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Extinction of a Stagnation-Point
Diffusion Flame at Reduced Gravity

David W. Foutch* and James S. Tienf
Case Western Reserve University, Cleveland, Ohio

The extinction limits of a diffusion flame in the stagnation-point boundary layer of a solid fuel in mixed-,
natural-, and forced-convective flows are determined numerically. The flow is characterized by a mixed-
convection stretch rate and a densimetric Froude number. The results depend primarily on stretch rate and only
slightly on Froude number. The computed results show that in addition to the familiar blowoff limit, which oc-
curs at large stretch rate, an extinction limit due to radiative heat loss from the fuel surface is found at very low
stretch rate. These two extinction boundaries merge to define a fundamental low oxygen limit. The difference of
this oxygen limit for forced and buoyancy-driven flows is found to be slight.

Introduction

T HE dependence of diffusion flame extinction char-
acteristics on the gravitational level has long been of sci-

entific interest.1"3 With intensified efforts directed toward
manned space missions, an important fire-safety question
arises: Are materials more or less flammable at reduced
gravity than at one gravity? Although one may wish for a
simple yes-or-no answer, the reality is more complex. In
reduced gravity, although buoyancy-induced convection is
diminished, it may not vanish completely. The effect of a
low-speed flow induced by these low gravity levels on
material flammability has not been investigated in the past.
Furthermore, in many practical situations, such as the living
quarters of a spacecraft, a slow forced-convective flow exists
because of the need for ventilation. Thus, practical fire safety
cannot be assured without an understanding of flame
behavior in the presence of low-speed mixed convection.

In the limit of zero buoyancy-induced flow, the effect of a
slow, forced-convective flow on the extinction limit of a
solid fuel has recently been analyzed by T'ien.4 It was found
that at a given oxygen concentration, a flame can exist for a
range of forced flow velocities. At very high speed, the
familiar blowoff extinction limit was found. At very low
speeds, another extinction limit was found when the effect of
radiation from the solid surface was included. Because of
this radiative loss, a flame could not exist at any velocity
below a certain oxygen concentration. The possibility of
radiative extinction has also been discussed by Bonne5 and
Sibulkin et al.6

At normal gravity, the speed of the gravity-induced flow
would be great enough to prevent this radiative extinction
branch from being observed for many fuels and geometries.
T'ien's work assumed zero gravity. Even on a spacecraft,
however, true zero gravity does not exist. Motor firings and
crew movement can cause accelerations. For a flame in a
low-speed forced flow, even a low gravity level cannot be
neglected. So the behavior of a flame in a low-speed mixed-
convection flow is of interest.

This work extends the analysis of T'ien to include mixed
convection. The extinction limits of a flame at the stagnation
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point of a solid fuel in a mixed convective flow are in-
vestigated. The stagnation-point diffusion flame has been
used to investigate many aspects of combustion science
because it is particularly easy to analyze.7'11 The mixed-
convection flow at the stagnation point is characterized by a
densimetric Froude number and by a mixed-convection
velocity gradient similar to the one proposed by Fernandez-
Pello and Law.8 This work has two foci: 1) the effect of sur-
face radiation on the extinction limits and 2) the effect of the
type of convection—forced, natural, or mixed—on the ex-
tinction limits.

Model Formulation
The model used here is a modification of the one used by

T'ien,4 which in turn is based on Ref. 9. The physical situa-
tion being modeled is that of a flame in the stagnation region
of a cylinder or sphere of solid fuel.

The assumptions are:
1) The forced flow is parallel to, and in a direction op-

posite to, the gravity vector as illustrated in Fig. 1.
2) The fuel sample is spherical or cylindrical in the stagna-

tion region.
3) The gas is ideal, with constant Pr, Cp, M, and p/z; also,

Le=\.
4) The gas-phase reaction is a second-order, one-step reac-

tion: F+N0O2 -*P.
5) The pyrolysis of the solid fuel follows an Arrhenius

law.
6) Gas-phase radiation is negligible.
7) The temperature profile in the solid is one-dimensional

and exponential.
Only those features of this model that differ from the stan-

dard stagnation-point diffusion flame formulation will be
presented here. The momentum equation in the x direction
is:

du du d ( du \
-T- + PV——--— U-T— )ox oy dy \ ay /oy \ dy .

~Pe

ue(due/dx). (1)

A density characteristic of the boundary-layer flame is defined
as p*. This characteristic density is used in the definition of a
densimetric Froude number:

<t>=- Sx

pe ue(due/dx) (2)
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At the stagnation point,

gx=(-gx)/R (3)

(4)

where af is the forced-flow velocity gradient. For a cylinder,
af = 2U00/R and for a sphere, af = 3/2U00/R. Since gx and ue
have the same dependence on x, the forced- and natural-
convection terms can be combined in a mixed-convection
stretch rate:

(5)

Substituting Eqs. (2-5) into Eq. (1) yields

8u du d du

(6)

with boundary conditions:

The variables a and 0 characterize the mixed-convection
boundary layer. For forced flow, <£ =
natural convection, <£— oo, af = Q, and

and a = af. For

(7)

So the mixed-convection stretch rate a characterizes forced,
mixed, and free convection.

Including an appropriate p* in the definition of the Froude
number makes the quantity

in Eq. (6) approximately 1. If it were 1, the momentum
equations would be independent of </>. Because p varies
through the boundary layer, this quantity will always have
some effect on the momentum equation. Also, because </> ap-
pears in the boundary conditions, it can never be eliminated
from the formulation. By using p*, the dependence of the
momentum equation on </> is reduced but not eliminated.

The second feature of this model that differs from the
standard stagnation-point diffusion flame formulation is the
inclusion of surface radiation. This effect appears in the
energy balance at the wall:

dT
-) I
/ ly

(8)

This equation is derived assuming that the heat transfer in
the solid is one-dimensional. Therefore, the solid tempera-
ture profile is an exponential decay from Tw at y = Q to T0 at
y^ -oo. Also, it has been assumed that 7^7^.

The momentum, energy, and species equations can be
nondimensionalized by a Dorodnitsyn-Howarth transform.
A stream function is defined:

At the mixed-convection stagnation point,

where / = 0 is for the two-dimensional case (the fuel sample is
cylindrical in the stagnation region) and /'= 1 is for the ax-
isymmetric case (the fuel sample is spherical in the stagnation
region). All calculations were done for /=!.

With 6=T/Te and assuming pp = const, the transformed
equations are

_J_
~Pr

1
~Sc

where D=B*/a is the Damkohler number.
The boundary conditions are, at 17—oo

(9)

/'=-

and at 77 = 0

(10)

/i=o,

; = -Prfw , +L --

Yi = Scfw ( 1 - YF J , YL=~ Scfw Y.w" uvv (11)

Flame

Fig. 1 Diffusion flame in the mixed-convection stagnation point of
a solid fuel.

Table 1 Property values

Gas phase

Pe
P*
He
CP
Te

TAF
ke
B*
E*

•Q*

Ps
Cs
T
B*s
E*
L*

1.1 76 kg/m3

0.261 kg/m3

1.85 x!0~5 kg/m-s
1.254kJ/kg-K
300 K
2400 K
2.93 x 10 ~5 kJ/ms-K
5.047 xlO 7 1/s
113 kJ/k-mole
25957 kJ/kg

Solid phase

11 80 kg/m3

1.463 kJ/kg-K
300 K
2.32 XlO 6 kg/m2-s
125.6 kJ/k-mole
1050 kJ/kg
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where
(12)

Table 1 gives the values for the fuel and gas properties.
The fuel properties are those for PMMA given in Ref. 4.
Table 2 describes the dimensionless variables. The radiation
parameter S is of particular interest. The importance of sur-
face radiation can be seen from the dimensionless formula-
tion. Since S varies as 1/V0, as a becomes small, the radia-
tion parameter becomes large.

The value of 6* used for the calculation is the average of
the value of the nondimensional adiabatic flame temperature
in air and the freestream temperature. This appears to be a
reasonable choice, and it is easy to calculate a priori.

The problem has now been transformed into a ninth-order
system of ordinary differential equations with nine boundary
conditions. This system is solved numerically by introducing
a fictitious unsteady term and constructing an explicit finite-
difference scheme to march in time. Appropriate initial con-
ditions are chosen, and the scheme either converges to a
steady-state flame solution or to an extinction solution.

Results and Discussion
Effect of Surface Radiation

As can be seen from Figs. 2-5, the basic trends are the
same for all </>, so T'ien's conclusions for the forced-flow
case4 apply. These will be summarized here, ignoring, for the
moment the differences between forced and natural
convection.

Table 2 Dimensionless parameters

Parameter

CS/CP
L = k*/CpTe
NQ

Pr = Cpne/ke
Sc = fjie/peDe
q = q*/CpTe
E = E*/RTe
hs Ls/RTe

fi* TAF+Te
2Te

Value

1.17
2.79
1.92
0.7
0.7
69
45.3
50.3

4.5

Parameter

e0 = T0/Te
D = B*/a

S= \-^-]/ ——T\
\Pea/ ke

r 2 i i/2
Bs 1 ••"-. J B*s

e
i

Value

1.0
Variable

Variable

Variable

Oor 1
1

There are two sets of curves in Figs. 2-5. One set is for the
case without surface radiation (e = 0); the other is for the
case with blackbody surface radiation (e= 1). Figure 2 shows
how the dimensionless fuel burning rate —fw varies with
flame stretch rate a. The dimensional fuel mass flux is pro-
portional to -^fw. For the case without radiation, -fw
decreases very slowly with increasing a until the blowoff
limit is reached at a = 90 1/s. The value of —fw has fallen by
about 10% from its value at a = 1.0 1/s. When radiation is
included, —fw is everywhere lower than for the case without
radiation and now —fw increases with a until the blowoff
limit is reached at a = 80 1/s. Even more striking is the ex-
istence of a second extinction limit. For a below 3 1/s, there
are no steady-state flame solutions. The difference between
the two cases is greatest at low a. These results can be ex-
plained in terms of the radiation parameter S [Eq. (12)].

This parameter represents another mechanism in addition
to convection and conduction by which the flame loses heat.
It appears in the energy balance at the fuel surface [Eq.
(11)]. Any heat lost to radiation is not used to pyrolyze
fuel, so —fw is lowered. The difference between the two
cases is greatest at low stretch rate because S—l/Vtf .
Physically, the fuel mass flow is lower at low a. Even ne-
glecting radiation, at low a the flame produces less heat, and
so less fuel is pyrolyzed. The wall temperature, however, is
relatively constant with a. Since the heat loss due to surface
radiation depends only on the wall temperature, as a
decreases, the fraction of heat lost to radiation increases. At

Yoe=.2324

1 2 5 10 20 50 100
a (1/sec)

Fig. 3 Dimensionless wall heat-transfer rate vs mixed-convection
stretch rate.
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Fig. 2 Dimensionless fuel-burning rate vs mixed-convection stretch
rate.
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Fig. 4 Dimensionless maximum temperature vs mixed-convection
stretch rate.
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50 100

Fig. 5 Flammability boundary: limiting oxygen mass fraction vs
mixed-convection stretch rate.

the lower limiting a, little heat goes to pyrolyzing fuel, and
the flame extinguishes.

The dimensionless wall heat-transfer rate 0^ is shown in
Fig. 3. Dimensionally, the heat-transfer rate at the wall is
proportional to 0^. Without radiation, 0^ is constant with
increasing a, showing only a slight decrease near the blowoff
limit. With radiation included, 0^ is higher. This means that
a greater proportion of the heat generated by the flame is
transferred to the wall. As a decreases, 0^ increases, but
—fw is not increasing. This implies that the increasing B'w is
due to increased radiative surface heat loss, as a result of the
1/Vff dependence of the radiation parameter S [see Eq.
(11)]. Very near the radiative extinction limit, the curves dip
slightly, indicating a very weak flame.

Figure 4 shows the variation of 0max with a. Without
radiation, the curves are fairly flat over a range of a; then
0max decreases as the blowoff limit is approached. When the
radiation term is included, 0max is lowered, and the behavior
at low a changes. Now 0max falls dramatically as a is
lowered. The increase in 0^ described earlier has cooled the
flame. Also, it can be seen that 0max at the blowoff extinc-
tion limit is higher than 0max at the radiative limit.

The existence of the radiative extinction limit can be seen
clearly in Fig. 5, which shows how the limiting oxygen mass
fraction varies with a. The curves in Fig. 5 are the extinction
boundaries. A flame can exist for conditions above the line,
and a flame cannot exist for conditions below the line.
Without radiation the familiar blowoff extinction limit ap-
pears. There seems to be no fundamental oxygen limit. That
is, no matter how low Y0e is, there is a low enough stretch
rate to allow a flame to exist. The situation is quite different
for the case with radiation. Now there are two branches to
the extinction boundary, which merge at a point that defines
a fundamental limiting Y0e. The high-speed branch is the
blowoff limit. The low-speed branch is the radiative extinc-
tion limit. As Y0e increases, the range of stretch rates that
can support a flame broadens.

There is at least one piece of sketchy experimental
evidence for the existence of this radiative limit. Ohtani et
al.10 investigated the bottom burning of PMMA samples of
different sizes. In this configuration, the flame was in a
natural-convection, stagnation-point boundary layer. One
conclusion drawn was that there is a limiting sample size.
For a sample larger than this size, no self-sustaining flame

could exist. Referring to Eq. (7), this size limit corresponds
to a minimum stretch rate that can support the flame. The
same behavior is found in this numerical study when radia-
tion is included in the model.

Comparison of Forced and Natural Convection
Although the results for different Froude numbers are

similar, there are slight differences. Because the curve for
4>=l always lies between the curves for 0 = 0 and </> —• oo, the
forced- and natural-convection curves represent two bound-
aries. Even when the curves cross, as they do in Figs. 4 and
5, all three curves cross at the same point. The following
discussion will focus only on the extremes of forced and
natural convection. A mixed-convection case would fall be-
tween these extremes.

There are two differences in the governing equations and
boundary conditions for forced and natural convection. In
the momentum equation (9), the last term differs by a factor
of [(1-1/0)7(1-1/0*)] between the natural-convection
case (4>^oo) and the forced-convection case ($ = 0). In-
cluding 0* in the definition of 4> is an attempt to minimize
the effect of this term, which as discussed, cannot be
eliminated entirely. Some numerical experimentation was
done with the different values of 0*. Most of the variation in
the curves could be eliminated by choosing 0* = 2.5. Since no
clear physical meaning could be found for choosing this 0*
over any other, the simple average of 0* = (0^F+ l)/2 was
used here.

Changing 0* changes the way a is defined. There are dif-
ferences in the results that do not depend on a. These must
be due to the different boundary conditions on the velocity
at the edge of the boundary-layer Eq. (10). For forced con-
vection, / ' (oo)=2; for natural convection, / '(o°)=0. In
Fig. 5, the minimum point on the limiting Y0e curve is at a
lower value of Y0e for the natural-convection case than for
the forced-convection case. No matter how a is defined, the
value of Y0e at the minimum point will not change. So, the
natural-convection flame has a lower fundamental oxygen
limit than the forced-convection flame.

This difference can be explained, at least in part, by Fig.
4. The value of 0max at both extinction limits is higher for the
natural-convection flames than for the forced-convection
flames. Because near-limit natural-convection flames are
slightly hotter than near-limit forced-convection flames, they
can exist at a slightly lower Y0e. Since this difference is due
to the different boundary conditions on /', it is a result of
the different velocity profiles at large 77. There is a lower
velocity for the natural-convection flame, so less heat is con-
vected away, resulting in a hotter flame. These differences
are very small. The value of 0max at extinction is only 6%
higher for the natural-convection flame. In the present
calculation, the fundamental limiting Y0e is 0.183 for the
natural-convection flame and 0.184 for the forced-convec-
tion flame.

Conclusions
The extinction limits of a flame in the stagnation region of

a solid fuel are investigated. The mixed-convection flow
around the fuel sample is characterized by a Froude number
and a mixed-convection stretch rate. The Froude number in-
cludes a characteristic density difference:

"/
It was found that this densimetric Froude number and the
mixed-convection stretch rate can collapse the curves for dif-
ferent Froude numbers into a narrow band. As a result,
most of the variation in flame behavior with Froude number
is contained in the generalized stretch rate:
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One drawback to using the densimetric Froude number is
that the characteristic density p* depends on the flame's en-
vironment, so the advantages of using the densimetric
Froude number are seen only for a range of conditions.

The extinction branch identified by T'ien4 at small stretch
rate also exists for the mixed- and natural-convection cases.
This extinction branch is due to surface radiative loss. Even
with rather high surface temperatures, radiative extinction
occurs at very low stretch rate, so for most fuels and fuel
geometries, it is likely to be observed only in reduced grav-
ity. One important result is that there is a large difference
between zero stretch rate and low stretch rate. While a
steady flame may not be possible in a quiescent atmosphere,
a low-speed forced flow or a low gravity level can provide an
environment that can sustain a flame. Since low-speed air
ventilation and small accelerations are present on a
spacecraft, these types of flows must be considered for
spacecraft fire-safety studies.
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