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Abstract

Three biomass derived gases (BDGs, named GG-H, GBd_GG-V), which are derived
from industry facilities and can be useful for rethg CGQ and the application to combustors,
are studied and examined for some basic flame cteaistics such as unstretched laminar
burning velocity, Markstein length, and cell formoat over the entire flame surface.
Experiments were conducted in a constant pressurgustion chamber using a schlieren
system. A better agreement between the measuregraditted unstretched laminar burning
velocities is obtained using a suggested reactiechanism modified from the GRI-Mech 3.0
mechanism. Additionally, cell formations on flama&faces of the three mixtures were also
analyzed and compared using high-speed schlieragam It is shown that the GG-H-air
flames and the GG-L—air flames have similar flanrenkled surfaces, while the GG-V-air
flames shows a stronger cellularity behavior. Ttiects of each fuel component in mixtures
to cellularity are also evaluated by varying thenaantration of each fuel in the reactant
mixtures. The cellular instability is promoted (dmshed) with hydrogen enrichment
(methane addition); meanwhile the similar behaigabtained for carbon monoxide addition.

Introduction

In recent years, for the purposes of reducing ot €Qissions during combustion of fossil
fuels and removing of wastes due to environmemtdlleealth concerns, biomass derived gas
(BDG) has been widely used to replace fossil firelsombustion engines. The most serious
barrier in designing combustion engines using BD&ses from a large variety of
compositions produced from various biomass souroesdifferent techniques. BDGs mainly
compose of B CO, CH, CGO;, N, and can occasionally contain a small amount ghén
hydrocarbons [1]. Because of the small lower hgatmlue (LHV) of BDGs, they can
ordinary be burned together with natural gas toiemeh a higher efficiency of internal
combustion engine [2].

In literature, there have been a lot of reportste fundamental characteristics of pure
fuel premixed flames. So far, most studies reldtedbiomass have been rather limited to
processes technologies such as gasification aralygis [3-5]. It is rather surprising that the
flame characteristics of BDGs flames have not bgetnunderstood thoroughly. The deep
understanding in combustion behaviors of BDGs-tamés is very important in designing of
combustion devices, validating and developing thendcal kinetic mechanisms, as well as
predicting the performance and emission of combussiystems. In this work, three BDGs
namely GG-H, GG-L and GG-V which are derived frordustry facilities and can be useful



Table 1. Compositions of biomass derived gases studieldemteasurements.

BDGs CcO CO, Ho CHy4 N> Biomass Ref.
GG-H 0.355 0.27 0.287 0.065 0.023 Cellulose [3]
GG-L 0.2792 0.3011 0.3539 0.0436 0.0222 Pine wood [4]

GG-V 0.197 006 0591 0.115 0.037  Crude glycerol ] [5

for reducing CQ and the application to combustion devices [2],stpelied and examined for
some basic flame characteristics such as unstebtidrmeinar burning velocity, Markstein
length, and cell formation over the entire flaméate. The GG-H represents the gasification
gas reported by Hanaoka et al. [3], the GG-L dentte gasification gas given by Lv et al.
[4], and the GG-V is the gasification gas studigcdMalliyappan et al. [5]. The compositions
of the three BDGs are listed in Table 1.

The most important parameter in designing premigecthbustion engines is laminar
burning velocity, in that it determines the struetand the flame stability. The behavior of
cell formation in premixed flames is another impattfactor in the side of increasing the
flame speed and leading to the engine knock. Thelaeinstabilities in premixed flames can
result from body-force, diffusive-thermal and hydyoamic effects [6]. The diffusive-thermal
effect is caused by the non-similar diffusion ofsmaversus heat and has a destabilizing
influence for Lewis numbers of the deficient reattlower than unity. The hydrodynamic
effect is caused by the thermal expansion throbghflame front and is the most essential
factor in the flame instability [7]. To clarify thBame characteristics of the BDGs-air
mixtures, this study focuses on measurements dathaar burning velocities and Markstein
lengths for a wide range of equivalence ratiohmthree BDGs-air (i.e. GG-H, GG-L, GG-
V) premixed flames. A revised mechanism of the GRkh 3.0 is presented through
modifying rate coefficients of some key reactiohise behaviors of cell formation of the three
BDGs-air flames with and without adding 10%, 20%vbiume of each fuel component (i.e.
H,, CO, CH) are also discussed. All the experiments were dan®om temperature and
elevated pressures using the centrally ignitedwangdly propagating spherical flames
method. This method yields highly accurate redoltdoth laminar flame speeds and cellular
flame instabilities and can easily account for higfitial pressures and high initial
temperatures [8].

Experimental facility and data analysis

Experimental method

A full, detailed description of the experimentatifdy is available in Vu et al. [9-11], so only
a brief overview is provided here. The total layobtithe facility can be seen in Fig. 1. The
constant-pressure, outwardly propagating sphefleale was used in this study to collect the
experimental data. The internal cylindrical chambas 220-mm diameter and 220-mm
length, with two 100-mm diameter, 40-mm thicknesartg windows mounted on both flat
opposite sides of the chamber for flame observafitve reactant mixtures were supplied by
adding individual component gases at correspong@iagial pressures such that a desired
initial chamber pressure could be obtained. Thetunes were centrally ignited by creating a
spark across two 0.5-mm diameter electrodes. Togagating spherical flames were imaged
using a schlieren system with a 300-W halogen Igghirce and a pair of 150-mm diameter
spherical concave mirrors and were recorded usimigl-speed digital camera (Phantom
v7.2) operated at 10,000 fps. The measurements rgstected to flames with radii larger
than 6 mm and smaller than 30 mm to avoid bothtimmidisturbances and pressure
increasing more than 1% of the initial pressure.
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Figure 1. Schematic representation of the experimentapsetu

Numerical modeling

In the present study the steady, one-dimensioaalinar premixed flame code PREMIX [12]
was used to predict the unstretched laminar buraeigcity, which was then compared to
experimental data. The GRI-Mech 3.0 mechanism [@8B]ch consists of 53 species and 325
elementary reaction steps, was adopted for the ncahgimulations. This model was chosen
because it includes all of the species requirethim study. However, the GRI-Mech 3.0 is
primarily designed to describe methane combustlmerefore it is required to be revised and
modified to get a better agreement with the expenital results by replacing rate coefficients
in Arrhenius form of some important reactions withes from several referential reaction
mechanisms in literature. The mechanisms refereed are the optimized HCO mechanism
of Davis et al. [14], the comprehensive @echanism of Li et al. [15], the;8Cs model so-
called the San Diego mechanism [16], the COftéchanism developed by Sun et al. [17], the
H./CO/G—-C, model, USC Mech Version I, developed by Wang kt[48], and the
mechanism developed by Konnov for small hydrocasiitames [19].

Laminar burning velocity and Markstein length obimiass derived gases—air calculation

In the present study the constant pressure metrasdused for the outwardly propagating
spherical flame. The detailed calculated processbeafound elsewhere [10,11]. The flame
front has a propagation velocitdR/dt, whereR is the instantaneous radius of the flame in the
schlieren photograph artdis the elapsed time from spark ignition. Flametstr rate of a
spherical flame surface can be expressed as [10,11]

K:i%:_zm (1)

where A; is the surface area of the flame front. For weasiyetched flames, a linear
relationship between the stretched flame speedtandtretch rate exists that is quantified by
a burned gas Markstein length, [20,21]

S-§= LK 2)

where$; is the unstretched flame speed with respect tdtimeed mixture. Base on the plot



of S—K from Eq. (2),S, can be obtained as the intercept valuk at0 andL;, is the negative
value of the slope of th§-K line. The unstretched laminar burning velocityhamigspect to

the unburned mixtureS’, is given through mass conservation

0o_ o[ P 3
S S(puj 3)

whereg, andg, are densities of the unburned and burned mixtuespectively.

Important factors for cellular instabilities
The cellular instabilities of the three BDGs—aiemixed flames were identified and evaluated
with respect to hydrodynamic and diffusional-thermatabilities. In the present study body-
force effect was not significant and could be neiglé because the laminar burning velocities
of the flames mentioned in this study are largeughcsuch that the flames can overcome the
impact of the body-force factor. Initially, cellulanstabilities are suppressed by the strong
curvature associated with a small flame radius. él@wy, as the flame expands and flame
stretch decreases, a state is reached in whichcélHedevelopment can no longer be
suppressed, and cells will appear almost instaotesig over the entire flame surface.

The influences of the hydrodynamic and diffusiverthal effects were mentioned in
detail in Ref. [11]. The hydrodynamic effect is sad by the thermal expansion ratio through
the flame front,o = p,/ p, , and laminar flame thickneds, The laminar flame thickness is a

characteristic length scale which is given by Lavale[22] asl, =(A/c,)/(p,S]), whereA

and cp are the thermal conductivity and specific heail200 K, respectively, which is an
approximate average of the free stream and flamedeatures [22]. Diffusive-thermal effect
is caused by the non-similar diffusion of mass uerseat and are represented by the Lewis
number,Le, which is defined as a ratio of the heat diffugivdf the mixture to the mass
diffusivity of the limiting reactant relative to e¢habundant inert [20]. The effective Lewis
number is defined as the combination of the fuell @xidizer Lewis numbers [9-11]

(e D+ (le-1)A
1+ A

Le

(4)

where Les, Lep are the Lewis numbers of excessive and deficieattants, and\; is a
measurement of the mixture strength, which werenddfin Ref. [9-11]. In case of lean
mixture, the Lewis number of the deficient reactamamed fuel Lewis number defined as a
weighted average of the Lewis numbers of the tfuels (CO, H, CH,) [9-11,22]

Oco(L&o—1+ g, (Lg, -1+ q,, (Le, -1
q

Le =1+ 5)
where Le., Lg, , Le,, are the fuel Lewis numbers of pure CO-air mixiatrez,, pure H—
air mixture atg, , pure CH-air mixture atg,,, , respectively [9-11]g =0, + ¢, + @, is

the total heat release, whegg (j = CO, H, CH,) is the nondimensional heat release
associated with the consumption of spei@2].

Results and discussion
Unstretched laminar burning velocities



The measuredS’ of the three BDGs-air mixtures &, = 0.1 MPa as a function of

equivalence ratio are plotted in Fig. 2. Togethihwhe results from the present work, t§g

of the 50H:50CO-air flames and the 5195CO-air flames by McLean et al. [23] are also
shown in the same figure. It is clear from Fighattthe GG-V-air flames have the highest
burning velocity compared to those of the two othektures because of the highest H
content in the GG-V mixture. Next, because of tighér ratio of H/CO concentrations in the
mixture of GG-L compared to one of GG-H, it demaoaigs a higherS’ of the GG-L-air
flames compared to those of the GG-H-air flamd® (atios of HCO/CQ, are 1.18/0.93/1
and 1.06/1.31/1 for GG-L and GG-H respectively)e ThaximumS’ of all three BDGs—air

premixed flames were found g@t= 1.4 (i.e. 73.05 cm/s, 80.64 cm/s, and 135.25% dov/ the
GG-H-air, the GG-L—air, and the GG-V-air flamespectively). In discussing the location
of the peak burning velocity, reference to the tlashed line in Fig. 2 would indicate that the

S’ of the 50H:50CO—air flames and the 5195CO-air flames respectively have the peaks at
@= 2.5 andg= 2, also literature shows that-+iir flames have the maximu® at ¢= 1.4
[24] and CH-air flames have the pead® at ¢= 1.1 [25]. The GG-V mixture has,}O =

3:1, hence the peak burning velocity may beaetween 1.4 and 2.0; with the existence of
CH, in the mixture, the peak has to shift to lowsr.e. = 1.4 here). The GG-H hasE0O =
0.8:1 causing the peak burning velocity ¢at little higher than 2.0, while the GG-L has
H,:CO = 1.27:1 inducing the peak burning velocityge little lower than 2.0, but the high
percentages in CQlilution make the decrease of thermal diffusivitythe reactant mixtures
[26], therefore the burning peaks tend to shitbt@er equivalence ratio (i.e2= 1.4 here).

Sensitivity analysis

As mentioned above, the PREMIX code [12] and thd-®Bch 3.0 mechanism [13] were
used for the prediction of burning velocities. ABown in Fig. 3, the experimental
measurements and predictions &} agree well at lean and stoichiometric flames, thay

diverge much at rich flames. As an effort to idigntihe dominant reactions in the GRI-Mech

3.0 that lead to the observed differences at fi@imés, a sensitivity analysis with respect to
the reaction rate coefficients was performed fer ttiree BDGs—air premixed flames. In this
study, the first-order normalized sensitivity cagéint of a given species affected by a certain
reaction is defined as a relative value equalirgahotient of the sensitivity coefficient of
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Figure 2. Unstretched laminar burning velocities of theethBDGs—air premixed flames at
P, = 0.1 MPa, together with data of 560CO-air and 5K95CO-air by McLean et al. [23].
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Figure 3. Experimental (points), calculated by GRI-Mech @l@shed lines), and calculated
by revised mechanism (solid lineSj of the three BDGs—air flamesRt= 0.1 MPa.

that reaction and the sensitivity coefficient oé tmost sensitive reaction, which holds the
largest sensitivity coefficient. This definition rcdbe applied to compute the normalized
sensitivity coefficients of the three fuel spedfes. CH,, H,, CO) of the BDGs used in this
study and only the relative values larger than €0.4maller than —0.1 are reported here. Fig.
4 demonstrates the first-order normalized sensptivoefficient of CH species aP, = 0.1
MPa, ¢= 1.5 for the 21 elementary reactions exhibiting kargest sensitivities based on the
GRI-Mech 3.0 mechanism, which emphasizes result$uatrich conditions where the
discrepancies between measurements and predici@nsarge. Similarly, the normalized
sensitivity coefficients of Hand CO species of the GG-H-air flame®at 0.1 MPa,g= 1.5

for the seven reactions exhibiting the largest iseites are presented in Fig. 5. A positive
sensitivity coefficient indicates that increasimg treaction rate coefficient increases burning
velocity; conversely, a negative sensitivity cogffnt means that increasing the reaction rate
coefficient decreases burning velocity. Therefamegrder to get a better agreement between

measured and predicte®’ at fuel-rich conditions, the GRI-Mech 3.0 mechemisvere
revised by replacing the reaction rate coefficiarftthese sensitive reactions by ones from
referential reaction mechanisms until reaching at ¢ between predicteds” and our

experimental data. The modified parameters of ppmeential factorA, power of n,
activation energykE, were collected from the kinetic data for combustimodeling in
literature [14—19] and are listed in Table 2.

As can be seen in Fig. 3, the experimentally meas\8 of the three BDGs-—air
premixed flames get better agreement with the ptiedi values obtained by the revised
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»=1.5,P,= 0.1 MPa. »=1.5,P,= 0.1 MPa.

mechanism, even at fuel-rich flames. It is showat the largest discrepancy between them is
about 3 cm/s. The maximur® of the three BDGs—air premixed flames by predgtising

the revised mechanism occur at equivalence rati@.4f matching with the peak burning
velocities of experimental data.

Markstein lengths

The negative value of the slope of the straigte-fih between stretched flame speed and
flame stretch rate is defined as the burned gak®in length,Ly,, which represents the
influence of the flame speed on the flame strettle.rTheL, varies with the difference
equivalence ratios, mixture compositions and ihjii@ssures. For the case of a negatiye
the flame speed increases along with an increaieeiflame stretch rate. In this case, if any
protuberance occurs on the flame front, then tlaendél speed increases, leading to the
enhanced flame instability. On the other hand.nif> 0, the flame-front instabilities are
suppressed, thereby contributing to the flame ktabion [21,25]. Fig. 6 plots the measured
L, of the three BDGs—air premixed flames as a functib equivalence ratio at the initial
pressure of 0.1 MPa. This figure indicates thatlthef all mixtures are smaller than zero;
therefore such mixtures are unstable to flame ddtreffects. For all measured BDGs-air
mixtures,L;, increase along with equivalence ratio as showfign6. This tendency is similar
to the tendencies af, of the 50H:50CO-air flames [26] and the GHair flames [25]. Théy

of the GG-H-air flames and the GG-L-air flames lawer than those of the GG-V-air
flames, because of the high €&ncentrations in the GG-H and the GG-L mixtucesising
the significant decrease in thg of the mixtures [10,26].



Table 2. Reaction rate coefficients in Arrhenius fokr AT" exp(- EJ R T). Units are
mole-cm-s-cal-K.

No. Name Reaction A n E. Ref.

1 R3 O+H2<=>H+OH 3.820E+12 0.000  7948.00 [17]
2 R10 O+CH3<=>H+CH20 8.430E+13 0.000 0.00 [15,149B
3 R38 H+02<=>0+0OH 3.547E+15 —-0.406 16599.00 [15]
4 R41 2H+H20<=>H2+H20 5.624E+19 -1.250 0.00 [14,18]
5 R45 H+HO2<=>02+H2 1.660E+13 0.000 823.00 [15,16]
6 R46 H+HO2<=>20H 1.700E+14 0.000 875.00 [19]

7 R52 H+CH3(+M)<=>CH4(+M) 1.270E+16 -0.630 383.00 15,[16,18]

8 R53 H+CH4<=>CH3+H2 5.470E+07 1.970 11210.00 [15]
9 R55 H+HCO<=>H2+CO 5.000E+13 0.000 0.00 [16]
10 R84 OH+H2<=>H+H20 1.170E+09 1.300 3635.28 [16]
11 R98 OH+CH4<=>CH3+H20 5.720E+06 1.960 2639.00 115
12 R166 HCO+H20<=>H+CO+H20 2.244E+18 -1.000 170D0.0 [14,18]

Flame stability and cellular structure

In premixed flames, a corrugated flame front dudaht® formation of cellular instabilities
could induce the turbulence of unburned mixture sutosequently the rapid increase of flame
propagation velocity, hence could be one of thenmaasons for gas explosion. As previously
mentioned, two instabilities of premixed flame weneserved in this study: diffusional-
thermal instability and hydrodynamic instability dérder to compare the cellularity behavior
of the three BDGs—air premixed flames, schliereages of different sequences of the GG-
H—air flames, the GG-L-air flames, and the GG-V#aimes for equivalence ratio of 0.8 are
shown atP, = 0.2 MPa in Fig. 7a and &, = 0.3 MPa in Fig. 7b for the same Karlovitz
number, which is the non-dimensional measure etdied rate and can be defined as a ratio
of chemical time scale, which is represented byr#t® of flame thickness to flame speed,
and physical time scale, which is given by the isee of flame stretch,

Ka=(2/R)(dRdty ($/ ) [8]. Three important parameteiseés, g, Ir), which affect the
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Figure 6. Markstein lengths of the three BDGs—air premiftathes atP, = 0.1 MPa for a
wide range of equivalence ratios.



cellularity of the flames, are tabulated at thetidrotof the figure. This figure exhibits that the
flame fronts behavior of the GG-H-air flames and BG-L-air flames are quite similar,
while the GG-V-air flames are more wrinkled on tleme surfaces. For the GG-H-air
flames and the GG-L-air flames, thess are equal, causing no different effect on the
diffusional-thermal instability. Concerning the mgdynamic instability, theo and thels
change a little, hence causing a slight influencehe hydrodynamic effect. For the GG-V—-
air flames, compared to the GG-H-air flames andGeL-air flames, therincreases, and
the It significantly decreases; thus the effect of tharbglynamic instability would be
promoted. In addition, thiees is much lower than those of the GG-H-air flames tre GG-
L—air flames; therefore the flame front instabagiof the GG-V-air flames can be enhanced.
It is clear from Fig. 7a and b that different iaitpressures cause different sequences of the
flames, cells form earlier and the size of cellsrmsller at higheP,. ThelLey is insensitive to
initial pressure changes; therefore the propensitiestabilize the flames was not affected by
the diffusive-thermal effect. The enhancement diutzity at higherP, could be explained
by the significant decrease in thewhereas ther maintains nearly the same value.

In discussing the effects of each fuel componenimimtures, flame sequences are
evaluated by increasing the concentration of eaehih the reactant mixtures. For hydrogen
enrichment, Fig. 8 indicates that the propensityedtabilization tends to be progressively
promoted. It is noteworthy to mention that tedoes not change so much while the
decreases significantly causing the enhancemehydnodynamic effect. Additionally, the
Les of the flame decreases with adding afddntent hence intensifies the diffusive-thermal
effect. It can be concluded that both the hydrodyicainstability and diffusional-thermal
instability are promoted when the amount of hydrogereases in the reactant mixtures.
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Figure 7. Schlieren images of the three
BDGs—air premixed flames &= 0.8,
(@) P, = 0.2 MPa and (b, = 0.3 MPa.

Figure 8. Schlieren images of the three
BDGs—air premixed flames with,H
enrichment atp= 0.8,P, = 0.2 MPa.



Regarding to effects of CO addition, Fig. 9 showattthere are no differences in
sequences of the flame front surfaces between D&sBair premixed flames with and
without CO additions. As increasing content of @Qhe reactant mixtures, the. slightly
increases, thereby the diffusional-thermal insigbilwould be slightly diminished.
Meanwhile, the hydrodynamic instability would belitle promoted because of a small
increase in ther and a slight decrease in theHence the net effects of the two instabilities
can be negligible. The combination of the diffusibthermal instability and the
hydrodynamic instability indicates that increasid@ concentration in the fuel blends could
not suppress the cellular instabilities of the BB&sflames.

The effects of methane additions on cellularityttef BDGs—air flames are illustrated in
Fig. 10. It is different from the cases in the XEICO syngas—air premixed flames that could
not be suppressed by methane additions [9,11],imdle flame front instabilities are
diminished as the amount of methane addition inftleé blend increases. The most suitable
parameter that denotes the stabilizations in th&8Eair flames with Cldadditions is the
significant increase in thd;. For methane addition, thées decreases, causing an
enhancement in diffusional-thermal instability. Ténéncreases, however theprogressively
increases, and these thus suppress hydrodynamabilitg. It indicates that; can be the
dominant factor as the suppressant or in the emmagct flame front instabilities. It also
demonstrates that the hydrodynamic effect is thim fieetor when the flame has a large size,
while the diffusive-thermal effect is only dominaatitthe time when flame is ignited and has a
small size [8]. Compared to the GG-H-air flames #ra GG-L-air flames, the GG-V-air
flames is not so much suppressed by,CGddition, and this tendency is similar to the
behaviors of the CHadded 50t50CO syngas—air flames [9,11]. Because both flanaes
high burning velocities and thereby small flameckhiesses, therefore the increase in flame
thickness could not significantly affect the cediuly of the flames.

GG-H GG-H+10%CC GG-H+20%CO GG-H GG-H+10%CH GG-H+20%CH

P, = 0.3MP¢ P,=0.3 MP¢ |
9=038 p=12
Ka = 0.049 Ka = 0.033

Les 1.072 1.074 1.076 Leest 1.196 1.166 1.144

g, Iy (mm) 6.11, 0.090 6.22, 0.086 6.32,0.082 g, Iy (mm) 6.41, 0.054 6.69, 0.065 6.89, 0.074

GG-L GG-L+10%CO GG-L+20%CO GG-L GG-L+10%CH GG-L+20%CH
y 3 i P 4

P, = 0.3MP¢ P, =0.3 MP:
9=0.8 =12
Ka=0.047 Ka =0.037
Legt 1.072 1.075 1.078 Legs 1.235 1.194 1.164

ol (mm) 5.97,0.086  6.10,0.081 6.22,0076 gl (mm) 6.21,0053  6.56,0.067 6.79,0.C77
GG-V GG-V+10%CO GG-V+20%CO GGV  GG-V+10%CH GG-V+20%CH

P, = 0.3MPe¢ P, =0.3 MP«
9=0.38 p=12
Ka =0.048 Ka=0.029
Legs 1.043 1.065 1.076 Lee 1.31¢ 1.25¢ 1.217

g, Iy (mm) 6.45, 0.059 6.48, 0.058 6.52, 0.057 o, Iy (mm) 6.94,0.033 7.07,0.044 7.16, 0.054

Figure 9. Schlieren images of the three Figure 10. Schlieren images of the three
BDGs—air premixed flames with CO addition = BDGs-air premixed flames with GH

at 9= 0.8,P, = 0.3 MPa. addition atp= 1.2,P, = 0.3 MPa.



Conclusions
The major conclusions of the study are as follows:

The S of the GG-V-air flames are higher than those ef 8G-L-air flames and the

GG-H-air flames and the peak burning velocitiesha three BDGs—air premixed flames
were found at equivalence ratio of 1.4. The expenital measurements and predictions using

GRI-Mech 3.0 of S’ agree well at lean and stoichiometric flames, beytdiverge much at

rich flames. For getting a better agreement betwibenmeasured and predicted burning
velocities at fuel-rich conditions, sensitivity &yss was performed to identify the dominant
reactions. Subsequently the rate coefficients es¢himportant reactions were replaced by
ones from referential reaction mechanisms in litega The new calculated burning velocities
from the revised mechanism agree rather well withexperimental data. The of the three
BDGs-air premixed flames are smaller than zeraethethe flames are sensitive to flame
stretch effects and thg increase with equivalence ratio.

The flame front behaviors of the GG-H-air flamesl dhe GG-L—air flames are quite
similar, while the GG-V-air flames are more wrirklen the flame surfaces because of the
combined influences of the hydrodynamic and thdusibnal-thermal instabilities. For
hydrogen enrichment, the propensity of destabibratends to be progressively promoted
because of the enhancement on both effects. Fboranmonoxide addition, there are no
differences in sequences of the flame front sudfdmmween the BDGs—air premixed flames
with and without carbon monoxide additions. For maee additions, the flame front
instabilities are diminished because of the sigaiit increase in the flame thickness.
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