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1 Introduction

Due to the simple flame configuration and well-defi flame stretch rate, the outwardly propagating
spherical flame (OPF) method is one of the mosbri@ve methods to measure the laminar flame
speed and Markstein length [1]. In the literatu@RF was been extensively studied by using
asymptotic techniques. For example, Ronney andsBinaky [2] investigated the effects of radiative
loss on spherical flame propagation and extinct®ethtoldet al. [3] assessed the impact of radiative
loss on self-extinguishing flames and self-wringliftames; He [4] and Chen and Ju [5] developed
theory on spherical flame initiation and propagatiand Cheret al. [6] studied the effects of radiation
on the flame propagation speed and Markstein lertdtwever, in all the studies [2-6] mentioned
above, one-step, irreversible, global reaction rhe@s employed. In such a one-step model the fuel
is converted directly into products and heat, amastthe role of energetic active radicals is not
considered [7]. Numerous elementary reactionseaélti fuel and reactive intermediate species appear
in practical combustion of hydrocarbon fuels [8% #uch, flame propagation is not only influenced by
properties of fuel, but also by those of intermealigpecies (especially radicals involved in chain
branching reactions). In order to achieve morerdgigdainderstanding of spherical flame propagation,
chain-branching kinetics of intermediate speciesikhalso be considered.
Recently, Dold and coworkers [7, 9-11] proposedftilewing simplified version of the Zel'dovich-
Lindn model

F+Z - 2Z : kg = Agexp(-T;/T) (1a)

Z+M - P+M Do ke = A (1b)

whereF, Z, andP denote fuel, radical, and product, respectivelyisTmodel involves a thermally
sensitive chain branching reaction (1a) with a estantg in Arrhenius form Az and Ty are the
frequency factor and activation temperature, redpdyg) and a completion reaction (1b) with a rate
constantc which is equal to the frequency faci and is independent of temperatdreBased on
this model, the structure and stability of non-adigc flame balls and propagating planar flamesewer
investigated [7, 9-11]. The simplified Zel'dovichAan model was also utilized by Gubernov and
coworkers [12, 13] in their studies on the kinetiaracteristics of flame extinction. Recently, this
model was employed to study the adiabatic sphefiaaie initiation and propagation [14]. It was
found that spherical flame initiation and propagatare strongly affected by the Lewis numbers of
fuel and radical as well as the heat of reactiah.[1
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In this study, a general correlation between flaspeed and flame radius of OPF with thermal
sensitive intermediate kinetics and radiative loils be derived first. Based on this correlatiohet
effects of Lewis humbers of fuel and radical speeie well as radiative heat loss on the propagation
speed of OPF will be assessed. Moreover, the sftdduiel Lewis number, radical Lewis number, and
radiative loss intensity on Markstein length arscdssed.

2 Mathematical Model

By adopting constant thermal properties, infinis@gk activation energy, quasi-steady, and quasi-
planar assumptions [4-6, 15, 16,], the dimensienéservative equations for fuel and radical mass
fractions, as well as temperature are given as

2
O(lj;(g +(ULeF +%) Ogi; =0 (2a)
2
‘:j;; +[ULeZ +%) ‘f;g ~LeY, =0 (2b)
d’T 2\dT
47 +(U +Ejd_E+QYZ -1=0 (2¢)

where&(=r—R), Yg, Yz, T are scaled radial coordinate, fuel mass fractiadical mass fraction, and
temperature, respectively. The variablég=dR/dt) andR are the spherical flame propagation speed
and flame radius, respectively. The dimensionlesd heleas€) signifies the total chemical enthalpy
of the premixture, antlthe dimensionless rate of radiative heat losse(lnex model it a$=hT, the
constanth is termed as heat-loss intensity [1Q]®- andLe; are the fuel and radical Lewis number,
respectively.

Equations (2a-2c) can be solved analytically sulifethe following boundary conditions at unburned
zones {—+w) and burned zoneg-6 —x)

-+, T=0, Y- =1 Y, =0 (3a)
§ - —oo, dT/dé =dY. /dé =dY,/dé=0 (3b)
and the jump conditions at the flame froft@) [7, 9-11]
dT 1 dy, 1 dY dT
Y =IY.I=IT|=T-1=|— | = F Z =y —— = 4
vl=bol=l=roas G 2 Ge LS v S0 @

The exact distributions of fuel and radical masstiopns and temperature can be obtained analyticall
and is not presented here due to space limitalibe. general correlation between flame velotity
and flame radiuR is derived as

QYZO(/‘l_yl) — 1+ QYzo(/]z_yz)
" R+U+2R)-h T S+ (U+2R)y,-h

whereY,, =Le, (U +2/RLe. ) /(- 1) /i, =-0.5(ULe, + 2R)+ 0.5/(ULe, + ZR)' + e, ,

andA,,=-0.5U + 2R) £ 0.5/(U + ZR)’+ & . With the help of this correlation, the effects of

Ler, Ley, andh on OPF and the Markstein length can be assesskedrampresented in the following
section.

(5)

3 Results and Discussions

The normalized flame velocities as functions ofmigaradii and normalized stretch rates with variable
Lewis numbers of fuel and intermediate speciespiotted in Fig. 1. Here=2.0, h=0, andU°
corresponds to flame speed at zero stretch rageird-il(a) shows that tHg-R curves of OPF are
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strongly affected by e- andLe,. For three curves withe,=1.0, U first increases and then slightly
decreases with increasedor Le-=0.5, whileU rises monotically aR increases foLe-=1.0 and 2.0.
For curves with_e=1.0, the OPF trajectories are appreciably chaffigedariations ofLe; (0.5, 1.0,
and 1.5). The present results are consistent tvithet with one-step [4-6] and two-step chemistry.[14
Fig. 1(b) shows the dependence of normalized flapeeds on normalized flame stretch rates with
Q=2.0 andh=0. For OPF, flame strecth rates2U/R, and the Markstein length, is defined as the
slope inU-K plot whenK approaches zero [6]. It is seen from Fig. 1(b) tha Markstein length,, is
strongly affected by Lewis numbers of fuel and cadi

1.02 —————r — 1.02 ————————————
[ [ (Le, Le,)=(05,1.0)
1 -
I r ®
[ Q=20
0.98 0.98} h=00
|
. [ . K=2U/R
S0.96F (Le, Le,)=(05,1.0) 20961 8
(1.0,2.0)
[ (1.0,2.0) | [
0.94 (10,05) 0.94 (1.0,20) E
. (20,1.0) .
0.92 g 0.92 g
09 - L L L IR | ~ L L L TR 5 09 L L L L L L L L L L
10 10 10 0 0.05 0.1 0.15
R K/U°

Figure 1. Normalized spherical flame propagatiorespas functions of (a) flame radius and (b) nozedl
stretch rate with variable Lewis numbers of fued aadical atQ=2.0 anch=0.
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Figure 2. Spherical flame propagation speed agifumz of (a) flame radius and (b) normalized stratite with
variable heat-loss intensities@t2.0,Le-=1.0 andLe,=1.0.

Figure 2 demonstrates effects of radiation on QPE.noted that there are two solutions for rddeat
flames and only the fast-stable solution is presim Fig. 2. At the same flame radiBsFig. 2(a)
shows the flame propagation spebld,decreases with the heat-loss intengityHowever, Fig. 2(b)
shows the Markstein length, increases with the heat-loss intendity,

Figure 3 shows the effects bér, Le; andh on the Markstein length,. According to Fig. 3(a), the
Markstein length increases monotonically with tbhelfLewis number For OPF (positively stretched
flame), the difference between the enthalpy gaire (tb fuel diffusion into the flame) and heat loss
(due to thermal conduction away from the flame)eases withLer sincelLer is the ratio between fuel
mass diffusivity and thermal diffusivity [14]. Thedore, the larger the fuel Lewis number, the stesng
the influence of stretch on spherical flame progiagaand thus the larger the Markstein length [17,
18]. Fig. 3(b) shows that the Markstein length ntonaally decreases with the radical Lewis number.
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This is due to the fact that the radical diffuses @ the reaction zone while fuel diffuses intoHbr
OPF with positive stretch, the larger the radicaiis number, the smaller the mass diffusivity & th
radical, and the less the radical enthalpy diffusedy from the reaction zone [14]. Consequently at
given fuel Lewis number, the positively stretchéadrfe becomes stronger for a larger radical Lewis
number. Fig. 3(c) shows that the Markstein lengingfes with heat-loss intensity at different Lewis
numbers. When Lewis numbers of fuel and radicalabdgo unity, the Markstein length slightly
increases aB successively become large from 0 to 0.7. Howdeergases withe-=2.0,Le,=1.0 and
Le-=1.0, Le,=0.5, the extend to which heat-loss intensitaffects the Markstein length is more
pronounced than that for case witg-=Le,=1.0, andL increases sharply whdr0.05. As such, the
Markstein length. strongly depends on radiative heat-loss intersity

-
-
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Figure 3. The dependence of Markstein length ofiu@)Lewis number, (b) radical Lewis number, aopHeat-
loss intensity.

4 Conclusions

The outwardly propagating spherical flames (OPRhwhermally sensitive intermediate kinetics and
radiative loss are asymptotically investigated he tpresent study. The theoretical correlation
describing flame propagating velocity and flameiuadf large-flame-radius OPF is derived, which
includes Lewis numbers of fuel and radical spediest release and radiative heat loss. The eféécts
Lewis numbers of fuel and radical as well as rakabeat loss on OPF and the Markstein length are
examined. It is found that OPF is strongly influeddy the fuel Lewis number, radical Lewis number
and radiative heat loss. Besides, it is shown ttatMarkstein length increases with the fuel Lewis
number and radiative heat loss, while decreaséstigt radical Lewis number.
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