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COMBUSTION TEMPERATURE, PRESSURE AND PRODUCTS AT CHEHMICAL
EQUILIBRIUM OF Ho-AIR,NH3-AIR AND C3Hg-AIR FUEL MIXTURES
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For a thermodynamlic analysis of engines ~:'d gas turbines cycles
working with hydrogen,ammonia and propane as fu--ls, the thermodynamlic
of

properties of the combustlon gases must be available In the form
equatlons or charts. Thls paper deals with the development of
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thermodynamic model for the equilibrium products composition with
superimposed kinetic NO and CO rates of formatlion. This model has been

uged to compare the predicted speciea concentration, diassoclatlion

and

NO and CO rates of Eormation Erom dlfferent fuel-alr mixturea comb-

uatfon In englnes and gas turblnes.

The results of computations of the combustion products

and

kinetic HNO and CO rates of formatlon at specified equilibrium
temperatures,pressures,and egquivalence ratios are plotted 1In graphs

and glven in tables. For calculations of the combustlion producta

at

chemical equllibrium a set of 6 equilibrium equations enlarged by the

energy and mass balance equations 1s applied. Kilnetic mechanisms

for the followlng condltions:-

{1)Hp-Alr,NHy-Air and CjHg -Air gasea fuel mixtures.
{2)Range of pressures,p=1-100 ata,

(J)Range of temperatures,T=2000-5000K.

(4}Range of equivalence ratipos #=0.6-2.0

Results of few selected condltions are plotted.

for
HO and CO rate of formation assuming other specles at equllibrium and
steady state for N atoms are also included. The results are obtained



1-INTRODUCTION:

The subject af thls research Is the computation of chemical
equillbrium mixture composlitlan for systems containing C,H,0 and N
atomsa. Mlxtures of this type are encountered in the worklng €£luid of
rocket englnes [1l],3et engines(2] and reclprocating enginesa(li]l. The
methods and procedures of computatlon of combustion products and of
thelr corresponding thermodynamic state dlffer according to the
computation technlgues employed and basic assumptions msde. Our
dlascussions w¥lll be restricted to mlxtures of 10 specles with P,T and
¢ kKnown.

There are twvo reasons far making equilibrium mixture
calculations; flrst,the pressure and temperature that follow combustlon
in lnternal combustion engines depend on the character of the mixture
of product gases. The temperature reached in the combustion chamber of
a rocket depends on the tomposltion of the products of cembuation.

On the other hand,the work produced by the workina fluid ln an
engine and the thrust developed ln a rocket depend on pressures and
temperatures. The other reason for making such calculatlons,ls for the
purpose of examlning the chemical nature of the product mixture. The
character of exhaust emissions from combustion systems has attracted
conslderable attention 1ln recent years oving to undeairahle propertiles
of carbon monoxide CO and nitrlc oxlide MO,

Owing to the extensive productlon of transportation In recent
years,the consumption of petroleum fuel exceeded all of the pre-
estimatlona. Our petroleum supply cannot capable with all the grow-
Ing demand fer a long time. The preoblem takling place now in
researches 1s the contlnuous reduction of the petroleum reserves of
the world. MHeowvadays many research centers of the petroleum companles
deal vwith the development and production of substltutes for the
natural petroleum fuels.Synthetic fuels resulting from coal gasifica-
tion and other processes are typlcal examples for these substlitutes(4]

In due course the extenslve research lnitlated by the major
fuel and englhe companles ylelded Increasing knovledge of fuel
propertles and the manner 1n which they affect engine
per formance, safety and rellability. Thls understandling helped to
elimlnate problema, but from tlme to time wvarious new problems
emerged,as In the late 1960s the growth of public concern over alr
pollutien caused by combustien processes. The chemlcal egullibrlum
study of the combustlon process wlth the superlimposed kinetic MO and
CO rates of formatlon presented ln thls paper 13 simulated by the need
to understand the phenomenon of combustion and emission levels from
combustion systems when using alternatlve gases fuels,

Hydrogen appears to be an ldeal fuel for englnes. It is the
cleanest- possible fuel In use and 1t 1s the easlest fuel materlal to
produce from water by uslng nuclear or solar energy (5). The main
characteristlcs of hydrogen (6] are listed ln Table l,along with data
of other fuels of lnterest for combustlon engines appllcations,namely
propane and ammonia. The propertles of kerosene are also llisted,as a
basls for comparison. From combustion viewpeoint,hydrogen is
characterlzed by hlgh flame speeds,vide burning limlts,easy
lgnltion,and freedom from scot formation. The exhauat of the hydregen
engine has no carbon compounds. The presence of hydrogen 1n  the
alxture increases combustlon sapeed and reduclng misfiring. As a
result,the lowest speclflc fuel consumption poilnt 1s dlsplaced tovards
lean mixtures. The main dravbacks of hydrogen lle 1ln lta wvery low
denslty and low beolling peint,whlch necessitate the use of large, heavy
insulated storags tanks lpn the snglne. It ls alse quite costly to
be produce.



potential as a heat sink. Because of its low heat release 4§t is
unllkely to be used In alrcraft as a main fuel. However it could find
appllcation as a secondary fuel ln situatlons where lts hlgh cooling
capaclty could be explolted to advantage, Unllke hydrogen,ammonia ls a
llquid at relstlvely reasonable storage presaure(?.5ata at 296K).
Moreover,ammonia has been demanstrated as a practical fuel for englne
appllcatlon (6].

_Flnally,propane fuel ls used as a base hydrocarbon gas fuel for
comparisons. From 1inspectlon of Table 1,1t 1is clear that the
characteristics of propane are similar to those of kerosene. Compared
with kerosene,lt has a lower speciflc energy,and a lower coollng
capaclty. Propane has been a motor fuel,as the prlnclpal component of
L.P.G.,for about 50 years [7]. Emlsalon levels with L.P.G. are
reported to be less than wlth hydrocarbon fuels. Like ammonla,it msy
be stered as a liquld at ambient temperatures by modest pressurlzation
of the fuel tank. Its higher boillng point implles easler handling.
1ts avallabillty over the long term could howvever,be llmlted in some
area.

2-ANALYSIS:

The equllibrium composition of the products resulting from a
chemlcal reaction,such as the combustlon process can be computed.These
computatlon can be made accordlng to the condlitlons defining mathema-
tically the laws that govern the reaction process. ln a case of
chemical reactlon in whlch the equillbrium temperature and pressure
are speclfled constant,these lavs are:-
l-Equllibrium equatlon, that is the lav of chemlcal equlllbrlum,
2-Atomlc ratle, that is the ratlo of elements lnvolved in the chemlcal

reaction.
i~Concentratlon condition as defined by Avogadro’s law, Dalton’s law
and state equation of a gas.

The system equation 1s thenj;equllibrlum eguatlen,this law ls
expressed as:

(ney¥enz)® g .
Kp E e m e — e ——— l(-_]{y+z a-b]

(1)
(nA)3*(nB}® NT
Atomlec ratlo:--
AC=C/H no. of carbon atoms to na. of hydrogen atoms.
AD=0/H no. of oxygen atoms to no. of hydrogen atoms
AH=H/H no, of nitrogen atoms to no. of hydrogen atoms.
The concentratlon condition deflnes the relatlon of number of
moles nj,to the state properties P,T of the gaseous mixture. 1t is
derlved from Avogadro's law and ls expressed in general form by:i--

Pi*V P*v
ny= ——--w--- or ny=----- 2
RET R¥T

By lntroduclng PV=RT , Eni=p and by substituting wlth Dalton,s
law £p;=P Pi=njg
Consequently,!ln thls case, all equatlons may be expressed elther 1n
terma of number of mcles n) or in terms of partlal pressure Py.
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In thls study,the fuel ls represented as CyHyNy,where x 1is the
number of carbon atoms in the fuel,y ls the pumber of hydrogen atoms
and w 1s the number of nitrogen atoms, Hence,for a mixture of
equlvalence ratlo »,lf one assumes the products of combustlion to
include oniy CO3, CO, O3, O, NO, Nz, H, Hz, OH and H30, the general
combustion eqguatlen willl be:-

ﬁCxHwa + (02+3,76*Np) -—==-—-- nyCoO3+n3C0+n303+n0+ngNO+ngNo+nyH+
ngHs+ngOH+naH20 {3
where: =xt{y/4) is the stolchlometrlc AFR and nj,n3,03, cruvrsen- (N10
represented the number of moles of C07,C0,02,......... . and H,0
respectlvely per ¢ moles of fuel.
To determine the number of moles n;,nz,n3,.............,01p,the
dissoclation reactions are consldered. In the present case there are

si1x such independent reactions, those used being;

Co+0.509 ---—---- Cosp (reaction constant Ky } {4}
20 R 02 {reaction constant Kz ) (5}
Og+N1q :::::::: ZNO (reaction constant Ki ) {6)
2H SR H2 (reactlon constant K4 ) (n
0+H :::::::: OH (reaction constant Kg ) {B)
H2+0.502 :::::::: H,0 {reactlon constant Kg } (9]

The equilibrium constant (Ky) for the six reactions
considered (egs.4 to 9) by the egulllbrium compositiop pregram for a

given temperature and pressure are evaluated using a data in the
form of Ffourth order polynomials for posslble temperature tanges
[B8}. These data are shown in Table 2,and the equilibrium constant

data is expressed in the form:-

a c
Ln{K}=-—-—+{bt=——=} *Ln(7T) +d {10)
T T

Glven the reactant mole fractions,and atomic ratiog C/H,0/H and
N/H,the equllibrium products mole fractions of
€0,,€0,032,0,K0,N3,H,H3,0H and H,0 at the speclfied temperature and
pressure are calculated. The equations that form the solutipn enter
into the half !nterval search routlne. The general notatlon 1a to the
next,accumulating values for the 10 mole numbers,vhlch are then
checked Iln a remainlng unused equation to see 1F it is satisfled. The
search is contloued untll the last equation 13 =satlafled. The
Iteratlons are started wlth njg={(AH/4),ln the middle of the allowable
rande. The Iteratlons continue untll the change in mole fractlon
values betwveen successive lteratlons becomes as small as wve like. When
the mole {fraction change for any specles is outside the allovable
error,njg 1ls changed:

nlg = nlo + —;Ts;ii— {11}



Figs. 1 through 7 are some illustrations of the sort of results

obtalned from chemlcal equllibrlium calculations. Flg. 1 reveals the
profound lnEluence of temperature and equlvalence ratlo at P=6 atm for
Hz-Air mixtures. From this figure it can be seen that, for temperature
lower than 2000K,the dissoclatlon has no sgignificant effect on the
composlitlon of the combustlon gases. This can be seen from €Eligs.
(l-a to 1-f), which show the composltlon of the combustlon gases
calculated under chemlcal egulllbrium condltlons for stoichlometrlc,
weak and rlch fuel-alr mixtures. Although the combustlon jas
l1s assumed to conslst of ten components,below 2000°K only O3,
Hs,H20 and H; exlst ln appreciable concentrations,so that only
these components may be considered.

¥ritlng down the combustlon equation oE Hy with alr fFor
temperatures below 2000K and neglectlng the components whlch exlst in
negligible small concentratlons:

a) for @ «1
#Hy + D0.5(09+3.76H,) —~——-- $H0 + 0.5(1l-¢)07 + 0.5(3.76)H, {12}

Thus the mole fractions of the dlfferent components are:-

njg = 22/ (¢ + 4.76)
ny = {l-¢) /(¢ +4.76)
and ng = 3.76 /(® +4.76})

b) for ¢ 21
#Hy + 0.5(09+3.76N9) -~—~-- 0.5{HoC+(20-1]1Ho+{3.76)H3] (13)

So that the mole fractlons of dlfferent components are:-

njg = l/(2#+3.76)
ng = (2#-1}/(2¢6+3.76}
and ng = 3.76/{2¢+3.76)

Equatlons 12 and 13 show the influence of ¢ on the mole
fraction of Hp,09,N9 and Hy0. The valldity of these equatlons can be
checked by calculating the mole fractlons of Hp,0,N3 snd H90 and
comparing them wlth thelr corresponding values resultlng from chemical
eqgulllbrium calculatlons shown 1n Table 3. Thls comparlson at
temperature of 2000K,from thls comparison it 1s clear that these
equations can be applled with encugh accuracy to calculate the mole
fractlons of the dlfferent components with respect to ¢.

The results shown 1in flg.l also indlcated that at hlgher
temperature the mlxture wlll have dissociated products of H,0,NC and
OH. Hote that the mole fractlon for H20,the large molecules decrease
steadlly wlth lncreaslng temperature,whlle the mole fraction EFor the
atoms O and H behave oppositely. The dlatemic molecules Q5,H; and OH
all reach maximum at some temperature. So lt ls not generally Xknown
whether they will lncrease or decrease wlth a temperature change of
small dimenslon,note how rapidly the composltlon ls changlng 1In the
region of 3500K.

Similar shapea of the mole fraction are obtained £for the
combustlon of NHair Fuel mixtures as shown in flgs.({3 and 4). Hote the
slmllarity with figs.{l1 and 2). At low temperatures (leas than 2000K)
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only the trlatomlc molecules H0,0;3 and Ng are present, while at high
temperatures H,0 and OH are present. At 2500X where the compositlon
ls changing rapidly,atoms dlatomlc and trlatomlc molecules are present
in more nearly egual amounts.

Figs.{5 and 6) are an lllustratlons of the sort of
result,obtalned from chemlcal equlllbrium composltltlon calculations.
They reveal the profound influences of temperature and pressure for a
reactant mixture of hydrocarbon (CzHg) with alr. It can be seen from
these flgures that below 2000K the mixture conslsts of COz,H30,07 and
N2,but when heated to 5000K at constant pressure the mixture wlll have
changed to comprise ¢CO,H,0H and O. Note that the mole fraction for
Hz0 and CO3,the large molecules,decrease steadily wlth lncreaslng
temperature,while the mole fractlon for the atoms ¢ and H bhehave
oppositely. The four diatomlc 'mclecules O3,H3,C0 and OH all reach
maximum at some temperature,so it 1= not generally known vhether they
will increase or decrease with a temperature change of small
dimensicon. Note how rapldly the compositlon is changing in the reglon
of 3500K. The results shown Iin flg. 7 are a comparison for the results
of calculations obtalned for the Hp-Alr,HH3-Air and CaHg-Air fuel
mlxtures. The results reveal the lnfluences of equlvalence
ratlo,pressure and fuel type on chemical equilibrium composltion at
3500X. Hore results are shown in Table 3.

A-KINETIC HO AND QO CALCULATIONS:

The condltion favourable to NO feormation are those of high
temperature, long residence tlme,high pressure and high oxygen
avallabllity. The temperature effect 1s predominant. Under normal
conditlon,lt 13 generally accepted that NO forms vla the extended
Zeldovlch mechanism:-

K7f

0 + Np  ~——m—mmmm e NO + N (14
X7b
Kef

B+ 07  —mmee———mmmammee o NO + O (1%)
Kgb
Kgg

N+ OH  ——mmmmmmmmmme e No + H (16}
K9b

The NO formatlon rates shown ln figs.(8 and 9) and Table 3,vere
computed for sSuch a mechanism,on the assumptlon of egullibrium
concentratlon of [0},102]1,I0H],[H) and (¥3] and maklng the ateady
state approximation of [N]). These regults show that for a given
temperature, NO productlon ls greatest for atoichlometrlc and sllghtly
lean mixtures, while it becomes lover for rich mixture. This can be
seen for all temperature and fuel type conaldered. It is clear from
these results that nitrlc oxlde formatlon rates and equillbrinm
concentratlons depend,strongly, upon temperature and equlvalence
ratio, They decrease substantlally as Ltemperature 1s decreased
or as fuel-alr ratio bacomes exteremely fuel-rich or fuel-lean. The
effect of fuel type on Nitrlc Oxide rates of formatlon is seen to be
less profound.
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Carbon monoxlde is an lnevitable intermediate 1n hydrocarbon
combustion. Emission levels oF CO can therefor only be minimized by
completing as Efar as eqgulllbrlum allows,lts oxidatlon to carbon
dloxlde. Condltlons Eavourable to lts oxldatlon are hlgh temperature,
oxygen avallablllity,hlgh pressure and long residence Ltlme. The
predomlnant mechanism for CO oxldatlon ls:-

O+ OH --———==-—- COg + H (in

Assuming this reactlon and equillbrium levels of [OH] and [HI
it is possible to derlve the results presented ln £1g.9 and Table3,
describing the CO productlon levels In terms of temperature,pressure
and equivalence ratlo. These results show that FEor temperature |In
excess of 2000K,equillbrium carbon monoexide concentrations should be
appreoached rapidly. It is clear that at these temperatures equlllbrium
carbon monoxide levels are acceptable for egulvalence ratlos less than
unlty. As indlcated, combustlon temperature,pressure and egquivalence
ratio are major factors in determinling CO rates of Eormatlon.

2= NOHMENCLATURE

K Equilibrium Constant 3

Kgy Forward rate constant for reaction(i) (CmZ/males)
Kny Backward rate constant Eor reaction(l) (Cmn™ /moles)
nj number of moles of specles 1

P Pressure atm

R Gas constant

ppm Part per mll&ion

T Temperature K

v Yolume

v Number of nltrogen atoms in fuel molecule.

x Number of carbon atoms ln fuel molecule.

Y Number of hydrogen atoms in fuel molecule.

L] Fuel-alr equivalence raktlo.

Stolchliometric fuel-air ratle.
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TABLE I.FROFERTIES OF SOME ALTERNATIVE FUELS

Froperty lKarosine L.HZ L.CZ3HAa L.NH3
Lower Specific Eneray tMJ/kKg 42.8 116 4 17.2
Cooling Capacity MJI/Zkg .2B-.85 2.2 L.z 2.29
Pelative Density (ZEIK) .o L7 . 383 .E82
Specific Heat,KJ/Kg.K 1.37 7.32

Boiling Point,k 423-573 z1 23 240
Freezing Poi1nt, k Z23 3 F1 195
Flame Speed m/sec .33 2.67 .43 .30

TABLE II COEFFICIENTS FOF CALCULATION FEACTION CONSTANTS kp

Reaction a b [ d
o + .502Z == COZ2 220405 L Y 1=5.3 =l6.5732
20 = 0% a7126 =.01G0 533,10 —15. 3201
0z + N2 = ZNO —~ 14096 -.&092 -1375.3 3.668
ZH &~ HZz 53587 CSEO 33Z7. -Z0. 8683
0 + H==0OH 44216 -. 1313 1228, -12.1303
H2 + .S50Z aHZD 42490 —1.0740 -Z147.0 3.2513
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TABLE IT! FESULTS OF CALCULATIONS

_£aHg - AR FUEL XIITURE EQUIVALERCE RATIO = .6 NH3-A1R TUEL MMIITURES H? - AIR FUEL MTITURES
P T2 Mole Fractionl ] |
Role Fractionl Kole [ractionl
bz C0 07 B WO N2 R NI DN om0 o R M2 K DN KW K0 W2 o0z K 0 DN W2 N

| O — - — - [ —— 20,7 .00% £.50 0.00 004 0.09 72.0 0.4 12.3 .006 7.39 €.00 .00% v. 1% £9.9 0.45
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4000 .95 5.39 4.4 167 4,98 627 477 163 4.1 2.4 12,0 10,6 2,84 12.2 5,94 0,07 45.1 2. M4 12.B 10.9 3,79 12.4 .11 8.42 43.3 1,77
4500 0.7 5.67 2.43 13.42 .61 59.5 §.0 £.26 3.01 .58 e = o2 = - - o-T T
5000 0.1 5.56 1.1 17,82 4,0 §7.1 12,0 .64 1,38 0.1 - - - - -

HWH -~ -~ ~ - — = = = - = 20.7 .005 6.60 0,00 004 0,69 72.0 0,43 22.3 .005 7,39 0.00 004 0.09 70,0 0.45
2506 7.1 .09 7.36 .00 128 M.5 .001 .04 ,05 9.5 30.6 0.10 5.97 0,02 ¢.08 0.61 71.3 1.2I 22,1 011 6,41 0.02 0.08 0.64 592 1.4
000 5.7 1.45 7.7 005 L.BI 731 .01 32 IS 9.1 20.1 0.93 4,19 0.7 0.30 2.07 §9.7 2.07 21.6 0.95 .64 0.31 0.53 2.20 67.7 2.1§
500 3.1 378 LB L0012 477 70.9 .03 4,17 .4 B.O (7.5 2,70 3.73 .31 2.04 4.84 62.6 3.10 18.7 3.8 4.00 2,35 2.11 5.09 60.6 1.19
000 L1 520 450 6.8 512 6.4 4.1 L6116 2.0 12,9 9.45 2,81 10,0 5 u .97 48,2 246 13.6 9.73 2.98 10.1 5.47 8,23 46.2 3.4
4560 .37 5.63 .72 1128 5,10 60.0 6,29 1,39 7.35 .78 - - - - - - - - e = = . ==
%000 175,58 1,3 16.9 4,37 SLELLS .77 1,9 .15 - - - = = - = - - - - - - = -

W HH - - = — = = e o= = = .7 .004 £.6¢ 0,00 .00% 0.08 7.0 0,43 22,3 000 7.39 0,00 004 0,08 70.0 0.43
00 7.2 008 7.32 ,081 1,37 }4.5 001 .033 .05 9.52 20.6 €.09 £.00 0,81 .07 €.58 71.3 1.2 22.1 019 6.42 0.01 .07 0.61 63,3 L.24
000 5.5 173 7.3 004 28 13,7 .006 .28 .14 9.1 701 0.62 4.34 0.26 .46 1,98 10.0 2.11 2.6 0.84 4.77 0,26 0.48 2.10 §7.7 2,18
500 3.4 361 T.63 L01Z 474 M.B .04 1.1 .37 B.12 1.8 .34 137 LY 164 4.63 63.4 314 19,0 2.46 4.04 200 1.90 4,87 61,3 3,19
000 1.2 5.20 4.75 6,18 5.22 65.3 2.54 1.38 4.18 .12 12.4 8,64 2,93 8,52 4.85 7.E9 50.2 3.6l 14.3 8.91 3.11 B.66 5.00 .04 48.3 3.65
4500 .43 5.67 2.92 (1.4] 5.77 60.B 7,65 1.48 .59 .97 - = - =~ = = - T
5000 .13 5.6 L5 6.0 487 5LB 1.0 .BS .16 .20 - - - - == = - e

0 o0 . . . - e = = o~ oo 20.7 .004 6,80 0.00 .003 .08 72.0 0.44 2.3 000 7.39 0,00 000 0.08 63,9 0,45
2560 7.2 .015 7.12 .002  1.37 7.5 001 .0M 048 954 20.5 0.08 6.00 0,01 0.05 0.54 T1.4 [,2I 12.1 0.08 6.42 0.01 0.06 0.57 £8.2 1.
000 6.0 1.19 1.2 .00 2,79 70,2 .006 .25 13- 9,21 20.7 0.71 4.35 0.2] 0.40 1.85 70.2 3.12 .7 073472 0,20 0,42 2.9 67.9 2.19
1500 1.7 .96 .56 012 6.7 701 .035 .95 0.7 6.27 18.1 2.93 3.82 1.53 1.60 4.16 64.2 1.18 19.4 3,05 4.09 L.52 1,66 9.59 §2.2 3.4
4000 1.4 5.10 4.9 5.4 5.3365.5 3.1 1.52 4.18 3,54 14,1 1,69 2,07 £.96 4.30 7.42 52.6 1.78 15.0 234 1.7 7.08 4.43 7,77 50.€ 2.81

_ - —_ —_ - - — -

4500 .52 5.61 3,2 10.12 5.6 1.2 6.84 1,56 3.7 L.
5000 .19 5.63 1.72 15.0 5.1 54.2 10,3 1,04 2.32 .300
56 2000 ¢ - -~ 7 - - - - - °

22,3 .002 7.19 0.00 ,002 0.08 70.0 0.43
22.1 0,07 6,4 0,01 0.06 0.53 69.4 L. M

2500 7.2 .015 7,72 .002 137 1.5 .00 .03 .05 9.4

3000 6.0 1.1 7.1 .003 2.78 73,3 .006 .22 .12 9.} 21,8 0.64 4.94 0.16 0.38 (.87 €B.1 2.22
2500 2.9 3.2 T4k 012 4.67 713 .03 .90 .20 B.24 19.7 274 4,13 1,39 1.49 4.38 62.8 1,27
AD00 1.6 5.0 5.01 4.97  5.4) £8.9 2.72 1.47 4.15 2.83 {5.6 7.25 .36 6.05 4,07 7.54 52.2 .94
4500 .59 8.6 139 .51 %78 61.9 B.27 1.3 4.05 L. 18 _ - = s =
5000 .72 5.65 190 14,15 5.28 56,6 9.74 L.16 2.81 .22 - - e e e = - e e m e e —

Mansoura Englneering
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5.

DESOKY and A.

A

A

aa

M.

EQUIVALENCE RATID = 1.0

C348 - AIR FUEL NIITURE

RHI-A1P TUEL BMITTURES

12

24

n

1

30

Tek

Lo ol
o -
2500 10.1 .43
3000 6.45 4,71
3300 11.6 .0)
000 .88 877
1500 .27 D.66
3000 083 8.4
2000
2500 11.2 .18
00 1,21 3.38
kL1 PO .
4008 11.2 .02
500 0.73 B.53
000 .18 B.3)
o - -
2500 11,4 .2
0 7.6 342
1500 11.7 .02
oo 11.4 .02
4500 0.8 B.E2
e .2 B
000 - —
2300 11.5
ot 11.6 .007
b 016 11.0
{060,013 1.0

4300 .00 11,0 2,0 0.0

000 0.0 IL.0
w0 -

2500 11.4 .23
00 1.45 3.5
=00 115 .02
4000 11.6 .03
1500 0.83 6.71
5000 0,25 0.6%
W — —
500 11,6 .02
300 7,91 1.42
T0e b .02
4000 11,6 .04
4500 .85 B.87
000 0.2 B.73

.08 LOF

007

Mole Fractionl
i 0

.60 035 .3
1.8 .47 1,36
000 008 064
2.1 6,65 1.38

7.9.04 .33 .M

72.8 .033 0N
58.8 8.57 .3
119 11.5 3.2 54.3 15.1 2.3! 2.05 6!
50 44,8 52.1 19,0 1.1 1.37 .09
66 .05 .12 &b .01 .31 .10 16.5%
L0 .15 1.02 68,9 .12 .68 .BS 1B.7
L0010 ,005 .02 71,2 .01 .01 ,00% 16,1
L0010 002 ,07 £9.8 .01 .02 0.0 16,01
1,54 5.70 4.0 58,0 8.78 .21 &.21 7.1
L.¢ 10,23.732.9 12,6 2.35 2.94 2.7)
07 LB 04 THE .02 L3612 LTI
1,15 .18 §.01 69.8 .16 .76 .35 14,0
L0001 008 .04 72,1 .02 02 037 16.2
.002 002 .09 70.8 .02 .02 041 16,11
1,69 £.8] 4.0 59.2 6,92 3,31 4,37 1.08
1,02 19.4 1.8 $2.8 13.95 2.4 3.0 1.66
0.0 0.0 .16 7.7 0.0 0.0 0.0 [5.49
9.0 0.0 .02 }2.9 .003 067 0.0 5.5
0.0 0.0 11, 5.4 0.0 0.0 0.0 4.5
9.0 .00% 11, 61.4 0.0 0.0 0.0 I4.65
(1. 63.4 .004 0.0 0.0 14.65

0.0 0.0 1L, 63.3 .04 .03 0.0 I4.8

A 72,7 .02 4 0 14.8S
L.21.2 LI 70.0 1B .78 .00 M.
H0F 007 05 72,1 .02 .02 .D0B 163
067 003 .F 720 .02 .00 .DO) 162
1,80 6.95 4,00 59,8 9.01 2.42 4.8 L.12
1,01 16.7 3.82 54,1 14.7 2.48 1.06 (.78
b 72.6 .02 .41 15 15.0
L2419 113 704 .20 .80 1,05 {37
001 (008 .06 72.8 .03 .03 .003 15.%
04004 10 72,8 .02 .00 L0001 05.%
184 2,01 4,13 7.9 .19 3.57 4.41 1.38
L1l 10,8 2,92 54,4 14.4 334 1,17 0.65

MOK2 OB H2 Ok HX

14.82
69.3 .51 1.25 1.58 12.59
01 1544
LU LA

Moie Fractyenl
Hzl Hz 02 M il

29.7 0.41 3.B3 .00(

H K2 N

004 0,11 65.9 0.3

20.2 0.26 3.75 0.04 0.09 ¢.77 64.8 .92
27,1 1,93 3.52 .63 0.6% 2.0 1.4 .19

.4 7,17 2,95 4.56 2,57

6.00 52.1 2.53

12.5 15.8 1.89 18,2 6.17 .35 J4,5 2. 4¢

9.7 0.01 3,83 0.00 0.003
29,3 0.22 1.75 0.01 0.97
27.5 1.59% 3.55 0.47 0.52
2.5 6,07 3.05 3.92 2.13
14,3 13.% 2.15 J4.0 5,36
29,7 099 3.83 0,00 .00
79.3 0,19 3.76 0.07 0.08
27.7 1.38 .57 (.28 046
23.1 5.37 1.1 119 L8k
15,5 12.B 2,30 11.3 4.B1
29,7 004 3.85 (.00 003
29.3 0.17 3.76 0.02 0.06
21,6 1.24 3.58 0.32 0.41
23.7 4.87 3.15 2.37 L.e6
16.5 11.7 2,41 9.91 4.40

29.7 .007 3.83 0.00 .002
29.3 ¢.14 376 .02 6.05
28,0 1.08 1,50 .259 0.3
4.34.29 3.20 1.93 L.48
17,6 10.5 2,53 B. 14 3.92

29,7 .006 1,83 0.00 002
29.4 ¢.13 2.77 ¢.00 0.04
28.1 ¢.97 .61 0,22 0.22
24.7 1.69 1.23 L.64 1.32
18.4 9,88 2.63 7.00 D.56

0.0 65,9 0.31
0.69 £4,9 0.92
2.50 61.9 1.80
5.61 54.5 2.62
2,35 9.1 .75

0.09 65,9 0.3
0.65 65.0 0.92
21 62.2 L1
5.25 55.B 2.67
B.24 41,3 1,92

- —

0.08 65.9 0.1
0.8f E5.0 0,92
2.2 621 1.6t
9.1 56.3 1.70
g8.10 43.9 3.06

Ke - AIR FUEL RITTURES

Hole Fractionl

HI0 H?
33.¢ 0,01

g2 KW 0 O N2 N
4,25 .00 .00 .11 62,1 0.3

32,4 0.20 4,16 0.03 0.09 0.8 £1.1 .54
10,1 2.05 3.85 0.65 0.68 2.95 5.9 L8l
20,5 7.54 3.2 4.67 2.69 6.44 9.2 2,36
13,5 16.4 2.04 18,5 6.40 8,85 31.7 2.3%

— - - - [

13.0 0.01 4.25 0.00 .00 €.10 £2.2 0.37
32.% 0.27 416 0.03 0,07 .73 61,2 .94
30.4 1,65 3.5@ 0.4% 0.36 2.69 38, 1.82
4.8 676 3.35 2.5 2.23 6.03 50.9 2.65
15.5 14.5 2.33 4.7 5.7R 8.87 35,1 2,25
33,0 .009 4.25 0.0¢ 007 0.10 £2,2 0.2
32,5 070 4,17 0.02 0,06 0.70 E1.3 0.9¢
0.7 147 3.90 0,39 0.48 2,50 56.6 L.@%
25.6 5,85 1.42 3.86 1.95 5.73 50.0 .M
16,9 13.2 2.30 11,8 5.00 B.77 38.8 2.9
33.0 008 4.35 0,00 .007 0.09 £2.2 0.32
30,5 0,18 4,17 0.02 0,06 0.65 6§.3 0.94
30.68 1.3 3.96 0,33 0.44 2.3% 50.7 1.85
26.1 5.13 3.4 244 176 5.50 52,7 2.4
0.0 12.2 2,62 10,1 4.53 8,65 0.5 3.07
33.0 .507 4,26 0.00 .002 0,08 £2.2 0.32
0.6 0.15 4,07 0.02 0,05 0.52 k1.4 0.9
1.0 114 4,00 0.27 0.79 2, 59.0 (.66
26.8 4.57 3,52 .00 1.54 5.2 5.3 .78
19.2 101 2,76 8,13 4,08 B8.42 an.m 1 uu
.0 ,000 4.75 0,00 002 0.0B 62.2 0.32
32,6 0.14 4,16 0,01 0.04 0,38 £1.4 0.
AL 1.2 4,00 0.23 0,34 2,12 591 1.86
27.7 4,10 3,55 1.68 [.1B 5,00 34,1 2.Bl
20,2 10,2 2.85 7.17 3.7 B.23 44.2 1. N
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EQUIVALENCE RATIO

i

10

1K Kole Fractionl
0 o 0 0 A W2

we - = - > - -
2500 6,80 0.38 2.50 . 0L .40 7.2
3000 4.74 2.35 7.64 008 2.90 T2,k
1500 2,14 4.80 8.%) 028 5.0 70.0
4000 0.4% 5.50 3,37 11.6 4.27 Bl.L
4500 0.13 5.55 1,39 12,6 3.57 5.5
5000 ,038 I.50 0.49 20.7 1.66 56.2
W0 - - - - - -
2300 5.13 5,54 .007 001 .040 £5.5
3000 43¢ 1.2 0.17 0,14 0.40 64.86
3500 2.30 11.4 0.87 1,33 .47 B0.7
1000 0.6¢ J1.7 1.10 4.69 2.31 55.1
4500 0.26 11.3 0.57 8.60 2,32 50.5
5000 £.08 10.9 0.29 11,2 1.B8 4B.2
0 - T - - -
2500 £4.7 001 0.00 0.00 0.02 B3,
3000 4,42 10,1 0,12 0,10 0,34 B4,
2500 2,56 11.2 0.7¢ 1,00 1.37 Bi.
4000 1.03 11.8 1,09 1.81 2.37 36,
4500 0,35 11.4 0.77 7,55 2.52 Bl.
5000 0.12 10,0 0.37 10,4 2,15 46,8
W0 - - - -

2500 14,7 4,00 0,00 0,00 0.03 £5.8
3000 4.4% 10,1 2,10 0.08 0.30 64.9
2500 2.77 11.7 0.65 9.683 .29 B2.0
4000 1.18 11.8 106 3.26 2.31 57.¢
1500 0.42 11.6 0.83 €.B0 2.54 52.3
5000 0.5 11,1 0.44 9,79 2,75 49.2
W0 — ~ - - -

2300 14,7 0.00 0.00 6,00 0,27 B5.3
3000 14.6 0,04 001 006 .04 £5.3
3500 2,51 11,1 0.59 9.72 1.2) 62.1
000 1,30 11.8 1,07 2.8 2.2% 37.6
4300 0,48 10.6 0.87 6.33 .77 52.9
5000 0,17 11.7 0.4% 5.27 2.5 49.6
Y ~ — - = = =
2500 5.14 9.5 .p01 001 0.03 B5.7
Y000 4.59 9.58 .061 047 0.24 £3.1
2500 3.16 11.0 0.51 0.58 L. 14 62.7
4000 L.46 11,9 0.9 2.4] 2,25 50.3
4500 0.58 1.7 0.%1 5.52 2.80 53.7
3000 £,22 11.3 9,56 6.57 2,66 50.2

]
|
)
k|
3

L0001 . 074
019 0.59
£.11 2.00
7.07 144
11.8 0.7
12,5 0.27
Q.15 4. 40
0.9 4.48
4.05 5.&7
11,1 4.82
15.23.713
24.2 1.1
0.22 13.9
0.78 4.41
3.2t 3.31
9.21 £.08
17.1 4,44
2.9 .U
0.1%9 13.9
0.57 4.37
2.7% 5.0
B.10 &.1B
15,56 4.9
21.8 2.78
0.13 ]

1.06 |

2,475

7.23 5.22
14.4 5

20.8 3

Lol 4,47
0.52 4.32
211 513
E.27 £.23
12.9 5,62
19.4 3,89

™ KD

089 9,50
§.22 8.7
0.47 .00
3.3 L.10
{70 0,14
0.68 .016

0.1¢ 15.0
0.92 12.86
2.909.17
3.83 3.50
21 0.7
1,32 0,11
007 5.56
0.17 4.2
2,64 101
2.92 4.43
3,18 L.15
1.75 0.1
005 5,55
0.58 4.3
2.4 10,7
.8t 517
1.48 1.53
2,08 0.11
0.00 5.35
0,10 3,45
.29 1.1
1.87 5.7]
1.68 1.87
2.36 0.42
L002 15,1
0.3 4.6
2,10 116
3.18 b.46
3.9 .37
2.72 0,60

NHI - ALR TUEL WIITURES

Mole Fractionl

a2 H 0

0 .001 005
0.07 0.11
1.19 847
BB LA
3 u E.75

35.9 0.81 3,20 001 o004
35.2 0,34 .24 0.04 0.0R

3.4 2,48 2.04 0.72 0,600
25,1 1.6 .61 4.70 2.m4
13,3 18.4 1,60 19,7 5.67
23.9 0.01 3.30 ¢.00 002
25,3028 3.4 ¢.01 0.07
2.B 2,05 3.07 0,53 0.50
.1 7.60 2,62 3.87 1,38
15.6 £6.4 182 15.7 4,94
J5.9 0,01 3.30 0.90 002
35.7 0.24 3.24 0.03 0,08
13.1 1.78 3.08 0.43 0,42
7.0 6.76 2.6% 3.13 1,73
1.1 15.0 1,96 12,6 6.4d
15.9 0.0 2.30 0.00 002
35.4 0.22 2.25 0.02 0.05
33.7 1.60 3.0% 0,36 ¢.39
27.8 6,15 271 2.67 1.5
18.5 14.0 2,07 10.9 4.08
35.9 .00% .30 0.00 .002
35.4 0.19 3.25 .02 0.04
3.6 1.3% 2,40 0,29 .32
8.6 5.44 2,76 2.17 126
19.7 1.8 2,48 9.00 1.62

OH W2 NO

0.13 £0.2 0.28
0.98 59.1 0.81
3.2t 55.2 1.5k
6,77 44,1 2.0
T.60 21.4 1.47

¢.11 60.3 4.28
f.Ar 593 0.8¢
2.89 56.2 1.%9
E.B4 45.5 .82
8.28 0.8 2.09

0.09 66.3 0.28
0.66 39.5 0.82
2,46 56.9 1.6l
3.0 50.6 2.3
8.31 37.¢ 2.5
0.09 60.3 0.28
0.65 39.5 0.82
2.4 5.1 .61
5.2 5.7 2.3
8.23 40.0 2.69
0,08 60.3 0.28
0.60 59.6 0.82
.19 57,2 182
5.05 52,1 .43
8.05 41.1 2.H3

I
r

AR FUEL MLITURES

Mole Fraction?

K20 Kz 02 K 0 OB N NO
40.9 0.02 3.73 001 006 0,15 54,9 0.26
39.8 0.51 2.65 0.07 0.12 1.06 53.8 0.62
35.4 .65 3, uq h 23 0.90 3.59 50.0 1.57

24.2 12.3 2.60 B.42 141 7.% 1.5 2.05
10.2 22, m _ u 7.02 8. m 18.£ 1,42
40.9 0,02 2.75 .001 004 0.12 3.5 0.28
40.0 0.35 3.67 0.04 0,09 0.89 4.0 0,62
36.6 2.64 3.44 0.74 0.54 2,17 50.9 1.40
26.2 B.16 4,03 4,84 2.60 7.45 41,8 2.5?
1.7 19.3 1,75 20,1 5.92 8.68 27.1 2.0%
0.8 0.01 3.75 0.00 .003 0.1t 54.9 0,28
40.0 0.30 3.68 0.02 0.07 0.5 54.| ¢.83
31,2 2.18 3.47 0.55 0.5 2.89 51.¢ 1.2
29.5 8,16 7.94 3,95 210 £.36 44.7 2.2
1.8 16.3 2.42 15,1 5,70 9.59 30,4 2.55

S — S — f— — — —

40.8 0.0 3.76 0.00 002 0,10 54.9 9,28
40.1 0.26 2,68 0.03 0.0 0,75 %4.1 0.83
37,5 1,90 3.49 0.44 (.46 2,70 51.7 163
30.6 7.20 1.00 3,23 1,83 6.06 45.5 2.37

19.1 16,0 217 13,0 4.66 8.9% 70,6 2,54
40.8 0.0 3.76 0.00 .002 0.10 54.9 0.28
4.2 0.23 .69 0.02 5.05 0.7 54,7 0.82
I7.8 1.2 3.50 0,38 0.41 2.57 51.9 .62
31,3 £.55 2.07 2,75 1.€5 5.83 46,3 2.41
20,4 14.9 2,27 11.2 4,27 .89 35,2 2,46
40.8 0.61 3.76 0.00 .002 0.09 4.9 0.28
1.2 0.28 1,69 0,02 0,05 0.66 54.2 0.83
36.9 (.49 3,52 0.30 0.36 2.40 5.1 1.64
INZ579 310 .24 |44 5,52 40,1 2.45
1138 2,41 .25 3,91 &M 37,7 .82
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