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Abstract—This study is aimed at clarifying the effects of radiative heat transfer on the flame structure and

burning velocity in gas-solid two-phase systems. Based on a strict treatment of radiation, a detailed

numerical analysis has been performed for a one-dimensional model of premixed combustion in a porous

medium, and the effects of the absorption coeflicient and total optical thickness of the porous medium, as

well as the position of the reaction zone within the porous medium on the flame structures and burning
velocity have been elucidated.

1. INTRODUCTION

THE AUTHORS have shown in a previous work [1] that
a porous medium of an appropriate optical thickness
placed in a duct can be very effective in converting the
sensible enthalpy of a flowing gas to thermal radiation
directed toward the higher temperature side. The
authors have also reported on successful applications
of this phenomenon for combustion augmentation of
extremely low calorific gases [2] and for radiative heat
transfer enhancement [3]. The thermal structures
(profiles of temperature, radiant energy density, etc.)
in porous media with internal heat generation have
also been studied experimentally as well as analyti-
cally, and the mechanisms of combustion aug-
mentation and heat transfer enhancement have been
clarified [4]. The energy feedback by radiant heat
exchange across the reaction zone causes combustion
augmentation. The radiation shielding and extremely
high radiant energy density in the prescribed space
provide intense radiant heat transfer. However, for
more sophisticated engineering applications, the
structure of radiation controlled flames needs to be
understood in considerable detail.

The general recognition of the importance of radi-
ation on the combustion of gas-solid two-phase sys-
tems such as pulverized coal combustion [5] and large-
scale combustion phenomena in fire [6] and industrial
furnaces [7] has resulted in numerous publications.
Nevertheless, almost all the literature gives only spec-
ific answers to a variety of technological problems of
urgent need, and only a few studies have focused on
fundamental concepts such as the effects on flame
structure and burning velocity [8-10]. Arpaci and
Tabaczynski [8] have reported the effects of radiation
on laminar flame thickness, in which some dimen-
sionless numbers have been introduced. However, the
mathematics of radiative transfer are simplified by a
differential formulation, and the effects of boundaries
are ignored by considering a semi-infinite system, such
that the results are rather qualitative. Joulin and

311

Deshaies [9] have studied the effects of radiation on
laminar flame speed, employing asymptotic tech-
niques, and have pointed out an important charac-
teristic, namely : the radiative preheating of unburnt
mixture. However, they assumed that the radiative
transfer contributed in only a small way to the energy
equation, and that the radiant flux was able to be
computed from the radiation-free, unperturbed tem-
perature profile. They also assumed the system to be
semi-infinite. Unlike an ordinary premixed gas-phase
flame analysis in which the conduction and con-
vection control the phenomena, and in which a system
of practical size can be approximated as semi-infinite,
a semi-infinite system in radiation analysis implies an
optically thick system. Yuen and Zhu [10] have also
reported the effects of radiation on the propagation
of laminar flames in mixtures of small particles and
gas. Although radiative heat transfer was formulated
exactly and the resultant integral-differential equation
was treated, they used the integral method without
solving the temperature profile, and they assumed an
inadequate temperature profile based on an incorrect
prejudice, i.e. the temperature did not exceed the
theoretical flame temperature. But as it is dem-
onstrated in this work, as well as in previous works [2,
4], the radiative transfer builds up an energy feedback
across the reaction zone causing excess enthalpy burn-
ing [11], which is one of the most important charac-
teristics of radiation controlled flames, because it is
the mechanism which increases the flame speed in gas—
solid two-phase systems. Takeno and Hase have tried
to explain excess enthalpy burning in gas—solid two-
phase systems by heat conduction in the solid phase
in their series of theoretical studies [12]. Since they
assumed the solid phase temperature to be constant
along the flow direction and ignored radiation heat
transfer, their analysis was only applicable for an
extremely thin porous solid. Nevertheless, the tem-
perature profile in the combustor in their experimental
study [13] shows that most preheating of the unburned
gas takes place outside the thin flame zone, and it
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frequency factor in reaction rate [s ']
» surface area of an equivalent particle {m’]
specific heat at constant pressure
Dkg 'K
diffusion coefficient [m” s~']
diameter of an equivalent particle [m]
activation energy in reaction rate constant
[Jmol™Y
exponential integral function of sth order,
equation (8)
dimensionless energy flux, equation (11)
heat of reaction [J kg~']
heat transfer coefficient around an
equivalent particle [W m~2K™']
I, total emissive power of a blackbody,

equation (7) [W m™7]

m  mass flux (mass burning velocity)
[kgm~?s~]
number density of equivalent particles
[m~?]
g%, qr,q% radiative heat fluxes toward
positive and negative directions and net
radiative heat flux, respectively [W m~?]
incident radiance to both ends of the
porous medium [W m~?]
gas constant, 8.314 Jmol~'K~!
burning velocity [m s~']
temperature [K]
adiabatic flame temperature [K]
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t time {s]

u  velocity of gas phase [ms™)

W  mass production rate of the product
species [kg m ™)

geometrical coordinate system (Fig. 1) [m]
y  mass fluction of the product species.

=

Greek symbols

a  thermal diffusivity [m*s™']

26 thickness of region (II) (Fig. 1) where the
combustion reaction is taken into
account [m]
flame thickness [m]
absorption coefficient {m~']
thermal conductivity [W m~' K]
density [kg m~
Stefan—Boltzmann constant, 56.7
nWm~-2K~*
optical coordinate system, xx (Fig. 1).

QA X b

Py

Hg, J,K, M, Ng, N, B, T, 6,y dimensionless
quantities, equation (10).

Subscripts
0, f,e coordinate (Fig. 1) (0is also used to
denote the values of the flame in the gas
phase)
p  particulate phase (subscript for the gas
phase is omitted).

demonstrates the importance of radiation heat trans-
fer across the flame zone.

The present study analyzes a premixed flame in
a porous medium; and the effects of radiative heat
transfer on flame structure and burning velocity are
clarified by a rigorous treatment of radiation.

2. NUMERICAL ANALYSIS

2.1. Analytical model

A one-dimensional model is shown in Fig. 1. The
thickness of the porous medium is assumed to have
a physical length, x., and an optical length, 7. A
combustible gas mixture having an initial temperature
T, flows into the porous medium at x = 0, burns in
the neighborhood x = x; and flows out of the other

T=0b,Y=0
Pu=me
Ro =
Qro<— |
X=0 Xt Xe
FIG. 1. One-dimensional model for a combustion system in
a porous medium.

end of the porous medium (x = x,) at temperature T..
The porous medium is divided into three regions for
numerical analysis. Regions I and I1I are considered
inert and the combustion reaction is assumed to take
place entirely in region II. A sufficient thickness, 24,
is allocated to region II. Both ends of the porous
medium are exposed to blackbody surfaces at ambi-
ent temperature T providing incident radiance R;and
R., respectively, while the ends have radiation heat
losses gro and g7., respectively. Denoting the mass
burning velocity of the system by m = pu, the flame
is stabilized for some range of m, and the position of
the flame moves correspondingly. The typical assump-
tion that the burnt gas temperature can be equated to
the adiabatic flame temperature is not applicable to
this system because of the presence of radiative heat
loss and incident radiation, as well as the onset of
energy feed back across the reaction zone.

The assumptions invoked for radiation heat trans-
fer are similar to those of previous works [1, 4]. The
principal assumptions are as follows :

(a) the working gas is non-radiating;

(b) the porous medium consists of fine solid par-
ticles dispersed homogeneously ;

(¢) the porous medium is able to emit and absorb
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thermal radiation in local thermal equilibrium, while
radiative scattering is ignored ;

(d) a one-dimensional approximation of radiative
propagation along the x-direction is assumed ;

(e) the physical properties are constant.

The assumptions for the reaction system are:

(f) the porous medium is non-catalytic;

(g) both the reduction in the cross-section and the
pressure drop caused by the presence of the porous
medium are ignored; gas flow is assumed to be
sufficiently slow for the process to remain isobaric;

(h) the combustion reaction is described by an irre-
versible first-order isomerization, R — P.

(i) The Lewis number is unity.

In addition to these assumptions, those assumptions
usually employed in models of premixed flames [14]
are also included here. Considering the appro-
priateness of these assumptions, assumption (a) is
accurate because the emittance of the solid phase is
far larger than that of the gas phase. Assumption (b)
requires that the particles be small in comparison with
the flame thickness and have a sufficiently high num-
ber density to be homogeneous within the medium.
Assumption (c) is reasonable for metallic porous
media with oxidized surfaces such as those employed
in previous works [1-4], but it is not adequate for
some materials [15). Therefore, this assumption, as
well as assumption (f), depends on the nature of the
solid phase. Assumption (d) is easily realized by sim-
ple thermal insulation of the outer surface of the duct,
since radial flow is not present and the radial tem-
perature gradient is far smaller than the axial gradient.
Assumptions (¢), (g), (h) and (i) do not change the
essential nature of the phenomenon and are only
included here for simplicity and to save computational
time. However, it is not difficult to remove these latter
restrictions. A calculation was performed in which
the variations of physical properties were taken into
account, and it was confirmed that the effects on the
flame structures were small because of the extremely
high heat transfer coefficient and large surface area of
the porous media.

2.2. Basic equations

Although the system eventually reaches a steady-
state condition, the transient Spalding procedure [16)
was used to numerically solve the time-dependent
flame equations. Using the preceding assumptions,
the energy equations for both the gas and particulate
phases, as well as the continuity equation for species
are formulated, respectively, as

or o _ 62 .
6t+pcu e +{Wh} —hn,A,(T—T,)
(M
oT, . 0°T, @
pocy 52 = iy 52 = Lo hm 4, (T-T,) @)
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dy dy &y
pat+pua——Dpaxz+{W} ®)
The last terms in equations (1) and (2) express the
heat exchange between the gas and particulate phases.
The terms in braces in equations (1) and (3) describe
the combustion reaction taking place in region I only.
This model can be easily extended to a system con-
taining the flowing and/or reactive solid phase if a
convection term and/or a reaction term are added to
equation (2), which have been omitted since the solid
phase is assumed to be stationary and inert in this
study. The reaction rate, W, is considered to obey the
first-order Arrhenius equation

W = Ap(1—y)exp (—E[R,T). @

The mass burning rate, m, is computed by integration
of the net mass production of product species
throughout the system

o Xp+ 0
m=p,S, = pu= f Wdx = J‘ Wdx. (5)
— xp— 96

It is not assumed constant during the process of com-
putation ; instead, the approximate flame position is
assumed fixed during each computation. The radiant
flux from each part of the porous medium is integrated
to evaluate the divergence of radiative heat flux by the
following equation:

———= -2z icl: RoE,(t)+ R.E, (1. —1) —21,(7)

+ f L()E(t—1)dt + J‘u I(T)E(T'—71) dt’] (6)

where /,(7) and E,(z) are expressed as

Iy(t) = oTy/n @)

E, () = L wexp (—t/p) dp. ®)

The boundary conditions at x =0, x = x;+J and
X = x, are

x=0-T=T, qi=nRy; x=x.—>qgz =7R.;

x=x-—0-2y=0; x=x+5-y=1. (9

These equations are then transformed into dimen-
sionless form. The principal dimensionless variables
and parameters are defined as

X ﬁ_oct _T-T; _TI,-T,
X_xe, _x§’ ~Tb—To, p_Tb_
N = hyd, K= %g T = Pplo M= Nu”p"‘Ipxg
u A b4 l’ pc E dp £l
KA qr 7R
Ng = 40TV Hy —4—67,8, J—a_—T—g. (10)

The overall energy balance of the system is expressed
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by
H,—~(H,+Hy+Hy) =1~ (H,+H;+H) =0 (11)

where H,, H,, H; and H, are, respectively, the total
heat release rate, the sensible enthalpy flux exiting at
the down-stream end and the radiation heat losses
from the up- and down-stream ends all normalized by
the total heat release rate. It is confirmed in a previous
work [4] that other energy flows such as the heat
conduction at both ends of the porous medium are
negligible.

2.3. Numerical method

The conservation equations of species and energy
are approximated by finite difference expressions
where an implicit difference scheme is adopted with
respect to time, and a central difference scheme is
adopted with respect to space. More than 100 nodal
points are employed both inside and outside of region
I1. In addition, non-uniform grid spacings are inserted
on both sides of region II. The computation procedure
is given below.

(1) Choose an approximate flame position, x;, and
a tentative thickness for region II, 2§, where com-
bustion can take place.

(2) Assume a mass flow rate, m, and initial distribu-
tions of temperatures, ¢ and 0, and concentration, y.

(3) Calculate the local chemical reaction rate, W,
the mass burning velocity, m, and the divergence of
radiative heat flux, dq.(t)/0x (equations (4)—(6)).

(4) Advance one time step and calculate the mass
fraction, y, and the gas and particulate-phase tem-
peratures, 6 and 0,,, using an iterative procedure (equa-
tions (1)—(3)).

(5) Calculate the overall energy balance (equation
(11)), and return to step (3) if it exceeds a preset value.

The initial temperature distributions were estimated
using the method employed in a previous work [4]
where the heat source was distributed uniformly in
region II. On the other hand, the initial distribution
of concentration was represented by a smooth curve.
The profiles were checked every 100 time steps, and
the appropriateness of J was also judged at the same
time. Since the mass burning velocity and the profiles
of the temperatures and the mass fraction usually
converge more rapidly than the overall energy
balance, the overall energy balance is used to judge
the overall convergence to a steady-state solution. The
final error in the overall energy balance is usually less
than 2%, but it occasionally exceeds 4%. It might
appear to be coarse, but the greater part of it arises
from the evaluation of the gradient of radiative heat
flux because of the steep temperature profile in the
porous medium. It was confirmed in a previous work
[4] that this error was able to be reduced using smaller
grid spacing. However, it requires considerable com-
putational time.

The absorption coefficient «, the optical thickness
of the porous medium z, and the approximate position
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of the flame /7, are taken as given parameters in this
calculation procedure. The numerical values of other
important parameters employed for the computation
are: the dimensionless parameter describing the heat
transfer coefficient between gas and particles,
M = 5x10% the ratio of thermal conductivities of
gas and particulate phases, K = 1.0, the ratio of heat
capacities per unit volume I' =20, the activation
energy E =130 kJ mol~!, the frequency factor
A=26x10> s7' and the initial temperature
T, = 298 K. Although the porous medium has a con-
tinuous structure in a practical system, it is usually
difficult to estimate its absorption coefficient and heat
transfer coefficient. Therefore, these parameters were
evaluated on the basis of assumed spherical particles.
On the other hand, the heat conduction in the porous
medium was estimated on the basis of the volume
fraction of the solid phase. Considering assumption
(b), the diameter of the equivalent particles is assumed
to be 20 um. The values of E and A were selected
such that the burning velocities calculated from these
values coincided with those measured in methane-air
mixtures at equivalence ratios ¢ = 1.0 and 0.52, and
the heat of reaction was equated to a mixture having
¢ = 0.5. When considering the combustion of lean
mixtures, the physical properties of the gas phase were
taken for air at a temperature of 1273 K, except for
the evaluation of burning velocity, which was taken
as the mass burning velocity divided by the density at
the initial temperature. Using these properties, the
burning velocities and structures of ordinary gas-
phase flames were computed using the same Spalding
procedure [16], the result of which was used as the
reference state, and the results for the two-phase sys-
tem were normalized by these gas-phase flame values.
The results for the ordinary gas-phase flame with
T, =298K are as follows: T, = 1478K, S,, =4.35
cm s~ and A, = 2.49 mm. The local energy balance
in this flame is shown later in Fig. 6.

3. RESULTS AND DISCUSSION

3.1. Flame structures
The computed results for parameters k = 50 m™',
1. = 2 and ¢/, = 0.45 are shown in Figs. 2 and 3. They

——— T : T
[ Tes2
[ T/Te=0.45 i
10 3,250 vm i
§ | —
—_—% ) TTRRmnall
L ------ Initial value
0.5
0 0.5 1.0

T/ Te

FiG. 2. Temperature profiles in the gas and particulate phases
in the porous medium (k = 50 m~', 1, = 2, 1/t = 0.45).
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Fi1G. 3. Profiles of the radiant fluxes in the porous medium 5 L BN

(k=50m"", 7, = 2, 11, = 0.45).

correspond to a system having a geometrical thickness
of 4 cm, in which the reaction zone is 1.8 cm from the
upstream end. The temperature profiles shown in Fig.
2 indicate that the temperature of the particulate
phase is higher than that of the gas phase up to the
reaction zone, and is lower afterwards, although the
differences are very small except in the reaction zone.
Magnified temperature profiles of region II are also
shown in Fig. 5. The dotted line in Fig. 2 shows the
initial values of the gas phase temperature used in the
calculation. The net radiant flux, H%, shown in Fig. 3
has large negative values around the reaction zone.
These profiles of temperatures and radiant fluxes show
a strong energy feedback across the reaction zone
causing excess enthalpy burning, the concept of which
was proposed by Weinberg [11]. The absolute values
of H} at both ends of the porous medium represent
the radiation heat losses from the system, while the
difference between the absolute values of the mini-
mum in the reaction zone and that at the upstream
end corresponds to the amount of energy feedback.
Figure 4 shows the local energy balance in the

CV.CD,SD,RR x

X mm

F1G. 4. Local energy balance in the porous medium (x = 50

m~, 1. = 2, 1/t. = 0.50). (A) Gas-phase; CD, CV, SD and

RR are the dimensionless conductive, convective, inter-phase

heat transfer and reaction rate energy terms, respectively. (B)

Particulate phase; CD,, —SD and RH are the dimensionless

conductive, inter-phase heat transfer and radiation energy
terms, respectively.

=}
T
1
4

0.9 1.0 1 1.1
18 20

F1G. §. Local energy balance in the reaction zone (the par-
ameters and symbols are the same as those in Fig. 4).

porous medium and Fig. 5 shows its magnified profile
in region I, where CD, CV, SD and RR represent the
energy inputs (per unit dimensionless volume per unit
dimensionless time) to the gas phase, respectively, by
the heat conduction, the convection, the heat transfer
between the two phases, and the combustion heat
release. CD,, —SD and RH are the energy inputs to
the particulate phase, respectively, by the heat con-
duction, the heat transfer between the two phases, and
the radiation. Figure 6 shows the local energy balance
in an ordinary premixed gas-phase flame for com-
parison. In the gas-phase flame, the heat conduction
tends to offset the chemical reaction in the exothermic
zone and the convection in the preheat zone. In the

2 1.0
x10% ®

1 0.5
o
o
o
©0 0
>
Z |

-1

-2

-6 -4 2 mm©

FiG. 6. Local energy balance in an ordinary premixed gas-
phase flame (this flame is used as the reference state).
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0 1 2 T 3 4

FiG. 7. Temperature profiles in the gas phase for several
positions of the reaction zone (k=50 m~' 7, =4,
/1. = 0.3-0.7).

present two-phase case, the heat transfer to the solid
phase has a role comparable with heat conduction in
the local energy balance in the gas phase, and the
heat conduction tends to offset the inter-phase heat
transfer in the solid phase, as shown in Fig. 5. Outside
the vicinity of the exothermic zone, the local energy
balance in Fig. 4 shows that the heat transfer between
the two phases tends to offset the convection in the
gas phase and the radiation in the solid phase, as
shown in a previous work [4]. Although the heat con-
duction in the solid phase is important for the local
energy balance in the exothermic zone, its con-
tribution to the excess enthalpy burning is small, since
the energy transport is effective for excess enthalpy
burning only when it returns energy across the exo-
thermic zone. This energy feedback is executed by
the radiative flux, which determines the approximate
preheated temperature. The conductive flux modifies
the temperature profiles in the vicinity of the exo-
thermic zone. Moreover, the contribution of the solid
phase in the exothermic zone reduces the gas-phase
temperature and burning velocity, which is shown in
Fig. 10.

Comparing this result with ordinary gas-phase
flames, the burning velocity and flame thickness are:
S./S.0 = 5.0 and A/A, = 0.67. The flame thickness is
defined here as the thickness where the mass pro-
duction rate exceeds 1/1000 of its maximum. The
unburnt mixture would have to have been heated up
to 680K to realize the same gas-phase burning
velocity, in which case the flame thickness would have
become thinner (0.43) and the maximum temperature
would be even higher (1.32 in dimensionless form).
Therefore, a detailed examination of the temperature
profiles suggests that the porous medium suppresses
the maximum flame temperature while it preheats the
unburnt mixture.

3.2. Effects of the position of the reaction zone
Figures 7-9 show the profiles of the gas-phase tem-
perature, the burning velocity and the flame thickness,
and the overall energy balance of the system, respec-
tively. The numerals in Fig. 7 denote the maximum
temperatures. They are highest when the reaction zone
is near the center of the porous medium. The burning
velocity is also maximum under the same conditions
as shown in Fig. 8. The maximum temperature and
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FiG. 8. Effects of the position of reaction zone on burning
velocity and flame thickness (x = 50 m~', 7, =2 and 4,
15/7. = 0.3-0.7).

burning velocity decrease, while the flame thickness
increases when the reaction zone is moved upstream,
as a result of radiative heat loss from the upstream
end, which increases appreciably when the reaction
zone moves upstream, as shown in Fig. 9. The steady-
state solution could not be obtained when the approxi-
mate flame position was assumed close to the
upstream end of the porous medium because the radi-
ation heat loss increases abruptly and the mass burn-
ing velocity changes appreciably even for a small devi-
ation of profiles.

The computed results also show that the burning
velocity decreases when the reaction zone is moved
downstream from the center of the porous medium.
Considering ordinary gas-phase flames, a flame is
unstable when the burning velocity decreases as it is
moved downstream. Therefore, the stability of the
flames in this region should be clarified in further
works. A detailed survey of the computed results
shows that the decrease in burning velocity in this
region is due to the reduction of the energy feedback
across the reaction zone by radiation.

3.3. Effects of absorption coefficient

Figure 10 shows the maximum temperature, burn-
ing velocity and flame thickness. The absorption
coefficient is perhaps the most important property of
the porous media. There are many ways to change

100 T T
h=50m- Tesd |
sof — Az
X
hy Hy
e ]
0
0.2 0.4 0.6 0.8
Tf/fe

F1G. 9. Effects of the position of the reaction zone on the

overall energy balance (x = 50 m~!, 1, = 4, 17, = 0.3-0.7).

H,, H,, and H,, are the exit sensible enthalpy flow, the

upstream radiative loss and the downstream radiative loss,

respectively, all of which are normalized against the total
heat release rate.
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Fi1G. 10. Effects of absorption coefficient on maximum tem-
perature, burning velocity and flame thickness (x = 0-200
m~, 7, = 4, 1/7. = 0.50).

the absorption coefficient in a practical system. Such
changes, however, are usually accompanied by vari-
ations of other properties. Although the porous
medium is assumed to be made up of dispersed fine
solid particles in this study, spongy metals and spongy
ceramics are handy materials for the porous medium
in a practical system, and it is easiest to change the
absorption coefficient by changing its void fraction,
which is equivalent to changing the number density
of the particles in the analytical model. Therefore, all
the dimensionless variables and parameters including
the number density were changed in the computations
while the particle sizes remained constant. An increase
in absorption coefficient causes not only an increase
in the optical thickness of the reaction zone, but also
an increase in the surface area of particles leading to
an increasing role of the inter-phase heat transfer and
an accompanying decrease of the maximum tem-
perature and burning velocity, and increased thick-
ness of the reaction zone. Since the optical thickness
of the porous medium is fixed, as shown in Fig. 10,
an increase in absorption coefficient corresponds to a
decrease in the geometrical thickness. Therefore, the
normalized reaction zone thickness in the porous
medium enlarges rapidly together with the absorption
coefficient. The heat losses from both ends of the
porous medium also increase together with the
absorption coeflicient. In the course of computation,
the increase in the absorption coefficient requires more
computational mesh points and more computational
time.

The limit of the optically sparse porous medium is
k =0, which corresponds to combustion in a radiative
heat exchanger composed of two separated porous
media. The sensible enthalpy of burnt gas is con-
verted into thermal radiation in the downstream
porous medium, while the reverse process occurs in
the upstream porous medium, and the preheated mix-
ture burns between them. Since the optically sparse
limit merely denies the contribution of radiation inside
the reaction zone and the preheat temperature is con-
trolled by the total optical length, the analyses with a

16 T T T 1.6
emux
12— /_—_——j1'2£
Su/Suo —
¥ 81 —0.8
A Al Ao .
L 0.4 &
X =50m! <
Z{ /Te=0.5
0 4 1 L 0.0
0 4 8 12 1
z. ®

FiG. 11. Effects of total optical thickness on maximum tem-
perature, burning velocity and flame thickness (x = 50 m~!,

7, = 2-15, 7/t = 0.50).

differential formulation of radiation in a semi-infinite
system cannot give a correct scheme of a radiation
controlled flame.

3.4. Effects of total optical thickness

Figure 8 shows the comparison between 7. = 2 and
4. The burning velocity for the thicker medium is far
larger and the thickness of the reaction zone is thinner
than that for the thinner medium. The temperatures
in Fig. 7 are also higher than those in Fig. 2. These
results can be attributed to the decrease in the heat loss
from the upstream end with increased total optical
thickness. Calculations were executed for 7, up to 15
and the results are shown in Figs. 11 and 12 for the
cases for which the reaction zone is at the center of
each porous medium. Figure 11 shows a monotonic
increase in maximum temperature and burning vel-
ocity and a monotonic decrease in reaction zone thick-
ness with total optical thickness, although the effects
become small for optical thicknesses greater than 8.
Since the accuracy of the calculated divergence of the
radiative heat flux worsened, computation was not

T T T I T T T T
200 k —-—HA . T T
HR FEN10 e
oof T Hi = ]
‘e 2
L Op— — + 14 et
4 % A0 /Tesis
-100} S0 A0 ]
o =50 1/m L
W Te=0.5 -
-200[— .
_300 A L L 1 - A L L
6 -4 -2 0 2 4 6 8

FiG. 12. Effects of total optical thickness on profiles of the
radiant fluxes in the porous medium (x = 50 m™~!, r, = 2-15,
74/t = 0.50).
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executed for larger optical thicknesses. However, it is
surmized that the burning velocity would not increase
much even if the optical thickness increased further
because the maximum temperature seems to have
approached an asymptote and because the con-
tribution of radiation decreases with flow rate if the
temperature profile does not change appreciably [4].
Figure 12 shows that the upstream radiation heat loss
becomes negligible when the optical thickness is larger
than 8.

4. CONCLUDING REMARKS

Based on a strict treatment of radiation, a detailed
numerical analysis has been performed for a one-
dimensional model of premixed combustion in a
porous medium. The results revealed by this study are
summarized below.

(1) Itis shown that the thermal structures (profiles
of temperature, radiant energy density, etc.) in a
porous medium depend strongly on the absorption
coefficient and total optical thickness of the porous
medium, as well as on the position of the reaction
zone within the porous medium. The effects of these
parameters on the flame structures and burning vel-
ocity have been elucidated.

(2) The disclosed thermal structures show a strong
energy feedback across the reaction zone causing
excess enthalpy burning.

(3) The local and total energy balances of the sys-
tem have been revealed, and the importance of radi-
ation heat transfer has been demonstrated.
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ETUDE ANALYTIQUE DE LA STRUCTURE DE FLAMME CONTROLEE PAR
RAYONNEMENT

Résumé—Cette étude est entreprise pour clarifier les effets du transfert radiatif sur la structure de la flamme

et 1a vitesse de combustion dans des systémes diphasiques gaz-solide. Basée sur un traitement rigoureux

du rayonnement, une analyse numérique détaillée est conduite pour un modéle monodimensionnel de

combustion prémélangée dans un milieu poreux, et les effets du coefficient d’absorption et de I’épaisseur

optique totale du milieu poreux aussi bien que de la position de la zone de réaction sont étudiés vis-a-vis
des structures de la flamme et de la vitesse de combustion.



Analytical study of the structure of radiation controlled flame

ANALYTISCHE UNTERSUCHUNG DER STRAHLUNGSSTRUKTUR EINER
GEREGELTEN FLAMME

Zusammenfassung—Ziel der Untersuchung war die Kldrung des Einflusses der Strahlungs-

wirmetiibertragung auf die Flammenstruktur und die Brenngeschwindigkeit in gasf6rmig-festen Zwei-

Phasen-Systemen. Es wurde eine detaillierte numerische Analyse fir ein eindimensionales Modell einer

vorgemischten Verbrennung in einem pordsen Medium durchgefiihrt. AuBerdem wurden die Einfliisse des

Absorptionskoeffizienten und der gesamten optischen Dichte des porosen Mediums sowie der Position der

Reaktionszone innerhalb des pordsen Mediums beziiglich der Flammenstruktur und der Brennge-
schwindigkeit aufgeklirt.

AHAJIMTUYECKOE UCCIIEAOBAHHUE CTPYKTYPbI IIJTAMEHH C PEI'YJIMPYEMBIM
H3TYYEHUEM

Ammoramus—H3ydaercs BIHAHHE PaJHALAOHHOTO TEIUIONEPEHOCa HAa CTPYKTYPY IJIAMEHH H CKOPOCThb

ropeHns B AByx¢a3HBIX CHCTeMaX ra3-teepaoe rejao. Ha ocHOBe CTpororo paccMOTpEHHsS H3JT4EHHA

npoBeAecH JeTaJIbHBIA YHCIIEHHBIH aHAJIM3 OQHOMEPHOI MoiiesIH ropeHHs B NOPHCTOH Cpelle ¢ MpEaBapH-

TeNbHBIM CMEIIHBAHAEM; BBIACHEHO BIIMAHHEC K03((HIMEHTa MOTMOMICHHA CYMMapHOH ONTHYECKOH

TOJUHHB!I MOPHCTOM Cpellbl, 3 TAaKXE MOJIOKCHHA 30HBI PeakUMH B MOPHCTOH Cpele Ha CTPYKTYPHI
TUIAMEHH H CKOPOCTh TOPECHHA.
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