key in the program. In the RUN mode, the screen aské for the
data, which are fed in. It is seen from Fig. 3.3 that the heat trans-
fer coefficient is 11.97 Btu/ft? hr °F and the velocity is 99 ft/sec.

*V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa,
Oklahoma, 1982, pp. 441-443.
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10 PRINT"HEAT TRANSFER (OEFFICENT FOR AIR/FIUE @AS IN 'I'UBES

20 INPUT"GAS FLOW-LB/H, TEMPERATURE, PRESSURE~PSIA, TUBE ID-IN=":W,T,P,I
30 D=2.7%P/ (468+T) :Q/68/D:V=.05*W/1/1/D

40 H=2.44*W .8%(.163+.000042* (T-200))/1°1.8

50 PRINT" "
6@ PRINT"GAS HEAT TRANSFER (DEFFICIENT"

76 PRINT" "
80 PRINT"GAS FLOW-LB/H=";W;"FLOW-ACFM=";Q; "TEMP-F=";T; "PRESS-PSIA="; P

90 ml. "n "
18¢ PRINT“TUBE ID-IN=";I:"VELOCITY-FT/S=";V;"DENSITY-LB/CU FI=";b
118 PRINT" “
126 PRINT"GAS HT TR (OEFF-BIU/FT2HF=":H
133 PRINT™ “
148 END

HEAT TRANSFER COEFFICENT FOR AIR/FLUE GAS IN TUBES
GAS FLOW-LB/H, TEMPERATURE, PRESSURE-PSIA, TUBE ID-IN=? 204,709,15,1.7

GAS HEAT TRANSFER COEFFICIENT

GAS FLOW-LB/H= 200 FLOW-ACFM= 95.47325 TEMP-F= 3 PRESS-PSIA= 15
TUBE ID-IN= 1.7 VEIQﬂTf-E'I‘/S‘ 99,18718 DENSITY-LB/CQU FT= 3.491379E-92
GAS HI TR (OEFF-BTU/FT2HF= 11.97357

FIG. 3,3 Listing of program 3.3, with results.

PROGRAM 3.4 HEAT TRANSFER COEFFICIENT
WITH FINNED TUBE BUNDLES

Input

Gas or air flow
Temperature

Tube OD

Tube length

Number of tubes wide
Transverse pitch

Fin density

Fin height

Fin thickness

Qutput

Gas mass velocity
Linear velocity
Fin area (ft? /f1)
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Total Surface area of tube (ft? /ft)
Gas heat transfer coefficient
Fin effectiveness

Remarks

This technique, which uses the equation of Briggs and Young, is for
solid finned tubes in a staggered arrangement. 1t gives conservative
estimates,

The program calculates the heat transfer coefficient in circumfer-
entially finned tubes arranged in staggered fashion, when air or
flue gases flow over them. Input are gas flow, temperature, and
fin configuration, and the results include fin area, total area, gas
heat transfer coefficient, and fin efficiency and effectiveness.

Theory

The following equations are used to arrive at the ~as heat transfer
coefficient and other related parameters:

M - 0.134 (-9_4)0.681 (E-ga) 0.33 § 0.2 (§)9.1!3 (1)
12k ' 124 k h b

Simplifying, we have

GO.EGBIA _k‘M" Cp°-33 go.313
40319 140 +351 h0-2p0.113

hg = 0.295 )
The factor F = k967 ¢p® 3% /u®-35! has been evaluated for common

flue gases, which is also reasonably accurate for air, and may be
written as |

F =0.125 + 0.00004(t - 400) | (3)

Gas mass velocity G = Ve : (4)
4 nbh. Ny [(5,/12) - A, ]

ST (6)

Fin spacing S = % - b | (6)
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1 7
1+m?h?{(d + 2h)/d} %% /432

Fin efficiency ¢ =

(1-¢)A
Fin effectiveness = 1~ —————— = 7 (8)
Ay
Kb\
= 9
m ( 24h ) (9
Fin area A; = g—g (4dh + 4h? + 2bd + 4bh) (10)
Total area of finned tube A, = A; + % (1 ~nb) (11)

Once h, is obtained, the corrected outside heat transfer
coefficient is given by nhy. Table 3.4 gives the nomenclature;
Fig. 3.4 gives the listing and resuits.

Example
In a finned tube bundle, the following data are noted:

1. Gas flow - 150,000 lb/hr
Average gas temperature = 525°F
Tube OD = 3.5 in,

Tube length = 10.5 ft

Number of tubes wide = 12
Transverse pitch = 6 in.

Fins per inch = 3

Fin height = 0.75 in.

Fin thickness = 0.059 in.

S R ol

Evaluate the gas heat transfer coefficient and other related param-
eters.

Solution

Key in the program. In the RUN mode, the screen asks for the
data in the same order given here, and they are fed in. The results
are shown in Fig. 3A. It is seen that the gas mass velocity is 6393
Ib/ft? hr, linear velocity is 43 ft/sec, gas heat transfer coefficient is
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TABLE 3.4 Nomenclature for Program 3.4

CHAPTER 3

Nomenclature Program symbol

Description and units

°og Ty

= =

=

'3'9'=<".-?°’25r‘

W w

oOxav

= Z2r

< 3 M

Fin area (ft* /ft)

Total external area (ft* /ft)
Fin thickness (in.)

Gas specific heat (Btu/lb °F)
Tube OD (in.)

Gas mass velocity (Ib/ft? /hr)
Fin height (in.)

Gas heat transfer coefficient
(Btu/ft? hr °F)

Gas thermal conductivity
(Btu/ft hr °F)

Tube length (ft)

Fin density (fins per inch)
Number of tubes wide
Fin spacing (in.)
Transverse pitch (in.)

Gas temperature (°F)

Gas velocity (ft/sec)

Gas viscosity (1b/ft hr)
Fin efficiency

Fin effectiveness

e

9.77 Btu/ft? hr °F, fin effectiveness is 82% fin surface are‘aqs o
5.23 ft? /ft, and total surface area is 5.9 ft? /ft.
Note that the linear velocity V is related to G by the expres-

sion

. G(460 + t)
144,000
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19 PRINT”HEAT TRANSFER (DEFFICIENT IN FINNED TUBES"

15 PRINT"FOR SOLID FINNED TUBES IN STAGGERED ARRANGEMENT" .
20 INPUT"GAS FLOW-LB/H, TEMP, TUBE QD-IN, LENGTH-FT,NO OF TUBES WIDE,TR PITCH=";W,T
DL.LM X

39 INPUT"FINS/IN,FIB HEIGHT,FIN THK=";N,H,B

49 A=(D/12)4N*B*H/6:G=W/ {MYL*{ (X/12)-A} ) :V=G* {463+T) /144000 |

50 F=3.14*N*(4*D*H+4*H*H+ 2*B*D+4"B*H) /24

60 S=F+3.14*D*(1-N*B)/12 .

78 0=,295*G".681*((1/N)-B}".313*(.125+,00004*{T-400) }/D".319/H".2/B".113
82 E=1/{1~+(.33%(0/B)*™H*H* {{D+2*H) /D) ".5/144) )

99 E=1-(1-E)*F/S

189 PRINT" *

119 PRINT“GAS FLOW-LB/H=":W;"GAS TEMP-F=":T

128 PRINT" "

130 PRINT"TUBE (D~IN=";D;"TR PITH-IN=";X;"TUBE LENSTH-FT=";L

140 PRINT" "

158 PRINT”NC OF TUBES WIDE=":M;“FINS/IN=":N:"FIN HEIGHT=":H

168 PRINT"

178 PRINT"FIN THK-IN=";B;"GAS MASS VEL~LB/FT2H=";G;"LIN VEL~FT/S=";:V
180 PRINT" ™

199 PRINT"GAS (ODEFF-BTU/FT2HF=";0;"FIN EFFECTIVENESS=":E

203G PRINT" *

212 PRINT"FIN AREA-FT2/FT=":F;"TOT SURF AREA-FT2/FT=":S

215 PRINT" "

22 END

HEAT TRANSFER (UEFFICIENT IN FINNED TUBES

FOR SOLID FINNED TUBES IN STAGGERED ARRANGEMENT

GAS FLOW-LB/H, TEMP, TUBE (1-1IN, LENGTH-FT,NO OF TUBES WIDE, TR PITCH=? 150309,525, 3
.5,18.5,12,6

FINS/IN, FIB HEIGHT,FIN THH=? 3, .75, .859 ‘ no
GAS FLOW-LB/H= 15000¢ GAS TEMP-F= 525

TUBE D~IN= 3.5 TR PITGHIN= 6 TUBE LENGTH-FT= 143.5

NO OF TUBES WIDE= 12 FINS/IN= 3 FIN HEIGHT= .75

FIN THK~IN= 5.900001E~-Q2 GAS MASS VEL-LB/FT2H= 6393.249 LIN VEL-I'T/S= 43.7316
GAS (DEFF-BTU/FT2HF= 9.773624 FIN EFFECTIVENESS- .822284

FIN AREA-FT2/FT= 5.23595 TOT SURF AREA-FT2/FT= 5.989681

FIG. 3.4 Listing of program 3.4, with results.

Reference

V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa,
Oklahoma, 1982, p. 500.
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PROGRAM 3.5 HEAT TRAl\;l_SFER COEFFICIENT FOR AIR
AND GAS OVER PLAIN TUBES

Input

Gas or air flow

Temperature

Fluid temperature inside tubes
Tube OD

Length of tubes

Number of tubes wide
Transverse pitch

Nature of fluid inside tubes

Output

Air volume

Mass velocity

Density

Heat transfer coefficient

Remarks

The effect of the arrangement, whether it is staggered or inline, is not
significant for bare tubes. The nature of the fluid inside the tubes
helps estimate the gas film temperature at which gas properties are to
be calcuiated.

The program calculates the heat transfer coefficient for air or flue
gases flowing over plain tube bundles arranged in either inline or
in staggered fashion, given the gas flow, gas temperature, tube con-
figuration, and whether water and steam or air and gas flows inside
the tubes. The results include the gas heat transfer coefficient, gas
flow (Ib/hr and acfm), linear and mass velocities, and density.
There is likely to be a small variation in the heat transfer coeffi-
cient due to difference in gas properties between actual and
assumed values, but the results are good for engineering purposes.

Theory

The convective heat transfer coefficient when air or gas flows over
plain tube bundles may be estimated from the following equation
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for staggered and inline arrangements.* The difference in heat
transfer coefficients between inline and staggered arrangements
is not significant.

0.6
he = 22 (1)
where
0.67 0.33
Fo o~ Co (2)
#0.27

The air and gas properties are estimated at the gas film tempera-
ture tp, as follows. When steam or water flows inside tubes, as in
boilers,

ty = 0.5(1,g + 1)
When air or gas flows inside tubes, as in air heaters,
tp = 0.75tg + 0.25¢,

where t, and t; are the gas temperature and temperature of fluid
inside tubes, respectively.
The factor F may be obtained from air and flue gas from

F = 0.094 + 0.00004(t; — 200) (3)
Also
oo 12W,
N, L(s, — d) (4)
G
¥~ 36000, (5)
. 40
P 460 + 1, (©)
_ Vg
4= oo, (7)

Table 3.5 gives the nomenclature. Figure 3.5 gives the list-
ing as well as the printout.

*V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa, Oklahoma,
1982.



74 CHAPTER 3

TABLE 3.5 Nomenciature for Program 3.5

Nomenclature  Program symbol Description and units

Cp — Gas specific heat (Btu/lb °F)

d D Tube outer diameter (in.)

F — Factor defined in equation (2)

G G Gas mass velocity (1b/ft? hr)

h, H Convective heat transfer coufficient

outside tubes (Btu/ft? hr °F)

k — Gas thermal conductivity (Btu/ft hr °F)
L L Tube length (ft)

Ny N Number of tubes wide

q q Gas flow (acfm)

S¢ S Transverse pitch (in.)

4 I Temperature of fluid inside (°F)
ty T Gas temperature outside (" F)

te F Gas film temperature (°F)

\"2 A" Gas velocity (ft/sec)

Wy w Gas flow (lb/hr)

u - Gas viscosity (Ib/ft hr)

g .. R Gesdemsitygbf)
Example

Determine the gas-side convective heat transfer when flue gases
flow over air heater tubes with the following parameters:

Gas flow = 780,000 lb/hr

Average gas temperature = 520°F

Average temperature of air inside tubes = 325 °F
Tube outer diameter = 2.0 in.

Tube length = 23 ft

Number of tubes wide = 28

Transverse pitch = 4.0 in.

Fluid inside tube (air/gas = 1; water/steam = 0)=1

R
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18 PRINT"HEAT TRANSFER -AIR/GAS OVER BARE TUBES"
20 INPUT"GAS FLOW-LB/H,GAS TEMP-F,FLUID TEMP INSIDE TUBES,TUBE QD-IN,TUBE LENGTH

-FT, TUBES WIDE, TR PITCH-IN=":W,T,I,D,L,N,S
39 INPUT"FLUID INSIDE TUBES-INPUT 1 FOR AIR/GAS,@ FOR WATER/STEAM=":J
408 IF J=Q THEN Pe.5*(T4+1):GOTO 60

5@ P=,75%14,25%1

60 O=12*W/{N*L*(S-D) }:H=.9%G".6*(9.399999E~02+. 00034 * (F-200) )} /D" .4

708 R=40/ (468+T) : =4/ 6@/R: V=G/ 3600/ R

w mll "
99 PRINT"GAS HFAT TRANSFER (DEFFICIENT™

109 PRINT" “

118 PRINT"GAS FLOW-LB/Hs=";W: "FLOW-CFM="; Qs "MASS VELOCITY-LB/FT2H=":G
12@ PRINT" *

132 PRINT"GAS LINEAR VELOCITY-FT/S=";V;"GAS TEMP-F=";T:"FLUID TEMP-F=";I
140 PRINT" "

15@¢ PRINT"NO CF TUBES WIDE=";N:"TR PITCH-IN=":;S

168 PRINT" "

170 PRINT"GAS DENSITY-LB/CQU FT=":R;"GAS HI TR QOEFF-BTU/FT2HF=":H

175 PRINT" “

182 END

HEAT TRANSFER -AIR/GAS (WER BARE TUBES

GAS FLOW-LB/H,GAS TEMP-F,FLUID TEMP INSIDE TUBES,TUBE OD-IN,TUBE LENGTH-FT, TURES
WIDE,TR PITCH-IN=? 780000,529,325,2,23,28,4

FLUID INSIDE TUBES~-INPUT 1 FOR AIR/GAS,d FOR WATER/STEAM=? 1

GAS HEAT TRANSFER QOEFFICIENT

GAS FLOW-LB/H= 780000 FLOW-CFM= 318500 MASS VELOCITY-LB/FT2H= 7267.081

GAS LINEAR VELOCITY~FT/S= 49.45652 GAS TEMP-F= 520 FLUID TEMP-F= 325

NO OF TUBES WIDE= 28 TR PITCH-IN= 4

GAS DENSITY-LB/QU FTI= 4.881633E-02 GAS HI' TR (OEFF-BTU/FT2HF= 14.83252

FIG. 3.5 Listing of program 3.5, with resuits.

Solution

The program is keyed in. In the RUN mode the screen asks for
the data in the same order given here and they are fed in. Then
the computer solves the various equations and prints out the re-
sults.

It is seen that the gas heat transfer coefficient is 14.83 Btu/
ft* hr °F, gas mass velocity is 7267 Ib/ft? /hr, linear velocity is
49 ft/sec, flow (acfm) is 318,600, and density is 0.04 Ib/ft3 .
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PROGRAM 3.6 NONLUMINOUS HEAT TRANSFER
COEFFICIENT IN TUBE BANKS

Input

Tube OD

Transverse and longitudinal pitch

Gas temperature

Tube surface temperature

Partial pressures of carbon dioxide and water vapor in flue gas

Output

Gas emissivity
Heat flux “
Nonluminous heat transfer coefficient

Remarks

If partial pressures of CO, and H, O are not known, use Table 3.6 for
good estimates. If a triatomic gas is absent, input 0.001 to execute
the program.

At temperatures above 800°F, the nonluminous heat transfer co-
efficient between flue gas and boiler tubes becomes important,
especially if the flue gas contains significant moisture and earbon
dioxide. This program predicts the coefficient if the flue gas and
tube surface temperatures, tube configuration, and partial pres-
sures of water vapor and carbon dioxide plus sulfur dioxide are
known. In case information on the partial pressures of triatomic
gases is not available, Table 3.8A may be used for estimates.

Theory |
- The net interchange of radiation between flue gases and tube bun-
dles is-given by he basic equation:*
§ = 0ey(T* = To*) = hy(Ty — T,) (1)

The nonlumineys heat transfet coefficient hy may be obtained
from the above. The emissivity &g of the gases is obtained from

*V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa, Okishoma,
1982, p. 475.
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TABLE 3.6A Partial Pressures of CO; and H, 0%

pc pw

Fuel ‘
Natural gas 0.08 A 0.175
Bituminous coals 0.15 0.075
No. 6 oil 0.12 0.10
No. 2 oil 0.11 0.11
Wood, 30% moisture 0.135 0.195

8Combustion calculations based on 20% excess air.

TABLE 3.6B Nomenclature for Program 3.6

Nomenclature Program symbol Description and units

A - Surface area (ft?)

d D Tube outer diameter (in.)

g E Gas emissivity

c'w - Emissivity due to (CO; + SO,)
and H,0

' - Correction terms in equation (3)

hy H Nonluminous heat transfer
coefficient (Btu/ft, hr °F)

K K Factor in equation (5)

L v/ Beam length

q Q Heat flux (Btu/ft? /hr)

Q — Duty (Btu/hr)

8y S Transverse pitch (in.)

8 L Longitudinal pitch (in.)

te T Gas temperature (°F)

ty X Surface temperature (°F)

Pe C Partial pressure of (CO, + S0O,)

Pw W Partial pressure of H, (atm)
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18 PRINT" NON-LUMINOUS HEAT TRANSFER CDEFFICIENT IN TUBE BANDLES”"
20 INPUT"TUBE OD, TR PITCH,LONG PITCH({in),GAS TEMP,SURF TEMP OF TURES(F)":D,S,L,T
X

39 INPUT*P (02,PH20(IF T™ESE ARE NIL USE 0.00001)=";C,W

40 M=1.88* (S*L~.785*D*D)/D:2=M/39. 36

5¢ Y=((T-32)/1.8)+273

68 Km(.8+1.6%*W)*(1-.80038%Y)*(CHW)/SOR({C+W) *Z)

70 BE=.9*(1-EXP(-K*Z)) .

80 He.173%E*.9%(((T4460)/100) "4~( (X+460)/100)"4) /{T-X)

90 QuE* (TwX)

95 PRINT* "

190 PRINT* RESULTS"

185 PRINT" *

116 PRINT"TUBE (D=";D;"TR PITCH=":S;"LONG PITCH=";l

115 PRINT" *

120 PRINT"PARTIAL PRESSURE-H20=":W:"PARTIAL PRESS-CO2=":C
125 PRINT* *

130 PRINT*GAS BMISSIVITY=";E

135 PRINT* *

140 PRINT“GAS TEMP-F=";T;"SURFACE TEMP-F='';X

145 PRINT" "

156 PRINT"NON-LIM HIC-BTU/FT2HP=";H; "HEAT FLUX~BTU/FT2H=";Q
155 PRINT" * '

164 END

NON-LUMINCUS HEAT TRANSPER COEFFICIENT IN TUBE HUNDLES .
TUBE D, TR PITCH,LONG PITCH(in),GAS TEMP,SURF TEMP COF TUBES(F)? 2,4,3.6,1600,500

P Q02,PH20(1F 'IH@.ARE NIL, USE 0.90281)=? ,12,.16
RESULTS
TUBE QD= 2 TR PITGH= 4 1ONG PITCH= 3.6
PARTIAL PRESSURE-H20= .16 PARTIAL PRESS~C02= .12
GAS EMISSIVITY= .1058696
GAS TEMP-F= 16080 SURFACE TEMP-F= SO0
NON~LUM HI'C-BTU/FT2HP= 2.551878 HEAT FLUN~BTU/FT2H= 2867.066

FIG. 3.6 Listing of program 3.6, with results.

€g = €, + NE,, — A€ (2)

To estimate the emissivity, we need the partial pressures of water
vapor, carbon dioxide, and sulfur dioxide and the beam length of
the bundle L, which is calculated from

1.08(s,8, ~ 0.785d?)
L= r

(3)

i
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Hottel’s charts are widely used to determine the emissivity
of gases. The following equations, which approximate the charts,
give a good estimate of €q-

€g = 0.9{1 —exp(— KL)] {(4)

where factor K is obtained from
_ (0.8 + 1.6p, (1 — ().38Tg/1000)(pc +Ppy)
vV [(Pe + Py L]

where T, is the gas temperature (Kelvin), p, and p, are the partial
pressures of carbon dioxide and water vapor (atmospheres), and
L is the beam length (meters).

Once hy is known, the heat flux may be calculated as q =
hy( ty ~ t5). Figure 3.6 gives the listing and printout of results:
Table 3.6B gives the nomenclature.

(5)

Example

A hoiler superheater is made of tube bundle that has 2.0 in. OD
tubes at a 4 in. transverse and a 3.6 in. longitudinal pitch. Average
gas temperature is 1600°F, and the tube surface temperature is
500°F. (For estimates, fluid temperature plus 50-100°F may be
used for surface temperature if a metal temperature determination
is not made.) p; = 0.12 and p,; = 0.16. Estimate the nonlumin-
ous heat transfer coefficient and the heat flux.,

Solution

Key in the program. In the RUN mode. the screen asks for the
data in the same order given here:

Tube OD = 2

Transverse pitch = 4.0 in.

Longitudinal pitch = 3.6 in.

Gas temperature = 1600°F

Surface temperature = 500°F

Partial pressure of carbon dioxide + sulfur dioxide =
0.12

7. Partial pressure of water vapor = 0.16

R DA W

Once these data are fed in, the computer goes on to solve all the
equations and prints out the results: gas emissivity is 0.105, non-
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execute the program.

Reference
V. Ganapathy, Estimate houtiuninous radiation heat transfer coef-

fictents. Hvdrocarbon Processing, April 1981, p. 236.

CHAPTER 3

himinous heat transfer coefficient is 2.55 Btu/ft?> hr °F, and heat
flux is 2807 Btu/ft2 hr. Caution: Even if partial pressure of a
triatomic gas is zero, input a small numbe, such as 0.001, to

PROGRAM 3.7 ESTIMATING FiN TIP TEMPERATURES*

tnput

Tube OD

Tube ID

Fin density

in height

Fin thickness

Fin thirmal conductivity
Tube length
Number of tubés wide
Transverse pifch -
Gas flow ‘

- (ds témperatare

Tubeside heat transfer coetticient
Tubeside tiuid temperature
Fouling tactors

Output

Tube wall temperature

Fir up lemperature

Gas heat transfer coclficient

I'in eftectivencss

Overall heat transter coefficient

Remarks

This techniyue s valid 1o a stssernd tube arrangement and solid fins,

T e et - - ik« o p———

*This prograim modified from Oil and Gas Journal, May 7, 1984, p. 187
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Finned tube bundles are widely used in boilers, heat recovery sys-
tems, fire d heaters, economizers, and su perheaters. Calculatinn of
heat tranafer coefficients and fin tip and fin base temperatures in-
volves solution of several equations and is a lengthy procedure.

With the program presented here, one can arrive at the results
in a fow seconds.

Theory

To arrive ¢ the fin tip or base temperatures, the gas and tubeside
heat transfer coefficients must o known.

The sas-side heat transfer coefficient is obtained from the
equation of Briggs and Young fu. z0ad helical finned tubes 1n stay-
gered arrangement, which is commonly adopted.*

1 0.313 kO..’)‘.’CpO.BR
- rvonsy L S N .
hy = 0.295G (n b) d?-119p0.21,0.113 0 35 (1)
The gas mass velocity G is given by,
G- = \?L‘ - (2
b‘“. L(ST 12 - An )
where the obstruction area A, is given
_ d nbh ‘.
A el ‘3'
‘1z 6

The outside gas coefficient hy, is to be corrected for fin offi-
ciency 1 and effectiveness ¢ ns

) }\1‘ ' .
n=11-({1-—¢)— o (4
. .\T
Fin efficiency is obtained from*4

o N 4 O i S T AT

, ' 1

. |1+ 1;3m?h? \/(d +2hyd]

(5)

*V_ Ganapathy, Applied Heat Transfer, Pennweli Books, Tulsy, Oklahoma
1982,

3 V. Gaoapathy, Evaluating waste heal recovery projects, Hedroow Bon Pro-
cessing August 1982, ' '
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and
_ 24,hg (6)
m
kb
A and Ay, the fin and total surface areas, are obtained from
Ap = g—-‘i [4dh + rh? + 2bd + 4bh] (7)
and
d
= +(1—nb Td 8
AT Af ( n ) 19 { )

The overall heat transfer coefficient is then computéd from

1 [1 Ar 1 Aw 4 d
F I £ —— + ff ——— i —— — 9
U (h-+ff‘)Ai T Thg T AL 24km1“(d.) ®)

1 1
where {f; and ff, are the fouling factors inside and outside the
tubes. The tubeside fouling factor lies in the range of 0.0005 to
0.001 for such fluids as water or steam. The outside fouling fac-
tor depends on the type of fuel fired or the type of gas. For the
products of combustion from clean fuels, it may be taken as
0.001. For dirty gases, such as the products of combustion of
coals or crude oils, it may range from 0.005-0.01.

The tubeside heat transfer coefficient h; may be estimated
from methods described elsewhere. For two-phase flow boiling
situations, 1000 Btu/ft? hr °F is a conservative estimate.

The thermal conductivity of fins K ,,, may be estimated at
fluid temperature plus 100°F to start and may be corrected later
if necessary. K,, lies in the range 23-28 Btu/ft hr °F for carbon
steel fins,

Once U is obtained from heat flux considerations, the fin
base temperature t, and fin tip temperature t; are found by

Uty — t;)
-y - —E T
ty = ty e (10)
ty =ty *+ K(tg — ty,) (11)

K is a complicated function of fin efficiency ¢. However,
it may be approximated for engineering purposes by

K =(1.42 — 1.4¢) (12)
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The program is designed to solve all these equations. The
flue gas properties Cps H#, and k have been considered in the esti-
mation of h, from equation (1) and it is adequate if gas tempera-
ture is fed. %onluminous radiation coefficients play a small role
below 1200°F, and hence their effects were neglected.

An example illustrates the use of the program. The program
listing is shown in Fig. 3.7A and the nomenclature in Table 3.7. A
typical fin tip configuration is illustrated in Fig. 3.7B.

Example

In a waste heat boiler, 235,000 lb/hr of flue gases at 1000°F trans-
fer energy to steam water mixture at 450°F.

Tube OD: 2.0 in.

Tube ID: 1.78 in.

Fins/in.: 3.0

Fin height: 0.75 in.

Fin thickness: 0.06 in.

Fin thermal conductivity: 24 Btu/ft hr °F
Tube length: 20 ft

Number of tubes wide: 12

Transverse pitch: 4 in,

Gas flow: 285,000 tb/hr

Gas temperature: 1000°F

Inside heat transfer coefficient: 1000 Btu/ft? hr °F
Fluid temperature: 450°F

Fouling factor in: 0.001 ft? hr °F/Btu
Fouling factor out: 0.002 ft2 hr °F/Btu

Determine the gas heat transfer coefficients and fin base and
tip temperatures.

Solution

Key in the program. The screen asks for all the data items in the
same order given here. The computer then solves the equations
discussed earlier and prints out the results seen in Fig. 3.7A.

In this example, the fin tip is at 734°F and the base ig at 545
°F. Fin effectiveness is 0.74: and the overall heat transfer coeffi-
cient is 8.60 Btu/ft? hr °F. ‘



TABLE 3.7 No*nenctature for Pxogram 3.7

Nomenclature Progra.m symbol
A, - P in a
Ag A

Ay P

b ‘ B

d ' D

d, 1

ff, A (30}
ff{) !\(4 0)
.(}m.,.. : H ‘;

h ' H

hg 0

h, C

K X

K, K

L L

m M

n N

S S

t, Q

tg T

te Y

b A(35)
U U

wg W

n‘wf‘:ﬁr-" aa'”fl_hm—.. [CRE SN ST E -

R T R

84

I)escnptmn and units

T e e e - —— e A —

Fin area (ft* /1L)

Obstruction area (ft? /ft)

Total area of finned tube (ft° 'ft)
Fin thickness (in.)

Tube OD (ih.)

Tube 1D (in.)
Fouliﬁg factor inside tubes *
(ft* /hr °F/Btu) |
Fouling factor cutside tubes

(Ft% /hr °F/Btu)
Gas mass velocity (1b!ft* 'hry

Fin heighi (in.)

(ias-side heat transfer coefficient
(Btu/ft? hr °Fy

Tubeside heat transfer
coefficient (Btu/ft? /hr °F)
Factor used in equation (12)

Fin thgfma] conductmn

(Btu/ft hr !')

Length of tubc (ft)

Factor used in equation 6)
Number of fins per inch
Transvérse piteh (in.)

‘Tube medium temperature (")

Gas teniperl}thte 'y F'l y
Fin tip temperature ("F)

Fin base temperatire ( P

Overall heat tmnsfer cor fflclmt b
(Btu/ft? hr °F) ‘

Gas flow (lb/hr)

; Fin effectiveness, equption (1)

Gas specific heat (Buuilb °F) ..
Viscosity fo/6bry . s

- - Thermal corrduetw:ty
(Btu/!t hr® Fy

S T mmpha = e s i o e et e a e -
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Iy PRINUV'FIN TIP TFMPERATURE CALQILATIONS" .
20 INPUT"TUBE ‘D, TUBE ID,FINS/IN,FIN HT,FLii fHK=",0, [, 1 _ ]
3¢ INPUT"FIN THERM COND=BTU/FIHF, TUBE LENGTH,NO OF (UHES WIDE, TR PIYM=";K,L,J.8

40 INFUT"GAS FLOW,GAS TEMP, TURE S1DE MTC, TUBE SUUTr TEMP="+wW,T,,0

50 INPUT"FOULING FATOR INSID®, UTSIDE-FT2HE, BM2=': A2Q, Asl

58 A=(D/12)HN*B*/6:GeW/ (I*L*((5/12)-A))

780 F=3.14N* (4D H+ARHT 4 2B DA% B ) /24 s PP+ 3. L 4% 1-N*a) 12

8 O=,295*".681* ({1/M)-B)".312%(.125+.0d004* (1-4063) ) /D™ . 319, 4 .24 .11 3
M M=(24*%0/K/B) "5 B=1/ (140 33*MM* %% { (D+2*H) /D) ".57144) )

100 X=1,42-1.4*E:E=1~{1-E)*F/P:Re. 159%LOG(L T+*P/K/ T

LW U=(1/ (O*E))+(12%B/3.14/ 1) ({1 /C)+A30) + P+ 142 =] /i

128 A3S=T=-U* {T=0) /E/O:Y=A35HN* (1=A35)

130 PRINT" "

140 PRINT"FIN TIP TEMPERATUME®

158 PRINT" "

160 PRINT“GAS FLOMW=":W;"GAS T™MP=";73" 4t Filalil e
173 PRINT" ™

18¢ PRINT"TUBE Q0=";D:"TUBF LD="_T;"Fl [N="sN; FIN HP=":1 "IN =", 8

19@ PRINT" "

B0 PRINT“TUBES WIDE=";J;"LENGTH';L;"Tk PIiQ#";3; "SURKF AREA-FI2/FI=":p

218 PRINT *

229 PRINT"FIN THEPML COND=";K;"WALL TEMP=";A35; rlli Tip TEMP=";Y

230 oRinT "

240 PRINT"FOULING FTR IN=";A30; “FOULING FTR QT p A4S

258 PRINT "

SO0 TRINTGAS HT TR QORP=*;0; "CNVERALL HTO=": Us "TUBE S1OE HIC="; C; "FIN EEyF=";F,
279 £END

FIN TIP TEMPERAIURE (G Y 1ATIHNS

sk QU, TUBE ID,FINS'IN, FIN HI,FL: Dik=7 2,1.7%4,3, .75, .do

FEN THERM COND-BTU, FTHF, TUBE LNGIH,HO OF TUBES WIDE, TR L] P(H=7 24,28,12,4
GAS FLIW,GAS TEMD, TUBE SIDE HIX, TUBE FLUTL TEMP=? 235803, 1000, 1O, 45!
FOULING FATOR INSIDE, OUTSINE-FT2HF/BOE? .A21..907

FIN TTP TEMPERATURE

GAS FLOW= 235008 GAS TEMP= 1000 (UBE FLUID TEMP= 453

THBE Q= 2 TUBE J= 1,78 FINS/IN= 3 FIN Hi*= .75 FIN THK= .@¢

TUHES WIDE= 12 LE%N; &= 20 TR PITQE 4 SiIRF AREA-FT2/FI= 3.8321¢2%

FIN THERML, QOND= 24 WALL TEMP= 545.2356 FIN TIP TEMP~ 734.711S
FOULING FTR IN= .88] FOULING FTR QUT= .002

GAS Hi TR QUEF= 13.9@938 OVERALL HIC= 8.5@7362 1URE SIDE HI'C= 1908 FIN rFi=
7484283

FIG. 3.'A Listing of program 3.7, with results.



86 CHAPTER 3

FI1G. 3.7B Fin configuration,

PROGRAM 3.8 SUPERHEATER METAL TEMPERATURE
CALCULATIONS

Input

Tube QD

Tube ID

Transverse pitch

Longitudinal pitch

Tube length

Number of tubes wide

Row number of tube for which metal temperature is desired
Tube thermal conductivity

Gas flow

Gas temperature

Steam flow in tube

Steam pressure

Steam temperature

Direct radiation from ahead of superheater
Partial pressures of CO, and H,0

Output

Midwall temperature
Surface temperature



SUPERHEATER METAL TEMPERATURE CALCULATIONS 87

Heat flux

Steamside heat transfer coetficient
Nonluminous heat transfer coefficient
Convective heat transfer coefficient
Overall heat transfer coefficient

Remarks

The program considers the effect of direct radiation, nonluminous and
convective heat transfer, distribution of external radiation to rows, and
nanuniformity around tubes while estimating the wall temperatures.

This program predicts the midwall and outer wall temperature of
superheaters and reheaters in boiler plants. Convective as well as
nonluminous heat transfer coefficients and direct radiation from
cavities are considered which makes the estimate quite accurate.
It is assumed that the superheater is of bare tube design, not
finned.

Theory

The maximum heat flux at any point on the tube is given by the
basic equation¥

) (tg — t)
17 (A/(hg +hy) + £, +d In (d/d;)/24K,, +d/[dy(h; + f£,)]
+ (12Q,F/N, dL) (1)

where h, h;, and h,, are the convective, steam, and nonluminous
heat transfer coefficients, which may be determined by the meth-
ods described elsewhere. A nonuniformity factor of 1.45-1.6 is
used on h,.

The direct radiation from the cavity ahead of the superheater
Q, is absorbed in the first few rows of the superheater. The frac-
tion F absorbed depends on the d/s, ratio*:

St
05— — (2)

_d_df. oy (d)_ ( %) |

N (st) [d"’l ' d
where F = ¢ for the first row, F = [1 — (1 — ¢)] for the second
row, and so on.

*V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa, Oklahoma,
1882, pp. 126-130.
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The metal conductivity K, is estimated at the metal tem-
perature of t_ + 80°F, which is adequate for engineering estimates.
Once the heat [lux q is obtained, the midwall temperature
and the outerwall temperature t, may be found as

tTn
_ gd 12Km d+4q ) 3)
e ST oK (hidi FO05In T (
gd 2 o

Tt T okk . M A+ d,

Table 3.8 shows the nomenclature, and Fig. 3.8 gives the listing
of the program. | _
Note that the gas and steam temperature that are input are
the temperatures at the location in consideration, For purposes
of estimates, this may be obtained by suitably proportioning the
temperatures between the inlet and exit of the superheater.

Example
A superheater operates under the following conditions:

Tube OD = 2.0 in.
Tube ID = 1.686 in.
Transverse pitch = 4.0 in.
Longitudinal pitch = 6.0 in.
Tube length = 32.5 ft
Number of tubes wide = 48
Row number for metal temperature calculations = 3
Tu?e thermal conductivity (T22 material) = 22 Btu/ft
hr °F
9. Gas flow = 375000 ib/hr
10. Gas temperature = 1610°F
11. Steam flow per tube = 6125 lb/hr
12. Steam pressure = 1200 psia
13. Steam temperature = 610°F
14. Direct radiation from cavity = 1.2 MM But/hr
15. Partial pressure of CO,, SO, = 0.12
15. Partial pressure of H, O = 0.14

Determine the heat flux, heat transfer coefficients, and wall
temperatures.

DD oo
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TABLE 3.8 Nomenclature for Program 3.8

Momenclature  Program symbotl Description and units

d D Tube OD (ina

& I Tune D) (in)

ff., 11, -- Fouting factor nside and outside tubes
(1 hr Blu. )

F Add Fraetion nf external radiation ahsorbed

h, C Convvetive heat transfer coefficient
Bta Bt hr “F)

h; A Steam heat transfer cosfficient
(Bt ft? hr© i

hy, B Nonluminous heat transier coefficient

(Btu/ft? hr °F)

K, K Meltal thermal conduclivity
{(Blu/ft hr °F)

L. L Tube length (1t)

Nw N Numsber of tubes wide

N, R Row number

P p Steam pressure (psia)

Pe A27 Partial pressure of CQ,, SO,

Pw A28 Partial pressure of H, 0

q Q Maximum heat flux (Btu,ft? hr)

Q, J Direct radiation to superheater
{Btu hrj

8¢ S Transverse pitch (in.)

Sy X L.oongitudinal pitch (in.0

bt T Midwail temperature (°§')

to 0 Outer surface temperature (" F)

tg M tias {emperatare (°F)

by Y Steam temperature (°F)

U U Overall heat transfer coefficient
(Btu/ft? hr °F)

W _ ‘c_V Gas flow (Ib/hr)
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10 PRINT"SUPERHEATER METAL TEMPERATURE"

2¢ INPUT"TUBE (D, TUBE ID,TR PITCH,LONG PITCH, TUBE LENGTH=";:D,I,S,X,L

39 INPUT'NO OF TUBES WIDE,ROW ND,TUB T (OND=";N,R,K

48 INPUT"GAS FLOW,GAS TEMP, STM FLOW/TUBE,STM PRESS-PSIA,STM TEMP=";:W,M,V,P,Y

58 INPUT"DIR RADIATION ,P Q02,P H20(IF PCO2,PH2¢ ARE NIL USE @. 0081 )=";3,A27, A28

60 GOSUB 500
78 QUSUB 550

86 GOSUB 600

92 KF P2 THEN O=1,45*C ELSE O=1.6*C

188 U=(1/{C+B))}+.005+(D/I1)*{1/A)+(D*LOG(D/1)/24/K) :U=1/U

118 2=D/S:A30=1.57*2~Z* (ATN(Z/SQR{1-2*Z) )+SOR((1/2/2)-1)~1/2)

120 A31=]:1IF Rel QOTO 160

130 A30=(1-A30)*A30:A31=A31+1

148 IF A31=R THEN GOTO 160

150 GOTO 138

160 Qu{M~Y)*U+(18*J/N/D/L)*A30

170 T=¥+(Q*D/12/K) *{(12*K/A/1)}+.5*LOG((D+1)/2/1})

18¢ O=T+(Q*D/24/K) *LOG{ 2*D/ (D+1))

185 J=J/1076

199 PRINT" “

200 PRINT"METAL TEMFERATURE CALCULATIONS

21¢ PRINT™ *

228 PRINTSTM PRESS-PSIA=";P,"STM TEMP=":Y;"FLOW/TUBE-LB/H=";V

230 PRINT" *

240 PRINT"GAS FLOW=";W;“GAS TEMP=":M;"P QD2=";a27:"P H20=";A28

250 PRINT" "

260 PRINT"TUBES WIDE=";:N:"LENGTH=";L;"TR PITCH=";S;"LONG PITCH=";X
270 mmll L]

28¢ PRINT"TUBE OD=*;D;"TUBE ID=";I;"ROW NO=";R;"DIR RAD-MMBTU/H=":J
292 PRINT" "

308 PRINT"OONV COEFF-BTU/FT2HP=*3;C; "NON-LIM="; B; "STM (DEFF=";A
310 PRINT" *

320 PRINT“OVERALL HIC-BTU/FT2HP=":U;"“RON ND=";R

330 PRINT" "

340 PRINT"MID WALL TEMP=";T;"OUTER WALL TEMP="3;0;"HEAT FLUX-BTU/FT2H=";Q
350 PRINT® "

368 END

580 Gm32*W/ (N*L*(S-D)):0=.9%G"(.6)*(9.399999E-02+.00084* { . 5* (M+Y)-200) ) /D" .4
518 RETURN

550 Bwl.88* (S*X-.785*D*D)/D/39.36:A29=((M-32)/1.8)+273

560 A30.(.8+1.6%A28)*(1-. @0038*A29) *(A27+A28) /SOR( (A27+4A28) *E)

578 B=.1401%(1-EXP(-A30*E))*18" (~8)* ( (M+468) "4-(Y+508) “4) / (M-Y-40)
580 RETURN

600 IF Y=@ THEN GOTO 658

613 IF P<200 THEN QOTO 670

620 O=1.446*L.0G(P)-10:H=.005*Y~4

638 F=,343+.871*G~.043"H~.058°G*H+. 028*G*G+. 041 *H*H

640 QOTO 680
650 O=.01%P;: P, 172¢.879%G~.007297*G*G+.B00257*G"3: Y= 15*P", 225

668 QUTO 684

678 P=.244+.000]32* (Y-327)
608 A=2.44*V".8*F/171.8
699 RETURN

FIG. 3.8 Listing of program 3.8, with results.
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TUBE (D, TUBE ID, TR PITCH,LONG PITCH,TUBE LENGTH=? 2,1.686,4,6,12.5
NO OF TUBES WIDE,ROW NO,TUB TH QOND=? 48,3,22
GAS FLOW,GAS TEMP, STO FLOW/TURE, STM PRESS~PSIA,STM TEMP=? 37580¢,1610,6125,1200,

618 |
DIR RADIATION ,P (02,P H20(IF PO02,PH20 ARE NIL USE @.0001)=? 1200000, .12, .14

METAL TEMPERATURE CALOJATICNS

ST PRESS-PSIA= 1200 S™ TEMP= 610 FLOW/TUBE~LB/H= 6125

GAS FLOW= 375800 GAS TEMP= 161@ P (D2= .12 P #20= .14

TUBES WIDE= 48 LENGTH= 12.5 TR PITH= 4 LING PITCH= 6

TUBE CD= 2 TUBE ID= 1.686 ROW ND= 3 DIR RAD-MMBTU/H= 1.2

QONV QOEFF-BTU/FT2HP= 17.98436 NON-LIMe 3.577492 STM (DEFF- 463.6714

OVERALL HTC-BTU/FT2HP= 18,32056 ROW ND= 3
MID WALL TEMP= 672.1465 OUTER WALL TEMP= 67R.7926 HFAT FLUX-BTU/FT2H= 21462.23

FIG. 3.8 (Continued)

Solution

Key in the program. In the RUN mode, the screen asks for the
data in the same order given here, and they are fed in. The com-
puter then goes on to calculate the various heat transfer coeffi-
cients, heat flux, and wall temperatures. It is seen from the figure
that the heat flux is 21,460 Btu/ft2 hr, steam heat transfer coeffi-
cient is 463 Btu/ft? hr °F, midwall temperature is 672°F, and
outer wall is 679°F. The overall heat transfer coefficient is 18.39
Btu/ft? hr °F. Note that the heat transfer coefficient includes a
nonuniformity factor to arrive at the maximum heat flux and that
the average heat transfer coefficient would be lower ths. . tiis
number.

PROGRAM 3.9 HEAT LOSS FROM MULTILAYERED
INSULATED SURFACES

input

Number of insulation fayers
Hot lace temperature
Ambient temperature
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Wind velocity
Surface emissivity

Thickness and thermal conductivity at any two temperatures fur each {;f;ﬁ
laver of insulation :

Qutput

Temperature distribution S N
Heat loss

Remarks

Rapidiy converging techniques are used to arrive at the solution. Any
number of layers can be handled.

Given data on the insulation, such as the number of layers, thick- )
ness, and thermal conductivity, and ambient temperature, hot face
temperature, casing ernissivity. and wine velocity, this program

predicts the temperature profile and the heat 1055. Any number of

layers can be handled. With thermul conductivity datn for each

layer, i’{input at any two known temperatures, the program evalu -

ates the conductivity at the operating temperaturs. A quick con-

vergence logic is used to speed the iterative procedure.

Theory .
Heat loss Q from the surface is given by the basic equation*
Q= 0.1783¢ X 1078 [(t, + 460)* ~ (t, + 460)* |

+0.296(t, -’-ta)’.'“(i_’?‘:__bﬁ) 08 (1)
69 :
Also ‘ | ’
_Kn(peg—i “tpeg-) 21
L;

Solving for the temperature, we may writs from the ahove
_ RL;
bhe1-i= tpen—i * K (3)

m

ot At e m——ne

"‘W . Turner and 3. V. Mslloy. Therma! Insulation H.'-ihrfbo:')k, MceGraw Hill,
New York, 1981, pp. 40-35.
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K., is calculated at the mean layer temperature t,, using a linear
relationship

Ky, =a+ bty {1

In these equations, i is the layer number. Table 3.9 gives the
nomenclature and Fig. 3.9A a typical arrangement; Fig. 3.YB gives
the listing of the program with results.

A trial-and-error logic is used to solve for the heat loss and
temperature distribution. Briefly, the procedure is as follows.

(1) Obtain the input data, which are

Nuinher of layers

Hot face temperature t, ("t)

Ambient temperature t, (°F)

Wind velocity V (ft/min)

Surface emissivity

Thickness of each layer L,

Thermal conductivity at any two temperatures

(2) Assume the surface temperature t, = t, + 200. Calculate Q
trom equation (2),

(3) Assume a reasonahle drop of temperature in each layer. To
start, it is X = (t,, — t.})/p. Then,

bpe1-i T tpen-; + X
(4) Caleulate K, at the average layer temperature of t,,,, which is
to = ().5(tp+1 4t tyea-g)

using equation (4). Coefficients a and b are estimated from the
input data on each insulation layer.

(5) Calculate t,+1--i from equation (3) and Q from equation (2).
(6) If t,,,1-; from steps 3 and 5 are equal, proceed to step 7. If
not correct t ., _: by averaging the two values and repeat from
step 4. (7) Arrive at the hot face temperature in this fashion.
Compare this with the hot face temperature given as input. If
they are close, within 3 degrees, the results are printed out. The
assurned tg is good. If not, t; assumed is corrected, and steps 3
to 7 are repeated. To arrive at the correct t, quickly, the correc-
tion factor is halved each time an iteration is made. The first trial
value is t. + 200. The next trial value is t, £ 100, and so on, re-
sulting in speedy solution. (8) Results are printed out.
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TABLE 3.9 Nomenclature for Program 3.9 B

f‘i;)mell(:lature Program symbol Description and units

er J Casing emissivity

Koy G Thermal conductivity of layer
(Btu in./ft? hr °F)

L; A(27) to A{26 + p) Thickness of each layer (in.)

P P Total number of layers

Q Q Heat loss (Btu/ft? 'hr)

Ly H Ambient temperature (°F)

th A ilot face temperature (°F)

tg A(p+1) Casing temperature (°F)

t; A(2)to A (p) Intermediate temperatures (" F)

tm T Mean layer temperature (" F)

Y B \% Wind velocity (ft/min)

th

2

3

FIG. 3.9A Temperature distribution across insulation layers.



18 PRINT"INSULATION PERFORMANCE"

20 DIM A(6d) ‘ .
30 INPUT"number of layers,hot face tamp,ambient temp,wind vel in fpm,surf emiss=
"1P,A{1),H,V,J

35 PRINT"thermal! conductivity data in BTU in/ft2h F"

40 FOR I=l TO P .,
58 INPUT "starting from hot face-name, thick,temp 1,cond 1, tawp 2,cond 2 =";A8,L,
M,K,N,0

68 A(26+1)=L1A(4141 )m{K-0)/ (M) 1A(34+T )mK-A(41+1 ) *M: AS (I )wAS

78 NEXT I

B A(P+])=E4+20G: Ump (1)

9@ Z=a{P+1)-H

100 X={U-A{P+1))/P

110 W=, 01*(A(P+1)+468) : Y=.01* (H+460)

120 Q=.173*T* (W 4-Y"4)4+93.6* (W=Y)"1.25%SQR( (V+63)/69)

130 FOR I=s1 TO P

140 A{P+1-1)=A(P+2-1)+X

150 T, 5% (A(P+1~I)+A(P+2-1)) :10wA(35+P-1 }+A{424P-1)*T

160 Rep(P+2~I }4+Q*A(27+P-1) /G

179 IF ABS(R-A(P+1-1))<3 GOTO 199

180 A(P+1-1)=,5*{R+A({P+1-I)):GOTO 150

199 NEXT I

200 IF ABS(A(1)-U)<3 @OTO 220

213 Zw. S*ZA(P+1)wA(P+1)+S@(U-A{1) }*Z1G0TO 100

215 PRINT" "

220 PRINT"  RESULTS"

225 PRINT"TEMP -deg F:NAME:THICKNESS, IN"

239 FOR I=1 TO P+l

290 PRINT A(P+2~1),AS5(P+2-1)},A(28+P~1)

250 NEXT I

255 PRINT" "

268 PRINT"HEAT L0SS ~-BTU/ft2hm";Q

265 PRINT™ "

270 PRINT"AMB TEMP=":H:"WIND VEL~-FPM=";V; EMISS=";J

275 PRINT" *

280 END -

INSULATION PERFORMANCE
number of layers,hot face temp,ambient temp,wind vel in fm,surf emiss=? 2,1808,
88,440, .9
thermal conductivity data in BTU in/ft2h F
;tartin; fram hot face-name, thick,tamp 1,cond 1,temp 2,cond 2 =7 lay 1,4,1600,1.
llm;l-4
sst;gting from hot face-name, thick, temp 1,cond 1,tanp 2,cond 2 =7 lay 2,4,1000, .9
608, .5
RESULTS
TEMP -deg FiNAME:THICKNESS, IN
137.9313
1338.142 lay 2
1882.481 lay 1

L ]

HEAT LOSS ~BTU/ft2h= 191.4249
AMB TEMP= 80 WIND VEL-FPM= 440 EMISS= .9

FIG. 3.9B  Listing of program 3.9, with results. (Source: Oil end Gas Jour-
nal, Aug. 19, 1985, p. 125.)
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Example
A fired heater has two layers of insulation (ceramic fiber):

Number of layers = 2

Hot face temperature = 1800°F

Ambient temperature = 80°F

Wind velocity = 440 ft/min (5 mph)

Surface emissivity = 0.9

Thickness of layer 1 (starting from hot face) = 4 in.
Thermai conductivity at 1600°F = 1.7 Btu in./ft? hr °F
Thermal conductivity at 1400°F = 1.4 Btu in./ft2 hr °F
Thickness of layer 2 = 4 in.

Thermal conductivity at 1000°F = 0.9 Btu in./ft? hr °F
Thermal conductivity at 600°F = 0.5 Btu in./ft? hr °F

Determine the temperature distribution and heat loss from the
surface.

Solution

Key in the program. In the RUN mode, the screen asks for the
data in the same order given here, and they are fed in. The com-
puter goes through the iterative logic and arrives at the final re-
sults. From Fig. 3.9B it is seen that the heat loss is 191 Btu/ft?
hr, the intermediate layer temperature is 1338°F, and the casing
temperature is 137°F. Due to the error margin used for iteration,
the hot face temperature printed out will be close to the input
data but may not exactly match it.

PROGRAM 3.10 SIZING INSULATION TO AVOID SURFACE
CONDENSATION*

Input

Fluid temperature inside the pipe
Ambient temperature

Relative humidity

Wind velocity

Pipe diameter

*This program modified from Heating, Piping, and Air Conditioning, August
1984, p. 102.
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Temperature and conductivity of insulation at any two temperatures
Casing emissivity

Output

Surface temperature

Heat loss

Thickness of insulation required to exceed dew point
Dew point of water vapor

Remarks

I fluid temperature is greater than the dew point, then the computer
prints out the fact that condensation is not possibfe. A trial and error
procedure that converges quickly is adopted to arrive at the minimum
thickness. Fluid and ambient temperatures must be positive.

One of the major problems in process plants handling cold fluids is
the sizing of insulation to avoid surface condensation of water
vapor. This situation occurs when the casing temperature of insu-
lation drops below the water dew point corresponding to ambient
conditions,

With the program shown in Fig. 3.10A the solution can be
arrived at in a few seconds.

Theory

Insulation surface temperature calculations involve a trial-and-er-
ror procedure.

To solve for T, we assume a given value and calculate Q from
equations (1) and (2) (Table 3.10A). If the values for Q do not
agree, we change our T value until they do. To arrive quickly at
the correct T value, the first trial value is 0.5 (T, + T,}. The next
trial value is this number plus or minus half the value, depending
on whether the assumed T, is assumed to be smaller or larger.
Once Ty is calculated for a given thickness of insulation, we have
to check if it is greater than the water dew point. Dew point is a
function of saturated vapor pressure. The following equation is
derived from steam tables:

SVP = 0.08 + 281 X 1077T, 328
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S CLS:KEY OFF:CLEAR
18 PRINT"INSULATION THICKNESS TU AVOID CONDENSATION":PRINT" "

15 PRINT"PROGRAM NOT APPLICABLE FOR TEMPERATURES BELOW @ F™:PRINT" *

28 INPUT"FLUID TEMP,AMBIENT TEMP,REl, HUM-%,WIND VEL-FPM=":A,G,H,V:PRINT" "
25 INPUT"PIPE OD,TEMP 1,C0ND 1,TEMP 2,COND 2,EMiSS=";D,B,M,C,N,E:PRINT" *

39 T=.25:TT=A:GOSUB 1500

35 SVPL=SVP:TT=G:GOSUB 1000

48 SVPZaSVP* B1%H:IP SVP1>sSVP2 THEN PRINT™NO CONDENSATION POSSIBLE AS DEW POINT
1S BELOW OR CLOSE TO FLUID TEMP":GOTO 248

54 GOSUB 500

55 IF ABS(X~G)<2 THEN PRINT"DEW POINT IS VERY CLOSE T0 AMBIENT TEMP-LARGE THICKN
ESS WDULD BE NEEDED™:GOTC 249

66 Um=.5% (G+A) : ZuU-A

70 Qe 173%ES ({ (G+46Q) /180) "4~ ((U+468) /100) "4) +.296* (G-U) "1, 25% ( (V+69) /69) ~,5
B0 K= | (N=M) / {C=B) ) * (B~ 5% (U+A) ) 1 R= {(D+2%T) / (2*K) ) *LOG ( {D+2%T} /D) :S= (U-A} /R
118 IF ABS({Q-5)/Q}<.82 THEN 130

120 Z=,S5*Z:Us(HSGN{Q-S) *Z:GOTO 78

130 IF (U-X}>1 THEN 150

140 TeT+,25:G0T0 60

150 ERINT™ "

166 PRINT*INSULATION CALCULATIONS":PRINT™ "

178 PRINT"AMB TEMs™;G;"FLUID TEMP=";A;"WIND VEL-FPM=";V;"EMISS*";E:PRINT" "
199 PRINT"REL HUM-%=":H;"DEW POINT-WATER=";X;"PIPE OD=";D:PRINT" "

202 PRINT™INSUN THK=";7T;"SURFACE TEMP«™;U;"HEAT LOSS-BTU/ET2H=";Q:PRINT" "
240 END

588 IF SVP2>=.088 THEN QUIO 554

51@ Y=29:RA=19% .

520 SVPw,01895+6, 1759E-04*Y+4 9051 E-0547+y

538 IF ABS({SVP-SVP2)/8VP2) (.05 THEN 545

540 RA= 5%RA:Y=Y+SGN(SVP2-SVP) *RA:GOTO 528

S45 X=Y:G0T0 560

558 X={(SVP2~,08)/(281%18"(-9)))"(1/3.25)

564 RETURN

1900 IF TT<40 THEN SVP=.01895+6.1759E-04*TT+4.9051E-a5*TT*TT:QOTO 1929

1019 SyP=.@8+281%18°(-9)*1T773.25

10290 RETURM

IRSULATION THICKNESS TO AVOID CONDENSATION
PROGHRAM WOT APPLICABLE FOR TEMPERATURES BELOW @ F
PLUID TEMP,AMBLENT TEMP,REL HM-%,WIND VEL-FPM=? 15,108,75,220

PIPE (D, TEMP 1,COND 1,TEMP 2,(00ND 2,EMISS=? 6.625,190,.26,280,.3,.1

INSULATION CALCULATIONS
AMB TEM= 190 FLUID TEMP= 15 WIND VEL-FPM= 220 EMISS- .|

REL HUM-%= 75 DEW POINT-WATER= 99.67462 PIPE CD= 6.625001

INSUN ™K+ 1,75 SURFACE TEMP= 92,136328 HEAT LOSS-BTU/FT2H= 8.59966

FI1G. 3.10A Listing of program 3.10, with results.

Dew point is the temperature corresponding to a saturated vapor
pressure of RH X SVP, where RH is the relative humidity expressed
as a fraction. If the surface temperature calculated is found to

be more than the dew point, the results are printed out; otherwise,
the insulation thickness is increased by 0.5 in., and the whole
process is repeated until T, > T4. Figure 3.10B shows the logic
used.
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TABLE 3.10A Equations Used in Program 3.10

The heat flow from the ambient to the insulation or the pipe is

9, - 0.173¢ [(Tn +460)4m ( TE+460)"]
' 100

100
(V+69)
0. 125 /_L ) 1
+0.296 (T, =Ty /S (1)
The heat flow from the surface of the insulation to the fluid is
Q; = (T~ TH/R (2)

R, the thermal resistance of the insulation, is given by:

R - LD;—;D In[(D + 2T)/D] (3)

Table 3.10B shows the nomenclature and symbols used in the
program. Figure 3.10 shows the results for the following example.

Example

A 6 in. schedule 40 pipe handles a fluid at 15°F. The ambient
temperature is 100°F, relative humidity is 75%, and wind velo-
city is 220 fpm.

The insulation used has thermal conductivities of 0.26 and
0.30 Btu hr in./ft? °F at 100 and 200°F, respectively. The casing
has an emissivity of 0.1. Determine the thickness of insulation to
be used, the corresponding surface temperature, and the heat loss.

Solution

The window display asks for the following data in order (the in-
puts are shown in parentheses following the input titles):

Fluid temperature (15)
Ambient temperature (100)
Relative humidity (75)
Wind velocity (220)

Pipe diameter (6.625)
Temperature 1 (100)
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FIG. 3108 Logic used to solve for T, Q, and Ty
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TABLE 3.108 Nomenclature and Symbols 1/sed ;’n I‘rugramj]-o

Program

Nomenclalure symbol Description and units

Ii - h B Pipe outer diameter (in.)

'3 E Casing emissivity (0.1 for aluminum)

K, k, ' M,N Thermal conductivity of insulation at tempera-
tures 1, and £, (Btu hrin. ft* °F)

K K Thermal conductivity of insulation at (T; +T;)/2

Q:.Q; Q.5 Heatl loss given by equations (1) and (2)

RH R Relative humidity

Svp Saturated vapor pressure | psia)

t,. L, B,.C Temperatures at which insulation conductivity is
input {any two values) (° F)

T T Insulation thickness (in.)

T A Fluid temperature (°l")

Ty X Water dew point (7F)

T, G Ambient temperature (¥}

T U Surtwe leinperature of insulation ¢ F)

V vV Wind velocity (fpm)

R R Therinal resistanre of insulation ¢ft* °F Btu hr)

Conductivity 1 (0.26)
Temperature 2 (200)
Coudition 2 (0.30)
Emissivity (0.1)

The compuiter then solves for T, for an initial thickness of 0.5 in.,
compares Ty with T, and increases the thickness by another
0.25 in. until T, 2> Ty, The resulls are printed out as shown in
Fig. 3. 10A.

Bibliography
‘turner and Malley, Handbook of Insulation McGraw-Hill, 1982.
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PROGRAM 4.1 STEAM PROPERTIES AFTER EXPANSION

input

Iniet steam pressure
Temperature

Exit pressure
Efficiency of expansion

Gutput

Enthaipy of steam at inlet
Enthalpy at exit

Steam temperature at infet
Steam temperature at exit
Steam guality a1 exit

Remarks

Hosteam at infet is in a saturated condition, input 0 Jor temperature and
the program calcutates the vatue, ASME tormulations are used tor esti-
mating steam propertics. The results are helpful in cogeneration stud-
1es.

Engineers involved in cogeneration projects and steam cycle analy-
sis often have to calculate the enthalpy, quality, and teimnperature
of steam after expansion in a steam turbine from an initial pres-
sure P, to final pressure P,. This calculation appears to be simple,
Lut in reality is tedious, as several checks and double interpola-
tions have to be performed if steam tables are used The initial
condition of steam with this program can be either saturated or
superheated.

Theory

Steam at pressure P, and temperature t, is expanded {o pressure
P, at an efficiency E defined as
h] e hl

hy - hyg

where h, ¢ is the enthalpy corresponding to 1sentropic conditions,
that is, when entropy s, at P, is equal to that at P,.

If the initial steam is in a saturated condition, input of t, =
0 will accomplish estimation of t, using the equation

(1)
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t = ]15P0.225 (2)

The isentropic process is then established. At pressure P,
we have entropy s;s = 5;. A check is made to see the steam is
wet or superheated. If wet, the quality x is obtained from

S35~ 8
g = 28 Pt (3)
S2g 7 S2f
The isentropic enthalpy h, ; is computed at P, .
hys = xh,g + (1 - x)h,g (4)

If steamn at P, is not wet, that is, when s; 3 > s, g, @ separate sub-
routine evaluates t, ¢ at I'; corresponding to s;.

Once t, ¢ 1s known, h, ¢ is obtained. Now, using equation (1),
the final enthalpy h, is evaluated. Using an iterative loop, t, is
obtained. If the steam is wet, the quality x is determined from
enthalpy calculations:

_ h 2 T Ny
h; g h, ¢
Figure 4.1 A shows the flow diagram and Table 4.1 the nomen-
clature. Quick convergence technigques were used to arrive at the
correct solution. ASME 1967 equations, described in the Appen-
dix, were used in steam property evaluations. Two examples
illustrate the use of the program, a listing of which is given in Fig.

4.1B. One is for saturated steam and the other for superheated
steam.

(5)

Example 1

In a cogeneration plant, steam at 800 psia and at 900°F is ex-
panded to 250 psia with an efficiency of 70%. Calculate

1. Initial enthalpy

2. Final enthalpy

3. Final quality

4.  Final tenperature

Solution

Key in the program. In the RUN mode, the screen asks for the
data in the same order given here. Once the data are fed in, the
computer goes on to perform the various checks and iterations and
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INPUT Py Ty P2 E

® ves — Ti1=115 p0.225
o~ - ]

[COMPUTE hy st

| 1
COMPUTE
Teat 2 82t %29 h2g h2¢

n‘o ves —d COMPUTE X
¥

T=1000 - COMPUTE hp,
I Y
COMPUTE s at P2T ComPUTE o
yes
| o 1 COMPUTE X
yes
no
CORRECT T T=1000
| —1 COMPUTE h at P2 T
(h-h2}/h2 ves
0.005 ]
X=1
no
CORRECT T
] PRINT FINAL
RESULTS

FIG. 4.1A Flow diagram for calculation of steam properties after expansion.

finally prints out the results. It is seen from Fig. 4.1B that exit
steam is in a superheated condition (quality is 1), inlet enthalpy is
1457, and final enthalpy is 1356 Btu/lb. Final temperature is
661 °F.

Example 2

This is the same case as exampie 1 except that the steam isin a
saturated condition.
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10 PRINT"steam properties after expansion®
15 PRINT"IF INITIAL STEAM IS SATURATFD INPUT @ FOR TEMPERA’IURIIB" .
20 INPUT"inlet press-psia,temperature~f,exit press-psia,efficiency of oxpn $=":A
/B, C,A32

32 1IF P @ THEN 58

40 B=115*p",225

50 P=A:T=B:GOSUB 50@3:E=Z:A27=5

68 I=115*C".225:T=1:GOSUB 480

78 IF A27>G THEN 190

80 X=(A27-H)/(G-H) : P=X*A28+(1-X)*A29: T=]

99 F=E-.@1*A32*% (E~F):GOTO 140

180 X=1:A31=1006~1 :T=100d: P=C

185 GOSUB S00:A38=5

11@ IF ABS ((AZ27-A3@)/A30)«<.003 THEN 130

1280 A31=.5*A31:T+T+SGN(A27-A30) *A3] :GOTO 105

138 GOSUB 5088: F=2:F=E-.B1*A32* (E~F)

140 IF A28 THEN 160

1590 %=(F-A29)/(A28-A29)} : T=1 ;:GOTO 200

168 X=]:P=C:A31=1003-1 : =100

178 GOSUB 500

18¢ IF ABS({F-Z)/Z)<.003 THEN 230

193 A31=,5%A3]1 : T=T+S@(F-Z) *A31:GOTO 178

202 PRINT"RESULTS-EXPANSION OF STEAM"

219 PRINT" "

226 PRINT"STM PRESS IN-PSIA=":A;"STM TEMP IN-F=":B:"ENTH IN-BTU,/LB=";E
225 PRINT" "

236 PRINT"ST™ PRES-QUT-PSIA=":C; "S™™ TEMP QUT-F=":T, "QUALITY=":X
235 PRINT®

240 PRINT"EFFICIENCY OF EXPN $=";A32; "ENTH QUT-BIU/LB=";F

245 PRINT" "

250 END

420 T=,81*T:H={ -BOI358*T " 4-. 0404 *T " 3+. 0800 T*T+]1 +995%P-_325)% 1
410 G=1+( (-.0337*T‘3+.4778*T*'I‘-—3.192‘T‘+l2.57l)/10)

420 A28=1631+113.3*'1‘-45.4*’I‘*'I‘+10.8*T“3—.959*T“4

430 IF T<2.4 THEN 450

448 A29=427.5-389.7*'1‘-!-187.8*T*T-3!3.9*T'3+1.BB*’I"‘4:GUPO 460

4580 A29=190*T-32

460 T=100*T : RETURN

5 T=273.1+(T-32)/1.8:P=P/14.69%

518 K=808781/T/T=IJ-13‘K*(—2641..62/'1‘) M=l BHL :N=MYP*P/T/T

520 0=2+(3724281/T/T) :Q=O*L:Re1.834Q:U=( . 21828*T-1269781 /T) 1 V=2%U* R-(M/T) *1 26468

530 W=82.54-1624681 /T:Y=2*W*R~(M/T) *162460!
358 2=775.6+.63596*T+1 .6246 TE-B4*T*T+28. 5697*LOG(T)

360 Z=2+.043557* (R*P+.5*N* (Y+HM* (W+V*N) ) )

578 S=({(U*M-2%V)* ,5AMAN-Y) *, 5#N+(M-R) *P)/T*(-.0241983)-.355579-11.4276/T
580 S=5+1.8052E-B4*T-. 11822*LOG(P)+, 35164 *LOG(T)

590 P=14.696*P:T=(T-273.15)*%1.8+32

630 RETURN

FIG. 4. 1B Listing of program 4.1, with resuits.
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RESULTS~EXPANSION OF STEAM
ST™ PRESS IN-PSIA= 890 STM TEMP IN~F= 900 ENTH IN-BTU/LB= 1457.63
ST™ PRES-OUT-PSIA= 250 ST™M TEMP OUT-F= 661.1062 QUALITY= 1

EFFICIENCY OF EXPN %= ™ ENTH QUT-BTU/L8= 1356.185

ateam properties after expansion
IF INITIAL STEAM IS SATURATED INPUT @ FOR TEMPERATURE
inlet press-psia,temperature-f,exit press-psia,efficiency of expn %=? 804,0,258,

7e
RESULTS-EXPANSION OF STEAM

ST™ PRESS IN-PSIA= 802 STM TEMP IN-F= 517.4794 ENTH IN-BTU/LB= 1199,652
5TM PRES-OUT-PSIA= 250 STM TEMP QUT-F= 398,322 QUALITY= .9210682

EFFICIENCY OF EXPN &= 70 ENTH QUT-BTU/LB= 1137.769

FIG. 4.1B (Continued)

TABLE 4.1 Nomenclature for Program 4.1

Nomenclature Program symbol Description and units

E A32 Efficiency of 'expansion—(i;o) o

h, E Initial enthalpy (Btu/ib)

h, F Final enthalpy (Btu/lb)

hyr A29 Saturated liquid enthalpy
at P, (Btu/ib}

h,g A28 Saturated steam enthalpy
at P, (Btu/lb)

P, A Initial pressure (psia)

j o C Final pressure (psia)

S A37 Initial entropy (Btu/ib) R

Sy f H Saturated liquid entropy at P,
G Saturated vapor enthalpy at P,
ty B . [nitial steamn temperature (°F)
' T Final steam temperature (°F)
X

Steam quality (fraction)
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Solution

The same data are keyed in, except that initial steam tempera-
ture is fed in as 0. The program calculates the saturation tempera-
ture and does the rest of the calculations as before. It is seen that
the initial temperature and enthalpy are 517°F and 1199 Btut/lb;
final temperature and enthalpy are 398°F and 1137 Btu/lb. Final
steam is wet, with quality of 0.92.

Note: If isentropic conditions are to be evaluated, use E =
100%.

PROGRAM 4.2 STEAM PROPERTIES RELATED TO
THROTTLING OF STEAM

Input

Steam inlet pressure
Temperature

Quality
Exit pressure

QOutput

Steam enthaipy

Exit quality

Exit temperature
Steam volume at inlet
Steam volume at exit

Remarks

Saturated steam temperature at the inlet is calculated by the program
if O is input for temperature. The results are helpful in predicting
downstream conditions in control or safety valves,

Steam is throttled in several applications in process and power
plants when it is pressure reduced, for instance in control or safety
valves. Often, it is required to predict the state of steam after this
process, which is isenthalpic, that is, enthalpy remains constant.
The final steam could be wet, dry, or superheated.

The estimation of specific volume v, , temperature t, , and
quality x; after throttling from initia} conditions of pressure P, ,
temperature t; , and yuality is tedious, involving several double

R4
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INPUT Py F1 X4 P2

@ yes Ty=Tsat 1 j—{ COMPUTE hg2 h12 vg2 vf2
. 1
no
COMPUTE hy vy !

.

T2 T 2
L

COMPUTE hg hf vg vi

-

ves COMPUTE Xj COMPUTE V2

nQ

T=Teat 2

X2=1 1
KR

COMPUTE vh ;1 P2 7

PRINT
T 1 RESULTS

{hhilth
< 0.005

vop=v  Tp=T

yes e |

CORRECT 7

S |

FiG. 4.2A Logic diagram for isenthalpic process calculations.

interpolations if a steam table is used. Figure 4.2A shows the logic

used.
With this program, one can handle initially wet, dry, or super-
heated steam. If the steam is wet or saturated, steam temperature

is estimated using the equation
t = 115p9-2%°

For two examples, ASME 1967 equations were used for estimating
the steam propertics. Table 4.2 shows the nomenclature; Fig.
1.2B gives the listing along with the printout of results.
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TABLE 4.2 Nomenciature for Program 4.2

Nomcn;'lagure Program symbo! Description and units
o E Enthalpy (Btu/ib) o
hy A29 Saturated water enthalp; (Btu/lb)
hy A28 Saturated steam enthalpy (Btu;ib)
P, A Initial pressure (psia)
P, C Final pressure (psia)
t; B Initial tempetature (“F)
t; T Final lemperature (°F)
v, A30 1::13a) specific volume (ft° '1h)
vy : F final specific volume (ft? /ih)
V¢ S - Specific volume of saturated
: liquid (L’ ‘ih)
vg‘ ' Specific volume of saturated
steara (ft" /1b)
) ST X Initial quality (fraction)
Y }" H IFinal quality

[SENTHALIFIC PROCESS=RESULTS
a7 PRESS-PSIAS 1000 TEMP-rw= #% JALITY= L 5P DL=G) BT/ 1B 07595135
| dy ok T L 1458.375

FXIT QRESS-BS1A= 500 THMP-F= 866.1174 QUALTTY= 1 8P WL~ FT/LR= 1.523889

STEAM PROPERTIES APTER THACTTLING |

STEAM PRESSIN-PSIA,STEAM TBAP(1F SATURITRD INPUT ). & 'LITY-FRACTION, EXIT PRESSU
~iSLAa? 50,3, 8,15 -

ISENTUALPIC PROCEES~RESULLS

PAAT PRESS-E01ie 900 TE-B= 4655437 JALLTY= .8 §F VOL~CU FT/1B= 7482202

ENTHALPY-BTU/Liv- - 1953447

EXIT PRESS-PSI% 15 TEMP-F= 211.413% QUALITY= .8994999 sp VOL~"U FT/1p=
ZE.MQ S ‘

FiG. 4,28 Listing of program 4.2, with results.
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10 PRINT"STEAM PROPERTIES AFTER THROTTLING"

20 INPUT“STEAM PRESSIN-PSIA, STEAM TEMP(IF SATURATED INPUT @),QUALITY-FRACTION, EX
1T PRESSURE~-PSIA=":A,B,X,C

30 IF B=0 GOTO 50

4 P=a:T=R :G0SUL S500¢ B=7Z :AI0=F : 50D 112

50 T=115%A".225:B=T:3051 490

55 P=P:GOSUR SO :A28=2

6@ E=X*A28+(1-X)*A29:30SLB o4d

65 AIG=X*FH(1-X)*A27 :

76 T=115*C".225:G0SUB 4%

75 PaC:GOSUB 5608 :AZ8=C

80 IF BA28 GOTO 110

90 H=(E-A29)/(A28-A29) :GOSUB 650

190 FH*F+(1-H) *A7:GOTO 150

110 I=115*C".225: T=l100Q:G=1000~1 : P=C:H=]

120 GOSUB 500

130 IF ABS((E-2)/2)<.905 QUTO 145

140 O=.5%G:T=T+S@(E-Z) *G:GOTO 120

145 PRINT® *

150 PRINT"ISENTHALPIC PROCESS-RESUL

lm ml W oW . ) "i,".,"”'{i‘-
170 PRINT"INLET PRESS~PSLA=";A; "TEMP-F=":B;"QUALITY=";X:"SP mm#ﬁfm":me
175 PRINT" "

189 m:r"mwr-am/uu"-E

185 PRINT" *

199 PRINT"EXIT PRESS-PSIA=":C:"TEMP-F=":T:"(QUALITY=":H;"SPF VOL-QJ FT/1lB=";F
289 END

400 T=.@1%T:IF '[¢2.4 THEN 420

413 A29=427,5-389.7%[+187.8*T*T-33.9*T" 3+1.88*T 4 : GUTO 430

420 AZ29=|00*T-32

439 T=1@2*T:RETURN

530 T=273.1+(T-32)/1.8:P=P/14.6%

510 K=808781/T/T:L=10"K* (~2641.62/T) :M=1 . 8L N=0*P*P/T/T

5§20 Om2+(3724201 /T/T):=0*L i Rl . 8 U= (. 21828*T-1269701 /T) :V=2%U*R~(M/T) *1 26460
i
530 w=82.54-16246@1 /T Y=2*W*R~(M/T)*162469!

540 Pe(( (U*M*N+W) *N/P+1 } *M+4. 5584 *T/P) *. 8160185

550 22775.6+.63596%T41.62467E-04*T*T+20,5697*LOG(T)

560 Z=Z+.343557% [R*P+, S*NW (Y4+M* (WHEN) ) )

570 S=({{U*M-2%V) %, S¥MYN-Y) * ,5*N+(M-R) *P) /T*{-.8241983)-.355579-11.4276/T
580 S=5+1.8052E~04%T~. 11022*LOG(P) +. 35164*LOG(T) -

5% Pw13.696*P:T={T-273.15)*1.8+32

630 RETURN

650 T=.0Ll*T:A27=1/ (~. 1DDE*T*T*T+. 4743*1*1*-.3 B49*T+64.912)

668 IF T>4.6 THEN 700 .

674 1F T3 THEN 630

680 FwB0.82%T4-767.867 T 3+42726.21*T*T-4337.7*T+2647.9:GOTO 710

690 F=.529%T"4=9,208%T" 31+60.986*T*1-183,.361*T+213.456:G0T0 718

700 F=.02097*T 4~.542"P"3+5.319%T*T-23.676"T+48.709

71¢ T=100*T:RETURN

FIG. 4.2B (Continued)
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Example 1

Superheated steamn at 1000 psia and 900° F is pressure reduced to
500 psia in a control valve., Estimate

1. Enthalpy of steam

2. Initial and final specific volume

3. Initial and final steam temperature
4. Initial and final steam quality

Solution -

Key i 1= program. In the RUN mode. the screen asks for the
inlet pressure (1000), inlet temperature (900), initial quality (1),
and final pressure (500), which are fed in. If initial steam isin a 1
saturated condition, input 0 for temperature, and the program wii)
compute saturation temperature.

Once the data are fed in, tH« - oipputer goes on to perform
the variotis calculations and checks per the flowchart and finally
prints out the results. Iiis seen that the enthalpy is 1450 Btu/lb,
final temperature is 866° F, and initial and final specific volumes
are 0.7595 and 1.525 ft3/1b.

'Exa_mple 2

Wet stéam at 807 quality and at 500 psia is discharged to the at-
mosphere in a safety valve. Determine the various parameters.

Solutian

" Input the various data. Quality is 0.8, and steam témperature is
fed in a8 0. Final pressure is 15 psia. The computetr goes on to
perform the various checks and prints out the results. 1t is seen
that enthalpy is 1053 Btu/lb, initial and final specific volumes are X
0.748 and 25.891 ft* /lb, and initial and final steam qualities are
0.8 ind 0.899, respectivély. ‘
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PROGRAM 4.3 WATER REQUIRED FOR DESUPERHLEATINCG
STEAM

input

Steam pressure
Initial and final steam temperatures
Water temperature

Output

Enthalpy at inlct
Enthalpy at exit

I-inal steam temperatui ¢
Water enthalpy
Water-tinal steam ratio

Remarks

Final steam can be in saturated condition, when the input of 0 fur tem-
perature results in the estimation of saturation temperature. ASME
1967 formulations are used for steam property estimation.

Steam temperature control in u:uoess and power plants is often
accomplished by injecting a spray of water into steam using a
desuperheater, as shown in Fig. 1.3A. Given the initial and final
steam conditions, the program computes the enthalpies of steam
and the water-steam ratio for achieving the desired final steam
temperature. ASME 1967 formulations as given in the Appendix
are used for determining the steam properties.

Theory
From an energy balance across the desuperheater, we have

Wih, + Wrhe = (W, + Wi)h, = W,h, (1)
Simplifying, we have

We _h-h

W b The @
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feedd water

desuperheater

(W - W¢) C

final
superheater

superheater

F1G. 4.3A Steam temperature control,

Table 4.3 gives the nomenclature,
The pressure drop across the desuperheater is usually very
small and can be neglected while determining the enthalpy.

TABLE 4.3 Nomenclature for Program 4.3

Nomenclature Program symbol Description and units

h, A Initial steam enthaipy (Btu:lb)
h, B Final sieam enthalpy (Btu/lb)
he S Water enthalpy (Btu/ib)

P P Steam pressure (psia)

R R Ratio Wg/W_ (%)

t F Saturation temperature (°F)

ty I Initial steam temperature (°F)
ty F Final steam temperature (°F)

W, - Water for injection (lb/hr)
w — Final steam flow (Ib/hr)
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The enthalpy of water h¢ is estimated for temperatures be-
low 240°F as
hfy=t—~ 32 (3)
For temperatures above 240°F,
he = 127.5 - 3.897t + 187.8 X 10 *t2 - 30.9 X 107 %¢3
11.88 X 107 8¢° (4)

If the final steam is in saturated condition, the input of 0 for tem-
perature will enable the program to estimate the temperature using
the relation

t, = 115P0-2%5 (5)
Figure 4.3B gives the listing of the program along with the resuits.

Example 1

Determine the ratio of water to steam required to desuperheat
steam at 1500 psia, 900°F to 820°F using feed water at 400°F.

Solution

Key in the program. In the RUN mode, the display asks for the
following data: steam pressure ( 1500), spray water temperature
(400), initial temperature (900), and final temperature (820).
Once these are fed in, the program computes the enthalpies and
the ratio Wg/Ws. It is seen that the initial and final enthalpies are
1431 and 1379 Btu/lb and ratio W¢/W, = 4.92%, from the results
in Fig. 4.3B.

Example 2

At a steam pressure of 300 psia, determine the water required to
desuperheat steam at 600°F to saturated conditions. Feed water
is at 200°F.

Solution

Input the data as before and the final steam temperature as 0. The
program computes the saturation temperature as 415°F. W/
W, = 9.9%.
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16 PRINT"SPRAY WATER CALLUATIONS }
20 INPUT"STM PRESS-PSIA, SPRAY WATEK TEMP, INITIAL STEAM TEMP, FINAL STEAM TEMP(LF
SATURATEL INPUT @ AND PROGRAM (QUMPUTES THE VAUIR}=":P,TW,I,F

3¢ IF RB=@ THEN P=115*P~.225

40 T=F:G05UB 500

59 B=Z:T=1:6G0SUB 500

63 A=Z:IF TW<240 THEN S=TW-32:GJD0 84 )

78 Q= O1YTW:S5=427.5-389.7*2+187.8*Q*Q- 33 . 9% " 5+1 .88*Q 4

80 R=100*(r~-B)/(A-S)

90 mmll u

19068 PRINT"RESULTS"

118 PRINT" * ‘

120 PRINT"STM PRESS~PSIA=";P;"INITIAL SIM TEMP=";I;"FINAL ST™ TiMP=":F

138 PRINT" “
140 POINTYSPRAY WATER TEMP=":TW; "INITIAL FNTH -BTU/LB=";:A;"FINAL ENTH-BTU,/18=";H

153 PRINT" "
168 PRINT"SPRAY TO TOTAL ST™ RATIOR=";R

165 PRINT" "

170 END

500 T=273.1+(T-32)/1.8:P=P/14.69%

510 K=83870!1/T/T:L~18"K*{~2641.62/T) ;M=) .BHL :N=M*P*p/T/T

520 O=24{3724201/T/T} : O L1 R=1.89+G: U= (. 21828%T-1269731 /T : V=2 *U*Rk~(M/T) *1 2646
i

52 W=82.54-1624601 /T:Y=2*W*R~(M/T)*1624601

558 2=775.6+.63596%T+1.6246 TE-B4*T*M-200. 5697 *L0G(T)

560 Z=2+,843557* (R*P+ . S*N* (Y4M* (W+V*N) ) )

59¢ P=14.696*P:T=(T-273.15)*1.8432

608 RETURN

STM PRESS-PSIA= 1530 INITIAL ST TEMP= 933 FINAL ST™ TEMP= 820

SPRAY WATER TEMP= 480 INITIAL ENTH -BIU/LB= 1431.464 FINAL ENTH-BTU/LB=
1379.542

S8PRAY TO TOTAL STM RATIO¥= 4.924883

SPRAY WATEK CALOULATIONS

ST PRESS-PSIA, SPRAY WATER TEMP, INITIAL STEAM TEMP, FINAL STEAM TEMP(IF SATURAIED
INPUT @ AND PROGRAM QOMPUTES THE VALUE)=? 300, 200, 680,90

RESULTS

ST PRESS-PSIA= ¥ INITIAL STM TEMP= 630 FINAL STM TEMP= 415.8819

SPRAY WATER TEMP= 200 INITIAL ENTH -BTU/LB= 1316.414 FINAL ENTH-BTU/LB=
1282.488

SPRAY TO TOTAL ST RATIOR= 9.920306

FIG. 4.3B Listing of program 4.3, with resuits.
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Reference

V. Ganapathy, Applied Heat Transfer. Pennwell Books, Tulsa,
Oklahoma, 1982, p. 114.

PROGRAM 4.4 FLASH STEAM CALCULATI()N FROM
BOILER BLOWDOWN

Input

Saturated water flow (blowdown)
iniet pressure

Final pressure

Qutput

Enthalpy of blowdown

Enthalpy of fiash steam

Enthalpy of flash liquid
Temporature of flash steam

Tempelnture of blowdown Wdtt‘l
lash steam produced A

Remarks |

ASME 1967 férmulations are used. to determ;ne ~tcam propa:tlc '

- Flash steam recovery from boiler blowdown is often resorted to in

process plants from energy conservation considerations. With this
program, one can estimate the flash steam produced from satu-
rated hot water or bailer blowdown given the blowdown quantity,
initja] pressure, and flash steam pressure. ASME 1967 formula-
tions are used in the determination of the steam properties.

Theory |
I x is the quantity of flash steam produced per pound of blow-

" down, it can be shown from energy balance that the enthalpy of

Liov:down water is related to flash stean enthalpy as
hy =xhg + (1 - i'i)hf (1)
Then o
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. - 1]1, h;' f2)
h, - hy
Hence the flash steam produced
V= Wx (3)

where W is the blowdown quantity. Table .4 gives the nomen-
clature, and Fig. 4.4 shows the listing of the program.

Example

Estimate the flash steam produced when 1500 lb/hr of boiler
blowdown at 1200 psia is flashed to steam at 150 psia.

~ Solution

ney it the program. In the RUN mode, the display asks for the
{ollowing data in the same order given here: saturated liquid flow
(1500}, pressure 1 (1200), and pressure 2 (150). Then, the
computer goes on to calculate the various enthalpies and prints
out the results. As seen from Fig. 4.7, the flash steam produced
is 424 Ib/hr, flash steam temperature is 355" F. blowdown water
temperature is 566° F. The enthalpies are also printed out.

TABLE 4.4 Nomenclature for Program 4.4

Nomenclature Program symbol Description and units
he C Enthalpy of flash liquid (Btu/lb)
hy, A Enthalpy of blowdown (Btu/lb)
Iy B Enthalpy of flash steam (Btu'lb)
Vv \' Flash steam flow {lb/hr)
LY W Blowdown quantity (lb'hr)
7. Temperature of blowdown {*F)
G Temperature of flash steam ("F)

X X Fraction of flash steam produced
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10 PRINT"FLASH STEAM CALCULATIONS

15 PRINT" " oy

20 INPUT"BLOW DOWN FLOW, BLOW DOWN PRESS-PSIA,FLASH PRESS-PSIA=":W,P,Q
30 G=115*P".225:2=G:GOSUB 700

40 A=N:D=P:G=115%Q".225:G0SUB 700

5@ Cwil:PmQ:T=G:GOSUB 500

60 Bt :X=(A-C)/(B~C) :V=W*X

78 PRINT"

8¢ PRINT"RESULTS"

99 PRINT" "

18¢ PRINT"RLOW DOWN-LB/H=";W; "FLASH STEAM-LB/H=";V;"BLCW DOWN TEMP=":Z
112 PRINT" "

120 PRINT"BLOW DOWN PRES-PSIA=";D;"FLASH PRESS-PSIA=";P;"FLASH TEMP=";G
138 PRINT" "

140 PRINT'ENTH OF BLOW DOWN-BTU/LB=":A

lw mll 1]

160 PRINT“ENTH FLASH LIQ=-BTU/LB=";C;"FLASH STEAM-BTU/LB=":B

176 PRINT" *

182 END

500 T=273.14(T-32}/1.8:P=P/14.696

510 K=B2879} /T/Tslml@ K*(~2641.62/T) 1M1 .89+L 1 NaM*P*P/T/T

520 O=2+(3724201 /T/T) +QuO*L: R=] . 8HQ: U= (. 21828* 11269701 /T) : V=2*U*R~(M/T )} * 126460
I

530 Wim82,54-1624601 /T:Y=2*W1 *R-(M/T)*162468]
540 H=775.6+.63596*%1.6246 TE~-@4*T*T+20. 5697*LOG(T)

558 Hedi.@43557% (R*P+. 5*N* ( Y+M* (WI+V*N) })

560 P=]14.696*P:;Tw=(T-273.15)%1.8+32

570 RETURN ‘

790 IF T<36@ THEN 740

7%0 N=~904.117864+10.673802#*G-.0427538364*G*G+9.41244* 10" (-5) *G"3-1.8315357#*10
“{-7)%G"4

720 NeN+4,569246*10" (=11)*G"S

730 GOTO 762

740 Nm-32.1791054+] .00880844*G-1,15169964*10" (-4 ) *G*G+4.855383*13" (-7)%G"3
750 Neii-7,36187784*16" (~18) %G 4+9.63503158*18" (-13) %G "5

768 RETURN

FLASH STEAM CALOULATIONS
BLOW DOWN FLOW, BLOW DOWN PRESS-PSIA,FLASH PRESS-PSLA=? 1500, 1208, 150
RESULTS

BLOW DOWN-LB/H= 1580 FLASH STEAM-LB/H= 423.5831 BLOW DUWN TEMP= 567,900
BLOW DOWN PRES-PSIA= 1200 FLASH PRESS-PSIA= 158 FLASH TEMP= 355.57
ENTH OF BLOW DOWN-BTU/LB= 571.5516

ENTH FLASH LIQ=-BTU/iLB= 326.9738 FLASH STEAM-BIU/(B= 1193.24]

FIG. 4.4 Listing of program 4.4, with resuits.
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PROGRAM 4.5 STEAM FLOW IN BOILER BLOWOFF
LINES

Input

Steam pressure
Pipe inner diameter
Total resistance of piping

Out_put

Specific volume of steam
Steam flow during sonic conditions

During start-up of boiler plants, steam blowing of lines is per-
formed to clean the piping of mill scales, debris, and other matter.
The general procedure is to operate the boiler at low pressure and
allow the steam to escape to the atmosphere. Under these condi-
tions, sonic flow is usually achieved at the pipe exit, and the usual
formula that relates flow with pressure drop is not applicable.
With the help of this program, one can determine the steam flow
rather easily. Too high a steam flow results in pipe erosion; too
low a flow may not clean the pipes adequately.

Theory

The basic equation that relates the steam flow with pressure drop
for a compressible fluid is*

0.5
W= 1891d2Y(AP~)
Ky

where

d = pipe inner diameter (in.)

K = resistance coefficient of entire piping, including valves,
fittings = 12fL./d

Le = total equivalent length (ft)

AP = maximum pressure drop resulting in sonic flow =
(AP/P,)P,. The factor (AP/P, ) is a function of K*

P, = drum pressure (psia)

*Crane Technical paper 410, Flow of fluids, 1981, p. 413.
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10 PRINT"FLOW DURING STEAM LINE BLOWING OPERATIONS"

15 BRINT" ® . .
2@ [NPUT"STM PRESS-PSIA,PIPE ID,K FACTOR(F*L/D}=";P,D,K

25 IF K=1 THEN K=K+.1
3@ T=115*P",225:GOSUB 509
40 X=P* (.1685*LOG({LOG(K) /2.3025)+.776)

45 PRINT" ™ ) ‘
56 L=P-X:IF L<=15 THEN PRINT" CONVENTIONAL FORMULA FOR FLOW USED:{STM PR-15) FOR

DIFFERENTIAL PRESSURE":GOTQ 75
68 Y=.703+.8562*LOG (LOG(K) /2.3825)

70 W=1891*Y*D*D* (X/KNV) ".5:G0T0 88

75 W=1891*D*D* ((P~15)/KAV)".5

80 PRINT" “

96 PRINT"STM PRESS-PSIA=";P;"SAT TEMP=";T;"SP WOL-CU FT/LB=";V
100 PRINT" "

118 PRINT"PIPE ID=";D;"K FACTOR=";K;"STM FLOW-LB/H=";W

120 pRINT" "

13@ END

S8@ T=.01*T:IF T>4.€ GOTO 549

510 IF T>3 GQOTO 530

520 V=£@,B24T"4-767.86*T"3+2726.21*T*T-4337.7*T+2647.9: GOTO 550
530 V=.529%T7"4-9.20B*T"3+60.986*T*7-183.361*T+213.456:G0TO 550
540 V=,02097*T"4~.542*%7 345 319*T*T-23, 6 76*T+40. 709

558 T=1B6*T:RETURN

FLOW DURING STEAM LINE BLOWING OPERATIONS

5T PRESS-PSIA,PIPE ID,K FACTOR{F*LA))=? 176,2.0867,11.84

ST PRESS-PSIA= 173 SAT TEMP= 365.2152 SP VOL-CU FT/LB= 2.808354

PIPE ID= 2.867 K FACTOR= 11.84 STM FLON-LB/H= 11488.66

FIG. 4.5 Listing of program 4.5 (steam blowing), with results.

v = steam specific volume at P, . (ft3 /Ib)
f = Darcy friction factor
Y = expansion factor, a function of K*

A check is usually made to see if the downstream pressure ob-
tained from the maximum pressure drop criterion is greater than
the atmospheric pressure. If it is greater, then sonic flow results
and the procedure is used to determine steam flow. If not, then
the computer indicates that the usual equations of flow are ap-
plicable and program 2.1 is used. Figure 4.5 shows the listing

of the program.

*Crane Technical paper 410, Flow of fluids, 1981, p. 4.13.



124 CHAPTER 4

Example

In a boiler plant, steam blowing is done at 170 psia. If the pipe
inner diameter is 2.067 in. and K = 11.84, determine the flow.

Solution

Key in the program. The screen asks for the line size, steam pres-
sure, and K factor. Then, the results are prmted out. It is seen
that the steam flow is 11480 Ib/hr.
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PROGRAM 5.1 PERFORMANCE OF FIRE TUBE WASTE
HEAT BOILERS

Input

Tube OD

Tube 1D

Tube length

Number of tubes

Gas temperature in
Steam pressure

Feed water temperature
Gas flow

QOutput

Steam generation

Gas temperature at boiler exit
Gas pressure drop

Duty (MM Btu/hr)

Remarks

Saturation temperature and enthalpy of feed water and steam are esti-
mated by the program.

Fire tube waste heat boilers (Fig. 5.1A) are widely used in process
plants for recovering energy from waste gas streams. It is desirable
to be able to predict their performance under different conditions
of gas flow, gas inlet temperature, and steam pressure. Also, com-
parison may be made between measured and predicted perform-
ance to see whether the equipment is operating well.

The program calculates the exit gas temperature, duty, steam
gencration, and gas pressure drop given the gas flow, gas inlet tem-
perature, tube configuration, steam pressure, and feed water tem-
perature. Good estimates are obtained with flue gases from the
combustion of fossil fuels, turbine exhaust, and effluents from
chemical plants at atmospheric pressure.
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FIG. 5.1A Fire tube waste heat bailer.

Theory
The energy transferred @ is given by the equation*:
UA(t, —t;) .
=W,C —t,) =~ =W.(h, —h
(1)
The overall heat transfer coefficient U is given by
1 1d d d d 1
= o= S ff — In =+ ff; +— 2
U hd, d 24K d, " hg (2)
The gas-side heat transfer coefficient h; controls U and may be ob-
tained as
W, \0.8 0,163 + 0.000021(t; +t
h; = 2.44(—&) el ) (3)

The effect of outside heat transfer coefficient h,, is not signifi-
cant; using nominal fouling factors, the equations may be simpli-

fied into
1 d In(d/d;)
z = Ly +0.003 4
U hd 97600 00 (4)

*V. Ganapathy, Size or check waste heat boilers quickly, Hydrocarbon Pro-
cessing, September 1984, p. 169.

tV. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa, Oklahoma,
1982, pp. 160-189.
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The external surface area

= dL (5)
A=314 12

The enthalpy absorbed by steam may be estimated as
h, —hy, =1031 + 1,13, — 0.0045t,2 + 10.8 X 107°¢,°

~959 X 10784 -t + 32 (6)
where saturation temperature
t, = 116P0-22$ (7)
The flue gas specific heat
Cp = 0.2466 + 0.00002125(t, + t,) (8)

The duty Q is arrived at through a trial-and-error procedure,
which will be discussed later.
The gas pressure drop through the tubes is obtained from

W, \2 L+5di

AP = 9.3 X 10™%¢ ( —ﬂ) : (9)
n Pgdi
where friction factor f is calculated as
0.33
f=o.0055’1+[(§f)+1] } (10)
i
The gas density
_ 40
Pe= 160+t £ (11)

where t,;, is the average gas temperature. Table 5.1 shows the no-
menclature.

Use of Program

The program adopts a trial-and-error routine to arrive at the per-
formance. The steps are

1. Input the tube configuration, steam pressure, gas flow,
and feed water temperature.
2.  Assume a value of t, ; the first trial value is t, + 1.
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TABLE 5.1 Nomenclature for Program 5.1

Nomenclature Program symbol Description and units
d; I Tube inner diameter (in.}

d D Tube outer diameter (in.)

f F Friction factor

h H Gas heat transfer coefficient

(Btu/ft* hr °F)

L L Tube length (ft)

n N Number of tubes in each pass

P P Steam pressure (psia)

Q Q Duty (MM Btu/hr)

ty A Gas temperature in (°F)

t; B Gas temperature out (°F)

tg S Saturation temperature (°F)

te C Feed water temperature (°F)

U U Overall heat transfer coefficient
(Btu/ft? hr °F)

W, w Gas flow (Ib/hr)

w, o Steam flow (Ib/hr)

P Z Gas density (1b/ft3)

AP G Gas pressure drop (in. WC)

Calculate C, and Q from equation (1a).

Calculate h;, U, A, and t.

Calculate Q from equation (1b).

If Q calculated from steps 3 and 5 are equal, the pro-
gram goes on to calculate W, and gas pressure drop. If
not, the assumed t, is corrected The logic used helps
arrive at the correct value of t, in a few trials. The sec-
ond trial value of t, = (t; — 1) + 0.5(t, — t, ), depending
on whether the assumed value was Iow or high. Then,
steps 3-6 are repeated.

7. The results are printed out.

e
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18 PRINT"FIRE TUBE WASTE HEAT BOILER"

2@ INPUT*TUBE (D, TUBE 1D,LENGTH,NO CF TUBES=";D,I,L,N

39 INPUT"GAS TEMP IN,STM PRESS-PSIA, FEED WATER IN,GAS FLOW=":A,P,C,W

40 S=115*P".225:B=5+] i V=A~B

45 O=W* (A=B)*(.2465+2.125E~05%* (A+B))

50 H=2.44*% (W/N)".8%(.163+.000021*(A+B))/1"1.8

60 U=1/((D/1/H)+(D/6DB)*LOG(D/I)+.803) : R=UU* (3.14*D/12) "W*L* (A-B) /LOG( (A~-S} / (B-S)

)
76 1F aBS{(0-R}/R)<.22 THEN 190
BO V= 5% :P=B+SGN(Q-R)*W:iIF B<S THEN B=S+1

9¢ GUTO 45 )
109 M=.B1%*S:0=Q/(1831+113,3*M-45. I*M*M+1 3. 8*M" 3, 959*M 4 C+32)

110 P 3@55* (14+( (36/1)+1)".33) : Z=40/ (468+.5% (A+B) )

129 G=3.3%107 (~5)*F* (W/N}* {W/N)*(L4+5%1 ) /2/1"5:0=*10" (-6 )

125 PRINT" *

138 PRINT"RESULTS"

14¢ PRINT* "

158 PRINT"GAS FLOW=":W:"GAS TEMP IN=";A;"TEMP CUT=";B:"STM PRESS~PSIA=":P
168 PRINT" *

178 PRINT"FEED WATER IN=";C:"STEAM FLOW=":0; “DUTY-MMBTU/H=";Q; "STM TEMP=":S
1886 PRINT" "

19@ PRINT"TURBE CD=*:D:"“TUBE ID="; I; "LENGTH=":L; "NUMBER=" ; N

206 PRINT® "

210 PRINT“OV HP TR OOEFF-BTU/FT2HF=":U;"GAS PR DROP-IN WC=";:G

220 END

FIRE TUBE WASTE HFAT BOILER

TUBE 0D, TUBE ID,LENGTH,NO OF TUBES=? 2,1.726,12.9,440

GAS TEMP IN,STM PRESS-PSIA,FEED WATER IN,GAS FLOW=? 1758,404, 220, 65800
RESULTS

GAS FLOW= 65000 GAS TEMP IN= 1753 TEMP QUT= 77¢.3146 STM PRESS-PSIA= 00

FEED WATER INe 228 STEAM FLOW= 18633.82 DUTY-MMBTU/He 19.18748 S™ TEMP=
442.7528

TUBE D= 2 TUBE ID= 1.726 LENGTH= 12,9 NUMRER= 440
OV HT' TR ODEFF-BTU/FT2HFx B8.969839 GAS PR DROP-IN WO= 2.541873

FIG. 5.1B Listing of program 5.1, with results.

Example

A fire tube waste heat boiler is used for recovering energy from an
incinerator. The data are

1. TubeOD=20in.
2. TubeID=1.716 in.
3. Tube length = 12.9 ft
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Number of tubes = 440

Gas temperature in = 1750°F

Steam pressure = 400 psia (385 psig)
Feed water temperature = 220°F
Gas flow = 65,000 lb/hr

Determine the exit gas temperature, duty, steam generation, and
gas pressure drop that may be expected.

® oo

Solution

Key in the program, a listing of which is given in Fig. 5.1B. The
screen asks for the data in the same order given here, they are
fed in. Then, using the logic discussed, the computer solves the
various equations and prints out the results. It is seen that the
exit gas temperature is 770°F, duty is 19 MM Btu/hr, steam flow
is 18,633 Ib/hr, and gas pressure drop is 2.6 in. WC.

PROGRAM 5.2 PERFORMANCE OF WATER TUBE WASTE
HEAT BOILERS

Input

Tube OD

Tube ID

Transverse and longitudinal pitch
Tube length

Number of tubes wide

Number of tubes deep

Partial pressures of CO, and H,0
Arrangement—inline or staggered
Gas flow

Gas temperature in

Steam pressure

Feed water temperature

Output

Duty (MM Btu/hr)

Steam generation

Gas temperature at boiler exit
Overall heat transfer cocfficient
Gas pressure drop
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Remarks

Valid for bare tube boilers in inlinc or staggered arrangement. The
program gives good estimates for products of the combustion of

fossil fuels.

This program predicts the performance of waste heat boilers of
natural or forced circulation design using bare tubes. Figure 5.2A
shows the arrangement of a typical boiler. Exit gas temperature,
duty, steam generation, and gas pressure drop are predicted by the
program, given the gas flow, inlet gas temperature, and tube geo-
metry. Tube banks could be inline or in a staggered arrangement.
Good estimates are obtained for flue gases from products of the
combustion of fossil fuels. Convective and nonluminous heat
transfer coefficients are considered.

Theory

The energy transferred Q is given by*:
UA(t, - t,)

=W — = = -
9= WeColt Tha) = s —t] - WePe T h)
(1)
The overall heat transfer coefficient U is given by
ff.d In (d/d;
1 Y Y Qi) , d (2)

U h,+h, d; ° 24K,,  hyd,

This equation may be simplifed as follows, bearing in mind that
the tube outside resistance to heat transfer and fouling factors is
small, about 0.003.

L=_ 1 0@ o0 3
U h,+h 600 ' (3)

The convective heat transfer coefficient h, is obtained from*
0.6 (3 0. : :
) 0.9G 6(k 67Cp0 a3 /uo _27) _ 0.9G0'6F
c do-4 B d0°-4 (4)

*V. Ganapathy, Applied Heat Transfer, Pennwell Books, Tulsa, Oklahoma,
1982, p. 190.
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4 steam

steam drum

gas in ges out
tubes

mud drum

FIG. 5.2A Water tube waste heat boiler.

The term involving gas properties is evaluated at the gas film tem-
perature t as

F = 0.094 + 0.00004(t; — 200) (5)

This is valid for common flue gases at atmospheric pressure.
The film temperature t; is approximated as t; = 0.5(1;g +t.).
The gas mass velocity
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12W
G = 2Wy (6)

N, L(s; — d)
The nonluminous heat transfer coefficient h,, is obtained as dis-

cussed in program 3.6. The average gas femperature is 0.5(t, +
t,) and surface temperature is taken as t, + 40. Surface area

3.14N_dLN
A= w _—d (7)
12
Partial pressures of CO, and H, O needed for estimating h,,
may be obtained from Table 3.7 (program 3.6) if not known. Gas

specific heat is estimated as
Cp = 0.2465 + 0.00002125(t; +t,) (8)

Enthalpy absorbed by steam (hy — hy ) and saturation tem-
perature t; are obtained from equations discussed in program 5.1.

The gas pressure drop over bare tube bundles is obtained as
discussed in program 2.8. Viscosity of flue gas is obtained from

# =0.0619 + 0.000021(t, +t,) (2)
Gas density
40
- 10
P8 T 460 + 0.5(t, + t,) 1o

Use of Program

The program adopts a trial-and-error logic to arrive at the solution.
The steps are

1. The tube configuration, gas inlet conditions, steam pres-
sure, and feed water temperature are input.

2. t; isassumed. First trial value is t; + 1.

3 te, tg, he, hy, and U are calculated using the equations

discussed.

Q is calculated using equation (1a).

Q is estimated from equation (1b).

If Q from steps 4 and 5 are equal, the assumed t, is

correct. The program goes to step 6. Otherwise, t, is

corrected. The logic used is such that the result is ar-

rived at in a few steps. Then steps 3-6 are repeated.

OO
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TABLE 5.2 Nomenclature for Program 6.2

Nomenclature Program symbol Description and units

d D Tube outer diameter (in.)

d I Tube inner diameter (in.)

f F Friction factor

G G Gas mass velocity (Ib/ft? hr)

h, H Convective heat transfer coeffi-
cient (Btu/ft* hr °F)

hg - Enthalpy of saturated steam
(Btu/lb)

h A28 Nonluminous heat transfer co-

efficlent (Btu/ft? hr °F)

h,, — Feed water enthalpy (Btu/lb)

L L Tube length (ft)

Ng K Number of tubes deep

Nw N Number wide

| P Steam pressure (psia)

Q Q Duty (MM Btu/hr)

8¢ X Transverse pitch (in.)

8) Y Longitudinal pitch (in.)

t, A Gas inlet temperature (°F)

t B Gas exit temperature (°F)

te — Gas film temperature (°F)

tg - Average gas temperature (°F)

b C Feed water temperature (°F)

U U Overall heat transfer coefficient
(Btu/ft? hr °F)

W, W Gas flow (Ib/hr)

W, o Steam flow (Ib/hr)

Py - Gas density (1b/ft*)

M - Gas viscosity (Ib/ft hr)

AP A30 Gas pressure drop (in, WC)
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7. The results are printed out. Alternatively, the desired
result may be obtained by pressing the appropriate key.
See Table 5.2 for nomenclature.

Example
A water tube waste heat boiler with bare tubes has the data

Tube OD = 2.0 in.

Tube ID = 1.686 in.

Transverse pitch = 4.0 in.
Longitudinal pitch = 4.0 in.
Tube length = 13.5 ft

Number of tubes wide = 18
Number deep = 16

Partial pressure of CO, = 0.15
Partial pressure of H,0 = 0.12
10. Arrangement (inline = 1, staggered = 0) = 1
11. Gas flow = 110,000 lb/hr

12. Gas temperature in = 1520°F
13. Steam pressure = 400 psia

14. Feed water temperature = 225°F

Predict the exit gas temperature, duty, steam generation, and gas
pressure drop.

©WTIDOR WD-

Solution

Key in the program, listing of which is given in Fig. 5.2B. In the
RUN mode, the display asks for the data in the same order given
here; they are fed in. The computer goes on to solve for t, using
the trial-and-error logic discussed and prints out the results. It is
seen that exit gas temperature = 998°F, steam generation is
16,865 1b/hr, gas pressure drop is 0.269 in. WC, and the duty is
17.2 mm Btu/hr. Note that blowdown was not considered in
evaluating the steam flow.

Caution: If partial pressures of CO, and H, O are zero, use
a value of 0.0001 to avoid execution errors.
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19 PRINT”PERFORMANCE OF WATER TUBE WASTE HEAT BOILERS"

20 INPUT"TUBE OD,TUBE ID,TR PITCH,LONG PITCH, TUBE LENGIH=":D,I,X,Y,L

38 INPUT'NO OF TUBES WIDE,NO DEEP,PCO2,PH20(IF PQOO2,PH20 ARE NIL USE A VALE OF ¢
0031 TO EXECUTE PROGRAM":N,K,M,T

40 INPUT“ARRANGEMENT-INPUT @ FOR STAGGERED OR 1 FOR INLINE=";J

50 INPUT“GAS FLOW,GAS TEMP IN,STM PRESS-PSIA,FEED WATER IN=";W,A,P,C

60 S=115*P",225:PB=5+1 :V=A~B

74 QuW* (A-B) *(.2465+2.125E-05* (A+B) ) : F={ .5* (A+B)+5)*.5:G=12%W/ (N*L*{X-D) )

80 H=.9*G".6%(9.399999E-02+.00004* (F-200) ) /D" .4:E=1.08* (X*Y~. 785*D*D) /D/39.36
90 A27=((.5*(A+B)-32}/1.8}+273:A28=(.8+1.6*T)*(1-.80038*A27)}*(M+T)/((MFT)*E) .5
100 A28=(1-EXP(-A2B*E) }*10" (~8)*({.5*(A+B)+460) "4~(S+500) "4}/ ( .5* (A+B)-5-40)
119 A28=.1401*A28:U=1/((1/(H+A28) )+.0034D*LOG(D/I)/608)

128 RaU*(3.14*D/12) "N*L*K* (A-B) /LOG((A-S)/(B~S))

138 IF ABS({Q-R)/R)<.02 THEN 170

140 Ve, 5%V:B=p+SQN(Q-R)}*V:IF B<S THEN 168

158 GOTO 7@

160 B=S+1

17¢ Z=.81*S:0=Q/(1031+113.3%2-45.32%2*2+18.8* 2" 3-.959% 2" 4-C+32)

189 R=G*D/12/(.0619+.003042* (.5%(A+B)-500) )

19¢ IF J=0 THEN P=R"{~.16)*(.25+(.1175/((X/D)-1)"1.88)):GOTO 210

200 F=R"(~.15)*(.844+((.08%Y/D)/({X/D)~1)"(.43+1.13*D/Y)))

210 A39=9.3*10" (~10) *F*G*G*K/ (48/ (460+.5* (A+B) ) ) :Q=Q/18™6

215 PRINT" "

220 PRINT"RESULTS"

230 PRINT" "

240 PRINT"GAS FLOW=":W;"GAS TEMP IN=";A;"“GAS aIr=";B; "DUTY-MMBTU/H=": Q

25¢ PRINT"

260 PRINT"SAT TEMP=":S;"FEED WATER TEMP=":C;"STEAM FLOW=":0

278 PRINT" "
280 PRINT"TUBE (D=":D;"TUBE ID=";I;"TR PITCH=":X;"LONG PITGOE";Y
296 PRINT" *

300 PRINT"TUBE LENGTH=";L;"NO OF TUBES WIDE=":N;"NO DEEP=":K
318 PRINT" "

320 PRINT"OV HI TR QDEFF-BTU/FT2HF=";U;"GAS PR DROP-IN WC=":A30
333 PRINT" "

340 IF J=1 THEN PRINT"INLINE ARRANGEMENT' :GOTC 363

358 PRINT"STAGGERED ARRANGEMENT"

3ed END

FIG. 5.2B Listing of program 5.2, with results.

PROGRAM 5.3 PERFORMANCE OF ECONOMIZERS
Input

Gas flow

Gas temperdture in
Water flow

Tube OD

Water temperature in
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PERFORMANCE OF WATER TUBE WASTE HEAT BOILERS
TUBE D, TUBE ID,TR PITCH,LONG PITCH,TUBE LENGTH=? 2,1.686,4,4,13.5
NO OF TUBES WIDE,NC DEEP,PCO2, PH20(IF PCO2,PH20 ARE NIL USE A VALE OF @.000: TO

EXEQUTE PROGRAM? 18,16,.15,.12
ARRANGEMENT-INPUT @ FOR STAGGERED OR 1 FOR INLINE=? ]

GAS FLOW,GAS TEMP IN,STM PRESS-PSIA, FEED WATER IN=? 11000¢,1520,498¢,225
RESULTS

GAS FLOW= 110008 GAS TEMP IN= 1520 GAS QUT= 998.6926 DUTY-MMBTU/H= 17.28442

SAT TEMP= 442.7528 FEED WATER TEMP= 225 STEAM FLOW= 16865.9
TUBE (D= 2 TUBE ID= 1.686 TR PITCH= 4 LONG PITCH= 4

TUBE LENGTH= 13.5 NO OF TUBES WIDE= 18 NO DEEP= 16

OV HI TR QDEFF-BTU/FT2HF= 12.8216% GAS PR DROP-IN WC= .2696926

INLINE ARRANGEMENT

FIG. 5.2B (Continued)

Tube ID

Fin density

Fin height

Fin thickness
Transverse pitch
Longitudinal pitch
Length

Number of tubes wide
Parallel passcs

Tubes deep

Qutput

Duty (MM Btu/hr!

Water temperature leaving
Gas temperature leaving
Water pressure drop

Gas pressure drop

Remarks

This program valid for solid finned tubes in a staggered arrangement.
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Economizers are widely used in boiler plants to recover energy
from exhaust gases. With the program discussed here, one can pre-
dict the performance of spiral finned economizers in a staggered
arrangement. The program evaluates the energy absorbed by a
given economizer, the exit gas and water temperatures, and water
and gas pressure drops. A trial-and-error procedure is used to ar-
rive at the solution. The program is adequate for the products

of combustion of fossil fuels. Moderate fouling is assumed.

Theory
Energy absorbed and transferred may be obtained from

Q = Wyep (Ty —Ty) = wepg (t; — 1) = US AT (1)

(T, —t;)—(T; —t;)
A -
T (T = )T, — t)) (2)

= 1/[(1/hy) + 124, /[(££; + h;)d;] + (d/K) In (d/d;)A,/
[(d +d;)] + £y} (3)

The gas-side heat transfer coefficient h; is obtained from the
equation of Robinson and Briggs*:

hy = 0.295G% 6%k 0-67¢  (1/n — b)0-313/

1
U

(do.319pgo.351ho.2 b0.313) (4)
G = wﬁ_ (5)
NWL(St - AO)

d nbh

= T 4 T/
Ao = 1p 6 (6

Fin efficiency is obtained from
1

O T mni @+ 2o T3 ()

*V. ,Ganapathy. Charts simplify spiral finned tube calculations, Chemical
Engineering, April 25, 1977.
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where m = (24hy/Kb)°**, K being the thermal conductivity of fin
material. The fin effectiveness

1-(1-¢) L (8)
n= (1-9¢) A,
The fin and total surface area per unit length may be obtained
from

2
a, = Tol4dh + 4h? + 2bd + dbh) ©)
24
A, = A + (1-nb) X4 (10)
t f 12

The factor that accounts for the gas properties in equation (4)
has been estimated as follows for common flue gases, as well as
air, to a reasonable accuracy:

0.67 6.33

C
F = 0.126 + 0.00004t = —‘; . (11)
g
Tubeside heat transfer coefficient h; is obtained from*
0.8
=240 (%) HO (12)
i

¢, \0.4 |
F(t) = K06 (..’._‘E) =10(—1.8318+0.493 log t) for water

(13)

The gas pressure drop AP, is calculated from the equation
of Briggs and Young:

1.58 X 1078G! 684 40.611 Nd(460 + T)y0.316
Py = 5,0 412g, 0.515 My (14)

This equation may be simplified for air and common flue gases as
_ 51X 10711 G!-6844°-611(136 + 0.528T)N,4
g g 04125 0.518
t 1

(15)

*V. Ganapathy, Applied Heat Tronsfer, Pennwell Books, Tulsa, Oklahoma,
1982.



1@ CLS:KEY OFF:PRINT"ECONOMISER PERFORMANCE-F INNED) TUBE BUNDLE-STAGGERED ARRGT O

N[JY“
15 PRINT™ .,
2@ INPUT™GAS FLOW,GAS INLET TEMP,WATER FLOW,WATER INLET TEMP=";W.,R,V,M

25 PRINT" "
36 INPUT"TUBE ©O,ID,FINS/IN,FIN HT,FIN THK,TR PITCH,LONG PITCH=";D,I,N,H,B,X,A3]l

mll "
23 fggu “TUBE LENGTH,NO OF TUBES WIDE,NO OF PARALLEL PASSES,NO OF TUBES DEEP=";L
,A28,P,A30
58 A32%(D/12)+N*B*H/6: F=3, 14%N* (4 *D*H+4*HAH+ 2*B* D4+ 4*B*H) /24
60 T=E+3.14*D* (1-N*B)} /12:S=T*A28*A30*[,
78 C=,S5*W* (R=M) * (,2465+2.125E-B5*% (R+M) ) :J=,57%V* (R~M)
8¢ Q= (C+I-ABS({C-J))/2:Y=Q
90 K=M+Q/V
95 E=,5% (M+K)
100 GOSUB 500
119 A29=M+Q/NV/Z
120 IF ABS(A29-K)<.5 THEN 1449
130 K=,5* (K+A29) :GOTO 95
149 IF ABS(K-R)<.2 THEN PRINT"CHBCK SURFACE AREA/DATA":GOTO 370
15¢ O=R~4*Q/W
160 2Z=,2465+2,125E-95* (R+0)
178 A29=R-Q/ (W*Z)
180 IF ABS(A29-0)<.5 THEN 20¢
198 0=.5* (0+A29) :GOTO 160
200 IF ABS(O-M)<.2 THEN PRINT“CHECK SURFACE AREA/DATA":GOTO 370
218 G=W/(A2B*L* ((X/12)-A32)) :A27=,295%G".681% ((1/N)-B} ~.313* (. 125+.80004* (.5* (R+
0)~480))/D".319/B~.113/H".2
226 J=1/(1+{.33* (A27/B) *H*H* ((D+2*H) /D) ~.5) /144) : J=1~ (1-J) *F/T:A27=A27*J
236 A=2.44*(V/P)".8%10" (~1,318+,.2141*LOG(,5% (M+K})) /1°1.8
240 U=1/(11/A27)+(12*T/3.14/1) * ((1/A) +.001) + . @06*LOG (D/I) *T+.081)
258 Z= ((R=K)~(0-M) ) /LOG( (R~K) / (O-M) } :A20=(j*5*7
260 IF ABS({(A29-Q)/A29)<.02 THEN 280
278 Y=,5%Y 1 Q=Q+SGN (A29-Q) *Y :GOTO 94
280 A29=51*10" (=11)*G"1.684*D",611*(136+,2641*% (R+0) ) *A3d/X" .412/A317.515
2;3 FF=.00855% (1+((36/1) +1) ". 33) :C=3.36E~06*FF* (V/P) * (V/P) * .81 5*EXP (. 800279% (M+K)
) /178
308 p=C* ((A28/P) *A30*L+ ((A28/P) *A30-1)*2.5%]) :0=0*10"-6
3@5 PRINT" "
318 PRINT"RESULTS"
320 PRINT™ "
33¢ PRINT"GAS FLOW=";W;"WATER FLOW=";V;"DUTY-MM BTU/H=";Q
348 PRINT" "
35¢ PRINT"GAS TEMP IN=";R;™ TEMP OUT=";0;"WATER TEMP IN=";M;"TEMP QUT=";:K
369 mImll [1]
37¢ PRINT"TUBE OD=";D;"ID=";I;"TR PITCH=";X;"LONG PITCH=";A31; "FINS/IN=":N; "HT="
;H;llmlel;a
380 PRINT" " .
398 PRINT"TUBE LENGTH-FT=";L;"NO WIDE=";A28;"NO DEEP=":A30
40¢ PRINT" "
419 PRINT"TOT SURF AREA=";S:"GAS PR DROP-IN WC=";A29;“WAT PR DROP=";p
429 mlm“ 1]
43¢ PRINT"OV HT TR COEF-BTU/FT2HF=";U;"FIN EFF=";J;"TUBE SIDE HIC=":A
435 PRINT" "
4406 END
50@ IF E<335 THEN 53¢
519 7=,995*EXP(-2,93+,585*LOG (E))
520 GOTO 540

530 z=1
540 RETURN

FIG. 5.3 Listing of program 5.3, with results.
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GAS FLOW,GAS INLET TEMP,WATER FLOW,WATER INLET TEMP=? 13000¢,600,47063,220

TUBE (D, ID,FINS/IN,FIN HT,FIN THK,TR PITCH,LONG PITCH=? 2,1.78,3,.75,.06,4.5,3.9

TUBE LENGTH,NC OF TUBES WIDE,NO OF PARALLEL PASSES,NO OF TUBES DEEP=? 12,12,4,28

RESULTS
GAS FLOW= 130008 WATER FLOW= 47006¢ DUTY-MM BTU/H= 19.79781

GAS TEMP IN= 60€¢ TEMP CUT= 286.6527 WATER TEMP IN= 220 TIMP OUT= 449.7236
TUBE QD= 2 ID= 1.78 TR PITCH= 4.5 LONG PITCH= 3.9 FINS/IN= 3 HT= .75 THK= .06
TUBE LENGTH-FT= 12 NO WIDE= 12 NO DEEP= 28

TOT SURF AREA= 15451.06 GAS PR DROP-IN WC= 3.479564 WAT PR DROP= 13,30187

OV HT TR COEF-BTU/FT2HF= 6.717965 FIN EFF= .8125133 TUBE SIDE HIC= 1316.379

FIG. 5.3 (Continued)

It gives a conservative estimate of gas pressure drop.
Tubeside pressure drop may be found from

-— w 2 v }
AP, =3.36 X 10 °fLe(—) — (16)
P di
The equivalent length
L (N )NL N)Nzﬁd (17)
+
o p d ( p d
0.33
f = 0.0055 1+(§’6+1) x (18)
1

More information on this design procedure can be found in Ap-
plied Heat Transfer.

Performance Procedure

In a performance calculation, the configuration of the economizer
will be known, along with the gas, water flows, and the inlet tem-
peratures of the fluids. A trial-and-error logic is used to arrive

at the final solution. The following are the features of the pro-
gram, a listing of which appears in Fig. 5.3.
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TABLE 5.3 Nomenclature for Program 5.3

Nomenclature Program symbol Description and units

A F Fin area (ft? /ft)

Ao A32 Obstruction area (ft? /ft)

Aq T Total area (ft? /ft)

b B Fin thickness (in.)

< Z Specific heat (Btu/lb °F)

d, d; D,I Tube OD, ID (in.)

f - Friction factor

G G Gas mass velocity (Ib/ft? hr)

h; A Water heat transfer coefficient
(Btu/ft? hr °F)

h, A27 Gas heat transfer coefficient
(Btu/ft? hr °F)

h H Fin height (in.)

k - Gas thermal conductivity (Btu/
ft hr °F)

K - Metal thermal conductivity
(Btu/ft hr °F)

L L Tube length (ft)

Le Equivalent length (ft)

Nw A28 Number of tubes wide

Ng A30 Number of tubes deep

n N Fins per inch

P p Number of parallel passes

APg, AP, A29,C Gas per drop (in. WC), water
drop (psi), energy transferred
(Btu/hr)

Q Q Energy transferred (Btu/hr)

st S1 X, A3} Transverse and longitudinal
pitch (in.)

S S Surface area (ft?)

Ty, Tz R,0 Gas temperature in, out (°F)

ty,t, MK Water temperature in, out (°F)

AT - Log mean temperature differ-

ence (°F)
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TABLE 5.3 (Continued) e

Nomenclature Program symbol Description and units

u U Overall heat transfer coefficient
{Btu/ft? hr °F)

v - Specific volume (ft* '15)

Wg, w W,V Gas and water flow (lb/hr)

Il — Viscosity (Ib/ft hr)

o} - Fin efficiency

n J Fin effectiveness

1. Alogic is used that arrives at the results quickly. The
first trial value of Q is half the smaller of Wy (T, —
ty) and wep o (Ty — t; ). Depending on whether the
assumed Q is smaller or larger than the transferred
energy Q, = US AT, the next trial value of Q is changed
by half the value of Q.

In case T, falls below t, ort, goes heyond T, , the pro-

gram is stopped. This situation can occur if a very large

surface area is input by error.

3. The results may be used to predict the off-design per-
formance of economizers. Also, it can be used to check
if fouling has occurred. For example, if the exit gas
temperature or gas pressure drop is much more than
that predicted, one can assume that fouling has occur-
red.

bo

Example

An economizer has the following data:

Gas flow = 130,000 ib/hr
‘Gas inlet = 600°F

Water flow = 47,000 ib/hr
Water inlet = 220°F

Tube OD = 2.0 in.

Tube ID = 1.78 in.

Fins perin. = 3
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Fin height = 0.75 in.

Fin thickness = 0.06 in.
Transverse pitch = 4.5 in.
Long pitch = 3.9 in.

Tube length = 12 ft
Number of tubes wide = 12
Parallel pass = 4

Number deep = 28

Determine the economizer performance. The tubes are in a stag-
gered arrangement, and solid fins are used,

Solution

Key in the program, a listing of which appears in Fig. 5.3. In the
RUN mode, the screen asks for all data in the same order given
here; they are fed in. Then, using the logic discussed, the com-
puter arrives at the solution. It is seen from Fig. 5.3 that the
energy transferred is 11.2 MM Btu/hr, exit gas temperature is
273°F, exit water temperature is 458°F, gas pressure drop is 3.45
in. WC, and waterside pressure drop is 13.3 psi. The overall heat
transfer coefficient is 8.04 Btu/ft? hr °F.

Table 5.3 gives the nomenclature, using which other data
may be obtained.



Appendix

Correlations for Superheated
Steam Properties

¢, = 80870
T2
C. - qoCl _ 2641.62
T
C, = 1.80 + C,
P2
Cs =C;5 :r"z“

c, - 240

C, = C5C,

C, = 1.89 + C,

147



APPENDIX 148

126,970

Cs = 0.21878T - =<2

C
Co =2CsCy — —T3- X 126,970

162,460

CIO = 82.546 - T

Cy

Cyy = 2C,0C5 f——i: X 162,460

Using the variables C, through C,,, v, H, and S have been evalu-
ated.

_i Cq T
v= {(CCaCs + Cro) FrH1 C; +4.65504 ‘ 0.016018
H=775.596 + 0.63296T + 0.000162467T, + 47.3635

log T + 0.043557 {C-P + 0.5C,[Cy, + C3 (Cyp + CoCy) 1}

S = [ (CsCs — 265)C5Cs ~C“] Cq (C3 —C,)P /
2 2
T(— 0.0241983) — 0.355579
- 11.4276/T + 0.00018052T — 0.253801 log P
+ (.809691 log T
where

P = pressure (atm)

T = temperature (K)

v = specific volume (ft3 /lb)
H = enthalpy (Btu/lb)

S = entropy (Btu/lb °F)



Index

Air
combustion, 3,8
heat transfer coefficient, 65,
72, 80
pressure drop, 34, 49, 53
ASME power test code for
boiler efficiency, 17

Beam length, 77
Blow down, flash steam, 119
Blowoff line, steam flow in,
122
Boilers, efficiency, 17, 22
fire tube, 127

[Boilers, efficiency]
water tube, 132

Carbon dioxide in flue gas, 3,
11
Carbon monoxide in flue gas,
22
Combustion calculetions
gaseous fuels, 8
liquid fuels, 3
solid fuels, 3
Combustion constants, 12
Condensation, insulation
thickness to avoid, 96
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Convection heat transfer
coefficient

inside tubes

for air/gas, 65

for steam, 59

for water, 63
over bare tubes, 72
over finned tubes, 67

Density of gas, 7, 36

Desuperheating steam, 115

Dew point of water vapor, 11,
98

Differential head across ori-
fice, 43, 46

Dry gas loss, 18

Economizer, performance of,
138
of fire tube boiler, 127
of multilayered insula-
tion, 91
of water tube boiler, 132
Effectiveness of finned tubes,
69, 81
Efficiency
of boilers
from field data, 22
using power test code,
17
of expansion process, 105
finned tubes, 69, 81
Emissivity
of casing, 92, 97
of flue gas, 76, 77
Enthalpy of steam, 110, 115,
148

INDEX

Entropy of steam, 106, 148
Excess air, 3, 8, 17
from flue gas analysis, 22
Expansion factor for fuel oil,
39
Expansion of steam, 105

Fin tip temperature calcula-
tions, 80
Finned tubes
effectiveness, 69, 81, 140
efficiency, 69, 81, 140
heat transfer coefficient,
69, 81, 140
pressure drop, 50, 141
surface area, 69, 141
Fire tube waste heat boiler,
127
Flash steam from blow down,
119
Flue gas
analysis, 3, 8, 22
combustion calculation,
3,8
efficiency of boiler from,
22
loss, 18, 23
water dew point, 8, 11, 98
Friction factor
inside tubes
laminar flow, 40
in turbulent flow, 30,
33, 36, 129
outside bare tubes
inline arrangement, 53
staggered arrangement,
54
Fuel oil properties, 39



INDEX

Gas
heat transfer coefficient
(see Convection heat
transfer coefficient)
pressure drop, see pressure
drop
velocity, 54, 135
Gas mass velocity, 50, 54,
135, 140

Heat flux, 77, 87
Heat losses
in boilers, 17, 22
in insulated surfaces, 91,
97
Higher heating value, 3, 5, 14
efficiency based on, 20, 23

Insulation,
effect of wind velocity on,
92, 96
heat losses in multilayered,
91
thickness to avoid conden-
sation, 97

Losses, dry gas

due to hydrogen in fuel,
18

due to moisture in fuel, 18
heat, 18
pressure (see Pressure loss)
radiation, 17, 22

Lower heating value
efficiency based on, 20, 23
of gaseous fuels, 8, 14
of solid, liquid fuels, 3, 5

151

Molecular weight, of flue gas,
3,8

Nonluminous heat transfer co-
efficient, 76, 87
Nusselt Number, 59

Orifice sizing
for steam, 43
for water, 46
Overall heat transfer coeffi-
cient
in finned tubes, 140
in fire tube boilers, 128
in water tube boilers, 133
Oxygen in flue gas, 3, 8
relation to excess air, 22

Partial pressure of carbon di-
oxide, 76, 77, 86,
132
of water vapor, 76, 77, 86,
132
Pitch
longitudinal, 49, 76, 132
transverse, 49, 76, 132
Prandt] Number, 59
Pressure loss,
inside tubes/pipes
for air/gas, 34, 129
for fuel oil, 39
for steam, 29
for water, 32
outside bare tubes, 53,
135
outside finned tubes, 49,
141
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Quality of steam, 106, 110 Surface area
finned tubes, 69, 141

of heat transfer equip-
Radiation, losses, 17, 23 ment, 129, 135

nonluminous, 76
Relative humidity, 3, 8, 17, 96

Reynolds Number Temperature
air, 53, 54 boiler exit gas, 17, 22
fuel oil, 40 casing, 91
steam, 44 fin tip, 80
log mean, 140
superheater wall, 86
Saturation temperature, 30, Thermal conductivity,
60, 127 of insulation, 92, 97
Specific volume of steam, 30, of metal, 82, 88
148 Thickness of insulation, 92, 96
Steam Throttling of steam, 110

desuperheater, 115
enthalpy, 110, 115, 148

entropy, 106, 148 Velocity
flash, 119 of air/gas, 54, 135
flow in boiler blowoff of steam, 30
lines, 122 of water, 32
heat transfer coefficient, of wind, 92, 96
59 Viscosity
orifice sizing, 43 air, 54, 135
pressure drop, 29 fuel oil, 40
properties after expansion, steam, 44
105
properties after throttling,
110 Water
saturation temperature, heat transfer coefficient,
30, 60, 127 63
specific volume, 30, 148 orifice sizing, 46
Superheater metal tempera- velocity, 33, 63

ture, 86 Wind Veloéity, 92 96

P
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