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Abstract

Radiation is an important factor in fires. It can greatly affect large-scale flame propagation occurring in fire
or explosion accidents, e.g., the flame propagating in a tunnel in the mining industry. In this study, theoretical
analysis is conducted for the premixed planar flame propagation in an infinitely large domain with radiative
loss. The emphasis is on the radiation-induced flow and its influence on flame propagation speed. Based
on the assumptions of one-step chemistry, quasi-steady flame propagation and linear heat loss, expressions
describing the change of laminar burning flux, flame propagation speed, and flame temperature with the flame
position are derived. Analytical expression for flow speed is also obtained. The analytical results quantify
the radiation-induced thermal and flow effects on small and large scale premixed flame propagation. It is
found that the laminar burning flux and flame temperature are only affected by the radiation-induced thermal
effect, while the influence on flame propagation speed is sequentially dominated by the radiation-induced
thermal and flow effects. Furthermore, the theoretical results are validated by transient numerical simulations
considering detailed chemistry and quartic radiative loss. Both theoretical and numerical results indicate
that in fire or explosion accidents, the large-scale premixed flame propagation could be decelerated by the
radiation-induced flow effect by a factor of the expansion ratio.
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

It is well known that thermal radiation is an
important factor in fire phenomena [1]. Acciden-
tal ignition, flame propagation, fire spread, and
wildland fires can be greatly affected by radiation
(e.g., [2-6]). In fires with very large length scales,
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radiation is the dominant mode of heat transfer
[7]. However, in small-scale fires/flames, convec-
tion and conduction usually dominate while radi-
ation becomes crucial only for mixtures near their
flammability limits [7,8]. The flammability limit,
which is important in fire safety (e.g., [9]), is in
fact determined by radiative loss for unstretched
premixed planar flames [10]; and it can be af-
fected by the interaction between thermal radiation
and flame stretch/curvature [11-13]. However, for
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small-scale flames in mixtures far away from the
flammability limits or even close to the stoichiomet-
ric ratio, thermal radiation has little influence on
flame propagation speed and can be neglected [14].

For premixed flame propagation occurring in
fire or explosion accidents (e.g., flame propagating
in a tunnel in the mining industry [15,16]), its prop-
agation speed can be reduced by thermal radiation
in two ways: (1) the flame temperature and thus the
reactivity decreases due to radiative loss; and (2)
the counter flow of burned gas generated by radia-
tion cooling slows the flame propagation [17]. The
former is referred to as the radiation-induced ther-
mal effect, while the latter is the radiation-induced
flow effect [14,17]. In mixtures far away from their
flammability limits, both effects are negligible for
small-scale (~1cm) flame propagation [18]. How-
ever, as shall be shown in this study, the radiation-
induced flow effect has great impact on large-scale
(~1m) flame propagation.

In our previous study [18], large-scale pre-
mixed spherical flame propagation in a near-
stoichiometric methane/air mixture was simulated.
Such large-scale premixed spherical flame experi-
ments were conducted in modern fire research [19—
23]. It was found that radiation has little influ-
ence on the flame propagation speed when the
flame radius is below 4cm. However, for large-
scale spherical flame propagation with radius up
to 4m, the flame propagation speed can be re-
duced by two thirds due to the radiation-induced
flow. Therefore, the radiation-induced flow has
great impact on large-scale premixed flame prop-
agation. Though numerical simulation in is help-
ful for understating the radiation effects on large-
scale flame propagation, it is limited to specific
fuel/air mixtures at specific conditions (initial tem-
perature, pressure, and equivalence ratio) and has
high computational cost. Moreover, numerical sim-
ulation cannot provide general expressions describ-
ing the radiation-induced flow and its effect on
flame propagation speed, which are important for
fire safety control. Though there are many theoret-
ical studies on how radiation affects flame quench-
ing and flammability limits (e.g., [8] and references
therein), there is no theoretical work on radiation-
induced flow and its influence on premixed flame
propagation.

Based on the above-mentioned considerations,
the objectives of this study are to provide a general
theoretical description of premixed flame propaga-
tion in an infinitely large domain with radiative loss,
and to investigate how the radiation-induced flow
affects large-scale flame propagation. In the fol-
lowing sections, the mathematical model and the-
oretical analysis are introduced first. Then, the re-
sults based on analytical solutions are presented
and the radiation effects are assessed. Finally, nu-
merical simulations without assumptions used in
theoretical analysis are performed to validate the
theoretical results.

T T,
T, ——S
: 0 .
Symmetric X »X
plane — ! f
1
Flame 1 Flame

3 front - front S
reactants products reactants

Fig. 1. Schematic premixed planar flame propagation
with radiative loss.

2. Theoretical analysis

As shown in Fig. 1, we consider a simplified
model of one-dimensional, premixed, planar flame
propagation with radiative loss. Ignition at the sym-
metric plane results in two planar flames propagat-
ing in the opposite directions. The burned gas at the
center (i.e., x = 0) has the lowest temperature of T
since it has the longest radiation time. Due to the
symmetry, we only need consider the flame propa-
gating to the right with x> 0. This mimics a pre-
mixed flame propagating from the closed end of a
long tunnel, which might occur in fire or explosion
accidents.

It is noted that the present model is only appli-
cable for unstretched laminar flames in domains of
infinite extend in the vertical direction. When the
domain height is finite, the heat loss at the bound-
aries is different from that at the domain center and
the present model cannot be used. This is one of the
limitations of the present model.

Since the premixed flame propagates at a very
low Mach number in an open space, constant pres-
sure can be assumed and thereby the momentum
equation needs not to be solved. Therefore, we only
need consider the following non-dimensional equa-
tions for mass conservation, temperature and fuel
mass fraction:

ap d
AT =0 1
at+8x(pu) ()
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p(at +“3x> Leax ¢ 3

where ¢, x, p, u, T Y, H, and w are the non-
dimensional time, spatial coordinate, density, flow
speed, temperature, fuel mass fraction, heat loss
and reaction rate, respectively. Their relations to the
dimensional counterparts are
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The parameters with and without ~ denote
the dimensional and non-dimensional variables, re-
spectively. In Eq. (4), g,, T, and Y, denote the
density, temperature and fuel mass fraction of
the unburned mixture, respectively. Toas §°L and
S‘/). are respectively the flame temperature, lami-
nar flame speed and flame thickness of an adia-
batic planar flame. The Lewis number is the ra-
tio between thermal diffusivity of the mixture and
fuel mass diffusivity, i.e., Le = &/f)F. The reac-
tion rate for a one-step irreversible reaction is @ =
pAY exp(—E/ROT), in which A is the pre-factor of
the Arrhenius law, £ the activation energy, and R°
the universal gas constant. The volumetric radiative
loss is H.

In the coordinate attached to the moving flame
front, the flame propagation can be considered as in
a quasi-steady state. This quasi-steady assumption
has been widely used in previous studies [12,24-27]
and validated by transient numerical simulations
[12,27]. Consequently, the governing equations are
simplified to

dp d
S22 4 Couy =0 5
dx+dx(pu) (5)
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where S is the flame propagation speed, i.e.,
S = S(xs)=dx, /dt. For mathematical simplicity, the
heat loss is approximated as a linear function of
temperature, H=hT, in which / is the heat loss in-
tensity. As shown in [28], the linear and quartic
radiative loss models have qualitatively and even
quantitatively similar influence on flame propaga-
tion when the heat loss intensities are properly spec-
ified. This is also confirmed by numerical simula-
tions considering quartic radiative loss in Section 4.
For real flames, the radiative loss intensity can be
approximately determined according to Eq. (4).
Another way is to numerically determine the radia-
tive loss intensity under the requirement that the
same normalized laminar flame speed is ensured for
linear and quartic radiative loss models.

The non-dimensional boundary conditions are

x=0: dT/dx =dY/dx=u=0 ®)

X — +00: T=Y-1=du/dx=0 ©)

Integrating Eq. (5) with the zero flow speed
boundary condition in Eq. (8) yields the following
expression for laminar burning flux, m,

m=p(S —u) = pS (10)

where py is the density at the center (x = 0). Similar
to S, po and m both change with the flame position
Xy

! In the limit of large activation energy, chemi-
cal reaction occurs only within a thin flame sheet
at x=x; [29,30]. Outside of the flame sheet the
flow can be considered to be chemically frozen (i.e.
=0 in Egs. (6) and 7) [29,30]. With the help of
Eq. (10) and the zero reaction rate outside the flame
sheet, Egs. (6) and (7) can be solved analytically.
The solutions for the temperature and fuel mass
fraction distributions are obtained as:

| _Aoexp(ryx)—Ay exp(irX) , ,
T(x) _ [ T/ I:)‘Z z:xp(kl)l;,)—ki exp()éx»,):| for 0 =x= Af

Ty exp [Aa(x — x/)] forx > x
ey
_|o for0 <x<ux;
Y(x) = {1 —exp [—mLe(x — x/)] forx > x;
(12)

where T is the flame temperature to be determined
and Ay = (—m £ V/m? + 4h)/2.
According to the asymptotic analysis in [29,30],
the following jump conditions hold across the flame
dYy

front (x=xy):
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. Le\dx|, dx -
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(13)

where o is the thermal expansion ratio (which
is equal to the ratio between the initial tempera-
ture and adiabatic flame temperature) and Z is the
Zel'dovich number.

Substituting Eqs. (11) and (12) into (13) yields
the following expressions among the laminar burn-
ing flux m, flame temperature 7, and flame position
XF:

ar
dx

ar
. dx

A
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(14)

For given values of 4, o and Z, the change of
laminar burning flux m and flame temperature 7
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with the flame position x; can be obtained by solv-
ing the above algebraic equations. In the limit of
xy—o00, Eq. (14) recovers the classical theory on
flammability limit for planar flames in an infinitely
large domain [29]

(8’ In[($°)*] = —2hz (15)

where S denotes the non-dimensional planar flame
speed or laminar burning flux.
The temperature at the center, 7p, is obtained
from Eq. (11) at x=0:
Th=Tx=0)=Tr(h2— 1)/
X [)\.2 CXp()Ll)C/) — )\.1 exp()\QX/’)] (16)

The density at the center (x =0), po, can be ob-
tained from the non-dimensional equation of state

1
T DT +1
According to Eq. (10), we have the following ex-

pressions for the flame propagation speed and flow
speed:

o (17)

S=[Tyc™" =)+ 1]m (18)

u=(py' —p Ym=(Th—T)o™' = Dm (19

Eq. (19) indicates that the maximum and min-
imum flow speeds occur, respectively, in the un-
burned gas with lowest temperature of 7=0 and
in the burned gas with the highest temperature of
T=T;

Umax = Tb(dil - l)m, Umin = (Tb - Tf)(071 - 1)}’}’1
(20)

It is noted that in the present model, the den-
sity is not assumed to be constant. Consequently,
the thermal expansion induced flow and radiation-
induced flow are both considered and obtained as
in Eq. (19).

3. Results and discussion

In this section, the results based on analytical
solutions given by Eqs. (11)-(20) are presented.
The expansion ratio (equal to the temperature ra-
tio since the pressure is constant) and Zel’dovich
number are fixed to be 0=0.15 and Z = 10, respec-
tively. These are typical values for premixed hydro-
carbon/air flames.

Figure 2 shows the effects of radiative loss on
the laminar burning flux and flame temperature.
For each radiative loss intensity /4>0, there are two
branches in the m-x; plot in Fig. 2(a). Physical
flame propagation can occur only for the upper
branch (solid lines); while the lower branch repre-
sents unstable solutions (dashed lines) [29]. Only

the upper branches are shown in the 7 -x; plot in
Fig. 2(b). At relatively large heat loss intensities of
h=0.015 and 0.02 which are out of the flammabil-
ity limit, the flame can propagate at relative small
xs. Here x; is equal to the length of the radiating
burned zone. Therefore, the total radiative loss in-
creases with x, and it can quench the flame at some
critical value of x;. This phenomenon is similar
to the self-extinguishing flame (SEF) observed by
Ronney [31] in micro-gravity conditions. However,
the SEF reported in [31] is a propagating spherical
flame and it is mainly due to the competition be-
tween radiative loss and stretch rate, both of which
change with flame radius. Here the planar flame
has zero stretch rate. Nevertheless, it is difficult to
obtain a planar SEF since the critical value of x
shown in Fig. 2(a) is small. It is noted that in the-
ory ignition is not considered and the initial flame
is assumed to already appear. In practice, the in-
sufficient ignition energy can result in flame kernel
quenching. However, flame extinction reported in
this work is not due to insufficient ignition energy,
but due to radiation loss.

Figure 2 shows that both m and T decrease
with the flame position for x; <10; while they re-
main nearly constant for x, >10. This is unlike the
change of flame propagation speed with flame po-
sition as shown in Fig. 3.

Figure 3 shows that for the adiabatic case
(h=0), the flame propagates at a constant speed.
The speed is S = 1/0=6.67 rather than S=1. This
is because the burned gas is static and thereby S
is the flame speed relative to the burned gas. For
h=0.005 and 0.010, three regions in terms of the
flame position are observed. In region I, the flame
propagation speed slightly decreases from the value
of S'=mlo; while in region III it approaches to the
constant value of S'=m (the value for m2 is shown in
Fig. 2a). Region II is a transition between regions
I and III, in which the flame propagation speed
S decreases from S=m/o to S=m, i.e., by a fac-
tor of 1/o. This is due to the negative flow speed,
Unmin in Eq. (20), induced by radiation cooling of
burned gas. As shown in [14,17,32], radiation has
two effects on flame propagation: (1) the radiation-
induced thermal effect by which the flame tempera-
ture and thus flame propagation speed are reduced;
and (2) the radiation-induced flow effect by which
flame propagation speed is reduced due to the nega-
tive flow of burned gas caused by radiation cooling.
The laminar burning flux and flame temperature
shown in Fig. 2 are only affected by the radiation-
induced thermal effect. However, the flame propa-
gation speed shown in Fig. 3 is influenced by both
radiation-induced thermal and flow effects. This is
demonstrated by results in Figs. 4 and 5.

Figure 4 shows that opposite to the direction
of flame propagation, the burned gas moves to
the left and has negative flow speed. The abso-
lute value of the burned gas speed increases sig-
nificantly when the flame propagates from x; =10
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Fig. 2. Change of (a) the laminar burning flux, m, and (b) flame temperature, Ty, with flame position, xy, at different

radiative loss intensities.
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Fig. 3. Flame propagation speed as a function of the flame position at different radiative loss intensities.

to x; =100. This explains the sharp decrease of
flame propagation speed in region II as shown in
Fig. 3. The negative burned gas speed is due to the
continuously decrease of burned gas temperature
caused by radiation cooling. In region I (x; <10),
the burned gas is nearly static and thereby S is the
flame speed relative to the burned gas. While in re-
gion III (x; >400), the unburned gas is nearly static
(see Fig. 4b) and thus S is the flame speed relative
to the unburned gas. This further explains why the
propagation speed S decreases by a factor of l/o
from region I (where S = mi/o) to region III (where
S=m).

Figures 4 and 5 shows that the flame tem-
perature 7, remains nearly constant while the
temperature at the center, 7), continuously de-
creases. Consequently, according to Eq. (20) and
as shown in Fig. 5, the value of u,,;, continuously
decreases during the flame propagation. Therefore,

Fig. 5 indicates that in regions II and III, the
flame propagation speed is main influenced by the
radiation-induced negative flow speed, u,,,;,, and the
radiation-induced thermal effect is negligible.

The relative change in flame propagation speed
caused by radiation-induced thermal and flow ef-
fects can be quantified, respectively, by @, and
Afiow:

Atherm = 1-— G(S - Z'lmin)’ Aflow = —O Umin (21)

The radiation-induced thermal and flow effects
on flame propagation speed are shown in Fig. 6.
For h=0.015 and 0.02, the thermal effect domi-
nates over the flow effect before flame quenching
occurs (see Fig. 2). For #=0.005 and 0.01, the ther-
mal effect dominates over the flow effect for x;
<10. However, when the flame propagates from x;
=10 to x; =200, the flow effect increases substan-
tially in region II. Eventually, the flow effect dom-
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Fig. 6. Change of the radiation-induced thermal and flow
effects on the flame propagation speed with the flame po-
sition at different radiative loss intensities.

inates over the thermal effect in region III. There-
fore, the flame propagation is sequentially affected
by the radiation-induced thermal and flow effects.
For large flame position, the flame propagation is
slowed down by a factor of 1/o (in the range of
4~7) due to the radiation-induced flow effect. Ac-
cordingly, in fire or explosion accidents, the large-
scale premixed flame propagation could be decel-
erated by the radiation-induced flow effect, which
reduces the propagation speed by a factor of 1/o .

4. Numerical validation

The above theoretical analysis is based on the
assumptions of one-step chemistry, quasi-steady
flame propagation and linear heat loss. To vali-
date the theoretical results, transient simulations
of 1D premixed stoichiometric CHy/air flames are
conducted by using the in-house code A-SURF
[17,33,34]. Finite volume method is used to numer-
ically solve the conservation equations for com-
pressible reactive flow with multi species. The
CHEMKIN package [35] is incorporated into A-
SUREF to calculate the thermal and transport prop-
erties and reaction rates. The detailed chemistry,
GRI Mech. 3.0 [36], is considered. The mixture-
averaged model is used to calculate the mass diffu-
sivities of all species. For radiative loss, the optically
thin model is used and the radiation emission from
CO,, H,0, CO, and CHy is considered [37]. The de-
tailed description of governing equations and nu-
merical methods can be found in [17,33,34].
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Fig. 7. Evolution of temperature and flow speed distri-
butions during a premixed planar flame propagating in a
stoichiometric CHy/air mixture at 298 K and 1 atm.

In simulation we consider the same model as the
one shown in Fig. 1. The computational domain
is 0 < x <10 m. Adaptive mesh refinement with the
smallest mesh size of 32 yum is used to efficiently re-
solve the flame propagation in such an extremely
large computational domain (see Fig. 1 in [18]).
Same as those in the theoretical analysis, symmetri-
cal and transmissive boundaries are used at x =0m
and x=10m, respectively. Flame propagation is
initiated by a hot spot with the width of 2mm
around x =0m.

Figures 7 and 8 shows the simulation results.
The temperature of burned gas is shown to contin-
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uously decrease, which results in the negative flow
speed of burned gas as shown Fig. 7. These results
are qualitatively similar to theoretical results shown
in Fig. 4. Besides, Fig. 8 shows that the flame tem-
perature remains near constant while the tempera-
ture at the center continuously decreases and even-
tually drops to the ambient temperature of 298 K.
The flame propagation speed S continuously de-
creases due to the negative flow speed, u,,;,, caused
by radiation cooling. These results are similar to
theoretical results shown in Fig. 5.

Therefore, the transient numerical simulations
considering detailed chemistry and quartic radia-
tive loss qualitatively validate the theoretical re-
sults, which are obtained under the assumptions of
one-step chemistry, quasi-steady flame propagation
and linear heat loss.

5. Conclusions

Theoretical analysis is conducted for one-
dimensional premixed planar flame propagation
with radiative loss. Expressions describing the
change of laminar burning flux, flame propagation
speed, and flame temperature with the flame posi-
tion, Eq. (14), are derived. Analytical expression for
flow speed, Eq. (19), is also obtained. Based on the
analytical solutions, the effects of radiative loss on
premixed planar flame propagation are assessed. It
is found that the self-extinguishing flame can even
happen to non-stretched premixed planar flames.
The laminar burning flux and flame temperature
are only affected by the radiation-induced ther-
mal effect. However, the flame propagation speed
is influenced by both the radiation-induced ther-
mal and flow effects: the thermal effect dominates
over the flow effect at the beginning, while the flow
effect increases substantially during flame propa-
gation and eventually it dominates over the ther-

(b) 300

200

10° 10’ 102

xi {cm)

Fig. 8. Change of flame temperature, 7, temperature at the center, T¢, flame propagation speed, S, and minimum flow
speed, tmin, With the flame position, x, during a premixed planar flame propagating in a stoichiometric CHy/air mixture

at 298 K and 1 atm.
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mal effect. The present analysis indicates that in
fire or explosion phenomena, the large-scale pre-
mixed flame propagation can be decelerated greatly
by the radiation-induced flow effect. The propaga-
tion speed can be reduced by a factor of 1/o (in the
range of 4~7).

Transient numerical simulations considering de-
tailed chemistry and the radiation emission from
CO,, H,0O, CO, and CH4 are conducted for 1D
stoichiometric CHy/air flame propagating in an ex-
tremely large computational domain. The simula-
tion results confirm the validity of theoretical anal-
ysis.

It is noted that here a simplified ideal model
neglecting stretch and turbulence is considered so
that analytical solutions can be derived. In prac-
tical fire or explosion events, usually the premixed
flame is not planar or laminar. It can accelerate due
to flame instability or turbulent flow. Nevertheless,
radiation still has great impact on such large-scale
premixed flame propagation [18], and the present
theory can still be used to interpret the radiation-
induced thermal and flow effects. Besides, radiative
preheating of unburned reactants due to radiation
reabsorption can accelerate flame propagation and
even trigger deflagration to detonation transition
[37-40]. This is not included in the present theory
and it deserves further study.
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