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S oo | = 125,178 122
NS, | ©.0C0F — — —_ —  |o.oet
S |00 ) col | —  Jooz|— |

- Ash o2 —_ | — — — --

—F-*QKGXJSQY\WS\WNA 2,35 .,_0,3\1\{ o.0h_ 0,047{1
= 2.664 é
S Miimigt amount of aiv- ;q//m;mo/ = 2 664 j{g X \0:’

=H, 53"15_3




:rLb)/?; 40 % excess av- s 'swpp *tci, '
2 N2 i ochval odr swpply= Y. 58 X O ‘f?xw

=\2. 5 ko

oa \ojﬂ?‘-\ W\’W\ﬁ%ﬂ\f\ = l2 5_|....C.‘.> CDC}? -_ 12 50?6

ss enyan = WAC % 23 x 0.9 1065 ka,
Excess crnygen o X 22 xo Jfﬁ

| 2 el Wt kf' per /Zéméf ;4”7& Va/m
g:bf‘/M((’ of gxti b Wapht '/ el 79(

CO, | 3.23 1 4y 373/‘” OB 13,18 /

502 | QOL| 6Y  |eooo3 | e.cs5yhs |
O, l,065 32 ©.0833 | 6%

P, | 1250F 2% lows | ROg54 |
Ce 55F .
Té-!-c:-;&

45




13-11- 201, Smo\% B
S‘i‘OtQh;omdrtQ) or c:hejwiga@ CDWE’_C\' OUY‘/ Fuejmbo
/‘f s‘l‘@tchromﬁ"ﬁc AU C‘DP o™ cunol FWQJ S C‘)VLQ
et conteins qust sulhiarik orygen for the Comploic-:
 combpustion ol H\e buok, A ik which has em excess
ofairis *‘Qﬂﬂﬂi o mesk wm’)&Wfﬂ QM\A\ one vO\an)’J
' }\0\5 O\dQIFlClQT]\-"j OP o s ‘HZTM(Q\ ] TIC}\MM
_ "FCQ PQYC@YWJQBQ of e_xce_ss Qv iss 8\ﬂ€n bj j!‘\ﬂ&
Following, o Y E

Percenk@a e?ccess Qi

| PEA — _Actual AIF rw‘;é — {bxc/womefnc//Fraﬁo __;__(P‘Eﬂ)
i Stachiomebric AJF rato '

| | ( wheve A olenptes o M /".aéwszf fw/)

]_or goseous Puels the rodios G @cpressed by
volut omd For sslid omal. laquL Ruals H T‘Cﬂ'cios
S ar e/xpvessaal b\g moss.  Jhe e, (PEAY gwes @

pos +ive resuwdt vohen He miydure is vuech emol

o wegodsue reswdk wohen the minture is rich. T&m
= boiler plont the mintire i's usuolly gyresderthan:
0%k woesk ; Por gos turbines iF can be aswuch
s 30071 weak, pebrol engms howe to waet
porious condibfons of lOQ.O(OA/V\_O{ gﬁ)&d, cq,\o{

@Perw&g DVEY T, WFQLQ WQ' of Wﬁzd-m*(’ S-Prw:g%._
N




| E’}(_)’\O(MIS’{‘ ond f-] WL Ges Omdlysis:

_TKQ ato o\ofrlg dQ;‘?vﬁ‘l‘TO\v\iS use_d

/a’}f‘}m {h% ‘11}7 = {/DJCAJOM‘/J’:C 4//:‘7272(;0 -
Aetunal A//‘ rodio

H& wor)@y vodugs romge between T2 % (weo-ldum{
5(120/ (rich). o

A Y

Mhm M; Conmy\ some oxYgen H/\qs oxggv\us

awvedlable for Hhe conbustion process, ond so the

Fw'll ReQuings swaller SLA.PP‘\j ly of cur.

TEL proovaCJrS oF combustion. one MA_QMI/@ gmseous,

“when o sowple s token for onodysts i+ 1s usuadly
cooled down to o temparatune which s belouw -
the saduvrakion tormperodine of e steom Pwseui
TR steowma. contends 1= theredore upt W\Q\U\Q\.QQL
Y oo sTs, wOhte e s Hhen uer\f_o{ as . Hhe
~onobysis oF the dry products. §w\ct the pr\oolu&ﬁ
Lo goseous, itis usuodte quote Hua Owliyms
o \E)J volume, An omodysis wh c\/\ neluokes P S‘l‘e_O\W\
Wy the. exhomst ©s Qo\\.L’LD( o wex O\MD% sUS,

R




,5( GXM 7[/76 {749/6)7)0'%6?{?)(”“/4/; mfzo for .Jrhﬁ.::
cwmbustion of ot 5amp/€ of a@ anthracite of the
fol /ow;)g compoahan @ mass.

CCUHH S, Q25h, %,.50.5,%
A&ABA |

Dotermine the AIF n:a‘/‘o oma/ 7%6 dry andl wdm@f
oﬁ Combhsﬁon ,Oroofucv"s @ 770/11!1(.6 W/me 2 0/ Ceess -

Oy is Supp/;

| SDQ IM! ]O/Yﬂ)asg‘?kgcoa( é 2 heq. /@cm'( N M&S /J%Qpa,l
C 09  09x3:2¢  09x5-=33k(0,
H. 003 .o.sz%:o.zq. 0.03X9 - ~0.77M.0
O 0,025 . —0.025 @ ~-—— o=
~. 0ol ——— 00T -
S 0005 0.005x1=0.005 DﬂDsz omg )
%'D% — — ~
’!“dO,,..QéZ%
];om‘}'a&)'ﬂ

- Cireg. pm”%och\i 2.62ky
L A rey per kgo fooal = 2. 62/0 25
| = /.ZA %ﬁ 4/@}1’
f\)l af%’c‘aﬂfﬂ)( with #is e = O FF /. 54 A
. — S Trera. A




Ten, dotod 1, in products = B 77 +0.01 = 3%’%
- TThe. stoichiometric A/F= 1.39 /1
rolio |

f;- /gf‘a)?dxr“é'ap/o@ I/W{b(,/é 15 ,?O/’ " EXCC’SS L{S/)zg
e aoq‘)a;/ (PEA),

:Ac%ua//f’//"mf;o: /1. 39_}. 0.2 %1 3= 2% qu

=13 67 /1

Therehne, I, ﬂﬁoﬁ/a{ 0.77% 15.6F= /053@
- Also, & supplieof = 0.23 X13.67= 3,14 159

)y e proclucts hen, it s, cbiviges!
/\J,z /0. 63+o D1 = 10, 549
no/
,._.aexcegs@_ \314——262 _ 052}
Products  Mass/bytoa /D?a&s Mo /{'/oles/éba{ /’H /; 2
L Co, =33 225 41 0075 8 607 fe.6]

M0 027 I%Y . 005 32 —
SO, 001 D% 64 DO00K 003 0.035

O, 052 36 32 DD 35 3.6

o~ 054 72 28 034 3067 $335

Zombty TRl =04
S L (—H?-O) 0.015
o —mdﬂ = DYBIS
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Cz?é?fs /4}7%05
/ Orzf&{f 49/063%?7%/5

Y opparrois used For Hhe voluretric ovilysis o
Olg FILUL ases 1S hﬂQVOY\ as Orsok OLpPUWO&MS 8s
=hown btowd in F@( 1.

™ Wooden frame Single
hree Front header way valve
} . wayvalve —\ /- / 4
f V‘& RN NN E R RN RN N T A A N R T I RN T AR A R T/ E F s
\ b . ;!
b e P vl -
gases in 1 . Ty i
. ] z 4 X T—l100 CCf-
Single way 1 H
glass valve .;; H .
1 c A a _ Water |,
1 i jacket
Glass S N - I ey B E
bottle N\ Y ol g !
§ , ' Glass tubes oo N | N I -' E
- _ B ) \— Eudiometer
________ T e Aspi.ra.ting___ e e s e
Rubber tubes bottie

@.(1 y: Orsat /ippumius.

[t consists oF 4hree Plasks o, band ¢ cach
CoN ’(‘CC\ V\'\y\g d{&ewv\\- Q\\QM‘\ C_O\/\S ?OY‘ O\bSOTb‘i CO.z )

2, ol CO TR perrentoge of N, 35 ebfained

| al




He T EEERRLT

‘r\mm e vewmaintler,  The 9&(1@’\%@%{ of %Q,_ v The
gouses connot b weosured sepovacrely by The opponts.

Absorbents used in Mosk 2 an NaOH or KOH ol
whionrs andl This solukion absorbs COZ,—TKLMO\S}Q%)_
contains alkading =olution oF py rogodlic aid omd
s =olution obsorbs O TR Fask "¢’ conttins
CUPYOUS chloride which absorks CO.

Kﬁep'wg Jodves Y and = closed, the three- Wow)
valve s opened and the aspirotorn bokle is woved
down, =o Hhok the Flwk gas enters the eudiowster Hibe.
“The Mt gous 3s drawon in unfil #he Teved in the eudio-
moter recds =evo. The thiee — Wt valoe is closedond
Fhen the vahe 7 oF the Flask o’ is opened anol the
ospirodor bottle is moved up omol dorn severod
hiess pushing theayas into Mosk. 7o conteiniwyKOH

i< Fhen doken jndo the eudiometer by lowerd %QQSP'WEP

lewed oF =clakiony. TR Crspirttor™ s then b‘mag)ﬁg nevy™

to leDUOW\MZfX_ Cmd Plou:QQl ot =wcln o {::,os‘i B cw\}hwt
Ihe wokey™ el in both s somne omol Hie woding ol
eudiometey™ ﬂxb& is lolken .




Re ditherence i reoding before. absorbing owd, otter~
ahsx:rbirg CO, gives the pe\men‘rogg of O, in the
Flue qos. The procedure is repeaked with the
Mosks ‘b7 and 7C 7o Pind he percentogt oF
O, anal GO, The wmainder of Hhe Flue oas o ter”
the absorphion of QO isdoken as N,

ﬁbs@rba‘:ﬁ he Qoses <hondd be (G, Birst, O
secondl andk Finolliy QO oxs i} s necesstimy beawse
the obserbent used ForO. now obsorb some ), and
'H\e peyce n@& of (&, S?ven +be OQE%U*\AS \'Ooub\
b less 1% S is absortsed, Fivst ool CO; oftendords
Covsect =ennenct oF Cx\bsorp-\'{o\f\ eliwdnokes s
iculiy . Fosk o, bond @ one 1o i dughicoke
oinasd ook Wit oL sjoss bR for properiting
oF 33\565 with Fhe Qxbﬁorb&ﬁs e eudiowekeris -

surrouwnded EL») rooskey” 1o \&QP the \‘MWW orsind:

=
/p(cm 'Xzzwéé/m,

7, /|-12- 20/

A3




e m—

Zx: An Chrsatt c/nﬂgﬁs oF e exhaustrom an
- enging runiing on benzole showed a (O, conten
of /5%, but no CO. Assurring thot the removinoler
of the expaust contains only oxygen and nitroge,
caladate the AIF ratio of the engine . Tht ultimade
anotysis of benzole is 90% C and 10 7o H,.

Solution.

1hg of fuel, @nsisting o/(anéj Cong 0] }9/‘/2 _ anbe
Lonter as 09/12 moles C and 0.1/2 moles He " There-
fore considlering 1 mok of dry exhanst gas, where
7%? Comb%ﬁbﬁ equaz‘)‘on /S z/un‘#f’n s ;[o//o»us ;

(049 .
501500, a () +(085—a N, - bH,0

Y : is the moles of O per mole D.E.G.
a : is the moes oF excess O, per mole D.5.G.
b ;s the ynoes of H.0 por mole D.EG

“Then,, wa:n badomce L));X.‘—_— (.15 = X:— Qé/rmk&ﬁ,@.

Jra




%olrogenbahﬂce UD5X =D Er?b-—[fl%ﬁ%

Oxggeﬂ bodomcc ,2\( — 2%0/5+2a 4+ b
Y'—— a0.2 ~———- (D

l\)+m\gen bodonce ; 5?6%2%Y 20,5 - G)
o Y= 0.226—0.2660 ~--

,E:]ua}i@ e eyus. @ ondl @ ?or\/,gives
0.226—026ba =07+a

o = 0026 '

Y — 0.2+0.0206 = 022}

(= 092]% 32 kg /moke DEG

c.e. A smpplecd = L. 25/;%52 = 30, ?55 WG
gnceX 2 then, 1he Fuel 5upp/;eo(,wrm0/e 0.E. G J5

,""

"‘.‘_i
f
£

mez .—.30’?5 /5.375/
ﬁl/ 0 = . s
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Goiler Burner [)D?.c,%

Boailer bumer eMicieney con be expressed n
terms oF boiler bwmm**%ecﬂc losses. When these

losses are i Blu per mel OF Pmd buTﬂﬁd, the

efiiciency is Calm,ﬁmiegko“@j

| y(bb _ HHV — bl losses o)
VR

There ave six mojor boiler bumer losses 'mcluo\)y:

{, the dy_ as loss (DGLY,

2. the moisture loss (ML),
3, the maisture in @mbustion air loss ( MCAL ),

4 the incompldce ombustion loss (1CL)Y,
5, the unburned arbon Yoss (UCL ), and
6. +he radiodion and unoccounted Loss (RUL).

—B deh‘:mﬁnf& these lo s5€S »ne ‘}uel Omﬂl P\uegas an@sfs
mus+ e anailodle. The eo\u&hons used Jor Hhese coll-

culobions o listed in e %llov\)i‘y pages.

QBT\




1.Dy-Gas Loss (DGL)
DG\_: \(\)@ C%(JES-—JCQ) —=(1)

wohere, Wg = oy Fug qos weaft (1b/ 1 g hubunsl),
it com be obtei \%& tachivg from the Yotad gas

weight, the unburned (UF) omd Hhe moisture (W+ 1)
~in the gases. Thot is | |

Wig = Wap 1 — A UF— (W4 9H) —-(2)

As
“IThe combinodion ot (/%1 +UF) is breguently eferree] o
as the solid refuse (W) which is inc unit o pound
per pound of Fud bumeal Becomse OF o Ml-\xl’rmiron.‘ro
the boiler systen, We actued aiiy (Wa) in oxhooceq. |
connot be amwa}% estimoded,

As an oblernoive, the soeight of diy Fue gas isexrescd
in 4erws of Nuﬂgots doder (orsack omalysis test), “The
derivoifon ol e equakiom 1S N H\,Q J}ol[ovm@ ;

Whe = werhtobdmsaes  1bof arbonbumd
- Ib of carbon burmed < | I o Reel >
£17) 2D 882




T PesFem in Hhe vight—hond side is simply quaktos

(1) — ¥ (024320, +25(0 +.25N)- )
e T 1200, RO

“The second tern is the carbon ina pound of Puel ming
Fhe unburned Fuel. “That is,

| = C—(W~Ash) -~ (5 L
Subsﬁjrwh@ Hhese equations info £q. (3) gives :

Oy = G 5 WCO+320, +BOAN. )
| 2 CO+12(0 -

Y 0{5 ~qais loss (DGL) s Hhe |owgest among the six

losses.

BB-3




MU = (CWHaH Yy hg —Nw) ~~——(&")
The ferm (W+3H) represents Hie amawnt of moistune
tormed, during combustion. [is dut to mech anico mo—
isture ardl combustion of the hydvoyen element in the
| '[:v\ELI. “The JLerYVL ('hs—-)’lw) IS +he QY\Jr}\OAlpB Ch@rrge OF
~the moisture ondl is opproXimated. o T

nd ~ . ir Ty,

3. Moistunt 5n Q)mbu\sjrlon Air Loss (/f//[/ﬂ )
CMAL = e 0Go (1) =)

wWhere (co ) is Hhe humitlity ratio of air enlering Hhe
boiler” system. omd has a unit of poundls o voder”
opor per Pound oF dry ci T The humaolib ratio is o
Rinchon of e dry- w{% ompl wek=tulb teivperovtures,
m cm e eosily detorminedl By wsing opsychrometeic
chowt,

2

T T A P N




where, Wy — A@+<€(/{_ gQ)_C}_.S__;\)'ﬂ(/o)

whore gc s deFined by £9.(9). Ve o H; O Sjand |
NI, o Shteinol Mo The bl wikimade omoi%as and
showldl howe o unit o pounds per pound of Fuel.

£g. (10) 15 bosed on the principle of noss Onsermadin.

4. )ncompleke—@mb%’r?on Loss ( IC L)

(L= ~EC0 uzR0—(1l)
% x 1 CO,+28CO+260,+320, ! |

2 Unbumed C&rbon Loss( Ul ‘_)

U= (UF)(14800) --->(12)
or, = (W) (G)(14600) -

5. /éaoﬂwffon anO/ [//)’)QCCOLU’I‘IL@!—'J%PLOSS (RUL) ‘
TThis loss Ts YYW@ o to YEIOLM)‘OY\ and )'ncomple;te

combustion mswb{rg n }gd/rogeh ancl }yo[ro@rboﬂsm

the Flue gas. In prachice, +his loss vomges From 3 105°%.

*G‘: Oombustibléiﬂ solid relue [ :(_B_ |
Lo e Ao Ctliblin 85

., /3~ )2~ 0K




Ex: Anod boller +cs+ ,Dmdes H\-a dm as\\-o\m:

Fred wiimedte QN

C = 5FFY /\),1 0% Ash=165%
H=3%F% =~=33%% YW=)2.0%
UO=5%%

HHV = 11,000 &u/Ib’

Fie gos an

1S | .
CO,= 13.0; Ol_—_.—TD CO-1.0 N,-790

Qﬁ“};«se Qnalzys C 20 /

ﬁuc 9@5 kmpero&um = 360F y s

A lemperakuits \03 bulb =70F }wzo.or)%mv./tmw

bullb = 60 F

The vodliodion and uroccounted - for loss 1s asswieol
+o be 3%. Cod culate the boiler eMicieney For burner

lotke S%Ml Coo 0w ©. 2 Bt Jlh-Foamd0.4 7 Bt [lsF

‘_ }"@S/Dt’.-c t,'fv' _

Bb-6




So]uh“on X

First, the soliol whuce is estimated, per pourd obea
burned.. [+1s equed to the sum oF the unbumed carbon

ancl the ash contpineel m fhe ad. “That is,

We = UF+ Ash
wr = C, \/Oy-—l—' As Iy

W= 021/ b OFQDOL/(.(QPPWMWL@)
\Sééond, e 0@ Mue 00s is estimoded| by using &, (5')
and <9.( 6 )7 1t gives

= (0577 2060185 ) WO13)+32(F)e 2810+ 37)
| 12 (13)+1201)

Yig= 947 lb/Ibot wol

The ochuied airis determined using Xg. (10),
Subs ﬁ'hdi@ the numsricad vodues udo Hhe equetkion
gives

Wo = 969+ (0 039‘-—-%2‘5)_0. 536_0.033_0.0!

Bt




o — 935 b /b obesnd

With Fhese rswts, e botler burmer{ Furance) losses
ore Cakeudakedh below ; |

OGL — (96)(0.24) (360~70)
= 6F4.Y By /b oF ca

yi ML — (0.12+930.032)(1089+0.M6% 360-70)
— 536.4 B /lbot coal.

3 MOAL (9. 35)000%8’)(0%?)(560 )
| = 11.2] Rt/ b o} cwad.

HICL =9 Hx <5 (10) %Y3K0.
YU(13)+2BL0)+ 28 (AR EF)
— A4 lgill/(/ (b ot aal.

5 UCL = (@21) (0.2) (M600) = 5328+u/
Ky
6- KUL = (0.03) (11000) = 330 Bhu[Ibobeoal.

EB-5




“Then, Hhe totad losses ane adowovted cus

- Totad losses = DGL+ME‘M (Al )C L+ UCEHRIL
— 7Hy 5% M2, Y8523
= 2556.% Biu/1b ok cold.

}Tm@, the boiler Faromece e%e@ is

_ HHYV— ol losses 100
Y !

— 1000 — 2556 y 100

11000
= F6.T %

657




alad) Gagd) g el anlail) 3 ) 5
Aladad) AR daalal)
&l g8 S — datl) 4,1

-

ABUal) g 398 o)) Audia Cilyill and

dag) 1) Alda sl

Q1A La ol oS0 Ayl Balal) 3 ualaa
Subject — Combustion Technology
SSE) 5 palaall o gl

Dissociation

i g (pdl) e alas a0 — 3l
43U 3l g5 piuala
2005 / ke — daa ¢ g3l Analal)
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I>issociodion s S

I+is Pomﬁl thock olxwfvt% aolicdootic  aowm bustiow
HW Wi W, femperv- ok readaco] s lowen thowd Hodt

expﬁdce;i on Hu besis of e/lmw’ra/@ cmlwiaiiowf)ug

iMpoYerx\Jc nson. tor Hhis s Hok e exbthar i < Oudgostion

prs b sl o L

Twe vwersea Oroeess is on ewglo Huwrmic process (
s odosorbeal ) | vead process H wagkion {bmce@e@?\j
bo'\*\*\ olireotions SFWE*Q-V\QOMB owoh ¢ hauicaed e@(w‘ [1'}3%1/%0(
s veachesd whow Hae % O BN~ UP o prroduusd wolkudes
is equod +o Har rade of Rormarkion. Tris s npresesthes|
Pov-1he Combusdion. oF carbon. monpaicle ol hyobrogtan.

ruspectivelyy Iy e quations
X0+ O, Z}COL

el M +O, — 71O

“The presence ok CO ool F\o WMQUNS Hat thane is
Rl @iergy o 00 roleaisecd on Hheir reaction with O 50
H MGAWI ’re»MwaEe vﬂonch?( com. }vaiye% g Kuﬁ,@o t\o;i

ectecl O Hg basiS o com .
mkcmuﬁﬁom pmc:e@Ls omol Hhe W@@W lavel Falls i
to expomsion ool /o1 Subseaquant heod- loss, +he cmoumdt
ol dissociokion deereases (i+1S o P coutt ot Jewpartines

wwmpletion,

(O-1)



The condition. oF eq'wilibrilAW\ oluring o yewersible
combustion process comn be s+udied bd MoAS © Fa
Cov\cepfwaLolw‘nce known Qs -H)e 'VQn’+ Hojﬁ’ qﬂi\ibﬁwq

box ' as shown P:‘gw below C’o.,\..s;olerqlhgwa
Mueysible combusion process which ocewrs ok o

akwol A 4 b kol B = Chol C+ dkud D
icm{ 4wpwodwn( T ol o presswnd, B Hhae boy
of eq\p\\ibvim ,

- Stekes of readouts : A B @ P MT.
~ Stakes of proolud.‘s; C &—D @ P, aMQ{'T

-~ Process of combuston : mve/rsibla(:ie, energy

tramsRers 4o WaR ),
— 'En.@YBS ‘}Y’(‘MJ\SFW_ O\OM b\‘j iSoH\brw.ak CONQ‘(S&OPS&‘

Oxi)omole(’s.
_ eouilibriunm box contuins o wirkure of gases A, B, Cad
O ot ook presswre p owsh T jews. .

= M @ b, = Pﬁ &?6@ )\:,c‘wilibrim box .
- The presswme. acustuauts one wadle by $he sof homal epaudies
—_— oMpressors

(0-2)



- Koch  consttuawk emders or \eawes Hirowgh, o sewi—
Permeollk membrome, Some substomces permit on 9as
‘o pass ‘HW‘OV«.S\,\ Duk prevent ot~ pses , €9 o glowing
oluwinum. sheet allows hydrogen +o pass Hhronghn. buk-
N){- o-HM/(‘ taOLSQS ‘

_ H'is CkﬁSIMMSL )for st"mg eqM\fbriuMbOX Hot such_
swhstamces o avoilale Moy gases A B, C, ow kD,

— b process mew proceeoh equolly well in sithaer
direction but 1459 3 ws+roukes] here as QoTwoy Prow |34

to right in combustion 20uoiow ounsk o3 shaw i box
e, .

~ With « M'erSOd oF the process +hy heoct omuoh wo‘v‘k

tromsters woulal be yewexr—seo| in oliveetown |

- H'ﬁ k\mw.\ H\oul‘ +he WOrl"\iv\Pwl‘ dwi\tg MiSOMW(tM
bj o porect gas between { owdl 2 55 aven by

W = mRT hn () = nRT (&) - )

— &q- (1) conbe opplies to ecch of the compressors omol
oxpowclors in He system of equilibrivua_box .

Wa= work mpiton A— o 2T lv\({a)_—__"éﬂ,‘@s\
W= workiinpuk on B b RTIn ($)= Tl B

(5-3)



We = WOr\kmpui'oﬂ C= CQT]W(L) = (2. J ln( )
WD__ work mpw(‘on b.- dalk(—ﬁ;) = -—Qﬂ"( P1
~ The network owkput o +ha sysdew :

Thew is, )
o R O R (O RLIECH AN }
iQTiln,__Efi_k y\PHb hd'{ |
A

— F oy ‘H\JL SQ(‘OY\QL Syjl-Q\N\ ot Hhe sow surroumolivsgs,
He prswrC in the equilbrin box is ) Por this .

net worke ewtpk = — W', given by

— ’r & d b-e—d
W1 { n (%)q@%)k + In

\\]}Wﬂ P,T-"—-_ P,A."*‘ P/B"" P,Q‘,f" ?,D .

(D-4)



- |4 1s SMPPOSQQL Ahat — W ;&—W’ o +his Stodaunct
s o be 'IV\VCS'HSOULQ_Q( '

s Suppose —\N >—-\}b’ , Hhen 1hg secownsl systw K
be VvastcL, s Showw iw ddow ¥33W . Mms\k&\{
systews Forwnesl by wsimoythe work, oukewd Frow tha Brst

systewn , = W, 4o svoviole tha worke
systewn yewevses\ . J oif sk o T, Aot

A ]-w
Surrowndings a1 T,
a kmol of A Pa Mixture of A. B, C and Py ¢ kmol of C
—— - :@: = ¢ O e
atp, and T = Datpand T : atp,and T

bkmol of B S N d kmol of D

at py and T -@l%‘l% Equilibrium box % Lo atp ad T

l \ 4 |
w-

Semi-permeable membranes
W,

Figure 1: Van’t Hoff equilibrium Box.

T T T
T L 4] - 10 -
AN [ D Y A
- W J|. - W
L - W F— W — W
Il =Wj—={=W)
Systems | and 2 Swstem | System 2 Combined
reversed syslem

Figure 2: Hypothetical combination of two systems.

(D-5)



~ The pesuht is o single system giveng ounek ouwpuck
of work. (=W))~(=W") while exchomging heak with o
single source od femperautwre T

_ “The obouve Wswht 15 oL contraclidion of the secowol
leww oF Thorwooynamics, Hus e proposition thak-
W= W’ is not rue | so ok W = \Ol,‘Hllﬂst\

G RS
AN K@
_ K,ﬁs ‘H\.l -\M en‘w“l'ibfflhk& or oliss’o.c)wﬁ'or\

constomt, 1445 ]y\olepw\oleu;{— of pressunk as show Ao
obowe i the €quilibrimu box.

— A Shomdowro] Hhorme clynounic Qquilibrimcm*M,Kf}

com be dePineed v olimemsionless Porm bu reders ol pow ki
pressume 1o o ;lresst»:m( oForbo»'r‘. @ "3 o M

. 5 d ) \
C,e. c \1\( Ei)+\\(%—&>—\v\(%; ""“‘(‘%B.;

oY ')‘Y\ 9W )

K== = W(RP) s

<
Whave 7 1 is 4K Sholchowedyic coeMiciewk , ok
{)05'14':\!9 Rr ‘ﬂ«l pmduc-}s M;\mmgot;h\\; }\of ‘\"AEWM;M s

(D-6)




— for exomnple the combustion of carbony wmonoaiole to
Corbon loxole. combe Writea o :

CO+4+0,= CQq,

With molonr poportons hr CO, O, auwnch A0, oM,
0.9, omd 1, TTRas K coun be written o ¢

WK "= \n [ Pco,(F”)V"K )

Po (Po, )™

_ For the combustion ok h,o\mgevx he ei\umb‘on,is
H.+4O. = H,.O

with woler preportions | |, 0.9, owmd 1. T el
Constowk thom becomes |

K—%)- __PH;O(P“) - - (5 )

——

o pHm (P o;\)h

— ln Hp combushon o hyohro corbon Fuals both of e
above vepetions Wy occwr St} Fomeous |y eun ol aothu~
quilibyim cons tewnt combe definas) by olivicking ex.(5)
Yo QC%(Lf), givi )

K—e—_:_ ~g‘10‘§mﬁ* . (6)
He {7co, (D-—q)




Lx1: A combustible mixtnre of crbon monoele
ond o which is 10 /. rich s C""W‘P“essed to
o pressune. of 3.2% bov™ amdl o Aempervectine of
2%2°C_ . " The MWK 1S ican'rtLoL omol combustion
o0TUrS ocolia,bai?caﬂ@ ok constomt volume, W hen,
Hhe movtimum temperortnne is ovkkoine omaflsis
shows 0,22% kuo| of CO presert Jor 1 kuol ofCO
suppliedl , Show thot +he maivmm 4emperodur

reachedd s 2695°C .

solution :  for stoichiometric on olitions, .
CO + 4+ O, + 3.76xL K, CQ+EHHN)

CO+ 05O+ 133N, — CO+ 183 1,

Ackual AlF yokio = stoichiomshric A/F ratio+-

— stoichiomedric A/F ratio /1.1

o

TThorebore Hu auduad voutouds ore
CO +(0.9 O, + 135 R,)/).|

with dlissociodion there will be some break p of @)
Siving CO omal O, in e proclucts suel thost

CO+ (0504 I8 P 1= o QO+ b CO+ eQ+(k°6T€" )0
\ z
“The ouestion stodes Hedt b= 0.22%, HhntFone
(D-%)



CO+0.455 O, +1.7R Q, » a (0, + 0.22% O+ c O, 170U

Carbon balomee : | = ot 0.22% = o= 0.FF2

Ogyge. o : 14+(2%0-495)= 20+ 0. 22%+ 22
‘" C = 0.06Q

For te vatkion. CO +45 0, = CO,
o\
Ke"__ Poo, (P )ﬁ
Peo (Po,\)‘{"

|

l\WQIOft” K-é—_e_.—-_,_@_ %{jg Ty
Wt By = Hhe botol prossune o Heo requareo] teuferatmre
o9 N2 = 4o dad mount o subﬁmces of proclucts

Ny= ot bt +1.50% = 03F2+0.228+ 0,059 300
M= 2.FFF kol

At '13VV{+;OV\ ! ‘)1 — ¥.2¢ BW‘, T= 273_;.232:555}(
As I comhusbon processis ot canstoudvolwmte, s,

V= C P, = P, Mz, T _ 2775 968
= " T {??Ié‘f 999
— 23.3% bw—

Whore, Ny = omount of sabstane of waetawks = [+0H455+1709
Ti= T3+ I = 2% k= >
(>-9)



Substituting in equotion (1):

K —_— o '?:FZ 2- ?7??(] 3
— 4 q 6
0.22% 1 o, 069%xN s

‘H"N’P"“z W KT — . 23

From dadles | 14 is seen !y werpoleution. Hodt IWKZ),235

for Hhis moction ot 2963 K showning +he ossumeo] voluae
o be brue P

(D-10)



InK*

l {Pﬂao]wu]"l {szn.ﬂuli (Pu,0)(Peo) 11..f-'|-|2<]".i."'°:'£ _ (Puo) (Pu P®)  (Pa.)p®) [Py, )(p*)
[K] (PuMPo,)'  (PeodPoy) | (PuMPeoy)  (Porpw,)  (Po,)ipw,) (pu)? (po)? (pn)?
298.15 92.207 103.762 —11.554 106.329 — 34933 164.005 186.961 367479
300 91.604 103.057 —11.453 105.627 ~34.707 162922 185723  365.126
400 67.321 74.669 ~ 7.348 77.360 —25.655 119.164 135710 270.329
H00 42897 46.245 — 3.348 48956 —16.602 75,226 85.519 175.356
800 30.592 312,036 — 1.444 14.670 —12.072 53.135 60319 127.753
1000 23.162 23,528 — 0.366 26.063 ~ 9353 39.808  45.145  99.128
1200 18.182 17.871 0311 20.307 — T7.541 30,878 35.005 80.011
1400 14.608 13841 0.767 16.181 — 6.245 24 468 27.742 66,329
1600 11.921 10.829 1.091 13.086 - 5273 19.637 22285  56.055
1800 Q825 8,497 1.329 10.673 — 4518 15.865 18.030 48.051
2000 8.145 6.634 1.510 8.741 = 3912 12840 14622  41.645
2200 6.768 5119 1.649 7.161 — 3417 10.358 11.827 36.391
2400 5619 1.859 1.759 5.844 — 3.005 8.281 9.497 32011
2600 4.647 2.800 1.847 4730 — 2657 6.517 7521 28.304
2800 1811 1.893 1918 31774 — 2.360 5.002 5.826 25.117
3000 3.086 1110 1.976 2.945 =31 3.689 4357 22.359
3200 2.450 0.429 2.022 2.220 — 1877 2538 3072 19.9346
3400 1.89] —0.170 2.061 1.582 — 1.679 1.516 1.935 17.800
3600 1.391 —-0.702 2.093 1.016 — 1.504 0.609 0926 15.898
3800 0.944 —1.176 2.121 0.507 - 1.347 —0.202 0.019 14.198
4000 0.541 — |.600 2.141 0051 — 1.207 0934 —0.796 12.660
4500 —0313 ~2.491 2178 —0914  — 0914 | -2482 2514 9414
5000 —0.997 —3.198 2.201 - 1683  — 0682 -3725 -3895 6.807
5500 —1.561 -3.771 2210 —2314 — 0.493 —4.743 —5024 4,666
6000 —2.033 —4.246 2213 — 2839 — D338 —5590 —5963 2.865

P ==

(p)t = 0.99344 atm’

log.. K* =043429In K ®
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DEFINITION OF DISSOCIATION

DISSOCIATION PROCESS CAN BE CONSIDERED AS THE DISINTEGRATION OF
COMBUSTION PRODUCE AT HIGH TEMPERATURE. DISSOCIATION CAN ALSO BE
LOOKED AS THE REVERSE PROCESS TO COMBUSTION. DURING DISSOCIATION THE

HEAT IS ABSORBED WHEREAS DURING COMBUSTION THE HEAT IS LIBERATED.



¢’

3 REACTIONS WITH DISSOCIATION ~—

In IC engines, mainly dissociation of CO2 into CO and O2 occurs,
whereas there Is very little  dissociation of H20.
The dissociation of CO2 into CO and O2 starts commencing around
1000°C and the reaction equation can be written as

C0Oy =2C0 + Oy + Heat

Similarly, the dissociation of H20 occurs at temperatures above 1300.C
and Is written as
Hj{j = EHE T l'jj + Heat

. -



\/ SUPPRESSING THE DISSOCIATION

'

* THE PRESENCE OF CO AND O2 IN THE GASES TENDS TO PREVENT DISSOCIATION OF CO2;
THIS IS NOTICEABLE IN A RICH FUEL MIXTURE, WHICH BY PRODUCING MORE CO, SUPPRESSES
DISSOCIATION OF CO2.

* IN CASE OF ICE HEAT TRANSFER TO THE COOLING MEDIUM CAUSES A REDUCTION IN THE
MAXIMUM TEMPERATURE AND PRESSURE. AS THE TEMPERATURE FALLS DURING THE EXPANSION
STROKE THE SEPARATED CONSTITUENTS RECOMBINE,

* AND THE HEAT ABSORBED DURING DISSOCIATION IS THUS AGAIN RELEASED, BUT IT IS TOO
LATE IN THE STROKE TO RECOVER ENTIRELY THE LOST POWER. A PORTION OF THIS HEAT IS
CARRIED AWAY BY THE EXHAUST GASES.



~—" EFFECT OF DISSOCIATION ON TEMPERATURE

Fig 1.1 shows a typical curve that e
Indicates the reduction in the temperature 3000 |- s Nodisseciaien
of the exhaust gas mixtures due to  _ | i 4

dissociation with respect to A/F ratio. i
With no  dissociation  maximum  §** |
_ : . :
temperature Is attained at chemically * s L
correct air-fuel ratio. With dissociation
maximum temperature Is obtained when

With dissociation

ichiometric mixture

r
e
|
|
|
!
1
|
[
|
2 |
5 |
2

St

Lean <— |— Rich

mixture is slightly rich. Dissociation R T R R
reduces the maximum temperature by LA
Fig 1.1 Effect of Dissociation on Temperature /

about 300oC even at the chemically
correct A/F ratio. e B 9 )

y



\_/ _EFFECT OF DISSOCIATION ON POWER

~“The effect of dissociation on output power is
~ shown iIn fig 1.2 for a typical four stroke spark
Ignition engine operating at constant speed. If
there 1s no dissociation, the brake power output
IS maximum when the mixture ratio Is
stoichiometric. The shaded area between the
brake power graphs shows the loss of power
due to dissociation. When the mixture is quite
lean there is no dissociation. As the A/F ratio
decreases I.e., as the mixture becomes rich the
maximum temperature raises and dissociation
commences. The maximum dissociation occurs
at chemically correct mixture strength. As the Air-fuel ratio
mixture becomes richer, dissociation effect Fig 1.2 Effect of Dissociation on Powet
tends to decline due to incomplete combustion. <

Brake power

o113 1415 16 17 18 19 20 2

Nt e\

Specific fuel consumption



N’
~,- The overall effect of the dissociation :
process: N Stardard Co
! . . 2 I r-Standar
- Heat absorption in the combustion process \_— " Sneare Hyee
and liberation In the expansion process.
Thi | f power and also ; Air-St. Cy. With Variable
!S_ causes a 10ss Of p o specific heats
efficiency.
Air-St. Cy. With Variable
k., : { e specific heats and
- It limits the mixture temperature after A / dissociation

|

combustion so the pressure rise will be
lower than that of without dissociation.

= The effect of dissociation Is to lower the .. . . . . . o
temperature and consequently the pressure -~~~ "~ ° |
at the beginning of the expansion stroke.



EQUILIBRIUM CONSTANT

'« Equilibrium constant, K, is proportional to the ratio of the reverse rate of reaction to
the forward rate of reaction

_ o)

~APBf 2 v




C‘*<

THANKS FOR INTERESTING

* TO BE CONTINUED...
* FOLLOW THE LECTURE OF DISSOCIATION.




—”:\?2 | Um'l)eYscu! | Gos Cc?ns}anr \

Considerfwo gases A and B both with %hfmm@%:
presswre Py volume V, and tempeedpre T
L{’j‘ their masses be I 4 anol m 35 respec Hue@,

| gy 'H']f CW%&’TTIL}C 6;/0(,@/1[1’0;7 0/:@{ /0&?’7@(%96?{/
:3@-/: M/i."@ﬁ = g By e @
! whert ¥ = CAW%%’/T?L}“C gas @,7571&%

| Le% »HLQ M/MJ’W W@W masses 'o;ﬁ bhe gases 56 M,z;
" owmd Mg, nqoea‘:rwfy.

Bj /41/0962'62/)”0 s M .po#?@;fs , the masses of_eg/b@/
volumes of oifferent gases ot +he same pressure
omd rempeorature ore proportionad fo their

welatire molecudon masses. MHence, it follows From
€g' @ Hof since ,

My ly = g Kp

then, N
WA’" /éﬁ- = /Mg /ég e @ _.
From His, then, it agpewrs Hhat P product o Frelative

wolecuday mass condl phavacteeristic gas consteaut of all g2z 65
| is atduizys X @pstont. S : ;




 TThis constant is colled e universad or mole~
- gas constowk, @m, :

HE’HC?,

/%/é:léﬂz

For- oY, mee Voluks of
K= O.2FF kT g K ond M = 22,95 ky.

t/\_/’}\f‘c)’) s 1wmole oF air (<.€ per @mo/ﬂ)
o Ky = 0.287% 25,95 = B.3IBET lgwok X




The mole | Sg-wdaol }Be(mol’ )

| /4 n\o[e. o}”'OL subg@mce 1S d@n’v@l 015 HSQ rﬁO\SS .O.]i Hﬁ

-aubaf\rcw\ce-equow{ to s wodin® rolewdov- wass.

\B Hhe umit oF moss is oken o5 the Rilogrowwe, H\d\,

twde O, = 32 \eﬂ@z ~ Awole C= 12kg C

Aol Ha= kg, 5 Anok = 3TS Qf

nole CO, = Y kg (O,

Since e ki loarouwme hod been use, the wole i w?errﬁd

. o as the /}Q‘:\ograw&m\{,_ woritten l’gmol, Omd mthe
- Qose ot O, it wowd howe been, 32 }QJ]CBWWLQ $0,.

To deteywing +he number of moles o’ﬁ\go.s Kkorw&_
115 necessary +o divide e moss oF gos by its vl

molecdar moss. Thus,

whae, N = number of moles,
M = mMass of gas,

r- M = wodive wokadr mass of gous.
Rm-"h?s, . o

. " M,.::-:_ﬂ/pf ..‘..-....__@

- Also, since ML = oy

- then, £ = En/M D

s




Frow\_ HL{ th&ms’ric E%Miow o?-m Per#ec’r GOLS,
. PV = WU@—T --_-@
Substituding eguokions @ owd @ sy D),
PV = nMEuT

or, . M

PV:: ﬂé}fr - e @
Nelume of ore mole of gas
;.—-Smc.e, PN = HQ_M_T—

. then
| N = 1 EPMT

wdhich, For 1 mole Or‘\gos, becowes, |
_\’:'%—Ls{\r\ce Nz |

| _Wh‘s esa[wmhom s 'mdepend@'xjc of Omg pa/r*H Culqr*\g X3,
Conal it shows thox the volume oF one maele of amy
gos ot the same pressure ond temperadure s onstomt.

T};\A_s, For Oy 9&5" od o pr&ssuwe of 101,625\§Pa o»mdo\

5 \ = €. 342 X2FR1D = 22.4Ym
101,325 "




Aver»e@e nelame ok adar mass ofa gas
MATIME | ' |

\\)umbd’fO‘; moles of = %‘5507[9&5

g Jod /@/@z‘wem/m@“wﬁo@m
Y - )] = e _____@ |
»ée!m‘/w’/ﬁa@cmmg _ Mussofsas ,or
o s - Nunberofmoles a/ém

‘or a Qo W%MF %)m eq ““:t.:wO Qo be usedlto
oletormind +he crverage. reletive molkadsr mass of .

A e K (@D
M /7 |

o Gots HEXTNTE.

ke s of a gas michnre 15%&/6 of Hhe
s Q/M }W}QO&@&( Waﬁgmpmwf

M/W m/-/;/%__,_. E

T M mass of @ qas mwre ,

- o= M 1ty M 113 Mo e B

g%




whore 1, 4, 3 <ete., represem* Hhe dfﬂ@ré&'gdse-s. "

the mvictre
Alsc, the number of moles of gos windire
Ng = 1My+ M2+ N2+ -—— — &

Hence Prom e@,uﬂvﬁon @

Arverage rdodive molecidoy mass oPaga; e
=== /{(a@ = HJMf + MaMe +Vis tf3 +--—
}7{ "f‘nz ‘7"”3-—;‘-‘-.-._.

or, /"/wy = ;”M e (B
n |

- \gmce one mole ot oy Qs ot Hha souue IESSWTY

ool temperodure occupies HL seuntl volume Haon Tt
Pollowss thad o sercentoge 0mody sis by voluwme is
also o percentoge tmody=sis by moles, \‘qufmen{gge.

nalysis s used Then Zn =100, Thus, or cuir, %\2
Volumebric anedysis is, .
21% &, F2.09% N, 04959 ofkr gwes o

“The relative moleculon masses ane,

C2% = 32, vOr=-<TF, Othergases 39.9

;;* ouir then, o -
/WW _ an _ /47/%32)1—(?3’05%25')3'—(0,45%5%?)

| 2_‘/’? 100
6% — 5% by




T denshy of o gos wirie

From B volumebic Omalysis of a gas mithme
oletormine e averqge WIFvE mole cular mass
M‘M — ==l e (D
.

L%’\y dé’/:m%lf?n, one mole oF Hzggas w%%m«e um’/
hoawe o mass.of Maxrg ks.

Ty volume o F one mole oM-M e W%WM
its pressure omel -‘r%@raw cam ot ﬂa/(CW{aJr@{,
225 V' — /émp’T —_— @

Hrom eg naltion &) om.o/@'
Oef’?&jﬁ — f= /Mm/g/ V', on /%/MJ
Srom this,

‘5,&5(/‘/;‘( Vo lume =— 10 = _Z_. ; /723/ é’g
vy

/
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Tha mege vedue of Yhe chomaderishc 9(15 onstonk
- Fora gas wicdure

D eherming The owerm@e rﬂ{cahﬂe molecular mass o H)ta:
gas W?{’/W , - |

Mg zm\
R A v
For a gas, i+ has been 5}wmg that,
M=Ky N #_,.,@
From; %Wﬁ@ns@m@
/@W, — /éxé/ —— |
Yo —




" Molor heat copacily

: MO.IOX‘ )’lQSMJl’ QG{DOLC'tt\j od @nstonk yoluwwwy,
: Co, i dalined as the amownt oF heok vohich
~ hromsters 4o or from one molk oF gos wwle
the Yemperodure chomges by on’ deghee anol the
volume ramgims Constunt.

Ao,

Molovheod @porcity ot Ovstawt pressure, CP’ :
i= debingd os the omaunk oF head v Hromshers :
to or from ane wole ob gas while T tewperackivre

chomoes by one degree ondh Hhe DRSS MM COV\SM,

In both Qmes e tzwm!‘rs O(/YQ kS/ %W\o .
Snce herg e M }(9 in ong L’gw H\m,ﬁollom

ek, 2lc, = Co o @

Q(A/Ld M'CP - Q’P —~—— 9

;J(‘ }'\OLS béﬁ‘f\ =howm 31'\(\00{") !ﬁoy\ O 8&5 5
e — T = . I )

Mulbiplying =suodion B Hrowyhowt by M, Yhe,
MCP — MCD = /b/}e, _ |

?I




Z

o T = M - @

- this mdo equation @,

C;o._c;d/.: <. 3193 . . B

/4/50, C'p I/CD :Y +he ooliahodk ¢ inckex,or Spec;'f.”g;_

Mﬂ@fxd
/Mw#;p_y;yg ‘){op OmCJboHam bﬁ/W 71})1‘.’/}’7,
: M e = Y
MCU.
- Or, /;cym é_’qa@/ﬁbn_f @éfmd@,
| g = ¥ | e (B3 .

@ C;o_ C. -;—573]“(3-_- @
5;(,/%%“7&,&9 G info =9- &,

~ T o "?5"3\“\3 e
. <. o
Q /f/;o fmm eg. &) . .
 Co s - SIS e -
| 6’%&567‘%@ CRN, e? @
)= <p L &
= g3




/‘%)@:@e mﬂ/@/f’beaf Qzpacs fj ofa Qas m‘mé ; |

/or any gas m;xfm let, -
ool numberoF moles oF gas wixtwe = )Lr

/z/&r@e molar heat pacity ot constont volus
oF he gos it = . avg

\Qumber OF WLD\‘QS OP e&c}\ mojm))dual 90\5 m ‘H\t
W'X:}W = nl 3}/\.1;YL3)

MOIW heodt Capocities o cnstouwd '\)o\uML
oF each indivicluod geus N the mntture < @,,GJ,_,CQJ,

Wow the amownt o} heod reonired] to rouse v wmoles
OPQO@ H’nm»@h onge OJGQNZQ rse of %@W )
while the volume remains copstandt = 7 Co,
Hence, For the gos mindunme, fhy cumount o heoct
reguined +0meu Fhe. Jrewwadw& Hrough o ne.
e st © |
W ==/, mﬂ, C'z?,\../- )’2361/_,-;—
— % Cvcm/ = [V7;+ﬂz+)@3) sz_»_xg
/;;WL ’/'}115:

ij = 1 C‘-'%"'f‘/fz CV:: ~+ 3 C‘l?_g-—}— e
| Ay o= 4 T g4~
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o,

C%: %” Co | _____,_@
: 4

‘gj sV roi oy m%g.sv‘s, i+ tom bé(j'/?owrl._—ﬁlcaﬁ the “

werage mol®r heal” capacty ot Constaed oreswr
iz given by,

Gy = =24
p g =,

il




(2)Given thot stemdord presse angl tempercdune
o g be tokery as 101.32kFow omd 0°C | respectivelay,
ccdadate the volume of one kibgremme mole oo
aertect yas. -

(b) /455‘!/!%'1\9 Hid Gir contains 21 % oF oxygen Dy
| volumg , the mewcunoenr bf)iL\g witroQen, tod adaAe
() the oweragr woleadon mass of cury e
L (#) the Yedue of Q,, 4‘}\1 CJOMDLC}"BHC 9)66 onstownt in WBJ(,
) the mass oF one aubic i oF wir ot S. TR

 Universad e eonstomt, Ry= €. 343 2/ kawa- K.

' Solakions- @) PV=nly Tand bor 1 kowd PI-KGT

o0 No= LuT _ 3M3¥273 = 22Y%°

2 101.32
SV M oM (Z/# 32) (FAXKZLE)
R 100
— bR+2212 _ 2889
100 o

Ay = 2599 13
li Mg = n . I _ L agpkT/K

’

- Alwg 2597

i = M ZEFY - 129 Yglw
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Combusition Fundamentals

To understand the formation of pollutants in combustion systems, we must first under-
stand the nature of the fuels being bumed, the thermodynamics of the combustion pro-
cess, and some aspects of flame structure. In this chapter we discuss fundamental aspects
of hydrocarbon fuel combustion that relate direcily to the formation of pollutants or to
the control of emissions. Questions of flame stability, detonations, and several other
important aspects of combustion science are beyond the scope of the present discussion
and will not be treated. Specific pollution control problems will be addressed in detail
in later chapters.

2.1 FUELS

Of the spectrum of fuels currently in widespread wse, the simplest in composition is
natural gas, which consists primarily of methane but includes a number of other con-
stituents as well, The compositions of other gaseous fuels are generally more complex,
but they are, at least, readily determined. Table 2.1 illustrates the range of compositions
encountered in gaseous fuels, both natural and synthetic.

Information on the composition of liquid or solid fuels is generally much more
limited than that for gaseous fuels. Rarely is the molecular composition known since
liquid fuels are usually complex mixtures of a large number of hydrocarbon species. The
most commonty reported composition data are derived from the ultimare analysis, which
consists of measurements of the elemental composition of the fuel, generally presented
as mass fractions of carbon, hydrogen, sulfur, oxygen, nitrogen, and ash, where appro-

59
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TABLE 2.1 PROPERTIES OF GASEQUS FUELS

Heating
Other value?
CH, C,H, CH; hydrocarbons Cco H, H,S N, COo, (10°Jm™%)
Naturat gas
No. 1 1.7 5.6 2.4 1.8 - - 7.0 — -~ —
No. 2° 88.8 6.4 2.7 2.0 - - 0.0004 — 0 41.9
MNo. 3 59.2 12.9 — — —_ — — 0.7 26.2 30.7
No. 4 99.2 — — - — - - 0.6 0.2 36.3
Refinery gas
No. 1 41.6 20.9 19.7 15.6 — — 2.2 - — 68.6
No. 2 4.3 B2.7 13.0 - - - - — - 67.1
No. 3 15.9 5.0 - 2.4 14.3 50.9 — 8.4 22 18.7
Coke oven gas - — — 353 6.3 53.0 — 14 1.8 21.5
Blast furnace gas - — — - 26.2 3.2 — 57.6 13 3.4

5. 101 kPa; T, 25°C.

b-Sweetened,”” H,S removed.



Sec. 21 Fuels é1

TABLE 2.2 PROPERTIES OF TYPICAL LIQUID FUELS

Percent by weight Heating
Specific value
Gasoline C H N O 5 Ash gravity {0 Fke™")

Kerosene (No. I) 86.5 132 a1 1 0.1 Trace 0.825 46.4
Fuel oil

No. 2 86.4 12.7 0.} 0.1 0.4-0.7 Trace 0.865 45.5

No. 4 85.6 1.7 03 04 <2 0.03 0.953 43.4

No. & 85.7 135 05 04 <2.3 0.08 0.986 42.5

priate. The heating value, a measure of the heat release during complete combustion, is
also reported with the ultimate analysis. Ultimate analyses of a number of liquid fuels
are presented in Table 2.2,

In addition to the limited composition data given in Tables 2.1 and 2.2, physical
properties that influence the handling and use of a particular fuel are frequently mea-
sured. For liquid fuels, the specific gravity or API gravity,* viscosity (possibly at several
temperatures), flash point (a measure of the temperature at which the fuel is sufficiently
volatile to ignite readily), and distillation profiles (fraction vaporized as a function of
temperature) may be reported.

The properties of solid fuels vary even more widely than those of liquid fuels. The
most commen solid fuel is coal. Formed by biological decomposition and geological
transformation of plant debris, coals are classified by rank, a measure of the degree to
which the organic matter has been transformed from cellulose. Low-rank fuels such as
peat or lignite have undergone relatively lile change, whereas high-rank anthracite is
nearly graphitic in structure. Low-rank fuels contain large amounts of volatile matter
that are released upon heating. High-rank fuels contain much more fived carbon, which
remtains after the volatiles are released,

Solid fuels are characterized by the ultimate analysis and by the so-called proxi-
mate analysis, which identifies the degree of coalifaction of a solid fuel (Table 2.3),
Coal samples that have been air dried are subjected to a number of standardized tests to
determine the amount of moisture inherent to the coal stiucture, the quantity of velatile
matter released by the coal upon heating to 1200 K for several minutes, and the mass
of ash or noncombustible inorganic (mineral) impurities that remains after low temper-
ature (700 to 1050 K) oxidation. The difference between the initial mass of coal and the
sum of masses of moisture, volatile matter, and ash is called fixed carbon. The condi-
tions of these standardized tests differ markedly from typical combustion environments,
and the values reported in the proximate analysis do not necessarily represent yields
actually encountered in practical combustors. This point is discussed in more detail in
the section on solid fuel combustion.

*Degrees APl = [141.5 /(specific gravity 16°C /water at 16°C) — 131.5].
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TABLE 2.3 PROPERTIES OF SELECTED SOLID FUELS

Percent by weight

Proximate analysis

Ultimate analysis

Beating
Volatile value
Fuel (state) Carbon matter Moisture Ash C H N 0] S (10871 kg™"y
Meta-anthracite (RI) 65.3 2.5 133 18.9 64.2 0.4 0.2 2.7 0.3 21.7
Anthracite {PA) 771 3.8 54 13.7 76.1 1.8 0.6 1.8 0.6 278
Semianthracite (PA) 78.9 8.4 3.0 97 80.2 i3 1.1 2.0 0.7 31.3
Bituminous (PA) 0.0 20.5 33 6.2 80.7 4.5 1.1 2.4 1.8 33.3
High-volatile bitsminous
{PA) 58.3 303 2.6 9.1 76.6 4.9 1.6 3.9 1.3 37
COy 54.3 32.6 i.4 1.7 734 5.1 1.3 6.5 0.6 30.7
(KY) 45.3 3.7 1.5 9.5 66.9 4.8 i.4 6.4 35 28.1
(EL) 39.1 40,2 12.1 8.6 12.8 4.6 1.0 6.6 43 26.7
Subbitwminous (CO) 459 30.5 19.6 4.0 58.8 38 1.3 12.2 0.3 236
Lignite (ND) 30.8 28.2 4.8 6.2 42.4 2.8 0.7 12.4 0.7 16.8
Brown coal (Australia) 15.3 17.7 66.3 0.7 0.1 8.6
Wood {Douglas fir, as received) i7.2 82.0 359 0.3 52.3 6.3 0.1 40.5 0 21.0
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2.2 COMBUSTION STOICHIOMETRY

Complete oxidation of simple hydrocarbon fuels forms carbon dioxide (CO,) from all
of the carbon and water (H,O) from the hydrogen, that is, for a hydrocarbon fuel with
the general composition C,H,,,

CH, + (n + %)o2 —> 1CO, + gﬂzo

Even in the idealized case of complete combustion, the accounting of all species present
in combustion exhaust involves more than simply measuring the CO, and H,0. Since
fuels are bumed in air rather than in pure oxygen, the nitrogen in the air may patticipate
in the combustion process to produce nitrogen oxides. Also, many fuels contain elements
other than carbon, and these elements may be transformed during combustion. Finally,
combustion is not always complete, and the effluent gases contain unbumed and partially
burned products in addition to CO; and H,0.

Air is composed of oxygen, nitrogen, and small amounts of carbon dioxide, argon,
and other trace species. Since the vast majority of the djluent in air is nitrogen, for our
purposes it is perfectly reasonable to consider air as a mixture of 20.9% (mele basis) O,
and 79.1% {(mole basis) N,. Thus for every mole of oxygen required for combustion,
3.78 mol of nitrogen must be introduced as well. Although nitrogen may not significantly
alter the oxygen balance, it does have a major impact on the thermodynamics, chemical
kinetics, and formation of pollutants in combustion systems. For this reason it is useful
to carry the ‘‘inert’” species along in the combustion calculations. The stoichiometric
relation for complete oxidation of a hydrocarbon fuel, C,H,,, becomes

C,H, + (n + ?) (0, + 3.78N,) —> nCO, + %HZO + 378(:1 + ?)N2
Thus for every mole of fuel burned, 4.78(n + m/4) mol of air are required and 4.78(n
+ m/4) + m/4 mol of combustion products are generated. The molar fuel/air tatio for
stoichiomeiric combustion is 1/[4.78(n + m/4)].

Gas compositions are generally reported in terms of mole fractions since the mole
fraction does not vary with temperature or pressure as does the concentration {moles/
unit volume). The product mole fractions for complete combustion of this hydrocarbon
fuel are

n
Yeo: = 4.78(n + m/4) + m/4

_ m/2
YH0 T 478(n + mj4) + m/4

_ 3.78(n + m/4)
M = 4738(n + m/4) + m/4
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The large quantity of nitrogen diluent substantially reduces the mole fractions of the
combustion products from the values they would have in its absence.
Example 2.1 Combustion of Octane in Air

Determine the stoichiometric fuel/air mass ratio and product gas composition for combus-
tion of octane {C3H,g) in air.
The overall stoichiometry is

CeHys + 12.5(0, + 3.78Ny) — 8CO, + 9H,0 + 47.25N,

For each mole of fuel burned, 59.75 mol of air is required. The molecular weight of octane
is 114, The fuel/air mass ratio for stoichiometric combustion is, therefore,

my 114 114
my = —— = 0.0662
(m‘,), 12.5(32 + 3.78 X 28) 1723

The total number of moles of combustion products generated is
84+ 9 +47.25 = 64.25

Finally, the product gas composition is, on a mole fraction basis,

= —— = _125 _— 12.5%

=2 _0.140 = 14.0%
YH0 64.15 :
Yy = ﬂ.i_g =0.735 = 713.5%

Minor components and impurities in the fuel complicate our analysis of combus-
tion products somewhat. Fuel sulfur is usvally oxidized to form sulfur dioxide (50;).
(Even though there are cases where sulfur compounds involving higher oxidation states
of sulfur or reduced sulfur compounds are produced, it is a reasonable first approxima-
tion to assume that ali of the fuel sulfur forms SO,.) Upon cornbustion, organically
bound fuel-nitrogen is converted to both N; and NO, with molecular nitrogen generally
dominating. For the moment we shall assume that all of the fuel-nitrogen forms N,.
Ash, the noncombustible inorganic (mineral) impurities in the fuel, undergoes a number
of transformations at combustion temperatures, which will also be neglected for the time
being, so that the ash will be assumed to be inert.

For most common fuels, the only chemical information available is its elernental
composition on a mass basis, as determined in the ultimate analysis. Before we can
proceed with combustion calculations it is necessary to convert these data to an effective
molar composition,

Example 2.2 Coal Composition

Consider a Pittsburgh seam coal that contains 77.2% C, 5.2% H, 1.2% N, 2.6% 8, 5.9%
O, and 7.9% ash by weight. The ultimate analysis is generally reported on an “*as received””
basis, including the moisture in the chemical analysis. The molar composition may be de-
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termined by dividing each of the mass percentages by the atomic weight of the constituent.
For convenience in steichiemetric calculations, the composition is then normalized with
respect to carbon:

wi
Element % mol /100 g mol /mol C
C 772 + 12 = 643 + 6.43 = LO0
H §52+ 1 =520 + 643 = 0808
N 1.2 = 14 = 0.0857 + 643 = 0.013
3 2.6 + 32 = 00812 + 643 = 0.013
O 5.9 + 16 = 0.369 = 6.43 = 0.057
Ash 7.9 + 643 = 1.23 g/mol C

The chemical formula that can be used 1o describe this particular coal is, thus,

CHg 508No 01350.01300 057

The formula weight of the fuel, or, as written here, the mass per mole of carbon, including
ash, is

100 g g
M, = = 15.55 —=—
£~ 6.43 mol C mol C

The combustion stoichiometry of this fuel must include the minor species, ash, and
oxygen in the fuel. Making the simplifying assumptions described above, we may write the
stoichiometry as

CHy 508No.013%.01300.057 + o{O; + 3.78N;) — CO;
+ 0.404H,0 + 0.01350, + (3.78a + 0.0065)N,
where

a=1+ 0—208 0.013 — 0———257 = 1.19

The fuel/air mass ratio for stoichiometric combustion is

"y 15.55 g/mol C
=Y = = 0.0948
(m ), 1.19(32 + 3.78 x 28) g/mol C

The total number of moles of gaseous combustion products per mole of C is
Nr=1+0404 + 0.013 + 4.504 = 5921
The species mole fractions in the combustion products are, therefore,

1
! 169 = 16.9%
Yoo: = 5557 = ©

0.404
=22 _ 0.068 = 6.82
Yo = 5557 = 0.06 %
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0.013
Vs = 591 0.00220 = 2200 ppm
oo = % 6761 = 76.1%
NeTs921 0 )

where the SO, mole fraction has been expressed as parts per million (ppm) on a mole {(or
volume) basis, a common form for presenting data on minor species in the gas (recall
Section 1.3).

- Few combustion systems are operated precisely at the stoichiometric condition
because of the difficulty of achieving such intimate mixing between fuel and air that
perfect conversion is attained. More commonly, combustors are operated with a margin
for error using more than the stoichiometric amount of air. The fuel/air ratio is used to
define the operating conditions of a combustor. Comparison of the two examples pre-
sented above shows that the fuel/air ratio required for complete combustion varies with
fuel composition. Values of the fuel/air and air/fuel mass ratios for stoichiometric com-
bustion of a variety of fuels are presented in Table 2.4. Because the mass ratios vary
widely with fuel composition, they are not a convenient base for comparison of systems
burning different fuels.

The stoichiometric condition is a logical reference point for comparison of systems
operating on different fuels. Several normalized ratios are used in the combustion liter-
ature to overcome the ambiguity of the mass ratio. The eguivalence ratio, ¢, is defined

as the fuel/air ratio normalized with respect to the stoichiometric fuel/air ratio,
mf/ My
¢ = ——
(mf/ i, )_,

(2.1)

Alternatively, the stoichiometric ratio, A, is the air/fuel ratio normalized with respect to
stoichiometric, that is,

ma/ mf 1

)\ = ————— = —

(ma / mf ).s ¢

Other ratios that appear in the literature include the percent excess air [EA = (A — 1)

X 100%] and the percent theoretical air (74 = A X 100%). In reading the combustion

(2.2)

TABLE 2.4 MASS RATIOS FOR STOICHIOMETRIC COMBUSTION

Molar H/C
Fuel ratio (my/m,), (m,/my),
H: o 0.029 34
CH, 4 0.058 17
Kerosene C,H,, 2 0.068 15
Benzene (coke) 1 0.076 13
Chat 0.5 0.081 12
Carbon 0 0.087 11
Methanol CH,OH 4 0.093 10.8
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literature, one should be careful to ascertain which of the various terms is being used
since neither names nor symbols have been fully standardized. The fuel/air equivalence
ratio, ¢, will be used in this book unless otherwise stated.

The mix of combustion products varies with the equivalence ratio. Combustion
may be complete under fuel-lean conditions (excess air, ¢ < 1)} with some oxygen
remaining unreacted in the combustion products. The composition of the products of
fuel-lean combustion is, to a good approximation, determined by atom balances alone.
Consider, for example, the combustion of methane at ¢ = 0.85,

2 x3.78

0.85 N

2 2
— CO, + 2H,0 + 0.3530, + 8.89N,

2Jou+

The composition of the combustion products now includes O,:

1
—L—0163— 16.3%
yH',rO 12.24 M - 270
0.353
Yo, = ﬁ_Z4_ = 0.0288 = 2.88%
8.89
Y, = Toa = 0.726 = 72.6%

In some references, the combustion condition is not stated in terms of a fuel/air ratio
but, rather, in terms of the amount of oxygen in the combustion products (i.e., 2.9%
O, in this case).

The problem of specifying the products of combustion is more complicated for
fuel-rich combustion, ¢ > 1, than for fuel-lean combusiion. Since there is insufficient
oxygen for complete combustion under fuel-rich conditions, some carbon monoxide,
hydrogen, and possibly, unburned hydrocarbons remain in the combustion products.
Thus there are at least five products present (CO, CO,, H,, H,O, N,), but only four
elemental balances are possible. An auxiliary condition based on thermodynamics or
kinetics is needed to determine the exhaust composition. We now turn our attention to
combustion thermodynamics before retumning to the question of product gas composition
in fuel-rich combustion.

2.3 COMBUSTION THERMODYNAMICS

Substantial energy is released in a very short time when a fuel is burned, leading to a
dramatic temperature increase of the combustion gases. Temperatures in excess of 2000
K are common in flames. It is the high temperature that allows rapid oxidation of hy-
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drocarbons and carbon monoxide to carbon dioxide and water but also makes possible
the oxidation of N, to form nitric oxide. The temperature in the flame must be known
to consider the formation and control of pollutants.

Thermodynamics provides us with good estimates of the flame temperature that
are needed not only to assess the combustion process itself but also to calculate the
concentrations of the many chemical species that play a role in the formation and de-
struction of pollutants. We begin our study of the combustion process with a brief review
of the relevant thermodynamics.

2.3.1 First Law of Thermodynamics

The first law of thermodynamics states that the change in the total energy of a ¢losed
system of fixed mass and identity is equal to the heat transfer to the system from its
surroundings minus the work done by the system on its surroundings; that is, for an
infinitesimal change of state,

dE = $Q — oW (2.3)

The total energy of the system, E, includes the internal energy, U, the kinetic energy,
and the potential energy. The energy is a property of the system that is independent of
the path taken in going from one state to another. In contrast, the heat transfer, §Q, and
the work transfer, W, for any change in the state of the system depend on the manner
in which the state of the system is changed. The change in the system energy is described
by a total differential, dE. Since the work and heat transfer depend on the path followed
by the system, the & is used to indicate that these increments are not total differentials,
For most systems of concern here, the kinetic and potential energy terms can be ne-
glected, so we may express the system energy in terms of the intemal energy, that is,

du = §Q — W (2.4)

Integrating over a finite change of state from state 1 to state 2, the first law for a closed
system becomes

Uy - Uy =0 - Wy, (2-5]

Only rarely in the consideration of combustion processes can we limit ourselves
to a fixed mass in a closed system. More generally, the fuel and air enter the combustion
zone across certain boundaries, and combustion products are exhausted across other
boundaries. It is convenieat, therefore, to derive an expression for the change in state
of a fixed volume in space, called a control volume, rather than a fixed mass.

A control volume may be defined in terms of any volume in space in which one
has interest for a particular analysis. Figure 2.1 illustrates a control volume that is pre-
scribed by a surface, 8. We would like to derive an equation that describes the change
in the properties of the control volume when a small increment of mass, ém, crosses §
and enters the control volume. To do this, we first define a closed system that includes
both the material initially in the control volume, mass m, energy E,, and the increment
of mass te be added, 6m. The initial state of the combined system consists of the control
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Figure 2.1 Schematic of mass addition 1o
a control volume and related thermody-
namic system, The control volume is
enclosed by the dashed curve. The solid
curve denotes the closed system.

volume with its initial mass and energy and the incremental mass. After ém is added,
the mass in the control volume is m + &m, and the energy in the control volume is E;.
The first law for the change of state of the combined closed system may be written as

E2 - (EI. + Eﬁm) = le +p56m - WXIZ

where ¢ denotes the energy/unit mass (called the mass specific enexrgy) of ém, T = 1/p
is the mass specific volome, pv &m is the work done on the combined system by the
environment as the small volume is moved across the control volume suiface, and W, is
any work other than that associated with that volume displacement. Overbars are used
to denote mass specific properties. Rearranging, we find

E2-51=Eﬁm+pt_f§m+Q|2-Wx]2
For a small increment of change of state, this becomes
dE = (e + pv) ém + 80 — oW, (2.6)
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The extension to a number of mass increments is straightforward: simply sum over
all mass flows entering and leaving from the control volume, considering the relevant
properties of each increment. The time rate of change of the energy in a control volume
with a number of entering and exiting mass flows may then be written

dE

a ;Zolm @ +p7)f, - 2 (& +p0)f = C - W, (2.7)

where :f_, and }, are the mass flow rates (mass per time) leaving or entering the control
volume, Q is the rate of heat transfer to the system (energy per time), and W, is the rate
at which work is done by the system on its surroundings other than that associated with
flows across the control volume boundary. As noted above, in the combustion applica-
tions of interest here we can generally neglect the kinetic and potential energy contri-
butions to the total energy, giving

au - = -

—=2fh - X fh+ Q- W (2.8)

dt  iin Joout
where the mass specific enthalpy, %, is defined as

h=%+ pp (2.9)

The energy equation may also be written on a molar basis, that is,

du

— = 2Ufh~ D+ Q- W, (2.10)

dr fin Jfoout

where A = u + pv denotes the molar specific enthalpy, and f; is the molar flow rate of
species i. We shall generally use the molar specific properties in our treatment of com-
bustion systems.

Let us apply the foregoing to analyze the chemical reaction

A + bB — oC + dD

occurring at steady state and constant pressure in the isothermal flow reactor illustrated
in Figure 2.2, The feed and effluent flows are at their stoichiometric values.
Applying the steady-state form of (2.10) to this system gives

Fhc(Ty) + dfap(Ty) — afb (1)) — bfhe(Ty) = Q
where no work is done by the combustion gases except that due to flows across the
boundary, so W, = 0. (The expansion work is already accounted for in the enthalpy.)
The molar flow of A into the control volume is af, that of C is ¢f, and so on, and the
temperature is 7. Dividing through by f vields

che(Ty) + dhp(Ty) — ah,(Ty) — bhp(T)) = %

The heat transfer per mole that is required to maintain the process at a constant temper-
ature, T = T, is called the enthalpy of reaction, and is given the symbol Ak (T,), that
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A C
gf ——————p ——— (f
T1 T‘]
bf ————@-—* / \ -—D—-D- df

Figure 2.2 Isothermal steady flow reactor.
is,

Ah(T)) =

= 1O

= che(T\) + dhp(T,) — ah,(T)) — bhg(Th) (2.11)

We see that the enthalpy of reaction is just the difference between the molar specific
enthalpies of the products and reactants taking into account the stoichiometry of the
reaction. To define the enthalpy of a species requires a reference state at which the
enthalpy is taken to be zero. That reference state is arbitrary as long as a consistent
reference state is used throughout the calculations. Generally, the reference temperature
and pressure are taken to be 7, = 298 K and p, = 1 atm = 101 kPa, respectively. It
should be noted, however, that some sources report thermodynamic data relative to other
reference temperatures or pressures. The chemical reference state is usvally based on the
pure elements in their predominant forms at T, and p,, that is,

C as solid graphite
H as H; gas

-

N as N, gas
0 as O, gas
S as solid sulfur  etc.

The enthalpy of a compound relative to the reference states of its constituent elements
is the enthalpy of the reaction of these elemental species that form 1 mole of the com-
pound. When evaluated for reactants and products at the same temperature, T, this quan-
tity is called the enthalpy of formation. Thus the enthalpy of formation of water is the
enthalpy of the reaction

H, + 30, — HY
namely
Ahpao{T) = byl T) = hu(T) = 1 hoT)

The superscript © denotes evaluation with respect to the chemical reference state. By
definition, the enthalpies of formation of the elemental reference compounds are zero,
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that is,
Ahje, = Abyy, = Ahyy, = Ahlo, = 0

The enthalpy of a compound at any temperature may be written as the sum of the
enthalpy of formation at the reference temperature and a sensible enthalpy term associ-
ated with the temperature change from the reference temperature to the desired temper-
ature, Thus the enthalpy of species i at temperature T relative to the reference state is

R(T) = hi(T) — h(T5) + Ahe(To) (2.12)

The sensible enthalpy term may be evaluated as an integral over temperature of the
specific heat at constant pressure, ¢, = (dh / 0T ),, that is,

T

w1y = (1) = | gty ar (2.13)

The specific heat generally varies with temperature. If the range of temperature variation
is large, as is commonly the case in combustion applications, one must account for the
dependence of ¢, ; on temperature. For the present purposes, it is suflicient to approxi-
mate the specific heat as a linear function of temperature,

Cpi = @ + BT (2.14)

This approximate form allows calculation of the sensible enthalpy over the range of
temperatures commonly encountered in combustion calculations (i.e., 300 to 3000 K)
within about 10%. Table 2.5 presents specific heats, enthalpies of formation, and ad-
ditional data to which we shall refer later for species encountered in combustion prob-
lems. While the linear approximation to ¢, is sufficient for present purposes, tabulations
of thermodynamic data such as the JANAF Thermochemical Tables (Stull and Prophet,
1971) should be used, in general, for more precise calculations.

The first law of thermodynamics for a chemically reacting open system may now
be written as

4U
— +

o AT - m(To) + Ak(T)) = T f[A(T)

= k(L) + A (Tp)] = @ — W, (2.15)

If the chemical composition and thermodynamic properties of the fuel are known, (2.15)
allows us to calculate temperature changes, heat transfer, or work performed it com-
bustion systems.

As an example, consider a steady-flow furnace burning a stoichiometric methane-
air mixture. The combustion reaction is

CH, + 2(0, + 3.78N,) —> CO, + 2H,0 + 7.56N,
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TABLE 2.5 APPROXIMATE THERMODYNAMIC DATA FOR SPECIES OF COMBUSTION

INTEREST
¢ =at+dl
(Jmol "K'
ARZ(298 K) %298 K)
Species Name (Jmol™") (Jmol ' K™") a b
C Carbon, monatomic 716,033 158.215 20.5994 0.00026
C(s) Graphite (ref.) 0 5.694 14.926 0.00437
CH Methylidine 594 983 183,187 27.6431 0.00521
CH, Methylene A85.775 181.302 35.5238 0.01000
CH, Methyl 145,896 194337 42,8955 0.01388
CH, Methane —74,980 186.413 44.2539 0.02273
CN Cyano 435,762 202.838 28.2979 0.00469
CO Casbon monoxide — 110,700 197.310 296127 0.00301
COos Carbonyl sulfide - 138,605 231.804 47.6042 0.00659
CQ, Carbon dioxide —394,088 213.984 44.319) 0.00730
C.H CCH radical 447 662 207.615 43.4732 {0.00880
C,H, Acetylene 227,057 201.137 51.7853 0.01383
C.H, Ethylene 52,543 219.540 60.2440 0.02637
C.H.,O Ethylene oxide -52.710 243.272 701003 0.03319
CyN, Cyanogen 309,517 241.810 63.7996 0.00913
H Hydrogen, monatomic 218,300 114.773 20.7859 0
HCHO Formaldehyde — 116,063 218.970 43,3037 0.01465
HCN Hydrogen cyanide 135,338 202.000 38,9985 0.00885
HCO Formyl -12,151 245 .882 37.3067 0.00766
HNO Nitroxyl hydride 99,722 220,935 38.2143 0.00750
HNG, Nitrous acid, cis- - 76,845 249.666 54.0762 0.01100
HNOQ, Nitrous acid, trans- —78,940 249.498 54,5058 0.01075
HNO, Nitric acid vapor — 134,499 266.749 68.1195 0.01549
HO, Hydroperoxyl 20,950 227 865 38.3843 0.00719
H. Hydrogen (ref.) 0 136,770 27.3198 0.00335
HO Water vapor —242,174 188.995 32.4766 0.00862
H;0, Hydrogen peroxide —136,301 232.965 41.6720 0.01952
H.S Hydrogen sulfide 20,447 205,935 35.5142 0.00883
H,50, Sulfuric acid vapor —741,633 289.530 101.7400 0.02143
H,50, Sulfuric acid liquid —815,160 157.129 144.0230 0.02749
N Nitrogen, monatomic 473,326 153.413 20.7440 0.00004
NH Imidogen 339,392 181.427 28.0171 0.00349
NH, Amidogen 167,894 194.785 33.5349 0.00837
NH, Ammonia ~45,965 192,866 38.0331 0.01593
NO Nitric oxide 90,421 210.954 30.5843 0.00278
NO, Nitrogen dioxide 33,143 240.255 43.7014 0.00575
NO, Nitrogen trioxide 71,230 253.077 61.1847 0.00932
N, Nitrogen (ref.) 0 191.777 202313 0.00307
N,H Diimide 213,272 218.719 43.2755 0.01466
N,O Nitrous oxide 82,166 220.185 44,9249 0.00693
N2Os Dinitrogen pentoxide 11,313 346,933 122.4940 0.01018
O Oxygen, monatomic 249,553 161.181 21.2424 =0.0002
OH Hydroxyl 39,520 183.358 28.0743 0.00309
O Oxygen (ref.) 0 205.310 30.5041 0.00349
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TABLE 2.5 {Continued)

o =a+ bT
(Jmol ' K™")
ah(298 K) 5°(298 K)
Species Name (T mol™") Jmol 'K a b
0, Ozone 142,880 239.166 46.3802 0.00553
S(g) Sulfur, gas 279,391 168.019 22.4619 —0.0004
S Sulfur, liquid 1,425 35,364 28.5003 0.00876
S(s5) Sulfur, solid {ref.) 0 31.970 13.9890 0.02191
50, Sulfur dioxide -297,269 248.468 45.8869 0.00574
S0, Sulfur trioxide —-396,333 256.990 62.1135 0.00877

The energy equation becomes
Fend [W(Ty) = h(To) + AR(To)] o, + 2[A(T) = A(To) + ARI(TR)],,
+ 7.56[h(Ty) — h(To) + Ak (To)),, — [R(TY) — h(Ty) + AR (To),,,
= 2[r(T)) — h(Ty) + AR{(Ty)],, — 7.56[A(T)) — h(Ty) + Ah;(TO)]NZ}
=Q0-W. =90

where T, and T, are the temperatures of the reactants entering and the products leaving
the fummace, respectively. W, has been set equal to zero since we are dealing with a heat
transfer system in which no work is performed. Using thermoedynamic data for all of the
chemical species involved, the heat transfer rate can readily be computed.

When the chemical composition of a fuel is not known, instead of using funda-
mental thermochemical data on the constituents, we must rely on the empirical charac-
terization provided by the ultimate analysis. The enthalpy of the combustion reaction is
readily measured using a calorimeter, such as the flow calorimeter illustrated schemat-
ically in Figure 2.3.

Fuel and air are introduced to the calorimeter at 7, and p,. The fuel is bumed
completely, and the products are cooled to T;. The heat transfer required for this cooling
is measured. Applying the first law, (2.8), at steady-state conditions in the absence of
any work performed vields

}pl'DdllctSE;mducls ( T, ) - }ﬁ:el-};;:el ( T, ) - };ﬂris:ir( Tl) =@, -0

We have used the first law on a mass rather than a molar basis to be consistent with the
way enthalpies of combustion are commonly measured and reported, since if the molec-
ular structure of the fuel is not known, we cannot uniquely define the enthalpy of reaction
on a melar basis. The heat released per unit mass of fuel bumed is, however, readily
determined, so enthalpy of combustion data are commonly reported on a mass specific
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Figure 2.3 Flow calerimeter,

basis. We find the enthalpy of combustion of a unit mass of fuel

Aﬁr( Tl) = }%
_ f;:oducts El:roducts(Tl) _ Ef‘:;el(Tl) - :ffi—r. E;ir(Tl) (2.16)
froen Frae

Since the combustion process is exothermic (releases heat), AEC(T.) is negative, For
combustion chemistry calculations, it is convenient to convert the mass specific enthalpy
of combustion to a mole specific value using the formula weight, that is,

Ah(Ty) = M; AR (T)) (2.17)

Flow calorimeter measurements of the heating value are usually perfonmed at tem-
peratures in the range 288 to 298 K, introducing a problem in the interpretation of the
enthalpy of combustion. The measurement requires complete combustion; that is, afl
carbon and hydrogen must be oxidized to form CQ, and H,O, respectively. If the cal-
orimeter is operated near stoichiometric, the product gases may contain several percent
H,0, considerably mere than the saturation vapor pressure of water at that temperature.
Hence water will condense in the calorimeter, increasing the apparent heat release due
to the latent heat of vaporization, The measured heating value thus depends on the phase
of the product water,

The effect of this phase transition may be seen by examining the heat transfer
required to generate vapor-phase water in the products and that needed for the conden-
sation of that vapor. This analysis requires introduction of a second control volume in
the thermodynamic model, as illustrated in Figure 2.4. The enthalpy of combustion as
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Fuel T, P Products E Products
fe ] H20 vapor f HyO hiquid
Air T, 1 1 } o 2 — -
- - a T 'b T
fa : sl d B
Y A A :
Q.

Figure 2.4 Thermodynamic model for calculating higher and lower enthalpies of com-
bustion.

measured by reactor 1, Ak (T}) = O, /}}, is described above. The heat transfer to reactor
2 is that associated with the condensation of water.

Q }.2 T° T } W T

= == |h(T)) — b, (1)) == Al (T

f} f}’ [ 2( I) l( I)] f}’ I)
where Ah,(T,) is the latent heat of vaporization of water at temperature T,. At 298 K,
Ah, (298 K) = 24421 g™ or Ah,(298 K) = 44,000 J mol~'.* The enthalpy of com-
bustion measured with H,O present as liquid (reactors 1 and 2 combined) is, therefore,

Aot on(Ty) = Alia(T)) +§;—;aiv(m (2.18)

_The term heating value is used to denote heat release due to combustion,
—4Ah,(T)). The two measures of the enthalpy of combustion are generally specified in
terms of the heating value. The higher heating value, HHV, corresponds to the heat of
reaction when the latent heat of condensation of water is recovered:

HHY = —Ah +(Th)

The lower heating value, LHV, corresponds to the case when the water is present as
vapor:
LHV = —Ah (7))

While heating values in the U.S.A. are usually reported as higher heating values, lower
heating values are often given in other parts of the world. Exhaust temperatures for most
combustors are sufficiently high that the water is exhausted as vapor. At the temperatures
of a flame, water is present only as vapor. Thus the lower heating value is more relevant.
It is frequently necessary to compute lower heating values from the commonly reported
higher heating value data.

The subscripts L and H will be used to indicate the enthalpies of combustion cor-
responding to the lower and higher heating values, respectively, that is,

AE«’.‘L(TI) = —LHV
Ahgy(T)) = —HHV

*The vnits J mol ™" will, throughout this book, mean J g-mol ™"
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Given the heating value of a fuel, an effective enthalpy of formation can readily
be calculated. Working in terms of molar quantities, we may write

[ . Jo. .. .
AW (T = 2 22 Ahs(T) — =— Ahy o(T)) — Ak el T
(T) = 2 = Ah(T) = 22 ako(T,) = Ahas(Th)
where, if the molecular form of the fuel is not known, the molar flow rate of fuel may
be expressed in terms of moles of carbon per second. Rearranging, we find the enthalpy
of formation of the fuel

Ah;.fuel(Tl) = f,iﬂzrﬂd}ffu: Ah}i(Tl) _% Ahf.oz(Tl) - Ah:L(Tl) (2-19)

With this information, an estimate for the temperature in the flame can be calculated.
Example 2.3 Higher and Lower Heating Values and Enthalpy of Formation

A fuel oil contains 86.96% carbon and 13.04% hydrogen by weight. Its heating value is
reported 1o be 44 kJ g™'. Determine the higher and lower heating values and enthalpy of
formation on a mole basis.

The fuel composition is

Normalize with

Element wt % respect to C
C 86096 + 12 = 725 + 125 =
H 134 + 1 =134 + 725 = 1.8

The fuel composition is CH, g, and its formula weight is
M= 12 + (1.8)(1) = 13.8
Heating values are most commonly reported as the higher heating value; thus
Ahy(T,) = —HHV = -4 J g
The molar enthalpy of combustion is
Ahy = My Ahy = (13.8)( —44000 7 g™') = —607,200 I mol "' K™'
Combustion of this fuel proceeds according to
CH,s + 1.450, — CO, + 0.9H;0

Thus, 0.9 mol of water is generated for each mole of fuel (carbon) burned. The latent heat
of vaporization of water at 298 K is Ah, (298 K) = 44,000 ] mol ™', Thus

Ahy = Ahy, + 0.90 &b,
—607,200 + 0.90 x 44,000
—567,600 J (mol €)'
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The enthalpy of formation of this fuel may be determined using the lower heating value
and the enthalpy of formation data from Table 2.5.

Alpon(Th) = Ahgeg(T)) + 0.90 Ahy ol Ty) — 145 Ahpo{T)) — Ak, (T)
= —394,088 + 0.90 x (—242,174) — 1.45(0) — (—3567,600)
= —44,440 J {mol C)~"'

2.3.2 Adiabatic Flame Temperature

Combustion reactions generally occur very fast, on the order of 1 ms and little heat or
work transfer takes place on the time scale of combustion. For this reason the maximum
temperature achieved in the combustion process is often near that for adiabatic combus-
tion. This so-called adiabaric flame temperature may readily be calculated by applying
the first law of themnodynamics to an adiabatic combustor. Consider a steady-flow com-
bustor, illustrated in Figure 2.5, burning a fuel with composition CH,,,.

The combustion stoichiometry for fuel-lean combustion is

3.78¢,

1
CHm + %(02 + 378N2) h—— COZ + ,_;‘;Hzo + Q’s(g - 1)02 + Nz

(2.20)
where o, = 1 + m /4, The first law of thermodynamics becomes
. " .

+ a*(i - 1) [2(T) = W(To) + AR(T)] ), + %a,.[h(?")

- W(To) + ARi(T,)]

= [1(T}) = B(T) + AR(T), = o 5 [W(T) = W(T) + BBHT],,

- ﬁ—Tgaslh(Ta) - h(TH) + Ah;(TD)]Nz] =Q—-W,=0 (2.21)

Sensible enthalpy and enthalpy of formation data for each of the species are used to
solve for the adiabatic flame temperature, 7. Using the linear approximation for the
temperature dependence of the specific heats, ¢,; = a; + b; T, we have

b;
B(T) — h(Tp) = a(T — Tp) + > (T* - T3) (2.22)
Thus, with this approximate representation of the temperature dependence of the specific

heat, the problem of determining the adiabatic flame temperature is reduced to solving
a quadratic eguation,
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Figure 2.5 Steady flow combustor.

Example 2.4 Adiabatic Flame Temperature

A heavy fuel oil with composition CH, 5 and a higher heating value of 44 kJ g™ is burned
in stoichiometric air. The initial fuel and air temperatures, denoted by subscripts f and a,
respectively, are Ty = T, = Ty = 298 K. The pressure is 101 kPa (1 atm). Calculate the
temperature of the products of adiabatic combustion.

1. We are given the higher heating value that includes the latent heat of condensation
of water vapor. The lower heating value is given by (2.18). Converting the higher heating
value to the mole-based enthalpy of combustion, we have

Ahy(Ty) = —(44 x 10° Y g7 (12 + 1.8 X 1) g mol ™'
+ 0.9{(44 X 10°) = —568 X 10° J mol™*
2. Combustion stoichiometry yields from (2.20):
CH, ; + 1.45(0; + 3.78N,) —» CO, + 0.9H;0 + 5.48N,

3. First law of thermodynamics:
HA(T) — A(Ty) + Ahf(To)]coz + 09[R(T) — h(Ty) + ‘mhf(i':])]mD

+ 5.48[h(T) - h(Ty) + 8h(TY)], ~ [R(T) — h(Ty) + AR(To) ),

— L45[A(T\) ~ (D) + z.h,(ﬂ.)]01 - 5.48[A(T)) — R(To)

LA
55

Grouping enthalpy of formation terms and noting that 7, = T yields

+ Ahf(To)]

[#(T) - h(ro)]m + 0.9[r(T) - h(T°)]mo + 5.4s[h(1_') - h{lq,)]Nz

+ AhpcolTo) + 0.9 Ahy ol o) — Abyou,o(To)

— 145 Ay o(To) + 5.48[ Ak, (To) — Ak (To)] = 0
But
Ahy(To) = Ahycol(To) + 0.9 Ahpuofl ) — Ahpon(To) — 1.45 k0 (To)
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S0, since we are dealing with complete combustion, and because of the simplifications
associated with the initial temperatures being T, we may write

[A(T) = BT}, + O9A(T) - MT)],
+ 5.48[A(T) = K(Ty)], + Aka(T) = 0

4. From Table 2.5, we find (¢, ; = a; + b;T)

ai br'
Species (Jmol™' K™ ") (J mol™' K72}
CO, 44.319 0.00730
H.0,,, 32.477 0.00862
N, 20.231 0,00307

T

h(T) — B(Tp) = Sro A7) dl" = (T — Ty) + %(Tz - T

Substituting into the energy equation gives us

443197 — T,) + @(ﬁ -T)
+ 0.9[32.477(7” - To) + 0'0(;862 (T° - Tﬁ)}

0.00307
P

+ 5.43[29.231(T - To} + (r? - Té)} + (—568,000) = 0

Grouping terms, we find
233.734T — T;) + 0.01594(T> — TZ) — 568,000 = 0

Solving this quadratic equation for T yields
T=235K

(Note: A solution based on linear interpolation on the more precise JANAF Tables data
yields 7 = 2338 K, so the ertor associated with using ¢, = a + bT is, in this case, about
18K or 0.8%.)

2.3.3 Chemical Equilibrium

We have, so far, assumed that the fuel reacts completely, forming only CO,, H,O, and
other fully oxidized products. For fuel-lean combustion with product temperatures below
about 1250 K, the stable species, CO,, H,0, O,, and N,, are the usual products and this
is a good assumption (Glassman, 1977). Element balances are sufficient to determine
the composition of the combustion products under these conditions. Most combustion
systems, however, reach temperatures much higher than 1250 K. We have seen that
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adiabatic flame temperatures can reach 2300 K for stoichiometric combustion. At such
high temperatures, species that are stable at ambient temperatures can dissociate by re-
actions such as

CO, == CO + 30,
H20 b= 3 H2 +5102

so carbon monoxide, hydrogen, and other reduced species may be present even though
sufficient oxygen is available for complete combustion. In fact, these species are oxi-
dized rapidly, but they are continually repienished by dissociation and other reactions
that occur in the hot gases. The concentrations of these species are determined by the
balance between those reactions that lead to their formation and those that consume
them.

Chemical equilibrium provides a reasonable first approximation to the composition
of the combustion products at high temperatures since the equilibrium state is that which
would be achieved given a time sufficiently long for the chemical reactions to proceed.
We will see that chemical equilibrium calculations also provide insight into pollutant
formation.

The conditions for thermodynamic equilibrium are derived from the second law of
thermodynamics. These conditions may be concisely stated in terms of the Gibbs free
energy, & = H — TS (Denbigh, 1971). For a closed system at a constant temperature
and pressure, the Gibbs free energy is a minimum at thermodynamic equilibrium. Thus,
for any change away from an equilibrium state at constant T and p, dG > 0. The Gibbs
free energy is a function of the temperature, pressure, and composition [i.e., G = G{(T,
P, #y, B2 . . )], Thus we may write

G aG G
=(Z) ar+(Z + (= dn
dG (aT)p.nj (ap)'f,nj dp (anl)?’,p.nj;1 :

+ (E) dny + - - - (2.23)
3"2 F.p.izz

The partial derivative of the Gibbs free energy with respect to the number of moles
of a species, i, is the chemical potential

G
i = | — 2.24
i (anf)T,p,nj¢; ( )

Recalling the definition of G, we may write

dG =dU + pdV — TdS + Vdp — SdT + 2 p, dn,

Using the first law of thermodynamics, it can be shown that

dU +pdV —TdS =0
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Hence

dG =Vdp - §dT + 2 y; dn, (2.25)
The partial molar Gibbs free energy may be written

T.p.fjei

8
b = an!_(H— TS)

where s; is the partial molar entropy of species i. For the purposes of examining most
combustion equilibria, we may focus on ideal gases and simple condensed phases since
the pressures of combustion are generally near atmospheric. The enthalpy of an ideal
gas is independent of pressure. The entropy is
o ' Cp-f( ') , Pi
(T, p) = sP(Ty) + —dT’ + Rln— (2.27)
T r FPo

where 57 (T,) is the entropy at the reference state. Since the partial pressure is usually
expressed in units of atmospheres, the partial pressure term of (2.27) is commonly ex-
pressed as In p;. Since the heat capacity of an ideal gas is not a function of pressure, the
pressure dependence of the partial molar Gibbs free energy for an ideal gas is simply
that associated with the entropy change from the reference state, and we may write

pe = u’(T) + RTIn p; (2.28)

where 7 (T), the standard chemical potential of species i, is the chemical potential of
i at the reference pressure, p, = 1 atm. Values of s (T;) are included with the ther-
modynamic data in Table 2.5,

For a pure condensed phase at modest pressures, the entropy depends only on
temperature,

s(T) = s°(Ty) + 570 C”f) dr’

Since the enthalpy is also independent of pressure, the partial molar Gibbs free energy
is a function only of the temperature, that is,

w = 5 (T) (2.29)

The condition for thermodynamic equilibrium may now be written as

(dG), = Xy dn; = 0 (2.30)

T.p

for any change away from the equilibrium state. Consider a chemical reaction

JZ vd; =0 (2.31)
We may express the progress of the reaction in terms of the number of moles of a product
species generated divided by the stoichiometric coefficient, the extent of reaction [recall
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(A.5)],

i = —2 (2.32)

¥

The condition of chemical equilibrium at constant 7 and p is then
? ey = 0 (2.33)

This condition must be satisied at equilibrium for any Jf, regardless of sign. Using
(2.28) we obtain

Zyp + 2 RTlnpy =0 (2.34)
J Jogas

at equilibrium. This expression now defines the equilibrium composition of the gas.

Separating the pressure-dependent terms from the temperature-dependent terms
yields a relation between the partial pressures of the gaseous species and temperature,
that is,

. #f
II Vo=exp| —2 r— ) = KT 2.35
ey P Pl =2 vpr AT) (2.35)
The function K,(T) is the equilibrium constant in terms of partial pressures. Note that
the quantities of the pure condensed phases do not enter explicitly into this relation.

It is often convenient to work in terms of mole fractions or concentrations instead
of partial pressures. The partial pressure is, according to Dalton’s law,

P =%p (2.36)
where y; is the mole fraction of species i, calculated considering gas-phase species only.
Substituting into the expression for X, yields

Il (3p) = K,(T) (2.37)

j gas only

Similarly, using the ideal gas relation, p; = ¢,RT, the equilibrium constant in terms of
concentrations is found to be

KAT) = KAT)(RT) Zes v = JI ¢ (2.38)
J.gas only
The composition of a system at equilibrium is detenmined by solving a set of the
equilibrivm relations [(2.34), (2.35), (2.37), or (2.38)] subject to element conservation
constraints.
When reactions involving condensed-phase species are considered, equilibria in-
volving the condensed-phase species do not explicitly indicate the amounts of each of
those species present. For example, the reaction

C(S) + 02 = COZ



84

yields the equilibrium refation
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Pcon
Kp(T) ==

Only if the quantity of carbon in the system is sufficiently large relative to the amount
of oxygen can the ratio peo, /Po, equal K,(T), bringing this equilibrium into play. For

Por

smaller amounts of carbon, no solid carbon will be present at equilibrium.

Example 2.5 Carbon Oxidation

Carbon is oxidized in stoichiometric air at T = 3000 K and atrmospheric pressure. What are
the mole fractions of carbon monoxide, carbon dioxide, and oxygen at chemical equilib-

rium? How much solid carbon remains?
From Table 2.5 we find

¢, =a+bT
(Ymol™' K~')y
AR (Tp) (1)

Species {(Jmol™') (Jmol™") a b
Ce 0 5.694 14.926 000437
CcO = 110,700 197.810 29.613 0.00301
co, —394,088 213.984 44,319 0.00730
N, 1] 191.777 29,231 0.00307
0, o 205.310 30.504 0.00349

The general expression for the chemical potential of species 7 is

Te .
P
— 4T’
To T ]

T

g (T) = Srg i dT + ARG (T) - T

=ai(T_ Tl] - Tlnz
o

T
At 3000 K and 1 atm:

[SF(To) + S

Species wd (Jmol™')
Co 96,088
co —-§40.216
co, -1,249,897
N, ~710,007
0, —757.525

Neglecting any solid carbon in the products, the stoichiometry under consideration is

) _ %(TL ToY + AR(Ty) — Tso(Ty)

C + 0, + 378N, — xCO + (1 — x)CO, + % 0, + 3.78N,
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The species mole fractions are

- *
Yoo T 418 + x/2

_ ] —x
Yeo: = 478 + x/2

o x/2
Yo T 478 + x/2

378
e T 478 + 22

The problem of determining the equilibdum composition is now reduced to that of evalu-
ating the parameter, x. We assume that CO and CQ, are in equilibrivm
i
CO, == CO + 30,
The change in the chemical potential associated with a mole of CO formation by this re-
action is

I
AG = E"jlﬂf = peo T 3 Mo — PBoos

i

Il

~840,216 + 3 { —757,525) — (—1,249,897)
= +30,918 J mol ™’

where »;; denotes the stoichiometric coefficient for species j in reaction 1, Thus the equi-
librium constant for this reaction is

JZ leﬂjo
Ky =exp |- RT
- ex [_ 30,918 J moi”’ ]
P| T (83124 J mol ' K) (3000 K)
= 0.2895 atm'"?

We may now solve for the equilibrium mole fractions. Since

K. = )’CD}'gazpuz

el
Yco;

we may write

P\, = — x/2 )uz
L7y —x\478 + x/2

which leads 1o a cubic equation for x,

K2 KZ K2 K2
Jlx) = (l - —pl)f 7562+ 18122k - 956 2 =0
14 F4 r p
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This equation may be solved iteratively using Newton’s method. Beginning with a guess,
x', an improved estimate is generated by
__f)

df (x)/dx

This new estimate is then used to obtain a better estimate until the desired degree of pre-
cision is achieved. Guessing initially that x” = 0.9, successive iterations yield

—_— f

Estimate number x

0.9

0.623
0.550
.553
.553

[ S PO R R,

Thus the equilibrivm compaosition is

Yeo = 0.109

Yeo, = 0.0884
Yo, = 0.0547
n. = 0.748

We must now test to see whether there will be any residual carbon at equilibrium.
Consider the reaction

2
CoO, == C,, + O,
for which
AG, = 396,284 T mol ™!

. ~396,284
2 = SXP L 83144 % 3000

1.26 x 1077

Thus

=
I

In terms of mole fractions at equilibrium,

Yo, _
=L~ 0619 > K, = 1.26 X 107

Yoo

Thus there is too much oxygen in the system to allow any carbon to remain unreacted at
chemical equilibrium.

The temperature dependence of the equilibrium constant can readily be expressed

in terms of the enthalpy of reaction (Denbigh, 1971). Equation (2.35) may be written

1 #
In K, = —E : pj--?
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Differentiation yields

dln K, 1 d (¥
T - REYG (?) (2.39)

To evaluate the derivative on the right-hand side, we observe from (2.25) that

- (&)
o Bn,- p.Ton
_ (3_0

aT PR

Since ( is a state function, dG is an exact differential. Thus, from (2.25) we may obtain

the reciprocity relations
(). ).
8T /g nyoy /b 7m, !

Equation (2.26) may now be written

du;
=+ T2
Iu'l 1 (aT)p'"hnj

which may be rearranged in the form we seek:

(B(MT)) - _ﬁ
0T /pom; r?

]

Ay

Finally, recalling (2.28), this becomes

Substitting (2.40) into (2.39) gives

dnk, 2vh

dr RT?

The term Z; v/, is just the enthalpy of reaction Ah, (7). The resulting relation is called
van't Hoff's equation,
dn K, _ Ah,

= —= 2.41
ar RT? ( )

Over small temperature ranges the enthalpy of reaction may be assumed to be approxi-
mately constant. Although either exact numerical evaluation of K, from polynomial fits
10 the specific heat (e.g., Table 2.5) or the use of thermodynamic data tabulations is
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preferred for caiculations of compositions of mixtures at chemical equilibrium, the as-
sumption of constant Ak, and use of (2.41) will greatly simplify kinetic expressions we
shall develop later using equilibrium constants,

The conditions for thermodynamic equilibrivm have been derived for a system
maintained at a prescribed temperature and pressure. The energy, enthalpy, entropy, and
specific volume of a system may be calculated using the composition of the system, as
determined from the equilibrium condition, and the thermodynamic properties of the
constituents of the system. The equilibrium state of the system is, however, independent
of the manner in which it was specified. Any two independent properties could be used
in place of the pressure and temperature.

The temperature of a combustion system is rarely known a priori. The adiabatic
flame temperature is often a good estimate of the peak temperature reached during com-
bustion, provided that the reaction equilibria are taken into account. This requires solv-
ing a chemical equilibrium problem subject to constraints on the pressure and enthalpy
(for a flow system) rather than temperature and pressure. Iterations on temperature to
satisfy the first law of thermodynamics are now needed in addition to iterations on the
composition variables. This procedure is best shown with an example.

Example 2.6 Adiabatic Combustion Equilibrium

Example 2.4 considered stoichiometric combustion of a heavy fuel oil, CH, 4, in stoichio-
metric air at atmospheric pressure. Initial fuel and air temperatures were 298 K. The adi-
abatic flame temperature calculated assuming complete combustion was 2356 K. How do
reaction equilibria influence the temperature and composition of the reaction products?
Allowing for incomplete combustion, the combustion stoichiometry may be written

CH,5 + 1.45(0, + 3.78N,) —> (1 — x)CO, + xCO

+ (0.9 - Y)H,0 + yH, + (% + %)02 + 5.48N,

The total number of moles of reaction products is

f+3) +5.48

NT={1—-Jr)+Jr+(0‘9—y)+y+(2 5

X ¥
=738+ +3
272

Two linearty independent equilibrium relations are needed to compute x and y. The reac-
tions we choose to represent the equilibrium are arbitrary, as long as they are lineatly
independent. Possible reactions include

I
€O + H,0 == CO; + H. (the so-called water-gas shift reaction)
2
H.Q == H, + 3 0,

3
CO, == CO + 30,
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We see by inspection that the first reaction can be obtained by subtracting reaction 3
from reaction 2, but any two of these reactions are linearly independent. The choice is
dictated by computational expediency. We may choose, for example,

1
CO + H,0 == CO, + H,

2
H20 == Hz + %02
The comresponding equilibrium relations are

1 —-x ¥
Kot = x 09—~y
2
VK, = y x/2 +y/2 )I/
09 -y \7.38 + x/2 +y/2

00 —y\14.76 % x + y

If we had replaced reactien 1 with 3, the first equilibrium relation would be replaced

with
L2
p*‘/ZK - x x+y )
P~ x\14.76 + x + ¥

By selecting reaction 1 rather than 3 we have a somewhat simpler equilibrinm expression
to solve, In either case, the equilibrium composition corresponding to a specified tem-
perature (and, therefore, specified X,,s) may now be calculated by simultaneous solution
of the two nonlinear equilibrium relations. The same solution will be obtained regardless
of the choice of equilibrium relations.

A number of methods are available for solving simultaneous nonlinear equations.
Newton's method may be applied readily in this case. Suppose that we want the solution
to two simultaneous equations:

f(xy) =0,
g(x, ¥} =0

From an initial approximation (xp, yo) we attempt to determine corrections, Ax and Ay,
such that

flxg +Ax, yo + Ay) =0 glxg + Ax, yo + 4y} =0

are simultaneously satisfied. If the functions are approximated by a Taylor series and
only the linear terms are retained, the equations become

fo + fuo Ax +f;,0Ay=0
gt golAx+ §ody=0

where the ( subscripts indicate that the functions have been evaluated at (xg, ¥o) and the
subscripts x and y denote 8 /3x and & / 3y, respectively. These linear equations are readily
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solved for the correction terms, Ax and Ay. Iimproved estimates are then corputed by
x=x, + Ax
Y= Yot 4y

By iterating until Ax and Ay become sufficiently small, the solution of the equations can
be found.
We may define the functions to be solved in the present problem as

1 —x

y
. = —_ = 0
f(x y) X 0.9 _ y £1
1/2
¥ X Ty —1/2
L) = - K, =0
8(x,y) 0.9—y(14.76+x+y) PR
The partial derivatives are
PR S R
“ ax (0.9 — y)
0.9(1 — x)
Lh=———=
x(0.9 —y)
o= (1){14]6-#x-+y]”2 14.76
09 -y \2 x4y (1476 + x + y)’

_[ X+ ]"'2 09
8 1476 + x +y} (0.9 - y)2 8

and the correction temns are

_ 8ofyo — Jogyo
f:r(]gy() - fyﬂgx(]

- Jo&xo — 8ofre

.ﬁrogyo - fyDng
Thus, for specified equilibrium constants, we may readily iterate on x and y to find the
comesponding equilibrium composition. Poor initial guesses x, and v, may lead to esti-
mates of x and y outside the domain of solution,

Ay

0=x=1
0=y=09

If this occurs, one may still use the information regarding the direction of the solution
by letting

x=x + 8 Ax

¥y =y + B Ay
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where $(0 < § =< 1) is chosen to step toward the solution but not beyond the limits of
feasible solutions.

Since the temperature of the equilibrium mixture is not known a priori, we must
guess the temperature before the equilibrium constants can be evaluated and any calcu-
lations can be performed. We may note this temperature estimate as 7', Once the equi-
librium compeosition is determined, we can see how good our guess was by applying the
first law of thermodynamics,

praducts

F(T') = Z nlBAT') — RiTy) + ARR(T,)]

= I y[h(T) - k(T + AR5 (Ty)]

For adiabatic combustion, we should have F(T) = 0, but we are unlikely to find this
on our first guess. If F(T') > 0, the initial temperature guess was too high, It is as if
heat were transferred to the control volume. The temperature for adiabatic combustion
must be lower than that estimate. If, on the other hand, F(7T’) < 0, the temperature is
that of a system that has rejected heat to the environment. The temperature estimate must
be increased in this case. We may use the first law, assuming constant composition, to
give an improved estimate of the gas composition. The composition corresponding to
this new temperature estimate can then be evaluated as was done for our initial guess.
The whole process is then repeated until satisfactory convergence is achieved.
Retuming to our example, the first law becomes

(1 =x) [R(T) — K(Ty) + Ah}i’(’t‘"o)]m2 + x[R(T) — R(T) + Ah}‘{To}]OO

+ (0.9 — VT ~ k(%) + AR (T)], o + y[R(T) — h(To) + Ak ()],

+<§ + %) [R(T) = A(Ty) + ARF(T)], + 548[R(T) — h(T) + AR (T)],

= [B(T) - K(T) + ARp (Ty)) - 145[h(T) — A{Ty) + ﬁh}’(To)]m

fuel,CH14
— 548[A(T,) ~ h(To) + AR ()] =@ - W=0

where T, and T, are the temperatures of the fuel and air, respectively. Grouping terms and
noting that, for this problem, T, = T, = T;, we have

[#(T) — h(To)),,, + 0-91#(T) - h{To)][h0 + 5.48{#(T) - h{T.J}]NE
+ AR oo, (To) + 0.9 Abfy,o(To) — Ahfen,(To) = 1.45 AR2G(Ty)
= x[[M(T) = h(To)],, = [R(T) = (T}, —3[A(T) - h(Ty)], |
— x[Ahfco(T) — Ahfco(Ty) — 3 Akfo,(To))
= y[[MT) = h(T)],, ~ [R(T) = B(T)],,, = 2[A(T) - a(Ty)], ]

- ylAhguo(T) — Aku(To) — 3 ARJG(T)] = 0
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The first group of enthalpies of formation is seen to be the enthalpy of the complete com-
bustion reaction at T = T;,. The enthalpy of formation terms that are multiplied by x equal
the enthalpy of the dissociation reaction

CO, == CO + 30,

at temperature T. We have already seen that this reaction is simply the difference between
reactions 2 and 1. Similarly, the last group of enthalpy of formation terms equals the en-
thalpy of reaction 2:

H,0 == H, +3 0,

Thus we see that the heat release of the combustion process is reduced by the amount
consumed by the dissociation reactions,

The thermodynamic data necessary for these caleulations, from Table 2.5, are sum-
marized below:

e, =a+ bl
(Fmol™' K™%
ﬁhf(ro} (1)

Species (Jmol™" Jmol ' K™Y a b
CcO =-110,700 197.81 29.613 0.0030%
CO, —394,088 213.98 44.319 0.00730
H, 0 130.77 27.320 0.00333
H,O —242.174 188.99 32,477 0.00862
N, U] 191.78 29231 0.00307
0, 0 205.31 30.504 0.00349

In terms of these thermodynamic data the chemical potentials become
T b,‘ 2 ° . a
u;’=a,- T_’T()_TIHF _E(T_'T:J) +Ahﬁ(T)—TS!(T)
[}
In preparation for determinations of the equilibrium constants, it is convenient to compute

the following sums:
Reaction 1

Aa1 = dprpy + a4, — 4co — u0 9.549 ] mol_' K_"

Aby = beo, + By, — beo — by = —0.00098 T mol ™' K2

AhY = Ahfoo, + AhSH, — Ahf o — Abfype = —41,214 J mol ™'
AsP = 50, + S8 — $&0 — Sho = —42.05 ) mol ™' K~!
Reaction 2

Aay = ay, + L ag, — ano = 10.095 I mol™' K
Ab, = by, + 3 bo, = b = —0.003525 Jmol ™' K7
AhY = AhPy, + 3 Ahfo, — Ahfyo = 242,174 J mol ™’

: PR
asy = s, + 785, - S0 = 44.435 ] mol 'K
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Thus we have

9.549 (T — T, — T (T/Ty))
+(0.00098/2) (T — T,)° — 41,214 + 42.05T

EnlT) = exp 8.3144T
10095 (T - T, - T {T/T))
2
b 0. - 429 - .
K,(T) = exp (0.003525/2) (T — T) + 242,174 — 44.435T

B.3144T

Since the complete combustion calculation using these approximate thermodynamic
data (Example 2.4) yielded a flame temperature estimate of 2356 K, we begin with a guess
of 2300 K. At T = 2300 K,

Ky, = 0.1904

K,; = 0.001900
Guessing initially that x = y = 0.01, our iterations yield the following successive estimates:
1 x=001 y=00I
2 x=0.0407 y = 0.0325
3 x=00585 y=00222
4 x =0.0818 y = 0.0198
5 x =0.097 y=10.018
6 x=101002 y=0.0187
7 x =0.1003 y = 0.0187
The energy equation becomes

0.03188
2

234213(T - Tp) + (T? - T2} — 567,605

0.002545

- x[ —0.5456(T - Tp) + ——

(r* — T3 - 283,388}

0.003525

> (r: -1d) - 242.174] =0

- y[l0.0QS{T -T) -

which simplifies to
[0.01592 — 0.001273x + 0.001763y] T2 + [234.213 + 0.5456x — 10.095y]T
+ [—638,853 + 283,338x + 244,870y] = 0

Substituting in the values for x and y, the temperature that satisfies the first law for this
composition can be evalvated explicitly. We find

T=2252K
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The equilibrium constants at this temperature are
K, = 0.1960
K,; = 0.001422 atm'/?

We may continue to iterate on x, y, and T until the results converge. We find

2300 0.1003 0.0187
2245 (.0802 0.0152
2266 0.0875 0.0163
2259 0.0873 0.0165
2261 3.0850 0.0160
2261 0.0857 0.0161
2261 0.0857 0.0161

Thus T = 2261 K. The mole fractions of the equilibrium reaction products for adiabatic
combustion are

Yoo, = 0.123
Yeo = 0.0115
Yo = 0.119

y, = 0.00217 = 2170 ppm
Yo, = 0.00685 = 6850 ppm

yn, = 0.737

Comparing the present results with those for complete combustion, Example 2.4, we see
that the dissociation reactions reduce the adiabatic lame temperature by about 95 K.

Example 2.7 Detailed Balancing

The primary reaction leading to NO formation in flames is

ks
N, + 0 == NO + N

The forward rate constant is

ko =18 x 10%exp (—3—8%29) m® mol™' s~

Let us derive an expression for &_ wsing detailed balancing. From detailed balancing we
may write

=
S

+

K,

+

ra

k__—_'-
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where we can use either £, or &, since the number of moles of reactants and products are
equal. The thermodynamic data necessary to evaluate K, are obtained from Table 2.5.

G =a+bT
Species Ahi{Ty) $(Ta) a b
N, 0 191.777 29.2313 0.00307
0 249,553 161.181 21.2424 -~ {10002
NGO 90,420 210.954 30.5843 0.00278
N 473,326 153.413 20.7440 0.00004

The standard chemical potentials may be written
T b;' 2 a
Wo=a\T=Ty~Tinz ) = 2{T — T) + Aki(Ty) - T57(To)
L]

The equilibrium constant thus becomes

0.8546(T — T — TIn (T/Ty))
- 784 X 1073T = Tp)° + 314,193 — 11.4097T
K, =exw) - 831447

Direct use of this form of the equilibrium constant will give a comgplicated expression for
the rate constant. Van't Hoffs’ equation, (2.41),

dinkK, Ap,

4T RT?

provides a method for estimating the variation of X, over a temperature range that is suffi-
ciently narrow that the enthalpy of reaction, A#,, can be assumed to be constant. Integrating
(2.41) from T, to T yields
Ah(T)) | Ah(T))

RT RT,

K (T) —InK (1) = —
Rearmanging, we find

Ah, Ah, AR(T)
= - =) = et 2.42

K, = K,(T\) exp (RT,) exp ( RT) B exp ( RT ( }
where B = K,(T)) exp (Ah, (T\)/RT}). Since NO formation occurs primarily at flame
temperatures, we evaluate K, at T, = 2300 K,

K,(2300 K) = 3.311 x 1077
The enthalpy of reaction is
AR (2300 K) = 316,312 J mol ™'

Thus we find

38,044
K, =505 exp (— '—T——>
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The rate constant for the reverse reaction becomes
330
k. =736 x 10" exp (_T) m’ mol™!s™!

The rate of the exothermic reverse reaction is found to be essentiaily independent of tem-
perature,

We have, so far, limited our attention to the major products of combustion. Many
of the pollutants with which we shall be concerned and the chemical species that influ-
ence their formation are present only in small concentrations. Calculations of the chem-
ical equilibria governing trace species can be performed in the manner described above;
however, care must be exercised to ensure that the equilibrium reactions used in the
calculations are all linearly independent,

The calculation of the equilibrium concentrations can be simplified for species that
are present only in such low concentrations that they do not significantly influence either
the energy balance or the mole balances. The equilibrium distribution of the more abun-
dant species can, in such cases, be calculated ignoring the minor species. The minor
species can then be calculated using equilibrinm reactions invelving the major species.
For example, the equilibrium concentration of nitric oxide, NO, in fuel-lean combustion
products, generally can be calculated using the equilibrium between N, and O,

i N, + 10, == NO
1/2
Yno = Kp()’N:»_)’Oz) /

If such equilibrium calcuiations indicate that the concentration of the species in question
is large enough to influence the energy or element balances (i.e., larger than a few
thousand parts per million), a more exact calculation taking the influence on element
and energy balances into account is in order.

While the conditions for chemical equilibrium have been stated in terms of equi-
librium constants and reactions, these reactions are only stoichiometric relationships be-
tween the species present in the system. The number of equilibrium relations required
is equal to the number of species to be considered less the number of element balances
available for the system. The reactions must be linearly independent but are otherwise
arbitrary; that is, they have no relationship to the mechanism by which the reactions
actually occur.

An alternative to the specification of a set of reactions for the equilibrium calcu-
lations is to minimize the Gibbs free energy directly, subject to constraints on the total
number of moles of each of the clements in the system (White et al., 1958). Let b7 be
the number of moles of element { in the system and a;; be the number of moles of element
i in a mole of species j. If n; is the number of moles of species j in the system, the
elemental conservation constraint that must be satisfied takes the form

b~ Tam=0. i=12....1 (2.43)
5
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where n is the total number of species in the system and / is the number of elements.
The methed of Lagrange multipliers can be used to solve this constrained minimization
problem. We define I to be

{
G~ 2 N(b - b7)

—
I

where
b,' = E a,-jHJ (2‘44)
i=I

and A; are Lagrange multipliers. The condition for equilibrium becomes

n ! !
W=O=Z<w—21@)%—ﬁua—wwx
i=1 i=1 i=1
This raust hold for all ér; and & A;, so we must have
f

.“;'_E}\fa =0, j=12,...,n (2.45)

.
i=1 ¢

and the elemental constraints as I + n equations in / + » unknowns.
For ideal gases,

n.

P
= p° + RTIn— + RTIn—
! K Rgay Po
where
gasonly

i=1
is the total number of moles of gaseous species. For simple condensed phases,
Bo=
Thus for gaseous species, the condition for equilibrium becomes
{
p.o n.
-£-+ln—J+ln£—21r,-a,j=0, i=lL....n (2.47)
RT 7, Po  i=I

where «; = A\;/RT, and for condensed-phase species,

®
= ;1 TGy, J=Hgpts. ..o tt (2.48)

To determine the equilibrium composition, n + { + 1 simultancons equations,
(2.43), (2.46)-(2.48), must be solved. The number of moles of gaseous species j can
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be found by rearranging (2.47):

wood
nj=ngas?exp(—R—}—j§ w,-a;,-), i=L2...,n

eliminating n, of the equations, so only n — n, + / + I equations must be solved. The
exponential is siniilar fo that obtained in deriving the equilibrium constant for a reaction
leading to the formation of a mole of the gaseous species from the elements. The La-
grange multipliers, called elemental potentials because of this structure (Reynolds, 1986),
thus are the key to determining the equilibrium composition by this route, The details
of the procedures for determining the element potentials are beyond the scope of this
book. Powerful, general-purpose equilibrium codes that use this method are available,
however, and should be considered for complex equilibrium calculations [e.g., Gordon
and McBride (1971) and Reynolds (1981)].

2.3.4 Combustion Equilibria

We have seen that at chemical equilibrium for stoichiometric combustion, substantial
quantities of carbon monoxide and hydrogen remain unreacted, and that this incomplete
combustion reduces the adiabatic flame temperature by nearly 100 K. Figure 2.6 shows
how the equilibrium ¢composition and temperature for adiabatic combustion of kerosene,
CH, g, vary with equivalence ratio. The results determined using stoichiometry alone
for fuel-lean combustion are shown with dashed lines. It is apparent that the major spe-
cies concentrations and the adiabatic flame temperature for complete combustion are
very good approximations for equivalence ratios less than about 0.8. As the equivalence
ratic approaches unity, this simple model breaks down due to the increasing importance
of the dissociation reactions. For fuel-rich combustion, the number of chemical species
that are present in significant quantities exceeds the number of elements in the system,
so we must rely on equilibrium to determine the adiabatic flame temperature and com-
position,

Chemical equilibrium provides our first insight into the conditions that favor the
formation of pollutants. Carbon monoxide is a significant compaonent of the combustion
products at the adiabatic flame temperature for equivalence ratios greater than about 0.8,
Nitric oxide foermation from gaseous N, and O,,

AN, + 30, == NO

is highly endothermic, A%, (298 K) = 90,420 ] mol~'. Because of the large heat of
reaction, NO formation is favored only at the highest temperatures. Hence, as we will
see in the next chapter, the equilibritm NO concentration peaks at equivalence ratios
near unity and decreases rapidly with decreasing equivalence ratio due to the decrease
in temperature. The equilibrium NO level decreases for fuel-rich combustion due to the
combined effects of decreasing temperature and decreasing oxygen concentration.

The equilibrium composition of combustion gases is a strong function of temper-
ature. The reason for this case can readily be seen by examining the equilibrium con-
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1073 Figure 2.6 Equilibrium composition and
temperature for adiabatic cormbustion of
kerosene, CH, 4, as a function of
$ equivalence ratio.

stants for combustion reactions vsing the integrated form of van't Hoffs relation,

Ah
K, = Bexp (_'_%;_[))

where T is a reference temperature at which the preexponential factor B, is evaluated.
The dissociation reactions, for example,
i
CO, == CO + 10,

2
H,0 == H, + ! 0,

have large positive heats of reaction,
Ah,, = 283,388 J mol '

Ah, = 242,174 J mol ™!



Maole fraction

100 Combustion Fundamentals Chap. 2

and are therefore strong functions of temperature. As the temperature increases, the
extent to which the dissociation reactions proceed increases dramatically. At the adi-
abatic flame temperature, substantial quantities of carbon monoxide, hydrogen, and other
partially oxidized products may be present even if there is sufficient oxygen for complete
combustion available. As the temperature decreases, chemical equilibrium favors the
formation of the stable products, CO,, H,0, N, and O,, and destruction of the less
stable species, CO, H,, NO, O, H, OH, and so on, as illustrated in Figure 2.7. Below
about 1300 K, only the most stable species are present in significant quantities in the
combustion products af eqguilibritm. The fact that carbon monexide, nitrogen oxides,
and unburned hydrocarbons are emitted from fuel-lean combustion systems implies,
therefore, that chemical equilibrium is not maintained as the combustion products cool.

10° T I
N,
0,
T = Ha0 —
1072 g
co
0z
1073 .
Hz
NO
ol = =
5 . | Figure 2.7 Variation of equilibrium
107 composition with temperature for
1000 1300 2000 stoichiometric combustion of kerosene,

T (K) CH, .
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2.4 COMBUSTION KINETICS

Chemical equilibrium describes the composition of the reaction products that would ul-
timately be reached if the system were maintained at constant temperature and pressure
for a sufficiently long time. Chemical reactions proceed at finite rates, however, so equi-
librium i3 not established instantaneously. We have seen that at equilibrium there would
only be very small amounts of pollutants such as CO, NQ, or unbumed hydrocarbons
in the gases emitted from combustors operated at equivalence ratios less than unity. Slow
reactions allow the concentrations of these pollutants to be orders of magnitude greater
than the equilibrium values when gases are finally emitted into the atmosphere. The
sharp peak in the equilibrium NO concentration near ¢ = 1 suggests that the amount of
NO in the flame could be reduced significantly by reducing the equivalence ratio below
about 0.5. Unfortunately, the combustion reactions also proceed at finite rates. Reducing
the equivalence ratio lowers the temperature in the flame, thereby slowing the hydro-
carbon oxidation reactions and the initial approach to equilibrinm within the flame. The
residence time in combustion systems is limited, so reducing the combustion rate even-
tually results in the escape of partially reacted hydrocarbons and carbon monoxide.

To understand the chemical factors that control pollutant emissions, therefore, it
is necessary to examine the rate at which a chemical system approaches its final equilib-
rivm state. The study of these rate processes is called chemical kinetics. The reaction
mechanism, or the sequence of reactions involved in the overall process, and the rates
of the individual reactions must be known to describe the rate at which chemical equi-
librium is approached. In this section we examine the chemical kinetics of hydrocarbon
fuel combustion, beginning with an overview of the detailed kinetics. Several approxi-
mate descriptions of combustion kinetics will then be examined. The kinetics that di-
rectly govern pollutant emissions will be treated in Chapter 3.

2.4.1 Detailed Combustion Kinetics

Combustion mechanisms involve large numbers of reactions even for simple hydrocar-
bon fuels. Consider propane combustion for which the overall stoichiometry for com-
plete combustion is

The combustion reactions must break 15 chemical bonds (C—C, C—H, 0—0) and
form 14 new ones (C—0O, H—0). As described in Chapter 1, hydrocarbon oxidation
involves a large number of elementary bimelecular reaction steps. The many elementary
reactions that comprise the combustion process generate intermediate species that undergo
rapid reaction and, therefore, are not present in significant quantities in either the reac-
tants or the products. A detailed description of combustion must include the intermediate
species.

Detailed simulation of the chemical kinetics of combustion becomes quite formi-
dable, even for simple, low-molecular-weight hydrocarbons such as CH,, C,H;. C;H,,
C,H,. C3Hg, CH,OH, and so on. Numerous studies of combustion mechanisms of such
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simple fuels bave been presented (Westbrook and Dryer, 1981a; Miller et al., 1982;
Vandooren and Van Tiggelen, 1981; Westbrook, 1982; Venkat ot al., 1982; Wamatz,
1984). Rate constants have been measured for many, but not all, of the 100 or so re-
actions in these mechanisms,

The description of the combustion kinetics for practical fuels is complicated by
our incomplete knowledge of the fucl composition. Only rarely is the fuel composition
sulficiently well known that detailed mechanisms could be applicd directly, even if they
wete available for all the components of the fuel.

Our ultimate goal here is to develop an understanding of the processes that govern
the formation and destruction of pollutants in practical combustion systems. Onece com-
bustion is initiated (as described below), the combustion reactions generally proceed
rapidly . Such pollutant formation processes involve slow reaction steps or physical pro-
cesses that restrain the approach to equilibrium, either during combustion or as the com-
bustion producis cool. and lead to unoxidized or partially oxidized fuel or intermediate
species in the exhaust gases. Let vs first examine the hmportant features common 1o
hydrocarbon combustion reaction mechanisms.

A mixture of a hydrocarbon (RH) fuel with air at normal ambient temperature will
not react unless an ignition source is present. When the mixture is heated, the fuel
eventually begins to react with oxygen. fnitiation of the combustion reactions is gener-
ally thought te occur via the abstraction of a hydrogen atom from the hiydrocarbon maol-
ccule by an oxygen molecule.

RH + O, —> R+ + HO,-

An alterative initiation reaction for large hydrocarbon molecules is thermally induced
dissociation to produce hydrocarbon radicals, that is,

.

RR® + M —> R- +R- + M

This reaction involves breaking a carben—carbon or carbon-hydrogen bond. The encrgy
required for bond breakage can be estimated using the bond strengths summarized in
Table 2.6. Hydrogen abstraction reactions (reaction 1) involve brcaking a carbon-hy-
drogen bond with a strength ranging from 385 to 453 kJ mol ™' and forming HO,, lcading
to a net energy of reaction of 190 to 250 kJ mol™'. Reaction 2 involves breaking a
carbon-carbon bond. The single bond requircs 369 kI mol ™', with double and triple
honds requiring considerably more energy. Thus both reactions are endothermic. with
reaction 2 having a significantly larger enthalpy of reaction since no new bonds are
formed as the initial bond is broken.

The large enthalpy of reaction makes the reaction rate in the endothenmic direction
a strong function of temperature. Detailed balancing provided us with a relationship
between the forward and reverse rate constants for elementary reactions, that 1s.

ke (T) .
L(T) KAT)
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TABLE 2.6 TYPICAL
BOND STRENGTHS

Bond k) mol !

Diatomic Molecules

H—H 437
H—=0Q 429
H—N 360
C—N 729
c—0 1776
N—N 930
N—O 627
0—0 498
Polyatomic Molecules
H—CH 453
H—CH. 436
H—CH, 436
H—C.H, 436
H—C,H, 411
H_C_‘Hf. is6
H—CH, 432
H—CHO 185
H—NH. 432
H-0OH 499
HC=CH 964
H,C=CH, 699
H,C—CH, 369
0=CQ 536

The temperature dependence of the equilibrium constant can be expressed approximately
using van't Hoff's relation (2.42),

'A}:,.(T,)'H exp l _Ah,(T)

Kp{T] = XKP(T'I) exp RT| RT

Al (T )}
RT

= B(T)) exp[

and the definition of K,(7'), (2.38). Thus the rate constant in the forward direction is

Ak (T1

§(T) = &(T) B(T,) exp M (g

Consider, for example, the dissociation of methane

)
CH, + M iﬁj CHy +H- + M
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for which &, = 0.282T exp [ ~9835/7) m® mol™? s7' (Westbrook, 1982). From the
thermochemical property data of Table 2.5 and application of van’t Hoft"s relation, we
find

—34,700
K,(T) = 4.11 x 107 exp {——%—-1 atm

from which we find

ke (T) = k(T) K(T)[RT] ™

Il

—44,5335
T

i

t.41 x 10" exp

—l m* mol™! 7!

While the rate of the exothermic recombination reaction is, in this case, a strong function
of temperature, the endothermic dissociation reaction is even more strongly dependent
on temperature. In cases where the temperature dependence of rate coefficients results
entirely from the exponential factor, that is. the rates are of the Arrhencus form, & = A
exp (—E/RT). a plot of log k versus T™', known as an Arrheneus plot. clearly illus-
trates the influence of the large positive enthalpy of reaction on the temperature depen-
dence of the rate of this reaction. The slope of the rate curve. shown in Figure 2.8, is
equal to —(1n 10) ~'(E/R) and thus indicates the activation energy. The rates of ex-
othermic or mildly endothermic reactions may be fast or slow for a variety of reasons
as discussed in Chapter 1, but in general, highly endothermic reactions are slow except
at very high temperatures.

Because of the relatively low rates of the highly endothermic initiation reactions,
radicals are generated very slowly. After the radicals have accumulated for a period of
time, their concentrations become high enough for the faster radical chemistry to become
important. This delay between the onset of the initiation reactions and rapid combustion
is called an induction period or ignition delay. After this delay, other reactions dominate
the oxidation of the fuel and the initiation reactions are no longer important.

Hydrocarbon radicals react rapidly (due to low activation energies) with the abun-
dant oxygen molecules to produce peroxy radicals

3

R-+0,+M — RO,” + M
or olefins (alkenes. R = R’) and the hydroperoxyl radical
4
R' + 02 — Oleﬁn + HO:'
The olefin is then oxidized in a manner similar to the original hydrocarbon. Peroxy
radicals underge dissociation at high temperatures:
5

RO, + M —> R'CHO + R" + M

These are called chain carrving reactions since the number of radicals produced equals
the number consumed. The aldchydes (RCHO) may react with Oa:
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10t0 T :
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CHg + M- = CHy + H + M
3
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ke (m® mol™' 571

104
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CHy +H+ M = CHg + M

1021 k, (m® mol™% s

—

| | | | L i
1 2 3 4 5 6 7 g 2 10

TTh o 10* (K™Y
Figure 2.8 Rraction nite constants for forward and reverse reactions associated with
methane decomposition,

3]

RCHO + O, — RCO + HO,-
In the terminotogy of chain reactions, 6 is called a branching reaction since it increases
the number of free radicats. The hydroperoxy! radicals rapidly react with the abundant
fuel molecules to produce hydrogen peroxide:
7
HO,- + RH — HOOH + R
Actually the single most impertant reaction in combustion is the chain-branching
step:

]
H- + 0, — OH: + O
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since it generates the OH and O needed for oxidation of the fuel molecules. The highly
reactive hydroxyl radical rcacts readily with the abundant fuel molecules:
q
OH- + RH — R- + H,0
At temperatures greater than about 1200 K, the hydroxyl radical is generally abundant
enough to participate in a number of exchange reactions, generating much larger num-
bers of H-, O, and OH- radicals than are present at lower temperatures:

10
OH- + OH- => H,0 + O-

OH- + O == H- + O,
OH- + H- == O- + H,
H, + OH- == H.O + H-
H, + HO,- == H,0 + OH-

HO,- + H- === OH: + OH-

These reversible reactions are all mildly (8 to 72 k) mol™') exothermic. The rate con-
stants for these reactions have been determined experimentally and approach the rate
corresponding 10 the frequency of collisions between the relevant radicals and molecules
fi.e., the so-called gas kinetic timit represented by (A.11}]. The O- and H- radicals are,
like hydroxyl, highly veactive. They rapidly react with the fuel molecules and hydro-
carbon intermediates,
16
Q- + RH == R- + OH:
17
H- + RH == R* + H,

The pool of radicals generated by these reactions drives the combustion reactions rapidly
once the mixture is ignited.

The formation of carbon monoxide during this early phase of hydrocarbon oxida-
tion occurs primarily by thermal decomposition of RCO radicals at high temperatures,

. %
RCO+M == R- +CO+ M

The dominant carbon monoxide oxidation process is the reaction with hydroxyl,

19
CO + OH- == CO, + H-

Three-body recombination reactions,

0
H +H- +M == H, + M
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H - +OH +M = H,0 + M
O‘+O’+MﬁOE+M

H - +0, + M == HO, + M

2
OH' + OH- + M == HOOH + M

reduce the total number of moles in the system, These reactions are exothermic hut
relatively slow since they require the intervention of a third molecule to stabilize the
product. As cembustion products cool, the slow recombination steps may allow radical
concentrations to persist long after the equilibrium concentrations have dropped to ex-
tremely low levels.

Even though we have not attempied to list all the free-radical reactions involved
in the combustion of hydrocarbens, we have already identified a large number of reac-
tions. Detailed mechanisms for specific hydrocarbon molecules typically involve more
than 100 reactions. It is noteworthy that the most important reactions in combustion, the
chain branching reactions, do not involve the fuel molecules. This fact permits predic-
tion of gross combusticon features without full knowledge of the detailed reaction mech-
anism.

The mechanisms for different fucls involve common submechanisms (Westbrook
and Dryer, 1981b}. Combustion of carbon monoxide in the presence of hydsogen or
water vapor involves the reactions of the hydrogen-oxygen mechanism. The combined
C0O-H,~0, mechanism is, in turn, part of the mechanism for formaldehyde oxidation,
which is a subset of the methane mechanism. In combustion of methane under fuel-lean
conditions the carbon atom follows the sequence: CH; - CH, - HCHO — HCO —
CO — CO,. Westbrook and Dryer (1981b) develop this hicrarchical approach for fuels
through C, and C; hydrocarbons, providing a framework for understanding the detailed
cembustion kineties for a range of hydrocarbon fuels using as a starting point for each
successive fuel the knowledge of the mechanisms of the simpler fuels. More complicated
molecules, such as aromatic hydrocarbons (Venkat et al., 1982), will introduce addi-
tional reactions into this hierarchy, but the reactions already identified i studies of sim-
pler molecules still contribute to the expanded overall mechanisms.

A detailed description of the dynamics of so many simultancous reactions requires
solution of a large number of simultaneous ordinary difterential equations, The large
enthalpies of combustion reaction and relatively slow heat transfer from a flame lead to
large temperature changes during combustion. The first law of thermodynamics must be
applied to evaluate the temperatures continuously throughout the combustion process.
The large temperature changes result in very large changes in the many reaction rate
constants. The integration of these rate equations is difficult since the equations contain
several very different time scales, from the very short times of the free-radical rcactions
to the longer times of the initiation reactions. Such sets of cquations are called stiff.

Since much of the chemistry with which we shall be concerned in our study of the
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formation and destruction of pollutants takes place late in the combustion process, a
complete description of the combustion process is not generally required for our pur-
poses. Hydrocarbon oxidation in combustion is generally fast, leading to a rapid ap-
proach to equilibrium. This is fortunate since detailed combustion mechanisms are sim-
ply not known for many practical fuels such as coal or heavy fuel oils. Simplified models
of the combustion process will. for these reasons. be vsed extensively in the discussion
to follow.

2.4.2 Simplified Combustion Kinetics

One way to overcome the difficulties in modeling the combustion reactions is to represent
the process by a small number of artificial reactions, each of which describes the results
of a number of fundamental reaction steps. These so-called global mechanisms are stoi-
chiometric selationships for which approximate kinetic expressions may be devetoped.
Global reaction rate expressions may be derived from detailed Kinetic mechanisms by
making appropriate simplifying assumptions (e.g.. steady-state or partial-equilibrium
assurnptions, which will be discussed later). Alternatively, correlations of observed spe-
cies concentration profiles, flame velocity measurements, or other experimental data may
be used to estimate global rate parameters.

Global mechanisms greatly reduce the complexity of kinetic calculations since a small
number of steps are used 1o describe the behavior of a large number of reactions. More-
over, the simplified reactions generally involve the major stable species, greatly reducing
the number of chemical species to be followed. This reduction may be either quite useful
or an oversimplification, depending on the use to which the mechanism is to be put. If
a combustion mechanism is to be used to describe the net rate of heat release during
combustion, miner species are of little concern and a global mechanism can be quite
effective. The minor species, on the other hand, strongly influence the formation of
pollutants, and the simplified global mechanisms therefore may not contain sufficient
chemical detail to describe the pollutant formation steps.

The simplest model of hydrocarbon combustion kinetics is the one-step, global
model given at the beginning of Section 2.2,

n Ko m
CnHm + {n + ‘4_. 03 > n CO; + E HgO

where the subscript ov refers to ““overall’” model. The rate of this reaction can be ex-
pressed empirically by

-E i i
R = v exp () G (0] (249)

where the parameters 4, n, E,, a, and b are generally determined by matching R, to
the observed oxidation rate inferred from flame speed or the rich and lean limits of stable
laminar flames. The obvious advantage of the single-step madel is its simplicity. It is
very useful for calculating heat release rates and for examining flame stability. Unfor-
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tunately, the single-step model does not include intermediate hydrocarbon species or
carbon monoxide.

The hydrocasbons are rapidly consumed during combustion, forming CO, H,, and
H,0. The oxidation of CO to CO, proceeds somewhat more slowly. The difference in
reaction rates can be taken into account using two-step models that are only slightly
more complicated than the single-step model but can separate the relatively stow oxi-
dation of CO to CO, from the more rapid oxidation of the hydrocarben to CO and H.C
(Hautman et al., 1981), that is,
ha 1

] m L
H, + -+ — ;) > = H:
Cn " (2 4) O_ HCO + 2 H‘_O

Y]
CO + 30, —> CO,
This description lumps together reactions 1-18 and 20-24 from the detailed mechanism
of Section 2.4.1, with reaction 19 being treated separately. The rate for reaction A is
generally expressed in the same empirically derived form as the hydrocarbon oxidation
in the single-step model

E,
T

R, = A,T" exp [ R

] [€,H,1°(0.]" (2.50)
Carbon monoxide oxidation is described empirically by
—F I 3
Ry = AgT" exp [—R—ﬂ [H,0]°70,][CO] (2.51)

where the dependence on [H,0] may be determined empirically or estimated based on
kinetic arguments as noted below. The inclusion of H,O in the rate expression can be
explained because most CO is consumed by reaction with OH that, to a first approxi-
mation, may be assumed to be in equilibrium with water,

Westbrook and Dryer (1981b) have used flammability limit data (the minimum
and maximum equivalence ratios for sustained combustion) and fiame speed data (which
we will discuss shortly) for a variety of hydrocarbon fuels to determine the rate param-
eters for the various approximate combustion models, These parameters are summarized
in Table 2.7. For each mechanism, the rate of the hydrocarbon consumpiion has been
fitted to the form

E, o b
RT) [fuel " [0,] (2.52)

r=Aexp (
For the two-step model, the oxidation of CO,
CO + 30, — CO,

might, to a first approximation, be described using the global rate from Dryer and Glass-
man (1973):

= 1.3 X 10% exp (i%n@) [CO] [H,0]"[0,]"F mol m~3 5" (2.53)
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TABLE 2.7 RATE PARAMETERS FOR QUASI-GLOBAL REACTION MECHANISMS GIVING BEST AGREEMENT BETWEEN EXPERIMENTAL

AND COMPUTED FLAMMABLILITY LIMITS®

Single-step mechanism Two-step mechanrism Quas‘i—ﬂ]ohal mechanism
CH,,‘+<H+ZJ01—'NCO~+‘-HO C,,H,,+(£+?)03—vnco+}—?H30 C.H, + 2 0 ~nCO + ZH
(E /Ry x (E, /R % tf.,,;R) x
Fuel A x 167¢ 107° o b A x 10" 1w u b A % w0 10’ a b
CH, 130 24.4 -0.3 1.3 2800 24.4 -0.3 1.3 4040 24.4 -03 1.3
C.H, 34 15.0 0.1 1.65 41 15.0 1 1.65 63 15.0 0.3 1.3
C Hy 27 15.0 0.1 1.65 31 15.0 0.1 1.65 47 15.0 1 1.65
C.H, 23 15.0 (.15 1.6 27 15.0 0.5 1.6 41 15.0 015 1.6
C.H,, 20 15.0 0.25 1.5 24 15.0 0.25 1.5 37 5.0 0.25 1.3
C.H, 18 15.0 025 1.5 22 15.0 025 15 34 15.0 025 1.5
CHy, 16 15.0 0.25 1.5 19 15.0 0.25 1.5 31 15.0 0.25 1.5
CeH 5 14 13.0 0.25 1.5 18 15.0 0.25 1.5 29 15.0 0.25 1.5
CoHay, 13 15.0 0.25 1.5 16 15.0 0.25 1.5 27 15.0 0.25 1.5
CoHos 12 15.0 0.25 1.5 14 15.0 0.25 1.5 25 15.0 0.25 1.5
CH,0H 101 15.0 .25 1.5 117 15.0 0.25 1.5 230 15.0 (125 1.5
C,H;0H 47 15.0 0.15 i.6 56 i5.0 0.15 1.6 113 15.0 0.15 1.6
CeH,, 6 15.0 -0 1.85 7 15.0 —-@1 1.85 13 15.0 0.1 1.85
CyH, 5 15.0 =01 1.85 6 15.0 =1 1.85 10 15.0 =1 1.85
C.H, 63 13.0 0.1 1.65 75 15.0 (L] 1.65 136 150 1 165
C,H, 13 15.0 -0.1 .85 15 15.0 -Q.1 .85 25 15.0 —.1 1.85
C,;H. 205 15.0 03 1.25 246 15.0 0.5 1.25 379 15.0 0.5 1.25

*Units: m, s, nol, K.
Source; Westbrook and Dryer. 1981b.
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The rate of the reverse of the CO oxidation reaction was estimated by Westbrook and
Dryer (1981b) 10 be

—20,130 s
r, = 1.6 x 10" exp ( Th—) 1CO,] [H:O]n 10, motm ! (2.54)

One must be cautious in using such rate cxpressions. Since (2.53) and (2.54) were ob-
tained from flame observations, they may not be appropriate to postflame burnout of
CO. This issuc wiil be addressed in Chapter 3 when we discuss the CO emission prob-
fem.

Lumping all the reactions that lead to CO formation into a single step means that
the dynamics of these reactions can only be described approximately. The endothermic
initiation reactions proceed slowly for some time before the radical population becomes
large enough for rapid consumption of fuel and O,. Little CO is produced during this
ignition delay, so efforts to model CO formation frequently overlook the initiation pro-
cess, Assuming direct production of H,O means the transients in the production and
equilibration of H, OH. O, HQO,, and so on, are not deseribed. Thus the two-step model
does not accurately describe the processes occurying early in combustion. It is, however.
a marked improvement over the single-step modei in that it allows CO oxidation to
proceed more slowly than fuel consumption. Although the two-step model does not ad-
equately describe processes occurring carly in combustion, the omission of the radical
chemistyy is not serious if one is primarily interested in processes that take place after
the main combustion reactiens are complete (e.g., the highly endothermic oxidation of
N, to form NO).

Additional reactions can be incorporated to develop quasi-global reaction mecha-
nisms with improved agreement between caleulations and experimental observations
while avoiding the complications and uncertainties in describing detailed hydrocarbon
oxidation kinetics. Edelman and Fortune (1969) pushed this process toward its logical
limit, describing the oxidation of the tuel to form CO and H, by a single reaction and
then using the detailed reaction mechanisms tor CO and H. oxidation. Because all the
clementary reactions and species in the CO-H.-0O, system are included. this approach
can provide an accurate description of the approach to equilibrium and of postflame
processes such as nitric oxide formation from N. and CO burnout as the combustion
products are cooled.

The quasi-global model requires oxidation rates for bath CO and H,. Although
lumped reaction models can be used, the major advantage of the quasi-global model is
that it can be used in conjunction with a detailed description of the final stages of com-
bustion. Westbrook and Dryer (1981b) compared the flame structure predictions of the
quasi-global mode! with those of a detailed mechanism for methanol-air flames. The
reactions and corresponding rate coefficients for the CO-H,-0, system that were needed
for the quasi-global model are summarized in Table 2.8. Predictions of temperature
profiles, fuel concentrations, and general flame structure are in close agreement for the
two models. The predicted concentrations of CO and radical species (O, H, and OH)
showed qualitatively different behavier for the two models because reactions of the rad-
icals with unburned fuel are not taken into account in the guasi-global modcl.
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TABLE 2.8 C-H-0O KINETIC MECHANISM

Reaction

kg (units: m', mol. K, s}

Reference

CO+ OH = CO, + H
CO+0,2CHH+0
CO+0+M=2C0,+ M
CO + HO, = CO, + OH

H+ 0,20+ OH

H. + O+ H + OH

O+ H.0=0CH + OH
OH + H. = H + H,0
0O + HO, 2 O, + OH

H + HO, 2 CH + OH
H+ HO, = H, + 0,
OH + HO, 2 H.O + (O
HO, + HO, 2 H 0. + O,

H+0O,+M=#eHO, + M
OH+OH +M=H0,. + M
O+H+M=20H+M
0O+0+M=20,+M

H+H+M=H,+M
H+OH+ M= H,O +M

CO oxidation

4.4 T exp (+373/T)

2.3 % W exp ( ~24.060/T)
5.3 % 10" exp ( +2285/T)
1.5 x 10% exp ¢ — 11,900/ T)

Exchange reactions

12 % 10" 770 exp (—8310/7)

2.0
20

14’
10

1.5 x 10" TP exp ( =3800/7)
1.5 X 104 T' ™ exp (—8680/7)
1.0 x 10° T ®exp(—1060/T)
2.0 % 107
1.5 x 10° exp ( —500/T)
2.5 % 16 exp (—350/T)

x

x

Recombination reactions
1.5 = 10" exp { —500/T)
9.1 x 107 exp ( +2550/T)
1.0 % 19?

1.0 % 107 7!
6.4 > 10° T !
141 x o' 72

Warniuz (1954)

Warnatz {1984}

Warnalz (1984)

Westbrook and Dryer
(198 Lu}

Warnatz (1984)
Wamatz (1984)
Wamatz (1984)
Warnatz (1984)
Warnatz (1984
Wamatz (1984)
Warnatz {1984)
Warnatz {1984)
Warnatz (1984}

Westbrook and Dryer
(1984)

Westbrook and Dryer
{1984)

Westbrook and Dryer
(1984

Wamatz (1984)

Wamatz { 1984)

Warnaiz {1954}

Quasi-global rate models may be suitable for the systems trom which they were

derived, but caution must be exercised in their use, Assumptions made in their derivation
or the conditions of the particular experiment used in the estimation of the rate param-
eters strongly influence the predicted rates. For example, different preexponential factors
must be used for low systems and stirred reactors (Edelman and Fortune, 1969) and for
flames (Westbrook and Dryer, 1981b). Nevertheless, quasi-global models often repre-
sent a practical compromise between comprehensive kinetic mechanisms based entirely
on elementary reaction steps and simple one-step models of the combustion process,

While the chemical kinetics of combustion describe much of what happens when
a fuel burns, chemical kinetics alone cannot describe combustion in practical systems.
Calculations of the rate of combustion reactions, using either detailed combustion mech-
anisms or global models, reveal that the reactions proceed extremely slowly unless the
temperature exceeds a critical value. To understand combustion. therefore, we need to
examine the physical processes that heat the reactants to this temperature so that reaction
can take place.
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2.5 FLAME PROPAGATION AND STRUCTURE

We now turn our attention from combustion thermochemistry to the physical processes
that govemn the way fuels burn. One of the striking features of most combustion is the
existence of a flame, a luminous region in the gas that is associated with the major heat
release. Some flames, such as that of a candle, are relatively steady, whereas others
fluctuate wildly due to turbulent motions of the gas. The flame is a reaction front created
by diffusion of energy or free radicals from the hot burned gases into the cooler unreacted
gas or by the mixing of fuel and air.

A flame that is stabilized at a fixed location is actually propagating into a fiow of
fuel and/or air. In this case the propagation velocity must match the gas velocity for the
flame itself to remain fixed in space. This is illustrated schematically in Figure 2.9(a)
for the bunsen burner flame. Here a mixture of fuel and air is introduced through a pipe
at a velocity, v. The flame appears as a conical region of luminosity above the pipe
outlet. The height of the conical flame depends on the gas velocity; that is, low velocities
produce short flames while higher velocities produce longer fiames. The shape of the
flame is determined by the way the reaction propagates from hot burned gases inte cooler
unburned gases. We shall see that the reaction front moves into the unburned gases at a
velocity that is determined by the combined effects of molecular diffusion and chemical
kinetics. This propagation velocity is the laminar flame speed, §;. If the gas velocity,
r, is greater than §,, the flame assumes a shape such that the component of the gas
velocity normal to the flame exactly balances the flame speed, as illustrated in Figure
2.9(a).

The gas velocity at the wall is zero, allowing the flame to propagate close to the
burner outlet. Heat transfer to the pipe prevents the flow from propagating into the pipe
in normal operation, so the flame is stabilized at the pipe outlet by the combined effects
of diffusion and heat transfer,

When, as in the bunsen burner flame, a gaseous fuel and air are uniformly mixed
prior to combustion, a premixed flame results. Such a combustible mixture can easily
explode, so premixed combustion is used in relatively few systems of practical impor-
tance; for example, laboratory bunsen and Meeker bumers mix fuel and air prior to
combustion, the carburetor on an antomobile engine atomizes liquid gasoline into the
combustion air in order to achieve premixed combustion, and some premixing of fuel
and air takes place in gas cooking stoves.

Within the automobile engine immediately prior to combustion, there is no flow.
Combustion is initiated by a spark and then propagates through the mixture as illustrated
in Figure 2.9(b). In spite of the different appearances of these two flames, the physics
and cheinistry that govern the structure of the propagating fiame are the same as those
of stabilized flames, although geometry and fluid motions can vary greatly from situation
to situation.

More commonly, fuel and air enter the combustion zone separately and must mix
before reaction is possible. The chemistry of the so-called diffusion flame that results
cannot be described by a single equivalence ratio since, as illustrated in Figure 2.9{(c),
gases with the entire range of compositions, from pure air to pure fuel, are present in
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the combustion zone. An overall equivalence ratio may be useful in describing the net
flow of fuel and air into the combustor, but that value does not correspond to the local

composition (on a molecular scale) that governs combustion chemistry. Within the dif-
fusion flame illustrated in Figure 2.9(c), there is a central core that contains pure gaseous
fuel. This core is surrounded by a zone in which air diffuses inward and fuel diffuses
outward. The visible flame front sits approximately at the location of stoichiometric
composition in this zone. The different luminous zones correspond to regions in which
chemiluminescent {or light-emitting) chemical reactions take place and in which soot
(small carbonaceous particles) emits thermal radiation,

The shape of this diffusion flame is, as in the stabilized premixed Aame, deter-
mined by the competition between flow and diffusion. The flame length increases as the
fuel velocity increases. At sufficiently high fuel velocities. the ame ceases to be uniform
in shape due to the onset of turbulence. The turbulent velocity fluctuations increase the
rate at which fuel and air come into contact and, therefore, cause the flame to shorten
as the velocity is increased further. Ultimately, as illustrated in Figure 2,10, the flame
length appreaches an asymptotic value.

Each of these flame types, the premixed flame and the diffusion flame, can be
further subdivided into laminar and turbulent flames, Heat and mass transfer in laminar
flames occur by molecular conduction and diffusion. In many systems, the existence of
either laminar or turbulent flow is determined by the value of the Reynolds number

vl
Re = °
il

a dimensionless ratio of inertial to viscous forces, where p is the gas density, v and L
arc characteristic velocity and length scales for the flow, and p is the viscosity of the
fluid. For example, the Reynolds number must be less than about 2200 to assure laminar
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- . . -

A
i

|

Height

Figure 2.18 Diftusion Rame length
Jet velocity variation with fuel jet velocity.
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flow in a pipe. Turbulence can, however, be promoted at Reynolds numbers below this
value by flow obstructions.

Most flames of practical significance are turbulent. Even in turbulent Aames. mo-
lecular diftusion plays an important role, albeit on a scale much smaller than that of the
flow system. For this reason. we shall examine the structure of laminar Aames before
addressing turbulent flames,

QOur primary objective is to understand those aspects of flame structure that directly
influence the production of pellutants. The rate of lame spread and consumption of fuel
determines whether combustion will be complete and how long the combustion products
will reside at high temperature. Flame stability 1s also important since a flame hat nearly
extinguishes and reignites due to instabilities may allow combustion products or reaction
intermediates to escape.

2.5.1 Laminar Premixed Flames

The simplest type of flame is the laminar premixed flame. From the study of these
flames, we can explore important aspects of flame propagation. The propagation veloc-
ity. or laminar flame speed, is particularly important to our discussion since it determines
how rapidly a fuel-air mixture is bumed.

A conceptually simple laminar, premixed flame can be produced by flowing a fuel-
air mixture through a porous plug, as illustrated in Figure 2.11. A luminous flame ap-
pears as a thin planar front that remains at a fixed distance from the porous plug. The
fuel-air mixture passes through the plug with a velocity, ». For the flame to remain
stationary, it must propagate at an equal and eppostte velocity toward the fuel-air fow.
The laminar flame speed, §;, is the speed at which the flame propagates into the cold
fuel-air mixture (i.e., §, = ¢ }. The flame speed is determined by the rates of the com-
bustion reactions and by diffusion of energy and species into the cold unreacted mixture.
Heat transfer raises the gas temperature to the point that the combustion reactions can
proceed at an appreciable rate. Free-radical diffusion supplies the radicals necessary for
rapid combustion without the ignition delay that would result {rom the slow initiation
reactions if only energy were transferred. Once reaction begins, combustion is very
rapid, typically requiting on the order of 1 ms for completion. As a result, the flame is
generally thin. The flat flame shown in Fig. 2.11 can exist only if the gas is supplied at
a velocity below a limiting value that is determined by the rates of diffusion of energy
and radicals ahead of the flame and of reaction within the flame. We shall use a simple
model to examine how this balance between ditfusion ahead of the flame and reaction
within the flame determines the speed at which a flame will spread into a mixture of fuel
and air.

The propagarion of laminar flames has been the subject of numerous investigations
since Mailard and LeChételier proposed in 1885 that conduction heating of the fuel-air
mixture to an ‘‘ignition temperature”” controls the propagation (Glassman, 1977). The
ignition temperature is unfortunately not a well-defined quantity. Nonetheless, this model
lustrates many of the important features of flame propagation without the complications
of the more elaborate theories.
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Mallard and LeChartelier stated that the heat conducted ahead* of the flame must,
for steady propagation, be equal to that required to heat the unburned gases from their
initial temperature, T, to the ignition temperature, ;. The flame is then divided into
two zones, as illustrated in Figure 2.12. The enthalpy rise of the fuel-air mixture in the
preheat zone is fc, (T, — T,,), where fis the mass flux through the flame front. This
enthalpy must be supplied by conduction from the reaction zone. Thus we have

dr
feplT, = To) =k (2.55)
{5
where & is the thermal conductivity of the gas. The mass flux is directly related to the
speed, §;, at which the [aminar flame propagates into the celd fuel-air mixture,

f=reSt (2.56)

Approximating the temperature profile with a constant slope. d7/dz = (T, — T)) /4,
where & is the flame thickness and Ty is the adiabatic Aame temperature, the laminar

*The terminology **ahead of the fame’™” customanly refers to the cold fuelfair mixture into which the
flame is propagating.
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Figure 2.12 Twou zones of a premixed flame.
flame speed becomes
kT -T
S =—7= = (2.57)
DO(‘p Tr - TU 5

The flame thickness is related to the flame speed and the characteristic time for the
combustion reactions. Defining the characteristic reaction time as

[ fuel]
7= L (2.58)
P:,r-

where ry is the overall tuel oxidation rate. the tlame thickness becomes

SL[fuel]
b=87 =—=" (2.59)
1y
Substituting into (2.57) and rearranging yields
Kk =T o 7
| T f} (2.60)
oo, T, = Ty [tU‘?”U

Global oxidation rates such as (2.49) can be used to explore factors that influence
the flame speed. It is apparent from (2.49) and (2.60) and the ideal gas law that

S.'_ == pfu +H—=2);2

Since the overall reaction order {a + b) for most hydrocarbon fuels is approximately
two (see Table 2.7), the flame speed is seen to be only weakly dependent on pressure.
The reaction rate is a highly nonlinear function of temperature duc to the exponential
term. Although the reaction may begin at lower temperature. most of the reaction takes
place after the gases have been heated very neatly to the final temperature (i.e., near the
adiabatic flame temperature). The activation energics for the combustion of most hydro-
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carbon fuels are similar, as are the adiabatic flame temperatures and the thermal con-
ductivities of the fuel-air mixtures. Thus one would expect flame velocities of different

hydrocarbon fuels to be similar. The flame temperature is highest near stoichiometric
combustion and drops significantly at lower or higher equivalence ratios.

Example 2.8 Laminar Flame Speed

Use the single-step global rate expression [or methane combustion to estimate the laminar
flume speed for stoichiometric combustion in air with 7, = 298 K and at p = 1 aim.
To estimate the laminar flame speed, we need to know the flame temperature, 7,

and the ignition temperature, T;. 7; may be approximated by the adiabatic flame tempera-
ture. The combustion stoichiometry is

CH, + 2{0; + 3.78N,) — CO, + 2H,0 + 7.36N,
and the energy equation for adiabatic combustion hecomes

[Ty = h(T)] .+ 20h(T) = h(T)],  + 756[h(T) = h(T)]

+ AR co(Ty) + 2 AN uo(Th) — Ahfepd Tyl — 2 8870 (Ty) = 0

Using the approximate thermodynamic data of Table 2.5, we recall that
¥ o
b,‘ o +
[r(T) - M) = 3 ey dT' = Sr {a; + BT YVdT' = (T - Ty) + 5 (7~ 7Ty
! Tu D

The neccssary data arc:

AR? (Ty)

Speeies (Jmol ') a b
CH, — 74,950 44 2539 0.02273
0. 0 305041 0.00349
CO, — 394,088 44,3191 000730
H,0 —-242,174 324766 0.00862
N, 0 202313 0.00307

Substituting in the coefficient valucs, the energy equation become
330.26(T — T,) + 0.02387(T° — T;) — 803,456 = 0
ar
0.02387T° — 330.26T — 904,045 = 0
which yields
T=23lK

We now have an estimate for T, = 2341 K. The global rate cxpression for methane com-
bustion is (from Table 2.7)

24,400
T

rew, = 1.3 x 108 exp (~ ) [CHJMU'?‘[OZ]]"1 mol m™ s~
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Since the reaction rate is a strong function of temperature, the characteristic time for the
reaction should be evaluated near the peak teraperatre. At the adibatic lame temperature,

;o= [CH4]0
" 13 x 10%exp [—24,400/T)[CH4]dmlozlu

In the reactanis. the species mole fractions are

1
Yo, = 1g56 = 00947

2
Yo = 1p56 = 0189

Using the ideal gas law to calculate the concentrations, we find
7. =105 X 107*s

The heat transfer occurs at lower temperature, Evaluating the gas mixture properties at,
say, 835 K (the geometric mean of the extreme values), we find for the mixture

po = 0.403 kg m~
g, = 11197 kg™ K™
As an approximation, we use the thermal conductivity for air,
k=00595Tm  K™'s™

The ignition temperature should be near the flame temperature due to the exponential de-
pendence of the reaction rate (Glassman, 1977). Substituting into (2.60) assuming that T,

= 2100 K yields
_ 00595 I m™ ' K's™! L 2341 - 2100 ! )’”
L0403 kgmP X 1119 kg KT T 2100 — 298 T 1.05 X 107 s,
=04l ms™’

We may also examine the flame thickness wsing (2.59):

5=587 =04l ms' x 1.05 X 1075

1§

4 x 107 m
.04 mm

it

#

Because the flare is so thin, studies of the structure of premixed flames are frequently
conducted at reduced pressures to expand the flame.

2.5.2 Turbulent Premixed Flames

The automobile is the major practical system in which fuel and air are thoroughly mixed
prior to burning. In the automobiie engine, combustion takes place in a confined volume.
Combustion is injtiated in a small fraction of this volume by a spark. A flame spreads
from the ignition site throughout the volume. The fluid motion in the cylinder is chaotic
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due to the turbulence generated by the high-velocity flows through the intake valves and
by motions induced as the piston compresses the gas.

The velocities of the random turbulent motions may far exceed the laminar flame
velocity, leading to wild distortions of the fiame front as it propagates. Figure 2.13 is a
simplified schematic of the way that mrbulent velocity fluctuations may influence the
propagation of a premixed flame. Here we consider a flame front that is initially flat. If
this lame were to propagate at the laminar flame speed, it would move a distance S, 8¢
in a time 4. This motion is limited to propagation from the burned gas into the unbumed
gas. On the other hand, velocity fluctuations with a root-mean-square value of 1’ would
distort the front between the burned and unburned gases about the initial flame-front
location. Without bringing meolecular diffusion into play, no molecular scale mixing of
bumed and unbumed gases would take place, and the quantity of burned gas would not
increase. The rate of diffusive propagation of the flame from the bumed gases into the
unburmed gases is governed by a balance between molecular diffusion and the kinetics
of the combustion reactions (i.e.. the same factors that were considered in the original
analysis of laminar flame propagation}. Thus the propagation of the flame from the dis-
torted front into the unburned gases is characterized by the laminar flame speed, and the
position of the flame front after a small time is the combination of these two effects.

The microscales for the composition and velocity fluctuations in a turbulent flow,
M. and the Taylor microscale, A, respectively, discussed in Appendix D of Chapter 1,

=4

Burred
gas

Unburned
gas

Figure 2,13 Enhancement of Hame speed
by turbulent motion,
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are the scales that are characteristic of the fluctuations in the position of the Hame front
and, therefore, of the distance over which the flame must propagate diffusively. A time
scale that characterizes the bumning of the gas in these regions of entrained unburned gas
is
A,
T, = (2.61
o S.-‘_ . )
This time scale differs from that for dissipation of concentration fluctuations in nonreact-

ing fows, (D.30),

}\2

Ty = o

6r
since the rapid combustion reactions lead to Iarge gradients in the flame front, enhancing
the rate of diffusion of energy and radicals.

Observations of the small-scale structure of tutbulent flow (Tennekes, 1968) pro-
vide important insights into the mechanism of turbulent flame propagation and the basis
for a quantitative model of combustion rates and flame spread (Tabaczynski et al,, 1977).
Within the turbulent fluid motion, turbulent dissipation eccurs in small so-called voriex
tubes with length scales on the order of the Kolmogorov microscale, % (D.1). Chomiak
€1970, 1972) postulated that the vortex tubes play an essential role in the Aame propa-
gation. When the combustion front reaches the vortex tube, the high shear rapidly prop-
agates the combustion across the tube. The bumed gases expand, increasing the pressure
in the bumed region of the vortex tube relative to the unburned region, providing the
driving force for the motion of the hot burned gases toward the cold gases and leading
i0 rapid propagation of the Aame along the vortex tube with a velocity that is proportional
to &', the turbulent intensity.

In contrast to the vigorous shear in the vortex tubes, the fluid between the tubes is
envisioned to be relatively quiescent. The flame propagates in these regions through the
action of molecular diffusion of heat and mass (i.¢.. at the laminar flame speed, §,).
The distance over which the flame must spread by diffusion is the spacing between the
voriex tubes. This distance is assumed to be characterized by the composition micro-
scale, .

This model for turbulent premixed flame propagation is illustrated in Figure 2.14.
Ignition sites propagate at a velocity that is the sum of the local turbulent velocity fluc-
tuation and the laminar Hame speed, ¢’ + §;. The rate at which mass is engulfed within
the flame front can be expressed as

e A+ 5,) (2.62)

dt
where m, is the mass engulfed into the Aame front, g, is the density of the unburned
gas, and A,. is the flame front area.
Once unburned fluid is engulfed, a laminar flame is assumed to propagate through
it from the burned regions. Since the mean separation of the dissipative regions is of
order A, the characteristic time for the ignited mixture 1o burn is of order 7, = A,./§,.
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Unburned gas

Burned gas

Figure 2.14  Turbulent premixed Rame,

The mass of unburned mixture behind the flame is {m, — m,,). The rate at which
the entrained mixwure is burned may be approximated by
drmy, _ e - my (2.63)
dt T
In the limit of instantaneous buming, 1, — 0, of the engulfed gas (i.e., m, = m,}, this
degenerates to Damkohler's (1940) model for the turbulent flame in which &, = §, +
#’ and all the gas behind the flame front is assumed to be burned. The rate of burning
1s generally slower than the rate of engulfment, however, because of the time required
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for bumning on the microscale. Moreover, the turbulent combustion rate depends on
equivalence ratio and temperature because the rate of diffusional (laminar) flow propa-
gation on the microscale is a function of these parameters.

In contrast to a laminar flame, the turbulent flame front is thick and can contain a
large amount of unburned mixture. The flame thickness is approximately

it

lp = u't, =~ — {2.64)

Substitmting {D.15) and (D.28) for h_ yields

60N Ju'L ]'QD
BURCN:

The flame thickness increases slowly with ' and more rapidly with decreasing S, .

If the total distance the flame must propagate is w (which may be substantially
greater than the length scale that governs the turbulence), the time required for flame
spread is

“J'
= 2.66
g u' + 5 ( )

Unless the time for microscale buming, 7,,, is much smaller than r,, that is,

Th Ri. K(.
oD S )<<
Ts W SL

and is also much less than the available residence time in the combustion chamber, 75,

T A

=== <

TR SiTx
the possibility exists that some of the mixture will leave the chamber unreacted. Since
the laminar flame speed drops sharply on both the fuel-rich and fuel-lean sides of stoi-
chiometric, combustion inefficiencies resulting from the finite ttme required for com-
bustion himit the useful equivalence ratio range for premixed combustion 1o a narrow
band about stoichiometric. Automobiles are thus generally restricted to operating in the
range 0.8 < ¢ < 1.2,

Example 2.9 Flame Propagation in a Pipe Flow

Estimate the flame propagation velocity and flame thickness for stoichiometric combustion
of premixed methane in air flowing in a 0. L-m-diameter pipe with a cold gas velocity of 10
m s~'. The initial pressure and temperature arc 1 atm and 298 K, respectively.
The Reynolds number of the cold flowing gas is
Ud i0ms' x0lm
Re = — = —————— = 66,70
T TS x0T m s 66
which is greater than that required for wrbulent flow {Re = 2200), so the flow may be
assumed to be turbulent. To estimate the turbulent flame speed, we nead to know the tur-
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bulent dissipation rate. The dissipation rate can be estimated by considering the work done
due to the pressure drop in the pipe flow since the work done by the fluid is dissipatcd

through the action of wrbulence. From thermodynamics, we estimate the wosk per unit
mass due to a pressure drop. Ap, to be

w= ——Ap
p
The pressure drop in a turbulent pipe flow can be caleulated using the Fanning friction
factor, fg
L pU2
Ap = —fi=
P fr d 2

where L is the length of the segment of pipe being considered. The mass flow rate through
the pipe is pli(x /4) d”, s0 the total power dissipated in the length, L, is

P

il

| b
~=Ap—dpU
o Pac?

1 LpUN\ 1 ,
gt LI
p( ﬁa‘ 2 )4“0

Il

frg o dLU’

The turbulent dissipation ratc is the rate of energy dissipation per unit nass. which we find
by dividing by the total mass contained in the length L,

P_L(x/8pdl U

£ = —

m (m/Mpdil "2
From Bird et al. {i960), we find

0.0791

F = Rl 2100 < Re < 10°

so for the present problem, fp = 0.00492 and

(10m s")']L

_ 1.3
T wolm  Aems

e = (0.00492)

¢ is related to the charactenstic velocity fluctuation by (D.14):

Aun?
d

E =

where A is a constant of order unity. Assuming that 4 = 1, we estimate

L/3

w o= (ed) = (246 m s x 04wy

or
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From {D.15) we find the Taylor microscale:

15 \'/? ( 15 /72
A=d| —— = 0. -y
(A Re) 0.1 _66.?00) 0.00150 m

This is significantly larger than the smallest scale of the turbulent mation, the Kolmogorov

microescale (D. 1)
(y__\)l;‘.} - |:(15 w loﬂj “13 S_P)J 1/4
€ - 24.6m’ s}

000011 m

=
I

]

According to our modei, the fame spreads at a velocity of
Sr = H' + IS'L

The measured laminar flame speed for stoichiometric combustion of methane in aiv is §; =
0,38 ms"', so

Sy =135 +0738 = 1. 73 ms™!

u'A,
Ip = =%
F 5
Assumiag that A. = A, we find
1,35 % 0.00150

e =
d 0.38

= 0.00533 m = 5.33 mm

which is considerably larger than the laminar flame thickness calculated in Example 2.8,
2.5.3 Laminar Diffusion Flames

When fuel and air enter a combustion system separaiely, they must mix on a molecular
level before reaction can take place. The exient of reaction is strongly influenced by the
extent to which that mixing has occurred prior {o combustion. This mixing may be
achieved solely by molecular diffusion, as in a candle flame, or may be enhanced by
turbulence. We shall again begin our discussion with the laminar flame because of the
simplicity it affords.

A laminar diffusion flame was illustrated in Figure 2.9(c). Fuel and air enter in
separate streams, diffuse together, and react tn a narrow region. While a single value of
the equivalence ratio could be used to characterize a premixed flame, the equivalence
ratio in the diffusion flame varies locally from zero for pure air to infinity for pure fuel.
Combustion in a confined flow may be characterized by an overall equivalence ratio
based on the flow rates of fuel and air, but that value may differ dramatically from the
value in the flame region. A hydrocarbon diffusion flame may have two distinct zones:
(1) the primary reaction zone, which is generally blue, and (2) a region of yellow lu-
minosity. Most of the combustion reactions take place in the primary reaction zone
where the characteristic blue emission results from the production of electronically ex-
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cited molecules that spontaneously emit light, so-called chemiluminescence. Small par-
ticles composed primarily of carbon, known as soot, are formed in extremely fuecl-rich
(C /O ratio of order 1), hot regions of the flame and emit the brighter yellow radiation.
The soot particles generally burn as they pass through the primary reaction zone. but
may escape unburned if the flame is disturbed.

If the combustion reactions were infinitely fast, the combustion would take place
entirely on a surface where the local equivalence ratio is equal to 1. This *‘thin flame
sheet”" approximation is the basis of an early model developed by Burke and Schumann
(§928) and has been used in much more recent work [e.g.. Mitchell and Sarotim (1975)1.
Assuming that fuel and oxygen cannot coexist at any point greatly simplifies the calcu-
lations by replacing the chemical kinetics with stoichiometry or, at worst, chemical equi-
librium calculations. The simplified calculations yield remarkably good results for adi-
abatic laminar diffusion flames larger than several millimeters in size since the reaction
times at the adiabatic flame temperature near stoichiometric combustion are short com-
pared to typical diffusion times. Only when heat is transferred from the flame at a high
rate, as when the flame impinges on a cold surface, or when the scale of the flame is
very small, as in the combustion of a small droplet, does the reaction time approach the
diffusion time.

2.5.4 Turbulent Diffusion Flames

The small-scale structures of the turbulent flow fields in premixed and diffusion flames
are similar. Many of the features of the flow in diffusion flames are made apparent by
the distribution of composition in the fiame. Large-scale eddies, shown in Figure 2.15
persist for long times in turbulent flows (Brown and Roshko, 1974). The development
of a turbulent flow is controlled by such structures. Entrainment of one fluid stream into
another takes place when fluid is engulfed between large coherent vortices.

Fuel and air are introduced separately into turbulent diffusion Aames. Since the
reactants must be mixed on a molecular scale to burn. this entrainment and the subse-
quent mixing control the combustion rate. As in the laminar diffusion flame, the gas
composition in the flame is distributed continuously from pure fuel to pure air. The

Figure 2,15 Coherent structures in turbulent shear fow (Brown and Roshko, 19735,
Reprinted by permission of Cambridge University Press.
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structure of a turbulent diffusion flame that results when a fuel jet is released into air
was illustrated in Figure 2,9(c). For some distance, the central core of the jet contains
unreacted fuel, Combustion takes place at the interface between the fuel and air flows.
The flame front is distorted by the turbulent motion but is, as in the laminar diffusion
flame, relatively thin. Whether combustion will be complete depends on both the com-
bustion kinetics and the mixing processes in the flame.

Simple jet flames are used in relatively few combustion systems because they are
casily extinguished. A continuous ignition source must be supplied to achieve stable
combustion, This is commonly accomplished by inducing flow recircuiation, either with
a bluff body or with a swirling flow, as illustrated in Figure 2.16. The low-pressure
region in the near wake of the bluff body or in the center of the swirling flow causes a
reverse flow bringing hot combustion products into the vicinity of the incoming fuel and
air. Generally, only a small fraction of the combustion takes place within the recircu-
lation zone. The remaining fuel burns as it mixes with air and hot products downstream
of the recirculation zone. The flame in this downstream region may be a clearly defined
jet that entrains gases from its surroundings, as in large industrial boilers, or may fill
the entire combustor.

The extent of mixing in the flame can be characterized in terms of a segregarion
factor, originally proposed by Hawthorne et al. (1951). Arguing that in a high-teraper-
ature hydrogen-oxygen flame, hydrogen and oxygen would not be present together ai
any time, the time-average hydrogen and oxygen concentrations were used as a measure
of the fraction of the fluid in the sample that is locally fuel-rich or fuel-lean.

Pompei and Heywood (1972) used similar arguments to infer the distribution of
composition in a turbulent flow combustor buming a hydrocarbon fuel. Their combustor
consisted of a refractory tube into which kerosene fuel was injected using an air-blast
atomizer in which a small, high-velocity airflow disperses the fuel, as illustrated in Fig-
ure 2.17. Swirl, induced using stationary vanes, was used to stabilize the flame. The
turbulence level in the combustor was controlled by the input of mechanical power in-
troduced by the flow of high-pressure air used to atomize the fuel. Mixing in this ap-
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Figure 2.16 Flow recirculation: {a) bluff body; (b) swirl vanes.
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Figure 2.17  Turbuleni Aow combustor used by Pompei and Heywoeod (1972).

paratus is readily characterized since the mean compositien at any axial location is uni-
form over the entire combustor ¢ross section. For this reason and because of the volume
of pollutant formation data obtained with this system, we shall make extensive use of
this system to jllustrate the influence of turbulence on combustion and emissions.
Figure 2.18 shows the measured mean oxygen concentration for stoichiometric
combustion as a function of position along the length of the combustor. Several profiles
are shown, each corresponding 1o a different pressure for the atomizing air, which, as
noted above, controls the initial turbulence level in the combustor. At a low atomizing
pressure and correspondingly low turbulence level, the oxygen mole fraction decreases
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Figure 2.18 Measured mean oxygen
concentration for steichiometric
combustion as a function of length along
the combustor (Pompei and Heywood.
1972). Reprinted by peanission of The
Combustion Institute,
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to about 3% within the first two diameters and then decreases more slowly to an ultimate
value of 1%. Even this final value is far above that corresponding to chemical equilib-
fium at the adiabatic flame temperature, When the atomizing pressure is increased. rais-
ing the turbulence iniensity, the oxygen mole fraction drops more rapidly in the first ewo
diameters of the combuster, The rate of decrease then slows dramatically, indicating a
reduction in the turbulence level after the atomizer-induced turbulence is dissipated.

I we assume that combustion is instantaneous (i.e., oxygen cannot coexist with
fuel or carbon monoxide except for the minor amounts present at equilibrium), the mean
oxygen concentration during stoichiometric combustion provides us with a direct mea-
sure of the inhomogeneity or segregation in the combustor. A probability density func-
tion for the local equivalence ratio may be defined such that the fraction of the fluid at
an axiaf position, z. in the combustor with equivalence ratio between ¢ and ¢ + do 15
pld, ) dp. If the number of moles of O, per unit mass is w,(¢) = [0.],/p, the
mean amount of oxygen in the combustor at 7 is

wo,{2) = 50 wo,{@) plo, 2) dd (2.67)

We have used moles per unit mass since mass is conserved in combustion but moles ate
not. The mean mole fraction of oxygen is

Vo5 = B | o (9) p(6. 2) do (268)

where M s the mean molecular weight. Since the oxygen level decreases with increasing
eqguivalence ratio and is insignificant (for present purposes) in the fuel-rich portions of
the flame (as illustrated in Figure 2.19) the mean oxygen level for stoichiometric com-

pig, )
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] Figure 2.19 Probability density function
for equivalence ratio and oxygen
¢ distribution.
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bustion gives a direct indicator of the breadth of the probability density function. p(¢,
z).

The form of the probability density function, p{4. z). is not known a prion. In
order to examine the effects of composition fluctuations on emissions. Pompei and Hey-
wood (1972) assumed that the distribution of local equivalence ratios would be Gaussian,
that is,

l _ —- .2
ple.z) = N exp —(‘iza;ﬁ) —’ {2.69)

where ¢(z) is the standard deviation of the distribution and ¢ is the mean equivalence
ratio. Since the mean equivalence ratio is controlled by the rates at which fuel and
air are fed to the combustor, it is known. Only one parameter is required to fit the
distribution to the data, namely o. This fit is readily accomplished by calculating and
plotting the mean oxygen concentration as a function of . The value of ¢ at any position
in the combustor is then determined by matching the observed oxygen level with that
calculated using the assumed distribution function, shown in Figure 2.20 as mean con-
centration as a function of the segregration parameter S.

To describe the extent of mixing in nonstoichiomeiric combustion. Pompei and

100 T I

01 | i | | Figure 2.20 Mecan composition of
0.2 0.4 06 0.8 1.0 products of stoichiometric combustion as a
S functicn of the segregation parameler S,
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Heywood {1972) assumed that turbulent mixing in their combustor is not aftected sig-
nificantly by changes in the equivalence ratio as long as the flow rate is maintained
constant. Under these conditions, the coefficient of variation of the composition proba-
bility density function, or segregation.

[

7

determined from the stoichiometric combustion experiments can be applied to other mean
equivalence ratios.

The fact that oxygen remains in the products of stoichiometric combustion means
that carbon monoxide and other products of incomplete combustion must also be present.
Figure 2.21 shows the measured CO levels at the outlet of the combustor as a function
of atomizing pressure for several equivalence ratios (Pompei and Heywood. 1972). As-
suming that chemical equilibrium is established locally, the mean CO concentration may
be calculated using the values of § inferred from the oxygen data, that is,

S = (2.70)

- [co],
Weo = pld, §) do (2.71)
] b
= T T
I ]
3 E
B 1
= ° E
- X ¢=0.60 ]
- o $=0.82 1
A $=0.90
3 v $=10 E
C K —a— Pregicted ] Figure 2.21 Measured CO levels at the
- - 7 outlet of the combustor of Pompei and
- $=086 4 Heywood (1972) a3 a function of
1 . | \ atomizing pressure at tour equivalence
50 100 150 200 ratios. Reprinted by permission of The

Ap (kPa) Combustion Instilute.
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The results from these calculations are also shown in Figure 2.21. Heat losses to the
combustor wall have been taken into account in computing the local equilibrium com-

position (Pompei and Heywood, 1873). At high atomizing pressures, the combustor
approaches the well-mixed condition. The higher CO levels at low atomizing pressures
ciearly result from incomplete mixing. It is interesting 1o note that CO emissions from
a single piece of combustion equipment can vary by more than two orders of magnitude
at fixed equivalence ratio and total fuel and air low rates due to relatively minor changes
in the combustor operating parameters.

2.6 TURBULENT MIXING

We have seen that good mixing is required 1o achieve high combustion efficiency and
corresponding low emission of partially oxidized products like CO. Tt would seem that,
as in the laboratory studies, all combustors should be operated with the turbulence levels
necessary 1o achieve good mixing. In this section we examine the extent to which this
can he achieved in practical combustors.

Following Appendix D of Chapter | it can be shown that the rate of change in the
concentration of a nonreactive tracer due to turbulent mixing can bhe described by

d{c’y __((.'2)
dt (0

(2.72)

where the characteristic time for turbulent mixing 15 a function of the correlation scale
for the composition fluctuations, h. {D.26);

-

A1)
12D

(2.73)

T4 =

The concentration microscale may vary with time due to variations in the turbulent dis-
sipation rate, €. The variance of the composition of a nonreactive tracer becomes

(*(n) = <c3(0))exp{~§r o 1 (2.74)

o7, (t")

A convenient tracer for characterization of mixing in a turbulent flame is total
carbon per unit mass, that is. the sum of contributions of fuel, hydrocarbon intermedi-
ates, CO, and CO,. This is directly related to the equivalence ratio, so (¢} is related
to the variance, o, in the equivalence ratio distribution. Thus 7, is the characteristic
time describing the approach of the equivalence ratio distribution to uniformity.

The mixing time can be related to turbulence quantities through application of
(D.15y and (D.30):

NOA2 ey
= LS o g S 2.75
“T 12D 6 (1}) (2.75)
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where A’ is an undetermined constant that is presumably of order unity. Herc we sce a
major problem in achieving efficient mixing: the time scale decreases only as the one-
third power of increasing turbulent energy.

To maintain a steady turbulence level in a bumer, turbulent kinetic energy must
be supplied to the system at a rate equal to the dissipation rate. The rate at which kinetic
encrgy. E,, is supplied to the system is the sum of the contributions of all the fows
entering the system:

2

E, =2, (p,u,-A,-)Ezi (2.76)

f

The air blast atomizer used by Pompei and Heywood (1972) uses a sonic veloeity
air jet to atomize a liquid fuel and to generate turbulence. For a choked {sonic) flow
through the atomizer orifice, the air mass flow rate is directly proportional to the absoluie
pressure on the upstream side of the orifice. The total flow rate through the combustor
was about 0.016 kg s, with a maximum atomizer airflow rate of 0.00(2 kg s'. The
power input by the atomizer jet was

E, ~00012kgs ' L(330ms™') = 65W

Flame structure observations suggest that this energy was dissipated in the first two
diameters ot the 0. 1-m-diameter combustor, which contained a mass of appraximately
Kig

m o= 2 (0.1 In}2(0.2 m)(0.18 kg m"‘)

= 0,00028 kg
assuming a mean temperature of 2000 K. Thus the minimum mixing time is of order

_ {0.00028 kg (0.1 m
i 65 W

)z 1/3
) = 0.0035 5

The minimum atomizer airflow rate was about 0.00047 kg s leading to a power input
of 25 W and a mixing time of about 0.0048 s, These times inay be compared with the
residence time in the mixing zone,
C(®/4)(0.1 m) (0.2 m}{0.18 kg m™Y)
0.016 kg s~

= 0.018 s

Thus we see that the mixing titme is comparable to the residence time. When the time
scales are similar, small changes in the mixing time significantly affect the combustion
efficiency.

What would happen if no effort were made to enhance the turbulence in the com-
bustor? If we assume that the turbulence would correspond 1o that in a pipe. v’ = 0.1U.
the dissipation rate is

_ 0001
L

£
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and the mixing time becomes

L3

| 0.0010°

13

0.l m

Z 0001 (11 ms ")

Ty =

= 0.09 s

Without the air-assist atomization the turbulence would not be sufficient to mix fuel and
air, even within the .05-s residence time in the combustor. The slow mixing down-
stream of the atomizer influenced zone is indicative of this low dissipation rate.

Equation (2.75) provides a simple scaling criterion for geometrically similar burn-
ers (Corrsin, 1957). Consider the power required to maintain a constant mixing time
when the size of bumer is increased by a factor, «. The integral scale of turbulence is
proportional to the flow-system dimensions; hence

3
L' = kL and m’' = k'm

f

" = 7is achieved when
El = «'E,

Thus we see that the power required to achieve constant mixing time increases as the
fifth power of the burner size. The power per unit mass increases as the square of the
scale factor. The ratc at which kinetic energy can be supplicd to a bumner is limited, so
mixing rates for large burners tend to be lower than for small bumers.

For very large combustors, such as utility boilers, a number of relatively small
burners, typically 1 m in diameter, are generally used instead of one larger bumer to
achieve good mixing. Air velocities through these burners are generally limited to about
30 ms™', leading to mixing times in the range 0.03 to 0.3 s, depending on the efficiency
of conversion of the input kinetic energy (about 10 kW) to turbulence. These times are
long compared with the laboratory experiments described above, but are short enough
to assure good mixing within typical residence times of several seconds in large boilers.
The initial combustion will, however, take place under poorly mixed conditions, a fact
that strongly influences the formation of NO and other pollutants.

A typical utility boiler has 10 to 20 burners of this size. If they were combined
into one large burner using the same air velocity, the mixing time would increase to (0.2
to 2 s, large enough that good mixing is unlikely.

2.7 COMBUSTION OF LIQUID FUELS

Liquid fuels are generally sprayed into a combustor as relatively fine droplets. Volatile
fuels, such as kerosene, vaporize completely prior to combustion. Heavy fuel oils may
partially vapotize. leaving behind a carbonaceous solid or liquid residue that then under-
goes surface oxidation., The nature of the combustion process and pollutant emissions
depends strongly on the behavior of the condensed-phase fuel during combustion.

The combustion of a fucl spray is governed by the size and volatility of the fuel
droplets. Fuel droplets take a finite amount of time to vaporize, so not all of the fuel is
immediately available for reaction. In order to vaporize, the droplet temperature must
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first be raised from the temperature at which it is introduced, T;, to its vaporization
temperature, T,. The latent heat of vapenzation, £, must then be supplied. The energy
required to vaporize a unit mass of fuel is

G=Cy(T, - T)+L (2.77)

where ¢, is the specific heat of the liquid. For a small particle of radius @ moving at a

low velocity relative to the gas (Re = 2pua/ u < 1), the convective heat transfer rate
to the particle is

0= 4mzk(%§)_ {2.78)

where & is the thermal conductivity of the gas. Although it may be important in some
flames, radiative heat transfer will be neglected in the present analysis. Once the droplet
temperature has been raised to T, only the energy corresponding to the latent heat of
vaporization, L, must be supplied. An energy balance at the particle surface of the va-
porizing droplet then yields

= » T
LR, = 47ra‘k(i-) (2.79}

dr
where R,. is the rate of mass loss from the droplet by vaporization.
The vapor is transported away from the surface by convection and diffusion [see
(B.3)]. Since only vapor leaves the surface, we may write

— > > d il
R, = 4ma’pu.x, — 4wa’pD (:}%) (2.80)

where x,, is the vapor mass fraction at the droplet surface. Noting that 47a’ou, = R,..
this becomes

dx,,
R.(1 —x,) = —411'&%1)(}%) (2.81)

The mass, energy, and species conservation equations are {B.1), (B.25), and (B.5).
The time required to establish the temperature and composition profiles around the evap-
orating droplet is generally short compared to that for the droplet to evaporate, so we
may assume that the radial profiles of temperature and composition achieve a quasi-

steady state. For the case of pure evaperation, the chemical reaction source term can
also be eliminated. The conservation equations thus reduce to*

1
;%_(pwz) -0 (2.82)
dar 1 d [, dT
R iy T 2.83
P ar = vlar (r k dr> (2.83)

*The transport properties & and pD are generally functions of temperature.
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(2.84)

From (2.82), we see that the velocity at any radial position can be related to that

at the droplet surface, i.e.,
dxpur = 41!',05{@92 = ﬁé,
Substituting into the energy and species conservatien equations yields
dT d dar
R, — =dr— | rik—
o ar T ( dr)

B ¥ _ oy (2 p %
Re dr = dr dr(rpD dr)

Integrating, we find

= d1
= 2
R, c,(T + C)) = 4nr k_r

T A d—xp
R.(x, + C;) = d4mr-pD e

Applying the boundary conditions at the particle surface (r = a) yields

4ra’tc(dT/dr),

| — E,,E‘p - {5
L
Cp

and

dma’pD(dx,/dr),
» = = = X
- R,

_(l - xm) Ay

= ~1

Thus we have

_ L dT
RUEP(T - T, + _5) = dark —
[ dr

R.(x, - 1) = i

(2.85)

(2.86)

(2.87)
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Integrating again, assuming & and pf} are independent of 7, and evaluating the constants
in terms of the values as r — oo, we find

R.c, ] T-T,+1/c,
S -
dxrk T — T, +L/g,
:é,. x, — 1
- = In
4wrpD X — 1

from which we obtain twe expressions for the vaporization rate in terms of the values
at the droplet surface:

= E;J(Tm -T)

R, =dma(k/c,)In|1 + —'—‘I—-—‘] (2.88)

R, = 47apD In (1 + &“-—1%) (2.89)
Xyy —

To evalvate T, and x,,. we can equate these two rates:

c Too—'Tx—l X — X,
_ElnL1+—f(—~—-——2 =pD]n(l+M> (2.90)

x,—1

L

E‘p

Using thermodynamic data to relate the equilibrium vapor mass fraction at the droplet
surface to temperature, one iterates on T until (2.90) is satisfied. The temperature de-
pendence of the vapor pressure can be described with the Clapeyron equation, that is,

pAT) = [p.(T\) exp (L/RT\)] exp (~L/RT) (2.91)

The equilibrium vapor mass fraction is obtained from

Loy = == (292)

Since the particle radius does not appear in (2.90), the surface temperature and vapor
mass fraction at the surface are seen to be independent of droplet size.

Once the surface temperature is known, we may calculate the time required to
vaporize the droplet. Define the transfer number

Ep(Tou - Ts)
By = 0 2.93
; - (2.9)
The time rate of change of the droplet mass is
k
M _ X1+ By (2.94)
dt <,

Since the droplet mass is m = (4% /3) pga’. (2.94) may be integrated to find the droplet
radius as a function of time:

a* —al =2(k/c,)In (1 + By)? (2.95)
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where a; is the initial radivs. The time required for the droplet to vaporize completely

is found by setting ¢ = 0,
age,

= 2.96
T 2 (1 + By) (2.96)

This droplet lifetime is an important parameter in spray combustion. If 7. ap-
proaches the residence time in the combustor, 74, liguid fuel may be exhausted from the
combustor, or vapors that are released late may not have time to mix with fuel-lean gases
and burn completely. Thus a long droplet lifetime may lead to low combustion efficien-
cies and emissions of unreacted fuel vapor or products of incomplete combustien. Since
the droplet lifetime varies as the square of its initial radius. it is imperative that the
maximum droplet size be caretully limited.

As a droplet vaporizes in hot, fuel-lean gases, the fuel vapors may burn in & thin
diffusion flame surrounding the droplet as illustrated in Figure 2.22, The approach out-
lined above can be applied to determine the rate of droplet burning by considering the
rate of diffusion of oxygen (or other oxidant) toward the droplet and the energy release
by the combustion reactions. In this analysis it is common to make the thin flame ap-
proximation, assuming that fuel vapor diffusing from the droplet is instantancously con-
sumed by the counter diffusing oxygen at the flame front. The heat release due to com-
bustion substantially increases the gas temperature at this surface. This increases the rate
of heat transfer to the droplet surface and. therefore, accelerates the evaporation. The
rates of transport of energy, fuel vapor, and oxygen must be balanced at the flame front.

The steady-state conservation equations may be written

— _dr d dr
R,-(‘P E = E‘ (471’."2!'( E) + 47rr2q (2.97)
— dx, d 2 d. v 2 ‘
R, T 2 4nr-pD, _r) + dartr, (2.98)
dr dr dr
= dxo d . ? -y 2 )
&, _ 4 P i
R, il (4:rr D, dr) + dxrr, (2.99)
oo oo T
’..- T T - . UE
' ,.’i. - — Flame

. Figure 2.22 Vaporization of a fucl droplet
bt o and associated diffusion flame,
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where —r,and —r, denote the rates of consumption of fuel vapor and oxidant by gas-
phase reaction, respectively, and ¢ is the heat release due to the combustion reactions.
The boundary conditions at » = a are

sak(T) =R I
na ar) "R
s dx,, = .
4rna-pD.\ =) = =R, (1 - x,, .
wap '(dr)_‘. R, xu) {2 100)
d
dra’pD, (—E) =0, «x,=0
dr /.,

From combustion stoichiometry we may write

r., = vr, (2.101)

where » is the mass-based stoichiometric coefficient for complete combustion. The heat
release. ¢, due to the combustion reactions is

g = —~Ah,r,= —vAh,r, (2.102)

Ith, =D, = k/pf‘p {equal molecular and thermal diffusivities). (2.97)-(2.99) can be
combined to eliminate the reaction rate terms, i.e..

d

- d s 4
”;*-.:'('r" —px,) = o (411‘." pD pp (x, — wc‘,)) {2.103)

- d _ — d d _ T
R, - (c,T + Ahyx,) = o (41rr2pD o (¢, T + Ah, .r,,}) (2.104)

— _ d d =
R, % (G, T + v Ak x,) = . (411-;299 . (6, T+ » Ahy .r‘,}) (2.105)

Integrating twice and imposing the boundary conditions yield

R, _ In (_,l__t_’f"_fs_,_) (2.106)
AxroD 1= x, + w,

R é{T, = T.) — Ahy + L

R - A )~ A _] (2.107)
dxrpD (T —T) - ahy(L —x,) t L

R (T = T} + v ARy X, 0 + L
dxrpD (T —-T) +viahyx, +L

Finally, the evaporation rate may be evaluated by equating (2.106)-(2.108) at the droplet
suiface and using an equilibrium relation for the vapor mass fraction at the droplet sur-
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face. In terms of the surface conditions, the vaporization rate becomes

_ X+ o,

R, = drapDIn | 1 + ”]_7';] (2.109)

R = dzapD In | 1+ (T 1) — Ah x] {2.110)
e T amap 8 E‘ - AE!‘I(I - xe-‘a‘] .

_ " (T — T) + v Ahy Xy o

R, =dmapDIn|1 + T (2,111}

Since we have assumed equal diffusivities and unit Lewis number {Le = k/pE‘,,D). the
surface conditions in steady-state evaporation are obtained from

Xps + Xo oo Ep(Tm - Ts) - AE(_‘L Ko
1 —x, L= ah, (1 — xy)

Cp(Too - Ts) + v AZ('L X, o0
L

(2.112)

Equation (2.111} quickly yields a reasonable estimate of the burn time since the sensible
enthalpy term is generally small,

e (To = T,) << | Ak x|
The vaporization rate can thus be approximated by
— v AE(.L x,,_w]

R, = d4xapD1In | 1 + T (2.153)

Once the burning rate is known, the position of the flame front can readily be
calculated from (2.106) by setting x,. = x, = 0. We find

R,
d7pD In (1 + vx, )

Frlame = (2114)
For small oxygen concentrations the flame radius rapidly becomes large. In dense fuel
sprays, the oxygen is quickly consumed. The predicted flame radius may then exceed
the mean droplet separation, &, as illustrated in Figure 2.23. Although some reaction
may take place in the fuel-rich regions between particles in such a dense spray, the flame
front will wltimately surround the cloud of droplets (Labowsky and Rosner, 1978). The
cloud of droplets then acts as a distributed source of fuel vapor.

The way a fuel is atomized can profoundly influence the combustion process
through (1) the droplet lifetime, which varies as the square of the droplet radius; (2) the
uniformity of the spatial distribution of droplets; and (3) the generation of turbulence
due to the kinetic energy delivered to the flow by the spray. The drop size is determined
by a balance between the fluid mechanical forces, which tend to pull the liquid apart,
and the surface tension, a, which tends 1o hold it together. The classical model for drop
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stability was developed by Prandtl (1949). An estimate of the maximum stable diameter

of droplets is obtained by equating the dynamic pressure of the airflow past the drop and
the surface tension force,

dyax = Co/pv?® (2.115)

where # is the relative velocity between the liquid and the gas. p is the gas density, and
the proportionality constant, C. is equal to 15.4. A high relative velocity will preduce
the smallest dioplets.

The motion of the liquid relative to the gas can be created by forcing the liquid
through an orifice with high pressure (pressure atomization) or by using a high-velocity
gas flow (air-assist atomization). These two types of atomizers are illustrated in Figure
2.24, The more common pressure atomizer is somewhat limited in the maximum veloc-
ity due to pressure constraints and the fouling of very small orifices by contaminant
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Figure 2.24 Liquid fue! atomizers: (a) aiv-assist atomizer;, (1) pressure atomizer, Ku-
miyama &t al. {1977}, Reprinted by permission of The Combusiion Institule.

particles in the fuel. The fluid velocity through the orifice of a pressure atomizer is

p=(28p Co/p))" (2.116)

where Ap is the pressure drop across the orifice and Cp is the discharge coefficient
(typically. 0.6 < Cp < 1). High atomizer pressures, say 50 atm (5 % (0° Pa), can
result in velocities as high as 100 m s ™', Typical surface tensions for hydrocarbon liquids
are 0.2 t0 0.8 N m™', As the liquid stream breaks up, it quickly decelerates, so the
maximum droplet size can be much larger than the approximately 40 um that this ve-
locity would suggest. In diesel engines, where the fuel must be injected very quickly,
much higher atomization pressures are generally used, and smaller droplets may be gen-
erated.

In the air-assist atomizer. a high-velocity gas flow is used to atomize the liquid
and disperse the droplets. The airflow velocity can be as high as the local speed of sound,
about 330 m s~ in ambient-temperature aif. Drop formation takes place within the
atemizer, where the velocity is high, so small drops can be generated [i.e., (2.115)
suggests an upper bound on the droplet size of about 4 pmj.

The air-assist atomizer also introduces a large amount of kinetic energy that is
ulumately dissipated through turbulence. The pressure atomizer does not have this im-
pact due to the lower velocity and the lower mass flow entering through the atomizer.
Thus, when the pressure atomizer is used, the turbulence levels in the flame region are
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governed by the main combustion airflow rather than by the atomizer. Low turbulence
levels suggest that mixing will be incomplete and combustion will be inefficient. Ex-
periments conducted by Kemiyama et al. (1977) using a pressure atomizer on the com-
bustor of Pompei and Heywood (1972) show that droplet combustion has a rather striking
influence on the combustion efficiency. Figure 2,25 shows that the oxygen consumption
for combustion of the same kerosene fuel used by Pompei and Heywood (solid points)
is much more rapid than would result from gas mixing alone (dashed line). Moreover,
studies of a variety of single component fuels (open points) reveal that the combustion
efficiency decreases with increasing fuel volatility (i.e., with decreasing evaporation
time). As a droplet evaporates, vapors diffuse into the surrounding fluid. If the drop
evaporates slowly, particularly while it moves through the gas with an appreciable ve-
locity, the vapors are distributed along a fine path where molecular diffusion is effective,
On the other hand, a droplet that evaporates quickly leaves a more concentrated vapor
cloud that must then mix through the action of turbulence. The difference in combustion
behavior of high- and low-volatility fuels may be accentnated by differences in surface
tension.

Thus we see that droplets act as point sources of fuel vapor that can accelerate the
mixing of fuel and air by intreducing vapor on a very small length scale. Injection at

Oxygen mole fraction (%]
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° o < < Figure 2.25 Oxygen concentrations for
combustion of four fuels as a function of
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Komiyama et al. (1977). Reprinted by
Distance (m) permission of The Combustion Institute.
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high velocities can distribute the fuel throughout the combustion gases. As droplets enter
the combustor at high velocity, their Reynolds numbers may be large enough that con-

vective transport enhances drop evaporation. The correlation proposed by Ranz and Mar-
shall (1952) can be used to take forced convection into account, that is,

R. = R,,(1 + 0.36 Re'/? 8¢'/?) (2.117)

where E;o is the vaporization rate for purely diffusive vaporization, Re = pvd/ p is the
droplet Reynolds number, and Sc¢ = p/ pD is the Schmidt number of the gas.

We have examined the evaporation and combustion of a single-component fuel.
Practical fuels are complex mixtures of hydrocarbons. As droplets are heated, the more
volatile components evaporate more rapidly than the less volatile components, so the
fuel volatility gradually decreases. Diftusional resistance within the droplet can become
a significant hindrance to vaporization (Hanson et al., 1982; Law and Law, 1981). Com-
ponents that vaporize slowly may be heated to high temperatures, possibly leading to
the formation of solid carbonaceous particles of coke. These solid particles can be very
difficult to burn and are often emitted with the exhaust gases.

2.8 COMBUSTION OF SOLID FUELS

Solid fuels are burned in a variety of systems, some of which are similar to those fired
by liquid fuels. In large industrial furnaces, particularly boilers for electric power gen-
eration, coal is pulverized to a fine powder (typically, 50 pm mass mean diameter and
95% smaller by mass than about 200 #m) which is sprayed into the combustion chamber
and burned in suspension as illustrated in Figure 2.26. The combustion in the pulverized
coal system has many similarities to the combustion of heavy fuel oils. Smaller systems
generally utilize fixed- or fluidized-bed combustors that burn larger particles. The latter
technologies are also applied te the combustion of wood, refuse, and other solid fuels,
Air is fed into a fluidized bed at a sufficiently high velocity to levitate the particles,
producing a dense suspension that appears fluidlike, Heat transfer in the bed must be
high enough and heat release rates low enough to keep the bed relatively cool and prevent
the ash particles from fusing together to form large ash agglomerates known as clinkers.
Nencombustible solids are often used o dilute the fuel and keep the remperature low;
most commonly, limestone is wsed in order to retain the sulfur in the bed at the same
time. In contrast to the rapid mixing in a fluidized bed, only a fraction of the air comes
in contact with the fuel in a fixed bed, or stoker, combustion system, with the remainder
being introduced above the bed of burning fuel. Large amounts of excess air are required
to achieve reasonable combustion efficiency, and even with the large airflows, hydro-
carbon and carben monoxide emissions can be quite high, due to poor mixing above the
bed. The increased air requirements lower the thermal efficiency of stoker units, so
pulverized coal or fluidized-bed combustion is favored for large systems. Most large
systems currently in use burn pulverized coal. We shall, for this reason, focus on these
systems.
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Figure 2.26 Coal combustion sysiems: {a) pulverized coal bumet; (b} cyclone bumer;
{c) spreader stoker: {d} fluidized-bed combustor.

2.8.1 Devolatilization

When coal particles are sprayed into a combustion chamber, they undergo a number of
transformations. Water is first driven off as the particle is heated. As the fuel is heated
further, it devolatilizes, a process that involves the release of hydrocarbons in the coal
and the cracking of the molecular structure of the coal. This complex chemical process
has received considerable attention (Gavalas, 1982), but we shall examine here only one
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of the simpler models. The develatilization has been modeled as competing chemical
reactions (Kobayashi et al., 1977), that is,

kl/r(] -} R+ eV
Coal\
kz [l _ag)R'z +a2V2

Each of the two reactions produces volatile matter (V;) and residual char (R; ), which
does not underge additional pyrolysis. The fraction of the mass of coal undergoing re-
action i that is released as volatile matter is «;. Reaction 1 is assumed to be a low-
temperature reaction that produces an asymptotic volatile vield ;. Reaction 2 is assumed
to have a higher activation energy and therefore contributes significantly onky at high
temperature. Rapid heating brings reaction 2 into play, while substantial coal remains
unreacted, leading to higher volatile yields than at low temperature.

The parameters in this simplified model must be empirically determined. o is
generally chosen to equal the volatile yield measured in the proximate analysis. a low-
temperature pyrolysis test. The remaining parameters of this model, as estimated by
Stickler et al. (1979), are summarized in Table 2.9, With this simple model, the release
of volatile matter and the quantity of char residue can be estimaied. The fractional con-
version of the char is described by the rate equation

dx,

coral

dt = _kl'rcoul - kl-rcnal (21]8)

where X, is the mass fraction of the coal that has not undergone reaction,



148 Combustion Fundamentals Chap. 2

TABLE 2.9 TWO-REACTION COAL PYROLYS)S MODEL OF STICKLER
ET AL. {1979)°

Frequency factors A, 37 <108 !
As 146 x 105"

Activation energics F /R SBST K
£ /R 200K

Mass coetlicients o Proximate analysis volatile mater
£y 0.8

M, = 4, exp (—E,/RT).

The volatiles are formed within the coal particle, and escape to the surrounding
atmosphere involves flow through the coal matrix. This is frequently a violent process,
characterized by vigorous jetting as flow channels open in the char o allow the release
of the high pressures built up by volatile production in the core of the particle. These
complications preclude the application of the drop combustion models derived in the
preceding section to the combustion of coal volatiles. Nonetheless, the volatiles piay a
very important role in coal combusticen, particularly in ignition and stabilization of coal
flames. Knowledge of volatile release is also essential to specifying the initial condition
for the next phase of coal combustion, the surface oxidation of char residue.

Example 2,10 Coal Devolatilization
A dry coal particle intially 50 gm in diameter is suddenly heated to 2000 K in air. The
proximate analysis of the coal is
Volatile matter 43.69%
Fixed carbon  46.38%
Ash 9.94%

The carbon and ash densities are 1.3 and 2.3 g cm ™, respectively. Using the Kobayashi
mode! and assuming that the pasticle temperature remains consiant throughout devolatil-
ization, estimate the mass of char remaining after devolatilization and the density of the

particle.

Consider first devolatilization. Equation {2.118) expresses a selation lor the fraction
of uareacted coal as a tunction of time. Integrating (2.118) and noting that x_,, = | atr =
0, we find

St

Keonl = €
whete the characteristic time for devolatilization is

= (k4 k)
The fraction of the coal that is converted o char by reaction § is 1 — ¢, 30

d-rc har

dr = (I - r3‘-’|)kl-ruml + (] - u:)klxmul

=41 =) ke + (1 = ca) ko] 7
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Integrating and letting x.,,, = O at r = 0 yields

U-wbtll=mby

X = 21T
Ky + & <

<har

The limit as ¢+ — o0 is

ky + ks>
From Table 2.9,
ki = Ao BIRT
@ = % = 0.485 s = 0.8
A =37 x 165! Ay = 1.46 x 10¥ ¢7!
E,/R = 8857 K E./R = 30.200 K

Evaluating at 2000 K. we find that
k =4400s™" k= 4.06 x 10°57
Thus
rp =246 x 10775 = 0.246 ps
and

(1 —0.485)44 x 10" + (I — 0.8) % 4.06 x 10°
44 x 10° + 4.06 x 10°

KXohgr =

= 0.200

Only 20% of the original carbonaceous material remains in the char.

2.8.2 Char Oxidation

The cormmbustion of coal char or other entrained carbonaceous particles (such as coke
produced in combustion of heavy fuel oils) is governed by the diffusion of oxidizer (O,,
OH, O, CO,, H,0, etc.) to the carbon surface and by surface reaction kinetics. Coal
char is highly porous and presents a surface area for oxidation that is much larger than
the external surface. Mulcahy and Smith (1969) identified several modes of char com-
bustion: regime 1, in which the rate is controlled strictly by surface reactions, allowing
the reaction to take place uniformly throughout the char volume; regime 2, in which
pore diffusion and surface reactions both influence the rate; and regime 3, in which
external diffusion controls the oxidation rate. Pulverized coal combustion generally falls
in regime 2.

We begin our discussion of char oxidation with an examination of the role of the
external diffusional resistance in the char oxidation kinetics. For this purpose we may
use detailed models of the intrinsic surface reaction kinetics in combination with a model
of the porous structure of the char and the diffusional resistance within these pores.
Alternatively, we may use a global rate ¢xpression that describes the total rate of reaction
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in terms of the apparent external surface area. We shall use the latter approach at present
and examine the processes taking place inside the char particle later.
The rate of char oxidation is the sum of several reactions that convert carbon to
CO. primarily
9]
Cyy + 30, — CO
k2

C,, + CO, —= 2CO
The apparent rates of these reactions may be expressed in the form
Fo= A" pt (kg Cm™ s (2.119)

where p, is the pamtial pressure of the oxidizer. Numerous measurements of the rate
parameters for various chars have been reported. Table 2.10 presents selected rate cocef-
ficients.

TABLE 2,10 CHAR OXIDATION RATE FARAMETERS®

Parent coal A E/RIK) 2
Petroleum coke 70 02,910 0.5
Pittsburgh seam 41,870 17.100 0.17

(swelling bituminous
coal, USA)

Illinois No. 6 63,37 17200 0.17
{swelling bitumineus
coal, USA)

Brodsworth 1,113 121,30 .G
¢swelling bituminous
coal, UK)

East Hetton 6.358 17100 1.0
(swelling bituminows
coal, UK)

Anthracite ang 204 0.560 L0
semianthracite
(UK and Westemn
Europe)

Millmerran 156 8,810 0.5
(nonswelling sub-
bituminous coal.
Australia)

Ferrymoor LR 10,820 1.0
(nonswelling sub-
bitumineus coal, UK}

Whitwick 504 8,010 1.0
{nonswelling
bituminous coal, UK)

Yallowrn brown 93 8,150 0.5
coal (Australia)

F=AeH T pl kg m™ 5™, pin atm.
Sonrce: Data from Smith (1982).
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The char oxidation rate is the net result of the rate of exidizer diffusion to the char
sutface and the rate of surface reaction. Since the activation energies of the oxidation
reactions arc large, the particle temperature is very important in determining the rate of
oxidation. Because of the high temperatures reached and the large emissivity of carbon,
radiation can be a major mechanism for heat transter from the burning char particle. If
the temperature of the surrounding surfaces is T,,. the radiative flux to the particle is

g, = oe(TL =T  Wm™’ (2.120)

where ¢ = 5.67 x 107" W m~2 K is the Stefan-Boltzmann constant, and ¢ is the
particle emissivity, Conduction heat transfer

T’
q. = — (57)_‘ (2.121)

is also very important for small particles, Large particles encountered in fiuidized-bed
combustors and small particles injected at high velocities may bave large enough Rey-
nolds numbers (Re= god/ ») that convection must be taken into account, and the ratc
of heat transfer is expressed in terms of a heat transter coeflicient, /,

g = (T, —T,) (2.122)
where /1 is generally obtained from correlations of the Nusselt number (Nu = hd /),

for example (Bird et al., 1960),

Nu = 2 + (.60 Re'/* Pr'/* (2.123)

where the Prandtl number is defined by Pr = ¢, u /k. Species transport to and from the
particle surface also influences the energy balance. The net enthalpy flux to the particle
due to species transport is given by

g = 2T (2.124)

where Fz_f = [(ﬁ(?}) - h(Ty) + Aﬁf (Ty) ], is the total enthalpy of species j at the
temperature of the particle surface and f, is the species mass flux toward the particle
surface,

The net species transport from the particle surface is directly related to the rate of
reaction:

R= 47"“2(Fl + 1) = 47{'“2}‘(:0..\-/1’(?0 = _47"32}}03.../"’('): - 4““2}(‘0:,.\-/”(“0:
{2.125)

where », denotes the mass-based stoichiometric coefficients for reactions | and 2, re-
spectively:
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44
Yco, = T4 T 3.67

Combining (2.120%, (2.121), and (2.124), the time rate of change of the particle
energy becomes
au 2 - T = Le
e dra® {—veo Fiheo(T,) + vo hE(T,)
— pepFh&o(T) + peofoh o (T)} (2.126)
The rate of change of the particle energy is

duv d

(%) = 7° dm 4 du®
- = =M = — m
a  a dr

dr

Assuming quasi-steady combustion (du°/dt = 0) and noting that, for solid carbon,
hE = ud, we find

daly - -
_d? = hg(rl +72)

Combining these terms, the quasi-steady energy balance on the surface of the burning
particle becomes

dr - -
oe{T) — T3) — k(d—) + 7 AR (T,) + F Ab,(T,) =0 (2.127)
r ¥
Uniform particle temperature has been assumed in this analysis.
To evaluate the reaction rates, ] and 5, we need (o know both the temperature
and the concentrations of the oxidizing species at the particle sucface. The species fluxes
at the panticle surface are obtained from the condition

; - dx;
f}"s = xjs %ﬁ:; - pD(Ej) [2128)

The net mass flux away from the particle surface equals the rate of carbon consumption

2ife=F +F (2.129)
&

The fluxes of the oxidizing species are

}J;'.\- = —=T;¥ {2.130)
where »; is the mass of oxidizer j consumed per unit mass of carbon consumed by re-
action j. The surface boundary conditions for the oxidizing species become

dxj

b7 + (F + F) = 4mpD, (a,—z) (2.131)
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Assuming that the particle is spherical and that CO is only oxidized far from the
particle surface, the combustion rate determination follows the approach of the liquid

fuel evaporation problem. We begin with the energy and species conservation equations:

— — ar _d dr

(R, + B¢ [ dr E‘ (4 rik d_) (2.132)
_ _ dy g dx
(R, +R3)df:=(—f*(41rrp dj) j=1....3 (2.133)

where the total rate of reaction j is R = 4wa’y, . The solutions are

R +R _ [1 . & (T, — T.) (R + Ry) 1
dza(k/c,) - —R, Ahg,(T,) — Ry Ahg,(T,) + dwa’ae(T) — T7)
(2.134)
“Rl + Eg _ (xjoo - xj\)(ﬁl + §2)_J
arapD, " ‘_1 TR, ¥ Ry + Ry (2.135)

Equating these rates and requiring that the reaction rate expressions, {2.119), be satis-
fied, yields, after iterative selutions, the values of the temperature and mass fractions of
the oxidizers at the particle surface. The terms on the right-hand side of (2.134) and
(2.135) are analogous to the transfer number for the evaporation of a liquid fuel, B,
(2.93). If the thermal and molecular diffusivities are equal [i.e., Lewis number = Le
=k/( pC, D) = 1], the transfer numbers derived from (2.134) and (2.135} are equal:

e (T, — T.) (R, + Ry)
—Ry Ahg(T,) — Ry Ahgo{T,) + dwa’oe( T, = T7)
(e = %) (R + Ry)
" (R, + R)x, + Ry,

Br =

(2.136)

The special case of very rapid surface reaction corresponds to diffusion-limited
combustion {(i.e., Mulcahy and Smith’s regime 3 combustion) and allows significant
simplification. Assume that only the oxygen reaction 1 is important. If oxygen is con-
sumed as fast as it reaches the particle surface, xg, , = 0. Thus (2.135) becomes

R, = 4xapD In (1 + YO—‘”) (2.137)

Yo,

This is an upper bound on the char combustion rate. Diffusion-limited combustion is a
reasonable assumption for combustion of large particles at high temperatures. As either
particle size or temperature decreases, reaction kinetics become increasingly important
in controlling char oxidative kinetics. Combustion of small particles of pulverized coal
is generally in regime 2 (i.e., both diffusional and kinetic resistances become important).
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The prediction of the combustion rate requires knowledge of the reaction rate as a
function of external surface area and oxidizer concentration. So far, we have relied on
global rate expressions, which, as shown by the data in Table 2.10, vary widely from
one char to another. Much of this variability can be attributed to difterences in the porows
siructure of the char and the resistance to diftusion 1o the large surface area contained in
that structure. The pore structure varies from one coal to another. Since the quantity of
char eesidue depends on the heating vate, it stands to reason that the char structure will
also vary with the devolatilization history. A priort prediction of the char structure is not
possible at this time, but the role of the porous structure can be understood.

A number of models of combustion of porous particles have been developed (Si-
mons, 1982; Gavalas, 1981; Smith, 1982). We limit our attention to one of the simpler
diffusional resistance models.

The pore structure presents a large surface area for surface oxidation within the
volume of the char particle. The poves are small enough that they present a substantial
resistance to diftusion. The pore structute can be crudely characterized in terms of the
total surface area per unit mass, S, most commonly measured by the BET gas adsorption
method (Hill, 1977). and the total pore volume fraction in the char, ¢,. If we assume
the pores to be uniformly sized and cylindrical. the pore volume fraction and surface
area per unit mass of char are

Ep = ?TE ‘Llut
¢ 2wl
Pa

where L, is the total length of pores per unit volume of char, £ is the mean pore radius,
and p, ts the apparent density of the char. Combining these expressions to eliminate L
and solving for &, we find

il

- 2,
T 0.8

Consider, for example, a char with a BET surface area of 100 m” ¢g™' and a porosity of
€, = 0.4. The mean pore radtus is 0.012 um (assuming a char density of 1.5 g cm ™).

If the pore radius is large compared to the mean free path ) of the gas molecules,
then the mechanism of diffusion through the pore is the usual continuum transport. (We
will discuss the mean free path of gas molecules in Section 5.2.) If the pore radius is
small compared to X, then diffusion of the melecules through the pore occurs by colli-
stons with the walls of the pore. For air at ambient temperature and pressure, A = 0,065
pm. At combustion temperatures, the mean free path increases 10 0.2 to 0.5 um. The
ratio of the mean free path to the pote radius, known as the Knudsen number,

A
Kn = .E: (2.139)
indicates whether it is reasonable to apply continuum transport models. The continuum
models are valid for Kn << t (see also Chapter 5). At very large Knudsen numbers,

(2.138)
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the kinetic theory of gases gives the following result for diffusivity of molecules in

cylindnacal pores,

8RT

.14
M (2.140)

p
, == &
3
At intermediate values of Kn. the pore diffusivity is approximately (best for equimolar
counter diffusion, N, = —Nj)

D, = = 2.14]
"~ 1/D. + 1/Dy (2.141)
The effective diffusivity within the porous particle is reduced by the fraction of voids in

the particie, ¢,, and by the tortuous path through which the gas must diffuse in the
particle, characterized by a tortuosity factor, . that is typically about 2, that is,

D, = (2.142)

The diffusion of oxidant within the pores of the char and the reactions on the pore
surfaces can now be calculated. Consider the reaction of oxygen with the char,
2C, + 0, —= 2C0
for which we shall assume first-order intrinsic reaction kinetics,
7i=k(T)po, kgCms™! (2.143)

The net local rate of carbon oxidation per unit of char volume is 7,Sp, (kg m ™" 57 "),
where p, is the apparent density of the char (density of carbon, including pores). The
quasi-steady transport and reaction of oxygen within the porous char can be expressed
as

dxrpny ——

5 dx, 04 d ( d\'t ),
dr d

) ~ dwr’Sp, kX, v, (2.144)

where the reaction rate has been expressed in terms of species mass fraction (i.e.. ¥; =

kipo, = k'xp,). The mass flux at any position in the char can be evaluated from the
mass continuity equation,

d
4 7 (r’pu) = 4w riSp.k'xo, (2.145)
n :

The solution to (2.144) is greatly simplified if the convective transport term is
small compared to diffusive transpont, whence

4 (417r2pD( ——) = 4w r’Sp,k'xo,vo, (2.146)
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The boundary conditions for this differential equation are

r=0: x5 = finite
02 (2.147)
r=a. Xo, = Xo,

Solution to equations of the form of (2.146) is facilitated by substituting x =
f(r)/r. We find

. _ Asioh (¢r/a) B cosh (¢r/a) (2.148)
r/a r/a

where

2 puazskr

¢ 2.149
oD, ( )

The parameter ¢ is known as the Thiele modulus (Hill, 1977). Applying the boundary
conditions, we find

a sinh {(¢r/a
Yo, = xoz.s—rsi;.ﬁ_f_) (2150)

The net diffusive flux of oxygen into the porous particle exactly equals the rate of oxygen
consumption by reaction. Thus the net rate of carbon consumption is

=, dx
R, = 4wa“pD, (dr)ﬂ

= dxapD.xg, (¢ cothd ~ 1) {2.151)

If access to the interior surface were not limited by diffusion, the entire area would
be exposed to xg, ,, and the net reaction rate would be

R, idea = '1,: 1ra3pu3k'_r0:.a_ (2.152)

The ratio of the actual reaction rate to the ideal rate gives a measure of the effectiveness
of the pores in the combustion chemistry,

R, _4mapD,xo, (¢ coth ¢ — 1)

7"IE__

. wdeal % ‘Ia?‘paSk’IO?.;
which with (2.149) vyields
3
n=E{¢Cothqb-—1] {2.153)
For fast reaction (1.e., large ¢ }. (2.153) approaches
3
== 2.154
LA ( )

so only a small fraction of the char surface area is available for reaction, that area near
the char surface. In this limit the particle will shrink, but its density will remain constant
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once the pores near the char surface establish a steady-state profile of pore radius with
depth. This opening of the pore mouth has been neglected in this derivation. On the
other hand, in the limit of small ¢, 5 tends to unity:
4
s R A T
and all of the interior surface contributes to the char oxidation. In this limit, regime 1
combustion, the pores must enlarge and the apparent density of the char must decrease
during oxidation. Pulverized coal combustion corresponds most closely to the former
case. Lower-temperature combustion in fluidized beds or in stokers may, however, result
in a low Thiele modulus.

Coal particles are not, generally, spherical as illustrated by the scanning electron
microscope photograph shown in Figure 2.27. Bird et al. (1960) suggest that a non-
spherical particle be approximated as a sphere with the same ratio of apparent external
surface area to volume,

3V,
nonsphere =3 A
P

a (2.155)
in calculating % for a variety of shapes (spheres, cylindrical, rods, flat plates, etc.). The
deviations of exact results from that obtained using (2.154) are small over the range of
Thiele moduli important in char combustion.

The char oxidation kinetics are not necessarily first order. The analysis can readily
be carried out for reactions of arbitrary (but constant) order. The variation of the pore
diffusional resistance with reaction order is relatively weak.

With this analysis it is possible to estimate the intrinsic reaction kinetics from
observations of char consumption rates. Smoot et al. (1984) have shown that a single
intrinsic rate expression can correlate data on a broad spectrum of coal char. Moreover,

Figure 2.27 Scanning electron micro-
scope photograph of pulverized coal
particles.
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Figure 2.28 Intrinsic rate of char consumption.

this rate is well comelated with the oxidation rate for pyrolytic graphite, as itlustrated in
Figure 2.28. Nagle and Strickland-Constable (1962) developed a semiempirical ratc
expression that correlates the rate of oxidation of pyrolytic graphite for oxygen partial
pressures of 107° < pg, < 1 atm. and temperatures from 1100 to 2500 K. This rate is
based on the existence of two types of sites on the carbon surface. The rate of reaction
at the more reactive type 4 sites is governed by the fraction of sites not covered by
surface oxides, so the reaction order varies between 0 and 1. Desorption from the less
reactive type B sites is rapid, so the rate of reaction is first order in the oxygen concen-
tration. Thermal rearrangement of type A sites into type B is allowed. A steady-state
analysis of this mechanism yields

— = —~—p—ﬂ + kgpo,(1 —x) motCm~*s™' (2.156)
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TABLE 2.11 RATE CONSTANTS FOR THE NAGLE AND
STRICKLAND-CONSTABLE MODEL

ky = 200 exp { —15.100/7) kgm “s 'atm !
ky = 445 x 1D 2 exp (=7640/F)  kgm s 'am !
ke = 1.50 % 10 exp ( —48,800/T) kgm “s"'

k.= 213 exp (20607} atm !

where y, the fraction of the surface covered by type A4 sites, is

")
( Bn‘ Lo %]

The empirically determined rate constants for this model are given in Table 2.11.

According to this mechanism, the reaction is first order at low oxygen partial pres-
sures but approaches zero order at higher py,. At low temperatures and at fixed oxygen
partial pressure, the rate increases with temperature with an activation energy corte-
sponding to £/R = 17,160 K. Above a certain temperature, the rate begins to decrease
due to the formation of unreactive type B sites by therrnal rearrangement. At very high
temperatures, the surface is entirely covered with type B sites and the rate becomes first
order in pq,.

From the close correspendence of the char oxidatien kinetics and the Nagle and
Strickland-Constable rate for pyrolytic graphite, one may surmise that after processing
at high temperature, carbons from a variety of sources may exhibit similar kinetics for
the reaction of O, and, very likely, for other oxidants. Indeed, data for carbon black.
soot, and some petreleum cokes are alse in reasonable agreement with those from coal
chars.

The model we have used to describe the porous structure is simplistic. The pores
in char are not uniform in size, nor are they cylindrical in shape. Furthermore, as the
char bumms, the pores change shape and, in the regions near the char surface, will enlarge
significantly. At high temperatures, where the surface reaction rates are high and oxygen
is consumed quickly as it diffuses into the char pores, the pore mouths will enlarge until
neighboring pores merge while the interior pores remain unchanged. More detailed
models of the porous structure have been developed to take some of these variations into
account (Gavalas, 1981; Simons, 1979, 1980). These models require more data on the
pore size distribution than is commonly available at present, but may ultimately elimi-
nate much of the remaining uncertainty in char oxidation rates.

PROBLEMS

2.t.  Methanol (CH;OH) is burned in dry air at an equivalence ratio of 0.75.
(a) Determine the fucl/air mass ratio.
(b) Determine the composition of the combustion products.
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2.2, A high-volatile bituminous coal has the following characteristics:

Proximate analysis

Fixed carbon 54.3%
Volatile matter 32.6%
Maoisture 1.4%
Ash 11.7%
Ultimate analysis
C 714.4%
H 5.1%
N 1.4%
O 6.7%
S 0.7%
Heating value 307 x 1087 kg™’

1t is burned in air at an equivalence ratio of 0.85. 500 X 10° W of electric power is produced

with an overall process efficiency (based on the input heating value of the fuel) of 37%.

{a) Determine the fuel and air feed rates in kg s™".

(b} Determine the product gas composition.

(¢) Sulfur dioxide is removed from the flue gases with a mean efficiency of 0% and the
average output of the plant is 75% of its rated capacity. What is the 80; emnission rate
in metric tonnes (10" kg) per year?

2.3. A liguid fuel has the compositinn:

C 86.5%
H 13.0%
O 2%
5 0.3%

Its higher heating value is HHV = 45 x 10% ) kg~'. Determine an effective chemical
formuta and enthalpy of formation for this fuel.

2.4, Methane is burned in air at ¢ = 1. Using the thermodynamic data of Table 2.5 and assum-
ing complete combustion. compute the adiabatic flame temperature. The initial tempera-
tures of the fuel and air are both 298 K.

2.5, Methanol shows promise as an alternate fuel that could reduce nitrogen oxide emissions.
The reduction is attributed to lower flame temperatures, Compare the adiabatic flame tem-
perature for combustion of pure methanol at ¢ = 1 with that of methane {Problem 2.4).
Initial fuel and air temperatures are 298 K., The enthalpy of formation of liquid methanol
is Ah7 (298 K) = —239,000 ] mol "'.

2.6. The bituminous coal of Problem 2.2 is burned in air that has been heated 10 590 K. To
estimate the maximum temperature in combustion, compate the adiabatic flame temperature
for stoichiometric combuseion assuming complete combustion. The specific heats of the
coal carbon and ash may be taken as ¢, = 1810 and ¢, = 1100 ] ke ' K"\ respectively.
The ash melts at 1500 K with a latent heat of melting of A, = 1407 kg ™'
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2.7,

2.8.

2.9

Kerosene {88% C, 12% H) is burned in air at an cquivalence ratic of 0.8, Determine the
equilibrium mole fractions of carbon monoxide and nitric oxide at T = 2000 K and p = 1

atm.

Graphite (C) is bumed in dry air at ¢ = 2 and p = 1 atm. Determine the equilibrivm
composition (mole tractions of CO, CO,, O,, and amount of solid carbon) of the combus-
tion products at T = 2500 K.

A tuel il containing 87% C and 13% H has a specific gravity of (1,825 and a higher heating
value of 3.82 x 10" ) m™*. It is injecied into a combustor at 298 K and burned at atmo-
spheric pressure in stoichiometric air at 298 K. Determine the adiabatic flame temperature
and the equilibrium mole fractions of CO, CO;, H;, H;O, 0., and N,

2.10. For Problem 2.9, determine the equilibrium mole fractions of NO, OH, H, and O, How

much is the flame temperaturc reduced in producing these species?

2.11. Carbon monoxide is oxidized by the following reactions:

1
CO + OH == CO, + H

CO+ 0O, == CO, + 0O
CO+0+M =—= CO,+ M

CO + HO, == CO, + OH

Rate coefficients for these reactions are given in Table 2.6,
(a) Write the full rate equation for carbon monoxide consumption.
(b} Assuming chemical equilibrium for the combustion of methane at atmospheric pressure

and ¢ = 0.83. compare the effectiveness of these reactions in terms of characteristic
times for CO destruction

[col,
RS,

T:

where R, is the rate of reaction in the forward direction only bascd on cquilibrium
concentrations of all specics. Plot the rs trom 7 = 1200 K to T = 2000 K.

{c} Considering only the dominant reaction and assuming equilibrium for the minor spe-
cies, derive a global rate expression tor CO oxidation and CO- reduction in terms of
CO, CO,, Oy, and H-0 concentrations and temperature.

(d) Compare your oxidation rate with that obtaincd by Dryer and Glassman (19733, (2.53).
Plot the two rales as a function of temperature.

2.12. An industrial process releases 500 ppm of ethane into an atmospheric pressure gas stream

containing 2% oxygen at T = 1000 K. Use the single-step global combustion model for
ethane to estimate how long the gases must be maintained at this wmperature 1o reduce the
ethane concentration helow 50 ppm.

2.13. A combustor burning the fuel 0il of Example 2.3 at ¢ = [ contains 1.5% O- in the com-

bustion products. Using the data in Figure 2.6, estimate the CO level in the combustion
products assuming local equilibrium.
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2.14. Natural gas (assumed to be methane) is burned in atmospheric pressure air (T, = T, = 300

2.16.

2.17

-

K) at an equivalence ratio of 0.9. For a characteristic mixing time of 7,, = 0.01 s, and
assuming that B = 1 in
. 173
=0 (5)

computc and plot as a function of burner diameter, d, the ratio of the rate of kinctic encrgy
dissipation in turbulence to the heat released by combustion. Assume that intense recircu-
lation limits the volume in which the kinetic energy is dissipated to 247 and that the mean
gas temperature in this volume is 2000 K. What is a reasonable maximum burner size? How
many burners would be required to gencrate 100 MW (100 x 10°J 57"y of electric power
at an overall process efficiency of 40%? If the maximum burner gas velocity is limited to
30 ms”', what is the maximum bumer diameter and how many burners will be needed?
Supposc that we allow the mixing time o be 0.05 5. How would this influence the results?
Carbon (p = 2000 kg m™) is injected into atmospheric pressure air in a furnace that
maintains both gas and walls at the same temperature. Compute and plot the particle tem-
perature and time for complete combustion of a 50-gm diameter char particle as a function
of fumace temperature over the range from 1300 1o 2000 K, assuming diffusion-limited
combustion. The thermodynamic properties of the carbon may be taken 1o be those of pure
graphite. Use the following physical properties:

D=15x 1077 m’ s

k=734%x 1077 Wm ' K

e =1
For the system of Problem 2,15 and a fixed wall and gas temperature of 7 = 1700 K.
compute and plot the particle temperature and characteristic time for combustion of a 50-
um diameter particle as the function of the oxygen content of an O,-N, mixture over the
range of oxygen contents from t to 20.9% . assuming
(a} diffusion limited combustion.
(b) combustion according to the global rate expression of Smith (1982} for anthracite (Ta-

bie 2.10).

What are the implications of these results for char burnout in pulverized coal combustion?
For the conditions of Problem 2.15 and combustion i air at 1700 K, compute and plot the

particle temperature and chavacteristic time as a tunction of the char particle size over the
range | 1o 200 pm.

2.18. A Millmerran subbituminous coal has the following composition:

w o Z -0
g
&

Ash 9.4%
Yaolatile matter 41.9%



Chap. 2 References 163

2.19.

Fixed carbon 44 5%
Moisture 4.2%

Lashfeevesl = 1300 l\g |T|_"

Pan = 2300 kg m *

A 1530-pm-diameter particle is injected into atmospheric pressure air in a furnace that main-
tains both the gas and wall temperatures at 17060 K.

(@) Assuming that the particle is instuntancously heated to the gas temperature and main-
tained ai that temperature throughout the develatilization process, determine the amount
of volatile matter released and the quantity of char remaining. Assuming thal the phys-
ical dimension of the particle has not changed, what is the final density of the particle?
Oxidation begins immediately following devolatilization. Assuming quasi-stecady com-
Bustion and that the particle density remains constant, and using the apparent reaction
kinetics of Table 2. 10, cajculate the particle temperature and size throughout the com-
bustion of the particle. Assume that the cathalpy of formation of the char is the same
as that of graphite. How long doces it take for the particle to burn out?

(b

—

A fuel oil with composition

C 36%
H 4%

is burned in dry air. Analysis of the combustion products indicates. on a dry basis (after
condensing and removing all water),

0, 1.5%
CO 600 ppm

What is the equivalence ratio of combustion?
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W s Mol/)(in(]tL'aMd e combuston process is
odialndic, ( >0 UQOY‘\Q, (‘M&OX HQOd( ’*Y‘O{MSPQ/Y_\'

}n 1-C +he processes | one. gmmti with heod romsler audl
Poss‘»ltll) WOrk. 1‘_m"ns¥‘en ‘

" Pr‘ocess "“AI, m )'\gum{ @) Cbrr‘€5[>0n0ls Yo Hhe (onshod
volumt. Eomb Cavlorimeter fest oma in Figure Q) -4’
Coffc's[bonds to Hh S‘lfaiig Plovo combustion Boys Qalor‘:—
weter +est. |

]n a j.cnerou( Yion 'P bw> or c‘>+e@ Flovo process b
=tocbe (1) omol |-\mou( stade (2 will be diﬁﬂwkwdnu“ﬂcr
will be at the reference femperature To . 7The quantsties of
UZ*U. Om(“L ]‘(,f H; Fo'r +he 'neSPfC-HV( Proccs_sc’s, H‘ Comn.
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Lx 1 A combustible miature of tarbon monorioe amol any
whichis 10 % rich is compressec] oo pressure of . b
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Ca';l:w(aie Hu MMFAMM hw»pmm}w” amdl Pressun Machd. .
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M Z? an a:/om;( bakmce
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Jor O ¢ 4 (OUx0I%2) = 2a+ b —




a = o9 omd b= 009
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Fhuend elemerds in +heir nadured Pt and i stardere]
. StoE alhE normod Torms of OAAGEN () omak }w&rczgey\
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So AHFO for sol i corbon s pUtt o < . Cacbon 1n
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- For a reaction oocur'w\s at +he ‘S:‘rawlwvo( !
 conditions ( 1hevance stoke) 25°C ok
~ dodwm , The enthodpy of raction 15 beoweds:

o= Zndke - F i HO

s 22 T vaackion oF carbon monoide woith
steom. n the gas phose is knowwn as the wader
gas waction. The oveell raction is as shown
- RN H':.O(g) —P- COZ(S)-I' )'_(1.(9)
.%e{-emim +he en-onulP& oF vachon o:t.2‘5°Cauol

Sol, o ‘ |
= (M) L = 1) 1o,

— 1(~393520)+ 1(0 ) — 1(~110530) — 1(-241520)
= =4YLI130 IO_/W[CO ' '




Specific Heat ¢, é Sothe Gagemrand Vapours

co, €0 - H, N, 0, HOo@gH, GCH, ! C,H,

175 0-709 1-039 © 13-12 1-039 0-910 1.850 2-(83 24, |

200 0-735 1-039 13-53 1-039 0-910 1-851 2-087 1.260

225 0-763 1-039 13-83 1-039 0-911 1.852 221! 1-316

250 09 14039 14-05 1-039 0913 1-855 - 2156 1-3E0 1535
275 0-819 1-040 14-20 1039 0-915 1859 2191 1-453 1-651

300 0-846 1-040 14-31 1-040 0-918 1-864 2-226 1-535 1.766

325 0-871 1-041 14-38 1.040 0-923 1-871 2-293 1-621 1-87¢

350 .| 0895 1-043 1443 1-041 0-928 1-880 2:365 1-709 1-987

375 0-918 1-045 i4-46 1042 "0-934 1-890 2442 1-799 2-095

400 0.53¢ 1-048 14-48 1-044 0-941 1901 2525 1-891 2.199

4, 450 0978 1-054 14-50  ~1-049 (936 1926 2-703 2-063 2:402
\ 500 1-014 1064 14-51 1-056 0-972 1-954 2-889 2-227 2-586
550 1-046 1-075 14-53 1-065 0-988 1-984 3-074 2-378 2.782

600 1-075 1087 14-55 1-075 i-003 2-015 3-256 2-519 2.938
650 1-102 i-100 14-57 1-086 1-017 2047 3432 2-649 3126

700 1-125 1-113 14-60 1-098 1-031 2-080 3-602 2770 3.286
750 1-148 1126 1465 1-116 1-043 2513 A.766 2-883 3-438
800 1-168 1-139 14-71 1122 1.054 2-147 2022 2-98% 3-581
B50 1-18% 1131 14-77 14134 1-065 2ol 2 4072 3-08& 3717
900 1.204 1-163 14:83 1-146 1-074 L 4214 3180 3-846

930 1220 1-174 14.90 1-157 1-082
1000 1.234 1-185 14-98 1167 1-080
1050 1-247 1164 15-06 1-177 1-097
1100 1-259 1-203 1515 1-187 1-103

252 4345 32

l:)t.\)mMM
L L )

1150 1-270 1-212 15-25 i-195 1-10% 4-81¢ 3.551

1200 1-280 1-220 1534 1-204 1-115 2-425

1250 .1-290 1-227 15-44 1-212 1120 2-438 T C‘H, CaI—I18
1300 1-298 1-234 15-54 1-219 1125 2.499

1350 1-306 1-240 15-65 1-226 1130 2-521 250 0-850 1-305
1400 1313 "1-246 15-77 1-232° 1134 2552 275 (1057 1.484
1500 1.326 1-257 16-02 1-244 1-143 2509 309 1-060 1656
1600 1-338 i-267 16-23 1-254 1-151 2-662 325 1-166 1-82
1700 1-348 1-278 16-44 1-263 . 1-158 2711 350 1.255% 1-979
1800 1:356 1-282 16-64 1-271 i-166 2-756 375 1-347 2:10%
1900 1-364 1.-288 16-83 1-278 1-173 2-798 400 1-435 2-218%
2000 1-371 1294 17-01 1-284 1181 2-836 450 1-600 2-4053
2100 1.377 1299 17-18 1-290 i-188 2872 500 1-752 2-608
2200 1-383 , L3ud 7-35 1-295 1-108 2.904 550 1.801 2574
2300 i-388- 7% 1308 17-50 1-300 1-202 2934 600 2.018 2-924
2400 | 1-393 1-311 1765 1-304 1209 2952 650 2-134 31
2500 1-397 1-315 17-80 1-367 . 1-216 2987 700 Z-239 3.232
2600 1-401 1-318 17-93 1-311 1-223 3.011 750 2.335 3349
2700 1-404 1-321 18-06 1-314 1-230 3-033 800 2422 3465
2800 1-408 1-324 18-17 1-317 1-236 3-053 850 2-50G 3582
2900 1-411 1.326 18-28 1-320 1-243 3.072 903 |. 2-571 3-673
3000 1-414 1-32¢ 18-39 1-323 1-249 3090

3500 1-427 1-339 18-91 1-333 1-276 3143

4000 1437 1346 1$-38 1-342 1-299 3-217

4500 } 1-446 1-353 15-83 1-34% 1-316 3-258

5000 1.455 1-359 20-23 1-353 1-328 3292

5500 1465 1-368 2061 i-362 i-337 3322

6000 1-476 1-370 20-96 1-359 1-344 3-350

*

The specific heats of atomic H, N and O are giver with adequate accuracy by p=52-3 HefM

where M is the rciative alomic niass.




Dissociation Constants and Enthalpies of Reaction

log,, K with partial pressures in atmosph

T Pr.0 Pco,  [(ProiPco)  Pmyo o | Pm,
T ) @on) (o) (Bo,) i(PrilBco,) Por)(Pn,) (Po,) (Bn,)(Px)*
298 | 40048 45066 | — 5018 46137  —15171 71-224 81208 159-600
300 39786 44-760 | — 4-974 45832 —15~ 50-754  BU-668 158578
400 29240 32431 | — 3191 33-567 =rE 51752 58946 117-408
600 18633  20-087 | — 1454 21.242 = 32672 37148  76-162
800 13289 13916 | — 0627 15044  — . .43 | 23070 26202 55-488
1000 10062 10721 | — 0159 11309  — 4-062 17-292 19164 43056
‘* n
1200 7899 7764 0135 8811  — 3275 13-414 15208 34754
1400 6-347 6014 0333 . 7-021 — 2712 10630 ~ 12:054 28-812
1600 5180 4706 0-474 5677 — 2290 8532 9684 24-350
1800 +270° 3693 0-577 4631 — 1962 6896  7-836 20-874
2000 3-540  2-884 0656 3.793 — 1699 5580 6356 18-002
2200 2942  2-226 0-716 3107 — 1484 4502 5142 15810
2400 2443 1679 0-764 2-535 — 1-308 3600  4-130 13908
2600 2021 1219 0-802 2052 = 1-154 2-834  3.272 12-298
2800 1658  0-825 0-833 1-637 — 1.025 2175 2536 10914
3000 1:343 0485 0-858 1278  — 0913 1606 1898  9-716
3200 1067  0-189 0878 0-963 — 0815 14106 1-340 8664
3400 0-824 — 0071 0-895 0-687 - 0729 0664 0846 7736
3600 0-607 —: 0302 0-909 0-440 — 0653 0270 0408 6910
3800 0-413 — 0-508 0-921 0-220 — 0585 | — 0084 0014 6172
4000 0238 — 0-692 0-930 0-022 — 0524 | — 0402 — 0-340  5-504
4500 — 0133 — 1-079 0946 — 0-397 —~ 0397 | — 1074 — 1-086 4094
5000 — 0-430 — 1-386 0956 — 0-731 — 029 | — 1612 — 1685 2962
5500 —~ 0675 — 1635 0960 - 1-004 — 0214 | — 2054 — 2176 2032
6000 — G880 — 1-841 | 096 — 1232 — 0147 ' — 2422 — 2384  1.250
1 atmi=1-01325 bar 1 (atm) ¥ =1-0066 (bar)

Reaction (kmol) : 48 ?;522%)15 =
Clsolj+ Cy~CO, - ~303 500
CO + § 0,-CO, , —283 000
H,+ } O,—H,0{vap)} A i -—241 800
CH,(vap) + 2 O, ~COy+ 2 H,O(vap) —~ 802 300
C,H, (vap) 4+ 3 0,2 CO, + 2 H,Ofvap ~—1 323 200
C,H,{vap} + 3} 0,—2 CO, + 3 H,O(vap) ~1 427 900
C Hy{vap) + 74 O,—6 CO,; 4 3 H,O(vap) ~3 169 500
CyH,,(vap) + 12§ O, 8 CO, + 9 H,O(vap) -5 116 200
CO, + H,—~CO + H,0(vap) . +41 200
{ H, + OH —H,0(vap) —281 300
¥ N, + § 0y =NO +90 300
2 H-H, —436 000
2 00, —~498 400
2 NN, —~945 600

1

At 298-15 X for H,0

Hyg=44 000 kJkmol of H,O

tor C,H, Hye==33 800 kJ/kmol of C,H,




Heat of Formation of various species at 25°C (298K) and 1 bar

ahg

Substance Formula State (kJ/kmol)

. o) Gas 249170
Oxygen 0, Gas 0
Water H,0 Liquid —~ 285820
Water H,0 Vapour -241830
Carbon C Gas 714990
Carbon - C Diamond 1900
‘Carbon C Graphite 0
Carbon monoxide CcO Gas - 110530
Carbon dioxide CO, Gas - 393520
Methane CH, Gas - 74870
Methyl alcohol CH,0H Yapour -240532
Ethyl alcohol C,H,0H Vapour —281102
Ethane C,H, Gas ~83870
Ethene C,H, Gas 52470
Propane CyH, Gas ~ 102500
Butane CHso Gas - 125000
Octane CHys Liquid ~ 247600
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Oil and Gas Technologies Engineering College -KIRKUK

Combustion Technology

Fuel and Energy Eng. Tech. Dept

COMPOSITION OF ATMOSPHERIC AIR TABLE

Component Molar fraction RMM Mass Fraction
N2 0.781 28.0134 0.756
Ar+CO2 0.009 40.000 0.012
Atmospheric N2 0.79 28.150 0.768
02 0.21 31.9988 0.232
Where signifies approximate. Thus
Atmospheric N2/O2 ratio = 3.76 by volume (molar) = 0.790/0.210= 3.76
and is = 3.31 by mass
ISAM EZZULDDIN YOUSIF FOURTH YEAR STUDENTS

Subject LECTURER
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TRELE A-17

Ideal-gas properties of air »

i h u s T h u s

K klikg A klikg v, k)kg-K K kikg P, kJ/kg v, kifkg-K

200 199.97 0.3363 14256 1707.0 1.29559 580 586.04 14.38 41955 115.7 2.37348
210 209.97 0.3987 149.69 15120 1.34444 590 596.52 1531 427.15 110.6 2.39140
220 219.97 0.4690 156.82 1346.0 1.39105 600 607.02 16.28 434.78 1058 2.40902
230 230.02 0.5477 164.00 1205.0 1.43557 610 617.53 17.30 442.42 10l1.2 2.42644
% 240 240.02 0.6355 171.13 1084.0 1.47824 620 628.07 18.36 450.09 96,92 2.44356

250 250.05 07329 178.28 979.0 1.51917 630 638.63 19.84 457.78 9284 2.46048
260 260.09 0.8405 18545 887.8 1.55848 640 649,22 20.64 465,50 88.99 2.47716
270 270.11 0.9590 192.60 808.0 1.59634 650 659.84 2186 473.26 8534 249364 -
280 280.13 1.0889 199.75 738.0 1.63279 660 67047 23,13 481.01 8182 2.50985
285 285.14 1.1584 203.33 706.1 1.65055 670 681.14 24.46 488.81 78.61 2.52589

290 290.16 1.2311 20691 676.1 1.66802 680 691.82 2585 496.62 7550 2.54175
295 295.17 1.3068 210.49 6479 1.68515 690 702.52 27.29 50445 7256 255731
298 298.18 1.3543 212,64 631.9 1.69528 700 713.27 28.80 512.33 6976 2.57277
300 300.12 1.3860 214.07 621.2 1.70203 710 724.04 30.38 520.23 67.07 2.58810
305 305.22 1.4686 21767 5960 1.71865 720 73482 32.02 528.14 64.53 2.60319

310 310.24 1.5546 221.25 572.3 1.73498 730 745.62 33.72° 536.07 6213 2.61803
315 315.27 1.6442 22485 549.8 1.75106 740 756.44 3550 544.02 5982 263280
320 320.29 1.7375 22842 528.6 1.76690 750 767.29 37.35 551.99 57.63 2.64737
325 325.31 1.8345 232.02 508.4 1.78249 760 778.18 39.27 560.01 5554 2.66176
330 330.34 19352 23561 4894 1.79783 780 800.03 43.35 576.12 51.64 2.69013

340 340.42 2.149 242.82 454.1 1.82790 800 821.95 47.75 59230 48.08 2.71787
350 35049 2379 250.02 422.2 1.85708 820 843.98 5259 608.59 44.84 2.74504
360 360.58 2.626 257.24 393.4 1.88543 840 866.08 57.60 62495 4185 277170
370 370.67 2.892 26446 367.2 1.91313 860 888.27 63.09 641.40 39.12 2.79783
380 380.77 3.176 27169 343.4 1.94001 880 910.56 68.98 65795 36.61 282344

390 390.88 3.481 278.93 321.5 1.96633 900 93293 75.29 674.58 3431 2.84856
400 400,898 3.806 286,16 301.6 1.99194 920 955.38 82.05 691.28 32.18 2.87324
410 411.12 4,153 293.43 283.3 2.01699 940 97792 89.28 708.08 30.22 289748
420 421.26 4.522 30069 266.6 2.04142 960 1000.55 97.00 725.02 2840 292128
430 431.43 4915 307.99 2bl.1 2.06533 980 1023.25% 1052 741.98 26.73 2.94468

440 441.61 5.332 31530 236.8 2.08870 1000 1046.04 114.0 758,94 2517 296770
450 451.80 b.77b 322.62 2236 2.11161 1020 1068.89 123.4 776.10 23.72 2.99034
460 462.02 6.245 329.97 211.4 2.13407 1040 1091.85 133.3 793.36 23.29 3.01260
470 472.24 6.742 337.32 “200.1 2.15604 1060 1114.86 143.9 810.62 21.14 3.03449
480 482.49 7.268 344.70 1895 2.17760 1080 1137.89 1552 827.88 19.98 3.05608

490 49274 7.824 352.08 179.7 2.19876 1100 1161.07 167.1 84533 18.8% 3.07732°
500 503.02 8.411 35949 170.6 2.21952 1120 1184.28 179.7 862,79 17.886 3.09825
510 513.32 9.031 366.92 162.1 2.23993 1140 1207.57 193.1 880.35 16,946 3.11883
520 523.63 9.684 37436 154.1 2.25997 1160 1230.92 207.2 89791 16.064 3.13916
530 b533.98 10.37 381.84 146.7 2.27967 1180 1254.34 222.2 915.57 15.241 3.15916

540 544,35 11.10 389.34 139.7 2.29906 1200 1277.79 238.0 933.33 14.470 3.17888
550 555.74 11.86 396.86 133.1 2.31809 1220 1301.31 2547 951.09 13.747 3.19834
560 565.17 12.66 40442 1270 2.33685 1240 132493 272.3 96895 13.069 3.21751
570 57559 13.50 411.97 121.2 2.35531

Mr. Isam Ezzulddin Yousif
M.Sc. Power Engineering
Combustion Lecturer
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TABLE A-17
Ideal-gas properties of air (Concludedy =
i h u s° T h u 5°
K ki/kg P, kJikg v, k)/kg-K K kikg P kikg v, ki/kg-K

1260 1348.55 290.8 986.90 12.435 3.23638 1600 1757.57 791.2 1298.30 5.804 3.52364
1280 1372.24 3104 100476 11.835 3.25510 1620 1782.00 834.1 1316.96 5.574 3.53879

1300 1395.97 330.9 1022.82 11.275 3.27345 1640 1806.46 878.9 1335.72 5.355 3.55381
1320 1419.76 352.5 1040.38 10.747 3.29160 1660 1830.96 925.6 135448 5.147 3.56867
1340 1443.60 375.3 1058.94 10.247 3.30959 1680 1855.50 974.2 1373.24 4.949 3.58335
1360 1467.49 399.1 1077.10 9.780 3.32724 1700 1880.1 1025 1392.7 4.761 3.5979
1380 1491.44 424.2 1095.26 9.337 3.34474 1750 1941.6 1161 1439.8 4.328 3.6336

1400 151542 450.5 1113.52 8.919 3.36200 1800 2003.3 1310 1487.2 3994 3.6684
1420 1539.44 4738.0 1131.77 8.526 3.37501 1850 2065.3 1475 15349 3.601 3.7023
1440 1563.51 506.9 1150.13 8.153 3.395386 1900 2127.4 1655 1582.6 3.295 3.7354
1460 1587.63 537.1 1168.49 7.801 3.41247 1950 2189.7 1852 1630.6 3.022 3.7677
1480 1611.79 568.8 1186.95 7.468 3.42892 2000 2252.1 2068 1678.7 2776 3.7994

1500 1635.97 601.9 1205.41 7.152 3.44516 | 2050 23146 2303 1726.8 2.555 3.8303
1520 1660.23 636.5 1223.87 6.854 3.46120 2100 2377.7 25659 17753 2.356 3.8605
1540 1684.51 672.8 1242.43 6,569 3.47712 | 2150 2440.3 2837 1823.8 2.175 3.8901
1560 1708.82 710.5 1260.99  6.301 3.49276 2200 2503.2 3138 18724 2012 3.9191
1580 1733.17 750.0 1279.65 6.046 3.50829 2250 2566.4 3464 1921.3 1.864 3.9474

Note: The properties F, {selative pressure) and v, (refative specific volume) are dimensiontess quantities used in the analysis of isentropic processes, and
shoutd not be confused with the properties pressure and specific volume.

Source; Kenneth Wark, Thermodynamics, 4th ed. {New York: McGraw-Hill, 1983}, pp. 78586, table A-5. Originally published in £, H. Keenan and
1. Kaye, Gas Tables (New York: John Wiley & Sons, 1948).
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TABLE A-18
ldewlges properties of nitrogen, My
i h a 5° T h g 5°
K kJ/kmol kJ/kmol kJ/kmoi-K K kJ/kmot kJ/kmot kdkmol-K
0 0 0 0 600 17,563 12,574 212.066
220 6,391 4,562 - 182.639 610 17,864 12,792 212.564
230 6,683 4,770 183.938 620 18,166 13,011 213.055
240 6,975 4,979 185.180 630 18,468 13,230 213.541
* 250 7,266 5,188 186.370 640 18,772 13,450 214.018
260 7,558 5,396 187.514 650 19,075 13,671 214.489
270 7,849 5,604 188.614 660 19,380 13,892 214,954
280 8,141 5,813 189.673 670 19,685 14,114 215.413
290 8,432 6,021 190.695 680 19,991 14,337 215.866
298 8,669 6,190 191.502 690 20,297 14,560 216.314
300 8,723 6,229 191.682 700 20,604 14,784 216.756
310 9,014 6,437 192.638 710 20,912 15,008 217.192
320 9,306 6,645 193.562 720 21,220 15,234 217.624
330 9,597 6,853 194.459 730 21,529 15,460 218.059
340 9,888 7,061 195.328 740 21,839 15,686 218.472
350 10,180 7,270 196.173 750 22,149 15,913 218.889
360 10,471 7,478 196.995 760 22,460 16,141 219.301
370 10,763 7,687 197.794 770 22,772 16,370 219.709
380 11,055 7,895 198.572 780 23,085 16,599 220.113
390 11,347 8,104 199.331 790 23,398 16,830 220.512
400 11,640 8,314 200.071 800 23,714 17,061 220.907
410 11,932 8,523 200.794 810 24,027 17,292 221.298
420 12,225 8,733 201.499 820 24,342 17,524 221.684
430 12,518 8,943 202.189 830 24,658 17,757 222.067
440 12,811 9,153 202.863 840 24,974 17,990 222.447
450 13,105 9,363 203.523 850 25,292 18,224 222.822
460 13,399 9,574 204.170 860 25,610 18,459 223.194
470 13,693 9,786 204.803 870 25,928 18,695 223.562
480 13,988 9,997 205.424 880 26,248 18,931 223.927
490 14,285 10,210 206.033 890 26,568 19,168 224.288
500 14,581 10,423 206.630 900 26,890 19,407 224.647
510 14,876 10,635 207.216 910 27,210 19,644 225.002
520 15,172 10,848 207.792 920 27,532 19,883 225.353
530 15,469 11,062 * 208.358 930 27,854 20,122 225.701
540 15,766 11,277 208.914 940 28,178 20,362 226.047
550 16,064 11,492 209.461 950 28,501 20,603 226.389
560 16,363 11,707 209.999 960 28,826 20,844 226.728
570 16,662 11,923 210.528 970 29,151 21,086 227.064
580 16,962 12,139 211.049 980 29,476 21,328 227.398
590 17,262 12,356 211.562 990 29,803 21,571 227.728
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TABLE A-18
ideal-gas properties of nitrogen, M, (Concluded)’
¥ h ] 5° T h g 3°
K kJ/kmol kJ/kmol kJ/kmol K K kJ/kmol kJ/kmol kJ/kmot-K
1000 30,129 21,815 228.057 1760 56,227 41,594 247.396
1020 30,784 22,304 - 228.706 1780 56,938 42,139 247.798
1040 31,442 22,795 229.344 1800 57,651 42,685 248.195
1060 32,101 23,288 229.973 1820 58,363 43,231 248.589
1080 32,762 23,782 230.591 1840 59,075 43,777 248.979
1100 33,426 24,280 231.199 1860 59,790 44,324 249.365
1120 34,092 24,780 231.799 1880 60,504 44,873 249.748
1140 34,760 25,282 232.391 1900 61,220 45,423 250.128
1160 35,430 25,786 232.973 1920 61,936 45,973 250.502
1180 36,104 26,291 233.549 1940 62,654 46,524 250.874
1200 36,777 26,799 234.11% 1960 63,381 47,075 251.242
1220 37,452 27,308 234.673 1980 64,090 47,627 251.607
%1240 38,129 27,819 235.223 2000 64,810 48,181 251.969
1260 38,807 28,331 235,766 2050 66,612 49,567 252.858
1280 39,488 28,845 236.302 2100 68,417 50,957 253.726
1300 40,170 29,361 236.831 2150 70,226 52,351 254,578
1320 40,853 29,378 237.353 2200 72,040 53,749 255.412
1340 41,539 30,398 237.867 2250 73,856 55,149 256.227
1360 42,227 30,919 238.376 2300 75,676 56,553 257.027
1380 42,915 31,441 238.878 2350 77,496 57,958 257.810
1400 43,605 31,964 239.375 2400 79,320 59,366 258.580
1420 44,295 32,489 239.865 2450 81,149 60,779 259.332
1440 44,988 33,014 240.350 2500 82,981 62,195 260.073
1460 45,682 33,543 240.827 2550 84,814 63,613 260.799
1480 46,377 34,071 241.301 2600 86,650 65,033 261.512
1500 47,073 34,601 241.768 2650 88,488 66,455 262.213
1520 47,771 35,133 242.228 2700 90,328 67,880 262.902
1540 48,470 35,665 242.685 2750 92,171 69,306 263.577
1560 49,168 36,197 243.137 2800 94,014 70,734 264,241
1580 49,869 36,732 243.585 2850 95,859 72,163 264.895
1600 50,571 37,268 244.028 2900 97,705 73,593 265.538
1620 51,275 37,806 244,464 2950 99,556 75,028 266.170
1640 51,980 38,344 244.896 3000 101,407 76,464 266.793
1660 52,686 38,8 245.324 3050 103,260 77,902 267.404
1680 53,393 39,424 245.747 3100 105,115 79,341 268.007
1700 54,099 39,965 246.166 3150 106,972 80,782 268.601
1720 54,807 40,507 246.580 3200 108,830 82,224 269.186
1740 55,516 41,049 246.990 3250 110,690 83,668 269.763

Source: Tables A-18 through A-25 are adapted from Kenneth Wark, Thermodynamics, 4th ed. (New York: McGraw-Hill, 1983), pp. 787-98. Originally
published in JANAF, Thermochemical Tables, NSRDS-NBS-37, 1971.
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TABLE A-19
Ideal-gas properties of oxygen, 0!’
T h g 5° T h T 3°
K kJ/kmol kJ/kmol kJ/kmol-K K kJ/kmol kJ/kmol kJ/kmol-K
4] 0 0 0 600 17,929 12,940 226.346
220 6,404 4.575 - 196.171 610 18,250 13,178 226.877
230 6,694 4,782 197.461 620 18,672 13,417 227.400
% 240 6,984 4,989 198.696 630 18,895 13,657 227918
250 7,275 5,197 199.885 640 19,219 13,898 228.429
260 7,566 5,405 201.027 650 19,544 14,140 228.932
270 7.858 5,613 202.128 660 15,870 14,383 229.430
280 8,150 5822 203.191 670 20,197 14,626 229.920
290 8,443 6,032 204.218 680 20,524 14,871 230.405
298 8,682 6,203 205.033 690 20,854 15,116 230.885
300 8,736 6,242 205.213 700 21,184 15,364 231.358
310 9,030 6,453 206.177 710 21,514 15,611 231.827
320 9,325 6,664 207.112 720 21,845 15,859 232.291
330 9,620 6,877 208.020 730 22,177 16,107 232.748
340 9,916 7,080 208.904 740 22,510 16,357 233.201
350 10,213 7,303 209.765 750 22,844 16,607 233.649
360 10,611 7,518 210.604 760 23178 16,859 234,091
370 10,809 7,733 211.423 770 23,513 172111 234.528
380 11,109 7,949 212.222 780 23,850 17,364 234.960
390 11,409 8,166 213.002 790 24,186 17,618 235.387
400 11,711 8,384 213.765 800 24,523 17,872 235.810
410 12,012 8,603 214.510 810 24,861 18,126 236.230
420 12,314 8822 215.241 820 25,199 18,382 236.644
430 12,618 9,043 215,955 830 25,5637 18,637 237.055
440 12,923 9,264 216.656 840 25,877 18,893 237.462
450 13,228 9,487 217.342 850 26,218 19,150 237.864
460 131525 9,710 218.016 860 26,559 19,408 238.264
470 13,842 9,935 218.676 870 26,899 19,666 238.660
480 14,151 10,160 219.326 880 27,242 19,925 239.051
490 14,460 10,386 219.963 890 27,584 20,185 239,439
500 14,770 10,614 220.589 00 27,928 20,445 239.823
510 15,082 10,842 221.206 910 28,272 20,706 240.203
520 15,3956 11,071 221.812 920 28,616 20,967 240,580
530 15,708 11,301 222.409 930 28,960 21,228 240,953
540 16,022 11,533 222.997 940 29,306 21,491 241.323
550 16,338 11,765 223.576 950 29,652 21,754 241.689
560 16,654 11,998 224,146 960 29,999 22,017 242.052
570 16,971 12,232 224,708 ‘970 30,345 22,280 242.411
580 17,290 12,467 225.262 980 30,692 22,544 242.768
590 17,609 12,703 225.808 990 31,041 22,809 242.120
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TABLE A-19
Ifami-gae properties of oxygen, &(Concfufd)
T h g 3° T h o il
K kJ/kmol kJ/kmol kJ/kmol-K K kJ/kmol kJ/kmol kJ/kmot-K
1000 31,389 23,075 243.471 1760 58,880 44,247 263.861
1020 32,088 23,607- 244.164 1780 59,624 44,825 264.283
1040 32,789 24,142 244.844 1800 60,371 45,405 264,701
1060 33,490 24,677 245.513 1820 61,118 45,986 265.113
1080 34,194 25,214 246.171 1840 61,866 46,568 265.521
1100 34,899 25,753 246818 1860 62,616 47,151 265.925
1120 35,606 26,294 247.454 1880 63,365 47,734 266.326
1140 36,314 26,836 248.081 1900 64,116 48,319 266,722
1160 37,023 27,379 248.698 1920 64,868 48,904 267.115
1180 37,734 27,923 249.307 1940 65,620 49,490 267,505
1200 38,447 28,469 249.906 1960 66,374 50,078 267.891
1220 39,162 29,018 250.497 1980 67,127 50,665 268.275
1240 39,877 29,568 251.079 2000 67,881 51,253 268.655
1260 40,594 30,118 251.653 2050 69,772 52,727 269.588
1280 41,312 30,670 252.219 2100 71,668 - 54,208 270.504
1300 42,033 31,224 2562.776 2150 73,573 55,697 271.399
1320 42,753 31,778 253,325 2200 75,484 57,192 272,278
1340 43,475 32,334 253.868 2250 77,397 58,690 273.136
1360 44,198 32,891 254.404 2300 79,316 60,193 273.891
1380 44,923 33,449 254,932 2350 81,243 61,704 274.809
1400 45,648 34,008 255.454 2400 83,174 63,219 275.625
1420 46,374 34,567 255.968 2450 85,112 64,742 276.424
1440 47,102 35,129 256.475 2500 87,057 66,271 277.207
1460 47,831 35,692 256.978 2550 89,004 67,802 277.979
1480 48,561 36,256 257.474 2600 90,956 69,339 278.738
1500 49,292 36,821 257.965 2650 92,916 70,883 279.485
1520 50,024 37,387 258.450 2700 94,881 72,433 280.219
1540 50,756 37,952 258.928 2750 96,852 73,987 280,942
1560 51,490 38,520 259.402 2800 98,826 75,546 281.654
1580 52,224 39,088 259.870 2850 100,808 77,112 282.357
1600 52,961 39,658 260.333 2900 102,793 78,682 283.048
1620 53,696 40,227 260.791 2950 104,785 80,268 283.728
1640 54,434 40,799 261.242 3000 106,780 81,837 284.399
1660 55,172 41,370 261.690 3050 108,778 83,419 285.060
1680 55,912 41,944 262,132 3100 110,784 85,009 285.713
1700 56,652 42,517 262.571 3150 112,795 86,601 286.355
1720 57,394 43,093 263.005 3200 114,809 88,203 286.989
1740 58,136 43,669 263.435 ° | 3250 116,827 89,804 287.614




Combustion Technology Thermodynamic Properties
of Gases and Liquid Fuels and Air
Fourth Year Students - Fuel and Energy Eng.
“Technologies Department
Technical Eng. College-Kirkuk
Northern Technical University-lraq

TABLE A-20
idvmigme properties of carbon dioxide, £Q;
T h i 3° T I 1] 5°
K kJ/kmol k)fkmol kJ/kmol-K K kJ/kmol kJ/kmol kJ/kmol-K
v} 0 0 0 600 22,280 17,291 243.199
220 6,601 4,772 - 202.966 610 22,754 17,683 243.983
230 6,938 5,026 204,464 620 23,231 18,076 244,768
: 240 7,280 5,285 2056.920 630 23,709 18,471 245524
* 250 7,627 5,548 207.337 640 24,190 18,869 246.282
260 7,979 5,817 208.717 650 24,674 19,270 247.032
270 8,335 6,091 210.062 660 25,160 19,672 247.773
280 8,697 6,369 211.376 670 25,648 20,078 248,507
290 9,063 6,651 212.660 680 26,138 20,484 249,233
298 9,364 6,885 213.685 690 26,631 20,894 249,952
300 9,431 6,939 213.915 700 27.125 21,305 250.663
310 9,807 7,230 215.146 710 27,622 21,719 251.368
320 10,186 7,526 216.351 720 28,121 22,134 252.065
330 10,570 7,826 217.534 730 28,622 22,522 252,755
340 10,959 8,131 218.694 740 29,124 22,972 253.439
350 11,351 8,439 219.831 750 29,629 23,393 254,117
360 11,748 8,752 220.948 760 30,135 23,817 254787
370 12,148 9,068 222.044 770 30,644 24,242 255.452
380 12,652 9,392 223.122 780 31,154 24,669 256.110
390 12,960 9,718 224,182 790 31,665 25,097 256.762
400 13,372 10,046 225.225 800 32,179 25,627 257.408
410 13,787 10,378 226.250 810 32,694 25,959 258.048
420 14,206 10,714 227.258 820 33,212 26,394 258.682
430 14,628 11,053 228.252 830 33,730 26,829 259,311
440 15,054 11,393 229.230 840 34,251 27,267 259,934
450 15,483 11,742 230.194 850 34,773 27,706 260.551
460 15,916 12,091 231.144 860 35,296 28,125 261.164
470 16,351 12,444 232.080 870 35,821 28,588 261,770
480 16,791 12,800 233.004 880 36,347 29,031 262.371
490 17,232 13,158 233916 890 36,876 29,476 262.968
500 17,678 13,521 234.814 900 37,405 29,922 263.559
510 18,126 13,885 235.700 910 37,935 30,369 264.146
520 18,576 14,253 % 236.575 920 38,467 30,818 264.728
530 19,029 14,622 237.439 930 39,000 31,268 265.304
540 19,485 14,996 238.292 940 39,635 31,719 265.877
550 19,945 15,372 239.135 950 40,070 32,171 266.444
560 20,407 15,751 239.962 960 40,607 32,625 267.007
570 20,870 16,131 240.789 970 41,145 33,081 267.566
580 2 S5 16,515 241.602 980 41,685 33,537 268.119
590 21,807 16,902 242.405 990 42,226 33,995 268.670
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TABLE A-20

ideal-gas prapesties of carbon dioxide, €0, {(Concluded)

T h 7 3° T h I 3

K kJ/kmol kdmol kJ/kmol-K ¥ kJ/kmol k3/kmol ki/kmol-K
1000 42,769 34,455 269.215 1760 86,420 71,787 301.543
1620 43,859 35,378 ¢ 270.293 1780 87,612 72,812 302.217
1040 44,953 36,306 271.354 1800 88,806 73,840 302.884
1060 456,051 37,238 272.400 1820 90,000 74,868 303.544
1080 47,153 38,174 273.430 1840 91,1596 75,897 304.198
1100 48,258 39,112 '274.445 1860 92,394 76,929 304.845
1120 49,369 40,057 275.444 1880 93,593 77,962 305.487
11406 50,484 41,006 276.430 1900 94,793 78,996 306.122
1160 51,602 41,957 277.403 1920 95,995 80,031 306.751
1180 52,724 42,913 278.361 1940 97,197 81,067 307.374
1200 53,848 43,871 297.307 1960 98,401 82,105 307.992
1220 54,977 44,834 280.238 1980 99,606 83,144 308.604
1240 56,108 45,799 281.158 2000 100,804 84,185 309.210
1260 57,244 46,768 282.066 2050 103,835 86,791 310.701
1280 53,381 47,739 282.962 2100 106,864 89,404 312.160
1300 59,522 48,713 283.847 2150 109,898 92,023 313.589
1320 60,666 49,691 284.722 2200 112,939 94,648 314.988
1340 61,813 50,672 285.586 2250 115,984 S F=207 316.356
1360 62,963 51,656 286.439 2300 119,035 99,912 317.695
1330 64,116 52,643 287.283 2350 122,091 102,552 319.011
1400 65,271 53,631 288.106 2400 125,152 105,197 320.302
1420 66,427 54621 288.934 2450 128,219 107,849 321.566
1440 67,586 55,614 289.743 2500 131,290 110,504 322.808
1460 68,748 56,609 290.542 2550 134,368 113,166 324.026
1480 66,911 57,606 291.333 2600 137,449 115,832 325.222
1500 71,078 58,606 292.114 2650 140,533 118,500 326.396
1520 72,246 59,609 292.888 2700 143,620 121,172 327.549
1540 73,417 60,613 292.654 2750 146,713 123,849 328.684
1560 74,590 61,620 294411 2800 149,808 126,528 329.800
1580 76,767 62,630 295.161 2850 152,908 129,212 330.896
1600 76,944 63,741 295.901 2900 156,009 131,898 331.975
1620 78,123 64,653 296.632 2950 159,117 134,589 333.037
1640 79,303 65,68 297.356 3000 162,226 137,283 334.084
1660 80,486 66,592 298.072 3050 165,341 139,982 335.114
1680 81,670 67,702 298.781 3100 168,456 142,681 336.126
1700 82,856 68,721 299.482 3150 171,576 145,385 337.124
1720 84,043 69,742 300.177 3200 174,695 148,089 338,109
1740 85,231 70,764 300.863 - 3250 177,822 150,801 339.069
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TABLE A-21
ideal-gas properties of carbon monoxide, CO
P h i 3° T h 7 g
K kJ/kmol kl/kmol kl/kmol-K K kJ/kmol kJ/kmol kJ/kmol-K
0 0 0 0 600 17,611 12,622 218.204
220 6,391 4,562 - 188.683 610 17,915 12,843 218.708
230 6,683 4,771 189,980 620 18,221 13,066 219.205
. 240 6,975 4,979 191.221 630 18,527 13,289 219.695
* 250 7,266 5,188 192.411 640 18,833 13,512 220.179
260 7,658 5,396 193.554 650 19,141 13,736 220.656
270 7,849 5,604 194.654 660 19,449 13,962 221.127
280 8,140 5812 195.713 670 19,758 14,187 221.592
290 8,432 6,020 196.735 680 20,068 14,414 222.052
298 8,669 6,190 197.543 690 20,378 14,641 222.505
300 8,723 6,229 197.723 700 20,690 14,870 222,953
310 9,014 6,437 198.678 710 21,002 15,099 223.396
320 9,306 6,645 199.603 720 21,315 15,328 223.833
330 9,597 6,854 200.500 730 21,628 15,558 224.265
340 9,889 7,062 201.371 740 21,943 15,789 224692
350 10,181 7,271 202.217 750 22,258 16,022 225.115
360 10,473 7480 203.040 760 22,573 16,255 225.533
370 10,765 7,689 203.842 770 22,890 16,488 225.947
380 11,068 7,899 204.622 780 23,208 16,723 226.357
390 11,351 8,108 205.383 790 23,526 16,957 226.762
400 11,644 8,319 206.125 800 23,844 17,193 227.162
410 11,938 8,529 206.850 810 24,164 17,429 227.559
420 12,232 8,740 207.549 820 24,483 17,665 227.952
430 12,526 8,951 208.252 830 24,803 17,902 228.339
440 12,821 9,163 208.929 840 25,124 18,140 228.724
450 13,116 9,375 209.593 850 25,446 18,379 229.106
460 13,412 9,587 210.243 860 25,768 18,617 229.482
470 13,708 9,800 210.880 870 26,091 18,858 229.856
480 14,005 10,014 211.504 880 26,415 19,099 230.227
490 14,302 10,228 212.117 890 26,740 19,341 230.593
500 14,600 10,443 212.719 900 27,066 19,583 230.957
510 14,898 10,658 213.310 910 27,392 19,826 231.317
520 15,197 10,874 213.890 920 27,719 20,070 231.674
530 15,497 11,090 214.460 930 28,046 20,314 232.028
540 15,797 11,307 215.020 940 28,375 20,559 232.379
550 16,097 11,524 215.572 950 28,703 20,805 232,727
560 16,399 11,743 216.115 960 29,033 21,051 233.072
570 16,701 11,961 216.649 970 29,362 21,298 233.413
580 17,003 12,181 217.175 980 29,693 21,545 233.752
590 17,307 12,401 217.693 990 30,024 21,793 234.088
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TABLE A-21
(dmad-gRs propeeties of carbon monoxide, CO (Concluded)
7 h g & T h ] 5
K kJ/kmol kJ/kmiol kJ/kmol-K K kJ/kmol kJ/kmeol kJ/kmol-K
1000 30,355 22,041 234.421 1760 56,756 42,123 253,991
1020 31,020 22,540 - 235.079 1780 57,473 42,673 254.398
1040 31,688 23,041 235728 1800 58,191 43,225 254.797
'y 1060 32,357 23,544 236.364 1820 58,910 43,778 255.194
1080 33,029 24,049 236.992 1840 59,629 44,331 255.587
1100 33,702 24,557 -237.609 1860 60,351 44,886 2551976
1120 34,377 25,065 238.217 1880 61,072 45441 256.361
1140 35,054 25,575 238.817 1900 61,794 45,997 256.743
1160 35,733 26,088 239.407 1920 62,516 46,552 257.122
1180 36,406 26,602 239.989 1940 63,238 47,108 257.497
1200 37,095 27,118 240.663 1960 63,961 47,665 257.868
1220 37,780 27,637 241.128 1980 64,684 48,221 258.236
1240 38,466 28,426 241.686 2000 65,408 48,780 258.600
1260 39,154 28,678 242.236 2050 67,224 50,179 259.494
1280 39,844 29,201 242,780 2100 69,044 51,584 260.370
1300 40,534 29,125 243.316 2150 70,864 52,988 261.226
1320 41,226 30,251 243.844 2200 72,688 54,396 262.065
1340 41,919 30,778 244,366 2250 74,516 55,809 262.887
1360 42,613 31,306 244 880 2300 76,345 57,222 263.692
1380 43,309 31,836 245,388 2350 78,178 58,640 264480
1400 44,007 32,367 245,889 2400 80,015 60,060 265.253
1420 44 707 32,900 246.385 2450 81,852 61,482 266.012
1440 45,408 33,434 246.876 2500 83,692 62,906 266.755
1460 46,110 33,971 247.360 2550 85,537 64,335 267.485
1480 46,813 34,508 247.839 2600 87,383 65,766 268.202
1500 47,517 35,046 248.312 2650 89,230 67,197 268.905
1520 48,222 35,584 248.778 2700 91,077 68,628 269.596
1540 48,928 36,124 249,240 2750 92,930 70,066 270.285
1560 49,635 36,665 249.695 2800 04,784 71,504 270943
1580 50,344 37,207 250.147 2850 96,639 72,945 271.602
1600 51,053 37,750 250.592 2900 98,495 74,383 272.249
1620 51,763 38,293 251.033 2950 100,352 75,825 272.884
1640 52,472 38,837 251.470 3000 102,210 77,267 273.508
1660 53,184 39,382 251,901 3050 104,073 78,715 274.123
1680 53,895 39,927 252.329 3100 105,939 80,164 274.730
1700 54,609 40,474 252,751 3150 107,802 81,612 275.326
1720 55,323 41,023 253.169 3200 109,667 83,061 275.914
1740 56,039 41,572 253.582 - 3250 111,534 84,513 276.494
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3° T h 7] 3°
K kJ/kmol kJ/kmol kJ/kmol-K K kJ/kmol kJ/kmol kJ/kmol-K
0 0 0 0. 1440 42,2808 30,835 177.410
260 7,370 5,209 - 126.636 1480 44,091 31,786 178.291
270 7,657 5,412 127.719 1520 45,384 32,746 179.153
4 280 7,945 5,617 128.765 1560 46,683 33,713 179.995
290 8,233 5,822 129.775 1600 47,990 34,687 180.820
298 8,468 5,989 130.574 1640 49,303 35,668 181.632
300 8,522 6,027 130.754 1680 50,622 36,654 182.428
320 9,100 6,440 132,621 1720 51,947 37,646 183.208
340 9,680 6,853 134,378 1760 53,279 38,645 183.973
360 10,262 7,268 136.039 1800 54,618 39,652 184.724
380 10,843 7,684 137.612 1840 55,962 40,663 185.463
400 11,426 8,100 139.106 1880 57,311 41,680 186.190
420 12,010 8,518 140.529 1920 58,668 42,705 186.904
440 12,594 8,936 141.888 1960 60,031 43,735 187.607
460 13,179 9,355 143.187 2000 61,400 44,771 188.297
480 13,764 9,773 144,432 2050 63,119 46,074 189.148
500 14,350 10,193 145.628 2100 64,847 47,386 189.979
520 14,935 10,611 146.775 2150 66,584 48,708 190.796
560 16,107 11,451 148.945 2200 68,328 50,037 191.598
600 17,280 12,291 150.968 2250 70,080 51,373 192.385
640 18,453 13,133 152.863 2300 71,839 52,716 193.159
680 19,630 13,976 154.645 2350 73,608 54,069 193.921
720 20,807 14,821 156.328 2400 75,383 55,429 194.669
760 21,988 15,669 157.923 2450 77,168 56,798 195.403
800 23,171 16,520 159.440 2500 78,960 58,175 196.125
840 24,359 17,375 160.891 2550 80,755 59,554 196.837
880 25,551 18,235 162.277 2600 82,558 60,941 197.539
920 26,747 19,098 163.607 2650 84,368 62,335 198,229
960 27,948 19,966 164.884 2700 86,186 63,737 198.907
1000 29,154 20,839 166.114 2750 88,008 65,144 199.575
1040 30,364 21,717 167.300 2800 89,838 66,558 200.234
1080 31,580 22,601 168.449 2850 91,671 67,976 200.885
1120 32,802 23,490 169.560 2900 93,512 69,401 201.527
1160 34,028 24,384 170.636 2950 95,358 70,831 202.157
1200 35,262 25,284 171.682 3000 97,211 72,268 202.778
1240 36,502 26,192 172.698 3050 99,065 73,707 203.391
1280 37,749 27,106 173.687 3100 100,926 75,152 203.995
1320 39,002 28,027 174.652 3150 102,793 76,604 204.592
1360 40,263 28,955 175.593 3200 104,667 78,061 205.181
1400 41,530 29,889 176.510 3250 106,545 79,523 205.765
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APPENDIX1
 TABLE A-23

tdeal-gas properties of water vapor, ¥z}
T h 7 = T h g =
K kJ/kmol kd/kmol kJ/kmol-K K kJ/kmol kJ/kmol kJ/kmol-K

0 0 0 - 0 600 20,402 15,413 212.920
220 7,295 5,466° 178.576 610 20,765 15,693 213.529
230 7,628 5,715 180.054 620 21,130 15,975 214.122
240 7,961 5,965 181.471 630 21,495 16,257 214,707
250 8,294 6,215 182.831 640 21,862 16,541 215.285
260 8,627 6,466 ©184.139 650 22,230 16,826 215.856
270 8,961 6,716 185.399 660 22,600 17,112 216.419
280 9,296 6,968 186.616 670 22,970 17,399 216.976
290 9,631 7,219 187.791 680 23,342 17,688 217.527
298 9,904 7,425 188.720 690 23,714 17,978 218.071
300 9,966 7,472 188.928 700 24,088 18,268 218.610
310 10,302 725 190.030 710 24,464 18,561 219.142
320 10,639 7,978 191.098 720 24,840 18,854 219.668
330 10,976 8,232 192.136 730 25,218 19,148 220.189
340 11,314 8,487 193.144 740 25,597 19,444 220.707
350 11,652 8,742 194.125 750 25,977 19,741 221,215
360 11,992 8,998 195.081 760 26,358 20,039 221.720
370 12,331 9,255 196.012 770 26,741 20,339 222.221
380 12,672 9,513 196.920 780 27,125 20,639 222.717
390 13,014 9,771 197.807 790 27,510 20,941 223.207
400 13,356 10,030 198.673 800 27,896 21,245 223.693
410 13,699 10,290 199.521 810 28,284 21,549 224.174
420 14,043 10,551 200.350 820 28,672 21,855 224,651
430 14,388 10,813 201.160 830 29,062 22,162 225.123
440 14,734 11,075 201.955 840 29,454 22,470 225.592
450 15,080 11,339 202.734 850 29,846 22,779 226.057
460 15,428 11,603 203.497 860 30,240 23,090 226.517
470 15,777 11,869 204.247 870 30,635 23,402 226,973
430 16,126 12,135 204.982 880 31,032 23,715 227.426
490 16,477 12,403 205.705 890 31,429 24,029 227.875
500 16,828 12,671 206.413 900 31,828 24,345 228.321
510 17,181 12,940 207.112 910 32,228 24,662 228.763
520 17,534 13,211 207.799 1920 32,629 24,980 229.202
530 17,889 13,482 208.475 930 33,032 25,300 229.637
540 18,245 13,755 209.139 940 33,436 25,621 230.070
550 18,601 14,028 209.795 950 33,841 25,943 230.499
560 18,959 14,303 210.440 960 34,247 26,265 230.924
570 19,318 14,579 211.075 ° 970 34,653 26,588 231.347
580 19,678 14,856 211.702 980 35,061 26,913 231.767
590 20,039 15,134 212.320 990 35,472 27,240 232.184
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TABLE A-23
ldeal-gas properties of water vapor, H.0 (Continved),
7 h ] Z T h I 5°
K kJ/kmol kJ/kmol kJ/kmol-K K kJ/kmol k}/kmol kJ/kmol-K
1000 35,882 27,568 232.597 1760 70,535 55,902 258.151
1020 36,709 28,228 - 233415 1780 71,523 56,723 258.708
1040 37,542 28,895 234.223 13800 72,513 57,547 259.262
: 1060 38,380 29,567 235.020 1820 73,507 58,375 259.811
* 1080 39,223 30,243 235.806 1840 74,506 59,207 260.357
1100 40,071 30,925 236.584 1860 75,506 60,042 260.898
1120 40,923 31,611 237.352 1880 76,511 60,880 261.436
1140 41,780 32,301 238.110 1900 77,517 61,720 261,969
1160 42,642 32,997 238.859 1920 78,527 62,564 262.497
1180 43,509 33,698 239.600 1940 79,540 63,411 263.022
1200 44,380 34,403 240.333 1960 80,555 64,259 263.542
1220 45,256 35112 241.057 1980 81,573 65,111 264,059
1240 46,137 35,827 241.773 2000 82,593 65,965 264.571
1260 47,022 36,546 242482 2050 85,156 68,111 265.838
1280 47,912 37,270 243,183 2100 87,735 70,275 267.081
1300 48,807 38,000 243.877 2150 90,330 72,454 268.301
1320 49,707 38,732 244 564 2200 92,940 74,649 269.500
1340 50,612 39,470 245,243 2250 95,562 76,855 270.679
1360 51,521 40,213 245915 2300 98,199 79,076 271.839
1380 52,434 40,960 246.582 2350 100,846 81,308 272.978
1400 53,351 41,711 247.241 2400 103,508 83,553 274,098
1420 54,273 42,466 247,895 2450 106,183 85,811 275.201
1440 55,198 43,226 248.543 2500 108,868 88,082 276.286
1460 56,128 43,989 243.185 2550 111,565 90,364 277.354
1480 57,062 44,756 249.820 2600 114,273 92,656 278.407
1500 57,999 45,528 250.450 2650 116,991 94,958 279.441
1520 58,942 46,304 251.074 2700 119,717 97,269 280.462
1540 59,888 47,084 251.693 2750 122,453 99,588 281.464
1560 60,838 47,868 252 305 2800 125,198 101,917 282.453
1580 61,792 48,655 252912 2850 127,952 104,256 283.429
1600 62,748 49,445 253.513 2900 130,717 106,605 284.320
1620 63,709 60,240 254.111 2950 133,486 108,959 285.338
1640 64,675 51,039 . 254.703 3000 136,264 111,321 286,273
1660 65,643 51,841 255,290 3050 139,051 113,692 287.194
1680 66,614 52,646 255.873 3100 141,846 116,072 288,102
1700 67,589 53,455 256.450 3150 144,648 118,458 288.999
1720 68,567 54,267 257.022 3200 147,457 120,851 289.884
1740 69,650 55,083 257.589 3250 150,272 123,250 290.756
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TABLE A-24
{ideal-gas properties of monatomic oxygen, O i
T h 7 i T h 7} Ee
K kJ/kmo! kJ/kmot kJ/kmol-K K kJ/kmol kJ/kmol kJfkmot-K
0 8] v} 0 2400 50,834 30,940 204.932
298 6,852 4,373 160.944 2450 51,936 31,566 205.362
300 6,892 4,398 161.079 2500 52,979 32,193 205.783
500 11,197 7,040 172.088 2550 54,021 32,820 206.196
1000 21,713 13,398 186.678 2600 55,064 33,447 206.601
1500 32,150 19,679 . 195.143 2650 56,108 34,075 206,999
1600 34,234 20,931 196.488 2700 57,152 34,703 207.389
1700 36,317 22,183 197.751 2750 58,196 35,332 207.772
1800 38,400 23,434 198.941 2800 59,241 35,961 208.148
1900 40,482 24,685 200.067 2850 60,286 36,590 208.518
2000 42,564 25,935 201.135 2900 61,332 37.220 208.882
2050 43,605 26,560 201.649 2950 62,378 37,851 209.240
2100 44,646 27,186 202.151 3000 63,425 38,482 209.592
2150 45,687 27,811 202.641 3100 65,520 39,746 210.279
2200 46,728 28,436 203.119 3200 67,619 41,013 210.945
2250 47,769 29,062 203.588 3300 69,720 42,283 211.592
2300 48,811 29,688 204.045 3400 71,824 43,556 212,220
2350 49,852 30,314 204.493 3500 73,932 44,832 212.831
TABLE A-25
Ideal-gas properties of hydroxyl, OH
i h 1] 3° T h 7 g°
K kJ/kmol kJ/kmol kJ/kmol-K K kJ/kmol kJ/kmol kJ/kmoi-K
0 0 0 0 2400 77,015 57,061 248.628
298 9,188 6,709 183.594 2450 78,801 58,431 249,364
300 9,244 6,749 183.779 2500 80,592 5%,806 250.088
500 15,181 11,024 198.955 2550 82,388 61,186 250.799
1000 30,123 21,809 219.624 2600 - 84,189 62,572 251.499
1500 46,046 33,575 232.506 2650 85,995 63,962 252.187
1600 49,358 36,055 234.642 2700 87,806 65,358 252.864
1700 52,706 38‘571 236.672 2750 89,622 66,757 253.530
1800 56,089 41,123 238,606 2800 91,442 68,162 254,186
1900 59,505 43,708 240.453 2850 93,266 69,570 254,832
2000 62,952 46,323 242.221 2900 95,095 70,983 255.468
2050 64,687 47,642 243.077 2950 96,927 72,400 256.094
2100 66,428 48,968 243917 . 3000 98,763 73,820 256.712
2150 68,177 50,301 244,740 3100 102,447 76,673 257.919
2200 69,932 51,641 245.547 3200 106,145 79,539 259.093
2250 71,694 52,987 246.338 3300 109,855 82,418 260.235
2300 73,462 54,339 247.116 3400 113,678 85,309 261.347
2350 75,236 55,697 247.879 3500 117,312 88,212 262.429
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TABLE A-25

Enthaipy of formation, Gibbs function of formation, and absolute entropy at -
25°C, 1 atm

B 2 5°

Substance Formula kJfkmol kJ/kmol kifkmol-K
Carbon Cls) 0 0 5.74
Hydrogen H (&) 0 0 130.68
Nitrogen Ny () 0 0 19161
Oxygen 0,(g) ) 0  205.04
Carbon monoxide COolg) —-110,530 —-137,150 197.65
Carbon dioxide CO,(g —393,520 -394,360 213.80
Water vapor H,0(2) fﬁm F -208590 18883
Water H,0(¢) —285,830  —237,180 69.92
Hydrogen peroxide H,0,{(g) —136,310 -105,600 232.63
Ammonia NH,(g} —46,190 —-16,590 192.33
Methane CH,(& —74,850 —5@,790 186.16
Acetylene CoH. (g +226,730 +209,170  200.85
Ethylene C,oH,(2) +52,280 +68,120 219.83
Ethane CoHq (@) —84,680 -32,890 22949
Propylene C3Hg(2) +20,410 +62,720 266.94
Propane CoHglg) -103,850 ~23,490 269.91
r-Butane CHiol@ -126,150 -15,710  310.12
n-Octane CqH 587 —208,450 +16,530  466.73
n-Octane CaH, g} —249,950 +6,610  360.79
n-Dodecane CiHaslg) —291,010 +50,150  622.83
Benzene CeHel +82,930 +129.660  269.20
Methyl alcohot CH,0H(g -200,670 —162,000 239.70
Methyl alcohot CH;0H(£) 238,660 -166,360 126.80
Ethyl alcohol C,HsOH{g) —235,310 —168,570 282.59
Ethyl alcohol C,HsOH(E) 277,690 -174,890 166.70
Oxygen Olg +249,190 +231,770 161.06
Hydrogen Hig} +218,000 +203,290 114.72
Nitrogen Mg} +472,650 +455,510 153.30
Hydroxyl CH(g) +39,460 +34,280 183.70

Source: From JANAF, Thermochemical Tables (Midland, Mi: Dow Chemical Co., 1971} Sefected
Values of Chemical Thermodynamic Properties, NBS Technical Mote 270-3, 1968; and AP
Researct Project 44 {Carmegie Press, 1953).
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TABLE A-27
Prisperties of some common fuels and hydracarbons

Higher Lower

Molar Enthalpy of Specific  heating heating
mass, Density, vaporization,?  heat,! ¢, value,? vaiue,®

Fuel {phase} Formuia kg/kmol kg/L - _kiikg kiAg K kJ/kg kJ/kg

Carbon (s) (& 12.011 2 - 0.708 32,800 32,800
Hydrogen (g) H, 2.016 — — 14.4 141,800 120,000
Carbon monoxide (g0 CO 28.013 _ — 1.05 10,100 10,100
Methane (g} CH, 16.043 —_ 509 2.20 55,530 50,050
Methanol (€) CH,0 32.042 0.790 1168 2.53 22,660 19,920
Acetylene (g} C.H, 26.038 —_ — 1.69 49,970 48,280
Ethane {g) C,H; 30.070 — 172 1575 51,900 47,520
Ethanol (£) C,He0 46.069 0.790 919 2.44 29,670 26,810
Propane (£} CyHy - 44.097 0.500 335 2.77 50,330 46,340
Butane (£) CHyo 58.123 0.579 362 2.42 49,150 45,370
1-Pentene {£) CsHio 70.134 0.641 363 2.20 47,760 44,630
Isopentane (£) CsHy, 72.150 0.626 = 2.32 48,570 44,910
Benzene (£) CgHs 78.114 0.877 433 1.72 41,800 40,100
Hexene (€) CeHyo 84.161 0.673 392 1.84 47,500 44,400
Hexane (£) CeHia 86.177 0.660 366 27 48,310 44,740
Toluene {£) C;Hg 92.141 0.867 412 1.71 42,400 40,500
Heptane {£) CHyg 100.204 0.684 365 2.24 48,100 44,600
Octane (€) CgHys 114.231 0.703 363 553 47,890 44,430
Decane (¢) CyoHzz 142,285 0.730 361 2.21 47,640 44,240
Gasoline (£) vy T 100-110 0.72-0.78 350 2.4 47,300 44,000
Light diesel (£} CoHign 170 0.78-0.84 270 2.2 46,100 43,200
Heavy diesel (£) CH, 74 200 0.82-0.88 230 1.9 45,500 42,800
Matural gas {g) CH;eNo1n 18 — — 2 50,000 45,000

1At 1 atm and 20°C.
2at 25°C for kiguid fuels, and 1 atm and normal boiling temperature for gaseous fuels.
3at 26°C. Muitiply by molar mass te obtain heating values in k)fkmol.




15-2

15-13 Methane is burned with the stoichiometric amount of air during a combustion process. The AF a
FA ratios are to be determined.

Assumptions 1 Combustion is complet@.The combustion products contain £8,0, and N only.

Properties The molar masses of C,Hand air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis This is a theoretical combustion process since

methane is burned completely with stoichiometric amount of CH,
air. The stoichiometric combustion equation of G4 > Products
Air —>
CH, +ay[0, +3.76N, | —— CO, + 2H,0+3.76, N, )

stoichiometric
O, balance: ap=1+1 — aup=2

Substituting, CH, + 240, +3.76N,|—> CO, + 2H,0+ 7.52N,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

Ap Mair _ (2x 4.76kmol) 29 kg/kmol)

- - =17.3 kg air/kg fuel
Mue  (Lkmol)12kg/kmol)+ (2 kmol)2 kg/kmol) garkatu

The fuel-air ratio is the inverse of the air-fuel ratio,

Al l_ 1
AF  17.3kg air/kg fuel

=0.0578 kg fuel/kg air

15-14 Propane is burned with 75 percent excess air during a combustion process. The AF ratio is to be
determined.

Assumptions 1 Combustion is complet@.The combustion products contain £8,0, O,, and N only.
Properties The molar masses of C,Hand air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The combustion equation in this case can be written as

C,Hg + 175a,, [0, +3.76N, ] —>3CO, + 4H,0+ 0753,,0, + (175 376)a;, N,

where ay, is the stoichiometric coefficient for air. We have
automatically accounte for the 75% excess air by using the CH
factor 1.7%y, instead ofy, for air. The stoichiometric amount of SI d
oxygen 64,0,) will be used to oxidize the fuel, and the remaining _ Products
excess amount (0.250,) will appear in the products as free Air ’
oxygen. The coefficierdy, is determined from the alance, 750 excess

O, balance: 1758, =3+2+Q7%,, —— ayu=>5

Substituting, C;Hg +8.75[02+ 376Nz] — O+ H,0+ 37D+ 329,
The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

Ap Mair _ (8.75x 4.76kmol)(29 kg/kmol)

 Muer - 27.5kgair/kg fuel
Mue  (3kmol)12kg/kmol)+ (4 kmol) 2 kg/kmol) gair/kgfu
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15-15 Acetylene is burned with the stoichiometric amount of air during a combustion process. The AF ratio
is to be determined on a mass and on a mole basis.

Assumptions 1 Combustion is complet@.The combustion products contain £8,0, and N only.

Properties The molar masses of C,Hand air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis This is a theoretical combustion process singd,Gs burned completely with stoichiometric
amount of air. The stoichiometric combustion equation6f,G

C,H, +a,,[0, +3.76N, | — 2CO, + H,0+3.763,N , C,H,
—»
O, balance: a=2+05 —— a;=25 Products
100% —»|

Substituting,
C,H, +2.50, +3.76N,|—— 2CO, + H,0+9.4N,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

Ap_ Mair _ (2.5x 4.76kmol)29 kg/kmol)
" Mue (2kmol)12kg/kmol)+ (1 kmol)(2 kg/kmol)

On a mole basis, the air-fuel ratio is expressed as the ratio of the mole numbers of the air to the mole
numbers of the fuel,

theoretical air

=13.3 kgair/kg fuel

Nair  (2.5x4.76)kmol
Ntel 1kmolfuel

AF =11.9 kmol air/kmol fuel

moldasis ~

15-16 Ethane is burned with an unknown amount of air during a combustion process. The AF ratio and the
percentage of theoretical aised are to be determined.

Assumptions 1 Combustion is complet@.The combustion products contain £8,0, O,, and N only.

Properties The molar masses of C,Hand air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis () The combustion equation in this case can be written as  C2Hs

—>
C,Hg +a]0, +3.76N, ] —»2C0, +3H,0+ 30, +3.76N, | Products
—
O, balance: a=2+15+3——a=65 air

Substituting,  C,Hg + 6.0, +3.76N,]——>2CO, + 3H,0 + 30, + 24.44N,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

Ap Mair _ (6.5x 4.76kmol)(29 kg/kmol)
" Mye (2 kmol)12kg/kmol)+ (3 kmol) 2 kg/kmol)

(b) To find the percent theoretical air used, we ntednow the theoretical amount of air, which is
determined from the theoretical combustion equation,bif,C

C,Hg+2a,[0,+3.76N,] —— 2CO~+ 3HQ 3.7, N

=29.9kgair/kgfuel

O, balance: ay=2+15 — a;, =35

m,; N,
Then, Percentheoretichair = —o2t — __aradt _ 2 _55 1g6%

Mairtn  Nairn @ 3
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15-19 Propal alcohol C3H70H is burned with 50 percent excess air. The balanced reaction equation fo
complete combustion is to be written and the air-to-fuel ratio is to be determined.

Assumptions 1 Combustion is complet@.The combustion products contain £8,0, O,, and N only.

Properties The molar masses of C,HD, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis The combustion equation in this case can be written as
C;H,OH+15a4[0, +3.76N,]|—>BCO, + DH,0+EO, +F N,

whereay, is the stoichiometric coefficient for air. We have automatically accounted for the 50% excess air
by using the factor 1, instead ofay, for air. The coefficientay, and other coefficients are to be
determined from the mass balances

Carbon balance: B=3
C;sH,OH
Hydrogen balance: 2D=8——>D=4 —» Products
Oxygen balance: 1+2x15ay, = 2B+ D+ 2E alf '
05a,, = E 50% ecces
Nitrogen balance: 15ay, x 376=F

Solving the above equations, we find the coefficiefts- (2.25,F = 25.38, andhy, = 4.5) and write the
balanced reaction equation as

C3H,OH+ 6750, +3.76N,]——3CO, + 4H,0+ 2250, + 2538N,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

AF = Mair _ (6.75x 4.75kmol)(29kg/kmol)
Miyel (3x12+8x1+1x16)kg

=15.51kg air/kg fuel
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15-21 A fuel mixture of 20% by mass methane, £ldnd 80% by mass ethanol,HgO, is burned
completely with theoretical air. The requdriow rate of air is to be determined.

Assumptions 1 Combustion is complet@.The combustion products contain £8,0, and N only.

Properties The molar masses of C,HD, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis The combustion equation in this case can be written as
XCH, +yC,H,O+ay[0,+3.76N,| —>BCO, +DH,0+F N,

where ay, is the stoichiometric coeffient for air. The coefficienty, and other coefficients are to be
determined from the mass balances

Carbon balance: X+2y=B
20% CH,
Hydrogen balance: 4x+6y=2D 80% GHgO
Oxygen balance: 2ay, +y=2B+D Air Products
. ) —>
Nitrogenbalance: 376ay, =F 100% theoretica
Solving the above equations, Wed the coefficients as
x=0.4182 B=1582
y=0.5818 D =2582
ay, = 2582 F =9.708

Then, we write the balanced reaction equation as
0.4182CH, + 0.5818C,H40 + 2.582[02 + 3.76N2]—> 1.582C0O, + 2.582H,0 + 9.708N,

The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel,

AF — mair

Miyel
(2.582x 4.76kmol)(29kg/kmaol)

- (0.4182kmol) L2+ 4x D)kg/kmol+ (0.5818kmol)(2x12+ 6x1+16)kg/kmol

Then, the required flow rate of air becomes
my;, = AFMy,e = (L064)(31kg/s)=330 kg/s

= 1064kgair/kgfuel
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15-22 Octane is burned with 250 percent theoretical air during a combustion process. The AF ratio and the
dew-pint temperature of the products are to be determined.

Assumptions 1 Combustion is complet@. The combustion products contain £8,0, O,, and N only. 3
Combustion gases are ideal gases.

Properties The molar masses of C,Hand air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis (a) The combustion equation in this case can be written as
CgHig+ 2.5y O,+ 3.76N] —— 8CQ+ 9H @ 1&, @+ (25 3.26), N

whereay, is the stoichiometric coefficient for air.

It is determined from CgH1g
_> .
: - _ Combustion Products
O, balance: 25ay, =8+ 45+ 15a;, —— ay, =125 A chamber —*
Substituting, — P=1atm
¢ 25°C

CgHyg +31.280, +3.76N,]—>8CO, +9H,0+18.750, +117.5N,

Thus. AF = Tair _ (31.25¢4.76kmol)29 kg/kmol)
" mye  (8kmolfL2kgrkmol)+(9 kmol)(2 kg/kmol)

=37.8 kg air/kg fuel

(b) The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor i
the product gases corresponding to its partial pressure. That is,

R=| N lp = 2KMOl Y461 325kpa)=5.951kPa
prod 153.25kmol

ThUS, po = Tsa@5.951kPa = 3600C

15-23 Gasoline is burned steadily with air in a jet elgiThe AF ratio is given. The percentage of excess
air used is to be determined.

Assumptions 1 Combustion is complet@.The combustion products contain £8,0, and N only.

Properties The molar masses of C,Hand air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The theoretical combustion equation in this

case can be written as Gasoline
™ Jet engine| Products
CgHig+ay[O,+3.76N] ——> 8CO+ 9H, G 3.7, N (CgH19)

whereay, is the stoichiometric coefficient for air. It is determined fromA.—>
ir

O, balance: a,=8+45 —— a;=125

The air-fuel ratio for the theoretical reaction is determined by taking the ratio of the mass of the air to the
mass of the fuel for,

Mairh (12.5x 4.76kmol)29 kg/kmol)
Mue (8 kmol)12kg/kmol)+ (9 kmol)2 kg/kmol)

Then the percent theoretical air used can be determined from

ARy, = =15.14kgair/kg fuel

AFq  18kg air/kg fuel

= . =119%
AF,,  15.14kg air/kg fuel

Percentheoretichair =
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