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Abstract

A computer program based on the minimization of total Gibbs' free energy and enthalpy bala
nce was developed to calculate the chemical equilibrium composition and adiabatic flame temper-
ature, especially stressed on NO and CO concentration of Heavy oil.

Twenty four components of combustion gases which would be produced from the combustion
of Heavy oil were chosen and utilized for the products composition analysis of competing comb-
ustion reaction.

As the results, following conclusions were turned out;

(1) Maximum adiabatic flame temperature was found around to be 2900K, when the stoichiom-
etric air ratio was 0. 8.

(2) Maximum NO quantity in adiabatic process was occured when supplied air quantity was
around 120% of theoretical air requirement.

(3) NO and CO quantities were increased with combustion gas temperature at constant stoichi-
ometric air ratio.

(4) At constant temperature of combustion gas, NO quantity was increased and CO quantity
was decreased with supplied air quantity.
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Table 1 Fuel characteristics

Composition Wt (%)
C 85. 87
H 11.85
N 0.27
S 0.89
0 1. 075
Ash 0. 045
Heating value
HHV 44.45 Mj/kg
LHV 41.86 MJ/kg
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Fig. 1 Enthalpy of calculation of each step of fuel combustion product
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Table 2 Constants in polynomial equation of heat capacity, C,=8,+b,T+b,T?+b;T3 Cr=cal/g-mol-k,

togloss oL 8Ex

u‘q() 5T

. 4f3“'7‘4 FIAE

TL1HEE .4{::& 2LOPE+GL!L,

A0EB4E+0L !

12414

1 0 8 st ot 15 5 s s s 15 0 e e e




182 Gl T

Table 3 Constants in polynomial equation of Gibbs' free energy, G=ao+aiT+a,T?+a;Ts, G=cal/g-mole,
T=K

No. Comp. ay a a,

as

1011803 !~ 94130890E+02! L 14370885E-011 . 12125087E-04!—, 18577850E~08 !

TO41ICH20! -, 275851 61E4+02! L 46261847E-021 (| 22705372E~-05!1 -, 32637448E~09!

YOSICO -, 26623F06E+02 1~ 21403156E-01"1 186491 15E~06! . 42785150E~10!
LOL!ICO2 1=, 93990845E+02 ! -, 931 F0131E~0T! L I526T508E-06! ~. 34491 568E~10!

ZOIE-04 ! ~. 183293258E-08!

841S57E-04! ~, 34762080E~-08!
_____ » OOO00OOOE+OD !

PIOTHZ0 - S762513TE4+02Y L 10040767E-011 L 1782203 1E-05! ~. 25499469E-09!

TI71CHN ! L S1227310E+02 -, 85377097E~02! . 45100910E~Qb ! —. 67687481E-10!
T1S1CHA =, 176127476402 18936452E-01" ,I8791413E-05! ~, 60261 307E~0F!
19108 ! L S4849380E+02 ! -  46789T744E~-01" L 11953510E~04 -, 171433346E-08!

e e S e s et s s s i e - e some e e L o MRS R gy

1201C2H2! L 542858636E+02 1 ~, 14840266E-01! .R4062318E~06"~. 12579508E~-09!

121 PCRHA ! L 12932176E+02 L 11897877E-01! . 39374381E~05! -, 61695404E-Q9!

t221N0 .21532@74E+02!—.28488969E—02!—.1122587OE~06! L 20524943ZE-10!

t291¢C [ OC)OOC)OC)O_E-!-C)O L OC)C)C)OC!OC)E'*OO L O0QOO000E+QO ! |, O0OOOOOOE+QD !
SANA £AAL I 9 4 &9 & 16 21) U=[n*1/nt—1] (23)
288 Talelok ¥ RMKE A7 WHE mol 1 R (19), (21, (22) 0 @)oozt FaB 4 A a
ol FHEke B (W-1){go] o, ¢ T N 1 KBEBTFERS GEw oot
B Kk 2ol MEe BEE wg ek,
xzmzzn‘,aua..mj“ (22) llxu—l—---+Z,x1,,+A1Uzﬁa”n;‘(-go——klnff—)
i=1 i=1 RT #nt



REREES RO THAR B 3¢ W

JZnteee Ao+ A U—ZN,a -n-"( G
1421 WN2W 2 _x'=1 23065 RT

...........................................................................

21xw1+ oA Aot Au U—Za,,,,n, (
2 A1+ +waw+0

—Zn ( . ) (24)
% (24)% Gauss a‘ﬁf&fﬂ] gated Eolshd WiEY A
3 1 Ugte oA Ieh Faeln e =% (17)
3 (3o KA REFERS] e i o
o) Nfgel #**1e] -¢ ¢ 4 glef

2.3 BHBH BH

X B )E B AHAE £FS BE TK
A B joll A3k Gibbs gelvl A, #kE 9 298K
o] A8 REARSC] Lesieh, o] & EhE 2ER

/

\INput Data of Fuel

.Wt% of elements
.Heat of formation
sThermodynamic data

£k

183

(11)4] Table 8] zt¢ B/hERE 9J5d e K3t
Zro] BES 3% £WEK o oz oo @
EAAE #chBry BEE ¢ + d=S dg,

cr=aytayT-+a, T+ a; T3

G=bo+b,T+b,T2+b,T* (25)
A Rl A4 ¢, cal/gemol-k, T'= K,G: cal/gemol
€ JEbgel Table 29} Table 3-& & Poeol4 =
A BERAE B e o
Rz gleh

of Wlg & (25)9 %

2.4 HFE =Z20Y

Fig. 2 9ol4 L REE o] 843t (Hygy
WE Tol4 #hkte] PABESESHERS, () Bisukmed
Xi BHEFEN 8 FRETEE 4 REREER
T AER st ERR AFE =2 58

INput Data
.dcat of formation at 298K
5)

-Constants in Eq(2
TNput Data /
Initial Gas Composition
as temnerature /
- | I _ k+1
Setup Matrix of Eq(24)r T T,

Gauss Elimination Method

l Solve Matrix by

k+1 J
i

New Composition, n

Setup the Equation of
Adiabatic Temperature

I

S5olve the Equation by
Newton-Raphson Method

YES

[Adiabatic temperature’
Gas Composition
( STOP ’

Fig. 2 Flow chart



184 FEHE-FTHFE
3. R U % B A0S A3 dg A5 JEdold RS
YERR = —fijo] oF, Table 464 & <= 3] So] & F
A WFel A= Table 19 #ipg 2d BHE 18 AR BECH SN 9 09 faos Axsise

e, (1) —F EEE 1000, 1500, 1600, 2000K ol 4 @H
BEEC € BEAEY FHEER, () mBag
B2 80% A 150%7F7 & A3 & W) MismETmEEE
R 2 A9 PEEARA st g HRI AE
Z2a¢ ol -3l FHEslL HEE Mgl
Table 4 = PAEREY BES 1500K o] = BRER

Table 4 Combustion gas quantity of Heavy oil for
theoretical air and combustion temperature

of 1500K
No. ] Gas 1 Wt(g) Wt(g\kg of fuel)
Vol Y 807 YV, 1A496F00E-01 f 166831 A0E-01
Y02 CHRD!, .1

FLOE-08 1

OO CHO Y.

Z14TTRR0EX04 ] . T1EE4E

DORTLHROQE-QP L B1Aa

LL10B6B10E-01 1 .

1L 103RE7R0ES0N !

CEFRRETOOE

- BEBOTHELOE

tig ot cH4 !

L1 SOE~19 1 . 16140420819 1
D19 1 0B L 1T111760E-17 ! 15259950817 ¢
20 ! CTHZ!.SZ6TALE0E-28 | JEII7I140E-7E |
=PI Cf-._;’}'i‘i"‘mi’?Sluﬁﬂ’l()[_w"“".1‘77"74 FOE-TE !
e

UL ATIBAEI0ES00 1 L 841 2RTOE4DO

D23 0 NOR 1. ZE34T820E-03 ! . 286&5040E-0F

- BHA4FEEEOE-Q7 |

T S A L E6087I90E-07 !

PEREE 24 B o slo] LEBTEEIES Mg o

3.1 MEEFBY 2 HRETEEY NO
ERE
Fig. 3¢ BB=FEN #& EALZEE 2 NO

ARES BUERS YT g BHEaIZTEE
A EREREY B 0.84 T4 BAEES e}
viglon REEC] BINESS LTEEE WAy
BH1000g o) N F NO 9 £mEs An s
ERE BREREY 120% 22X E RESRE
o #inel whel NO o AREE #Mmsv 2 bl ke
A& NO 9| A&l BAEE Ee Jerd el o
A BHR RERES 99 FHEEE b o8 R ¢
= LBFERANA N, 0,9 sl Shigmme) mer
7t HETHEERY HANSR FBS ulA o Lo
vebdet,
%Ng-l—%OzzNO
ke, Fig 33 22 HEL BEERE BRE
FEH 120%7F | WAL ZEE i wE N,
O.of BERIT 919 FEE 2288038 o|EA7k
el MERBEES HAvl 8% w o] FAs L
fHER e s BREBEEEEC) BERERES 120% L
Lol A= BERAS FHERES 9F 02 o) 545 =
el No O 9 BE Birl 2 2F80 2 o] Els&
fRFERek ey W el dolule BWpos @He +
gk

(26)

—E REMN REERE 02 NO &

3.2
gl gtk
Fig. 4 & RiEFB BEES 1300, 1500 ¥ 1600K

= FHEAZRE A BRERE kA RE 10008 &
== NO 9 g% etz gich o] 2¥alA 2
< M Table 19 BB READSL o B4AEE
NO & FHEPE bz 9o

—& WEANA BRHEREC] Finshd NO9Q 4R
X Bindte], —ET REZREANA REFRET B
Bk A$std NOBAR o4 Asdcl. #HBYF
ool 3l NO & il e MRe i
Bl unl BFEEREY #ind wekd NO9 4K
Bol B € EEX A—d Eﬂﬁ%ﬁﬂ] ﬂiﬂ NO
Bingd BEL A gse 25 ¢ 4 g



BEERIES BOIBN TG EA 3¢ HR 185

250, 3560
3 F ©) R [
) N =
. L Q) O, - g
o =
[a] [~

200 — 3000 <

-3
M ] &
S~ . - <9
:
. h £
P >
a 5
: D\ \ <<
) D\ A
=4 2
s o
= D\ | f_{
[

E 150 2500 -
[V} o
@] - =Y
oy =
& a
= <
| j

100 i { [ ! ! I — 2000

1.3 1.4 1.8

1.2,

STOICHIOMETRIC RIF RATIC

Fig. 83 Adiabatic flame temperature and quantity according to stoichiometic air ratio

[-]=Adiabatic flame temperature (K)

©®=NO quantity (g/kg of fuel)

A KRE Nost 071 fUEste NO7F BRe & e
RIERE wt2x) gfotA Fgel] sdshE Rfe] o
o A7) kel BAE e Bgos 49% 4 ek
Fig. 5= BRERES EAEHZLT RERE
BBl we RE 1000g % NO Y £RES Jehz
ek o] #Fdl e —%E BEANA BREFEE
10% gingro 24 #nse NOS Bucl —Fd @
FRRENA REEERS BEST 100K Fhdozy
winse NOS Bl 2dte A& ¢ gk
BOBH TR fENAq NOo £ EHRe ¢
My, BRHERS #nst NO o AREd vlAe ¥
Brol MERIBIRES sl NOLKE #Einell =]

B BB 2ue s ¢+ Y.

3.3 —% BEAM MEZgBil o= CoL
RE2] Bk

Fig. 62 1600K ol 4 @R ZEEE o8 COLRE

o BLE BIBY TERE ot HET R

LR (2) 8 EREE ehia glvh BRERES B

Mol =g COARES M HEe AR B
RS Emy A fSa gloh. SR 10008 % CO
o ERES MESRE] WREARS 110%904
Adl Bhdn 2 LEAAE A9 BAHA gE
SR =Y
BDBMH BREEES 2% CO AR B 2
—Fohe A-S AR ke EANY I K
&eke] CO7b ke {LBRIEEE} Kk Beha
Fe ROl TR 293 ¢ + g

Fig. 7% MBS EES BAEERE 2 88
BERET COLRE Aol o WUBIRE Febul 2 gloh.

BB RG] SR —ET M) A
PR B 452 43 C0Y ol HmeH
—~sE MBI A BMEAR BIE +2 COBYR
L HAEE &+ glvh COS ARES BBK T
o] S5t M BRERES el o
o CO8 e Tol: Aurl: MBRMEY BES B
pAZozA COS ARBE Folt Aol urt HE
felshe 24 & 4+ 9ok a9iT REREY BEA



01 ‘oner ne=¢
Z2°1 ‘onex ire=[:]
71 ‘oner ire=[

onel 1e
OLIJWIOIYDI0)S 0) BulpIodde sBd uousnquIod

1°1 ‘onjer Ie=@©
£'1 ‘onel Je=@

jo aimeladwa) SA pIARNO[RD Ajjuenb ON € Sig

Sy KOTLENTWOD J0
0607 po6T 008T A0LT 00691 00SL o0eT ¢

1171 ] I I i ] to
il e ;
e
KWJ -
£ .
= a
e 2
]
ot
o\m
\04\\ g |
£ \ M

186

NIDOHLIIN

‘ICIXONONW

7ana 3o 5x/6

BjEp ponsesw=4§)
(pare[nored) 300SI=®

(pasenorea) 300€T="[1
(pa1e[noted) 310091=0©
sed uonsnquiod jo ainjeraduwal
snoLieA 03 Suipiodoe O1jRI i OLIJPWOIYOI0)S 'SA Ajnuenb (D)

OILVY ¥YIY DIULAWOINDIOLS
ST vl €01 AR T°1 0'T

T T

I I N

11

0T

V3

‘HAIXONON NOgYUYD

1AL 3o by/b



187

e 3 HE

B

MBS RO TEER

M00ST=@ ME0OI=@ 3[0002=0©
sed

uonsnquod jo sinjeadwa)] 0} 3ulpiodde Oljel
Jle DLIJSWIYSIO}S ‘SA paje[no[ed Ajuenb 9p L ‘8

Gpod g1V O TYLHROTIHEDTIOLS

[O £ [ 71 0T
T T _ T 0
e
4 -
N I
T
I3}
z
-3
. g
2
4 =
o
— o
-
_l ~
=
n @
loo..mo
rt
]
=
_ w
[

oot

painsesw =@ I[0001 1e pAaemoEI=[:]
orjel ire OLIJPWIOIYOI0}S ‘sA Amuenb 0 9 81

OTLvd ¥V

DI LHdNOTHDIOLS

~

N

D

104dev

TTITXOANON

S

W

3o



188

1000K LIT2 KT ol 23k REREEE =3
BT RADBY el =dsle K] oA
PR BB A oS Bl e A g
= B By COs w4

4. ¥ @

Gibbs F el A A Be/bk 2 A&l le] o sk
Table 1] #hite] Brigol =3 MEER 2 BiaEF
BE HEERE Fee e g

() RABFREZRES RERER) EHEEEY
80% TuellA BRFG s BRM=EE #ind =z}
B9

(2) Bi3GBEANA NO S RA4AREL BEEREC
HRERES 9 120% YA w4ty

(3) —F BMEA BREERE 10%2 #jnst NO 4
B vz BEucl REmARe BE 100K #inst
NO AR & =lx]e #8e] =A Jepyt}

(4) #OOEH Tl o BES As
CO9 4ol Srhstn BREREC 275t C
9 £REL BT

A R SR BOEN Tl 28 A
olvl. welA MEgEe] ¥l FHES M-S 964
© BREEBERY Wt H5eE o oF g,

w;

®

i
u

A WL BEMEME HEIHERY —BE %
A AdY = oldl Wt A4 BHE =P

2 £ X B
(1) Wark, K. & Warner, C.F., Air Pollution, Harper

& Row publisher, New York, 1981
(2) Tranie, L.A. & Shera, G., Combustion du Fuel

e

FHHE

Lourd en Pulverisation Mecanique Reductions Pos-
sibles des Emission Ponderables, Rev. Gen. Ferm.,
No. 196, France, 1978

(3) Murayama, T., Tsukahara, M. & Morishima, Y.,
Experimental Reduction of NO., Smoke and BSFC
in a Diesel Engine Using Uniquely produced Water
to Fuel Emulsion, SAE 780224, 1978

(4) B., Crayel, Methode de Calcul des Performances
des Propergols dans le Cas de Systemes Chimiques
Heterogenes Comples, Energie, No.9, 1966

(5) Zeldovich, Ya. B. et al., Mathematical Theory of
Combustion and Explosions, Plenum Publishing
Crop., New York and London, 1985

(6) Engleman, V.S. et al.,
etical Studies of NO. Formation in a Jet-Stirred

Experimental and Theor-

Combustor, Fourteenth Symposium on Combustion,
pp. 755~765, 1973

(7) Smith, J.M. & Van Ness, H.C,,
Chemical Enginecering Thermodynamics, McGraw-
Hill, 1975

(8) Kandiner, H.J. & Brinkley, S.R., Ind. & Eng.
Chem., Vol. 42, No.5, pp.850~855 1950

(9) Zelenik & Gordon, S., Ind. & Eng. Chem., Vol.
60, No.27, 1968

(10) Jenson, V.G. & Jefferys, G.V., Mathematical
Methods in Chemical Engineering, Academic Press,
1963

(11) Stull, D.R. & Prophet, H., JANAF Thermoche-
mical Tahbles, 2nd ed. NSRDSNAS Dow Chemical
Co., Midland, Mich., 1971

(12) Hall, R.E., The Effect of Water/Residual Oil
Emulsions on Air Pollutant Emissions and Efficie-
ncy of Commercial Boilers J. of Eng. for Power,
Dp. 425~434, 1976

Introduction to



