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Diffusion Flames in Cylindrical
Packed Beds

K. Kamiuto* and T. Ogawaf
Oita University, Oita 870-11, Japan

Introduction

UNDAMENTAL research' on the combustion in porous

media is of great practical importance in connection with
developments of porous radiant burners and regenerative-type
combustors, which yield lean combustion and lower NO, emis-
sions; several theoretical and experimental studies’ > have
been performed on this subject. Almost all of these earlier
studies, however, were concerned with the premixed combus-
tion in porous media, and little is known about diffusion com-
bustion in porous media.

The purpose of this Note is to remedy this deficiency. First,
the flame sheet model,*” taking into account the effect of mass
dispersion within a packed bed, is proposed, and then, based
on this model, the characteristic features of the flame heights
of diffusion flames in packed beds are discussed. In addition,
experiments for methane- oxygen diffusion combustion in a
cylindrical packed bed of alumina spheres are made to observe
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actual flame shapes in the packed bed and to address the pre-
dictability of the proposed flame sheet model for diffusion
flames in packed beds.

Theoretical Model

We assume that 1) a combustion chamber consists of a cy-
lindrical tube randomly packed with uniform, noncatalytic
spherical particles; 2) the porosity distribution throughout the
combustion chamber is uniform and the mean porosity is 0.39;
3) fuel is injected into the combustion chamber through a tube
of radius r, concentrically located inside a large tube of radius
ro through which an oxidant flow occurs; 4) oxidization of the
fuel occurs in a thin sheet of space, when the oxidant and the
fuel are in stoichiometric proportions; 5) diffusion alone plays
a decisive role in determining the shape of the flame, and the
diffusion coefficient is independent of temperature and com-
position; and 6) velocities of the fuel and oxidant flows are
equal and constant axially and radially within the combustion
chamber.

Under the foregoing assumptions, the conservation equa-
tions of chemical species are reduced to the following form:
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where x and r are the axial and radial coordinates, Y,and Y.,
respectively, denoting the mass fractions of fuel and oxidant;
u is the Darcy velocity of the fuel and oxidant. D, and D,
represent the effective diffusivity and the mass dispersion co-
efﬁcigent, respectively, and these quantities are given as fol-
lows™

D.= 4D, .
Dd = '\/mdpu (3)
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Here, ¢ is the mean porosity of a packed bed, D,, is the
molecular diffusion coefficient, v,, is the lateral mixing func-
tion for mass dispersion, and d,, is the mean particle diameter.
The boundary conditions to Eq. (1) are
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where Y;; and Y,; denote the mass fractions of the fuel and the
oxidant at the inlet of the combustion chamber, respectively,
and 7 is a quantity representing how much oxygen stoichio-
metrically combines with fuel. To rewrite the governing equa-
tion in dimensionless form, the following quantities are intro-
duced:

K = (D. + D)luro = 2(d/ReSc + ~,,/2T)

Re = 2urylv, Sc =v/D,, I' =ro/d, 6)

m = rlro, Ny = Fpl7o, E=x/ry
where v is the kinematic viscosity of a gas and is constant,

irrespective of the kind of chemical species. The dimensionless
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total lateral diffusion coefficient K takes a minimum at ¢*[=1
— 1.8763(I'/ReSc)*™*], which is obtained by solving dK/dd
= 0: for the molecular diffusion dominant case, i.e., & > d*,
K increases with ¢; whereas, for the mass dispersion dominant
case, i.e., & < b*, K increases with a decrease in ¢. As a
result, we obtain

s )
= - n————m—
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£€=0, 0=m=mgY, - —=Y,
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l l (8)
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Because K is assumed to be constant, Eq. (7) can be solved
analytically to yield the following:
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Here, P, denotes the nth positive zeros of the Bessel function
of the first order, J,(x). The dimensionless flame location de-
noted by (&. m.) is determined by the following equation,
which can be obtained by letting Y, — Y,/i = 0 in Eq. (9):
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Setting m. = 0 for E; > 0, and m. = 1 for E;< 0 in Eq. (10),
gives the flame height £*. Because the flame height is gener-
ally large enough and, in addition, P, increase rapidly with n,
the exponential term in Eq. (10) decays quite rapidly; there-
fore, retaining only the first term in the summation series gives
a good estimate to &:

gj’ = _(en[E/P1J<2)(P1)/[J1(PlTl/)Jo(PlT]c)]])
/[2PH(d/ReSc + v,,/2T)] (12)

where P, = 3.83171.

This analytical expression for £* indicates that the flame
height elongates with Re and/or I', and shrinks with an increase
in ¢ as long as & is greater than ¢ *. These results are caused
by the fact that the overall lateral diffusion coefficient of chem-
ical species K becomes small with an increase in I' and rises
with ¢ for & > b*, and that the residence time of chemical
species within a combustion chamber diminishes as Re be-
comes large. It is worth noting, however, that when ¢ < ¢*,
the flame height increases with ¢, because K decreases with
an increase in ¢. Moreover, when a combustion chamber is
not filled with solid spheres, i.e., & = 1, £* becomes infinite
as ReSc — «; whereas, in a packed-bed combustor, there exists
a certain limiting value of £¥, even when ReSc — .

Experiments

To examine the predictability of the previously mentioned
theoretical model for the flame shape in a porous medium,

experiments for methane- oxygen diffusion combustion in a
packed bed were made. The gas burner utilized was of the
double concentric type, consisting of a 70-mm-i.d. brass tube
with a 14-mm-i.d. porcelain tube in the middle. The methane
gas entered through the porcelain tube, and the oxygen entered
through the annulus between the brass and porcelain tubes.
Metallic mesh screens were settled at 1 cm upstream from the
exit of the burner to support the packed spheres. A cylindrical
combustion chamber was attached to the top of the burner. The
wall of the combustion chamber was made of a transparent
silica glass tube with an i.d. of 70 mm. Two kinds of alumina
sphere (93.0 wt %, etc.) with different mean diameters were
used as a packing material: d,, = 2.02 mm (I' = 17.3) and 3.18
mm (I' = 11.0). Experiments were made in accordance with
the following procedures. First, make the combustion chamber
empty and then feed methane and oxygen gases at a prescribed
velocity. After ignition, pour an amount of alumina spheres
randomly to form a packed bed with a constant height. Take
photographs of the surface of the combustion chamber from
above and then change the height by adding the packed
spheres. The mean porosity of the packed bed was found to
be about 0.39, irrespective of the bed height. The bed height,
defined by the distance from the exit of the burner, was varied
from O to 15 cm by a step of 0.5 cm. In addition, gas velocity
was varied as follows: u = 3.24 X 10 % (m/s) (Re = 64.9),
4.42 X 1072 (m/s) (Re = 88.4), and 5.89 X 107> (m/s) (Re =
117.9). Flame shapes were reconstructed from photographs of
the upper surface of the packed-bed combustor because, as
seen from Fig. 1, an almost annular, luminous zone was
formed on the upper surface of the combustor and was con-
sidered to indicate a location of the flame surface. However,
it was hard to infer a flame shape near the top of the flame by
this method because, as the height of the packed bed increased,
luminous zones became broad and dull. For this reason, the
upper part of a flame profile could not be experimentally re-
constructed.

To examine whether the flame position at a given height
remains the same after the bed height has been changed, we
measured a radial temperature profile at a given height by
changing the bed thickness. As a result, it was found that the
radial temperature profile is scarcely affected by the bed
height, and the radial position of a maximum temperature cor-
responds well to the location of the flame surface reconstructed
from the photographs of the upper surface of the bed.

Photographs of side views of flames in the empty combustor
were also taken and analyzed, but they were not shown here.

b)

Fig. 1 Photographs of the upper surface of the packed-bed com-
bustor in diffusion combustion: a) I' = 11.0 and Re = 117.9, and
b) I' = 17.3 and Re = 117.9.
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Discussion

Theoretical computations for methane- oxygen diffusion
flames (i = 3.989) were performed by solving Eq. (10), util-
izing a bisection method with an absolute error less than 277,
The value of D,, required was assumed to be 4.923 X 10°°
(mz/s), which was taken from Ref. 6. This value corresponds
to the molecular diffusion coefficient for the system CH,- O,
at 470 K and 1 bar. However, it should be stressed that a value
of K does not depend on ReSc, including D,, when ReSc
— o,

Comparisons between experimentally determined flame
shapes and predicted ones are made in Figs. 2-4. Figure 2 is
concerned with flames in the empty cylindrical combustor;
whereas Figs. 3 and 4 compare flames in the packed-bed com-
bustor. As seen from Figs. 2- 4, agreement between theory and
experiment is satisfactory within an accuracy of the measure-
ments, which was estimated to be =4%; the proposed theo-
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Fig. 2 Comparison between theory and experiment for profiles

of methane- oxygen diffusion flames in the empty cylindrical com-
bustor.
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Fig. 3 Comparison between theory and experiment for profiles
of methane- oxygen diffusion flames in the cylindrical packed-bed
combustor with I' = 11.0.
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Fig. 4 Comparison between theory and experiment for profiles
of methane- oxygen diffusion flames in the cylindrical packed-bed
combustor with I' = 17.3.

retical model predicts the effects of Re, I', and ¢ on the flame
shape. The discrepancies between theory and experiment in
Figs. 3 and 4 are attributable to the effect of thermal radiation,
which is disregarded in the present analyses.

Conclusions

The major conclusions that can be drawn from the present
study are summarized as follows:

1) The flame shape in a packed bed elongates with Re and/
or I', and shrinks with an increase in ¢ as long as ¢ is greater
than ¢*[=1 — 1.8763(I'/ReSc)*">*].

2) The proposed flame sheet model predicts the observed
effects of Re, I', and ¢ on the flame shape in a packed bed.

3) The proposed flame sheet model predicts that the flame
height in a packed bed is finite, even when ReSc — .
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