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Programa del Curso: Instalaciones De Aprovechamiento De Gas Natural 

De/26 al 30 de abril de 2004 

Tema Día y hora 
l. Termodinámica Aplicada Al Gas Duración: 4 horas 
Natural Lunes 26 de abril de 2004 

de 17 a 21 horas 

2. Reglamentación y Normalización: Duración: 4 horas 
a) Reglamento de Gas natural, Martes 27 de abril de 2004 
b) Normas Nacionales Aplicadas Al Gas de 17 a 21 horas 
Natural 

3. Diseño De Instalaciones De Duración: 6 horas 
Aprovechamiento De Gas Natural: Miércoles 28 de abril de 2004 
a) Residenciales. de 17 a 21 horas y 
b) Industriales. Jueves 29 de abril 

de 17 a 19 horas 

4. Mantenimiento De Instalaciones de Duración: 2 horas 
Aprovechamiento De Gas Natural. Jueves 29 de abril de 2004 

de 19 a 2 1 horas 

5. Pruebas En Instalaciones De Duración: 4 horas 
Aprovechamiento De Gas Natural: 30 de abril de 2004 
a) De hermeticidad (hidrostáticas y de 17 a 21 horas 
neumáticas). 
b) No destructivas. 

División de Educación Continua de la facultad de Ingeniería 
Universidad Autónoma de México. 
En colaboración con el Colegio de Ingenieros Mecánicos y Electricistas (CIME) 
Coordinador académico: lng. Alfredo Sánchez Flores 
Expositores: 
lng. Alfredo Sánchez Flores(*) 
lng. Daniel Tello Patiño (**) 
(*) Perito en gas LP y Gas Natural del CIME 
(**)Diseñador de sistemas de Aprovechamiento de Gas natural 
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2.6 • ECUACIÓN DE ESTADO DE GAS IDEAL 

Las tablas de propiedades proporcionan información muy exacta, pero son volmni
nosas y vulnerables a los errores tipográficos. Un enfoque más práctico y deseable 
es tener algunas relaciones simples entre las propiedades. que sean suficientemen
te generales y precisas. 

Cualquier ecuación que relacione la presión, la temperatura y el volumen es
pecíficos de una sustancia se denomina ecuación 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 ecuación de estado más senci
lla y conocida para sustancias en la fase gaseosa es la ecuación de estado de gas 
ideal. Esta ecuación predice el comportamiento P-v- T de un gas con bastante exac
titud, dentro de cierta región elegida adecuadamente. 

Las palabras gas y vapor a menudo se utilizan como sinónimos. La fase de 
vapor de una sustancia suele considerarse como un gas cuando su temperatura es 
más alta que la temperatura crítica. El vapor implica un gas que no se encuentra 
muy alejado del estado de condensación. 

En 1662 el inglés Robert Boyle observó durante sus experimentos con una 
cámara de vacío que la presión 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, 

o 

/'¡.- = NT (2.9) 

donde la constante de proporcionalidad, R, se denomina la constante de gas. La 
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gas ideal, un ga:-. que ohcdcce c:..,t,t relacton recibe clmHnhrc de gas ideal En c~ta 
t!cu.u.:t(>n. 1' c.., la ptc'>tún .th-.uluta. J e<. la tctnperatura ah'>oluta y\' C'> el volutnen 

e ... pel· ffil·( 1 
La ~.:un-.tanll' de ga ... R t:'> d1krcntc para cada ga..., {figura 2.-t5J y .... e dclcnnuw 

de 

i•. 

donde R,. L''> la constunt(' unh·t"rsH.I d(• Jla~ y M e~ la ma~a molar (llamada también 
pr~o mo/r{ u hu) delga~ La cnn~tante R .. e~ lu mi'>nlu para toda" Jn..., ._u-.tnncta~ y su 
valor l'~ 

R 11·1 1..1/'-.mol K 
K Jl4 ¡._p,, rn'/l..mol K 

(L08J 14 bar rn '/krnol K 
1 9K(> Btu/lhmol R 

10 ?'Yo J>"ln h '/lhmol R 
1 :í.t~ lt lhl/lhn1ol R 

(2.11) 

L:1 masa mnlur M ..,e dcllnc LOtnu la f11li.\U de un 1nol (llatllada tatnhttn un 
granto n1ol -\hl{_''. iadn gntol) df' una .HHfUII{ 1a r11 J:ranro.\, o. la rna•'tl rlt' 1111 knuJ/ 
(llanmda tanthtL"n un ktlngramo-mol. ahtc-..iado kgmol) en /...ilO~I!lrtHH. En unida
de.., ~ngk·-.a'> L'" la nt:t'.J de 1 lh!nol l"ll lhrn Adviel"la que 1.1 nw..,a ntolar de una 
<.,u-.t.tllL'I,\ IH."Ill' el llll'lllo valor tllttrléttetJ en antbo~ ~istcnla!'l de untdadeo.;, por la 
fo1111;:1 Cll 4uc <;e 1kl1ne e ·uan1l11 'l' 1hct': <pH~ la 111.t~.a nH,I.ar del ntltúgcno es 2&. ello 
'lgmlica que la IIW'>.tlk un k mol Ltc nitrógeno es 28 kg. o 4uc la ma!-,a de 1 lbmol de 
lllltógcnu c-. 2H lhn1 1>.1o c-... Af = 2H l..g/kgmol::.:: 2H lhm/lhlllol. La ntnsu de un 

-.¡..,tcnta c-. tgual .ti produ.._·to de ... u lll:l<.,:t rnnl:tr M y el ntinteto de lllolc:-. N 

\.'' ·' (2 17) 

ti!'> \ahi!C!'l de H y de A1 para .. arino, '>U'>Iancia~ ~e p1·c~en1an en la tahl~1 A.l 
1 .a CLII<~t:IÚII de c<.,tadn de~·~~ ideal '>l' co,cdhe de vtuta.., manCil.l'i diferente~ 

lr~R=(,l1N1H=N'R. ~ 

V= NI _____________. 

PI,'= mRT 
P\':..NRJ 
f•~· = R,,l 

{2.13} 
(2.14} 
(2 15) 

donde 1' L'' L~l vtJ\unJC11 e'>pccífiLII l!tolar. e~to e!'>. d \.tllll!llCII p1•r untdad de nud (en 
111 '/kmol o h '/lbnH ,¡ ). 1-:-.n e-.k lt:xlo un J<UhÍII arTiba de una proptcdild denotará 
L:dore.., ha\rtdo' t'lf urudad de mol (figwa 2.-l6). 

l:scrihtcndo la ccuac!Óll 2.1.1 do..; vece<., p.tra una ma.'>a fija) '>ttnpltricandn. las 
p!tlpicdade.., de un p-:h ttlcal en d(l'> e-.t.uJo.., difctcniC'> o,c rel:tcton:~n enlre '>Í po¡

lllt!tho de 

('' f \ 
1 7' ¡¡; l 

tJn ga~ Jdcal e~ una '>U'>Iancia imu~j,wrra que olwdccc a l<1 reln<--iún /'~·- RT 
(figura 2.47L Se ha nh<.crvado C.'\pcrinwntalrncntc 4uc la relación de gJ.~ tdcal ~e 
aproxirna rnucho al cou1portauucnln l'-1 -T de In'> gase" ¡t;>ale'> a ha¡:l' dcn~idadc.., 
i\ b;.qa-. pH~-..ionl~~ ;_. alla.., tetnpcr..Itura~ la dcn..,.d;td dL· un ga_-. dJ.-..tninuyc ) ~.;,te -.e 
cnrnporta conlo gas 1dcal en co.,ta ... condtcHillC'>. 1~'' que nln..,tituyr. h<tja p1~'>tÚT1) 
::tltn lentncraJura ..,.._. cxnl!ca en la '>tl.!ttienlt· ..,eccu'n1 

... 
CAPITULO 2 

~k~~~. K·-·-~· 
0.2.11Q. 
2.cr76'' 

.0.2081 
-0.2968 :. 

•'•.' 

FIGIJRA 2 45 
()¡lcrcnlo:., '>U'.\,InLI·I" 11enr.:n tlifcrcnll'" 

l'llll'>I,Ultt!'> Lk ~¡¡._ 

fiGURA 2.·16 
l_,¡._ pllljUt:dadeo.. 1'''' 111111 "L" dem•tau Cl>ll 

un ~,.¡¡¡·m r.:11 !.1 Jlarte ..,upcnor 

FIGURA 2.47 
"' fc·\.JLIÚil lk ~.1'-. tdr.:al ,\ llll'!llldt> IH• C', 

aplw.thl<' a loe. ga"'~" H:;d(·"· por l'llo 
(le] oc ll'!ICI-.L' Ll!ld:td<> Ctld!HI<o '<~' 11',<' 
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fiGURA 2 JlfJ 

Dthutu p;H.I t•l t>!l'Htpln 2 1 P 
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En el tan~o de inlt:·t·l<<; rt(ktico. llHtcho<., ¡;a'>C<., tarndiarc.<. C()JII(J el :IIft'. nJtr(JgC'

Ilu, nxfg..:-no. hidr(,g_cno. hcl1o. :u·gr'Jn. nt.:"f,Jtl. kriptó~1 e IIH:Ju...,o !.';''"e" nl(l~ pc~ado .... 
L'(lll\n el diúXtdo Uc c.ulu>rlo. pueden tral:tr~c l.'ulnn ~a.:;e~ 1dcale.., cn11 un crrot dc'
p!cLi..thlc ¡con lrecHenct:J tn.~nnr de 1 •;{) S111 Clnhnrgo. )o<.; ga..,e~ den<,o.,, contP el 
'~tpu1 de agua en la" ccotrales clét.:tríca:-.) el vapor dt· tclrigt·ranlc en lo:-. n:\1 ·~cra
d~>Ic..,, IH• < • .lt·hcn con<.tdcr.tl<.,e conH, ga:-.co.; 1deale<> Dchcn utili/ar..,c las tahla-. de 

prt,pie,latk-. f'"''' C':-.tas su-;tancta" 

Masa del aire contenido erí un espacio cerrado· 

1 
EJEMPLO 2. 10 

Determine la masa del aire en úna habitación cuyás diO,éíislcim~S sOÍl 4 Óú('5 01 X 6 
m a lOO kPa y 25"C. . 

SOLUCIÓN Determine la maSa de aire contenida en un E!spaciO cerrado: . 
Anóllisl$ En la figura 2.48 se presenta un dibltjo del cuarto. El aire en lBs éondieio-· 
nes especificadas puede tratarse como un g8s Ideal. En la tabl8 A,l la constante de 
gas del aire es R = 0.287 kPa · m 5fkg · K, y la temperatura absoluta 8s T= 2s•c + 
273 = 298 K. El volumen del cuarto es 

V • (4 rÍ1)(5 m)(6 ni) ... 120 mJ 

lll ma~a del Aire en un espació cerrado se determina 8 ,partir dé la relaciÓn de gas 
ideal siguiente 

(liJO I<Páiú iO_..;,•) .. = 140.3 k . 
(0.287. kPa · nt'lkg- K)(298 K) ,,, 8 . 

PV 
m=--~ 

RT 
'' 

¿Es el vapor de agua un gas ideal? 

... ,, 

E~ta pregunta no "e conlc<.,la cnn un sin1plf' ... r n nn. El cnot inyolucrudo al con~¡de
t:JI ,d V<J[~ll <k agun COIIHI un p,.1~ ideal :-.e calcula y grafÍt..:1 c~n la fq.?;ura 2 49 E-. 
l-larn. n pnl"tit Je c'>la ltgura. que a prc~innes nlcnorc~ de 10 kPa. el vupo1· de agua 
-.e puede Ltltl'>idenu 1111 ga<; 1dcal. tnlh·pcl!dicntenu:ntt: de :-.u tcnlpcratu!H, l'tlll 1111 
C'll nr dc'-.pr<:< iahk { llll'IH 1r que () 1 'lr ). A ¡u c'\Ítmcs '-'UpCI io1 e-:. la ... upt ,...,ici(lll de t,!-ót'-' 
ukal pn•dt!Lt' etftltc . .., inaco..:ptahle-.. c11 partJL'lllat en la vecindad dt!l puntt1 crftic11 y 
de 1:t línea dl' "-apor -.atuJ ad11 (arriba Llcl 1 00'1r ). Por tanto, L'll ap)Í(.'aL ionc~ pant 
ac:nndictonanliL·nto de aul'. el vapo¡· de agua en t~l aire puede trata1 <.,c l:lllllo ttrl g.t-. 
c11 c .. cncia idt:alca..;i '\Íll cn·or. puc .. ttl que la pn~.._¡,·,n del vap111 de agua e'> tnuy hnja 
Fn contra'-.\<:. en la<.. aplic.aL·i<>IIL''> del ':apor en centnde.<., t:ll~CtJit':t'-'. 1<1'-. JHC'>ÍtHIC'\ 

11nplknda' ""ll 111Uy alta-... <h: n1odo que 1111 ckhcn l!'\ar<.c "'" I"CI;tL ltlJIC'> de ga<., ideal 

2.7 • FACTOR DE COMPRESIBILIDAD, UNA MEDIDA 
DE lA DESVIACIÚN DEl COMPORTAMIENTO 
DE GAS IDEAl 

1 ;¡ ''lll~wic.Hl dL· ¡_!;t-.. Hlc¡¡l e'> TllliY '>t•nctll:t > ptll elh, -..u''"" e<.. Ctlll\'l'llh.'llll". )•en'. 
(tl!llO i!U"IIil la lq.!Ut<t 2' ·I'J. In'> J.!:l'>t' ... '-.l' u~'-.\Íatl del L'llllljl~lll<lllllt.'/1111 de ga~ ideal. 
tll· lll<tllL'J',J '-.1!-'tlrlivati\·a. l'll t''-l~ulc,.., c•.'lt.:llltl'> al;¡ 1egiún •le '>~lturacrt.,TI y al punt•• 
Ll iticn. f:._, !Hl'>lhle C.'.Jli!L'O:II L'llfl CX:tl'llltHI t''-1<1 de''>\ tacit;ll de\ CHlllJliii{,IJIIH . .'IIltl de 
~a<., ideal :t 111\<1 ICilljlt:t<liUI~t y ptt.::!-oitÍil dt•lt'rT111tl<ld:J<., tl\Cdt:IIIIL' l:t lllll<•dUL'CJÚII de..: \Jil 

!,u,::hlr tk ( tll'll'L'CttÍII l];llll:tclt) rnc.'fOr flc• t'Ctlltpr·~ ... Jhilifhlfl 7.. (Jc-Ji11i1lt> l'C>!liC) 

¡·, 
/ 

1.'1 
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(2 I!J) 

donde 1',.11_,,1 = R7fP. E'-> L''l. idcntc que /, = para gii'>C'- ideal c-.. Para ga~cs rcaJc.., Z 
puc.:Uc "cr ¡nayor o nwnnr que la unidad ( ligu1 n 2 50) Cuanto n1Ü:-. lejos se encuen
ltll Z de la un1<Jad. llldY e u e" l.t dc:-.-.. iacic'm del!.!'"' del <.'tllnpon:tlnicnto de gu<; ideal. 

Se ha d1cho tcpetid • .b 'et.:c" que lc1" ga....:c" -.1guen la L'Ctl:lctún tic g:a" ideal <..'lltl 

!.~ran pn:c1..,1tin a haj;t<.. pn .. "':-.ionc" y :lita.;; tc!npe!altua....:. ,,l'•:to qué e'> cxac:tarncntc k-. 
que cnn'-lituye ha¡a pn.:-.;u)n y al!a ICIHJH~T<~Itlf<l? ,·.E-.-IO(Y'(' una tenlpcnútua ht~ja' 1 

E~ tlcf¡nitivo que lo c-. para IHUL'h~h ... u..,t:H1Cia..,. pero no para el :n•c El uin.: In cl 
nit,tigL·nu) puede lfalar-.e corno g.t .. ideal a e" a ternperalt.lla y a la p!L'"II.Hl :tllno-..lt.:
tica t.:t.Ul Uf\ CI'IOI IUCI\01 de 1'=1 dchlt.hl ,1 que el III(IÚ~CIItl '>t." ellt'llt:lllla h:t<.,fanle 

arnha dL· ..,u tL'lllpelatura crftica ( -1~7~C) y lejn.<. de.: la ~t.:gii'Hl de .... aturanún. A e-.ta 
tenlpCratura )' p!L'">ilnL ..,¡n ~111hm¡;o. !.1 Jllayo¡· pn11c de l;¡o.; -.u-.tacH.:Í:I" ~,;,..¡ .. ,¡, ía11 t:ll 

lll r ....... ~ ~ülidH. Po¡ Clll\~lgUICiltc:. la pn.: .. iün () l<.::lllJlCilliUid de 1111.1 '>li"t;)(lt;Í;¡ t•<., ;ilt:c (l 

baja en relacitin con ..,u tetnpcratura u ptc<.ión ~.:rltica. 

\ 

FIGURA 2.49 

Porccnlil.Jl..' t.k error ill'',•"'' · 1',,,. , 1 1/''•~•·••1 x 
!00¡ in1phcado .1! ..,uponer que el vapor 

C!> un ga._ 1deal· y rcgu'•n donde.: el VUJUH 
puc.•dc lralar~c corn1• un ,za-. ideal eun un 
CIIOI' lllCilllr de 1';{, 

FIGURA 2.50 
f·l f.H'IIH de Cf>lllprc'-lhtlid.ul t·..._ 1,, lllllli.HI 

Pald lo" ,.,,,, . .., ¡,\,·alt· .. 
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Lo" ).!a".::- <.,e cntnpt'TI<:tn de tnanera dtlcrcnlc ¡¡una lctnpcnltura y pt·c~nin dc
tCllll\ll;Ltla.,. pettl-..l." L'IHIIJltHI:lll de 111:11\L~fa IIHI) pan:cida a ICIIIJit.'TliiUta ... )' pTC<.,iiliiC' 

nPnnall,-ada'> rc~pcclo de '-U~ ternpet :Hura~ y presione-.. (..:rftica~ La nnt·nlaiJ.l;acic\n 
"e e ll:ct tÍ<t Ct •nHt 

r:, , . 
. \.quf ,,, recihc el nomhre de presión reducida y Tx <.k. tcn1peruturu reduddu. El 
!actor Z par~ t(Jt.lo-. lo~ gasc~ e:- aproximadmnenlc el rni~n1o u la nu~tna pH: ... ~t'u¡ y 
tcntpcratura tcdUt:.:ida~. Lo untenor· r·ccthc el n<Hlthtc tle llrinclpiu clt-· cstudu~ cu
rrrspundlcnles. En la figut·a 2.5 1 lo~ valore~ de Z dt::tcnntnado.., cxpc1 intcnlal
lltcutc "e g1afican puta el ca<.;n de PH y TH para vari''·" ga~c:-. l.n~ gasc~ p;tf'l~L·cn 

tthcdcccr ha:-.t:.tntc hien al principio de estarln" cnnc~p<Htdic•tlc:-:.. t\1 uju~lar le,~ tfa

h>'- se oht1cnc lu carta de cnntpresihilhhut g•~neralizada. que puede u111iza¡·...,c 
p:~ra 1odu~ IDS gases (figura 1\.30). 

A parlir de la carla tlt: t:t,mJ)I"CS-ibilidad gcncrali/.tH.Ia <.,(Hl ()(•o.;ihll:' la" siguicn
le-.. nhscrvn ... ·Jonc:-.: 

l. ¡'\ prc~inuc:-. rnuy lHija-. ( I"R ~ 1) los gases ~e co1nportnn CtHIHl u11 ga..., ith:al ...,¡,. 
considcnu In te.rnpcratunl ffiguru 2.52). 

25 .1 11 
·' lt . ' 

Y f-.1cUtll" 

Ettkn•• 
.l. EI.UI<> 

......... ~'"·"'" 
'-' r~-lu·plant> , 

A Nli!ú¡••·no> 

'·' p, ''P·'"'' 
rr 11-l">ul.oiH> 

~ p,.·,,tdo <k c.u!,,..,, 

"~"·' 
Cur'··• p!t>ll!<.:d<o ¡,,._,,.~,, ,., '"''''" 
dc hulr••carhu• ''. 

' " 
l'¡,_.._.,,n J<.:thr<.:ulu 1•, 

FIGIIRI\ 2.~ 1 
(.'oltlparaci<ín de lo" fo~cloH'" Z p:na drletl'lliL'" J.!""'-'"· 

11 .,,.,,, ( "'"' ¡," '" ''"""" ., 1 "" 
,,,,., ... ., ... ,,¡,,, \.,,. , . ..,,,..,,, . .,,.(J., ... ,,,,/"''''"' ......... , .• "'"''' 
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t\ clc\'l.lda,lcnlper:JIIII":l" !TH > 2),l.·l cu111po1tarnu:nh' de ga!-. Jdcnl puede <:;UJHl
ncr:-.c L·nn hul·na prcci-.itíTJ -.in i1npur!.ar la pl~Sit~,n (excepto t.:lllUJcJu /J'R ;.,. 1). 
L:t de-.vi;u.:iún de un ga:-. del CPinpnti;IIHi('nto de ga~ idc:tl e' nw.yor ccH.:a del 
JIUIIIO c._·ritiLtl ( fi1•11r:1 2 :"i \) 

EJEMPLO 2- 1 1 

Dete""lne el volumen espeelfico del réftlgerante 134a a 1 MPa y so .. C, Utill~ando:, 
d') la KU&clón de estada; de gas ideal y b) la carta de compresibilidad geríer8ilzadS. 
Comparar los valores obtenidos con él valor real de 0.02171 m 1/1q¡ y d.!tetrTtiríar el 
Brtor lmpUcado en cada caso. · ·' 

SriUJCU)N Se debe d~ermlnar el volumerí especrflco del refrigeran~ t3~8-~J~ ~ 
rífendo un comportamiento tanto de sas ideal como de gas no Ideal. .-· .... · . :·. : .• :: ~: 1 
AnAtl•l• La cohstante de aas. la presiOn critica 1 la-í:empetatura erftl~:i'í(d8(r&rtlaé-··. :.') 
rante 134e se determinan e partir de la tabla A.lt .~-" · • .. ,.;. ·;~ ;;'; ~-- ¡ 

R-o.Ost5 ac.Pa-:m_ ... ¡q::x.- ·.;_ ·:;:¡.<i :.'-' ·1-.¡ 
P~ ... 4.067 MPQ -·-.~ . ·3. _ •. :)\ .\.:.~it· ~.·_ ,! 

Tr• • 374.3 K· ',_. · · ·:·;; 

sl El volumen especifico del refdll'"""'" l:Í4a bajÓ la's~~lcioo-da:'¡p.;.:¡ci~a,i ;;;¡ , 1 

!O om ""7 ;,:;;;':!~ KJ!lzj KJ • o.o263z·.,;;;.;~ ,Y,;i:;; j RT •=---p 

Por lo tanto, conslderaudo el vapor del refrigerante 134a como uri gas ideal se 
obtendrfa un error de (0.026.32- 0.02171)/0.02171 ""'0.212 o 21.2'% para este 
Ca&o. . 

b) Para determinar el factor de correcciOn Z a pl!lrtir de la carta de ccimpreslbllldad 
es necesario calcular la presiOn y temperatura reducidas:. 

Entor1ces 

r. - ;, = --::4---:_~~~ccM:--:'::P:--• = o_:i46} 
J~ - _I_ .,. 32.l K ... 0.863 . . 

1~. 374.~ K -

Z=0-84 

,. • .Zv~- (0.84)({Hl2632 m'/kg) = 0.02:111 m 31kR 

Dl•cu•ldn El error en este resultado es menor de 2%. Por tanto, ante la ousencia de 
datos tabulados. le carta de compfesibilldad pnerallzada puede emplear~ con 
confianza. 

ln...:lu:-.o cu;uulo /'y 1·. 11 T :- 1'. -.e d.ul L'll lugu• Llc /' ~ 1. la cana Uc co¡nprc~Jhi
Julad gen('rali,adn pnede utilu:u"c parn dclennin:ll· la tercera propiedad. pelo int 
plicada l.'llcdio"o rnétndo dt• en-.a\'o v c•rrnr. En cnn,ecuencia. n•,-.tdta l.'Ollvt.•niettle 
defi11i1 una propiedad reducida. rn;·~~. Jlatnada el \-Uillflll'lt t'!"IJ(.•cífit._·n 
IJscudurrc-duc._·ldu 1 11 c~•ITH' 

(;.>' :.!1} 

¿-.~ ·>~"; •',1 -:..,."_ . •< ~· ••• j 

CAPITULO 2 

cuand" 
1' ... o 

·- ··~ 4• 

fiGURA 2.52 
1\ pn:-.IIHH:-. ntuy haja.., l<ld<>" loo., ~a-.e-. ..,,. 

neercan nl<·tunp<H.,:uiJicnlo llc ~no,¡ ulcal 
(o.,¡n illli"J<Ular <..u \l.'IIIJICI<IIUIII) 

( ·,., "1 >• •r1n '" • l' ni<' 

dt: ~·" 
no uJL·nl 

( •• ""'"" 1 ""' ..... ,., 

,,.._ 1':"" 
ul•·:ol 

/-.,, 
' 
',, (- .... ,p ................ " 1 

' í 

'·. dL' Jolll~ otlt·lll 
··• ....... 

" 
rtr.tJRA 7 ~J3 

Lo-; ~ll..,l!<.. -.<.· .¡, . ..,, 1an tlt"l 
<'urnptlrllliiiÍt'lllo ti\- gao., Ideal en 1.1 

<.'<.•rcnnf;¡ dt·l punt" •·•lli~·n 
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FIGURA 254 
El I.1CilH lk t "lllJlll''-tlulutad l.unhn!n 
JHil'ik dl'll'll\llll.H'-0: ;1 pllrllt dt.:\ 

¡II[H>l IJ111L IJ\t> <k f' 1 ) \ 1' 

r ... 60(l•p 
u • 0.~14 fl 111bm 

p - 'l 

FIGURA 2.5~) 
lll\>utup,!I.IL'I <.\Cillpl" .~ 1 ~ 

FIGURA 2.56 
1.'•" 1<:-.ult.t.l•o·. <lht,·nid<l', ,olutlll/\11 l;¡ 

~·.u t.• de l<•lllflt<.:"il~!ll•l:td ... 11o..:\Ln , .. .,,.~, 

tll'nl"> d1· 1111 l"''lllt'l.\1> I'"IL'l'lll,q<: ,J...: 1"'• 

(lh..,crvc qu~ 1'¡,· !'t! ddinc de lliHI\Cra úlfCICiliL' qu .. ~ l'n y ·rR St: n~lacil)ll:l con 1:, y/',, 
<."11 \'t.:L de \',, 1 ;1111hi,:n '-L' aiiadvn línc:t.::. de •·,. cnnstantc a la~ (';uta.., <.h.~ con1prc.,.ihi 
lidad. _v l' ... tu rh~nn!le dt'·tcllllinat Tn 1' :-.in h:ru._·¡ que ll.!o..llrl"il a la-.. .... ~uio._a ... lh!l'ai.'Í1liH!'

flipllta.!. ~-ll 

1 
EJEMPLO 2. 12 Uao de laa cartas i;enerallzedaa para determinar la presl6ri ··.; 

Determine la presión de vapÓ~ de agu~ a 600°F y 0.514 ft3 11bn1, emPie~~dó(á)"!~S;-.~:. 
tablas de vapor, b) la ecuación d8 gas ideal y e) la cart8 de compreslbillditd Qeii.era-~ 
lizada. ' '· · : .... . . .··! :·.·~:.' ~: • ~"-1 

SOLUCU)N Se deteirmt~ará ·la presión del vapor. cie 8~~·~·. pOr t~~, ~~~:~~~~~.'~¡·~~e~..:: :·;~ 
~e,~lial~ En la fiau~~ 2.55·$~ presénta un dltiuj& ~el ~·~l~·~;n~~ ~~:.¿~~:~~;~~i~é··~·asJ,?.~ 
la presión critica y hi t~mpe~a~Uia. ~rltlc:a t1el ~a~r-~. ?~:~.~~~~ ~~_,'~:t~~~á/'::~.~~·~· : .. ·.: j 

<R • o.$9s6 psia · ft)lltiM".:' il:~.~·::i:· .·~ .. :):.::; •:. · ;·.! • l ,, • 

.. . · .... ~, · . .f:;.r~~-~·~~ ;: : ·-~.;~rr?H!~;L~:-\>:.:~: .... c ... -~~-:r~ 
~~!a tabla :'-6~,~ obt.l~7~~~ la presl~ del v~s-:r~.:~~:n~;,~r~:~clflc,ad.~.~m:;:~ 

·:V= o.·:!f··~.:.fl 1 /R.m} . ;_ ···. !'.t·:'·'~f: .· i':: ::r·:·~;~··.ih~:U': ;;j: . '. '• >:·:. p-. OOo pslii···'·····: :>.' •, . ·~ \ 

Eate ~el vaÍ<>< determln~d: =~~niantalmaite y.:~.'iliff~~'i:~r~;::,.~_:., ; ?:.~~. ;\ 
' ' " • ' ', '1'' ; "'• .• :t• l• ,, ••• ', " '' ~ .••• •4 

b) A ·p8rtir de la relación da·s~s· 1tiea1 se deter~Ín~ ~ue·¡~·:~'i~SÍÓ~.d~t.'V~po; ·t,~¡(j-.1~~ (: .. 1 

&\l~lcion de sas:·~de·~.' e~.'>;::~);;~ · ··:. · :.·.> '. ··/~·'J~.~~I;1I~::!i1;~:·:if3¡:',,~;~';':\ :· <~·;t;;~~·;~:r~:):\ 
, P:..!!:,;. <o:s9-'6 pala. rt~llbm. R><toi;o.R'>'.:/{23ii ¡;;;.;;¡ · · ., ; :f''''·\''. 

. ~. · ·: · ,.~: .·. :;::~:··<~\~\t.~;J:.~-~~ ;~,~ .~·~-z.~~-~;J":~n:~:~~~}~?liL~/- i ~·· .. t.'. ··~·.·:.:·,~:·:.:a~~ \{i a:;~,). 
Por tanto, tratar al vapor como un gas Ideal resuttarfa en un·error de (l 228 :-~1 000)/ ,~.:; 

1 ooo ... o.22s. o 2~.8% en Sste caso:~'~· ·<:· .. : · <::::::-.:~f·.·:.:·;·~f·i·,!1).:~·>.~~"~}_'!'.:~tt:~: nt~::.'1t·~:~!~ 
e) Para determinar el factor de cori-eéclón Z a partl; (hda· cafta· dé Coftipre&ibilldifd ·:.: 
(figura A.30). primero se debe calcular el volumen eSPecificO' Paeúd0rredücid0 y·.ta <· · 
temperatura reduéi~•• •. · ... ·. · · ·. ' ;.y .::d.i{ , ;:::~· '·,:; ::/"?:'>!):{,:,! 

. -~ = .. v • ..,".'= ,.; : !0.514 ft'llbm)(J 204.psla)-,, .. c.·;:;¡;,2 373}· ;o .:; ! 
: • . RT,;IP,¡'•.; (O.S9S6 paia · ft 'lltiin: Rlll;III,S¡J ij:y'.':,;,~·· / . . '· "• ' ' ... , ,.w_-:!

1 

1· 1 060 R · · · · · · ·· · P~ = o'.33. -r. = 7:_ =1'16"5.3R=·o~9t :, __ ·: . .. .' ::.< ~:::~~-:;'·;· ,. ·:_: . : .:;::::-··;·· ·: :·:: 

Por tanto. 

p =< f'~tpu::;, (0.:'\3)(_1 204 p-;in) co'.1 0!7 íJj.;la 

DJBCU!SI61r El empleo de la ca'rta rle r.nmprAsihtlidad reduce el error de 22.8 a 5. 7%, 
que es áceptable para la rnáYor parte de los propósit~ de·ta,lnger'lierr8 (fiSurá 2:.56). 
Un diagrama más grande, desde luego, brindC~rla mejor resolución y reducirla los 
errores de lectura. Advierta que r)o fue necesariÓ dt!iternllnar Z en· este problema 
puesto quo PR se lee directamente del diagrama. 

. ~ 

·;· .. r' 
-~ t; !; . 

~ ' ' '. 
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TABLA A.1 
Masa molar. constante de gas y propiedades del punto-crit1co 

Constante 
Masa molar, de gas. 

Sustancia Fórmula M kg/krnol R kJ/kg ·K' 

Agua HO 18 o 15 o 4615 
Aire 28 97 0.2870 
Alcohol et111co C,.H.,OH 46.07 0.18Dó 
Alcohol metílico CH .OH 32.042 0.2!:>% 
Amoniaco NH. 17.03 0.4882 
Argón Ar 39.948 o 2081 
Benceno ChH .. 78 115 0.1064 
Bromo Br. 159 808 o 05~0 
Cloro Cl. 70.90G 0.1173 
Clorolorrno CHCI, 119 38 0.06964 
Cloruro mctillco CH,CI 50 488 0.1647 
D1c lorodifluorometano IR- 12) CCI..í_. 120.9l 0.06876 
Dícloroflvorometano (R-21) CHCI .. F 102.92 O.OR07R 
D16xido de carbono e o, 44.01 o. 1889 
Oiólodo de sulfuro so. 64.063 0.1298 
Etano C,H,_ 30.070 0.2765 
Etileno C_,H 1 28 054 0.2964 
Helio lle 4.003 2.0769 
Hidrógeno (normal) H,. 2.016 4.1240 
Kriptón Kr 83.80 0.09921 
Metano CH, 16 043 0.5182 
Monóxido de carbono co 28.011 0.2968 
n-Butano C,¡H 1, 1 58 124 0.1430 
Neón N e 20.183 0.4119 
n-Hexano CJOH•: 86.179 0.09647 
N1trógeno N,. 2R.Ol3 0.2968 
Óxido nitroso N,O 44 013 o 1889 
Oxigeno O, 31.999 o 2598 
Propano c.~H'l 44 097 o 1885 
Prop1!eno CJHr, 42.081 0.1976 
Tetracloruro de carbono CCI, 153 82 0.05405 
Tetrafluoroetano (R-134a) CF ,CH.F 10? 03 0.08149 
Triclorofluorometano (R-11) CCI,F 13 7.3 7 o 06052 
Xenón X e 131.30 0.06332 

'la un¡dad en kJI(kg K) es equ\vdlente a kPd. •n",(~.g · K) La constan\t• de p,;~~, <;r. Ci!lr.ulp, df: R , R. 1M, dn'lrk f( 

f~;np1edades del ¡¡un tu cr/t1co 
--- ----

Tempera- Pres1ón, Volumen, 
tura. K MPa m3/krnol 

647.3 ?2 09 O 056R 
132.5 377 0.0883 
516 6.38 0.1673 
513? 7 ')5 O 1 1 RO 
405.5 11.28 o on4 
151 4.86 o 0749 
562 4_g? o 2603 
584 10 34 o 13!:>!:> 
417 7 71 o 1242 
536.6 5.47 o 2403 
416.3 6 68 o 1430 
384 7 4.01 0.2179 
451.7 5.17 o 1973 
304.2 7 39 o 0943 
430 7 7.88 o 1217 
305.5 4.48 0.1480 
282.4 5.12 o 1242 

5.3 0.23 o 0578 
33.3 1 30 0.0649 

209A 5.50 o 0924 
191 1 ~-6~ o 0993 
133 3 50 0.0930 
425.2 3.80 o 2547 

44.5 2 73 0.0~ 11 
507.9 3.03 o 3677 
126? 3.39 o 0899 
309.7 7 21 OO'l61 
154.8 5 08 0.0780 
370 4.26 o 1998 
3ó5 4 62 0.1810 
556.4 ~.56 o ? 75'J 
374 3 4 067 o 184 7 
4 71 :¿ 4 38 0.?4 78 
289.8 5 88 o 118& 

- B J\11 kJ·i~rP<JI 1'.) y '·1 ,_., ¡,, rn,l'.d rn•rlflr 

FuenrP. K A. Kobe y R F L ynn, Chem,ca/ Revtm" ~?. r l ':!~ 'll pp 11 7 ?36 y ASHRAf IScr.tCddd Ame11cana (Je :r,P."IHI"W, dr C:.1l<•t,y ur'ln, fl<!lr1¡;er.-:~r I<HI v 
AcondiC1011ilmlento de Alrf'], Handboo~ of Fundanu.:nfdl!> (Atldtl[,l, GA Atnl-'fl("i:ll1 S(X'I~·ty of ~leat.np,. Relrrr.r•rahrm 'l'J(I A1r CoP:liii'JII" 1g l11f!lnPf'". 1111 J'j().l) (ljl 

" . ..,., l 
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TABLA A.2 
Calores especil1cos de gas ideal de var1os gases comunes 

al A 300 K 

Constante de gas, R 
Gas Fórmula kJ/kg · K 

Aire 0.2870 
Argón Ar 0.2081 
Butano C.,H ..• 0.1433 
Dióx1do de carbono co, 01889 
Etano C7H, 0.2765 
Et1leno C,H., 0.2964 
Helio He 2.0769 
Hidrógeno H, 4.1240 
Metano CH, 0.5182 
Monóxido de carbono co 0.2968 
Neón N e 0.4119 
Nitrógeno N, 0.2968 
Octano C8H" 00729 
Oxigen~ o, o 2598 
Propano ClHB o 1885 
Vapor H,O 0.4615 

Neta. La umdad IJ/(kg K 1 'S equiValente a IJikg . e v 

e, 
kJ/kg · K 

1.005 
0.5203 
1.7164 
0.846 
1.7662 
1.5482 
5.1926 

14.307 
2.2537 
1.040 
1.0299 
1.039 
1.7113 
0.918 
1.6794 
1.8723 

c. 
kJ/kg · K 

0.718 
0.3122 
1.5734 
0.657 
1.4897 
1.2518 
31156 

10.183 
1.7354 
0.744 
0.6179 
0.743 
1.6385 
0.658 
1.4909 
1.4108 

723 
APENDICE 1 

k 

1.400 
1.667 
1.091 
1.289 
1186 
1.237 
1 667 
1 405 
1.299 
1.400 
1.567 
1.400 
1 044 
1395 
1.126 
1.327 

Fuente· Gordon J Van Wylen y Richard E Sonnlag. Fundamentals of ClassiCal Thermodrnamics. ve•srón <ngles'SI. 3a. ed (Nueva Yor>· John '//<ley & Sons, 19861. 
~ !:0"1 ¡.,¡...¡., /', OC:I 
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Section 16 

Physical Properties 

lntroduc:tion 
This section coui.ains a number of charts. correla· 

tions. ond discussio~s concerning the physical prop
'?rtif ot hydrocar~"''"!~ .and related compounds. 

Fi~. 16-1 is • : .. ble of physical coristantJ of a 
··.umber of hydroc•d>on compounds, other common 
chemical1, cnd aome common gasea. Fir. 16-2 il •• 
o niug.ment of GPA Publicatio"' 2145, an official inci-
1 :y efft • .,.,rd that is wideh referenced. in contncta for 
t JAtoriy '* :.inefer and othe,. commercial purpoeH. 

These t vo table:. ar..! '"11--···-~ }.¡v correlationa on 
compressibutty of gét.o.:~s. Then additional correlatio-n1 
fo; ow on. h~ l~carlon. fluid densities, boilin¡ pointa, 
A !'M dtstJ .Jat;on, cnttcal properties, acentric fac· 
w. · ;;r¡l'- pressureb, viscosity, thermal eonductiv· 
i+· . .. ·:,r;.t.~e tension, and l(Toss heating value of natural 
gfU!t"" 

Compressibil'ty of goses 
PI ESSURE-VOLUME-TEMPERATURE 

Ir' dE:aling w1th gases at low pressure, the ideal gas 
relathnship has been, and 1s, a convenient and gen
era}¡¡ s~,tish.ctory +.oc!. But when faced w1th measu!"e
ment .. nri calculations for ga~Ps under high pressure 
the use of the ideal gas relat10nship may lead to 
erro~·-; as great as 500%. as compared with 2 or 3% 
at atm:1sphenc pressure. 

Many equations of state which have been proposed 
for repres~nting the pressure-volu!ne-temperature 
relatiunship :'lf gases are complicated aud inconven
ient in practica! use. The compressibility factor is 
reg,sonably convenient and suffic\ently accurate for 
mar.y engineering requirements. 1t corresponds to a 
multiplying correction fac~or (Z) by which the V·Jl
ume computed from the 1deal gas equation is con
verted to the correct actual v~)lume. 

Thus: 

PV=ZNRT 

Where: 

P = pressure, kPa (abs) 

V= volume, m3 

Z = compressibility factor 

N= No. of moles, kmols 

R =gas constant, 8.3145 

T = absolute temperature, K= 273.15 + °C 

The compreaaibility .factor z i1 a dimenaionless fac
tor independent o( ~ exwnt or ... - .;.:. ;,: ~ht- .&f!. 

and detennined bJ tM eb.uaeter of thc ¡ac.. t~:~ • . ..:n· 
perature, and pr11111e. Once Z ia d.u.:.wn .~,. deter· 
mined. the ~ o( ~eu.re-te:=.,.._¡n:: .. "7"'··r:u.me 
relationahipe may he ...- wi.th as m~:!-. t-.sn~' · . ;i'h 
preu:ure u at low pr•s a e. 

Tbe equti= "' calealata r•• den:: .. 

WP 

8.3145TZ 

WIMre: 

.., = ru denoity, q/m'' 

M~~ lll&H, q/kmnl 

Other s:rmbcll de•cribed abov~ 

Since mo1ee-61ar ,...., .,...ure, and t'?mpe:-~tw .. tlrc 
11et by proceae eealiinatiwtal. it i1 necessPry :..., ,-leter
mine comprnei~ faHM ·Z to obt.ain gue ~:'."'l'tity 

Accordinr to U.. tloeorem of c'Ornspondlll~ statec 
the deviation of lftY .actu.a1 1•• from 1.hP.- ·~.?H! ¿a" 
law is the aame !or difforent , .... Wher1 "' •.h•· 
eorresponcünc fta.tt. The ünM eorHt¡.uluJ.¿¡..¡ ,,. 9t#.f 
are !ounci at the .....,. fraction o! th• al.>llobt• cric· 
ical temperatw'e and ,.....ure, wh~h .,.. lm-.. 
as the 

Reciucecl \llaiNIIM-. T, • TIT, 

Reduced pr•••-•· Pr • PIPe 

Wbere: 

T, ~ aboolat. ~ letll-Mllrl 

r~ = absoluta ertMl ..... "" 
T = abaolait "•,..•••~ at wh.ieh th• 1•• exista~ 

P = the aboolll'lo ~ at whlch the ¡as exista 

Any un.itJ o! ltmtMrlltWH oc prenu.re may be used 
provtded only that the - &O.Olvto units be used 
for T ~ for T, and for P H P,. 

GAHUC.W MIX'!Vaa 

Fig. Hi-3 repreMilu the ~btlity !actor as 
a !unction of peei>Cio ro4~i -IU:'e and pseudo 



See Nota No. -+ 

No. Compound 

1 Methane 
2 Ethene 
3 Propono 
4 n·Buune 
5 ltobutane 

6 n-Pentane 
7 ISOS)Ir'ltiM 
8 NeQCt1'1 tane 

9 n-Hexene 
10 2-Metl'\yloentan• 
11 J.Methyloentane 
12 Neohexane 
13 2.3-0•methvtbutane 

14 n-Haptene 
15 2-Methylhexane 
16 ~ethv!"•xane 
17 3-EthyiPe tane 
18 2.2·Dime•rytpentane 
19 2.4-Diml:~~ ylpentl!lne 
20 3.3-QirT'I(Ithylpentl!lne 
21 Tri;Jtane 

22 n.Octl!lne 
23 Diisobutvl 
24 lsooctsne 
25 n-Nona na 
¡'j n·Oecane 
27 Cyc:looentane 
28 Methylcyclopentane 
29 Cvclohexane 
30 Methylcyclohexane 

31 Ethene (Ethylene) 
32 Propene (Propylene) 
33 1·Buterw (Butylt:nel 
34 cis-2-Butene 
35 rranr-2-Butene 
36 lsobutene 
37 1-Pentene 
38 1.2-Butadiene 
39 1 .J..Butadiene 
40 lsoprene 

\ 

41 Acetylene 
42 Benzene 
43 Toluene 
44 Ethylbenzene 
45 o-Xylene 
46 m-Xylene 
47 p-Xylene 
48 Stvrene 
49 lsopropylbenzene 

50 Methyl alcohol 
51 Ethyl alcohol 
52 Carbon monox1de 
53 Carbon dioxide 
54 Hvdrogen sulfide 
55 Sulfur di oxide 

56 Ammon1a 
57 A ir 
58 Hydrogen 
59 Oxygen 
60 Nitrogen 
61 Chlorine 
62 Water 
63 Helium 
64 Hydrogen chloride 

FIG. 16·1 

PHYSICAL CONSTANTS OF HYDROCARBONI(271 

1. 2. 

~ u 
li o 

.:l. 1 E e "' 

i "B.ii! .!!! r!:l , 
E :: -!; o ~ ~ u.. ~ 

CH4 16.0'13 -161.~1281 
C2H6 ~.070 --88.58 
c3H1 4-:~7 --42.07 
C4 H1o !."'8.124 -O . .; 
CcH1o l6.124 -1, .81 

CsHu 72.151 36.08 
CsH12 72.151 27.14 
C5Hu 72.151 uo 
C. Hu · il6.178 ::;: c6 H 1,. A6.178 
C6Hu 66.178 t3.27 
C.l-lu 86.1711 .;.73 
c.~>~,. 86.178 57.118 
c,..,l, ~~-~ ::~ C,l-lu 100.205 
c,H 1, 100.205 tl.!le 
c,Hl, 100.205 83 ... 
C,H 16 100.205 7&.18 
C,Hu 100.205 80.48 
C1H16 100.205 1111.08 
C1Hu 100.205 80.88 

c1H 11 114.232 125.67 
CeHu 114.232 109.11 

. C8Hu '14.232 99.24 
c,H2o 128.259 150.82 
C 10H22 142.286 174.1e 
CsH1o 70.135 49.2!. 
C6H12 84.162 71.81 
C6H12 84.162 80.73 
C,l-l". 98.189 100.93 

C2H4 28.054 -103.771281 
C3H6 42.081 -47.72 
C.l-la 56.108 -6.23 
C4He 56.108 3.72 
C4He 56.108 0.88 
C4H8 56.108 -6.91 
CsHto 70.135 29.96 
C.l-l. 54.092 10.85 
C.H6 54.092 -4.41 
CsHa 88.119 34.07 

C2H2 26.038 -84.88' 
C6H6 78.114 80.09 
C7H8 92.141 110.63 
CaHto 108.168 136.20 
CaH¡o 108166 144.43 
CeHto 106.166 139.12 
CaH¡o 106.168 138.36 
Ca Ha 104.152 145.14 
C9H12 120.195 152.41 

CH40 32.042 64.54 
C2H60 46.069 7829 
ca 28.010 -191.49 
co, 44.010 -78.51. 
H2s 34.076 -60.31 
so, 64.059 -10.02 

Nl-l> 17.031 33.331301 
N2 + 02 28.964 -194.2121 
H, 2.016 -252.87" 
o, 31.999 -182.962" 
N2 28.013 -195.801311 
Cl2 70.906 -34.03 
H20 18.015 100.00" 
He 4.003 -2118.931321 
HCI 36.461 -15.00 

3 

:B 
..!! 
• ! .. u ... o ..!! 

i it 
"& ~ 

15. ~PI 
~·u il ..: • i - o > u..-

~000.1 -182.~~ 
(6000.1 -182.~ , 3ol,. -187. 

377. -138.36 
~- -159.60 
, 15.66 -129.73 
151.3 -159.90 

*· -16.55 

;;,~ -95.32 
-153.66 

45.73 -73.41 -89.870 
55.34 -128.54 

;g; -80.582 
-11827 

18.16 -
15.27 -118.80 
211.32 -123.81 
24.14 -11924 
20.;3 -13>1.48 
25.40 -24.91 

•. 143 -515.78 
8.417 -91200 

12.96 -107.38 
1.40 -53.08 
0.4732 -29.64 

73.97 
33.85 
24.63 
12.213 

1596. 
451.9 
337.6 
365.8 
452.3 
141.65 
289. 
434. 
123.77 

24.38 
7.895 
2.87 
2.05 
2.53 
2.65 
1.85 
1.47 

35.43 
17.70 --

2881. 
830.8 

1 513. ----
1 134. 

7377 -
!304 

SI 
2 

-93.81111 
-142.46 

8.554 
-126.59 

-1611.1~-
-185~ 
-185.~ 
-138.111 
-105.55 
-140.35 
-1ee.22 
-1315.18 
-1011.111 
-145.116 

-10.~ 
5.533 

-84.1111 
-84.9711 
-25.11 
-47.87 

13.211 
-30.81 
-96.03! 

-97.118 
_, 14.1 
-205.o',. 
-5e.5 
-es~ 
-75. 

-77.711' 

-2511 .2" 
-218.1" 

·-210.g: 
-101' 

o.oo 

_,;;;~ 

·¡·• 

j 
:. . ... 
,; 

i 
.t 

~ 111)1, 
4180. 
~;14. 
3 7&7. 
3648. 

331111. 
3 381 
3 , .. 

3 012. 
3 010. 
3 1a4. 
3Qt1. 
3 127. 

2:ru. 
2 734. 
2114. 
2 1111 
2 773. 
2 737. 
2 84&. 
2 854. 

2 .... 
z .... 
2 \!el . 
Ull. 
ZON. 
• 1102. 
3 .,.._ 

_t07' ~7L 
& 0'1. 
• toel. 
4 023. 
•m. 
4 0'7. 
3NI. 
HZV 

lA 502.1 
4:130. 

!UIO.I ,, .. 
41118. 
• 108. 
3eall. 
3 73o0. ,, .. 
3&1 1. 
UM. 
'%QP. 

• 1)1!1. 
un 
~--ID! 
7 111:.1111 
• out. , .... ,, .. 
3 771.!%1 
1 :117. 
80111. 
3M. 
'711 

32 1,.. 

'j¡¡;lll~i 

.. 
., 

'1 
Crltlcel constants 

1 

"' .. ' " ! ,; ~;--
~ E 
• ¡ 1 1 

1 ... > 
1;c).5! o.ooe 11 1 

:105.43 0.00>192 1 
..12 0.-80 

1 ~25 16 0.004 39 
401.13 0.004 52 

1 ••• 0.004 21 .., .. 0.004 24 1 
•»-711 0.-20 

1 807. 0.004 29 1 
087.~ 0004 26 1 lOA A 0.004 26 
..73 0.000 , 7 1 

.....83 0.000 15 1 
540.2 O.OIJ4 31 : 
130.31 0.000 20 1 
53! 18 0.00>1 03 : 
!lo00.57 0.004 15 
520 ... 0.0()11 15 
519.73 0.0<4 17 
5315.30 0.00>1 13 ; 
531.1, 0.00397 ' 
!WIIl.7e 0.004 31 i 
549.1111 0.004 22 J 
543.89 0.004 10 •. \' 
-.se 0.004 27 
617.4 0.004 24 
51, .6 0.003 71 
!32.73 0.003 79 

' 553.~2 0.003 66 
5721 0.003 75 

282.36 0.004 67 1 
364.85 0.004 30 i 
418.53 0.004 28 

' .3!.58 0.004 17 1 
428.83 0.000 2• 

1 
.17.90 0.004 211 
484.78 0.1)()4 22 

I.U..I (0 .QI)I 051 
t 425. 0.00>1 09 

( .... .1 !0.0011 081 

308.33 o .000 ,. 
582.18 0.003 2S 
511.80 O.DD3 43 
817.20 0.00353 
eJO.JJ 0.003 .. 
117.05 O.ooJ 84 
11e.23 0.00356 
147.6 0.003 38 
131.1 0.003 57 

512.64 o.oo3 se 
813.82 0.003 62 
1 32.t21331 0.003 321331 
:111)1. 18{331 0.002 141331 
373.5 0.002 87 
430.1 0.001;Q ..... 0.004 25 
132.4121 0.00323131 

33.2 0.032 24 
1 ... 71331 0.002 28 íi' ,,._, O.ooJ 22 

J 
.,, 0.001 75 .. ,_, 0.003 18 

~~{12\ cm• 361321 
0.002 22 



FIG. 16-2 

PHYSICAL CONSTANTS OF PARAFFIN HYDROCARBONS AND OTHER COMPONENTS OF NATURAL GAS 

GPA Publication 2145 Sl-80< 271 lnternational System (SI) Units 

ABRIDGED- APPROVAL PENDING •:· 

-lso- loo-
Componant Notes Methan• Ethane Propane Bu tan• n-8uUM ....... n..._t....., n-Heune n-H.,u...- n-Octana n-Nonane n-0-

MG&ecular Weight 16.043 30.070 44.097 58.124 58 124 72 151 12.151 86 178 100.205 114.232 128.259 142.286 

Boili .. Potnt @ 101.3250 kPa (absl. K 111 63128) 184 57 231.08 261.34 272.66 30099 309.21 341 89 371.57 398.82 423.97 447.31 

Freezln1 Point @ 101.3250 kPa labsl, K 906Bd 90.J5d 85.47d 113.55 134 79 113.25 14342 177 83 182 57 216.39 219.66 243.51 

Vapor r,_.,. @ 313.15 K, kPa (abs) 135 0001 (6000.1 1341 ó28 377. 151.3 11566 37.28 12.34 4 143 1.40 0.4132 

Ollnlity of Liquid (ar 288.15 K & 101.3250 kPa (abs) 
A~dltvedeos.ry lwaler <= 11 ..... - (l,b (0 J)l 0.3581'" 0.5083'" 0.5637 11 0.5847" 06250 0.6316 06644 06886 0.7073 o 7224 0.7346 
Al»oh.11e dens11y, kg/m 3 (in w.cuum). (300 )1 357 .ah.:r 507.sh,x 563 2" 584.21'1 624 4 631 o 663.8 688.0 106 7 721.7 733.9 
~~ densttv, kg/m 3 On a ir) . • ,e (300 ¡i 356.6h 506.7h 562 ¡h 583.1 11 623.3 6299 662.7 666.9 705 6 720.6 732.8 

o-ity el Gas @ 268.15 K & 101 3250 kPa (abs) 
Rd.alwe dertsitv la1r = 1 1, tdeal ~as . . . o 5539 1.0382 1.5225 2.0066 20068 2 4911 2 4911 2 9753 3.4596 3.9439 4.4282 4.9125 
KliagrliJll per cub1c metre, kg/m , 1deal gas 0.6784 1.2718 1.8650 2,4582 2 4582 3.0516 3.0516 3 6443 • 4.2373 4 8309 5.4259 6.0168 

V....._@ 288 15 K & 101.3250 kPa (abs) ... l¡quJd, cm 3/mol, .... (5Q.)Í 84 04" 8684" 103.211 9949" 1156 1143 129 8 1456 1616 177.7 193.9 
w - Ratio. gas/lliquid in vacuum) 1442.1' 281.3h 272.Jh 229.111 237 G" 2046 2068 182.1 162.4 146.3 133.0 122.0 

Critica! Conditions 
Temperature, K 19055 :.J5.43 J60 82 4Gl.13 425 16 460.3!1 41116 5014 540.2- 568.76 594.56 617.4 
Pressure, kPa labsl. 4604. 4660. 4249. 3648 3797. 3381. 3369. 3012 2736 2400. 2288. 2099. 

Grou Calorific v ..... 
Ce ' @ 288 15 K & Constan! Pressure 
~ ,_. td<Jjf.-t'l. MJ/kg, IIQUtd , .. _.. 50.ooa" 49.044" 49.158111 48.519 48 667 48.344 46104 47919 47.783 47.670 
,...,....,.;a.JD& 6::Jitop-a'll, MJ/kg, k:Jeal gas .. • ,.; ,.;3 '51 920 50.387 49.396 49.540 48.931 49.041 4B7L2 48 482 46.290 48.137 48.043 
~IZIU'tetlbfl' ~ metre. ~U/m!, tdeaJQM• .•.t 37.€1:M 80012 93972 121.426 121.179 149 319 149.654 177 556 205 431 233.266 261.189 289.066 
~per Olobic metre, UJ/m .IIQutd . ·' •• «ie.*' 2'3~."' 27 621.11 28 718"' JO 333. 30 709. 32091. 33 095. 331165. 34 485 . 34 985. 

......_ ....... _...._ .......... '""' ••. 70 ZUIII 31.02 31.02 38.1~ 38.18 45.34 52.50 59.116 6681 73.97 

n S J)¡ ~~~ 310.93 K A IOt .3:!!'f:O kPi! hbd 

LOWII".~"'"".-. 5.0 ,. 21 1.0 1.8 1.4 1.4 1 2 1 o 096 0.87• 0,.,. 
Uppe.-.~'%1nW 15<! 13.@ ._, M 8.4 (8.31 8.3 7 1 70 2.0 ,.. 

H•torv.-· 5 @ 101 l1"'3:!1 <k+Pa 'lab!il 
kJ/kg @ bothft!l p(!IQt 50!1:9tl 

__ :¡¡¡ 
42!ii. 7:B :!lfilli.«J 385.26 342 20 357.22 334 81 316 J3 J01.26 2118B2 21 .... 

SpKtfic .._. @ 288.1~ «:: & tm .:B258 k'Pa (ab9) 
cP gas, kJ/Ikg · K 1. «~ea~ ps 2.204 1.?06 1615 1616 1.652 1.600 '622 1613 1606 1001 1 598 1.51.1!; 
C 11 gas. kJ/tkg · IKI. de:all 9Z 1- 1.421 l Oi 1.473 1.509 1 485 1.507 1 '51 7 1 S23 1 5211 1.533 1.537 
N "' Cp/Co. ide¡¡l 9&. 1,3[1.7 .., ... 1.132 1.097 1.095 1.077 1.076 I(JiiJ 1- 1048 1 042 1.038 
Cp hqmd, U/lkg ·KI UJOl7 2476 2.366(40 2.366(41) 2.239 2 292(.C1f 2 2JI l. lOO 2.191 2.184 2.179 
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NOTES 
Air le.turated Uqu1d . 
Ahlolute ve.lua fn:lm weightlltn vacuum. 
The app8n!nt va.lue1 from w.ei¡ht in an are ehown for Wlttw' con
vemence and complumce Wl.th ASTM-IP Petroleum MraaW'f:ment 
Tablea In the Umted Statee and Great Britam, e.ll eommercial 
we1ghte are NQUJred by \aw to be wetghte in au All other mau 
data IU'e on an abeolute masa (wea¡ht m vacuuml ba&tl. 
At eaturat!On preaaure (tnple pomt). 
Subhmation pomt. 
The ... 11gn and number followmg eignify thr ASTM octane num. 
ber COrTeapondm¡ to the.t of 2,2,4-tnmethylpente.ne with the uuil
cated nwnber of em3 ofTEL e.dded per J"al. 
Determ.ined e.t lOO"C. 
Sature.tion prdaure and 15"C. 
Appe.rent value at 15"C. 
Average va.lue from octane numben of more than one 1a.mple. 
Relatwe den1111Y (apedfic II'TBV1ty), 48.3"Cil5"C íeubhmaUon 
pomt: aolid C2H4/liqu1d H20). 
Den111tJea of liquid at the boilm¡ pomt 
Hee.t of eubhmat.Jon. 
See Note 10. 
Extrapola te<! to room temperature from htgher temprre.tuf'l! . 
Groea calonfic ve.luee ehown for 1daal gae volum" are not diract 
eonvere1ona of rach oth~r ue1ng only the J'U volumt per hquid 
volumr ve.lue ehown hef'l!m The value1 dUfer by the hee.t of 
vaponzation to 1deal gas at 28a15 K. 
F1xed ~ints on the 1968 lntemauonal Pract1cal Thmpere.tun 
Scale aPTS-68) 
Value for normal hydrogen (25% para, 7~% ortho) The value for 
equilibnum ml%lure of para and ortho 11 -0.218; however in moat 
corTelatione, O ie ueed 
DeMitlee at thr boihng p01nt In k¡tm3 for: Ethane, 546 4: l?ro
pane, 581.0, propene, 608.8; hydro¡ren 1ulficie, 960.; 1ulfur d1oX1dt, 
1462: ammorue.. 681.6; hydrogen chlonde, 1192. 
Calc:ulat.ed valuea 
Eatunat.ed valuee. 
Valuea are est1mated ua1ng 2nd Vlnal coefficientl. 
Molecular mBII (M) u based on the fol!OWini atomic weiJ"htl. e :e 

12.011: H == 1.008: O== 15.9995, N= 14.0067, S: 32 06: CJ'"' 35.45.3 
Boilmg poant-the temperature at equalibnum betwetD the hq\Ud 
and vapor phaeea e.t 101.3250 k:Pa (abl). 
Fl'eezmg point-the umpere.t~ at equilihrium bltween tlo!e ~
talline phaee l!ind the 8U' ee.turat.ed liqu1d at 101.32.50 i.Pa (aba). 
All valuee for the denattv e.nd molar volu.me ofhqu.ull Nfl'l' ~. tftt 
atr aaturated hquid at ll)l.3250 i.Pe.laba), exeept wbln tM Donul.¡ 
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reduced temperature for natural ¡ues. It was pre"' 
pared from data on binary m.Jxtures of methane with . 
propane, ethane and butane. and natural gases, cover:;. 
ing a wide range in composition of hydrocarbon 
mixtures containing methane. No mixtures having 
molecular mase 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 plot is entirely satisfactory for all engineer
ing computations involving natural gases with minar 
amounts of nonhydrocarbon constituents up to pres
sures of about 70000 kPa with an accuracy approac:h· 
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-critica! 
temperature and pseudo-critica! pressure of the ¡as
eous mixture in place of the critlcal temperature 
and critica! pressure for the aingle componen! gas. The 
molecular average critica! temperature of the miz· 
ture is the pseudo-cntical temperature, and the mole .. 
eular average crit1cal pressure of the mixture Íl the 
pseudo-critica! pressure, which are used in the same 
manner as the critica! temperature and critica! pret
sure of a pure gas to determ1ne the values of Z 
from Fig. 16-3. 

Computation of pseudo criticaltemperature 
and pressure of a noturalgaa 

2 3 • 5 ' 2.3 2.S 
lndlwidval Individual ....... 
abMiute ,..ud .. o bao luto etltkel 
crltical critica! critlcal preuure 

Molo tem~rc:~h.lre tempel'llhUI prewure ... 
Companent ftoction T,, K T,, IC Pe, ltPa(obl.) kPa(abtl 

CH, 0.8319 190.6 158.6 460.C 3830 
C,H, 0.0848 305.4 25.9 4880 414 
c,H, 0.0437 369.8 16.2 4249 186 
i-C,.H 10 0.0076 408.1 3.1 3648 28 
n·C.Hlo 0.0168 425.2 7.1 3797 64 
i-C5H12 0.0057 460.4 2.6 3381 19 
n·C,H 12 0.0032 469.6 u 3369 11 
Cr,H,. 0.0063 507.4 3.2 3012 19 --218.2 4571 

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

. practically all of the hydrocarbon gases. Fig. 16-5 is 
for press'(lres near atmospheric and is based on atmos
pheric density data of pure components and mixtures. 
The cQmpressibility 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 deveiopM, 

-ti W.C on different elata llt!a. C04Qiwibility factors 
trom tlleoe eharts at the - no~ed ec<lditions may 
differ lii¡htly. 

Fig. 16-6 graphs conven;.nt approximations for 
determining the pseudo-mtieal pressure and pseudo
critica! temperature of rases when only the gravity 
of the gas is available. Tht relatiw denoity of the gas 
ahown in the earlier calnlation of poeudo critical prop
erties io O. 706. F!om Fi¡. 1t.-8, tM pseudo critical tem· 
perature is 218 K eomparecl with 218.2 K caleulated; the 
pseudo critica! preeoure io 4600 kPa eomparecl with 4671 
kPa (aba) caleulated. 

'l'hese relationshipe should not be uted when the 
natural gas contains more than S% of nitro¡m. and 
it· should be distinctly underatood that they do 110t 

· apply to all types o! rues. TMse comprenibility 
charts cover regular hydrocarbon caoeo at eonditions 
eomfortably removed from liquid formatioM. For 
irregular hydrocarbon. or m~ eontaifti• aic
ni6eant water and/0< ..acl •- ...t for .U ..,;
ao liquida or as oaturet.ocl hida, - ~·o eorH!a· 
tiono for computina Z faeton. 

No ain¡le correlation la aaiH!actotT far Oobt#iftitlc 
eompreui bility of !1oth 1\&iural ru _. kit-h...,¡..· 
lUar•M... bycirocarOoa Y&pOn wftidl ooeiH' iJI ... 
pn>eH8illJ planta. oo two ~ aN Melll&ry. 
Flll't.ber. for natural r- eoaí&lnilll - thaft SO"' 
methane and with otMr ...mction. aot out lNloew, 
altemate methoda c:u be -.i. 

Fi¡. 16-7 CID be 1IMfi direetly by ehoooinc tM 
eloOHt molecular muo c:Aart and loeatinc teiB1MN· 
ture and preuure. Av~ MTOr of about t"'o per
cent can be expected unlHo non-hydrocarboru such as 
nitrogen, carbon clio>cide, me! hydrogen sulfide are 
present in substantlal qlllll'lt!ty. Concen.rations up to 
5% will not seriOUJly a6eet ....:uracy. The are a of 
lar¡eat error occun w6ta a.oMcular masa is above 
20 and compreuibüit)< lo 1Niow 0.6; ettors ao 1•1'1• 
as 10% may occur il'l thlJ ana. Compreuibllities o! 
residue gas from ricll oil 6eethanizera ancl clemethan
izers are predicted ..:eurately. 

Fi¡. l&a e&n !lo -a te olotAin _,...oibi.liiioo 
of hia'h•r moleeulu - ftJlOI'I .-b M .a- M· 
countered in ~. JlloloeW..--- ol tM -
i• uaed to obtai:ft h erMieel pn• ue. Pe. 

. Comp:-enibillty ol tlN ,.,_ poiftt · YQOr can theD 
be read ao a tme&e ot ~ N4..eed pneeure. For 
example, for pue pupr w\1111 a IDOiecular maaa of 
44, Pe= 4249 kPii(aie). N ltol'l ltNaba), 

P, = 1900/43 ... • O.U1 

From Fig. 16-8, Z • O. 700 

Where meth11>0 lo ,.._t ifl .. vapor, it io necea· 
oary to eorrect · tha 111ft •d Z: ir tilo equation lliyen 
on Fi¡.' 16-a. For .,._,¡., fH a ~ clemethoamzer 
reboilaor vapor wiih ~ - ol rua at 2800 kPa 
(allo), mlticatH Z ¡,. O.UI; .,.,, ~ ol tM vapor 
io 10'11. Of 0.10-- floiii!Ha. 

z ~ .. (1 - 0.11!1 (0.888) + 0.1 • 0.874 

PVM IITDBOC.U.BOQ 

Mollier charla ifl s.etioln 17 can be uted to obtain 
gas densitiet • n-•lllbilltieo of pure hyd7óc:arbon 

.. 
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Compressibility factors ot low reduced pressures 
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Compressibility factors for gases near atmospheric pressure 



vapora. For example for propone at 2000 kPa (al») 
and so•c, tum to the Mollier chart for propane, "-· 
17-25, locate the 2000 kPa and so•c point, and inter· 
polate on the constant apecific volume lines to obtain 
0.022 m3/kg. Dividing this into 1 gives 45.45 kg/m3 

as the density, Pv· If the compressibility is required, 

MP 
Z=-----

8.3145 T Pv 

Symbols have been defined previously. Then 

(44.097) (2000) 
z = = 0.70 

(8.3145) (273.15 + 60) (45.45) 

ACID GASES 

Natural gases whtch contain H..,S and 1or CO .. fre .. 
quently exhiblt different compreSsibility factoÍ- be· 
havior than do sweet gases. Wichert and Aziz (Gas 
Processing/Canada, pp 20-25, January ;February 
1971: Hydrocarbon Processing, pp 119-122, May 1972) 
present a simple easy to use calculational procedure 
to account for these differences. The method uses the 

-· standard gas compressibílity factor chart (Figure 
16-3) and provides accurate sour ¡as compreaaib1h-

''"' MO.I6-6 

bes for gas compotlti41ft¡ U..t C61'1tai~ u much as 
80 'k total acid gas. 

Wichert and Azi% ckflM a "Critica! temperature 
adjustment factor" wh.iell il a flmction of the con
centrations of CO, and H,S in the sour gas. This 
correction factor is then l.lle<l to adjust the pseudo 
critica! temperature and p.....aure of the sour ¡ases 
according to the equatiCftl: 

T! = T, - t 

Pr T! P! = __ __..;..__..;.. __ 

[T,. + B 0-B) tJ 
Where: 

T, = Mole fraction averqe PMudo critica! 
temperatuno, K 

P, = Mole frBction aver,..e PMUdo critica! 
pressure, kPa (ab.) 

.T¿ = Pseudo critica! tempeHtun adjuttecl for acid 
gas compot~itioii, K 

(Text eont'd. p. 18-15) 
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The adjusted value for the pseudo critica} preasure ia: 

5716 X 224.6 

[241.1 + 0.2 (1- 0.2) 16.5] 

; 5267 kPa 
The reduced temperature and reduced pressure are: 

T = 100 + 273.15 _ 
' 224.6 - 1.661 

7000. 
p, ; 5267 ; l. 329 

From Figure 16.3 read a compressibility factor of 0.914. 

REFERENCE 

Wichert, E .. and Aziz, K., "Compressibility Factor of 
Sour Natural Gases," Can. J. oC Chem. Eng., Vol. 49, 
No. 2, pp. 267-273 <J97U. 

"Compressibility Factor of Sour Natural Gas," Report 
No. CER/3, The Univorsity of Calgary, July, !970. By 
Edward Wichert, Canadian Fina Oil Ltd.; and Khalid 
Az1z, Un1venity of Calgary. 

Hydrocarbon fluid denslllea 
Fig. 16-10 gives hydrocarbon fluid densities, arid 

Fig. 16-ll is a plot of relative density for petroleum 
fractions. 

The relative density of paraffinic hydrocarbona at 
their bubble point pressure can be obtained from Fi¡. 
16-12. The nomograph applies to mixtures as well 81 

to single components. The pure component alignment 
points on Fig. 16-12 can be used to find the relattve 
denstty 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 leas for mixtures having: 

l. Reduced temperatures above 0.9. 

2. Molecular mass less than 30 Oow 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 calculation are: 

l. J. R. Deam, l. K. .Kelhzy and R N. Maddox
"Calculatmg Density of Saturated Hydrocarbon Mix. 
tures." Proceedings of the 48th Annual Meeting of the 
Natural Gas Processors Association, pp. 48-51, March, 
1969 (Dalias). 

2. L. D. Bagz¡s and R N. Maddox - "Ca!culating 
Surfa'ce Tension of Hydrocarbon Mixtures." Proceed
ings of the 49th Annual Meeting of the Natural G01 
Processors Association, pp. 41-45, March, 1970 
(Denver). 

Relative densities of petroleum fractions &!'t ¡oiven 

SI 
14 

1 
by Fig. 16-13 for tempor&tlltN from 0' to 550'C an& ¡ 
pressures from atmoa¡>Mrie lo !0000 kPa (abs). The( \ 
petroleum fraction io identified within the center grid by ( 
two of three characteriotico_;,relotive density at 15'C, the J' 
characterization factor, K., or the mean-average boiling ! 
point. The mean avera¡e boilin¡ point is determined 1 

from Fig. 16-16, to¡ether with the relative denoity and l 
an ASTM distillation of the petroleum fraction. 

Effect of temperature on hydrocarbon fluid dens1ties 
is shown in Fig. 16-14, and effect of pres•ure i1 shown 
in Fig. 16·15. 

Bolllng polnt, ASTM ~tlllatlon, crtUcel 
properties, ecentrlc fectOC', '1'8901' ¡::.ressun; 
Fig. 16-16 gives molecular ma11 VI boiling p01nt and 

density for petroleum frac:tion1. Fll'· 16·17 i& a correla 
tion for determmin¡ critica} temperature• for hydrocar· 
bon fractions, while Fico. 16·18 and !6-19 enoble the 
critica} pressure calculation. 

Fig. 16·20 riveo acentric factor from l>oilinc and 
critical points. Thia aecoufttl ÍM tht deviatiof'l of com
plex mixtures from simple nuidt. A kll txplaf:latiun 
of the use- of acentric factoH can be found ot'l 1-'P 
22-29, Applied Hydrocarbon j'ft.,.,.,od)'fl&ml~l. \1/oyM e 
Edmister. 

Example problem 

Determine mean averuo l>oilinc point (M.ABI') and 1 
molecular maoo for a 0.7!i relattvo clenoity potrol.um ¡_ 
fraction with th ... ASTM diotillation data; •

1
·, ' 

%over 
5 

10 
20 
30 
40 
50 
60 
70 
80 
90 
ep 

Temp 'C 
54 

Solution: 

Refer to Fi.a. J8.J6. 

Slope, S ~ 
t~- tw 

80 
311 - ~7 

íiO 

~tc;w:c..:.+_.Zt='"'-+'-'t"'oo'VoL &VI(. BtJ = -
4 

61 + 2(138) + 311 

• 
= !83.0'C 

('f'OKt COftt'd p. J8.2J:) 

67 
88 

!03 
118 
!38 
!59 
!96 
240 
311 
3811 

= 3.05 

:\. 1 

0,' ... ,. 

.1. 
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Gross heating value of natural gases 
The gross heating value, relative density, and 

compressibility factor o! a natural gas mixture may 
be calculated from a complete compositional analysis 
of the mixture. 

Heating value--The ideal gas heating value, H, is 
calculated: 

H = x,H, + x:!H:! + X:¡H, + .. ' + XnHI'I 

Where: 

X 1, x 2 ... Xn = the mole fractions of th~ 
components 

H,, H.! ... Hn = ideal gas heating valuts oí the 
componente listed in Fi¡. 16·32. 

The Ideal gas heatlng value, H. is corrected to 
the real gas heating value, H., by dividing by the 
compre•sibility factor, Z, for the gas mixture at 15'C 
and 101.325 kPa (abs): 

H, = H¡Z 

Relatlve denoity-The ideal gas relativo O.noity, G, 
is calculated: 

G = x1G 1 + x:!G:! + X:1G·~ + ... + X 11 Gn 

where· 

X¡, x2, ... Xn = the mol~ fractions of the 
components 

G,, G2, · . · Gn = ideal gas relative densitiee o! 
the componente listed in Fi¡. 
16-32. 

The ideal gas relative density, G, is corrected to 
the real gas relative density, G,, by dividing by the 
compressibility factor, Z, for the gas mixture at 15'C 
and 101.325 kPa (aba) and multiplying by the com
pressibility factor of air at the same conditions: 

G, = (G/Z) (0.9996) 

Compressibility factor-The compressibility fac
tor, Z, at 15'C and 101.325 kPa (abs) for gas mixtures of 
components listed in Fig. 16-32 may be calculated from 
composition as follows: 

Z = 1 - (x1 yb, + x, y'b, + x., \./b., 

+ ... x, yb,)' + (2x11 - x 11 ') (o:ooos¡ 

Where: 

~, Vb:.!, . y'b 11 , = summatlon factors for the 
components other than hydrogen, listed in Fig. 16-32. 

xH = mole fraction of hydrogen 

b = 1 - Z, except for H,, He, and co,. 

SI 

REFERENC1:8 .. 
l. "Calculatwn of Heaung Value •nd S!>"cihc Grav

ity of Fue! Gase.", Institute of Gas Technolog)· 
Research Bulletm No 32. D M. Ma•on and B. E. 
Eakin. 1961. 

2. GPA Publication 2172-72, "Tentativo Method 
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FlG. 16-27 
Thermal Conductivity of Natural Gases al 101.3250 kPa (abs) 
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FIG. 16-11 

Approximate rehitive density of petroleum fracti-
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Relativa density of pelroleum fractiono 
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Elfect ot Temperature on Hydrocarbon FkHcl Defts*" 
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Petroleum Measurement Tables, ASTM D-1~51) 
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FIG. 16-15 

lfh.ct ef preswre on hydrocarbon fluid MnaitiM 
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From Top Chart 

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

MeABP = 163.5 - 29 = 134.5°C 

point to 

From lower chart at MeABP = 134.5°C and O. 75 den
sity, molecular masa = 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 correlationo for the 

determination of viscosities of hydrocarbon liq.,¡df 
and gases. 
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Ezample probt.a 1 
Find viocooity o! a IH or ''"'~ ~~~- <>f 2l ~ ~~ 

7000 kPa (abe) ancl 40°C. 

Solution: 

From Fi¡. 18-26, tM mo,oity !'t ~ -- , 
sure ancl 40•C io 0.0!00 llllit ·o. ~ti-w 6oltolt, o! 
gas is 2212!1.!184 • O.'l'CO. ~ li'\c. 14.4, eritiesJ toe~· 
perature iJ 227 J( aB6 Ct'itieal - it 4M0 kf'a. 
Note: critieal t.-atl6'• aftd '"""""'" llho<ald be eal· 
culated aa oh......, in thi• ~"" 11, linMf MadiDI. ,. 
"Compreuil>ility ef lf_, .. if 00111~ of pt·¡, ! 
available. 

T, = 40 ;;73 _ U:l'ffi 1!', = 'ffi()()/ ~ ~ 1.1!211 : \ 
'\ ~ 
(, ~,_) 

From Fi¡. 1~38. ¡¡.!¡;__. - 1.21. V~ity at 1000 1· 
kPa and 40'C io ¡¡. ~ (l.Zl.) (0.0106) ~ 0.0127. Í 

·! 
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NOTE. Use only for narrow bo1l1ng range tractlona ot W C Of ~-

Adaptad from "Apphed Thermodynam•ca." 
by Wayne C. Edm1ster 
Copynght, The Gulf Publ1sh1ng Co .. Houston 

Su rface tensian 
The interior molecules' of a liquid exert upon the 

surface molecules an inwaÍ"d force of attractton, wh1ch 
tends to mintmize 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 hquid's surface, called sur
tace tension, exerts a force parallel to·the plane of the 
surface. 

Surface tension, an important property where wet
ting, foammg, emulsification, and droplet format1on 
are encountered, is used in the design of fractlonators, 

SI 
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absorbe~s. and twO·J'k4la.e ¡:.ti¡t.alif\.N, IU'ld in reservoir 
calculattona. 

The surlace tltfl~lOfl ef l'Ui'O hydrocarbons as a 
lunction of tempeNnun ffiiY e.. e1>ta1n.d !rom Fig. 
16-29. The ou.rl10ee ttt1oi6'11• of moet ~"" bydrocarbons 
are known ancl d.!Ka .,. av&ilabJ... ¡¡,.iatively little 
data arl! availa'blo Or'l multieompon9f'lt mixtures. In 
the absene~ of e~rim.ental valuf'l of surfa.ce tension 
at the dem·•á cOflditionl, o ouffieiently aceurate value 
for desirn P'lf'Sl'l..,. ean ~ eot1mate<l by tlie Sudgen 
( 1 ) equatiefl: 
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VIICOIIII• ol hydrocarbon llquldl 

Oleflns are approKimately 15'% less wt"SCOUS 

SOURCE: 
1 A.P.I. Research Pro¡ect 44 

2. Swlft et al, AIChE Journal 6, No. 3. Sept. 1960 

J. Pansot & Johnsoz· --Chem. Eng. Data. 6. 
No. 2. Apr. 1960 

4. Adapted from H at Transfer Tables, Amencan 
Locomotive Co .• 1952 
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p 
aV• = 

M 

Wbere: 

a - Surface tension, dynes,/cm 

P = Parachor 

M = Molecular maso 
dL = Liquid density, gm/cc, at the desired 

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

conditions 
Note: Not ualid within 40° of the critica[ temperature. 

Whenever experimental surface tension data are 
available for the pure components in·a mixture, the 
above equatlon can be used to estimate the parachor 
of each component. The parachor, a dimensionless 
number, of a pure component is essentially constant 
and ts an additive property. The par~chor of a mtxture 
is the summation of the pure component parachors 
times thetr mole fractions in the mtxture. 

In the absence of experimental surface tension data 
for eshmattng the parachor, the group contribution 
valuea in the accompanyin¡¡ Fig. 16·30 may be uoed to 
calculate the paraehors of pure eomponento. 

The parachor calculated from an equation derived 
from the Baker and Swerdloff plot for hydrocarbon 
mixtures seems to g1ve .fair estimates of surface ten ... 
sion when used in the Sudgen equation.. The equation 
is: 

P = 40 + 2.38 (M ofliquid) 

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): 

O'o1 = -----------------

Where: 

a, = surface tension of component 1 

u~ surface tension of component 2 

a., = surface tension of mixture 

X, = mole fraction of component 1 

x2 = mole fract10n of component 2 

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

SI 
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Where: 

crm = surface tenlion of tfte mixtl.l-re. dynf!s 1cm . 
P 1 = Parachor for eompoMnt i 
dL = Liquid denaity ft! 1M mixt11re, grnlcc, at 

the desired condmona 

.. ( 
dv = Vapor denaity oí th~ mixture, ¡m/cc, at the 

desired conclitiona 
ML = Liquid molecular maaa o! the mixture 

Mv = Vapor molecular masa of the mixture 
X 1 = Liquid mol~ fraetion of component i 
Y 1 = Vapor mole fraction of component i 

, For petroleum frachons, absorpt1on oils and crude 
oils of unknown compositron, the parachor may be 
estimated from the correlation of Baker and Swerd
loff ( 4) for use in the above equation. 

The presence of inert ¡ases. such as N~ and CO~. in 
the hqu1d phase tends to lower the surface tension of 
the liquid. Where the concentration o! mert gases 1n 
the Jiquid exceeds 1.0 mol~ 7c, estimated values 
of aurface tenoion may be 5 to 20% h~er than actual 
valuea for the mixture. 
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Thermal conductivity ratio for gases 
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Surface tension of_paraffin hydrocarbons 

o 80 

m 

120 

TIDl:UIUI-U-1-1_ . 
. .adaopled lo SI by GPSA. Ongmal ~rom . ~ 

K111U, O l; Monroe. R. R.; snd Tramer. ~ 
R P : · Surf1ce T eniJion ol Cruda Ó1ls 

. C.mtanuno O.s.5olved Gal5e!", Pelroleum -
lechnolo(ly, Seplembor. 1943 . 

. . ·- --.- --

_Molecular mass 
... Hft . 

240 
220 

200 
"' 180 
1 L..J. 

160 
IH 
140 

160 200 240 -

---~-- ------~- ---------- _.,... ----- -------

-rnf"\"TI"TIJ.n'?',.......,..,T"T"Tr\ 



. 
' 

. 
1'-Uol. 1 O•.JU r Group contributioa ........ e.. the calculotieoo e4 Jlereekare; . 

Groyp 

CHz in - (CH 2):\, 

~ <12 

~ > 12 
e 
H 
H 1n OH 
H 1n 'HN 

o 
o, '" esters 
N 
S 
p 
F 
C1 
Br 
1 

E.tl-lylen•e bond 
' \ TtrrT"Hnot• 

2. 3-posit•on 
3, ~-POSJtion • • 

Tr1ple bond 
( 

(;orbonyl bond 1n ketones RCOR' 
Total C tn-

R + R' = 3 .. 
5 
6 
7 
8 
9 

10 
11 

Single bond 
Serntpolor bond 
$1nglet Linkoge 
Hydrogen Br1dge 
Chom Sronchmg, per bronch 

Secondory-secondory od¡ocency 
' Secondory-tert•ary odtocency 

Tert1ary-tertiory odjocency 

Alkyl Groups 

1-Methyl ethyl 
1-Methyl propyl 

l-Methyl buryl 
2-Methyl propyl 
1-Ethyl propyl 
1, 1 -01methyl ethyl 
1, 1-D,methyl propyl 
1, 2-Dimethyl propyl 
1, 1, 2-Tr1methyl propyl 

Ring closure 

3-membered ring 
4-membered ring 
5-membered rmg 

( 6-membe.red rmg 
7-membered rmg 

., 

ll'le~mtr"'t 

•o.o 
•0.3 
90 

15.5 
10 o 
12.5 
19 8 
54.8 
17.5 
49.1 
40 S 
26.1 
55.2 
68 o 
90.3 

19 1 
17.7 
16 3 
40.6 

223 
20.0 
18.5 
17.3 
17.3 
15.1 
14.1 
13 o 
12.6 

00 
0.0 

-9.5 
-14 4 
-3.7 
-1.6 
-2.0 
-4.5 

133 3 
171.9 
211.7 
173.3 
209.5 
170 4 
207 5 
207 9 
243.5 

12.5 
6.0 
3.0 
0.8 
4.0 

SI 

35 

¡ 
~ .. 
• .. 

Grouo 

Posttton dlfferences 1n bel"'zt"'4! 

Ortho-meto 
Meto-poro 
Ortho-pora 

lncrement 

1.8-3 .. 
0.2-0 5 
2.0-3.8 

*Use thts .,.aJue for double bonds 1n cyclic compoundl 

• *Use 16 3 for doubleo bonds tn the 3, 4 or 1-ugher t:oOSttions 

:tFrom O R. Qua le, Chem R.t"'s, 53 A39 ( l9S3l 

FIG. 16-31 
Parachors for paraffiru aftcl Mixtures 
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cAJirrULO 2 Combustión estequiométrica y aire para la combustión 

2. 1 Definiciones 

En cualquier instante y lugar el oxft¡enO se con'll:)ina con cm-o. el~. &te 
es un proceso clásico de oxidación. Interesa estudiaf aquf a fondo Uf1 ptoceao MW 
particular dé oxidación; esto es, la combustión. 

COMBUSTION 
Se define como combustión a aqu6ii)I'OC.SO de oxidación rápida, en el C1Jilll _.t 

oxigeno reacciona con materiales corTllbus:t!Oiea para .producir energfa ~. 
gen.eralmente en forma de gases de alta ~ra. 

La gran rnayorfa de la energfa calorl'fl:ca IJ'tPf¡lzeda por la humanidad, se~~ 
por ta ignición de combustibles sólidos, lfquiCcl 6 gaseosos con oxfgeno con~*"' 
el aire atmosférico, formando productos gueaeas durante el procS$3. Los h;l~llivti 
y ciertos combustibles no requieren aire pera reellzaf la ~. ya QW e4 e~ 
necesario se encuentra qurmicamente ll:gaéo 1 elol. 

\Combustión Teórica ó Estequlométrlca 

La combustión se denomina teórica o estequiométrica. -conocida come 
completa- cuando todo el combustible se ha oxidado al máximo para producir co,, 
H20 y 50 2• . 

Si la combustión es incompleta, los productos de la c-ombus. :in poseen 
substancias todavía capaces de ser oxidados como C8Í'UH. noWn ó gaies 
combustibles como el CO, 1;{2, CH4 y otros hidrocarburos. En Mte cuo. no Queda. 
oxfgeno libre. El propósito que se persigue en una buena c:ot"'''~ M ~ Que. 
ésta sea incompleta, ya que se relaciona a las pérdidas de ~; .n.tf,r. V 
contaminación ambiental. .. 

Combustión con Exceso de Oxfgeno 

La combustión real exige un exceso de oxfgeno para llevar .a cabo en.·~ma 
completa la química de la combustión. Esto es, el combustible requiere una cantlaad 
extra de oxígeno de la calculada en forma estequiométrica. En el uso cotidiano se 
suele manejar con el calificativo de "exceso de aire". 

El exceso de aire se justifica por existir dificultad para lograr el contacto 
perfecto entre las moléculas de oxfgeno, del aire, y los elementos constitutivos del 
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combust~ble e ser oxidados. Se dice también que el exceso de aire sirve para 
incrementar la proba:bi~ldad de choque de ambos participantes. 

Esto quiere decir que el exceso de aire asegura una~~ v. por 
er~de, evita la generación de productos indeseables caraete1 r~ u la ~. 
incompleta. 

Más sin embargo, los exa99rados excesos de tire en ~ de V~ 
motivan deterioros en las ef~eiencial T&rmoei1'!j~, ~~ ~ ~-
importantes de orden eccl6p~. · 

En términos reales, y estrictamente ~o. es obvio aclarar que no ~ 
combustiones estequiométricas aun CQ4'1 eMusoe O. aire apropiados. Sle~ M 
presentan como productos de ~ lli'UflOs·-- compuestos ~"" 
semioxidados; claro está, en pequeñas p~. Véase Figura(2. 1). 

oxrgeno 

Nitrógeno + 

Vapor de agua 

11 
Aire suministrado + 

Carbono 

Hidrógeno 
Azufre 
Oxfgeno 
Nitrógeno 
Cenizas 
Agua 

Combustible 

Figura 2.1 

2.2 Ecuaciones Estequiométricas de combustión 

co. 
co 
so. 
0: - NO, 

.H20 
:Cenizas 
Desechos 
C..H... 

-

De acuerdo a los conceptos de análisis qufmlco es posible establecef lu 
ecuaciones estequiométricas de mayor interés aplicado a un cierto combuatlble. E1'l 
estas ecuaciones, el primer miembro·contiene los reactllntH, rapranntacto. ,.r e4 
componente sujeto a oxidación más el oxidante, ambos C.~ 1Mfll .la 
combustión, y el segundo miembro, los productos o gases gen&ralmeme, formaclos 
por la combustión más los poderes caloríficos. 
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i . Los principales componentes de todo combustible orgánico ó hidroca.rburo son: 
carbono (C) e hidrógeno(~); además, el azufre (S) puede estar presente eri pequeñas 
cantidades. Entonces, la mayor parte de los procesos de comOustión se pyeden 
circunscribir a les siguientes ecuecJones bálcas: 

e + 02- eo2 + 406,957 [kJ/Itmoll 6 33,913 !kJ/lc;J 

e+ %02- eo + 124,013 lkJtkmolló 10,334 lkJtilt;J 

e o + ~ 0:- e02 + 282,944 [kJtkmoll ó 10, 105 [kJfkgJ 

H2 + ~02 ... (H20)11• + 286,796 [kJ/k.mol16 142.260 [kJ/kg]. 

H2 + *02 ... (H20)- + 241,756. [kJfkmoiJ 6 1 tl,l19 [lcJ!lcg) 

S + 0 2 - S02 +2S6,677 [kJ/1tmol]ó 9,271 [kJ/ilitf] 

en dichas ecuaciones: 

0 2 representa 32 kg de oxfgeno; 
co2 representa 44 kg de bióxido de carbono; 
H2 representa 2 kg de hidrógeno y 
S representa 32 kg de azufre. . ' 

En los casos del carbono (C) y el azufre (S), que evidentemel'l~De ..-. ~. se 
ocupan los pesos atómicos ya que el número de atamos efl la ~ f'OH:Ulta 
incierto. Cuando se forma agua en la combustión, su estado fllw!, ..,_ ,.. ~ o 
vapor, se han indicado con un subfndice. 

Debido a que un kilomol [kmol] (por ejemplo) de cualquier gas OCU!M .. ~ 

volumen a las mismas condiciones de temperatura y presión, el volumen Gbl CO., 
producido por la combustión de carbono es igual al volumen del oxfgeno c~.U 
bajo las mismas condiciones. Si se desprecia el volumen de.carbono sólildo,-~IIIUI.
no ocurre variación en el volumen durante el proceso de combustión. Lo l'l'ile~~W ~U~sa 
para otros combustibles sólidos como azufre, por ejemplo. Entonces, la CIOA'Iil:llltl6n 
del carbono en monóxido de carbono (COl da un incremento de~ .,.,.Q..I; lfl 
cambio, la combustión delCO y H2 experimentan un decremento efl ed ~ ft 1.5 
kmol de reactantes a 1 kmol de productos de combustión. 
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Si se analizan, para el caso de algunos gases, las ecuaciones: 

CH4 + 202 ... C02 + 2fH20)11<t + 889,276 [lcJ/Icmol] ó 55,474 [kJ/lcg] (2.71 

C;H4 + 302 ... 2C02 + 2(HzOJ~~tt + 1 449,470 [kJ/Icmo1]6 51,711 [kJ/Icg] (2.11 

C2H~ + 3Y.02 ... 2C02 + 3fH20)nz, + 1, 561,258 [kJflcmol] ó 51,955 [kJ/Icg] (2.19 

(2..104 

Se puede ob~;ervar que, por ejemplo, en 1ot ca$05 del metano (CH.) y d~ etl-.,o 
(C 2H4) no existe cambio en el volumen ctesp.ués a la combustión. En el caso d~ ett~N 
y todos los hidrocarburos con más de cuatro 6tomos de hidrógeno, se preuntl Utl'l 
incremento de volumen en sus productos. 

Las cantidades Indicadas en las ecuaciones enterioru c:cn~nlo• ~~ 
{carburante y combureMte) inicialmente 1 O •e y fos ptoilhJctot M le 012mO•ustlón 
finalmente enfriados hasta O °C. 

2.3 Oxígeno y aire necesario para la combultlón y sus prod·uctoa, caso combustibles 
sólidos y líquidos. 

Generalmente en textos tradicional y en manuales de ingeniería se presentan 
ecuaciones para el cálculo del oxigeno y aire necesario pa111 la comt>ustió4'1, CJJV8 
procedencia se ignora y hasta parecen fórmulas empftica. Ert atw.· aaeelón se 
deducirán las ecuaciones correspondientes, paso por paso, 1)01' IM Cilr: .<nlllt mtilciH 
y molares. 

2.3. 1 Análisis másico 

Para este análisis se requiere, obviamente, conocer la composición m4sJca del 
combustible, en cuanto a carbono (C), hidrógeno (H 2) y azufre (S). 

Tomándo el caso de combustión completa, la ecuación para el carbonq resulta: 
C+02 -+C02 (2.111 

Lo cual expresado en términos de sus masas moleculares queda: 

12 kg de e+ (2x16) kg de 02 = 44 kg de co. 
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INCREMENTO DE VOLUMEN 

t. V • (22.41!12J{3h + 3/8 o + 2/3 w} [Nm3/kg.J (2.331 

Cuando ae c¡uema 1 kg de com~ con la ~ ~ de.M x,_ ej 
~ftrógeno aparece tanto en les reactames como en los ~.- !fltoncu, el 
voh~men de los productos es: 

En la ecuación (2.34) puede notMM QUe el Incremento de volumen du~ le 
combustión depende exclusivamente d>e ~ •. oxigeno y de la humealaa 
pr&sentes en el combustible. 

EXCESO DI AIRE 

Si X es la cantidad práctica de aire .- u.gurer la ~ ~. M 
tiene: 

X = AX'"'" = (1 +ó} X,.," 

donde: 

), 

ó 
es la relación de aire 
es el coeficiente de exceso de aire o simplemente el exceso de aire. 

entonces, el volumen total de los productos de combustión estj dado por: 

Vp =X+ (22.41/12)[3h + 31? o + 2/3 w] [Nm2At;.J 

Puesto que el exceso de oxigeno y la totalidad del n•ltr...,ill .~ w 41 
proceso sin cambio alguno. Es obvio que en condiciones reeliM M ~~~ la 
formación de NO •. 

2.4 Oxígeno y aire necesario para la combustión completa y sus pro~ ltHIY 
combustibles gaseosos 

2.4.1 Oxígeno y aire para la combustión con gases comblile*lu. 

La composic'ón de los combustibles gaseosos se expreu eon f."lle:e:i~.r'1'111i!rl!llil 
(también llamadas volumétricas), como por ejemplo: 

(1.371 
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donde: 
El subfndice "e" refiere al gas componente antes de la combustión. 

Los componentes g.aseosos de la ecuación (2.371 CC~~en a un 
combustib~e hlp6tetico, los cuales se tomaré.n como ejemplos. DllU admklse que · 
otros combust~bkts g:aeosos pueden tener mM o menos co~. 

Enton.ces. pera la combustión ~ ca este gas combustible, dado pot la 
ecuac¡ón (2.371 se· requieren las ca~ 0e oxfgeno ya presentadas ~ tu 
ecuacion·es (2.3). (2.51, (2. 7) ,Y (2.8), por orden de aparición. Los gases componentM 
O., N2 y C02 no figuran, obviamente, en esto~ ~imientos de oxfgeno. 

Haciendo la aclaración que un [kmoll a 1M n'll$rnM condiciones de presl64'1 Y 
temperatura ocupan el mismo volumen, 1u ecUliCioNs ~trices resultar~ Nf 
ecuecionea voh:~mttrhcas. Si estos volúmenes ae toi'Mtla ~lcl01'lM normales, e4 o_ 
se c&lcula por: 

para: 

(2..381 

O lo que es lo mismo, la relación estequiométrica gas combustible-oxfgeflo ·es 

a) el ca de , a 0.5 
b) el H2 de 1 a 0.5 
e) el CH, de 1 a 2.0 
d) el c 2H4 de 1 a 3.0 

Entonces, el aire mfnimo o estequio~trleo se Cll•l•cule IM't' la ~ul~r'lllifll.lle<r'll\lfl: 

0.5(rc01. + 0.5(rH)c + 2(rcH)c + 3!rc,;¡), - (fe~,l, 

0.21 

Recuérdese que (2.39) sólo es válido para el gas COI'r'IO~ --~ eomo· 
ejemplo. . 

También se aplica aquf la ecuación (2.35) pa•ra ueti\J1!'CII' ur~a comousti!Jn 
completa. El aire necesario se calcula por: 
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O.Sircol .... O.StrH,l. + 21rcH) • ... 3(rc,H.lo - Ira,). J 
0.21 

Aire pr6c:*o de la combustión 

2.4.2 Productos de gases combua1lblu 

Después de efectuad•oal proceso de e:Ombustlón y de acuerdo a (2.40). dcncle 
X = ;.x,.,M, se pu.eee to•FNtr en cuenta que: 

a) El CO se transforma en C02 en proporción 1 a 1. 

b) El H2 se transforma en H20 en proporción 1 a 1. 

e) El CH, se transforma en C02 en proporción 1 a 1. Aclemá:l, M ~uee 
H20 en proporción 1 a 2. 

d) El C2H4 se transforma en C02 en proporción 1 a 2. Ademj'l, M ""'"~ 
H20 en proporción 1 a 2. 

e) Los demás gases como el C02, 0 2 y N2 pasan idealmente sin alte<ra<rM. 
La verdad es que eventualmente pueden transformarse en NO •. 

En suma, los productos de la combustión de gases combusti6fes se eom~:~on>en 
de los siguientes volumenes parciales: 

BIOXIDO DE CARBONO 

(2.61} 

VAPOR DE AGUA 

OXIGENO 

tl.Q 
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NITROGENO 

fVN.)• :K (f N.J, + 0. 79X (2.441 

Las expresiones anteriores se dan en [kmol) o en unidades volumétricas. Por 
ki~ogramo de combustible [Nm3/kg,h 

Comparando los volumenes de los prottU(¡tOS·co1'1 el gu combustible sumado 
al clel aire, existe un decremento igual a: · 

(2..451 

el cua! se debe .totalmente a la tvt1lbust16n Qeol CO V del He.. ya que el CH4 y el Cz-H, 
se queman sin cambio de volurr · 

Como en los productos de combt.JJ&.t16n ~ tantee kmoles de C02 como 
kmoles hay de carbono en un comoustlble dedo, .. C'UJI'I'IÍD¡Ie: 

(1 • 

donde: 
Omrn y (VCO;). se expresa en [kniol/kg.J 6 [NmJ/kg,J 

Entonces, los coeficientes caracterlstk:os para este combu~tible son: 

a = 0.5(r col. + 0.5(rH)c + 2(r CH.I• + 3(r c,¡.r), - (r 12), 

(rcol. + (rcH)c + 2(rc,H)c + lrc")• 

., 
.,.,;,:· 

V= 
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2.6 Relación entre la composición de los productos de la combustión y la cantidad de 
oxígeno o aire necesario 

Puesto que ~os productos de la combustión se secan ""* de ~r su 
análisis, el vapor de agua y. el btóxido de azufre se condensaf1 y no ~ en el 
anát~ais. Entonces: 

donde: 
Cada ttrm~I'IQ representa la fracci.ón vol~trica o molar y el subíndice p te 
refi·ere a los productos .. 

. De (2.43) y (2.46) se obtiene la retacfón C!ltft~tno y bióxido de carbono en lot 
productos como: 

(Va), 

( Veo,l.o 12.109 

Con exceso de aire, la cantidad totallt• oxigeno suministrado es f.AO....,Jicmol y 
el nitrógeno suministrado es (0. 79/0.21 )J.O.,¡¡,. Usando la ecuación tl.49) se puede 
obtener el volumen de nitrógeno que es: fO. 7SI0.21JAu(C02J,. El nitrógeno presente 
en el gas combustible también se puede expresar en términos ... del contenido .de 
carbono por el símbolo v. Este nitrógeno debe pasar a los productos de la combustión 
de igual forma. Puesto que los productos contienen tantos kmoles de C02 .cOmo 
kmoles de C hay de combustibles, .el nitrógeno del combu&~ .ci~Je uü en los 
productos es v(VC0 2) 0 • Entonces, la relación del nitrógeno~ al Wllt'lde H:cat'tloM 
en los productos está dada por: 

(VN,J¡(Vco,J, = {(0.79/0.21JAuJ + v 11111 

Si las ecuaciones (2.49), (2.50) y (2.61) se aol>UCiOIW'I ININ fll'eO,J., fil'o,J, V 
(VN,J, se obtiene: 

( , ) 0.21 
ca,,= (A - 0.21)0' + 0.21(v + 1) 

(2.5281 

0.21(), - 1 )O' 
(ro,l, = lA - 0.21 )O' + 0.21 (v + 1) 

(2.62bl 
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0.79 .A a+ 0.21 v 1' N,l, • -IA.....-_...;0~. 2~,i:~~a=-.~oF:.2ii1~(r:-v~+':"""<1;;-l c2.152cl 

De la ecuación (2;49) y de utas tres ecl.laClones se a.Miene: 

A = 0.21 [ 1 + cr - 1 - v J 
a ( 'co, l, 

Como regla, si el contenido de nltró;anc N ~ la il~ C1olatfO 
ecuaciones se reducen a: 

'r 1 0.21 
' c:o, • = -¡-¡!A----;;o:-:.2~1n:¡:¡~.~o-..2n1-

0.21(...1 - 1 ).cr 
!ro,l, • (A - 0.21)u + 0.21 

0.79 A u 1' N,) • • _,.,(A--...,:0;:.;. 2,:..;:.,1 ),.:.u.:..-=.+ -;o""". ::::-2-:--1 
(2.54cl 

(2.1551 

Por medio de estas ecuaciones se puede deterrmner el eMe!TZ H aoifll \Mit! 
combustión si se conoce el con_tenido porcentual moliJ..~ CO,-e4'i ti t~•"' ~MM ~ 
combustión y los coeficient(!S¡ u y v. 

Cuando en el combu~il;¡l~ no hay nltr6geno •.. ~1 pflc~ ir~ ti!~ 
de las dos primeras ecuacion,es--(2.54), y desi)U6s-QI ,~~,.,..A M~: 

- .· . . ' ' . 

(2.1561 

Esta ecuación no pu~·de:.usarse en cálculqi¡.r.aue re~Ule'~lfi una aproximación en 
el análisis de los productos que no.puede alca'lize:rse prjetlcam84'1te. 

~:· ' -~· 
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2.6 Relaciones empfricas entre x_ V, y PCI. · 

En la práctica se puede demostrar que el consumo mrnimo de _.. v el volumen 
de productos de combustión pueden representarse como función lilnea4 de los pocMtes 
caforffic.os inferiores. Estas relaciones se enuncian por grupos 1fk 1M de~ 
como sigue: 

Combustibles sólidos: PCI < 23,300 kJ/k.g,: 

x.nm = [ ~= PC1 • o.5 '] 

V = [ 0.4932 PCI • 1.12!] 
p..,. ' 23300 

Combustfbltet só~idos: PCI > 23,300 kJ/lcg.: 

X " [ 0.5819 . PCI ~ 0.1111 ] 
"''" 23300 

V = [ 0·
5556 

PCI + 0.874 ] '"*' 23300 

Combustibles lfquidos (para todo PCI): 

X = [ 0.472 PCI + 2 ] 
mln 23300 

v = [ 0.618 Pcr] 
p..,. 23300 

Gases combustible: PCI < 11,200 kJ/Nm3
: 

x = [ 7
·
8 Pcr] 

mln 16900 

46 

[ :.1] 

[~] 

[ :.'] 

[:: l 

!2.17a) 

(2.!7al 

(2.!8lal 

(2.10el 

(2.60bl 



Gases combustible: PCI > 11,200 kJ/Nm3
: 

Xmm • [ 0.5819 
PCI- 0.25] [ ::} 1!800 

(2.1181 

V =[ 12 PCI- 0.67] [;:] p.., 16900 
1 ,, 

Erí e-1 caso de co~ Í6Mo1 y llquldos, e(PCI se-. -~ 11111 t'IW;t 

del combusti'bl.é. ·;;.,~eÍ'Itil:l QÍÚie '8n 81 t:u10 c. combustltiíugau íiiiM _.¡ ~ • teme..., 
unidad de vo¡umen en concilie~ ~. - · .. • . 

. . . .. - .. ' ....,.._ ··~ ........ ·"' .,., . ~-"': ., . - . . . :' '· '. 

Con. evud.e _óe _f!&Ut ecwc.,.. n ·puec~e determinar el ~ n 1M . ._, ' . . '_, ... ,_ - .................. ·- . 
productos e pert~r óel p.oOe>r Clilortala ale! combustible. Para obtener Id ~ 
reales de la combuati6n 1e PI*"- uur Ira ec14(:16n: ·•· 

V, •. V .o.o$ -+ (A • 1 )X-

' Este método empfrico simplifice ~loe ~te~'"· 
Los resultados son lo suficientemente epro~ pera taGIOt loe fiMtu l':rácticos. 
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3.2 Combustibles Gaseosos 

En el desarrollo de este capl'tulo. se analizan tos productoa de combuatión tanto 
del gas L.P. como los del gas natural. cona.iOera"co una COI"'''Iustión ióea>l o comQ4eta, 
asi como una combustión real aproximada. 

3.2. 1 Caso Gas L.P. 

El gas L.P .• tiene Ul" mayor uso en eolicaeiones·domésticas, aunque el~e 
industrias lo utilizan como combustib~ ¡:¡.ara CIJideru y generiKiores de vapo4'. S. d•a 
que su uso resulta atractivo debido a su •Ita lflcleoncia ele combustión y su alto ~ 
ca·lorrfi.co. Este g¡u se compone básic~~m~+ntt de ;asee como butano y pro!l4•MO, ltU 

com¡:¡.osi·ci·ón execta la proporciona la p~enu QJUe lo Nstila. 

; siguiente tabla proporciona un anélisie c:romatográfico de un gas L.P' ele la 
zona . ;letropolitana de la Cd. de México. 

COMPOStCtOH MA111CA Da ctAS L.P. 
Etan-o 
Etano + etileno 
Propano 
Propileno 
iso-Butano + n-Butano 
1-Buteno 
iso-Sute no 
iso-Pantano 

CH, o.o:~ 
C:rH, o ... ~ 
C,H, 41.14% 
C3He 0.0&% 
C.H, 0 49.50'% 
C.H8 0.37% 
CsH 10 0.09% 
CeH2 2.88% 

Obteniendo las reacciones de combustión de cada uno de ltU$ .:omoe'"•'"*' Y 
calculando el Om;n necesario para que se realice la comb\ntlón, ~Ita: 

cH • ... 202 - co2 ... 2Hp 

1 kg CH4. + 
64 kg 0 2 -+ 

44 kg C02 + 
36 kg Hp 

16 16 TI 
Cf.h:i~·G Dl ¡flíf·(,lJIC:'!:t. 

·i í·N.li'"'(N\H::c:\ 

'"G !•~U'"~ t.Jn~(,;.rt:c:'i" 
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3.2.2 C.ao Gas Natural 

_El Gas Naturel es muy estimado en el émbito de CaldMas y Generadores de D 
Ve!)Or cleb¡do a Ql)ll prop:orciona ·una correcta combustión al no p~uer azufre ni 
cenins. El motivo por le cual no se hace axtensivo su u.o es PQf ~su ofel ta es muy 
limitada y se expende solamente en determinadas zonas del p.efc. 

El Gas Natural esta compuesto básicamente por Etano. MMaroo. lló•ido de 
-Carbono v otrós gases. Es obvio c¡ue su composición van. en función del vacimiento. 

La siguiente proporciona las careeterfsticas del gas natural en su com~ióM 
molar ( o volum4trica) Qu·e fueron tomaeu de un análisis cromatogréfico N9lJ1'1 
PE ME X. 

COMPOSICION MOL.AA Cll GAS NATURAL 
Etano 
Bióxido de Carbono 
Etano + Etileno 
Meta. no 
Propano 
Propileno 
Hidrógeno 
Nitrógeno 

CH. • 76.30 
C0 2 • -0.10 
C2H1 • f.QO 
C2H. • 2.30 
C31-!w • 0.10 
C3He • 0.70 
H2 • 10.80 
N2 ., 3.20 

Las ecuaciones de reacción son: 

CH, + 202 - C02 + 2H20 

C2H6 + 311202 - 2C02 + 3H20 

C2H, + 302 - 2C02 + 2H2 0 

C3H8 + 502 - 3C02 + 4H2 0 

C3 H6 + 4 'l20z - 3 COz + 3Hz O 

Hz + %Oz - HzO 
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Masas moleculares de los componentes del Gas Natural en [kg/kmoll son: 
CH4 111 16 
e o, "" 44 
C2H, -lO 
C2H, .. 28 
C

3
H,. .. 44 

C3HO ... 42 
H, = 2 
N, = 28 

Poo lo t<ue la M&u mo"'-euler del Co·l"nnustibfe [kg./kmo!l: 
o. 763(, 6) - 12..-208 
0.006(44) - 0.214 
o 060(30) - 1.800 
0 023(28) - 0:144 
0.001 (44) = 0.044 
0.007(42) = 0.294 
0.108( 2) = 0.218 
0.032(28) = 0.896 

¡ riMi = Me ,,, 

Entonces el valor de la densidad del combustl.ble 1.1.1 N caJcu,J:tl Jll()f: 

pe " 22~c41 = 1'2.6'2.: ·3~~16 • O ,:7 38 [ =~ l 
'' '· 

Ahora para encontrar el valor de los voli.t~:P ~d-e ~óxido de carbono 
(Veo,). y el vapor de agua (VHPJ •• productos de c_pmbustión 104'1: 

= o '9 56 co, 
[ 

Nm
3 

] 

N m;, 

(VH,O)p = 2(0,763)+3(0.06)+2(0,023)•4(Q,Q01)'t3(0.00i)•J.(0.¡08)" 
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El oxfgeno mfnimo (OmmJ para la combustión es: 

01111n •2 (o . 76 3} +3 . 5 (o . 06 l +3 (o. 023} +5 (o. 001} +4. 5 (o. o 07} •o. 5 (o . 10 8 l · 

olll.l.n • 1.8955 o, 
[ 

Nm
3

] 

Nm3 
e 

F'or tanto. el aire estequiométrico (X,.¡) resulta: 

o m in 
0.21 

• _· ~955 = 9.026 [ Nlri) l 
.. :21 Nlri) • 

Considerando A = 5% se obtiene: 

(V0 ,)J:' • Olllin(.).-1) = 1.8955 (1.05-1} • 0.0947 [:;] 

(V,.,)J:' = r 1,.,>c + 0.79(i.X,.1n} • 0.03~ + 0.79{9.026(1.05}) • 7.5190 (¡ 
El volumen total un base humede es igual a: Q: e 

VT = (V co,) J:' + ( VH,o) P + (V o,} P + (V N,} P 

[ =:: l VT = 0.959 + 1.885+ 0.0947 + 7.519 = 10.4577 ...,..; 

Las fracciones volumétricas de los productos de le combuttÍÓI"' ut&Quiomiltricas 
en base humeda es igual a: 

I (C02) = ( Vco,l p 
= 0.9590 = o. 0917 

VT 10.4577 

r (HlO) = 
( VH,O) p 

= 1.885 = o. 1802 
VT 10.4577 

El volumen total un base seca es igual a: 

~- .. 
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" V 

,. 
if 
L ., 

.. 

X (0
2

) • 
(Va,) ¡: 

= 0.0947 =0.0090 .. '¡\,,;· v_ 10.4577 
'·\.; 

• 

X IN,I 
a 

(Vu.,l¡: 
• 7.519 =o. 7189 

VT 10.4577 

v~ • ( Vco,l ¡: + (V
02

)¡: + (Vu.,lp 

Vr•0.959 ... 0.0947 + 7.519 • 8.5537 [ 
M!!l l MI!; 

Las fracciones volumétricas de los ¡:>reductos 08 la c.ombustión estequiomf!tfi<e11'1 
&n base seca es igual a: 

X IC02 1 

X 102 1 

X IN2 1 

(J = 

V = 

• 
( Vco,l P 

a 0.9590 • o .lll9 
VT 8.5637 

= 
(V

02
)1' 

= 0.0947 = 0.0110 
VT 8.5637 

= 
( vN, l P 

= 7. 510 = 0.8769 
VT 8.5637 

Por lo tanto los coeficientes caracterfsticos del Gas Natural son: 

= 

V(N2 ) 
e 

:.8955 
0.9590 

= 1.9765 

= 0.032. 
o. 9 590 

=0.0333 

Apljcando las ecuaciones (2.52a, 2.52b y 2.52c) para un exceso d-e .~,. (A) 

prec:e:erminado se obtienen los volumenes parciales productos de una c~~ió•l'l 
estequ1emétrica en base seca oara el Gas Natural, se muestra en la Tabla 3.15 
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Exceso de Aire "ca. l. (fo,l, lflll,). 
A[%] 

o o. 118081 o 0.181911 

1 0.116783 0.002301 0.880901 

10 0.10627 0.021004 0.872725 

20 0.096608 0.038189 0.865203 

30 0.088556 0.052509 0.858935 

40 0.081743 0.014126 0.853632 

50 0.075903 0.0~11 0.849086 

Tabla 3.5 Fracciones V~lcu ft loa Gases de 
Combustión Ce! CIH NIUIJ ' 

90~ 

80~ 

70'lb 

,, 
' ~ 50'6 

" 
M 
5 50% 
) 
> 

40% 

l''- 1 
1 

~ ~ . 

1 

' 
' 

1 

1 
1 i 1 ¡ i 

1 1 
·.._ 

1 1 1 1 1 1 

1 1 1 1 

1 

1 1 

' 

1 

' 

1 1 1 

' 
1 

30~ 

2S" 

·Q~ 

·IJ~ ,. 

1 
\ 1 ! 

1 i 
i ' ' 

1 /1 
1 1 1 

- . ~ 

~ /' 1 

l)'u,l 1 1 
1 

' ' 
1 

4 e 12 16 20 24· · 2e 32 lt11 .:o 44 .;¡;¡ 

1-amooe 
O C02 • 02 

Figura 3.5 Gráfica Caracterfstica del o .. Nlltli!H>I 
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1 

1 

1 

1 

1 

Vb, • 

V:" • o, 

N 

VcoX~ 
p~ 

PN 
V:' 

X __ O.._ 
o, N 

Pe -

N 
V,'. • V,' PN, x--N, N: 

p~ 

• 0.0075 [ 
Nm 3 

N m~ 

l. 12 54 [ Nm
3

] = 
N m~ 

= 25.4840 [ 'Nm
3

] 

Nmb 

N 

o.0060l[Nm
3 1 V No VNO X 

PNO, 
= = 

X • N 
Pe Nml: . 

1.2;_'' [ ~ l 
2.2489 [ =~ l 

1.4279 
kgo, 

Nm3 o, 

2.2489[ kgc l 
Nm~ 

.1.2494 
kgN, 

~ 

2 o 2489 [ =~ l 
1.3386 

kg,.,. 

Mn' NO, 

2.2489 [ =~ l 

• o o 0042 [ 

• o. 7149 [ ~~~ l 

=0.0036[ 

3.3.2.2 Productos de una combustión real aproximada Pl>rl eA Gaa llolatl.l!l'a>l 

Caso A: Exceso de aire =.A = 51J6 
Composición ae los gases ~eco& 

Los volumenes parciales son: 

(Vco,lp = 0.9560 [ 
Nm'l:o, ] 
N m~ 

[ 
. ·m' ] •" Oz 

Nm 3 
e 
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P'or ~o Que el volumen total (Base seca) es: 

VT • 0.9560 + 0.0947 + 7.5190 • 8.5637 [ 

Las fracciones volumetricas son igua·les a: 

(Veo,) p 
• 

r IN11 = 

0.959'0 
8.5637 

0.0947 
8. 56 37 

7.5190 
8.5637 

• o .11U 

= 0.0110 

=0.8770 

Por lo que la composición ideal es: 

reo, = 111 800 p;:-: 

r 0 = 11 000 ppm 
' 

rN, = 877 000 ppm 

Se considera que una parte de C02 se convierte a COy Qu-e tanto N2 como 0 2 

dará origen a una cantidad de NOx, de lo anterior H l)ueOe de~rmi1\af una· 

composición real aproximada, la que se muestra a continu•eión: 
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1 
1 
1 

r~ • 111 550 ppm 

r· • o, 

zso ppm' 

10 900 ppm 

ri;, • 976 900 ppm 

200 ppm' 

Se;ú~ Norma ecológica 

Recalculando los volllmenes parcia•IM: . . 

Véo, D reo, X VT. {111 550 X lo-•) {8.5727) • 0.956:0 [ 

·so x 10"6 ) {8.5727) • o.oo214 [ Nm
3 l 

Nm~ ._ 

{10 900 x lo-•) {8. sn7) =·a. 0934 [ 
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VÍ<: • r;,.. X VT • (879 900 X 10-6
) (8, 57274) "7, 5174 [ 

V,. • rNO, X VT • (200 X 10-6 ) (8.5727) • 0.0017 [ 

Raalizando un artificio maten')jtico con la {p"') del ce-~•• •te. Kf como con 
la (,Q~) d•l combint~ble se deduce Qu.e: • 

V:" • V:' X co~ COz 

N 
Pco, 

p~ 

V:" o, = V:' o, 
PN 

X~ N 
Pe 

N 
V" = V' 

PN, 
N, x--N, 

p~ 

= o. 9 56 2[. Nm
3 

] 

N m~ 

• o, 00214 [ Nm
3

] 

N m~ 

0,0934[ 
Nm3 

= 
N m~ 

=7,5174[ 
Nm3 

Nm'f: 

kgeo 
1.9630 . ' 

~ 

1.4279 
kgo, 

N~ • 
0.7380 [ kgc l 

N m~ 

1.2494 
kgNz 

Nm3 
N, 

o ' 7 3 8 o [ k~~ l 

57 

"2.5436 [ %=; l 

• 0.00362 [ :~ l 

•O.li0'7[ Z:.] 

a 12, 72G6 [ kgN¡ l 
kgc 



í. • V v 

kgNO 
l.3386 • 

~ • 
Me~~ Zrl()., ~ 

0.7380[ kg;J . 
. Nlnc · 

• o. 00l7 [ :; l 

Caso B: ExcHD de e1tw • A • ~ 
Composición de,_,..... acN 

Los volum.en,es parciales son: 

V0,) ; • 0 1111n O. - l) • l. 8 9 S S ( l - l . 2 O ) • O . 3 7 91 [ 

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

VT = 0.9S90 .¡. 0.3791 .¡. 8.5886 = 9.9267 [ 

Las fracciones volumetricas son iguales a: 

I tco,l = 
0.9S90 
9.9267 

= o. 0966 

Por lo que la composición ideal es: 
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r to,> • 
( vo,) p 

• 0.3791 aQ,038l 
VT 9.9267 

r<N,> • 
(VN,)P 

• 8.5886 ='1.9652 
VT 9.9267 

rc:o, • 96 600 ppm 

ro, • 3 9 lo o ppm 

rN, • 865 200 ppm 

Se considera que una parte de COz se C:OnYierte 1 COy que tanto Nz como o, 
daril oripen a une cantidad de NOx, óe loo enwior se p.uede determJnaf una 

composición real aproximada, la que se mUlM'tfll 1 eontinuac1ón: 

r· " co, 

r· = o, 

96 350 ppm 

250 ppm' 

38 000 ppm 

r· N¡ = 865 100 ppm 

200 ppm' 

agún Norma ecológica 

Recalculando los volúmenes parciales: 

Vé0 , = ré0 , x VT = ( 96 350 xl0-6 ) (9.9267) = 0.6564 [ 
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Veo • reo x VT • (250 x 10-6
) (9. 9267 l = O. 0024 [ 

V6, '"r~, X V'l' • (38 000 X 10-6
) (9.9267) • 0.3772 [ 

V¡,., • J:Í;, X VT" (865 100 X 10-6
) (9.9267) • 8.5875 [ :i] 

Nm
3 l 

N m~ 

Realizando un artificio matemático ~ le tll"'l 0.1 COJ"n1llMnte, esf COI'I'IC ~fl 

la (~) del combustible se deduce que: 

N 

=V X~= 
CO N 

Pe 
Véo 

V:" 0., = V:' o, 
PN 

X __ o.,_ 
= 

p~ 

•0.9564[ Nrn'] 
N m~ 

o. 0024 [ Nm
3 

] 

N m~ 

0.3772 [ l Nm3 

N m~ 

0.7380[kgc} 
N m~ 

1.2494 

0.7380[ 

~~ l'.mo, 

0.7380[kg~J 
N me 
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V,' • • 
No • 9.5975 [ =~ l 

Víoo • V_ X . ·-· • o. 0019 [ :~ 1 

O • 7 3 8 O [ kg e J
1 

.Mn~ 

1.3386 
kgNC • 

o. 7380 [ :~ l = 0.0036 [ 

A continuación se muestra un resu~.., de 1M combustiones reales del Gas L.P. 

y e' .Gas Natural, para lo cual se tomó eneu.nta la N.or , Ecológica para el .Valle de 

Méx1co [1]. dichas combustiones se ~ IoM u Tu.IM 3.1 v 3.10 

Tabla 3.9 C.. 1M L.P. 

Producto A a 5% A • 20% 

de la 

Combustión [kg/kg.l [P~~~ml [kg/kg.l [ppm) 

•co2 3.0174 132950 3.01 57' 115050 

•e o 0.0036 250 0.0041 2~ 

N2 12.3625 855800 14.1211 ...-oo 
*NO 0.0030 200 o.ooa 200 X •. 

02 0.1766 10700 0.7131 37..ao 

• Son considerados productos contaminantes 
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Tabla 3.10 Cuo Gas NMunl 

llr~clucto A•!,_ A•J01j, 

dala 

Combt.>tión [kg/kg.l [ppml [kg/kg.J ~1 

•co2 2.5436 111550 2.5440 943!0 

·ca 0.0036 2:-50 0.0024 250 

N: 12.7266 1"1'1800 14.5382 865100 

•No. 0.0031 200 0.0036 200 

02 0.1807 108C0 0.7298 38000 

• Son considerados productos contaminantes 

'. 

62 



1 

FACLJL TAO DE INGENIERÍA LJNAI'.-1. 
DIVISIÓN DE EDUCACIÓN CC>NTINLJA 

INSTALACIÓN DE GAS 
NATURAL 

CIAVE CA-231 

TEMA 

TEORíA DE LA COMBUSTION 
DEL 19 AL 30 DE ABRIL 

ING. ALFREDO SÁNCHEZ FLORES 
PALACIO DE MINERiA 

ABRIL DE 2004 

Palac1o de Minería, Calle de Tacubo No 5, Primer p1so. Delegación Cuauhtémoc, CP 06000, Centro H1stórico. México D.f., 
APDO Postal M-2285 • Tels· 5521 4021 al24, 5623 2910 y 5623 2971 • Fax: 5510.0573 



, 
• TEORIA 
·DELA 
• COMBUSTIÓN 

• Por Alfredo Sánchez Rores 
• Abn1 de 2004 





N
 

~
 .. 



-
-
-
-
-
-
-
-
-



~ 
e 

oo, 
,.. 

.... •
•
 .. ~ 

.. ,. ,..1 ll 11, 1
, "" 

t ' :¡ ;~ i! .... a ...... =.. 
~ .. 11~ ~~ 

i 
~• :: ::: é! ;~ ;~ ~~ ~' 

ii n •• 
1 

•• 
~
 ¡
·
:
=
i
¡
~
~
¡
:
;
·
 ¡" :

-
:
"
s
~
¡
t
:
~
 

1 '1 ¡ 
.
.
.
 •1 i ,¡ ·1

" '"" 1 
i 11! ;=1 ;¡ ;i ;; ~~; ;, ;¡ ;; ;11:; ;; ;; 
1 1 • .. •• 

" .. 
"' 

• .. 
! 

11¡0~ ... 
oo~;:: .. ~ .. l. 

no:O~ 
1 

t 
~ ,..; .... 11 ""'11 

oic! 
... ,:o~ 11 

,¡,¡ , .• 11 
:r•""" 

.......... 
01 .

.
.
.
.
.
 

.. 

1 
•• 

" 
" 

·•ill'lllil"i''l' 
'111 

1 
t '"'! 

• 
: 

11 • 
•• :. l! 

: 
11 ;, 

11 
• 

1 ., 
o 

1'1 
111• 

"
"
 a e 

1 
1

1
" n 

t 
,. 

.... " 
"
"
 

,.e n 
l 

. 
1'-

¡ l! 1! ¡¡ 11 ¡¡ ¡¡ it 11 ¡¡ ¡¡ 11 ii 11 ¡j¡ 
J 

.. 
,., 

(Í 
• 

• fl 
l i! 

8 
i 

; ! 
1 11 • • 

1 
{ 

• 
¡1· 

• 
1 

.. 
• 

-
-

Q
 ..... 

-
.... 

J 'f alL 
~; 

j 
6j! !PL ¡l' 

J t ¡· · ·· 1 '¡·J --~-
1 ¡1 

i h í H
 l H

 1 ! ~ 
H

 H
 l'l 

! 
...,_

 .... ,..... 
ll 

l 
.. ,...m,._....,. • ....-,.-. ... , H

 



' ! . , i 
• 

l 
i 

. ' 1 ¡¡ 
~ 

; . • ¡ • • 

8 • i : 8 ; . i 

' ¡ ¡ 
" 

; 
~ 

~! !!! ! 
!! ! 

111111 111 



: 
• ! ! 

Jjili 
I~.C 

~¡11 
I.C

j 
...:¡O

I'O
io

l Wji W
 

E
., . t

i
:
~
 

1 ! 
er 

!'"'~je 
.,. 

" 
1 

""., 
~
 

1 
¡o. 

C
:.. 

L
 

e: 11 ! 
~¡; 

~~~ 
~-

•. , 
r
~
;
 ! 

r
~
 

H
· tp ~if ~;, 

j ~~!i~ 
iH

:! ji} 
!e 

!!! 
~
w
 1.1 

H
 

ht 
~~, h: 

!pd ~!~ 
' • ! 
1!! 

i~!f !!t ;p 
:~¡ 

l'! w
 1 f 

'! 
1 

• 
1 1 

1! 
• 

,
!
 

~ 
~ r ~ . 

~~' . !'~ 
J
' 

:¡ ~·· 
1· J··p. ij' j ¡i¡ 

''iÍ 
t•~ ,JJ ;l! 

·~ 
n 

1
! 

r 
•i ; pi~·;.! !ll pf 'fliJ !j 

• ¡ 
! ''f 

'11~ 
i~jH !J 

1,¡1• fH1I!!~ H~ :~~ : r1tU 
--e

 1 
r 'ª ~-

1 z!iB
 

!jJ ~~~~ ~~~ 
!•: 

1isl !!~ 
li!f! 

!;¡. 
1 ¡ • 

11 
j • 

'1
 ! 

1 
E

!, 
! 1-1! 

1! 'iN J 8il 
i¡~~ :H~ ¡~u¡¡~ ~:; mahr 
' 

' 
¡ 

:~¡g 
~ 

J.jl' 
;¡1

. 
t 1 .. ~ 1-r 

~~· 
n 

so. 
~~nrsl 

..!1
1

¡$
3

 
.. ~~~ rll 'i 2 ~Hi ~~1 ·~1~ ~~p ~~J 

EF'O
 

=.! 
.
.
.
 'O 1 

'
!
~
 .. 

, 
,~ ! 

. .! ¡!a 
! , ·' ! i 1 <, !dl1 ~* 

t·~.!: 
-~ 

-'i¡ ~J, 
,E~· ]• 

!]~ 
• 

1 
. .:~::. h 1 !lf· ;1, ~.id jwJ~I' z~~<! ~~ l 
• 

1 • ~ 
OJ~ 

~ 
• 

•C
 o 

·~ 
. 

~ 
j 

"''2!"'"' 
• 

;A
::1 

.. 
a 

Ll!p~ ¡Si 
o. ' . <~ 

J 
,!

 
E

 '"
11 !,11 

•ii•~lc 
.. ¡..¡¡ 

'jl!
·e

·e
-

1
•
•
' 

¡sr 
• 

! 
B

0 1 
Eo 

~ 
j·J~-

~1 1 i~2¡ 
1 ! ~~~~ ~hüiitJal~¡P~tt !fUHV 

~ 1-~ 
J 

¡;¡' !a]f ~ 
~ 

~A 
~· 

1 
í¡¡1

 jJJl H~f ~¡tE ~l~~ H
!h!¡j 

¡IJ''"f 
1

'1
• 

&e 1 
<

¡r 
la! •Jh ~JI~~¡ 1 •tdlm 

1i1 ~ 1H: 
• 

! • ;
' 



• 
~
~
 
~
 

~
 

~
~
 

~
 

¡, 
•• 
~~ 

~
 
~ 

;; 

1 1 J t t 
j l 

t.IJ/o
fn

ii!I/U
if'o

 

~
 " ~ 

~~~ 
~ 

~
 

• 
~ 

~
 

b
~
:
e
 

~ 
;, 

-
~
~
 

~
 

~!:!:!:_ 
~::::-

~
 
-
~
 

"
:'-

:"
b

 

~
~
-

" 

__. 
;f'/1' 

! 





• j ¡J 



: l ¡ 

1 

o ...... 

1 
• 

• 
.. 

¡; 
~ =

 : 
~ 

~ 
" -

.. 
111111 
• 

11 
• 

.. 
•
•
 



4-. 
'< 

,,_ 

I'TIIIJ..!i 

~ .......... TtU. p~P9V ar liquid ha• .. 110 Aln>llar tn ct.n.ttv nnd ._.,¡!he -•18ht. 
11 •• ._,tnMJ by n nun1.boor nt dJfl•.-..nt •e•,_ ni .... u ... tha D>.-t c.....,.nMU> of 
-hlc::h aro "'-'"•- API ~J!.nuortonn P•tro& .. umo ln.Ututnl arwt -•'-'hl .-..•laUvoo tu -•••r -t..n both tho uU and th• -•lar ... .,. at ftO F (ahb.-..vhot.d ""•t> •r ftoOIHO F .. 
or aloapJv •••a""J. , • ...,, Arl •r•ln raJ>lAon ... lha alrnllo.r U..uontO .ca&..(oobbre.,holood 
•l'lol.l urt.,tnall.,.. ln~orlun_,¡ -OftUIOe 1t .,. .. ....., M Una•r •cala nn • bydt'ornut•r. an 
laootrvn>unl ~ fur ,_,.,. .... ,_ apo.,lha ••nvlty, Al GO f' 11 !S.Cl Cl. thoo •pouclflr. 
-•t•ht or -•••r ta ez.:t lblrt•. &.34 lbll..I'S ••llon. en- 1000 J.,itrn•; ttMt ar-.J.tflr 
•ravUv nf -•••r loo 1 D. tha ;lllo.PJ aO'nvlly ur _ .. ,...,. t• 10.0• 'Tluo ..... tutlon•hlv
t-1--n IM1ie vartou• unlt• •r•aolvoa. by u,,.. fuUo-u•oa lu....,ul••= 

[::iiii!S) •P •• ftOIIIO l'- "*AP: ... l-~:tt.!l -h•ra •A.P¡ 1• ~•urod •t eo F('lll.G C) 

(Zit:l} ~•r&OfiiOP .. - ... ~130·--- ..... •Bét•rn.aoouruduiBDt'J115.t!IC) 

(217J •P ... fKJiet> P -
lblft" -horolblll' t. onan•urod •r eo F(115.n C1 H2.:t 

f2/H1 •P on' 80/1150 F - '::.::
1 

""'h•rolbl••l 1• ~oour.d at CK) trf115 H C':) 

Tabl• 2.:1 raniiHat- nonvvraJnna t-t.--n • .,_. "'' th-• •r.•l-....... lt•t• orhor 
p:ror-rll- nAI~ulatRd frol'n .rr•vlty. 

Tha • .,..crUtn •r•vt- of 11quld fuel• cluon- -nh lhalr UOWtpor11tu .... du• tn 
tt...--.ol ••J>an•tonl•• t.rnpcorature tnnrua-l•nd ...,..., .... ,.., ........ f•u• t..snporoltur• 
~--•· Wh • ..,..,,.,. .. ·~tnr 111r•vlty t• ._...-rtted (In anv ..cale} lhu , .. ...,~ .... 
aft.l.re nt -hinh lt -•• --•u~ •hould 101-. - •paotft--t. 1f no te ... puratur .. 
la •tven. U 1• •-uf'fti'O<J 10 hu 60 Jo" Tooblv 2.• ll•t• the ..-..x>lfle~ .... n• of tho.--1 
axp.rwton lar patrol ........ olla. nnd TooWo 2.~ ll•t• tha ,..hon•o In API •r•ovlty 
par o. ...... Poohrvnhelt nb•na• a t.•- or bah•- 00 F. (Norte' API 11ravtty r•
•• tanaparatoar. n-. aDd fooll• u• -rnparatura la U a. J 

._.... ._,.. Aoo ..U h•• • ..... vt~ nr oMJ•AP1 •• eo P. w-• •• U•• orroovn.., uf tht• otl __ , -·-· .. ·~·'P .,.,.,.., Tabta :a.:. ur 1.--.. .. 2/1!1 •out. 2•11. 40•API 1• -.ov•loont 10 n- lb/ • ., l. T-
-n'lcl-1 ni .,.._..-. caa ..-~.., - •f'f'l- - vnl-: _. " 1• ........._ry tn u-• ·~ 
..... p....,.¡ ol ._.,no ......... .., -tnc>h .... .,...,,u~-....... a.-lbl•"'' ~ o 141!1 •••nb. 
- •r>PI'O''-"Ih•.,._ftlnt•r•t fn.oo TAhi., 2.4. 0.141& .,.l,lb " O.Of)(lOftOf•F ,. ,,.., - OOI"'fl' 
.. 0.~30 a•n .... ·~,._..... _.,. lb "lb• ... ..., .. ~ ~r pound t• n,,....,,.,,,... o. t•o 

• 0002"' '"'n.t4e -lllb A•••n o,.u,.... n ... ~~1. D.•••'••ll1b - H.7n lbl111nt . 

....._.. .,..,..., .. ll.ll .... ,_.,.......,,. 3/IJ •n.d 21!!>.. tki• 1• uquow•~• to •.a.v~Art. 

T.w.U ......._.,._.........,,.._. ............ 
... IIIII!IIIIH.M.W. ....... III"'--kWJ 

.... 
""'5 ó • 

sm 

"1" . " " 
1
" 

'"" " 
H¡: 

n\~ 
• 

l
y, 

u: 
" ... 

•• . ,., . 
OU01u<¡ ¡;;¡ !1 .. -- .. ... ..,. ....... 

....,- L a.""• ¡¡¡r 

..¡: • • 'hllt ...,. .. .. -
T ••• ••• •~~.J~~rr 

lmt Ul!l8 HI1S !ll)U8 toltJ 8.»11 1)..11164 Klz:tl O.BI o.J04 0.00 
1410 lU4 JG!8 UIOJI 10311!1 I.Nll l~llll 10111 051 1»01 
1~ 1-704 IIHJ IU~ 10fJI9 IUI\ 1~151 10037 O.WJ ~U 

um L!17 10:21 156314 10411 !111!14 149lllf IN5 O<WI U\0 Q.OII 

1.014 14~ 1013 1\5115 JOSZ! 1.11$ 14110%1 IIW O..Ol CU!t 0.D5C1 

l.OODf tmi 1cmt 1!311111 1014fl 1000 !45.U1 HH 0406 0.52l O.llll 
0111!1 U\9 mt 1516&1 1011111 \O.ZI 14HOO 9tlil 0&01 CUll D.0$2 
1U1l 11011 171S m~l5 101111 10.41 143818 15811 04\l O.SJO O.Q!W 
OHt , .... ~) l~liO UHt\1 1o.e1 1427\Z II.W !UI! 05\$ 01)!111 
OMO 7.881 MU lf9l7~ 1109 JOJll l41 572 , .. 0411 fi5JII D.OIY 

OUI 77!5 11110 1411:!00 !HIIl7 10.99 140~ ,,15., CUlll Os-41 O.QDO 

0112 7.118J !t»t 14' m 17111 tU7 UI:DL 11n O.W O,., 0.061 
o•1n 7565 oo ••"~112 1111 !U! I:Jil\0 11111l o..ne oM~ o.~ 

llJIIa ;.u IIJ7' 1~138 9614 11<1 IJ71• 81~ o..na O.!!l D.J)Ifi 

IUII1 7.:11U •z IMIIWl ~!illll 1180 llll!ilU liD O.UI a.m O.oe7 

rr•• • . .. 
¡;icn 

"" ... 
15zt 171 
1513 17.1 

1&011 16.1 
14114 11.4 
1471 \6.1 
1463 tU 
1t4ll1U 

141] 1!.1· 
1423 IU 
10 14i 
IJ~ IU 
Ul\1 14.3 

OJI1fi 7.JDJ mz IU2ll USlll 12• 115251 Id 0.434 O.SlO G.OI8 Ulll 14.0 
ti.M$ 7.!1J ~~ ltz.JII'I •un 1247 \MI~ 11:1! 0.4l!i O..VIl QD72 1311l IJ.I 
Oll' 7.1!1 a\41 14141'rl tm 12-BJ lll!,. U7l 043!1 ~ 0.074 1347 136 
()1(\ 7JHt HU uos21 ~J-'<6 1111 uueo 111u o4olz o,. orm 1»' ut 
Ul~ IIISII llH lli~ UII'J UYJ UUH 1157 044ol 0.572 Q.07I 1321 ll.3 

OW ftlli7 Bl~l llllllfi qHJ \30i IJOro8R 11'!11 0447 0Si6 Q.QSt 130'1 131 
0.&16 t.7C!A llP 138007 !11~ - - - 0450 115711 0.085 - U.D 
l'l1n> U!Q lm4 IJ7l0:' 91.)11 - - - OUl n5o42 O.OU - !U 

• .... ,......, __.¡lllllf(UJ(J..,;. ,._..n.o 

• 



N
 

.... 







=
 n r"lii 1 r"m

 ¡ 
!""lll ¡ 

*""lJl ¡ 
, 

,•s 
....... 

-
......:~ 

~~ 
Jt 

.~ 
'!!H

l! 1 x m:un x J 
b

!¡H
 1 ~ 

1 
.. 

.1
 

1 
1 

· 
· · 

· 
ilo

 
•
•
 

1 
1 

o 
.
.
.
 

·¡ 
• 

. ..... 

l i·
·
·
·
·
!
'i 

1
'"

1
"
'"

 
2

°o
o

! 
=~ció~ 

o
~
 .. ~ 

l 111 
~~ 

i 
o

o
o

o
 

o
 

o
c

io
O

 
O

"
' 

11 H
 ~~· §"'"'~1'1 ,.¡,,.,.," 'T!ii"'Ti "'Ti.,...., ""i"""'" ¡!'I'"i'""i'..,i" ..... "'"

 
-*IIT

'T
i ,.,...H,..,.,....,.¡--

1~ 
ta

 
l:!! 

! 
•
•
"
 

" 
-

, •
•
 ·.~•n•·•~~,•,._.l,.~.-. 

:fl 
[ i 

"'j §""'" irT"i i"'' jTTI ¡T'll i""" rT"Ii ¡!TTIITTII '"'1 '1""' ~Ti a'"" IT'I'II'!l'~llmii-r10 ¡~-n¡ ~"111;~'TTI :·T'I'~i."T~-r¡-.-..... --
-

' 1 
--

l u H
 l""li'i'i""!""i'n ,,.., •• _.,... _

_
 

11 • • • --
~~ U

 ii f"ii'l' i' l""i'H
"'f"i""""r"r"':" 

J J: 
t a 2 : 

! 
• • " 

"' 
.. 

Jll•ta•..-J&
*flll...,.. .... 

'l 

:!Jr"m ¡ r"iii i r"m
 • *""W

 
¡ 

J 
Íh~ 

... . 
-

~
 ' 



~
~
¡
¡
¡
!
 

·•
ii•

'S
! 

¡ 
i 

f
¡
a
~
a
 

-
, 

• 
i 

r
!
•
~
!
!
•
l
 

R
 

;:: 

~
~
 

1 
1 

1 
• 

!JI 
•
•
 

;¡ 
• 

• 
• 

• 

' 
' 

1 ! 
1 

J
¡ 

. , 
, 

a 
e a 1! 

e; e 
!S 

!! 
~
 

!'! 
a a 3 

:t 
n ¡; 

E! a ; ; 
1 

a 

;:~ 
, 

, 
, 

;¡ 
a :o ~ 

! 
:2 

;; 
~ 

::o 

;a
 " , . § 

, :v ::¡ 
¡ 

. -_ ... .., 

" 
l¡=;~¡ ~§···· 
.. 

!11111; .. 1:; 
-
-

,¡• 

1 fil•ae• ''''' 
l !-¡ 
1 

'11 
i 

~
~
 
-~!:!,, 

. , , , , 

~ l l 1 
1 t .! 

l f 

ID
 

,.... 



t J l i j 1 ] t '1 
] 1 .. 1 1

1
• 1 

!<
U

 1 

1"" 1 
••t 

ji~ 1 
1 . -

1 

¡l¡P
 

1 '1
 

1
1 ~ 1 

th 1 

u~ .. ¡ 1 

!11 
H

f 1 

H
H

· • 
W

• , 
11-•• 
u-.. : • ' ' : ' ' ' '1

 
' ti~. 

<
 i •• u 

i 

' 
' 

' 
• 

' 
' 

' 
' 

' 
: 

i 
• 

.. 
: 

" 
' 

' 
' 

' 

' 
' • 

-; 
<

 

' 
1! 

'~ 
' 

' 
' 

' 
' 

; 
! 

: 
' 

' 

: 
~ 

! 

,e .. . 
H

 
!!E_ " 

J 
j 

¡
j 

-··-~" 

' 
' 

' 
' 

; 
; 

' 
' 

' 
' 

' . 
' 

' 
' 

' 
' 

' 

" 
' 

' 
' 

' 
' 

' 
;: 

! 
' 

' 
' 

' 
' 

' 
' 

• 
' 

' 
' 

' 
' 

• 
• 

' 
' 

• 
' 

' 

' 
~
 

'· 
• 

' 
' 

' 
1 

" 
' 

' 
' 

' 
1 

' 

!:! 
' 

,¡t::i 
•
t
l 

H
 

' 
.. . ' H

 
' 

!:~ 
' 

,, 
' 

' 
' 

' 
' 

' 
' 

! 
! 

' 
' 

: 
-

' 
-

' 
' 

' 
' 

' 
' 

' 
-
-
-

H
 " • •• 

H
 
'i
 

' .. ···--
¡J ; 

• • ' 
i 

' 
' 

' 
' 

¡ • 
.. _., ___ 

-·· 
_.. .. ._, ... 



á 1 ,, 1 
" 

·! 
... 

¡Bi 
... 

1 .: 
., 

-
· 

ot~ 

la' L
 

l 
' 

, ... 

lll : 
¡ú

 
~ 11 

l4! ~ 1 1 
' 

! 

1 

1 11 
1 

o 1 

r¡. 
'! 

o 
. ¡!! 

o;c 

j! 

,, 

co 
..-· 



. • 

• • 
.. J I 

l 
! l 
j 

-¡ 
~;:: 

~ i 

J ,!!!ll 
' l fE 

' 
¡ 

•¡ 
.. z.z 

1 • 
ll !l' 

! 
l 

~~ <
d a ¡ 

¡ 
¡ i 

z= 
t 

• 
-

.. 
.. 

: 
l 

; 
-'1 

• H
 

l ll -
_! ii i ¡ !, l ¡· :1 

ll 
_,! 

!1 
~ 

! 
_..c. 

"' 
J 1 

H
 ! 

!l ~~ ll h~i !._i) IJJ ll ¡¡ 
;', ~j j 

lJl Ji !i ii1i Jii~ g¡¡ 11 ;¡ 
! 

!l 
3 

,
,
,
 
i
i
 
i
j
 
j
i
i
j
 ll'' 1'' 

11 l¡ 
ll lj j! ¡¡¡ ¡¡ J¡ ,¡¡, 

¡'! ¡¡ !1 l~ 
~ü 

~-
.J

 z
u

 
zz 

zz 
H

z
! 

~l 
.U

 

1 1 i ! j l 



. • • ' j 1 
• • 

• • : 
] 

' 
d g : 
: ' 8 : . 

- ~ 
1 

1 
~ 

" 
... 

' 
1 

.: 

. 6
~
-
=
~
 

.. 
11! 

• 
.. 

• 
• 

.. 
l 

: 

l 
1 

1 
.. 

1!!8 '!18 ~ ~:8 
t 

.. , .. 
11¡" o ·1· . 

... 
.. 

.. .. 
z 

o N
 





~
 

;,:p 
' 

¡ ¡ : 1 ! ¡ <
 ~ 

·
-
-
-

---
-

-
·-·-



1 l i 1 ;:j 

t 



-------
-----





ID
 

N
 



~ ., . 

'~ 

fX>MHu-.-rooN ANAL'Yfln. 

'" 
u-' •• oon lndi<>C>Unn nf n .. , elrltu .. l r•U~• or uf lho- rel.,tiYn ... ....,...11leh•n-., nf 
oocnbu.uon. Table :S.!li •hn-• tbcl """(::cJ, ...... u • ..,. fhou .... ould t.. uhtnla.-1 -Hh 
.-rroocrt lft.l•tna nt Yerinua arnnuata or u.t .. _.tth a<Nnn nf lh• •r-•·l.fl<: funla 
d-.::.-t~ ID Tabl- 2.1 and 2.12 uf Part 2 

._._ • •- .. _ _. ..... _ --- o- -·-- ,_ ' .... n,.,,., .... , ...... , •- roe ..... . 
• ..... ~<y¡ _..,,...,.. ... •~ ... (,,, -• ••- <O..Jl... v .. ,,_ ,,_ ...... -·~• .. .._ --.,., _ ... , _ 
_ .., __ - ....... -... ·-·-·- ....... - --....... _, ................ ._.._., ....... r:o, ·-· 
<:X>. .......... ,. - ... -- •• ,. ... la-,., ................... _ •• _-.............. -· ........ " ............. . ,_ ---· .. ~ ..... ·- u ..... ,..,_ ............... _,_ .... -~ ,_,_,.._ ,_ ... _ ·- .......... _, ........ . ............. _ .. , ... ~;,.""""""'*''"...,., ---.. - .................. '-"'• ....... _ ·--.......... _, ..... . 
..... ,._ ..... tt ...... ·-· _ ...... ·- .... _,. __ ...... _.,, ....... _ ........ ·--- -· ... ·-
--- W"Uh tftn _,..._,. •--ni .,, •Or CID .... 11'1. -- ,..,_, t-o <>1 tn- "-1 -·,,.._-_a 04 ro• H.o. 1.110 n• •:o.. • ... n• N.1 .... ••CX>. .. tno , 1 •• ''' <.."0, • u 1 • ...... .,¡ n• .. ....,. n- _, 
- ..... - -- ... __ 111-1-

L 
J •• • ~ 

• k 

í 
1 

-·- ··~ ·- ·- ·- ·-- ·-
·- 07'~ ··----- ·-··-

1!,:.-: :l~ff~- ~ 

- -·- ....... ~~~ 

TaWR1a mm ti .-•• ii¡W), _...m. a.-........,...._ • ._. t.. t.W.J.b-' 111 

~-~ 
..._ .. 

"".., D " ,. 
" 

., .. 10> .. .. "'" ""'·.., ......... 
&11 rsna• 1.«1 .. , IW 011 ,., ... "" D.Jl liJO ... 
N¡t;nj ... 1 o In 1JII ..,, 7Jl •n .. , IU ll4 IU 

--1 D 1.00 ,_., IAl .,. UJ 110 IH 171 .. 2 
11 1t , .. .. , ... '"' 

.., IJ7 , .. 211 ., ... '" 11> ,.., lil "' IU ,.., 47J "' .... ..._. 
1 

o .... "' "' 
..,, 

"' U2 w IU 11.1 

"' o ... 1.71 117 "' ... . ., •• '" 11.1 

"" .... 2)4 m 201 IU 111 11! t.l:" uo ... .,, o" ... UlO 1.23 '·" .... "' "' .......... o IIJ IJ2 Ul .,, 
"' ... "' IU 1 .. 

[W.C.Ia~i o IJ! ·~ .... ... "' .... 111 lOA IU 

• IUI 17.3 IIJ IU 111 IU "' 7.75 ... IJJ 
1 130 IU "' 1., 2JIO !.M uo Ul ... ,.., 
• Olil-,.. o "' 111 '" w ... "' 13.) ,., IU ,,......, o 110 ,., ... .., .. , ... IU "' IIJ 

'"' 871 .., 
"' ... "" '" .... ,. ... 

'" "' 
,, 711 '" ... ,., ILI l7J ... - 1 

o 177 1 ... ·~ "' Ul ... "' 
,, IU 

t•tvt.ll o ... 1.7~ ... ... '" ... "' 
,,. IJJ 

1l7i 171 IIJ .. , 8.17 7JI .., '·"' .... "' ~· '" .... '" ... '" 47.6 IIJ "' "' ...... 
1 

o 11i JZi ,., 147 ,., ,., 110 lll ... 
IDaharaiJ o ... '" ... ... "' 1 .. 14J 17> IU .... "" "' "' . .. IU ., Hl Ul 1.11 ... 13.7 .,, .... ... w "' IU "' "' 

'lt'lirl!t'W ••..,...•fwl..-..... t111oJ"""-iac.--. 
IL-ru-.. "'oCC-

1 

1 

r 



~ 1 1 1 
t 1 

" 

-----·----
~
 -

-
·-

-
-
-
-
-
-

----

C
X

) 
N

 





~·· ···~-
~~·~· ......... . 

' "
"
 "1

"' ·¡'•; '•a¡ a¡·•· 
¡ 

~ .. ~ ~= .. ~=: 
1;~ ::, • 

ª~ 

-
-
-
-
-
-
·-

-
·-

-
-
-
-

·
-
.
-
-
-

-
·
-
-
·
-
-
~
-
-
-
-

-·--------·-

i ! ' ~ l ; ¡ i ! 

o M
 



~
 

¡ . 

' 

1 
i 

i 
1 

1 

. 
r-y

 
'}l 

i'
"~

";
~~

 
"'

1 i
' 
rw
·-
~·
~ 

f ! 
!1 

i 
1 

:¡
;:

·· 
r 

•l
¡ 

·r 
¡r¡

. 
• 

1 
1 

!~ 
f·

.~
;;
¡i
=!
~H
~!
i~
J 
~p

 ~
aa

;!
! 

i 
' 

.,
, '

',,
 ¡ ~

8'
8'

 :~
¡·

l•
-2

i•
¡ ¡

~~
 i 

1 
IJ

N
-

1o1
 

1·
 1

 
111

 
-

1 
• 

: ¡
 

,.
~~
-~
. ·

~g
~ r

~-
~~

 ~r
l.

~ 
•. ¡

& 
1 

1 " 
,, 

111
 

;~~
· ·

·~
~~

i~
f:

~;
[¡

~¡
~!

¡J
fi

l:
l 

' 
•!

 
1 

' 
" 

• 
=~

!.
·!

 
-!

. 
e.

~~
ol

'"
' 

r 
ii

;'
"
 

~·i
~:~

 ....
.. e

.~
·•

•!
r~

¡ 
:.1

¡1
i ..

 _:
·~

 
1 

~\ 
f¡

 
,1

:-
•.

0 
..

..
 
:.

-
1

 
( 

,,
.f

:r
"
' 

,¡,
 

'l
v
"T

'•
·j

 ~f
,•r

 1·
~· 

¡ 
ff 

1 
.. :o

 l
t
lf

•
d

"
lf

 
¡¡

:.
• 

-
... ¡ 

ic
.c

.,l
 

• 
¡f

ht
•;

 ..
.. 

o.
~~

!í
..

it
ic

l'
i;

 .. ,
 

'1 
! 

~.
 

! '
~F

i!
 :~

¡e
 ¡ 
i;

~l
!,

: p
 rt•

l !l
 ¡

 
Ir

 
itl

l'~
.:.

.~:
; 

E:
:?

.[
!:

~~
=~

.=
·¡

;f
§"

 
1 

~ 
·r 

~ 
0~

 ...
. 

, 
•
"
'•

 
~~

 ;
ll
 ¡
t:

;i
~·

¡ 
~ 

~ 
-, 

.. 
Tlf

 . -
.. ~ 

f 
¡( 

t!
 .. ~

•!
l:

r 
.. 

w
 
-~

H 
1 

a 
i¡

~-
[€

2 

' 
~ 

f~
~~
g;
!:
;;
p,
, 

r 5
 trh

Hl
 z

 
• 

....
 , 

+i 
• 

'-
-J

 a
~~'

 
. 

"'"1
 ;

m
 

1 
i 

fi
'~

f~
g .

. ~
 

~~
~c

l8
1 

1-
'r 

:.
~ 

1 
'l
 

1
¡-

w
a
: 

,•
1t

·a
.;

1:
1i

p
1;

 
) 

il 
• 

:¡1
 

.;·
 

.ir
l-3

' !
t!

!l
-8

 
<

 

r 
' 

' 
' 

' 
•!

 
. 

'l
 .

 . 
,, 

l 
rr ..

 ' ¡
 

• 
! 

1 
'1

 
!J 

~~
!L

,P
. 

o 
:L

a 
• 

~:~
 .. 

í'-
i:

c 
' 

:! 
r¡

~-
·;

',
 

·~
i·

•s
·p

sr
,~

'[
r 

!• 
'=

='
h·

f..
 

~~
H~

I 
'll

'1
3a

.•
•.

 

d 
il

t.
...

 •
 

. ~
· i

~ ~
 

:r
 .. l;

 g rr
: 

.'
ll

o
e
t.

.¡
O

 
.. 
c
i
 

,
a
 

..
..

..
..

. 
J';

 .. E.~
t1

,. 
ao

"'-
[g 

''•
•i

ll
 

i 

~.
 

¡-
.:l

'lf
 e

 10
 

,.
 

• 
;
.,

 •
 

11 
,.

 1
 &

: 

Ir 
c 

.. 
;g

!.
,f

l 
¡·r

.~ 
~~

8:
~~

8;
• 

li
\ 

1· 
:8

! 
!::.

!' 
1 

~~
ij

"r
 

!0
1f

"E
 
•i 

~f 
r 

• .. 
,.

~.
. 

;:; 
·i

 
,a

·-
~·

·§
· 

~ 
1 ~
0°

o
1 •

 
:t

)!
 

i' 
='
~•
8"
; 

f•
!.

io
:·

· 
s.·•

r q
~h

;.
·:

: .
. 

i~
~;

~t
g 

~ 
~1

1 
1 

fi
h~

~ 
.. ~

; 
!l 

;,
 e

 o~
~ 

'n
fi

 t
ra

Jt
iU

 
! 

---
--
-
~
-
-
-

-
-
-
-
-
-
-
·-

-
-
-
-
-
-
-
-
··

 



--
-
--

--
--

--

r 1 l 1 .. 

1 

• 
• 

~
 .. 
~
~
 

!;,;
 l:;

;t;
 

!;;:
: 

:;¡
¡. ~
 

rf. 
,
.
~
 ~
 

., ,-

!:
)!

' 
. 

' 
..

. ,
 ... 

__
_ 

.. .
.._ 

• 
• 

• 
• 1 

-

-
'!.

 
'J

 
- • 

~,
..

 

• 
r· 1-
h 

t-

·u 
t- t- t-

r 
1= 

.l
 t-



1 ' • 
,¡ 

1 1 1 
i 1 

! 

¡ 
;l 

' 
:: 

¡ 
¡ . 

' 
n 

-! 
~ i 

i 
; '-

; ; 
; ; 

-.: 
.; 

J 
;
,
 

l 
~ i 

~ 
! 

i 
1 ~ 

t 
; 1 ' 

1 
1 

! l l 1 ; !111111 1 1 
¡ 

·-· 
1 ::=·· .... • 

• 
• 

_ ... 
j 

l.o
".t t

j ... ¡ .
.
.
 ,;¡¡.¡ 



..,, 
-

l~li'i 
.•. iii!l·lt 

ne ¡'! F
! 

rp]•;e¡ 
·¡ 

!! ¡• 
'!liiJ 

1 
1 

1 
1 

• 
)
s
~
•
 

,.,. 
r 

'l' 
.. 

;, 
e ... 

'•! 
i;j! 

''W
 

• 
1 

1'; 1 l¡ 
l ;; 

i'!e¡ '· 
li~ .~; 1:1 

~li•!Ue 
i. 

!o 
-

J' 
U

:! 
;f.!t! 

:s11 ~ ~~ : .. ~!i.s~h 
~~J ~~~ ~~~ 

~~H~=~~ 
-! 

'P .. 
t ·= 

~=-ft 
¡l!! ¡:~u,~ 

H
i!•1• 

efl 
!~J ••1 

i,~'¡"d 
•• 

• • 
•s 

A
 • 

.!, 
•• o 

j!Jj,¡ 
! 

~:¡] ,, l! ;, 
!•!:•!:! 

•.] 
lcJ {ii 

!!!!•~;: 
·¡ 

IH1 
. e, r .. 

o! 
·1¡-l'"-

~~ 
~~-

f 
~~ ,_

lJ
·· 

~ . J ~~~ 
¡~l!!J 

111 .. 
S 

. ·" 
... ,.~ 

1 
a 

.. 
~.. 

.. 
i 

~ 
O

.i 
a 

"' 0 
",.5 

1
-...:. le

 1 
,_ 

8 
i J;,. 

"' 

a 
·U~ 

nJ¡¡i 
¡,~ ¡

.
,
 ¡, i, ;.;•'JÍt ]p• ¡e1 ~~e h 

:11· 
i 

fl! 
1 ¡! 

:!o
 

2 
o~ 

0
'1! 

+~·~! .. • 
1 

!.2
!, 

l:! 
u
~
•
p
i
 

i 
.!. 

r' 
~~~~~! 

"~~ f 11 
...e 

12 
J "1:., 

-5"' 
! J'I'I~C~'C 

~;&j<ll 
., 

H
 

: 
1 lo 

1 
-

1 
¡¡ 

lo 
1!.. 

.. 
.. 

• 
-o.. 

.. 
-

.. 
• ~~~. ,1 .~ ~· 

¡·¡t'!Jl ~!hq•t !jj 
·~·id! 

l 
di 

i1 ¡jl 
! '!! j !J l! ol 

,• •l]sl 
""'5

 ;-i ! ' 
1]' 

!i ¡ 
~ 

~~ du 
r~·,l 

• 
t! 

', ! 
• t¡-· , , == 

.::11 .-¡ 
g~il"i • 'i 

1 ~~~~!¡ 
'1

 
~ilJ; 

l 
l 

j ~~ 
!_. 

ic
 

~"': 
J< 

"'] 
1

o 
~ 

~ .. 
"'~• .,,:-a

 
• 

t
' 

¡ 
' 

.¡¡n= 
i· 

. 1
. ¡•.-' 

.,,, 
¡e 

~·t•i¡·•! ¡ ; 
·~--!o 

l ·-
J!!¡ 

! 
., 

, 
;•.¡ 1 &1 

•:¡. 
· ~~~a, 

¡¡n
 
¡a-~ 

1 •
1 -•:p 

3 
•i 

1
!'!1

' 
s ·s:. 

.. ... " 
:i 

• 
.... 

.. • 
. 

1 
~ 

• 
.: 

' 
''! 

h , .. ,. 
J1.:§;'! 

.:~·na!;;1 • 
,!el~¡ 

i 
:~ 

.. 1~. 

~mm 
1 

' 
1 !-

~ 
!h

 ~ 
.• ~~~~· 

·!'"·!! ··=r ~· 
'¡¡ 

,.J 
, -~ 

~ 
i .. ,; ~ h 

ws•:N 
~
p
 ·~.. 

li-
• J t~~ j:;:t 

t~ .. !
;
 1 O

 • 
"J 

¡!1:1 
"• ; 1,¡ •lo; •u':: :¡ f ¡t 1 • l'J 1 ,, 1' íjl 

¡ h 1iH 
' 

Ji;•!¡J 
! 

Pf"jo u•~oo 
"' 

... -..~:"~ 
.... ~ 

•JJI• .. 
:a .. ~~. 

L
 

<
 

¡~~: 
• 

.• 
• 

"¡o~•.,. J~p~gi.á 
igA Bj¡~ al~ 

,plit:E
l• 

! h 
,JI!~!, 

1 
~ 

"
1 

~lci~~~~~J. 
'! 

~"• 
1 

... -'.¡a¿ 
Z

J 
Í• i l 

~P'I;~~ ~ .• -~· !il]j¡i; 
ss·drHl 

¡:•¡.~~~ 
' 

o 1 ¡; ¡1 
¡:¡!:! 

' 
. 

-
•
•
lo

 
" 

' 
• 

¡j 
J 2 i 

j' ' 
·~ ! 

., . 
!!J~d~ ;1hiqH¡ 1 •• ¡ ;.I~. ~ ~;~ 

~~ j·Jh 
! 

" u 
.W

i;¡ 
lj• 

1 .. 1 o :~eA ... ·~=-~~.Do.~: 4
h

l¡ ~~:¡,, 1 !1 
8~1 t 

il ;:Jjg 
·:!iJl:1 

i '·"!o'~~· ll!
' H

 'Til'f 
•¡!• 

.~ ~-
: 

. ·Jr 
, 

~~i=H ~·;!; -~·¡:¡!¡¡ )il W
1t••ifJ~P~ 1i 

• 
! 

' 
;•hlh 

~~8 ~i ~~ 
' 

1 
~] 

J •• ~-
--

~~~ 
-¡ 

• 
1 

~~ 
•8 

,. ! 
lll!lil 

1 
1 

' 
1 

'3
0

 
• 

• 
" 

n
a
 

• 
>-

1 
1 

1 
1

.., 

iíl!il 
~··!·d· 

.!~! 
ih:'¡¡ 

!]~Hs~ 
1 r¡, 

!in 
................. ,, 

• 
___, 

"' 
' 

·~· 



FACULTAD DE INGENIERÍA UNA/V\ 
DIVISIÓN DE EDUCACIÓN CC>NTINUA 

INSTALACION DE GAS 
NATURAL 

CLAVE CA-231 

TEMA 

ANEXOS 
DEL 19 AL 30 DE ABRIL 

ING. ALFREDO SÁNCHEZ FLORES 
PALACIO DE MINERÍA 

ABRIL DE 2004 

Palacto de M1neria, Calle de Tacuba No 5. Pnmer p1so. Delegooón Cuauhtémoc. CP 06000, Centro H1stónco. Méx1co D F. 
APDOPostol M-2285 • Tels 55214021 ol24. 5623 2910 y 5623 2971 • fax 5510 0573 · 



2.6 " ECUACION DE ESTADO DE GAS IDEAL 

Las tablas de propiedades proporcionan información muy exacta, pero son volumi
nosas y vulnerables a los errores tipográficos. Un enfoque más práctico y deseable 
es tener algunas relaciones simples entre las propiedades, que sean suficientemen
te generales y precisas. 

Cualquier ecuación que relacione la presión~ la temperatura y el volumen es~ 
pecíficos de una sustancia se denomina ecuación 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 ecuación de estado más senci
lla y conocida para sustancias en la fase gaseosa es la ecuación de estado de gas 
ideal. Esta ecuación predice el comportamiento P-v-Tde un gas con bastante exac
titud, dentro de cierta región elegida adecuadamente. 

Las palabras gas y vapor a menudo se utilizan como sinónimos. La fase de 
vapor de una sustancia suele considerarse como un gas cuando su temperatura es 
más alta que la temperatura crítica. El vapor implica un gas que no se encuentra 
muy alejado del estado de condensación. 

En 1662 el inglés Robert Boyle observó durante sus experimentos con una 
éámara dé vacío que la presión 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, 

o 

Pv=RT (2.9) 

donde la constante de proporcionalidad, R, se denomina la constante de gas. La 
.o,.....,...,....,.;.;;,., '1 O .::.e- J.,. .o...-. ... .._";,.<. ... .In. .o.col-nod111. .rl.o. .-.n.LO :d-.o.l ...,.. c-..:::..-,,.....;JJro""".o.-.t.o 1-. -nln.,.:..< ... ..1..-.. 
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gas ideal; un gas que obedece esta relación recibe el nombre de gas ideal. En esta 
ecuución, Pes lu presión absoluta, Tes la temperatura absoluta y t' es el volumen 
e~pccít1cn. 

La constante de gas Res diferente para cada gas (figura 2.45) y se determina 
de 

tkJ!l-.g Kokf'a ·m'/kg· K) (2.10) 

donde R,. es la constante universal de gas y 11·1 es la masa molar (llamada también 
peso molecular) del gas. La constunte R .. es la misma para todas las sustancias y su 
valor es 

¡8.3 14 kJ/kmol · K 
8.31-1- kPa · m 1/kmol· K 

« = 0.083 14 har · ml /k mol· K 
" 1.986 Blu/lbrnol · R 

111.73 p'>ia·ft'/lbmoi·R 
1 545 h · lbf/lhmol · R 

(2.11) 

La ntasa molar M se define como la masa de un mol (llamada también un 
¡:ramo-mol, abreviado grnol) de una sustancia en grtnnos, o, la masa de 1111 kmol 
(llamada también un kiloRrmuo-mol, abreviado kgmol) en kilogramos. En unidu
dt!s inglesas es la masa de 1 lbmol en lhn1. Advierta que la masa molar de una 
sustuncia tiene el rnisrno valor· nu1nérico en ambos sistemas de unidades, por la 
forma en 4ue se dcfme. CuamJo se dice que la mnsa molar del nitr6geno es 2K, ello 
hignilica quc.lu masa de un kmol de ni11·6gcno es 2K kg, o que la masa de 1 lbmol t.Je 
nitr6gcno es 2H lhm. Esto es, M = 28 kg/kgmol = 2H lbm/lbmol. La masa de un 
stslt~nw es rgual ;_¡( producto de su masa molar M y el núrm:r o de moles N: 

( kg,l (2.12) 

Los valores de H. y de 1\1 par a varias sustancias se presentan en la tabla A.l. 
La ecuación de estado de gas ideal se escribe de varias mancrus diferente~: 

V = 111 v --------+ 
mR = (A1N)N. = NR,. --------+ 

V = NV --------+ 

P\'=mRT 
/'V= NN,;r 
l'v = R,T 

(2.13) 
(2.14) 

{2.15) 

donde V es el volunu;:n específico molar, esto cs. el volumen por unidad Uc mol (en 
m'/kmol o fl3/lbmol). En este texto un guión un·iba de una propieUad dennwd 
valores basado.\ en unidad de mol (figura 2.46). 

Escribiendo la ecuación 2.13 dos veces para una masa fija y simplificando, las 
propiedo1de.s de un gas ideal cu dos estados diferentes se rehu.::iouan entre sí por 
medio de 

(2.16) 

Un gas ideal es una sustancia imaginaria que obedece ;t la rcl;_u_:-iún Pv = RT 
(figura 2.47). Se ha obscn'adu expcrimcntalmcutc q11c la rclaci6n de gas ideal se 
apt·oxirua umcho al comporhunicnlo P-v-T de )o<:, gHhCh Jeales ahajas densidades. 
A bajas presiones y altas tcmpcrnturas la densidad de un gas disminuye y éste se 
compo1ta como gHs ideal en estas condiciones. Lo ()lle com;lituye huja plesi{m y 
alta tcnuleJ·utu¡·a ~e cxnlica en la siuuicnte sccci6n. 

FIGURA 2.45 
(Jifcrcnlcs sustancia.'> tienen dífcrcnlcs 

con!-.tnnt<.·s de ga:-.. 

-'j" __ -------- ·---

FIGURA 2.46 
La.s propwdw.Je.s por 111ol se dcnolan co11 

un guión en la parte ,<,upcrior 

FIGURA 2.47 
La rclacidn de ga.<. ideal a nu.:nudo no..:.<. 

aplicable a In:. gases ¡cales; po1· ello. 
debe tcncrse cuidado cuundo .<.e u~c. 



m 

FIGURA 2.4Q 
Dibujo pam el ejemplo 2.10. 

~-- .~· 

En el rungo de interés práctico, tnllcho.s gases famili:u·es como el aire, nitróge
no, oxígeno, hidrógeno. helio, m·gón, ne6r~. kr-ipt6n e incluso gases Jll<Í!' pesados 
con ro el dil)xido de carbono, pueden tratarse corno gnscs ideales con un cnor des
preciable (C(111 frecuencia menor de 1 (t'o). Sin Cinhwgo; Jo:-. gases densos. como el 
vapor de agua en las centrales eléctdcas y d vapor de ¡·cfrigerantc en Jos refrigera
dores, no deben considcntrsc corno gases ideales. Dehen utilizarsl.! las tahlas de 
pn,piedadcs para estas sustanciaS. 

¿Es el vapor de agua un gas ideal? 
Esta pregunta no se contesta con un sit11ple sí n no. El cnur involucrado al considc
nlr al vapor de ugua con1o un gas ideal se calcula y grafica en l¡¡ figwa 2.49. Es 
claro, a partir de esta figura. que a rwesioncs Jncnorcs de 1 O kPa. el vapo1· de ugua 
se puede considerar 1111 ga3 ideal. indepcnllicntcnJentt.: de su tcnlpcrallll"'-1, con un 
en·or dcsprcci.ablc (rnenor que 0.1 (;%).A presione'> superiores, la supn~ici,'u¡ de gas 
ideal produce errores inaccpt<lhlcs, en particular en la vecindad del punto crítícn y 
Uc J¡_¡ línea de vapor saturado (urriha del IOO"M>). Por tanto. en aplicaciones para 
ucondicionmnicnto de aire, el vapor de aguu en el aire puede trata1·sc collltl un gas 
en esencia it.lcul casi sin ennc puesto que la p1·esión del vapo1 de agua es lliLIY baja. 
En contraste. en las aplicaciones del vapor en centrales c16 . .::trica'>, las p1c~ioncs 
it11plicadas son lllliY altas; de JIIU(hl que no dchcn usarse las 1 elac:ionc!'> de ga!-. i<fcal. 

2.7 • FACTOR DE COMPRESIBILIDAD, UNA MEDIDA 
DE LA DESVIACIÓN DEL COMPORTAMIENTO 
DE GAS IDEAL 

L:t ecuaculn de ga'> ideal es lllliY .!-.cncilla y pnr ello !>11 u:-.o es conveniente. Pc1o. 
comn ilustra In f¡gura 2.49. lns gases se desvían del <.:oinportunlicnto de gas ideal, 
de ntancn:t significativa, en estados cercunns a la reghln de satun:t~..:i<ln y ~~~ punto 
~:.ritico. Es pnsihlc explicar con exactitud esta desvwd6n del cnrnponamicnto de 
gas ideal u uua ten•pe•·arunt y prcsillu dctcn11inadas 1nediautc la introducción de u u 
fuctor Uc cnrrccciún /lan1ado factor de cornpresibilidad Z, definido cu111o 

l'v 
Z=

u·r {2.17) 

1 



T."C 

n 

f•v = Z.RT (2.18) 

También :-;e expresa comu 

Z= {2.19) 

donde ''u.kat = UTIP. Es evidente que Z = J para gases ideales. Pm·a gases reales z 
puede ser 1naynr o 1nenor que la unidad (figura 2.50). Cuanto 11His lejos se encuen
tra Z de la unidad. uwyor es lu desviucíóu del gas del t.::olnportarnicnto de gas ideal. 

Se ha t.llcho repetidas Vt;Ccs que los gasc.s sigu~n la ccuacitín de gas ideal con 
gn1n precisión a bajas presitHlt!S y altas ICntpcn.llllnts. ¿Pero l.JUé es exactarnente In 
que con:-.tituye buja presi<'ln y alta temperatura? ¡,Es -IOO"'C un~1 temperatura baja? 
Es definitivo que lo es pan1 muchas :-.ustam:ias. pero no para el air·c. El aire (o el 
nitrógeno) puede tratmsc COliJO gas ideal a esta teJllpcnllura y a lu presión utrnt,sté
l"ica con nn crrru- lllCilOJ' de 1 (Yo debido a que el nitr6gcno ~e encuentra hHstantc 
aniha de su tcrupcratura cdtica (-147°C) y lejos de la n:gi<)n de '>Uiuradón. A esta 
tenlperalura y presión. sin c1nhargo, h1 1nayor parte de las suslanc1as cxistil íau en 
la fase sólida. Por consiguicnlc. la presión o tentpcr·atura de una sustancia es aila n 
baja cu relación con su lctnperatura o presión crílica. 

FIGURA 2.49 
Porccrunjc de error (i]v,~ht .• - ~'uh··l ]h·,.,l>tal x 
1 00) intpltcado al suponer que el vapor· 

es nn gas ideal: y región donde el vapor 
puede lnllaJSC con1o un ga:. ideal con un 
error HH:'!IlUI' de 1 °A,. 

FIGURA 2.50 
El rachH" ¡Jc CIHllpresibili~htd es la unidad 

n:ua ¡,,.._ 1'11-.;t~<.; itlt~alt~"-
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Los guscs se cou1portau de !llanera diferente a lltlU tcnlpc.-atura y presión dc
tenninadas, penl se L:lHnportan de !llanera tnuy pared da u h!nlpcl·aturas y p¡·csionc:
nonnali.r.at.Jus respecto de sus tenlperuttu·as y presiones críticas. La nonnalizaci(m 
se efectúa cuino 

}' 

1~ = 
1~, 

y (2.20) 

Aquí PR recibe el nombre de presión reducida y 7~ de tetnJ•eralura rcduddu. El 
factor Z para todos los gases es aproxin1adamcntc el misnto n la 111isnw. presil'ill y 
tem.peratura reducida!>. Lo anterior recibe el nombre de pl"indJ,in de estados co
rrespondientes. En la f1gun1 2.51 lus valores de Z detci·nlin:tdos cxpcrimcutai
IHCntc !>C grafi.can para el cuso eJe /JR y ·¡~ para vario~ gases. Los ga~es parecen 
ohcdccer bastante bien al principio l.le estados co•Tcspondicntcs. Al •üustm· lo~ da
LOS se ohtienc la carta de com)Jresihilidad gcncruliznda, que puctk util•..:msc 
pam todo~ los guses (figum A.30). 

A partir de la c:u·ta de conlpt·csibtlidad gencrnliznlla MHl posibles las siguien
tes observaciones: 

1. A presiones nn1y h~~ja~ (Pu 41' J) Jos g•t~et- se con1.portan con1o u u gas nlc:¡J ~in 
considerar Ja tempcrntm·a (t1gura 2.52), 

1.1¡-----,-----,-----,------,-----,----,-----,-----r---~,----,-----,--~-,-----,-----, 
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O E1ilcno (,) n-il(~pltuH• / 

A EWIIO 6.. NJtl('>gcno Í 

-----1------
O Propano o DJ(l~ido d~ carhnn•• 
o u-butano Agu;> 1 
Cun•n prn1ncdi•l ba~ada e{¡' daltl" 
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2.5 J.l) 3.5 4() 4.5 5.() 
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FIGURA 2.51 
C<1n1pantc16n de los !actores Z pmn tlif(;,cnles gases. 

1/•¡u•nlo"(;.,,.,.frnSu. "iHoddh·dl.ow.d<r>ne\fJOnduu•Stote<" ,.,hu/f.,,. l"l"•m ¡,.,t ,,,,.,., 1 l~ri<J..sr.l "Ntll' 
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2. A elevadas temperaturas (TR > 2). el comportamiento Ue gas ideul puede supn
ncn.;c c1m huena precisión sin ín1portar lu presión (excepto cuando PN ~' 1). 

3. La desviaci6n de un gas del C(Hllportarniento de gas ideal es xnayor cen.::fl del 
punto c..:rítico (figum 2.53 ). 

Incluso cuando P y v, o Ty \",se dan en lugar de P y T. la cana de cornpresihi
lidad generalizada puede utili:.:::arsc para dctcnninar la te1·cera propiedad, pero irn
plic<lda el tedioso ruétodo de ensayo y CITOL En consccucneia. fCSulta conveniente 
definir unu propiedad reducida IIHls, Jlaruada el volunten es1lecífico 
pseudnrreducidn vR con1o 

\'N=~ (2.21) 

FIGURA 2.52 
p1·esiones lllliY haja~ todo<> lo~ ga<>CS sc 

··accrC<I!!_l!_!_~(~Inpoi1:Un1iellf<l (.]e gas ideal 
!sin in1portar su h~Inpe1atu1a). 

T 

ClHnpor 1 <lllllCil 10 
<k ga.!> 
IIU uJc;¡J 

( 
COill(lOII.Juoicutn 
de ga" 
ulcul 

( :onlp<n 111111 i(•nto 
Uc g.o:. iUc .. l 

FIGURA 2.53 
Los gases ~t.: desvían del 

cotnpo¡·tainicnlo de ga:. ideal en In 
ccn;anía del punlo crítko, 



---FIGURA 2.54 
El factor de comp1csihilidad tnmhién 
puede detenninnn:c a p:u·tir del 
conocitniento de 1'11 y V u. 

FIGURA 2.!Í5 
Dibujo para el CJl!lllplo 2. 12. 

FIGURA 2.56 
Los·rcsultados nblcmdo:- ::~1 tHiliz;w In 
...:atta de <..:~llnpre'>thilidad suelen csl;tr 
dcnlfo de un pet.¡ueño poiCCilt<lJC de los 
VH]OICS tlc1CIIllÍI1Hdt!S 

''" nPt ¡,~, .. nlotlnu~nlf" 

Observe que vR se define de tnancra diferente que l~u y TR. Se •·claciona con T., y P.,, 
en vez de \'w Tan1hién se añaden líneas de Vx cnnsta11te a las canas de colnp•·e~ihi
lidad, y esto pennite detcrrnittar T o P sin tener· que rccurnr .a las te< liosas itcn:~cimJCS 
(ftgura 2.54). 



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

Constante 
Propiedades del punto crífJco 

Masa molar, de gas, Tempera- Presrón, Volumen, 
Sustancia Fórmula M kg/kmol R kJ/kg · K* tura, K .MPa m3/krnol 

Agua H,O 18.015 0.4615 647.3 22.09 0.0568 
Aire 28.97 0.2870 132.5 3.77 0.0883 
Alcohol etilico C2H50H 46.07 0.1805 516 6.38 0.1673 
Alcohol metllico CH 30H 32.042 0.2595 513.2 7.95 0.1180 
Amoniaco NH3 17.03 0.4882 405.5 11.28 0.0724 
Argón Ar 39.948 0.2081 151 4.86 0.0749 
Benceno C,H, 78.115 0.1064 562 4.92 0.2603 
Bromo Br, 159.808 0.0520 584 10.34 0.1355 
Cloro Cl 2 70.906 0.1173 417 7.71 0.1242 
Cloroformo CHCI 3 119.38 0.06964 536.6 5.47 0.2403 
Cloruro metllico CH,CI 50.488 0.1647 416.3 6.68 0.1430 
Drclorodifluorometano (R-12) CCI,F, 120.91 0.06876 384.7 4.01 0.2179 
Diclorofl~orometano (R-21) CHCI 2F 102.92 0.08078 451.7 5.17 0.1973 
Dióxido de carbono co, 44.01 0.1889 304.2 7.39 0.0943 
Dióxido de sulfuro so, 64.063 0.1298 430.7 7.88 O. 1217 
Etano C2Hb 30.070 0.2765 305.5 4.48 0.1480 
Etileno c,H, 28.054 0.2964 282.4 5.12 0.1242 
Helio He 4.003 2.0769 5.3 0.23 0.0578 
Hidrógeno (normal) Hz 2.016 4.1240 33.3 1.30 0.0649 
Kriptón Kr 83.80 0.09921 209.4 5.50 0.0924 
Metano CH, 16.043 0.5182 191.1 4.64 0.0993 
Monóxido de carbono co 28.011 0.2968 133 3.50 0.0930 
a-Butano C4 H10 58.124 0.1430 425.2 3.80 0.2547 
Neón N e 20.183 0.4119 44.5 2.73 0.0417 
n-Hexano C6Hl4 86.179 0.09647 507.9 3.03 0.3677 
Nitrógeno N, 28.013 0.2968 126.2 3.39 o.'o899 
Oxido nrtroso N20 44.013 0.1889 309.7 7.27 0.0961 

,, 
~----

Oxigeno o, 31.999 0.2598 154.8 5.08 0.0780 
m ~ ,,(\ . ·~ Propano c,H, 44.097 0.1885 370 4.26 0.1998 

"' "; .. ~ fj"" <'..¡. Propileno C3H5 42.081 0.1976 365 4.62 0.1810 -o ~ ,..,_ ·---'4---.-?f:·ri· e. e o ""· ~-~·,..· ... Tetracloruro de carbono CCI, 153.82 0.05405 556.4 4.56 0.2759 2 ro ~ ".\ .¡;, . ·• r~ <"· o ~ 

"' 
,. ,, ,q· ~~ 7. Tetrafluoroetano (R-134a) CF3CH,.F 102.03 0.08149 374.3 4.067 0.1847 

"' 
\)loo ~. ~~ ... .,.; :- ¡ 

~ "", ~ % -~~~~- ;; Triclorofluorometano (R-11) CCI,F 137.37 0.06052 471.2 4.38 0.2478 
~ 

;: ,. = ' ~ :_'\l. • ' ll1 
131.30 0.06332 "' "'~ \., />:) ....... Xenón X e 289.8 5.88 O.ll86 

~ o "' ~ e• ·(.,_r·~·;;v;. 
K) es eqUivat~nte a kPa. mlf(kg · ~ ~ 

*la umdad en ld/(kg · KJ. La constante de gas se calcula de R""' RjM, donde R.,"" 8.314 kJ/{kmol . K) y M es In rnilsa molar 

Fuente K. A. Kobe y R. E. Lynn, Cl!emtcal Revtew 52 tl9t)3), pp. 117-236; y ASHRAE [Sociedad Arnew:ana de Ingenieros de Calefacción, Relngerar.1ón y 
AcondicJOnamienlo de Atre], Handbook of Fundamentals (Atlanta, GA: Amer1can Soc1ety ot Heating, Retrigerat10n and A1r-Cond111oníng Engmeers, lnc , 1993), pp 

'" "" "'"' 1 



Calores específicos de gas ideal de varios gases comunes 

a) A 300 K 

Constante de gas, R cp e, 
Gas Fórmula kJ/kg · K kJ/kg · K kJ/I(g · K k 

Aire 0.2870 1.005 0.718 1.400 
Argón Ar 0.2081 0.5203 0.3122 1.667 
Butano c.Hw 0.1433 l. 7164 1.5734 1.091 
Dióxido de carbono C01 0.1889 0.846 0.657 1.289 
Etano C1H6 0.2765 1.7662 1.4897 1.186 
Etileno CzH4 0.2964 1.5482 1.2518 1.237 
Helio He 2.0769 5.1926 3.1156 1.667 
Hidrógeno Hz 4.1240 14.307 10.183 1.405 
Metano CH 4 0.5182 2.2537 1.7354 1.299 
Monóxido de carbono co 0.2968 1.040 0.744 1400 
Neón N e 0.4119 1.0299 0.6179 1.667 
Nitrógeno Nz 0.2968 1.039 0.743 1400 
Octano CsHls 0.0729 1.7113 1.6385 1.044 
Oxígenl} Üz 0.2598 0.918 0.658 1.395 
Propano CJHB 0.1885 1.6 794 1.4909 1.126 
Vapor H20 04615 1.8723 1.4108 1.327 

Notao La unidad kJIIkg · K) es equivalente a kJikg · "C 

Fuenteo Gordon J. Van Wylen y Richard E. Sonntag, Fundamenlals ol Classical Thermodinanncs, vers1ón inglés/SI, 3a. ed. !Nueva Yorko John W1ley & Sons, 1986), 
" t:0'1 t-.ht.,. A_QC::I 



Part 1. BASIC PR.INCIPLES OF COMBUSTION SCIENCE 

WHAT IS COMBUSTION? 

Combu.stion, or burning, is a rapid combination of oxygen with a fual, result
Jng in ralease of heat. 

The oxygen comes from tha air, which is about 21% oxygan and 7Bo/o 
nltrogen by volume. (Sea Tabla 1.1.) 

Most fuels contain carbon. hydt•ogen, and somatimes sulfur. {Soa Tabla 1.4.) 
As a simplification, -we might say t.hat combustion consists of lhe following 
three processe.s: 

carbon + oxygan carbon dioxide + heat 
hydrogan + oxygan water vapor + heat 
sulfur + oxygen sulfur dioxide + heat 

The three produots of combustion listad abova are celled cheD1ical con:t
; pounds. and they are meda up of molecules in which elements are combined in 

'Tabla 1.1. Colnposltion or air1 

Dry Dulb Temperature (db) and Relntlve Hun>ldlty (rh) 
% by Vohune (mole)~ 60Fdb &OF db &OF db OOF db 90F db 
'\1o by Wefsht~ 0°/o rhz 800/G rb 100•/o rh 20•/o rh 80°/o rh 

Oxysan. 0 2 
20.99 20.70 20.62 20.79 20.19 
23.20 23.00 22.114 23.06 22.83 

1 
Nltrosau. Na 78.03 76.94 76.67 77.29 75.06 

75.46 74.86 74.63 75.01 73.61. 

A.raou.Ar 0.94 0.93 0.92 0.93 0.90 
1..30 1.29 1..29 1.29 1.27 

Otber3 0.04 0.04 0.04 0.04 0.04 
0.04 0.04 0.04 0.04 0.04 

Water, HoO 0.00 1.40 1.75 0.95 3.81 
o.oo 0.87 1.10 0.59 2.45 

.llqulv. m.olecular w-elght 28.96 26.61 26.77 26.66 26.55 
· lDenaity, lb/Ct' 0.07632 0.07592 0.07561 0.07169 0.07111 
. Denslty, ks/JD3 1.222 1.216 1.214 1.152 1.139 

1 Por easy contputation. 1t le convenient tu remember t:hese ratioa: 
Air/0,. = loo/20.99 = 4.76 by volume (mols): Air/0, = 100/23.20 = 4.31 by weight 
N 2 /{h = 3.76 by volume {n.ols); N 2 /02 = 3.31 by weight 

90F db 
1()()0/o rh 

19.99 
22.50 

74.32 
73.18 
0.90 
1.26 
0.04 
0.04 
4.76 
3.02 

26.45 
0.07066 
1.135 

2 Prom lnternational Crltlcal Tablas:. nll olhor columna calculated front I.C.T. datn and from Rof
erence t .1 at the end of Part 1. 

• _co~ (about 0.03%), ~ (about 0.01.%). N~on. Helium. l<rypton. Xenon. 
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certain flxed proport.ions .. For example. a molecule of carbon dioxide contains 
one atom of carbon plus two atoms of oxygen: a molecule of vv-ater vapor con
taina t-wo atoms of hydrogen plus one atom of oxygen~ (See Ta.ble 1~4.) 

It is an eeta.blished law of science that matter* is neither creeted nor des
troyed in -the procese of combustion. and that t:he heat given off in. any combus
tion procesa is merely excess energy which the ne-w molecules are forced to 
liberate because of t.heir interna! make-up. 

Let us no-w use equations to sho"W how one carbon atom plus tVV"O o.xygen 
a.toms (one molec.ule) burn to form one ca.rbon dioxide molecule a.:n.d heat: 

Flg. 1.2. C + Oz ~ C02 +- boat. 

Llkevv-ise. -when t:-wo hydrogen atoms burn. one molec:ule o.f water is formed. 

The second of the above two forma is the more common 'Ytlay of VV"riting this 
procese. because oxygen usually comes in packuge uni'ts. or di-atomic mole
culea·. contein.ing "two oxygen atoms~ The amount of heat released in this cuse 
ts tvvice as great as vvhen only one oxygen atom a.nd t:wo hydrogen atoms are 
u sed. 

* Matler is enyth.Jng vu-hich has """nigh.t and occuples !:lpace. Energ-y does not hnvo -,.vojght and 
does not oocupy epeco. 

··--~• ••- ---a•>----·----~-•---



COl\.fBUSTION 3 

PERFEGT GOMDUSTION 

Perfect combuslion is obta.ined by mixing and burning just exaótly th.e right 
proportions oC fuel and oxygen so th.at nothing is Jeft over. as in Figures 1.2 and 
1.3. Th.is is li.ke •a si1:uation vvh.ich exista at the assembly Jine in a.n automobile 
faotory. Each chassis needs four "Wheels. and this is th·e only proportion f4 1o 1} 
tha.t vvill go together properly. If the conveyor supplying tha wlteels moves 1oo 
slowly~ st>me chassis -vv-ill go by incompleta. But if the Vllheel oonveyor goes too 
fast~ there will be. soma w heels left o ver. 

Table 1.4. 

Elem.ent (E) 

ElenuJnta and co~pounds comH"I.only e:ncou:ntered in c:::ombustlon* 

or 
Cona.pound 

AirC: 
Buts.ne, n-

Carbon (E) 

Cnrbon dioxide 

CHrbon monoxide 

Ethane 
Hydrogen {R) 
1-Jydrogen 
Hydrogen aulfide 
Methane 
Nitrogan (E) 

Nitro gen 

Octane. n
Oxygen {E) 

Oxygen 

Propane 
Sulfur (E) 

Sulfur dioxide 

Sulfur trioxide 
Water 
Water 

e 
e o, 
e o 

C,H.., 
H 
H, 

H,S 
CH. 

N 

o. 

so. 
so. 
H,O 
H,O 

Relativa 
{ntol) 

.:yvelsht-t 

28.95 
08.12 

12.01 

44.0"1 

2U.ol 

30.07 
1.01 
2.02 

34.00 
16.04 
14.01. 

26-0J 

1 14.23 
16.oo 

32.00 

44.10 
32.06 

64.06 

80.05 
18.02 
18.0:2 

Pnrts of lhis tabla ara derivad fron-1 
of Part 1. 

Norrnal lb/ft-' kg/_znJ 
S lato Found In ~t. stp st slp ----
gaa 0.0763 :L.225 

vttpor or liquld fuels 0.1582 2.533 

solid fuels1, 138 2209 flue sns:t 
gas flue gas 0.1170 1.073 

gas fuels, 
0.0740 .1.:185 flue gns:t 

gas fuels 0.0003 1.286 

gas fuols 0.00532 O.OHñ 
gas fueJs 0.0898 1.-J3H 
8HS fuels 0.0424 0.67U 

gas a ir, fuole.t:.., 
0.0744 "1.191 flue gnH 

1iqutd l"uels 

gas a ir. fueJsLl., 
0.0846 1.35·1 fluo ,gus 

vapor or Hquid fuols 0.1196 1.9.l.':i 
e o lid fuelsA 1 ]_ 9-130 1905-2081 

gas fuelsA, 
0.1733 2.775 flue gas 

gas flue gas 0.2109 3.:J 7U 
liquid fuels.:::l.. 62.4 1000 
vHpor flue gas 0.0-475 0.761 

data from Reforence 1.1--see list of references at 

o Usua.lly in m1nor smounts in fuels, a truco constituent. 

Gas 
GruvJt~ 

"1.000 
2.067 

1.528 

0.967 

1..049 

0.0696 
1.177 
0.554 

0.972 

1.105 

1.562 

2.264 

2.765 

0.622 

the end 

D Air is nelther an oJement nor a cornpound, hut a mixture of both. Soo Tabla "1.1. Air is listod 
hcre only for comparfuon. 

1" lf the element or compound is in the anseous stnte, the denaity of the gas in lh/ft.t wíH he tho 
relativa (mol) v.refght divided by 379. the ft""/lb mol ut 60 F ond 14.696 ¡:tsia, or 359 at O F. The 
density In kg/m 3 v.riJl be tha relativa {rnu1) -weight dividod by 22.4 m:t/kg mol al O Celsius und 
760 mm Hg. Example: fur N::z orCO. 28 + 379 = 0.0739 lb/ft" at 60 F: 28 --;,- 359 = 0.0780 atO F; 
28 + 22.4 = 1.250 kg/m 3 at O C. 

:t Not found in combustion products if a good burner ís proporly adjusted at sloich1otnelriu or 
sllghtly lean air/fuel ratio. 
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If too much oxygen (excess air) is supplied .. "WB say that the mixture is lean 
a.nd -tha.t the fire is oxld.lzin.g. This resulta in. a fleme that -te:n..ds to be shorter 
a.nd clearer. The excess oxygen. playa. no pa.rt in -tho proceF;JS. For example. if 
f'our atoms of oxygen._ (instea.d o-f two) vvere mixed "\\'Y"ith a.n atom of carbon .. t-wo 
oxygen atoms -vv-ould be left over. (This is like havi:ng six vvheels for every 
chassis.) 

Flg. 1.5. C -t- 202 ~ CO,. -t- o,. + heat. 

I:f. too much -fue) (or not .enough oxygen) is Sl.-1pplied V\Te say that t.he mixture is 
rlch and that ·t.he f'ire is redu..cln.g. (This resu.lts in. a fleme tha.1: lende to be 
longer and sometlmes smoky.) Frhis is usuully callad ln.Con:1plete conabustio:n; 
t.hat_ is .. all o:f 1:he fuel pnrt.icles combine 'Wilh some oxygen. but they con.n.ot 
get: enough oxygen. to burn cornplet.ely. (Like chassis vvith only t.hree "Wheels.) 
For example. if vve mix t"Wo atoms of carbo:n. (instead of one) 'V\Tilh t"Wo atoms 
o:f oxygen. the ca.rbon atoms may share the availa.ble oxygen. but neilher has 
enough to become carbon dioxide. Instead t:hey may form carbon. monoxide 
(CO). a compound "VVhich VY"ill burn. to carbon. d.ioxide if given more oxygen. la. ter. 

Flg. 1.8. 2C -+- Oz ___,.,__ 2CO + beat. a.nd lat-er. 2CO -+- O a__..,_ :ZCO., -+- buat. 

Tabla 1.7 list.s 1:.he proper proportions for perfect combustion of several 
t.ypica.l fuels. The fuel a.nd a.ir must not only be properly proportional but 
a.lso t.horou.ghly mixed. Otherwise one pa.rt of the fire may be rich v.rhile t.he 
other pa.rt. remain.s lean. 



,':, 

GOMBUSTlON 5 

The oxygen supply for combustion usually comes from the air. Becuuse air 
con.tains a larga proporlion of nitrogen. the required volume uf air is much 
largar than tbe required volume of pura oxygen. [See Table 1.1.) 

The ni"trogen in t.he a.ir does not take part in the con-.buslion reoclioll.-it just. 
goes a.long for the ride. It does, however. absorb soma of the henl wit.h the result 
that the heat energy ís spreod thinly throughout e larga quanlity of nitrogen 
a.nd the combustion products. This means tha.t n much lower flome temperatura 
results from using alr instead of pura oxygen. Tho sAma phenomenon oecurs 
-when excess air is supplied~ as in Figure 1.5. The effect of excesH a.ir on effi
ciency an.d flama temperatura is covored in Figures 3.10 und 3.12 of Part 3. 

PriDllary air is that air -which is mixed 'Wit..h the fue:J at (or in) the burner. 
Secondary alr is usually tha1. nir brought in nrou.nd tho burner. Tertiary oir is 
usually that a.ir brought in downst.reom uC eecondary Ctir or through o·ther 
openlngs in the furnace. 

COIVUJUSTION OF PRACTICAL FUEI.S 

Corbon. hydroge:n, and sulfur are seldom burned in theil• pure forms. Most 
f'uels are mixtures of chemical compounds oalled hydrocarbons (cun1binations 
of hydrogen and carbon some of which are listad in Table 1.4). VVhen lhcse 
burn. the final products ore carhon dioxide and water vnpor un1est; thero is A 

shortage of oxygen~ iJ1 "'·;··hich caso the products may aontain carbon tnonoxide~ 
hydrogen. unburned hydrocarbnns, and free carbon. 

Up to novv, we hove spoken only of the fjnal products of combuslion. Allhough 
these final products a.re usually limited tu the same few compounds for al! 

Table 1..7. Proper coJDbining proportlons f'or perfect cotnbustlon 
(Seo a.lsoTables 1.10. 2."1, 2.12, 3.1) 

vol 02 vol alr ""t 02 'Wt alr ft:> o~ CPair m=- O, .m$ alr 
Fu. al vol :fu el vol .Cuel '""t t"uel 'W"t fuuJ lb Cuel lb fueJ kg fuel ksfuel 

Acety1cno, C:H .. 2.50 11.9 :cJ.OR 1. :1.3 3t'L~ 174 2.213 10.8 
Benzenc. c.,~ 7.50 :i5. 7 :J.OH 1.3.3 .:.itL fi 174 2.2lJ 10.l~ 

Butane. C .. l-lw 6.50 ::11.0 3.5U 15.5 42.fi 203 2.65 12.t> 
Carbon. C 2.('17 1 '1 .5 :11 .o 150 ·1.u7 u . .----:~9 
r..arbon rnonnxidu. CO 0.50 z.ae. 0.571 2.4U fi.76 32.2 fJ.422 2.()1 
Ethanl-:t. C!.J·h 3.50 16.7 3.73 •J o. 1 44.2 210 2.76 1.3.1 

Hydrogen. H.., 0.50 2.3U ti.OO 34.5 94.7 451 5.!J2 28.2 

Hyc1rogcn Hulfide. 1-LS 1.50 7.15 1.4·1 6.00 16.7 70.5 1.()4 4.U7 

Methane. CJ-i .. 2.00 9.53 4.00 1 7.2 47.4 220 2.H6 14. 'l 
Naphthultu"Je, C,ui-J, ~-J.OO 12.9 :HL fi lf-)9 2.22 lO.fi 

C>cto.ne. c .. l·J lfl 3.51 15. 1 41.H l!JB 2.60 12.4 
PropanH. C,I·I., 5.00 23.0 :.i.A4 15.7 4~:L J 205 2.tl9 ·¡2.8 
Propyt.:~na. C~Ho 4.50 21.4 3.4:.1 14..6 40.0 1 9:-i 2.54 12.1 
Sulfur. S ·1.00 4.31 11 .B 56.4 0.74 =-1.5:.! 
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hydrocarbon fuels. they are not alvv-ays produced by lhe se.me combustion._ 
procesa~ "Within different flamas. many variad and unknown processes and 
ln.termediate products occur. even though lho final producls are the sama. 

The carbon and hydrogen form and reform into a succession of unstable 
aldehydes and other compounds whicb_ finally cornbine to form C02 and H20. 
The lypes of intermediate contpounds formed. and their speed of formation~ 
depend ·upon such fa.ctors as the temperatura. pressure, amonnt. of oxygen 
present. a.nd degree of mixing. 

Good combustion requires (a) proper proportioi1ing of fuel a:nd air, (b) thorough 
mixing of the fuel and air~ a.n.d (e) init.ial and suslained ignition of the mixture~ 
These. togelher vvit.h flame posilionii1g. are the frmctions of a combu.stion system. 

Proportlonl:n.g. Ba.sic proport:ioning requirements were discusaed on previous 
pages. See also Part 3. Proporlioning equipmen.t is discussed in Volume li. 

, 1\.-l:ixlng. Good mixing of t:he fuel a:n.d a.ir is importo.nt so thet the mixturo will 
be uniform lhroughou"t--every particle of fuel must conlact a part.icle of oir. 
!Vlost fu.els actually turn in tu a gas before they burn. A highly turbulen"t scrubbjng_ 
action aids this conversion to gas and the mixing of the gas vvith the air. · 

Liquid fuels are usually evaporated. and the resultirrg combustible vapors then. 
bur:n as gases. At.oiniz.atlo:n. of tho liquid apeeds evaporation because il produces 
~lions of tiny liquid particles~ thus providing a large amou:nt of surfa.ce for 
evapora-tion. Heat from the adjucent flame vvill sometinles cause the fuel to crack. 
or decompose. befare it can evapora te. This cracking usually produces a lighter 
·hydrocarbon ("Which burn_s like a gas) and a heavier hydroca.rbon (~hic:h may 
burn like solid carbo:n~ producing a very lumin.ous yellow fleme). 

VVhen salid carbon is bu.rned the process is furlher complicaled by tl"Je fact 
that each atom of oxygen must con-tact the carbon s-urfa.ce. form CO gas. ond 
then move out of the vvay so that more oxygen may move in. "Thus combuslion 
of solíd fuels consisls of a mass lransport phenomenon (of oxygen to the surface 
an.d CO a.vv-ay from the surface). plus mixing. plus chemical combination. If solid 
fuels are to be burned at high ratas comparable to -those atta.inable -vvith gaseous 
and liquid fuels~ -they must be pulverized tu increa.se thc surface areu for mass 
tra.nsfer. (This may be comparad V\Tith lhe situation existing in. a bus station vvith 
only one loadi:ng platform. No mat-ter how ma.ny busses are "VV"aiting outside Or 
ho-w many people are vvaiting inside. the ma.ximum rate 'With which Lhe people 
can be taken away depends upon hovv fast one bus can pull up to -the platform 
and how quickly il can pull n"Way to let in the next bus. Pulverizing a solid fuel 
or atomizing a liquid fuel is like addi:ng more loading platforms.) 

Ignlt:i.on~ Chemical combin.at.ion. of [uels an.d air -will occur at room temperatura. 
but only very slowly. If a pila of coal is located in a co.nfined place. the 
small amoun.t. of heat liberated by this slo'W oxida.tion vvill gradually build up~ 
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thus raising the temperatura of t:he coa! pile. As t.h.e temperatura gradually rises? 
the rate of o:xidat:ion increases and the temperatura risas son-.e more. "T'his goes 
on until a full-fledged fire is in progress. This is known as sponta:neous ignition. 
It can ha.ppen on1y in very confined placas "Vhere the h.eat is allo-,..vBd to colJect 
in the combustible material a.nd in the adjacent stagnant air. 

'\/Vhen -vve wísh to ignit:e a fuel-air mixture~ "\N'"e ca.n.not usuaJJy ari'-Ange to 
collect hea.t in. a confinad sp.ace. (Even if "ve cou1d 7 this proc:ess "lNOt.t.ld be too 
slow to be practica.L) I.n.stead it is necessa.ry to a.pply a lot of h.eat lo a very 
localizad area.. For example: a matcl1 "VVill not: lighl a. log, but it vvill slarl u lwig. 
This is because th.e log has so much mass that it con.du.ct:s heat a"VVay fron""l th.e 
match flama so fost that no parl of the log gets hot enough to burn.. The tvvig~ 
however. has mu.ch of ils surface exposed to the match flamo. but Jitt!e mass 
t:o absorb the heat; so localizad hot spots develop an.d bursl into flu.me. 

Ignition is usua.Uy accomplished by speeding "the oxidation reac1ion. by 
addition. of" a.n externa] hea.t source until the reoction itself rnleases h.eat faster 
tha.n h&eat is Jost 1o the sur~oundin.gs--u.n.til i l con.tin.u.ously igni tea itself withnu l 
the externa! heat source. The lowest temperah.~re al which this is post:Jible is 
1:he .u.li:..Imu:an. ign.ition. te.J::n.pcra.ture of the .fu.el-air mixture. It can. be lowered by 
incr~asing the pressure on. a. mi:x:h .. t.re. '"rabie l. .1 O lit:Jts some approximate ignition 
te~peratures. Ignition devices are discussed in Volume II. 

A cold blast of air or contact -,.vith a. cold wall may que:nch parts of a flame, 
cooling it below the ignition temperatura; so some of the fuel goes u.nburned. 

Fla:rne Stobiliz.lng. -,.vhich can. make the differen.ce betvveen. usefu.l and useless 
combu.stion. is u.sua.lly a :function of bur:ner no.z..z.le/tile configura1ion. A fla.n:-.e 
holder positions 1:he are a. o:f :flama initia.tion by providing (a) ign.ition tempera ture. 
(b) localizad fu.e]-air mixture within. tho :fla.n1mabilit:y limi1::s. and (e) feed-speed 
equal t.o the fleme speed. Practica! industrial bu.rners must provide flo.tne slabilit:y 
ovar a wide ranga o:f firin.g ratas und fuel/air:- ra.t.ios. 

Heat Ava.ilable .f'rom Fuels. Hea.t quantities are mea.sured in Btu. kiloce~lorÜ3..:'5, 
J.Vatt-seconds~ or joules. Sea ·rabio C.6 an.d Glossary. 

Experimental measu.rement.s have been made to determine the heAt released 
by perfect combustion of variou.s fuels. If a certain fuel is mixed with proper 
a.mou.ra.t of air a.nd placad in a closed cha1n.ber where t:he heut given off by corrt
bustion can be collected a.:nd measu.red. t.he total a.mount of heat collecil:Jd ""\NiJI 
depend on. the final 1:emperature of t:he produ.cts of combu.stion.. For exumple. 
one poun.d of light oil roleases about 1B 500 Btu (4662 kcal~ 19.5 1\..-fi} if the prod
uc1:s are cooled t:o 60 F [25.6 C], but raleases only aboul 16 300 {4:LOB kcal. 
:17.2 l'dJ) if cooled lo 500 F (260 C]. "\AThen a perrecl mixture of a fuol and air·. 
originally at 60 F [1.5.6 C] is igni1:ed and then cooled to 60 F P5.6 C) t:he total heal 
released is termed the higher heat:l:n.g valu.e or gross hcutin.g va..h.1.e of the :fuel. 
The t:erm lo"""er hea.tJng value or n.et heating valu.e is seldom used in Lhis 
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cou.ntry. but t..his qu.antity is equa1 to t.he gross hea.ting va.lue minus the heat 
released by condensatlon of the water vapor in the combustion products. Values 
of gross an.d net hea.ting values for various fuels are listad in. Table 1~8. rrhe 
products are seldom cooled to 60 F (15.6 C} tn practica! combustion applications. 
ao the gross hea.ting value is seldom attained. The so-callad a.va.ilable heat is a 
much more useful figure. Values of availabla heats are Jisted in Part 3. 

Fhune TeD>peratures. The heat raleased by the chemical combination of a 
fuel 'With air {a) heats up -the coxn.bust:io:n products and the incomin.g fuel-air 
mixture, (b) radiatas to -the surroundinge. or (e} is carried away by direct. con-
1:act "W'ith the su.rroundings. Naturally. 1:he flama temperatura is highest "VVhen 

Table 1.0. Gross and :n.et hea.ting (co.lorl.flc) values of' sil:nple .fuels* 

Gross heatlng value~l ':eattng valuc per u.n.lt volurne HeaUns va.lua per unll ._.elght 
.Net heat.lng va.lue~tu.l.ft." kcal/m"' MJ/m" Dtu/lb kcallkg MJ/kg 

-o 

~~1477 13140 55.01 
Acelylene. C2H21" J. 4 z 6 .t 2 ego 53.1.:1 

Dutane. :n.-C...H.ot
(165.9) [31.80] 

Carbon. e 

Carbon ~:nono::d.de, CO 

Etha..ne. C:zHn 
[210. 7) [3 7 .48] 

Hydrogen, Hz 

Hydrogen sul.ftde, HzST 

1\ol.etbane. CH .. 
(219.7) [59.1] 

Octane. CJI,.,1' 
(131.9) [19.58] 

Propa.ne. C:.HeT 
(183.5) [36.41] 

Sul.fur. S 

3271. 
30:18 

321 
321 

'1773 
1822 

325 
275 

040 
595 

1012 
911 

752 
651 

6260 
5806 

2524 
2322 

291:10 
26BBO 

2856 
2860 

15780 
1.4430 

2892 
2450 

5749 
5300 

9005 
iJ:l:lO 

55710 
5:1670 

22460 
20660 

121.8 
112.4 

12.0 
12.0 

66.04 
B0.4:1 

'l2. J 1 
10.2 

24.06 
22.2 

37.69 
33.9 

233.2 
21.6.3 

94.01 
86.49 

• Derivad from Referen.ce l.i at: the end of Pn.rt 1. 

21602 
20769 

21321 
.:1.9678 

14093 
.14093 

4347 
4347 

22323 
Z041B 

01.095 
51623 

7097 
6537 

23875 
2Z495 

9700 
8400 

20796 
19291 

21689 
~9937 

3980 
3980 

11946 
1..1539 

11B46 
1.0933 

78::!0 
7830 

2415 
241.5 

12402 
1_1_344 

33944 
28681 

3943 
3632 

132B5 
11942 

5389 
4667 

11554 
1.071.8 

12039 
1_ 1.077 

2211 
221.1. 

1" Heating va.lues me. y be eome-what less for comn11ercial forms of thase compou..nds. 
t: From Referonce 1.k at the end' 6r Part 1.. 

50.014 
48.309 

49.593 
49.771. 

32.780 
.32.780 

1.0.11 
10. 1.1 

51.923 
47.492 

142.11 
1.20.08 

16.51 
.15.2-l 

55.533 
49.997 

48.371 
44.87:1 

50.402 
46.373 

9.257 
9.257 
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the losses to ihe surronndings are smallest .. Addiiion of excess air or excass 
fuel only previdas more material to absnrb lhe heot of combustion so the flama 
temperatura cannot go as high as vvith a perfect fuel-air mixture, just us 
a furnaoe which will hea.t a. small house lo 68 F {20 G) might heal a larga house 
to only 60 F {1.5.6 G). 

Under certain. co:n.ditio:ns .. particularly high temperaturas. a phanomenon 
kno'\Nn as dlssociation occurs. Dissociation is simply reversa combustion: t.hat 
is .. it is the breakin.g down of the comb1~ation produch:s into con1bustiblos an.d 
oxygen ugain._ ~rh.is procesa ahsorbs tl1.e h.eal which ""·as origina.IIy libera.tod by 
cambustion. For example: 

Heut + CO,---cO + 1/zO, a.nd Hout + 1·1,0 

The higher the temperatura. the greater is thiR ten.dency lo dissociate. So. the 
hotter the flama. the greater is the amoun t of ltea.t re-absorbed by lh.is reversing 
procesa. end -the rising :flama temperature comoa to n haJf at some oquilibriun1 
temperatura in Lhe ranga of 3400 F to ::!800 F (7.870 C t.o 2000 C] for most f'uela. 
This equiHbrium tempera.tu.re has been. ca1cula.tod for n:1any c::ommun fuelH and 
is Usted as calculated floune te:rnporatura in Tablo 1.10. It la Lheun;>tical because 
n.o accoun1. has been taken. of losses to Lhe surroundings. For this rea.son. .. actual 
llame temperaturas are a.lways luwer thnn the liated figures. The dota in Tabla 
·1.10 ara for perfact combustion only. 

A aimplified formula for theoretical adlabatlc flame te:rnperuture is: 

nel· heating vulue of the fuel offect of dissociation 
(weight of combustion produc.ts) x (spocifio hea.t of combus"'t=:i=o=-n=---p-.-.o-ducts) 

"With larga amounts of oxcess air. this is often callad hot YDix teDJ.pera.tu.re

The actual flan1e temperature is the theoreticul flama temperatura min.us lhe 
temperatura drop causad by haat trensferred to the load and surroundi:ngs bofore 
the heat release process is completad. 

The .f"ur:n.a.ce tenaperature can equal the theoretical flaJTie temporature only 
if the flama tra:n.sfers no heat lo Jts surrounding~ Le. Jf the furnaco "VVall is a. perfec.t 
insulalor (not a.vallable) and if there is no load in thu furnace (furnace is useless). 

In. rnost cases. special refrACl'tory materia.ls are needed an.d a special furnace 
design required (lo avoid localizad overheating of tha load), to tuke adva.nta.go 
of temperaturas such Hs listod in Tabla 1.9. 

Unless the fuel and o.ir are so poorJy mixed thal incompleta oombusLion reRu.lta. 
l.heoretica.l fleme temperatura is not a fun.ction of burner design. Hovvever. the 
actual flama temperatura is intentionally lovv-ered by i.n.creasing t.h.o heat 
transferred from the flama in burners designad for excosR. air~ luminous flumes. 
or delayed mixing. 
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Table 1.9. 
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CoJD.parlso:n. of' SOID.B flan.e teJDpera.tures (See also Table 1.10) 

Observed 
flam.e teJD.perat:ure 

K e 

4207 

301.2 

4190 

3713 

3155 2 

341.6 

2319 

2:100 

2310 

2045 

1735" l 
1880 ) 

Tbooretlcal 
flaD.l.e tetnperature 

X ~ 
5630 

53B5 

5"120 

4770 

4475' 

4100 
4070 
4010 1 

4000 
3920 

::1600 

3610 
3562 

3460 
3400 

3:JOO 

3010 
3000 

2895 

2650 

3110 

2B74 

21J27 

2632 

2468 

2260 
2243 
2210 
2204 
21.6(J 

2093 

1904 
:1871 

1591 

Acetylene in Dz 

llydrogen in O.z 

Acetylone 

Carbon monoxide 

Gaso1ine 

Natural gas 
Notural gas 
t-f_ydrogen 
Natural gua 
NaoturAl gaR 

Natural g·as 

CokA oven gas 
Na1ural RBB 

l\.1ethane~ 
Methanol 
Natural gas 

Nutural gas 

Prnducorgas 
Natural gas 

Natural gas 

BlaHl [urnuce gas 

A..1r (orO,) 
ternp.~ F/C 

(60/16) 

(60/16} 

(60/16) 

60/16 

60116 

1400/760 
1400/760 
60116 
1 1 0015!-13 
9001482 

6001316 

60116 
60116 

60/::16 
60/16 
60/:IB 

6011H 

60/16 
60/16 

60116 

60/16 

Equlva.len.ce 
ratio 

1.00 

~.00 

1.00 
1.11 {rich) 
1.00 
1.00 
1.00 

1.00 

'1.00 
1.00 

1.00 
1.00 
l.tB (rich) 

U.B6 fleun.} 

1.00 
1.49 (rich} 

0.70 (loan} 

1.00 

Nnt corracted for dissoc::iation. lu en Hl:tuHI production furnaco flring rAfracturit-~H. 
" Methana. ethane. propane. butAna ha vA thent•Ati<!Al fln.rue tcmperaturcs in thf:! 3484 F to ::1583 F 
{l918C to 1973CJ range: observad rta.n1o tornperutures in 3416F tu 3497F [188UC to 1!J2ñCJ rangc. 
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A small amount of excess air or excess :fuel can grea-tly reduce the llame 
t.emperature~ In Table 1.9. 16.2o/o excess air (0.86 equi\.'alence ratio) lo""VVers 
t:he flama temperatura by 262 degrees~ If high flame and furnace temperalu.re 
is desired. accurate fuel/air ratio cnntrol is most critical. 

FIBD1e Speeds .. A fleme is merely an envelope or zona "VVithin vvhich the 
combustion reaction is occurring at su.ch a rateas 1:o produce visible ra.dialion. 
The flame front is the 3-dimensio:nal contour alo:ng -which combust.ion starts. 
t:he dividing line betw-een the fuel-a.ir 01ixture and t.he combustion products. 

In atable burner flamas. the flama front appears to be stationary. This it; 
beca use the flama is moving toward the burner ~i1.h the same speed tha l the 
fu.el-air mixture is CO:ming out of -the bu.rner .. (This may be comparad ~ith a fish 
swimming upstream al 5 miles per hour in a 5 mph curren l.} 

If -the Cuel-air mixture is fed into the burner a"t too fast a rate~ the flama rnay 
blcnov orr (like a 5 mph fish being washed downstream by a 6 mph current). JVfost 
burners~ ho-w-ever. allo-w a considerable ranga of feod retes by proper design 
of the bu.rner nozzle. 

If the fuel-air mixt-ure is fed into the burner at too slo-w a rate. the flume 
may flasbback into the bu.rner (like a 5 mph -fish making headway in a 3 mph 
stream). The flama may flashback as far as the rrrixi:ng point. or it may bB 
quenched by the cool burner walL 

Fla.me velocity dependa on such factors as pressure. temperatura. fuel, 
primary fuel/air ratio, turl:>ulence (mixing). and cooling ef'fects of surronndings. 
and it cannot be reliably predic-ted except in very specific cases. Tabla 1.10 
indica-tes soma typical fleme velocit.ies rneasu.red on simple Bunsen-t.ypo "gas 
bu.rners. Note tha.t t.hese are maxiHium flama veloci1.ies for the given fuels~ an.d 
that they are for 1:he listad fuel-air mixt:ures only. Prebeatin.g o:f the gas-air 
mixture resulta in a considerable increase in flama velocity. For other terms 
and relatad properties,. see FlaDie velocity in the Glossary. 

Fla.DJ.ID.ability Lio:rlts. Not all mixtures of a fuel with air or oxygen 'Will burn 
continuously in sel:f-sustained combustion. TabJe 1.10 shows limiting lean (lo-wer 
lilnit) mixtures and rích (upper limit) mixtures beyond "Which practica! com
bu.stion ie impoesible. A common example o f. this is the flooding of a:n. a.uto:rn.obile 
engine-an excess of fuel produces a mixture too rich to burn (a hove the u.pper 
lirrrit of flanunability). 

Even 'lNithin the flammability limits. there are carta in prac-ticallimitations to 
the :fuel-air mixtures that may be used. On.e of these is the unaafe combust:ible 
gases or poisonous CO produced by a rich fire. Another lirrtit i.s the tempera-tura 
or abnosphere required for certain processes. 



Table 1.10. Combustlon characterlatlcs of fuels• [See also Tables 1.7, 1.9, 2.1, 2.12, 3.1, and Appendlx, Vol. n¡ ... 
"' 

Flammablnly limlla 
Mlnlmum lpllion Calculaled llame %fue! gas by rolumeO Maximum flsme 'Yo Theoretlcal 

lemp, FiCA lemperalure, t FIC in alr in o, velodly, fps and mis alr for max. 
Fu el l118lr in 0: lllBlr in O! lower upper lower UPP!! loalr ID o, llame velodly 

Acetylene, C,H, 581 '1305 477012632 5630/3110 2.5 81.0 8.7512.67 37.0/lt.JI 83 

Bias! furnace gas 265011454 as. oh 73.5 

Butane, commercial 89111480 3583!1973 1.86 8.41 2.85/0.87 

Butane,n.C.H" 7611405 54112831 358311973 1.86 8.41 1.8° 49° 1.310.40 11.613.551 97 ~ 
Carbon monoxíde. CO 1128'/609 109015881 3542b11950 12.51 74.zl 10m 94m 1.7/0.52 55 ~ 
Carbureted water gas 3700/2038 5050/2788 6.4 37.7 2.15/0.66 90 

1 Coke oven gas 361011988 ur 3l.Of 2.3010.70 90 

Ethane. C.H. 882'1472 354011949 3.0 12.5 3" 66" 1.5610.48 98 

Gasoline 538!/280 1.4 7.ft S! 
2: 

Hydrogen, H, 1062'/572 104015601 401012045 538512974 4.0 74.2 4m 94l!l 9.3/2.83 38.5'1J.7i 57 8 
llydrogen sulfíde, !I,S 558![292 4.3 45.5 ~ 
Mapp gas, C,ll.~ 050!455 530112927 3A 10.8 15.4i4.69 e:: 

(/) 

~lethane. C!l, 1170°1632 1033'5561 346411916 5.0 15.0 5.1" 6F 1.48 8/0.45 14.7614.50 90 ::l 
Methenol. CH,Of!t 7251385 3460/1904 6.7 36.0 1.610.49 

o 
2: 

Natural gas 3525N1941 4790112643 4.3 15.0 1.0010.30 15.2!4.63 100 :t 
> 

Producer gas 301011654 17.01 73.7 0.85/0.26 90 ~ 
Propane, C,fl. 919/4931 87414681 357311967 513012832 2.1 10.1 2.3" 55' 1.5210.46 12.713.72 94 w o 
Propane. commercial 9321500 357311967 2.37 9.50 2.7810.85 o 

:>¡ 

Propylene. C,!l, 524012893 2.4° 10.3" z.t• san 
Town gas [Br. coaJ)ú 700/370 371012045 u~ 31.0 

• For combustion with air at standard temperatura and pressure. Unles3 otherwise noled, data is from Reference l.i. 
t Flame temperaturas are theoretical--calculated lor stoichiometric ratio, dissodaliun considerad. 
l From prívate communications. 
uSee also "autoignilion lem¡J<lralure'' in !he GlosHary and in Reference l.j al the end of Part 1. 
e In a luel-air rnix. Example. for melhane, LEL = 5% or 95 volumes air/5 volumes gas = 19.1 airlgas ratio. from p5. stoichiometric ratio 

is 9.53:1. Therelore excess air is 19 - 9.53 = 9.47 cf airld gas or 9.4719.53 x 100 = 99.4% excess a ir. 
Smallletters refer lo references at end o! Part l. 

-· -~---··- -·- ---- ·--- . . ---.. ---~------------- -· 
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Table t.tt. CombustiOD reactlou times and lnlenaiUes• 

Reaction time al Combuallon lntenslty 
Fuel Comhustiou sltutlon normal pressure, se~onds Btulhr ft' atm 

All drylng and baiJng ovens 10' 

Coa! domcslic !0'-10' 
" industrial stokerB a11d puh·arl•a<l fue! burners 1 10'-HJ' 
" possible limil in axplosion flHmes 0.1 

. fluid bed, cyclone 10' 

Snlicl fuel rucket 10'-101 

Heavy oils [carbon lorruíuQ] 0.1 
" " air and sleam atomizer 10'·10' 

Medium uils pr~ssura jet and air atomiwd 101.!0' 

Lisht oi!s domes tic 1!)'.]0' 

large drops 0.01 

" small drops 0.001 

" " industrial furnaces 10' 
.. " gas turbinas wilh pressure iel burners 10"·10' 
• " ram jets 10'·10' 

Liquid rockets 101 

Gas nozzle-mix burnorst (turhulent diffusion) 10'·10' 

" pre·mixed.j induitriál names U.OUl Hl'·IO' 

" Wingaersheek torch. PSU countcrvortcx burner 10" 

" detonation or shock combustion 0.00001 

'lJerivad from pagos :lB9-3UI ol Prnl. RobHrt H. Essenhigh's JlllpBr in Hcfcroncc l,b Usted at lh~ and ¡¡f Pfirt 1. 
t furnace voh1me used in ínlensity e1•aluation. * Flamo ¡•oluruo usad in intonsity Q¡•aluatiun. 

Acal!b m' atm 
-··----

10' 

10'·105 

101·10' 

JO' 

10'-JO' 

101-10' 

10"·10' 

10'·10' 

10' 
10'-10' 
JO'-JOI 

10' 

10'·10' 
10'·10' 

10' 

i"l 
e 
9 
<:: 
t/l 
-l 
~ o z 
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Flammability limita, also known as explosivo limits (LEL and UEL), are 
expressed as volume percentages of fuel in a fuel-air mixture. 

Co:rnbustion Intensity. Interrelaled with flome temperatura and fleme velocity 
are re.o.ction tiJDe and co:rnbustion inte:nsity~ '\/Vhich are approximately th.e in
verse of one another. Combustion intensity, like flame velocity, increases '-Vilh 
the absoluta pressur·e. '['able 1.1.1 Jnakes generoJized con1parisorrs of reaction 
times a.nd combustion intensities for severa! combustion situations with salid, 
liquid. and gaseous fuels. 
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Part 2. INDUSTRIAL PROCESS FUELS 

CHEMieAL eONSTITUENTS OF FUELS 

The physical properties of gaseous, liquid. and salid natural and man-made 
fuels are discussed la ter in Part 2. The chemical analyses of typical fuels from 
each of these categories are listed in Tabla 2.1. The chemical elements of most 
importance to the combustion engineer are carbon, hydrogen, and sulfur. 
Nitrogeri, carbon dioxide, oxygen, ""ater, and ash usually appear in minar 
amounts and contributa nothing bul handling problema, and sometimes pollution 
problema. 

Carbon ís a majar constituent of most f'uels. The terrn available carbon is 
used to describe carbon whir.h is not chemically combinad ""ith oxygen in uny 
""ay. Unless otherwise specified t.he term carbonas used in this handbook will 
mean available carbon. Complete combustion of one pound of carbon yields a 
gross heet of 1~ 500 Btu. 

(2/1) 1lb e + 2'/a lb O, --- 3 2
/, lb CO, -t- ""4 500 Htu 

or 1 kg C + 2'/a kg O, 3'/a kg CO, + 8 056 kcal or 33.73 MJ 

Incompleta combustion {producing carbon monoxide instead of carbon dioxirle) 
""ould yield only 4 350 Btu (par pound of carbon). 

(2/2] 1 lb e + 1 1/3 lb o. 2'/a lb eo + 4 350 Btu 
or 1 kg C + 1 1/a kg O, 2V:J kg CO + 2 417 kcal or 10.12 MJ 

Further addition of oxygen and re-ignition ""ould yield 14 500 minus 4 350 or 
10150 Btu (per pound of the original carbon). 

[2/3] 2•/3 lb eo + 1 1/3 lb O, 3'/,lb eo. + 10 150 Btu 
or 2 1/3 kg CO + 1 1/a kg O, 3 2 /a kg COz + 5 639 kcal or 23.61 MJ 

Carbon in tha form of a soHd fuel is difficult to ignita and, as explained in 
Part 1, is slow to burn unless finely pulverizad. In liquid or gaseous fuels, 
carbon. appears in hydrocarbon compounds or carbon monoxide. I"f not bu.rned 
properly, the hydrocarbon compounds may "crack" producing soot. Despíte 
these disadvantages. carbon is one of man•s primary sources of heat; so com
bustion engineers try to overcome these dífficulties. In the case of salid fuels, 
rapid efficient combustion is ofton best accomplished by burning in a fluidized 
bed or in pulverizad form in suspension. The soot problam vvith gaseous and 
liquid fuels ís minimizad by clesign of 1:he burners and combustion chamber lo 
provide adequate air and -turbulence. and to avoid excessive hea1:ing nf the fuel 
prior lo its contacl with lhe air. 



Table 2.1a. Comparalive data (by weight) for some typical fuels 

availableltotal 
H, 

avaUable 

Constltuents 

S o N Ash Molsture 
Analysls, In o/o by weight ~ e, 

--------------------------------
Blast furnace gas 56 i 1.02 5.6/15.8 

N Coke oven gas 1.81 s 0.40 41.1/48.3 
~ Producer gas' 4.94 "! 0.86 8.4117.1 

ti Natural gas 2 ~ 3.06 ~ 0.60 69.4169.4 
t'i Propane, natural 13 J 4.43 1.558 81.6161.6 
~ Butane, refinery 13 5.10 ~ 2.008 83.6183.6 ..; = 
~ Methanol .s 1.50 O. 791 

;¡; Gasoline, motor6 i 5.94 ! 0.733 
{!. #1 Uistillateoii,6.79#/USgal ~ 6.51 ~ 0.814 

" o j #2 Distillate oil, 7.21#/USgal 6.98 ~ 0.865 
" #4 Fue! oil, 7.59#/USgal 7.45 i 0.910 
! #5 Resi'dual oil, 7.93#/USgal 9.29 "! 0.951 
1 #6 Residual oil, 8.45#/USgal 9.49 t 1.013 

~ Wood, non-resinous _ :3{ 5.26 • .4-.8 
~ Coa!, bituminous H 16.0 i .6-.9 

Goal, anthracile C ~ 33.6 , .7 -.9 
Coke = 106 .4- .5 

1 From n Wellmnn-Galusha producer using bituminous cool. 
2 Birmlngham, AL. 

18.8137.5 
85.5/65.5 
86.6186.6 

87.3187.3 
86.4/86.4 
Íl8.7/88.7 
88.3/88.6 

137.9 
180.1 
180.6 
185.0 

0.1 
22.7 
1.7 

22.5 
18.4 
16.4 

12.5 
14.4 
13.3 

12.5 
11.6 
10.7 
9.3 

7.2 
5.0 
2.4 
0.8 

5 

5 

5 

11 

o 
o 

0.1 
0.14 

0.21 
1.99 
0.577 

0.857 

o 
1.0 
1.1 
1.0 

3 Muiliply lhia figure by 0.0765 lo oblaín 111111• by 1.226 lo oblain kglm'. 
4 Muiliply lhislígure by 62.431lJ oblain lb/111• by 8.34 lo oblaín pound/gallun. by 1000 lo obiHin kglm'. 
5 Varios with lype o! coal or t'Oke usad, equipmenl nnd process. 
6 From pase 269 o! Relercnce 2.f. See lisl o! relerenccs al end of Parl 2. 
7 Sulfur content mny vary from 0.4 to 3.5%. depending on sourcc. re!ining. and blending. 
6 In tito llquid sin lo, spociflc gravily relativo to water is 0.509 !or propane, 0.582 lor bulane. 
9 Seasoned. 

27.3 
16.0 
23.3 

o 
o 
o 

50.0 
o 

0.7 

53.8 
5.2 
5.9 
1.2 

56.8 
13.0 
57.9 

8.1 
o 
o 

o 

5 

o 
o 
o 

o 

O.oJB 
0.02 

0.3 0.04 

0.1 
o 
o 
1.3 

1.0 
7.2 
9.5 

10.7 

5 

5 

o 
o 
o 

o 

9 

3.1 
5.212 

0.8 

lO Mullíply gross Blulscf air by 8.90 lo oblaín gross kcaVm' of standard air. 
11 Sulfur conlenl may be 1 lo 2 percenl al the gas well. bollhis is usually reduced lo leas lha!t 8 ppm by weighl before díslribulíon. 
12 See botlom sediment and water. Table 2.11. 
13 Typicalliquid propa.ne weighs 4.24NIUSgal; 1)-picalliquid butane. 4.841/USgal. See Table 2.12a and Reference 2.g at end o! Part 2. 
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TableUb. Cmllparadve data (by welsht) for some typlcal fuels 

Heating value Gross Wtair Welgbt of combustlon UWmate 

Btullb kcallkg Btu per req'dper products por wt of fuel vol 'loCO, 

[and Btulgal) (and kcnYL) sr.l unitwtfuel [a.nd ft•lgalJ lndry 

Gross Net Gl'Ofls Net air10 (and scflgal) co. H,O N, Total flue gas 

Blast furnace gas 1179 1 079 665 59!1 135.3 0.57 0.58 0.01 !.OH 1.6i 25.5 

Coke oven gas lB 595 16 634 l(J 331 9 242 104.4 13.53 1.51 1 Rl 8.61 11.93 10.8 

Producer gas' 2 614 2 459 1452 1 :Jfi6 129.2 1.55 0.61 0.15 1.72 2.48 18.4 

Natural gas' 21 a:lO 19 695 12 1211 W !H3 106.1 15.73 2.55 2.03 12.17 16.75 11.7 

Propnnr., natural 21 573 19 8116 11986 1! 049 107.5 15.35 3.01 !.62 12.01 16.64 13.8 

(91 500) (84 345) (6094) (5li17) (8.50.81 (108.11) (144.39) (6112.06) (934.57) 

Dulono, refinury 20610 !91B3 11 5fo2 10658 106.1 !5.00 3.04 1.53 11.82 16.39 14.3 
N (102 600) (94 578) (6833} /62fJ9) (949.0) (124.27) (140.92) [747.18) 1 !()! 8.4) ,.., .. 

Methanol ,.¡ g 797 8 70fi :; 444 483R 115.4 6.47 1.38 l.l3 4.97 7.48 15.0 
,.., (64 630) (57 430) {4304) /3112.1) (559.5) 1711.4) [156.8) (-145.3) (661) 
,.¡ 

" Gasoline. molor 20 190 18 790 11 218 10 440 104.6 14.80 3.14 1.30 11.36 15.60 15.0 
~ (123361) 1114 807) 18216) (7646) (1183) (165.1) (166.8) (9~10.3) [1272) -..e 
f! ~~ llislilla1e oil 1!1423 lB 211 JO 791 101111 102.1 14.55 3.17 1.20 11.111 15.48 15.4 

j 1!31890) 1123 650) (R784) (8235) (1292) (185.7) 1171.0) 11 020) (1377) 

= #2 nislillate oil 18 993 17 855 10553 tl !J20 101.2 14.35 :1.20 1.12 10.95 15.27 15.7 

~ (137080) (128 869). (!JJ :111) {R51J,J) (1354) (199.1) (170.6) (1070) (1440) 

~ #4 Fue! oil 18 844 17 790 lfi47U 98/H 103.0 13.99 3.16 !.04 10.68 14.92 15.8 

(143010) (135 013) {9524) [8992) (1386) (20fi.7) (106.1) (1097) 11472) 

~ #5 RosiduHI oil 16 909 17 929 10506 9961 104.2 IJ.UB 3.24 0.97 10.5U 14.81 16.3 

(149 9fi0) (142190) (9987) (!14711) 11439) 1221.0) (Ibl4) (1137) 11520) 

#6 Rosidunl oil 18 126 17 277 10071 9 599 103.2 1 :1.44 3.25 0.84 10.25 14.3ü 16.7 

{15H20) (145 947) (W 1!111) (Ul:!ll} (1484) (2:16.4) (149Jl) (1172) Jl558) 

Wood. non·rcsinous 6300 :¡ óiiO 98.4 4.90 U9 0.65 3.47 5.51 20.J 

Coa!. biluminouH 14030 7 795 99.3 IO.UI 2.94 0.49 !1.26 Jl.i1 18.5 

Cual. anthracile 12 fi60 7!H5 91.8 9.92 2.96 0.22 7.58 10.78 19.9 

Cok e 12 690 7051 96.2 10.09 3.) 2 0.07 7.7:1 10.94 20.4 

Fuu1nntes are rm Table 2.1a. 



NOHTJ-l AMEHlCAN COIVfBUSTION I-IANDI:JOUK 

Hydrogen. has a heating value ·tha-t is vlery high ""'hen compared wilh tha.-t·of 
carbon. (Ta-ble 1..8]. Hovvever, hydrogen is a very light weigh1_: gas; so tho heating 
value of one cubic fc.Jot of hydrogen. is low in compa.riRon vvit.h other gnseous 
fuels. Hy<lroge:n has a higher fla.me speed tha.n most gaseous fuels. which 
partia.lly makes up -for its low hea1:. conten.1.. (on a fleme volume bnsis). 'The term 
a.va.ilable hydrogen refers to hydrogen vvhicl"'l is not a.lrSady cornbin.ed wi1h 
oxygen. l.Jnless oth.erwise specified. tlu3 term hyd.rogen as used in 1.his handbook 
~ill mean available hydrogen. 

Sulfur is of con..cern because of its corrosiva and pollution. offcc-ts. In melal
lurgical and cera.mic furnaces it may seriou.sly a.ffect. 1.he qu.a.lity of the produ.ct. 
In boilers. th.e sulf't.ir dioxide a.nd water vapor in the combustion. products 
may unite to form a.cids -thot can bo highly corrosiva to the breeching. The 
presence of some gaseous sulfur compo1..1.I1ds may lower the dew poin.t of water 
vapor in the flue gases. further oggravating corrosion problems. 

Gen.eraliz:.ed Cornpo.riso:n.. of' Fucls. 1\l.tost fuels consist of carbon a..nd hydrogen 
combined in various proportions. Table 2.1 facilitates a generalizad comparison 
of fueJs by studying lhe C/H ratios and the a.nalyses by weigh l. ·The C/I-I rAtio is 
be sed on. a vailo ble C a.nd a va.iJa ble 1-I except. for the le.st four (solid) f'uels. The 
analyses do not alwa..ys add up tu 100% beca usa some fuels conlain. C02. 

It is o rulo of thumb a.mong combustion en.gin.eers lha t one cubic:! ::f'"oot uf atr 
releases. 100 Htu of' heat. The 100 Btu here mentioned is gross heat. Thus one 
cubic fuol of gas with a gross heating value of 1000 Btu requires 1. O ft:J of a ir 
-to but .. n conl.p]elely~ an.d one gallon of oil with a gross heating va.Jue of 140 000 
Btu requires 1400 -ft 3 of air to buri1.. Table 2.1b indica.tes tha1 tl1is rule of 
thUJTI.b is nJ.>proxi~:na tely correct~ lt is common ]:Jractice lo deterrnin.e the air 
requirement for a commercial fuel fron1. Lhis rule of th.umb and the n1.easurecl 
he~ ting va.lue ra. ther ll1an by calcula Lion from the chemical anolysis. In 
met.ric units lhe rule ~ould be 890 kcal/m3 air or 3-725l\11J/m3 air. 

For gaseous fuels. the follnvvin.g empirical formulos are somewhA l more 
accura.te: 

[2/4a] For fuele havtng more tha.n 400 gross Btu/ff3 (3560 

req•d air volurne 
f."u.el gas volume 

gross heatin~ value. Btulft3 

100 

[2/4b] for producer gos.d 

kcaJ/m~ 
O.B, or 

890 

req"d air vo1ume n.et. hea.ti:n.g value . .Btuffp kcallm3 M.J/m3 

f'uel gas volume "1.29 or l 1. 50 or 4.81 

Srnmllletters refer to referencas a1 end of Part 2. 

.kcal/m3 , 14.92 1\l.l]/m"). 

.lv1J/m.:t 
0.6.or 

37
_
3 

-0.6 
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[2/4c) for blast furna.ce gas/J 

req'd air volume net heat.ing va.lue. BtulfP kcal/m!l l\IIJ/m3 

fuelgasvolUJne = 141 or 1260 or~27-

PROPERTIES OF SOLID FUELS 

r¡,he designar and the user of fuel handling equipmont and furnaces for solid 
fuels must pay careful attention toa great many properties of the fuel. Antong 
these are calorific value. volatile matter content. ash content. moislure corrtent. 
a.sh fusion temperatura, grindability. and agglomerat:ing chara.cteristics. For 
further details about -these factors, readers should cunsult references thnt 
specialize in solid fuels. 

The a hove warnings are doubly itnportant ,,.vhen dealing with by-prorluct and 
waste inaterials as fuels. I.t is best to construc1. somo sort of pilol plant to test 
the burning cheracteriti-tics of an actual sample of Lhe waste. A compe11."ln1 
teating organization should l>e employerl to analyze tho '\Ne.ste rna.teria.l ond 
evaluate the properties montioned above. It musl be realized that the analysi~ 
and properties of wastes will vary from one source lo the n.ext and fron1 1 imn to 
tUne for the same source. Because information on vvasle materials is so difficult 
~o f1nd~ Jable 2.2 is offered as a rough guide-fnr prelimin.ary evaluations on1y. 

PROPERTIES OF LIQUID FUELS 

CheiDicul Analysis .. l'vfost liquid fuels Are petroleum derivatives consisl.ing 
of mixtures of h.ydrocarbon compounds. Chemical analysis of the compounds 
"Which comprise 1.hese mixtures is very difficult; so il is common praclice lo 
make an ultimate chemicaJ analysis or severa! physical measurements instoad. 
An u.l1:irna le chemical analysis lists lhe percentages (by ""'eight) nf the vuriou_s 
chemical elements in the fuel. See Table 2.1a. From a theoretical point of view. 
a knowledge of percenl carbon and hydrogen ís useful in determining combus
'tion a ir raquirements an.d flue gas analysis. See Table 2~ 1. b. The type or grade 
of an oil cann.ot be determinad front the ultin1.o te analysis alone. l\tiost fue) oils 
conta.in. B3 to 88°/o carbon and 6 to 12°/o hydrogen by weight. 

Because all fuel oi1s are so similar in chemical ana.lysis. and because the 
physica.l properlies ha ve fa r great.er effect on the operation of fu el burning 
equipment~ the physical properHes are lll.UCh more commonly me.asurod and 
specified by oil producers. 'T'he physica.l measurements of tnost t;ignific:ance to 
t.he combustion engineer are discussed in the following paragraph1::;. 

Srnallletters refer to references a t end of Pert 2. 
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~rabie 2.2. Appro:xiiD.o.te propertles o:C sosne by-prood.uc:t ond vvaste Eu.els. Diíferen.t 
moisture contents may changa these values considerobly. Data courtesy of Reference 2.b 
a.nd 2.a1. 

D-y-product olt' vvaste 

Animal fatR 
Benzen.e. Bnnz.ol 
Brown papar 
Citrua. rin.dR 
Coeted nlilk r.nrtons 
Coffee gruu.nds 
Corn cobs 

Corruga.ted boxos 
Cotton seed hulls 
Le.tex 
Lea.ther 
Linoleum 
Lubricants. spent 
1\.·fe.gaz.ines 

NAphtha 
Ne-wspapors 
Paint 
Paper, sulfite (44"2-ó C. 69-& H) 
Pul-yethylene 
Polyurethuz1a (foamRd) 
Hags (silk ond "vool) 

Rags (cotton nnd linon) 
Rofinery RRS 

Rice hulla 
Rubber 'ovaste 
Sludge, induRtriRl 
Solvents, dirty 
Tuluene. ~·oluol 

~aste. Type O, "traeh (highly 
combustible papar. carboord, -wood 
boxes, S'\.veepings: up to "lO'Yo 
plaatics a:n.d rubber) 

VVa.ste, Type '1, rubbjsh [combustible 
paper, corboa.rd, -wood, folia.ge. 
S'\Neepings; up to 20~ food ·vvaste: 
no plastic/rubber) 

"Waete. rrypa 2. refuse (.cven mix: of 
rubblsh. an.d gn.rbage) 

VVaste .. Typa 3, garbage {animal and 
vegeto.ble food vvAstes) 

VVaate, 'l'ype 4, pa.thological Lhuman 
a.nd animal rernAins) 

Wnste, ~·ype 6, cnn"lpact (docuruents. 
rubber. plastic. ""ood) 

VVood bark 
VV"oud savvdust a.nd shavtngs 

0.5/0 
1.0/6 

0.'75/7.5 
:1...0/3.5 

2/20 
3/5 

5/5 
2/-:10 
0/0 

2."1_/7.5 

22.5/5 

0/0 
1.5/0 

1/0 
010 
0/0 
215 

2/5 

20-30/ 

0.5/0 

5/:1.0 

10/25 

7/50 

5/70 

5/8!"1 

3/10 
3/"1_0 

Denalty 
lb/•tJ kgtrn~ 

50-60 
55 

7 
40 

5 
25-30 
1Q-'l.B 

7 
25-30 

45 
20 
90 

35 

41 
7 

40-00 
2 

10-15 

OZ-12!3> 

8-"1.0 

8-10 

15-ZO 

3Q-38 

45-55 

35-50 

12-20 
:1G-1. z 

801-96"1 
581 
112 
641 

BO 
400-481 
160-240 

112 
400-481 

721 
:420 

1442 

561 

641 
112 

641.-961 
32 

"150-240 

160-240 

993-2000 

859 

l.ZB-160 

128-'160 

240-320 

401.-561. 

721-881 

561.-80'1 

192-320 
160-1 92 

Gross Heat Vo.lue 
Btullb kcallkg 

17 000 
18 210 

7 250 
1. 700 

11 330 
'1.0 000 

o 000 

7 040 
o 600 

:10 000 
7 250 

1:1. 000 
12 000 

5 250 

1.B 000 
7 975 
o 000 
7 590 

20 000 
13 000 

El 500 

7 200 
21 800 

5 900 
10 uuo 

3 050 
:1.3 000 
'l.B 440 

u 500 

6 500 

4 300 

2 500 

1 000 

7 500 

9 000 
B 500 

9·445 
'"]o 1. 20 

4 028 
945 

o 295 
5 556 
4 445 

3 91."1 
4 778 
5 556 
4 028 
o 11.2 
6 667 
2 917 

B 335 
4 431. 
4 445 
4 21.7 

1.1 112 
7 223 
4 723 

4 000 
1.2 112 

3 278 
5 556 
2 195 
7 223 

10 24.7 

-4 723 

:_:¡ 611 

2 389 

1 389 

556 

4 167 

5 000 
4 723 
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Gravity. This proporty or liquid fuels is similar to density und specific -..veighl. 
It is Bpecified by u nu.mher of difCerent scAies of un_its .. the must common of 
-which are degreas API (American Petroleum Instituto) and weight rclative tu 
water wheo both tho uil and the -water are at 60 F (ahbroviated ''sp gr 60/60 F'' 
or simply "sg"). The API scalo replAces the similo.r Baumé .. cale (abbrevialerl 
0 Bé1 originally introduced because it gave a linear sca.le on a hydrometea .... an 
instrumont used for meo.suring speoific grnvify. At 60F (15.6(.'":). the spucifir. 
weight of -water is 62.3 lh/ft'. 8.34 lb/US gallon. or 1000 kg/m'; the specific 
gravi-ty of 'VVB.ter is "1.0. the ·API gt .. nvity of vvuter is 1.0.0°. Th.e r·clationships 
be1"'\Neen these va.rious units A re givcn by thu t'ollowing formulas: 

[2/51 

(2/6] 

[2/7] 

[2/B] 

sp gr 60/60 F :141.5 
- oAPI + 1 j 1 _5 vvhero 0 APlisrrJeasurudat60F(1.5.6C) 

sp gr 60/60 F 

sp gr 60/60 F 

sp gr 60/60 F = 

wherc 0 Bé is measut·od ut: 60 F {1.5.6 C) 

lb/fl' 
whero Jb/f"t;'l is meusured At- 60 F (15.6 C) 

62.3 

lb/gul 
---=~~e:;;:=--- where lb/gAl is moas u red al 60 F ( 15.6 C) 8.34 

Tabla 2.3 facilitates conversinns bet.ween soma of those sr.alos. Rnd Jists other 
proporties calcu.lated from grAvity. 

The specific grovities of liquid fuels changa "'\oVith Lheir tetnperRture du.e to 
thermal expansion (as temperatura increases) and contraction (as temporutut .. e 
decreasos). Whenever a specific gravity is specified (in any scalel lho tAmpor
a.ture at which it ""\NAS mea.sured shoulct also Qe specified. lf no ten'lperaluro 
is given. it is assumed to be 60 F. Ta ble 2.4 lists the coeffici.etlts of thermal 
expa.nsion for petroleum oils. ond Table 2.::1 lists 1ho chungo in APJ gruvity 
per degree Fahrenheit c:hange abuve or below 60 F. (Note: API gra.vity rises 
as temperatura rises~ an.d fa lis os temperatura falls.) 

ExaD:lple 2-1. An oil hnR a gruvity of 40°API al 60 F. \N'hat iR the gravity' of this oil "Whou 
hea.t.ed to 1.00 F'? 

From TabJo 2.3 or formulas 2/5 and 2/8.,. 40°API iA equ.ivolont lo 6.fHJ lb/gnL Tho 
coe-fficienl uf expnnsio:n cu:n onJy be appJied to volu..mes: so it is :noceasary to flnd the 

reciprocA] of apec.:ific gravity which is spec:ific volunl.e. a.as ~h/gol = 0.145 gnJ/lb. 

No"VV opplying tho coefficient Irom ·rabi~ 2.4. 0.145 gaJ!Ih x 0.00050/°F x (.100 - 60)°F 
= 0.0029 ge.Hona expa.nt:tion_ por lb. The naw volume per pound is theroforo 0.·145 

+ 0.0029 = o.-148 ga.lllb. Again taking the rooiprocuJ. 
0 

1 
lflb 6.76 lb/gal. 

. "i46 gt;t 

From Tabla 2.3 ur formuJus 2/8 s.n.d 2/5,. this is oqulvl:llent to 4-2.9°.i\.PL 



Table 2.3. Gravlties aod related pmpertles of Uquld petmleum products N 
N 

(See Examples2·1, 2·2, 2-3, and formula& 2/Sthrough Zlt!Í) 

typ- spgr gross gross net net lp sp Temp 11' BOF ult 

leal 
... 

60f/60F lb kg Btu• kcnl• % Btu• kcal* ht hl alr "lo 
~ 

corro 

of o (15.6C/15.6C) gal m' gal L H,wt* gal L @40f @300F •APti•F• gal co, 

o 1.076 8.969 1075 160 426 10681 8.359 153 664 10231 0.391 0.504 0.045 1581 

2 1.060 8.834 1059 159 038 1() 5R9 6.601 152 163 lO 133 0.394 0.508 

4 1.044 8.704 1U4:J 157 692 10499 8.836 150 752 10037 0.397 0.512 18.0 

6 1.029 8.577 1028 156 384 10412 9.064 149 368 9 !145 0.400 0.516 0.048 1529 17.6 

B 1.014 8.454 1013 155 115 10328 9.265 148 028 9856 0.403 0.519 0.050 1513 17.1 

tot l.OOOt 8.335t 1000t 153 881 10246 10.00 146 351 9744 0.406 0.523 0.051 1509 16.7 

12 0.986 8.219 985.0 152 681 10 lOO 10.21 145 lOO 9661 0.409 0.527 0.052 1494 16.4 
#6 14 0.973 8.106 971.5 151 515 10088 10.41 143 888 !1580 0.412 0.530 0.054 1478 16.1 
oll 

16 0.959 7.996 958.3 150 380 10 013 10.61 142 712 9502 0.415 0.534 0.056 1463 15.8 

18 0.946 7.889 94.15 149 275 9939 10.80 141 572 9426 0.417 0.538 0.058 1446 15.5 

#5 20 0.934 7.785 93.1.0 148 200 9867 10.99 140 466 9 353 0.420 0.541 0.060 1433 15.2 ' 

22 0.922 7.683 920.0 147 153 9 7!18 11.37 139 251 9272 0.423 0.545 0.061 1423 14.9 

24 0.910 7.565 909.0 146 132 9730 11.55 138 210 9 2CJ2 0.426 0.548 0.063 1409 14.7 

N4 26 0.898 7.488 897.5 145 138 9664 11.72 137198 9135 0.428 0.552 0.065 1395 14.5 

28 0.807 7.394 880.2 144 168 !15(19 11.89 136 214 9069 0.431 0.555 0.067 1381 14.3 

30 0.876 7.303 875.2 143 223 9 536 12.06 135 258 9UIW 0.434 0.559 0.069 1368 14.0 

#2 32 0.865 7.213 864.5 142 300 9475 12.47 134 163 R 9:13 0.436 0.562 0.072 1360 13.8 

.H 0.855 7.125 854.1 141 400 9 415 12.63 DJ259 8873 0.439 0.566 0.074 1347 13.6 

36 0.845 7.041 843.9 140 521 !J 3.16 12.78 l:l2 380 1! R14 0.442 0.569 0.076 1334 13.4 

38 0.835 O.U58 833.9 139 664 9299 12.93 131 524 8 757 0.444 0.572 0.079 1321 13.3 

#1 40 0.825 6.877 824.2 138 826 9243 13.07 130 689 8 702 0.447 0.576 0.082 1309 13.1 

42 0.816 6.798 814.7 138 007 9 18[) 0.450 0.579 0.085 13.0 

44 0.806 6.720 805.4 137 207 g 136 0.452 0.582 0.088 12.8 

• For gravily moRsuretl al60 F ( 15.6 q only. 
t Same as H,O .. 



Table 2.4. 

FUELS 

Coef'l'lcieots oE t.he:ro::a.al expan.sio:u. f'or petroleu01. oUs 
(See Exarnples 2-1. and 2-2) 

Specif"ic gravity 
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""APiat 60 F 
(25.6 C) 

(60/60 F) Spocilic voluJne, Specific voluma, Coef"flcicnt Coeffjcient 

BeJnw 14.9 
15.0- 34.9 
35.0- 50.9 
51.0- 63.9 

64-.0- ZB.9 

)%~- ~~~ 
89.0- g~.j-9 

94.0- 100.0 

(1 5.8/25.6 C) 

Ahnve 0.9665 
0.8504-0.9659 
o. 7750- 0.8504 
0.7242-0.775:1 

0.6725 -0.72:-IB 

'U:b'l> ~\) -\) :\',')'}'} 
0.6278- 0.6417 
0.5112-0.6275 

gallons per 1b 

Below 0.-:124 
0.1411-0.1242 
o. J 54 7 -o. 14 11 
0.1.657-0.1547 

0.17U4-0.t65B 
ll.'l~l;1>- 0."1_'7_B_5 
0.1911-0.1870 
0.1903- o. 1 !-}1 2 

litres/kg (per F) (perC) 

BeloYIT :J.o::rn 0.000 :l5 ().000 63 
1.178-1.036 0.000 40 0.000 72 
1.291- 1.17R 0.000 50 0.00090 
l.:JH:J- 1.29:1 0.000 60 0.001 (),l:f 

1.4HU-1.384 o.noo 70 11.001 26 

1.560- 1.490 o.ooo uo o.oo:r 44 
1.SOS- 1.561 0.000 85 0.001 53 
1.6:i.U- 1.596 0.000 90 0.001 fj2 

Exan1plo 2-2. An oil '-Vith a specific gravity (at 60/60 F) of 0.91.~ and vvith n gross henting 
v-ulue of 146 000 Btu./ga.l at 60 F. is to be haa.ted to 168 F. Find the specific gravity, lb/gal. 
and Btulgalat 1.68 F. 

FJrst, find t.he lb/gaJ a.nd spccific weight (donsi1y) at 60 F. From Table 2.3 or formula 
2/B. lb/gal = 7.585- The density of water at 60 F is 62.35 lb/fP nnd spocific: gra.vity is 
0.91 relntive to '-'Vater; so. by fnrn1ulu 2/7, the density of the oil al 60 F is 0.91 -x 62.35 = 
56.74 lb/fP. Taking the rociproca.l of this, the specific voJumo a t 60 F is 0.01. 7fi ft,.llb. 
Applyiug the appropriate coofficient from 'l'able 2-4. the exprinsion ia 0.0176 fP/lb x 
0.00040/°F x (168 60)°F = 0.00076 fP/lb. and the sp~'!c-:ific volurne at 168 F v.rill ht:J 

0.0176 -+- 0.00076 0.01836 ft"/lb. The deusity wi1l be t_he reciprocal,0 _01 83~ fP/lb 

-- 54 47 lb/ft' t 166 F ·rt ·r· "t t 168 F ·11 b 54.4 7 Il>/fp o 8736 . a . 1e spect te gra.VI y a w1 e 62 _35 lh/fP · · 

By Tabla 2.3 or formula 2/B, this is nquivalen-t to 7.28 lb/gal at 168 F, whe1·eoa the oil 
-weighed 7-59lb/gu.l et 60 F. Thu hoating value nf a galJon of 168 Foil iH therefore reduc:ed 

t 1.46 OOOBtu x 7.2B3lbl168 F gal = 140187 Btul ol. 
0 60 F gal 7.5BS lb/60 F gal g 

Fortu.nately -the simple measurerru:tnt of specific gravity is t.he key to a numbor 
of other in1portant properties of petroleum oils. Relationships h(:}t.ween some of 
these other properties and the spocific gravity {a.bbreviated sp gr) are given in 
formulas 2/9 through 2/:15. These relationships are empirical generH1i:zutions 
and should therefore be ret:J.ort:ed to only when more specific data are not avail
able. Different cruda sonrces and refining methods mayeo uso de vi a tions from 
the values obtained by these formulas. 

[2/9] gross heating va1ue. GHV 1
, in Btu/lb 

or GHV 1 , in kcallkg 

17 BB7 -t- (57.5 X 0 API)- (102.2 X o/oS) 

5 730 -+-

Constant voh..uno cornbustion. Sea al so the footnote on p 24. 

4521 
sp gr 

56.8 X OA>S 
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[2/10] 

[2/11] 

[2/12] 

[2/13] 

[2/14] 

[2/15] 

NORTH AMEHICAN COl'vfRUSTION HANDBOUK 

'Yó hydrogen. by -vveight 

whereF 
F 
F= 
F 

2122.5 
F - 0 API -+- 131.5 

24.50for o<;: 0API~ g 
25.00 for 9 < 0 API <; 20 
25.20 Ior 20< 
25.45 for 30 < 

( 1.076 ;;.. 
(1.007> 
(0.934> 
(0.876> 

spgr~ 

sp.gr~ 

spgr~ 

spgr~ 

net heating va.lue. NHV 1 , in Btu/lb 

or Nl--IV 1 , in kce.l/kg 

GI-IV inEtu/lb- 91.23 x %H 
GI-IV in k:cal/kg - 50.70 x o/ol-l 

1. .007) 

0.934} 
O~H76) 
0.825) 

specific hoa t. e (in Btu/lb °F or kcallkg °C) 
0.30B -+-- [0.00045 x Ctemp. F)] 

VApgr 

laten1 heat of va.porization. in Btu/lb 
110.9 [0.09 x (temp. Fl] 

sp gr 

or. iu kcal/kg = 
60.02 [0.09 x (ten1.p, C)] 

sp gr 

fp a.ir reqdlgal = [25.1 x (sp gr) x o/oH] + [1260 x (sp gr)J 

or ml a.ir roqdlkg = (0.188 x %1-:1) + 9.43 

temp correclion. add 0 APli°F 

( 0 API + 131} x (coefficiont of thermal expansion/°F. from ·rable 2.4) 

or sp gr at T 2 = 
sp gr ~l T, 

~~~~~~~~~ T,) x [coeff. of th. exp. from ·rabie 2.4) 

All of the a.bove formulas are for pure hydrocarbon fuels containin.g no 
impurities. l\liost commercia.l fuels contain such a small percentage of impu.ri
ties~ ho"Wever. that the above relationehips may be safely a.pplied. ~~able 2.3 
lists some values calculated by formulas 2/9 through 2/15. 

Formula 2/1_2 above is a genera1ization. for the specific heat of all oils. A more 
specific expression could be written for oils from a Umited area. Ta.bJe 2.5 lists 
the heat contents (in Btulgallon) for oHs a.t various temperaturas and gravities. 
ExaJD.ple 2-3. A f'uel oil has on API gravity of 24 degrees meaeured at BO F. Deterntine the 
nUJnber of pounds per gallon. at 60 F and ut 200 F. Also find tb.e net Btulgallon and the 
.cubic fee-t of a. ir required per gallon a.t 60 F and at 200 F4 

Using Table 2.3~ read the following i.nformation: 7.585 lbJgal. O.OB3°API par °F. 
1.409 ft., air/gal .. a.nd 138 210 net Btulgal. AU this information a.pplies at 60 F only. 

1 Constont preHsura cnmbustion-th~ type encoun-tered in industrial heating. but Aince thc heRting 
vo.lue ror conRtant volume combustion_ AS in o gnsoline ongine. is much more eF.tsily measurAd. it is 
used moro "Widely. The differonce bet'\.venn theRe two vAhtflB is vory small. nnd iR 1.11:H1ally n.oglActed. 
Sea Part 1 .for an explnnation of difrerence behvaen gross and net heating values. 
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The .. temperature correctionH means that an oil -whose APT grAvity iR 24° at 60 F 
increases in API gravity by 0.06.:=1° for every degrec Fnhrenhoit riso above 60 F. Al 200 F~ 
the API gravity v.1ill therefore be 24 + [0.063 x (200 - 60)J = 24 + B.B = 32.8°APL 

lnterpolating in ·rabie 2.3 al 32.B 0 API. this is found to be equivRlent to 7.178 lb/gal. ·ro 
determine tl1e net Btu/gal nnd the air required p-er gn.llon of 200 F oil, it is necessary to 
mnke Uu~ f'uHovving corrections: 

1318 210 net Btu.lga.J >< 7.178lb/gal(at200F) = 
7.505 lb/gal (nt 60 F) 

1 434 fp air/gul x {somo factor) 

130 794 net Btulgal of 200 Foil; 

1 357 fp air/gal of 200 Foil. 

Both of the a.bove calculations apply to ga.J1ons of,oil measu.red at 200 F. "I,hose cor
rections are um1.ecessary if tho oil is metered at 60 F. For currection of a ir volumes fur 
t.crnperature, see colunu1. 4 of TAble A.2 in the Appendix. The heating value and ai.
requireiTient a.t elevated tempcrotu.re carmot be read directly opposite "thA gravHy at the 
olevated tempernture in ·rabio 2 .. 3 beeau.se the 60 F gravity is 1he key lo the oil com
position. and composition does not chn.nR:O vvith temporature as gravity does. 

Exaxnple 2-&. A -116 fuel oll of' 15°API gravity ia to be heated (for pumping) "from 32 to 1.38 F 
in a ta.nk suction hea.ter using 10 psig dry saturated steal'Il. and from 120 to 295 F (for 
atomi:zation.) by olectric booster heaters EJ.t U1.e furnAcea. (Heat loAS "from the in.sulat.ed 
pipes causes the temperatura lo drop from 138 1:o 120 F bet-ween th.e tan.k und fumaceR.) 

[a) lf the flo-w- t.hrough the 1:ank healer is. ~50 gph. how much stearn '\Nil1 be condensad? 

lnterpole.ting in the second coluinn of Table 2.5, !!~ = ~~~ x (378 - 305) + 305 = 371. 

Btulgal (which checks Table 2.10b]. 
From Table A.4a, the latent heat of 10 psig steam is 952.7 Btun.b: so the stean"J r:onsu~np-; 
tion v.rill be 37.1 Btu/gal x 150 gal/hr -:- 952.7 Btu/lb = 58.4lb/hr. 

(b) If the mo.xirnum flow toa furnaeo is 12 gph, vvhat kVV hcater r:apacHy is requ.ired. 
aRsu.ming 1.oq-o losa (90o/o efiiciency)?' 

From Tabla 2.5. the heat content of -the Jiquid oil o.t 120 F. is 305 Btu/gal; at 295 F, is 
996 Btu/go.J [which checks Tabla 2.10b). Applying lhe conversion factor. 1kVV hr = 3413 
Btu, frorn ·rabie C.6 in fue Appendix, the kW requit-ement is then 

(996 - 305) Dtu output/gal x 12 gallhr kV\1. t 
U

. = 2.70 tnpu . 
3413 BtulkW hr x 0.90 oulpu 1nput 

Viscosity .. The viscosity of a fluid is a measure of its interna] resistonce to 
flow. Viscosity is the opposite of fluidity. A high viscosity oil approaches the 
solid state and v.~ill not flo'\IV easi1y, vvhereas a low viscosity oil flovvs readily. 
The higher the viscosity of an oil. the high.er are the costs of pumping it. a'nd 
the more difficu.lt it is to atomize. 

Viscosity is measured by timing the flovv by force of gravity of a test santple 
through a capillary restriction. ata controlled temperature. Since the rete of 
flow depends upon the density of the oil as well as the viscosity. these measure
me:n:ts are 1:ermed kinematic::: viscusity. ·rhe absoluta v:iscosity is obtained by 
multiplying the kinemalic viscosily by thc density of the fluid. A great many 
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differont sets of viscosity units are in. use. Tabla 2.6 is a lis1. -of conversion 
factors for various viscoeity scales used for fuel oils. Figure 2.7 sho'WS a 
graph.ical compa.rison of soma of t:hese scales. 

As the temperatura of a.n oil is ra.ised. ils viscosity is reduced And it flo-ws 
more readily. Hence heavy oils are often heated befare being pumped in.to 

Table 2.5. Hea.t contents of" varlous olh¡w (See Exan1ple 2-4.) 

Hoat con.tcnt Gruvlty~ 0 A.PI at 60 F ('1.5.6 C) 
In Htu/gaUon 10 15 20 25 30 35 40 45 
of liquid ~ SpeclElc gravity. 60 F/60 F 
vaporl..z.ed ~ ~-1_._c0:_0:;__0:_0.::__ _ _:0:..:·:..:9:_6.:..:5;_9::__ _ _:o:..:.c:9:_3:;__4:_0:;__ _ _co:..:._9_0_4_2 __ _co_._8_7_c6:_2_c..c _ _co_._a:_4_c9_8c:__ _ _:o:..:._:8:_2:_:5:_1c:___0::..:..8=..:0:__:1_:7_ 

32 \~ o o o o o o o o 
o o o o o o o o 

60 95 93 92 90 89 87 66 85 

100 

120 

140' 

160 

100 

200 

220 

240 

260 

300 

400 

500 

600 

700 

000 

237 

310 

384 

460 

538 

617 

697 

779 

862 

1034 

1489 

1981 

2511 

3078 
3470 
3683 
4008 

233 

305 

37B 

453 

529 

607 

686 

766 

848 

'10·1 7 

1463 
2088 
i947 
2497 
2467 
2942 

:1025 
3425 
3619 
3944 

229 

300 

371_ 

445 

520 

596 
1371 

674 
1434 

753 
1498 

83:1 
:1563 
999 

1699 

1439 
2064 
1914 
2464 
2426 
290:1 

2974 
3374 
3550 
3884 

226 

295 

366 

438 

511 

507 

663 

741 

820 

984 

1416 
204:1 
1884 
2434 
2387 
2802 

2927 
3327 
3502 
3027 

* Scc Referance 2.c in tho list of rofurlfHlCe8 at thc cnd or Purl 2. 

222 

290 

360 

43~ 
:1236 

503 
:1293 

577 
1352 

652 
141.2 

729 
:1474 
807 

:1537 
968 
~668 

1:193 
2010 
1854 
2404 
2350 
2825 

2881 
3281 
3447 
3772 

219 

286 

355 

425 

496 

569 

643 

718 

795 

954 

1372 
1997 
1826 
2376 
2314 
2789 

2837 
3237 
3395 
3720 

215 
:1065 

281 
"1116 

::i49 
:1:169 

418 
:1223 

488 
1278 
560 

1335 
633 

1.393 

707 
1452 

783 
:15:13 
939 

:1639 

1352 
1977 
1799 
2349 
2281 
2756 

2796 
3196 
3345 
3670 

965 

1062 

:1112 

:1:164 

1217 

1..272 

1327 

1384 

1442 

1502 

1626 

1333 
1956 
1774 
2324 
2248 
2723 

2756 
3156 
3297 
3622 
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delivery Unes. Figure 2.8 shows how temperatura affects t.he viscosity o( sorne 
typical fu.el oils. Figure 2.B is plotted on special graph paper preparad by the 
American Society for Testing and Materials. If the viscosily of a particular oil 
\'i!> ~""~ ""'- \.-....~ Ü'>.'i'i9"'t'1:n>"'l 'u;,-rnpera'tures. a s\ralgbt )lne may be dra'-VTI betvveen 
these knovvn points on this 9pecial graph paper to obtain the viscosity
temperature characteristics of that oil. Tabla 2.10a gives some usef"ul viscosity 
and temperatura in.formation for t_.ypica.l oil.s. 
Ex:a01.ple 2-5. The Oil of Rxample 2-2 is 1-o be heated to 168 F to reduce i-ts viscosity to 
100 SSU. Fi.nd its absoluta viscosity in centipoise and in pou.n.dt~ moss/hr ft at 1.66 F. 

Fronl Figure 2.7 or formuhi. 2/31. 1.00 SSU is found equivalen.t to 20.65 centislnkes. In 
Example 2-2. the specific gravity of tho oil at. 168 F wns 0.873. Applying formula 2/1.6. 
the absoluta viscosity in centípoise is 20.65 x 0.873 = 18.03 cp. 

The absoh.l.to viscosity in.Ib/hr ft can be calcula"ted by forn1ula 2/22: 18.03 cp + 0.413 
= 43.7 lblhr ft. Another methud is by formula 2/28 and formula 2/17: 20.65 es -;- 25.81 
= 0.800 IP/hr: tben. 0.800 ft:Z/hr x 54.47 11~ff3'. the specific weight from Example 2-2. 

43.6 lblhr ft. 
Certain ranges o.f viscosi"t_y h.ave l".1een. found best fur pumping a.nd for 

atomization of fuel oils. "'11-lese ranges are shown as shadod areas on Figure 
2.8~ Tabla 2.10a provides a convenient "\\'Vay -to find the oH temperature re
quired to atta in these viscosities. The a.'ffect of viscosity on oil atomiza tion is 
an impor1:ant consideration for clean. con~plete Combustion. Good combustion 
dependa on properly atomized oil intimately mixed vvith air~ VVith lo-w pres
sure air atomizing burners. an oil vi:scosity higher 1han the 70 tu 1.00 SSU 
ra.n'ge tends to produce oil droplets loo large for intima.te uir and oil n"lixin.g 
and tha"t encourages ce.rbon forma.tion in burner blocks and furnaces. Sinco 
the heavy oiJs tend to ca.rhonize more readily ·than light oils. good a tomiza tion 
is doub]y important for these more viscous oils. Another in1.portant consider
a.tion is the fact that viscosity variat:ions affect fluid flovv t.hrouglt ori:fices 
or valvas in such a way as to upsel controlled air/oil ratins~ The degree of oi] 
preheating must be determinad by 1he viscosit:y required .for reliable control 
and clean combustion. See Tablas 2.10a ant.l 2.10b. 
Exa~ple 2-6. The viecosity of an oil has been measurad as 75 SSF at 1.22 F and 1530 SStJ 
at 100 F. 

[al Tf" this oil is to be burned in a bur:ner whose atomizar requircs 100 SSU. to '\.vhal 
ternperature must. it be heated?' 
Following the horizontal arro-,..ye on Figu1·e 2.8~ locate the two tAs1 measurement points. 
A line drawn behveen these poin.ts (diagonal dashed arro-ws) represents the loci of 
viscosUy-temperature conditions for this particular oil. Ext-ending the line until it inter
sects the horizontal :100 SSl_J Jine~ read 209 F as -the oil tempEu~ature required for 
a.-tomizing. 

(b) VVhat- temperatura range ia recommended for this oi1 for easy pumpin.g? ·rhe 
diagonal dashcd arrows on Figure 2.8, Iron"l_ Exumplo 2-6a~ intersecl the upper and Jovver 
extromes uf the ••easy pumping•· viscosi1y band a1 72 F ond 93 F; RO the ther.rnostAt for 
the heater at the tan k should be sel in this range. 
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ForDJ.ulas f"or converalon of" v.lscoslty u.n.lts (See ExaJD.ple 2-9} 

[2" 6] 
[2/~ 7 J 
[2118] 

[2" 9) 
[2/20] 
[2/21) 
[2/221 
[2/23) 
[2/24) 
[2/25] 
[2/26] 

[2/27] 
[2/2BJ 
[2129] 
[2130] 
J2131 J 
[2/32] 
[2133] 
[2134] 
[2135] 
(2/36] 
[2/37] 
[2/36J 

aba vise in cp = kin vise in es x specific gravi"fy 
abs vise in #rn/scc ft = kin. vise in fP/sec x masa density in #m/ft' 
aba vise in llf sec/fP = kin vise in fP/Rec x {mnss donHity in #n:t/fP} 32.17 

11ffsec/fP = 32.17#m/secft 
1 poise = 100 cp = 1 dyne· slcm2 -t = 1. g/s·cm 
1 llm/sec ft = 1488 cp ,;, 1.488 Pa. · R · 
1 #m/hr ft = 0.41 3 cp = 1.4BB kgnt/hr ·m 
1_ llm/sec in. = 17 850 cp = ·¡ 78.5 poi se 
1. #f seclfP = 47 B50 cp = 0.4863 kgf · s/m" 
1. llf hr/fP = 172 260 000 cp = 0.4883 kgf · hr/m 2 

1 #f seclin."" = 6 890 000 cp = 1 Reyn 

1 f"F/Rec = 92 900 es = 0.0929 m 2 /s 
1 fP/hr = 25.8:1 es = 0.0929 m 2 /hr 
t_ in."/sec = 645.2 es = 0.000 645 m 2/s 
1. stoke ~00 es = 0.000 1 m 2 /s 
kin vise in centistukos = (0.266 x SSU) - (1. 95/SSU). for SSU 32 to 100 
·k in vise in centistokes (0.220 x SSU) - (135/SSlJ), for SSU > 100 
kin vise in cent.lstokes (2.24 x SSF) [184/SSFJ, for SSF 25 to 40 
kin vise in centistokes [2.16 x SSF) - (60/SSF), for >40 
kin vise in centistokea (0.26 x SR1) - ("179/SR1J, for SR1 34 to 100 
kin vjsc in centistokeH {0.247 x SR1) - {50/SR1), for SRl >1.00 
k in vise in centistokeA (B.O x DE) - (8.64/c.E), for DE 1. .35 to 3.2 
kin. vise in centistokes (7.6 x 0 EJ - (4.0/ 0 E}. fur oE >3.2 

aba vise iR o.bsolute viRC!OSity. JA: kin vise is kinemAtic viscosity, v 
cp is centipoise (aba vise): CA is cen.tistokes (kin vise) 
specifi.-; gravity is rclotive to wuter. = {mass density in Nm/fP) ....,.... 62.35 
#mis pounds meAs; #f is pounds force 
kgnl. = kilogra1:ns masA; kgf = kilogranl.S force 
SSt.J is kinematic viscosity in seconds. Saybolt Universnl 
SSF is .kinemotic viscosity in seconrts. Saybolt Furo] 
SRt is kinemAtic viscoRity in seconds. Redwoud No. 1 (or Hedvvood 

Standard) ' 
aE iR kinema.t:ic viRcosity in degrees Engler, 1 °E = 51.26 seconds EngJer 

Water'* Air 

" 1.124 cp ,_,. = 0.01BOcp 

No el Gas 

0.011 cp 

2.72 #m/hr · ft 
2.349 x to-s Hf · s/fP 

V 1. t_30 es 
32 ssu 
0.04378 fP/hr 

0.04 36 #rn/hr · ft 
3. 763 X 10-7" llf · s/ft"' 

v 14.60 es 
1.469 x 10-!> n11:!!/s 
0.5691 fP/hr 

• Approximnte viscositv of """·a ter Hl 70 F (21 C) iH 1 cp ond 1 cs. 
T A dot betvveon syrnboLB mcons ''tlrnes'' or "'multiply by". 

V 

o.l~266 #m/hr- ft 
2.30 x :to--, #f·s/fP 

14.92 ~f'; 
1.49 X 1 o-e. In"/s 
0.578 ft"'/b.r 
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Figure 2.7. Align:DJ.ent charl J"or comparins vlscoslty scalcs a• tbe sa011e •oanperature. l_Jsu H stro.ighi-
edge to rEutd horlzontally across aU sc~:a.lea-far lefl a:nd far righL t:J<":ales are idnnticaL Soe Example 
2-5 and Tabla 2.6. 
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I>lstilla.t:lon Test:rhis test eva.Juales fue d.istlllation ranga of a. fuel as "t.o initial 
boiling point (temperatura)~ e:nd poin.t~ and some intermediate points. such as 
the 10~ and 90o/o points. (The 1Do/o point is the temperatura at which "l.Oo/o of 
t:he initial vohnne has distilled off.) The test is run with specified standard 
equ.ipment and technique. -to obtain comparable and reproducible resulta. Only 
light oils are subjected to this test because heavy oils crack before they reach 
their boiling points. LoW initia.l nnd "1.09--ó points in.dica.te a. possibility of vapor 
lock in heaters. High 90% and end points suggest t:he possibility of residues 
and droplet: deposits. Table 2.10b lista distilla.t.ion ranges of some typical fuels. 

Figure 2.8. Vls~oslty-to.llD;peroture relaUonR ror typlcel f"uol oUs. Tho diagonnl Hnes are sa.rntÍlos. 
not standarrls. for the deaig:nated graden of fuol oils. Source of the crude detArminati the slope of 
•he Una. This ASTM cha.rt tnay be usad for pJotfing propertiee of' other fuel oils. Sea E.xample 2-6. 
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Table 2.9. Analyses and characterisUcs of selected luel olls * 
t -<-:. lnlizalt mlyil1 [weltbt) RV, Bhipound Vlil:llily, SS!_ 

ppm ~h1 ~-~~~ 'API Flnb Pour 

Sourc:t o/IC 'ltH 1/tN '.1S 'ltath lt!Ot il>50 AJpblllne e resldut at 80F pt, F ema nel pt, f ai140F al210f 

: Alaeh 86.99 12.07 0.001 0.31 <0.001 0.62 33.1 33.0 29.5 
.. 
~ California 86.6 !U2 0.0&3 0.27 <0.001 0.36 32.8 19330 30.8 29.5 

~ West Texas 88.09 9.76 0.026 1.88 <0.001 0.24 18.3 32.0 28.8 

Alaska 66.04 tl.IB 0.51 1.63 0.034 0.61 50 NI !.6 12.9 15.6 215 18410 17 580 38 \011 194 

67 V 

Calilorrua 66.66 10.44 0.86 0.99 0.!0 0.81 
* 

8.62 1&.2 12.6 180 18230 Ji !80 42 720 200 

DFM !shale) 86.18 13.00 0.24 0.51 0.003 1.01 0.0.16 4.1 JJ.l 182 19430 18240 40 35.1 30.7 

Gulf of Mexico 84.62 10.71 0.36 2.44 0.027 1.78 1.02 H.B 1l.2 155 18140 17 260 40 m 161 

i lndo/Mala¡~io 86.53 11.93 0.24 0.22 0.036 1.04 101 V 0.74 3.98 21.8 210 )9070 17980 61 199 liS 
~ 

'11 
Middle Easl 11 1 66.18 11.95 0.18 0.67 0.012 0.41 l24 60 19.8 JIO 19010 17 980 48 490 ).3\.8 

& Peruls~vania O 64.82 11.21 0.34 2.26 0.007 1.3 65Na 4.04 12.4 15.4 m 18520 17500 118 1049 240 

m 

Veneouela 65.24 10.96 0.40 2.22 0001 1.10 52 Ni 6.4 6.8 14.1 210 18400 17400 58 742 196.1 

22SV 

Veneruela 85.92 1.2.05 0.24 0.93 0.033 0.83 101 V 2.59 5.1 23.3 176 18400 11300 48 113.2 50.5 

desuUUJiwd 

1 Largcly from Referenc~ 2.h atlho end of Psrt 2. 
t lly diffoNmce. 
1 91Ca. 77F8. 88Ni, 66V. 
6 Exxon. 
U Amerada lless. 



Table 2.10a. V'I800Sity-temperatore lnformatlon KIDematlc Vlsooslty "' "' for selected fue! oils. The far rlghl-hand c'Oiumna Requlred oiJ lemperature, f, C ~ 2000 SSU 100SSU 

lis! temparatures required lo reduce the oU viscosity 440cs 20.7 es 
lo levels often required lor easy pumplng (2000 SSU), Bmax " IOOOOSSU zzoocs 1381' 59C 265F 129 e 
and lor alomir.alion (100 SSU]. 

J 6mln ~ 1000 220 82 28 195 91 M 

.: 

f Smu 8 750 165 72 22 18Z 83 
5 mln ~ !50 32.1 20 -7 122 50 ; 

il 4mu f 100 20.7 2 - 17 100 38 

l 4 mln 45 6.9 -75 -59 27 -3 

2 max 
.. 

38 3.5 2 - 17 

Table 2.10b. HeaUng requlrements for products derlved from petroleum {Se e alse Table 2.5 and l!xample 2-4) 

Commercial Speclfic grevity el DisUUatlon Vapor pressure1 Lalenl Blulgel2 Blulgal2 to heal from 3H (OC) lo: 
luels 60I60f (15.6C) renge, f/C• pslalmmHg lo ''apnrizc Pumplng temp' Atomizing temp3 Vapor 

No.6oil 0.965 BOIJ-10001 .100·ó00 0.1)54/ 2JJ 7fi4 ~71 ij9[J 36194 

No. 5 oil 0.945 600-1000/ 3[)0500 0.004/ 0.2 740 133 635 35591 

Nn. 4 oil 0.902 325-1000/150500 0.232/ 12 737 313 27254 

No. 2 oil 0.649 375- 750/1504{)() 0.0191 1 74:1 27044 

Kerosene 1 0.780 256- 4811 J6ü-285 0.039/ 2 750 13034 

G•soliné O.i33 35- 3001 37-18.5 0.135/ 7. 772 12154 

Melhanu]l, 0.796 1481 64 4.62 f 239 3140 3400 
Bu1aue8 0.5112 31/ o Jl/1604 8UU 976 5 

Propanei 0.509 -441 -42 12416415 785 963 5 

1 At the alnmizing temperatura or 60 f. whichevcr is lower. Basad on a sampla with !he lowest boiling poinl from column J. 
' To converl BtuiliS gallon lo kca]!Jitra. multiply by 0.066. To converl Blu/US gallon to Btu/pound. divide by 6.335 x sp gr. from colunm 2. 

To convert BtoiUS gallon tu kcallkg, divide by 15.00 x sp gr, lrum culumn 2. 
'See Table 2.10a. · 
4 Calculaled fur builing al mid-point of distallalion range, lrom column :1. 
5 lndudes laten! heat plus sensible heal uf the vapor heeted from boilinR point to 60 F (15.6 C). 

Smalllellors refer lo referenres al end of Par! 2. · 
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Flash an.d Fire Poin.ts~ As fue) oil is heated. vapor col1ects above the liquid 
su.rfa.ce. Tf it becomes sufficien-tly concenlrated, exposure to an open fleme 
VV'ill result in a. flash~ The lowest temporature a-t which tbis occurs is callad 
the flash point. determinad by the closed 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 sama oils. ·rhe _fire pojnt determinad with 
the above-mentioned open cup testar. is the temperatura a-t. 'l~Vhich a Oo.me 
is sustained for at least.. five seconds~ 

~e flash and fire points indicate th.e ext.ent of fractionation. They are of 
interest. from the standpoin.ts of safety and lighting cha.rac-teristic:s. Although 
some"What a.rbitrary~ they serve to indica.te the relat.ive storage hazard of 
various fuels. -

Ca.rbon Residuo~ V\Then an oil is evaporated .. some free carbon muy be left. 
sometimes formad by cracking during the evaporation process. 'The amou.nt 
of carbon remaining indicates t.o some extenl the tendency of the oil to car
boniza u.nder vaporizing conditions-

Carbon residue is measured by the Conradson t.est "With an open fleme or 
the Ramsbottom test heating through a molten ba1h. Resulta are not identical. 
Formulas are available~ however. for converting the results from one test to 
-the equivalent value of t.he other test. The tests are arbilrary: their valuo líes 
in showing the relativa soot-forming potentials of oils. The carbon-forming 
possibilities should n.ot be judged entirely from these tes-ts. l>ecause carbon
i.za-tion is also inflt.I8nced by burner design a.nd operation_ 

Ash. o/o~ is de1ermined by burning of_f all the combustible material from a 
kno11VD. weight of oil. The mineral ma1:1.er remaining is the ash and usually con
sis-ta of a. minute quant.ity of mud or sand. Ash is no1. usually a pi-ol::Jlem in 
burners. but it can foul hea-t transfer surfaces. or melt and at-tack refractarias. 

Water and SediiD.ent (botto:tn sediJDent and '1AT&ter. bsvv) are determinad by 
centrifuging 50 millilitres of f'ual oil mixed with 50 millilitres o-f 90o/o benzol 
a t 1400 to '1500 rpm and- 120 F. The wo ter and scdimen t a re thrown to t. he 
bottom and measured. A:ny appreciable amount uf water vvill cause discon
tinuous oil flamas. Sediment tends to olog burners and control equipmenl:. 

Pour Poi:nt. If a sample of oil is gradually c:ooled. a temperatura vvill ulti
mately be reached at which the oil will not flow-the pour point. mainly 
dependent on the amount.. and type uf wo.x contained in the oil. 

Standards. Tabla 2.11. compares some commerciel and military s'tandards 
for fuel .oils. specified in terma of the n.bove-mentioned physical properties. 
Spme oil suppliers have established grades other than those listad. 
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Table 2.11. Comparison oi varloos fue! oll speclflcations. Locallegallimits may supersede these specifications. 

C.rboo 
Oistillatioo 

lemptrafun!l, Kltttmatlc riscotfty 
flub Pour resfdue F(C} 

Gro• 

polo t. polnt. Wtfer itld oot0\1 Asb, Saybolt,.eoods Saybolt ""mds Centittabt C..tistobs ily. Su~ 

f F sedlment. bottom!, ~~. bv 101/t Unh·erulat furo:! at AtiOOF ati22F de¡ fur, 

(CJ, ICJ, 1/a by volume, •;,, l"~i~ht. poi o t. 90'0 potot, 100 f )lB q. 122f(50Cj. ·(38Ch {50Cj, Afl, ~ .. 
mln '"" '"" mu .... m u .... "" IIS!n .... mln .... .... m u mio mu mio m u 

No. 1 tOO o troce 0.15 - 420 - 5~(1 - - - - 1.4 2.1 - - 35 05 

(JBJ {· IBJ {21UJ (188} 

No. 2 lOO 20 0.05 OJ5 - - ~40 fi11J :\2Ji :17.91 - - 20 3.6 - - JO 05 

)~8/ 1- 7) {1821 {:!.lA/ 

• • .. No.4 IJU 20 o 50 - 0.10 - - - 4l 125 - - 5.~ 26.4 - - - -
• 11, )!3/ 1-71 

~ No.5 !JO - 100 - 010 - - - 150 JOO - - 32 65 - - - -
< ¡i;~hl/ /55) 

~u.5 1JO - 1.00 - 0.10 - - - 350 750 13 40 ;; 161 11 81 - -
lhw11 )55) 

No 6 150 - 2.00 - - - - - 900 9QOO 45 JUO 1911 19HIJ 92 638 - -
165) 

PS 100 110 - o 15 - - 410 450 550 - - - - - - - - - -
¡:¡ {116) )232} /288) 
:i 
:. I'S 200 150 0.5 !}(JO J5 55 
: - - - - - - - - - - - - -
"' 1651 (",116) 

& 
PSJOO 150 - L(J - - - - - - 2' 40 -· - - - - -

5 
- ' 

~ 
(65) .. 

PS-400 150 - 2.0 .. ... - - - - - 60 - - - - - - -
{65/ 

• 11'-4 470 45 (JI 
• - - - - - - - - - - - - - - -.. )243/ • "" ~¡¡¡ 

~= IP-5 14(/ - - - - ~o o 440. - - - - - - - - 2 ]6 0.4 

•• -- {UII) {20{1 !2271 t =-
~ 

1'lhis is nut u reprodut:!iun of ASlM eJ)9cificaUone·-m~rely A compt~r!~on ni o:nmr• nsput:l!lof the ASThf ~\·~tt!tn wiU1 other ~radi~ SJ&tf!OJ!I, For romplotP :\~TM ~pOOfit:alhm~. pyrchctse <~ 
COP} nf ~tllnderd 03!l(i lnrm hom: Amr.rlr.Jl.O Snr.tcly for Testin,v au~ hl;derhds. 1915 RAce St:PP.l. Philadelphifl, f'A 1!1\U:L 

2 JG.5 centistoh::; nt 30 F f- 34 G). J lndudes mam addítlonal gpedfJcation~ t!ppiir.ahl~ lo 115~ a~ nn nlrcrafl engúw fueL 
~ '1 y¡m:al. ~ter Bu;den aod Brínkma.n: "Stabllity of Alterna te Fuel~". HYfJROCARDO~ PROCESSL\;G. JuJv, 19SU. pp. 7i.S2. 

~- ---~~------------
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PROPER'TIES OF GASEOUS FUELS 

Gaseous fuels may be analyzed volumetrically in terms of tha chemical 
compounds they contain.. Other iinportan"t properties of gaseous fuels are 
discussed below. 

Gas Gravity (specific gravity) is a conve:nient measure of the density of a gas 
relativa to that of air (0.0763 lb/ft' or 1.225 kg/m' at stp): 

[2/39] gas gravi1:y = gas density 
air density 

gas density. lb/.fP 
0.0763 

gas density. kg/n"l.J 
1.222 

Heatin.g Value. Although the heating value can be calcula.ted from the gas 
analysis. it is frequenlly measured by mean.s of a steady fluw consla:nt pressure 
calorimeter in wh.ich the gas is burned in a '\Mater-jacketed combuslion chamber. 
~rhe temperatura rise of t:he water is a mea.sure of the cnlorific va.Jue of the fuol. 
(Part 1. and the Glossary explain gross and :n.et hea-ting valu.es.) 

Heating values are expressed in Btu/.fP under specif"ied condítio:n.s of moistura 
COfltenty preSSUre~ and temporature. rl"he COnditiOllS are llOl tOO 'V\TGll S(andardized. 
Somo gas compa.nies corruct all consumptio:n figures to 6 osi gaug:e pressure~ 
saturated. for bil1ing. Tablas A.2a and A.3 in the Appendix contain volurne 
correction factors for temperalure and pressure. 

ExaDJ.ple 2-7. A gas metor in the supply line to a furnace reads 1. 21.9 507 fp a t 7 a m and 
1 224 443 fta at 11. om. sume day. a.t 1B osi and BO F. lf the gas ts Pittsburgh natural gas. 
what -wa.s the average hourly Btu input during this period?' 

1 224 443 - 1 21.9 507 = 4936 fp in 4 bours. or 4936/4 '1234 ft-'/l11.·. Fron1. ·rable 
A.3 in the Appendix the factor Íor oorrecting lo standard prassure is 1 .0765; frorn Tablo 
A.2a. column 2 .. the factor for corracting to 60 F is 0.9634. Thus the gas consunJ.ption 
at stp is 1234 x 1..0765 x 0.9634 = 1280 ft'/hr. From Tabla 2.12b, the g.ross hesting 
value of Pittsburgh n.atuJ~al gas is 1129 Btu/ft3 al slp. The average input rato is 1280 fP/hr 
x 1129 Btu/fP = 1 445 000 Btu/h.r. 

Condensible Hyd.rocarbon Conten.t. The terms t-Vet and dry indica te whether 
natural gases contain more Or less than 0.1 gallon_ of" condensibJe hydrocarbnns 
{usu.a.lly na.t:ural gasolina) per 1000 fp of gas. 

Sulf'ur Conten:t.. The tern1s s-....veet nnd sour indica.te a small or lArge propor
tion of hydrogen sulfide or other sulfur compounds. 

Ga.seous Fuels Da.t.a. Tab1es 2~ :1 2a. h~ and e list prnper1.ies of gaseous fue]s. 
Example 2-8 illustrates conversion of combustion product data to a.no1.her form. 
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Ta.ble 2.12a. Anolyses o.f typical gaseous :fuels 

Type of Gas 

Acetylene. cornn•ercial 
Blo.st furnace. B 
Blast furnace, U 

Butane. conun9rc::ial, natural gas 

Butane. conunerciaL refinery gas 

Coke ovon. R 
Coke oven, U 

Digester (SeV\.·age). Bergen. NJ 
Digester (Sewa,go), Decatur, lL 

Landfill, Cagistrio. '81. 
l'V1a.pp 

Natural, AlRska 
Natural, Algerin LNG. Canvev 
Natural, Gnz de Lacq · 

Natural, GroninRen, Netherlandg 
Natural, Ku-vvai1-. Hurgan 

Natural, Libya LNG 
Natural. North Sen, Bacton 

Natural, Birmingham, AL 
Natural. Eust OH 
NAtural, Kansas City. MO 
Natural. Pittsbur~h. PA 

Producer, Koppers-Tot:t.ek'-3 
Producer, Lurgi'". commercial 
Producer. Lu.rgi 2

, sub-bit. 
Producer, IG'r2

, lig:nite 

Prnducer. BCR 2
, \/Vest KY 

Producer. W-G. biturninous2 

Producer. VVlnkler 2 

PropAne. commorcial, uutura.l gn~ 
Propone. cummerctal. rofin.ery gas 

Sssol, South Africa 
SNG, no n.lethan.a Lion 

O:r-b1ovvn 
2 air-blown 
.] lllinois cool 

-------- --·~ --- -·-

28.3 
29 

59.0 
BB.O 

53.4 

99.0 
87.20 
97.38 

3.4 
3.3 

0.05 

AnalyA.lA O/o by Volume {mol 0/o) 

C:1Hn C4H1o CO llz COz 

(97.1% C¡¡¡H2, 2.5'% CJ.HoO) 
22.7 2.3 
27.5 1.0 

6.0 70.7n-
23.3iso-

5.0 50.1.n-
16.5ian-

0.2 4.2 50.6 
{0.6 1-hS) 5.6 55.4 

2.0 

19.3 
11.5 

0.9 
1.4 

39.4 
22.0 

0.084 0.28 
0.7 55.0 

60.0 

1.8 10.6 
0.4 4.3 

0.15 0.57 
6.0 

(u1ho>r hyrlro-= ... rbon!l O.J7} 0.005 0.005 34.3 0.05 f.i.2 
15.0 10.0 (66.0~& G,H ... 9.0~-to C.3Ht~] 

0.4 
B.Ot 2.74 l. .07 0.36 
2.17 0.10 0.05 0.30 

R1.20 2.90 0.30 0.14 0.87 1.4.40 
86.7 6.5 1.7 0.5n-

0.2iso-
70.0 '15.0 10.0 3.5 
93.6:-l 3.25 O.GQ 0.27 

'90.0 
94.1 
84.1 
03.4 

5.6 
10.2 
28.2 

15.6 
2.7 
1. 

28.0 
79.3 

5.0 
3.01 
6.7 

15.8 

0.42 0.28 

(0.02 cos. 0.28 HzS) 
(6.6 HzO. U.l H2S] 

[0.4 Crni-ln• 0.3 1-hS) 
(2.1 C~Hn• 0.4 1-hS) 

2.2 
2.0 

(1.4 HaS) 

97.3 
72.9 

0.5 
o.a 

56.7 
1 4.1 
1 7.1 
19.5 

44 .o 
28 B 
10 

22.0 
l.Z 

l. S 0.0 

0.90 
0.13 "1. 7B 

5.0 
0.0"1 o. 71. 0.01 1.4"1. 

O.B 8.4 
O.B 

32.9 7.0 1.1 
20.9 12.5 40.0 
40.2 31.4 
24.5 24.6 0.6 

24.4 14.0 0.6 
15.0 3.4 0.0 50.3 
12 22 55 

(24.3'!-ó C3oE-loJ 

48.0 
"19.0 

---1.0---
0.5 
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Tnble 2.12b. }:troperties of gaseous fueJs frorn Tu.bJe 2.12a (See Example 2-7) 

Type of Gas 

Acotylene, carnrnel'Ciul 
Blast furnaco. B 
J:Jl~;~ st furnnco, U 

Dutsne. cornmerci.ul. nAtural gAS 

Butuuu. couuUorciol, rofinHry gus 

Coke ovon, H 
Cuke oven, U 

Dit:~OHter (Sow<'lge), .Bergon, NJ 
l)ige91Br rsew-age), Doca1ur, IL 

J.f'lndfill. CagitJtrlu, ~at 
MRpp 

Natu¡·al, Alt-u~ka 
Nnturul, Algor·ia LNG, Canvoy 
Nc:J.tural, GRZ. Uu Lacq 

Naturul. Groninson, Ncthorlonds 
Natural. l<uwoit. Ourgan 

Naturol, LihyA LNG 
Nuturol, Nurth Seu. Hacton. 

NuturHI, Dirininghurn, AL 
No.turul. East Ol-i 
Natural, Ka.nsus City, MO 
NHtural. Pitfsbur~h. PA 

Producer. Kuppers-1'ntzek 1 3 

Producor, Lurg1 2 • commen;iul 
Prt:Jducer, Lurgi 2 , suh-hit. 
Producar. IG'P:. lign.ite 

Producar, DCIP, "Vust l<Y 
l•rodu(~Ar. \IV -C .• bit unliuous~ 
Prodt.Lnar. \i'V'iukh-:~r2 

Propane, cun1n1erch:ll, nnturnl gas 
Propane, cuuamerciul. refincry gos 

So sol. Sou 111 A frir!n 
SNG. un meU1uuatiou 

s~e fontn.otus on pa.so 3fi. 

Gas 
Ga·uvlty 

0.1}2 
l.Ofi 
1.02 

1.9U 

1.07 

0.41 
(J.36 

0.93 
0.77 

O.BA 
1.40 

0.56 
O.ü4 
0.57 

0.64 
1).64 

11.78 
0.59 

0.00 
0.59 
0.63 
O.U3 

0.71 
0.130 
0.74 
0.79 

0.77 
0.84 
0.98 

1.fi2 
1.50 

0.41 
(}.4 7 

CnloTiJ'ir. 
Rtulft' 

Gross Nol 

Vah•o al Nlp 
kcnlln1 1 

Grnss Net 

14H2 
81 
92 

::121 ll 

530 
554 

5~JU 

695 

100R 
1.l:l9 
102f1 

8U7 
1004 

1:130 
1032 

1000 
1027 

U70 
J 1 ~.:J 

2HU 
173 
304 
4H9 

::lB U 
16U 
117 

24!)9 
24fi2 

511 
!169 

1444 
no 
92 

13 280 
720 
010 

12 RiiO 
71 1 
815 

2991 28 fi40 ;JH fJ1 fi 

295 5 28 200 2f-j 4tJ!J 

475 4 713 ~ 22U 
407 4 U2Y ~ 421 

r .. 4<1 5 :~22 4 R4 1 
632 6 186 ~'5 (i21 

495 4 8U4 ~J 404 
2242 21 052 ·IH 950 

917 
J.039 

936 

u !)76 
111 l:J2 

9 154 

H "lfJO 
R 245 
H .J2fi 

607 7 13U4 7 Hl4 
OU7 H 7:JU IJ IJ7.~j 

1227 11 ~l:J 10 919 
H3U B 1/H IJ .156 

010 
U35 
66~ 

1025 

275 
-.158 
275 
457 

:1A2 
159 
l 11 

IJ UrJ7 
9 1·10 
R H:.IO 
9 f}R:"i 

2 581 
1 5.18 
2 705 
4 442 

3 405 
1 499 
1 U41 

tt oao 
A 3H::J 
7 B5JJ 
o 116 

2 -117 
'l 40li 
;¿ ..J47 
4 086 

:J 221 
J 416 

fJlltJ 

231 n 22 2:-¡ti 20 fiO.'l 
2289 21. tlCJ2 2U :1Ci7 

463 4 544 4 117 
787 77:1J 7UU:J 

nro!ls 
Blu/ft 1 

nr Std. Air 

122.!J 
143.H 
185.2 

105.1 

105.0 

1 16.3 
1 1 5 .:t 

·¡on. 1 
1 OB . .2 

11>5 
11 1 .4 

100.0 
105.0 
105.9 

105.0 
105.8 

105.6 
105.9 

105.0 
·• ns.u 
105.U 
l 05.0 

131.3 
123.6 
122 
112.8 

120.4 
129.G 
1 U.U.:'l 

1 Ofi .1 
1 on.n 

1 1 B. 7 
107.B 

Gcuss 
k<.-c.d/rn·' 

uf Std. Aír 

JOU4 
12/.JU 
120.1 

11J:Hi 
1026 

0:'1·1 
U!JO.R 

fH~.7 

0-4 I.J 
fH:d.S 

B4/. .. ::l 
~).11.5 

V40.11 
U-42.2 

942.4 
U42 .• 1 
U42.1 
g..¡_[.4 

1 '1 (j{J 

J lUO 
10lJ7 
1UO::l 

1071 
J 153 
167fi 

935.1 
942.7 

10."ifi 
:mu.7 



Table 2.12c. Propertles of gaseous fuels from Tablea 2.12a, b [See Bxample 2·8) 

Stoich!ometric producto of combuillon Flame temperatures', F 

Wobbe vol air %COl 11óllaO 1/oNf total vol Ol, See Alr.See Air, See 

T¡'Jl• o! Gas lndu ;,¡ lu-;r dry' wet wet V.llUef note! nole6 note' 
--- --- ---

Acet)lene, commercial 1559 12.14 17.4 . 8.3 75.6 12.66 5630 4770 3966 

Bias! lurnace. B 78.8 0.56 29.7 1.6 69.2 1.44 2367 

Bias! lurnace. U 91.0 0.68 25.5 0.7 74.0 1.54 2650 2559 

llutane. commerciai, natural gas 2287 30.6 14.0 14.9 73.2 33.10 354J 

8'Jiane, commertial, refiuer~ RBS 2261 30.0 14.3 14A 73.4 32.34 3565 

Coke oven. n 83[) 4.56 9.91 22.3 70.0 5.30 3525 

Cuke oven. U 920 4.61 9.96 22.5 69.7 5.51 3532 

Digester,)SewaguJ, Bl!rgen, N) 619 5,04 18.1 17.8 67 .J 6.63 3!85 

Digesler.!Sewage). llocatur, IL 791.5 6.55 11.7 18.4 69.7 7.52 3368 

Lendlill. Cagislrio. '81 581.i 5.16 17.6 17.7 67.9 6.10 3276 

Mapp 1947 21.25 15.6 11.9 74.4 22.59 5301 3722 

Natural, Alnska t:J!:il 9.52 11.7 t8.9 71.6 10.52 3472 

Natmal, Alf:leria, J.NG. Canvey 1423 10.76 12.1 18.3 71.9 11.85 3483 

Natural. Gaz de Lacq 1365 9.71 11.7 18.8 71.6 10.72 3474 

Nütural. Gronlngen. ~elherlands t 10i 8.38 11.7 t8.4 i2.0 9.40 3448 

!'iatural. Kuwail, BurFBn 1364 10.33 12.2 16.3 71.7 10.40 3476 

Natural. Libya. Ll\G 1520 12.68 12.5 17.4 72.2 13.90 3497 

Natural. North Sea. Bacton 1345 9.74 t 1.8 18.7 71.7 10.77 3473 

Natural. Birmingl•am. AL 1291 9.44 11.7 18.6 71.8 10.47 5!20 3565 3468 

Natural, F.asl 0!1 1336 9.70 11.9 18.7 71.7 !O 72 3472 

Natural. Kunsas City. MD 1222 9.16 11.8 18.5 11.9 10.19 3535 3461 

Nalural. Pittsburgh. PA 1446 10.62 12.0 18.3 11.9 11.70 5150 3562 3414 

Producer. Koppers-Totzok 343 2.21 27.2 12.1 63.9 2.75 3723 3605 

Producer. Lurgl', cnmmarclt~l 192.8 !.40 17.7 17.6 67.7 2.22 2997 2977 

Producer. Lurgi', sub-bit 354 2.49 23.4 19.6 61.5 3.20 3349 3317 

ProducP.r, lt~P. Hgnile 562 4.43 t8.7 17.5 67.0 5.24 3435 3406 

Prnducer, flt:R~. Wesl KY 444 3.23 22.3 14.7 66.0 3.86 3578 3514 

Producer, IV-G. bituminous 183.6 l. JO 18.5 9.8 73.5 2.08 3214 3107 

Pruducer, Winklr.r • 118.2 U.ll2 24.1 ~.3 68.9 l.;jJ 21H5 3Ul8 

PruPdne. commerr.ial. nalural ga~ 2029 2:1.8 l:t.i ll.5 73.0 25.77 3532 

Propane. commercial, refinery gas 2008 23.2 14.0 14.9 73.2 25.10 3550 

Snsn!. South Africa 791.4 1.30 l2.B ZI.O 68.8 191 3452 3584 

SNG, no mell1amtliun 1264 6.06 1\.3 19.8 71.1 8.96 34B5 

4'1heoretk:al {t:aleululed) flan:w lem~1eruturtts. dissocialiu:l consideret!. See F)8ure L9 fur ~ome measurerl rittiM temperarures. 
: With toO% Oxygen. from data in lechnicalliterature, most!y Refercnce 2.g Usted at thr.: crul oí Parl 2. 
'Wilh nlr, from cinta lnleclmicullitor~luro. mostly RefArenol 2.~ Jistnrl ni thn ond of Part 2. 
~with air. A!though these 1emperatures are lower than lhuf-e repurlud in lhl' lilernlure. the~· are ull comrruted on the snme basis: en lhe~· oficr a 
camparí~on of the rel:\tive ilame temperatures of various fuals. 

auHimate. 
. - . - ~ ---~--- ----
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ExaiDple 2-0. Find the ar.tual analysis of fiue productA for Birmingha•n no lural gas from 
dnta in ·rable 2.12c. 

Volume of nitrogen 
71.69--& 

10.47 7.52 fl"' N:z/fp fue] .. ~~- X 
100 

Volume of '\.Va t.er vapor 
18.6 9-D 

10.47 1.95 fp 1--l:zO/fP fuel = X 
~00 

Volume of dry flue gusos 10.47 - 1.95 = 8.52 ft-"lft" fu el 

Volumo of carbon di oxide 
1].7o/D 

8.52 1.00 ft' CO:z/fP· fu el -~- X = 100 

Total volume == 7.52 ft" N:z + 1.95 ft 3 1-laO + 1.00 fp CO.~ = 1.0.47 

INTERCHANGEABILrrv OF FUELS 

Fuel supply shortages and price fluctuations may make it necessary lo suh
stitu:te one fue] for another. pref"erably without major changes in combustion 
chambers, burners~ piping, or controls. Five aspects thal must be considerad 
are: 1) equal hea."t input rata. 2) fluid handling capabiJity of flues~ burners, 
piping. valvas, controls 9 3) burner stabiJity,. 4) heat ralease pat.t.ern, 5) furnace 
atmosphere. 

·Gas to Gas. The 'Wobbe index.,. formula 2/40h~ is us~d to evalua."te in_terchange
ability with r_espect to items 1} and 2). If the substílute gas has l.he saine '-'Vobbe 
indexas tbe gas being replaced. no changa of valva settings shonld be necessary 
when changing fuels. 

If 1:he substituta fuel. ~hich may be a fuel-air mixture. has higher gravity 
than t:he gas it rep]aces. fewer cubic feet -w--ilJ flow 1:hrough -the piping. valvas,. 
or orificas with the same pressure drop. Sea formula 5/1a. To compensate for 
this,. t.he raplacement mixture must have enough higher heating value to carry 
ilie same original amount of heat lo the burner. Conversely, if the substituta 
hBs a lo"""er gravity. i1. must also have lower heating value i.f "the valve sett.inga 
are to remain unchanged. This means tha1.: 

[2/40aJ ~must- cfhm 
cfh 0 

or 1 ¡-c.;-= 
Ve;.;. 

where G = gravity relativa to airas 1.0~ H = calorific value. o = original 
gas, _p = pure su.bs1.itute,. a_' = air~ m = aubstitu"te mix consisting of p and a. 
Rearranging 2/40a gives the definition of Wobbe index: 

[2/40bJ 
. Ho I-Im 

Wobbe 1ndex = . r=- = . ~ 
vG0 vGm 

' ~ 
o·,• ,. 
e 
~ 
C> 

.-. ,,, 
~ ,; 

C> ~ 

~ 2 
·~ r 

~ 
:-::· 

,. 
' 

"' 
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For mixtures. """hen onc ingredient is alr~ 

[2/40c) 

(2/40d] 

Gnt = (O/opx 
100 ) (

'!--óa ) Gp + 
100 

x Ga , 

1 + o,.r..p (G -
100 p :1.) 

Hrn = (~~~ x Hp) + (i~~ x Ha). but Ha = O; so 
o/op 

1-Im = -- (Hp) 
100 

Combining t.he above formulas. the o/o of pure substituta in a mixture ~ith air 
t.hat ""W'ill be interchangeable vvilh th.e original gas both heal-release-wise and 
flovv-vvise is: 

[2/41) o/op = 200 

1 

Exa:rn.ple 2-0 .. If propa.ne is to be substitu-ted for natural gas during curtailments. the dif
ferent calorific value and gas gravity (denéity) -vvould necessitato readjustment of the gas 
limit.ing urifice val ve (seo Volume 11) "i.vhen. lhe propana is turned on. and again -when resUJu
ing v-~ith natural gas .. For one or a fevv burners, it may be practica! to in.stall duplicate 
gas tra.iri.s in pa.rallel. ·rhe limiling orifica va\ve in une gas train wou.ld be adjustad for 
correct air/naturnl gas ratio: 1he othor for correct air/propane ratio. If fuel changas are 
frequent or if ma.n.y burners are involved. a propane-air rnix. h.oving the sa.me VVobbe 
index as the natural gas. can be substituted al the same pressure -vvilhout roadjusting 
val ves. 

A 1025 Btu/fV natural gas (ges gravity = 0.592) is to be replacad with a propane-air 
nl.ix us.ing 261.5 Btu/ft=' propane (gas grovity 1.552}. Use fnrrnula 2/41 to find the 
o/n propane to be used in the propan.e-air mix: 

200 
%p 

¡/o.3047 + 1 - 1.552 ..... 4 (0.592) (2615)' 
1025 

5B.6. 

In the table beJow, "lhe bold figures are given dato. The oth.er figures are derivad by 
su.bstituting given datA in. the formulas indica.ted in brackete: 

H 
G 
V\lohbe 

original 

1025 Dtu./.f"t!a 
0.592 
[2/40b) 1332 

pu..re substitute 

20'15 Dtu/f't" 
1.552 
[2/40b] 2099 

a ir 

o 
LO 
o 

nrl.x substi•ute~ (2/41] 58.0°/o propone 

[2/40d]1532 Btu/ft• 
[2/40c] 1.324 
[2/40b] 1332 

Llquef"ied petroleum gases (propane~ butane. and rnixes of propane and 
but.a:no) are delivered aud stored as liquids in pressurized vessels. For most 
industrial rates of consumption. a vaporizer is necessary. The voluiD..e o.f gas 
avail.able f'roDJ. a gallon of liquid is 36.82 .ft=t/gal :for co:rnmercial propane. 
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&:nd 31.46 ft 3 /gal f'or co:rnmerciu.l butan.e. ~hen bot.h liquid and gns are measured 
at 60 F (15.6 C) and the gas is a.lso at 30''Hg. A gas-air inixing station is necessary 

1._.C\."\.'-\..\...~~~~~~~,'~'%"\_~~'\"h"é})~~~~"''h"tib C,) gas lo alr a\ .::'ñ aemand ratas_ Sea 
VoJume II. For safety in handling. t.he gas-air mixture should bo above t:he upper 
limit of fla.mmability. i.e. too rich to burn. until it is furlher diluted '\Nith the nor
mal amount of combust~on air al lhe burners. 

Tabl~ 2.13. Typical propane-air mixtures usable as substltutes f"or 
2.:12. bascd o:n re.finery propane (Hp = 2504 Dtu/f'ta. GP = 1.77) 

Original Fuel M:lx: Substituto 
Descrlption Ho~ _Go Wobbe0 O/op_ 

- ~!!!....__ 
Producer, Lurgi 173 O.BO '193.4 7_96 199.3 
Producer, K-T 290 0.7'1 344.0 14.49 362.9 
Cok o Oven, u 554 0.36 023.3 42.48 1.063.7 
Natl, Knns. C. MO 970 0.63 1222.1 58.63 1473.1 
Natl. Birm. AL 1000 0.60 :1291.0 62.80 1572.4 
LNG, AJgeria. 1139 0.64 1423.8 70.65 ~769.1 

fuels CroUJ. Table 

_.!!..._ 
1.061 
1.112 
1.327 
1.453 
:.1.464 
1.544 

Wob~em_ 

193.4 
344.0 
923.3 

1222.1 
'1291.0 
1423.A 

Warning: Fue] specs changa -vvit:h locale und time; so thase figures should 
be used only as a gu._ide. Use forn1ulas 2/40 a:nd 2/41 for specific cases. 

Burner stability is a function of flame velocity and f)ammability limils. 
Although soma theoretical methods have been proposed for evaluuling name 
stabili"ty when interchanging fuels~ it is advisable "to actually try the subatitule 
gas in t.he burner types to be uaed at a.ll expected firing ratas an.d gas/a.ir ra"tins. 
Premix bu.rners are generally mora sensit:ive .. stability-wi:se~ lhnn are most 
modern nozzle-mix burners. There is usually no stability problem with gaseous 
fossil fuels (methane, ethane~ propa.ne~ butane and mix-tures thereof) buf these 
fuels sometimes · contain soot-formin.g unsa hirates su eh as propylene and 
butyleno. 

Heat release p&ttern dependa on the flame·s shape. intensi"ty und luminosity. 
Natural gas is relatively slo'W burning; so-most. substit.ute fuels v.rill tend to burn 
-with shorter. more inten.se flamas. rrbe effect of such a changa can only bt:' 
evaluated by trial fo-r each procese for -which a. substit:ute fue] is proposed. 

Furn.at::e atn»>Sphere may be seriously affected if the substituto fue] conta.ins 
a higher concen.tration of an impurity such as su.lfur. Somo processes. parlicu
larly heat treat atmosphero genera lora. are sensitiva to 1:he ch.anging carbon/ 
hydrogen ratio. which may invo)ve dew point controL 

Gas to OU .. The only way to substitu-ta oil burning through oxisting gas burnc:rs 
is vvith an ex1:ernal vaporizing system added to preJDix: gas burners. If tho input 
per burner can be a.-t lea.st 250 000 Btu/hr (17.5 kcal/s). i"t is usually Jess expan
siva t:.o replace each gas burner -vvith a dual-fue} burner {a combi:n.Ation gas 
burner and oil burner buHI into a common housing). Either uf these convArsion 
syst:.ems {vaporizer or dual-fue] burners) requ.ire more first cost than gas-to-gas 
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substitutio:n.. but may save on opera.ting (fuel) cost. Selection of the converslon 
equipment takes care of the first three of the five aspects Usted in the intro
duction to this section. o:n. interchangeabili-ty. 

The fourth aspect. heat release pa.ttern. is different for oils because -their 
flan1es are more luminous. (However. there are a fe-w bu.rners designad to 
produce blue oil flamas .. a.nd long luminous flama burners make yellow gas 
flamea.) Because atomization and vaporizatíon time is u.s)..l.ally required after 
-the oil leaves the burner nozzle. oil flamas often require somewhat more 
combustion space. If cu~bustion space is vory confined or if a lot of fla.tne 
ra.diation may be detrimental ·to the procesa. conversion lo oil might require a 
combustion cha.mber revision; but this is not a problem in most converrtiona.l 
general-purpose furnaces beca use 1hey are designad conserva tively. 

The fifth aspecC :f'u.rn.ac:e atiDosphere. was of great concern to the forging 
industry vvhen. converting to cheap natural gas in the 1950's~ but serious effects 
upon scale formation could nol be proved except in a handful of very critical 
cases. As wit:h gas-for-gas subslitution.s. tho e.ffects o:f changas in sulfur or 
C/H ratio must be evaluated for each specific fueJ and process. 

COMPARATIVE COSTS OF FUELS 

·rhe mosl common -way to compare fu.els is by their heating values .. and since 
gross heating values are more readily available.1:here figures are usually used. 
Ho"""ever, thits comparison may be misleading for a number of reasons which 
are discussed in thc following paragraphs. 

The full gross heating value of a fuel is not available in practica! combuslion 
equipment beca-use tl1e exít gas tentpBrature is not lovv enough to permil con
densation of the moisture in the products of con1bustion. For this reason. a 
comparison of net heating values is m u eh- more desira.ble~ if it is possible to do 
so. Gross and net heating values are not proportional throughout the range of 
commercially available fuels. Net heoling values are readily calct~lated from 
ilie analysis of a ga.seous or salid fue!. but tl•e values obtained from formula 2/11 
for liquid fuels may be subject to question be cause of the varia tion in refining 
ntelhods. 

Co:~nbust:ion o:f:ficiencles are not the same "W"ith all füels. For example. fuels 
of higher hydrogen content produce combustion gases tha.t have higl1 specific 
heats*~ lhus the fluB gas loss (stack loss) tends to be grealer. Generally. gaseous 
or liquid fuels can be burned •nora efficiently. than salid fuels, because leas 
heat consuming excess air is needod lo assure complete combustion. ·The ash 
in solid fuels is also cause for loss because it carries heat a-way from the 
f"urnace -when it is removed and b.ecause sorne rmburned fuel may be removed 
""ith the ash. 

* That it=t. for the BEin•e temperatura risa. thesc gnsos Absurb more Btu -~~ -~~~~!_t~'l'":n_ ~!?~ oth~!:" _gases. 
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Operatlng costs usua.lly vary ~idely with different fuels. The costs of hand
ling solid fuels and the result.ing ash may be considerable. Liquid fuels must 
be atorad. pumped. and sornelimes hea-ted. 

EquipDJ.e:nt costs. for cori"t.rol. aaf"ety. handling. s"torage. combustion.. ond 
pollution abatement are genera.lly less "Wilh ligh-ter and cleaner fuels. Combus
tion chamber linings and breechings may have to be replaced more frequen"tly 
"VVith soma f'uels. Determinat.ion of the rela-tive operating and equipment costs 
is a apecial problem in each individual case. 

rrhe figures in Example 2-10 should not be interpretad a.s t.ypical. They are 
simply ··made upH to illustra te 1.he method f'or cos-t evolua-tion. -Differing local 
costs and application roqui.remen-ts could result in en·tirely different conclus:ions 
on other jobs. 
HxaiOple 2-10. For nn existing syalem using natural gas only, compure t:h.e total nunual 
cost.s of th:ree possible standby systems-propane--Air at $3.50 per million Btu. #2 oil ot 
$2.50 par million Bt:u, and #6 oí] at $2.00 per mUlion Btu. Average r.onsUITiption rat-e iR 
14 000 000 Btulhr. Aasume that thn system vvill be on. standby fual about 3000 hours per 
year. 

:14 million Htulhr x 3000 hr/yr = 42 000 million Btu/yr. Annual fuel cost with propane 
= 42 000 JTtillion Btulyr x $3.50/million Btu = $147,00o/yr; wilh #2 oil, 42 000 x $2.50 
- $105.000/yr; with #6 oil. 42 000 x $2.00 = $84.000/yr. 

By obtaining equipment and instaUat.ion cost estimates, the follo'\.ving type nf cost 
comparison lable rnight be developed: 

Esthnated cos1.s 

Ta.nks, grading, insulation 
Piping 

Vaporizer and rnixing station 
Pumps and haat:ing systom 

Burne~s and controls 

Subtotal .. first coat 
An.nua.l. 3-yr payout 

Elec. power. supervis1on. 
maintena.nce 

Fu el 

TOTAL ANNUAL COST 

Propano-a ir 

$ 35.000' 

4,000 

15.000 

o 
o 

$ 54.000 
18.000 

3.000 

147.000 

$168.000 

Standby f'uel 
#2 Fuololl 

$ :14.0002 

1,500 

o 
2.000 

3.ooo 

$ 20.500 

6.833 

4.000 

105.000 

$115.833 

116 Fue) oil 

$ 21.500 3 

4~500 

o 
6.500 

4.000 

$ 36.500 
"12.167 

6.500 

84.000 

$102.667 

WARNING: ·rhese figures shouJd not be interpret:ed ns typicaL They are simply ··mado 
upn Lo illustrate the DJ.et.hod for cost eva.luo.tion. Differing local costa and application 
requirements could result in entirely dif"fHrent conclusions on ot:har jobs. 
1 30 000 gallon tan.k. as~ >< g· diarnetar. 10 to 14 days storase uapElr.ity. 
2 20 000 gallon vertical or horizontal nbove-grou.nd s1eal ta:n.k. If balovv gr-oun.d. cost would be a.bout 

$10,600-no dike or nnloa.ding purnp requiracL 
3 20 000 gallon horizon.tal heo:tcd and inaulated eteel tl:lnk. 
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Part 3. COMBUSTION ANAL YSIS 

It is frequently necessary to predict: the air requirement for burning a fuel, 
the products of combustion of that fuel, and the loases accompanying its com
bustion. The tabulated data on typical fuels in Part 2 supplies information of 
this sort for specific fuels. If nona 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 minirrlizing the various combustion losses to improve 
efficiency. 

Throughout this handbook, volumes of air and gases are assumed measured 
at .. stp ... standard temperatura (60 F. 15.6 C) and standard pressure (14.696 
psia, 760 nun Hg), unless otherwise specified. It is common practica to refer to 
air a.t stp as .. standard a ir ... 

COMBUSTION AIR REQUIREMENTS 

Gaseous Fuels. The amount of air required for perfect combustion of one 
cubic foot of any gaseous fue] is given by the formula: 

volume of air 
¡ ff l =((%CH. X 0.0956) + (o/oC,I·In X 0.1673) + (q·<>G,Ha x 0.239) + 

vo tuneo ue (%C.Hm X 0.311) + {o/oH, X 0.0239) ... (%CO X 0.0239) 

[3/1] 

(%0, x 0.0478}] x [1 .¡. <VoXSA/100] 

where aH parcentages are by volume. Non-combustibles have no effecl on the 
amount of air required for combustion. In formula 3/1, the air and gas volumes 
must be measured at the same temperatura and pressure. If there is sorne 
difference between the air and gas temperatura or pressure, correction can 
be made by use of the following formulas: 

[ 1 (
tz F + 460)· (t, e + 273"\ 

3 2] volt.UDe at t 2 = volume at t, x t, F + 460 • or = volume at t, x t, C + 273") 

[3/3] vol S.t P2 = 
' 

(
P• in psi + 14.7) (P• in mm Hg vol at p, x . _ 

4 7 
• or = vol at p, x . H 

p:a 1n ps1 + 1 . P2 •n mm g 
+ 760) 
+ 760 

Tablas A.2 and A.3 in the Appendix list volume correction factors calculated 
from thé above formulas. Tablas 1.7, 2.1, 2.3, 2.12 and 3.1 list the combustion 
air reqt.Íirements of several chernical coinpounds and fuels. 
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Ibtar::nple 3-1 .. Fin.d the air required to burn a certain. coke ovan. gaS having the .following 
voh.rmetric analysis: 32.3% GI-L, 2.5% C:rl-L, 3.2% C 4 H 10 • 51..9~ H:r. 5.5~ CO. O'MJ O:r. 
1.0% C02,. and 3.59-b Nz. Substitutjng in formula 3/1.(32.3 x 0.0956) + (2.5 x 0.1.673)-+
(3.2 x 0.311) + (51.9 x 0.0239} + (5.5 x 0.0239j = 5.87 cubic fee"t of a.ir required per 
cu bic :foot of" gas. 

Jf the combustion a ir were suppliod at 32 osi presaure (2 psig) and at 300 F. and if the 
gas ~ere supplied a1: 60 F and barometric presaure~ then by formulas 3/2 a.nd 3/3 or 

14.7 300 .... 460 
Tablas A.2 and A.3. tha air/fuel ratio shouJd be 5.B7 X X = 7.55 

60 + 460 14.7 + 2 
actual cubic feet of air per cubic foo1: of f'uel. 

Llqu:J.d a.:nd Solid Fuels .. The amoun1: of air required f'or per:fect_ combustion 
of one pound of any liquid or solid :fuel is given by tha formula: 

[3/4] 
fP a.ir 
lb fue] = (9-&C X 1.51.4) + (o/oH X 4.54) + (~S X 0.568) - (0/ÓQ X 0.568} 

vv-here all percentages aro by weight.. The cubic t"eet of air obt.a.ined Crom 
formula 3/4 mus~ be measured at 60F [15.6C) an.d 14.7 psia (760mmHg) 
pressure. For ot.her t:ompera.tures an.d preasures apply the correction fa.ctors 
as in the second paragraph of Example 3-1. For fuel oils containing negligible 
amounts of sulfur~ oxygen. and inerts. f'orDlula.s 2/5 a.nd 2/10 me. y be combinad 
~th formula 3/4 to give the approximate expression 

(3/5] ft 3 a.ir/ga.l oil = (1906 X sg) ~ (379 X (sg)3
] "When sg is betvv-een 0.825 and 0.876 

ft3 air/gal oil = {1900 X sg) [379 X (sg)2 ] "When sg iR between 0.876 and 0.934 
f"P ~¡ r/gal o U - (1895 X sg) (379 X (sg).2] when sg ia betwaen 0.934 and 1.007 

.ft3 air/gal oil = (1878 X sg) [379 X (sg)Z) '"'han sg is between 1.007 and 1.076 

-where sg ia the specific gravity (60/60 F)* of t.he :fuel oiL ('l"he teriiJ ··inerts .. 
ref'ers to non-combustible substances in the fuel. such as CO:h N 2 ,. ash. and 
"YVater.) rrhe cubic fee1 of air obtoined from this formula mus1 be measured 
at 60 F and 14.7 psia pressure. For o1her temperaturas and pressures. upp)y 
correction factor·s as in the second paragraph o:f Exa.mple 3-1. Resulta from 
formula 3/5 may be read on Ta.ble 2.3. A rule of t.humb is: 25 cfm of air are 
required for each gallon per hour of oil . 

._emple 3-2. Find the air required f.o burn e. fuel oil tlta.t vveigha 6.99 lb per gallon 
(sg = 0.838) a.nd has the f"ollowing ultimate ana.lysis: 86.14~ c. 13.24~ H. 0.22~ s. 
0.02% N. O.OOIJ.-b ash, an.d 0.38~ O. 

Subs1:ituting in :formula. 
ft:J air 

3/4. Jb -fuel = (86.14 X 1.514} + (13.24 X 4.54) + (0.22 X 

0.568) - (0.38 X 0.568) =;' :190.41"t~/lb or 6.99 x {1.90.4} 1331 ft"/gal. 

*Seo Part 2 Eor a discussion of epec::::ific gravit.ios of oils. 
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Using formula 3/5, vve obtain (1906 x 0.838) - [379 x (0.838)'] = 1331 ft'/gal. The 
rule of thlllilb is based on 25 cfm/gph x 60 min/hr = 1500 ft'/gal. 

All the above data have specified the air requirements for perfe.ct combustion. 
In soma instances it is deSirable to burn fuels with a deficiency of air in order 
lo obtain a reducing {non-oxidizing) atnlosphere. In other instances an excess 
of air is intention.ally 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 oH. but ten percent excess air is to be supplied. then 
the air supply should be 1331 + (0.10 x 1331) or simply 1.10 x 1331 = 1464 
ft'/gal. 

PRODUCTS OF CO~USTION (poc) 

It is often desirable to predict the qu.antity and analysis of the products of 
combustion of a. fuel in order to determine proper flue sizes an.d fu.rn.a.ce pressure9 
and to predict the magnitude of stack or flue gas loases. Table 3.1 lists the 
products resulting from perfect combustion of several chemica.l compormds. 
Formulas 3/6 through 3/17 permit cnlculation of the quantitics of gases in the 
combustion products of gaseous fuels either by volume or by weight. The 
percen.tages to be substituted in. a.U of these formulas are porcenta.ges by volt.UTie. 
Formulas 3/18 through 3/29 permit ,calculation of the quantities of gases [by 
weight or by volume) in the combustion products of liquid and salid fuels. The 
percentages to be substituted in lhese 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 they give the volume of the various flue gases a.t 60 F and 
14.7 psia pressure [15.6 C and 760 mm Hg). These voh.unes must be corrected 
to the actual temperatura and pressure conditions by use of formulas 3/2 and 
3/3 or Tablee A.2 and A.3 in the sa.me manner as previously illustrated for 
correcting air volumes. At temperaturas below 250 F the water vapor in the flue 
gases no longar behaves as a gas and may even condense. Therofore volumes· 
calculated from formulas 3/11, 3/15. 3/23, and 3/2 7 are hypothetical at 60 F and 
are meaningless u.nless correct~d to some temperatura above 250 F. 

For approximate calculations. ·a rule of thumb would say tha.t the volume of 
combustion products equals the su.m of air and gas [fuel) volumes. A quick sean 
of Tabla 2.12c showa this to be clase for natural gases and some manufacturad 
gases. For LP gases. ft' cp/fP fuel = ft' air/ft' fuel + 2. For oils. the ft" cp/gal 
= ft' nir/gal + 65. 

For cases in which an excess of air is supplied. it is merely necessary to add 
the ...veight or volume of the excess nitrogen and excess oxygen to the other 
combustion products. This procedure is illustrated in Example 3-4. 
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Table 3.2. Forun.llas for determlning products of' coRlplete combustion o:f gaseous 
.fuels. [All percentagaa B.re percenls by volume, all volumes at stp-60 F and 29.B2 in. Hg.j 

{316) 

[317] 

(3/Bj 

(3/0a] 

(3/9b] 

[3110] 

(311 1] 

[3/t 2) 

[3113) 

{3114] 

(3115] 

[3116a] 

[3116b] 

(3/17a] 

[3/l?b] 

lbcombprod 
fp fuel 

lb CO::z 
ft" fuel 

lb n.o 
ft" iuel 

lb Na 
fp fue] 

lb O.t 
fl" fuel 

~-tsSO., 

m 3 fuel 

volume cpt-
volume fue) 

volume dr.pT 
volume fnel 

volumo COa 
volurne fucl 

%CO::zlndcp-t 
(ultirnulo %CO,) 

volurne J.J .. o 
volumefuel 

volumeN, 
volun1e fuel 

volume O:z 
volu.n1.o fuol 

IA8 SO::z 
m-'cp* 

ppmSO.:a 
(by volun:J.u) 

= 

['J.<i,CO X 0.002 550} + (o/ol·L X 0.001 872) + ('!-'(.Cf-14 >< 0.007 70) + 
(0/oCzi-L x 0.013 53} + (o/uC,Ha x 0.019 3tl) -+- (~-óG~l·lw X 0.025 18) + 
(o/oC02 X 0.001 16"1) -+- (o/oN2 X 0.000 73U) + (10!-óSO, X 0.001 090) + 
(% 1-J; •. Q :X 0.000 475) (o/u02 X 0.002 794) + (q...óXSA/100] >< 
0.001 819 x e 

(o/oCO x 0.001 161) + (%CI·L. x 0.001 161) + (CVoC:zH.,. x 0.002 322} + 
{~bC,J-L. X 0.003 483) + {%C...H"l X 0.004 644) + ( 0/iaCOz X 0.00'1 101) 

(%H, X 0.000 475) + (9-óCH.. X 0.000 950} + (~óC .. IIb X 0.001 425) + 
(o/oC .. Hu X 0.001 900} + {~úC4Hoo X 0.002 375) 4 (q.--oii.,O X 0.000 475] 

(o/oNz >< 0.000 739) + L(l + o/uXSA/100) X 0.001 3Y7 x S] 

( 0..-bXSA/100} X (0.000 422) x 0 

Q:rHif1t.-\ S 
100 fp fuel x 

45 760 

('H:tCO X 0.0289) + (%1lz >< 0.0289) + ('rOCH. }.(: 0.1056] + ( 1H.C)H •. >< 
0.182 3) + (o/uC'4Hn X 0.259 0) + (o/uC.H,n X 0.:-J::tñ 7) + (o/oinortH* X 
0.01)- (%0z x 0.037 8) -1- l':Vc:~XSA/100) x 0.023 9 x 8 

(O..-óCO x 0.026 9) + (q..hH2 X 0.018 9) + (q,oCH_.. X 0.085 B] + ("A:•CzHn X 
0.152 3) -+ '~C.~I·I .. x 0.219 O) + (tM,c .. H,., x 0.2Bñ 7) + [<}-óin.t.nts"'" x: 
0.01) - (%0z x 0.037 B) + ( 1:!-bXSA/1.00) X 0.023 H >< 0 

(%CO X 0.01) + (tV<tCH .. X 0.01) + ( 0A,Cz'H.a X 0.02) + (o/uC:JHe. X 0.03} + 
(qiJC.,H.u x 0.04) + ( 0..-oco~ x 0.01) 

volllllle of COz (volume of de-~ f r 1 3112 ) 
l. DO x volume of f"uel + volume of f'uel rom ormu a 

(o/oH2 X 0.01) + (%CI-L X 0.02} + (%CzHa X 0.03} + ('W!Cai"L. X 0.04) + 
{%C .. Hto X 0.05) + ("-úHzO X 0.01} 

{o/oNz X 0.01) + [(1 + 0/oXS.A/100) X 0.016 O X 6] 

('l1JXSAI1oo) x o.oos x e 

srainB S X 45 760 + (:~~ ~::l from formula 3/11) 
100ft' fuel 

g:raina S x 16.92 + (. :~~ ~~! from formulu 3/11.) 
100 fp fuel 

* ••rnerts'' include C03 , Nz. SO:., 803, argon. heliurn, and other non-combustibles. 
T cp = cumbustion product:a (flue gases); dcp = dry combustion products. * To get an ans~or per vc;»lume of dry combuation products. use vol dcp/vol fuel from formula 3/12. 
e= %CO + %1-L + (4 X %C:H ... ) + (7 X 'M.C:~He.) + (10 X o/uC,.J-I..) + (13 >< ~uC ... H ,n) - (2 X q.ú02) 
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When there is a deficiency of a ir it is difficult to predic1. the voll.JJYle or the analysis 
of the combustion products. but the total weight of the products will be equal 
to the -vveight of the fuel plus the weight of -the air supplied. 

Exa:nkple 3-3. A "furnace is fired vvith 1.000 ft-3/hr of a :natural gas having 0.2 grains of 
sulfur pcr :100 fP. and the followi.ng volumetric an.a.lysis: 80°/o (:::H.a~ ·t.su/o C2H~. 2f}-O 0:~,. 
1 q..o N ... 1 °/o co2. 

Determine the volume of coh water VApor. and n.iti--ogen in the flue gases 'VV"hen the 
correct a.mount of air is supplied. Calculate Lhe SO;~ aoncentratlon ln the .flu.e praclucts. 
Also fJnd the volume flow rate of the combnstion products at. the poin.t vvharo th.ei:r 
temperatura iA BOO F a.nd the pressure is 3.45 inches of" v.rat.er column. (a.bbrevjated ''vvc) 
positiva (obove atmospheric pressure). 

From formuln 3/13. the a.rnuunt of C0.2 in. the flue gases will be {80 x O.O.lj + (1.6 x 
0.02) + ("1. x 0.01) = 1.13 volume CO.z/volutne fu.el. Similarly. formulas 3/15 a:n.d 3/16 
yield 2.08 vol H.;~:O/vol fuel e..nd 6.10 vol N::dvol of fu..el respectively. 

Formula 3/11 givcs tho volu.r:u.e of t.he combustion. products as: [80 x 0.1056) + {16 
x 0.1823} + [1 + 1) :><: 0.0,1 - (2 x 0.0378) = 11.3"1 volu.mes o-r con.abustion produ.cts 
por volu.rn..e oC fuel. By formula 3/1. 7a. the SOz concentration. in the coznbust.ion produ.ctR 
iR0.2 x 45760 + 11.31 = B09¡..~.g/m:•:orbyformuJa.3/17h.o.2 x 16.92 + 11.31. = 0.299 
ppm. 

·rhe above 11..31 vol cp/vol fue) ;a for co•nhustion products a.t the sama temperatura 
aud pressure as t.b.e fuel. If the fue) is presumed to be mea.sured a.t stp (60 F an.d 14.7 
psia), the volume of combustion products must: be corrected to the specifiad 3.45'Fvvc an.d 
800 F as follows. From Tabla C.6 in the Appendix. 1. osi = 1.73Z"wc; thereforo 
3.45'.-v..rc/1.732 = 1.99 osi. From Tnble A.3. une cubic foot of gas a.t that pressure becomes 
1.0085 :fp at standard a.tmospheric pressu.re. From 'rabie A.2a the volume of a. cubic foot 
of standard a ir or gas is increa.sed 2.421 tirnes when it is heated to aoo F. Applyin.g theae 
correction Iactors. 

11.31 ft.o:~ cp a.t s"tp 
ft" of :fuel X 

2.421 ft" at BOO F 
27.15 f"P X 

1.0 fp ut stp 1..0065 fp a.t stp 

of c::ombustion products per cubic foot of fuel. At a firing rata of 1000 ufh. the volu.me 
flovv rate of the flu.e g~ses vvill be 1000 x 27.15 = 27 150 cfh.. 

Exo.mple 3-4. Predict the enalysis by volume of products of coutbllstion of thu fu el described 
in. Example 3-3 vvhen 15% excess a.ir is supplicd. 

It is Iirst necoAsary to use formula 3/1 lo determine the volurna of air required for perfect 
combust.ion. Thus {BO :x 0.0956) + {16 >< 0.1673) (2 x 0.0478) 10.23. 

·rherefore 15 o/u ex.cess (XS) a ir vvill amou.nt to :10.23 x 
15 
100 = 

Air is 20.99~~ oxygen an.d 7B.03o/o nitrasen by volume. Therofore lhe excess aiT' vvill 
be made up of 1.534 x 0.322 vol 03/vol fuel a.nd 1.534 x 0.7803 = 1.197 vol N2/vol fueL 
Adding these qua.n.tities to the flue gas a:n.alysis fou..n.d in Exan1ple 3-3 a.bove. combustion 
of o:ne volume of fu.el ""\1'\rith 1.5°..4 excess a.ir will produce 1.1.3 vol CO::~. 2.08 vol H20. 0.322 
vol O,. and 6.1.0 + 1.197 = 9.30 volu.mes oC N.l!'. 
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Table 3.3. Fo~ulas Eor doter:rnini:ng products of' co:naplete combustion. o'f" liqu.id and 
so1ld :fu.els. [All perr.entages o.re parcents by wHiRht.)0 

[3/1 B] 
v.rtcp-t 
wt fue] 

[3/19] v.rt co~/wt fuel 

(3/20] ~ 1-l.:O/'wt fuel 

[3/21] 
'1r'Vt so .. 
vv1: fuel 

(3/22 al 
"Wt N,. 
wt fuel 

[3/22b] 
wt o. 
vv-t fuel 

[3/23] 
ft=- cpT 
lb :fuel 

(3.124) 
:fp dcp ..... 
lb fuel 

[3/23] fta CO,./lb fuel 

[3/26] ~COa in dcp-t 

[3127] ft• H:=.O/lb fu el 

(3/ZBa.] f .. SO,./lb :fu el 

[3/ZBb] 
,..,.sso,. 
m'"cp* 

(3/28c) 
ppm so,. 
(byvolume) 

(3/29o.] 
ft3 Nz 
lb fuel 

[3/2Bb] 
ft"' 03 
lb fuel 

("/oC X 0.124 8) + (%H x 0.352 O) +- ( 0/uS x 0.053 O) -+- (o/oh:a.ertH* x 
0.01)- ('H>OCJ >< 0.033 1.) + ( 0/oXSA/1.00) X l{o/~,1-1 x 0.342 O}+ f'-~-iJ.C x 
0.1148) + (lM.S x 0.0430)- (o/uO X 0.0431.)] 

( o/o C X 0.036 6) + ( o/o CQ,. EH X 0.01.) 

( 0/u H x o.oag 4} + (~H .. o 0 x o.o1 J 

( 0...-6$ X 0.0200)-+ (o/oSO.,A x 0.01.1 

rr"" e X o.oaa 2) + ( •Moi-I X 0.262 6) + (%S X 0.033 OJ 
0.03:i ., ]j X 11 + o/uXSA/100) + r•vo ':::l--~ 0.01) 

[(%C X 0.026 6) + ( •v-.1-J X 0.079 4] + (%S X 0.090 7H) 
o.o·tlJ X [ ~bXSA/"1001 

("H.C x 1.508) -+- { 0/bH x 5.433} + (%S x 0.565 O) + f'H.>C:O..,e :x 
0.086 1] + (o/oi·L<P x D-210 4)-+ (1}-i,N >< O.J:i5 3)- (o/oOn x 0.447 7) -1-

[0..-t.XSA/tOOl X f(•H-.C X 1.508] + (~-'ñ.E-1 X 4.493) + ('HoS >< 0.565 n) 
(o/o0° X 0.566 2JJ 

(q..oc x 1.soa} + ('Hd-I x 3.553~ + (•M..S 
0.0861) + (4-&N x 0.:135 3)- (o/oO x 0.447 
1..508) + {o/oH X 4.493)-+- 0/oS >< 0.565 O}-

(o/oC x 0.3":1.5 5) 

rt~ COa 
100 x lb fuel + 

+ ( 0/uCO:zEilo 

ftsdcp 
lb fuel 

X 0.066 1) 

(
0 ...-iJH X 1.880) + ('l-bl-1~0° x 0.21.04) 

(o/oS x 0.118 2)-+ ( 0/oS02.c-.. >< 0.059 2) 

X 0.565 0} -+ ( 0/óC02$ X 
7) -t- lt?/oXSAJl.OO) >< l{~óC X 

(~Mtf":P X 0.565 2)] 

~ (v.Tt SQ2 from for.rnu.Jo. 3/21."'\ X 1.602 X 
v.rt fuel '-.} (

H• cp* :\ 
10~0 + lb fue} from .Cormu.la 3/23.J 

= (~:: ~~i from formula 3/2Ba) X 1 >< (
rt• cp* ) 

10"' + lb fuel from formula 3/23 

= [(%C >< 1.1.93) + (o/ol-1 X 3.553) -+- (o/oS x 
0.447 7)1 X ["1 + ~XSA/1001 .... ('?-iJN X 0.135 3) 

0.44-fi B) 

= {{~C x 0.315 5) -+- (q.-nH x 0.940 O) + (q..i>S >< O.ll.B 2) 
0.1.1.8 4}) X [•?roXSA/1.00) 

X 

•·1nerlB'' includo CO,. N1, SO,.. 503 , argon. helium, a.nd other non-combustibles. 
1" cp = combustion. products (flue gasea): dcp = dry combustion produ<.Jts. * To sat. a.:n a.n.ewer per ft-" of" dry combuation products. use f't" dcpllb fual -from formula 3/24. 
0 These equa.Uone ma.y be usad for ga.senus fu.els cont.aining no CO. Jf the values suhslltutad in the 

a..bove equations for '9-&C. 0A:.H. a.nd 9--&S are the percen.tu.gas of total ca.rhon. hydrogcn.. and aulfur. 
(a.vailable plus un.a.va.iloble). then. the qiJO should be the total (free and combinad) oxygen. If the 
va.Juee substituted in the a.bove equa.tions for %C. ~H. on.d ~S are t.he porc:entageR of avoila.ble 
ca.rbon, hydrogen. and sulfur respectivcly. then the ~O should be the free uxygon ouly. 

• If t:HtC Jncludes the unavalla.ble carbon a.lready in tbc form of CO,.. th.is C02 term should ba omitted 
and note 0 observad. o If '3-&H includes the u.nava.ila.bla hydrogen o.lrendy in the :form o-f 
HsO .. t.bis H,.O terrn shou.ld be omitted and note 0 observad. a Jf q.-&S lnclu.dea -the uno.vuil
able sulfur a..lready ~ the' form or SO,.. th.is SO,. -term should. be omitted a.n.d nota 0 observod. 
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ExaYnple 3-5- Predict the gra'vimetric (-vveight) analysis uf the flue sases resulting from 
the perfect combus1:ion of a 15°AP1 oil having 1:he follo-wing gravimetrlc analysis: 
88.50'J.-'o C. 10.50% H .. 0.10o/o N, O.SOCMJ S~ 0.06o/o O. Find %CO:z in the dry flue gas. 

When the correct amount of air is supplied,. the quantity of COz in the flue gas-(by 
formula 3/1 9) vvill be (88.5 x 0.0366) = 3.24 .,....... CO,./wt fuel. SimiJo.rly. -formulas 3/20, 
3/21,. a.nd 3/22 give 0.94 wt H20lwt fuel, 0.016 vvt S02/vv-t fuel~ and 10.59 wt N:elwt fuel. 
These, total 3.24 -+- 0.94 + 0.016 -+- 10.59 = 14.79 wt cplwt fueL rifle O.,/oC02 by weight. 
is therefore {3.24/"14.79) x 100 = 21.9. SimiJarly for the other combustion products. the 
gravimetric fluo gas analysiA is 21.9o/o COz. 6.4o/o H.o:O. 0.1~ SO~. 71.6o/o Nz. 

·ro predict t:he volumetric ~C03 in the dry flue gases, formulas 3/24, 3/25. and 3/26 
ma.ybeuserlasfollov..rs:(BB.50 x 1.508) + (10.50 x 3.553) + (O.BO >< 0.5650)--+- (0.10 x 
0.1353) - [0.06 >< 0.477) = 171.2 ft> dry fluc gases/lb fuel; (66.50 x 0.3155) = 27.92 
fp CO:~:/Ib fuel; so 100 x (27.92/l. 71.2} = :16.3% CO.o: in dry flue gases. This is the so-callad 
''ultiln.ate "l'óC02"' which is discuseed in lhe following section. · .......... 

FLUE GAS .ANALYSES 

Flue gas analyses are u.sed 1.o índicate the air/f'uel ra-tio a.nd to in.dicat:e t.he 
degree of completen.ess of combust.ion.. If ilie mixing is 'poor, an excess of 
air must be ~upplied so iliat every particle of fuel "VV"ill contac:t soma air and 
burn.. Figure 3-..4 shoV\Ts the effects of poor mixing or quenching. If the fla..me 
or hot i:ntermediate combustion gases contact a cold surface or IDeet a. blast 
of cold a.ir, gas, or vva.ter, tb.ey may be suddenly chillad to a temperatura level 
at -which the COIYl_bu.st:ion rea.ction cannot: prompt:ly go to c:omplet:ion. This 
qu.enching act:ion ma.y rasult in incompleta combustion v.rith gases euch as 
02. ca. 1-L~ and aldehydes in t.he flu.e p.roducts. as ""ith cases of poor mixing. 

Sfgnlfic::ance of' O/oCO:z. O:h an.d co~rnbu.stlblesa With good Irtixing. perfect 
cornbustion ie obta.ine"d """hen t.he flue gas analysis shows no CO. H 2 , or 0 2 

a:nd ""hen the %COz is at a maximum. '"Th.e theoretical maximum ~COz in. t·he 
dry flue gases is termed the ultimate DfoCOz. By adjustin.g the air/fuel ratio 
until 1:he ma.ximun1. o/oCO:a: is obtained. a.nd u.n:til t.he mínimum q..nOz and com
bustibles are indicated. an operator can seta burn.er close to the poin.t oC best 
fuel efficiency. This perrrlits approxirnate settin.g of the air/fuel ratio on single
bu.rn.e:r;" fur:naces -withou.t metering the fuel and the air flow. For applicalions 
requiring eit:her reducin.g or oxidi.z.ing combust:io:n. -the flue gas analysia ma.y 
be usad ae a means of duplicati:n.g certa.in desired condition.s if all other 
con.ditiona are exactly -th,e same. 

Wi-th poor mixing su.ch as resulta when coa..l is burned on grates· or -vv-hen 
gas or oil ie burned in. a delayed rrlixing type of burner, the :rnanner in. which 
-the fiue gas analysis varias -with changes in the air/f'"u.el ratio ·is a fu..n.ction of 
the physical arrangement of' the burner an.d combustion chamber. The poor
mixin.g curves of Figure 3.4 represent on.ly one of many poasibilities for -this 
case. These curves de:monstra.te. hovvever., that t.he fiue gas a.:na.lysis may be 
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usad as an indicnlion of the air/fuel ratio or uf tho relativt:! con1.pletoness of 
combustion. Tabla 3.5 shovvs lho t~•C0 2 reAclings tha1 should be ob1uinAd liVith 
perfect mixing of various amoun1B uf air with somc of the specific fuels 
described in Tablos 2.1 and 2.12 of Part 2. 

Figure 3.4. ElEect of' olr/f'ueJ rallo on flur. fJOS anolys'iH fnr 110U Fllu/ft 1 natnru.l gus (0.6~ g1-12 
gravity) contu:i.ninH 03~b Cl-1 .. .and 16o/ot C:::l-Io. Vuh1HB fur rich. nlixtures riApoud sornewhHt on. 
curnbustiun ChHrnbur dcsign, 'I'h"' overagc vHIUCH »hown are \Nithiu 1./:cc.!'ó nf corl'ACt fur fh. CC>, ruul 
C02• but may ba Hf:l rnu(-:h as 2':!/o low for other oonstituents. So1no extornf"l hn.ttt is uHunJiy requirod 
for mixtures "With lesa tban 704H• Aeration (rluttod linos). llaslu:Jd Hnt:~s shn'\-V tht;t trvnds 1.vith poor 
rnixlng or CJnencbing. Gas conAiituenf part:entl.lgfJs are on .u dry bAH.is to allovv uoiUpélri~nn vvHh gu~ 
analyzer rearlings. thut maasure tho gas voluJnaR after v.:ater vRpor ha!:J ~:c·IIH ... 1enHHd out or tho 
SHmpie. With tha correet nnliOUllt of lolh" (10 ... 5tl fP). ea eh <:ubic foot of lhiH f'uul _qus produ•:Hs 2 ... 14 
fp H:~C.>, 1.15 rt~ CO::.~, B.aQ ftl N:ao su q.-¡,co ... = 100 >< ·J.lS ft 3 COz+ p.J5 -+- 8.3B) ft 1 d1·y Cluu guH 

t2.1o/o. See ~:~lao Figuro 3.13. 
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Table 3.5a. Effect of excess air on %0, and %CO, in combustion products of fuels from Tables 2.1 a and b 
(JI .. 

%0, wet 
%Excess alr 

%0, dry u 10 20 40 60 60 100 200 400 1000 

%CO, dry ', Equivalence ratio 

a/f ratio* 1.00 0.91 0.63 0.71 0.62 0.56 0.50 . 0.33 0.20 0.09 

Natural gus o 1.73 3.20 5.55 7.35 8.77 9.92 13.5 16.4 18.8 

(Birmingham) o 2.09 3.80 6.43 8.36 9.83 11.0 14.4 17.1 19.2 

11.7; 10.6 9.61 8.14 7.05 6.22 5.57 3.65 2.16 0.97 

9.44 10.4 11.3 13.2 15.1 17.0 18.9 28.3 47.2 104 

Bias! furnace o 0.89 1.70 3.15 4.39 5.47 6.42 9.82 13.4 17.1 

gas o 0.89 1.71 3.17 4.41 5.50 6.45 9.86 13.4 17.1 

25,5* 24.4 23.4 21.7 20.1 18.8 17.6 13.5 9.17 4.68 

0.68 0.75 0.82 0.95 1.09 1.23 1.36 2.04 3.41 7.49 

Pruducer gas o 1.23 2.32 4.18 5.70 6.97 8.04 11.6 14.9 18.0 

(W-G, lJiluminous) o 1.35 2.54 4.54 6.14 7,46 8.56 12.1 15.4 18.3 

.!l 18.5t 17.3 16.2 14.5 13.1 11.9 10.9 7.75 4.90 2.33 

" 1.30 1.43 1.56 1.82 2.08 2.34 2.60 3.90 6.50 14.3 
~ 

"' Coke oven gas o 1.69 3.12 5.43 7.21 8.63 9.78 13.3 16.3 18.8 

[by-product) o 2.10 3.82 6.46 8.39 9.87 11.0 14.4 17.1 19.2 

10.8t 9.71 8.82 7.46 6.46 5.70 5.10 3.34 1.98 0.89 

5.44 5.98 6.53 7.62 8.70 9.79 10.9 16.3 27.2 59.8 

Pro pan e o 1.77 3.26 5.64 7.46 8.89 10.0 13.6 16.5 18.9 

[natural) o 2.06 3.75 6.36 8.28 9.75 10.9 14.3 17.0 19.2 

13,7t 12.3 11.2 9.53 8.27 7.31 6.55 4.30 2.55 1.15 

23.8 26.2 28.5 33.3 30.0 42.8 47.6 71.3 119 262 

Butane o 1.77 3.27 5.65 7.47 8.90 10.1 13.6 16.5 18.9 

[natural) o 2.05 3.74 6.34 8.26 9.73 10.9 14.3 17.0 19.2 

14.0t 12.6 11.5 9.75 8.46 7.48 6.70 4.41 2.61 1.18 

30.6 33.7 36.8 42.9 49.0 55.2 61.3 91.9 153 337 

* ft' airlft' fuel, m' air/m' fuel. or any ratio of volumes in consislenl unils. . - ----"" * Ullimale %COz. 



Table Ub. Effect of excesa alr on o;.o, and %CO, In combustlon products of fuels from Tables 2.1a and b 

%0, wet %Excess air 

%0, dry o 10 20 40 60 80 100 200 400 1000 

%CO, dry 1/l, 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 o 1.79 3.31 5.71 7.54 8.97 10.1 13.6 16.5 18.9 
Distillate o 2.02 3.69 6.27 6.18 9.65 10.6 14.3 17.0 19.1 

oil 15.4t 13.9 12.6 10.6 9 .. 15 8.27 7.42 4.89 2.91 1.31 
190 209 228 267 305 343 381 571 952 2090 

#2 o 1.60 3.31 5.72 7.55 8.99 10.1 13.7 16.5 18.9 
Distillate o 2.02 3.68 6.21} 8.16 9.63 10.8 14.2 16.9 19.1 

oil 15.6t 14.1 12.9 11.0 9.53 6.44 7.57 4.99 2.97 1.34 
188 207 225 263 301 338 376 564 939 2070 

#5 o 1.81 3.33 5.75 7.58 9.02 10.2 13.7 16.6 18.9 
Residual o 2.00 3.65 6.22 8.13 9.59 10.8 14.2 16.9 19.1 .. oil 16.3t 14.7 13.4 11.4 9.95 8.81 7.90 5.22 3.11 1.40 - 182 200 219 255 291 328 364 546 911 2000 .. 

= "" #6 o 1.62 3.35 5.77 7.61 9.04 10.2 13.7 16.6 18.9 
Residual o 1.99 3.64 6.20 8.10 9.56 10.7 14.2 16.9 19.1 
oil 16.7f 15.1 13.8 11.6 10.2 9.07 8.14 5.38 3.21 1.45 

175 193 210 246 281 316 351 526 877 1930 

Riluminous o 1.83 3.37 5.80 7.64 9.08 10.2 13.8 16.6 18.9 
coa! o 1.95 3.57 6.10 7.99 9.45 10.6 14.1 16.8 19.1 

18.5* 16.8 15.3 13.1 11.4 10.1 9.10 6.04 3.61 1.64 
141 155 169 197 225 254 282 423 704 1550 

Coke o 1.89 3.46 5.94 7.80 9.25 10.4 13.9 16.7 19.0 
o 1.91 3.50 5.99 7.66 9.32 10.5 14.0 16.7 19.0 

20.4t 18.6 17.0 14.6 12.8 11.3 10.2 6.60 4.08 1.65 
132 145 158 184 211 237 263 395 658 1450 

t lt' air/lb fue!. 
t Ultima la %CO,. "' "' 
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Instru01ents. Ma.ny types of" instrumenta are a.va.ila.ble for a.nolyzing flue 
gases. Most indicate the percent by volume of the various compounds in the 
dry flue gas. One of the most common. instru_ments is the Orsat apparatus. 
which works on the principie of selectiva obsorption of the gases by chemical 
solutions. The Orsat apparatus indicates percentages of CO,, Oa, and CO. The 
percent COa is often the only ana.lysis made. Conductivity type analyzers, 
""hich sense the difference in the cooling effect ot" different gases. can be very 
accurate if calibrated properly and f"requently. Analysis of combustibles in the 
flue gases (CO, H,, and hydrocarbons) may be accomplished by burnlng the 
combustibles vvith a measured volume of uir or oxygen .. usual! y in the presence 
of a catalyst. The percentage of combustibles in the flue gas is then pro
port:iono.l to the measured heat released. 

Oxygen an.alysis can be de1ermin_ed continuously a11d "YVithout tinte delay 
by use of a solid electrol.Yte. zirconiurn oxide. ·rhe gnJvan.ic aclion yields an 
output si.gnal in the form of a variable elect romotive force tha l can be used 
for automa1ic air/fuel ratio co11LroL Note in Table 3.5 that 'Yt•02 cha.nges very 
li1.tle with. changas in fuel analysís. 

COMBUSTION EFFICIENCY 

For a.ny fu.rnace. oven,. kiln .. or boiler .. tho overall combustion efficiency .. 
or t"uel efficiency. is :1000/o minus the summation o/ all losses. As illustrated 
by the Sankey diagram of Figure 3.6, 

[3/30] efficiency, 9-iJ (
usefuJ. ?u tput) x 1 OO. or 
gross &nput (

gross input -. tota.J losses) x 1.00 
gross 1npu t 

-where the input. the oulput, and the losses are all measu.red ·in consiste:n.t 
units such as Btu/hr, kcal/s, joules/kg of fuel, or gallons of fuel per ton of 
product. 

The losses to conveyors, fixtures •. ""alls. and oponings can be calculated 
using specific heat data from the Appendix and heat transfer data from Part 4. 
The flue gas losses (stock loss) are described and evaluated in this section. 
They include the heat carried away by the dry flue gases {such as CO,. N •. Oa, 
and CO) 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 formad by com
bustion of hydrogen in the fuel. 

Dry l'lue gas loas (dfg loas) is equal to the amount of heat given up by the 
dry combustion products as they cool f"rom the final exit temperatura {after 
all heat recovery devices) to the base temperatura used in evaluating the 
gross calorific value of the fuel (usually 60 F or 15.6 C). This loss can be 
calculated by the following formulas. 



' . 

[3/31] 

'" 

dfg loss = dfg flow rete x (dfgheat content at flue temperatura 

or. in American 
weightunits, 
or. in American 
vohnne units, 

or, in Metric 
""aight nnits, 

or, in Metric 
volUIDe units~ 

dfg heat content at base temperatura) 

Btulhr - lb dfg/hr X (Btu/lb from Tabla 3.7a O) 

Btulhr - cfh dfg X (Btulscf from Tabla 3.7b O} 

kcallhr - kg dfg/hr X (kcallkg from Table 3.7c O} 

kcallhr = m• dfg/hr x (kcallm• from Tabla 3.7d - O) 

For flue gases conaisting of mixtures of gases,. 
flue gas constituents should be added: 

the loases due tu each of 1:he 

[3/32] dfg loss - CO, flo"" rete x CO, heat content + N, flow rete x N, heat 
con.tent + o, flo...,- rete x O, heat content + etc. 

Tablas 3.7a, b, e, d list heat contenta (enthalpies) measured above a base 
of 60 F or 15~6 C. 

Flgure 3.6. Sonkoy dJagro:rn :foro :furnoce hetat balance. Gross input - moist nuo gus losa = nct 
input: nat input - dry flue gas losa = a.vailable heat input. These terms can he evaluated in a.ny 
consistent heat or energy unitB per unit of time par unit of fuel. ur par nnit of production output. 
A diagrarn such as thia makes it uasier to visuallze areas of' possible improvAn1snl in furnace 
efficiency. 

/ 

...------.. ----...--/ 
Gros-a 

heat INPUT 

/ 
/ 

/ 

Flue YIHI 
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ttaat to 
load 

USEFUL 
OUTPUT 
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Table 3. 7a.. Hea.t co:nton.ts o.t co~bustlo.n sases. • 

Dtullb::::::--...... ~A Ir+ CO e u~ H2 

60 '" o o o o l(X) 9. 7 9.8 8.3 1 :'19.1 
200 34.0 34.7 29.6 486.6 
300 50.4 59.B 52.0 834.9 

400 
500 
600 
AOO 

>000 

1200 
1400 
1600 
'1600 
2000 

2200 
240U 
2500 
2800 
3000 

azoo 
3400 
360(J 
::~aun 

79.7 
"106 
129 
179 
23::1 

2!38 
342 
307 
452 
510 

566 
626 
665 
742 
001 

059 
9lf.l 
975 

1046 

85.::\ 
1 11.1 

137.1 
:190.2 
244.3 

299.6 
3~6.0 

-413.3 
471.6 
5:10.8 

590.8 
65"1 .7 

713.3 
77~.6 

B::t0.6 

902.3 
966.5 

1.031..2 
1096.4 

75.2 
99.4 

124.3 
1:76.5 
231.4 

288.7 
347.9 
408.(; 
470.5 
533.2 

596.:-:J 
65~l.!'i 

722.3 
784.3 
845.2 

904.0 
962.1 

101.7.4 
1U6Y.Y 

1. "J83.fi 
1 533.0 
1 083.2 
2 586.9 
3 295.9 

4 011.2 
4 7:i4.1 
5 465.0 
6 207.5 
6060.3 

7 725.~'1 

B 503.9 
9 297.1 

10 106.1 
10932.2 

11 776.4 
12 640.0 
13 524.2 
14 430.0 

ln Htu/lb 

11~0* 

o 
17.7 
62.4 

108.0 

154.4 
2()1.7 
249.7 
348.4 
450.4 

. 555.0 
EH:i4.~ 

776.6 
U92.2 

1.011."1 

1133.4 
1259.2 
1388.5 
1521.2 
1057.4 

1797.0 
l940.2 
2086.8 
2237.0 

Table 3.7b.. Hoa• contenta o1' co.nbu.stlon gasea,.* in Dtulsc::E 6 

BIU/scf=::--....._\._ Alr-t CO co~ n:.., ILO* 

60 """'o o o (J o 
100 0.74 0.73 0.96 0.73 0.84-
200 2.60 2.56 3.44 2.57 2.96 
300 4.47 4.42 6.04 4.41. 5.13 

400 
500 
600 
800 

1000 

1200 
1400 
1600 
1.800 
2000 

2200 
2400 
2600 
2800 
3000 

3200 
3400 
3600 
3600 

6.1 
6.1 
Q.Q 

l:'l. 7 
17.8 

22.0 
26.2 
30.4 
34.6 
39.0 

43.5 
47.9 
52.4 
56.8 
61.3 

65.7 
70.2 
74.6 
80.2 

6.30 
8.20 

10.13 
14.05 
18.05 

22.14 
26.30 
30.53 
34.84 
39.21. 

4-3.65 
48.1.4 
52.70 
57.30 
61..96 

66.66 
7'1.40 
76.19 
81..00 

6.74 
11.54 
14.-44 
20.49 
26.87 

33.!'>) 
4-(J.38 
47.44 
54.02 
61 .91. 

69.23 
76.56 
83.65 
91.06 
98.13 

105.02 
1.11.70 
1 "lB. t 1. 
124.2"1 

6.25 
e.o9 
9.94 

1.:-J.OS 
1.7.39 

21.17 
24-.98 
26.64 
32.76 
36.73 

40.77 
4-4.88 
49.06 
53.33 
57.69 

62.14 
66.70 
71.37 
76.15 

/ 

7.33 
'9.58 

11.86 
10.55 
21.39 

26.40 
31. .56 
36.09 
42.37 
48.02 

53-83 
SQ.BI 
65.94 
72.25 
78.71 

85.35 
92. '1'5 
99.1. 1 

1.06.24 

o 

"·" 34.6 
59.7 

85.0 
1 1 O.fi 
J 36.4 
"18A.t\ 
242.3 

296.0 
352-:J 
408.6 
466.3 
524.7 

584.1 
644.4 
705.7 
767.9 
831.0 

895.(1 
959.6 

J 025.6 
1 OH2.2 

N. 

o 
0.73 
2.56 
4.41 

6.28 
H. t 7 

lO.OB 
13.95 
17.90 

21.93 
26.03 
30.20 
34.45 
36.77 

43.15 
47.61 
52.1_4 
56.73 
B 1.:19 

66.1.2 
70.91 
75.77 
B0.6Fl 

o 
B.7 

:-to.o 
53.5 

76.5 
9~-H 

123.t'\ 
l 72.1 
221.8 

272.0 
:124.3 
:~76.0 

429.9 
483.4 

537.2 
591.2 
H45.1 
698.9 
752.:l 

805.2 
f\57.5 
909.1 
RfiB.6 

o. 
o 
0.74 
2.61 
4.52 

6.46 
8.4.:_:\ 

1.0.44 
14.53 
1.8.73 

23.02 
27.39 
31.82 
36.30 
40.82 

45.36 
49.91. 
54.47 
59.01. 
6:l.!i2 

67.9R 
72.40 
76.75 
81.02 

o 
f:LO 

21.5 
37.7 

54.4 
71 .7 
09.5 

12G.!i 
165.2 

205.2 
24fi. 2 
266.0 
:)30.3 
372.7 

415.0 
456.9 
498.1 
53B 3 
577.1 

G14.4 
l'i49.8 
083.0 
71:l.R 

o 
1.02 
3.63 
6.36 

9.18 
12.10 
l 5.11 
21.36 
27.H9 

3-4-.64 
41.58 
48.63 
55.77 
62.94 

70.08 
77.10 
84.11 
90.89 
97 .4.6 

10:3.75 
1or,r.73 
1 15.34 
LZO.fi:i 

* Cornputar-c.o.lculet:ed dnto ba.eed on formulse frurn RoferF'JilCe 3.a lifl1ad ut end of Parl 3. oxcept 1'
NonA of tha values in rrab]e 3.7 ur·e correotcd for diHsoci.ation. 

T Fron) Raference 3. b. 

---- ------- --- ------ -
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Tabla 3.7c. Heat co:n.ton.ts oE CODJbustlon gases.'* 1n. kcal/kg 

lu:::allkg~~ AlrT CO CO,. H2 ILO=t N~ o,. so. 
15.6 ') ~--~oc----c------o=---------~~o=-------------o=---------_c-co~---------o~-----------o~----------o_cc_ 
too 2o.!"i zo.e 17.9 292.9 37 .s zo.e 1s.A :1 3.n 
200 43.:-J 46.1 40.6 640.3 63.5 416.0 4l...4 29.4 
300 6B.1 71.9 65.0 9A9.l t:-J0.9 71..5 64.H 46.H 

400 
500 
600 
700 
aoo 
900 

'1000 
1100 
1200 
1300 

'1.400 
1500 
1.600 
:1700. 
1800 

"1900 
2000 
2100 

92.8 
l 19 
146 
174 
201 

229 
256 
28" 
314 
343 

373 
401 
431 
460 
489 

5\8 
548 
585 

Table 3.7d. Heot 

98.3 
1 25. "1 
152.5 
180.3 
208.6 

237.3 
266.5 
296.1 
325.0 
356._3 

367.0 
41 B.O 
44i:L3 
480.9 
512.7 

544.8 
577.2 
EiOU .7 

90.7 
1.17.7 
1 45.[J 
174.R 
204.6 

235.;1 
2fj6, 2 
297.5 
329.0 
.360.5 

391.9 
422.H 
453.6 
483.6 
512.8 

541.2 
566.5 
5B4.5 

1339.B 
1.692.3 
2047.7 
2406.3 
2768.5 

3134.9 
3505.8 
3ea1. .a 
4263.4 
4651..0 

5045.2 
5446.3 
5854.8 
6271.3 
t3696. 2 

7130.0 
7573.1 
13026.0 

1. 79.8 97.6 BB.H 65.1 
230.1 124.1 1.13.5 84.1 
2H2.0 151.1. 130.6 103.0 
335.4 178.5 164.2 124.1 
390.3 206.4 190... 144.7 

446.6 2:14.7 216.4 165.7 
504.7 263.5 242.9 "166.8 
564.2 292.7 269.6 207.H 
625.3 322.3 290.~ 229.0 
087.8 352.4 :=J23.4 249.U 

752.0 382.8 ~i50.:i 270.6 
8"1.7.8 41:-1.7 :J77.1; 290.7 
864.9 445.0 403.8 311).4 
95~.7 47G.7 4:;!.0.4 :'-J2H.4 
1024.0 506.8 456.6 347.6 

1095.9 54t.:i 4R2.6 .:-:165.0 
1169.5 574.1 506.2 :181.3 
1244.5 607.4 533.4 398.5 

co:ntenl:s of" coDJ.bustion sases~• Jn. kcal/.:n~'"'" 

~~=~IIED~~---~----T-----------'"--"------------'"--<> __ , ___________ >< __ , ___________ .. __ ,_<> __ *-----------""--' ___________ <> __ , ___________ s_-<> __ , __ __ 

15.6 '"" o o o o o o o o 
100 25.0 24.7 33.2 24.7 28.6 2.4.6 25.2 35.1. 
200 52:.9 54.5 75.5 54.1 63.5 54.3 55.9 79.4 
.300 63.2 65.0 120.7 63.5 99.5 84.6 87 .u 12ti.5 

400 
500 
600 
700 
BOO 

IWO 
1000 
HOO 
"1200 
1300 

1.400 
1.500 
1600 
1700 
1800 

1900 
2000 
2100 

113 
145 
17B 
212 
245 

280 
313 
348 
383 
419 

'""' 490 
52B 
562 
597 

633 
689 
714 

:116.2 )66.6 113.1 136.6 115.4 "120.1 
1.47.9 216.8 142.H 174.0 1.40.8 "153.3 
"180.3 271.0 172.9 214.4 178.7 187.:1 
213.2 325.0 203.2 255.0 211.1. 221.9 
240.7 3B0.5 23.::1.U 296.7 244.1. 256.0 

2U0.6 437.1 264.6 339.6 277.6 202.4 
~rJS.-:1 494.7 296.1 383.7 311..6 ::J2B.:l 
35o.t 552.0 :::\27 .n 420.9 :::-t-46.1 364.4 
3U5.5 H'l1.4 :-J60.1. 475.3 381.1. 400.8 
42"1.3 669.9 392.8 522.8 416.6 437.0 

4-57.6 728.2 426.1 571..6 4~2.7 473.:-J 
494.2 765.9 460.0 821.5 4BU.2 500.6 
531.2 842.8 494.5 672.6 526.2 545.7 
566.6 698.5 ~2R.7 724.9 5fi3.6 581..6 
606.2 952.9 565.5 776.4 60.1.6 tll7.1 

644.2 1005.6 602.2 033.1 640.0 652.2 
682.4 "1056.3 639.6 608.9 678.9 686.8 
720.9 1.104.7 677.-H 946.0 718.2 720.8 

175.9 
227.4 
280.0 
:'!35.3 
391.1. 

447.7 
504.7 
561.9 
619.U 
(,j75.5 

731.2 
785.6 
038.9 
A90.3 
H39.5 

9llf'L4 
1030.5 
1.071.5 

! Wntar va.pur. Doas not lncluda !ntent hea"t of va.porization. Seo Tablas A.5a. ond A.Sb. 
The standard cubic foo1: (scf) u:nd 1:ha cubic metro (m~] are mea.sured ot a hnnperature of 60 F 
( 1. 5.6 C) and o.t a:n a:lmospharic pressure of 29.92'·Hg (760 mm Hg). 
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1\.t:oistu.re loss is equal to the a.mour1t of heal that is given up by the ~a ter vapor 
in the flue gases as it cools from the furnace exit temperatura to the base 
temperatura used in. evaluating t.ho calorific value of the fuel. 1\llost of the moisture 
loss is the latent heat of condensation of·the ~atar vapor formed by combustion 
of hydrogen in the fueL As illustrated in Figure 3.6. the gross lteating value .rninus 
the moísture Joss per un.it of fu el is equal to the net heating value per u.n.it of fu.el. 

[3/33] moisture loss _ lb H 2 0/h.r* x (vapor enthalpy at flu.e temperatura 
liquid enthalpy at base tempereture) 

where the liquid enthalpy is [base temperatura [F} - 32], and lhe vapor entha.lpy 
can be obtained from Ta.ble A.5 in the Appendix. As en alterna te. the following 
approximate forn-..ula. may be used: 

[3/34] moisture losa, in Btu/hr = lb H,O/hr* x [1.068 + 0.46 x [t, 60)] 

vvhere t2 is th.e furna.ce exit temporature (F) arrd 60 is the base ternperature (F) 
used to evaluale the gross heé.ting va.lue of ·the fuel. 

Availa.ble heat i~ the gross qua.nlity of heal released V~Tithin a cornbustion 
chamber. minus bo-th the dry flue gas loss an.d the moist.ure loas. lt represents 
1.he amou.nt of heat remaining for usefull1eating. plus "vall. conveyor. (slorage) 
and opening losses. Figure 3.8 sh_ows how the concept of availabJe hea-t is used 
to sirrlplify analyses of furnace losses. Figure 3.9 shows 1.he variation in available 
heat with exit g.us temperatura for severa! typical fu.els under con.ditions of 
perfect combustion. Figure 3.10 is a ge:neralization for aH fuels giving percertt 
available heat v.rith various flue temperatures and various amounts of· excess 
a.ir.-t The percent additiorral loss due to a deficiency of air (excess fu.el) "Will be 

% excess fuel 
approximately equal to the percent deficien.cy of air or 100 + o/o excess fuel · 

Either excess a ir or excess fuel reduceS the t}t. availEtble heat. The perfect 
combustion or oo/o excess air line on Figure 3.10 represents the best possible 
efficiency. es for a. perfect fur1.1a.eo -vvith no losses Lhrough. Wtllls, openings. fix
tures. conveyors~ or storage. 

Exa:rnple 3-6- Deter.rnine the efficiency of a boilcr u sin~ 70 ga.l/hr uf #2 fu el oil (1. 37 080 
Btu/gal. 7.22 lb/gal) if the tempera tu ro of the f"lue gaseR efter the last pass is 500 P. Tho 
radiation. an.d convection losses from lhe walls have been estitnatod as 3% of the gross 
in·put. (Calculation of ~all losses ie ex.plainod in. Part 4. page :100.) 

* If moisture in the fluo gas has been expreseed irt scf H::o.O, as from formula 3/15. such figu•·es can 
be couverted to lb H2Cl by multiplying by 0_0476_ 

-t Soe fuotnote f·t) on pagA 71. 
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Simplified aolution. From Figure 3.9~ curve B. at 500 F. the avaiJable heat is "114 OOU 
Btu/gal or (70 x 114 000) = 7 980 000 Btu/hr. 'I'he o/o avnilahle heat = 11.4 000/1 37 080 

63 o/o. Tha sum- of the dry gas loas and the moisturo losa is then LOO - 83 17 ~/o. 
Thare should be no loas due to inconl.plote combustion or due to radiation through 
furnace openings in this case. The total loas is therefore the sutn of thc dry flue gas losa, 
the molsture losa. and tho v.~a.ll Juss or 17 +- 3 20tYo. The percent of the groBs input 
-which goos inlo uvaporating water in tha boiler is then 1.00 - 20 BOq.-ó, and this is 
the efficiency of the unit. If excess air is usad. Figure 3.1.0 can be used to estirnato the 
additionalloss. From.Figure 3.13 a 20% deficiency of air will result in about 60(Yu avuilablo 
heat. "I .. hia minus 34-ú wall loas vvill result in 57.:W• efficie:ncy. 

Detailed soJution. A more accuratO ca.lculation of the efficiency may be had by uso 
of formula 3/32 to calcu]at.e the dry flue gas Joas an.d formula 3/33 to calcula te the tnoisturo 
loss. Tn use these formulas. it is first necossary to deterrnine the fuel ana1ysis (from the 
supplier. rra.ble 2.1. or Tabla 2.12) and then ca.lculote constituents of the flue gas by for
mulas 3/25, 3/27. 3/2Bo~ and 3/29a of Tahle 3.3 (or fortnulas 3/13. 3/15. and 3/16 of Table 
3.2 .for gaseous fuels) ... usi.ng data from Table 2.1 in this case ... 

ft::t CO,./lb fuol 07.3 x 0.3155 = 27.54 
ft 3 H.,O/lb fue] 12.5 x 1.aao 23.50 
fl' SO:dlb fuel 0.21 x 0.1182 = 0.02 
ft"' N:a/Jb fu~) 87.3 X 1..1.93 + 12.5 X 3.553 + 0.21 X 0.4466 148.7. 

Substituting in formula 3/32 ond taking henl contcnt v-alueB from Table 3.7b ot 500 F. 
dfg lose 27.54 x ~ 1.54 + 148.7 x 0.17 + 0.02 x 12. J. O J 533 Btuflb of fuBl ar 
1533 x 7.22 lb/gal x 70 ga.l/hr = 774 700 Btu/hr, 'vhioh is equivaleut lo 1533 x 
7.22/'137 080 B.07o/o. From formula 3/33"*, the moisture loss = 23.50 x 0.0476 x 
(1287.3 - (60 32)] = ~408 Etu!lb of fuel or 711. 000 Btu/hr. which is equivnlenl to 
1.408 x 7.22/137 oao 7.42o/o. T'herefore Lhe porcent avoilable is 100 8.07 
7.42 = 84.5o/o. (rrhis compares with 63~0 by Figure 3.9.) rrhe efficiency uf the boiler is 
then 84.5 3 B"L.5°/o. 

Figure 3.8. By starting 'tNI.tb avo.ilahle hunl tnstead of" gross hoat, fu~ucc heot balances are 
sreatly si.upUI"Ied. The Snnkoy diagram at Ioft is for a batch-type furnaco: lho une at righl. for 
a continuous furnace. 

FURNACE 

...-----¡- - - - - -
Avallable 

hea1: 

Sto..-oge 

* 1\.-'loisturA luss must inc1uda l.ute.:nt hen.t. so Table 3.7 cHnnot be used. 
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l""lgure 3~9. A-..•nlloblc bcnts for !'Jotne typlcul fuol~. ~rhe fnels Usted bclo"v ~"lrH identilicd by thnir 
grn,s heotin~ vnluus. Further· inforrnntiou conr_;urninE: thcso funlH ntny be found iu -rublos 2.-t ond 
2.1 2. (Seo Exun1ple :l-O.J All o.vuilnbhJ h.-.u:\t figures uru h<foHH.'H .. I u pon perfect curnbuRtlon Alld o fucl 
input IUUipnrature of 60 F. · 
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Figure 3.!0. AvaUable heal charl for 1000 Blulfl' natural gas•, abowlng tbe effecl of uceas air opon avallable beat. Basad on 60 F 
[lB Cj air. Applicable only if there is no Wlburnod luello the products o! combuslion. Corrected lor dissociation o! CO, and H,O. See also · 
Figures 3.11. 12. 15, 17. See Examples 3·6. 7, 8. Sce footnote [!) on page 71. The x-intercept is the adiabatic llame tomperature (hot mix 
temperatura) for that particular curve. Example: With 25% excess air with natural gas [4.54% O, in the furnace exil gas), the ediabaUc 
flamo tomparuture ia 3070 F. or 1688 C. 
~lr-r-r-ro~~~-T-T-r-r-r-r-r-r,-,-.-.-r-r-r-roro~~~-.-.-.~ 

1 1 1 1 1 1 1 1 1 

The grid on this chart ls scaled +-
to permit interpolatlon uslng a -1-
millimetre scale. 

3600F 

300C 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000C 

Furnace gas axit temperatura 
* For other luels. see Figure 3.0. 
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Examp]e 3-7. Find the air required to main.tain 25°/o excess air through 16 -burners on 
a hardening furnece with "1000 C (1800 F) exit gas temperatura if the available heat re
quired is 0.81 mi11ion kcal/hr l3.2 million Btulhr). The fuel is Algerin LNG rrable 2.1.2b} 
having 10 1.32 gross kcaliiU3 [11.39 gross Btu/fP) and requiring 10.76 volurnes of air per 
volume uf fu el. 

Fram Figure 3.1.0. at 1000 C and 25o/o excess air. read 43% available. ·rherefare the 
gross input required is 810 000/0.43 = 1. 880 000 kcallhr. Select 1.6 burners each -with 
at least 1 aao 000/16 = 117 700 kcal/hr capacity each. 

The fuel gas input required ""·ill be :1 aso 000/l.O ~ 32 = 185.6 mJ/hr. ·rhe a ir required 
for sloichiometric combustion vvould be 185.6 x 10.76 = 1997 nl!tfhr; but for the requE;!sled 
25% excess air, lhe required burner air capacity 'lNill be 1.25 x ~997 = 2496 m 3 /hr. 

Operating experience -with high velocity recirculati:ng burners "\-vill probably show thet 
the 25o/o excess air is not required:. so fuel can be conserved by adjusting the fuel/r.tir 
ratio closer to the stoichiometric ratio. 

Exa•up1c 3-6. Select burners ando blot-Ver foro duoJ-purpose furnuce VV'"ith the· following 
specifica tions: 

Available Btu/hr required 
Flue gas exit tentp.~ F 

Hardening 

4 200 000 
1. 900 

Dravving 

92 000 
1 000 

Solution: For the hardening operation. Figure 3. :LO gives 48% available heat with perfect 
e o m bus liorr. 

4 200 000 
Thercfore ----- --

0.48 
a 750 000 gross Btu/hr. 

Burners selected: fourteen 6422-4 Burners. oach ratcd 6300 cfh a ir (or 630 000 Btu/hr] 
with 16 osi air pressure at the burners, for a total gross input of a 820 000 Btulhr. 

8 820 000 gross Bt~):l.r 
Blower ,_;ftpactty required = 88 200 cfh. 

100 gross Btu/fP air 

2324-35/2-15 Turbo Blowe<' [rated 96 000 cfh Blower selected: at 24 osi). 

Example 3-9: HoV\T much excess air for lO\'\.r /ira? For holding durin.g the low temperature 
operation on the above furnace, the fue! flow will be reduced and the a.ir left un a t high 
fire rate, thus providing oxcess air. I-Iow lnuch excess air should be used at low fire7 

S l . . p· t f" d h . avail?blo Btu req~ired at low fir~ _ 92 000 
0 utzon. lrs In t e rallo. cfh air supplied ""ith air on full - BB 200 Cl.04. 

Then. from Figure 3.1:1 (follow the dutted arrow) read 380 o/o excess air and 4.8 to 1 re
quired valva turndovvn. If no excess air '\!Vere used. the required valve turndovvn vvould 
have been the sa1ne as thc gross Btu t.urndovvn. ur B 240 000 (92 000/0.71). = 63.6 
to 1. [0.71 is from 71q...& available at 1000 F. read fron1 Figure 3.10.] 

·rhe 6422-4 Burilcr selected above is stable ""ith more th.un the required 380°/o excess 
air;. so it will still operate sat.isfactorily. Ho"VVever. a Jook .ot Figure 3.10 shows that tho 
o/o availabJe heet at 1000 F and 3BOO/o excess oir ~s qnly about _6°/6: ~n th"" ....-~ ...... ., ... ~;..,.~ 
........... .,. ........ +.;: ..... ~ _ • .....:11 ,_ ___ _ 
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Ex:aUJ.plo 3:.10 .. Ho¡.v much Uniformity can be expected from t:he combination selectcd 
in Exa.mple 3-9? 

SoJution: By interPolation from Figure 3.11. it is found that for 1.04 Btu available/fta of 
air supplied~ the hol mixture issuing from the flama Up is only about 50° above the flue 
gas exit temperu.ture. T"ltis can also be surmised from Figure 3.:12 or from the x-intercept 
of Figure 3.10. 

'Th..is is the máximum temperatura differential within the fuma ce gases. The maximum 
temperatura differential wit:hin the 'lAfork wouJd be a fraction of this. Just h.ow small a 
f'rection depende on placemen1. of 'the w-ork and is not a functton of burner oporation. 

E:xaJD.ple 3-'1.1. A forge furnace is fired vvit:h heavy oil (1. 3° API: 152 000 Bt.u/gallon) 
and operat:es at 2200 F. The flue gas exit temperatura is approximately 2400 F. ~ .. he 
radiat.ion loss th-rou.gh openinge has been éstimated at 1 152 000 Btulhr and the -wall 
loss at 162 000 Btu!hr. "The firing rate is 50 gallons por hour. V\That efficiency can be 
expected from this furnace, nnd how much steel can it hent por hour7 

SUnpJifiad solution. "Th.e gross input rate is (50 gaUhr) x (1.52 000 Btu/gnl) = 7 BOO 000 
Bt.u/hr. Fro.-n Figure 3-9 the a.vBilable hea.t of a 1.52 000 Btulgal oil is 65 000 Btu/gal. 
Subtracting the losses t:h.rough openings a.nd walls from the uvailable hent~ the..,heat 
left for heating the steel is (65 000 Btu/gal) x {50 gal!hr) - 1 152 000 Btulhr - 162 000 

B /h O ·s uth Th cr· . - th f 1 936 ooo ~ 5DA tu r = 1 936 O O t r. o e lCt.e:ncy 1s ere oro 
7 600 OOO = 2-... ,.-o. 
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Fron1 Figur·e A.7 in ttu-.J Appo-ndi.x. thn hunt 
·¡·horcfnro thn furnncu con heat 1 9::-.-JO OOU 

content uf ~tccl n t 
340 = 5090 puouds 

220~·F i~ 340 Btullb. 
of steel pHr hour. 

1-~fgure :J.l2. E,.f'c..-:t of exccss olr on hot rnix tcrnpcroture. Puints fur thiH _flt·nph nr(~ eh rivud ft·<un 
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Deta.iled solution. The gross input rale is (50 gal/hr) x (152 000 Btu/gal) = 7 600 000 
Btu/hr. From formulas 2/5 and 2/8, 13°API ia¡found t.o be equiva.lent toa specific gravit_y 
of O.QB anda specific VV""eight of 8.1.7 lb/saL By formula 2/10. the %hydrogen is found 

2122.5 
to be 25 - = 10.3. Assuming thal about 9Bo/o o:f the fuel is con1buslible 

~3 + 131.5 
material (t:he remainder bein.g "W"Ster. scdiment. oxygen, and nitrogen]. tho hydrugen will 
constit:ute 10.3 x 0.98 10.1 o/o of tho fue!. This lea.ves 98 - 10.1 = B7.9o/o carbon. 

Determining the fluo gas constítuents from formulas 3/19,. 3/20, and 3/22a.. 
lb co~/lb f"uel 87.9 X 0.0366 3.22; so lb C02/hr 3.23 lb C02'/Ih f'uol X 

8.17 lb fuel!gal x 50 gal/hr 1315. 
lb H,O/lb fue! = ~0.~ x 0.0894 ·- 0.903: so lb H.O/hr = 0.903 x B.~ 7 x 50 = 369. 
lb N2/lb fuel = 87.9 x O.OBB2 -+- 10.1 x 0.2626 = 10.41.~ so lb N2/hr 10.41 x 

8.17 X 50 = 4252. 

Using formula 3/32 nnd Table 3.7a. dfg loas = 1315 x 659.5 + 4252 x 644.4 3 607 000 
Btulhr. From formula 3/34. moisture loas 369 x [1088 + Q_46 x (2400 60)} 
= 799-000 Btulhr. The totalloss ia the sum of the dry flue gas Josa~ the moisture lossp 
the opening loss~ and the wall losa. or 3 607 000 -+ 799 ooo +- 1. 152 000 -+ ·152 ooo 

5 720 000 Btu/hr. which is S 720 000/7 BOO 000 = · 75°/o of the gross input. ·rhe 
effic:lency is therefore 100 - 75 = 25 °AJ. Thc heat left for heating -tha steel is 7 600 000 -
5 720 000 = l.- BBO 000 Btu/hr. From Figure A.7 in the Appendíx. lhe heat content of 
steel a.t 2200 F ís 340 Btullb. Therefore the furnace ca.:n heat 1 876 000(340 = 5529 pot.mds 
of steel por hour. 

Loases due to incoiDplete co:rnbustio:n. include the loss due -to incompleta 
burning of carbon monoxide. hydrogen. and hydrocarbons (includii1g aldehydes 
from poor mixing or quenching. as describad in Figure 3.4). a.nd Lhe loss due to 
unburried salid :fuel which becomes trapped in lhe refuse. 

Incompletel combustion may be intentional. as in i~stances where th_e process 
requ.ires a reducing atmosphere. The percent loss due to a deficiency of .air ís 
roughly equal to the percent deficiency. Figure 3.13 sho'-Vs lhe loss due to in
complete combustion of natural gas. more precisely. 
Ex.au:::nple 3-12. If perfect combustion of' a fuel roQuiras :10 _fp oi .oj.r por _fja oJ J've.J~ h.u.l 

on.Iy 9ft~ of a iris supplied per ft 3 of fueL then the percent deficien.cy of o iris [(10 - 9)/10] 
x 100 = "10°/o. This 10q.-Q deficien.cy oí a ir resu.lts in a !oss dueto incomplele con'lbustion 

of about l.Oo/o. 

Optl:t:nuDJ. Air Supply. The optimum air supply for bes1. thermal efficion.cy 
in a fu.rnace is that at vv-hich lhe sum of the loss dueto 'incompleta combustion 
and the Joss due to heat in the flue gases is a minim-um. In cases vvhere 
tl"1orough high speed mixi:ng is possible~ the optimum air/fuel ratio is the 
chemically correct air/fuel ratio. "T'his is usually the case V'Vhen Lhe fuel is 
gas or oil. VVhen -the mixin.g is poor. il is often necessary to add exce:ss air 
to increase tha completeness of combustion. 'l.llis excess air then adds to 
t.he qu.a.:nt.ity of the flue gases. Accurate determina.tion. of the optimum point 
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requires a series of furnaca tests at a variety of airlfuel ratios. but the point 
ma.y be approximated by fin.ding "the air/fuel ratio t.hat. produces the ma.ximum 
o/oCO •. 

Figure 3.1.3 illust.rates the ma.nner in which -the various losses change with 
tha airlfuel ratio. If the mlxing were lhorough. the incompleta combustion 
lose V\TOuld be zero a.t th.e chernically correct a.ir/fuel rat.io. and the minimum 
total loes (maximlllll % availeble) would also occur at the chemically correct 
air/fuel ratio. 

. . 
FJ~rure 3."13.· V&rla.thtn oF :f"urnace losses and avoUable boat ._-ith al:r/:l'uel ratio. This graph is 
basad on 1108 Btulft" natural gas (0.63 gas gravily. 83~ CH ... 16°/o C2H .. ). Aa on example, -with. 
60% a.era.tion {2oq~ deficlancy of atr). reading clown. on. the rlght-slde acate, the loss to vaporlzat.ion 
of "Wat.er fo:rmed by combustion of hydrugen in thfl fu el is 7°/b. let:t.ving 93q..t. na t. The incornplete 
combusUon loas is (33 - 7) = 26~h. lf the flue gas leaves the furna.co at 1BOO F. tho dry rluA gas 
loss 1& (65 - 33) = 32%. leaving (1.00 - 65) = 35°/o ava.ila.ble for useful heating and to balance 
loases through -vvall, openings. and conveyors. 
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