
hr. J Hur Mo.\s TrrmSfw. Vol. 36, No. 13. pp. 3201-3209. 1993 0017-9310/9306.00+0.00 

Printed in Great Britam 3’ 1993 Pergamon Press Ltd 

Superadiabatic combustion in a porous 
medium 

KATSUNORI HANAMURA 

Department of Mechanical Engineering, Gifu University, i -1 Yanagido, Gifu 50t- 11, Japan 

RYOZO ECHIGO 

Department of Mechanical Engineering, Tokyo Institute of Technology. 2-12-l Ohokayama. 
Meguro-ku, Tokyo 152, Japan 

and 

SERGUEI A. ZHDANOK 

Heat and Mass Transfer Institute, Byelorussian Academy of Science, 25 Podlesnaya, Minsk 220728, Belarus 

(Received 6 October 1992 and in,finalfarm 3 Februury 1993) 

Abstract-Su~rad~abatic ~ombnstion with reciprocating Row in a porous medium has been investigated 
through a numerical calculation, In this system, a combustible gas with an extremely low heat content 
flows into the porous medium, where the flow direction reverses regularly. By the reciprocating tlow system, 
the combustion gas enthalpy is effectively regenerated into an enthalpy increase in the combustible gas 
through the porous medium, which provides heat storage. The results have revealed that the flame 
temperature in the porous medium is 13 times higher than the theoretical one of the ordinary Aame in free 
space. The heating value of the combustible gas is about 65 kJ m-‘, which is equivalent to a temperature 

increase of only 50 K. 

I. INTRODUCTION 

RECENTLY, in the attempt to protect the global 
environment, demand has grown for the incineration 
of pollutants exhausted from various industries and 
methane in the ventilation air from mines and so on. 
These gases are usually diluted by a large amount of 
air and/or inert gases. As a result, the heating value is 
smaller than about 250 kJ m-3, which is equivalent 
to the temperature increase of about 200 K. Therefore, 
a large amount of externai energy must be supplied 
to burn these gases, as long as ordinary combustion 
technologies are utilized. However, if self-sustaining 
combustion is applied to burn these low heat content 
gases, all of the additional energy can be saved, and, 
further, it is possible to extract the energy from these 
dilute fuels. To this end, combustion au~entation 
has been proposed on the basis of the concept of 
excess enthalpy burning, in which heat is transmitted 
from hot combustion products to cold reactants 
through various heat transfer processes. Heat-recir- 
culation systems, such as those involving convective 
heat exchange [l-3], thermal conduction through a 
Same in a porous plug 14, 51 and radiation transfer in 
a highly porous medium [6-91, have been shown to be 
effective over the past decade. 

Of these systems, radiation-controlled combustion 
in the porous medium, which has been proposed by 
the present authors [6-91, shows the best combustion 
enhancement performance. In a previous study, the 
structure of the flame stabilized in the porous medium 

has been clarified through experiments and numerical 
calculations [7-91. In the radiation-controlled flame, 
strong energy feedback by radiation through the reac- 
tion zone yields a flame temperature higher than the 
theoretical one. The same thermal structures have 
been obtained for combustion systems in a porous 
honeycomb body [lo] and a fibrous porous radiant 
burner [ 1 l-1 31. Further, the more detailed structure of 
the radiation-controlled flame has been investigated 
using multistep reaction kinetics [14]. 

furthermore, as the porous medium, which has an 
infinite length along the flow direction, moves con- 
tinuously in the direction opposite that of the gas flow, 
most of the combustion gas enthalpy can be stored by 
the porous medium. Then, the stored heat is trans- 
ported to the preflame zone through the reaction zone 
to preheat the mixture. As a result, a superadiabatic 
system, in which there is hardly any outflow enthalpy, 
can be established in the porous medium. Similarly, 
when a mixture is introduced with reciprocating flow, 
superadiabatic combustion is also realized in the 
porous medium with a finite length. Recently, the 
latter system has been successfully applied to burning 
of the organic pollutants in exhaust air from paint 
spray boxes in car factories 1151. In that study, the 
mixture was introduced to a bed of silica gravel, where 
the flow direction through the bed was alternatively 
changed at regular intervals. The theoretical tem- 
perature increase of the mixture was only 20 K. In 
other words, in the porous medium, most of the com- 
bustion heat released from a high-quality fuel can be 
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NOMENCLATURE 

A frequency factor for combustion [s- ‘1 T 
‘4 specific surface area of a particle [m2 m-‘1 T!h 
C, specific heat at constant pressure 

[kJ kg- ’ K ‘1 t 
c, specific heat of porous medium t, 

[kJ kgg K-‘1 u 
D diffusivity [mZ s-’ ‘1 u/ 
E activation energy [kJ kmol- ‘1 x 

4, exponential integral function of nth I 
order s, 

4 dimensionless activation energy ; Y 
equation (8) 

temperature [K] 
theoretical flame temperature [K] 
(theoretical increase-temperature) 
time [s] 
half cycle [s] 
gas velocity [m s - ‘1 
reaction rate [kg mm3 s- ‘1 
dimensionless coordinate; equation (8) 
coordinate [m] 
length of porous medium [m] 
product mole fraction. 

H 

H, 

NT 

ns number density of particles [m-- ‘1 
Pr Prandtl number, pprC,/i, 

Yr net radiation flux ]W m- ‘1 

dimensionless radiation flux ; 
equation (8) 
dimensionless combustion heat; 
equation (8) (dimensionless heating 
value for uniform heating) 
combustion heat, C,( Tth - To) [kJ kg- ‘1 
(heating value for uniform heating) 
blackbody radiation intensity [W mm ‘1 
incident radiance, 5T,4 w m-‘] 
Lewis number, p,C,L)/I, 
dimensionless heat transfer coefficient 
between working gas and porous 
medium ; equation (8) 
conduction-radiation parameter; 
equation (8) 

Greek symbols 

a, heat transfer coefficient around a particle 
[Wm-2K ‘] 

;. 
dimensionless time ; equation (8) 

: 
dimensionless half cycle 
heat capacity ratio between two phases ; 
equation (8) 

% combustion efficiency 
ti absorption coefficient fm- ‘1 
E, thermal conductivity [W rn-- ’ K- ‘1 

P cosine 
V kinematic viscosity [m’s’ ‘1 

P density [kg m ‘1 
(T Stefdn-Rohzmann 

constant, 5.67 x IO-* W me2 K4 
r optical length, n’x 

7, optical thickness of porous medium, KX~. 

k universal gas constant [kJ kmol- ’ K- ‘1 
Re Reynolds number, z&v Subscripts 

4 dimensionless frequency factor ; b blackbody 
equation (8) g working gas 

r, thermal conductivity ratio ; equation (8) s porous medium. 

converted into other kinds of energies, such as electric 
or mechanical power and endothermic reaction heat 
in autothermic steam-reforming, where only the 
enthalpy equivalent to the temperature increase of 20 
K is exhausted from the end of the porous medium. 
Consequently it is considered that the radiation-con- 
trolled combustion integrated with reciprocating flow 
in the porous medium is an epoch-making technology, 
which can be applied to most combustion systems. 

In the present work, an analytical study on super- 
adiabatic combustion with reciprocating flow has 
been performed through a numerical calculation over 
a wide range of working parameters. 

2. PHYSICAL MODEL 

Figure 1 shows a schematic diagram of a one- 
dimensional physical model, where the geometrical 
and optical length of the porous medium are, respec- 
tively, X, and r,. In the porous medium and gas-phase 

regions of.v, < x ,i 0 and X, < x < x,,, a working gas 
flows uniformly with a velocity u. The flow direction is 
reversed at regular intervals t,, which represents the 

Xe XW 

UniforsHeating 
or One-step React, on 

FIG. I. Schematic diagram of physical model and schematic 
temperature profiles at each time step from t = 0 to z. 
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half cycle of the system. The entrance gas temperature 
T, at x = x0 (or x = x,,) is 298 K. Two models are 
considered here for the heating : (I) uniform heating 
fixed at the middle of the porous medium, (II) com- 
bustion based on a one-step reaction with the 
Arrhenius rate expression. Both ends of the porous 
medium are exposed to black surfaces maintained at 
an ambient temperature T, providing incident radi- 
ances I, and I,. On the other hand. there are radiant 
heat losses 4 (0) and q’ (T,) outside the combustion 
system. 

Most of the assumptions are identical to those of 
ordinary flame theory. Further, the additional 
assumptions for radiative transfer and the reaction 
system are as follows : 

(1) the working gas is nonradiating, 
(2) the porous medium consists of fine solid par- 

ticles dispersed homogeneously, 
(3) the porous medium is able to emit and absorb 

thermal radiation in local thermodynamic equi- 
librium, 

(4) the combustion reaction for model (II) is 
described by an irreversible first-order isomerization 
(i.e. Reactant -+ Product), 

(5) the porous medium is noncatalytic, 
(6) the Lewis number is unity, 
(7) the physical properties are constant. 

3. BASIC EQUATIONS 

With the use of the preceding assumptions, under 
the one-step reaction with the Arrhenius rate 
expression, the energy equations for both gas and 
solid phases and the conservation equation for prod- 
uct species are formulated, respectively, as follows : 

+h<>J+“-w,A,(T,-TJ, (1) 

C,p, % = 1, g - ?s +a,n,A,(T, - T,), (2) 

(3) 

The third term on the right-hand sides of equations 
(1) and (2) express the heat transfer between two 
phases. The reaction rate IV is derived from the 
assumptions, as follows : 

W= Ap,(l- Y)exp(-~/~T~). (4) 

The divergence of the radiation flux vector is evalu- 
ated from integration of the radiation intensity 
emitted from the other parts of the porous medium 
and represented for one-dimensional radiation, as 
follows : 

@r(z) 
~ = -2nK[I,E,(z)fI,E,(~,-T) 
8X 

s c 
- 21,(7) + I,(z’)E,(lz-z’l)d7’1, (5) 

0 

where &(z) and Em(r) denote, respectively, the black- 
body radiation intensity and the exponential integral 
function of the nth order, as follows : 

aT$ 
lb(r) = -.;-, E,,(t) = 

I’ 
knm2 exp(-z/fi)dE. (6) 

0 

In the regions of X, < x < 0 and x, < x: G x0,, the 
heat release rate is assumed to be negligible since the 
temperature is extremely low. 

On the other hand, under uniform heating, heat h, 
is uniformly released within the limited region around 
the middle of the porous medium. Here, the con- 
servation equation for product species Y is eliminated. 

The boundary conditions are expressed as follows : 

for the positive flow direction, 

T= T,,, Y = 0 at x=x,, 

dT/dx=dY/?Jx=O at X=X,,; 

for the negative flow direction, 

T= To, Y = 0 at x=x,, 

d Tj9.y = S Y/&X = 0 at x = .Y,. (7) 

4. COMPUTATIONAL PROCEDURE 

Basic equations were transformed into dimen- 
sionless forms and calculated using the finite differ- 
ence method. In the numerical calculation, the flame 
position is not specified beforehand, but is decided as a 
result from the total energy balance in the combustion 
system. The principle dimensionless variables and par- 
ameters adopted here are as follows : 

x = X/Xc, .re = xx_ p = lit/x,, 

p, = utJ.xc, lie = ~.~~I~, Pr = pgvC& 

lr = p,C,/p,C,, r, = l,/l,, H = q,l4aTf. 

Ho = h,IC,T, = (Ttc TJT,, Le = P&,DIL, = 1, 

M = _~~~snrAl/~gr Nr = K;LJ4aT:, 

E, = E/RT,, R, = Ax,Z/v. (8) 

A spongelike porous material made of cordierite 
has, for example, a porosity of 87.5% (Bridgestone 
Corp. [ 161). Then, the values of dimensionless 
parameters are approximately I = 300, r, = 1, 
M-6x10’, z,=500 and N,=5, as xc=1 m. 
Herein, the mean free path of radiation K- ' is equal 
to the mean diameter of a pore of the porous medium, 
i.e. K- ’ = 2 mm. The value of the specific surface area, 
i.e. the product of n, and A,, of the porous medium is 
approximately 3000 m2 m-“. The heat transfer 
coefficient CI, was estimated from the heat transfer 
around a sphere, the diameter of which is equal to the 
mean diameter of the element forming the spongelike 
porous medium. Furthermore, as u = 1 m s- I, the 
value of Re is approximately IO 000 and /i’ is equivalent 
to the time t in seconds. 

On the other hand, the values of the frequency 



3204 K. ttANAMl,KA <‘I d. 

factor and the activation energy were estimated from 
the evaluation of the burning velocity to be equal to 
measured values at equivalence ratios of 4 = 0.53 and 
1.0. resulting in A = 2.6 x 10’ s ’ and E = 130 kJ 
mol- ‘. Consequently, the dimensionless values of 
R, = IO ” and E,, = 50 are adopted for the standard 
calculation. 

Furthermore, both lengths of the free space 
.Y,, < .Y < 0 and x, < x d x,, are assumed to be one- 
twentieth of the thickness of the porous medium. 

5. RESULTS AND DISCUSSION 

5. I Superadiabatic system (uniform heating) 

Figure I shows the schematic profiles of the gas 

temperature at each time step from t = 0, where 
r, = r, = T,, to t = cc’. Here, uniform heating occurs at 
the middle of the porous medium. The thickness of the 
heating zone is one-fiftieth of the length of the porous 

medium. A working gas introduced into the porous 
medium is, first, heated in the heating zone. Then, 
during the period when the hot gas passes through the 
porous medium, the gas temperature decreases almost 
to the ambient one 7’,, before reaching the downstream 
exit; i.e. the porous medium provides heat storage. 
On reversal, the cold working gas flows through the 
porous medium and becomes preheated before enter- 
ing the heating zone. By the use of the reciprocating 

flow system, both gas and solid temperatures continue 
to increase up to the equilibrium point (at t = co), in 
which the amount of input heat is equal to that of the 
outflow enthalpy in a cycle; i.e. there is a steady state 
in this system. 

Figure 2 shows the gas temperature profiles in the 
fully developed state. Herein, the value of dimen- 

sionless heating HO is 0.2 (80 kJ mm ‘), which is equi- 
valent to a temperature increase of about 60 K. The 
flow direction reverses at regular intervals of /$ = 5 
or 25. Both temperature profiles are shown only at 
l1 = PC. In free space the maximum temperature is 

equal to the theoretical increase-temperature T,,/T, 
of only I .2, as depicted by the dashed line. However, 
in the porous medium the maximum gas temperature 

r, ,,,, ;,,/T,, reaches the value of 4.5, as [& = 5. 

5 Flow Direction 

0 

Uniform He;pg 

I I I I I 
0 0.5 x 1 

FIG. 2. Temperature distributions in porous medium with 
reciprocating flow and in free space ; uniform heating. 

o-,““‘,,“““‘,,“““,“,,,- 
0 10 20 30 

Half Cycle Bc 

FIG. 3. Maximum temperature vs half cycle ii,; uniform 
heating. 

In this system, after the flow direction has been 

reversed, the exit temperature increases gradually with 
time from ,‘j = 0 to flc. Therefore, it is important to 
change the flow direction before the exit temperature 
becomes too high (Fig. 2). Consequently, the 
maximum temperature increases with decreasing ,8u as 
shown in Fig. 3. Here, under the condition of flc = 0.3, 
the maximum temperature r,,,,,- T, in the porous 
medium exceeds the theoretical temperature T,,, - r,, 
by a factor of about 22. 

The same temperature profiles as shown in Fig. 2 

are obtained, as the solid phase releases heat, as in an 
electric heater. 

5.2. Superadiabatic combustion in porous medium 

(Arrhenius rate expression) 
5.2. I. Transient behavior with respect to time. Using 

the temperature profile in Fig. 2 as an initial condition, 
we can obtain the superadiabatic flames based on the 
Arrhenius reaction rate. Figures 4(a)-(e) show the 
profiles of the gas and solid temperatures T,, T,, the 
product mole fraction Y and the reaction rate RR 

at each time step from fi = 0 to fi = p, = 5, where 
H, = 0.3. After the flow direction has been reversed 
at time fi = 0, the reaction rate RR decreases since 

the combustion product flows into the reaction zone 
(Figs. 4(a) and (b)). With time. since the fresh reactant 
reaches the high temperature region, the combustion 
reaction starts to occur around X = 0.3 (Fig. 4(c)) to 
a significant extent. On the other hand, the reaction 
around X = 0.7 is almost extinguished (Fig. 4(c) and (d)). 

That is, in response to the flow direction, two exo- 

thermic reaction zones arc alternatively yielded at a 
distance of X,, (Fig. 4(e)). Consequently, the tem- 
perature profile becomes trapezoidal provided that no 
heat extraction exists in the system. 

5.2.2. ControNable range of half cycle and Reynolds 

number. Figure 5 shows the profiles of the gas tem- 
perature T9 and the reaction rate RR under the con- 

ditions of a half cycle bc of 5, 15 and 25. These profiles 
are shown only at b = /$. The exit temperature at 
/j = PC increases with fit. However, the amount of 
outflow enthalpy should be equal to that of input heat 
in the steady state. To this end, the flame has to 
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-3 

h” 
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0 0.5 x 1.0 

co 4 

2 
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\ 
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r” 
0 

0 0.5 x 1.0 

Flow Oirectim. I-I 

0.5 x 1.0 

241 I CI__.. n!___l?__ I I 

FIG. 4. Combustion with reciprocating flow in porous med- 
ium; profiles of gas and solid temperatures T,/T,, TJT,,, 
product mole fraction Y and reaction rate RR at each time 
step : (a) jj’ = 0; (b) /3 = 0.02; (c) /I = 0.14; (d) p = 0.6 ; (e) 

p = /I, = 5.0. 

4 

23 

2 
2 

1 

8 
0 

0 0.5 x 1.0 

FIG. 5. Profiles of gas temperature ?“,/?” and reaction rate 
RR for half cycle fi, of 5, I.5 and 25. 

move deep into the porous medium, which creates a 
reduction in the temperature gradient around the exit. 
As a result, the increase rate of the exit temperature 
decreases with respect to time from fl= 0 to ,r!$, as 
shown in Fig. 6. Consequently, over a wide range of 
PC, the maximum temperature is almost maintained at 
a constant as shown in Fig. 7, while for fixed heating, 
a reduction in the maximum temperature results in a 
decrease in the temperature gradient around the exit 
(Fig. 2). 

On further increase in & from 25.5 to 26, the flame 
propagates in the downstream direction over the cross 

2.0t,,,,,,,,,,,,,,, 0 

2 1 fit-5 &=I 5 
z 

AZ=25 

I-? - 
1.0 

~~ 

Re= 10000 
t&=0.3 
f=300 
1,=500 

005 10 20 30 
Time /3 

FIG. 6. Increase rate of the exit temperature T,,,,,IT,, in a 
half cycle from /I = 0 to ii,. 

Combustion 
/Efficiency nc i - 

-100 

Half Cycle Bc 

FIG. 7. Controllable range of half cycle &cr,; maximum tem- 
perature, combustion efficiency vc and distance between two 

reaction zones X,, vs /Jc, 
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section at X = 0.5, behind which the temperature 
decreases sharply. Therefore, combustion cannot be 
sustained in the porous medium as shown in Fig. 7. 
The extinction limit for PC is extended by the increase 
in the heat capacity ratio r between the porous 
medium and flowing gas. 

In this combustion system, the reactant, which 
remains in the region from the entrance to the flame 
location, flows out as the flow direction reverses, as 
shown in Fig. 4. As a result, in the range of a short 

half cycle. the combustion efficiency rlC decreases dras- 
tically with decreasing PC as shown in Fig. 7. Finally, 
the Aamc disappears under the condition of /& < 0.6. 
This is because the flow direction changes before the 

reactant reaches the hgh-temperature region and 
burns. 

Sitnilarly, upper and lower extinction limits exist 
for the higher and lower values of Reynolds number 
Re. respectively. However, as shown in Fig. 8, the 
flame is stabilized in the porous medium over a wide 
range of Rcl from 2000 to 53 000, where [$ = 2.5. With 
increasing Rc, the ratio of the reaction rate to the flow 
velocity, i.e. RJRe, decreases, which results in the rise 
of the maximum temperature as illustrated in 5.2.4. 
As a result, in order to equalize the amount of outflow 
enthalpy to that of input heat, the flame automatically 
moves deep into the porous medium as mentioned 
above : thus, the distance between two reaction zones 
x,, decreases. 

5.2.3. The effi~t of’ physical properties of’ porous 

mdium. Parameters, such as optical thickness z,, ther- 
mal conductivity ratio r,, heat capacity ratio r and 
heat transfer coefficient between two phases M, are 
determined from the physical properties of the porous 
medium. 

Figures 9(a) and (b) show the profiles of the tem- 
peratures r,, r,, the reaction rate RR, and the net 
radiation flux H under the conditions of the optical 
thickness ?C of 0, 20. SO and 500. As considered here. 
if the absorption coefficient K varies, the conduction- 
radiation parameter increases in proportion to TV, i.e. 
N, = 0.0.2.0.5 and 5. respectively. Under the optically 

O; /L&=2.5 Flame Extinction 4 

: &=0.3 I 

: l-=300 Maximum 
I f 

04 2,=500 Temperature i 

I I I I 

i 
“Flame Extinction 

I 
0: 

I 
I I I 

0 2 4 
/ 

100 
x 
u 

57 

0 
6x104 

Reynolds Number Re 

FIG. 8. Controli~bie range of Reynolds number Re; 
maximum temperature, combustion efficiency Q and dis- 

tance between two reaction zones k;lR vs Re. 

pw Direction 

FIG. 9. (a) Profiles of gas temperature TJT,, and reaction 
rate RR for optical thickness rc of 0. 20, 50 and 500. (b) 

Radiation flux profiles in porous medium. 

thick condition of z, = 500, the absolute value of the 
net radiation flux is very small throughout the region 
of the porous medium. This is because the radiation 

The net radiation flux around the reaction zone 

increases with decreasing 5,. This indicates that a 

intensity is attenuated in a short distance. As a result, 

larger amount of radiant energy is fed back in the 

the temperature profile for 7r = 500 is much the same 

upstream direction through the reaction zone. yielding 
cx~c~~ enthalpy burning [7-91. However. to prevent 

as that for T, = 0. 

an increase in the radiant heat loss outside the porous 
medium, the reaction zone must move deep into the 
porous medium. Therefore, as z, < 17, the flame is no 
longer sustained in the porous medium as shown in 
Fig. IO. 

Similarly, the flame disappears under the condition 

of ri. > 75, I- < 66 or h4 < 6.2 x IO5 as shown in Figs. 
I I, I2 and 13, respectively. This is because the porous 
medium cannot provide adequate heat storage. 

5.2.4. The eflect of’ reaction rute r’onstant. In the 
combustion with reciprocating flow in the porous 
medium, the maximum temperature is not so highly 
dependent on [L, Re, r,. r,, r and M. However, as 

shown in Figs. 14 and IS, the maximum temperature 
becomes higher in proportion to the activation cncrgy 
E,. On the other hand, with a decrease in frequency 
factor R,, the maximum temperature rises as shown 
in Fig. 16. This is because, under a high activation 
energy or low frequency factor, the combustion reac- 
tion proceeds only in the high temperature region. 
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15 
0 j Re=lOOOO &=5 
Z 1 H,=O.3 

s LFlome Extinction 
‘o;, , , , , , , , , 

0 
Optical Thickness -fe 

5000 

FIG. 10. Maximum temperature, combustion efficiency qp 
and distance between two reaction zones XRR vs optical 

thickness T,.. 

10-l loo 10' 1 o* 
Thermal Conductivity Ratio fc 

FIG. I I. Maximum temperature, combustion efficiency qC 
and distance between two reaction zones A’,, vs thermal 

conductivity ratio rC. 

O ’ 5- Re=lOOOO ~,=500 
2 - 

- I-&=0.3 

1 A=5 

2 - 

I yion Efficiency T)~ -, o. 

Y 
l-aximum Temperature 

- X 

kk _ 
- 0 

5 5- 

k 1 
CT o- I I I 111,111 I I I 11,111 I I I ,,,,; 

,Flome Extinction 
0 

10' lo* IO3 IO4 
Heat Capacity Ratio r 

FIG. 12. Maximum temperature, combustion efficiency qC 
and distance between two reaction zones X,, vs heat capacity 

ratio r. 

15 
0 - Re=lOOOO 1 

’ - HtJzoe3 ! Combustion 
- l-=300 

%I- flF5 
i Efficiency DC 

-100 

2 - 7,=500 j- , _ x 

Ii Maximum _ 0 

Y 5- 
Temperature - 

2 _ -50F 

t : 
So‘ p Flame Extinction _ 

I !,..I I I III 
lo5 lo6 lo4 

Heat Transfer Coefficient I$! 
between Two Phases 

FIG. 13. Maximum temperature, combustion efficiency qC 
and distance between two reaction zones X,, vs heat transfer 

coefficient between two phases M. 

5 

? 
4 

$5 

2 

1 
s 

0 
0 0.5 x 1.0 

FIG. 14. Profiles of temperature T,/T, and reaction rate 
for activation energy E, of 40, 50, 60 and 68. 

RR 

F1nm.a Fytinrtinn - 

30 40 50 60 70 80 
Activation Energy f. 

FIG. 15. Maximum temperature, combustion efficiency qC 
and distance between two reaction zones A’,, vs activation 

energy E,. 

Here, the maximum temperature has to rise to the the conditions of the combustion heat Ho of 0.17, 0.2, 
high ignition point. As a result, with increasing E., 0.3 and 0.4. With increasing H, from 0.2 to 0.4. the 
the flame is stabilized further from the entrance of the maximum temperature T,~,,,/T, increases with the 
porous medium as shown in Fig. 14. difference between the values of H,. This result implies 

5.2.5. Combustion augmentation for extremely low that the maximum amount of heat, which can be 
heat content gases. Figure 17 shows the profiles of the transmitted from the combustion gas to the mixture, 
gas temperature T, and the reaction rate RR under is recirculated by the reciprocating flow system in the 
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5 
. Re=lOOOO r=300 

H,,=O.3 8c=S 
Maximum ? 

1 O’O 10" 1 o12 
Frequency Factor Rs 

FIG. 16. Maximum temperature, combustion efficiency rrc 
and distance between two reaction zones X,, vs frequency 

factor R,. 

4- 
0 _ 

k- 
h”3 - 

2- 

11 
S - 

0; 

FIG. 17. Superadiabatic combustion for extremely low heat 
content gases. 

porous medium. Further, since the amount of input 
heat increases with H,, the reaction zone moves 
toward the end of the porous medium to increase the 
outflow enthalpy, i.e. to raise the temperature gradient 
around the exit. 

On further decrease in Ho from 0.17 to 0.16, the 

flame propagates further in the flow direction over the 
cross section at X = 0.5, behind which the tem- 
perature decreases sharply ; since the temperature pro- 

file has an isosceles-triangle shape. As a result, a larger 
amount of unburnt gas flows out, which results in the 
flame extinction, Consequently, in the combustion 

” 1 5, 
‘;; - '"-Re=lOOOO 

s x 
: r=3000 

2 lo-:;::& 

kk - 
Y - 
2 5- 
I 
$ - 

S 0‘ 
+Flame Extinction 

I ,I I I 1 
0 

Combustion Heat Ho 
0.: 

1 100 
x 
0 

50F 

FIG. 18. Maximum temperature and combustion efficiency 
Q vs combustion heat H,. 

with reciprocating flow in the porous medium, the 
broader plateau maintained at the maximum tem- 
perature indicates a higher potential for the extension 
of the flammable limit. As shown in Fig. 18, the 
maximum temperature r,,n,,,- T,, for H,, = 0.17 is I3 

times higher than the theoretical temperature increase 
T,h- r,. The heating value is 65 kJ m I. which is 
equivalent to the temperature increase of only 50 K. 

6. CONCLUSIONS 

Numerical analysis has been performed on super- 
adiabatic combustion with reciprocating flow in a 
porous medium, with the rigorous treatment for radi- 
ation transfer, on the basis of two simplified heating 
models. 

In uniform heating occurring at the middle of the 

porous medium, the temperature profile has an iso- 
sceles-triangle shape. The maximum temperature 

becomes higher with decreasing length of the half 
cycle, at which the flow direction is reversed regularly. 

On the other hand, as the reaction rate is based on 
the Arrhenius rate expression, the temperature profile 
becomes trapezoidal. In response to the flow direction, 
two reaction zones are alternatively yielded at a dis- 
tance of the length of the plateau maintained at the 
maximum temperature. The maximum temperature 
is determined almost solely from the reaction rate 
constant. On the other hand, the position of the reac- 
tion zone is strongly dependent on parameters, such 
as the half cycle, Reynolds number, optical thickness, 
conductivity ratio, heat capacity ratio and heat trans- 
fer coefficient between two phases. Furthermore, the 
flame disappears as the reaction zone moves deep 
into the porous medium over the cross section of the 
middle ; concurrently, the temperature profile changes 
from the trapezoid to the isosceles-triangle shape. 

The most striking feature is that the maximum tem- 
perature in this combustion system exceeds the theor- 
etical one by a factor of about 13. The heating value 
of the mixture is only about 65 kJ m ‘. 
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