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Abstract

This investigation gives a comparison of the variation of temperature and gas compositions in lifted,
turbulent non-premixed methane-air jet flames firwggtically into still air with different carbon
dioxide diluent concentrations in the fuel j€he carbon dioxide mole fraon ranged from O to 0.22

and was varied with a fixed jet velocity so thasitibn-induced extinction was achieved. The effect of

the changes due to this dilution on the post-laemissions was investigated. Similarly, visual
observation of the changes in the flame structuneiiture fraction space at different diluent mole
fraction has been studied. An examination of ¢hanges in the flame length, lift-off height, flame
temperature, composition, and on the emission indifé¢be species in the post-flame region were
made. They showed an increase in the flameofifheight, a decrease in the overall flame length, a
reduction in the flame temperature and a reductioth@nNOx concentratiomat various levels of

dilution of carbon dioxide in the fuel.
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Nomenclature

B emission index, g kK EINOx, EICO are the emission imgis for NOx and CO respectively,

mw, molecular weight o$pecies i, g

Mw, molecular weight of fuel, g

n number of C atoms in an alkane

X, mole fraction of species i
Y mass fraction

Ye;  Stoichiometric mass fraction

£ mean mixture fraction

1. Introduction

During crude oil productionthe associated gas which cannotfimeher processed either due to
cost implications or the volume produced may leefll or re-injected bacinto the reservoir to
increase oil recovery [1]. The use of flaring Isdd the formation of carbon dioxide, soot, unburned
hydrocarbons, and the emission of other patits such as NO [2]. Estimates of £@missions
indicate that about 360 Mt is emittéo the atmosphere annuallydhgh flaring and venting [3,4] of
which flaring alone accounts for 1.2 % of £€@missions, and the venting of methane accounts for
about 4%, globally [5]. &hnologies have been developed aimeteducing emissions and cost [6]

but these are limited in their application amthsequently gas flaring is still widely used



3

Flame structure and emissions from methane and natural gas flames have been widely studiec
in both laboratory-scale and full-scale flares. Methane jets diluted witha€@Oof interest because
it is a combustion product and may be recycled asenm additive in the air or fuel streams of the
flame. The injection of C@into either the oxidiser stream otarthe fuel stream is known to affect
the flame by reducing the concenioatof the reactive species, aratlucing the flame temperature.
Thus NQ levels and soot concentrations emitted from the flame are reducedlilGn effects
have been the subject of variougeastigations where it has been usada diluent injected into an
oxidiser stream, as air-stream dilution (AS@}f in references [7-13]. Similarly, G®nay be
injected into the fuel stream asdiluent (fuel-stream dilution) agported by several researchers.
For instance, Kalghatgi studied the effect of2Q@dution on the blow-out stability of methane and
propane diffusion flames [14]. Briones al. performed a numerical invigation of the effect of
fuel dilution on the stability ohon-premixed flames [15]. Loc#t al. investigated the lift-off and
extinction characteristics of fuebnd air-stream-diluted methaaa-flames [7] and Samanta et
al.[16] performed a numericahalysis on the effect of C@ilution on the structure of methane-air
diffusion flames.

Previous investigations fia shown the effect of CQdilution on flame structure and on the
emission indices of NOand CO (EINQ@ and EICO). However as fas we are aware there has
been no previous study of the exft of dilution of the fuel stiam on emissions over a broad range
of Reynolds numbers, Re. Henaeyestigations of the effedf dilution on the EICO and EINO
over Reynolds numbers ranging from 1,584 to 14,254ji@en here. There have been no previous
studies on the effect of dilution dhe in-flame composition at differeakial and radial locations in
the flame. This aspect is important becausebulent diffusion flames exhibit non-linear
characteristics [17,18]. Similarly,e¢hconcentration of chemical species, the temperature, the mixing
rate, and the rate of rdaan occurring in the flame are usefolcharacterising the overall structure

of the flame [19].
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The objectives of this investigation are tsually observe and compare the effect of2CO
dilution of the fuel-stream oftame structure and on the EIN@nd EICO, over a range of Reynolds
numbers. Experimental results on the mean dlaemperature, species mass fractions, and flame

length and the lift-off heightf the jet flames reported.

2. Experimental Methods

The experiments reported in this study were peréat in the laboratory in still air in a similar
way to that described by Ereteadt[20]. Basically this consisff a Sandia burner burning a methane
jet diluted with carbon dioxide with a co-flowf air, metering systems, traversing system,
temperature and gas composition measurement equotpreind probing syst&anA schematic of the
experimental setup is shown ingFil. The fuel jet diameter was 328, the velocityof the co-flow
air was 0.3 m/s and a summary of the testditions used is given in Table 1.

Flame images were directly captured using dtaligamera. The meansible flame height and
the mean visible lift-off height we determined by averaging eachtlod shots that were captured at
60 fps. This procedure was repeated several timelsaeeraged to give the mean visible flame length
and the mean lift-off distance. The visible flamegth for an attached flame used in this study was
taken as the axial distance between the jet nazdteport rim and the farthest downstream location
where the tip of the flame was visible to the hamege. Similarly, for the lifted flame, the lift-off
distance was taken as the axd@tance along the centliee of the jet nozzlexit port rim and the
downstream plane where the flame just becomebleisie., the base of the flame where the flame

stabilises independentlypave the burner jet rim.
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Temperature measurements were madengusa silica-coated Pt-Pt/13% Rh junction
thermocouple to minimise catalytic reactions orsiisface. It was mounted in fixed position whilst
the burner was moved by meansaf3-D computer controlled traverse which also recorded the
position of the thermocouple. The measured wiegneter of the thermocouple was 0.075 mm, with
an uncoated bead diameter of 0.16 mm and sedda¢ad diameter of 0.216 mm. The temperature
correction for radiation heat losses was mageng the expression by Kaskan [21]. The
thermocouple was connected to a data logger.

The in-flame gas samples, which were obtainsthg an uncooled qutz probe, of a 1 mm
orifice diameter passed through a heated satmeinto the gas conditioning system to dry the
gases before the sample was analysed. This typeobEe was used by Dralet al. [23]. The probe
was held in a fixed position and the burner mokgdhe 3-D traverse. The concentrations of CO,
CQOz, Oz, NOx and NO were measured using a mudtinponent gas analyser (Horiba VA-3000).
NO2 was determined by taking the difference between the &d NO measurements [22]. The
unburned hydrocarbon was measured using a Flameation Detector (XA 1170 HFID). Each
experiment was repeated three tia each location. The uncertadstin the measurements of the
mean values of temperature and gaspmsitions are +3% antb%, respectively.

The burner was placed nieally in the traverse system. Post-flame gas samples were taken
using an uncooled quartz probe which was positiasedrally above the tip dhe flame. The fuel
and the diluent used were commerciddag methane (CP-Grade 99.5%), and purez, CO
respectively, which were metered via rotametefsrieebeing piped into a mixing chamber. The flow
rate of the fuel was kept constant in all the cases while the mole fraction of the diluent in the fuel
stream was varied.

Dilution-induced extinction was achieved by fixingtfuel jet velocity, while varying the mole
fraction of the diluent, in accordanedgth the investigation of Loclet al. [7], where a uniformly

mixed diluent, with mole &ction ranging from 0 to 0.22 GQvas added to the fuel stream until
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flame extinction occurred. Here it was found thia¢ critical dillent mole fraction leading to
extinction was 0.22However, it was found impractical toeasure both the in-flame temperature
and the composition of species in the flame when the fuel was diluted withlio@e 20% because
above this dilution level the flame was highly unstable, thus making reliable measurements difficult
to obtained. Therefore, the measurements at &atillevel of 20% examineth this investigation

are taken to represent the combustion charattsrizf a methane-air jet flame near extinction.

The uniformity of the co-flow air velocity veachecked at a number of positions using a hot-
wire anemometer. The co-flow velocity was 0.3 m, svhich was sufficient to minimise
disturbances to the flame from movements in d@. This co-flow air velaty was kept constant
over all the conditions investigateshd was maintained at less than 8%the fuel jet velocity to
avoid any effect of the co-flow air on the flame length and &IN@els as discussed by Driscdl

al. [24].

3. Results and Discussion

3.1 Flame visualisation

Photographs of some of thda flames are shown in Fig. 2. From these the luminosity, colour,
flame height and the visible litiff height of each flame were observed. Each flame showed a
distinctive colour which changed as the £O@ncentration was increased; The primary flame zone
became a deeper blue colour with increasing concentrations20vQih also made the position of
the burner nozzle to be more diffit to be defined. The position of the central jet and the outer jet
rim are indicated for each burner in Fig 1 and it barseen that the flame base is broadened as the
CQ: level is increased. It wassal observed that the colours of the flames zones changed as the

carbon dioxide was added. Flame A had an orandevye&olour at the tip of the flame caused by
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the incandescenct soot particles but this disappleas the carbon dioxide level was increased. The
primary blue flame zone increased in intensitthvaarbon dioxide dilutionrad a bluish-green colour
immediately after this zone was observed in flaBemsd C. Similarly, the deeper bluish colour of

the near-extinction flame D, as compared to #amh, B and C, suggests a reduction in the flame
temperature. Also, as shown in Fig. 2, the shape of the flame is distinctive in each case, initially
being slender at the flame base in the undiluted case, and becoming wider at the base as the CC
mole fraction is increased. A further increase m¢bncentration of the deut, beyond that used in

flame D, caused the base of the flame to oscillate vigorously with no significant increase in the
length of the visible flame. At thlevel of dilution, jst before the flame blows out, the intermittency

of the flame increased and the flame became wvestable, with further minor increases in the

diluent mole fraction leading to complete flame extinction.

3.2  Visual observation of the flame length and lift-off height

The visually-determined overall flame height and fift-off height at different dilution levels
are shown in Fig. 3. The results show that wtiilere was a decrease in the flame length, there was
an associated increase in the lift-off height of jteflames with increasing levels of diluent in the
flame. The measured lift-off heights in thesanfes are consistent with the linear relationship
between the jet inlet velocity and the lift-off height observed by @hah [18]. The shortening of
the length of the visible flame with increasing ditt mole fraction (flames B, C and D) is because
the combustible component of the fuel is reduesdling to a decrease in the flame temperature, and
reduction in the flame’s residence time, reactiate, and in the time available for mixing and
combustion of the fuel. A further increase in the elilumole fraction leads @ further shortening of

the flame and extinction.



It was observed that although the difference enlével of dilution between flames C and D was
quite small, even this slight increase (2 vol. %gilution leads to a disproportionately greater lift-
off height and shorter flame length, whichcensistent with the observations of Logkal. [7]. In
particular, small increases inighength were found at low dilatns, followed by more significant
increases in the lift-off height areater dilution levels neardhblow-out condition. This was the
main reason why flame temperatures and species compositions were not measured in flame D, due t
the high levels of oscillation at the flame base., Similarly, it should be noted that the flame lift-off
height for diluted fuels is alsdfacted by factors suchs the aerodynamics tife jet flame [19] and
the co-flow air velocity[26].. However, this investigation suggests that,tfe flames studied, the
lift-off height was increased by the addition of thikient alone. This is because the jet and co-flow
velocities remained unchanged acralighe jet flames consideredut the lift-off height was found
to increase with increasing dilution of the fuel with £his dilution causes @eduction in both the
mass fraction of the reactant and the length of thereézdse zone, with an associated reduction in
the reaction rate at the flame’s leading edgéchvithanges the flame propagation speed, thereby

leading to stabilisation of the flame furtrdownstream at increased levels of dilution.

3.3  Temperature profiles

The maximum mean temperature reeardn the flames for 0, 0.1 and 0.2 £@ole fractions
were 1925K, 1890K and 1858K, respectively, at anmadised axial position of y/d=32.3, indicating
the main region of combustion the flames, as shown in the mean temperature profiles in Fig. 4.
The variation in the maximum temperature indicates that an increase in the dilution of the fuel with
CQO: leads to a reduction in theafhe temperature, as expect&dis may be explained by the

combined effect of dilution adhe reactive species in the flam@ne and heat capacity effects.
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Similarly, it was also observed that the flsnexhibited an axially symmetric trend in
temperature, as anticipated, wiahdouble peak structure which sviargest in the undiluted flame
(flame A), in the near-nozzleactive region of this flame, while the peaks became less pronounced
in flame C, as shown in the tempairre profiles in Fig. 4. This decrease in peak temperatures as the
diluent mole fraction increased is due to a de@easthe concentration of radical species in the
flames, and the greater entrainment of air into the jet flame. In addition, the dilution of the fuel led to
a 35 K difference in the peak mean temperatuteden the undiluted flame and the flame with 10%
CQOz dilution, while the difference in peak temptmre between the flame with 20% fuel-stream
dilution and that with no dilution was 67 K, indicgg the significant impact of dilution of the fuel
on the flame temperature, as well as on the lift-oifjlieof the flame as previously noted. One of the
practical implications of this effect of dilution tfe fuel stream is that the lower flame temperatures

can aid the durability of flare-tips when used in full-scale flares.

34  CHgs, O, N2, CO, CO2 and H20 composition profiles

As the fuel stream diluent mole fraction is ieased in lifted flames the residence time of the
flame decreases, the flame length decreases andttbf hkight increases causing the reaction zone
to move downstream. More air isteained in the fuel stream with increasing diluents levels and the
overall effect is a decrease in the flame temperature until flame extinction occurs. [7]. These effects
result in changes in flame structaed geometry and the emission indices.

Plots of the mass fraction againstxtare fraction for the reactant (GHO: and N), an
intermediate (CO), and the product (£&hd HO) at six different axial locations in the flames are

shown in Figs 5 to 8. The mean mixture fractign, was calculated based on the carbon atom

balance from the experimental daganerated for the fuel, CO and £0sing the expression

employed by Masri and Bilger [26]:
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? - [1216039V,,, + (12280 + (12440, |/ e, i)

The mass fraction of each species at any gmean mixture fraction gends on the location in
the flame where the measurement was made and tesity of the rate of mixing at that location,
with the mixing rate increasing with upstream locaiiothe flame due to thehemical kinetic effects
[26]. Similarly, at differ@t dilution levels of CQ there is a variation in the maximum fuel mass
fraction measured on the flame’s centreline at dongas locations in the flame, where in mixture
fraction space this varies from 0 in the air strearh i the pure fuel stream, with intermediate values
in partially-mixed streams [23]. For examphapving downstream, fro y/d=32.3 to y/d=125.5, the
mass fraction of the reactant decreases. The mas®ifrad the reactant in éhnear-burner zone is
relatively high because this is the closest regiothto jet nozzle, where the fuel has just issued,
although, because the flames are lifted from the buenkigh level of air endinment is expected in
this region. Plots of thepecies mass fraction versus mixture fracsbow that at fierent levels of
dilution, the reactant, & intermediate and produspecies tend towards ethfuel-lean side of
stoichiometric as theildent mole fraction is increased. Th#&arts from y/d=63.1 at a diluent
concentration of 10%, and becomesrenobvious at a dilution of 20% GQvhere the mass fraction of
the species becomes leaner as the flame approadiredien, indicating that just before blow-out the
flame becomes very lean due to the thermal, cheraiwadldilution effects of the diluent, in line with
the investigations of Locét al. [7]. In Fig. 5, the maximum mass fraction of Oias recorded on the
fuel-rich side of stoichiometricn@ in the near-burner zone in all easnvestigated, as expected. This
zone is closest to where the fuel has just issued, with the mass fraction sifitiddquently decreasing
with downstream and radial distance in the fla@é particular note ishe sudden drop in the mass
fraction of the fuel at y/d=63.1 in the diluted cas&his can be explained by the reduction in the
concentration of the reactant species due to the addition pfga@ing to a decreased reaction rate,

and hence lower measured mass fraabioinis species at that location.
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In Fig. 6, and for all cases investigated, theimam mass fraction of oxygewas observed at the
following locations: upstream of the base of the vesitdAme, at downstream locations above the tip of
the visible flame, and at radial locations away fitben flame, as might be expected. In Fig. 7, the mass
fraction of the product species increase downstré@am y/d=32.3 to y/d=157.8 at all levels of
dilution, while in Fig. 8, the mass fraction of theeinmediate species, CO, increases downstream
between y/d=1.5 and y/d=63.1, peaking at the lattestion before decreasing further downstream.
The results for the CO and E@ass fractions show that in the dantkéd case, the peak concentrations
of CO and CQ@ were recorded on the fuel-rich and fuehh sides of stoichiometric, respectively.
However, in the diluted cases, the dilution of the fuel with @ds to higher COmass fractions on
the fuel-rich side of stoichiométy with increasing levels of CQOat higher diluent mole fraction
observed in the near-burner zoney/at=1.5, and relatively lower levetd downstream locations in the
flame. In the undiluted case, the peak CO massidraties on the fuel-rich side of stoichiometric,
while in the diluted cases, the peak CO méasstion in flame B decreases gradually towards
stoichiometric before crossing over to the lemteswhile flame C remains on the lean side of
stoichiometric at most locations in the flame. TiBigxpected because CO formation is favourable in
locations of relatively low air concentration,ghi fuel concentration,ra low temperature which
consequently reduce the rate of teacfor the oxidation of CO to COSimilarly, fuel-stream dilution
with CO; favours lower temperatures, atse lower temperatures afg@mote the formation of CO
as a result of quenching of tleidation reaction, thereby leading ligher local CO levels in the
flame. In addition, by adding CQo the fuel stream, the CO mass fraction is increased as the level of
dilution is increased across the flames. Thisxgected because the reaction of H withe @Oproduce
CO and OH favours a higher mass fraction of &@ OH due to the chemical effects of Q@ the
fuel stream. The effect of this dilution also Iead a change in the flame’s stoichiometry, causing a
decrease in the flame’s local and global residdimes [27], and with thehemistry of the flame

being skewed away from stoichiometric.



12

3.5  NO, NOz and NOx composition profiles

The dilution of fuel with CQ@ leads to a reduction in the concentration of NO and, to a lesser
extent, on the local concentration of N®IO is the dominant nitrogen oxide pollutant species that is
emitted by hydrocarbon flames. Although these pollutdatsot take part directly in the combustion
process they are linked to the mammbustion process. In the previaesction, it was shown that an
increase in the fuel-stream dilution leads to a rednadn the flame tempenate. Consequently, this
reduction in temperature further aids the reduction ok N@els in the flame. In Figs 9 and 10, the
effect of CQ dilution on NO and N@respectively, is shown in plots tife local concentration of the
pollutant in ppm versus the mixture fraction. &l cases, the maximurooncentration of these
pollutants lies on the lean side of stoichiometric. Tikibecause higher fuel concentrations lead to
higher flame temperatures, and an increasezirar@ N concentrations available within the flame
zone enhances NO levels via the Zeldovich mechaf#8inHowever, when th&uel stream is diluted
with CQO, there is a reduction in the reactant masgifradn regions of high temperature within the
flame, thereby leading to losses of radical speti@ger reaction rates and temperatures, which in turn
lead to lower NO levels. This is shown where tffeat of increased dilution of the fuel leads to a
reduction in the fuel concentratioas in Fig. 5, and a reduction iretipeak temperature, causing the
reaction zone to move downstream and consetjuehe lower concentrations of NO and NO
measured in the flame. In increasing order ok @{ution in the three flames investigated, the peak
concentrations of NO in ppm were 23.4, 19.9 and 16.7, and ofAd@ 4.7, 5.8 and 5.9. This implies
that diluent CQ mole fractions of 0.1 and 0.2 lead 26% and 29% decreases, respectively, in NO
concentration, and 23%nd 26% increases in N@oncentrations, respeatly, demonstrating that a
decrease in NO concentratioesds to an increase in N©oncentrations as the diluent mole fraction
is increased. The effects of dibn and the consequent lower flateenperatures lead to lower soot

volume fractions and lower Noncentrations in a flame. The percentage ok M@t is NQ in the
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post-flame region ranges from about 7% - 4[2%], and peak concentrations of Nave been found

to be in downstream regions of a flame, angasdt-flame locations where rapid cooling or dilution
occurs, which also coincides with those locations where radicals formed in the peak-temperature
regions of a flame are rapidly cooled.

NO2 has often been neglected in some combugiiocesses [29] because of its relatively low
concentration in hydrocarbon flames, as compared to NO, yetisN@ore toxic than NO [30], and
NO is ultimately converted to NOin the atmosphere [24]. As shown in Fig. 10, the peak
concentration of N@in both the diluted and undiluted casescur at a downstream location of
y/d=93.9, and does not vary significantly betwdames, irrespective of the level of €@ilution of
the fuel streamNO: formation occurs mainly vighe oxidation of NO with the HOradical in the
flame zone at short residenceds via the reaction of NO and H@® yield NG and OH [30, 31],
although NQ may also be formed via the react@hNO with other species such as, @ and OH in
the flame zone. In hydrocarbon flames, Ni® generally made up of approximately 80% NO, or
higher [32], while the remainder is NOmplying that NO concentriain profiles should follow NG
profiles closely becausaf the higher comibution of NO in NQ than NQ. In the cases investigated,
only small concentrations of NQvere recorded in the GHlames, as expected because of chemical
kinetic reasons. As a rdswf the relatively high temperature the NO-NEbnversion is very slow
until the combustion products cool. In Fig. 10, it can be seen that the in-flameddCentration

increases slightly as the diluent £@ole fraction increases.

3.6 Effect of fuel-stream dilution on EINOxand EICO

Factors such as the composition of the reactémtsflame structure, the flame temperature, and

the rate of chemical reaction taking place in wgastr portions of the flame determine the level of
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post-flame pollutant species emissions. These spatg be reported as an emission index, which is a
measure of the mass of species emitted (g) pessnoé fuel combusted (kg), and is expressed

mathematically as:

EIX;(9/kg) = nX; /Xco, x MW /MW; x1000 0)

wheren is the number of carbon atoms in@hkane [33]. The emission of N@om fossil fuels is in
the form of NO which is oxidised to NGn the atmosphere and in exhaust systems [34], therefore the
emission index of NQis reported as the eguailent of that of N@ where the molecular weight of NO

is used in calculating the EING24, 27]. Plots of themission indices of NOand CO at different
diluents CQ mole fractions are presented in Figs. hil 42, respectively. It was observed that for all
the Reynolds numbers investigatereasing the mole fraction of G@ the fuel led to a decrease in
the EING, and an increase in EICO. For the EIRj@e dilution led a decrease in the concentration of
reactive species, and lower flamenggeratures, leading to a lower EINGsimilarly, higher diluent
concentrations lead to an increase in the EIC@hénpost-flame location of the flame. This can be
explained by the low temperaturasd the shorter flame zone residerimes which reduce the rate of
the oxidation of CO to C®and leading to higher EICO levels, which is consistent with the

observations of Turns and Bandaru [35].

4. Conclusions

The effect of C@dilution on turbulent, non-premixed GHdir flames firing vertically in still air
has been investigated. From examination of theemprent changes in the flame temperature, stability,
species mass fractions and emission indices of tlilafeés, the results show a significant influence of
CQO dilution of the fuel stream, and the following conclusions are made:

e Results for species mass fractions in mixtfreetion space are effective in visualising

changes in the flame structure at different levels of diluentré@e fraction.
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e The luminosity of the flame decreases vathincrease in diluent concentration.

¢ A significant increase in the flame lift-off heigland a decrease inetloverall visible flame
length, is apparent with increasing £dlution levels.

e Flame blow-out is sensitive to the level of £dilution.

e Anincrease in the dilution levels of G@ads to a decrease in the flame temperature due to
a reduction in the concentration of radical sperigbe flame, with an increase in the heat
capacity of the unburned mixture sinmifaaffecting flame temperatures.

e CO2 is an effective diluent for not onlyuppressing soot formation, but also for the
reduction of flame temperature and Nedncentration.

e A decrease in NO concentration leads to an increase inch@entration as the diluent
mole fraction is increased. Gdilution of the fuel streanat 0.1 and 0.2 mole fraction
therefore leads to a 23% and 26% increase, respectively, scdi@entration, and a 15%
and 29% decrease, respectyyah NO concentration.

e CQO dilution leads to an increase the EICO and a decrease in the EWN&D Reynolds

number ranging from 1,584 to 14,254.
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Table 1. Test conditions fdine presentivestigation.

Jet Flame A B C D
Fuel concentration / Vol. % 100 90 80 78
Diluent Concentration / Vol. % 0 10 20 22

20
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Fig. 1. Schematic diagram of the experimental equipment.
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Fig. 2. Photographs of methane jet flames showiegeffects of increasing CO2 dilution on flames
A, B, C and D respectively. The jebzzle and the burner rim are shown
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Fig. 3.Changes in the visually-detgned flame height and lift-off hght with increases in diluent

concentration for flames A, B, C and D.
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Fig. 4. Mean temperatures for the three jet flamesstigated (flames |A, Bnd C) as a function of

radial position and downstream distance.
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Fig. 5. CH mass fraction versus mixture fraction gléor flames A, B and C, corresponding to

diluent CQ mole fractions of 0, 0.1 and 0.2 respectively.
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Fig. 7. CQ mass fraction versus mixture fraction plfisflames A, B, and C, corresponding to
diluent CQ mole fractions of 0, 0.1 and 0.2 respectively.
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