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Abstract-The extinction of laminar premixed flames by stretch and radiative loss is studied for the model 
problemofcounterflowopposed-jetcombustionbyusingthematchedasymptoticexpansion techniqueforthe 
highly temperature sensitive processes of radiative heat loss and large-activation-energy reaction kinetics. 
Explicit expressions for the critical DamkGhler number at extinction are derived and the influence of upstream 
vs downstream heat losses assessed. Results show that stretch exerts a much stronger influence than radiative 

loss on flame extinction. 

NOMENCLATURE 

Yjf WT, 
frequency factor 
specific heat at constant pressure 
mass diffusion coefficient 
Damkiihler number, equation (3) 
activation energy 
radiative heat loss per unit volume per unit 
time divided by PTQ 
temperature gradients, equations (26) and 

(27) 
coefficient defining temperature sensitivity of 

Y, d(ln r)/(ln T) 
strength of chemical heat source, equation 

(15) 
flow factor (1, two-dimensional ; 2, 

axisymmetric) 
Lewis number, l/(C,pD) 

Planck-mean absorption length 
molecular weight 
temperature gradient parameter, equation 

(36) 
parameter defined in equation (50) 
parameter defined in equation (44) 
parameter defined in equation (39) 
heat of combustion (fuel-mass based) 
total nondimensional radiative heat loss, 
equation (18) 
gas constant 
traverse coordinate 
nondimensional temperature 
nondimensional activation temperature, 

EC,I(RQ) 
adiabatic flame temperature 
tangential velocity 
freestream velocity 
reaction rate, equation (4) 
canonical coordinate, equation (7) 
stoichiometrically adjusted mass fraction 
freestream oxygen mass fraction 
stretched coordinate, (x - x,)(oc/x,)(T,/T:) 

nondimensional axial coordinate. 

Greek symbols 

WV r,” 
effective difference between downstream and 
upstream nondimensional temperatures 
rate of strain, k(du,/dr) 
coefficient defining temperature sensitivity of 
F(T), d(ln F)/d(ln T) 

radiative loss parameter, equation (24) 
Dimrac’s delta function 
small parameter, Tz/T, 

stretched coordinate, y-PO/m 
stretched temperature, (Tf - T)T,/Tf 

radiative loss parameter, equation (32) 
gas thermal conductivity 
stoichiometric mass ratio of oxidizer to fuel 
stretched coordinate, equation (22) 

density 
Stefan-Boltzmann constant 
stretched temperature, 0 - (mq + po) 

stretched temperature, equation (20) 

coupling function, (Y. + T - T,)T,/Tf 

reduced Damkiihler number, equation (33). 

Subscripts 

: 
activation 
burnt mixture 

C critical 
F fuel 
f flame 
i F or 0 

.i u or b 
U unburnt mixture. 

1. INTRODUCTION 

ANALYTICAL studies on radiative transfer in com- 

bustion processes are relatively few compared with 

those for convective and diffusive transfer. This 

apparent imbalance in emphases is partly due to the 
analytical difficulty caused by the strong non-linearity 
associated with the physical laws governing radiative 
transfer. Furthermore, either by nature or design, 
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laboratory flames are usually relatively small such that 
the long-range radiative etTects tend to have secondary 
importance compared with those due to convective and 
diffusive transport. Thus analytical modeling of these 
laboratory flames frequently neglect radiation. 

However, there exist strong incentives. from both the 
practical and fundamental viewpoint. to gain an 
improved understanding of radiative effects in 
combustion processes. For example, since the optical 
thickness representi~lg the length scale associated with 
radiative transport is often much larger than the flame 
thickness relevant to conductiveeconvective trans- 
ports, radiation could be the (Dominant heat transfer 
mechanism in Jargc-scale real situation fires [I] such as 
the flame spreading and flashover phenomena in fire 
research. and heat transrer in furnaces and boilers. 
Furthermore, with the anticip~ited emphasis on the 
utilization of the aromatics-rich synthetic fuels which 
have strong propensity to produce soot upon 
combustion, the increased radiative transfer will 
aggravate the extent of thermal stress experienced by 
the combustion chamber. 

From the fundamental viewpoint. the presence of 
radiation can greatly enrich the physical phenomena of 
certain combustion systems. For example, radiative 
transfer in flames primarily depends on the absolute 
values of the temperature rather than the temperature 
gradients associated with the convective and diffusive 
transport. The spectral emission/absorption of radi- 
ation in gases can also result in selective heat loss/gain, 
a phenomenon which is totally absent in other modes of 
energy transport. 

Quantitatively. as a result of the high temperature 
sensitivity of the reaction rate, it may also be expected 
that there exist situations under which the influences of 
radiative heat Iors can become comparable with the 
convective--diffusive losses and thereby change the 
extinction behavior of even small-scale flames. An 
interesting example is the recent experimental result of 
lshizuka and Law [Z] which seems to indicate that 
downstream radiative loss promotes theextinction ofa 
rich propane/air premixed flame. 

The radiative extinctio~l of diffusion flames has been 
previously studied using matched asymptotic analysis 
for large reduced activation energy and the tempera- 
ture coefficient of the radiant loss [3]. In the present 
paper this study is extended to the system of premixed 
flames. It is reasonable toexpect thatradiativeloss may 
exert din’erent influences on these two flames in that 
while the nature of chemical reactivity and radiative 
loss are somewhat symmetrical in the fuel and oxidizer 
sides of a diffusion flame. in a premixed flame the 
upstream is reactive but mostly cold and hence less 
radiative. while the downstream is non-reactive but 
mostly hot and hence more radiative. Thus the 
influence of upstream vs downstream radiative losses 
on chemical reactivity is unclear. 

The premixed flame system adopted for study is that 
of the axisymmetric counterflow, which exerts a well- 
defined stretch rate on the flame. The interest in 

studying the behavior ofastretched flame is that stretch 
is recognized as an important mechanism in causing 
extinction [4]. Since radiative heat loss is always 
present, and is especially significant at the rich 
extinction limit, it is necessary to examine the extent by 
which the critical extinction conditions may be 
modified by allowing [or radiative loss. 

The problem is formulated in the next section, which 
is followed by analysis of the thin radiative loss zone 
and then the much thinner reaction zone. An explicit 
extinction criterion is derived and intluences due to 
upstream vs downstream losses are identilied. The 
reader is also referred to ref. Cl] for a recent review ofthe 
various aspects of radiative heat transfer in combustion 
systems. 

2. FO~M~LATlON 

The conservation equations for energy and the 
reactant concentrations for the axisymmetric counter- 
flow considered here are [3] 

dT d2T 
z -g -t zzp = - W( Y,. YF, T) + F(T), 0) 

Z~+~~~ = W(Y&Y,,T), i=O,F, (2) 

Here z is the axial coordinate nondimensionalized with 
the characteristic length for the mixing layer J(r/D), 
r = k(du,/dr) is the rate of strain, and D = Do = D, is 
the diffusion coefficient which is assumed constant. The 
Lewis number. Le = i:jC,(tD), is taken to be unity; 
where A, 0 and C,, denote the gas thermal conductivity, 
density and specific heat at constant pressure, 
respectively. The flame is established in a viscous layer 
produced between the opposing streams of 
fuel/oxidizer mixture approaching from I = + iu and 
an inert gas from 2 = - W. Temperature T is made 
nondimensional by CP/(QY&,), where Y,,, and Q denote 
the fuel mass fraction in the unburnt stream and the 
heat of combustion per unit mass of fuel, respectively. 
The concentrations Yo and Y, are the oxidizer and fuel 
mass fractions divided by t*YrU and YET;-,. respectively, 
with v denoting the stoichiometric mass ratio of 
oxidizer to fuel. W(Yo, Y,,, T) is a nondimensional 
chemical reaction rate and F(T) the radiative heat loss 
per unit volume per unit time divided by ,tQr. 

A one-step irreversible reaction which is of order 
unity with respect to both fuel and oxidizer is 
considered. In terms of an appropriate Damkiihler 
number Da, which represents the ratio ofcharacteristic 
flow to chemical reaction times 

the reaction rate following Arrhenius kinetics is 
expressed by 

W = (Du) Yo YF exp ( - ‘QT). (4) 

where 7’, is the nondimensional activation energy, B is 
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the frequency factor, and MF is the fuel molecular boundary condition at x = l/2 is presented in the 
weight. Appendix. 

Equations (1) and (2) are subject to the following 
boundary conditions : 

z=+m, T-T, = YE-1 = Y,-a=o, 
(5) 

z=--co , T-T_, = Yo= Y,=O, 

where CI = YoJvY,,) and YOU is the oxidizer mass 
fraction in the unburnt mixture. 

Treatment of radiative losses assumes an optically 
thin gas, hence reabsorption of radiation by the 
emitting gas is neglected. Such an assumption is 
reasonable for the small-scale flames being considered 
[S, 61. Since the penetration depth of an optical beam is 
much larger than the characteristic flame lengths, the 
hot gas consequently loses heat by thermal radiation to 
an infinite surrounding sink. In this optically thin limit, 
the rate of radiative energy loss per unit volume is 
~u(TQY,,/C,)~/~,, where CJ and I, denote the Stefan- 
Boltzmann constant and the Planck mean absorption 
length, respectively [7]. The radiative loss term, F(T), is 
then expressed as 

In the limit T, + co, chemical reaction will be 

confined to an infinitesimally-thin reaction zone 
located at the maximum temperature. The solution for 
the concentration of the oxidizer, which is assumed to 
be the deficient, and thereby controlling, specie is 
readily obtained from equation (9) as 

and 

Y. = a-a(x/x,), x < xf, (11) 

Y, = 0, x 3 XI. (12) 

Furthermore, since radiation loss is negligible within 
this reaction zone, the first integral ofequations (8) and 
(9) shows that the jump conditions for the temperature 
and species gradients across the reaction zone are 
related by 

[:I’+[:]’ = 0, (13) 

where [f]? =f(O’)-f(O-), and the + and - signs 
refer to the burnt and unburnt sides of the reaction 
zone, respectively. F(T) = 

4d TQr,,/C,)4 
I,PQ~ 

(6) 

Noting that p - T-‘, the aboveexpression shows that 
in the absence of any temperature dependence of I,, 
F(T) is proportional to T5. As discussed previously by 
Sohrab et al. [3], 1, typically decreases with increasing 
temperature. This then results in temperature 
exponents even larger than five for F(T). We also note 
that with the realistic assumption of an optically thin 
gas, the total radiative loss is proportional to the 
volume of the hot emitting gases. Therefore, in 
premixed systems where the entire downstream region 
is mostly, if not entirely, composed of hot combustion 
products, the total radiative loss could be more 
significant compared with the diffusion flames. 

Convection-free forms ofequations (1) and (2) can be 
obtained by the introduction of a new independent 
variable [S] 

x = l/2 erfc (z/42). (7) 

In terms of x, equations (1) and (2) become 

d=T 
~ = -2~(exp(zZ)}W+27c{exp(z2)}F(T), (8) 
dx2 

d2Y 
1 = 27c(exp (z’)} w 
dx2 

i = 0, F, (9) 

which are bounded in the range 0 < x < 1. The 
boundary conditions are 

x=0: T-T,=Y,-l=Y,-a=O, 

x=1: T+/LT,=Y,=Y,=O, 
(10) 

where p = T, - T_CO. The two streams are assumed to 
have equal velocities such that the stagnation plane 
occurs at x = l/2 when fl= 0 and poo = P_~. 
Extension ofthe solution to the adiabatic(downstream) 

In equation (9), the reaction term can be expressed as 
a delta function, S(x), in the present limit, the strength of 
which is obtained by evaluating the first integral of 

d2Yo 
~ = H&x-x,), 
dx2 

(14) 

across the reaction zone with the use of the solution (11) 
and (12). Thus 

H=[z]; = #]I =;, (15) 

where equation (13) has been applied to show the 
relations between Hand the jump in the gradients of Yo 
and T. 

Furthermore, since F( T) is also a sensitive function of 
temperature as just discussed, the radiative loss zone 
will be confined to a thin region embedding the much 
thinner reaction zone; its characteristics will be 
quantified in Section 3. Therefore away from these 
regions of the highest temperature, both chemical 
reaction and radiative loss can be neglected. Then 
equation (8) has the solution 

T= T,I(T--T,);, x G Xf, (16) 

T= T,--_B+(&+p-T,) x 2 Xf. (17) 

The flame temperature, Tf, which is smaller than the 
adiabatic flame temperature, can be determined by 
relating it to the strengths of the chemical heat source 
and the radiative heat sink. Thus with the radiative loss 
term in equation (8) represented by a delta function of 
strength 9, the first integral of equation (8) and the 
results of equations (16) and (17) give the total energy 
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loss by radiation as 

4=~-{(7;:a;f~)+(~)]. (18) 

Equation (18) relates the total radiative loss to the total 
chemical heat release and the slopes of the temperature 
distributions on both sides of the radiative zone. 
However, equation (18) does not relate T, and xr to the 
heat loss function F(T) ; to obtain such a relation 
requires analysis of the radiation zone which follows. 

3. RADIATION ZONE ANALYSIS 

The strong temperature dependence of F(T) can be 
represented in terms of a large parameter y defined as 

d(ln F) 
Y = d(ln T) >> 1, (19) 

such that F - TY when y is assumed to be constant. 
Since the radiation characteristics of the gas before and 
after combustion are different, yu and yc will be used to 
distinguish the unburnt and burnt sides of the reaction 
zone, respectively. The temperature dependence of yj, 
j = u, b, is assumed to be weak such that gj 
= d(ln yj)/d(ln T) is an order one quantity. For large yj, 
the contributions to radiative losses come primarily 
from the high temperature regions in the vicinity of 
flame temperature T,. Thus in terms of a new dependent 
variable defined as 

an asymptotic expansion of F( T) in powers of 7,; ’ for f$ 
of order unity can be shown to be [3] 

I+~#J’+ ,---I, (21) 
J 

where the subscript fdenotes quantities evaluated at the 
flame temperature T,. 

For analysis of the thin radiative zone the stretched 

coordinate 5 defined as 

(22) 

is introduced. Thus the structure of the radiative zone is 
given by the first-order approximation of equation (8) 

for large yir 

(23) 

where S(t) is the delta function. The radiative loss 
parameter, A, appearing in equation (23), is the ratio of 
a Bouguer number to a Boltzmann number [7] and 
depends on the flame temperature and position 
through 

Aj = 2nzF,exp(& j = b,u. (24) 
I 

In view of the definitions of F,, Aj represents the ratio of 
the rate of radiative energy loss to that for the 
convection of enthalpy. This parameter may also be 
viewed as the ratio of the characteristic residence time 
to the characteristic radiative emission time. 

The boundary conditions for equation (23) are 
obtained from matching with the outer, adiabatic and 
chemically frozen solutions given by equations (16) and 

(17) 

dd 
++O”, z=- 

T,+p-T, 
l-x, 

The first integral of equation (23) on either side of the 
reaction zone, from 5 + 4 co to 5 = O*, result in 

G- s $iO_ = [2A”+(%yl”2> (26) 

G+ -$I,+ = -[2A,+(T,:~;fTC~)“2> (27) 

where + and - refer to 5 3 0. The quantities G’ and 
G- represent the slopes of the temperature distri- 
butions on the burnt and unburnt sides of the flame, 
respectively. Using the jump condition across the 
reaction zone from equation (15), with the results in 
equations (26) and (27) one obtains 

which relates the heat loss parameters to the 
nonadiabatic flame temperature and location. In the 
absence of radiative heat loss, Aj = 0, then T,, and xf, 
are related by equation (28) through 

c( + T, - T,, 
X fa = 

cc+p ’ 

which is the expected adiabatic result. Equations (26) 
and (27) indicate that radiative loss tends to steepen the 
temperature gradients on either side of the reaction 
zone. This in turn enhances the tendency towards 
extinction by promoting the conductive loss and 
shortening the residence time. A schematic of the 
temperature distribution is shown in Fig. l(a). 

The problem is as yet not closed in that equation (28) 
is insufficient to uniquely determine xf and r,. The 
additional information is to be provided by an analysis 
of the reaction zone structure, to be presented next. 

4. REACTION ZONE ANALYSIS 

In the realistic limit [3] of Tr/yjf >> Tt/T,, the thin 
reaction zone is embedded within the relatively broader 
radiation zone. The small parameter E = Tf/T, is used 



Extinction of premixed flames by stretch and radiative loss 295 

Rodlotw loss 
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FIG. l(a). Schematic diagram of the temperature distributions 
for: (I) adiabatic single flame; (II) nonadiabatic single flame. 

FIG. l(b). Schematic diagram of the temperature distribution 
for: (I) adiabatic double flames; (II) nonadiabatic double 

flames. 

to define the stretched coordinate and temperature as reaction zone compared with the radiative loss zone, 
the boundary conditions for equation (31) are given by 
equations (26) and (27). We introduce the parameter 
defined by 

Y = (x-.4 ; wm 0 
and 

0 = (T,-T)(T,/T:). 

In terms of the coupling function 

$ = (y,S 7---T,)T,IG, 

from equations (8) and (9) we obtain 

where in view of equation (28), the quantity (m- 1)/m is 
the ratio of the slope of the temperature profiles on the 
burnt and unburnt sides of the reaction zone. The 
boundary conditions (34) and (35) can be expressed as 

d2$ 
-=AI\e- 00 

dy2 ’ 

d28 
- = R(i+h+B)e-e-Ae-“e, 
dy2 

de 
dy=mT y-++=% (37) 

(31) (38) 

where a = yjrTf/Ta signifies the relative value of the 
temperature sensitivity for the radiation and chemical 
reaction processes. 

The factors A and R, which denote a radiative loss 
parameter and a reduced Damkiihler number, 
respectively, are given by 

A = 2n(x,l~)2(~:lT,)~r(exp(z:)), (32) 

a = 27&/~)~ Da &P(TflTa)2{exp (z: - VT,)}, (33) 

where Y,, is the fuel mass fraction within the reaction 
zone. The boundary conditions for equations (30) and 
(31) are obtained from matching as 

In the first approximation, setting A = 0, the 
equations for I,$ and 0 decouple and the solution of 
equation (30) is given by $ = ll/f + by, where $r and bare 
constants of integration. Matching of the slopes with 
those from the outer solution 

dY, 
-=Oasy++co, 
dx 

and 

dYo a _= _- 
dx xI 

as y+-a, 

gives d$jdy = -m as y -+ + co and thus b = -m. Since 
O(1) changes in IJ correspond to O(E) changes in T,, 
T, is chosen such that $r = 0 resulting in the solution 
* =-my. 

By introducing the factor 

p = ln(2R), 

and the corresponding expansion 

P = Po+&Pl+,..., 

(39) 

(40) 

d0 

dy 

l+*=T,-CZ 
p, y-r-co. (35) 

dy a 

In general, solutions of equations (30) and (31) 
subject to the above boundary conditions will require 
numerical integration. In the present limit of the thin 
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the new translated coordinate q = y -p,Jm and which is the desired expression relating the Damkiihler 

modified inner temperature T = @-(mn f po) are number to the flame temperature, location and the heat 
defined. In terms of these new quantities, equation (31) loss parameters. Further substitution from equations 
and the boundary conditions (37) and (38) will assume (52)and(36)shows theexplicitrelationshipbetween~~, 

the simple form T,, .xr and Aj 

d2r 
2-~ = rexp(--mrlfr), 

d? 

dl: 

q= 
0, vl-$+“, (42) xexp(7,,7i)exp{-!~~[2*,+ (“:“_;~_)‘I’:‘}. 

(54) 
dz 

ri,- 
=-1, fl-+--co. (43) More details on the structure of the reaction zone 

including plots oft as a function of 9 for various values 
Equation (41) subject to the boundary conditions (42) of the parameter m can be found in Liiian [8]. 
and (43) was previously solved by Liiian [8]; it was Moreover, appropriate expressions for the quantity 
found to possess no solution when m 2 0.5. (nm) in equation (53) have also been obtained IS], 

The fuel rich mixture being considered results in 0( 1) indicating that for 0.2 < m < 0.5 
and O(E) leakages of fuel and oxidizer across the 
reaction zone, respectively. The appropriate expan- 

urn = 1.344m-4mZ(1-m)/( I- 2m) 

sions for oxidizer mass fraction on each side of the +3m3-ln(1 -4m2), (55) 
reaction zone which satisfy the boundary conditions 

are 
and for small positive and all negative values of m 

r,, = eP,(l -x)+eZP,(l -x)-t ,..., X > Xf, (44) nm = -In (0.6307m2- 1.344m+ 1). (56) 

Yo=cc- =c.XSEP, 
For small m, the quantity n can be accurately 

(45) approximated by 1.344 according to Lifian [8]. 
Xf 

wherecontinuity of Yoacross x = xr has been used. The 

gradient 5. RESULTS AND DISCUSSION 

dye ( 1 For any specified Bow field and overall reaction rate 

-Z- nSl 
= -EP1-eZP2,..., (46) constant which describes Da, equations (24), (28) and 

reflects O(a) leakage of the oxidizer through the flame. 
(53) provide three relations to solve for AP xr and Tf. 
An iterative procedure may be used where a flame 

By matching of the values for $ as q -+ i co, using the 
definition of m and r and the results in equations (28), 

temperature is assumed and the corresponding .xr and 

(47) and (48), we obtain 
Aj are determined from equations (24) and (28). The 
results are then used in equation (53) to evaluate a new 

P,(l -xJ = z,, (47) value for TP This process is repeated until the three 
equations are simultaneously satisfied. Numerical 

p0 = -mmn, (48) analysis of equation (53) yields the upper half of an 

where the limiting quantities PI and ?co are defined as S-shaped curve in the (T, - Da) plane, for a given value 
of Aj. A critical minimum value of Da, Da,, is thus 

7, = limt, ~-++oo, (49) determined below which flames will extinguish as a 

n = lim(z+u), q---m. (50) 

Equation (47) thus provides the amount of oxidizer 
leakage through the reaction zone. The fuel 
concentration within the reaction zone is obtained 

from the solution of equation (8) for i = 0, F 

Y,--Y, = (l-a)(l-X), (51) 

evaluated at x = xr, Yo = 0. We obtain 

YFf = (1 -u)(l -xr), (52) 

result of reduced flame temperature and insufficient 
residence time for completion of reaction. 

The critical value of m = 0.5, above which equations 
(41)-(43) have no solution, corresponds to equal slopes 
of the flame temperature profile on either side of the 
flame sheet. A critical heat loss parameter Abe is defined 
to correspond to m = 0.5 and is determined from 
equations (36) and (28) 

which is to be used in equation (33). 
Equation (48) after substitution from equations (33), 

The following range for the downstream radiative loss 

(39) and (40) results in 
parameter is thus identified 

Da = 4: fexp (- ~~)~(~~x~)~( T,/T:)2 Y& 
0 < A, < A,,. (58) 

Therefore, for any given flame location and 
x exp(T,/7;--mn), (53) temperature, a critical maximum radiative loss 
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parameter, A,,, exists above which flame propagation is 
no longer possible. 

Equation (28) will result in an eighth-degree 
polynomial in terms of .xr for general values of Ai. For 
given Aj and varying Tf, the unique root of such a 
polynomial which is in the range 

0 < xr < 112, (59) 

and satisfies the condition of equation (58), has been 
numerically determined using the Newton-Raphson 
technique, with Aj being the appropriate heat loss 
parameter. It may also be noted that in the numerical 
evaluations the quantity exp(-zz) can be ap- 
proximated by an expression in terms ofx, as suggested 
by Liiian [S] 

exp(-z,?) = 2rrx~In~1’~~8xf)], (60) 

where xr is in the range 0 < xr < l/2. 
Plots of the flame temperature as a function of the 

Damkohler number for various fixed values of the heat 
loss parameter A = Aj are shown in Fig. 2. To obtain 
suchplots,valuesofA = O.O,O.l,and l.Oaresubstituted 
in equation (28) to obtain xf for various T,. The 
calculated xf and the corresponding A and Tf are then 
used in equation (54) to determine Da. The remaining 
parameters of the problem CI, 6, 7?, and T, are also 
specified. As shown in Fig. 2, larger A corresponds to 
larger Da,, indicating that the flames with larger heat 
loss will extinguish at larger residence times, as is to be 
expected. 

The critical values of the flame temperature at 
extinction show a weak dependence on the parameter A 
(Fig. 2) which emphasizes the previous findings [8] that 
only 0( Tf,/T,) reduction in flame temperature is needed 
to achieve extinction. Consequently, larger radiative 

0.62 

0.60 

: 0.59 

';, 

: 

2 0.56 

E 

E 

z 0.54 

0.52 

0.50 

loss parameters mainly shift the extinction curves 
toward larger Damkiihler numbers. 

As seen in equations (26) and (27), the influence of 
radiative loss on the flame structure is through the 
appearance of Aj in the slopes of the temperature 
distribution on either side of the reaction zone. Clearly, 
neglect ofeither downstream or upstream heat loss will 
result in the vanishing of A,, or A, in Gf or G-, 
respectively. Therefore, to evaluate the influences of the 
downstream vs upstream radiative loss, extinction 
curves corresponding to (A, = 0, Ab = 1.0) and (A, 
= 1 .O, A,, = 0.0) have been obtained. The results, shown 
in Fig. 3, indicate that the critical extinction condition is 
more sensitive to the downstream loss. This result is in 
qualitative agreement with the prediction made earlier 
based on phenomenological arguments [9]. As a result 
of the negligible thickness of the reaction zone, 
radiative loss from this zone and the relatively colder 
upstream preheat zone is small. However, downstream 
of the reaction zone, reduced temperatures enhance 

conductive heat loss resulting in stronger dependence 
of the extinction condition on downstream tempera- 

ture gradients. 
The results show that the influences of the loss from 

each side of the flame are nearly additive (Fig. 3). They 
agree with those predicted by the laminar flame theory 
with volumetric heat loss, which shows that the 
influences of heat loss on the burning rate occur 
through the perturbation of the downstream tempera- 
ture from its adiabatic value [lo]. 

In generating the results shown in Figs. 2 and 3, a 
large value of Aj = 1 has been used. In realistic 
situations the Aj’s are smaller; in fact rough estimates 
[3] for small-scale flames with a moderate amount of 
sootingshowthattheyareoftheorderof10-6-10-5.1n 
view of the small changes in the extinction Damkiihler 

I I I I I I I 

I I I I I I I 

9.6 a.7 6.8 6.9 9.0 9.1 9.2 9.3 9.4 

In (DO) 

FIG. 2. Extinction curves for various values of radiative loss parameter A, with CC = 0.6, fi = 0.01, T, = 0.02, T, 
= 12OT,. 
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FIG. 3. Extinction curves showing the influences of downstream vs upstream radiative heat loss, with G( = 0.6, 
p = 0.01, T, = 0.02, T, = 12OT,,. 

number with substantial variations in Aj, it is then clear 

that radiative heat loss is effective in causing 
extinction, as compared with flame stretch through 
Damkiihler number variations as well as downstream 
conductive heat loss. By further suppressing 
downstream conductive heat loss by analyzing the 
symmetrical double flame situation in the Appendix, 
we finally arrive at the conclusion that flame stretch is 
the dominant mode in effecting extinction. Thus only in 
the complete absence of flame/flow nonuniformity will 
radiative loss become important. 

In view of the above result, it may then be suggested 
that radiative loss has negligible effect on the extinction 
ofthe rich propane/air flame ofIshizuka and Law [2] as 
well as Tsuji and Yamaoka [ll]. The fact that the 
double flames fail to merge at extinction may simply 
indicate that the diffusional stratification effect is still 
not strong enough. Indeed, by using butane/air 
mixtures which can induce stronger diffusional 
stratification, Sato [ 121 was able to observe complete 
merging of the double flame at extinction. 

6. CONCLUSIONS 

Extinction of laminar counterflow premixed flames 

in the presence of volumetric radiative heat loss is 

analyzed. An explicit formula for evaluation of the 
critical DamkBhler number at extinction is determined. 
It is shown that influences of radiative loss are 
secondary, and mainly felt through the reduced flame 
temperatures, which result in translation of the 
extinction curves towards larger Damkiihler numbers. 

The study includes analysis of both single- and 
double-flame situations in order to assess the influence 
of downstream conductive and radiative heat losses on 
the extinction conditions. In symmetric double-flame 
situations, the radiation effect is more significant since it 

is the only possible mode ofdownstream heat loss. Also, 
influences of downstream vs upstream radiative losses 
on the extinction conditions are found to be different; 
the extinction condition is more sensitive to 
downstream loss. The combined effects of downstream 
and upstream losses are nearly additive. A critical 
maximum value of the downstream radiative loss 
parameter is identified above which flame propagation 
is not possible. 

Our results also show that except for massively 
radiating flames, radiative heat loss is relatively 
unimportant in affecting flame extinction as compared 
with flame stretch. Since in realistic situations a flame is 
invariably curved and/or situated in a nonuniform flow 
field, the importance of stretch in considering 
extinction is again demonstrated [4]. 

The final point to note is that while the present 
steady-state analysis shows whether a steady flame can 
or cannot be established, the dynamic process of 
extinction can only be described by a complete 
transient analysis of the situation. From a practical 
point of view, however, an extinguishability analysis 
like the present one is frequently adequate in assessing 
the reactivity of a given flow/mixture system. 
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APPENDIX 

DOUBLE-FLAME ANALYSIS 

Extinction of the flame studied in the text is induced by heat 
loss through both radiation as well as to the cold inert stream. 
We now suppress the latter loss so as to demonstrate the 
possibility and the properties of extinction purely through 
radiative heat loss. Experimentally this situation can be 
realized by using identical opposed jets which result in a 
double-flame configuration [2]. Because of symmetry, the 
stagnation surface becomes perfectly adiabatic when the 
radiation zone is situated away from it. The conservation 
equations [equations (8) and (9)], will remain the same and 
only the boundary conditions in equation (10) are modified to 
the following forms 

x=landO: T-T,=Y,-l=YO-~=O, 
>v (AlI 

x = l/2: 
u1 
-= Yo’ y,+a-I =o. 
dx 

As a result of symmetry, only the semi-infinite region 
0 < x $ l/2 needs to be considered. 

Under the new boundary conditions, the downstream 
temperature distribution outside of the radiative zone 
corresponding to equation (17) assumes the modified form 

T = T,, l/2 c x < XI, (A2) 

where To is not known and must be determined. In view of 
equation (A2), a similar procedure leading to equation (18) will 
result in the total radiative loss given by 

(A3) 

From the analysis of the radiation zone which follows that 
stated previously, in Section 3, and with appropriate matching 
of the new downstream temperature gradient we obtain 

&2*~)+{2A~+(~>3’i’ = ;. (A4) 

The above equation relates the nonadiabatic flame 
temperature and location to the radiative loss parameter A! 
The temperature gradient downstream of the reaction zone IS 
now 

G+ = J(2A,,). (A5) 

Analysis of the reaction zone structure is similar to that 
presented in Section 4 with the parameter G+ replaced by the 
modified value in equation (A5). From equations (36),(A5) and 
153). the followine exoression. which relates the Damkiihler 
huiber to Tf, xf and h, is obiained 

Da =&exp(-$)($)i(&)expK/T,) 

x exp 
[ 0 

-n 2 ,/(26,) 1 9 (‘46) 

where thefuelmassfractionat theflameis(1 -a). PlotsofDaas 
a function of Tf for various values of the parameter Aj are 
similar to those shown in Fig. 2 for the single-flame analysis. 
However, in the absence of downstream conductive heat loss, 
the radiative loss from burnt gas expressed through A, in 
equation (A6) attains more significance. 

Examination of the downstream temperature To requires 
analysis of the radiative zone. From the first integral of 
equation (23) from 5 + + cc to r we obtain 

$ = (2A,e@)“‘. 

In determining equation (A7), use of the matching condition to 
the downstream outer solution (A2) has been made. The 
solution of equation (A7) which satisfies the condition 4(O) 
= 0 is 

r#~ = -21n [l -(A,/2)“‘5]. (A8) 

As x approaches l/2, corresponding to r = (0.5 -x,)&,/T,), 
equation (A8) gives the limiting temperature expressed as 

T0 E T,- ;ln 1 -(O.S-X,)$(A,/~)~~~ [ 1 (A% f 
Therefore the perturbation of downstream temperature from 
the flame temperature is small, 0(1/y,,& as is anticipated for 
small A,,. A schematic diagram of the temperature distribution 
for the double-flame situation is shown in Fig. l(b). 

EXTINCTION DES FLAMMES PREMELANGEES PAR EXPANSION 
ET PERTE RADIATIVE 

R&urn&- L’extinction des flammes prbmblang&es laminaires par expansion et perte radiative est 6tudiBe pour 
le modgle d’une combustion en jet opposb B contrecourant en utilisant la technique de dCveloppement 
asymptotique, pour les mtcanismes de pertes thermiques radiatives tris sensibles g la temp&ature et des 
cinbtiques de r&action i grande Bnergie d’activation. Des expressions explicites du nombre critique de 
Damktihler B I’extinction sont obtenues et l’influence des pertes thermiques de l’amont g I’aval est pricisie. 
Des resultats montrent que l’expansion exerce une plus grande influence que la perte radiative sur l’extinction 

de la flamme. 
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DAS AUSLGSCHEN VON VORGEMISCHTEN FLAMMEN DURCH AUSDEHNUNGS- UND 
WARMESTRAHLUNGSVERLUSTE 

Zusammenfassung-Das Ausliischen von vorgemischten Flammen durch Ausdehnungs- und 
Warmestrahlungsverluste wurde fiir das Model1 der Gegenstrom-Gegenstrahl-Verbrennung untersucht. 
Dabei wurde fur die stark temperaturempfindlichen Vorgange beim Warmeverlust durch Strahlung und bei 
der Reaktionskinetik mit hoher Aktivierungs-Energie das Verfahren der asymptotischen Entwicklung 
angewandt. Fiir die kritische Damkohler-Zahl beim Ausloschen der Flamme wurde eine explizite Gleichung 
hergeleitet und der EinfluD der stromauf gegeniiber den stromab auftretenden Warmeverlusten abgeschatzt. 
Die Ergebnisse zeigen, dal3 der Ausdehnungsverlust einen vie1 grSl3eren Einflug auf das Ausloschen der 

Flamme hat als der Warmestrahlungsverlust. 

BJIMIIHHE JIYYMCTbIX TEHJIOHOTEPb H TEHJIOOTAAHH B OKPYJKAIOIIJYIO 
CPEAY HA 3ATYXAHME WIAMEH nPEABAPkiTEJIbH0 CMElllAHHbIX rA30B 

AHHOTWIU-kf3yqeHO BnHRHUe TennOnOTepb Si3nyYeHEieM li TeIInOOTna'Ei-4 B OKpyxaIoUIylo Cpeny Ha 

3aTyxamie naMmapHblx nnah4eH npeneapuTenbri0 nepeMemamok ropmeii cMecki ans MonenbHoii 

3a~a~~~O~HRIB~~~TRBO~OTOKeMeTO~OMCpa~~BaeMO~OaC~M~TOT~~eCKO~Opa3nO~eH~~ny~It~b~X 

TeIlnOIlOTepb H TeIlnOOT~aWi B lIpOUeCC4? XLfMEWeCKOii ~aKlI&Wi BblCOKOk aKTHBHOCTH. nOnyYeHb1 

Bblpa~eHsn B IlBHOM ssine Qnr Kp"TW,eCKOrO mcna HatdKenepa npe 3aTyxaHua A OUeHeHO B,IHllHHe 

nOTepb TeI,,,a BBepX II0 IIOTOKy B CpaBHeHUH C nOTep%MA BHAJ n0 IlOTOKy. Pe3ynbTaTbI nOKa3blBalOT, 

ST0 TennooTnava B 0Kpymalouyro cpeny oKa3bmaeT 6onee ckinbttoe anmnnie Ha 3aTyxaeee nnahtewi, 

seM noTepu Ha sisnysemie. 


