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Abstract-A numerical study of combustion and multimode heat transfer in porous radiant burners is 
performed. Burner characteristics such as flame speeds, radiant outputs and efficiencies are investigated 
using a one-dimensional conduction, convection, radiation, and premixed flame model. The porous medium 
is assumed to emit, absorb, and scatter radiant energy. Non-local thermal equilibrium between the solid 
and gas is accounted for by introducing separate energy equations for the gas and the solid phase. 
Combustion is described by a one-step global mechanism. The effect of the optical depth, scattering albedo, 
solid thermal conductivity, upstream environment reflectivity, and interphase heat transfer coupling on 
the burner performance are studied. It was revealed that for maximixing the radiant output the optical 
depth should be about ten and the flame should be stabilized near the center of the porous medium. Also, 
low solid thermal conductivity, low scattering albedo, and high inlet environment reflectivity produced a 

high radiant efficiency. 

INTRODUCTION 

A PROMISING development in gas-burner technology 
is the concept of porous radiant burners (PRB). These 
devices operate by stabilizing a premixed flame inside 
or near a non-combustible porous medium. The 
enthalpy of combustion released in the gas phase heats 
the porous matrix which then emits thermal radiation 
to a heat load. In small-scale applications PRB have 
already shown performance gains over conventional 
open-flame burners in the form of higher efficiencies, 
lower NO, emissions, and more uniform heating [I]. 
In order to exploit the potential benefits of this tech- 
nology for the myriad of industrial heating appli- 
cations, more detailed information about the factors 
controlling burner performance is needed. The goal 
of the present work is to provide a better under- 
standing of the link between combustion and heat 
transfer in PRB and the intiuence of these processes 
on the radiant output and burner efficiency. 

Recently, Tong and Sathe (21 performed a detailed 
study of the heat transfer characteristics of PRB. 
Combustion was represented as a heat generation 
zone inside the porous medium. It was shown that the 
properties of the solid matrix such as the thermal 
conductivity, the optical depth, and the scattering 
albedo significantly affected the radiative output from 
the burner. More realistic combustion models were 
employed by Yoshizawa et al. [3] and Chen et al. [4] 
to reveal the structure of radiation-controlled flames 
in inert porous media. Both studies, however, 
neglected the important effect of radiation scattering 
in their analysis and fixed the flame zone at or near 
the middle of the porous medium. Their results dem- 
onstrated the significance of radiative heat transfer in 

promoting energy feedback ahead of the reaction 
zone, yielding higher than adiabatic flame speeds. 
Sathe et al. [S] studied numerically the effects of mul- 
timode heat transfer and combustion on the flame 
stability in a finite porous layer. It was shown that 
stable combustion could be maintained in two differ- 
ent spatial domains. The radiative characteristics of 
the porous matrix, such as the optical depth and scat- 
tering albedo, were also shown to have a considerable 
effect on flame stability. In some related work DesJar- 
din and Kendall [6] investigated the effect of stoi- 
chiometry on the lift-off behavior and radiant output 
of a radiant surface burner using a simple surface 
model to account for the radiant heat flux emanating 
from a porous burner. 

The aim of the present study is to investigate the 
effect of combustion and multimode heat transfer on 
the radiative output and efficiency of PRB. The study 
is based on a one-dimensional, premixed methane- 
air flame model wherein the flame thickness is much 
thinner than the length of the porous medium. Com- 
bustion is modeled using a single-step, irreversible 
reaction. The solid and gas phases are assumed not to 
be in local thermal equilibrium. Also, the solid is 
assumed to emit, absorb, and scatter radiant energy. 
The computational domain is extended beyond the 
porous region on either side to accurately model 
flames close to the edges of the porous region. 

MATHEMATICAL ANALYSIS 

The schematic diagram of the problem under con- 
sideration is shown in Fig. 1. A premixed methane- 
air gas mixture enters an adiabatic duct containing an 
inert porous layer of length L. The flame may be 
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NOMENCLATURE 

a surface area per volume of  solid [m- '] 
c specific heat capacity at constant pressure 

[J kg-1 K -i ] 
h heat transfer coefficient [W m -  ' K -  I] 
hk species specific enthalpy [J kg-  i] 
i radiant intensity [W m -  2 sr-  i] 
k thermal conductivity [W m -  ) K -  1] 
L porous layer length [m] 
p pressure IN m -  ~] 
P~ dimensionless heat transfer coefficient, 

haL/oT~ 
P2 dimensionless thermal conductivity, 

kJoT?L 
q~ radiant heat flux [W m -  2] 
q~ reaction enthalpy flux [W m -  2] 
Q~ dimensionless enthalpy flux, qc/oT~ 
Q~ dimensionless radiant heat flux, q'/oT~ 
r reflectivity 
R universal gas constant [J t o o l -  I K -  ~] 
S dimensionless flame speed, u(O)/u~ 
T temperature [K] 
u axial velocity [m s -  i] 
V diffusion velocity [m s -  ~] 
W molecular weight [kg mol-  i] 

average molecular weight [kg mol-  i] 
x axial coordinate [m] 
Y mass fraction. 

Greek symbols 
emissivity 

t;o output radiative efficiency, qr(L)/qc 

r/t total radiative efficiency, {qr(L) - q*(0) }/q¢ 
0 dimensionless temperature, (T -  T~)/T~ 
# direction cosine in equation (5) 

dimensionless axial coordinate, x/L 
p gas density [kg m -  3] 
o Stefan-Boltzmann constant [W m -  z K -  4] 
oa, os, oo absorption, scattering and 

extinction coefficients [m- i] 
x optical depth, oeL 

porosity 
(b molar generation rate [tool m -  3 s-  I] 
co scattering albedo, o,/o+. 

Superscripts 
+ positive direction 
- negative direction 
r radiation. 

Subscripts 
a apparent 
ad adiabatic 
b black body 
c combustion 
d diffuse, downstream 
e exit plane 
g gas 
i inlet plane 
k index for species 
s solid 
u upstream. 

located either inside or outside the porous layer and 
the flame thickness is much less than L. The flow is 
assumed to be one-dimensional, steady, and laminar. 
The viscous effects are neglected so that the momen- 
tum equation can be integrated and replaced by the 
condition that the thermodynamic pressure is a con- 
stant, which is the case for most PRB. The solid matrix 
is assumed to be gray and to emit, absorb, and scatter 
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FIo. 1. Schematic diagram of the porous radiant burner. 

radiant energy. Gaseous radiation is neglected com- 
pared to solid radiation. Non-local thermal equi- 
librium between the gas and the solid phase is 
accounted for by considering separate energy equa- 
tions for the two phases. All the properties of  the solid 
are assumed to be homogeneous and constant. 

The methane-air combustion is modeled using the 
one-step global reaction [7] for an equivalence ratio 
of  one so that the only species involved are CH4, Oz, 
N,,  CO2 and H,O. The reaction rate constant is given 
by k+ ffi 1.8 x I0 a exp ( -  125 600/RTi) [CH+] moi m -  3 
s -  i. The thermodynamic and transport properties of  
the gases are evaluated using the C H E M K I N  [8] and 
TRANFIT  [9] codes, respectively, from Sandia 
National Laboratory. 

The governing equations are written by incor- 
porating convection, conduction, radiation, and 
combustion mechanisms. A more detailed description 
of the heat transfer model may be found in Tong and 
Sathe [2]. The governing equations are then : 

Continuity equation 
d 

(put,) ffi o (0 
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where 4~ is the porosity so that 4~ < 1 for 0 < x < L 
and 4~ = I elsewhere. All the symbols are identified in 
the Nomenclature. 

Species conservation equation 

dYk d 
pudp-~x+-~(pdpYkl"k) =dp6JkWk ( k =  I,K) (2) 

where the diffusion velocity Vk is the sum of the 
diffusion velocities due to mole fraction gradients and 
thermal gradients [10]. 

Gas energy equation 

dr, 
pudpc~ - -~  + ( 1 -- rk)ha (7"= - T,) 

k - - I  k - I  

d / drs~ 
+ ~xx ~4~k,--~--). (3) 

Solid energy conservation 

[ ~.~T, ] dq' 
d (1-q~)k, +(l-dp)ha(T=-T,)=--~. (4) 

Radiative transfer equation (RTE) 

di(x, It) 
It ~ + (0". + a,)t(X, It) = ajb(T,) 

(7 s f l  
+ ~ j_, i(x, It') dIt' (5) 

where It' is the dummy variable of integration. 

Equation of state 

Boundary conditions 

P = RT, (6) 

The gas temperature and the species concentrations 
are specified at the inlet section (x = -xi) ,  whereas 
vanishing gradients are imposed at the exhaust section 
(x = x0 

Yk = Yk.i, T= = Ti at x = --xi 

dYk dT, 
dx =--~--=0 at x..~x=. (7) 

The boundary conditions for the solid temperature 
are written assuming that the solid loses heat con- 
vectivcly to the gas [2] so that 

k, dT, - ~ = h ( T = - 7 " , )  at x = 0  

dT, 
k , ~ =  h(T,--T,)  at x =  L. (8) 

The upstream boundary condition for the radiant 

intensity is written assuming that the upstream 
environment can be characterized by a gray diffusely 
emitting and reflecting surface. On the downstream 
side, the burner is assumed to be seeing a black 
environment at Tb = 298 K. Thus, we have 

i+(O)=eib(Ti)+2rd i - (0 , -p ' ) i t ' d i t '  at x - 0  

i - (L)  = ib(Tb) at x---- L. (9) 

The radiative heat flux appearing in the solid energy 
equation is given by 

I_ q* = 2~ i(x,#')it" dit'. (10) 
I 

Upon nondimensionalizing the above equations, 
the dimensionless quantities relevant to this study are: 

= x/L, 0 = ( T -  T3/T~, P, = haL~aTe, P, = k,/ 
aTi3L, oJ = aJ~=, and z = a=L where ¢ , =  a=+~,. 
The symbols are described in the Nomenclature. 

Solution procedure 
The radiative transfer equation (RTE) was trans- 

formed into a set of ordinary differential equations 
using the spherical harmonics approximation, and 
Marshak's formulation was used to model the bound- 
ary conditions [I I, 12]. The reader is referred to these 
references for the details on the spherical harmonic 
method. An efficient numerical scheme was devised to 
solve the governing equations by modifying PREMIX 
[I0]. The PREMIX code has been applied successfully 
to solve the governing equations pertaining to flame 
propagation in premixed gaseous systems. The code 
employs finite-difference techniques with adaptive 
gridding and solves the set of non-linear governing 
equations by the damped Newton-Raphson method. 
The principal modification to the code was the 
addition of the solid energy equation and the differ- 
ential equations resulting from the spherical harmonic 
approximation for the RTE. As noted earlier, the 
computational domain was extended on both the 
upstream and downstream sides of the porous layer 
in order to accurately model flames situated close to 
the edge of the porous medium. The flame location 
was fixed numerically by setting the gas temperature 
at a particular point in the domain, and the governing 
equations were then solved so that the flame speed 
was an eigenvalue. A word should be added about 
the spherical harmonics approximation. Considerable 
convergence difficulties were observed wben the order 
of the spherical harmonies method was increased and 
only results for the P-3 approximation could be 
obtained. Nevertheless, a separate study using the 
earlier code [2] revealed that for optical thicknesses 
greater than or equal to one, the difference in the 
radiative outputs obtained by the P-3 and P-II 
approximations was less than 1%. 

The governing equations were solved using the IBM 
3090 computer. The time required to solve for one set 
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of parameters ranged widely from approximately 100-- 8 
500 CPU seconds, depending on the initial guess pro- 
vided. Since the Newton--Raphson method was used, ~ 7 
very good initial guesses were required to obtain con- 
vergence, otherwise divergence resulted. A relative 8 
convergence criterion of 10- '  was specified for New- 1[ 5 
ton's iteration. Computations were continued on suc- & 

cessively finer grids until the flame speed changed by [ 4 
no more than 0.1%. An overall energy balance of 
approximately 0.5% was achieved for most of the ~ 3 
cases, with an energy balance of less than 1% in the ~ 2 
worst case. Approximately 100 grid points were 
required. Reducing the grid refinement criterion had 
a negligible effect on the results but required more 
computer time. Also, care was taken to keep the com- 
putational domain large enough so that flame speed 
was not affected by the length of the computational 
domain [13]. The accuracy of the numerical code was 
checked by comparing the results with the laminar 
flame speed and adiabatic flame temperature data of 
Reitz and Bracco [7] by letting the porosity be close 
to one. 

RESULTS AND DISCUSSION 

The above model is used to calculate results for a 
wide range of properties of the porous layer that may 
be encountered in PRB. In particular, the effect of the 
extinction coefficient (~c), scattering coefficient (o,), 
solid thermal conductivity (k,), heat transfer coupling 
(ha), and the upstream environment reflectivity (rd) 
on the flame speeds, radiant outputs, and radiant 
efficiencies are investigated. The porous layer is 
assumed to be 5 cm long and have a porosity (0) of 
0.95. A stoichiometric fuel-air mixture is allowed to 
enter the duct with a uniform velocity and inlet tem- 
perature, T~ = 298 K. Variations were made in the 
following baseline property values to produce the 
results presented below: ¢c = 20 m -  i, ¢, = 10 m -  i, 
k , =  10Wm -~ K-J ,  ha = 2.0x 109Wm - ~ K  - t , and  
rd = 0. The thermal conductivity of the solid, k,, was 
intended to be that for non-metallic solids, such as 
alumina and silica employed in PRB. The value of ha 
was estimated using the experimental data for h for 
cylinders in cross-flow and a was computed assuming 
infinitely long fibers of 10 pm diameter [2]. The cor- 
responding relevant non-dimensional parameters are: 

= 1, m = 0.5, PI = 6.67 x 107, P, = 133.3. 
Figure 2 presents the computed burning velocities 

for different flame locations, ~r, obtained by varying 
the extinction coefficient (~  = ~r,+¢,) from 20 to 200 
m - '  so that the total optical thickness of the layer 
(z = ¢~L) ranges from 1.0 to 10.0 while the scattering 
albedo (m = ~J¢,) is kept constant at 0.5. The flame 
location is defined as the position where the reaction 
rate is a maximum. The upstream (inlet) and down- 
stream (outlet) edges of the porous medium are 
denoted by vertical dashed lines at ~ = 0 and 1, respec- 
tively. The flame speeds are normalized by the adia- 
batic flame speed which prevails a few millimeters 
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FIG. 2. Effect o f  the burner optical thickness on the flame 
speed for different flame locations. 

beyond either side of the porous layer. It was revealed 
in an earlier study [5] that the flame speed variation 
near the edge of the porous medium is controlled by 
conduction, whereas radiation heat transfer becomes 
a contributing factor for flame propagation in the 
interior. A higher thermal conductivity on the 
upstream side of the flame results in a preferential 
conductive heat transfer in the upstream direction, 
thereby increasing the flame speed, such as at the 
downstream edge of the porous medium. An opposite 
effect occurs at the upstream edge, When the flame 
approaches the porous medium from the downstream 
side, the flame speed increases abruptly because of 
the higher thermal conductivity encountered in the 
preheat zone until a local maximum is observed at the 
edge of the porous medium. As the flame enters the 
porous region the burning velocity is reduced, mainly 
because the upstream conductive heat flux is dimin- 
ished as the downstream side of the flame is being 
replaced by higher conducting material. The radiation 
heat loss in the downstream direction accounts for the 
local minimum in flame speed that is lower for higher 
optical depths, but the effect is much smaller than for 
the heat conduction. As the flame is shifted toward the 
center of the porous region, the lengthening amount of 
material radiating in the post-flame zone directs the 
radiation upstream causing the flame temperature and 
speed to increase. Beyond the symmetry axis this radi- 
ant energy feedback escapes across the inlet plane 
producing lower flame speeds. A broad maximum in 
the flame speed near the center of the porous layer 
was also observed by Yoshizawa et ai. [3]. As the 
flame approaches the upstream edge, the flame speed 
drops drastically due to increased radiative loss and 
the preferential distribution of the conductive flux in 
the downstream direction due to greater resistance to 
upstream conduction. The flame at the upstream edge 
is characterized by a very broad flame zone of the 
order of centimeters and it is anticipated that such a 
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Fie. 4. Radiant output (downstream radiative flux) and 
upstream radiative flux for varying optical thicknesses and 

flame locations. 

flame is not physically plausible [5]. After this mini- 
mum the flame speed returns to the adiabatic value 
as there is no radiation loss from the flame and the 
conductivity value is that of  the fuel-air mixture. The 
fact that the flame speeds at the downstream edge 
of the porous medium are unchanged by the optical 
thickness provides further evidence that the thermal 
conductivity is the controlling parameter for the burn- 
ing rate at this location. Because the flame location 
is important from the standpoint of radiant energy 
exchange and determining the maximum allowable 
heat release, it should be emphasized that only those 
portions of  the velocity profile with positive slope 
would be expected to maintain stable combustion. 

The effect of the optical thickness on combustion- 
heat transfer behavior deep in the porous region is 
illustrated in Fig. 3. It is evident that the reactant 
enthalpy flux Qc (proportional to the flame speed) 
increases as z is increased from 1 to about 10 due to 
enhanced radiation feedback across the flame in the 
upstream direction. This explanation is substantiated 
by the radiative energy fluxes at the upstream and 
downstream edges of the flame zone. The quantities 
Q~ and Q~ in the figure are the radiant fluxes on the 
upstream and downstream edges of  the flame zone 
respectively. The edge of  the flame zone is taken to be 
the location where the reaction rate is 1/1000 of  its 
peak value. However, as ~ is increased further beyond 
10, the diminishing radiative energy feedback across 
the flame zone lowers the reactant enthalpy flux. This 
trend is consistent with results obtained by Chert et  

a/. [4]. The output radiative efficiency, defined as the 
ratio of  the radiant output (radiant heat flux at 

= x / L  -- 1) and the reactant enthalpy flux, reaches 
a maximum at about z ~ 5 and then decreases very 
gradually. 

The upstream and downstream radiative fluxes (at 
= x / L  = 0 and 1, respectively) resulting from 

different flame locations and optical thicknesses are 

shown in Fig. 4. The upstream and downstream radi- 
ative fluxes depend on the heat generation rate, which 
is proportional to the flame speed, and the optical 
depths between the flame and the edges of  the porous 
medium. For a fixed z the upstream radiative flux 
increases as the flame moves upstream from the outlet 
plane due to an increase in flame speed and because 
there is less shielding between the flame and the 
upstream edge. The heat flux continues to increase 
due to the reduced shielding until the sharp drop in 
flame speed near the inlet occurs. When the flame is 
near the downstream edge, the shielding effect domi- 
nates, so that the upstream radiative flux is higher for 
lower x. However, when the flame is outside the 
porous layer and near the upstream edge, there is no 
shielding effect involved and the upstream radiant flux 
is largest for the largest x due to greater emission. 
Similarly, the downstream radiative flux increases 
when the flame is moved upstream due to an increase 
in the flame speed and an increase in the extent of  
porous material at elevated temperatures. Thus, for 
the flames situated very close to the downstream edge 
the radiative flux is almost zero because for e= = 
200 m-  ~, the optical thickness is of  the order of  0.01 ; 
hence, the radiative output is negligible. As the flame 
shifts inwards the burning velocity drops by about 
13.5% from its peak value at the interface due to the 
redistribution of  the conductive heat flux; however, 
because the optical thickness of the high-temperature 
region increases by about 700%, no corresponding 
decrease in the radiative output is observed. Beyond 
this point the radiative output keeps rising due to the 
elongating high-temperature zone in conjunction with 
the increase in flame speed up to the middle of  the 
porous burner section. As the flame moves further 
upstream, the radiative output decreases eventually 
because the reduction in flame speed and shielding on 
the downstream side outweighs the increase in the 
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Fro. 6. Burner characteristics for different scattering albedo$ 
and upstream reflectivities when xr/L = 0.5. 

amount of high-temperature porous material. The 
shielding effect is more important for larger optical 
thicknesses; hence, the peak in the radiant output 
occurs at more downstream positions. For the flame 
located upstream of the porous region, due to the 
shielding effect, the radiant output is larger for a 
smaller ¢. These results are consistent with those of 
Tong and Sathe [2] where the peak in the radiant 
output shifted downstream with increasing ¢ even 
when the flow speed was held constant. 

The radiative output efficiencies for different flame 
locations and optical depths are shown in Fig. 5. The 
efficiencies are nearly zero when the flames are at 
the outlet plane and increase quickly at higher ¢ to 
values ranging from 12 to 15% as the flame is moved 
upstream. It is interesting to note that the highest 
efficiencies are achieved when the flame is located 
outside the porous medium near the upstream edge 
and that the efficiency at this position increases with 
decreasing optical depth. However, from the recent 
study of Sathe et  al. [5] the flame outside the porous 
layer near the upstream edge is unstable since the 
slope of the curve of flame speed versus distance is 
negative. A negligible increase in efficiencies is 
observed in the upstream half (which is the stable 
flame region) of the porous material when T is 
increased above 5. These findings suggest that to max- 
imize both the radiant output and efficiency the flame 
should be located at the center of the porous material, 
but the maximum radiant output occurs when : ~ 10 
and the maximum radiant output efficiency occurs 
when ¢ ~ 5. 

Figure 6 shows the effect of the upstream environ- 
ment (at { = - x d L  = - ~ )  reflectivity and the scat- 
tering albedo on the burner characteristics for a flame 
located at x~/L  = 0.5 when the downstream environ- 
ment is black. A reduction in albedo increases the 
flame speed due to stronger emission from the solid. 
It must be noted that when there is no emission or 

• absorption by the solid, i.e. when w = !, the flame 
speed exceeds the adiabatic value because the thermal 
conductivity of the solid matrix is much greater than 
that of the gas. Both the radiant output and the 
efficiency also increase with a decrease in the albedo; 
hence, a strongly emitting-absorbing medium is pre- 
ferred to enhance the burner performance. The results 
demonstrate that for the conditions investigated scab 
tering by the solid is an important mechanism in the 
radiative transport and cannot be neglected. Results 
for flame locations other than at the center of the solid 
indicated similar trends when the albedo was varied 
and are not shown here. An increase in the upstream 
diffuse reflectivity reduces the radiation loss from the 
flame in the upstream direction, thereby raising the 
flame temperature and accelerating the flame speed. 
The radiant output increases when the reflectivity is 
increased because the flame speeds are higher and less 
radiation escapes in the upstream direction. This latter 
effect also improves the output efficiency and suggests 
that a large reflectivity is desired for the best burner 
performance. These results are consistent with the 
findings of Tong and Sathe [2]. 

The burner characteristics for different thermal con- 
ductivities of the solid are shown in Fig. 7. An increase 
in the thermal conductivity increases the flame speed 
due to an enhancement in the preheating of the 
incoming reactants. However, the increase in the solid 
conductivity does not increase the radiant output to 
the same extent as the flame speed so that the radiative 
efficiency actually declines. This result is due to the 
fact that for the same flow rates and heat release rate, 
an increase in the solid conductivity produces lower 
post-flame temperatures and higher pre-flame tem- 
peratures, thereby reducing the radiative output [2]. 
Thus, the radiant output can be increased by increas- 
ing the conductivity and concurrently sacrificing on 
the radiant efficiency. 

The effect of the heat transfer coupling between the 
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solid and the gas is reported in Fig. 8. A stronger heat 
transfer coupling results in a better pre-heating effect 
when the solid conductivity is higher than that of  
the gas. Hence, the flame speed increases as the heat 
transfer coupling is increased. Once the coupling is 
large enough so that the gas and solid are in local 
thermal equilibrium, i.e. P, >1 8 × l0 T, the rise in flame 
speed becomes negligible. On the other hand, when 
the heat transfer coupling is weak, very little energy 
is transferred from the gas to the solid so that the 
flame speed approaches the adiabatic flame speed. 
This asymptotic approach to the adiabatic flame speed 
has served as an additional check of  the code. The 
radiative output increases as the heat transfer coup- 
ling is enhanced because of  higher solid temperatures, 
and no appreciable increase occurs once the solid and 
gas have reached thermal equilibrium. The radiant 
efficiency is observed to pass through a maximum as 
the heat transfer coupling is enhanced. 

~ 1 0  2 ~ 015 
.~o 

0 

0 2 4 6 8 to 

FIG. 8. Effect of the heat transfer coupling between the solid 
and the gas on the burner characteristics when xf/L = 0.5. 

The apparent emissivity of  the burner, defined as 
ea = q ' / e T  4 at ~ = 1, is shown in Fig. 9. An attempt 
is being made in the industrial sector to characterize 
the emissivity of  the porous burner as a gauge of  its 
performance [6]. It is seen that as the porous medium 
becomes strongly emitting and absorbing (albedo 
becomes smaller), the apparent emissivity increases. 
This result is due to the fact that as albedo decreases 
q~ increases, whereas the temperature rise is not 
appreciable. The apparent emissivity is also a strong 
function of  the flame location. Thus, a unique value 
of  this quantity cannot be assigned to a particular 
burner unless the exact flame location for a given 
firing rate is known. 

CONCLUSIONS 

The effect of combustion and multimode heat trans- 
fer on the performance characteristics of PRB has 
been studied numerically. The model incorporated 
emission, absorption, and scattering of  radiant energy 
by the porous matrix and accounted for non-local 
thermal equilibrium between the gas and solid phases. 
The computational domain was extended on either 
side of  the porous medium to accurately model the 
flames located near the edge of  the porous medium. 
It was revealed that for maximizing the radiant 
output, the optical depth should be approximately ten 
with the flame located near the center of  the porous 
medium, and the heat transfer coupling should be 
high enough to ensure local thermal equilibrium 
between the gas and the solid. The solid phase con- 
duction and scattering had a significant effect on the 
burner performance. Low solid conductivities and 
scattering albedos are desirable to increase the radiant 
efficiency. 
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ANALYSE NUMERIQUE DU TRANSFERT THERMIQUE ET DE LA COMBUSTION 
DANS LES BRULEURS POREUX RADIANTS 

R~smnt---Une 6tude num6rique ,-'st faite sur la combustion et le transfert thermique multimode dans des 
brfileurs poreux radiants. Des caract6ristiques de brfileur telles que vitesse de flamme, rayonnement et 
efficacit~ sont 6tudi6es i partir d'un module monodimensionnel de conduction, convection, rayonnement 
et pr6m~lange. Le milieu poreux eat suppos6 6mettre, absorber et diffuser 1'6nergle radiative. Le non- 
&luilibre thermodynamique local entre le sofide et le 8az eat pris en compte en introduisant des 6quations 
d'~nergle s6par6es pour lea phases solide et liquide. La combustion eat d6crite par un m6canisme global ~i 
un 6chelon. L'effet sur lea performances du brfileur de l'6paisseur optique est 6tudi6 alnsi qua l'alb6do, la 
conductivit6 thermique du solide, la r6flectivit6 de l'environnement, le couplage de transfert thermique ~i 
l'intefface. Pour augmenter au maximum la puissance radiante, l'6paisseur optique doit ~tre de l'ordre de 
dix et la flamme dolt ~:tre stabilis6e pr6s du centre du milieu poreux. Et aussi une faible conductivit6 
thermique du solide, un falble alb6do et une r6flectivit6 61ev6e de l'environnement produisent une efficacit~ 

radiante 61ev~. 

EINE NUMERISCHE ANALYSE DER WXRMEOBERTRAGUNG UND VERBRENNUNG 
IN POROSEN STRAHLUNGSBRENNERN 

Zmammeafasmng--Die Verbrennung und die unterschiedlichen W.~*rmefibertragungsmechanismen in 
por6sen Strahlungsbrennern werden numerisch untersucht. Dabei warden unter Verwendung eindimen- 
sionaler Warmeleitung, Konvektion, Strahlung und eines Flammenmodells mit Vormischung typische 
Brennereigenschaften wie Flammengeschwindigkeit, Strahlungsleistung und Wirkungsgrad betrachtet. 
Es wird vorausgesetzt, dab das por6se Medium Strahlungsenergle emittiert, absorbiert und streut. Das 
nichtlokale thermische Gleichgewicht zwischen Fcstk6rper und Gas wird dadurch berficksichtigt, 
dal3 getrennte Energlegleichungen ffir das Gas und den Festk6rper eingeffihrt werden. Die Verbrennung 
wird dutch einen globalen Einstufenmechanismus beschrieben. Die Einflfisse der optischen Dicke, des 
Anteils der Streureflexion, der Feststoffwirmeleitfahigkeit, das Reflexionsverm6gen der stromaufwarts- 
gelegenen Umgebung und der Warmefibergang zwischen den Phasen werden in Abhanglgkeit van der 
Brennerleistung untersucht. Es zeigt sich, dab ffir eine Maximierung der Strahlungsleistung die optische 
Dicke unget~hr zehn betragen sollte und die Flamme in der N~.he des Zentrums des por6sen Mediums 
stabilisiert warden sollte. Geringe Feststoffw~meleitf'ahigkeit, ein geringer Anteil der Streureflexion und babe 

Umgebungsreflexion am Eintritt produzieren ebenfalls eine hohe Strahlungseffizienz. 

qHCJIEHHblITI AHAJIH3 TEI]JIOIIEPEHOCA H FOPEHH~I B rlOPHCTblX 
PA~]HAI.I, HOHHblX FOPEJIKAX 

~ q a c a e t m o  x ~ , n ~  ropexxe s Maorope~m,,u~ TeB.rlonepeHoc it nopxc'rog pam~a- 
I Igo~o#  ropemce. C xcmom,3omum~4 o~oMepxog Mo~LeJm l"¢a.riOal)OitOm4OCrX, ~rom~--.--; ]pa~m~x 
x npe~laapm'en~no cMenmaxoro ~ my~moT~ ~-ardae xaparrep-crmm ropemm, ~ c~opocrs 
mmMetm, m u ~ j ~ - u u  u o n m o c ~  ,, ~o~ l~mme~ noJmuoro ~ e ~ r e ~  xcro.ma~a ~u~y~em~ Hpeano- 
aaraerc& ,fro nopxc ' ru cpeaa xcnycner,  nornomaer x p~__o~emuter ~neprmo mu~em~.  He~mm.~saoe 
T~m'~OitOC I~tBHO~C MeW,,IIy T l e p , ~ l  "I'e, ROM H FasOM y~JrrMmte'r¢~ DO OT,~e3l~,Hoc'rx yI~H~HeHHlSlqt~ 
~meprm~ ~J~ ra~oeott "raepAog ¢[~a3~a. r lpoue~ rol~'~ml ormc~mtcrcs npn noMonlx ormocrynea~a~oro 
rno6ammoro Mexl~m-~ua. Hceae.aye~= mmmme on-n~ec~oR ray6mm, a.ns6eao paccemnet, ~ o ~ l m -  
nxeara Tennonpo~ommc~x ~ - p a o r o  ~na ,  oTpaxa~n.uolt  cnoco6aonrm o~pyammme# cpem~ aaepx 
no "reqeumo, a ramie ceaax Tea.aoncpcuoca Ha Mcxqba~sog rpam, mc xa pa6oqxe xapazTcpnc'rmm 
ropema~ Hoza.~mo, ,rro autaeaenxe a~mpnm ~nmosa~x MucaMam, w.o~ npa on-ra~ec~og ray6xxe, 
pasnoR npaOm~me.m.xo aecm~ a xan~e npx cTa6m~mum~ nna~em~ It6Jn~u nempa nopxcTog 

B~Jco~t~l go3~mulewr noJ~e~moro ~,.ilcllns ncro~mom IF&ny~em~ Ac~a~ae~c~ npx m~3goA 
~maoapo~o~ocrx  Tm'p~oro Te~a, ms~oM a.m,6e~o p~__,~e__~m~ n nucozoR ~ ~ , a o g  cnoco6- 

noc'm ozpyxmomell cpcm, L 


