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Programa del Curso: Instalaciones De Aprovechamiento De Gas Natural

Del 26 al 30 de abril de 2004

Tema

Dia y hora

1. Termodinamica Aplicada Al Gas
Natural

Duracién: 4 horas
Lunes 26 de abril de 2004
de 17 a 21 horas

2. Reglamentacion y Normalizacion:

a) Reglamento de Gas natural,

b) Normas Nacionales Aplicadas Al Gas
Natural

Duracion: 4 horas
Martes 27 de abril de 2004
de 17 a 21 horas k

3. Disefio De Instalaciones De
Aprovechamiento De Gas Natural:
a) Residenciales.

b) Industriales.

Duracion: 6 horas

Miércoles 28 de abril de 2004
de 17a2l horas y

Jueves 29 de abril

de 17 a 19 horas

4. Mantenimiento De Instalaciones de
Aprovechamiento De Gas Natural.

Duracion: 2 horas
Jueves 29 de abril de 2004
de 19a2l horas

5. Pruebas En Instalaciones De
Aprovechamiento De Gas Natural:
a) De hermeticidad (hidrostaticas y
neumaricas).

b) No destructivas.

Duracion: 4 horas
30 de abril de 2004
de 17 a 21 horas

Division de Educacion Continua de la facultad de Ingenieria

Universidad Autonoma de México.

En colaboracion con el Colegio de Ingenieros Mecanicos y Electricistas (CIME)
Coordinador académico: Ing. Alfrede Sdnchez Flores

Expositores:
Ing. Alfredo Sanchez Flores (*)
Ing. Daniel Tello Patifio (**)

{(*) Perito en gas LP y Gas Natural del CIME

(**) Disenador de sistemas de Aprovechamiento de Gas natural




2.6 - ECUACION DE ESTADO DE GAS IDEAL

1.as tablas de propiedades proporcionan informacion muy cxacta, pero son volumi-
nosas y vulnerables a los errores tipogriticos. Un enfoque mas priactico y deseable
es tener algunas relaciones simples entre las propiedadces, que sean suficientcmen-
te generales y precisas.

Cualquier ecuacion que relacione la presion, la temperatura y el volumen es-
pecificos de una sustancia se denomina ecuacion de estado. Las relaciones de pro-
piedades que comprenden otras propiedades de una sustancia en estados de equili-
brio, también s¢ conocen como ecuaciones de estado. Hay varias ecuaciones de
estado, algunas sencillas y otras muy complejas. La ecuacioén de estado mais senci-
lla y conocida para sustancias en la fase gaseosa es la ecuacion de estado de gas
ideal. Esta ecuacién predice el comportamiento P-v-7T de un gas con bastante exac-
titud, dentro de cierta region elegida adecuadamente.

lLas palabras gas y vapor a menudo se utilizan como sindnimos. La fase de
vapor de una sustancia suele considerarse como un gas cuando su temperatura cs
mds alta que la temperatura critica. El vapor implica un gas que no se encuentra
muy alejado del estado de condensacion.

En 1662 el inglés Robert Boyle observé durante sus experimentos con una
cdamara de vacio que la presién de los gases es inversamente proporcional a su
volumen. En 1802, J. Charles y J. Gay-Lussac, determinaron de modo experimen-

tal que a bajas presiones el volumen de un gas es proporcional a su temperatura.
Esto es,

[§)
Pyv=RT ; (2.9)

donde la constante de proporcionalidad, R, se denomina la constante de gas. La

ﬂ("l"‘"f‘;(‘lﬂ q 0 P= X o 'f\ ﬂf‘““l“:ﬁﬂ l"ﬂ nc"'nr‘n l'lﬂ LAl T o ;f.nn. -~ l"ﬂ"\r‘:"ﬂmaﬂ"a 'll .’ﬂ'ﬁf‘:(’\“ "‘n
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gas ideal, un pas que obedece esta relacion recibe ¢l nombie de gas ideal Encesta
ecuacton. £ sl presiin absoluta, 7 es la temperatura absoluticy ves el volumen
especifico

Li cunstante de gas & e dilerente para cada gas (figura 2.45) y se determins
de

L I [ i oo

donde R, vs la constante universal de gas y M es la masa molar (Illamada también
peso malecfary del gas La constante R, es i misma para todas las sustancias y s
valor es '

Bifd Llimol K
Bild kPa m/hkmot K
0GO08314 bat m/kmotl K
- 11
K 1 986 Buww/lhimol R 20
10 73 psin U /lhmol R
1 545 1t Ibi/ibmol R

Lo masa molur M «¢ detine como fa masa de un mol (llamada también un
gramo mod ahres indo gmol) de wenag susrancia on gramos, O, fer mrerved cle un kmaol
Mamada tamtén un kddogramao-mol, abreviado kgimol) en Litogramos. En unida-
dew mnglesis cs la masa de 1 1hmal en Ibm Advierta que la masa molar de una
sustancia tiene el nusmao valor numénco en ambos sistemas de windades, por Ja
forma en gue se dehine Cuando se dice gue la masa molar del nitrégeno es 28. cHo
sipmilica gue T misa de wn kimol de nirogeno es 28 kg, o que ln masa de | lbinol de
mirdgeno es 28l Esto es, M = 28 kg/kgmol = 28 Ihiv/ibhimol. La masa de un
sistenst es 1guat al producto de suomasa motar My el niimero de moles N

. i b (2 1)

[ us vadores de £ v de M para varias sustincias se presentan en la tabla Al
T.a ecuacion de estado de gas ideual se escribe de varias maneias diferentes

Vo= mv - y PV =mRT {2.13)
MR = (MANIR = NR, —> PV - NR]T (2.14)
V= NT —a e RT (2 15)

dondde v s el volumen especitico motar. eato e, el solumen por unwdad de mal (en
m kol o (C7bmed). b oste 1exio un guedn wriba de una propedad denolard
vitlores bascados en nnedead de mrol (Tiguia 2.46).

Escribrendo 1a ccuacidn 2,13 dos veces para una masa lja y sunphificando. las
propiedades de un gas deal en dos estados diferentes se relacionan entre s par
medio de

; ; 12,1

Un gas deal e una sustancia imaeindria que vhedece a la relacion v — RT
tligura 2.47). Se ha observado eaperimentalimente que la relacion de gas ideal se
aproximas mucho ol comportanento £-1-T de los gases reales o bajas densidades
A bujas presiones » abtas wmperaturas la densidod de un gas distminuyc y €ste »¢
comporle como gas tdeal en estas condicriones. Lo gque constituye baja esn y
alta temperatury se exphca en fa stguicnie seccuin

Aire -
. Helia *
.. Nirédgeno

. .

Sustancia R.kr’!;_'fgk“-l(
oas10 ]

200169
.g.2081 . "
‘02968

FIGURA 2 45

[Hferentes susbancras enen diferentes

constantes de g

FIGURA 2.6

I_as propredades pot ol se denotan con

U aion en lo pare superigr

i6AS
IDEAL L

110 ES

aplicabte o los goses re

debe wenetse cuedido ¢

FIGURA 2 47

Vo relacsdn de pas wdeal ameoudes e ex

ales. por ello
tbnlio ¢ nse
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Prhuo para el epemplo 2 10

En el rango de interés practico. muchos gases tamiliares como ¢l mre. mitroge-
o, oxfgena, hidrogeno, hehoo argdn. nedn. kripton ¢ meluso gases mas pesados
comoe el dioxude de carbono, pueden tratarse como pascs adeales conun crror des-
preciable rcon frecuencia menat de 19 S cmburgo, los gases densos, como ¢l
vapor de agua en fas centrales eléetricas y el vapor de tefrigerante on los retogera-
dores, no deben considerarse como gases wdeules Deben utilizarse Ias tablas de
propicdades para estas sustancias

EJIEMPLD 2. 10 Masa del alre contsnido en un sspacio cerrado .

Determine fa masa dal aire en una habitacién cuyas dimensiones son 4 m x ﬁ %n x 6
ma 100 kPay 25°C, ) R

SOLUEIIN Datermine la masa de aire contenida an un espacio cerrado. .

Andiisis En la figura 2,48 se presanta un dibujo del cuarto. El aire en Ias condu:lo-'
nes espaciticadas puede tratarse como un gas ideal. £n la tabla A.1 la constante de
gas dei aire es R = 0.287 kPa - m¥kg - K, y la temperatura absoluta 85 T= 25'C +

273 = 298 K. £l volumen del cuarto es
Ve (4 mIS m)(6 m) = 120 m*

L.a masa del arre en un espacio cerrado se determina a. partir de |a ra|ac16n de gas
ideal siguiente

PV (l()OkPa)(l?JO_m') IR
e = 140.3 A (RN
M RT T (0387 %Pa kg . K)(298 K) ,,',“'_‘, s e

.Es el vapor de agua un gas ideal?

Eata pregunta no se contesta con un simple sf o no. B errod inyoluctado al conside-
rat al vapor de agua como un gas ideal se caleula y grafico en la figurn 2 49 FHe
clate, a partin de esta frigur, que o presiones menores de 10 kPa, el vapor de agua
seopucde considerm un gas adeal. independicntemente Jde so tempetatuna, con un
crror desprocinhle {menor que 3 1% ). A presiones superiores, la suposicion de gas
idcal produce crrores inaceptables. en particular en la vecindad del punto critico v
de B linea de vapor saturado (arriba del 100% ). Por tunto, on aplicaciones parn
acondicionamicnto de aire. of vapor de agua en el aire puede tratarse como un gas
e esencia ideal casi <in etrorn, puesto gque la previon delt vapor de agua es muy baja
Fin contraste. on las aplicaciones del vapor en centrales cléctricas, las presiones
implicadas conmuy attas. de modo que no deben asarse las relaciones de gas idend

2.7 - FACTOR DE COMPRESIBILIDAD, UNA MEDIDA
DE LA DESVIACION DEL COMPORTAMIENTO
DE GAS IDEAL

I ecuacian de gas rdeal es may sencilla sy por ello s uso gs convermente. 1'ero,
coma itusta la hgora 209 Tos pases se dessian del compontannento de gas idend,
e manera sipnrhicativa. en estados cercimos o o pegidn da saturacion y ol punto
critico, i posihle exphem con exactinned est desy acion del conuportanmiento de
cas ideal ooonaremperatuea y ptc.\i('m deternvymadas mednte lointroducerdas Jde un
tactor de correceran Harmado Factor de compresibilidad 7 detinido connn

{217
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Tambhién <o eavprosa como

{2 19)

donde v, , = R77P. Es ovidonte que £ = 1 para gases ideales, Para gases reales 22
puede ser mayor o menor gue la unidad (Fipua 2 50) Coanta s lejos se encuen-
tra 2 Jde g umidad, mayor e hdesyiacion del gas del comportamicnto de gas ideal.

5¢ ha dicho repetidas v eces que los gases siguen 1a cctacion de gas ideal con
gran precisian o bajus presiones y altas wwmporatuias, Poro qué es exactimente 1o
guee constituye baja presiudn y alta emperamara? By —1007C una temperatuta buaja’?
Es definitivo gue lo es para muchis sustancis, pero no para el ane Bl aire (o ¢l
nittageno) puede lutarse como gas ideal a esta temperatura y a L presion atinosdé
rica con un ertor menin de 145 debido o que el miropeno se encuening bastante
arrtha de su temperatura erftica { -137°C v lejos de laregion de saturacidon, A esta
temperatura y presion. ~in cmbu o, la mayor parte de las susianeias existitian on
lu tase solida. Por conspguicnte. la presion o wempecitura de una sastabein es alta o
baja en relncian con su temperatura o presion Citica,

FIGURA 2.49

Porcenmtaje de error i1iv,m, - Vo, o Ve %
LN imphcado al cuponer que el vapor
cs un gas deals y regiin donde ¢l vapan
pucde lratarse como un gas ideal con un
crror menor de 14

FIGURA 2,60

-1 factor de compresibalichad s 1o oondad

rrata los vases ulendes
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Los gases ¢ comportan de maneri dilerente o una temperaturi y presuin de-
whrmincidas, pero sc camportan de manera muy parecida a termpenstoras y presianes
normalizadas respecto de cus temperaturas y presiones criticas  La normahizacian
so electtin comao

i ‘
P e a2 -

- oo (7 o

Aguf My recibe el nombre de presiéon reducida y 7, de temperaturas reducida, 131
tactor 2 para todos Jos gases es aproximadamente el mismo a la nusima presion y
temiperatura reducidas, Lo antertor rectbe ¢l nomie de principio de estados co-
rrespondientes. Iin la figura 2.51 Jos valores de Z deternunados cxperimental-
mente se gratican para el caso de P, y T, para vanos pascs. 1Los pgases parecen
abuedecer bastante bien al principio de estados correspondicmes. Al ajustar los da-
tos sc obtiene o carta de compresibilidad generalizada. que pucde utilizarse
para todos los gases (figura A 30).

A partie de 1o canta de compresibilidad generalizada son posibles Ins siguicn-
e~ obscervacione:

t. A presionesanuy bajas (Fg -2 1) los gases se comportan cama un gas idoal <in
considerar ta temperatura (figura 2.52),

- . - —_ e e ey e e e
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Iy —1t00 i .
H Ty i 7 Froleno & on-hepiane
: {y H A Erano SN Gpena
- .,,/" - ; L Propane = Droxidao de carhionn
i
2y i 1 p-butano * Apia
’ Curva promedio brsada en o datos
i e brdeocarbani.
[IRF] [ AN} L L ENT E Y ;u
Pocswan reducida £,
- FIGIIRA 2. 51
Comparacion de los factores 7 pondideremoes gases,
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2. Acckevadas temperaturas (1, = 230 ¢l comportamento de gas ideal pucde supo-
nerse con buena precisidn sin importar la presion (cxcepto cunndo 25 30 1),

A Lo desviacion de un guas del comportinmienta de gas ideal es mayor cerea del
pounto crtico (lignea 2 53

cunnda
LA ]
oo PPN

FIGURA 2_.52
A prosiones muy bBajas todos Tos gases se

EJEMPLD 2.17 El uso de Clﬂa. gensralizadas . . acercan al comportiunicnto de gosadeal

Determirne el volumen especifico del réfrigerante 134a a 1 MPs y 50°C, utlllzando . [amn hmpotlar s teniperatuni
a) la ecuaclén de estada de gas ideal y b} |a carta de compresibilidad generallzada :
Comparar los vslores obtanldos con &t valor real de 0.02171 m’lks y determinar el ;
@értor implicado en cada caso :

Ay [N '

SULUCION Sa debe dmgrmlnat sl volumen especifico del refrlgemnte 1343 supo~

niendo un comportemianto tanto de gas ideal como de gas no ideal. L 7 Comprrtunmento
Anstisis  La constante de gas, la preslon critica y la terhperatura trltica del rsmge- Componamicnto de gas
rante 134a sa determinan a partir e la tabla A 1: ¢ : de gas eal
s 1 rdenl
R =0 08!5 kPa - m‘!kg K -
1 - P = 4.067T MPA ~ : AN
T =3743 K / "
. / ~
&) El voluman especifico del refrigarante 134a bajo le suposlcidn da g-ns idaal ,’j .. (|‘--:m-.n'..n;.c..u.
'n_ A8 LN s oahen
< . walh . Il .
vﬂRT_(OOE' kPa - m’ kg - K323 K3 oomszkg ; /
P 1 00O kPa K — .
. ' L (5]
Por 1o tanto, considerando el vapor del refrigerante 134a como un gas ideal se | NGURA 2 53
obtendria un error de (0.02632 - 0.02171Y%0.02171 = 0.212 0 21.2% para este L Lo g e -h-\;n-.:, ;|¢.|

caso, ' .
! cormportumiento de gas wleal en la

b) Para detlerminar el factor de correccién Z a partir de 1a carta de compresibiildad cercanéa del punto critico
es necesario calcular (a presién y tamperatura yeducldas:

P _ 1 MPa -
fe o, T 067 mra 0248
. o - Z=0.84 !
7w L o 323K s _ ;
"7, 3743K ' - - '

Entorices
v Zu = (0.84)00.02632 m'/kg) = 0.02211 m' kg

Discusidn Et error en este resultado @3 menor de 2%. Por tanto, ante 1a ausencia de
datos tabulados, ia carta de compresibilidad gensralizada puede amplearse con
confianza.

tncluso cuando P2y voo T vose dan e lagor de 72y 70 la carta de compresthi-
hdad gencralizada pucede utitrarse para determinar ta tercera propicdad, pero im
plicaria el tedioso método Je ensavo v error. Lin consecuencia, resclia convenicnte
definit una propicdad redocida mas, Hamada ¢! solumen especifico
pseudorreducido 1, como

Ty o 20
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FIGURA 2.543

L1 tacton de «cornpressbanbdad tamdnen
pocde determimarse o partn del
cimog e e de Yoy A,

H.O
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vea 03514 RVIbm
P wul

FIGURA 2.55%
hibuapo para ol cemples 217

FIGURA 2 .56

Tos resodtidos elsteaiders ol nitilizns b

canta de campresibilidad snelon esta
demen de no preope s paoreeitage de o
vakoes dewrnunados

[ AVEL N ETERRY RS PYRPEL Y Y

Toan e oaae

Obeerve Gue v sedetine de manera ditferente que Frp v 17, Serelacionncon 2y P
cen vee de v, timmbidén o afaden Vineas de v, constante o bas cortas de compresibi

Ldad, ¥ esto permite determinas T o J' sin tenct gue securrie a bas tediosas ieragiones

(tigura 2 54

EJEMPLD 2.12 Uso da Ias camls zon-ralizadas parn determinar la praslﬂn

Determine 1a presién de vapor de agua a 600°F y 0.514 3 /ibm, empleando- a) las =
tablas de vapor, b) la ecuacién de gas ideal y c) ia cnrla de Comprasibulldad genera-
tizada. L - ;"_ S . -

SOLUCION  Se determinara 1a presién del vapor. de agua por tres mnneras diferen-_
tes. cd e - cn * E{""
Andlisis En la fmura 2 55 se presenta un dlbujo de! slstema. La constame de aa =
ta presion critica y la temperatura crltlc—a dat vapor 88 ob‘tlenan da Ia tnbta A IE. K

s

<

e P,g- 204 psis . '.‘,;,,v-
: ;T-IIGS‘!R"C"--

,}-.. K

#) De Ia labla A GF_ ae obtlenu que a preslbn del vnponen el as
Iguai a Ve o R

Gy a0 AN N i ‘;""
. ’ T 600"!’

LR 5
Esto as ol vaior determlnado expotimentalmonte y. por ello.,el mtn prec:iao. )
..t, D !

*w i

Por tanto, tratar al vapor como, un gas Ideal resuitar[a en U am:r dh
1 000 = 0.228, o?ZB%enestacaso " e

£) Para determinar el lactor de correéclén 2'a partir de ta cada da compresibilidad o

(tigura A.30), primero se dabe calcular el voluman especlflco pseudorraducldo Vg,

temperatura reduclda., RO ‘e

i . i ,"] " .!'

S Vg 2 L (0.514 f"1bm)(3 Zm_psia)”-s

e TR T RT IR (0.5956 psia . ft'/ibm - R)(llqsili
: T _ 1060R . Lo et
T‘gg_f:wlﬁ 53R 09[ (PN - P

Por tanto,

Poo PP, = (DA 204 pein) = 1 057 psia T
Digcusion  El empleo dela carta de rnmpremhuludad reduce el crror de22.8a5.7%,
que es aceptable para la mayor parie de los propodsitos dela Ingenierfa (figura 2 586).
Un diagrama mas grande, desde luego, brindarla mejor resolucion y raduciria los
errares de lectura. Advierta que no lue necesario déterminar Z ery este problems
puesto que Py se lee directamenté del diagrama.

N e
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TERMODINAMICA
TABLA A1

Masa molar, constante de gas y propiedades del punto-critico

fromedades del punie critico
Constante e o

Masa molar, de gas, Tempera- Presion,  Volumen,
Sustancia Férmula M kg/kmol R klikg - K* tura, K MPa m*fkmol
Agua HO I8 Q156 04615 6473 2209 0 (568
Aire — 28 97 0.2870 1325 377 0.0883
Alcohol etllico C,H OH 16.07 0.1805 nle 6.38 0.1673
Alcoho! metilico CH .OH 3z2.042 0.2595 51372 7 9% 01180
Amoniaco MNH, 17.03 0.4882 4055 t1.28 00724
Argén Ar 39.948 0 2081 151 4 86 00749
Benceno CH., 78115 0.1064 562 497 0 2603
Bromo Br. 159 808 0 0%20 584 10 34 0 1354
Cloro Cl, 70.906 0.1173 417 771 01242
Clorotarmo CHCI, 119 38 0.06964 536.6 5.47 0 2403
Cloruro metilico CH.C1 50 488 0.1647 416.3 b 6B 01430
Diclorodifluorometano (R-12} CCLF, 120.91 0.06876 3847 4.01 0.2179
Diclorofigorometanc (R-21} CHCI.F 102.92 0.08078 451.7 517 01973
Digxido de carbono Cco, 44.01 Q0.1889 304.2 739 00943
Dibxido de sulfuro 50. 64.063 0.1298 430 7 7.88 01217
Etano C.H, 30.070 0.2765 305.5 4.48 0.1480
Etileno CH, 28 0b4 0.2964 282.4 512 0.1242
Helio te 4.003 2.0769 53 0.23 00578
Hidrogeno (normal) H.. 2.016 4.1240 33.3 1 30 0.0649
Kripton ) Kr 83.80 0.09921 2091 5.50 00924
Metano CH, 16 043 0.5182 1911 4.61 0 0993
Mondxido de carbono co 28.011 0.2968 133 350 0.0930
n-Butano C.H,, 58 124 0.1430 4252 3.80 02547
Nedn Ne 20.183 0.4119 44,5 273 4.0417
n-Hexano C:H., 86.179 0.09647 507.9 3.03 03677
MNitrégeno N, 28.013 0.2968 126 2 3.39 0.0899
Gxido nitroso N.O 44 013 0 1889 309.7 127 00u61
DOxigeno 0, 31.999 02598 154.8 508 G.0780
Propano . C;H, 44 097 0 1885 370 4.26 0 1998
Propileno C,yH, 42.081 0.1976 365 462 0.181¢
Tetracloruro de carbono CCH, 153 82 0.05405 556.4 4 .56 02759
Tetrafiuoroetano {R-134a) CF CH.F o2 03 0.08149 374 3 4067 01847
Triclorofluorometano (R-11) CCHLF 137.37 0 06052 ar1 2 4 38 0.72478
Xenon Xe . 131.30 - 0.06332 289.8 588 01186
*La umdad en k)(kg K) es equivalente a kPa - m'ikg - K} La constante de pas se calculade B = R/M donde 2 B 314 kITkmal ¥y & e ba g mintar
Fuente. X A, Kobe y R F Lynn, Chermcal Review 52 (1953 pp LT 236 y ASHRAT [Soriedad Mnencana de tngemerns de Caletar atn, Reluperaoon v
Acondicionamiento de Aire], Handboa{: of Fundamentals {Atlanla, GA Amencan Socety of Healing, Retngeration and fir Conditiong Coginees, e 1990
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APENDICE 1

Calores especilicos de gas ideal de varios gases comunes
a) A 300 K
Constante de gas, R C, C, 1
Gas Férmula klfkg - K kg - K kifkg - K k
Aire — 0.2870 1.005 0.718 1.400
Argon Ar 0.2081 0.5203 0.3122 1.667
Butano CH. 0.1433 1.7164 1.5734 1.091
Digxido de carbono Co, 0.1889 0.846 0.657 1.28%
Etano C,H. 0.2765 1.7662 1.4897 1.186
Ehileno : C,H, 0.2964 1.5482 1.2518 1.237
Heho He 2.0769 5.1926 31156 L 667
Hidrogeno H, 4.1240 14.307 10.183 1405
Metano CH, 0.5182 2.2537 1.7354 1.299
Monéxido de carbono co 0.2968 1.040 0.744 1.400
Nedn Ne 04119 1.0299 0.6179 1.667
Nitrogeno N, 0.2968 1.039 0.743 1.400
Oclano CaHie 0.0729 1.7113 1.6385 1 044
Oxigeno 0, 02598 0.918 0.658 1.395
& Propano CiHq 0 1885 1.6794 1.4909 1.126
' Vapor H,0 0.4615 18723 1.4108 1.327

Nota. La umdad kJiikg K} es equivalente akikg - C

Fuente: Gordon | Van Wyleny Richard £ Sonntag. Fundamentals of Classical Thermodiiramics, version sngles'S) 3a. ed (Nueva York- John Witey & Sons, 1986),
~ £Q7 sakia A ACI
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Section 16

Physical Properties

Introduction .

This section coniains a number of charts, correla-
tions, «nd discussions concerning the physical prop-
artie  of hydrocarh~nc and related compounds.

Fig. 16-1 is 5 iable of physical constants of a
~umber of hydrocarbon compounds, other common
chemicals, snd some common gases. Fig. 162 is as
goridgement of GPA Publicaticn 2145, an official indus-
‘ry win+ ard that is widely referenced in contracts for
cistody ¢t -inefer and other commercial purposes.

These t vo tables ar: fal'~=~4 hy correlations on
coinpressibinty of ge<:s. Then additional correlations
fo. ow on hy irocarl.un fluid densities, boiling peints,
A’ M distiliation, eritical properties, acentric fac-
to. - =ge- pressures, viscosity, thermal conductiv-

it~ .urrare tension, and gross heating value of natural

gnees

Compressibil'ty of gases
Pt ESSURE-VOLUME-TEMPERATURE

Ir dealing with gases at low pressure, the ideal gas
relationship has been, and 1s, a convenient and gen-
erali; satisfactory toc!. But when faced with measure-
ment .nd calculations for gases under high pressure
the use of the ideal gas relationship may lead to
errors as great as 5009, as compared with 2 or 3%
at atmospheric pressure.

Many equations of state which have been proposed
for represcenting the pressure-volume-temperature
relationship of gases are complicated and inconven-
ient in practical use. The compressibility factor is
ressonably convenient and sufficiently accurate for
mary engineering requirements. 1t corresponds to &
multiplying correction factor (Z) by which the val-
ume computed from the ideal gas equation is con-
verted to the correct actual volume,

Thus:
PV = ZNRT
Where:
P = pressure, kPa (abs)
V = volume, m®
Z = compressibility factor
N = No. of moles, kmois
R = gas constant, 8.3145
T = absolute temperature, K = 273.15 + °C

The compressibility .facter Z is a dimenaionless fac-
tor independent of the extent or .-"3x & e a8
and determined by the charscter of the gae. ir i .
perature, and pressure. Onecs 7 is ancwn o deter
mined, the calculstion of pressuretem,.rno-+vriame
reiationships mey be made with us wuch wsnr .- igh
pressure a3 &t low pressure.

The equation to celculats gae dens.., -

MP

by = —————
AN TS

" Where:

v = gas density, kg/m'
M = molecslar mass, kg/kmnl
Other symbols dascribed ab~ve

Since moleculsr mass, preesure, and tzmperstue are
set by process considerations. it is necessary L. Jeter-
mine compreasibility feeter -Z to obtain gue Asmsity

According to the thesrem of corresponding states
the deviation of eny actua! gas from ‘he 'dou! gas
law is the same for different gases when #1 the '~
corresponding siats. The iame correspunau.g "ates
are found at the memse f{raciion of the absolute crii-
ical temperature and pressurs, which are known
as the

Reduced totmperatume. T, = T/7T,
Reduced pressyvs, P, = P/P,

Where:

T = absoluts critienl tomporeture
D. = absoluts eritical prossvne
T = absolute tempereture at which the gas exists

P = the absolute presgure 3t which the gas exists

Any units of tempersture or pressure may be used
provided only that the spme edsolute units be used

for T as for T, and for P as P..
GASEOUS MIXTURES

Fig. 16-3 repressnts the compressibllity factor as
a function of pseudo redueed pressire and pseudo



FIG. 161

PHYSICAL CONSTANTS OF HYDROCARBONSB{2T s ;
See Note No. = 3 2. 3 i
¥ Critical constants \i‘-
=
- ] ) - t
v i 2 o _‘_'é H i
5 e g £ 8 2 ¥ g
No Compound E s E g § 5 - E l-:E t
-] _:_’ 8 8 E g . " - v
=] -
S SO LI I RN I £ N A o
= -
iy s 8 - $% L= : - > |
1 | Methane Chig 18.043 | —161.52(28) k35 000.) ~182.479 { 4604 190.58 0.008 17 t
2} Ethare CaHg %0070 | 8858 | (8000) -1828 4 pen. 205 43 0.004 92 i
3| Propsne CakHy 43.007 | —42.07 1341, -187. 4249 82 0.004 60 !
Al nButare CeHyo rg124 0.4 3. —138.36 377 425 16 0.004 39
& ] sobutane CeRio 35.124 | ~11M 525. —159 60 3848, 40813 0.03a 52 l
6 | nPentane CsHys 72.151 2808 11586 | -120.73 3. 89 6 0.004 21
71 lsopentane CsHya 72.151 7.4 181.3 -159.80 33 “0.% 0.004 24 |
8] Necpentara CgHyg 72.151 880 260 -16.55 30 417 0.004 20 E
S| n-Hexare CeHia | U6.178 .74 -95.32 012 507 4 0.004 26 1
10 | 2-Methyipentsne CeHiya RE6.178 o026 50, ~153.68 3010 407 .45 0.004 26 |
11 | 3Methyipentans CeHia 86.178 < el 4573 _— 3134, 804 4 0.004 26 i
12 | Neohexane Hie BB.178 o7 7141 -08870 | o1, 48.73 0.004 17
13 | 2.3-Dimethyibutane Hia B8.178 57.08 85, -128.54 3127, 490 .03 0.004 15 !
14 | n-Heptane CoHye | 100 SE4L Te3d ~00582 | 2738, 8402 0.064 31 :
15 | 2Methyihexane Cobye | 100205 80.08 1722 1 11827 27M. 0.3 0004 20 |
16 | 3-Methvi~xane CaMyg 100.206 e 1818 -_— 284, 5319 0.004 03 ;
17 | 3Ethyipe tane CqMyg | 100.205 2348 1527 [ -118.60 2 801 54057 0.004 15
18 | 2.2-Dimerryipentane CqHye 100,206 %18 8.2 -12381 2T, 52044 0.004 15
19 | 2.4-Dimat yipentane CqHie | 100205 80.40 2484 | —11924 2737 £19.73 Q004 17 :
20 | 3,3-Dimathylpentane CaHye 100.208 88.06 2083 —134.48 2945, £35.34 0.004 13 ;
21 | Triptane CyHye | 100.208 8088 2540 -249 2 954, £31.14 0.003 87 :
22| n-Octane CastHia 114.232 125.67 4143 -58.7¢ 2 488. 588.7¢ 0.004 31 !
23] Diisobutv! CyHix | 114232 106,11 8.417 | -81200] 2488 540.99 0.004 22 b 1e
24 | isooctane CyHigy | 714.232 99.24 1206 | -107.38 25688 54389 0.004 10 AL
25 | n-Nonane CyHzp | 128.250 150.62 1.40 -53.49 2208 554 56 0.004 27
28| n-Docane CioH3a | 142.288 174168 04732] -2064 2000 8174 0.004 24 i
27 | Cyclapentane CeHyo 70.135 49.2 7387 -g3gee | ase2. 8116 0.003 71
2B § Metnyicyclopentane CeHia 84,162 71.81 3385 —142.48 3746 5273 0.003 79 .
26 | Cyclohexans CeHia 84,162 80.73 24 63 B.554 | 4074 5535 0.003 68 ‘
30 | Mathylcyctohexane CoHia 98,189 100.93 12213 | —128.50 2472, $72 12 0.003 75 -
31§ Ethene (Ethylene} CaHy 28.054 | -103.77(28) — -18p.154 BOdY. 28236 0.004 67 !f
32 | Propene (Propyiene) CaHg 42.081 | —47.72 1 586. —1852%9 | aat0. 34 85 0.004 30 :
33{ 1-Butene (Butylens) CyHg 56.108 -6.23 4819 -185.35% | 423 41983 0.004 28 .
34 | cis-2-Butene CaHg 56.108 3.72 3378 —-13801 & 220. 435.58 0.004 17 |
35 | trens-2-Butene CqHy £6.108 0.88 3658 —10%.55 4047 428 £3 0.004 24
36 | tsobutene CaHy 66.108 ~6.91 4523 -140.36 3989. 41780 0.004 26
37 1-Pentene CsHio 70.135 2096 14185 | -18522 3828 464.78 0.004 22
38| 1.2-Butadiene CaHg 54 092 10.85 289, —-136.19 4 852.) (a4} {0.C04 05! '
ag | 1,3-Buradiens CaHg 54.062 —4.41 434, -108 91 4 30 425, 0.004 08 ;
40 | !soprene CsHg 68.119 34,07 123.77 —145.08 12 880.) 484} {0.004 08)
41 | Acetyiene CaHa 26038 | -84.88* — 8004 .. 308.33 0.004 24
42 | Benzene CeHg 78.114 80.09 24.38 £833 ¢ 4808 58218 0.003 28
431 Toluene CqHy 92.141 11083 7.885 ~54.901 4108, 251.80 0.003 43
44 | Ethyibenzene CaHio | 106.168 136.20 287 -34S | JeM. 817.20 0.003 53
451 o-Xylene CgHip 106 168 144.43 2.05 -25.18 1734, 620.33 0.003 48
A6 | m-Xylens CaHio 106.168 139.12 253 —47.87 3838. 817.05 0.003 54
47 | p-Xylene CgHjpo | 106.168 | 138.36 265 13.2¢ 3811, e1e23 0.003 56
4g | Styrene CgHg 104.152 145,14 1.85 -30.81 3088, 8476 0.003 38
46 | isopropylbenzene CoHyz 120.19% 152.41 1.47 —56.03% 3209, 831 0.003 57
50 | Methy! aicohol CHLO 32.042 64.54 a5.43 —67.88 § 086, 512.64 0.003 68
51 | Ethyl atcohal C3Hg0 485.069 78.29 1770 | -1141 ¢ 383 81382 0.003 62
52 | Carbon monoxide co 28.010 | -191.49 -_ -205.04 3 430.(33 132.92{33)| 0.003 32(33}
53| Carbon dioxide CO4 44.010 { -78.51" —_— ~58 g74 T 3M2.(39 2054 19433  0.002 14(33}
54 | Hydrogen sulfide H,S 34076 | -60.31 2B81. —as 5y 9 00§, 3718 0.002 87
85| Sutfur dioxide 80, 64.058 | -10.02 £30.8 —75 404 7 894, 4308 0.001 80
56 ( Ammonia NH, 17.031 | -33.33(301] 1813, =77.76% ] 11280 05 8 0.004 25
57| Air Ny +0y | 28864 | —194.2(2) —_ —_— ITHUY 13242 0.003 23(3)
581 Hydrogen Hy 2016 | -262.87Y e —250 24 1297, 2 0.032 24 _
591 Oxygen 03 31.999 | -182.962" S -218.9% 5 a8 1547033 | 000220 ¢
601 Nitrogen Ny 28.013 | -195.80131}} — -210.04 3386 1241 000322 i
81| Chicrine Cla 70806 | -34.03 1134, -101.08 7T 417 0.001 75 9
62| water H,0 18.015 | 100.00Y 7377 000 | 221w, 473 0.003 18
§3{ Helium He 4003 | -288.8222) - —— 227 B2 B2y 0.014 38132)
84 [ Hydrogen chioride HC! 36.461 | —£5.00 &304 —114,18¢ g oo0222
81
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FIG. 15~
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PHYSICAL CONSTANTS OF PARAFFIN HYDROCARBONS AND OTHER COMPONENTS OF NATURAL GAS
GPA Publication 2145 S1-8012” International System (S1) Units

ABRIDGED — APPROVAL PENDING

. is0- 130-

Componant Notes Methans Ethane Propane Butans nButane Pentane aPentene n-Hexane  n-Heptane  n-Octans n-Nonsne  n-Oscane
Moleculsr Weight . 16.043 30.070 44.097 58.124 58 124 72151 72151 86 178 100.205 114.232 128.259 142.786
Boiting Pomt @ 101.3250 kPa {absl_ K 11163(28) 18457 231.08 261. 34 272.68 300 99 309 21 341 89 37157 398.82 42397 447.31
Freeziny Point @ 101.3250 kPa (abs), K 90 684 90,354 85.47d 11355 134 79 113,25 143142 17782 182 57 216.39 219.66 243.51
Vapor Fressurs @ 313.15 K, kPa (abs) {35 000) {6000.) 1341 528 . 1513 115 66 37.28 12.34 4143 1.40 0.4732
Donsity of Liquid @ 28815 K & 101.3250 kPa {abs) .-

Relatwe density (water = 1) ., _ab ot 0.35814 0.5083% 0.5637k 0.5847H 06250 06316 0 6644 0 6886 07073 07224 0.7348

Absotute density, kg/m® {in vacuum) . . . . * {300 ¢ 357 gh.x 507.80% 563 2h 584,20 6244 6310 6634 688.0 706 7 217 7339

Appacent density, kg/m” linair) .. ... *e (300 ¥ 356,60 506.7h 562 1h 5831k 6233 8299 662.7 686.9 7056 72086 7328
Ownsity of Gas @ 208,15 K & 101 3250 kPa {abs) )

fletatrve density law = 1), idealgas . . . * 05539 1.0382 15225 2.0068 2 0068 24911 2491 29753 3.4506 3.9439 4.4282 4M25

Krogram per cuthe metre, kg/m™, deal gas * 06784 1,278 1.8650 2.4542 2 4582 30516 30516 36443 © 42373 4 8309 5.4259 6.0168
Volums & 286 15 K & 101.3250 kPa (abs) )

Laquid, cem¥/mol . . . . . ce . (50} 84 04h BG gab 103.2" 99 49% t156 1943 1298 145 6 1616 177.7 1939

RAatio_ gas/{liquid in vacuuml e et {aqz2y 281.3h 272.3" 229 1h 237 6N 204 6 W68 1821 162.4 146,13 1330 1220
Critical Conditions R

Temperature, K e 190 55 305,43 3650 B2 408.13 47516 460 39 468 6 507 4 540.2- 568 16 594 56 617.4

Pressure kPafabsl, .. . ..., ... . 4604, 4680, 4249, 3648 3r97. 3381, 3360 3012 2738 2488, 2288. 2000,
Gross Catorifie V ek,
Combuction @ 2788 15 K & Constant Pressure

Shegagoute g kdogram. MJfkg, iquid . 51 .506% 50.008" 49 044" 491580 48 579 4B 667  48.344 48 104 47919 47.783 47 870

$lagapoulle uer kibogram, Ml/kg, ideal gas , |, ¢ 55 563 51920 50,387 49 306 49540 48931 49.041 48 722 ap 482 48 7290 48137 48.043

Mm‘ewm«um,uﬂmj,ﬂealgm',p.t 37 504 606 032 93972 121,426 121.7719 149 319 149654 177 556 205 431 231,286 261.189 289.086

Wiegagontie goer oubc metre, MJ/m™ gund — * ¢ — 18458  m3yah 27621 mngh 230333 30709. 32091, 33095, 31 865. 34 485, 34 985,
Wcllumme o S basw snn webome g ihesd g 954 16,70 7385 31.02 02 38.18 38.18 45,34 5250 59 66 6681 73197
Fossnchility e @ 31093 € & 101 3790 &Fa idbs)

Lower vohmme % woaor . . . .. ... .. 5.0 e 21 18 t8 1.4 14 12 10 096 087 o

Upper, voluree % w aic |, | | . R 150 13.0 95 A g4 8.3) &3 77 70 —_ 29 25
Heat of Vaporizstion @ 101 3790 «Pa {abd)

klikg @ bohingpont . . . . 509,96 489 3% 125738 36540 385.26 347 20 357.22 33481 316 33 301.26 26882 27606
Specific Hast @ 288 15 K & 191, 3250 kPa {abs)

Cpoon kiflkg K abe gos . .. .. 2.204 1,706 1675 1616 1.652 1.600 1622 1613 1 606 1 601 1 598 1.595

c gas, k/kg - KY obeal g5 . | 1696 1.429 1476 1.473 1.509 1485 1.507 1517 1523 15m 1.533 1.537

N CpiCyp.idealgm. . .. ... .. .. 1.307 1.794 1132 1.097 1.095 1077 1076 ' 053 1054 1048 1042 1,038

Cphqud ®fikg Kb .. ... .. . - — B 807 2476 2.366{41) 2.366(41) 2239 2 29241t 223 2.2 2. 2.184 2179
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NOTES
Adr saturated liguid. .
Abeolute values from weighta in vacuum.
The apparent values from weight in air are shown for users’ con-
venlence and compliance with ASTM-IP Petroleum Measurement
Tables In the United Siates and Great Britmin, all commercia
weighta are required by law to be weighta in ar All other maass

data are on an sbsolute mass {(weight in vacuam) bast,
d At saturation pressure (tnpie pant),

Pressures to 300 Atmospheres,”

L

e Subiimation point.

f The+agn and number foliowing ng’mfy the ASTM octape num-
ber corresponding to that of 2,2 4-tnmethylpentane with the indi.
cated number of em3 of TEL added per gd

& Determined at 100°C.

h  Saturation presaure and 15°C.

i Apparent value a1 15°C.

7 Aversnge value from ociane numbers of more than one aample.

& Relative density (apecific rrmm.y} 48.3°C/15°C (sublimation
point; solid Czﬁdhqmd HaO

m Denmties of liquid at the boxhng point

n  Heat of sublimation.

P See Note 10.

] Extrapolated to room temperature from higher temperature,

¢t Gross calonfic values shown for 1deal gnu volumes are not direct
convermonsa of each other uming only the gas volume per Liquid
voleme value shown hermin ’lahe values differ by the heat of
vaporization to ideal gas at 28815 K.

v Fixed points nn the 1968 Internatonal Practical Temperature

Scale (IPT5-68)

w  Value for normal hydrogen (25% para, 75% ortho) The value for
equilibrium maxture of para and ortho 18 —0.218; howaver in mom
correlations, 0 ia used

x Denmunes at the boiling potm m kg/m3 for: Ethane, 546 4; pro-
pane, 581.0, propene, 60B.8; hydrogen sulfide, 860.; sulfur dioxide,
1462 ; ammonua, 681.6; hydrogcn jonde, 1192,

*  Calculated values

() Esumaued values.

t  Values are estimated umng 2nd vinal coefficients.

1 Molecular mapa (M} is based on the following atomic weights. C =
12.011; H = 1.008; O = 15.9895, N = 14.0067, § = 32 06; C] = 35.453

. Boiling point--the temperature ot equilibnum between the higuad

and vapor phases at 101.3250kPa ¢ .&o

. Freezing point—the tempernture 8t equilibrium betwetn the cTye.

talling phase dnd the air paturated liquid at 101.3250 kPg (abs).

. All values for the denmiy and molar volume of iguids refer to the

mir saturated liquid at 181.3250 kPa(abs), except when the boiiing

-~ o W

8l

point is leu thas 18°C.

he 1
volvémg are given Ser the oRdeE. density and molar

W egualibmum with its vapor at

The relative density 185C s doflasd & » (iguid, 15°C)
siwstar, 15°C)
The density of water at 154C is sadeon ae $99.10 kg/m3.
The apparent dengity in aiv, o (maee t2 air), is related to the density
in vECUUm, o (Nt in vacwum) by a{brass)
p{mass in air! = {5 (mans in vecuwn) — o {air)]
plbrans) ~ pmr)

"Mans in air” u the retic of gravitational Iome on the cbject to
the force of a standard brass weight. with both objects mmuarsed
in air.
The dumty of mr at 15°C and 101.3280 kPl(nh-) is taken o8
1.22 kg/m3, and the denaity of brass as 8700 kg/m?
The molar volumurd.lhdhdmtr y
V(m3kmal) & ———
Fg/m3)
5. The temperature coefficient &f dennty is relgted W the sxpansion
coefficientby 1/ & 1 .
Tl —-(— in unite of =1/°C

8 M facror
Pitzer acemtnc - ---“lw(—)'l “r'.fl.”

P is calculated at T from sams squation weed
ealculate vapor presaurs st 40°C mﬁ !‘-i
7. The compressibility factor of the youi gas. 2. ¥ z Jad
i

8 The density of nn ideal gas relative 4o .1! i H(.u-)/H{uv).
The molecular mass of air w0 takon 0 35.884
The specific volume of an weal ges w

L 3 ;f'hhc specific heat ot
* constant hatt capacity vrepemad waior-
" Thass were cacuaed o o -

mcer o the RN
h:nenoal mm- oimn apeofic
F nd-huhuhdw E fush 8 'i.

vuor
10. The vdu of mﬂuh
(—m nt ar hqmdm“ 15“

mm) Fora eow?." wiheve the fc-uuln " &ﬂé}? %ﬂ

the combustion restien W
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reduced temperature for natural gases. It was pre=
pared from data on binary muxtures of methane with.

propane, ethane and butane, and nzatural gases, cover-
ing a wide range in composition of hydrocarbon
mixtures containing methane. No mixtures having
molecular mass in excess of 40 were included in pre-
paring this plot although mixtures of cyclohexane
and benzene as well as the paraffin series and up to
three or four per cent of nitrogen were included.

This piot is entirely satisfactory for zll engineer-
ing computations involving natural gases with minor
amounts of nonhydrocarbon constituents up to pres-

sures of about 70000 kPa with an accuracy approach-

ing 1%.

All the conveniences of the compressibility factor
" in the case of single component gases, can be extend-
ed to gaseous mixtures by use of the pseudo-critical
temperature and pseudo-critical pressure of the gas-
eous mixture jn place of the critical temperature
and critical pressure for the single component gas. The
molecular average critical temperature of the mix-
ture is the pseudo-critical temperature, and the mole-
eular average critical pressure of the mixture is the
pseudo-critical pressure, which are used in the same
manner as the critical temperature and critical pres-
sure of a pure gas to determine the values of Z
from Fig. 16-3.

Computation of pseudo critical temparature
and pressure of a natural gas

1 2 3 4 L] [
2x3 223
Individual Individual Pssude-
absolute Preude- absolute  eritienl
critical eritical tritical pressure
Mole  temperaturs temperaturs  pressure P,
Componsent froction T, K Te. K Pe, kPachbs.} kPa{abe)
CH, 0.8319  190.4 158.6 4604 3830
CH, 0.0848 305.4 25.% 4880 414
CyH, 0.0437 1469.8 16.2 4249 186
-C,Hyo 0.00746 408.1 3. 3548 28
n-C Hyp 0.0148 425.2 71 3797 64
i-C4H,; 0.0057 460.4 2.4 am 19
n-CyH,q 0.0032 4569.6 1.5 189 1"
CyHi. 0.0043 507.4 3.2 2 19
- —r
218.2 4571

Attempts to prepare a generalized plot suitable
for application to the low molecular mass hydro-
carbons, including methane, ethane, propane, indi-
cated that an error frequently in excess of 2 to 3%
was uhavoidable, due to the departure from the theo-
remm of corresponding states. At low pressures the
different compounds appear to conform more closely,
and the plot, Fig. 16-4, for vapors at low reduced
Ppressures may be used with satisfactory results on

_ practically all of the hydrocarbon gases. Fig. 16-5 is
for pressares near atmoespheric and is based on atmos-
pheric density data of pure components and mixtures.
The compressibility factors from Fig. 16-5 appear to be
reliable within about 0.001 in most cases.

Figs. 16-3, 16-4, and 16-5 were independently developed,

%

esch based on different dats seta. Comprensibility factors
from these charts at the samw reduced conditions may
differ slightly.

Fig. 16-6 graphs convenient approximations for
determining the pseudo-critical pressure and pseudo-
critical temperature of gases when only the gravity
of the gas is available. The relative density of the gas
shown in the earlier calculation of pseudo critical prop-
erties is 0.706. From Fig. 18-8, the pseudo critical tem-
perature ia 218 K compared with 218.2 K calculated; the
paeudo critical pressure is 4600 kPa compared with 4571
kPa (abs) calculated.

These relationships shouid not be used when the
natural gas contains more than 59 of nitrogen, and
it' should be distinctly understood that they do not

*apply to all types of gases. These compressibility

charts cover regular hydrocarbon gases at conditions
comfortably removed from liquid formations. Fer
irregular hydrocarbons or mixtures econtaining cig
nificant water and/or acid gasea, and for all mixtures
as liquids or as saturated fluids, wee Pitser's cerrels-
tions for computing Z factors.

No single correlation is satisfactory for obiaining
compressibility of both natursl gas end high-molec-
ular-mass hydrocarbon vapors which aceur in gos
processing plants, so two methods are necessary.
Further, for natural gases containing more than 50%
methane and with other vesirictions set out belew,
alternate methods can be uaed.

Fig. 167 can be used directly by choosing the
closest molecular mass chart and locating tempera-
ture and pressure. Average error of sbout two per-
cent can be expected unleas non-hydrocarbons such as
nitrogen, carbon dioxide, and hydrogen sulfide are
present in substantial quantity. Concenirations up to
59% will not seriously affset sccuracy., The area of
largeat error occurs wiwm molecular mass ia above
20 and compressibility s below 06; errors as large
as 10% may oceur in this area. Compressibilities of
residue gas from rich oi] deethanizers and demethan.
izers are predicted sccurately.

Fig. 168 can bo used to obtain compressibilities
of higher moclecular mass vapers szeh a0 those on-
countered in fractionators. Molecular mass of the vapor
is used to obtain the critical pressure, Pe.

- Compreesibility of thw dow peint vapor can them
be read as a functien of the reduced pressure. For
exemple, for pure propans with a molecular mass of
44, Pc = 4249 kPa(abe). At 1300 kPaizbe),

P: = 1900/4249 = 0.4647
From Fig. 18-8, Z= 0.700

Where methane i present in the vepor. it is neces-
sary to correct the indionted I by the equstion given
on Fig. 16-8. For eusmpie, for & preduct demethanizer

reboiler vapor with melsouler mass of 32.33 st 2800 kPa
(abs), indicated Z is 0.628; mothens content of the vapor
in 108 ar 0.10 mois fraciien.

Z correctod = (1 — 0.10% (0.838) + 0.1 = 0.67¢
’ M/RE NYDROCARBONS

Mollier charts in Ssction 17 can be used to obtain
gas densities & ecmuwressibilities of pure hydrocarbon

"
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Compressibility fucters for natural gas
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FIG. 16-5
Compressibility foctors for gases near atmospheric pressure
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vapors. For example for propane at 2000 kPa (ab#)
snd 60°C, turn to the Mollier chart for propane, Fig.
17-25, iocate the 2000 kPa and 60°C point, and intes-
polate on the constant apecific volume lines to obtain
0.022 m3/kg. Dividing this into 1 gives 45.45 kg/m?
as the density, p,. If the compressibility is required,

MP
Z=
8.3145T py
Symbols have been defined previously. Then
(44.097) (2000}

(8.3145) {(273.15 + 60) (45.45)

= 0.70

ACID GASES

Natural gases which contain H.S and/or CO. fre-
quently exhibit different compressibility factor be-
havior than do sweet gases. Wichert and Aziz {Gas
Processing /Canada, pp 20-25, January/February
1971; Hydrocarbon Processing, pp 119-122, May 1872)
present a simple easy to use calculational procedure
to account for these differences. The method uses the
standard gas compressibility factor chart (Figure
16-3) and provides accurate sour gas compressibili-

thes for gas compositiens that centain as much as
809 total acid gas.

Wichert and Aziz define g “Critical temperature
adjustment factor” whieh is a function of the con-
centrations of CO, and H,§ in the sour gas. This
correction factor is then used to adjust the pseudo
critical temperature and pressure of the sour gases
according to the equations:

T: =T, - ¢
P. T
P =
[T.+ B(1-B)¢]
Where:
T. = Mole fraction average pssudo critical

temperature, K

Mole fraction average pseudo critical
pressure, kPa (abs)

T. = Pseudo critical temperature adjusted for acid
gas composition, K

P

{Text cont'd, p. 18-15)
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Compressiulity Factor, £
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The adjusted value for the pseudo critical pressure is:

p = 5716 X 224.6
f241.1+0.2(1 - 0.2) 16.5]
= 5267 kPa
The reduced temperature and reduvced pressure are:
_ 100+ 27315
Tr= Y 1.661
_ 7000 _
Pr = 5257 - 1.328

From Figure 16-3 read & compressibility factor of 0.914.
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Hydrocarbon fiuld densitles

Fig. 16-10 gives hydrocarbon fluid densities, and
Fig. 16-11 is a plot of relative density for petroleum
fractions.

The relative density of paraffinic hydrocarbons at
their bubble point pressure can be obtained from Fig.
16-12. The nomograph applies to mixtures as well as
to single components. The pure component alignment
points on Fig. 16-12 can be used to find the relative
density of the pure component. Alignment points for
paraffinic mixtures are located according to molecular
mass,

Fig. 16-12 generally predicts relative densities within
3% of measured values for paraffinic mixtures. However,
the accuracy is somewhat less for mixtures having:

1. Reduced temperatures above 0.9.

2. Molecular mass less than 30 (low temperature
region) and where methane is a significant part
of the liquid and very near, at, or above its critical
temperature.

Other references for density caleulation are:

!. J. R. Deam, I. K..Kellizy and R. N. Maddox—
*Calculating Density of Saturated Hydrocarbon Mix-
tures.” Proceedings of the 48th Annual Meeting of the
Natural Gas Processors Association, pp. 48-51, March,
1969 (Dallas).

2. L. D. Bagzis and R. N. Maddox — “Calculating
Surface Tension of Hydrocarbon Mixtures” Proceed-
ings of the 49th Annual Meeting of the Natursl Gas
Processors Association, pp. 41-45, March, 1870
(Denver).

Relative densities of petroleum fractions are given

81
14

by Fig. 1613 for temperstures from 0° to 550°C an®#
pressures from atmospheric to 10000 kPa (abs). The
petroleum fraction is identified within the center grid by(
two of three characteristies—relative density at 15°C, the
characterization factor, K«, or the mean-average boiling
point. The mean average boiling point is determined
from Fig. 16-16, together with the relative density and
an ASTM distillation of the petroleum fraction.

Effect of temperature on hydrocarbon fluid densities
is shown in Fig. 16-14, and effect of pressure is shown
in Fig. 16-15.

Bolling point, ASTM distiliation, critical
properties, acentric tactor, vapor pressurs

Fig. 16-16 gives molecular mass vs boiling point and
density for petroleum fractions. Fig. 1617 is a correla
tion for determuning critical temperatures for hydrocar-
bon fractions, while Figs. 16-18 and 16-19 enable the
critical pressure calculation.

Fig. 16-20 gives acentric factor from boiling and
critical points. This accounts for the deviation of com-
plex mixtures from simple fluids. A full explanation
of the use of acentric factors can be found on pp
22-29, Applied Hydrocarbon Thermodynamics, Wayne C
Edmister.

Example problem
Determine mean average boiling point (MeABP) and |

molecular mass for a 0.75 relative density petroleum |
fraction with these ABTM distillation data: i

% over . Temp °C
5 54 ;
10 67 ‘
20 88
30 103
40 118
50 138 |
60 159 j
70 186 ;
80 240 1
80 311 i
ep 338 |
i
Solution: !
Refer to Fig. 18-16, !
to—tiw _ 311 —-67 I
Siope, & 0 = 0 3.06 :
i
; +
Vol. avg. bp = EP-:%?E—_“D_ '
_ 87+ 2(138) + 31 :
- ¢
= 183.5°C

(Text cont'd p. 16.22)



Gross heating velue of natural gases REFERENCES -

The gross heating value, relative density, and 1. “Caleulation of Heating Value and Specific Grav-
compressibility factor of a natural gas mixture may ity of Fuel Gases”, Institute of Gas Technology
be calculated from a complete compositional analysis Research Builein No 32, D M. Mason and B. E.
of the mixture. Eakin, 1961.

Heating value—The ideal gas heating value, H, is 2. GPA Publication 2172-72, “Tentative Method
calculated: for Calculating Heating Value. Specific Gravity,

and Compressibility of Natural Gas Mixtures

H = xH, + x;H, + x,H, + ... + x,H, . From Compositional Anaysis'.

Where:

X;, X3 . .. X, = the mole fractions of the
components -

H,, H,...H, = ideal gas heating values of the
components listed in Fig. 16-32.

The :dea}l gas heating value, H, is corrected to
the real gas heating value, H,, by dividing by the

compressibility factor, Z, for the gas mixture at 15°C FiG. 16-27
and 101,325 kPa (abs): Thermal Conductivity of Natural Gases at 101.3250 kPa (abs)
H. = H/Z !
Relative denaity—The ideal gas relative density, G, ——
is Calculated: - 1 x—:' :.-.-:.:”: :.h'::“:rlﬁ.r::ﬂ‘l' --;n?n:: .
i i Enbamins Jovenat ol Chashical bngranrng Date el & e |
G = x,Gl + xﬂG'_l + x,Gy + ...+ x,G, I | ] k:.'u':..u.-- Conmenon of Trarmoarnams ane Denrsen |
E C.080 v Fromemas T L b owiing 1t ol GhoaGA Praee me ML
where- §v 0.088 1 :\ ;ugn Prager ta 2038 138714 Repan Gl 4G4 8t l_.
= AR |
X,, X3, . .. X, = the mole fractions of the u 0036 ‘ L\ T ]
components £ 0.0%54 : -
U 0082 | I i | |
G1. Gy, . .. G = ideal gas relative densities of : 0.050 LY i | P
the components listed in Fig. E 0' o4a i E\, T A I
16-32. = C NNWAN 1 [T g |
. . . X 0048 ' — I :

The ideal gas relative density, G, is corrected to ~ 0044 |\ N L.
the real gas relative density, G,, by dividing by the @ 0042 T\ N Ll
compressibility factor, Z, for the gas mixture at 15°C % AN . | (o
and 101.325 kPa (abs) and multiplying by the com- _ ™40 \ N -
pressibility factor of air at the same conditions: E 0.038 \i ™ T;&f’nrw T

O 0.036 A\ AN I e e L
G, = (G/Z) (0.9996) 7 oo AR S,\,.\j? EEEEN
s T ‘ E | ' I
Compressibility factor—The compressibility fac- L0032 \ NG "_‘0“:- ] |
tor, Z, at 15°C and 101.325 kPa (abs) for gas mixturesof = 0.030 Py "woc. , :
components listed in Fig. 16-32 may be calculated from £ 0.028 N 130 : !
composition as follows: . £ 0.025 v > T~ \5|~
— — — 2
2= 10 00 vh 4 xe VB F by % oom | N TS -
+ ... X /b))t + (2xy4 - xiy*) (0.0005) ‘:’o 0:020 1\\ N 5000 — |
E 3 — ﬁlﬂ-‘
Where: . 5 oo 32. %S -
— — = 0016 > e

Vb, vba, .. /b, = summation factors for the 6.014
components other than hydrogen, listed in Fig. 16-32. 0'012

Xy = mole fraction of hydrogen o.muC> 1 3 - 550

b = 1-Z, except for H,, He, and CO.. Molecular Mgss



FIG. 16-11
Approximate reldtive density of petroleum fractions
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Relative demity of paraffinic hydrocarbon mixtures

Exampls : .
Paraffinic mixture at 103° ¢

with molecular mass of !2.3% 1
has @ reiative density of 0.564 © d

ST
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o
e
L3
2
3
o
H
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o
3

Adapted to Sl by GPGA fram
Petroleum Retinar: Ridar,
Lenoir, end Schuappe (1968)
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o000 o
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domity ot behble peint precsurs

Relative



Temperature, °C

FIG. 16-13

Relative density of petroleum fractions

550
1.05
300 Example:
At 300°C @
an oil with rel. den. at 15°C Y.00
450 and 101.325 kPa(abs) of 0.86, and )
Kw 11.0@2
has a rel. den, of 0.636 1.00
at 7500 kPa(abs)}(©
400 oes
Ke = [(Mean avg. B.P, °C + 273.15) X 1 8]' 3
¥ = TRal. den. at 15°C and 101,325 kPa(abs)
- 0.05
350
- 0.90
L
300 c.e0 3
-
- 0.85
= z
250 0.8s L E
I L
j- 0.80 %
/o 5
» ]
200 i 0.80 i ¥
4 - 0.75
g : o
150 - 0.78 AT
g ' .
4 0.70
~ e.%
100 "
b 0.65
0.4 )
50 £
0.40 °.60

.80 >
e

1]

»

45

&0
Adapted te 3 by OP§A from Riner, 5

Lenoir, ond Sthuapps, Batrplaum Rotiner, 1958
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FIG. 16-15
Effect of pressure on hydrocarbon fluid demaities
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From Top Chart

Add -29°C to volume average boiling point to
obtain mean average boiling point.

MeABP = 163.5 — 29 = 134.5°C

From lower chart at MeABP = 134.5°C and 0.75 den-
sity, molecular mass = 120

The need may arise to plot the atmospheric flash
curve from an ASTM distillation curve or true-boiling-
point curve, An outline of a procedure to derive the
atmospheric-flash curve can be found in the Data Book
on Hydrocarbons by J. B. Maxwell, p. 222 through
p. 229. A method for elevating the derived atmospheric

flash curve to operating pressure can be found on p.
223,

Figs. 16-21 and 16-22 are low and high-temperature
vapor-pressure Cox charts for light hydrocarbons.
Viscosity

Figs. 16-23 through 16-26 give correlations for the

determination of viscosities of hydrocarbon liquids
and gases,

AP NP

81

Example problem

Find viscosity of a gas of molscular mase of 22 &t
7000 kPa (abs) ang 40°C.

Solution:

From Fig. 16-28, the viecosity at atmospheric pres-
sure and 40°C is 0.0105 mPe - s. Relative donsity of
gas is 22/28.884 = 0.780. From Fig. 168, critical tem-
perature is 227 K and criticel proseuse i 4880 kPa.
Note: critical tempereture and presssive should be cal-
culated as shown in this Ssction 16, under heading.
“Compressibility of gaess,” if compssition of gas is
available.

40+ 273 -

T, = A

1.379 P, = 7000/ 4580 = 1,528

From Fig. 16-28, u/gas = 1.2]. Viscosity st 7000
kPa and 40°C is 4 = (1.21) (0.0105) = 0.0127.
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Acentric Icctor frem boilling and critical points
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Surface tension

The interior molecules of a liquid exert upon the
surface molecules an inward force of attraction, which
tends to minimize the surface area of the liquid. The
work required to enlarge the surface area by one
. square centimeter is called the surface free energy.
The opposite force in the liquid's surface, called sur-
face tension, exerts a force parallel to-the piane of the
surface.

Surface tension, an important property where wet-
ting, foaming, emulsification, and droplet formation
are encountered, is used in the design of fractionators,

absorbers, and two-phaae pipelines, s8nd in reservoir
calculations.

The surface tenjion of pure hydrocarbons as a
function of tempersture may be obtained from Fig.
16-29. The surface tensicns of most pure hydrocarbons
are known and data are sveilable. Relatively little
data are available en multicomponent mixtures. In
the absence of exporimental values of surface tension
at the desired conditions, s sufficiently accurate value
for desigr purpesed ¢an be estimated by the Sudgen
(1) equatien:
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FIG. 16-23
Viscosities of hydrocarbon liquids
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{Note: 1 cp =1 mPa-s)

Viscosity, mPa-s

HG. 16-24

Hydrocarbon gas viscosity
oo e e |
i ) 1 | 1
0.09 __J- 21 000 JI
. s
0.08 " 41‘
; N F |
007 7000 : - : : ram =
AN
0.06
\ .
0.05 bk
T ]
J ! 1Y —E
004 - = A :
! SEEN
| |} ! 1L
| i | {
1 I |
0.03 — 5000 v
C ] 1
i1 Pressure, kPa (abs)
il A
| - h i i {
Ll ol . 11 .
002 1 14005 :
7 = e
it : R SRR SEaas:
== : SN : =
]
3500
0.0 K -
0.009 AL
: H | L
0.008 5 ¥
0.007 ’
0.006
L 103
0.005 H+ .7 .
~ Rel. Dens
T T
] N
0.004 !
0.003
b
0.002 | o e e T
—— 1 X
‘1.0
0.9 NN N
Relative 0.8
dansi; 0.7 -
RAY N . N
0.55 L i

-100 0 \100 200




P
o¥4a = — (dp — d,)
M

Where:

¢ = Surface tension, dynes, cm

P = Parachor

M = Molecular mass

d;, = Liquid density, gm/cc, at the desired
conditions

d, = Vapor density, gm/cc, at the desired
conditions

Note: Not valid within 40° of the critical temperature,

Whenever experimental surface tension data are
available for the pure components in‘a mixture, the
above eguation can be used to estimate the parachor
of each component. The parachor, a dimensionless
number, of a pure component is essentially constant
and 1s an additive property. The parachor of a mixture
is the summation of the pure component parachors
times their mole fractions in the mixture.

In the absence of experirmental surface tension data
for estimating the parachor, the group contribution
values in the accompanying Fig. 16-30 may be used to
calculate the parachors of pure components.

The parachor calculated from an equation derived
from the Baker and Swerdloff plot for hydrocarbon
mixtures seems to grve fair estimates of surface ten-
sion when used in the Sudgen equation. The equation
15

P = 40 + 2.38 (M of liquid)

Fig. 16-31 relates parachor 'with molecular mass
for paraffins and mixtures,

Surface tension for binaries of known composition
at or near atmospheric pressure may be calculated
using the procedure developed by Stackorsky (2):

oy On
Oh, =
o Xi + o2 X
Where:
o, = surface tension of component 1
¢, = surface tension of component 2
on, = surface tension of mixture
X, = mole fraction of component 1
X, = mole fraction of component 2

Surface tension for mixtures of known composition
at high pressures may be cglculated using the proced-
ure developed by Weinaug and Katz (3):

d d
v, i v
a'm‘= :Pj (XI_"' - Yl— )
ML Mv

s1
a9

om = surface tension of the mixture, dynes ‘cm.
P, = Parachor for component i
dp = Liquid density of the mixture, gm-cc, at
the desired conditions
dy = Vapor density of the mixture, gm/cc, at the
desired conditions
M_ = Liquid molecular mass of the mixture
My = Vapor molecular mass of the mixture
X, = Liquid mole fraction of component i
Y, = Vapor mole fraction of component i

. For petroleum fractions, absorption oils and crude
oils of unknown composition, the parachor may be
estimated from the correlation of Baker and Swerd-
loff (4) for use in the above equation.

The presence of inert gases. such as N, and CO,, in
the liquid phase tends to lower the surface tension of
the liquid. Where the concentration of inert gases in
the liquid exceeds 1.0 mole ¢, estimated values
of surface tension may be 5 to 20% higher than actual
values for the mixture.
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FIG. 16-28

‘Thermal conductivity ratio for gases
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* Surface tension of paraffin hydrocarbons
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Group contribution velyes for the calculotion of parechers:

Group
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¢ <12
> 12

i OH
in HN
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oy Mg
=~

Ethylerie bond
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2, 3—position
3, 4—position*™
Trlpie bond

Carbonyi bond 1n ketores RCOR'’
Total C in—

R + R =3
4
5
é
7
]
9
10
11
Single bond
Sermnipolar bond
Singlet Linkage

Hydrogen Bridge
Chain Branching, per branch

Secondary—secondory adjacency
Secondary—tertiary adjacency

Tertiary—tertiary adjacency

Alkyl Groups

1-—Methyl ethyl

i —Methyl propyl
J—Methyl buty!
2—Methyl propy!
1—Ethyl propyl ‘

I, 1—Dimethyl ethyl
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1, 1, 2—Trimethyl propyl
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3-membered ring
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&-membered ring
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Group

Position differences in banzene
Ortho-meta
Meta-para
Qrtho-paro

Increment

N O -
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.2-0
0.3,

[ IRV I N

“Use this value for double bonds n cyelic compounds
"*Use 14 3 for double bonds in the 3, 4 or higher positions
1From O R. Quale, Chermn Revs, 53 439 (1953}

Paracher

FIG. 16-31
Parachaors for paraffins and mixtures
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CAPITULO 2 Combustion estequiométrica y aire para la coi'n:bﬁstién

2.1 Definiciones

En cualquier instante y lugar al ox(gano 88 combins con otros slemantss. Este
es un proceso clasico de oxidacidn. interesa estudiar aqul a fonda un procese My
particular de oxidacidn; esto es, ia combustion.

COMBUSTION -

Se define como combustién a agué! proeceso de oxldacnon répida, en & cusl
oxigeno reacciona con materiales combustibles para producir energla csioritcs,
ganeraimente en forma de gases de alta temperatura.

La gran mayorfa da la energia calorifice utiizeda por la humanidad, se predues
por la ignicion de combustibles sélidos, iquides 6 gaseosos con oxigena contanige aa
el aire atmosférico, formando productos gasscess durants el proceso. Las explosives
y ciertos combustibles no requieren aire pars resilzer i3 combustidn, va que & origeno
necesario se encuentra quimicamente lgado s eilos.

&*Combustién Tedrica 6 Estequiométrica

La combustién se denomina tedrica o astgquiométri.ca."-conocida cOMmo
compieta- cuando todo el combustible se ha oxidado al maximo para producir CQ,,
H,0 y SO,.

Si la combustidn es incompleta, los productos de le8 combus. Jn poseen
substancias todavia capaces de ser oxidados como cenizas, holiin 6 gasés
combustibles como el CO, H, CH, y otros hidrocarburos. £n este caso, no ‘queda’
oxfgeno libre. El propésito que se persigue en una buena comibustign 8 witm' que
ésta sea incompleta, ya que se relaciona a las pérdidas de mﬁuﬂﬂiﬂ&a arargia v
contaminacidén ambiental.

-

Combustién con Exceso de Oxigeno

La combustién real exige un exceso de oxfgeno para llevar.a cabo en forma
completa 18 quimica de la combustion. Esto es, el combustible requiere una cantidad
extra de oxigeno de la calculada en forma esteqummétnca En el uso cot1d|ano se
suele manejar con el caiificativo de "exceso de aire"

El exceso de aire se justifica por existir dificultad para: lograr el contacto
perfecto entre las moléculas de oxigeno, del aire, y los elementos constitutivos del
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combustible & ser oxidados. Se dice también que el exceso de aire sirve para
incrementar l& probabilidad de choque de ambos participantes.

Esto guiere decir que el exceso de aire asegura una combustidn compiets v, por
enda, evita ia generacién de productos indeseables caracteristicas ge 8 combustidn.
incompleta. .

Més sin embargo, los exagerados excesos de sire an Gansragores ds Vapor
motivan deterioros en las eficiencias Termodrmam sumsdos 8 ciras me
mportantes de orden scoldgico.

En términos reales, y sstrictamante hablando, es obvio aclarar que no exigen
coembustiones estequiométricas aun con axcesds de 8ire apropiados. Siampre 88
pregentan como productos de combustidn algunos' compuestos GasaQsess
semioxidados; claro estd, en pequefias proporcignes. Véase Figura(2.1).

Oxigeno Carbono o o, u
‘ Co
$Q,
O,
Nitrégeno + Hidrégeno -
 Azufre NO,
Oxfgeno
Vapor de agua : Nitrégeno H,0
Cenizas 'Cenlzas
Agua Desechos
CHa
R N e )
Aire suministrado + Combustible - Rroguctos
Figura 2.1

2.2 Ecuaciones Estequiométricas de combustiéon

De acuerdo a los conceptos de andlisis quimico as posible establecer lgs
ecuaciones estequiométricas de mayor interés aplicado a un cierto combustible. En
estas ecuaciones, e! primer miembro-contiene los reactantes, representacos por ¢
componente sujeto a oxidacién mas el oxidante, ambos dispuestcs pars .18
combustidn, y el segundo miembro, los productos o gases genersimentas, formgdos
por ia combustién maés los poderes calcrificos.



Los principales componentes de todo combustible organico 6 hidrocarburo son:
carbono (C) e hidrégenolH,); ademas, el azufre (S) puede estar presente an paqueiias
cantidedes. Entonces, !a mayor perte de ios procesos de combustién se pueden
circunscribir @ las siguientes ecusciones bésicas:

C + O, CO, + 406,957 [kJ/kmol] 6 33,913 [kdfkg] @

C + %0, CO + 124,013 [kd/kmol] 6 10,334 kd/kg] (2.2

CO + %0, = CO, + 282,944 [kd/kmol] & 10,105 [kJ/kg] (2.3

H, + %0, (H,0), + 286,796 (kJ/kmai] 6 142,260 [kJ/kg) - . i (2.4
Hy + %0, - (H;0),, + 241,756 [ki/kmel] & 118,919 [ki/kg] @8
S + 0, 50,+ 296,677 [ki/kmol] 6 8,271 gl (2.8

en dichas ecuaciones:

0, representa 32 kg de oxigeno;

CO, representa 44 kg de bidxido de carbono;
H, representa 2 kg de hidrégenoy

S representa 32 kg de azufre.

En los casos del carbono (C) y el azufre {S), que evidenterments son sdiides, se
ocupan |los pesos atémicos ya que el nimero de atomos en |3 meldeuls resuits
incierto. Cuando se forma agua en la combustién, su estado fimal, ya 89 liguido o
vapor, se han indicado ¢on un subindice.

Debido a que un kilomol {kmoli} {por ejempla) de cualquier gas ccups &l rgIe
volumen a las mismas condiciones de temperatura y presién, el volumen de CQ;
producido por la combustién de carbono es igual al volumen del ox{gano congiumida
bajo las mismas condiciones. Si se desprecia el volumen de carbono séiido, smtpnoes
no ocurre variacidn en el volumen durante el proceso de combustién, Lo mig™e pase
para otros combustibies sélidos como azufre, por ejemplo. Entoncas, ia combustién
del carbono en monéxido de carbono (CQ) da un incremento da. velumen 9n 0.5; en
cambio, la combustién del CO y H, experimentan un decremanto en o vehimen ¢8 1.5
kmo! de reactantes a 1 kmol de productos de combustién,
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Si se analizan, para el caso de algunos gases, las ecuaciones:
CH, + 20, + CO; + 2(H,0/,, + 889,276 [kifkmol] 6 55,474 [kJ/kg) (2.7)

CHs + 30, —» 2C0, + 2(H,0),, + 1 449,470 [kd/kmol] 6 §1,711 [kJ/kg] (2.8}
CoHe + 3%0; = 2C0, + 3(H,0)y, + 1, 561,258 [kdfkmol] 6 51,955 [kd/kg) (2.8
H,S + 1%0, = S0, + tH,0),, + 561,536 [kd/kmoll 6 16,836 (kJ/kg] (219

Se puede observer que, por ejemplo, en los casos del metano (CH,) y del etilene
(C,H,) no existe cambio en el volumen después de ia combustion. En el caso del etanme

y todos los hidrocarburos con mas de custre §tomos de hidrégeno, se presents un
incremento de volumen en sus productos.

Las cantidades indicadas en Iés eCuscCiones anteriores congiceran los rasctames
{carburante y comburents) iniciaimente a O °C vy loe progductes de is comidustidn
finalmente enfriados hasta 0 °C.

2.3 Oxigeno y aire necesario para la combustlén y sus productos, caso combustibles
sOlidos y liquidos.

Generaimente en textos tradicional y en manuales de ingeh_ierfa se prasentan
ecuaciones para el célculo del oxigeno y aire necesario para la combugtién, cuye
procedencia se ignora y hasta parecen férmulas empfricas. En es- gaccién se

deduciran las ecuaciones correspondientes, paso por paso, por o8 e&: ..ngé Mmésicos
y molares.

2.3.1 Analisis masico

Para este anélisis se requiere, obviamente, conocer la composicién mésice dei
combustible, en cuanto a carbono (C}, hidrégeno (H,) y azufre (S}.

Tomando el caso de combustién completa, la ecuacién para el carbono resutta:
C+ 0,-C0, ‘ {2.11)

Lo cual expresado en términos de sus masas moleculares queda:

12 kg de C + (2x16) kg de O, = 44 kg de CO,
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INCREMENTO DE VOLUMEN
AV = (22.41/12){3h + 3/8 0 + 2/3 w) [Nm3/kg,] (2.33)
Cuando se guema 1 kgdammb‘umhcmhcmmmdamx@ﬂ

nitrégenc aparece tanto en los reac'carnm como en loa producics. Entonces, o
volumen de los productos es:

Vimin = X + BV = X, + (22.41/12)[3h + 38 0 + 2/3 w/[Nm/kg,) {2.34)

En la ecuscién (2.34) i:uwe notarse que o incremento de volumen duramte lo

cambustién depende exclusivementa de hidrégeno, oxigeno y de la humesed
presentes en el combustible.

EXCESO DE AIRE
. Si X es la cantidad practica de aire pars asegurar la combustién completa, se
tiene: .
X = AX,, =(1+6) X, (2.38)
donde:
A es la relacidn de aire
é es el coeficiente de exceso de aire o simplemente el exceso de aire.

entonces, el volumen total de los productos de’ combustién ests dado por:
V, = X + (22.47/12){3h + 3/8 0 + 2/3 Wi [INmikg,] . (2.38)

Puesto que el exceso de oxfgeno y la totalidad del nitrégere pgasn per &l
proceso sin cambio alguno Es obvio que en condiciones resled 88 prepicia '8
formacién de NO,.

2. 4 Oxigeno y aire necesario para la combustién completa y sus pfndmcm eassd
combustibles gaseosos .

2.4.1 Oxigeno y aire para la combustién con gases combusﬂdu.

La composicién de los combusiibles gaseosos Se axpress on freceionas Melisres
(también {lamadas volumétricas), como por ejemplo:

(Feo)o* My o+ (M cnae + (T o + (Fogd o+ Mo+ (o). = 16 100% (237
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donde:
El subindice "c" refiere al gas componente antes de la combustién.

Los componentes gaseosos de le ecuacién (2.37) corresponden a un
combustible hipdtetico, los cuales se tomarén como ejemplos. Debe admitise que -
otros combustibles gaseosos pusden tener més o menos componentes. '

Emonces, para ia combustién complets de este gas combustibia, dado por is
ecuacién (2.37) se requieren las cantidsdes de oxigeno ya presentadas en las
ecuaciones (2.3), (2.5), (2.7) y (2.8}, por orden de aparicién. Los gases componentes
0, N,y CO, no figuran, obviamente, en estos raguerimientos de oxigeno.

Haciendo la aclaracién que un [kmoi] 8 las mismas condiciones de presién y
temparatura ocupan el mismo volumen, las ecuacionss estequiomé-tricas resultan ser

ecuaciones volumétricas. Si estos volimenes se toman a condiciones normales, o 0.
se calcula por:

0,, = 0.5(rc).+0.5(1,, + 2(F o+ 3Nl cond M o), (NP3 i) {2.38)

O lo que es lo mismo, la relacién estequiométrica gas combustible-ox/gano es
para:

aleiCO de1al.5b
bjelH; de 1805 "
cleiCH, de 1 2 2.0 '
d) el c,H, de 1 8 3.0

Entonces, el aire mhimo o estequiométrico se celcula per 1a relacién siguiants:

X = Omfn/o'21 '
xm.m - 0.5{!'(:0),,- + 0.5(!‘,,,),, + Z(rCH‘)c + 3(,"6'”‘)‘ - (ra’)' M’?'ﬂ m‘)
: 0.21 AirS

Recuérdese que (2.39) s6lo es vélido para el gas combustibie adepiate como
ejempio. '

También se aplica aqui la ecuacién (2.35) pars asegursr una combustion
completa. Ei aire necesario se calcula por:
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o4 [ _O5lel + 0.5ir,) + 2lran)s + rem)e = (oo Nm® | (2.40)

Aire préctico de la combustién
2.4.2 Productos de gases combustibles

Después de ofectuadso &l proceso de combustién y de acuerdo a (2.40), donde
= AX,_, %8 puede tomar en cuenta que:

a) El CO se transforma en CO, en proporcién 1 a 1.
b} El H, se transforma en H,0 en proporcién 1 a 1.

¢l El CH, se transforma en CO, en proporcnén 1 a 1. Ademas, 39 produce
H,0O en proporcién 1 a 2.

d) El C,H, sa transforma en CO, en proporcién 1 & 2. Adermnds, se produese
H,0 en proporcién 1 a 2.

e) Los demas gases como el CO,, O, y N, pasan idealmente sin altarsrsa.
La verdad es que eventualmente pueden transformarse en NO,.

En suma, los productos de la combustién de gases combustibles se componen
de los siguientes volumenes parciales:

BIOXIDO DE CARBONO

Veodp = Feole + (Fepde + 2M0cond s + (Mool . (2.6%)

. VAPOR DE AGUA

(Viaoly = (Tpde + 2(Fcnd. + 2(cond. {2.42)

OXIGENO
(Voidy = (A-1)0,,, = 60,, = 0.21X-0,, ({2.43)

472



NITROGENO

WVady = Irud, + 0.79X (2.44)

Las expresiones anteriores-se dan en [kmol] o0 en unidades volumétricas. Por
kilograrmo de combustible [Nm®/kg,].

Comparando los volumenes de los pmctuctos con el gas combustible sumado
8! del aire, existe un decremento :gual a:

Av, = = Q.5(r;), + (riJ.] : (2.48)

e! cua! se debe totaimente a la (umbustidn del CO v del He, ya que & CH, vy e CH,
s8 guaman sin cambio de volurr-

Como en los productos de combustién aparscen tantos kmoles de CO, como
kmoles hay de carbano en un comoustible dado, 88 cumple:

Qin
o= VT (2.48)
VCQ }
donde: ‘
Omin Y (VCO,), se expresa en [kmol/kg,) 6 [Nm*/kg,]
Entonces, los coeficientes caracteristicos para este combustible son:

o - 0.5(rgp), + 0.5lry), + 2rey)s + 3lrew), - (1), (2.47)
(reole + (Few)e + 2Mrepl)e + Veale

= ( VN,)c
(Vco:)p
{2.48)

(ryte
{reole = rey)e + ZL(rC,H.'e « {reg}e
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2.5 Relacién entre la composicion de los productos de la combustién y la cantidad de
oxigeno o aire nacesario

Puesto que los productos de la combustidn ss sscan antes o8 realizer su
anélisis, el vapor de agua y el bidxido de azufre sa condensan y no aparecen en ol
snaligis. Entonces:

Moo+ Moo+ 1Ml, = 1 6 100% ' (2.49)

donde:
Cada término representa la fraccté:n vobm'mca o molar y el subindice p se
refiere @ los productos.

.De {2.43) y (2.46) se obtiene ia relacidn exigeno v bidxido de carbono en los
proguctos como:

(Vo )p u -~1lom
2 = - - 1)
Vol - b=t (2.50)

Con exceso de aire, la cantidad totsl de oxigeno suministrado es /A0, Jkmol y
el nitrégeno suministrado es (0.79/0.21)A0,,,. Usando la ecuaci6n {2.49) se puede
obtener el volumen de nitrégeno que es: f0. 7840.27)Aa(CO,},. El nitrégeno presente
en el gas combustible también se puede expresar en términos. del contenido de
carbono por e! simbolo v. Este nitrégeno debe pasar a los productos de la combustién
de igual forma. Puesto que .los productes contienen tantos kmoles de CO, como
kmoles de C hay de combustibles, el nitrégeno del combustible qus eatd en los
productos es v(VCO,),. Entonces, |a relacién del nitrégenc totsl &l Biéxige de carbono
en los productos esta dada por:

(V) /tVco,, = [(0.79/0.21)Aa] + v (2.8}

Si las ecuaciones (2. 49), (2.50) y {2.51) se solucioran pare (7C0,),. ff0,), ¥
(Vn,), se obtiene: \

0.21 (2.52a)
(eo)o = = 63T0 s 027w = 1)

), = - 09.214 - o ~ (2.52b)
% I -0.200 * 0.21(v + 1)
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0.79 A0+ 0.21 v (2.62¢)

a)y = A -0.21)0 + 0.27(v + 1)

De la ecuacién (2.48) y de estas tres ecuaciones se obtiene:
A=°41[ 1 +a-1-v} (2.839

g { reo, ),

Como regla, si el contenido de nitrégant ss cesconoce ias Uitimas custre
ecuaciones se reducena:

0.21 : Ba)
eols W -03Tw + 03T 284

7- 0.2114 - 1) (2.84b)
Yols * o2 TIe T O ET '
. 0.79 A 0 (2.54¢)
Yade =~ 03710+ 0.21
=021 |_ 1 1 . {2.85)
1= =5 [wmu*°'1] ;

Por medio de estas ecuaciones se puede determinar ¢l axceso de eire de e
combustidn si se conoce el contenido porcentual molaf, de CQ, e ine¢ gaces secee de
combustidn y los coeficientes; oy v.

Cuando en el combustible no hay nitrdgeno, 6l gbofk':iam’ ¢ Busds elimingres
de las dos primeras ecuaciones-(2.54)}, y des-puésd? ggluchrnm pars 4 88 obtiens:

1 - (rco), = (ro‘l'),

A= (2.66)

T
1 - (reel, - (E?{TBFO.’n

Esta ecuacién no puéde;.usarse en célcuid’&aua reguigren una aproximacion en
el anélisis de los productos que no.puede alca_]ﬁzaru précticamente.
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2.6 Relaciones empiricas entre X,,,, V,y PCI.

En la préctica se puede demostrar quse el consumo minimo de aire y &l volumen
de. productos de combustién pueden represantarsa como funcién lineal de los poderes
calorificos inferiores. Estas relaciones se enuncian por grupos sfines de combustibies
como sigue: :

Combustibles sélidos: PCl < 23,300 kJ/kg,.:

X, - [ 08819, o.s] | il (2.57a)
|_ kgc .
0.4932 [ Nm®
V. o=| 29V pe7 . 1828 (2.57a}
Pmo |- 23300 ] | kg,
Combustibles sélides: PCl > 23,300 kJ/kg,:
0.5819 - ‘ o
Xein * m— PCT + 05815 ' [%Tl {2.88s)
0.5556 1 Nm?
V, =|-————— PCI . (2.858b)}
A [ 53500 +0874- [ y
Combustibles lfquidos {para todo PCl):
0.472 Nm? ame)
X, =[ o Pc1+2] [ = ] (2.88a)
0.618 Kw?
| oo R
Gases combustibie: PCl < 11,200 kJ/Nm?®;
7.8 Nm® '
X = PCI {2.608)
e [ 16900 l kg, ]

Prin

5.7 ) Nm?
= P 11 (2.60b)
[ 169 CI = 1 ] { }
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Gases combustible; PCl > 11,200 kJ/Nm?:

X, = [ _‘:_.g‘._g_ per - 028 ] {_’E‘:’.} (2.618)
v, [ 1 619200 PCI - 0.67 ] {%_ 26

En el caso de combmhbhu sslidos y liquidos, el PCI se de w unw do mass
del combustibig, mientras gus sn & caso de combustlbles gamd N:’i ﬁo 1R POT
unidad de votumn en condicionas nomm

\h..mr.#e

Con_ syuds de m mm 88 puede determinar e voliragn de los
productos & partir del poder calorifice del combustible. Para obtanor m MWM
reales de la combustion se pusts user ta scuscién:

Esteimétodo empirico simplifica considersblements ios cilcuilos de combustidn.
Los resultados son lo suficientemente aproximados pars todes los fines précticos.
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3.2 Combustibles Gaseosos

En el desarrolio de este capftulo, se analizan los productos de combustién tanto
del gas L.P. como los de! gas natural, considerando una combustidn idesl o compieta,
asi como una combustién real aproximada.

3.2.1 Caso Gas L.P.

El gas L.P., tiene un mayor usc en aplicacionss domésticas, aunque sigures
ingustrias lo utilizan como combustible para caldaras v ganaradores de vapor. Se dice
gue U USO resulta atractivo debido 2 su aita eficiencis de combustion v su aito poder
calorifico. Este gas se compone bésicamsnte ¢de gases como butano y propane, su
camposicidn exacta la proporciona la piants que ko destila.

3 siguiente tabla proporciona un andlisis cfomt.ogrtﬁco de ungas L.P de ia
zona .netropolitana de la Cd. de México. .

COMPOSICION MASICA DEL QAS L.P.

Etano Ch, 0.02%
Etano + etileno C.H, 0.48%
Propano CiH, 48.84%
Propileno CyHe 0.08%
iso-Butano + n-Butano CuHyo 48.50%
1-Buteno C.Hq 0.37%
iso-Buteno CeHip 0.09%
iso-Pentano CeH; 2.88%

Obteniendo las reacciones de combustidn de cada ung de sus OMPORNIes v
calculando el O, necesario para que se reslice la combustién, reguita:

CH, + 20, = CO, + 2H,0

16 kg CH, + 64 kg 0, ~+ 44 kg CO, + 36 kg H,0

64 44 ' 36
_— - _ = _— (o]
1 kg CH, + 16kg02 1ekgco2+1skgH’

Cinizt Lt TRt A

k] POLUHENERTIER

el pEeD MasCaniot

u
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3.2.2 Caso Gas Natural

El Gas Natursl es muy aestimado en el &mbito de Cslderas y Generadores de
Vapor ¢ebido 8 que proporcions una correctz combustidn al no poseer azufre ni
cenizes. El motivo por le cusi no se hace axtensivo suU USO 88 POT Gue SU Oferta es muy
limitada v se expende solamente en determinadas zonas del pals.

Bl Gas i}il_atur‘al esta compusesto bésicamente por Etane, hMetar:o, Bidxido de
‘Carbono y otros gases. Es obvio que su composicion variz en funcién del yacimiento.

La siguiente proporciona las caracteristicas del gas natural en su compasicidn

molar ( o volumétrica) que fueron tomadas de un andlisis cromatogréfico segun
PEMEX.

COMPOSICION MOLAR BEL GAS NATURAL

Etano CH, ' = 78.30
Bi6éxido de Carbono CO, = 060
Etano + Etileno C.H, - &00
Metano C,H, v 2.3
Propano CiH, = 0.10
Propileno C,Ha =« 0.70
Hidrégeno H, = 10.80
Nitrégeno N, = 3.20

Las ecuaciones de reaccién son:
CH, + 20, = CO, + 2H,0

C,H, *+ 3%0, - 2C0, + 3H,0
C,H, + 30, = 2C0, + 2H,0

CH, + 50, = 3C0, + 4H,0

C,H, + 4%20, ~ 3C0, *+ 3H,0

H, + %20, - H,0
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Masas moleculares de los componentes del Gas Natural en [kg/kmol] son:

CH, = 16
CO: = 44
C.H, - 30
C.H, = 28
CiHy = 44
CoHs - 42
H, = 2
Nz = 28

Pao lo gue ia Masa mboleculs del Combusﬁble (kg,/kmoi]:
0.783(18) =- 12.208
0.008(44) = 0.284

0.080(30) = 1.800
G.023(28) = ‘0844
0.001(44) = 0.044
0.007{42) = 0Q.284
0.108{ 2) = 0.218
0.032(28) = 0.888
Z rMi = Mc = 16.366 (masa moleculsr del combuetibie)
Entonces el valor de la densidad del combustibie (o,) 8@ calculs pof:
o M _ _16.366 _ - ke
Pe”™ 22417 " Tzz.41 °~'73'[ |

-.\

Ahora para encontrar el vaior de los volumma! n&rclad-n de bmxldo de carbouo
{Vco,l, y el vapor de agua {VH,0/,, productos de combustién son:

(Veo,)p = 1(0.763)+2(0.06)+2(0.023)+3(0.,.001)+3(0.007)+«0,0086 =
Nm?
(Vo) , = 0.956 =
: Nm?
(Vo) p = 2(0.763)+3{0.06)+2(0.023) +4(0.001}%3(0.007) +1(0.108) =
Nmj o
(—v,,zo)p = 1.8850 —NE
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El oxigeno minimo (0, para la combustién es:
Opin®2 (0.763) +3,5(0,06) +3(0.023)+5(0.001)+4.5(0.007)+0.5(0.108}"

3
Nmg,

Nm

Opn ® 1.8955

Por tanto, el sire esteguiométrico (X)) results:

e _ Cmin 8955 _ Nm?
Foun 0.21 U T T
-

Considerando A = 5% se obtiene:

o
(Vo) p ® Opgn(4-1) =1.8955(1.05-1) = 0.0947 {E]

(Vi) p = Togy, * 0.79(AX,,) = 0.032 + 0.79(9.026(1.05)} = 7.5190 [-ﬁ

El volumen total un base humedsa es igual a:
= (VCOZ)P + (VHZO)P + (Voa)p + (Vxl)p

oS
]

N
1}

i 3
0.959 + 1.885+ 0.0947 + 7.519 = 10.4577 |22
il

Las fracciones volumétricas de los productos de la comiustién ggtequiornétricas
en base humeda es igua! a:

(Veo,) '
e 0.9590
- - = 0.0917
T o) v, 16.4577 |
2@ p 1.885
- = = 0.1802
T 0 v, 10.4577

£l volumen total un base seca es igual a:
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(Va)» _ _0.0947

- "-'0.0090 T Co
Fen V- 10,4577 thas &
(V)
AT 7.519
r - =0,718%
(Ka) v, 10.4577 :

Vem (V) p + (Vo) (Vi)

b}
<

3
V, % 0.959 + 0.0947 + 7.519 = 8.5637 [ Mn ]
Las fracciones volumétricas de los productos de ls combustidn esteguiométricas
en hase seca es igual a:

(Vo)
. Jp . _0.9590
T (co,) v e = 0.1119

(Vo,)p _ _0.0947

iy = = 0.0110
(e Vr 8.5637
(Vy,) 7.510
Ly = : £ o= : = 0.876
(¥ Ve 8.5637 ?

Por io tanto los coeficientes caracteristicos del Gas Nsatural son:

0 1.8955

g = —MB. = = 1.9765

, Vicoy , 0.9590

v o Male __0.032. | 0333
Vicon, 0.9590

Aplicando las ecuaciones (2.52a, 2.52b y 2.52¢) para un exceso de aire (4)
prece-arminado se obtienen los voiumenes parciales productos de una comipustién
estequiemétrica en base seca para el Gas Natural, se muestra en /a3 Tabla 3.8
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1omes Volumetlr (Cas

A

t+r

Exceso da_Aire r r I
A 1%] (Feo,), (Fe.), (fw),
) 0.118081 0 0.881918 ﬂ
1 0.116783 0.002308 0.830809
10 0.10627 0.021004 0.87272%
20 0.096608 0.038189 0.865203
30 |  0.088556 0.052509 0.858935
40 0.081743 C.0848286 0.853632
50 0.075903 | * 0.078011 0.849086
Tabis 3.5 Fracciones Volumétricas de los Qases de
Combustidon de! @as Natursl
g% T
80% \L“‘
70% '
g0% ‘T\
50% ‘ r
<40% |
o | l |
| | ]
2t% !L - — ‘ e —
0% [L f’/"/_T : { T '
| Ya
oy [/ ikﬁ"*'hﬁ—iL"J?”"Eﬁlﬁ-d\?:“l -
o g 8 18 20 ‘28 3z 40 44 ag

Lampds

coz

-

o2 ©

Figura 3.5 Grafica Caracteristica del Gas Ngturs!
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1

N 3 ‘ ]
Voo = Vo X pf a 0.0075 Nm3 ] - k“’ =0 0042[ ii‘-‘"}
Pe g 2.2489 gf <
Nme
K
. 1.4279 g‘? .
P . 1 Nm
Vo, ® Vg, X Z’ = 1.1254 *Nm3 p 2 = 0.7149 k?
Pc N 2.2489 gf ¢
Nme
. 1.2494 —f—’:—} .
- 3 mﬂ
Vi, = Vi, X p,:: = 25.4840 Nm3 - , w 14,1879 {_E_?'i.]
Pe Nmg 2.2489 gj ¢
Nme
kg,
. 1.3386[ m’f" T
P a =4
Vio, = Vig, X —— = 0.00601 |22 k”"‘ = 0.0038 | =
Pe Nene 2.2489 ___gf <
Nme

3.3.2.2 Productos de una combustién real aproximada para si ﬁs Naturs
Caso A: Exceso de aire = A = §%
Composicién ae los gases secos

Los volumenes parciales son:

Nm?
(Vo) , = 0.9560 =
? Nmg
JIU'IRéz
(V,), = 0.0947 >
2 NmZ

54

[ S



3

Nml

(V) p = 7.51590

Por lo gue @ voluman total (Base seca) es:

Ve ® (Voo dp * (Vo) p + (V)

P

Vo= 0.9560 + 0.0947 + 7.5190 = 8 ,5637

N:m!
Nm_

Las fracciones volumetricas son iguaies a:

v (Ve dp . 0.9590

oy ® = 0.
(eoy) 7 2222 - 0.1118
(v, )
. Je _ _0.0947
Ty v, 8.5637 00110
Wa)p _ 7.5200 _ 4 g770

I =
) Vo 8.5637

Por lo que la composicidn ideal es:

Teo, = 111 800 pr™

Io

2

11 000 ppm

Iy 877 000 ppm

2

Se considera que una parte de CO, se convierte a CQ y que tanto N, como O,
dard origen a una cantidad de NOx, de lo anterior se puede determinar una’
composicion real aproximada, la que se muestra a continuscién:
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Ico, ® 111 S50 ppm
Zoo ™ <%0 ppm*

Z5. = 10 900 ppm

2
Iy, ® 876 200 ppm
Tno, = 200 ppm*
.Swun Norma ecolégica

Recaiculando los volimenes parciales:

Vie, ® Téo, X Vo (111 550 x 107%) (8.5727) = 0.9562 -Ms
. Hme
v _ . -§ Nm3
0 * Tep X Vp = 50 x 107%)(8.5727) = 0.00214 _
Nmz

‘ 3
Ve, = ro, X Vo = (10 900 x 107%) {8.5727) = 0.0934 [ ‘Mm’ I
A
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Vi ® Iy X V; = (879 900 x 10°) (8.57274) = 7.5174

Vio, ™ Iao, X Vr = (200 x 107) (8.5727) = 0.0017 l

Nm?
Nmg

m)
am

Reglizando un artificio matemd#tico con la (&%) de! components, as! como con
is (2F) del combustible se d&duce Gue:

1

kg,
y 1.9530J % ]
P ‘ 3 Nrmize
Vi, = Vio, X —b = 0.9562[ Nma } . = 2.543
Pc N 0.7380 |—2C
Hme
. 1.2494 [ ke
3
Vo = Veo X 2 = 0.00214 |20 Mnco = 0.0036
Pe Bme 0.7380 |t
Nme
( k
g,
. 1.4279 =
(o] 3 N
Vo = Vg, X —b = 0.0934[ L ] o » 0.1807 [
Pe Nt 0.7380 kgj
\ Nmz
kg
. : 1.2494 .
. Py, 1 Nm? Ny, '
Vil = Vi X =7.5174 = 12,7266
p Nm kg
Pe ¢ 0.7380 <
~ie
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' k
. 1.3386 {—E?l .
P 3 lmm
po, * Vo, X ": = 0.0017 [ M”: - = - 0,003108 [—}%"’PL]
Pe bme 0.7380 -f{-. ¢
C Nme |-

Caso B: Exceso de aire = A = 20%
Composicién de los gesss sscos

Los volumenes parciales son:

3
Vo) 5 ® Omsn(r = 1) = 1.8955(1 - 1.20) = o.3791l M‘;' }
Nm

~ )
(Vi) = (ry) e + 0.79(Xy, ~A) =0.032 +0.79(9.026 - 1.20) = 8.5886 { A, ]

Por lo que el volumen total (Base seca) es:

VT = (Vcoz)}" * (Voz)P+ (VNz)P

r=0.9590 + 00,3791 + 8.5886 = 9.9267

<
"

Nm?
Nm?

Las fracciones volumetricas son iguales a:

(Vo) p = 0:9590 . 4 g966

Fleoy = Ty 5.9267

Por lo que la composicidn idea! es:
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( o) .
Vo) » _ _0.3791 3
Tlep ® =7 5. 5267 ~ 0078t

(V)
mlp . _8.5886 _ . gesy
Fug) ® —7 9.9267 '

oo, ® 96 600 ppm
Io, = 38 100 ppm

Iy, ® 865 200 ppm

Se considera que una parte de CO, se convierte 8 CO y que tanto N, como O,
dard origen 8 una cantidad de AOx, ca K0 anterior s& puede determinar una
compasicién resl aproximada, la que se muestra 8 continuecidn:

Ieo, = 96 350 ppm

T = 250 ppm*®
re, = 38 000 ppm
rj = 865 100 ppm
Iy, = 200 ppm*®

eggun Norma ecoldégica
Recalculando los volimenes parciales:

M’
Vio, = Téo, X Vp = ( 96 350 x 107%) (9.9267) = 0.6564

Al
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Nm?

w

Vo " Zo X Vo w (250 X 107¢) (9.9267) = 0.0024

Nme
Vg, ® Z4, x Ve = (38 000 x 107%) (9.9267) = 0.3772 M”’:
. » Nz
. . -¢ 2
Vi, ® Zi, X Vz = (865 100 x 107) (3.9267) = 8.5875 | —=—
. -~ m€
- Nm?
Vie. ® Zno. X V@ (200 X 107%)(9.9267) = 0.0019 .
» ] ch

Realizando un artificio matemétice con le (2"} del componenta, asl como con
la (o}) del combustible se deduce que: .

kg
w 1.9630 'ﬁl .
3 =4 ),
Vis, = Vi, X — = 0.9564 | 2T %% 1 | e2.5440 k”}
Pe Nme 0.7380 | —5¢ e
Nm¢
k
v 1.2494 Ng‘;“’ k
3 m
Vio = Vg X pc:. = 0.0024 Nm3 =2 0.0024 [_ics.}
Pe N 0.7380 | 9% “Fe
Nmé
kg,
. 1.4279 - .
3 ~m &,
Vol = Vs, X Po | g.3772 |2 i = 0.7298 %
2 & N 0.7380 | X9¢ K
. ng-
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kg,
= 14.5382 [~——
) [

ijg‘-V,ﬁ(‘x

X .
2 3
Vio, * Vi, ¥ ——z~ = 0.0019 |
Re Nme

A continuacién se muestra un resums:= de 28 combustiones reales del Gas L.P.
y e Gas Natural, para lo cual se tomé encusms ki Nor . Ecolégica para el Valle de
Méxi,co [1], dichas combustiones se  uastran on 28 Tadiss 3.8 v 3.10

Tabla 3.2 Ceso @as L.P. '
Producto A=5%  Aw20%
de la
Combustién [ka/kg,] [ppm) [kg/kg,) ippm)
*COo, 3.0174 | 132950 3.01571~ 115050
*CO 0.0036 250 0.0041 250
N, 12.3625 | 855800 14.1298 848800
*NO, 0.0030 200 o.o@a@? 200
0, 0.1766 10700 0.7131 37400
* Son considerados productos contaminantes
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! - Tabla 3.10 Caso Gas Naturel
Producte An5% A=20%
da la
Combesti6n (kg/kg,] (ppml [kg/kg,] {ppmi

*co, 25436 | 111580 2.5440 msoj

*CO 0.0036 280 0.0024 280
N, 127266 | 876800 | 14.5382 865100

*NO, 0.0031 200 0.0036 200
0, 0.1807 | 10800 0.7298 | 38000

* Son considerados productos contaminantes |




LI I

i sa 1 ~ "T-ﬁ'JT!!!?!H f

FACULTAD DE INGENIERIA UNAAM
DIVISION DE EDUCACION CONTINUA

INSTALACION DE GAS
NATURAL |

CLAVE CA-231

TEMA
TEORIA DE LA COMBUSTION

DEL 19 AL 30 DE ABRIL

ING. ALFREDO SANCHEZ FLORES
PALACIO DE MINERIA
ABRIL DE 2004

Palocio de Mineria, Calle de Tacuba Na 5, Primer piso, Delegacion Cuauhtémoc, CP 06000, Centro Historico, México D.F,
APDO Postal M-2285 & Tels- 55214021 al 24, 5623 2910 y 5623 2971 ® Fax: 5510.0573



" u TEORIA
« DE LA ,
= COMBUSTION

«  Abnl de 2004




Fart 1. BAERIC PRINCIFLES OF COMBUSTION SBCIENCE
WHAT IS COMBUSTIONT
Combustion. or burning. Is a rapid combination of oxygen with a fual, resuli-

ing n reluase of heat.

The oxygen comes from the air, whirh is aboul Z1% oxygen snd 7B%e
fitrogen by volume. {See Table 1.1} 4

Mot futls contuin carbon. hydrogen, and sometiows sl fur. (See Tablie 1.4 )
a:r:.dmpulmuon. we might say that combustion conmasts of the following
ProOossess
carban + OXYRAN ——— carbon dioxide +« host
hydrogen + OXygen — e waler vapor + heet
sulfur + oaygon ————= aulfur dioxade + hoat
‘The thres products of nombusation listed above are called chemical osm-
ponnda. and thay are de up of ] loe in which alements are combinad |n

Table 1.1. Composition of air'

ey Bale Tw {d) and el
" by Volune (wale] SOFds WP ey de -r e
e by Wipdapinr _\ v rh 0 rh Le0n rh f oy
o0 30.70 2082 xa.70
Onppan. O, o 3.0 T .o
e oo ro.ee ro.07 r7.20
Prome. M, ra.ae Yans ra.s3 rson
oae ony owx owy
Argen. Ar 30 L. 158 -
N o0 oDe 0o noe
O “ne e ame ans
ocoo 1.90 178 oo
ipsar, WO - .87 1,48 [ 8 .2
gty . Sleier tnk rerbgind 28 S8 2 PTT TR 88 2B.A0 > an
Eermatty, B/t o.oALE  goroea  oorbel Co7IiEe 007113 D.070B
Sumalty, kytm' s azz 130 1214 1.102 3 [T
! Por saey et L0 b m Lhews ruisos.

AdriOy = 1002090 = 4.78 by volume (ecla), ALl = 100rEda 20 = 4 31 by wewshi
g HYCh = 3 P8 by valeme (molsh MuiO, = 3 31 by wetaht
From loterme sy, Critost Tabine, ali otver ool caboule e 1 L -
. i urnoe o LC'T data s from Raetl
8 OO, {about 5.0394 ) M (abeut 0.01% ). Nean, Heljum, Krypton, Xenon.

L] MNONTII AMEMCAN COMEIITTTONN HANDEBCOX

ocerisin fixed proportions. FPoar axample, & moleculs of carbon dioxide containe

It is an astablished law of poienos that mettesr® is noither crestsd nor doe
in the prooess of scovbustion. and that the hest given off in any combaue-
ton proee is odaTely sxosis anergy wwhich the new molecules are forosd o
Uberetit bacaces of thetr intaroal meke-up. .
Lat ua now ves equations io show how one Garbon aicm Plus two OXyyden
arpmms (one molpculs) burn 0 form ooe oarban dioskds moleculs s hast'

=B

e L e © s e OO e bt

Liknwiss, wwhan two hydropen ptosas buen, nn; moleTule of waler i» formod.
G ' C,
T - /’
;:- e o
@D

e 18 M.+ WO —a B0 > hawt. o BT, - O, — XNO + et

of tha above two forma is 1he More common way of writing this

. use oxygen usually COMes N pockage unfs, Or dgimio mole-
CoOniaining two oryien atorrw The ameunt of haat releassed in thin cass
e grast as whan only one oxygen atom and two hydrogen siome are

Hi
i EE

Matimr s Gny Ty wisckh B wblgt AT SOCRMAS spadm  BeE Ty doee met heve =gt eed
S Rt gl S
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FERFECT COMBUSTION

Parfeot com busiion ia obtained by mizing and Birning |ust axectly the
iona of fusl and oxypen »o that nothing is left Over. as in PL.ur'- 1. 1":::;

snd - -
Mkt
) Pigramed v et
Srmtt Weigees - Btate_ Fouad oty Copnwin
— 0 " — — a oros oo
e & 0F vmpsr ar liguad  fusls 0.inm3a ioes
T b
c 1E .41 [ Mua gasr 138 —
oo, anon mae Ous gan naiiro 1 nam
[t ey — ﬂ""“ . o.07 40 omar
l:."ll. ”;v: pan fums OO 1 ey
it 2.5 - tuaia o.00ea3 onsa
H-m ?:: —LL] Frunks O Oaes ? 1Ty
- Riste
e = = e =
- .- T famiert. a ores oere
Ootmms. = -G, 114 2p lLcpuid Fusin
Oy (K) S s o p— = =
Caygmm o " - '.‘.'.':" noses 108
Dropass [T e vapwr or lpu  Raede o1
i) . 33.am woabd Fuppims 1184 30 e
Bultur diamade [ =4 . .an T n__“"" 9.1733 b L
Bulfur ti-teie i
L, B, - e Niwe gua o.ayow 2 res
w:: MO L. ll.\‘ | az 4 1 oy _—
b o L fhes s ooard are oas
:: d.lhl. e ave divived from daws r—- Malpronce 1.1 -sws ket of referasces at the aal
:_u;...n-n-—-.-—.m m e, & ArRGE e L —t
- i -, bt A g eturs of et Bew Tebls 3.0, Adr b Dered
T It the s the
miuve tmell -‘-uhjvn— v 37, ihe B ol a1 B 14 sl
i hptmt will e e rebares (i) welght dtvided by 23 4wk mel 8l O -
Al - OOFRD ui D F.

780 s Ha m—i.:l'-N. CiY, 2 -0 .
280 B b wr - ars oTas Ui et OO - 28 .
‘Ndlnn-lh:;-mmm.u-.mwl-—op—rry.ﬂ-ﬂu.lm&l—umw

- MORATH APSERICAN CXHASKITTION HANDIRCH
H too much anygen { alr) is limcl. wa sy ithat the migturs is eas

ond that the fire is : This redults i & Nlems thet fends o be -h-:v‘
Toar = 14

i olenrer Ths suoses cXVgen plays 0o part In the B
fousr stomos of ouwyges [instead of two) were mised with an estom of cearbon. two
oxygrh atoid would be left owver. [(This ie Hka hawving six whssalis for svery

) © .
A o

Py 14 € + p,—e=C. = 3 + ot

If too muah fusl [or ot encugh oxygen) s supplisd wu say that the mil=turs .
ek and that Lhe fire is redwcmg. (This resulis in a flams that teods to be
amd emoky.} This is Ity Galied

that in. all of the fusl pardciss combine wilh some onygen, bast they canzot
et soagh asygen 10 burn onmplately. (Like ahessia with only threes wheels. )
For sxampls, if wa min (wo sioms of oarbon (instead of ons! with two atcme
of axygwl. the osrbon atoms may ahvare the available oxygen, bur nedther hae
enough 0 beodthe carbon digxide, lostsad they may (orm osrbon monoxkds
(CD). a aomnpowursd winiCh will burn 1o oarfbon Aoxkde If gD more oxygeh later.

o)
@/“\ - (€259
," -
g =1

T (o)
Lo BT N - -, —der OO - et el hatew, JCED w (B, wdee CHY. 4 Sesbddo

(€55

T.hl-l?h'ulh-mmrum for perfect combustion of several
typionl The fusl and sir Musl oot ooly e properly proporikons] Bt
LY “mu-hlv mom oth-m—. one part of the fire may be rioh whils 1he




COMRLKTION a
The oxygen mpply for combusiion ueuwall Becauas
vy Conmew from the -
l::n. n..:- large proportion of niTrogen, the reguired Vuh.nn:‘:;l alr T -ll:
m.-r M.n the required volwnes of frure oxygen. (Swe Table } " mue
{rogean LN the air (oes not take part in the nombustl m_ oo— i o
nn ?
‘.‘u‘: along for tha ride. It doss, howewar, #bworb wones of the by m:‘tlnllhn .:-ul‘
the heat anergy is waprecd Ihinty throughowt & largn N
and the combuston prodiots. This ooss s that & mMmuach

'
e aly s phied. as in Fisure 1.5. The sffect of BUChbes ®ir on @M
Frimary air in that air which is mined with U funl mt o l. rialiiiig
I:#ry air la uslelly that air brought in seoussd thas 'bul‘l'.-:. m.r:.n
usiaglly thei atr brousht In downstream of sscondary air or th uI.h-.:-
openings in the Turnace. " roust "

COMBUSTION OF PFRACTW AL FUKLS

Carbon, hydrogon, and sulfur wre
. anldom burned
::.:;:‘nr- '::.‘:.::' af chemicvel rompounds o.ll:d:l hyd:;::‘:.‘-m:?nm:nxn‘::
O carbon somo of whinh are listed in Table i e
burn, tha finel producie ars carbon dioxices s nd - e— i
shoriage of oxygon. in whicrh case the rondl ot ma v ““bon"-.m‘h.m
. 1 it}
by‘t-l,ru'-n. unburned hydrocarbone, nn.c’.! lr:.cnnrhuny ..‘"“."‘ nar nonide.
P 0 now, we o ve spoken only af e final o houg|
- Products of cumbuat . A
thess final pr AaAre Ny Hmirted tg fhe same fow compounds ‘lur p::

Tobla 1.7.  Proger Sibining prepartions for perfect Ot tion
Ime ol Tolbew 1.00. 3 %, 2 38, 2 1)

O relem w10, st _l!% _l.r_ﬁ
ol ful wmlfmml A imel wtlaet Ted -7 )
M, 2 no [ T,
E [ E T4
Zsa oy & o vy - re z
- e ::- ina e2’s 03 s
iy _ r LEE) 47
(‘-;:::v—ﬂ-l‘_ “‘“lﬂ-‘ < aso 2 =m oaTL 2 4n '~ 30 ':‘: ] . :;J
il o] A.nay L1 g aryy in. s EL R | LR L] ‘..'ll
Sy iapwn . o . - an 3B L 4 -m ang
1 a0 7 1o 1 an aos in ¥
T o0 - a - oy iT 1 ar 4 I::\‘n ":
- -— on 1w an.a 1 » 2a
— —_ 1.1 4y
B (my a3 Neaa 17 <y un Zan
= no L > a4 el 4o e ey X ma
- —_— ' oo PR N o4 nra
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hydrooarbon fusls, ibey ere nol siwesys produced by the same combustion
proosas. Within dilfsrent [ ., Mmany varied and unknown processsss sod
Inter diate pr ooinur. evan though the final products are the sama

The osrbon: ami hydrogen form and o nto & af
aldehydes and olher compounds which finally combins to form CO, and H.0],
The iypes of | e e da 1 aci. mos thelr soegd of formellkon
depaad wpoo such fagiors as ths (gmpératurs, pressurs, amount of oxygen
prossm., and degres of mining.

Cood oombustion requires (a) proper proportioning of fusl apd sir, {(b) thoroush
mixzng of (ke fusl and sir. and (0) injual and susisined ignition of the mixturs.
‘Thaaa. togwther with Meme poslUonihg. nrFre thae af @ ey b Eynlam

Prwpartiening . Basia propoartianing regquirements wasre disausssd on previcus
pagws. B alec Part 3. Froportioning =g (L. | wd i Volumes 11

Mintng. Good mixing of the fusl snd air is Imporisot se that the mixture will
e uniform (hroughout --gwary particis of fusl mus! oontact a pariicie of air
Mot fpeis aci ually turn inko & gas befonre they burn A bhighlky fur bulsot scrubbing
agtion sids this nenveraion to s mnd tw mining of the gus with the air.

Liguid fusis are uwusy sveporeted. aod e
burn ae getes Aseminetiee of the Higuid speads
milllons of tuvy higuwid pariicies, thus providing & larse emount of surfacse for
svaporatuon. Hea from e adiacent flams will sometbnes onues ths fuel W crach.,
or detompons, belars 1t an svapore s, This crecking uwsuslly produces & Weher
hydrooarbon (whioh burne Like & and a hpavigr bydrocarbon (which may
Turn liks solid osarbon, prod & wary Y yallaw flumel.

Whan solid garuvon ks burned the prooess i» further complicatad by tho [aat
that ssch mtom of saygen must cobiled the Carbon surfacs. torm GO gas el

then move oul of the way s that more oaysen may move in. Thus O st on
of 2okl fusie comaiss af » mass tFreanaport ph lof ¥ to the surfimow
and CO away from ths surface) plus mixiog. plus ohesiocal combtdosiion, 1 selid
fusls ars to be burned at high reles comparable to thoso atisainable wilh gassous
and liguid fusis, they musat be nuiverisced 10 Inoreass the surfece aroa for mese
transfar. (This may he compe red with tha altustion sxisting In & bus atstion with
anly ane loading pleiform MNo matier how Many Duseds are waliing cutlside or
how many pecopls are waiting insiuie, the maximum rete with which the peopls
oun be ehen Away depends upon how (aat ones Dus nan pull up 1o the plotiorm
and how quickly 11 gen pull Swey to el in the next bus Pulveristag = eolid fuel
or suminmy & iquut fusl s ke adding mors lowding pleticems.)

N Ch ] of tusis and air will COCUr &) FOOMNS 1ETIEErE | Wi,
but opiy very slowly. If a plis of ool is locetsd In & conflinel piacos. the
amall amount of heat Lbersind by this slow oxidalien will gradually bulld up.




COMBUSTTION r

thus raising the teuporsiurs of the coal pile, As the teamperaturs srodually rlm
the rate of onidation lporesescs ansd the tomperaturas rl... soms mMmora. Thi

on untll a full-fladged fire ja in progross. This is k l..-.lﬂ—
1t can happsn only in very confined placea where the hut in allowad 10 anilect
in the combustible matarial and in the sdjacent stagnant air.

When we wish to ignite & fusl-air mixture. we cannot ususlly arrangs to
caollect bast in a confined spaos. (Bven if we oculd, this proosss would be 100
slow to be practioal.) Instesad it ja necessary to apply a lot of hest 1o & yYery
looalined aras. Por example: & match will not Haht @ log. but 1t will miart & twig.
This is becauss the log has a0 murh meass that 1t conduots host away froom the
match flame an fast that o part of the log gete hot snough 10 Burn, The Lwilg.
howwever. has much of iis surface o 1o the r Mame. but litls mose
o mbeorb the heat; so loocalized hat spots develop and burat into Name.

ignition ia usually soromplished by speeding the oxidation resciion by
additton of an external heat source until the roeection itseifl reicasss heat fasior
than hast is lost o the surroundinge--until it continuously ignitee iitseil with 1
the sxternal h-: sourca. The lowast \wmparaturs at which this is possibie is
the wmiture of the fuasl-alr Mixturs, It Ccon be lowered by
1 th o nn a mixiure Table 1.10 lista soms approxumaLs wnirion
A Eres I LA T l.‘:ul.lun davices are discusssed in Volums IT.

A cald bimet of mir or conilact with & oold wall may quench paris of a Mame.
ooaling 1t balow the ignit’on temperstur w0 some of the fusl goss unbrurned.

Flams Stabilixiag, which oan make tho differsnce belweon useful and useises
ocombustion. is usunlly & function of burner poaxla/tils configuratlion. A Nama
haider poaitions the aresa of flams inlllation by providing (a) ignition fempernturoe.
) localinsd fusl-gir ml-mr- wllh.l.u the Mlammability Limite. arnd (0] (eed-apeed
aqual to the flame », ch | s muat provids MNamo ets kliTy
over a wide renge of firing rates and fua ir ration.

Heal A'-ll-bu frwes Fuals. Hes: quantities arc massured in Btu, kileacksries,
[ or joulk Sae Tabls C.6 and Clossary.

Expa -l esnants bave bewn made 1o deisrmine the hesi releasad
by periect combustion of vericus fusis If a certain fusl is mixed with propsr
amount of eir and placed in a clossd chamber whare the heat given off by oom-
bustion can be colleciad and measuroed. the total amount of heat :IBII.::‘-.I will

depend on the final tempecraturs of the products of fon. For ex !
one pound of Habi oil roléssos sbout 10 300 Blw (#0032 koal. 18.8 MJ} if the prod-
udts are oooled to 00 F (186 C), bul releeses Oonly sboul 18 300 4108 kool
17.2 MJ) If cooled wv 500 P (2840 C]. When a perfact minture of # fuol and nir.
B0 I {14.80 C} in ll'lll-d mad then coolmd 160 80 F {15.0 C} thae tntal heant

srmed the lae or iy I of the fuel.
L L or et Beatdng velus (8 ssldom used i This
- NORTH AMERIGCAN QOMBMUIETNON HAMNDEOCK

oounm but Ih.l. qu.-uuw s sgual to the groes heating valus minus the haat
- ey of the watsr vapor 1o the combustiewn products, Values
of groes .ud nay hasting valuse for various fusls are listed In Table 1.8, The
to 00 F (15.8C) in prectoal combustion appllce tans,
uu thae grose h—tln. value in saldom stiained. The wo-calied svallable hesat in 2
much more ussful igure. Values of availabhle bedts are llsted in PFart 3
Flams Tewmpuratwrss. The haat L wd by the ch loal tiown of &
fusl with sir (a) heats L)y the pombustion producis and the incoming fusi-nir
mimture, (b) rediates o tha surroundings, or {0} ls carrted away by drect con-
tact with the surroundings. Natwrally, the flame temperatars is highes! when

Takie 1.8  Orees sl met heating (oslerific) valuse of simpbs fasie”

vewe heathag wmbum Mkt el Feating vabes — iy e
ot hoating ralos it P T oy k homiig ™
Acsaat b I 1a7r 13140 &8 01 E1mad  lides
i * 2 A 1980 8. .11 wrar Ti1A3D
W, Wil e ¥ 10 12a @ ) 1iman
.l {1ws.8) 133 BO) ‘pannc 1tz Tl 1083s
a— — — 1 aDms b4 Vi
3 Costmm, © = - — 200m3 3o
r— xas 2sne 13.0 aavy 2418 1031
‘i manomide. OO x2 200 1ix'a aner xars s
Bademmem, Gl 17T 1D RO BE_04 2AZIED 1X403 61.833
(3107) |37 an} 1=t 144% .0 a1 suats  113ee FER)
IEW WO X im.31 1S 32044 143.11
e re 2400 ol sigwy  zoOe! i1z0.00
- nraw *e.08 E avar 188y
!{ Sydrepen sulllde, W.67 o n300 ' anzvy 3033 roaz
- Msthane, CH. 1033 w008 3y.00 ZIWTE  1az00 as 538
; (Z10.7) (w2 | o5y mi10 Ly Frrr TNz -2 80T
83 — — Lihd 3380 —
St bcptal
[ cs.on = et 7 =
Colams, Ci.t BarYio T 11604 4m.371
= (132 ®i (10, 00) s10r0 1mwers 1o72a @1
l Prepass, Coit T2 400 ILEEE 1303 0 a0
(1m3 ) [38 41) renar 1077 -m 373
! P — —_— Iy azin ® a7
.. — — e anis » a7
- Duartved frow Saferemcs 1.0 at fhe mmd of Part 1
THaning values taay be jr— | torme of theme oowgperuoads

I Prom Ralevence 1.k =1 the end of Fart §
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the 1 1o the surr ol emalleat. Ackdition of axcens air or exoo=s
tus) oniy provides more matsrial 1o absurb tha beat of combuntion o the Name
tampersiure cennot go es high as with s perfect fusi-slr mixiure, (ust se
a furnacoe which will heal g mmall houss to 88 F (30 O} might heal a lacgs houvse
to only ao P (15,8 ).

Undar osritein conditicns. particulsriy high temperstures, a phsnomsnon
known as dissociation cccura. DHescociation ia simply rsverse comibrastion; that
ia, it i® the bresking dowmn of tho combustion producis into combustitbes el

oxyu‘n na-ln Thin prnnu- absorbs tha hant which wus originally libedntond by
ocombn For

Heat » CDi—== OO0 + v arud Hoat » JLO ——a kI, + 0,

Tha higher the laumperaturs. th rewter ia thin tendmnoy to dissooiato. 5o, the
hotter the flaMmo. thn gieater is the amount of heal ro-abesorbedd by this roversing
procies. and the rsigg flams lomperatu e comd 0 o hall sl stmoe ogullibrium
tamperaturs in the rangs of 3400 F io 3800 F (1870 C o 3000 <7 fur mowt fusla.
This spuilibrium 1emperaiures has bean calculsted for many common fuels and
L} ] <l an Sy d Flamw -t intubde 1.10. [t e thaosrwtioo! beonune
no a0cwil has bean 1ahan of Iosess to the sorroundings. For this froweon. actunt
Mams IoMPperalures are slways liwer than the listed figuros. The dota In Tahbi
1.10 Are for perfect combuation only.

A sumplified {ormula fur thesretioal sdisbatic Name tSEperaiure o
_net hasting valus of the fual — offsc) of dissociagion

fweight of Noaibustifn Produdisl = [APediiu hea! of cambustion producis}
With iarge amounis of sxcess alir, this s oftan called hot mix tempesraiure.
The acteal flame leSipernture n the thaoreiical Name temperaturs minus the
drop

d by haa! ransferred to tho load and surrcandings bofore
tha hest 1 [+ (] fetapcd.

The furnaoe tampesrstiere cuh ogusl the thooretioal flameo tempoeraiure unly
if ihe flames tranafsra no heat to its su. . ba. if the furosnoo wall v e perioot
insrule lor {not avallabie) snd IF thera is nuo losd n the furpane (furnoce s usslesal.

In moet casks, specinl relraolory Mmaierials ars Nneastded and & sPparial forneon
design required (1o avold localized overheatling of the Joadl to lake advantagn
of 1wmperatures sach as leind in Tabloc 1.9,

Unless tha fusl and air aro so poorly mixmed thai tbompleata o_cnnbu-uon ol ta,
theogretioal lams ismperaturs is not & uaociion of arner desizn. Howaver. (he
actual flams tsmperature is intentionally lowesred by increaasing the hoawt
ranaflerrod from the fllame in burners designnd (or sxicees Alr. luminaous flemes,
ar delayed mixing.
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COME 1T ION 11

A smel] amount of sxcans air or excaas fus} aan greatly reducs the Name
tsmperature. In Table 1.9. 16,2% boxceus air (088 sqguivolsnos ratio) lowsrs
the flams temperature by 382 degroos. If high flame and furnece nmpearaiure
is destired, accurate fualfair retHo control is most critiosl.

Flame Spesds A flnme I8 meraly an snvelops or sone within which the
pombustion reaction is cconrring at suach & raie as to proaduce viaible readistton,
The Mame front is the 1 gomtour ml which combuation starts.
the dividing line batwest the fusl-air mixture and the oo prrowiy .

in stabis burner flames, the (lama front appears 1o be staiichary. Thia is
becsoss tha Name La moving toward the burner with the same spesd that the
fowl-air mixture is coming cul of the burner. [This may bo gonmpared with & fiah
swimmifig upstrean ai & milés per hour in & 5 mph currani.}

If tha fuslair mixture is fed into the burner at too fast & rate. the Nlams may
blow off (like = 5 mph [ish being washed downstream by » 8 mph current)l Moat
burners, howwver, allow a considerable rangs of feod rates by proper design
of the burner nosale.

If the fsal-air mixture is fed Into the burner &t oo siow & rata, the Name
may fisshhack into the burner (like 4 8 mpb Mah making hesdway in = 3 mph
straam). Tho flame may flashbank as far as the mising Doint. of It ey bo
Quenched by tha cocl burner wall.

Flame wvelocity depends on such factors as pressure, temperature. fusl,
Primary fusl/sir retio, turbul (oxny ). and '] offects of surrcundings
and 11 capnot be reliably predicted axcept In very specific cases. Table 1
ingicswse wypical fli'me velooitias mea d on 2! A

that they ars for the listed fusi-alr mixtures oniy. Prebeating of the gas-air
mixiure results in & considerabls increass in Name velacity. For other terme
and related properties. see Fiame becity in thee Gl v.

Flawmsas bility Limits. Not all mixtures of & fusl with air or oxygean will burn
e by In slt- d oxenb Tabia 1.10 uh man (L

limit) migtures and rich (uppar llmitl mixtures beyond which praatios] oom-
b - ble. A sxssple of this in the g of an
sngine—an excess of fusl produces a mixture wo rich to burn {above the uppar
Limxit of Nasenebility),

Bven within the flammahility limits. thare are oertain practicei limitations 1o
the fuslair miXtures that may be used, One of thess 1s the unsafe combustibie

ar [ = B°% ol bry & rich fire. Aooibeer lbmit e the tanpersturs

or mtmoephere required for cerwain processes.
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Tobla 111 Combenthus renction thmes and isantition!
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+
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* Dertvidd {rem cupws 320-39% of Prod Tabwet H keachegh o uapet 10 Raterence | 5 Loted of B0 ant af Papt 1
+ Farmaw wobse Do = ety #vabustion
+ Flame votutte weod W t5leoniy evabesini:.
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Flammability limits. olsc known ss sxploesive Hmim (LEIL and UEL), are
sxpresssd s volum- parceningos of fual In 4 fusl-sir mixturo.

Ca ' aity. Intarralnind with floms 1empersinrs und MNumwe volocity
are resction time and combustion miemsdly. which are approximately the in-
wverne of one anocther. Combustion INtenelty. like flame velogity. incroasss wiilh
the abeoluis pressurs. Table 1.11 makos gnneralisad nomparisone of resction
s and o bustion Ntensities for several combuslion siluntione wilh snlid,
liquid. snd gosscous fusla. .
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PartZ. INDUSTRIAL PROCESS FUELS

mchmmmorm

The physical propertiss of gassous, liquid. snd solid naturai and man-made
fosls ars discussad Inter in Part Z. The chemical analysea of \ypical fueils trom
sach of thess antegories ars listed Ln Table 2.1. The chamical alemants of most
importanos to the combrustion enginesar are carbon. hydrogen, snd sulfur,
Nitrogen, osrban dioside, oxygen. water. and ssh usuaily appear in mlnnr
amounts and contribute nothing tmil h. I prabd and -
problems .

Carbem (s 2 major constituent of most fusis. The tarm avallable curbos i
used to describa carbon whirh is hot chemically combinoed with noaygean 1n any
way. Unless otherwisa specifisd the term carbon ss used in this handbook will
mean svailable carbon. Complets combustion of one pound of carbon yields a
groes haat of 14500 Btu.

{211 T « 2% IO — e 3, Ib CO. +~ 14 30O Be
Or1kgC + 2V kS O e 3%/, g COn + B OO kcal or 3373 M)

L lete nomi {producing carbon monoxide instead of carbon dinxide)
weoradd '|-l.d. only 4 360 Btu (per pound of s rbon)
[2/2) 1IbC + 14 O 3va [ GO+ 4 350 Btu

Or kg C + 1M T Chr——ie 2 kg CO « 2417 kcal or 10,12 M)

Further addition of oxygwy and re-ignilion would yisld 14 800 minus 4 380 or
10 180 Btu (par pound of the original cerbonl

[2/3] BATROD + 1% B 0Oy—= 3%.1b Cl. + 10 150 Béa
orZua kg OO0 + 1vh b Or—a 3%, kg OO, + B 630 kaal or 23.01 MJ

Carbon in the form of o solid fual is AIfNcCWt to ignite and, &8 sxplained in
Part 1, s slow to burn unloss finaly pulverised, In liquid or gassous fusla,
rarbon appaars kn hydrocarbon compournsds or carbon monoxida. If not burned
properly, the hydrocmrbon compounds m-y “crack’’ produciag anot. Despite
thess disadvantages. carbon is one of man's primary sources of baat: so com-
bustion enginsets try to overcoms thoss d.lfflaulu- In the case of solld fuels,
rapid sificient combustion is often bast accomplished by burning in a fiuldised
bed or In pulverized form io suspension. The scot probl with and
UHouid fusle is minimised by design of the burners and combustion chamber 10
provide adeguate sir and turbulsnos, and to avold sxcessive heating of the fucl
prior to its conmct with the air.
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Cansltmmsn
Analysa, in % Iy waight a
ovaisbiv/intn] pwallabis 3 O N Ash  luisiwre

Blat frmace gas (8 al oy owe ! .
n  Coke oven gae 18 nr *owmo 1 ’
o Produce gae' - 7 oy e 0 '
2 Natral pas! 108 ns u [ I N R ] [
@ Propens natoml't (] Y e ¢ o 0 [
4 Betase refivery’ . 184 e g9 ¢ 0 [}
T biethaaa AR o - ;e - — -

CGassline, mowr® i (] e 01 0 0 0 [}

#1 Distillabe ol 8 T90TSeal #51 1Y O = = -
] nDetlaw ol 12150l Y1oem s 8N — - -~ -

4 Foel al. 7 50/ USgal 14k ns 1w ~ — o OF
1 o Menchenl . 7 q211ISqul w Wy o8 — - om a4
| peRemdmal ol #4501 | a0 B3 oM ar oy oM ot

Woad, pon-Hesnom REaE-] 13 ¢ 34 01 10 *

Coal. hitarmaous ]I 180 310 82 0 Tz I

Conl, patracte +] B8 4 11 8 0 A 5%

Crke 106 0l 10 12 i3 w08

‘!muwmm_lﬁm-m

'muﬁ-uhmumw v 1230w sbiam by’
4 pigdnply this furure by 6243 be ot [ by § X 10 shtam posedrpafion. by 1900 9 st kpar'
! Varme with type of conl o colo weed, sutyraesl 1nd prorem
* Prus page 38 o Reterthct 11 Ses bl of relertecs W ed of Part
! Bubfs coolanl mar vary fram A4 W 3%, depescing en soqroe, rrimng. aad bleading
* iy ch B s, upacafic ETATRY ealiiivk 0 wa M u 0,30 for propecs. 0,387 fer bainas.
* Semacuad *
® pmitiphy grom Boa/acd adr be 800 o ablas grroms Lonla' of sisadeed mr
" Gulfur ool m ke | oY paromst ol b gus wall bot tes w meksily fadecad 0 e s § g by weght belers dutnbebon
11 G hriown sochmewt wied waowr Tabie 111
' Typace] eyt progect waghy 4 W47 Syn. brpacal Epsed boalaas, 40401Sgal Sow Ty 200 gl Tesbtruacs Lg o gyl ol Py 1

WOURGMYH NOUSIEPE) NV NRANY HINON




——

Tabis 11b. Comporaiive data [y waighl) for some typical funls

-#__* Girans ween Woighi of conbvusion Ubimate
iy Buper  roq'dper products por wt of fasl wel % OO
and gl jond keoll) o i wtiwal fund iy
Gree Nl Grow R g (e sdipel) T ga
Hlay! furnart b (B}, ] 1o [ ] woan LEH LS ] om 108 18 153
Coba oven o WS 188M A3 FMT 1044 [ILY) [L I 1] &1 11 s
Pracucey pas’ FLIUI FTP RS T C BT T ] 188 oM BIy 17T 1
Nawnlps AV 1963 1IN WY MR 132 FEUNNNEE - IR N ERE T % 'O F R
Propane. nararal NITI O INME 1108 ) M8 nn FYANN Y+ RS YT N YR 1)
11500 MY pamdl fSeIT (L) |1ou|| 1164 30} LIDE; ($3447)
Dutene polmmry 20410 ELRY 13 1136 9B 1061 nm 15) 1K L] 131
-1 (e} WS ey san 148 04 uzuel 119882 (7467 185 [101L4)
"
o Veetean STVF BIA M I 134 84T 1M N 74 180
b (2L UREERY T TS -l 15505} (el fISAM S (mAYY
Lanoline. matow 1% 1™ 1A 04 G 1400 34 10 LW A 1L
] [IZ01) (114807) jB2I6)  (Todin BN o3 il (1b0B] (031 DT
£ niDwtitawed 8433 I MW GBIM 1028 1185 [ETT . S T T R Y R V]
; [[REL . RETTS I U (13 T VR A Y Y T )
2 atlinte of W U 05 v 0l Y 10 LIz oes 1827 187
i Y0 e (1 Ay S NS B e ey
1 sl M IO MO amM 0 E 316 UM oM 4w 1A
B 11930101 B0 SN MM AT (MY (1097 (7Y
E  nRudwio NWE TR OEE e NN2 1 AU 6F 0 R )
L NPT o BT AR IZTIOD Lela] 0 1y
8 Romachend oid 8L 1777 Me7] s 032 E ] 14 OM DB W% el
[REARE L INTELY TP RFTERE I 7 (LT T TR X TR TE L Y R Y05 TR P L]
Wood powremscw 300 15w - W 1" R FTEONE T TR 1
Coul betmmurons 1w T L} (L] B al OE2 T S
{aml, witiarmev 1m0 T LEF] [1H] 1M RX 1M 0T M
Coks 12800 181 4] 1009 LUFIE T NS PR 1 "R ¥
Tromtarviess e o Tkl Z 18
ie MONTH AMRNICAN (EXRUSNIETIONN HA N K

Hydregen har a heating valuo that is very high when ocomparet with that of

carbon [Tebiv 1.8] However, hydrogen is & very light weight sas; ao tho heating

- valun of one cubia fom of hydrogen 18 10w In OO rEon with other gnesous

Tuala. Hydlrogen has a highor flame speed than most gesecus fueis. which

partinlly mahes up for ita Jow hast onignt (0B & (laae voluvme beaie) The term

-~ avallabde hydroges reafers L hydrogesn whiah js not alresady combined with

N axyien Unless clhsrwise spaaified,. the lerm hydrepen ot used n this heand ok
will maan available bydrosen

Sulfwr v of concern beosuss of s corcrosive and pollufion affects, N metsl-
urgionl and oeraomo furnecss 1t may Mriowaly sfisot U qu.l“y M the nro-rluci.
In boilerw. the sulfur dionide snd waler vapor o the
may uniie 10 forsn acids 1thal nan be highly oorrosive fto the hr-nhm.- Ths
P ol powns wulfur cin may \owar tho dew point of waler
wvapoar in thh Mlue gascvs, fluritbar aggreviting corrosion Problems.

‘ SGumdrd Heed Comthpacieowkh of Fuslhs. Moul fusis Condiet of rarbon and hytdrogen
ot nwd 1N varwas proportons Tablie 2.1 {facilia s f grenere bhsed comps Feon
of fusis by sfudying |he {21{ retios and Lhe snalysss hy waighl. The C/1 rann is
based on avellable C and svailable 1l sxoept for tho last four (wnik]) Tusis. The
analysos o DO nlwave add up tn 1 0% bocauss some Moals nontain CO,.

It is @ rule of thumb among combustion saFineers thet ene oubio fost of air
relessss 100 Bitu of heast The 100 Bty here meDiioned is groes hoest. Thus nne
cubtrn foot of with » groes heuting velue of 1000 Btu reqguires 10T of &
1o burn comp! iy, axud osme gollon of oil with a groas hesting valwn of 140 OO0
u reaquires 1400 f° of air 10 burn Table 2.1b indicaws thet this rule of
thumb s approconately corract. It s commnn practios to determinn the air
requirement for & commerdial fual from Lthis rule of 1humb and the cnonsured
hesting value rather than by caloulation from tha chemical analysis, In
metric uniis tha rule woubld e B0 kcal/m* air or 3.728 MJ/m* air.

For gneecus fusis. the blinwing smpirioal formillas are somewhns! mars
AOOUrs te.

{2/4n] Por fusks beving more than 400 grose Druft (3580 koalwa’, 14 83 Mm%
reqd mir volume  gross h—ng. wmliem, Byt owliame L il ol
- il pas —oluoe ©-8.0F eon o8 or Ly T~ O°

{2/4b] for praducer g
'd air voluose Tt I walue, Btw/rt I b gt AL
e sy = Dy e O or M o0 ™ X 81

[} il o et »t el of Pwrt 2.




MUKLS .
[2/4a] for bDiast fornace gas.¢

'd mir volume _ aethesting valus. Btw/ft | kealim® MOt
sea volume ™ 14} T Tizéo 7 ad¥

FROPFENTINS OF BOLID FUELS

The desimmer and Lthe vasr of fual handling equipmant and furnaces for salid
fusls Mus! pay caraful atteniion to a great many Properties of lh‘ Iual. Amvong
thess are calorific value, volatls matter . ash
mah fusion temperature. grindability, -nd aulurn-r-lin. chnr-rl-ri-tln-. Por
furthar details about thees fmotor It refmreonces the
specializs in solid fuels.

The abova warnings ara doubly importmat when dealing with by-product and
wnasls materinis as fusis, 11w boxt 10 NoNRtruct aoMmo sort of pilat plant (o Lol
the burning charesctsrisues of wvn aciunl sampls of thn w. A compaiani

. - maiwriel Aanad
avaluste the propertiss montianed nbove. Tt mmust be reslizod that the analvein
and proparties nl‘ wastes will vary from oo souren 1o the next and from timo ta
time for the aame scurco. Beosuse informotion on wasto motartals i» ne difficuit
to find, Tnhla 2.2 l- offorod as & rough guide—tor proliminery svaluationa onby.

*ROFERTINS OF LIQUID FUELS

Chaeninal Anslysis. Most liquid fusls ars petrolaum derivatives nun-l-unn
of mixtures of hydrocarbon compaounds. Chemical analysis of the compounds
whinh comprise thess mistures is very dl"!erul!' o il is gommon pr-cuou tn
make an ultimate chamicosl anaiysis or several phyniaal
An ultimatis chemical analysis lista tha percentages {by waight) of lh- varicus
chemical slemenis in the fual. See Tabia 2.3 From a theorsiical point of view,
a knowledge of porcent carbon and hydd ro is useful in dotermining combua-
tHon air requirsments and flus gas analysis. Ses Table 2.16. Ths type or grads
of an oil cannot be delarmined from the ulttimate analysis alone. Most funl oiis
Gontein 83 to A8%4 garbon and © to 12% hydrogen try woight.

Bacausa all fusl ail re so simil ih chaminal analysia, and becauna the
physioal properiies heave far greater Tt on tha aparation of fuel burning
egulpment. the physical properiios a much more commonly maasured and
specifiad by ol producers. The physical massuraments of moast signiNcanos lo
the combustion anginesr are discussed in the following paragruphs.

Bmall o 1ere reler u refeTencas ot end of Par. 2.
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Gravity. This proporty of quikd flusls s aimilar to deneity and gpecifio waight.
It im epecilled by o1 number of difierant scalee of units, the moet common of
which aro degrose AP (JAAmoricoan Peirclosum Instituto) and waighl relative 1o
watear when both tho oil sand the water are st 80 F (abbroevinted “ap gr sqveo F°
ply “‘sm2**) Tha AL acain replacos the sim r Baurmrd: scals |nbbrewialud
*Ft] originally introduced because 11 gavo u linear ponle on & bhydromuoter, sn
instrumnnt used for measuring apocitio gravity, At GO F (15.0 C), the spocific
wealght of water s 8Z.79 IV 8.34 1WUS gallon., or 1000 kg/m>* the apoulfir
sravity nf waler in 1 0. the AP] grovity of weilar te 10.0* The mnlotionships
bl twaen theno varicus units are givon by thm following formuima: .

__l4i.5
APl - 131.3

[2/8] =P EF VOO F = & wharo “AP| js moasuroad at oo F(18.0 C)

12a] =spareweo P = 10— naro “Béin mansured 2t 60 K 18.8 C)

[2/7] SR ErOO/GOF = 'ﬂhz"f; — whore ItVf1" in rassurod At 80 F (1566 C]
2/8) ewourawnd F = '::::] wharo lb/mal s mesuvured o1 00 {15 8 )

Table 2.3 facilitates nonvorsinns botwesn some of thess scales. el lists other
Pproportiss oslnulated from gravity.

The spacific gravittea of liguid fuels chuange with Lthair emperatura dus (o
tharmal azponsion (as tsmporaturs Inarcasen) and Gont e cthon (Se (omporature
Sacressos). Whensver n apscific gravily is specifiod (in any scale) thy temper-
ature nt whioh it was moasured should also ba spactfisd. If ' tempurature
s given, it lv assumsd o b B0 F Tuble 2.4 ltats tha coofficieanis of tharmnl
expansion [or pestroleum olls. pnd Teblo 2.3 linte the chongo in AP gravity
par degree Fuahronheit change asbove or balow 8O F. (Note: AP gravity rises
as tempearsinrs rises. and falls g temporaturs falls.)

Enmiagls H-1. An ull has & grevity of 40TAP] at GO F. What In the gravily of 1hie ol wiven
haa e tn 100 KT

From Tabla 2.3 ur formulas 2/8 end 28, 40*APL e equivelant 16 n AS lbvanl. The
cvellicient &f Sapunsion can oaly be spplivd o vwolymes: B0 il e nerssenry W Tiaed the

reciprocal of speai Mo gravity which s specl Hic wolums, = O 140 guilib,

RN DU—
B0 tha/srnl
Fiow spplying the nowlfioierd from Tabhie 2.4, 0.345 gri/lb = G.ONOBM*F o (100 — MO F
= D.00Z9 gallons expansion por lu The usw volume per pound I8 thernfors O. 140

+« ODODZIW = D148 puliib Again taking tha remprocsl. - .70 Mgnl.

1
O.148 guinb
From Tabin 2.3 ur formulas 2/8 snd /8, this is UNu velent 10 $2.9~ATI

Table 12 Grovites gud relrind prapartion of Mouid petrelonts preducts B
v Sramples 3. 31 33, mtad formaine 35 Huumght 313
»r - poo ast el
O B i W' ker % B kot M W am
PMCISC) gl @ 2 L Bw sl [ el omr AT
0 LT asN WIS 100428 foem B3 1M06 XA O ASM 0045 M1 —
11000 ASH 89 1%OA I0RS M) I2IM3 1M DI 0508
4 1044 A704 I0ET BITOR2 10495 SO 13T 087 0T 0212
s
'

. d
ieal
of

AP

100 A3 10E 164 10417 A0S 1403 AMS 040G 0510 Qe 152%
Lo 34M 3013 IS5 115 1082 Q.2B5 14002 AN 0400 0515 00N 131

wn 1000t 92391 100t 133881 1026 1000 146351 924 04D DAY OO%I 19
i1 o 210 W0 152881 ey 1027 143100 9460 Cd0¢ Q37 0082 4H
14 usm AI08 A715 151819 oM (041 141085 #5800 04K 09X 0O0M un
1% ot 7006 D) 130MO MT 1081 MIND w2 D413 O03M 0088 1403
L} o z. MSS 149773 pg 080 141572 B4 D417 G33™ 0088 1448

Aln BEM 7785 WM A0 YRS 1099 L4044 3151 64X OM1 0080 14N

u 0812 TNA) WOF 4TI TE LN IMIL B71 Q423 03 0061 M.

M DAIO 7543 GNQ 14%13T ¢TI0 1188 13816 9207 D428 DA 00SY L4
u|m DA G438 M075 145138 & 1172 13TI1M 9113 O4I2 0S8 OO 198

m s’ 1004 BAZ THIM A 118 1R PUEY 0427 Q58S 0.087 1

X 0A76 TH ORI 43223 4536 1208 135158 P00 OAM  05M 0080 1308
n‘n NATS  T2EY RS JAZX0 w47y 1247 LMI61 BwD @43 0581 DO 10

H (] L1 TAT0 AWML 41400 9413 1283 1NI2W Bard 04 O Q074 1M7

n 13 1) TO4) BALR 140223 935 117B 13230 AR OWI Ot oo 1234

L] DATY  aUsa ALI9 II9A Amp 1263 IB1SI0 BM) Dad G572 0O0M 13
0 DAZY  GA77 BN JIRAX 93] 1307 LMEM SP2 04T 05TF QOB 13N 1Y
2 0A16 879 B4 138007 FIM — - ~  04% U5 DOAS — 1D
X OAB 70 MBY LTTHT AL — — =~ 04%1 02 08— 128

* For prevay neanever] g) 80 (19 B {J ey
1 basw s 110




s
Table 1.4 G -l £ tar e

"AF uton ¥

B i
{1w.a T} welleme per R iy prodder
14w o134 0 oo n o s
150- 349 04l -0 1243 0,000 S0 oeon ra
Qi1847-.0D 1411 a 30 0. C0
Q7i42.07788 01887 -0 1347 © onn no &t ow
OBrad-o 7isn 0178401688 u W0 o aour
VLT DU DAL haYes il Qoo ee
OAZIFA.NO4LF N IB1L-0IRFD O OO0 A 0.001 33
c.a112-N eaTe 178A3 -0 1813 " OO0 S0 G.MoT ar

EBxample 3-3. An ol with & specific gravily (ni BO/80 F) of 0.81, and with & gross lesting
vaius of 148 000 Bruw/gal at 80 ¥, is 10 be heated to 188 ¥, Find the specific aravity. Ih/gal.
1ear.

Firpt, fired the [bga) ared spemtfic weight (rflensity] st 860 F

From Table 2.3 or formule
e, by -

7.085. The dunaity of wainr =t 80 F ta 63.38 (/" and specific Frevity
O 91 ralal 10 wwmler: po. by formuls 2/7 the denaity of the oll at AD F i 0,81 = 8Z.38 =
oo 74 Wi Taking Lbe reciprocal of this. (bs specific volume st 80 F s 0.01768 f1Yib
Applying the appropriate oocfficient from Table 2.4, the ssimoaken 8 O 0178 NMvYlh »
O OO040/"F u (188 — 80)*F = OON07e Yib. and tha spedfier volame st 188 F will be

N E—
GO0178 « 0.00070 = 0.01830 b The densiry will be the reciprmcal g osae—rome

- B4 47 L/F a1 188 . Tha speaific grevity si 168 F will be 23 _l; ': - C.BTIN.

By Table 2.3 or {srmuis 2/8, this ja squivalant ta 7.28 lbvgal et 188 P, wherass the of)
waighex! 7.58 lhigal a1 60 F. The hesting value nf = gulkea of 188 7 ol is tharsfore reduoced
e 148 cn:.lltu - 7.253 10108 '.-‘-‘| - 140 187 Biw/gsl

Fortunately the simples measurament of -p-::lﬁc .'r-vlly im the ln-v O & Ty e
of other imporiant proparUuse of pet olls. bewrtwrasbn do™s of
theae other propertiss and the apscific gravity t-hbr-vi-t-d Sp gr) ara fiven in
foroaulas 2/0 through 2/18, Thess relaticnahips are empirical gonerslizations
and should therofore be tesorted 1o only whan more specific data are hot avail-
able. Difuretit ocruds souross and refining methods may causo deviations fram
the valuow obtainsd by these formulas.

[2/9] sross hasilng velus, GHVY'. in Htuw/lh = 17 AAY + (B7.3 = *API) — {102.2 = “H)

or GHV', In koei/ke = B 73a + 323

- #F 5.0 = SH

oy alec e Ioutiots an B34,

as NORTH AMUERICAN COMAURTION MHANDROOK

(2/20] ™ hvdrogen. by wwinh! =

where F

- "API® B {1.070 & wpur® 1 0OF)
F = 2800for @< “API< 20 (1007 > enur ® 0.934)
F = 38.20 fov IO K AP« 30 10.034 > epar> o.07a)
¥ = 2n.48 for 30 *APT <40 10878 ap ar =

o B8zx3)
[R/21] re beating value. NHV', in Btuwib = GHV n Bawlb — 91.23 = s H
or NHV. it heml/ky = CHY ta kpmifhy -~ 80.70 « w17

{2/12) apwcific heat. o (in Wb =F or kosiu *C) = ﬂ'—"—m'"‘; An = flmmp 11]
v

[2/13]  latmwt heat of vaporisation, in Bk « 100 = [0 00 = (temp. F1}

ap gr
o, in ml._aom - n.m“lu-_nn.mk
- ar
[Ar3a) M mirvegdisal = {251 « (apgr) # 4] + {1230 = (sporll
or et alr fi/hE = [0 188 = ] - 9.43

({2/18] tewrp corrention, add = AF/*F

- {*APL +» 131) w {rowffiment of thermal expanston/*F, Irom Table 2 4]
orepgratT, —— gy mLT,

1 + (T, — T,}) = |ocom

af th exp, from Tabln 2.4)

All of the above formulas are for pure hyirocarbon fusls coniaining oo
imaparities. Most i fuals 1N such & small parcentage of impure-
tiow. however, thal the above reistionshipe may be ssfoly spplised. Table 2.3
st somms veluss caloulstad by formulas 2/€ through 2/15.

Formula 2/13 abovo Is & genaralisen for the 1.

hant of all olis. A ore
fromn & limdtod area. Tabla 2.8 lista
the hes! contsnits (in Bliuw/geillon) for vila &t “arions tempoaratures and gravitios,

Tmmengele l-l.Ar-loﬂ has an AFL gravity of 14 degress sunsciet =t 80 ¥, Dewarmins the

bwr of ! a1 00 ¥ and ni 300 F. Alac fincd the net Bhuw/pallon mod the
cublo feet of air U'-Illlrﬂ par galion a1 60 ¥ and at 200 P

st Tebde 3 3. read the follrwing Lformaibon:

7 amn lu-n. o.ona-m per *F,
1400 M alv/gul, and 138 210 wt 1. AR Thia &0 F only.

' g A in g, et mnre Uss hawing
walwe for as o

st bre seeily maeeyred, it e
wricdkply The differasns herwoan Theee (w0 weives = sery ssvall, nod is wsaslly oeeleoied.
Bae Pt | for e pephe s Haes rof M aresvon bt wrdaeh VRS Srnrd Fest Nl NSl v lude.
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The * a that an oil whasn APl gravity is 24= at 0O F
incres ke mm.uv‘wbyo,m.‘l' for avery deapreds Fahrenheit rise above 60 F. AL 200 P,
the APl gravity will therafore O 24 + [0.008 = (300 — 80)) « 24 + A8 = 132 8*AP1

Imtwrpolating io Tabis 2.8 at 32.8=APT, this is found 10 be eqpudvalent 16 7,178 ihgal To
Asisrmine the net Bru/gsl ard the sir required per gatlom of 200 ¥ oil, it is Necweasty o
wane the follewifig oorrectione:

138 210 mt Brusge) = LATRI = 130 704 met Bt/ Bal of 200 F o,
3 434 1" gir/gsl = (enms faator) - 1 387 N> mirigel of 200 F a4l
Both of the atxve caloulslions apply 10 gallons of oll meagured &t 300 F Thess oo
are v tf the o) is wtered ai 60 F. For ¥ af eir 1 fopr

.—- dn & of T-N. AT in the Appendisn. The beatineg walos snd air

-l e read direcily oppowite the gravity at tha

.hnun-d u-mn-v-cur- " Table a.s b..e.u— the 60 F gravity id 1T hay 10 the oil onm.
and evas ruo oh writh - ma gravity doss.

Buamngds B=i. A #0 hasl b of 10=AF] gravity I o e heatied] [ [or puspng) froms 32 (o 1938 F
tank poction haster usimg 10 paly dry satoraisd staam. and from 120 %0 398 ¥ (for
StmmiEs Hon) by sleciri® boosterd heatirs at the turmasks (Hee! WS from Uhs Ineule twd
Pipes causss lha \empsrarurs (o drog [rom 138 to 130 F betwesd the tank nod furmaowe.)
im) Il tha Now through the tenk heater is 130 gph. how muth sieam will be cumdenaad?

. 4 oot 138 —.130 _
= the af Table 2.5, 140 — 130 = (378 3OD) +~ 30D = 372

Bero/gel (which altvenks Tabls 2.10b]
Prom Tebin A.4a_ the lztent heet of 10 DS stosm Lla 7 Blufln o0 the simam comeump-
won will be 371 Hrwgs) <« 160 gal/or + SB2 7 Wuib - B8 4 lb/Mhr,

) If the e ximum flow 1o & fumeaon (s 1Z gph. what kW heater capanily ia reguired
meruming 1 0% loss (0% eof cnemsoy [T
Fromn Tabie 3 8. the haa! content of the liguid all at 130 F, is 308 Buvgal: st 288 F. is
400 B gal | which checla Tabie X,10bl. Applyind the converaion ladior. 1kW hr = 3413

- trown Tabis C.6 in the Appeadis, the LW requirsment s then
JOB) Bty outpuvgal = 13 gpeifer _
P43 BUAW By = B.80 ouipulinenit 37O KW Lt
" T ty of & Muki is & » of iws inw 1 resistanos o
Mo Vlmﬂy in ihe oppowite of Muktity. A high v D] appr the

solid siats and wlll nol Mlow sasily. whersas a low wviscoaity nil Mows readily.
The higher thr visocosity of an all, the highor are the costs of pumping 1L sand
the mors difficult it is 0 atomise.

Visooaity i measured by timing the flow by foros of gravity of & t aample
1thrrugh s capilllary fesiriclion al » controlled temparature. Since the 1w of
ficw dppands upon the donaitly af the o] as well ss the viecosity, these mnesura-
aAnts are termed insasstbc . The 4 is obtained by
multiplying the hinematic ‘rdsoneity bv the donaity of ths Nutd, A Erveat many

4 NORTH ARMERNCARN COMBUFTION HANDROOK

differant sets of visoowity uniis are In uss. Table 2.0 is a list of conversion
faginre {OFr various visomity scalss used for fusl olla. Fygure 2.7 ahows a
srephical compa rison of some of 1hese sosies.

As the tsemparsture an ol s ralsedd. e vieoowity s reduced snd it Monws
wors readily, Hanos heavy oils 2re often hestad before being pumpsd Lot

Tabie 3.5. Waat conppats of yartaus ghie™ (Aes Rasmpie 3-8}

Weat asstewt ravity. * ANl ot @0 F [18.8 C)
S B s 10 L) 20 0 B L] -5
of sguid Seeciiic grevity, S0 Frao ¥
:ﬂ—‘\ﬂ O0NG O.NARE 00340 O.0047 O.8702 ONReSS 08361 O.ADIT
n—\ ) o ) o o o ) )
o - o o o o o o
[ -n oy LT [ ] -0 a7 na as
aau
100 a7 233 270 230 23z ERL] 218
10688 som=z
130 an 208 0 208 ana ELY]
1118 w11E
140 e 7 azu oo LYY L
1188 1iles
1p0 anc any 448 LET) 4z3 41m
. 1B93 13T
180 LE 1] aze L3R} 490 el
1278 eavx
- a0 L3kd _~nr nay 8a9 san
1338 i13FT
220 a7z son any aan o33
PIE3 1384
240 rre oo 74 710 707
1483 1443
200 ana [ 2T nxn 7on 83
818  amoa
3 200 [LEE o one ans © S0
1838 juaa
A0 1488 1493 1439 137% ranz 1333
e - 1T w7y  pea
800 L EE] 1047 T1uie 1826 1760 177e
AemT BaBa E T ABad ANXe
a0 811 2407 a24z0 2314 281 I24R
read =BOL AT 3788 xTEP
oo Ww0Te 28 2074 an3zy 2708 27RO
MTE 2438 2NTE ERIT 21w 3188
L 82 010 2388 axen 3340 2297
. »oas P B as70 23

* e Raforanse & © 40 1 18 0f ralecerdies 5t (ke and of Farl x
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delivery lines. Figures 2.8 ahows how lempereiure affects the viecosity of aome
typinal tasl ot Fligurs 2.8 is plotted on spocial yraph paper prepared by the
Amarican Socisty [or Testind and Matariais. If the viscoaity of = particular ol
B oot Bt Teo GAileron \semrpeTarires, a siraight lne may be drawn betwsen
thess known points on this sperms! graph paper to obtain the vieoowity-
e persture ch Cioristios of that oil. Tabla 1.10a gives soms useful viscouity
and tempersturs iInformation for typical olls,
Exmutgeie 2-8. The ol of B -pl.z-:l-mt-h..udwln-rwm- it
100 BSL). Find jis absol [t In-ﬂu'l’l-tlﬂlﬂ'.

Frown Flinars 2.7 o foroala 2/31. 100 58U e h-und squivelent to 30.48 centisinkes In
Hxample 2-21. the specific gravity of the ofl a1 108 F wes 0 873 Applyins forsrule 2/10,
1tha abeolute viscoeity In centipmesd in 30.88 w 0673 = 1003 0p

Ths ebecinie viscesity - IV A can bw calculatied by ferocnuls 2/27 1809 ap - O 413
= 42.7 lbvhr it Ancther method is by forouals 2/28 aad formuls 217 3088 0= + A5.81
= OO0 Myhr: thiu 08000 HYBr = B4.47 I/, the speciito weight frewm Brempla 3-2.
- 43.0 lbhr

Certain ranges of viscosily hawve besen found beet for pumping and for
alomyization of fuel ¢ila. Thees ranges are shown as shadod sress on Figurs
Z2.8. Tabls 2.108 providoes a convenignt way to Mnd the oil temporature re-
quired to anaio thess viscoeitiss. The affect of viscoeily on ol mioesisstion b
an important considers‘fon for clesmsn, complate combuation. Good cCumbustion
depends onh properly atomisxed oll intimately mixed wilh ar. With low pros-
sure air aomizxing burners, an oil viscoailty higher than ths 70 ta 100 33U
range tenads to producs oil dropliets 100 largs for inUimate nir aodd oll mi=ing
and that snooursges carbon formatlan in burner hlocks snd lurnacss Sinoa
1he haavy olls tend 16 narboniss mors readily than light oils, goon -unnln-uon
is doubly ionpprortant for thess more oile. A L1
atinn iw the (ol thot viacosity variations affect fluld Aow t.hruu'h orifices
OF vnivos In such o way as W0 upset coniroled airfoll retios. Tha degres of oll
prahsating must be d rmined by the viecosity required for rsliable control
and cleen combustion. Sea Tables 2.10a and 2.10b.

8. The of an oll has been measured as 756 AEF ot 122 F and 1830 ALY

ry 1o

at 100 P

[a} If this oll is to be wd tn & bw i o
fermre fm tLUSS et it Db rees ted
Following ihe horisental srrows on Firure 1.6, loomus e 1Wo 1661 MEMSUrSrent et
A litwy drawn betwasen these points (dagonal deshed arrows) represents the ioci of
wiscosity-temperature conditione for this perticoisr gil. Exteading the Lae uniid i1 inter-
sedats the horisontal 100 85U line. resd 100 F as the ol empersture regquired for
arminog.

(b) Whai l.-np-r-m" range (s recommendert for Lhis oil for sasy pumping? The
s on Pigure 3.8, from Exswmbs 1-6a. 10iereect the uppnT and iower
pumMping '’ viscosity band s! 73 F and 93 ¥ a0 ihe tharmomiet far
the heater &t the lank ahould bhe set in this ranse

—ry 100 AN, to wwiheil

- NORTH AMPERNCAN COMBUSTRON HANDBNOIX

i ot -l wwliry wnies (B Snccepls 2-5)

AhE vieo tn of = hin vAC In o = specifiu TRy
mBE i AN Suvwtanr Tt =+ Lin viec i FiYaes = suaee thoneidty s Sra/fe
abe vier in #f aec/f1* = kin visd in 7580 X (mess daety fn serti’) + 3317

1 #f smoify* = 32,17 smmwea ft

Tpnws = 100D = 1 dyms womy = 1 ge-om
1 suwreea § TARS 0P = 1} sms Pa .
30 e 1. ARS kg -

- e
Al eec/it* w 4TGRO OP = O 883 kgl - -w'm*

A Rrifit = 373 IV0 000 ap = O 4883 kuf - hrim®
21 pmin.” = GBS0 OO0 Op ~ 1 Reyn .

100 on = 0000 1 wie

(O T08 w BEL] « (LOOVESIN for BALU 33 to 100
6 230 = BSU)} - (13IBMHLI), for S8U > 100
(234 = S8F) - [184/BEF)L for 3B¥ 28 0 40
12,78 = AAF) -~ |MOVAARFL for >0

(0.26 o ER1) ~ {IFWEALL for A1 34 to 100
(D 247 = ER1) = {BOHALL Tor SR1 > 100
(8.0 = <K} (.0 =KL for =B 1.38 1o 3 &
(708 = *K) — (4./*E) Tor *K >3.7

®ow vieu in Aheoluls Vit ty ui Min Viso ie Linsmatic viecosty, »

A ke vk U {4 D8 ek 08 L8 EnteToes (Lin viec)

panifin Arewity e celmtive U waler, = {(Baes cdanetty in om/f1°] + A1.08

[ ENEERY ]

i

o e poruncks ma s #1 wa puwnste foros
g = hilogrars mess; byl ~ hliowrama forne
BAU b & ¥ m fayipedt 1iniverenal
BAr sk Aavboit Fura
BR1 s Rinewmatno vl-:n-l'v S meresrds, Remiwewul o 1 {jor Rewodd
Brandard)

"R ja hinemaya vieooaity in degrass Eosley, | *E = 51 28 ssnnnde Kl er
Watere Adx et Gas

i‘ = 1.1340p = 0,010 m -

[] - 2.72 #wvhr - ft - 0 043 soihe Tt

- - 2040 W 10O aite - 3TRI u 10 of.pefrt

- - -1 130 ¥ = 14 B e »

ws = 32 sy = 1 amd x 1D “ms

2 a - 004378 Tt hr = D seul Mhre

IPOPI1LClimt cpand  om
Umarn * @l Vhpby o'




Fipm—e 3.7 alnaat S enles =t the - U =
g 10 read Bartonie iy acrems al] sosjes - far Ml and far righ! sosles are Jeniscal e B xaepbe
3-8 and Tabls 2.0.

1o ooo v 200 4 - Oy ©. 1 18—y 10 GO0 o
g : hod 1 000 2 oo o on3 = E
= pe >0
s Goo-] 3 o 600 2-04] ot .
+ 000 30 8001 00 18 000 a.6ad + 800
N 15 aoo - 400 ] 0 ] - veq P 0004
2 . YO D00 oo E .07 1 2 oo
] =0 p -
. 3 » S00- )
1 o004 & GO0 - 4 000 4 .00 § OO
- 4 000 E >
3 = 00 5 ono o.00s] 3
= 2 ooed E ] 3
f— 1 3 2 oo ©.008- La 200
pres 2 000 200 »o E ©0.0044 ]
pos h 3 an-] ] eatd
3 »o + ooo .+
200 ¥ o003 1004 - 3 o002 33 200
3 ] 0 g . e
b 3 3 oo o=
o0 o0 3 o 7 = . v Mo 100
= Lol a0 0. m: . o008 + 5 3
3 300, G E 3 3 3
o] E > 7 =00 090047 * no}
404 5 0 a ; 2= 3 o.0004 -
- a] p . 30-4
L - . s ] 190 1 S
o 3 e = o 3 3 60002 er 0]
% 3 - .
= of 27 - -5 < -
el -
194 - o4 ° MIOJ _: 16
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Digtiaties Tl This el svalustes thes diatillaton rengs of & fwel as to aitiel
bolting podnd (tempersture), sod pomi, and soos inlermediate points, suah as
the 10% amd SO points. [The lou point is tha temperaturs ai whinh 10% of
the initin} waloone h-- distilled off.] The teetl ia run with spsolfied standard

and to obtein comparable sand repraducibie results. Onily

Light oils are -nbo.al-’ to this teet becsuse heavy olls Srach bafore they resch

~ their bolling podnts. Low initial and 10% points indicate s possibility of vepor
: lock in hamtera. High 0% and end the ty of r

and dropiet deposits. Teble 2.10b lists distillation of mome i funls.

Pigmew 5.8 Yor Vwad wibe. The M =
et pdnndaris, far L castgman prachen of (uel etis  Ssuros of U Aruase Oeeermise v s of
et bt Tt ABTR it ey bt muiet] for Bring Properves of ether (ol wie fns Rasrsmks §-8.
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FUELS ay

Flaak and Fire Palats. As fusl ol is hested, vapor collactis above the Lguid
surfecs. 1t it becomos sufficiently concantrated. sxposure 1o an open fleme
will romult in & flash. The lowest lempersture at which this oocours is oallsd
thes flash point. deter mcd by the o) d cup [P ky-Martans} tast or the open
cup (Clavalarnd) test The open cup tes! readings are 20 to 30 dagrees F higher
than ihe cdlosed cup readings for the sams o The fire point determined wilh
the above-mantioned opon cup testar. I8 the tsmperaturs at whioh = fiame
ta susisine<d for At least Mivo seconds.,

The flash and fire palots Indicate the axtent of fractionation. They are of
nterawl rom Lthe slamdpoints of anfaty and lightina characteristlas. Although
womewhat arblirary, they sarve 1o indicats ihe talalive wiorege hasard of
warioue fusis

Carfees REesldms. When an oil is svaporatsd, pome fres cnrbon may be left,
aoroslimes formed hy oragking during the evaporation prooses The smount
of carbon remaining indicates 10 some saignt the tendency of the oil to car-
bonize undar vaporising conditions. .

Carbon residus 8 measured by the Canradsah lasi with an opsn flame or
the Reowboilum test hesting through a molion bnth. Aosults are not identioal
Paromles are svailable, ho . for ting tha remults from vne weetl 10
the sguivalent vajus of the other 1osl. The tosts are arbltrary, thelr valuo lles
in showing the relative soot-forming polentials of ot Ths asrbom-forming
posaibilitias should o1 e judged sntirely frum theas tests, beasuss carbon-
isation s miso infMluenced by burner design and epsrarion.

Ash. 3. io determined by burning off all the combustibla material from a
ktiown weight of oll. The mmeral matier remaining is the h and usually acn-
wisis of a minute guantity of mud or gand, Ash is not w Hy n problam in
burners, but it gan foul heat transfar surfeces. or oolt and stteaock refraciaries,

Watswr and Sedimeant (battorms sediment and wiliter, bew] 2rs determined by
osnirifuging B0 millilitres of fusl oll ixed with 530 mnullilitres of 2084 bensol
at 1400 to 1800 rpm end 1Z20F. The waler and sodienemt mre thrown 10 the
botiom and m.--ur-d A.ny .DDI'-d.lhI- amount of water will cause discon
finuous il 11 1o clog burmsrs and control eguipment,

Pour Foimt. If & aampls of ofl is gradually oooled, a temporoture will ultl.
mately be reached st which the ol will oot flow—the powr poiot, mainly
o on thae mard (ype of wax pontainad im the oll.

BMandards. Table 2.11 -e ROoOmY ml mand military siandards
for fusl alls, specified in terms of the above-mentinned phywicel Properiies,
Scme otl supplisrs have sstablished gradss other than those listed,

Tahie 111, Comperions of verioms insl ol spucifications. Local jogal liowts may rupareade thaw wpecifics tiom.
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FURLS a8

PREOFERETIES OF GABRODUS FUKLS

Casacus fuels may be anslysed volumetrically io terms of ths chemioal
compounds they contein. Cther importacl properties of gasecus fusis are
discussed below,

Gas Gravity {apecific gravity] s s convenient maasure of the density of & gas
ralative 1o that of air (0.0763 /It or 1.225 kg/m' al stp):

gas danaity - EmS denaity, Th/ft" - ras density, ka/m*

[3/39] s Eravily = ir dendity 8.0783 - 1.z2d

Haating Valse. Although the heating valus can be caloulaisd from tho zas
analyais. i1 s Irequently measursd by moans of o steaady Mlow Constant pressurs
calorimetoer in which the gas is burned ino &« walerjacketed combustion chambeor.
The temperaturs rise of the waler is a mae ure of the anlorific vealue of the fuel.
(Pari 1 and tho Cloesary sxplain gross snd net haating valuos.)

Hoating valups sare sxpressed in Ptuw/ " under spscifiod conditions of maoisturs

PT el ature. The condilions are ol oo woll ety i rcllned.

Bomoe gus ormpaniss correol sl consumption fifivures (o © GRi FEUge Preseuro,

amtureted. for biling. Tables A.2a and A.3 in the Appendix contain volume
correcluion factors for tampersturs and pressurn,

2P A gus deter in the supply UWne 10 a flurnecs reeds 1 219 007 It* gt 7 win e
1 234 443 " ot 11 s, same day. 2l 10 ol and 80 F I the ges is Plitsburgh natural gas,
what was s average hourly Btu input during this period?

1 234 443 - 1 210 007 = AUIA 1’ in 4 bour- or 4g30/4 = 1234 fiYhr From Tabls
A_3in the Appevdia ths factor for r I8 |, B7838; from Table
. twlwron 2, ke Tactor for correoting to 00 F in D.mi Thus the gas consLwmPpTinn
atmtp i 1234 = 1.0788 = O GO24 = 1200 {1/hr From Tabie 2.12h. th wrows hesiing
valus of Pittsburgh oatursl ses is 1120 Btw/v el stp. The gverape input FTATE ia 1280 IH*hr
= LLZ0 BMwifl® = 1 443 000 RBtuhr

Condenpibie Hydreonriben Content. The terms wet sand dry indionte wheihor
natural yesss contain more or leas than 0.1 gallen of condansible hydrous rbons
{umially natural gasoline) par 1000 ft* of gas.

Bulfur Content. The terfos swwet and sour indicato a small or large propor
tion of hydrogen Ifhde or har puajfur snde

Fraals Da

Gy Tabiss I.13a, b, and < list propertdes of Anascus fusls,
Exempis 2-8 Lllustra

aonvearsion of combustion product data ta another form.

-,

i
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Table X138, Ansiyse of rypios! gesssus fesls

Analysis v by Veolnae (mel Y}
oo

Tyes ul G Ca G CM G, OO y ca. O LN
Acstylens, commerolal 197 1% CiHi B B% GaMHal3} n.oBe O3
Diart fereccs, B - — _ _ azt 1.3 i»3 ur AB O
Bias fwrmaos, U —_ -— —_ - ar.s 10 1Me — =w0ooO
Pruisne. cemwmeroial, nelursl ges — — a0 rMO7n — — —_ -— —
23 Jiso-
v gad -— — - R Y L3l
LLE =
Copln won, B oy aa — ax - ow 18 e
Caise ovem. L » 3 (o.a He®) LX) as . 14 na 43
THousier (Te=agw) Burgen, N .0 aos  — — - a4 on OsF
Nupassar {Bewaps) Dmostes L a8 o -_ — —_— — 2.0 2.0 — -
Landfil. Capleisio, w1 (1] {mire hpmarha— d.(v) .O0B 0008 343 OO8  ‘6.F
Mapp — — iaa (LX) e 0% CuHie, @ 0% CaMal
Narural Alsekha san — - — -_ — —_ -_ o..
rETErel. Alrer. Lesu, Carery arlae mwy  ara 1 07 - — —_ - o' aa
M Gaa de Leag wrl3e 237 DO 008 - _ — o 20
Netursl Gromingss, Metheriands PLI0 280 oM Ol - - Oar — 440
Nelurai. Kwwail, muergan - (X1 [k Q fn- — [ oa
O Zima-
Haturai, Libve LNG oD 180 100 xn - —_ — — 0.
Nalurnl, Nerth a8 Pactes eIws JF8 OGN O37 L-JE T S— 17a
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Taiural. Basd - 201 0 az O.2a o.71 Q1 1
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Prodener, W-G. bilummes’ z7 - - — Je OO A0 3
Praduner. Wiskier! 1 —_ — — a3 —  am
i mae — 33 wra on —
Propame cwmreerckal refiasry gae —_ I rIe on (74 3% Corla)
Gasnl. Seuth Alrios o —_ — — 1z 0 <An 1 g——
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Tuble 2.13%. Frepeoruss of pgasswus fwela from Tabls ¥ 13a s W ppbe 3.7}

Latprifia Vales ot = [
Gaa [ [0 LU Py
Ty af Uew Cirmvity Chrmme Pl =roas Pt wf Bk Al ol Nt A
Aty boTe, Larvrn e yCiad 0 M2 T4M2 L1444 13 Jwu LT ASO TN Jindg
Mlast furn R 100 L) Ll Lt aid Zi: 14N B 3
Must furnace 1) 3 0z @3 LT LI ETE] a2 1M1
Duthrn Clunmaruul, natural guw 1 . RILM UG B L4g M nen "4, LELN]
Butdne comusertal, reluary s a7 IO WA 2N ao0 2 guu (1 X ] L
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Enampls 2-8. Find the avtual anaiyeis of Oue § (or P rrruinarhh. neiural
date In Fabla 3.1%c.

Volume of nitrogen - ,}—;:’E“ = 10.47 = F. 82 I’ NI Tusl
Volumwe of waler vapar = ’—:%.;‘ = 1047 = 193 A HOM fusl
Volume of dry flue gasss = 1047 — 1.88 = B.0Z 150 fusl
Valume of carbon dinnide & 227w e 82 100 1 CO tfum

Check: Torsl volun.s = 7 B2 (1" N. + 108 ftr HuaOQ +» 1,00 " CO. = 1087
INTERCHANGEABILITY OF FUXLS

Fusl supply shortager and price fluctusiions may maka it necessary (o sub-
atituts obe fuet for ano.ler, praferabily without major changes in Oembustion
chambeore. burners, piping, or controla Flve aspeots ihaet Mmust be cansidered
ars: 1) rqual heat input rats, 2) fluid handlilng capabitity of flues. burners,
piping, valves, controls. 3) burner stability. 4) hos' release paiiern. 8] furnace
atmoaphare.

Gas o Gas. ‘Tha Wobhs inden. formals /400, e used (0 luste tnter
ability with respect to items 1) and 2) If the substiluto gas has the sames Waobbs
indax as the being replaced, no chanse of valve seilings should be Heoukea Ty
whan changing Maala.

If the subatitute fusl, which may be a fuskair mixture, has higher gravity
thano the gas it r L Townr bic teet will Nlow through the plpine.
or orifilose with tha satese preefrure drop. See formuls 8/ia. To compensaits for
this. the replacemeni mixture must have ancugh higher hasting valun (o carry
the same original amount of hast to the burner. Converssly. if the subatiiuts
has & lower gravity, it Mt aiso have lowsr heating vaiue iIf tha vaive sattings
are o resals chichanged. This means thai:

[3/400] /&mu--ggf\ or |/ - Be

where & = gravity relative 10 air as 1.0, H = calorifioc vmlus, o = originsl
gas, p = pure substifute, & « air. m = substtuts mix consisting of p and -,
Rearranging 1/40a gives the definition of Wobbes icke ki

Ho 1
[2/40B] Wobbe index = =5 < v

N

- NONTH AMIUCAN CORMI ATION 10ANOECCOK

For mintures. when one ingrediant is alr,

[ar400) c_.-(;‘og-c,).» (%! G.).
e o
I Cg = lL.0umx! %an = 100 = Sep. SO G- 1 - lm(cn

{a/e0d] Ham -(.‘%g.,‘ H,] . (‘:‘m—) = u.').um Ha = O s0 Hm = 735 Hp

with air
Combint the abovs formulsa. the % of pure aubstituls in & mixture
thar w'lllln:- interchangsably with the original gas both hoat-raleane-wise arnd
Threw -wwise iu:

(a1l p -

200
Sy e )

Ensmpie 3-9. If propane is to be subsHhrted for nalursl gas during wmum-toi :..h: ::I-
wran borifin vahio sl gas gravity b r) t
:nnm::.nrll\nn il v (v Vol uene II) wian e propans e h;-:—t on -n:a.:-tn —!l, .-:-u:
tursl or one ar a few burners. il ey [

:“\::wh“'p-r::m Ths Hoiithg orifice vaive in one pae treln would be adjuatint Tor
oorrec! aiv/mnteral 1101 1he other fov carreat airfpropans ratio If [uel ch-n.‘:-.-r-
fregusnt or (f maor o are . - ir min, 8 tha smane Aonly
e as the patural gae, oen b subsiitutsd &t the sawme g re isag
wal v

A 1018 MW/t Datural pes (Fas v = O. ) b
aim weing 2010 Bl propane e arawity = 1.
s propans 1o be usard in 1hw propace-alr Tix

200

T Yes vt with & i
2y Use formwia 2/4 o feed Ve

-

b 1- 1883 + L/o.soq? - .(n.un({l;%]'

darrved by
1o the tabbe beiow. the bid flrures are givan deis. The cuwr figures are
s batityting given date i the formueise wndios ted in brenhests

b e eerien st -t ko 1/ ] B0 % porwgee i
STy g 28 4B BawAY o (a/ecd) 1632 B/l
'D.' :.u-! 1883 1.0 [are0c] 1.334
[ y 1332 I 1 300w o |B/40B) 1333
o
L. fmal ik (Dropane, butans, and mines of propene «
Bytans) are :lr-—llvaf‘d and red ae liguids in pressurisaed wvnaaals PFor 'mo-:
indusirial rales of prion. = L ity ry. The wl g

-vﬂhbbh_nnlh-“ﬂquldh“.lzﬁ‘l“li-r 1 pregp

o ‘
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rFUkLs -1

and 3i.48 /gel for oommercial butame, whan both liguid and gas ars measurnd

a1 80 F(16.68 C) and the gas s alen at 30“HE. A gas-air mixing station s necessary

AUALGGEHE, DA A TR TR YIED O gastc alr at all demend raws. Ses
Volume [I. For safaty in hapdling, the gas-—air mixture should Do ADnwve the UDDer
limit of flammability. {.e. (oo rich 10 burn, until 1t ia furiber dluted with tho oor-
mal amount of combrustion air al the burners.

Takle 2.13. Typical pr ¥ e an [ B P

=33, bnssd en reflaery prepans (H, = 2804 Bia/f'. G, = 1.77) T
Ornginsl Feel Miiz Suhetitmis

[ —_——.
Bwacription ., L Webhe, e L O
Produssr, Lurm Tra o o 103 4 > oa 199,

Froducer, K-T 280 o7 3440 1% a0 anae vz
Coka Cwen. U 884 o.a8 @233 42 a8 1DA3’ 7 1.327
Nail. Xans C. MO are o063 12223 5843 14731 1.483%
Neti. Birm AL 1006 O0.80 1291.0 a2.80 iBTT.. Ty
LNG. Algeria 1139 Oloa 14238 ra a8 17601 L 544

Warsing: Fual speca changs with locale aad Hme; ec thens fLEUres shoukd
be ussed only as & guids. Use formuiss 2/40 and /e1 (or spacfic ceeas

Baympr wiabilty = & funcilon of I} A ity mnd 1 Bty Jimite
Although sooms theoretival methnds heve been proposed for svalusiing flames
sability whaen wrchangiog fusls. & Bdvissbie 10 actusily Uy 1the subetituie
pes n the burmer types to be usead al all sxpected Rrtng retes and gas/alr retios.
Premix burners ars generally moare ssnsitive, stability-wiss, than are moat
modern poxsls-mix buroers. Theare in usnally no stability probl e b
foswel) Muasle ( i, h 151 b and mixtures tharesl rut these
fusls somstires ocootain scot-lorming unsarmratres such an propylense and
butylstie.

[E ds on tha Mama s sh n v s § 4 ey,
Natural gas is relatively slow burning: o mosi substitute fosls will lend 0 bura
wwith uh . more int  +1 The sifect of such a changs can only be
dvalusted by tial for ssch proosss for which a substituts fusl s proposed.

Furasce atsseephere ey e seriouvsly sl ot I thae ] - e fusl onniaine
= highay ation of an i ity such as sulfur. Soms ProcCesses, P ridou-
larly haat trast atmosphars gensrators, are sensitive to the changing cerbon/
hydrogen ratio, which may involve dew point conteod,

Gas ww (M. The cnly way w0 substnate ol burning through existing see burfsrs

mive 1o repleacs sach gms burner with a dual-fual burner (& combination
burner and ofl burasr bulll into 8 common housingl. Bither of thess conversan
syutems (vaporiser or dual-fuel burners) reguire roore flrel Coost than gee-to-gas
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substituiion, but may aave on oparating {fuesl) cocat. Salection of the converaion
aqguipment takes care nf the first threa of the five appeats listed in the tniro-
ad to this on interchengss bility

The fourth aspect. heat relesss patterm. is differant for olls heraues their
fMiames ars more luminous. (However, there are a few burnars dosigned 1o
produce bius oil Mames, and long luminous flame burpors mahks vellow gan
Names.] Becuuse atomizailon and vaporrizsation Wmes te wesunily reguired atior
thwa ot leawves the burner nosale, ol Namos often reguire nomerwhat osors
oombustiton apacs 1f combustion spACe wary confinmd or If a lat of Nams
radistion may b datr I to the pr L 4 1o all might require A
combuation chambar rovietan: bul (his is not a probiam in most conventional
seneral-purposs furnecss bacause they are deaigned conserveiively.

The lfth sspecl,, furmecs stmosphers, was of grest concern 0 the forming
nctuetry when converting to cheaap natural ges in thes 1980'a, but serious wffecw
upon scels formation could nol be provod sxcept in e handtul of vory nritinal
capem. Al with gesfor-was substitutions the affects of changes in sulfur or
C/H ratio must be svalus ted far sach specifio tusl and proceas.

COMPARATIVE COBTE OF FUELS

The mos! iy o ro fuuis is Dy their heatling valuoe, and siace
groas hnating vealuss are mors resdily nvailable. thare figures are usually us.
Howmsver, this comparison may be misieading for s pumber of reasosns whinh
are discussed in the following paragraphs

The full gross heating vaiune of tusl in not availlable in praciical combrustion
oquipmant becauss the sxit geas lemporature & not low smough to parmnii con-
densstion nf the moisiure in the products of combustion. For this reassca, &
ovmperison of met heating values is mucl svore dasirable, if it la possible 10 do
a0. Groms and net haating values srew Not proportional throughin the rangs of
commergislly svailubis fusis, Net heating valuss ars resdily nalculated from
e anelysie = geenecous or aclid fual, Pul the vahus obteired fram forrmala 2711
for ligquid fuals may ba subject 1o guestion bacauseo of the varinilion in refliniog
mathoda

Cambustion sffictencles are oot the samo with all fusls, For exsmpls, funis
of higher hydrogan content produce combusijion gases that have high specific
haetm™; thus the flus gas loss (stuck joss) tends 0 De greeter. Ganerally, grnesscus
or liguid fuais osn be burned More officiantly than salid fuels, becsuss less
heat consuming excess air is pesded to assure lat 1 Ther sah
in solid fusia is slaso for Ioas b 11 carries bant sway from the
furnace when it s removed and becauss soms unburned fusl any ba removed
with the ash.

Thet ta fimr ihe same iempmere ture e (heee gesee abmorls Sors Bivu of best than cn othor g bds
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Operuting oests usually va&ry widely with different fusis. Tha costs of hand-
ling solid fuels and the resulting ash may be conmidarable. Licquid fuesis muat
be srored. o . and imes hestad,

Bywipmaent ocowt for control, safety. handling, stor combustion. end
poliation -b-t-n-nu "re --n-r-lly lsas with lighter and cleaanar fusly. Combus-
tlon chamber ) and br may have to ba replaced more frequently
with some fuals Dotermination of the relative oparatinog snd squipment costs
in & special problem in sach ladividusi cawe.

The figures in Emample 2-10 should not bs Interpretod as typioal. They sre

simply “made up'” to jllustrais the method for cost sveluation Diffaring local
Coats ard mpplicanon recuireraonts could result D eatirely different conclusions
on uther jobs.
Bimmpple 3-10. For an sxietfing SYSam Lwlinf naiural gas ealy, oompars the 1otal annual
costa of three powsihle siand'ry Fysisme—propanesir &1 $3.50 per milllon Bru, #2 ol at
%I.50 per milhon Bru, and #G ol at 322 00 per million Bhu,. Avefage resampiion rate e
14 OO0 GO0 Btwhs, Appume il the sysimm will be on standby fusi aboul IOO0 howurs per
yoar,

14 milhon Btwhr » 3000 hr/yr = 432 D00 milllon BOwye. Annual fus] 0ot wilh propsne
= 42 000 millitn Btusyr < &3.04¢million Biu = 8147 000y with #2 ol 42 000 = §3.580
= SLOB.00NYT: with #0 oil. 47 ON0 = §2.00 = »84,000/yr,

By oblaining squipivent and Insigllation cont cstimargs the followilng type Of oot
comparison table mighil be desvelopod

Standiey fual
Eatbmnted cswts Fropenealr  #3 F e
Tanks. gracding. insulation 2 as.oo0’ s 14.000° & 31.800°
Piping 1.800 4.000
Vaporizsr and mixing aiefon a o
Pumpe and heating syntem 2,000 a.000
Buarrusre arc cewirole 3. 000 & OO
Bubrotal, firat cost o B4.000 s »o.000 * as.Bo0
Annual. 3-¥7 payout 18.000 s.833 12,107
g] Elwn. power usdrviaton. 2.000 +.000 a.800
Fuemd 147.000 108.000 B4 000
TOTAL ANNUAL COST 108,000 s110.833 s10z2.0607
WARNING Thiws Ngures shoulsrd ot ey uu-rpm-d ae typinal. Thay are simply *"made
up " to Ity the Ml Lo oWt DMfHfering lousi coets and appliaehon

reguirernsnie could result in sotraly differsnl COMCiLSONS oo othar jobe.

! 30 000 gallon tsni, 08 W $ Hammeurr L0 AR W BT R DTy,

DO OO S8l ar thoh| or hormonial &ixree-yrmoed stesl tamk. f bolow @rowrwl cost woudc e et
B10.800—0 dike o WUl LY PATAT oG re

* 30 OO0 guiicn hortecmisl basterl ol RS Lac ol tenk
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Enaland 19032,
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Ph. 73, U S un.-l Corp , Pittaburgh. PA. 1871,
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"‘:;-' Hanfbook™. pp. 2/16-2/19, The lndustrial Fress, New York, NY,

Huap, M. F. ot al: “"The Influences of FPual Charaateristiosa om Nitfrogen

Oxide Formation--Bemoh Sasie Studiss'’. Energy and Environmenisl

Rassaroh Corp.. Irvine, CA. 1978,

ADDITION AL BOURCES of |..1-... 17 L 10 industrial pr fusls

Gon Frecswsers - Engt g Deim Book', 9th sdition,
Bih revision. Tulea. ox 19681

Kats. Damaid L, e ak “Handbook of Naturs!l Gas Engineoring”, Molraw-Hill
Book Co. New Yark. NY, 1080

LNG Inferaa

parey: tan Buuk Taak Groug of tha Liguefed w) Gas Co
Va. llaar:rmuunn Ruock...1073. American Gas Asscciatioo., Arlington,
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sacus Fowlse' [(Cha tcr na .nd “liguid Fossil Fusls™
"s Handbook'',
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Part 3. COMBUSTION ANALYSIS

it in fr ly nec ¥ 10 precilol; the air regquiremsnt for burning & fusl,
the proadu of b of that fuel, and the lossss accompanying its com-
bustionn. Tha tabulated data on typical fusls in Part 2 suppliss information of
this sort for specifio fuals. If none of the fusls listed In Port 2 spproximatos
tha particular tuel under consideration, the methods outlined in this Part 3
should be used,

This chapt also dis

the signiNcence of exporimental flus gas

analysss sand of d the various combustion loasss to Improve
afflciency.
Throughout this handbook. volumes of alr and ara s d ek

at stp”. standard temparatures (80 F. 156.6 C} and standard pressure (14.096
pais, 760 mm Hg). unless othoarwiss specifisd. I\ is conymon practios to refer o
mir at stp as “"standard air.""

COMBUSTION AIR REQUIRNMENTS

Gasecwus Fusls. The amnunt of air regquirad for perfact combustion of one
cubic foot of Any gassous fuel Is given by tha formulo:
J o f
[211] %-?T!E._:F':":i - [(%eCIL % 0.00368) + (%Cuile = 0.1073) » (WCall x O.239] ~
ume b (M He = 0.311) + {%H x 0.0239] + ["CD = 0.0230} —
(%0, x 0.0478)] x [1 + %XEAND0]

where all percentages sre by vol N bl hewve oo effgct on the
amount of air required for scombustion. In formula 3/1, the air and gas volumas
must be messured a1 the samas tempersture and preassurs. If there s somo
diffarenos betwesn tho air and gas tomperature or prossura, corrsotion cat
be made by uso of the lcllowing formulas.

x h LF - 480 1 LG + 273
v at L = -t!.x(‘."m . Bt - .“'.‘(I-C#Z?J)

pinpel + 147 P e man b + T8O
[3/3] volatp: = wolatp w (p.mp-: - :47]""- vol et = (n-mMiE - "00)

Tohios A.Z and A.3 in the Appendix list valumo correction [actors aalculated
from the above formulas. Tahles 1.7, 2.1, 2.3, 2.12 and 3.1 list the combustion
air requirements of saveral ch 1oml da and fuale.

Tobin3. Cambuation charactaricics of chamical compmcsds
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OONIBUSTION ANALYSIS -y

Ensmplis 3-1. Find the alr required s burn e oertain ooke owven ving

pms b A Moty

wobusnatric » BT I CHL, 2.0% Coab, 3.3% CHe 31.0% H. 3.04 l:::)'_dou [=%

:’4:;“ f.‘-;:).. arnc 3.0% N, Substitutng in formule 21.{33.3 =~ O.0058) + (2.0 = O 1673) -
-2 = ‘3:‘!] --t!l.- » 0.0213%) + (B.0 x 0.0239) = 0.87 oubic (eet of air Fescpuired paer

cwisc feot
If the combustion air wers supplied al 33 oM Dreesurse padg) mict IOG
Shs wers suppled at 80 F and b pr . u;: oy H e y:".;;d;lf:";
Tabiew A2 and A.3. the alr/fued rana showd be 887 x 257 _ 300 . 400
a7 + 2~ &< wep ~ 770

acrual CUEC fawt &f sir per cubds foos of fuad.

and Selid Posls The amoant of air reguired for perfect comnlmustion
lm:

n(:-mndulmyllquldor.oudmdu_ Ty tha
£
[ara] 'n:_-‘L = (%G x 1.014) + (%eH = 4.04) + (M5 x 0.008) — (%O » O.008)

where all parcentages are by waeight. The mubio feet of mir ob

. tmined 0
formula 34 must be measursd ut SOF (10,0 C) and 14.7 psia [FDO mmml-l.)
ressurs. For other trmparatuces and pDressures apply the correction factors
as In tl:: o‘.omd paragraph :;lg-mpl- 3-1. For fuesl oils cootaining negligible
amrsrunts of sulfur, oxygen, a inerts, fornauls:
e vl sl Jo e = 2/8 and 2/10 may be combinaed

. [W8] v aisguioll = (16060 ~ »#) - (378 x (22Y] whee sy 6 batersen O.828 and o7
o mir/mni ot = (1000 »x ag) -~ (378 = (agF] whew: ag ia betwesn O 870 and 0.934
f* airpaloll = (1898 w sx) ~ [376 = (2@} wriastt ng in batwwen 0.034 and 1.007
f* airigmicll =« {1878 = ag} — 1370 » (sg)] when ag is betweas 1.007 and 1.078

is the specific avity (BO/O0 FI* of tha fusl oil. {"The te - b
ra 10 non-combustible substanons in the fusld., such n-( Ty, P::n- .:x_:::‘d
watar.} The cutic lewt of air cbtainad from this formule muat \:-.ln---.urod
at 80 F and 14 7 peia pressura. PFPor olher temmparatures and Presgures. apply
ocorrectlon fectors as in the second parngraph of Esumple 3 1. Remults from
formuia 3/0 may be read on Table 2.3. A rule of thumb im: 28 ofm of air

reguired for sach gallon per hour of oil. nre

--I-'-l.ﬂndth-.ur-quir'dtom:-n-Mollm.twmn."lbw-uun
oy = OA3) and hes the Tol (" I S0.14% C 13.34% H, O.2%% 3,
QOZWM N. 0.00% nubh, and O.38%6 O. )

ft* wir
Bubwiitating un formuls /4. To el = (8014 = 1.8534) + (1324 = 4.04) « [(O.22 =
OEOR) — (0.2 » O.088) = 1904 MY lbor 0.08 x {1004} = 1231 frvgmt.

S Furt 3 for -t - - otde
- NOATH AMENICAN COMBUSTIOIN HANDBOOK
Uaing fafouls 3/8, we obtals (1008 =~ O.638) — [370 x (0.838F] = 1331 (t'/gal. The

rule of thumb s based on 23 clr/gph = 0 minfhr = 1300 N*/gal.

All the above deia have spocified ths uir requirements for perfect covmbustion,
in some instanoss it is desirablo to burn fusls with s deflicisncy of air in ordor
10 oDIain & redudcing (OD-OXutising) atmosphere. In olhar inManoes an SxoeRe
of air is intentionally supplisd, This condition is usually describad by specifying
the percent sxoesa atr. Thua. If 1331 t* of air are required for perfect combuas-

“"‘_‘ uaon of ane galion of @ fual oll, but 18N paruent excess alr is to be supplied, than
the air supply should be 1331 &+ {(0.10 = 1331!9:- mmply 1.10 x 1331 = 140684
e, . A

PRODUCTS OF COMBUSTION (poo)

11 is oftan desirable te prediol the quantity and analysis of the products of
comibustion of & fual In orJder to rdetermine proper (lus sizes and furneos preessure.
and to predici the magmitude of stack or flus gas losssa. Table 3.1 lists tho
products resulting from perfect combustion ut ssveral ch ionl « T
Formulas ¥/0 through 3/17 parmil calouiation of the quantitiss of gases in 1he
ocombusUon prod af fuemin eithar by volume or by waight. The
per ta be sub utmd in all of thoss formulas are porceniages by volume.
Formulas 3/18 (thrmmugh 3/29 parmit calculaticon of the quantities of gases {by
weight or by V] } in the v 1on produ-te of gukd and solid fusis. The
percentages 10 be substinuted in thoss formuiss are all perceniagss by waighl.

Care ahould be exeraised ir1 the use of formulas 3/11 through 3/168 and 3/23
through 3/28 because thay give ibhe voluma of the various fTus gasss at 80 F and
14.7 peie Pressure {18.8 C and 760 mun Hg) These volumes must ba correcied
10 the actual tempersiurs and pressurs conditione by uss of formulas 3/ and
3/3 or Tables A.2 and A.3 in the sams manngr as pravioualy LUlusiratoed for
correcting air volumes At tsmperatures below 200 F the waler vapor in the flus
Sases no longer bahaves s a gas and may sven condsnss. Therolorae volumes
ocalculated from formuias 3/11, /15, 3/23, and /27 arc bypothatical at 80 F and
are meaningiess unless Correcisd O sume temparature above 280 F,

Por approximets caloulations. = rule of thumbd would say thst the velumea of
oom bustion produois aguals the sum of air and ifusl) volumes, A gquick soan
of Tuble 2.12c shows this 10 ba alows (or netural ses and somo manufactured
gusms. For LFP guses. £1° ap/fi* fucl = {1* air/ft* fusl + 2. For oila, the t* ap/gal

= fi* airigal + B5.

Tor omasd in which an #xoses of air is supplied, 1t is merely neoessary 1o add
the weisht or volume of ths eaocss nitrogen and excess oxyson ¢ the other
ocombustion products. This procsdure is lustratad in Example 3-4.




COMBURTION ANALYELS - w

o & pred - x e

v pa ry ol . all mleip— AN Fand 20 91 I HA-}

" (WO = CO0ZBSE} + (Wl = DOO 872) « (%OHs = © 007 7O} +
"Gl « ODLIBI) + (% He ®* OOIN W) + ("4Caflu = nmn 18) +

(v} x 0.0N047B) - (*ik = OO0 7O4] lﬁ!nAfluﬂ] "
0001 8ig = &

b 00,
wn ™ fuel — = XD w ﬁmn:x:.ll s {WCH. # OOGY 181) + (sl » O DDX 32T} «

(et = O B3} + (4CaHe = OG0 0ad] =~ (WO » D OO 381)
Ih B0
1am) e = (wH: u GOOG4ATE] + (MCH, 4 D.OOO®RD) + [ Clh = O DU 426
(% CiH: = L0 SO0} + {*ILHL wm O DOZ 3TE) + (%L} » O DOG A
1o B
{zma| T o — = (PN m 00D 7S} v M1 + XSANC0) = Q.00 3U7 = @]
o,
(3M0b) o o [MXHANOD) x (0 000 422) x @
e BO- - e g
el B — - v fua ~ 4B 780

ol et
) TR e (w0} x C.0ZEE) + (L 4 DOZSE) + (WCH, » 01088) « (WM =
ol uma GARE I} + (MILH x U360 - (W LMe ~ U SABT) ¢ (Telneries o
001) — %Dk M ONSP 8) + {MABAILOD) » ABIIN x B

sl 1 At

a1z a———lﬁ— = (WL w DOIBO) =~ (VeH: » OTI80) + {(3CH, = DOMRAB) + (SaCLH- =
aiInZ ) + wWih » 03I00] + [WlHe o OZAR 7] + (“ioanea® =
GOl) - (vhih = DO3I7TH} « (WMXHA/IGD] « 0.OZ3 g = @

olume 0,

(3] —m—e et = 4 (XD  0O01) & (% CH. w DO} + (S Cadh x OO} o (el = DOI] +
valums fwal (% My = D.04) + 1%COy = O 01} -
00 b dopr T -.l_-lclx Fohmlis of dop

ey e - 100w o i of Faw] o larmoule 21y

wrbumne ELO

13/18] a[eaH, = DOU) + |W 003 - (VWEH » 0.03) + [WCHe = O.04) =
i ol " T = 5.08) + (SED w D01}
ol N

[ 10e) -;;‘-"—"%:7— = %M % 0.01) = [[1 + “WKSAIOO) = 0018 @ = @]

|wian) Sohm=neo.

e e ™ (#AXBAMUO) = 0008 < @

t>37a) —‘-"-%_— - l'Ef::'.Ié'" 43 T80 +
O S W paniaind L LR TV I

- AT et ©0. Ma B0 SOy, arpan. halim. oo Other Bon-0o b i k.

rYop = -—n-—u—-au-:nu-——). dop - d-.nnmwum

¢ To gl an o dry use vol dopivol fusl from fnemuls 3717
® = MO0 + WH. + (q = BLGH + (7 % STl = [1C 1 WCrHad + (13 = %4CaHol o 12 = w6l
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Whan there ta a ceficienay of air it s Aifficult 10 predict thoe volumo or e analysis
of the oo stian proddunte. Bt the 1otml weighi of the producis will be sgu
to the weight of the fusl plus thoe weight af the air suppliad.

Rasmgls 3-3. A furnsos fired with 1000 fy"/iir of & Najural gam having 0.2 grains of
sulfur per 100 (', and lthe following volumetrio analysis; 20% Cli., 1n% Chil.. 2% O..
1% M, 1% CCh

Detsronine the wal, of CO,. walsr vapor. said nitrogen in the Nue - e )

1 Caboulaime Unes » oEnhoeniretion it he flus oroduct

Alas find ihe werume flow sreate of lhe conbostiox. producta =i {he pouni wners their

wmmperaturs 18 OO F ard the prepturs ia 3. 456 inthes of watwy column {sbbrevieted ~wol
- 1 P .

Troen lnrmul. /13 Ve mpount of CO: in the flus geses will be (R = O.C1) + (18 =
0.02) + {1 = 0.01] =« 1 13 volumes COJvolume fual. Fimilarly, formuias 3/18 and /16
yisld 206 vol HiO/Mwval fusl and 8 10 vol NJ/voel 0f Nasl respectivnly.

Formula /11 gives rhe wvol of the r Jum1 prod s (B0 ~ O 10M) - {18
- 0.1823) + |1 = l)-ﬂ-o:-ﬂ-unsrnl-llal | of Ccombusis rod:
par volume of fuel. By formula 3/17a, the 8O, conosnirniinon in (he copbustion prtﬂuqt-
=032 x 45700 + 11.81 = B0Q ug/mt ST by (Dfmule 3/17h, 0.3 x 18.92 + 11.31 «~ 0O.308
]

The above 11 31 vol op/wel fusl s lor combristion products at the
and pressurs as the tusl. If the tuel L 10 be L1
paial. the volume of combusiion producis must be corrected (o 1the speotfled 3. 43 “wc and
200 F as followws. From Table C6 b the Apperwdiin, 1 ot = 1.7327wn; (therefors
3 480 et 732 = 1.94 cai. From Tahia A3, one cutdc 1ot of S8 mt 1hat pressucs bocomes
1.00088 1" &t standdrd slrmosphertc pressurs From Table A 2Is the volume of » cubilc foot
of standard s or & i@ INoreessd 3. 431 limbse when 11 te hasted (0 B0 F Applving {heao
corraciion factors,

1131 M Oop a1 mip 10 frr a1 3 afi“wa 2.431 1 at goO ¥ .
Tt of fusl " N .0086 It oas e T ot at stp « A7 186 £t

of rewmbuition predusts Der cubic foot of fuel At = firing rate of 1000 afh. the valume
flow ruis of 1he Mue geasss will be 1000 ~ 27.1B8 = 27 180 nfh

Axssnpls B4 Prexiicl the analysis bry volums of prodocts of sembustion oF Liee Pual reec el e
in Eiampls 3-3 whan 153% anoses air i= aupplind,

It is Mret neowmes sy Lo e formules 3/1 10 determine The wiuvms of alr required for pertect
ocombusticn. Thus (B0 = COOBE} + (18 x D I1B873) — (2 = OO0O478) - 10.23

Th

1B frr Miair
form 1B axcess (KEB) air will mmount to 10.23 x 0 ~ 1.634 o T
Alr s 20 9O% Oxygen mrud 78 O3% hltrogen by vol T wir wlll
be mace up of 1 B34 « 0.322 wol Ovwel fusl aad 1. 534 = 07803 =~ 1. 107 wol NJvol fTual.
Adding thess guantutiss 1o the Mus gas analysis (cund 1h BExample 3-3 abwews, combustion
of ane valume of fuel with 10 air will pr 1.13 wal CO.. 2 06 wvol H.O. 0.332
val O and & 10 + 1,197 = 8 3O volumes of N,
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-t B0 — [ nrl..o_as-n-puuuu |-| L% 1] -n_.u:cn.(-c-
2.1198) + (45 w CO830) - (w0 = 00458 1]

1iw] it OOt foml = [0 u 0.0 8} +~ I G™ = 0.0
(I Wt et bl = {H o 0.0 4]+ (SHOZ « 001)

a1y LSO, = (™8 x DO200) « (B = D.01]
I Sea——
(22 E.:.."';:-a_._-"uc - DOES I} + (H % DIBAS] - (PE m GOIP O] - (WO
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Exsmple 3-8. Pradici the gravimsatric (weight) aosiyeis of the flus gases rasulting from

the perfeni combuatian of m LB*AP| oil having the following gravinestric sosiyeis

8.50% C. 10.80% H. O 10% N, 0.80% B, 0.00 O, Pind 3%CO,. in tha dry flus gaa.

. Whan the norred! smount of aif s supplisd. (e guaduiy of OO, @ the Mue gas (br
forouls W190) will e (B8.8 = O O38) = 3.24 wit COderi fual. Similarly, formules 3730,

AL, and 3732 give O oa wit H.ONwt Tus)l. 0.018 wi 804wt fual. amd 10.09 wi MNowt fwed,

- Theas iotal 3.34 + S84 + 0010 » 1060 = 7% wi cpiwt fal. The *CO0. by waight
. in therafores (3.24/14.78) = 100 = IV.9. Simuarly for Lthe other o bustion produots, the

vimetric NMue gas soalysie is 31.0% GO, 0.4% HL ), O 5% B0, 71.6% N,

Te paedict the volunstirio %00, lno the dry flue gasse. formulas 354, 3/28. and W24
Ay BE uepdl e follows: (8850 = 1.8008) « (10.50 w 3.883) « (O 800 x .3 ~ (0.10 ™

0.1708) — (0.00 = C&77] = 171 3 At dry Nlus pasee/lb fual: (88 00 = O.BIAB] = 27.892
11 COJID tual: a0 100 = [A7.92/173.7) » 10.3% co.sndrvﬂu- gnasn. This ss t0e s ibog
“ultimare G0y which is di in the

FLUE GAR ANALYTARES

Flus saw -mlv-ﬂ mre used 1o indineie the air/fual ratio and 1o Indicets tha
degres of of won. If the miaing & poor, an *xoees of
iy must ba suprplisd »0 that every perticls of fual will contact some alr snd
burn. Figure 3. 4 lhww- the affevis of poor Mmixind or gquenching. It the flame
sases coniact a cold surfaos or mest a hlast
. o water. ithey may be suddeniy chilled to a lemperature level

dHon p 20 o ompletion. This
actian may result (B H E with auch aw
aldahydes in the flus produacts, as with capsse of poor mixing,

Slpuiftaanae of el O, smd Ccembmstibles. With good mising. perfeot
combustion ls obtsined wihen the flue gas enalysis shows no OO, H., o O.
and when thae %% CO. is =t a maximum, The theoretios]l maximum % C. in the
dry flus gases isa termed the dlttmate OO0, Dy adiusting the alr/fusi ratio
until the maximum %4CH. s Obtained, and untl the minimumn 0y and com-
bustibles are indicated, an operstor can asi 8 burner cloas to the potnt of best
fusl sfMcisncy. This perrmaits spProximats setting of the air/fusl ratho on singhe-
uroer hurnaces withesst m-!.ﬂn- the fual and the air flow. For -pplln-uun-

requiring sither ch (1_73 the flus s
be used s o caans of dunuelll-n. “onrtain desired oenditioms o all m
are thus

With poor mixing snch as r-.ul.u whan coal 18 burned on gretes or when
mus or ol e burned in a delaysd mixing typs of burner. the mannsr o whiah
th- ﬂu- Ty -n-ly-l- variss with changes in the -l-mud r-tlu i & fopaotion of

1 1t of thae burpar and - The poor-
nnxtn. r:mrv- of PI.'u.r- 3.4 repressnt only one of many pouu-um- for this
OARS, Thams Crarves wails. b . thumt the ffud ges anslysise may be
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used ap nn iIndicatom of 1he sirffuel retioc or v sy
of \ha ralativ
mr!wtb_"m- Table 3.5 shnwse 1ho %GO, roadings thae nhoulrrt:g ..ﬂ:‘..'.::r' nhf
;— o mixing of various amounta of air with somae of the s -dflez by
aacribed in Tablow 2.1 and 2,12 of Pari 2 pacific: fuole
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Imstrumenty. Many typess of inatrumsenta aro avallable for ansiysing Hus
gasss. Moei inwiicsts the parosiit by volume of the various compounds in the
dry flus gas. One of the most inwtr in the Oreat apparatus,
which works on the pri pis of ! ive chesorption of the gassa by chemical
salytiona. The Oraat apparatus ndiosices perosntages of GO Ow, and CO. The
pwroent (Ch ls oftan the only analysis mada. Conduotivity typs analysors.
which ssense the diffsrancs in the ocoling effsat of different gasss, oan be very
ascurats if ocalibtrated properly and frequently. Analysis of combuatibles in the
flua gases {CO, H,. and hydronarbona) may ba accromplished by buming the
oombnatiblse with & mearured valume of ailr or axygen, usually in the pressnos
of a catalyst. Tha perceniage of combustibles in the flue gas ia then pro-
Por 1 to the it hoat reloased.

Oaygen analysis can bo deisr ly mand without time delay
by unn of a solid eletrolylo, lrconium axide. The gnlvasnle action yielide an
output aignal in the form of 4« variable clsatromotive forne that cun be used
for autometic ajir/fusl rauv rontrol. Nala in Table 3.8 that %3, changes very
littls with changes in fusl analysis.

COOMBUSTION EFFICIENCY
For any furnace. owen. kiln, or boiler. tho oversll combustion sfficiency.
or fusl sfficiency, is 100%s they aof all I As {llustrated
by the Sankey diagram of Figure 3.8,

[M30])  affictency, s - (-ﬂd_?ﬂa‘f) = 100. or [M"-:r,%.'.'—“"-—-— - 100

whera the inpui. the outpiut, and the losses are all moasured in oonsiatent
unite such as Btu/hr. koal/s, joulsa’ky of Tuol. or gallons of fusl por ton of
product,

The lemsses 1o conveyors, fixturss, waila, and openings oan ba caloulated
uding spacific hest dastie from the Appendix and heat transfer data (ram Part 4.
Tha flue gas jlossens (stock loas) are deacribed and svaluated in this weotion.
Thay ilnclucds the heat carrtad sway by the dry lus gases (such sa CO,, Ny, O,
and CO) and the heat carried away by the motstore (H.0) in the flue gasss.
This moisture loss t¢ the latent and senaible heat in water fnrmed by com-
bustion of hydrogen in the fusl,

Dry fius gos loas (diy leas) is squal 1o the amount of haat given up by the
dry ocombuation products as they cool from the final sxit temporeturs (after
all hent recovery devices] to the bass iemperaturs used in eveluating the
srase aalorific valus of the fuasl {fusuanlly &0 F or 186.6C). This loss can be
caloulmisd by ths following fortmulas.




COMBURTION ANALYSIS .r

[3/31] dfgloss = Afg low reate x [dig hest content at flus tamperature
- difg hast content al bass rsmperatura)

or, in Amarican
ht unite, Bru/hr = ib digZhe = (Btu/lb from Tabis 3.7a - 0]

or, In Amarican L,y o ofhdfg = (Btuweef from Table 3.7b — )

wolams units,
or. in Metric _
o ht ta. koalhr = kg digihr = (koal/kg (rom Tabie 3.7¢ a)
or, in Matric 2 -
¢ anita, kosl/hr « m* dig/hr = (kcalivn® tram Table 2,.7d [}

For fues gases consdsting of mixtures of geses, the lossss dus to aach of the

Mue ges conetiveen e shou! d be added:

[332] diglces = CO, flow w GO haat contant + N, flow rats x N. haat
content + O Aow rate = Oy heat contant + atc.

Tabhles 3.7a, b. 0, d Het hest contenta (anthslpies) mesasured above a base

of6OFor 1B.8C,

nigwre 3.8 e [ [ g roms irvput - mobkl Mud une kes = ot
input: Dot Inputl - drv Mius gus lows = mymilabie beat I0Dpul. These er oan e Ve lueind o any
conmialant hami ¢F enargy wndle per UBLT of ime per unit of luel, or par owit nf Producliun ourprt
A duagream such as this makm (1 SReeT W wresa of la e [
wifciency.
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w levme b 1 10 Lthe of haat that ia given up by the walor vapor

In the MNow gasws as it oools froon the furnace axit tempesratures to the bhase
LeempPwr o ture u-d in w.lu.tlng tho nalorfNe valus of the fual. Mos1 of the Moleiure
e loas is the | oo of the 1 wapor formed by combiustion

of
' of hydragen in !hn fusi. As llustrated in Fligure 3.0, the groas heaoling value minua
. ihe mofature ioss per unit of fusal Is squal to tho nat heating volue per unit of fuel.
0 by [3/33] moisture loss = b H,O/Mr* = (vapor snthalpy ut flus temporsture
: - lgukd smthalpy st hass temperaiuro)
whara ths liguid anthslpy 18 (buss tampersiurs (F; — 32) end Lho vapor snthalpy
can be obtained from Tabis A.5 in tha Appandix. As an sltornais, the following
approsimete formuls mey e used:

[3/34] moistura loss, I Pruwhr = 1 HO/Mre* = [1088 « 0.40 = (L -~ 600
whers i, is the furnacs sxit temporature (F) and o0 is the baso temperaturs {F)

uwe] to svalusie tho gross heating velus of the fual.

Availabls heat Ln tha gross gquantity of heal released within a combbustion
chamber, minus both the dry Mue gas jose and tho moisturs lo It repressnts
tha L of hesat for useful haating, plus wall. ~renveyar. orage)
acd opsning losses. Figure 3.8 showas how the conoept of available heat is ussd
to mpiify anslysss of furnesoe lossss. Figure 3.9 shows tha veriaton in available
heat wilth exil gas tsmpersturs [or ssvernal typical faocle under oonditions of
periesct ooenbustion, Flrure 3.10 ls a gonaraliaation for all fusis giving perasnt
mavailsble hast wilh various fus LAMDSTrATUrSS and verious smounts uf axcres
air.t The parcent sdditional loss due o & def 'y of air ( Tual) will ba
mpproximately squal 10 the percenmt deficiency of alr or ‘m——’:a;c;:nl-::“,lu_.l N

Elther oxcewed air or sxcess fusl reduces the % avnileble heat. The perfect
cambustion or O%s sxceas nir line on Pigurs 3.10 ropresonia the bost possible
efliclenay. as for & parfoot furnave with nn losses through walls, openings, Tix-
hiFes, CONveyora, Or siorag

ie 3-8. [ the sfficency of a boler using 70 sal/h
Blu/gei. 7.22 lb/gel] If the tamperatur.

i gmie Bas bewn ex tm owct 1,0, as Brom forsmrula 3718, such Ngures Nan

.
e Comveri Lo I HaG by SwAlipying by O 4T
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Simplified soiution. From Figurs 3.9, curve B,

t BO0 ¥, the available haat is 114 DOU

or {70 = 114 000) = ¥ G&0 GO0 Btw/hr. Th bls heal = 114 0OAG/ 137 QB0
= BJI%. Tha sum of tha dry yes loas and the mm-nu- ioaa i then 100 a3 = 178
There should ta no loas dun ta n or dua 0 redistion through

furnacs ooenines in this cees. The Lotal e Ls (h"lm the sum af the dry Mlus yas losa,
the molsture loap, and the wall loses or 17 + 3 = 30%. The peromnt of the groes input
which godés Inlo sveporating water in the boller ia then 160 -~ 20 « BO%. and s e
the affigiency of the unii. I saoees alr la used, Figurs 3.10 can be used 10 selimate Lhe
moditonal kws. From Figurs aa e deficiancy of air will result in about S% o valbe ble
haat. This minus 3% wall loms will reault in 37 % o lekoney
Detalled solutian. A mof® s3cureis calculadion of tha affiency may b had by e

of formule 3/33 10 Gelcuipts e OTY Mus fee e sod (orrrule 3/33 to calrulate the moleture
loss. To uea ihese formulas, it is firel neosssary to dmtaermioe the fosl eanlyets [(ram the
supplier. Table 2.1. or Tahie 2.12) and then caloulste consiiuanis of the flue gas by far
mud afxm, Nfa?, Jiins, and 3/7ea 0of Tabls 3.3 (or farmuies 3/13, 310, and 3/10 of T'abia
3.2 for gassous fusis) . using data from Tahle 3.1 in thia Geea..

£1' COVIL fusl = 87.3 w 031880 = 27.04

1 HAa{Wih fuel = 12.8 =« 1.880 = I3 80

Nt BOAD fusl = N2l = D.1182 = OO

f* MNa/lb Jua]l = B7.3 m 1183 + 128 M 3883 + 0.2 x O4488 = 1e& 7
Bubstitoiing in formuls 3’32 and faking hasl cootettt valuss rom Table 3.7b el BOO F,
difg loss = 27y Ba = 11.04 + 148.7 = 6.i7 + 002 x 1Z.10 = 18533 Brulb of funl ar
1B33 = 7.22 ib/gal = 70 gallhr = 774 700 Biu/hr., whioh is sguiveieni (o 1833 x
7.22/137 OBO = W O7%. From formula 3/337. the moisiure loss -~ 350 = OO470 »
(1138?.3 = (00 — 2aZ)] = 1408 Pw/iIb of fual ar 711 800 BUWhr. whioh 16 Squivalant 1o
1408 = 7.22/13%7 GB0 = 7.47% Tharwfors tha parcen, aveilable is 100 — 807 .
7AZ = 84.8%, [This compares with 83% by Figure 3.9.] Tha sfiiclanay of the boiler is
then D4.0 — 3 =

[ aress host. Tmrmeos hasi helamsns ses
p regrelogrir el u-un:nn- furnann: Whe e at rahl. for

* hoiaiure o muel valods latent heet, «0 Table 3.7 careved e s

nz SRR CAREE RAL AN CUINERE BT 1A RIS

Fiaure 3W,  Avuiloble heaty |-. ——— '-.-n—) feasbn Tho Cusle limisnd Lasawme sre bnnttfisdd By Theor

wireme himntiiin valbsae §urtne Ay s mrnang ke Lambe dany b b n Tuikes oo
2 42 e Remogade SR8 AN PN ANy A PRt PP ST et}
PP tmrmper ature ol M F

§ X C’” [riEie
S B }ﬁii‘ﬁﬁ‘ﬂl“-
é .'h" ’M“
; P
i —ena ! - . 3 i !. %#a» 200 T
Py, T E
I —— Tema X
: :
- At ]
i §
i - -
- W‘eﬂiﬁ*&_/f:cm ace
e L D i T e
PP v T s A,
iy —— AL ] - - B — E

Foasm s m ety beerem P




Figms 116  Avaluible hoot chort Jov TN Bt netwrsd e, shiwing the oflert of s ol Span sradinbie i, Beved o 09 F
{18 0] at. Apphcalie cmby 1f Uit o 0 wnbmrid toad 18 the mratect of Currerved i of OO ol Hel) Sou adut
Figurme 111, 1213 17 Seu kzampine 38, 7. & Smw bartnste (1) on page 71, The w<abercopl i Lhe mdiebe i Mo Seccurwtare mt wis
(mmperstaTw o tht partoular scrvs Lusmple With 25% arosa s with seivrat ges (4 24% 0, b the [aresce axit pusl e sdhabatic
lame wepiesture s XI7DF o 1688 C

"M HEEERESS
The grid as Whin shert by sasied ~+—}
N B partait AMPOMENS naivg & +_'
millmacs sein,
b, " X
B0
& &
t @
; o
N
x \ q 3
& "-.‘
- \\-3\‘* PN
.y
g_ a..\\‘ » : N >
RN k \‘ M J & h
> s i 5 | W, ’-“ \\‘ h,
ERURUERN b
"
40f £ K WE LED VMM MmN WY 2N XN NN D NN XD oOn NN
e i I 1 1 PR SR i " " 1 i i i 1 L
MC a0 K @ T B BN WY N IR O WM W W TR or TR axed
Jwrnece pasn guie Sermpertens 2
*Por other huein sme Flgue 10
.
- NONTH AMBRICAN CXYABIBTION FANINNIK
Huawmpls 3-7. Find the or reqguired to maintein 28% anc mir throush 18 burnera on
a hardsaing furnecs with 1000 C 11800 F) exil gas lemperaturs if the avwilable hes! re-
quired 4 -81 milllan kcal/hr (3 1 millien Hiwhre)l The fusl s Algeris LING Mebhis 2.1xb)
having 10 132 gross koal/mt (1139 groas BMwi) and requiring 10 78 volumss of air par
wolurme of fosl
ot From Figurs 3.10. 81 1000 C and 33% sxowss sir, read 43% availabls. Therelure the

. Eross inpul reguired s 10 COON0.43 « 1 880 GO0 koalhr. Select 16 burters aanh with
- at lanat } RS0 O0D/L8 = 117 700 kaasl/hr capacity nanh.

The fusl gas input required will be 1 880 000/10 132 = 1850 m*/hr. The ale rRquired
o a ] e 1888 1 10.70 = 1887 mYhr bul for the rodwesded
0% axcess alr, tha requi. +d burmar air vapacity will be 1.2 = 1DW7 = 2400 Mhr.

Oparating sxperience with high welocily recirculaling burhers will probably show thel
fhe Z5% SXOME air is not required, 8o fual ot be conserved by adjusiing U fuwel/nir
ratio closer 10 the stochicmetric ratio,

Enamply 3-8, Salect burfteras ardd a hicwsr for 0 duakpurposs furnoos with (he following
oot T O 140

ek gy D
Awailable Biuwhe regutred 4 00 OO0 @2 ODD
Flua ga» awit tamp.. ¥ 1 900 1 ooO
Bolutiwn: Por Uha hardening operation. Figure 3 10 gives 48% Avalsbie hast with perfect
combustion.
Therelore .—";—':.n“ -~ & 730 OO groes Bauihr

Bumers salscind: fourteen B433-4 Burnera. sarh rated 8300 of air (or 830 OG0 T™™Hu/hr|
=il 18 o=t eir pressurs at the burnors for s Lolsl groes iapot of 8 020 OO0 Btwhr,

N % 810 000 wroas Pihwhr
Blowesr ¢apsity required = 300 g AU mir - 08 30C afh

Hisrwar ssiected: 1316-38/3-180 Turbo Blowenr (rated 08 000 cfh at 34 )

Enamply 341 How much sxocwess air for low fira? For boldiay during the low 1empereafurs
UPpeidtion on The above fumace. the fusl Mow will b Ffeduced and (he sir left on ot kigh
fire ratn, thus providing axcess air ilow murh exosss air should be used st jow Tref

ok . availabie Otu required at low Hra o1 ooo

uton: FArst find (he fatio. Tom air sunphed with mir on full = ¢a 200 1os.
Than, frvm Figure 3.11 [follow the dotted arrow| reaad 380% sxcess sir and 4.8 to | -
quired valve turndown. If no sxoess alr wers ussd, 1hs required valve Lurposwn woubd
have basn he sams a5 Lhe aroes Bru turndown, or § 740 OO0 + {93 OOVO.71) = o330
19 1. [0.71 8 (rom 71% avallable at 1000 F. resd from Flgure 3.10.§

Th 84224 Burner selected above s stable with mors thas the required 380% sxioass
alr. & 1t will atill operaie sstisfactorily. Howesver., & look at MSure 3 10 shaows that the
e avaiiabie haa! mi 1000 F aRd ID0% nrosss sir ia only abouf B%; 0 Lhe drawing
opsratian will have a poor fual afflciency
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B-10. How much uniformuty can be sspected linam tha combEnathon wwbedisd
n Exempls 3-97
salution. fry intearpoletion rm Figure 3 11._ it is found that for 1| O4 Btu avelsbls/ft of
arr bad, the ot from ihe Nams 4p is only aboutl A0™ abovo the MNue
sas axil temparainrs. This can alec ba surmised from Figurs 3.12 or fram the x-interoepd
of Figurs 3 10
‘This e the wiure d i)l within the furneocs gases. The Ewecimwm
ey T busre dlrl'.r-nngl 'ﬂ!hin u- work would be & fractiesn of this, Juat how -m-ll -
of tha work and s not = I of burner

Exmmpie 311. A forgs furpacs s fired with hasvy oll (137 AFL 162 000 Brw/gelan)
anl opetrates at 2200 F The MNue pas axit tempesreture s spprosimately J400F The
rediaon lows through her esn ied at 1152 000 Arwhr and the wall
ioss at 183 00 Biwhr. The Nring rete (= A0 galloos par hour Whet sfficiernry can be
suppoted froo this lurnsce. and how much stest opn | beat par bour?

Sionpdifesd sohstien Ths gross input rete is (B0 gul/hr) = (153 000 Btwgall = 7 600 DOO
Btohr. From Figurs 3.0 tha availabls heai of a 182 000 FBruwgal ou s 88 000 Brwgal
Bubiracting the losass fhroush openings aod walls from (e svallsble haai. the baat
laft for haating lhe stasl 15 (00 000 Piwgal) » (30 gabhr} — 31 102 OO0 Pwhe — 102 DOO
BMwhr* = 1 838 000 Atwhr, The affimanay s therefors ;—M - 0.0
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COMBIISTION ANALYRIS ar

Detailad solutics. The gross Nput reis s (B0 galhr) = [183 OO0 Biwsal) = 7 GO0 OO
Buw/hr. From formulas 2/8 and 2/8_ 13*AFL 1a found to be sguivalant to a mpaciflic geavity
of O S8 aml & spacific weight of 8 17 |b/aal. By formuia 2/10, tha s hydrogen s found
"o ba oz - T;’—“—"‘:—lrn = 10.3. AsSUMIAS that about 0834 of Lhe fuel is combusibie

- .
maierial (the remeinded being water. sacioent, Oxygpen. and ndtrogen), 1he hydromen will
AmArTULe 10.3 = O.08 = 10.1% of the fusl. This lauves 08 — 10.1 ~ B7,8% O o

Determiring the flue gas frown for Wik, W20, arwl MITa.
o COMb fusl = 87 0 = C.03IBN =~ 3.11: a0 |b COJhr « 3.23 b COVb fual =
8.17 Ib fuel/gml = BO gml/hr = 1318,
1D HeOVIb fusl = 10,1 » 00004 = O.G03; o lb HAOVAS m OG0 = 817 = 30 = B0
b Nl fuml = 870 x 0.0883 + 10.1 =« O 20Z6 = 10,411 6 |b NJbr = 10.47 m

B17 = BO = 4IBZ. .
Using formule 3/32 and Table 3.7a, dis o8 = 1315 w 686.8 « 4202 » N4s. 4 = 3 607 OO0
Blwhr. From formula 334, moisture o8s = 308 x (1088 + O.68 = (F400 — 1)}

= FOU.OO0 Hiuwhs. The 1otel loas is the sum of the dry flue was lows. the maisturs loms,
the opaming lcsa. and tha wall loes, &F 3 0607 OO0 ~ 700 OO0 ~ 1 182 OO0 + 103 OOU
= 3 720 ODO Btwhe, which |& & T20D OO0/7 GO0 OO0 = 7B8% of the Frows input, Tha
sfflciency (s tharalors 100 - 78 = 20%. The heat lafl for haatins the sieel iv 7 BOOC OO -
D 7A0 OO0 — 1 S80 OO0 Btuhr From Figure A.7 In the A ths PRt of
stoal at 3200 F is 340 Btu/lh. Thereiora (he fumace can heat 1| A70 000/ 340 = ABI0 pouncs
of wtéesl par howr

L does to L B 1] Y 1 the loss dus 0 inocomplets
burning of carbon monuaide. hydrogen, and hydrocarbons {ncluding aldehyd
from poor mixing or quenching, as desoribad in Figurs 3.4}). and the loas dus to
unburned solid fusl which becomes trapped in the refuss.

lncomplate combustion may be intentional. as in nelanoss whers the PrOOeay

a red - hare. The parcent loss due t0 & deficisncy of air is

roughly aqual to Lhe parcent deficisacy. Figurs 3.13 shows the lose duw to in-
complete combustion of natural *. more predcisehy.
#-1%. I periect combustion of » fual reguirss 10 1" of alr per f14 of Sk b
orily % fI* of &ir is supplled per 12 6f fusl. then Lhe percmnt deficlenoy af s.r ke 10 — Wyi10)
n 100 = 10%. This 10% deficlengy of A rasuits in & Loms dse 10 -
of aboul 10%.

Optimum Afr Bupply. The oplimum mir supply for best tharmal wifictioncy
in m furnace is that =t which the sum of the loss dus 1o INcComplate oombustion
and the loss dus o heat in the Mue is & mi in Casea where
thorough hish spoed mixing is possibis. thae opliimuwm Alr/fusl ratio is tho
chamically correat airifus]l ratic. This is ususlly the osse when the fusl is
#es Or pil. When the mixtng ia poar, {1 ia often NeNeewary to add esxores air
W iInOrmese the completaness of combustion. This excess air than adds to
ihe guantiry of the flue gasess. Accurate determination of the oplimum point

-l NORTH AMERICAN COMSUETION HANLDEOOK

requires a seriew of furnace tesis Al o varisty of alrffus] ratios. but the point
may e approximated by finding the air/fusl retic that prod 1the mexi
o OO,

Figurs 3.13 illustreies 1be manner in which the varioos losses change with
the airffusl ratic. If the mixing wears thoroush nombustion
lose b= serc at the chemically correct air/fusl ratio, and the minimmam
1otal loss (maxiumwn %% svatllable) would also at the ch '] Uy e
airvfus)] rato.

wad rathe. The sraph e
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2.6 - ECUACION DE ESTADO DE GAS IDEAL

Las tablas de propiedades proporcionan informacién muy exacta, pero son volumi-
nosas y vulnerables a los errores tipograficos. Un enfoque mas prictico y deseable
es tener algunas relaciones simples entre las propiedades, que sean suficientemen-
te generales y precisas.

Cualquier ecuacién que relacione la presion, la temperatura y el volumen es-
pecificos de una sustancia se denomina ecuacidn de estado. Las relaciones de pro-
piedades que comprenden otras propiedades de una sustancia en estados de equili-
brio, también se conocen como ecuaciones de estado. Hay varias ecuaciones de
estado, algunas sencillas y otras muy complejas. La ecuacion de estado mas senci-
Ha y conocida para sustancias en la fase gaseosa es la ecuacion de estado de gas
ideal. Esta ecuacion predice el comportamiento P-v-T de un gas con bastante exac-
titud, dentro de cierta region elegida adecuadamente.

Las palabras gas y vapor a menudo se utilizan como sinénimos. La fase de
vapor de una sustancia suele considerarse como un gas cuando su temperatura cs
mds alta que la temperatura critica. El vapor implica un gas que no se encuentra
muy alejado del estado de condensacion.

En 1662 el inglés Robert Boyle observé durante sus experimentos con una
cdmara de vacio que la presién de los gases es inversamente proporcional a su
volumen. En 1802, J. Charles y J. Gay-Lussac, determinaron de modo experimen-
tal que a bajas presiones el volumen de un gas es proporcional a su temperatura.
Esto es,

FPv=RT (2.9)

donde la constante de proporcionalidad, R, se denomina la constante de gas. La

nf‘l"‘lf‘;Aﬂ 7O ac ta nn“l‘lﬂ;(l\n Ao notndn Aa cnc =rlnn' o oaﬂf\;l’ﬂmahla T malarnide dn
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gas ideal; un gas que obedece esta relacién recibe el nombre de gas ideal. En esty
ecuacion, £ cs lo presidn absoluty, T es la temperatura absojuta y v es el volumen
especifico.

L.a constanie de gas R es diferente para cada gas (figura 2.45) y se determing
de

K
R = 1_; tki7hg K o kia -m‘f’kg- K) (2.10)
donde R, es la constante universal de gas y Af cs la masa molar (ilamada también

peso melecular) del gas, La constante R, es la misma para todas [as sustancias y su
vulor es

B.314 k/kmol - K
8314 kPa-m'Ykmol- K

. (1LOB3 14 bar - m*/kmol - K
R = 211
- 1.086 Buw/lbmol - R ¢ !
; 10073 psia - {1 '//1bmot - R

1545 fi-1bf/bmaoil - R

l.a masa molar M se define como fa masa de un mof (Hamada también un
gramo-mod, abreviado gmol) de una sustancia en gramos, o, la masa de un kmol
(Namada rambicén un kifogramo-mol, abreviado kgmol) en kilogramoes. En unida-
des inglesas es la masa de | 1bimol en b, Advierta que la masa molar de una
sustuncia tiene el mismo valor numérico en ambas sistemas de unidades, por la
forma en gue se detine, Cuando se dice que la masa molar del nitrégeno es 28, ello
significa que lu masa de un kmol de nitrdgeno es 28 kg, o que la masa de | lbmol de
nilr6geno es 28 tbm, Lsto es, M = 28 kg/kgmaol = 28 lbm/lbmol. La masa de un
sistesna es 1goal al producto de su masa molar M y el mime:so de moles Nt
o= MN kgl (2.12)

Los valores de # y de M para varias sustancias sc presentan en la tubla AL,
L.a ccuacicn de estadoe de gas ideal se escribe de varias mancras diferentes:

Vemy ——— PV =mRT (2.13)
mR = (MN)K = NR, — I'V=NRT (2.14)
V=N¥Y —— Pv=RT {2.15)

donde ¥ es el volumen especifico molar, esto es. el volumen por unidud de mol (en
mYkmol o fi¥/lbmol). En esle texio un guwidén arriba de una propiedad denotari
valotes basados en unidad de ol (Tigura 2.46).

Fscribiendo Ia ecuacion 2.13 dos veces para una masa fija y simplificando, lus
propiedades de un gas ideal en dos estados diferentes se relacionan entre si por
inedio de

Ry, _ry.
= (2.16)

) T

Un gas ideal es una sustancia imaginaria que obedece a la elacion Pv = RT

(figura 2.47). Se ha observado experimentalmente gue la relacidon de gas tdeal se

aproxima nucho al comportamicnto £-v-T de Jos guses reales a bajas densidades,

A bajas presiones y altas temperaturas Ia densidad de un gas disminuye y éste se

compolta como gas ideal en estas condiciones. Lo que constituye buja presion y
alta temneratura se explica en la siguiente seccion.

] e
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FIGURA 2.45
Diferentes sustancias tienen difercnies
constantes de gas.
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FIGURA 2.48
Las promedades por mol se denotan con
ut guicn en la parte superior

FIGURA 2.47

La rchacion de gas idenl o menudo no s
aplicable a 1oy gases reales; por ello,
debe penerse cuidado cuando se ase.



FIGURA 2.48

Dibujo para el ejermplo

2.10.

En el rango de interés practico, muchos gases familiares como cl aire, nigdge-
no, oxigeno, hidrégeno, helio, argén, nedn, kriptén e incluso gascs mis pesados
como gl dioxido de carbono, pueden tratarse corno gases tdecules con un error des-
preciable (can frecuencia menor de 19%). Sin embargo! las gases densos, como el
vapor de agua en las centrales eléctricas y ¢l vapor de refrigerante en los tefrigera-
dores, no deben considerarse como gases ideales. Deben utilizarse las tablas de
propiedades parn estas sustancias.
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:Es el vapof de agua un gas ideal? ,

Esta preguntia no se contesta con an simple si o no. Bl error involucrado ab conside-
ruar al vapor de agua como un gas ideal se calcula y grafica en la figuta 2.49. Es
¢laro, a partir de csta figura. que a presiones menores de 10 kPa. el vapor de agun
se¢ pucde congiderar un gas ideal, independienteniente de su temperatura, con un
error despreciable (raenor que 0.1 9). A presiones superiores, 1a suposicion de gas
ideal produce errores inaceptables, en particalar en In vecindad del punto erftico y
de la lines de vapor saturado (wrriba <lel 10095). Por tanto, en aplicaciones pari
acondicionamiento de aire, el vapar de agua en ¢l gire pucde (ratarsc como un gus
en esencia ideal casi sin error, puesto gue la presion del vapor de agua es imuy baja,
En contraste. en lus aplicaciones del vapor en centrales elécricas, lus presiones
implicadas son muy ahtas; de mnodo gque no dehen usarse lus relaciones de gas idesl,

2.7 = FACTOR DE COMPRESIBILIDAD, UNA MEDIDA
DE LA DESVIACION DEL COMPORTAMIENTO
DE GAS IDEAL

oo ccuacidan de gas ideal es muy sencitlu y por eHo snuso es conveniente, Pero,
coma ilustea la figura 2.49. los gases sc desvian del comportamicnto do gas kdeal,
de manera signilicativa, en estados cercanos o la region de saturacion y al punto
critico. Es posible explicar con exactitud esta desviacion del comportamiento de
gas idead a una temperatura y presion determinadas mediante la introduccion de un
fuctor de correceidon [lamado factor de compresibilidad Z, deflinido como

~ Fid%
L= 2.17)



S E0n

S01)

&“E s

4tH

Jun

200 |-

>
o - 100 kPu

10 L IPy

1.8 kPa
O t
0.0 LRV} 1 I

«a

v = ZRT (2.18)
También se expresa como

- lwqrul"xl

Z = o (2.19)

donde v, = RT/P. Es evidente que Z = | para gases ideales. Para gasces reales 7Z
pucde ser mayor g nenor que In unidad (liguea 2.50), Cuanto mds lejos se encuen-
tra Z de la unidad, mayor es la desviacidn del gas del comportamicnto de gas ideal.

Se ha dicho repetidas veces que los gases siguen la ecaacion de gas ideal con
gran precision a bajas presiones y altas wemperaturas. ;Pero qué es exactamente lo
que constituye baja presion y alta tempoeratura? (Es —100°C una tempeeatura baja?
Es definitivo gue lo e5 para muchas sustancias, pero no parn el aire. El aire (o el
nitrégeno) puede tratalse como gas tdeal a esta lemperatura y o lo presian atmosté-
ricit con un error menos de 19 debido a que ¢l nindggeno se encuentra bastante
arriba de su temperatura critica (—147°C) y lejos de la region de saturacién. A esta
emperatura y presion. sin embargo, la mayor parte de las sustancias existicfun en
la fuse sélida. Por consiguiente. la presion o temperalura de una sustancia es alta o
bija en relacidn con su temperatura o presion critica.

FIGURA 2.49

Parceniaje de error (1v,u, — Yaea PV o] %
100) implicado al suponcer que el vapor
es nn gas idealt y regidn donde el vapor
puede tratarse como un gas ideal con un
error menor de 19,

FIGURA 2.50
El factor de compresibilidad es 1a unidad
paras los vases idenlos,
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Los gases s¢ coamportan de mancra diferente o una tlemperatura y presién de-
terminadas, pero se comportan de manera muy parccida a temperaturas y presiones
normualizadas respectoe de sus temperaturas y presiones criticas. La normalizacion
se efeciia como

L _r o
= oY e (2.20}

Aqul Pgiccibe ¢) nombre de presion reducida y 7, de temperatura reducida. 121
factor £ para todos los gases e¢s aproximadamente ¢l mismao a la misma presion y
temperaturit reducidas. Lo anterior recibe el nambre de principio de estados ¢o-
rrespaondientes. Hn la figura 2.51 los valores de Z determinadaos experimental-
mente se grafican para el caso de g y T para varios gases. LLos gases parccen
obcedecer bastante bien al principio de estados correspondientes. Al ajustar los da-
0s se obtiene {a carta de compresibilicdad genceralizada, que pucde utilizmse
pura todos los gases (Figura A.30).

A partir de la carta de compresibidlidad gencralizada son posibles las siguien-
tes observaciones:

1. A presioncs muy bajas (P, = 1) los gases se comportan como un gas adeal sin
considerar la temperatura (figura 2.52),
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2. A clevadas temperaturas (7, > 2), el componamicnio de gas ideal puede sﬁpo-—
nerse con buena precisidn sin importar la presicn (excepto cuando Py, =1}

3. Ladesviacion de un gas del comportamiento de gas ideat 5 mayor (..e:c,,,t del
punto critico (figura 2.53).

FIGURA 2.52

A presiones muy bajas todos los guses s
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incluso coando Py v, 0 Ty v, se don en lugar de Py T la carta de compresibi-
lidad generafizada puede milizarse para determinar la tercera propiedad, pero im-
plicaria el tedioso método de ensayo y error. En consecuencia, resulta conveniente
definir una propiedad reducida mds, Jlamada el volumen especifico
pseudorreducido v, como

Ve = 00 ‘i‘x‘ tz.2n)



- “FIGURA 2.54

El factor de compiesibilidad también
puede deternminarse n partr del
canocimiento de Py y V.
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FIGURA 2.55
[Dibujo para el ejemplo 2,12,

FIGURA 2.56

Loy resultados obtemidos al arilizac Ia
catta de compresibilidad suclen csir
dentro de an pegueno poicentaje de los
valores deternminados

ornmerimentalmants

Obscerve qque vg se define de mmanera diferente que P, v 1, Scerrclacionacon T, y P,
en vez de v, También se afiaden lincas de v, constante a las cartas de cnmp:f_mln—
lidad, y esto permite determinar T o £ gin tener que recurir a las tediosas iteraciones
(figura 2.54).
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Masa molar, constante de gas y propiedades del punlo-critico

722
TERMODINAMICA

Propiedades del punto critico

Constante
Masa molar, de gas, Tempera- Presion,  Volumen,
Sustancia Férmula M kg/kmol R kikg - K* tura, K MPa m3/kmol
Agua H,0 18.015 0.4615 647.3 22.09 0.0568
Aire —_ 28.97 0.2870 132.5 3.77 .0883
Alcohol etilico C,H:;0H 46.07 0.1805 516 6.38 0.1673
Atcohol metilico CH,0H 32.042 0.2595 5132 7.95 0.}180
Amoniace NH, 17.03 0.4882 405.5 11.28 0.0724
Argon Ar 39.948 0.2081 151 4.86 0.0749
Benceno C.He 78,115 0.1064 562 4.92 0.2603
Bromo Br, 159,808 0.0520 584 10.34 0.1355
Ctoro Cla 70.906 0.1i73 417 7.71 0.1242
Cloroformo CHCI, 119.38 0.06964 536.6 5.47 0.2403
Cloruro metilico CH,CI 50.488 0.1647 416.3 6.68 0.1430
Dicloredifluorometano {R-12} CCLF, 120.91 0.06876 384.7 4.01 0.2179
Bicloroflyorometano (R-21) CHCILF 102.92 0.08078 451.7 5.17 0.1973
Dioxido de carbono CO, 44 .01 0.1889 304.2 7.39 (3.0943
Didxido de sulfuro 50, 64.063 0.1298 430.7 7.88 0.1217
Etano CaH, 30.070 0.2765 305.5 4.48 0.1480
Etileno CoH, 28.054 0.2964 282.4 5.12 0.1242
Helio He 4.003 2.0769 5.3 .23 0.0578
Hidrdgeno {normal} H. 2.016 4,1240 33.3 1.30 0.0649
Kriptén Kr 83.80 0.09921 209.4 5.60 0.0924
Metano CH, 16.043 0.5182 191.1 4.64 0.0993
Monéxido de carbono co 28.011 0.2968 133 3.50 0.0930
n-Butano CsHio 58.124 0.1430 4252 3.80 0.2547
Nedn Ne 20.183 0.4119 44.5 2.73 0.0417
n-Hexano CeHys 86.179 0.09647 507.9 3.03 0.3677
Nitrogeno N, 28.013 0.2968 126.2 3.39 0.0899
Oxido nitroso N,O 44.013 0.1889 309.7 7.27 0.0961
Qxigeno 0, 31.999 0.2598 154.8 5.08 0.0780
Propano CaHg 44.097 0.1885 370 4.26 0.1998
Propilenc C;Hsg 42.081 0.1976 365 4.62 0.1810
Tetracloruro de carbono CcCl, 153.82 0.05405 556.4 4.56 0.2759
Tetrafluoroetano (R-134a) CF,CH.F 102.03 0.08149 374.3 4.067 0.1847
Triclorofluorometano (R-11) CCl3F 137.37 0.06052 471.2 4.38 0.2478
Xeandn - Xe 131.30 0.06332 289.8 5.88 0.1186

*ia umdad en ki/tkg - K) es equwalénte a kPa - mY(kg - K, La constanie de gas se calcula de A= B /M, donde R, = 8314 kf{kmol - ) y M s 1s masa molar

Fuente K. A, Kobey R. E. Lynn, Chemucal Review 52 (1953), pp. 117-236; y ASHRAE [Sociedad Americana de Ingenieros de Calefaccion, Relrigeracidn y
Acondicionamienlo de Awrel, Handbook of Fundamentals (Atlanta, GA: Amencan Scciety of Heating, Refrigeration and Air-Conditioning Engeneers, e, 1993}, pp

1IC A2



APENDICE‘I

Calores especificos de gas ideal de varios gases comunes

a) A 300K _
Constante de gas, R C, C,

Gas Formula kg - K klkg - K klihg - K k

Aire _ — 0.2870 1.005 0.718 1.400
Argdn Ar 0.2081 0.5203 0.3122 1.667
Butano CiHyg 0.1433 1.7164 1.5734 1.091
Digxido de carbono €O, 0.1889 0.846 0.657 1.289
Etano C,Hs 0.2765 1.7662 1.4897 1.186
Etileno C,H, 0.2964 1.5482 1.2518 1.237
Helio He 2.0769 5.1926 3.1156 1.667
Hidrogeno H, 4.1240 14.307 10.183 1.405
Metano CH, 0.5182 2.2537 1.7354 1.299
Mondxido de carbono Co ‘ 0.2968 1.040 0.744 1.400
Nedn Ne ' 0.4119 1.0299 0.6179 1.667
Nitrégeno N, 0.2968 1.039 0.743 1.400
QOctano CeHig 0.0729 1.7113 1.6385 1.044
Oxigeno: 0, 0.2598 0.918 0.658 1.395
Propano C;Hq (0.1885 1.6794 1.4909 1.126
Vapor H,0 0.4615 1.8723 1.4108 1.327

Nota: La unidad kJfkg - K) es equivalente a kMg - °C
Fuente: Gordon J. Van Wylen y Richard E. Sonntag, Fundarmentals of Classical Thermodinaiics, versiGn inglés/S), 3a. ed. (Nueva York: John Wiley & Sons, 1986),

~ Q7 Onh!: a_aci



Part 1. BASIC PRINCIPLES OF COMBUSTION SCIENCE
WHAT IS COMBUSTION?

Combustion, or burning, is a rapid combination of oxygen with a fuel, result-
ing in release of heat.

The oxygen comes from the air, which is about 21% oxygen and 78%b
nitrogen by volume. (See Table 1.1.)

_ Most fuels contain carbon. hydrogen, and sometimes sulfur. (Spe Table 1.4.)
As a simplification, we might say that combustion consists of the following
three procesgses:

carbon 4+ oxygen ———— carbon dioxide + heat
_hydrogen + oxygen —— waler vapor + heat
sulfur + oxygen ————a gulfur dioxide + heat

The three products of combustion listed above ars called chemical com-
-pounds, and they are made up of molecules in which elements are combined in

: Table 1.1. Composition of air?
Dty Bulb Temperature (db) and Relative Humidity (rh)

. %6 by Volume (mols) S0 F db GO F db 60 F db B0 F db BO F db 90 F db
% by Weishi—_\\\ 0% rh? 80% rh 100% rh 20% rh 80% rh 100% rh
. ™ 20.99 20.70 20.62 20.79 20.19 19.99
: Oxygen, O, 23.20 23.00 22.04 23.06 22.83 22.50
78.03 76.94 76.67 77.29 75.08 74.32
Nitrogen, N, 75.46 74.86 74.63 75.01 73.61 73.18
o.g4 0.93 0.92 0.93 0.90 0.80
Argon, Ar 1.30 1.29 1.28 1.29 1.27 1.26
a 0.04 0.04 0.04 0,04 0.04 0.04
Other 0.04 0.04 0.04 ©.04 0.04 0.04
0.00 1.40 1.75 0.95 3.81 4.76
Water, .0 0.00 0.87 1.10 0.59 2.45 3.02
. Bguiv. molecular weight 28.96 28.81 ' 2B8.77 28.86 28.55 28.45
- Danaity, Ib/ife 0.07632 0.07592 0.07581 0.a7189 0.07111 0.07086
. Density, kg/m* : 1.222 1.216 1.214 1,152 1.139 1.135
1 For easy computation, It is convenisnt 160 rememher these ratiaos:
Air/Cy; = 100/20.99 = 4.76 by volume [maols): Air/O, = 100/23.20 = 4.31 by weight
N/, = 3.76 by volume {mols); IN,/O. = 3.31 hy weight

2 From International Critical Tables: zll other columne calculated from I.C.'T. data and frem Raof-
esrance 1.i at the end of Part 1.

3 CO; {about 0.03%), H; (about 0.01%6), Neon. Helium, Krypton, Xenon.
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certain fixed proportions. For example, a molecule of carbon dioxide contains
one atom of carbon plus two atoms of oxygen: a molecule of water vapor con-
taing two atoms of hydrogen plus one atom of oxygen. (Seae Tabla 1.4.)

It is an established law of science that matter* is neither created nor des- -
troyed in the process of combustion. and that the heat given off in any combus-
tion procesas is merely excess energy which the new molecules are forced to
liberate because of their internal make-up.

Let us now use aequations to show how one carbon atom plus two oxygen
atoms (one moleculn) burn to form one carbon dioxide molecule and heat:

- ER

Fig. 1.2. C + O;—» CO.: + heat.

Likewise, when two hydrogen atoms burn, one molecule of water is formed.

Fig. 1.3. H: + 2%00: —» H,0O + heat, or ZH: + O, — » 2ZH.O + heat.

The second of the above two forms is the more common way of writing this
process, because oxygen usually comes in package units, or di-atomic mole-
cules. containing two oxygen atoms. The amount of heat released in this case
is twice as great as when only one oxygen atom and two hydrogen atoms are
used. .

*Matter is anything which has weaight and cccuples space. Energy does not have weight and
does not sacupy sapace.
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PERFECT COMBUSTION

Perfect combustion is obtained by mixing and burning just exacdtly the right
proportions of fuel and oxygen so that nothing is left over, as in Figures 1.2 and
1.3. This is like 'a situation which exists at the assembly line in an automobile
factory. Each chassis needs four wheels, and this is the only proportion (4 1o 1)
that will go together praoperly. If the conveyor supplying the wheels maves too
slowly, some chassis will go by incomplete. But if the wheel convever goes too
fast, there will be _ some wheela left over.

Table 1.4. Elements and compounds commonly encountered in combustion*

Element (E) Relative
o {mol} Normal ib/ft2 - kgso? Gas

Compoumnd Symbol ‘Whaeightt Stale Found In at atp al sip Gravity

Aldr —_ 28.95 gas —_ 0.07653 1.225 1.000

Butane, n- n-C.Hio 658.12 vapor ar liguid fuels 0.1682 2.533 2.067

- < TuelsT,

Carbon (E) (@] 12.01 solid flue gast 138 2209 —_

Carbon dioxide CO q44.01 gas fiue gas G.1170 2.873 1.528
fuels,

Carbon maonoxids oy 28B.01 fgas flue gast G.07a0 I.185 0.967

Ethane C:Ha an.or gan fuels 0.0803 1.286 1.049

Hydrogen {(E) M 1.01 - —_ — —_— _—

Hydrogen H. 2.a2 gas fuels 0.00532 0.085 G.0696

Hydrogen sulfide H.S 34.08 gas fuels D.0898 1.434 1.177

Mathane CH. 16.04 gas fuels 0.0424 0.679 0.554

Nitrogen (E] N 14.01 —_— —_ —_ o s
air, fuoles, .

Nitrogen N 28.01 gas flue gas 0.0744 1.291 0.972

Octane. n- n-GeHia 114.23 lguid fuels — —_ [

Oxygen [(E) [m] 16.00 — —_ — —_— —
air. Fuelas,

Oxygan ) O 32.00 gas flne gas 0.0846 1.354 1.105

Propans CsH, 44.10 vapor or liquid fuels 0.1198 1.915 1.562

Sulfur (E) 5 32.08 aolid fuelas 119-130 1905-2081 —

R Tuales, -

Sulfur dioxida S50 84 .08 gas flue gas 0.1733 Z2.775 2.264

Sulfur trioxide 503, 80.08 gas flue gas 0.2109 3.370 2.7685

Water H.0 18.02 liguid fualss, B82.4 1000 —

Water H.O 18.02 vapaor flue gas 0.0475 0.761 0.6822

* Parts of thip table are derived from data from Reference l.i--asese list of referencas at the gnd

af Part 1.

o Ugually in minor amounts in fuels, a trace constituant.

2 Ajr is neither an element nor a compound, but a mixture of both. Soa Table 1.1. Air is listed
here only for comparfaon.

+ If the element or compound is in the gaseous state, the densgity of tha gas in [h/ft* will be tha
ralative {mol] weight divided by 378, the ft*1b mol at 80 F and 14.698 psaia, or 359 at O F. The
density tn kg/m?* will be the ralative (moul) weight diviclad by 22.4 m¥*¥kg mol at ¢ Calsius and
7680 mm Hg. Example: for N; or CO, 28 + 379 = 0 0738 1b/ft* at 60 F: 28 +~ 359 = 0.0780 at O F;
28 + 22,4 = 1.250 kg/m?* at 0 C.

4 Not found in combustion products if a goad burner is propnr]y adjusiad at sloichiomelric or
glightly lean air/fuel ratio.
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If too much oxvyvgen (excass air) ias supplied, we say that the mixture is lean
and that the fire is oxidizing. This results in a flame that tends to be shorter
and clearer. The excess oxygen plays no part in the process. For example, if

four atoms of oxygen (instead of two) were mixed with an atom of carbon, two
oxygen atoms would be left over. (This is like having six wheels for every
chassis.) .

Fig. 1..8. C + 20:—» GO, + O: + heat

If too much fuel (or not enough oxygen) is snpplied we say that the mixture is
rich and that the fire is reducing. (This resulis in a flame that tende to be
longer and sometimes smoky.)] This is usually called incomplete combustion:
that is, all of the fuel particles combine with some oxygen, but they cannot
gaet enough oxygen to burn completely. (Like chasgsis with only three wheels.)
For example, if we mix two atoms of carbon (instead of one) with two atoms
of oxygen, the carbon atoms mavy share the available oxygen, but neither has
enough to become carbon dioxide. Instead they may form carbon monoxide
(CO). a compound which will burn to carbon dioxide if given more oxygen later.

Fig. 1.6. Z2C 4+ ; —3 20 + heat, and later, 2C0 + O:— 2C0: 4+ hoar.

Table 1.7 lists the proper proportions for perfect combustion of several
typical fuels. The fuel and air must not only be properly proportional but

also thoroughly mixed. Otherwise one part of the fire may be rich while the
other part remains lean.
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The oxygen supply for combustion usually comes from the air. Becuause air
contains a large proportion of nitrogen, the required volume of air is much
larger than the roequired volume of pure oxygen. {See Table 1.1.}

The nitrogen in the air does not take part in the combuslion reaction—it just
gones along for the ride. It doas, however, absorb some of the heat with the result
that the heat energy is spread thinly throughout a large quantity of nitrogen
and the combustion products. This means that a much lower flame temperature
resulls from using air instead of pure oxygen. The same phenomenon cccurs
when excess air is suapplied. as in Figure 1.5. The effect of excess air on effi-
ciency and flame temperature is covered in Figures 3.10 and 3.12 of Part 3.

Primary air is that air which is mixed with the fuel at [or in} the burner.
Secondary ailr is usually that air brought in around the burner. Tertiary air is
usually that air brought in downstream of secondary air or through other
openings in the furnace.

COMBUSTION OF PRACTICAL FUELS

Carbon, hvdrogen, and sulfur are seldom burned in their pure forms. Most
fuels are mixtures aof chemical compounds called hydrocarbeoens {combinations
of hydrogen and carbon some of which are listed in Table 1.4). Whaen these
burn, the final proaducts nre carbon dioxide and water vapor unless there is a
shorlaga of oxvgen, in which case the products may contain carbon monoxide,
hydrogen, unburned hydrocarbons, and frea carbon.

Up to now, we have spoken only of the final products of combustion. Although
these final producis are usually Ilimited to the same few compounds for all

‘Table 1.7. Proper combining proportions for perfect combustion
(5e0 aleo Tables 1.10, 2.1, 2.12, 3.1)

vol O, vol air wt O, wt air f1° O ft* ajr m? (), m?* air
Fumsl vol fuel wvalfuel wtfael wtfuel b fuel I fuel kg fuel kg fuel
Acatylene, C:H: 2.50 11.9 3.08 174.2 6.5 174 2,28 10.8
Benzene, (GoH. 7.50 a5.7 3.08 143 6.5 174 2.28 L8
. Butane, C.H.,. G.50 31.0 3.54 15.5 42.5 203 2.65 126
Carbon, C -_— [ 2.67 11.5 31.6G 1850 1.97 9.39
Carbaon monoxico, CO 0.50 2.498 0.571 2.40 6.76 322 r.qz22 )1
Ethana, .M. a.50 16.7 3.73 16,1 44.2 210 2.76 131
Hydrogen. H, .50 2.34 H.00 345 9q .7 2451 5. .82 28_2
Hydrogen sulfide. H.S 1.80 7.15 1.4 8.08 16.7 7U.5 1,004 4.97
Meathana, CIi. 2.0 9.53 4 .00 17.2 47.4 226 2,96 14,1
Naphthulana, C, Fl, — -_ 3,00 12.9 a5.65 1639 2.2z 1006
Detana, CuH g e —_ 3.51 15%5.1 41.6 198 260 12.4
Propane, C,H, 5.00 23.0 3.64 15.7 4:3.1 205 2.89 12.8
Propylane, C.H, - 4.50 21.4 3.43 14.8 40.6 193 2.54 12,3
Sulfur, S — —_ 1.00 4.31 11.8 56,4 (.74 .52
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hydrocarbon fuels,

they are not always praoduced by the samoe combustion
processa. Within different flames, many wvaried and unknown processes and

intermediate products occur, even though the final producis are the same.

The carbon and hydrogen form and reform into a succession of unstable
aldehydes and other compounds which finally combine to form CO: and H:Q.
The types of intermeadiate compounds formed, and their speed of formation,

depend upon such factors as the iemperature, pressure, amount of oxygen
present, and degroe of mixing.

Good combustion requires (a}) proper proportioning of fuel and air, {(b) thorough
mixing of the fuel and air, and () initial and sustained ignition of the mixture.
These, together with flame posilioning, are the functions of a combustion sysatem.

Proportioning. Basic proportioning requirements ware discussed on previous
pages. See also Part 3. Proportioning equipment is discussed in Volume 1X.

Mixing. Good mixing of the fuel and air is important so that the mixtura will
he uniform throughout--every pariticle of fuel must contact a particle of air.
Most fuels actually turn into a gas before they burn. A highly turbulent scrubbing
action aids this conversion to gas and the mixing of the gas with the air. )

Liguid fuels are usually evaporated. and the resulting combustible vapors then
burn as gases. Atomization of tho liquid speeds evaporation hecause it produces
millions of tinv ligquid particles, thus providing a large amount of surface for
evaporation. Heal from the adjacent flame will sometimes cause the fuel to crack,
or decompose, before it can evaporate. This cracking usually produces a lighter

‘hyvdrocarbon (which burns like a gas) and a heavier hydrocarbon (which mavwy
burn like solid carbon, producing a very luminous vellow flame).

When solid carbon is burned the process is further complicated by the fact
that each atom of oxygen rmust contact the carbon surface, form CO gas. and
then move out of tha way so that more oxygen may move in. Thus combustion
of solid fuels consists of a mass transport phenomenon [(of oxygen to the surface
and CO away from the surface]. plus mixing, plus chemical combination. If solid
fuels are to be burned at high rates comparable to those attainable with gaseous
and liquid fuels, they musi be pulverized to increase the surface area for mass
transfer. [This may be compared with the situation existing in a bus station with
only one loading platform. WNo matter how many busses are waiting outside or
how many people are waliting inside, the maximum rate with which the people
can be taken away depends upon how fast one bus can pull up to the platform
and how quickly il can pull away to let in the next bus. Pulverizing a solid fuel
or atomizing a liguid fuel is like adding more loading platforms.) :
Ignition. Chemical combination of fuels and air will occur at room temperalure,
Pbut only very slowly. If a pile of coal is located in a conlfined place, the
small amount of heat liberated by this slow oxidation will gradually build up,
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thus raising the temperature of the coal pile. As the temperature gradually rises,
the rate of oxidation increases and the temperature risas some more. This goes
on until a full-fledged fire is in progress. This is known as spontaneous ignition.
It can happen only in very confined places where the heat is allowed to collect
in the combustible material and in the adjacent stagnant air.

WWhen we wish to ignite a fuel-air mixture, we cannot usually arrange to
collect heat in a confined space. (Even if we could, this process would he ioo
slow to be practical.] Instead it is necessary to apply a lot of heat lo a very
localizaed area. For example: a malch will not light a log, but it will start a twig.
This iB because the log has so much mass that it conducts heat away from the
match flame so fast that no pari of the log gets hot enocugh to burn. The btwig,
however, has much af its surface exposed to the match flame, but little mass
to ahsorb the heat; 2o lacalized hot spots develop and burst into flame.

Igmition is usually accomplished by speeding the oxidation reaction by
addition of an external heat source until the reaction itself releases heat faster
than heat is lost 1o the surroundings--until it continuously ignites itself withoul
the eaxternal heat source. The lowest temperatura at which this is paossible is
the minimum ignition temperatare of thhe fuel-air mixture. It can be lowered by
increasing the pressure on a mixture. Table 1.10 lists some approximate ignition
temperatures. Ignition devices are discussed in Volume TI1.

A cold blast of air or contact with a cold wall may quench parts of a {lame,
cooaling it below the ignition temperature; =0 some of the fuel goes unburned.

Flame Stabilizing, which can make the difference belween useful and n1ueless
combustion, is usually a Tunction of burner no=zzle/tile configuration. A flamae
holder pasitions the area of flame initiation by providing (a) ignition temperature,
{(b) localized fuel-air mixture within the flammability limits, and (¢) feed-speed
aeqgqual to the flame speed. Practical industrial burners must provide flame sLability
over a wide range af firing rates and fuel/air ratios.

Heat Available from Fuels. Heat quantities are measured in Btu, kilocaleories,
watt-seconds, or jornles. See Table €.6 and Glossary.

Experimental measurements have beon made 1o determine the heat released
by perfect combustion of various fuels. If a certain fuel is mixed with proper
amount of air and placed in a closed chamber where the heat given off by com-
bustion can be collected and measured, ithe total amount of heat collectad will
depend on the final temperature aof the products of combustion. For example,
one pound of light oil releases about 18 500 Bilu (4662 kcal, 19.5 M]J} if the prod-
ucts are cooled to 60 F (15.6 CJ], but releases only about 16 300 (42108 kcal,
17.2 MJ) if cooled Lo 500 F (260 ). When a perfecl mixture of a fuel and air,
originally at 60 F {15.6 C] is ignited and then cooled 10 60 F (15.6 C} the total heal
raleased is termed the higher heating value or gross heating value of the fuel.
The toerm lower heating value or net heating value is seldom useQ in Lhis
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country, but this quantity is equal to the gross heating value minus the heat
roeleased by condensation of the water vapor in the combustion products. Values
of gross and net heating values for various fuels are listed in Table 1.8. The
products are saeldom cooled to 60 F {15.6 C} in practical combustion applications,
80 the gross heating value iz seldom attained. The so-called available heat ia a
much more useful figure. Values of available heats are listed in Part 3.

Flame Temperatures. The heat released by the chemical combination of a
fuel with air {(a) heats up the combustion products and the incoming fuel-air
mixture, (b) radiates to the surroundings, or {(c} is carried away by direct con-
tact with the surroundings. Naturally, the flame temperature is highest when

Table 1.8. Gross and net heating (calorific) values of simple fuels*

Gross heating value Heatling value per unit volume Heating value per unit weight
Net hoating value —_\atufft" kcal/m® MI/fm? Btu/lb kcal/kg M)/'kg
— 1477 13140 55.01 21502 11946 50.014
% Acetylens, C:H.+t w 1426 12890 53.11 ZO769 11539 48.309
=] Butane. n-C.H, .t 3271 28110 121.8 21321 11846 40.593
.i {185.9) [31.80] 3o18 26860 112.4 19678 10933 49.771
- —_ _— — 14093 7830 32.780
- Carbon, C — — — 14003 7830 3z.780
ke — |
. . 321 2856 12.0 4347 2418 10.11
S : Carbon monoxide, CO 321 2860 12.0 L7347 2415 10,11
E Ethane, .H. 1773 15780 66.04 22323 1z402 51.923
E‘% (210.7) [37.48] 1622 14430 60.41 20218 11344 47.492
g 325 2802 12.11 610895 33044 142.11
2 o Hydrogen, H: z75 2450 10.2 516823 28681 120.08
;g 646 5740 24.06 7097 3943 16.51
= % Hydrogen suifide, H.St 595 5300 22.2 6537 3632 15.21
= — Moeothane, CH. w1z 2005 37.69 23875 13285 55.533
.5,3 (219.7) (59.1] 211 8110 332.9 21485 11942 49.997
R 752 — — 8700 5380 —
EE, Methanol, CH.OH 651 —_ _ B4A00 1667 -
Z Octane, CoH,.t1 6260 55710 z33.2 20796 11554 ag. 371
= (131.9} [19.58] 5806 51670 216.3 19291 10718 44.871
] Propane, C.Hat 2524 22460 94.01 21689 12030 50.402
E— (183.5) [36.41] z3z2 20660 86.40 10937 11077 46.373
— . _ . 2980 2211 9.257
£ Sulfur, S —_ — — 3980 2211 9.257

* Darived from Reference 1.i at the end of Part 1.
THeating values may be somewhat less for commercial forms of these compounds.
tFrom Reference 1.k at the and’ &4f Part 1.
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the losses to the surroundings are smallest. Addition of excess air or excess
fuel only provides more material to absorb the haeatl of commbustion so the flame
temperature cannot go as high as with a perfect fuel-air mixture, just as
a furnaoce which will heat a small house Lo 68 F (20 ) might heal a large house

to only 60 F (15.6 C).

Under ceriain conditions, particularly high temperatures,
known as dissociation occcurs. Dissociation is simply reverse combustion: that
is, it is the breaking down of the combustion products into combustibles and
oxvgen again. This process absorbs the haeat which was originally liberated by

combustion. For example:

s phenomenon

Heat + COy—» CO + 120), and Heoat + IH: O ——w FH., + w2,
The higher the femperature, the greater is this tendency o dissociate, So, the
hotier the flame, the greater is the amount of heat re-absorbed by this reversing
process, and the rising flame temperature comes 1o a halt al some squilibrium
temperature in the range of 3400 F to 3800 F (1870 C to 2090 C) for most fueals.
This equilibrium temperature has been caloulatod for many common fuels and
is listed as calculated flame temperature in Tablia 1.10. It is theoretical because
no account has been taken of losses to the surroundings. For this reason, actual
flame tempearatures are always lower than the listed figures. The data in Tahble

1.10 are for perfect combustion only.
A simplified formula for theoretical adiabatic flame temperature is:

nel heating value of the fuel — offect of dissociation
fweight of combustion products) x (spocific heat of combustion products}

With large amounts of excess air, this is often called hot mix temperature.

The actual flamme temperature is lhe theoretical flame temperature minus the
tempeaerature drop caused by heat transferred to the load and surroundings bofore
the heat release process is completed.

The furnace temperature can equal the theoretical flame temporature aorly
if the flamse transfers no heat Lo its surrounding, i.e. if the furnace wall is a parfect
insulalor (not available) and if there is no load in the furnace (furnace is uselaess).

In most cases, special refractory materialas are neaded and a special furnace
dasign required (to avoid localized overheating of the loacd), to take advantage
of temperatures such as listed in Table 1.9,

Unless the fuel and air are so poorly mixed thal incomplete combuslion resulta
theoreatical flame tempeoerature is not a function of burner design. However, the
actual flame femperature is intentionailly loweared by increasing ithae heat
transferrod from the flame in burners designed for excoss air, luminous flames,

or delayed mixing.
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Table 1.9,

Obsoerveaed Theoretical
flame temperalure flame temperature Fuel
E c X o
: 5830 3110 Acetylene in O,
N 5385 2974 —=3. Hydrogen in O:

5120 2827 Natural gas in O,

4207 2319 a770 Z2R32 Acetylone

12 2100 4475 2468 Carbon monoxide

4190 2310 Gasaline
4100 2260 Natural gas
4070 2243 Natural gas

3713 2045 401 2210 Hydrogen
4000 2204 Natural gas
3n20 21860 Natural gas
ABQO Flel Natural gas

s 3610 1988 Coke oven gas
31552 17352
3416 1880 3562 1961 Natural gas
Methane?

3480 1204 Methanol
3400 1871 MNatural gas
3300 1816 MNatlural gas
3010 1654 Producer gas
3000 1649 Natural gas
2805 15091 Natural gas
2650 1454

Blast furnace gas
* Not corrected for dissociation.

NORTH AMERICAN COMBUSTION HANDBOOK

Comparison of some flame temperatures (See also Table 1.10)

Aldr [oxr O,) Equivalence
temp., F/C ratio
(60/16} —_
(60/16) —
(60/16) —
G0/18 1.00
560/16 1.00
1400/ 760 1.00
1400/760 1.11 {rich)
80/16 1.00
1100/593 1.00
g0o0/482 1.00
G6O0/316 1.00
80/16 '1.00
anlI1s 1.00
B0O/16 1.00
60/186 1.00
80/18 1.18 {rich)
an/16 .86 (lanan}
60/16 1.00
B80/18 1.49{rich)
80/18 0.70 (laan}
60/16 1.00

?In an actusl production furnace firing refractorias.

* Methans, ethane, propane, butana have theoratical flame temperatures in the 3484 F (o 3583 F
{1818 C to 1973 C} range;: obaerved flameo temperatures in 3416 F to 3487 F (1880C to 1925 C) range.
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A small amount of excesas air or excess fuel can greatly reduce the Flame
temperature. In Table 1.9, 16.2%6 excess air [(0.86 eguivalence ratio} lowers
the flame temperature by 262 degrees. If high flame and furnace temperature
is desired, accurate fuael/air ratio control is most critical.

Flame Speeds. A flame is merely an envelope or zone within which the
combustlion reaction is occurring at such a rate as to produce visible radialion.
The flame front is the 3-dimensional contour along which combustion starts,
the dividing line between the fuel-air mixture and the cecmbustion products.

In stable burner flames, the Mame front appears to be stationary. Thisa is
bacause the flame is moving toward the burner with the same spead that the
fuel-air mixture is caming out of the burmner. (This may be compared with a fish
swimming upstream atl 5 miles per hour in a 5 mph current.)

If the fuel-air mixture is fed into the burner at too fast a rate, the flame mayvy
blow off (like a 5 mph fish being washed downstream by a 6 mph current). Most
burners. however, allow a considerable range of feed rates by proper design
of the burner nozzie. '

If the fuel-air mixture is fed into the burmner at too slow a rate, the flame
may flagshback into the burner (like a 5 mph fish making headway in a 3 mph
sitream). The flame may flashback as far as the mixing point, or it may be
qguenched by the cool burner wall.

Flame wvelocity depends on such factors as pressure, temperature, fuel,
pPrimary fuel/air ratio, turbulence (mixing), and cooling effects of surroundings,
ana it cannot be reliably predicted except in very specific cases. Table 1.10
indicates some typical flame velocities measured on simple Bunsen-ivpe gas
burners. Note that these are maximum flame veaelocities for the given fuels, and
that they are for the listed fuel-air mixtures only. Preheating of the gas-air
mixture results in a considarable increase in flame velocity. For other terms
and related properties, see Flame velocity in the Glosaary.

Flamnmability Limits., Not all mixtures of a fuel with air or oxygen will burn
continuounsly in sslf-sustained combustion. Table 1.10 shows limiting lean {lower
limit) mixtures and rich (upper limit) mixtures beyond which practical com-
bustion is impasaible. A common exemple of this is the flooding of an automobile
engine—an sxcess of fuel produces a mixture too rich to burn (above the upper
limit of flammability).

Even within the flammability limits, there are certain practical limijtationsa to
the fuel-air mixtures that may be used. One of these is the unsafe combustible
gases or poisonous CO produced by a rich fire. Another limit is the temperature
or atinosphere reguired for certain procasses.



Table 1.10. Combustion characteristics of fuels* (See also Tables 1.7, 1.9, 2.1, 2.12, 3.1, and Appendix, Vol. H)

Flammability Lmita
Minimum ignition Cakulated flame % fuel gas by volume® Maximum flame % Theoretical
temp, FiC4 temperafure, ! F/C in air in O velocily, Ips snd a's  air for max.
Fuel in air in0, in air inQ; lower vpper lower upper o air in®, flame veleclty
Acelylene, CH: BB1°/305 — 4770!2632 5630/3110 2.5 810 - — 875267 3791131 ' 8
Biast furnace gas - — 2650/1434 - Bob 735 -~ - - - -
Butane, commercial  B96/480 —_ 3583/1973 - 1.86 B4l — — 285087 - -
Butana,n.CH. 761/405 541/2831 358311973 - 186 B4t 1.8° 49t 130040 11,673,551 87
Carbon monoxide. CO 11284609  1080/588! 3542b/1950 — 1as! 7a2! 16m g4m 17052 - 55
Carbureted waler gas - — 3700/2038 5050/2788 64 377 — —  L.55/0.66 — 20
Coke oven gas - - 3610/1988 - 440 300 - < 2300070 - 90
Ethene. CH, BB2%/472 — 3540/1049 — e 125 an 66" 1.56/0.48 — og
Gasoline 536%i280 - — - 14 78 - - - - —
Hydrogen, H, 1062¢/572  1040!560! 4010/2045 5385/2574 40 742 4m g4 9.3/2.83 38.511.71 57
Hydrogen sufids, H:S 55877292 - - - 43 455 —  — — = -
Mapp gas, CiHl¢ 050/455 - - 5301/2027 34 HWE ~ ~  —  154/460 -
Mathane, CH, 11705632 10335567 3484/1018 - 5¢ 150 5.1F 61T 1462045 14.76/4.50 a9
Methenol. CH,0Ht 7251385 —_ 3460/1904 — 67 380 — — — 1.6:0.49 —
Natural gas — - 352581941 479082643 4.3 150 — — 1001000 15.24.63 100
Producer gas — - 3010/1654 — 1707 737 — —  0.85/0.26 — o0
Propane, C,Hx 919/493) 8744681 35731867 51302832 21 101 234 559 152046 12.213.72 94
Propane, commercial  932/500 - 35721967 - 237 95 -~  ~ 278085 - -
Propylene, C:H. - — — 5240/2803 24" 1037 2,1n  B37 — e -
Town gas (Br. cealj!  700/370 - 371012045 - 48 e - - - - -

* For combustion with air at standard temperature and pressure. Unless otherwise noted, data is from Reference 1.5
t Flame temperatures are theoreticai--calculated for steichiometric ratie, dissociation considered.

1 From private communications. .
»See also “autoignition temperature” in the Glossary and in Relerence 1.j at the end of Parl 1.

cln a fuel-air mix, Example, for methane, LEL = 5% or 95 volumes air/5 volumes gas = 19.1 air/gas ratio. Frem p5. stoichiometric ratio

is 9.53:1. Therefore excess air is 19 - 9.53 = 9.47 <f airfcf gas or 9.47/8.533 x 100 = 99.4% excess Rir,
Small letters refer to referances at end of Part 1.
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Tabla 1.11. Combustion renl;tian times and Intensities®

Fual

All

Solid fusl

Hanavy olls

A "

Medium oils

Light oils

Liquid
Gas

N

an

Con!l?uslion situa!iop

drying and baking ovens

domestic
industrial stokers and pulvarized fuel burners
posgitite limit in explosion ames

fluid bed, cyclone '

rocket

[carbon forming)
air and sleam wtomizar

pressure jel gnd air atomized

domestic

large drops

small draps

industrial furnaces

gas turbines with pressure jet hurness
ram jets

rockets

nozzle-mix burnerst (lrbulent diffusion)
pre-mixed.$ industrial flames

Reaction lime a!
normo! pressure, seconds

Combustion Intensity

Blu/hr §* atm  kealh o’ aim

0.1

0.01
0.001

0.0t

Wingaersheek torch, PSU countervortex burner

detonation or shock combuslion

0.00001

10

HP-10!
st

¥

(RN

110
10%10°
10410°
1
105107
1o
i
10810

P18
107

* Derived from pages 386-341 of Prof. Robart H. Essenhigh's paper in Refercnce 1.b listed at the end ol Part 1.
+ Furnace volume used in intensity evaluation.
4 Flame volumo used in intansity svaluation.

i

19108
10%-10¢

Y

g'-10t

1-10
10107
10%10°
1w’
10-1*
107-10*
{IM
10107

10°-10¢
10°

NCHLSHMNOD

£l
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Flammability limits, also known as explesive limits (LEL and UEL), are

exprasged as volume percentages of fuel in a fual-air mixture.

Combustion Intensity. Interrelated with flame temperature and flame velocity
are reaction time and combustion intensity, which are approximately the in-
verse of one ancther. Combustion intensity., like flame velocity, increases wilh
the absolute pressure. 'able 1.11 makes genecralized comparisons of reaction

times and combustion intensities for several combustion situations with solid,
liguid, and gaseous fuels.
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Part 2. INDUSTRIAL PROCESS FUELS
CHEMICAL CONSTITUENTS OF FUELS

The physical properties of gaseous, liquid, and solid natural and man-made
fuels ara discussed later in Parl 2. 'The chemical analyses of typical fuels from
each of these categories are listed in Table 2.1. The chemical elements of maost
importance to the combustion engineer are carbon, hvdrogen, and sulfur.
Nitrogern, carbon dioxide, oxygen, water, and ash usually appear in minor
amounts and contribute nothing bul handling problems, and sometimes pollution
problems.

Carbon is a major constituent of most fuels. The term available carbon is
usad to describe carbon which is not chemically combined with oxygen in any
way. Unless otherwise specified the term carbon as used in this handbook will
mean available carbon. Complete combustion of one pound of carbon vields a
groas heat of 14 500 Btu.

[2/1] 11bC 4+ 23, 1b O, — = 32/, 1bh CO, + 14 500 Btu
or1kgC + 2%, kg O — 32/: kg CO: + 8 056 kcal or 33.73 M]

Incomplete combustion (producing carbon monoxide instead of carbon dioxide)
would yiald only 4 350 Btu (per pound of carbon).

{2/2] 11bC + 1%V 1b O, —» 214 1b CO + 4 350 Btu
orlkgC + 14 kg O;— 23 kg CO + 2417 kcal or 10.12 M]

Further addition of oxygen and re-ignition would yield 14 500 minus 4 350 or
10 150 Biu (per pound of the original carbon).

[2/3] 24 1bC0O + 1% 1bO:.— 3%, 1b CO: + 10 150 Btu
or 2 kg CO + 113 kg O;—— 3%/, kg CO: + 5639 kcal or 23.61 MY

Carbon in the form of a solid fuel is difficult to ignite and, as explained in
Part 1, is slow to burn unless finely pulverized. In liguid or gaseous fuels,
carbon appears in hydrocarbon compounds or carbon monoexide. If not burned
properly, the hydrocarbon compounds may ‘“‘crack’™ producing soot. Despite
these disadvantages, carbon is one of man’'s primary sources of heat; so com-
bustion engineers try to cvercome these difficulties. In the case of solid fuels,
rapid efficient combustion is often best accomplished by burning in a fluidized
bed or in pulverized form in suspension. The soot problem with gaseous and
liquid fuels is minimized by design of the burners and combustion chamber to
provide adequate air and turbulence, and to avoid excessive heating of the fuel
prior to its contaclt with the air.



Tahle 2.1a. Gomparative data (by weight) for some typical fuels

Constituents
Analysis, in % by weight C, H,
ﬂailable!total available S O N  Ash Moisture

Blast furnace gas (56 5102 |\ 56/158 0.1 S 273 568 ° ;
« Coke oven gas 1.B1 2 0.40 41.1/48.3 22.7 > 160 130 ° 3
T Producer gas' 494 T 086 B.4/17.1 1.7 3 733 579 ° 5
o Natural gas? 2| 208 fo60 | o404 225 4 0 81 0 0
& Propane, natural 2| 443 Eqsse 81.6/81.6 18.4 0 0 0 0 0
4 Butane, refinery" E 500 §2.00° | 8360836 64 0 0 0 0 0
‘; Methanol ‘.i{ 1.50 0781 18.8/37.5 126 — 500 — — —
£ Gasoline, motor® 31 504 0733 855855 4 01 0 0 0 0
& #1Distillate oil, 6.794/USgal & | 651 § 0.814 86.6/86.6 133 04 - - -
8 #2Distillatecil, 7.214/USgal | 6.98 § 0.865 87.3/87.3 125 021 — — @ — -
2 #4Fuel o, 7.504/USgal 7456 % 0.910 86.4/86.4 s 199 — — 0018 021
8  #5 Residual oil, 7.93#/USgal 8.29 0851 88.7/88.7 107 057 — — 002 044

> J’ #6 Residual oil, 8.45#/USgal L 9.49 E‘l.()l:i 8B.3/808.5 9.3 - 08%Y 07 03 004 02

Wood, nonrresinous _2( 56 ; 4-8B 137.9 7.2 0 538 01 10 #
g Coal, bituminous i3) 160 % 6-8 180.1 50 1D 52 0 7.2 31

Coal, anthracile o) 336 f; 7-8 180.6 24 11 59 0 95 5.212

Coke = {105 4-5 85.0 08 10 1.2 13107 08
! From @ Wellman-Galusha producer using bituminous coal,
? Birmingham, AL. N

3 Multiply this figure by 0.0765 1o oblain Ib/ft, by 1.226 to obtain kg/m’.

1 Multiply this figura by 62.43 to obtain thift’, by 8.34 lo ubtain pound/galion, by 1000 10 ebtuin kg/m®.

5 Varies with type of coal or coke used, squipment and process,

® From page 269 of Reference 2.£. See list of references at end of Part 2.

* Sulfur content may vary from 0.4 to 3.5%, depending on source, refining. and blending.

® In the lquid state, specific gravity relative {o water is 0,509 for propane, 0.582 for butane.

% Seasoned.

' Multiply gross Btu/scf air by 8.90 to obtain gross kcal/m® of stendard air.

' Sulfur ontent may be 1 to 2 percent al the gas well, but this is usually reduced to less than 8 ppm by weight befors distribution.
12 Gee bottont sediment and water, Table 2.11.

13 Typical liquid propane weighs 4,24#/USgal: typical liquid butane, 4.84#/USgal. See Table 2.t2a and Reference 2.g at end of Part 2.

8T
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Tabla 2.1b. Comparative data (by weight) for some typical fuels

Heating value Gross Wtair Welght of combustion Uliimalte
Blu/lh keal’kg Btuper req'dper products per wt of Fuel vol % CO:
{and Biu/gal} (and kealll)  sof  unitwifuel {and ft*/gal) indry
Gross Net Gross  Net air'” (andscfigal) CO: H.0 N; Total  flue gas
Blast furnace gas 1179 1079 663 594 1353 0.57 0.58 .01 1.06 1.67 25.9
Coke oven gas 18 595 16634 10331 8242 1044 13.63 1.51 1.81 8.61 11.93 10.8
Producer gas' 2614 2459 1452 1366 129.2 1.53 0.61 0.13 1.72 2.48 18.4
Natural gas’ 21830 19695 12129 M43 1061 15.73 2.53 2.03 1217 16.75 117
Propane, naluraj 21573 19886 11986 1049 107.5 15.35 3.01 1.62 12.1 16.64 13.4
(91500) (84345) (60w} (5617} (850.8)  (108.11) (144.39) [BB2.06} (934.57)
Butane, refinury 20810 19183 11562 10653  106.1 12.00 3.M 1.53 11.82 16.39 14.3
o (102600} {94578} (6833) [6299) [949.0]  {124.27) (146.92) (747.18) [10M8.4)
o™
o Methanol 9797 B70R 5444 4838 1154 .47 1.38 1.13 4.97 748 150
- {p4530) (57430) [4304] (3025) (550.5)  (78.4) [156.8] [145.3) (681)
w Gasoline, motor 20 190 18760 11218 10440 1048 14.80 3.14 130 lll.ﬁﬁ 15.80 15.0
< (123361) (114807 ([8216) {7846) (1183)  (165.1) (166.8) (930.3) {1272)
EE’l #1 Distillate oil 19423 18211 1780 1061 1024 14.55 317 1.20 11.10 15.448 15.4
ki {131880) {123650) [a784) (6235) (1202} [185.7) [171.0} [1020) (1377)
& #2 Distiliata oil 16 893 17855 10553 9920 012 14.35 .20 112 10.95 15.27 15.7
¢ (137 08D) (128869)° (9130) [8383) (1354)  (189.1) (170.8) (1070) (1440}
,L #4 Fuel oil 18 844 17790 D470 9884 1030 13.99 3.16 1.04 10,68 14.92 158
5 [143010) 135013) (9524) (8992) (1388) © [2067] [166,1) (1007] [1472)
K #5 Rosidual oil 18 909 17929 10506 9961 1042 13.88 A 0.97 10.54 14.81 16.3
: (149960) (142190 (9987) (70} (1439) (2200} (61.4) (1137)  [1520)
#6 Residunl vil 18 126 17277 10071 9399 1032 13.44 3.25 0.84 10.25 14.36 16.7
: (153 120) (145947) ({10 198) [9720) (1484) (24641 [149.0) (1172) (1558}
Wood, non-resinous f 300 3500 98.4 4.50 1.99 0.65 3.47 5.51 20.3
Cool, bituminous 14 030 7795 99,3 10.41 2.94 .49 8.26 11.71 18.5
Cuoal, anthracite 12680 7145 97.8 9.92 2.96 n.22 7.58 10.78 19.9
Coke 12690 7051 96.2 10.09 32 0,07 7.73 10,94 204

Fuutnotes are on Table 2.14.
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Hydrogen has a heating value that is very high when compared with that of
carbon (Table 1.8)]. However, hydrogen is a very light weight gas; so the heating
value of one cubic foot of hydrogen is low in comparison with other gaseous
fuels. Hyvdrogen has a higher flame speed than most gaseous [uels, which
partially makes up for its low heat content (on a flame volume basis). The term
available hydrogen refers to hydrogen which is not already combinad with

oxygen. Unless otherwise specified. the term hydrogen as used in this handbook
will mean available hydrogen.

Swulfur is of concern because of its corresive and pollution effects. In metal-
lurgical and ceramic furnaces it may seriously affect the quality of the product.
In boilers., the sulfur dioxide and water vapor in the combustion products
may unite to form acids that can be highly corroesive to the breeching. The
presence of some gaseous sulfur compounds may lower the dew point of water
vapor in the flue gases, further aggravating corrosion problems.

Generalized Comparison of Fuels. Most fuels consiat of carbon and hydrogen
combined in various proportions. Table 2.1 facilitates a generalized comparison
of fuels by studying the C/FHF ratios and the analyses by weight. The C/H ratio is
based on available C and available H except for the last four (solid) fuels. The
analyses do not alwavys add up to 100% because some fuels contain CO,.

It is a rule of thumb among combusation engineers Lthat one cubic foot of alr
releases 100 Btu of heat. The 100 Btu here mentioned is gross heat. Thus one
cubic foot of gas with a gross heating value of 1000 Btu requires 10 ft* of air
to burn completlely, and one gallon of o0il with a gross heating value of 140 000
Btu reqguires 1400 ft* of air 1o burn. Tahle 2.1b indicates that this rule of
thuwmb is approximately corract. It is common practice to determine the air
reguirement lfor a commercial fuel from this rule of thumb and the measured
heating wvalue rather than by csalculation {from the chemical
metric units the rule would be 890 kcal/m® air or 3.725 MJ/m? air.

For gaseous fuels,
accurate:

analysis. In

the following empirical formulas are somewhat more

[2/4aa]) For fuels having more than 400 gross Btwit? (3560 kcal/m?, 14.92 MI/m?),

. . : a a
regq’'d air volume _ Bross heating value., Buw/ft® 0.8. or kcal/m . D.6. oF MJ/m
fuel gas volume 100 B90 ar7.3

— 0.6

[2/abh} for producer gas,d

req’'d air volume _ net heating value, Bluw/ft° or keal/m?® or M/ m?
fuel gas volume 120 1150 4.81

Small letters refer to rofarences at end of Part 2.
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[2/4c]} for blastfurnace gas,?

req’'d sir volume _ net heating value, Btu/ft* or kcal/m* or MJ/m?2
fusl gas volume 141 1280 5.27

PROPERTIES OF S50OLID FUELS

The designer and the user of fuel handling equipment and furnaces for solicd
fuels must pay careful attention to a greal many properties of the fuel. Among
these are calorific value. volatile matter content, ash content, moisture content,
ash fusion temperature, grindahility, and agglomerating characteristics. For
further details about these factors, readers should consult references that
speaecialize in solid fuels.

The above warnings are doubly important when dealing with by-producl and
waste materials as fuels. It is best to construct some sort of pilotl plant Lo test
the burning characteristics of an actual sample of the waste. A competani
testing organization should be emploved to analvze the waste material and
evaluate the properties mantioned above. It must be realized that the analysis
and properties of wastes will vary from one source to the next and from lime to
time for the same source. Because information on waste materials is so difficult
to find, Table 2.2 is offered as a vrough guide—Tfor preliminary evaluations only.

PROPERTIES OF LIQUID FUELS

Chemical Analysis. Most ligquid fuels are petroleum derivatives consisling
of mixtures of hydrocarbon compounds. Chemical analysis of the compounds
which comprise these mixtureaes is very difficull; so i1l is common practice to
make an ultimate chemical analysis or several physical measurements instead.
An nltimate chemical analysis lists the percentages [(by weight) of the various
chemical elements in the fuel. See Table 2.1a. From a theoreaetical point of view,
a knowledge of percent carbon and hydrogen is useful in determining combus-
tion air requirements and flue gas analysis. See Tahle 2.1h. The type or grade
of an ovil cannot be determined from the ultimate analysis alone. Most fuel oils
contain 83 to 88206 carbon and 6 to 1226 hyvdrogen by weight.

Because all fuel oils are so similar in chemical analysis, and because the
physical properlies have far greater effect on the aperation of fuel burning
equipment, the physical properties ara much more commaonly measured and
specified by oil producers. The physical measurements of most significance to
the combustion engineer aroe discussed in the following paragraphs.

Simall latters refer to references at end of Part 2.
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Table 2.2,

NORTH AMERICAN COMBUSTION HANDBOOK

Approximate properties of some by-product and waste fuels. Different

moisture contents may change these values considerably. Data courtesy of Reference 2.b

and 2. a,.

%o Ash/
By-product or waste Mojisturs
Animal fatas
Benzenc, Bonzal 0.5/0
Brown paper 1.0/8
Citrus rinds 0.75/7.6
Coated milk cartoos 1.0/3.5
Coffes grounds 2/20
Corn cobs ara
Corrugated boxesn 5/5
Cotton saeed hulls 2/10
Latex L1 ]
Loather 2.1/7.6
Linoleum
Lubricants, spent
MNMagazines 2Z2.5/5
Naphtha /0
Newspapeoers A.5/68
Paint
Faper, sulfite (4426 C, 826 H) s ]
Polyethylene 0/0
Polyurethane {(foamed) o/0
FRags [(gilk and wool) z2'3
Rags [cotton and linen) 2/G
Refinery gas
Rice hulla
Rubber waste Z20-30/
Sludge, industrial
Solvents, dirty -
Toluane, Toluol a.5/0
Wasata, T'ype O, trash (highlvy 5/10

combastible paper, carboaoard. wood
boxesa, sweapingsa: up o 10%5
plastics and rubber)
Wagte, T'ype 1, rubbish [combustible 10/25
papeaer, carboard, wopod, foliage.
sweaplngs; up tn 20%% food waste;
no plastic/rubbear)

Wante, Type 2, refuse (even mix of 7/50
rubbish and garbage}

Wasnto, Typeae 3, garbage {(animal and 5/70
vegetable food wamsiea)

Wasta, T'vpe 4, pathological |human 5/0%

and animal remains)
Waste, Tvpe 8, compact {documents,
rubber, plastic, wood)

WwWood bark 3/10
Wood sawdust and shavings 3/20

Density
1b/ft? kg/m*
30-80 BO1-961

55 881

7 112

a0 541

s BO
265-30 400-481
10-18 160-240
7 112
Z5-30 40D-481
as 721
20 320

20 1442
35 561
41 641

7 112
40-60 G41-961
= 32
10-15 160-240
10-15 160-240
B82Z-125 993-2000
53.6 850
8-10 128-160
a-10 128-160
15-20 240-320
30-38 4B1-561
45-65 F21-881
36-50 561-801
12-20 192-320
10-12 1680-192

Gross Heat Value

Btu/lb kcal/kg
17 o000 2445
18 210 10 120
7 250 4 028
1 7TNno o945
13 330 5 295
10 000 5 556
B 000 4 445
7T 040 3 811
8 €00 4 7768
10 OO0 5 556
7 250 4 028
11 000 6 112
12 O0n B8 as’rF
5 250 2 917
16 000G 8 335
7 975 4 431
8 000 4 445
7 Seo 4 217
20 000 11 112
13 00U 7 223
a8 500 4 723
7 200 4 000
21 800 12 112
5 o0 3 278
10 OO0D 3 LHO56
3 BpS50o 2 195
13 0Ono F 223
18 440 1G za47
o Soo 4 723
a 500 3 611
4 300 2 389
2 S00 1 389
i 000 5540
7 S00 4 167
2 000 5 000
8 500 4 723
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Gravity. This proporty of liguid fuels is similar 1o density and specific weight.
It is specified by & number of different scales of units, the most commaon of
which are degress APl (American Petroleum Institute} and weight retative to
water when both the oil and the water are at 60 F (abbraeviated “‘sp gr 60/60 F°
or simply “‘sg’"). Thae API scale replaces the similar Baumé scale (abbreviated
*RBd] originally introduced because it gave a linear scale on a hydrometer, an
instrument used for measuring speaeccific gravity., At 60 F [15.6 C). the spacific
weight of water is 62.3 1h/ft?, 8.34 1b/US gallon. or 1000 kg/m?*; the specific
gravity of water is 1.0, the API gravity of water isa 10.0°. The relationships
betwesen these various units are given by the following formulas:

141.5 - - -
[2/58] sp gr 60/60F = cAPT 4 141 8 where “APIL is measurced at 60 F((15.6 (O)
140 s - - -
[2/6] spgr B0/60 F = “HBE + 130 wheaerae “Be is measuraed at 60 F{15.6 ()
[(2/7] sp gr 60/60 F = 1(:3:;(;3 where 1h/ft? is measured at 60 F((15.6 C)
1h/gal - R ~
[2/8] sp gr 60/60 F = 8 54 where lb/gal is measured at GOV (15.6 ()

Table 2.3 lacilitlatas conversions between some of these scales, and lists other
properties calculated from gravity.,

The specific gravities of liguid fuels change with their temperature due to
thermal expansion (as temperature inoreases) and contraction (as temperature
decreases). Whenever a specific gravity is specified (in any scale) the temper-
ature at which it was measured should also he apecified. If no temperature
is given, it is assumed to be 60 F. Table 2.4 lists the coefficients of thermasal
expansion for petroleum oils., and Table 2.3 lists the change in APIT gravity
prer degrea Fahrenheit change above or below 60 F, (Note: APl gravity rises
as tempearature rises, and falls as temperature falls.}

Example 2-1. An oil hhneg a gravity of 40°API at 60 F. What ia the gravity of this oil when
heated to 100 F? )
From Tablae 2.3 or formulas 2/5 ancd 2/8, 40°API is equivalont o 6.88 llwgal. The
coefficiant of expansion can only be applied to volumes; so it is nocessary to find the
|

reciprocal of specific gravity which is specific volume, W = 0.145 gal/lb.
Now applying the coefficiant from Table 2.4, 0.145 gal/lh = O.00050;°F = (100 — GO)°F

= Q.0029 gallons axpansion por lbh. The new wvolume par pound is thereforo 0.145

+ 0.0029 = 0.148 gal/lb. Again taking the reciprocal, 0-148188-1!“3 = 6.76 lb/gal,

From Table 2.3 or formulas 2/8 and 2/5, this is oguivalent to 42.9°AT.



Table 2.3. Gravities and related properties of liquid petroleum products
{See Examples 2-1, 22, 3-3, and formulas 2/5 throngh 2/15)

typ- spgr ' gross  groe net net  sp sp Temp f1'B0OF ult

lcal 5 60FGOF b kg Bu* hcal* %  Blu* kea* Rt bt corra  air %
of o (1560156C) gal m gl L Hwt* gal L @40F @300F °APK°F* gal CO,
0 1076 B.969 1075 160426 10681 8.359 153664 10231 0391 0.504 0045 1581 —
2 1060  8.834 1059 159038 10580 8601 152183 10133 03894 0508  — - =
4 1044 8704 1043 157602 10499 8836 150752 10037 0.397 0512  — — 180
6 1029 8577 1028 156384 104127 9.064 149368 8945 0400 0516 0048 1529 176
8 1,014 8454 1013 155115 10328 9.285 148028 9856 0403 0519 0050 1513 171
10t 1000t 823351 1000t 153881 10246 1000 146351 0744 0406 0523 0051 1509 167
12 0.986 8.219 985.0 152681 10166 10.21 145100 966t 0409 0.527 0.052 1494 16.4
flisl i4 0.973 B.106 Y715 151515 10088 1041 143888 9580 0412 0330 0.054 1476 18]
16 0.959  7.996 956.3 150380 10013 10.61 142712 9502 0415 0534 0056 1463 158

18 0.946 7.889 9455 149275 9939 10.80 141572 8426 0417 0538 0.038 1448 135

A8 20 0.934 7.785 9370 148200 9867 1099 140466 9333 0420 0.54] 0.060 1433 152
22 0.922 7683 9209 147153 Y798 11.37 139251 9272 0423 0.545 0.061 1423 149
24 0.910 7565 9090 146132 9730 1155 138210 9202 0426 0548  0.063 1409 14.7
#4| 26 0.898 7.4B8 8975 145138 9664 1172 137198 9135 0428 0.552 0.063 1395 145
28 0.887 7.004 8962 144168 9509 1189 136214 9069 0431 0555  0.067 1381 143

30 0.876 7.303 8752 143223 0536 1206 135258 gouos 0434 0558  0.069 1368 14.0
#2132 0.865 7.213 8645 142300 9475 1247 134163 8933 0436 0.562 0.072 1360 13.8
34 0835 7126 854.1 141400 9415 12.63 133259 84873 0439 0566 0074 1347 136
36 0.845 7041 8439 140521 9356 1278 132380 4414 0442 0563 0076 1334 134
38 0.835 6958 1339 139664 90299 1293 131524 8757 0444 0572 0079 1321 133

#1 40 0.825  6.877 8242 138826 9243 1307 130689 8702 0447 0576 0082 1309 131
42 0816  6.798 8147 138007 9189 — - — 0450 0579  0.085 — 130
44 0806  6.720 BUS4 137207 9136 — - — 0452 0562 0088 — 128

* For gravity measured at 60 {156 Cjonly.
t Same as H:Q.

A
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Table 2.4. Coefficients of thermal expansion for petroleum oils
(See Examples 2-1 and 2-2)

Speacific gravity

°API at 6D F (80/E80 F) Speacific volume, Specific volume, Coefficient Coefficient
(15.6 C) (18.6/15.6 C) gallons per 1b litras/kg (per F) {poxr )
Balow 14.9 Abhove O0.9665 Below 0D.124 Below 1.4¥Wi6 Q.00 35 0.0 63
15.0- 34.9 0.B504 - 0.9659 G. 149411 -0.1242 1.178-1.036 0,000 40 N.000 72
35.0- 50.9 0.77548 - 0.8504 ©0.19547 -0,1411 71.291 - 1.1728 Q.000 50 0.000 90U
51.0- 3.9 .7242 -0.7753 G. 1657 -0.1547 r.283 - 1.291 . .000 60 0.001 04
B84.0r- 78B.9 0.6725 -0.7238 0.1784 -0 1658 1.4R8% - 1.384 0. .000 70 .001 28
THN - TS VBETD - HETTD DAYBEL - D1 7eB 1.560 - 1.490 0,000 30 0.001 34
89.0- V3.9 0.6278-0.6417 0.1911 -0.1870 1.50858 - 1.5621 Q.000 85 0N.001 53
94 .0 - 100.0 0.B6112-0.6275 0.196G3-0.1912 1.6348 - 1.596 O.000 90 0001 62

Example Z2-2. An oil with a specific gravitly (at 60/60 F) of 0.91, and with n groas heating
value of 146 000 Btu/gal at 60 F, is to be hoaled to 188 ¥. Find thea specific gravity, lb/gal,
and Btu/gal at 168 F.

First, find the lb/gal and specific weight (density) at 60 F,. From Table 2.3 or formula
2/8, 1b/gal = 7.585. Tha doensity of waltler at 60 F is 62.35 1L/ft* and spocific gravity is
0.91 relative 1o water; so, by formula 2/7, the density of the 0il al 60 F is 0.91 = 62.35 =
568.74 l1b/ft°. Taking the reciprocal of this, the specific volamo al 60 F is 0.0176 {t¥/1lb.
Applyving the appropriate coefficient from Table 2.4, the expansion is G.0176 13/l

0.00040/°F = (168 - 60)°F = 0.00076 {t¥lb, and the specific volume at 168 F will be
N . . 1
0.0176 + O0.00076 = 0.01836 ft*/1b. The density will be the rec:1pr0c:al,o_01336 i71b

54.47 1bL/f12

62.35 ib/fts — O-B736.

= 54.47 lb/ft?* at 1688 F, Tha specific gravity at 168 F will ba
By Table 2.3 or formula 2/8, this is equivalent to 7.28 1b/gal at 168 ¥, whereas the oil
weighed 7.59 1b/gal at 60 F. The heating value of a gallon of 168 F oil is therefore reduced

146 000 Btu 7.283 1b/168 F gal

1o —66Fgal >~ 7.56516/60 F gal

= 140 187 Btu/gal.

Forilunately the simple measurement of speciflic gravity is the key to a number
of other important properties of petroleum oils. Relationships between some of
these other properties and the speaecific gravity {(abbreviated sp gr} are given in
formulas 2/9 through 2/15. These relationships are empirical generalizations
and should therefore be resorted to only when more specific data are not avail-
able. Different crude sources and refining methods may cause deviations from
the values obtained by these formulas.

[2/9] gross heating value, GHV', in Btw/lb = 17 887 + (57.5 x ®API) — {102.2 »x %%5)
. _ 4521 o
or GHV?:, in kcal/kg = S 738 4 Ep Br 56.8 < 203

' Constant voelume combustion. Sae also the footnote on p 24.
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N 21225
[2/10] 26 hydrogen, by weight = F — oxpr 3355
whereF = 24 50for O0< °2AFPI=< 0O ([L.O76 = spgr== 1.007)
F = 25.00for 9< APl 20 (L.OO7 > spegr=z 0.934)
F = 25.20for 20< °API= 30 (0.934 > spgr= 0.876)}
F = 25.45 far 30< APl =< 40 (0.876 > spegr= 0.825)

[2/11] nethesating value, NWHV?, in Btu/lb = GHYV in Btuw/lb — 91.23 »x %H
or NHWV?, inkcal/kg = GHV in kcal/fkg — S0.70 = %o

. B .00 0
[2/12] specific heat, ¢ (in Btw/lb °F or kcal/kg ()] = 388 + [0.00045 = (temp. F)]

VEp gr
. — . te .
[2/13] latant heat of vaporization, in Btu/lb = 110.9 [Oq(:_,gg:: (tomp. )]
or. in kcalrkg — 60.02 — [0.09 = ([temp, C]]
sp gr

[2/14] ft? air reqgd/gal = [25.1 x (sp gr)] x 20H] + {1260 x [sp gr}]
or m® air rogd/kg = (0.188 =~ 2oH) + 9.43

[2/15] lemp correclion, add =API/°F
= (°API + 131) x [coefficient of thermal expansion/°F, from Table 2.4)
speratT,
1 + (T, — T,) < (coeff. of th. exp, from T'able 2_4)

orspgratT, =

All of the above formulas are for pure hydrocarbon fuels containing no
impurities. Most commercial fuels contain such a small percentage of impuri-
ties, however, that the above relationships may be safely applied. Table 2.3
lists some values calculated by formulas 2/9 throuagh 2/15.

Formula 2/12 above is a generalization for the specific heat of all oils. A more
apecific expression could ba written for cils from a limited area. Table 2.5 lists
the heat contents (in Btu/gallon) for cils at various temperatures and gravities.
Example 2-3. A fuel oil has pn API gravity of 24 degrees measured at 60 F. Determing the
number of pounds per gallon at 60 F and at 200 F. Also find the net Btuw/gallon and the
cubilc feet of air required poar gallon at 80 ¥F and at 200 F.

Using Table 2.3, read ths following informatiom: 7.585 lb/gal, 0.0683<°API per °F,
1409 f1* air/gal, and 138 210 net Btl}lgal. All this information applies at 60 F only.

I Constantl preasure combustion—the type encountered in industrial heating., but since tho heating
value lNor constant volume combustion, as in a gasoline engine, s much more easily measured, it is
used morae widely. The differaence betwean thare two values is very smnall, and is usually neglacted.
Seea Part 1 for an explanation of difference batween gross and net heating values,
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The *“"temperature correction™ means that an oil whose API gravity is 24° at 8O0 F
increases in API gravity by 0.063° for every degrec Fnhrenhoit riso above 60 F, At 200 F,
the API gravity will therefore be 24 + [0.063 »x (200 — 60)] = 24 + BB = 3IZ2.B°APL

Interpolating in Table 2.2 at 32.8°API, this is found to be equivalent to 7.178 lb/gal. To

determine the net Btu/gal and the air required per gallon of 200 F oil, it is necessary to
make the following corrections:

7.178 lbigal (at 200 F)
7.585 lb/gal (at B0 )

1 434 fv* air/fgal = {same factar] = 1 357 ft* airfgal of 200 F oil.

Both of the above calculations apply to gallons of 0il measured at Z00 ¥. ‘These cor-
roctions are unnecessary if the oil is metered at 60 F. For correction of air volumes for
temperature, see column 4 of Table A.2 in the Appendix. The heating value and air
raquirement at elevated temperature cannot be read directly opposite the gravity at the
aelevated tempernture in T'able 2.2 because the 80 F gravity is the key o the oil com-
posgition, and composition doas not change with temperatuare as gravity does.

138 210 net Btu/gal = = 130 794 net Btu/gal of 200 F oil;

Exomple 2-4. A #6 fuel oil of 15°API gravity is to be heated (for pumping) from 32 to 138 F
in a tank suction heater using 10 psig dry saturaied steam., and from 120 to 295 F {(for
atomization]) by electric booster heatars at the furnaces. (Heat loss from the insulated
pipas causes the temperature to drop from 138 to 120 F between the tank and furnacesn.)

(a) If the flow through the tank heater is 150 gph, how much steam will be condensad?
138 — 120

Interpolating in the second column of Table 2.5, 140 — 120

= (378 — 305) + 305 = 371

Btu/gal {(which checks Table 2.10b].
From Table A.4a, the latent heat of 10 psig steam is 952.7 Btu/lb: so the steam consump-
tion will be 371 Btu/gal » 150 gal/hr = 952.7 Btu/lb = 58.4 lb/hr.

(b) If the maximum flow to a furnace is 12 gph, what kW heater capacily is required.
assuming 10%6 lose (90%6 efficienicy)?
From Table 2.5, the heat content of the liquid oil at 120 F, is 305 Bitu/gal:; at 295 F, is
996 Btw/gal [which checks Table 2.10b). Applying the conversion factor. 1LkW hr = 3413
Btu. from Table C.6 in the Appendix. the kW raquirement is then
(996 — 305) Btu cutput/gal x 12 gal/hr
3413 BtwkW hr x 0.90 oulputl/input

2. 70 kW input.

Viscosity. The viscosity of a {luid is a measure of ite internal resistance to
flow. Viscesity is the opposite of fluidity. A high viscosity o0il approaches Lhe
solid state and will nol flow easily. whereas a low viscosily oil flows readily.
The higher the viscosity of an oil, the higher are the costs of pumping it, and
the more difficult it is to atomize.

Viscosity is measured by liming the flow by force of gravily of a test sample
through a capillary resatriction at a controlled temperature. Since the rate of
flow depends upon the density of the oil as well as the viscosity., these measure-
ments are termed kinematic viscosity. The absolute wviscosity is obtained by
multiplying the kinemaltic viscosity by the density of the fluid. A great many
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different sets of viscosity units are in use. Table 2.6 is s list of conversion
factors for various viscosity scales used for fuel oila.
graphical comparison of some of these scales.

As the temperature of an oil is raised, ite viscosity is reduced ﬂnd it flows
more readily. Hence heavy oils are often heated before being pumped into

Figure 2.7 shows a

Table 2.5. Heat contents of various oils* [See Example 2-4)
Hoat content Gravity, °API at 60 F (15.6 C)
in Btu/gallon 20 30 35 40 45
of liguid Specific gravity. 60 F/6O F
vapoﬂzes—_\\\\\LOOOO 0.9659 .9340 0.9042 O0.8762 0.8498 0.8251 0.8017
32_T:§b\\ o O 0 4] o o
L) (1) O L4 0 [ 4] L] 1]
80 o5 o3 92 o0 89 87 86 B85
o665
100 237 233 229 226 222 219 215
1065 2TOG2
120 310 305 300 295 290 ZH6 281
1216 1112
140 as4 ara 3z 3A6G6 360 355 349
1169 1164
160 460 453 445 438 431 425 418
- 1Z36 1223 1217
180 538 529 520 s11 503 496 486
1Z93 1278 1272
B 200 617 GO7 596 587 577 560 560
E 1371 1352 1335 1327
£ 220 607 586 674 663 652 643 633
ke 1434 1412 1.393 1384
g =zao0 779 766 753 7a1l 729 718 707
o] 1498 1474 1452 1442
260 as2 848 833 B2O BOY? 795 783
1563 1537 1513 1502
300 1034 1017 999 984 a68 954 o939
1699 16686 1630 1626
400 1489 1463 1439 1416 1393 1372 1352 1333
zZ088 2064 2041 2018 1997 1977 1058
500 1981 1947 1914 1884 1854 1826 1799 1774
2407 2461 2434 Z2404 2376 2349 2324
600 2511 2467 2426 2387 2350 2314 2281 2248
ZO042 2901 2862 2825 2789 2756 2723
700 3078 3025 2074 2927 2881 2837 2796 2756
3a78 3425 3374 3327 3za1 3237 3196 3156
800 3683 3619 3559 3502 3447 3395 3345 3297
4008 3944 angaa an27 3ITTZ 3720 3670 3622

* Sce Raferance Z.c inn the list of refloronces

at the end ol Parl 2.
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delivery lines. Figure 2.8 shows how temperature affects the viscosity of some
typical fuel oils. Figure 2.8 is plotted on special graph paper prepared by the
American Society for Testing and Materials, If the viscosity of a parlicular oil
B masem al S9 o Siilerent Aemperatures, a straight line may be drawn betweeon
these known points on this special graph paper to obtain the viscosity-
temperature charactleristics of that oil. Table 2.10a gives some useful viscosity
and temperalurs information for typical oils.
Example 2-5. Tha oil of Example 2-2 is to be heated to 168 F to reduce its viscosity to
100 SSU. Find its abaalute viscosity in centipoise and in pounds mass/hr [t 6t 1688 F.

From Figure 2.7 or formula 2/31. 100 SSU is found equivalent to 20.68% contistnkes. In
Example 2-2, the specific gravity of the 0il atl 168 ¥ was 0.873. Applving formula 2/16,

the absolute viscosity in centipoise is 20.65 > 0.873 = 18.03 cp.
The abeolute viscosity in 1b/hr ft can e calculated by formula 2/22: 18,03 ¢p - 0.413
43.7 1b/hr ft. Another method is by formula 2/28 and formula 2/17: 20.65 cs <+ 25.81

0.800 fti‘hr; then 0.800 ft/hr x 54.47 1b/ft?, the specific weight from Example 2-2,
43.6 lb/hr 1t. .

Cortain ranges of wviscosity have beaeen found best for pumping and for
atomization af fuel oils. Thase ranges are shown as shaded areas on Figure
2.8. Table 2.10a provides a convenient way to find the o0il temperature re-
quired to attain these viscosities. The affect of viscosity on oil atomization is
an important consgideration for clean, complete combustion. Good combustion
depends on properly atomized oil intimately mixad with air. With low pres-
sure air atomizing burmers, an oil viscosity higher than the 70 to 100 SSU
range tends to produce oil draoplets too large for intimate air sand oil mixing
and that encourages carbon formation in burner blocks and Furnaces. Sincea
the heavy oils tend to carbonize more readily than light oila, good atomization
is doubly important for these more viscous uils. Another important consider-
ation is the fact that viscosity variations affect fluid flow through orifices
or valves in such a way as to upsel controlled air/oil ratios. The dagree of ail
preheating must be determinaed by the viscosity reguired for reliable control
and clean combustion. See Tables 2.10a and 2.10b.

Example 2-8. The viscaosity of an cil has been measurad as 75 SSF at 122 F and 1530 SSU
at 100 F.

[a) ¥If this oil is to be burned in a burner whose atomizar requires 100 SSU, to what

temperature must it be heated?
Following the horizontal arrows on Figure 2.8, locate the two taest measurement points.
A line drawn betweaen these points {(diagonal dashed arrows) represents the loci of
vigcosity-temperature conditions for this particular eoil. Extending tha lina until it inter-
sects the horizontal 100 SS1J line, read Z09 F as the 0il temperature redqguired for
atomizing.

(b) What tempearature range is recommended for this o0il for easy pumping? The
diagonal dashed arrows on Figure 2.8, from Example 2-6a, intersect the upper and lower
extremas of the *'easy pumping'” viscosity band at 72 F and 93 F: so the thermostat for
the heater at the tank should ba selin this range.

wn
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Table 2.6. Formulas for conversion of viscosity unite (See Example 2-5)

o - = = =& =
> g [2/16] abs viscin cp = kin visc in ¢s8 < specific gravity
g g [2/17} abs wisc in #m/soc ft = kin visc in ft¥sec =x mass densgity in #m/ft>
RS [2/18] abs vigcin #f sec/ft? = kin visc in f1"/rec x (mass deneity in #m/ft?) = 32.17
[2/19) 1 #fsec/ft? = 32.17 #m/isac ft
- [2/20] 1 poise = 100cp = 1dyne-s/cm?t = 1 g/s-cm
2 *‘g [2/21] 1 #m/sec il = 1488 c¢cp = 1.488 Pa- =8
:—g' = [2722] 1 #m/hrft = 0413 ¢cp = 1.488 kgm/hr-m
2 '3 [2/23] 1 #misecin. = 17 850 cp = 178.5 poise
:;__Ea [2/24]) 1 #f sec/fi* = 47 B50 cp = 0.4883 kgf - s/m*
[2/25] 1 #fhr/ft* = 172 260 000 cp = 0.4883 kgf - hr/m*
[2/26] 1 #f sec/in.® = 6 890000 cp = 1 Reyn
[27/27] 1 ftz/faac = 92 900 cs = 0.0929 m3¥'s
= [2/28] 1 ft2/hr = 25.81 ce = 0.0929 m*hr
= [2/29] 1 in%sac = 645.2 c8 = 0.000 645 m¥s
o [2/30] 1l stoke = 100 cs = 0.000 1 m*/s
b= {2/31] kin viac in centistokes = [0.266 x SSL1I) — (195/SSU)), for SSU 32 to 100
:E; 12/32] ‘kin visc in centistokes = [(0.220 x SSUJ} — (135/SSU), for S5U >100
2 [2/33] kin wvisc in centistokes = (2.24 = SSF) — [184/S5F), for SSF 25 to 40
g [2/34] kin visc in centistakes = (2.16 x SSF) — [60/SSF), for >40
- [2/35] kin wvisc in centistokes = (0.26 x SR1) — (179/SR1), for SR1 34 to 100
-'5_ 1 2/36] kin visc in centistokes = (0.247 = SR1) — ({50/S5R1), for SR1 > 100
= [2/37) kin viasc in cenlistokes = (8.0 = °E} — (8.64/°E), for °E 1.35 to 3.2
[2/3B] kin visc in centistokes = (7.6 x “E) — (4.0/°E}, for “E >3.2
abs visc ir absolute vircosity, u: kin visc is kinematic viscosity, v
cp is centipoise (abs visc): cn is centistokes (kin visc)
speacific gravity is relative to water, = {mass density in #m/ft3) - 62 .35
g #m is pounds maso; #f is pounds force
= kgm = kilograms mass: kgf = kilograms force
’% SS1) is kinematic viscosity in seconds. Saybolt Universal
= SSFis kinematic viscosity in gseconds, Saybolt Furol
SR1 is kinematic viascosity in seconds, Redwood No. 1 [or Redwood
Standarcd)
“E is kinematic viscosily in degraees Engler. 1 °E = 51.28 seconds Engler
Water™ Adx Nat']l Gas
=2 1= 1.124 cp pu = 0.018B0 cp g = 0.011 cp
E— g = 2.72 #m/hr - ft = 0.0436 #mv/hr - ft = 0.0266 #m/hr - ft
= = = 2.349 > 10°* #F. a/f1* = 3.763 x 10T #f-s/ft? = 2.30 = 1077 #f.as/t*
™= v = 1.130 aa v = 14.60 cs v = 14.92 cs
292 = 32 S5U = 1.469 x 107> m?¥s = 1.49 x 107*mis
= = 0.04378 ft*/hr = 0.5691 fv*/hr = 0.578 ftv/hr

* Approximate viscosity of watern! POF (21 C)is 1 ocp and 1 cs.

+ A dot betwean syoibols means *'times’ or “"multiply by™".

e A - o
. e S R e
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Alignment charl for comparing viscosity scales at the same tomperature. Lo » straighi-

2-5 and Table 2.6.
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Distillation Test.This test evaluates the distillation range of a fuel as to initial
boiling point (temperature)}, end point, and some intermediate points, such as
the 1026 and 90% points. (The 10% point is the temperature at which 10%2% of
the initial volume has distilled off.) The test is run with speacified standard
equipment and technigue. to obtain comparable and reproaducible results. Only
light oils are subjected to this test hbecause heavy oils crack before they reach
their boiling peoints. Low initial and 10%% poeints indicate a possibility of vapor
lock in heaters. High 90%% and end points suggest the possibility of residues
and droplet depositas. Table 2.10b lists distillation ranges of some typical fuels.

Figure 2Z.B. Viscosity-temperature relations for typical fuel oils. “Tho diagonal lines are samplns.
not standards, for the designated gradea of fueal vils. Source of the crude determinas the slope of
the line. This ASTM chart may be used for plotting properties of other fuel oils. See Example 2-8.
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Table 29, Analyses and charactetistics of selected fuel olls* |
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* Largely from Refsrence 2.0 at the end of Part 2.
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Table 2.10a. Viscoslty-temperature information Kipematic Viscoslty
for selected fuel cils, The far right-hand columns Required oll temperature, F, C 2000 88U 100 88U
list temperatures required to reduce the oil viscosity . \ 44005 20.7 cs
to levels often requirad for easy pumping (2000 SSU), 6 max 10000880 2200 csj 138F 59C 185F 126C
and for atomization (100 SSUJ. 3 P ; 1 000 220 8 8 198 o1
2 max g 760 185 72 22 182 83
;150 321 20 -7 122 50
3 4 mex 100 20.7 2 -17 100 38
¥ 4m 45 6.9 -75 -5 21 -3
2mex 38 15 - 2 -7

Table 2.10b. Heating requirements for products derived from petroleum (See also Table 2.5 and Example 2-4)

Commercial  Specific gravity st Distillation Vapor pressure’  Lalent Btu/gal’ Btu/gal’ to heat from 32F (0C)to:

fuels 60/60F [15.6C) range, FIC*® psia/mm Hg te vaporize Pumping lemp Atomizing temp® Vapor
No. 6 ail 1.865 600- 1000/ 300-560 0034/ 28 764 7 MG i61gd
No. 5 oil 0.945 600-1000/ 300-500 0004/ .2 749 133 635 35584
Na. 4 uil 0.902 325-1000/ 150-500 0.2321 12 737 — 313 27254
Nao. 2 oil 0.849 375- 750/150-400 0019/ 1 743 — - 27044
Kerosene! 0.780 256- 481/ 160-235 0.039/ 2 750 - — 13034
Gasoline® 0.743 as. 300! 37-185 0.135/ 7. 772 - . - 12154
Methanol: 0,796 148/ 64 462 [ 239 3140 - — 3400
Butane? 0.582 3t 0 3111604 804 — - 4763
Propane® 0.509 44f 42 124/6415 785 — — 9635

At the atumizing temperature or 60 F, whichever is lower. Based on a sumple with the lowest boiling point from column 3.

T convert Btu/US gallon Lo kealiitra. multiply by 0.666. To convert Biw/US gallon to Biu/pound. divide by 8.335 x sp gr, from column 2.
To converl Biu/US gallon to kealfkg, divide by 15.00 x sp gr, {rent columa 2.

4 See Table 2.10a.

“Calculated for boiling at mid-point of distallation range, from column 3.

3 Includes latent heat plus sensible heat of the vapor heated frum boiling point to 60 F (15.6 C}.
Small lellers refer to raferences at end of Part 2.
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Flash and Fire Points. As fuel oil is heated, vapor collects above the liguid
surface. If it becomes sufficiently concenirated, exposure to an open flame
will rasult in a flash. The lowest tempeoerature at which this cccurs is called
the flash point, determined by the clased cup (Pensky-Martens) test or the open
cup (Cleveland) test. The open cup test readings are 20 to 30 degrees F higher
than the closed cup readings for the same oila. The fire point determined with
the above-mentioned open cup tester. is the temperature at which a flame
is sustained for at least five seconds.

The flash and fire points indicate the exient of fractionation. They are of
interest from the standpoints of safety and lighting characteristica. Although

somewhat arbitrary. they serve to indicate the relative storage hazard of
various fuels.

Carbon Residue. When an aqil is evaporated, some free carbon may be left,
sometimes formed by cracking during the evaporation process. The amount

of carbon remaining indicates 1o some extent the tendency of the il to car-
bonize under vaporizing conditions.

Carbon residue is measured by the Conradson test with an open flame or
the Ramsbottom test heating through a molten baith. Results are not identical.
Formulas are available, howeaver. for converting the results from one test 1o
the equivalent value of the other test. The tests are arhilrary: their valueo lies
in showing the relative socot-forming potentials of oils. The carbon-forming
possibilities should neot be judged entirely from these tasts, because carbon-
ization is also influenced by burner design and operation.

Ash, %6, is determined by burning off all the combustible matarial from a
known weight of oil. The mineral matier remaining is the ash and usually con-
sists of a minute quantity of mud or sand. Ash is nol usually a problem in
burners, but it can foul heat transfer surfaces, or melt and attack refractories.

Water and Sediment (bottom sediment and water, baw) are determined hy
coentrifuging 50 millilitres of fusel oil mixed with 50 millilitres of 90%% ben=zol
at 1400 to 1500 rpm and-120 F. The water and sediment are thrown to the
bottom and measured. Any appreciable amount of water will cause discon-
tinuous o©il {flames. Sediment tends to clog burners and control equipment.

Pour Point. If a sample of oil is gradually cooled, a Lemperature will ulti-
mately be reached at which the il will not flow—the pour point, mainly
dependent on the amount and type of wax contained in the oil.

Standards. Table 2.11 compareaes some commercial and military standards
for fuel cils, specified in terms of the above-mentioned physical properties.
Some oil suppliers have established grades other than those listed.



Tahle 2.11. Comparison of varivus fuel oil specifications. Local legal limits may superseds these specifications. ®

Carbon Distllation
Flas | Poar residae Iamp:r‘:jllum. Kigematlc viscosity Grons
point, | peint, | Watersad [ on10% | Ash, Saybolt seconds | Sayhollsecands | Centistakes [ Centistokes | ity | Sulk
F 4 sedimenl, | bottems.| ®aby | 10% Universa) at Furn) ot at 100 F al122F deg | fur,
(€} | (Ch |%byvolume,| %, | weight. [ point | 80%polot, | 100F(IBEY, 122 F {50€). (38C), 505, | APL} %,
min | max max max nax may, | min  max min  mex min  max min mex | min max | min [max
Na, 1 14X} n teuce Q.15 - 420 - 550 - _ — - 14 2.2 — — 33 |05
(38} | {- 18} 12164 (268}
Na.2 we | 20 0.05 0.35 - — %0 s} & M - - 10 a8} — — | 2 }os
(8] | (-7} {z82 (18
[ 1
]
'E No. 4 130 20 050 - Q10 — - - 43 125 — - 56 284 -~ — e
-} £3) | (-71
E No. 3 1 - 100 - [LR1)] - - - - 150 30 - - Ly 6| — —_ - -
< [light] (55)
No. 5§ 130 - 100 - a.10 - -_— - 350 750 23 a0 75 1627 42 a1 =
(keavy) (55}
No 6 151 - 200 - - — - - 00 90 45 00 188 t0A0 92 638 - | -
{65}
_ bswo b | - 0125 - — | 20 {450 0] - - - - T T B
E {218 | 1238|208
r - '
EPson 150 | - .5 - - S 1] . 15 55 J—- P - | =
-] 1651 f116)
&
a PSI30 150 —_ 1.1 — - - - — — - 2 4n - - - - -] -
; fih
g [fi5)
&
PS4 13 | = pXi] - - - - - - | - - =] = = U
(55) '
[ ]
2 qp2 - - - - - - E 11— — - - - - - = = 45 104
3 (249)
LK
)
£3 s w | - - ~ — {ao [t | - - R N I R LT
5% ) zon | pzoy
g

FLhis is st o repreduction of ASIM epacilications.-merely a comparison al somr a3pdtts of the ASTA] svslem with othar grading systems, Fer complate ASTM specifications, purchase 4
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PROPERTIES OF GASEOLUS FUELS

Gasecus fuels may be analyzed volumetrically in terms of the chemical
compounds they caontain. Other important properties of gaseous fuels are
discussed below.

Gas Gravity (specific gravily) is a convenient measure of the density of a gas
relative to that of air (0.0763 1b/ft? or 1.225 kg/m? at stp):

gas density _ gas density, Ib/ft*  gas density, kg/m*

air density Q.0763 1.222

[2/39] gas gravity

Heating Value. Although the heating value can be calculated from the gas
analysgis, it is frequenitily measured by means of a steady flow constant pressure
calorimeter in which the gas is burned in a water-jacketed combustion chamber.
The temperature rise of the water is a measure of the calorific value of the fuel.
(Part 1 and the Glossary explain gross and net heating values.)

Heating values are expressed in Btu/It® under specified conditions of moisturs
content, pressure, and temperature. The conditions are not too well standardized.
Some gas companies correct all consumption figures to 6 osi gauge pressuraea,
saturated, for billing. Tables A.2a and A.3 in the Appendix contain volumae
correction Ffactors for temperalure and pressure.

Example 2-7. A gas meter in the supply line to a furnace reads 1 219 507 ft* at 7 am and
1 224 443 f1° at 11 am, same davy, al 18 ogi and 80 F, If the gas is Pittsburgh naiural gaa.
what was the average hourly Btu input during this period?

1 224 443 — 1 2189 507 = 4936 ft? in 4 hours, or 4936/4 = 1234 ft*/lir. From Table
A.3in the Appendix the factor for correcting to standard pressure is 1.0765; from Table
A.2a, column 2, the factor for correcting to 60 F is 0.9634. Thus the gas consumption
at stp is 1234 = 1.0765 x 00.9634 = 1280 {ft*hr. From Table 2.12b, the gross healing
value of Pitteaburgh natural gas is 1129 Btuw/ft? at sip. The average input rate is 1280 fti/hr
» 1129 Btu/ft® = 1 445 000 Btu/hr.

Condensible Hydrocarbon Content. The terms wet and dry indicate whether
natural gasas contain more or less than 0.1 gallon of condensible hydrocarbons
(usually natural gasoline) per 1000 ft® of gas.

Sulfur Content. The terms sweet and sour indicate a small or large propor-
tion of hydrogen sulfide or other sulfur compounds.

Gaseous Fuels Bata. Tables 2.12a. b, and < list properties of gaseous fuels.
Example 2-8 illustrates conversion aof combustion product data to another form.

L
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Table. 2.12a.

Type of Gas

Aceatylens, commercial
Blast furnace, B
Blast furnace, U

Butane. commearaial, natuaral gaa
DButane, commercial. refinery gas
Coke oven, R
Coke oven, U

Digester (Sewage)]. Bergen, NJj
Digester (Sewago)], Decatur, 1L,

Landfill,
Mapp

Cagistrio, ‘81

Alaska
Algeria I.WNG, Canvey
Gaz de Lacq

MNatural,
Natural,
Natural,

MNataral,
Natural,

Groningen, Netherlandsa
Kuwait, Burgan

Natural,
MNatural,

Libva LNG
MNorth Sen. Bacton

MNatural,
Natural.
Natural,
MNatural,

Birmingham, AL
Euast OH

Kansase City, MO
Fittsburagh. PA

Producer, Koppers-Totzek!?
Producer, Lurgi?, commaercial
Proaducer. Lurgi?!. sub-bit,
Producer, 1GT2, lignita

Praoducer, BCR?* Waeasat KY
Produacer, W-(0, bituminous?
Producer, Winkler?

Propsane, commercial, natural gas
Propane., commercial,

Sasol, South Africa
SN, no methanalion

r O-blown
2 mir-blown
3 1linois coal

rafinery gas

Analyses of typical gaseous fuels

NORTH AMERICAN COMBUSTION HANDBOOK

Analyveir 2o by Volume (mol 24}

CH, C:Hs GyHn C.Ho co H; (ale P O, N2
(97.1%% CzH; 2.5% C:He(d] 0.084 O©.28
—_—— - J— J— 22.7 2.3 19.3 (e 55.0
— — — —_— 27.5 1.0 11.5 — 60.0
—_— —_ 5.0 70.7n- R _— —_ -_— ———
23.3iso-
—_ — 5.0 50. 11— (28.3% C4Fla)
16.5iso-
6.3 3.4 0.z P 4.z 50.6 0.9 1.6 10.8
29 3.3 [0.6 F:zS) 5.6 55.4 1.4 0.4 4.3
50.0 Q.05 — _ — —_— 36.4 016 Q.57
88.0 —_ — — —_— 2.0 z22.0 — 6.0
53 .4 fother hydracarbons .17} 0005 a.onNns 3a4.3 D.O5 G.2
J— — 15.0 1Q.0 (B6.0%6 C.Ha, 9.0%% CaHu)
09.6 — —_— — — —_ — - 0.4
ar7.20 B8.61 2.74 1.07 —_— e — — .36
97.38 2.17 D.10 .05 — —_ — 0.30
81.20 2.90 0.36  ©.14 — 0.87 —  14.40
BB.7 a.5 1.7 a.5n- — 1.8 —_ 0.6
0.2isn-
70.0  15.0 10.0 3.5 — —_ — 0.90
93.63 3.25 0.69 0.27 — — 0.13 — 1.78
0.0 5.0 — — — —_— _— 5.0
a4.1 3.01 Q.42 0.28 J— 0.01 0.71 Q.01 1.41
84.1 6.7 J— —_ J— —_ o.a J— 8.4
63.4a 15.8 _ _ — — a.8
(0.02 cos. 0.28 H.S) 5B.7 3z.9 7.0 - 1.1
5.8 (6.6 H20, 0.1 H:S5) 14.1 2Q.9 12.5 —_ 40.0
10.2 (0.4 C.,H,, 0.3 H2S) 17.1 40,2 31.4 —_ —_
8.2 (2.1 C H, 0.4 H>S) 19.5 24.5 24.6 — 0.6
i5.6 [1.4 H:5) 44.0 24.4 14.0 —_— 0.6
2.7 _— — _ 28.6 15.0 2.4 0.0 S50.3
1 — - — 10 12 2z — 565
— 2.2 97.a 0.5 — —_ — — —
2.0 2.9 0.8 (24.3%9% CaFlg)
28.0 — — — 22.0 48.0 1.0
79.3 J— — - 1.2 189.0 0.5 — —



Table 2.12h. Properties of gaseous fuels from Table 2.12a (See Example 2-7)

Calorific Value at sip Giross Gross
Gas Rtu/ft! kocal/m? Bru/ft!' kewulim?
RN . Type of Gas Gravity Gross Nel Grnss Net of Std. Alr  uf Stel. Air
- Acetylene, cammerclal - 0.8z 14442 1444 313 280 12 830 1229 10949
Blast furiiaco. B 1.06 &1 8o 720 71t L43.8 1280
Hlast furnaco, U 1.02 02 02 810 415 195.2 1203
Butane. commsercial, natural gas 1.94 z214 2991 28 640 26 615 105.1 0nias.4
Butuang, conunorecial, refinary gas 1.97 3170 2958 28 200 26 280 105.6 93949
Coka avon, R .4} 530 473 4 Ziy - 229 16,3 FEIR N
Couke oven, LI {1.36 554 4097 4 B2 4 421 115.3 1026
Digester (Sewage), Bargaon, N) .93 S98 3% ¥+ 5 322 4 A4 14163, 1 4.2
Digester [Sewnage), Docatur, I .77 GO5 Gaz 4 186 5 rizl 10163, 2 Uy 7
Landlill, Cagistriao, a1 D.08 540 495 4 804 A 304 10¥5 0931
Mapp 1.48 2166 2242 21 062 T8 HHO i11.4a ag00a.8
Natural, Alusks 0.56 1006 917 H 976 3160 106.0 0427
Natural, Algeria LNG, Canvey 0.64 1139 1039 10 142 Q 243 105.8 031,49
Natural, Gaz du LACqQ Q.57 1028 a3g 9 154 H 326 105.8 n4z.5
Naftural, Groningaen, Neilherlonds 0.64 su7 sL7 7 8uUg 7 184 105.0 $H42.3
Natural, Kuwuil, Burgan .64 10094 V7 9 710 i ThA 105.8 41,5
Natlurai, Libya LNG N7 1330 1227 11 913 10 919 1IN5.6 [SETI NG
Natural, Nurth Sea. Bacton .59 1042 H3Y 9 1471 fl A56 105,49 a12.2
Natural, Birminghuam, AL .60 1000 o910 8 HOZ 8 000G 105.0 S42.4
MNalural, East OH 0.59 1027 935 Q@ 140 A 314 105.0 G2
Natural, Kansas City, MO 0.63 [3rdy] Bo3 8 8330 7 858 105.9 9421
Natural, Pitteburgh, A 0.63 1123 1025 9 095 O 116 105,68 Q41,7
Producer,. Koppers-Tatzek!'? 0.71 2013 275 2 581 2 447 131.3 11683
Producer, Lurgi?’, commercial 0.80 173 158 1 538 1 405 123.6 1100
Producer, Lurgi?, sul;-hit. 0.74 3041 275 2 705 2 347 122 1087
Producer, IGT? lignite Q.79 449 457 4 442 4 066 112.8 1LH3
Producer, BCR?*, Weast KY 0.77 386 362 3 165 3221 120.9 izl
Produteaer, W-C, bituwminous? 0.84 166 159 1 499 1 415 120.6 1153
Produner, Winklar? Q.98 L1z 111 7 0412 £0E363 188.3 165763
Prapanes, commercinl, natural gas 1.52 2409 2316 22 236 20 603 10fi.1 a35.1
Propane, commaerciul, refinery gos 1.50 2462 2289 21 902 20 43G7 106.Q Qa2 7
Sasol, Soulh Africna .41 511 463 4 544 4 147 118.7 14756
SMNG. no methunation .47 B69 787 7 7l 7 LA 107.8 O58.7

See footnoles on page 36.



Table 2.12c. Properties of gaseous fuels from Tables 2.12a, b (See Example 2-8)

Sinichiometric products of combustion Flame tempereiures', F
Wobbe vol air %00,  %HO0 %N, tolal vol 0, See  Air, See Air, See

Typa of Gas . lndex vol fuel  dryt wel wel vol Tuel  nole’ note* nole’
Acetylene, commercial 1559 12.14 174 .83 75.8 12.66 5630 4770 1966
Blast furnace. B 78.8 .56 28.7 1.6 £9.2 1.44 — n— 2367
Blas! [urnace. U 9.9 0.68 255 0.7 74.0 1.54 - 2650 2559
Butane, commercigl, natural gas 2287 3056 140 14.9 73.2 33.10 - ~ 3543
. Butene, commereial, refinery gas 28 v 14.3 144 734 32.34 - - 3565
Coke oven, R 830 4.56 491 22.1 70 5.30 - - 3525
Cuke oven, U 920 4.81 9,86 2.5 69.7 5.51 — - 3532
Digaster, [Sewaga), Bergan, NJ 618 5.64 18.1 178 G7.1 B.63 - - 3285
Digester, [Sewage). Nacatur, i, 7915 .55 14.7 18.4 69.7 7.52 —_ — 3368
Lendfill, Cagistrio. 81 581.7 5.16 17.6 17.7 §67.9 6.10 - — 3276
Mapp 1947 21.25 15.6 11.8 744 22.39 5301 — 372
Natural, Alaska 1352 8.52 1.7 18.9 716 10.52 - - 3472
Notural, Algeria, ING. Canvey 1423 10.76 121 8.3 7.9 11,85 - - 3483
Netural, Gaz da Lacg 1363 8.71 1.7 198 716 10.72 - - 3474
Natural, Groningen, Netherfunds 1107 8.38 1.7 18.4 720 9.40 - - 1446
Natural, Kuwait, Burgan 1364 10,33 12.2 18.3 717 10.40 - - 3476
Natural, Libya. LNG 1520 12.68 12.5 17.4 7l 13.80 — — 3497
Natural. North Sea. Bacton 1345 9.74 11.8 18.7 77 H.77 - — kLT
Natural, Birmingham, AL 1291 9.44 7 18.6 718 10.47 5120 3565 3968
Natural, East (8 1336 g.70 119 18.7 717 1072 - - - 3472
Natural, Kansas Gity, MO B ¥} 1,16 i1.8 18.5 719 i0.19 - 3535 3461
Natural, Pitishurgh. PA 1446 10.62 12.0 18.3 71.9 11.70 5150 3562 374
Preducer, Koppars-Totzek 343 2.21 27.2 12.1 63.9 2.75 - arel 3405
Producer. Lurgl’, commarcial 192.8 1.40 17.7 17.6 67.7 2.22 - 2997 2977
. Produger, Lurgi’, sub-bit 334 249 134 10.8 #1.5 3.20 - 3349 kil
Producer, IGT, lignite 562 143 18.7 17.5 B7.0 5.24 — 3435 3406
Preducer, BURY, West KY 444 11 223 4.7 6.0 188 - 3579 3514
Producer, W-G, bituminous 183.6 1.30 18.3 9.8 735 208 - 3214 3167
Prudicer, Witklee™ 118.2 .4z 4.1 B3 68.9 .31 — 2815 018
Propane, commerrial, natural gas 029 FER: 117 135 73.0 253.77 - - 3532
Propane, commercial, refinerv gas 2008 3.2 14.0 14.9 73.2 35.10 - — 1550
Sasol. South Alrica 7.4 430 12.8 210 8.8 194 - 452 3584
SNG, no methanalien 1264 B.06 11.3 198 711 8.08 - — J483

lhepratical (caluluted] lame lemperatures. dissociativa considesed. See Figure 1.9 far some migasured flame lemperalures.

"\¥ith 100% Oxggen. from data in lechnizal literature, mostly Reference 2.9 listed al the enel of Part 2.

*With mir. from cata in lachuical Iarature, nostly Refarenca 2.g listed af the end of Patt 2,

"With air. Although these temporatures are lower than thuse reporied in the liternlure, they are oll computed on (he seme busis: en they offer a
comparisan of the relative flame temperatures of various fuals.

Sullimate.
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Example 2-8. Find the actual analysis of [lue products {for Birmingham natural gas from

data in 'able 2.12c.

71.8%b 7.52 [* N/ft® fuel

Volume of nitrogen = 100 10.47 =
18.6%0
Volume of water vapor oo 10.47 = 1.95 ft* H.O/ft® fuel
Vaoalume of dry filue gases 1047 — 1.95 = 8.52 f1/fit* fuel
L 11.7 %% i
Volume of carbon dioxide ~Too- = 8.52 = 1.00 tt' COJft? fuel

7.52 ft* N. + 1.95 ft® H, O + 1.00 ft> CO, = 10.47

Check: Total volume =

INTERCHANGEABILITY OF FUELS

Fuel supply shortages and price fluctunations may make it necessary 1o sub-
stitute one fuel for another. preferably without major changes in combustion
chambers, burners, piping, or controle. Five aspects thal must be considered
1) equal heat input rate, 2) fluid handling capability of flues, burnears,

are:
3) burner stability, 4) heat release pattern, 5) furnace

piping, valves, controls,

atmosphare.
‘Gas to Gas. The Wobbe index, formula 2/40b, is used to evaluate interchange-

ability with reaspect to items 1) and 22). If the substitute gas has the same Waobbe
index as the gas being replaced, no change of valve settings should be necessary
when changing fuels.

If the substitute fuel, which may be a fuel-air mixture, has higher gravity
than the gas it replaces, fewer cubic feet will flow through the piping, valves,
or orifices with the same pressure drop. See formula 5/1a. To compensatie for
this, the roeplacement mixture must have enough higher heating value to carry
the same original amount of heat to the burner. Convarsely, if the substilute
has a lower gravity, it must also have lower haeating value if the valve setlings

are to remain unchanged. This means that:

Go cfhm Go Ho
/40 = = — = e
[2 al I/ G must ofho or S o

gravity relative to air as 1.0, H = calorific value, o = original

where &G =
m = substitute mix consisting of p and a.

gas, p = pure subsatituate, a = air,
Rearranging 2/40a gives the definition of Wobbea index:

hITEN
20

{2/40b] Wobbe index = = 1 <
awx — Ho _ m =
VGo vV Gy =

A GRANE
SN0 A

NG

A

\{'”j»-



40 NORTH AMERICAN COMIBUSTION

HANDBOOK
For mixtures, when one ingredient is air

- Co P ] (0/63 ]
2/ [0 = —_— o= .
[ 400] n] 200 > Gp -+ 100 >< Ga

butGg = 1.0and 2a = 100 — 2op; so0 Gm = 1 + 1/(38“31) — 1)
(2/40d] Hm = {322 x Hp) + (2 = Ha ). but Ha = 0: 80 Hm = 7oL (Hp)
100 P ioo ay a ' m 100" P

Combining the above formulas, the %24 of pure substitute in 8 mixture with air

that will be interchangeable with the original gas both heat-release-wise and
flow-wise is:

[2/41}] 2op = 200

1 - Gp + |/{Gp - 17+ 400(%]2
- L8]

Example 2-0. If propane is to be substituted for natural gas during curtailments, the dif-
ferent calorific value and gas gravily (densgity) would necessitate readjunstment of tha gas
limiting orifice valve (see Volume 11} when the propane is tumed on, and again when resum-
ing with natural gas. For one or a few burners, it may he practical to install duplicata
gas traines in parallel. T'he limiting orifice valve in one gas train would be adjusted for
carrect air/natural gas ratio; the other for correct aic/propane ratio. If fuel changes are
frequent or if many burners are involved, a propang-air mix, having the same Wobba

index as the natural gas, can be substituted al the same pressure without roadjusting
valves.

A 1025 Btuw/ft? natural gas {gas gravity = 0.592} is to ba replaced wilh a propana-air
mix using 2615 Biw/ft* propane (gas gravity

= = 1.552). Use formula 2/41 to find the
% propane to be used in the propane-air mix:

200
2op =

— = 5B.6.
1 - 1.5582 + ]/0 3047 + 4 (0.592) (fg;:

Iin the table below, 1the bold figures are given data. The other figures are darived by
substituting given data in the formulas indicated in brackets

original pure substitute ailr mix substitute, [2/41] 58.6%% propane
H 1025 Btu/fts 2615 Btu/f 0 [2/fa0d] 1532 Bru/ft»
G 0.592 1.552 1.0 [2/4Dc] 1.324
Waobbe [2/40b) 1332 [2/40b] 2099

o [2/40b) 1332

Liguefied petroleum gases (propane, butane,

and mixes of propane and
butana) are delivered and stored as liquids in pressurized vessels. For most

industrial rates of consumption, a vaporizer is necessary. The volume of gas
available from a gallon of liguid is 36.82 ft“/gal for commercial propane,
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and 31.46 ft*/gal for commercial butane, when botih liquid and gas are measured
at 60 F (15.6 C) and the gas is also at 30"Hg. A gas-air mixing station is necessary
R AR R I R N R PITESR D 01 gasto air at all demand rates. See
Volume II. For safety in handling, the gas-air mixture should be above the upper
limit of flammability, i.e. too rich to burn, until it is further diluted with the nor-
mal amount of combustion air at the burners.
Table 2.13. Typical propane-air mixtures usable as substitutes for fuels from Table

2.12, based on refinery propane (H, = 2504 B/, G, = 1.77)

Original Fuel : Mix Substitute

Deascription H, Gy Wobbe,, Yop Mo, Gy Woeohbhbe,,
Producer, Lurgi 173 Q.80 193.4 7.96 199 .3 1.0861 193.4
Producer, K-T 290 0.71 344.0 14.49 362.9 1.112 344.0
Coko Oven, U 554 .36 Nz23.3 42.48 1063.7 1.327 923.3
Natl, Kans. C. MO Q70 .63 1222.1 538.83 1473.1 1.453 12221
Natl, Birm. AL 1000 0.80 12931.0 &62.80 15724 1.484 = 1Z291.0
LING, Algeria 1139 0.64 1423.8 70.65 1769.1 1.544 1423.8

Warning: Fuel specs change with locale and time; so Lthese figpures should
be used only as a guide. Use foarmulas 2/40 and 2/41 for specilic cases.

Burnerxr stability is a function of flame velocity and flammahility limils.
Although some thearetical methods have been proposed for evaluating lame
stability when interchanging fuels, it is advisable to actually try the substitule
gas in the burner types to be used at all expected firing rates and gas/air ratios.
Premix burmners are generally more sensitive, stahility-wise, than are most
modern nozzle-mix burners. There ia usually no stahbility problem with gaseous
fossil fuels (methane, ethane, propane, butane and mixtures thereof) hut these
fusela sometimes contain soot-forming unsaturates such as propvlene and
butyvlene.

Heat release pattern depends on the flame's shape, intensity and luminosity.
Natural gas is relatively slow burning; so most substitute fuels will tend to burn
with shorter, more intense flames. The effect of such a change can only be
evaluated by trial for sach process for which a substitutle fuel ia proposed.

Furnace atmosphere may be seriously affected if the substitute fuel contains
a higher concentration of an impurity such as sulfur. Some processes, parlicu-
larly heat treat atmosphere generalors, are sensitive to the changing carbon/
hydrogen ratio, which may involve dew point control.

Gas to Oil. The anly wavy to substitute oil burning through existing gas burners
is with an external vaporizing system added to premix gas burners. If the input
per burner can be at least 250 000 Btu/hr (17.5 kcal/s), it is usually less expen-
sive to replace each gas burner with a dual-fuel burner {a combination gas
burner and oil burmer buill into a common housing). Either of these conversion
systems (vaporizer or dual-fuel burners) reguire more first cost than gas-to-gas
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substitution, but may save on operating (Mel) cost. Selection of the conversion
equipment takesa care of the first three of the five aspects listed in the intro-
duction to this section on interchangeability. ’

The fourth aspect, heat release pattern. is different for oils because their
flames are more luminous. (However, there are a few burners designed to
produce blue oil flames, and long luminous flame burners make yellow gas
flames.} Because atomization and vaporization time is usually required after
the o0il leaves the burner nozzle, oil flames often require somewhat meare
combustion space. If combustion space is very confined or if a lot of flame
radiation may be detrimental to the process, conversion to oil might require a
combustion chamber revision; but this is not a problem in most conventionali
general-purpose furnaces because they are designed conservatively.

The fifth aspect, furnace atmosphere, was of great concern to the forging
industry when converting to cheap natural gas in the 1950’3, but serious effects
upon scale formation could not be proved except in a handful of very critical
cases. As with gas-for-gas subslitutions, the effects of changes in sulfur or
C/H ratio must be evaluated for each specific fuel and process.

COMPARATIVE COSTS OF FUELS

The mosl cammon way tao compare fuels is by their heating values, and since
gross heating values are more readily available, there figures are usually used.
However, this comparison may be misleading for a number of reasons which
are discussed in the following paragraphs.

The full gross heating value of a fuel igs nol available in practical combustion
equipment baecause the exit gas tempoerature is not low encugh to permit con-
densation of the moisture in the products of combustion. For this reason, a
comparison of net heating values is much more desirable, if it is pogsible to do
so. Gross and net heating values are not proportional throughout the range of
commercially available fuels. Net heating values are readily calculated from
the analysis of a gaseous or solid Tuel. but the values obtained from formula 2/11
for liguid fuels may be subject to question because of the variation in refining
methods.

Combustion efficiencies are not the same with all fuels. For example. fuels
of higher hydrogen content produce combustion gases that have high specific
heats*: thus the flue gas loss (stack loss) tends to be grealer. Generally, gaseous
or liquid fuels can be burned more efficiently. than solid fuels, because less
heat consuming excess air is needed to sassure complete combustion. The ash
in solid fuels is also causae for losa because it carries heat away from the
furnace when it is removed and because some unburned fuel may be removed
with the ash.

* That in, for the same temperature ris

. these gases absorb more Biuw of heat than do other gases.
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Operating costs usually varyv widely with different fuels. The costs of hand-
ling solid fuels and the resulting ash may be considerable. Liquid fuels must
bea stored,. pumped, and sometimes heataed.

Eqguipment costs, for control, safety., handling. storage, combustion, and
pollution abatement are generally laas with lighter and cleaner fuels. Combus-
tion chamber linings and breechings may have to bhe replaced more freguently
with some fuels. Determination of the relative operating and equipment costs
is a special problem in each individual case.

The figures in Example 2-10 should not be interprelaed as typical, They are
simply “‘mmade up’’ ta illustrate the method for cost evaluation. Differing local
costs and application requirements could resull in entirely different conclusions
on other jobs. )

Example 2-10. For an existing aystem using natural gas only, compare the total annual
costs of three possible standby systems—propans-air at $3.50 per million Bz, #2 il at
$2.50 poer million Btu, and #6 il at $2.00 per million Btu. Average consumption rate ias
14 000 000 Btw/hr. Assume that the system will be on standby fuol abhout 3000 hours per

vear.
14 million Btuw/hr = 3000 hr/yr = 42 000 million Btu/yr. Annual fuel cost with propane
= 42 000 million Btw/yr x $3.50/million Btu = $147,000/yr; wilh #2 oil, 42 000 »x $2.50

= $£105.000/yr; with #6 oil, 42 000 = $2.00 = $84.000/vr.
By obtaining eguipment and installation coast estimates, the following type of cost
comparison table might be developed:
Standby fuel

Estimated costs Propana-air #2 Fuel oil #6 Fuel oil

- Tanks, grading. insulation $ 35.000!* $ 14,0002 $ 21,8002
= £ Piping 4,000 1,500 4,500
E% Vaporizer and mixing station 15,000 O O
;§. 'g Pumps and haating systom o 2,000 6.500
Burners and controls ’ (] 3,000 4 000
Snubtotal, first cost S 54,000 $ 20.500 $ 36,500
- Annual, 3-yr payout 18,000 6.833 12,167
Eg Elec. power, supervision, 3.000 4.000 6.500
Fuel : 147 000 105,000 84,000
TOTAIL ANNUAIL COST $£1686,000 $£115.833 $£102,667

WARNING: These figures should not he interpreted as typical. They are simply ‘‘made
up’’ Lo ifllustrate the method for cost evaluation. Differing local costs and application
reguirements could result in entirely different conclusions on other jobs.

! 30 000 gallon tank, 85 x 8" diemeter. 10 to 14 days storage capacity.

2 20 000 gallon vertical or harizontal above-ground steel tank. If below ground, cost would be about
$£10,.600—no dike or unloading pump required.

2 200 QOO gallon horizontal heatad and insulated steel tank.
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Part 3. COMBUSTION ANALYSIS

It is frequently necessary to predict: the air requirement for burning a fuel,
the products of combustion of that fuel, and the losses accompanying its com-
bustion. The tabulated data on typical fusls in Part 2 supplies information of
this sort for specific fuels. If none of the fuels listed in Part 2 approximates
the particular fuel under consideration, the methods outlined in this Part 3
should be used.

This chapter also discusses the significance of experimental flue gas
analyses and means of minimizing the various combustion losses to improve
officiency. .

Throughout this handbook, volumes of air and gases are assumed measured
at ‘*stp’’, standard temperature (B0 F, 15.6 C} and standard pressure (14.698

psia, 760 mm Hg), unless otherwise specified. It is common practice to refer to
air at sip as “"standard air.”™"

COMBUSTION AIR REQUIREMENTS

Gaseous Fuels. The amount of air required for perfect combustion of one
cubic foot of any gaseous fuel is given by the formula:

[3/1] volume of air
volume of fuel

= [(26CH. = 0.0956) + [(260C:H: = 0.1673) + {26C.Ha = 0.239) +
(20 C:Hyw > 0.311) + {260H: = 0.0239) + (26C0O x 0.0239] -
(260, x 0.0478}} < [1 + 26XSA/100]

whaeare all percentages are by volume. Non-combustibles have no effect on the
amount of air required for combustion. In formula 3/1, the air and gas volumes
must be measured at the same temperature and pressure. If there is some
difference between the air and gas temperature or pressure, correction can
be made by use of the following formulas:
273]
273

+

+
P inmm Hg + 760
Pz in mm Hg + 760

1z F + 460 |} t, C
[3/2] wvolume att: = volume at t, x (m] or = volume at t: x (t, o

[3/3] volatp: = volatp, x

= vol at p, x

p: in psi + 14.?)
T < . OT
painpsi + 14.7

Tahles A.2 and A.3 in the Appendix list volume correction factors calculated
from the above formulas. Tables 1.7, 2.1, 2.3, 2.12 and 3.1 list the combustion
air requirements of several chemical compounds and fuels.



Table3.1. Combustion characteristics of chemical compounds

Products of perfect combustion per usht of fael
Eﬁiw . Gea ' Spec!ﬂcVuI:mn Grmﬂluifl' Grmskc&!fl.r-’ Uit % 1) 10 N 50, Tolal
el madly' b milkg  ofelandair  ofstondar COM wid vl wii veld wif velA wif vl wlp  wold
Acetvlene, H; 6887 M6 9w - nd 1105 1S 338 200 089 w0 1038 640 0 0 1428 124
Benzene, G 2.69 4B M3 1051 950 125 338 600 nAM 200 1008 82 0 0 42 32
Bulane, GH, 20 554 0408 1085 §90 - M 303 AW 155 500 N7 n4 0 D 1045 334
Catbon. - e - W @ W W - 0 0 BB o~ 0 - 13 -
Carbon Monoxide, CO 0.86 135 0885 1349 1300 M7 15 L0 0 0 18 188 0§ 345 288
Ethane, GH, 100 16 0% 1062 948 132 19 100 LBD 300 1236 132 0 0 08 182
Hydtogen, 1, 00600 89 1M 1905 1215 0 0 O 8sm 100 2648 1BB D D 346 289
Hydrogen Sulfide, 15 L7 ny 0% 803 Hd0 0 9 0 0328 100 467 564 188 100 708 BM
Methans, CH, UM 1 148 1062 950 O % L0 25 W0 1M 7 0 0 1B 108
Nuphthaleae, et 44l 29 0185 b I8 1AL 44 100 0563 480 B9 451 0 n 1393 %)
Octane. GH, SR 1050 M7 ME W - 14 - nd - 8 g 1812 -
Propane. G, 15 I IEE T (15 937 138 300 200 164 400 14 188 0 9 1887 258
Propylene, My 145 93 05K 1092 @20 155 3M 0 300 12 200 1M I 0 ¢ 1370 228
Sulfur, § - - - 06 BIR 4 9 0 0 0 9 3 o~ W - 5N -

* Relative twstandard airas 10,

+ Dry.

£ Pownds ¢f combustion peaduct prr peand of fuel, ue ke'ky, or aos constatent weight mits.
& tabic feel of combustinn prothued per 11 of fuel, or ¥, or any consistent vohvmne units.
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Example 3-1. Find the air raequired to burn a cartain coke oven gas having the following
volumetric analysis: 32.392% ClL, 2.5% C:Hl., 3.2% CH,, 51.9% H., 5. 5% CO, 02 O,,
1.0%96 CO:, and 3.5%26 N.:. Substituting in formula 3/1.(32.3 x 0.0956) + (2.5 =< 0.1673) +
3.2 »x 0.311) + (51.9 » 0.0239) + [5.5 »x 0.0239) = 5.87 cubic feat of air required per

cubic foot of gas.
If the combustion air weaere supplied at 32 osi pressure (2 psig) and at 300 F, and if the

gas weare supplied at 80 F and baromsiric pressure, then by formulas 3/2 and 3/3 or
14.7 300 + 480
587 x 7.95

Tablaes A.2 and A.3, the air/fuel ratio should be >
14.7 + 2 60 -+ 460

actual cubic feet of air per cubic foot of fuel.

Liguid and Solid Fuels. The amouant of air required for perfect combustion
of one pound of any licguid or solid fuel ia given by the furmula:

.
[3/4] —%t,—?:ﬁ = [96C »x 1.514) + [24H x 4.64) + (26S x 0.568] — (260 x 0.568)

where all percentages are by weight. The cubic feet of air obtained from
formula 3/4 must be measured at 80 F {15.6C) and 14.7 psia (F60mm Hg)

pressure. For other teamperatures and pressures apply the correction factors
as in the second paragraph of Example 3-1. For fuel oils containing naegligible
amounts of sulfur, oxygen, and inerts, formulas 2/5 and 2/10 may be combined
with formula 3/4 to give the approximate expression

8g} — [379 x (8g)’] when sg is between 0.825 and 0.876
8g) — [379 x [sg)] when sg is between 0.876 and 0.934
8g) — [379 x {8g)’] when zg is between 0.934 and 1.007
sg) — [879 = [(8g8)] when s8g is between 1.007 and 1.076

[3/8] f# mir/gal oil = (1906
ft* air/gal vil = {1900
1 air/fgal oil = (1895
f1? airfgal oil = {1878 x
where sg is the apecific gravity (60/60 F}* of the fuel oil. (The term '‘inerts’’
refoers to non-combustible substances in the fuel, such as C0,, N., ash, and
water.) The cubic feet of air obtained from this formula rmust be measured
at 60 F and 14.7 psia prassure. For other temperatures and pressures, apply
correction factors as in the second paragraph of Example 3-1. Results from
formula 3/5 may be read on Table 2.3. A rule of thumb is: 29 ¢fm of air are
required for each gallon per hour of oil.
Example 3-2. Find the air required to burn a fuel oil that weighs 6.99 1h per gallon
{eg = 0.838) and has the following ultimate analysis: 86.14%2¢ C, 13.24%6 H, 0.229% S,
0.02% N, 0.00%% ash, and 0.38%6 O.

@ . .
Substiluting in formula 314,%%‘8% — (86.14 = 1.514) + (13.24 = 4.54) + {0.22 x

0.9568) — (0.38 x 0.568) = 1980.4 ft¥/lb or 6.99 < {190.4) = 1331 ft3/gal.

X X X

" Seea Part 2 for a digscussion of specific gravities of oils.
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Using formula 3/5, we obtain (1906 =x 0.838) — [379 x (0.838)*] = 1331 {t*/gal. The
rule of thumb is based on 25 cfm/gph x 60 min/hr = 1500 ft*/gal.

All the above data have specified the air requirements for perfect combustion.
In some instances it is desirable to burn fuels with a deficiency of air in order
to obtain a reducing (non-oxidizing) atmmosphers. In other instances an excess
of air is intentionally supplied. This condition is usually described by specifying
the percent excess air. Thus, if 1331 ft° of air are required for perfect combus-
tion of one gallon of a fuel oil, but ten percent excess air is to be supplied, then

the air supply should be 1331 + (0.10 = 1331}or simply 1.10 x 1331 = 1464
fro/gal,

PRODUCTS OF COMBUSTION (poc}

It is often desirable to predict the quantity and analysis of the products of
combustion of a fuel in order to determine proper flue sizes and furnace pressure,
and to predict the magnitude of stack or flue gas losses. Tabhle 3.1 lists the
products resulting from perfect combustion of several chemical compounds.
Formulas 3/6 through 3/17 permit calculation of the guantities of gases in the
combustion producta of gaseous fuels either by volume or by weight. The
percontages to be substituted in all of these formulas are percentages by volume.
Formulas 3/18 through 3/29 permit.calculation of the quantities of gases [(by
waight or by volume) in the combustion products of liguid and solid fuels. The
percentapges to be substituted in these formulas are all percentages by weight.

Care should be exercised in the use of formulas 3/11 through 3/16 and 3/23
through 3/29 because thay give the volume of the varions flue gases at 60 F and
14.7 psia pressure (15.6 C and 760 mm Hg). These volumes must be corrected
to the actual temperature and pressure conditions by use of formulas 3/2 and
3/3 or Tables A.2 and A.3 in the same manner as previously illustrated for
corracting air volumes. At temperatures below 250 F the water vapor in the flue
rases no longer behaves as a gas and may even condense. Therefore volumes
calculated from formulas 3/11, 3/15, 3/23, and 3/27 are hypothetical at 60 F and
are meaningless unless corrected to some temperature above 250 F.

For approximate calculations, a ruile of thumb would say that the volume of
combustion producis equals the sum of air and gas {(fuel} volumes. A quick scan
of Table 2.12c¢ showasa this to be close for natural gases and some manufactured
gases. For LP gases, It* cp/ft®? fuel = ft* air/fi? fuel + 2. For gils. the ft* cp/gal
= ft? air/gal + 85. '

For cases in which an excess of air is supplied. it is merely necessary to add
the weight or volume of the excess nitrogen and excess axygen to the other
combustion products. This procedure is illustrated in Example 3-4.
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Tahle 3.2. Formulas for determining products of complete comhustion of gaseous
fuels. [All percentages ars percentis by valume, all volumes atstp —60 F and 29.92 in. Hg.}

b comb prod

[3/6] o Tool = (24O x 0.002558) + [(2%MH: x G.001872] + [(2%CH. = 0.007 70) -+
R O (24 C:Fa x 0.013 53} + (24CGH x 0.019 36) + (26Cdhe x 0026 18) -+
B (264 CO: > 0.001 161] + [(26N: x 0.000739) + (26S0: =x 0.003 690) -+
B (9 HLE) = 0.000475) — {20:. = ©0D.00zZ794) + [2eXSA/M00) x
0.001 819 % ©
1b O,
[3/7] e fual = {26 C0 = 0.001 161) + (26CH., x 0.001 161) + (%6 C:H. = 0.002 322) -+
e (26ChHa = 0.003 483) + {26C.Hw x 0.004 844] + (24C0: =< 0.001 161)
i O -
[(3/8] lrtt’alflzgl = (26H; x 0.000 475) + [29CH., = 0.000 850} + (¢6C.IL x D.001 425) +
1w (3 C.,Hy 3 0.001 900} + {26(LHo x 0.002 375) + (%ILO x 0.000 475])
(3/9a] lf'él;:;el = (86N, = 0.000 739) + [[1 + 26XSA/100) x 0.001 347 x O]
1b O, §
[3/8b] o Toa = {26XSA/100) x (0.000 122) x ©
t 20, graina S
1o He =
13 1 m? fuel 10 1 fuel 45 760
lume «
[3/11] :glumz ‘f“pfl = [(24CO »x 0.0289) + {%%IL x 0.0289) + [26CH. x 0.105 6] + {%%CH. x
e 0.182 3) + [20CHs »x 0.2590) + (206CHw x 0.335 7] 4 (%inerta* x
0.01) — [0 x 0.037 8) + |2aXSA/100) x 0.023 9 x @

lume dc
[312) Yolumedent . 6 « 0.0289) + {36H: x 0.018 9) + (%6CH. x 0.085 8) + (%6 C:H, x

volume fuel 0.1523) + %G x 0.2190) + {26CH. x 0.285 7] + (%binerta* x
0.01] — (%% 0: = 0.037 8} + {26XSA/100) x 0.023 9 x O

volume CQ;

[3/13) — oy =.(26C0 x 0.01) + (%CH. x 0.01) + (%4 C:Ha x 0.02} + (% C4He x 0.03} +
ume lue (26 C.Hyw > 0D.04) + [22C0O.; x 0.01)
2% CO: indept volume of CO; (volume of dep )
{3/14] (ultimote $600,) = 100 = volime of fasl ~ Vol o of fuel from formula 3/12
[3/15] volume MO _ ', 11 » 0.01) + (96CHL x 0.02) + (%6C:He x 0.03] + (36C:Hs x 0.04) +

velume fuel {26CHw x 0.05) + (26H.O x 0.01)

1
[3/16a] —olume M. = {3N: x 0.01) + [[1 + 26XSA/100) x 0.018 0 < O]
volume fuel

1 O,
[3/16h] ~ome = {1 XSA/100) x 0.005 x @
voluma lueal >

ug S0, _ _grainas 35 (vol cp} 571 )
[a/17a] oD ¥ = 700 FU Fual = 45 760 -+ WGvoifuei from formula 3/11

Prpm S50, _ _grains 5 . (vul cp* )
[3/17h] 4 volume) = Y00 I fusl = 16.92 + mi‘rom formulan 3/11

* “Imerts’’ includa CO,, M., SO;, SO,, argon. helium, and cther non-combuatibles,

+ ep = combustion products (flue gases); dcp = dry combustion proeducts.

# T'o get an answer per volume of dry combustion products, use val dep/vol fuel from formula 3/12.
O = 2C0O + %%H,; + (4 x 2% CH. + (7 x 26 C;He) «« (10 < 2C3Hs) + [13 x °@C4Pl.n] — (2 = 2u0,)
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%

When there is a deficiancy of air it is difficult to predict the volume or the analysis
of the combustion products, but the total weight of the products will be equal
to the weight of the fuel plus the weight of the air supplied.

Example 3-3. A furnace is fired with 1000 fr*/hr of & natural gas having 0.2 grains of

sulfur per 100 ft°, and the following volumetric analysis: 802 CH., 16%% C.H. 226 O.,
126 Nz, 1246 CQ.,.

Determine the volume of CO., water vapor., and nitrogen in the flue gasss when the
corraect amount of air is supplied. Calculate the SO.: concentration in the flue products.
Also find the volume flow rate of the combustion products at the peoint whereo their
toemporature is 800 F and the prassure ia 3.45 inches of water column {abbreviated “wcj)
positive (obove atmospheric pressure].

From formula 3/13, the amount of CO. in the flue gase=s will be (B0 =< 0.01) + (16 x
2.02) + (1 x ©0.01) = 1.13 volume COvolume fuel. Similarly, formulas 3/15 and 3/16
yvield 2.08 vol H;O/vol fuel and 8.10 vol Ni/'vel of fuel respectively.

Formula 3/11 gives the volume of thae combustion products as: [BO =« 0.1056)} + (16

»x 0.1823} + (1 + 1] = 0.01 — (2 » 0.0378] = 11.31 volumes of combustion products
por volume of fuel. By formula 3/17a, the SO; concentration in the combustion products
in 0.2 x 45 760 =+ 11.31 = 808 ug/m”": or by formula 3/17b, 0.2 x 16.92 = 11.31 = 0.299
pPiIn.

The above 11.31 vol ep/vol fuel is for combustion products at the samses temparature
and pressure as the fuel. If the fuel is presumed to be measurad at stp (60 F and 14.7
psia), the volume of combustion products musat ba corracted to the speacifiod 3.45 wec and
800 F as follows. From Table C.6 in the Appendix, 1 os8i = 1.732""we:; therefore
3.45"wc/1.732 = 1.99 osi. From Table A.3, one cubic foot of gas at that pressure becomes
1.0085 Ift* at standard atmospheric pressure. From Table A.2Za the volume of a cubic foot

of standard air or gas is increased 2.421 times when it is hnated to BOQ F. Applying these
corraction [actors,

11.31 ft* ¢cp at astp 1.0 ft® at 3.45"wC 2.421 {t" at 800 ¥ 27 15 [t
ft* of fuesl ™ T.oo0B5 ft° at atp > 1.0 ft* at stp - -
of combustion products per cubic foot of fuel. At a firing rate of 1000 afh, the volume
flow rate of the flue gases will be 1000 =< 27.156 = 27 150 cfh.

Example 3-4. Predict the analysis by valume of products of combustion of the fuel described
in Example 3-3 when 15%% oxcess air is supplied.

It is first neceasary to use formula 3/1 to determine the volume of air required for percfect

combustion. Thus (BO =« 0.0956) + (168 »x 0.1673) — (2 = 0.0478) = 10.23,
. . . 15 fy? X Sair
Frherefore 15%4 excess [XS] air will amount to 10.23 x 00 = 1.534 fi° fuel
Aldr is 20.99% oxygen and 78.03 %% nitrogen by volume. Therefore the excess air will
bae meade up of 1.534 x 0.322 vaol Ou./vol fuel and 1.534 = 0.7803 = 1.197 vol N/val fusl.

Adding thesse gquantities to the flue gas analysis found in Example 3-3 above, combustion
of one volume of fual with 152 excess air will produce 1.13 vol CO., 2.08 vol H.O, 0.322
vol O:, and 8.10 + 1.197 = 92.30 volumes of N
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Table 3.3. Formulas for determining proeducts of complete combustion of liguid and
solid fuels. [All percentages are parcents by weaight.)™
wicpt
[3/18] i fuoi = [P0 »x O0.1Z24 8} + [29H = 0.352 0) + [24S x 0.053 0) + [(2oinerta™ x
) ‘ 0.01) — [%OF x 0.033 1) + [26XSA/100} < {eF x 0.3420) + (2 =
: 0.1148) + [245 x 0.0430) — (200 = 0.043 1]]
[3/10] wit COfwt fuel = (26 C =x 0.0386 6) + (22 CO® »x 0.01})
[3/20} wt HoO/wt fuel = (24H = 0.089 4) + (26H.O x 0.01)
1
[3/21] ::‘ ff:l (265 = 0.020 0} + [(2aSO." = 0.01)
wi N2 '
(3/22a]  Tyfoal = [[29C = 0.0882) + (v%H =x 0.26286] + (65 x 0.0330) — (209 x
0.03:3 1)] =< |1 + 2uXSA/100] + (6N x 0.01}
wt ST
[3/22] ?" = (29 C = 0.0266) + [(20H x 0.0794) + [0S x D.099 79) — (260
wit fue 0.01)} = [veXSA/M00]
»
[(3/23) f‘tjpr = (26C x 1.508) + {26H = 5.433) + (265 x O.585 0} + [26CO.P x
ue 0.086 1] + (260 »x 0.2104) + {26N x 0.135 3) — (%% O = 0.447 7) -
[2aXSA/100] = [(26C = 1.808] + (9%EH = 4.493) + {65 = 0.565 Q) —
(26 0° = C.566 2}
ft> dep + " s 4 @
[3/24] b Faol = (260 > 1.508} + (2% x 3.553) + (25 x O0.565 0) + (%GO, PO
ue 0.0868 1) + (26N < 0.135 3) — [260Y x 0.947 7)) + [26XSA/100] = [[26C =
1.508) + {(99H x 4.493) + %S » O.565 0) — (%6 w 0.566 2)]
[3/28] ft* CO/1b Fuel = {24 x 0.315 5) + (26 CO:F < 0,086 1}
-3 EY
tarze] %6 CO0, in decpt = 100 = 4L COs ft* dop

ib fuel = 1b fuel
[arz7] ft* H.O/lb fuel = (26 H = 1.880) + (%64 HLO° »x 0.210 4)

[3/28a)] f* SOLIb fuel = 205 =~ 0.118 2] + (2650, x 0.059 2)
ug SO, _f wtS8SO. — ft* cp+
[3/za8b] DT =0 wifael ITo™ formula 3/21 f > 1.602 < 10° + (_lb Fuol JTom formula 3/23
a 3
{(3/28c} [I:)I?yﬁgl?;ne) = (&Tic:; from formula 3!283) 1 x 107 < ({%&-‘L—Tfrnm formula 3!23)
- N :
[3/20a] 5 ’ N =[2%{ = 1.193) + (26 x 3.553) + [268 x 0446 8) — (26D x
ue 0.247 7} = [1 + LEXSA/100] + [(2aN = 0.135 3)
[3/28b] 12 O, ={{26C = 0.3155) + (9hH x O.9400) 4+ [%6S > 0.118 2) — [$+6OP x
1ty fuek 0.118 4)] x ["wXS5A/100]

* “'Ineris' include CO,, Ny, SO:, SO, argon, helium, and other non-combustibles.

+ cp = combustion products (flue gasaes): dcp = dry combustion products.

¥+ To get an answer per [t of dry combustion products, use ft* dop/lb fuel from formula 3/24,
2 These equations may be used for gaseous fuels containing no CO. If the values substituted in the
above aguations for 26C, 20 H, and 265 are the percentages of total carbxan, hydrogen, and sulfur.
{available plus unavailable}, then the 260 should be the total [free and combined) oxygen. If the
values substituted in the above equations for 264C, 9H, and 95 are the percentagoes of aveilable
carbon, hydrogen, and sulfur respactively, then the 960 should be the free aoxygen only.

If 26C Includes the unavailable carbion already in the form of C,, this CO: term should be omitted
and note & oheerved. © If 26H includes the unavailable hydrogen already in the form of
H,O. this H:0O term should be omitted and note &2 obsarved. A 1f 29SS includes the unavail-
abla sulfur already in the form of SO., this SO:; term should be omitted and note P obeervadd.
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Example 3-5. Predict the gravimetric (weight) analyeis of the flua gases resulting from
the perfecl combustion of a 15°API oil having the following gravimetric anslysis:
88.50% C, 10.5026 H, 0.10%6 N, 0.80% S, 0.0626 O. Find 26C0O.; in the dry {lue gas.

When the correct amount of air is supplied, the guantity of CQO; in the flue gas(by
formula 3/19) will be (B8.5 x 0.0366) = 3.24 wt CO;/wt fuel., Similarly, formulas 3/20,
3/21, and 3/22 give 0.94 wt H.O/wi fuel, 0.016 wt SOy/wt fuel, and 10.59 wt N/ wt fuel.
These total 3.24 + 0.94 + Q.016 + 10.59 = 14.79 wt cp/wt fuel. The 26CO: by weight
is therefore (3.24/14.79) » 100 = 21.9, Similarly for the other combustion products, the
gravimetric flue gas analysis is 21.9%26 CO., 6.4% H.O, 0.1%% S0., 71.62%0 N..

To pradict the volumetric 26C0O; in the dry flue gases, formulas 3/24, 3/25, and 3/26
may be used as follows: (B8.50 3 1.508] + {(10.50 = 3.553) + [0.BO = 0O.5650) + (0.10
0.1353) — (0.06 »= 0.477) = 171.2 it dry flue gases/lb fuel; (BB8.50 x 0.3155) = 27.92
ft3 CO/ib fuel: so 100 =x [27.92/171.2) = 16.32 GO, in dry flus gases,. This is the so-called

“ultimate 26 CO;°" which is discussed in the following section.

.

FLUE GAS ANALYSES

Flue gas analyses are vased to indicate the air/fuel ratio and to indicate the
degree of completeness of combustion. If the mixing is poor, an excess of
air must be Supplied so that every particle of fuel will contact somea air and
burn. Figure 3.4 shows the esffects of poor mixing or quenching. If the flame
or hot intermediate combustion gases contact a cold surface or meet a blast
of cold air, gas, or water, they may be suddenly chilled to a temperature level
at which the combustion reaction cannot promptly go to completion. This
guenching action may result in incomplete combustion with gases such as
., CO, H.. and aldehydes in the flue products, as with cases of poor mixing.

Significance of %5C0,; O:. and combustibles. With good mixing. perfect
combustion is obtained when the flues gas analysia shows no CO, H,, or O;
and when the 26C0O:; is at a maximum, The theoretical maximum 26CO:; in the
dry fluae gases is termed the ultimate 9%eC(.. By adjusting the air/fuel ratio
until the maximuam 246CQ. is obtained, and until the minimum 260.; and com-
bustibles are indicated, an operator can set a burner close to the point of best
fuel efficiency. This permits approximate setting of the air/fuel ratio on single-
burner furnaces without metering the fuel and the air flow. For applications
reguiring either reducing or oxidizing combustion, the flue gas analysis may
be used as a means of duplicating certain desired conditions if all other
condition® are exactly the same.

With poor mixing such as results when coal is burned on grates or when
gas or oil is burned in a delaved mixing type of burner, the manner in which
the flue gas analysis varies with changes in the air/fuel ratio ia a function of
the physical arrangement of the burner and combustion chamber. The poor-
mixing curveaes of Figure 3.4 represent only one of many possibilities for this
case. These curves demonstrate, however, that the flue gas analysis may be
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used as an indication of the air/fuel ratio or of the relative complateness of
combusiion. Table 3.5 shows the 20 CO,; readings that should be obhiained with
perfect mixing ol various amounisg of air with some of the specific fuels

described in Tables 2.1 and 2.12 of Part 2.

Figure 3.4. Effect of afr/fuel ratio on flue gas analysis for 1108 Blu/ft) natural goas (0.64 gas
gravity) containing 83¢ CH. and 1620 C:ls. Values for rich mixtures depeond somewhat on
combustion chembeor design, The average values shown are within ¥»2 ¢4 of correct fur Fl;, €O, und
GOy, but may be a8 muach as 296 low for other constituanitis., Somo externAal haat is usually raedguirod
for mixtures with less than 70%i aeration {dotted lines). Pashed lings shpw the tronds with poor
mixing or quenching. Gas canstitusant percentagas are an 4 iry basis to allow comparison with gan
analyzer rearings. that measure thae gas volumeas aftar water vapor has condensed out of the
sampla, With the corract nmount of aiy (10.56 1), each cubic foot of thia fuel gas pProduces 2.14
ft* HaO), 1.1%5 ft* COy, 8.39 1) Na; so 2600, = 100 = 1.15 fi? CO: + (1.15% + 8.349} ft? dry [luo gun
= 12.1%. See ulso Figuro 3.13.

-
N

Gas Constituents, 3% by volume of dryflue gas
® ]

Yo Exceass Alr

120 140 160 180 200 600 1000
o Aldr
0.83 0.7t 0.82 0.56 0.:50 0D.1967 O©O.7¥1%

®, Equivalence Ratlo
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Table 3.5a. Effect of excess air on %0; and %CO; in combustion produi:ts of fuels From Tables 2.fa and b

%0, wet : %Excess alr
%0y dry 0 10 20 40 60 80 100 200 400 1000
%C0; dry ¢, Equivalence ratio
alf ratio* 1.00 0.91 0.83 0.71 0.62 0.56 0.50 033 0.20 0.09
Nawralgss O\ 0 173 320 55 735 877 092 135 164 188
(Birmingham) 0 2.09 3.80 6.43 8.36 983 11.0 14.4 17.1 19.2
17 106 4.61 B.14 . 7.03 6.22 557 3.65 2.16 0.97
944 104 1.3 13.2 15.1 17.0 18.9 28.3 47.2 104
Blast furnace 0 0.89 1.70 3.15 4.39 347 6.42 9.82 13.4 17.1
gas 0 0.89 1.71 3.17 441 5.50 6.45 9.86 134 17.1
255¢ 244 23.4 217 201 18.8 17.6 13.5 9.17 4.68
0.68 078 082 0.85 1.09 1.23 1.36 2.04 341 7.49
Producer gas 0 123 232 418 570 697 804 116 14.9 180
(W-G. biluminous) 0 1.35 2.54 4,54 6.14 7.40 8.56 12.1 15.4 18.3
K] 18.5¢ 173 16.2 14,5 13.1 11.9 10.8 7.75 4,90 2.33
H 1,30 1.43 1.56 1.82 2.08 2.34 2.60 3.90 6.50 14.3
e
(Coke oven gas 0 160 312 543 721 863 878 133 16.3 18.8
(by-product] 0 210 382 646 838 987 110 144 171 19.2
10.8% 9.71 8.82 7.46 6.4G 5.70 5.10 3.34 1.98 0.89
5.44 5.98 6.53 7.62 8.70 979 109 16.3 27.2 59.8
Propane 1.77 3.26 5.64 7.46 8.89 100 13.6 16,5 18.9

0
(natural) 0 206 375 636 8.28 9.75 109 14.3 17.0 19.2
137¢ 123 11.2 9.53 8.27 7.3} 655 430 2.55 1.15
23.8 26.2 85 333 38.0 42.8 47.6 71.3 119 262

Butane 0 1,77 3.27 5.65 747 8490 10.1 13.6 16.5 168.4
{natural) 0 2.05 3.74 6.34 8.26 9.73 109 14.3 17.0 19.2
14.0f 126 11.5 9,75 8.46 7.48 6.70 4.41 2.61 1.18

30.6 337 36.8 429 449.0 55.2 61.3 91.9 133 337

* 13 ir'it? fuel, m’ air/m’ fuel, or any ratio of volumes in consistenl units.  __
£ Ullimate %CO: :

et et



* Table 3.8b, Effect of excess air on %0, and %CO0; in combustion products of fuels from Tables 2.7a and b

%Excess air

%01 wet
%0: dry 0 10 20 10 60 80 100 200 400 1000
%CO, dry $, Equivalence ratio
a/f ratiot 1,00 0.91 0.83 0.71 0.62 0.56 0.50 0.33 0.20 0.09
#1 \ 0 1.70 3.31 5.71 7.54 897 101 13.6 16.5 18.9
Distillale 0 2.02 3.69 6.27 8.18 9.65 10.8 14.3 17.0 19.1
oil 154  13.9 12.6 10.8° 9.35 .27 7.42 4.89 2.91 1.31
: 190 209 228 267 305 343 381 571 952 2080
§2 0 1.80 3.31 5.72 755 8.9% 101 13.7 16.5 18.9
Distillate 0 2.02 3.68 6.26 8.16 9.63 10.8 14.2 18.9 19,1
ail 1568  14.1 12.9 11.0 4,53 8.44 7.57 4.99 2.47 1.34
188 207 225 263 301 338 376 564 939 2070
H5 0 1.81 3,33 5.75 7.58 9.02 10.2 13.7 16.6 18.9
Residual 0 2.00 365 - 6.22 8.13 959 108 14.2 16.9 19.1
o Oil 16.34 14.7 13.4 11.4 .95 8.81 7.90 5.22 3.11 1.40
'i==‘ 182 200 219 255 291 128 364 546 911 2000
™ 46 0 1.82 3.35 5.77 7.61 904  10.2 13.7 16.6 18.9
Residual 0 1.99 3.64 6,20 8.10 956  10.7 14.2 16.8 19.1
oil 16.7¢ 15.1 13.8 11.8 10.2 9.07 B.14 5.38 3.21 1.45
175 193 210 246 281 316 351 526 877 1930
Bituminous 0 1.83 3.37 5.80 7.54 9,08 10.2 13.8 16.6 18.9
coal 0 1.95 3.57 6.10 7.59 0.45 10.6 14.1 16.8 19.1
18.5% 16.8 15.3 13.1 11.4 10.1 g.10 6.04 3.61 1.64
141 155 169 197 225 254 282 423 704 1550
Coke 0 1.89 3.46 5,94 7.80 9.25 104 13.9 18.7 19.0
0 1.91 3.50 5.90 7.86 9,32 10.5 14.0 16.7 10.0
204 186 17.0 14.6 12.8 11.3 10.2 6.80 4,08 1.85
132 145 158 184 211 237 263 395 658 1450
11t airflb fuel. . -

t Ultimate %C0O,. a
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Instruments. Many types of instruments are available for analyzing flue
gases. Most indicate the percent by volume of the various compounds in the
dry flue gas. One of the most common instruments is the Orsat apparatus,
which works on the principle of selective absorption of the gases by chemical
solations. The Orsat apparatus indicates percentages of CO.,, O., and CO. The
percent CO: is often the only analysis made. Conductivity tyvpe analyzers,
which sense the difference in the cooling effect of different gases, can be very
accurate if calibrated properly and frequently. Analysis of combustibles in the
flue gases (CO. H:;, and hydrocarboneg] may be accomplished by burning the
combustibles with a measured volume of air or oxygen, usually in the presence
of a catalyst. The percentage of combustibleas in the flue gas is then pro-
portional to the measured heat raleased.

Oxygen analysis can be delermined continuously and without time delay
by use of a solid electrolyte, zirconium oxide. The galvanic aclion yields an
output signal in the form of a variable electromotive force that can be used
for automatic air/fuel ratio control. Nota in Table 3.5 that 24 0; changes very
little with changes in fuel analysis.

COMBUSTION EFFICIENCY

For any furnace, oven, kiln, or boiler, the overall combustion efficiency.
or fuel efficiency. is 100%e¢ minus the summation of all losses. As illustrated
by the Sankey diagram of Figure 3.6,

useful ocutput
gross input

100

100, o

r (gross input — total logsas

(3/30] efficiency, 26 = ( gross input

where the input, the output, and the losses are all measured in consistent
units such as Btwhr, kcal/a, joules/kg of fuel, or gallons of fuel per ton of
product.

The losses to conveyors, fixtures, walle, and openings can be calculated
using specific heat data from the Appendix and heat transfer data from Part 4.
The flue gas losses (stack loss}] are described and evaluated in this section.
They include the heat carried away by the dry flue gases (such as CO;, N2, O,
and CQO) and the heat carried away by the moisture (H:O) in the flue gases.
This moisture loss is the latent and sensible heat in water formed by com-
bustion of hydrogen in the fuel.

Dry flue gas loss (dfg loss) is equal to the amount of heat given up by the
dry combustion products as they cool from the final exit temperature (after
all heat recovery devices) to the base temperature used in evaluating the
gross calorific value of the fuel (usually 60F or 15.6C). This loss can be
calculated by the following formulas.



o e - b

[3/31] dfgloss = dfg flow rate x (dfg heat content at flue temperature

— dfg heat content at base temperature]
or, in Amearican

weight units, Btu/hr = 1lb difg/hr x (Btw/lb from Table 3.7a — 0)
or, in A i

v:ll Bn‘:z;t:’an Biwhr = cfh dfg = [Btufscf from Table 3.7b — 0}
or, in Metric .

weight units, kcalVhr = kg dfg/hr x (kcal/kg from Table 3.7¢ — 0)
or, in Matric kcal/hr = m?® dfg/hr x (keal/ms from Table 3.7d — 0)
volume unitsa,

For flue gases consisting of mixtures of gases, the losses due to each of the
flue gas constituents should be added:

[3/32] dfgloss = CO:; flow rate x CO: heat content + N: flow rate x N: heat
content + O: flow rate x 0: heat content + etc.

Tables 3.7a, b, ¢, d list heat contents {enthalpies}) measured above a base
of60F or 15.6 C,

Filgure 3.6. Sankay diagram for o furnace heat balance. Grossa input — moist Flue gas loss = net
input; net input — dry flue gas loss = available heat input. These terms can be evaluated inn any
consistent heat or energy unita pear unit of time per unit of fuel, or par unit of production outpuat.

A dipgram such as this mekes it vasier to visualize aremss of possible improvamenl in furnace
efficiency. :

Flue gns
losxses

Graoss
heat INPUT




Table 3.7a.

Heatl contents of combustion gases,™ i Hitw/ib

NORTH AMERICAN COMBUSTION HANDROOGOK

Btw/ b ‘\ Airt co Lo & T} i = £ 1,0% N (& M 540,
BO\\ o o o o 0 o o o
100 2.7 0.8 B.3 139.1 17.7 9.8 8.7 8.0
zZ00 34.0 aas. 7 zg.8 A8B6.8 62.4 34.6 10,0 z1.5
300 58.4 59.8 52.00 834.9 108.0 50.7 53.5 ar.7
400 79.7 85.3 75.2 1183.6 154.4 85.0 7G.5 54.4
300 1086 111.1 ou.4 1 6533.0 201.7 110.6 09.9 1.7
800 120 137.1 124.3 1 B83.2 249.7 136.9 123.6 B809.5
a0 178 190.2 176.5 2 5868.9 348.4 18688 1721 12G.5
. 1000 ¢ 233 z244.3 231.4 3 295.9 450.9 242.3 221.8 165.2
g 1200 ze6 299.6 2BA.7 a011.2 . 555.8 296.8 z7z2.0 205.2
B 1200 342 286.0 347.9 a4734.1 B54.5 a5z 324a.3 2465.2
£ 1600 307 413.3 408.6 5 465.8 7768.6 408.8 3760 268.0
S 1800 452 ar1.e 470.5 6 207.5 naz. 2z 4B6.3 429.9 330.3
82 zooo 510 530.8 533.2 5 9060.3 1011.1 524.7 483.1 arz2.z
=
2 2200 568 590.8 596.3 7 725.3 1133.4 SB4.1 5372 415.0
= 2400 626 G51.7 659.5 8 503.9 12509.2 644.4 501.2 458.9
26800 €85 713.3 7z2.3 g z2a7.1 1388.5 705.7 95,1 408, 1
2B0O0O 742 FTH.G 7834.3 1 106.1 15212 7T67.9 Ga8.9 538.3
30040 801 B3aNR.6 a45.2 109322 10657.4 831.0 752 A 5771
3zoo 859 a0nz.3 204.6 11 776.4 1797.0 8gs5.0 aps. 2 G14.4
3400 oif 966.5 962.1 12 640.0 1940.2 u5v.8 857.5 40.8
36O 975 1031.2 1017.4 13 524.2 Z086.8 1025.6 009.1 a83.0
AsOM 1048 10u6.4 1UGY.Y 14 430.0 2Z237.0 1092.2 950.6 713.8
Table 3.7b. ¥Heat contents of combustion gases,™ in Btu/scf&
Btussck & Alrt co cO, H: H.O N, - o, s0,
BO:\“\\ o ) o O ) o o a
100 .74 0.73 D.96 0.73 o.84 0.73 o.74 1.02
z00 Z.60 2.56 3.44 2.57 2.96 2.58 2. 61 3.63
300 4.47 4.42 6.04 4.41 5.13 4.41 a4.52 6.36
400 6.1 8.30 8.74 6.25 7.33 6.28 6.46 g.18
s0a0 8.1 B8.20 11.54 8.09 o.58 B8.17 8.43 1210
s00 0.8 10.13 14.44 9.04 11.86G 10.08B 10.44 15.11
800 13.7 14.05 20.49 13.65 16.55 13.95 14.53 z1.36
=, 1000 17.8 1B.05 z28.87 17.39 21.39 17.90 18.73 27.89
E‘ 1200 22.0 2214 33.51 21.17 26.140 21.93 za.Q2 34.64
1400 26.2 26.30 40.38 24.98 31.56 26.03 27.39 41.50
§ 1800 30.1 30.53 av7.44 28,84 38.89 30.20 31.82 an.84
g 1800 34.06 34.84 54.62 32.76 42z.37 34.45 36.30 55.77
£ =zovo0 39.0 as.z1 61.91 36.73 48.02 38.77 40.82 62 94
é 22003 434.5 43.65 &0.23 a40.77 53.83 43.15 45.38 70.08
2400 a7.9 38.14 76.56 44.88 50.81 47 61 49.81 77.16G
2600 52.4 52 70 B83.8% 49.00 655.94 52.14 54.47 B8a.11
2800 568.8 57.30 21.06 53.33 72.25 56.73 s58.01 90.89
3000 61.3 €1.96 28.13 57.69 7871 61.99 6A3.52 97 46
azoo 65.7 66 .60 105,02 BZ.14 a5.35 65,12 67.99 103.75
3400 r0.2 71.40 111.70 66G.70 az. 15 7091 72.40 10H.73
36800 7a.6 76.19 118,21 7y.37 B9.11 75,77 78.75 115,34
3800 80.2 B1.00 124.21 76.15 106.24 80.69 B81.02 120.53

-
* Computerr-calcuiated datn based on formulae frourm Roforence 3 .a liated at end of Parl 3, oxoept +.
Nona of the values in Table 3.7 are corracted for dissociation.

+ From Reference 3.b.



Table 3.7c.

Heat contants of combusgtlon gases,.™ in kcal/kg

COMBUSTION ANALYSIS

kcal/lkg Adwt Co Co. ., IO F | o~ P [n 50,
15.8 ) o o o O o] ) o
100 20.5 20.9 17.9 2oz 0 37.6 20.8 18.6 13.0
200 43.3 a6.1 a0.6 Ga0.3 53.5 46.0 41.4 20.4
306 6H.1 71.9 BS.0 9Bv.1 130.9 71.5 64.8 46 8
400 az.8 o8.3 20.7 1339.6 170.8 av.6 as.s 65.1
500 L19 125.1 117.7 189214 230.1 124.1 113.5 84.1
600 146 152.5 145.8 2047.7 ZHZ2.0 151.1 138.6 103.8
700 173 180.3 174.9 2406.3 335.4 178.5 1684.2 124.1
a2 B8040 201 208.6 2004.0 z2768.5 390.3 206.4 190.1 144.7
ok
B 200 zzo 237.3 235.3 32134a.9 4a6.8 234.7 216.4 1657
& 1000 256 266.5 266.2 3505.8 504.7 263.5 242.9 186.8
& 1100 2Aa5 ZO6,.1 Z297.5 3B81.8 584.2 2z .7 260.6 207.9
8 1200 314 3z28.0 320.0 azaa.a 625.3 322.a 296G.5 229.0r
-‘é‘. 1300 343 356.3 60,5 a46%51.0 Ga7z.a8 3652.4 EPER 239.0
S 1400 373 aABs7.Q a91.9 504%5.2 752Z.00 3az.8 450.3 270.6
1500 a1 418.0 azz2. 6 5446.3 B17.6 4173.7 3771 Z90.7
1600 _ a3 4490.3 453.6 5854.8 a84.9 445.0 403.8 310.a
1700 as0 480.9 483 .6 &271.3 8537 A7G.7 4:300.4 A24.4
1800 a8g 512.7 512.8 6696, 2 1024.0 S0&8.8 456.6 347 .6
1900 si18 544.8 Sa1.2 7130.0 10959 S41.3 ARZ2.6 365.0
2000 548 577.2 5G8.5 75731 1189.5 574.1 508.2 381.3
2100 5805 6049.7 534.5 BO26.0 1244.5 607 .4 533.4 3O6.5
Table 3.7d. Heonat contents of combustion gases. ™ In kcal/im*™
Enzaal/an Adrt [ o] & ] CO: 5 & HLO ¢ ™. [a X SO
15.6 Y o o o o D o o o
100 25.0 2q.7 33.2 24.7 28 .6 24.6 252 35,1
Z00 S52.9 54.5 5.5 54,1 63.5 54.3 55.0 79.4
200 83.2 85.0 120.7 B3.5 Q@ .5 84.6 87.G 126G.5
400 113 116.2 168.6 113.1 136.6 115.4 120.1 175.9
500 145 147.0 218.8 142.8 174a.0 1496.8 153.3 2z27.4
600 178 180.3 271.0 172.5 z14.4 178.7 187.0 280.6
70O zZiz z13.2 325.0 203.2 265.0 Z11.1 221.9 a3s5.3
~  sBOO 248 2a6G.7 380.5 233.8 298.7 244.1 Z256.0 agi.1
§ [=TeTs3 z80 280.8 437.1 zZ6a.8 3309.6 Z277.6 202.4 aa7.vy
B/ 1000 313 315.1 494.7 Z296.1 aAg3.7 311.6 AZ8.3 504.7
E_ 1100 348 350.1 652.0 AZT.H EFPTIR:) 346,11 364.3 561.9
H 1200 383 ans.5 £11.4 3I60.1 475.3 as1.1 400.6 619.0
< 1300 419 221.3 660.9 302.8 522.8 416.6 437.0 €75.5
=5
< 1400 458 457.6 728.2 426.1 571.G 452 7 473.3 7a1.2
1500 490 404.2 785.9 460.0 621.5 484.2 500.6 785.8
1600 sza 531.2 s8az.g 494.5 5672.6 526.2 545.7 aze.g
1700 5682 566.6 BO8.5 520.7 724.9 563.8 581.6 BO0.3
1800 597 606.2 0520 565.5 FrR.4 an1.6 6171 U39.5
1900 633 644.2 1005.68 6022 833.1 g40.0 a852.2 oBB_4a
2000 689 B882.4 1056.3 639.6 888.D 678.9 HBEG.8 1030.5
Z21D0 714 FT20.9 11047 S77.9 246G} 1682 F2ZO.B8 1O71 .5

X Water vapor. Dosas not includa latent haat of vaporization. Seo Tahles A_.5a and A.5h.
The standard cubic foot (scf) and the cubic matre {(mM?*)] are measuraed at a tomperaturae of 60 ¥

{15.8 C)and at an atmospharic pressure aof 29.92Hg (760 mun Hg).
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Moisture loss is equal to the amount of heat that is given up by the water vapor
in the flue gases as it cools from the furnace exit temperature to the base
temperature used in evaluating the calorific value of the fuel. Most of the moisture
loss is the latent heat of condensation of the water vapor formed by combustion
of hydrogen in the fuel. As illustrated in Figure 3.6, the gross heating value minus
the moisture loss per unit of fuel is equal to the net heating value per unit af fuel,

1{3/33] moisture loss = 1lb H.O/hr* x (vapor enthalpy at flue temperature
— liguid enthalpy at base temperature)

where the ligquid enthalpy is {base temperature {F} — 32}, and the vapor enthalpy
can be gbtained from Table A.5 in the Appendix. As an alternate. the following
approximate formula may be used:

[3/34] moeoisture loss, in Bitwhr = 1b H.OQ/hr* x [1088 + 0.46 x [t: —~ 60)]

where t: is the furnace exit temperature (F) and 60 is the base temperature (F)
useaed to evaluale the gross heating value of the fuel.

Available heat is the gross gquantity of heal released within a combustion
chamber, minus both the dry flue gas loss and the meisture loas. It represents
the amount of heat remaining for useful heating. plus wall, conveyor, (storage)
and opening losses. Figure 3.8 shows how the concept of available heat is used
to simplify analyseas of furnace losses. Figure 3.9 shows the variation in available
heat with exit gas temperature for several typical fuels under conditions of
preriect combustion. Figure 3.10 is a generalization for all fuels giving percent
available heat with varicous {lue temperatures and various amounts of excess
air.+ The percent additional loss due to a deficiency of air (excess fuel) will be

26 excess fuel
100 + %6 excess fuel ~

approximately equal to the percent deficiency of air or

Either excess air or excass fuel reduces the %4 available heal. The perfect
combustion or 0%p excess air line on Figure 3.10 represents the best pogsible
efficiency, as for a perfect furnace with no losses through walls, openings, fix-
tures, conveyors, or storage.

Example 3-6- Determine the efficiency of a boiler using 70 gal/hr of #2 fuel oil (137 08B0
Btu/gal, 7.2z lb/gal] if the tempearature of the fluae gases after the last pass is 500 F, The
radiation and convection losses [rom ths walls have beon estimatoad as 3% of the gross
input. {(Calculation of wall losses is explained in Part 4, page 100.)

* If moisture in the flue gas has baen expresasd in scf H.O, as from formula 3/1 5, such figures can
be caonverted to Ib H.O by multiplying by 0.0476.
¥ See footnote (1) on pags 71.
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Simplified solution. From Figure 3.9, curve B, at 500 F, the available heat is 114 000
Btu/gal or (70 x 114 000) = 7 980 000 Btu/hr. The %2e available heat = 114 000Q/137 080
= B3% . Tha sum of the dry gas loss and the mgisture loss is then 100 — 83 = 17%4a.
There should be no loss due to incomplete combustion or due to radiation through
furnace openings in this caseae. The total loss is therefore the sum of the dry flue gas loss,
the moisture loss, and tho wall loss or 17 + 3 = 20% . The percent of the gross inpul
which goes inlo evaporating water in the boiler is then 100 — 20 = BO0O%, and this is
the efficiency of the unit. If excass air is used, Figure 3.10 can be used to estimate the
additional loss. From Figura 3.13 a 20%6 deficiency of air will result in about 6026 available
heat. This rminus 392¢ wall loss will result in 5726 efficiency.

Detailad solution. A more accurate calculation of the efficiency may Le had by use
of formula 3/32 to calculatea the dry flus gas loss and formula 3/33 to calculate the moisturc
loss. To usa these formulas, it is first necessary to detarmine the fuel analysis (from the
suppliar, Table 2.1, or Table 2.12) and then calculate constituants of the flue gas by for-
mulas 3/25, 3/27, 3/28a, and 3/29a of Table 3.3 (or formulas 3/13, 3/15, and 3/16 of Table
2.2 for gaseous fuels})...using data from Table 2.1 in this case...

ft* CO/1b fuel == B7.3 x 0.3155 = 27.54

fi* H.O/1b fuel = 12.5 = 1.880 = 23.50

fL* SG/1b fuel = 0.21 x 0.1182 = 0.02

ft* WN./1b l'u‘el = B87.3 »x 1.193 + 12.5 x 3.5953 4+ 0.21 »x 0.4468 = 148.7.
Subsgtituting in formula 3/32 and taking hast content valuey from Table 3.7h at 500 F,
dfg losa = 27.54 = 11.54 + 148.7 = B.17 + 0.0Z2Z x 12.10 = 1533 Btuflb of fuel or
1533 = 7.22 1bh/gal = 70 gal/hr = 774 700 Btu/lir, whioch is equivalent to 1533 x
7.22/137 OB0 = B.07%% . From formula 3/33*, the moaoisture loss = 23.50 x 0.0476 x
[1287.3 — (B0 — 32)] = 1408 Biu/lb of fuel or 711 800 Btu/hr, which is equivalent to
1408 =< 7.22/137 0BO0 = 7.422b. Therefore the percent available is 1Q0 — 8.07 —
7.42 = 84.5% . [This compares with 8326 by Figure 3.9.] The efficiency of the boiler is
then B84.5 — 3 = 81.5%%.
Figure 3.8. By starting with awvailabhle heat instead of gross heat, furnace heat balances are

greatly simplified. The Sankeoy diagram at left is for a batch-type furnaco: the one at right, for
o continuous furnace.
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* hMMoisture loss must include latent heat, so Table 3.7 cannot be usad.
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Figure 3.9. Avnilable heats for some fypical fuels, The fuels listed below arg identified by their
yross heating values, Further informntion concerning these fuela may be found in Tables 2.1 and
212, (Sec Example 3.6_) All availablo hent figures aro bosed upon perfect combuoation and a fuel
input taemparature of 60 F,
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Figure 3.10. Available heat chart for 1000 Blo/f® natyral gaﬁ*. showing the effect of excess air upon available heat. Based on 60 F

(16 C] air. Applicable only if there is no unburned fuel in the products of combustion. Corrected for dissociation of CO: and H,0. See also
Figures 3.11, 12, 15, 17. See Examples 3-6. 7, 8. Sce footnote {1} on page 71. The x-intercepl is the adiabalic flame temperature (hot mix
lemperature) for that particular curve. Example: With 25% excess air with natural gag {4.54% Oz in the furnace exit gas). the adiabatic

flame temperature ia 3070 F, or 1688 C.
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Example 3-7. Find the air required to maintain 25% excess air through 16 burners on
a hardening furnace with 1000 C {1800 F) exit gas temperature if the available heat re-
quiraed is 0.81 million kcal/hr (3.2 million Btu/hr). The fuel is Algeria LING [I'able 2.12b}

having 10 132 gross kcal/m? (1139 gross Btw/ft?} and requiring 10.76 volumes of air per
volume of fuel.

From Figure 3.10, at 1000 C and 25%% excess air, read 43% available. Therefore the
gross input required is 810 000/0.43 = 1 880 000 kcal/hr. Select 16 burners sach with
at least 1T 880 000/16 = 117 700 kcal/hr capacity sach.

The fuel gas input reguired will be 1 BBCQ 000/10 132 = 185.6 m‘/hr. The air required
for stoichiometric combustion would be 185.6 x 10.76 = 1997 m*hr; but for the requeasted
25%6 excess air, the requiraed burner air capacity will be 1.25 = 1997 = 2496 m*hr.

Operating experience with high velocity recirculating burners will probably show that
the 25%6 excess air is not required: so fuel can be conserved by adjustiing the fuel/air
ratio closer to the stoichiometric ratlio.

Example 3-8. Select burners and a blower for a dual-purpose furnace with the [ollowing
speacifications:

Hardening Drawing
Avaijlable Btu/hr recguired 4 200 000 92 000
Flue gas exit temp., F 1 900 1 O

Solution: For the hardening operation, Figure 3.10 gives 48%% available heat with perfect
combustion.
4 200 Q0C

Therefore — O.a8 = 8 750 000 gross Btu/hr.

Burners selected: fourteen 6422-4 Burners, ecach rated 63200 cfhi air (or 630 GO0 Btuwhr)
with 16 osi aeir pressure at the burners, for a total gross input of 8 820 000 Btu/hr.

8 820 000 gross Biwhr
100 gross Btulfﬁ air

Blower selected: 2324-35/2-15 Turbo Blowez‘ (rated 96 000 cfh at 24 osi].

Blower capacity required = 88 200 cfh.

Example 3-9: How much excess air for low fire? For holding during the low temperaturs
operation on the above furnace, the fuel flow will be reduced and the air left on at high
fire rate, thus providing excess air. How much excess air should be used et low fire?

2
Solution: First find the ratio, 2v2ilable Btu required at low fire _ 92 000 _ , ,

cfh air supplied with air on full =~ 88 zo0

Then, from Figure 3.11 (follow the dotted arrow) read 3802%% excess air and 4.8 to 1 re-
quired valve turndown. If no excess air were used. the required valve turndown would
hava begen the sama as the gross Blu turndown, or B 240 000 -+ (92 000/0.71}). = 63.6
to 1. [0.71 is from 71%% available at 1000 F, read from Figure 3.10.]

The 6422-4 Burner selected above is stable with more than the required 3BO%% excess
air: so it will still operate satisfactorily. Howeaver. a look at Figure 3.10 shows that the
o4 available heat at 1000 F and 3800/0 excess air is only about 62%6: so the Arescioo

arsearm e bioae =211 T e
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Example 3-10. How much wniformity can be expected from the combination selected
in Example 3-97

Solution: By interpolation from Figure 3.11. it is found that for 1.04 Btu available/ft* of
air supplied. the hol mixture issuing from the flame iip is only about 50° above the flue
gas exit temperature. This can also be surmised from Figure 3.12 or from the x-intercept
of Figure 3.10.

This is the maxirnum temperature differantial within the furnece gases. The maximum
temperature differential within the work would be a fraction of this. JTust how small a
fraction depends on placementi of the work and is not a function of burner operation.

Example 3-11. A forge furnace is fired with heavy oil {(13° API: 152 000 Btuw/gallon])
and operates at 2200 F. The flue gas exit tempearature is approximately 2400F. The
radiation loss through openings has been estimatied at 1 152 000 Btwhr and the wall
loss at 162 000 Btuw'hr. The firing rate is 50 gallons per hour. What sfficiency can be
expeaectiad from this furnace, and how much steel can il heat por hour?

Simplified solution. The gross input rate is (50 gal/hr) =< (152 000 Btw/gal) = 7 800 000
Btwhr. From Figure 3.9 the available heat of a 152 000 Btu/gal oil is 65 000 Btu/gal.
Subitracting the losses through openings and walls from the available heat., the_heat

left for heating the steel is (65 Q00 Btu/gal) = {50 gal/hr) — 1 152 000 Btuw'hr — 162 000
Biu/hr = 1 936 000 Btwhr. Tho efficiency is therefora %‘g—'—‘;g = 25.5%6.

Figure 3.11. Excess alr required for various tempeorature differentials.
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From Figure A7 in the Appondix, the hoat content of asteel at 2200 F is 340 Bha/lb,
Therefore the furnace can heoat 1 936 000 + 340 = 5690 pounds of steel per hour.

Figure 3.12. Effect of excess alr on het mix temperature. Points for this graph are o rived from
an pviilable heat chaoart for distillato oil nt the intersections of the exoeoss ade curves wi h the Zaro
anvailable hent line {(x-intorcopts). Similare “tempering” of the “flame™ or hot mix temy ernture is

achisved by use of high velocity burners, whose jet induces recirculation and mixing « f furnnoen |

rRasex withh the now combustion prodduacts,
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Detailed solution, The gross input rale is (50 gal/hr] = (152 000 Btu/gal) = 7 600 000
Bitu/hr. From formulas 2/5 and 2/8, 13°API is;found to be equivalent to a specific gravity
of 0.98 and a specific waight of 8.1 7 1b/gal. By foarmula 2/10, the 24hydrogen is found

2122,
to be 25 — Ta 1351 s = 10.3. Assuming thal about 9824 of the fuel is combustible
material (the remainder being water, sediment, oxygoan, and nitroegen], the hydrogen will
constitute 10.3 < 0.98 = 10.1%% of the fuel. This leaves 98 — 10.1 = B7.9%% carbon.

Determining the flue gas constituents from formulas 3/19, 3/20, and 3/22a,
1b COL/Ib fuael = B87.9 »x 0.0366 = 3.22: so lb CO.2hr = 3.23 lb C0O./1b fuel <
8.17 1b fuel/gal x 50 gal/hr = 1315.
1b H.O/1b fuel = 10.1 »x 0.0894 = 0.903: solb H:O/hr = 0.903 = 8.17 x 50 = 369.
b ING/1b fuel = B87.9 x 0.0882 4+ 10.1 =< 0.2626 = 10.41; so 1b IN./hr = 10.41
B.17 = 50 = 4252, .

Using formula 3/32 and Table 3.7a, dfg lass = 1315 x 659.5 4+ 4252 = 644.4 — 3 607 000
Btu/hr. From formula 3/34, moisture loss = 368 x [1088 -+ 0.46 x (2400 -— 860)}
= 796.000 Biwhr. The totel loss is the sum of the dry flue gas loss, the moisture loss,
the opaning loss, and the wall loas, or 3 607 000 + 799 000 4+ 1 152 0G0 + 162 000
= 5 720 000 Btu/hr, which is 5 720 QO00/7 6800 000 ='75% of the gross input. The
aefficlency is therefore 100 — 75 = 252%%4. The heat lelt for heating tho steel is 7 500 000 —
S5 720 000 = 1-880 000 Btu/hr. From Figure A.7 in the Appendix, the heal content of
steel at 2200 F is 340 Btw1b. Therefore the furnace can heat 1 876 000/340 = 5529 pounds
of steel per hour.

Losses due to incomplete combustion include the loss due 1o incomplete
burning of carbon monoxide, hydrogen, and hydrocarbons {including aldehydes
from poor mixing or gquenching, as describad in Figure 3.4), and the loss due to
unburned solid fuel which becomes trapped in the refuse.

Incomplete combustion may be inlentional, as in instances where the process

requires a reducing atmosphere. The percent loss due to a deficiency of air is
roughly equal to the percent deficiency. Figure 3.13 shows the logss due to in-
complete combustion of natural gas, more precisely.
Example 3-12. If perfect combustion of a fuel reguires 10 12 of oir par f1% of Fos), i
only 9 ft!' of air is supplied per ft° of fuel, then the percent deficiency of air is [(10 — 9¥10)
» 100 = 10%%. This 10%0 deficiency of air results in a loss due to incomplete combustion
of about 109s.

Optimum Ajir Supply. The optimum air supply for best thermal efliciency
in a furnace is that at which the sum of the loss due to incomplete combustion
and ihe loss due to heat in the flue gases is a minimum. In cases whera
thorough high spesd mixing is possible, the optimum aicr/fuel ratio is the
chemically correct air/fuel ratio. This is usually the case when Lhe fuel is
gas or cil. When the mixing is poor, it is often necessary to add exceass air
to increase the completeness of combustion. This excess air then adds to
the guantity of the flue gases. Accurale determination of the optimum point
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requires a serias of furnace tests at a variety of air/fuel ratios, but the point

may be approximated by finding the air/fuel ratio that produces the maximum
26 COnx. .

Figure 3.13 illustrates the manner in which the various losses change with
the air/fuel ratio. If the mixing were thorough, the incompleta combustion
loss would be zero at the chemically correct airffuel ratio, and the minimum

total loss (maximum % available) would also occur at the chemically correct
air/fuel ratio.

-

Figure 3.13. Variation of furnace losses and available heat with air/fuel ratie. This graph is
, basead on 1108 Btu/ft* natural gas (0.83 gas gravity. 83% CH,, 1626 C:H.). As an example, with

80%% aeration {20%% daficiency of atr). reading down on the right-side ascale, the loss to vaporization

of water formed by combustion: of hydrugen in tha fuel is 726, leaving 23%h net. The incomplete

combustion loss isa (33 — 7) = 28%h. If the flue gas leaves the furnace at 1800 F. the dry flue gas
loss is (6% — 33] = 32%, laaving (100 — 65) = 35% available for useful heating and to balance
losses through wall, openings, and conveayors.
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