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Abstract-An ‘effective angle model’ is proposed for evaluating the radiation source term in flows of non- 
isothermal absorbing/emitting media confined within rectangular and cylindrical ducts. While the model 
possesses the simplicity of two-gux schemes, it incorporates the influence of the enclosure geometry. and 
is particularly suitable for parabolic flows since the source term is based on the properties of the current 
marching station in the solution procedure. The mode1 is first developed for two-dimensional geometry 
and applied to a test case of a gray medium reproducing analytical results within a few percent. It is next 
applied to a two-dimensional slot burner with radiation from fuel and products of combustion accounted 
for, and is shown to compare favorably with a detailed calculation of the source term. With some 
modification, the model is extended to a cylindrical gas-fired burner. A study of various parameters and 

different types of boundary conditions demonstrates the promise of the model. 

INTRODUCTION 

RADIATIVE heat transfer is often the most important 
means of energy transport in high temperature com- 
bustion systems. While the process is well described 
by the radiative transfer equation, analytical solutions 
are cumbersome because of a number of reasons. 
Notable among those are the multi-dimensional 
nature of the radiation process, spectral and tem- 
perature dependence of properties of the medium, 
turbulence-radiation interaction, soot formation and 
inhomogeneity of the medium. As a result, in the 
modeling of a turbulent combusting flow field, the 
additional burden of detailed radiation cafcuiation 
often makes it imperative to use a very simplified 
model for radiation, or to neglect this important pro- 
cess altogether. 

The simplest radiation model assumes the medium 
to be spectrally gray, homogen~us, and at an effective 
constant temperature. For non-gray gases, methods 
developed by Hottel [l] have been widely used. For 
non-isothermal, non-gray gases, narrow band models 
[Z, 31 are the most accurate for dete~ining radiation 
intensity along a line of sight ; but they are also notori- 
ously cumbersome. Wide band models [4, 51 are 
simpler to use but they still are complex. The sum 
of the gray gas model [6] is of similar complexity as 
the wide band models. The total transmittance non- 
homogeneous (TTNI-I) model [7, 81 is amongst the 
simplest of any models with an error of less than 
15% when compared to narrow band results. 

While these models simplify evaluation of intensity 
along a non-gray, non-isothe~al line of sight, the 
multi-dimensional nature of radiation still poses a 
problem. For wall flux calculations, Hottel and 
Sarofim’s mean-beam-length mode1 [9] entirely elim- 
inates di~tionally by replacing the radiating medium 
with an equivalent hemispherical enclosure. For cal- 
culating the radiation source term within the flow 
field, the two-flux model [IO] is the simplest of all 
available models. Only two intensities are needed to 
be computed at any location. The more accurate 
methods. such as discrete ordinate [1 l] and the dis- 
crete transfer methods [12], are more complicated and 
three-dimensional in nature. In addition, use of these 
methods in parabolic flows destroys the marching 
nature of the solution procedure, as properties 
throughout the flow must be stored in order to cal- 
culate intensities in different directions. 

The present model encompasses the advantages of 
both the mean-beam-length and two-flux models. In 
order to determine the radiative source term at a given 
location, only two intensities in two ‘effective’ direc- 
tions are evaluated. The effective direction contains 
information about the geometry of the enclosure. 
These effective intensities are evaluated using the flow 
properties in the cross-stream direction, making the 
model idea1 for parabolic flow calculations where the 
cross-stream properties are overwritten after every 
marching step. 

In what follows, the model will be developed from 
the mean-cam-length idea for a two-dimensional 
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NOMENCLATURE 
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surface area [m ‘1 Greek symbols 
total local absorption coefficient B angle between line of sight and normal to 

]m- ‘I the surface 
point on the flame circle 
distance of outer wall from axis [m] 
distance of inner wall from axis [m] 
arbitrary point outside the flame 
circle 
separation between two planes, diameter 

b-4 
total intensity [W mm’ sr- ‘1 
mean beam length [m] 
plane containing the left face of the 
element 
pressure [N m- ‘1 
radiative flux vector [w m- ‘1 
radiative flux in the )’ (or r) direction 
caused by the left hemisphere yW m- *] 
(see equations (5) and (7)) 
radius [m] 
radial position [m] 
distance from wall [m] 
temperature [K] 
velocity [m s- ‘1 
volume [m] 
width [m] 
coordinates [m]. 

B azimuthal angle 
0.4 angles describing line of sight in 

cylindrical coordinates (see Fig. 10) 
K optical thickness 
0 Stefan-Boltzmann constant 

[W m-’ K-4] 
W solid angle. 

Subscripts 
b blackbody 
D over distance D 
e effective 
i incident. inner 
L left 

; 
outer 
Planck 

R right 
W wall 
1 left wall 
2 right wall. 

Superscripts 
- 

average over solid angle 
directional quantity. 

.-I 

parallel plate geometry. It is then compared with the 
available analytical solution for temperature and heat 
flux in a gray medium in radiative equilibrium between 
two parallel plates. Application of the simple model 
to a two-dimensional slot burner containing fuel, 
oxidizer, and products is then compared to a cai- 
culation of the radiant flux using a detailed geometric 
integration. After extending the model to cylindrical 
geometry, a similar evaluation is made in a cylindrical 
gas burner. The cylindrical model is further tested by 
applying it to the Graetz problem with radiation, for 
which results [ 131 are already available. Finally, the 
effects of different parameters and different types of 
boundary conditions on the applicability of this model 
are evaluated. 

MODEL FOR PLANAR ENCLOSURE 

The radiation source term, which is the net radiative 
influx at a given location. can be expressed as [14] 

-V-q, = 4n(a,i;-a,&). (1) 

If the Planck and mean incident absorption co- 
efficients, up and a,, are approximated by the local 
absorption coefficient then the only term that cannot 
be locally determined is the mean incident intensity c. 
In fact, it is the evaluation of this mean intensity that 

brings in the three-dimensional nature of radiation. 
At any given location, the value of < depends on the 
intensity arriving from all possible lines of sight visible 
from this location. The effective angle model (EAM) 
described below simplifies the averaging procedure by 
picking only two appropriate directions. 

Consider the control volume in a radiating medium 
between two isothermal parallel plates shown in Fig. 
1. If the axial variation of properties is relatively small. 

FIG. 1. Description of the effective angle PC for parallel plate 
geometry. 
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the net radiative flux is stronger in the direction per- 
pendicular to the axis. In studying the entrance region 
inside high temperature ducts several researchers [ 13, 
15,161 showed the insignificance of the axial flux. The 
average incident flux on the control surface of Fig. 1 
is, thus, largely determined by the flux incident on its 
left and right faces 

In the present model the average intensities incident 
on the left and right faces of the control volume of 
Fig. 1 are approximated by two special intensities, i,., 

and iR.o respectively, coming from the two effective 
lines of sight. 

For evaluating the effective direction for iL,o let us 
consider the dotted region between the left boundary 
wall and the imaginary plane L-L of Fig. 1. If 
the medium were isothermal and homogeneous, the 
mean-beam-length model would produce an accurate 
prediction of the heat flux incident on plane L-L. If 
D, is the separation between the boundary wall and 
plane L-L, then the mean beam length for this con- 
figuration is l.8D1 [14]. An intensity arriving at an 
angle BF = cos-‘(l/1.8) = 56” with the normal to 
plane L-L will have the same path length as the mean 
beam, and, therefore, will represent the average inten- 
sity incident on plane L-L due to radiation from the 
dotted region. In a similar manner, the effective direc- 
tion for iR.e can be shown to be 56” with the normal. 
Thus for a homogeneous, isothermal medium, the 
effective directions are found, and the problem of 
finding the radiative source term has reduced to deter- 
mining the effective intensities iL,c and iR.c. 

With a bold assumption, this same direction is 
chosen as the effective direction for a non-isothermal, 
non-homogeneous medium. This approach was used 
in ref. [17] where very good agreement was obtained 
with more accurate calculations in evaluating radi- 
ative wall flux in planar and cylindrical enclosures 
containing radial variations in temperature and 
species concentration. In addition to radial varia- 
tion, properties may change in the axial direction in a 
realistic cornbusting flow. A second assumption is 
now made to take care of the axial variation of prop- 
erties. For a given location, the properties across the 
flow at that location are assumed to prevail at all 
other axial positions. Thus the effective intensities can 
be determined with properties at the local cross- 
stream position with only the path length extended 
by a factor of l/cos p,. If properties change mono- 
tonically along the axis, then the value of a property 
at the desired downstream position can be expected 
to be close to the mean value, obtained by averaging 
the property over nearby axial locations up to a 
distance of a few optical depths. A significant result 
of this assumption is the simplicity it achieves. As 
the properties of only the current downstream loca- 
tion are needed, the method becomes consistent 
with parabolic flow computations. 

1.0 
- MODEL 

0 ANALYTICAL SOLUTION 

FIG. 2. Temperature distribution in a stagnant gray gas under 
radiative equilibrium between two black parallel plates. 

T,=2OOOKandT,=1OOOK. 

These assumptions are challenged by subjecting the 
model to severe changes of properties in both axial 
and cross-stream directions, in the evaluation of the 
radiative source term in gas burners under different 
conditions. But first, the model has been applied to a 
case where an analytical solution is available. 

TESTING THE PLANAR MODEL 

Heaslet and Warming problem 
The effective angle model has been employed to 

determine the temperature distribution in a stagnant 
gray gas between parallel plates kept at constant tem- 
peratures, a case for which Heaslet and Warming 
[18] produced an analytical solution. Applying the 
radiative equilibrium condition to equation (1) and 
substituting equation (2) for the mean incident inten- 
sity, one obtains 

CT4 i; + ;R i,,+i, ;=-x-x. 
n 2 2 . (3) 

The effective intensities, iLL and &, can be obtained 
by numerically integrating the radiative transfer equa- 
tion if the temperature distribution with optical dis- 
tance is supplied. The temperature distribution, being 
the desired unknown, is found by an iterative pro- 
cedure in which, starting with a guessed temperature 
profile, equation (3) is used repeatedly to produce a 
converged solution. The convergence has been found 
to be quick irrespective of the initial guess for the 
temperature profile. 

The temperature distribution for different wall-to- 
wall optical thicknesses, K~, are obtained and plotted 
against the exact analytical results in Fig. 2. The net 
heat flux on the right wall is given by 

where subscript 2 stands for the right wall. The agree- 



510 S. BHATTACHARJEE and W. L. GROSSHAKDLER 

- MODEL 
ANALYTICAL SCIJJTION 

0.2 - 

0 I 0 
0 I 2 3 

‘CD 

FIG. 3. Net radiative heat flux at the right wall for stagnant 
gray gas between black walls. 

ment with the analytical solution (Fig. 3) within 0.1% 
validates the model for a non-isothermal gray medium. 
In these calculations, the walls have been assumed 
black at temperatures of 2000 and 1000 K, and 100 
divisions per optical length were used for evaluating 
intensity. 

Slot burner 

A two-dimensional planar burner with the con- 
figuration depicted in Fig. 4 is chosen for the test 
case. A turbulent diffusion flame is established when 
methane, at 400 K, flows into the burner through the 
central duct at a velocity of 1 m s- ‘, while air, also at 
400 K, flows through the surrounding ducts at 3 m 
s- ‘. The wall temperature is assumed constant at 400 
K. As the surrounding velocity is higher than the 
central velocity, there is no recirculation region in the 
flow and the governing equation can be parabolized. 
The time averaged momentum. energy, and coupled 
species continually equations are solved using a modi- 

x 

Air CH~ Air Air CH 4 Air 

(a) (b) 

FIG. 4. Configurations of (a) model slot burner (h = I m. 
c = 0.23 m. U, = I m 5-l. u,, = 3 m s- ‘) and (b) model 
cylindrical burner (R,, = I m. R, = 0.4 m, U, = 1 m s--I, 

II,, = 3 m s- ‘). 

FIG. 5. Cross-stream variation of properties at .Y It’, = ‘5 
for the slot burner. 

fied version of GENMIX [19]. A one-step reaction 
with infinite rate chemical kinetics is assumed. A X---c 
turbulence model is employed and radiation is com- 
pletely neglected. The simplifications in the chemistry 
and turbulence calculations are justified. since one 
only needs a representative flow field to evaluate the 
radiation model. Conclusions drawn regarding the 
accuracy of the effective angle model from this study 
will be directly applicable to more sophisticated 
hydrodynamic numerical codes as well. 

The computer program was run to generate and 
store the temperature and concentration of various 
radiating species throughout the flow. Typical cross- 
stream and downstream variations of properties are 
shown in Figs. 5 and 6. The concentration of water 
vapor can be obtained from that of CO, as they bear 
a fixed ratio. The axial temperature and product con- 
centration increase till all the fuel is consumed, after 
which they decline due to cross-stream diffusion. The 
double peaks in the transverse profiles are associated 
with the two flame fronts. 

Once the flow properties of the entire domain are 
stored, the TTNH model is employed to calculate the 
total intensity along any given line of sight. Any other 
intensity model could have been used, but this par- 
ticular choice offered computational simplicity. The 
line of sight is divided into a number of discrete homo- 

FIG. 6. Axial variation of temperature and various mass 
fractions in the slot burner. 



A simplified model for radiative source term in combusting flows 511 

geneous elements ; the temperature and concentra- 
tions of various radiating species in each element 
are obtained by interpolation from the stored field. 
A data base called ABSORB [20] for the radiative 
properties of the species C02, HzO, and CH4 is used 
by TTNH to calculate the total intensity arriving at 
any given point in the flow from any given direction. 
Forty divisions of the longest line of sight were found 
sufficient for accurately representing the non-homo- 
geneous profiles. In all the intensity calculations the 
walls have been considered black, which approximates 
many real combustion chambers in which the wall 
emissivity exceeds 0.9. 

Once again referring to Fig. 1, the objective here is 
to see how accurately iL,= and iR,= describe the true 
averages i; and ?,, for any given element in the flow. 
The average intensity i; can be evaluated from the 
total radiative heat flux incident on the left face of the 
element which is given by 

qL = rci; = s i’(/?, q) cos /3 dw 
2n 

I n/2 

= 2 
j J= ‘I=o p oi’(B,rt)cosBsinBdBdl. (5) 

Here, fi is the angle between the line of sight and 
the y-direction, and q is the azimuthal angle. Twenty 
divisions in /I and ten divisions in r] were found more 
than adequate for accurate determination of the radi- 
ative flux. When the effective angle model is employed 
to estimate qL, only one effective intensity needs to be 
computed as opposed to 200 intensities used for the 
precise determination of qL from equation (5). In 
terms of the effective intensity, qL is given by 

qL = ~~L.e. (6) 

The TTNH model is used as before to calculate this 
intensity along the pathlength ~&OS 56”. Properties 
in the y-direction at the location of interest are used 
instead of the interpolated properties along the actual 
line of sight. 

The value of qL calculated from equations (5) and 
(6) has been compared for various flow conditions 
at different locations in the combustor. Due to 
symmetry, it is sufficient to look only at the flux com- 
ing from the left, as qR at any location (x,y) is exactly 
the same as qL at (n-, -y). Figure 7 shows the com- 
parison of qL profiles obtained by the two methods at 
several downstream locations. The solid line rep- 
resents full angular calculations in this and all sub- 
sequent plots. The value of qL increases as one moves 
away from the relatively cool wall towards the hot 
flame zone, reaches a peak, and then decreases again 
due to absorption of radiation by the cooler layer of 
gas mixture near the right wall. The double peaks in 
the initial region indicate the presence of cooler fuel- 
rich gas mixtures near the burner center. The effective 
angle model, represented by the dashed lines can be 
seen to agree quite well with the full angular cal- 

0 
-1.0 -0.5 0 0.5 1.0 

YW, m 

FIG. 7. Comparison of detailed calculation and EAM in the 
evaluation of qL in the model parallel-plate burner. 

culations. Only very close to the entrance region does 
one see some disagreement, which translates to a 
maximum error of 7% in the source term calculation. 
This is to be expected because of the drastic variation 
in properties along the axial direction near the 
entrance region. The radiative wall flux computed by 
the two methods is compared in Fig. 8 for two differ- 
ent chamber pressures. The characteristic optical 
thickness from the wall to the centerline increases 
from 0.1 to 2.0 (estimated with a characteristic tem- 
perature of 1700 K) as chamber pressure goes up 
from 0.1 to 5 atm. The temperature field remaining 
relatively unchanged as radiation was not coupled 
to hydrodynamics, the radiative flux level shows a 
marked increase at higher pressure. The model seems 
to perform as good or even better for optically thin 
media. This is also suggested by Fig. 9 where the 
calculations of Fig. 7 are repeated with a much lower 
chamber pressure of 0.1 atm. 

The influence of other parameters including burner 
size and wall temperature have also been investigated 
and documented in ref. [21]. The model was found to 
be insensitive to a large variation in these parameters. 

-FUJ.ANGlLAR 
INTEGRATION 

-- MODEL 

WALL FLUX, kWmv2 

FIG. 8. Wall flux in the model parallel-plate burner for two 
different total pressures. Comparison of model with detailed 

calculations. 
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FIG. 9. Effect of optical thickness: calculation of Fig. 7 is 

repeated for an optically thin (low pressure) burner. 

For example, when the burner width is reduced to 

IV, = 0.5 m, the source term calculated by the two 
methods did not differ by more than 3% anywhere in 
the flow field. 

MODEL FOR CYLINDRICAL ENCLOSURE 

The extension of the effective angle model into cyl- 
indrical geometry is, by no means, a trivial matter. In 

evaluating the wall flux using the mean-beam-length 

model, Grosshandler [17] pointed out the difficulties 
associated with this geometry. With a slight change in 

the line of sight, there may be a striking variation of 
intensity. 

Figure 10 shows a typical element in the cylindrical 
burner. Once again, one is interested in the radial flux 

incident on the right and left face of the element. The 

FIG. 10. Description of the line of sight in the cylindrical 
configuration. 
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FIG. 11. Loci of (4,. 0,) at different distances from wall (r, 
values indicated in figure) at s = IO m in the model cylindrical 

burner. 

radiating enclosure to the left of the element. shown 

by the dotted region. lacks the symmetry of the planar 
geometry. The flux obtained from the mean-beam- 
length model will be an average over the surface 
enclosing the dotted region, and may be different from 
the flux at the location of interest, i.e. the left face of 
the element. In addition. the mean beam length of the 

enclosure will change with the radial location of the 
element. For example, for an element touching the 
axis, the mean beam length based upon the volume- 
to-area ratio is 1.23R, ; when the element merges with 

the right wall, it equals 2R,. These complications make 
the prospect of a unique effective direction bleak. 
Nevertheless, the ultimate simplicity of the method 
makes it worthwhile to seek even an approximate 
effective direction in such a geometry. 

In a manner similar to the procedure described in 
the case of the slot burner, the property field was 
generated and stored for the cylindrical burner 
depicted in Fig. 4. TTNH was employed to evaluate 
the intensity i’(r#~, 0) along any given line of sight. Note 
that two angles (4.6) are necessary for specifying the 
line of sight in cylindrical geometry (Fig. IO) : they 

can be related to (p,~) through a geometric trans- 
formation. Equation (5) can be used to obtain the 
radiative flux incident on the left face of an element 
positioned anywhere in the flow. The task now is IO 

seek out the effective directions (4,,0,) throughout 
the domain. 

For any given location (x. Y). I5 divisions each in C$ 
and 0 were found more than adequate for accurate 
evaluation of the heat flux qL. As before. for com- 
puting the effective intensity at (s. r), properties at 
station x are extended in both axial directions to 
preserve the parabolic nature of the model. A sys- 
tematic search is made for the whole range of 4 and 0 
to determine the directions (4,. II,) for which 

z ni’(r$,, 0,). (7) 

For each (x, r) location, there may be a set of appro- 
priate effective directions (+,.O,). The loci of such 
directions are plotted in Fig. 11 for a number ol‘cross- 
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FIG. 12. qL profiles evaluated by the crude EAM and detailed 
calculations at two downstream locations of the model 

cylindrical burner. 

stream positions at x = 10 m for the 2 m diameter 
burner. Except for locations close to the opposite wall 
(r, = 1.6 m), almost all the loci intersect at a common 
point (r$c = 45”, 0, = 45”), indicating a possibility for 
a unique effective direction, When such calculations 
were repeated at many other downstream locations, 
very similar results were obtained. For stations far 
enough downstream where the cross-stream variation 
of properties becomes less steep, the loci intersect at 
about (45”, 45”) for all cross-stream locations. A very 
simplified effective angle model, iLF = i/(45”, 45”), 
has thus emerged, which works almost everywhere 
except near the opposite wall in the initial region of 
the burner. 

The failure of this empirical model in the initial 
region is illustrated in Fig. 12, where qL, computed by 
the direct method and the model, are compared at 
x = 5 and 20 m locations. Except near the right wall 
at x = 5 m, there is good agreement between the model 
and the exact integration result. The reason for the 
discrepancy near the right wall can be understood 
with the help of Fig. 13, where a cross-section of the 
burner in the initial region is shown along with an 
element near the right wall. As the variation of prop- 
erties in the r-direction is drastic in this initial region, 
it is possible for the flame to be surrounded by un- 
reacted air. Neither heat nor any product of combus- 

iL(45,4S) 

FIG. 13. A cross-section of the cylindrical burner showing 
the flame circle and a computational cell in the cold region. 

k 300 - 

z 

i 
0 

rw,m 

FIG. 14. qL computed by exact, crude EAM, and modified 
EAM at x = 5 m in the model cylindrical burner. 

tion (Lewis number is unity) has penetrated into the 
outer layer (r > re). Under such a circumstance, if the 
effective lines of sight completely lie in this cold 
outer portion, the model will be totally unaware of 
the presence of the flame and qL will be underpre- 
dieted with a large error. This is exactly what is seen 
in Fig. 12 at x = 5 m for r, > 1.5 m. Clearly, for loca- 
tions up to point B (identified by the point of maxi- 
mum radiative flux) of Fig. 13, no such problem arises. 
The effective angle model can, therefore, be assumed 
to be accurate till point B. 

A simple correction can be introduced for locations 
beyond the flame circle. The flux is assumed to be 
diminished primarily due to geometric considerations. 
For point C, then 

qL.C = 4L.B z . 

The correction is unnecessary for far-downstream 
locations, where no such outer non-radiative layer 
exists due to sufficient mixing. A general correction 
formula is defined as follows : 

qL = ni,,,(45”,45”) for 0 c r, < (R,+r,) 

qL = max 
[ 

ni,,(45”, 457, qL,B z 1 
for (R, + rB) < r, < 2R,. (9) 

With this correction, the calculations of Fig. 12(a) are 
repeated and a much better agreement between the 
modified model and detailed calculations can be 
observed in Fig. 14. 

It should be noted here that the choice of the effec- 
tive angles is only approximate in nature. Because 
the intersection point of Fig. 11 extends over a finite 
zone, the results are not too sensitive to the choice of 
the effective angles. For a given application, the model 
can be ‘fine-tuned’ to improve accuracy. 
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TESTING THE CYLINDRICAL MODEL 

Encouraged by the performance of the modified 

effective angle model in a specific case. the model has 
been tested in different burner conditions throughout 
the flow field. Comparison of the model with detailed 
calculations is shown in Fig. 15 at six downstream 
locations for the model cylindrical burner. The model 
is accurate within 1 o/b beyond s = 10 m. For early 
regions, the error is higher. but acceptable. con- 
sidering a 225-fold simplicity achieved by this model in 
comparison to the detailed calculations. Very similar 
behavior can be noticed for a smaller burner (Fig. 16) 
or for a burner with high wall temperature (Fig. 17). 

-.- I” ORDER ,,,c 
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rw, in 
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rw, m 
FIG. 15. EAM vs detailed calculations. qL profiles at six dif- 
ferent downstream locations in the model cylindrical burner. 
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FIG. 16. Effect of burner six: qL protiles at several down- 

stream locations for a 0.2 m diameter burner. 
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FIG. 17. Effect of wall temperature: yL profiles at several 
downstream locations for the model burner with a wall tem- 

perature of 1000 K. 

0 

FIG. 18. Temperature profiles at .Y = i and 6 ft in a pipe oi 
diameter 2 in. with a wall temperature of 2500 R. Com- 
parison of de Soto’s result with first- and second-order 

model. 

In all these cases the model faithfully reproduced the 
peaks and valleys in the q,_ profiles and is accurate 
within a few percent in most regions of the burner. ’ 

Although the model has been developed for the 
flow of combusting gases, where emission from the 
medium is the principal component of the radiative 

heat transfer, it has also been applied to the Graetz 
problem, where carbon dioxide flowing in the entrance 
region of a tube receives significant radiation from 
a high temperature wall. de Soto [22] produced a 
numerical solution for this case using a more accurate 
radiation model. His results are compared with the 

prediction using the effective angle model incor- 
porated into GENMIX, shown in Fig. 18 as the 
second-order model. The first-order model also shown 
in the figure is based upon the thin gas approximation 
and is described elsewhere [23]. The first-order model 
slightly overestimates the radiation source term 

because it assumes that the energy from the hot wall 
penetration unattenuated to the center of the tube. 
The second-order model, on the other hand, appar- 
ently exaggerates the shielding effect and thus under- 
predicts the temperature in the central region. The 
discrepancy between de Soto’s calculations and the 
second-order effective angle model may also be due to 
the different methods used to estimate the absorption 
coefficient for COZ. At any rate. the combination of 
the TTNH model with the effective angle model makes 
the source term calculation so simple, that a sacrifice 
in accuracy can be justified under many circum- 

stances. 

NON-ISOTHERMAL BOUNDARY CONDITIONS 

So far, the wall temperature of the burners has 
been assumed constant and known. In reality. how- 
ever, the wall temperature will change with down- 
stream position. Due to the parabolic nature of the 
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FIG. 19. qL profiles at several locations around the step 
change in wall temperature (from 400 to 1000 K) at x = 

9.75 m in the model cylindrical burner. 

model, only the wall temperature at the current down- 
stream location is used; as a result, the model will be 
unaware of any change in wall temperature away from 
the current location. How big a limitation does this 
impose on the model? 

To address this question a large step change in 
wall temperature has been introduced in the boundary 
conditions of the model cylindrical burner. At 
x = 9.75 m the wall temperature is allowed to jump 
from 400 to 1000 K. Under this Severe change in wall 
temperature, qL is calculated using the model and the 
exact expression (equation (7)), and the results are 
compared in Fig. 19. The model underpredicts the 
radiative flux for locations before the step change as 
it does not take into account the contribution from 
the high temperature wall ahead of the current 
locations. For similar reasons it overestimates the 
radiative flux beyond x = 9.75 m. But the encouraging 
observation in this plot is the fact that the error in the 
model prediction quickly decreases on either side of 
the step change. For more gradual change in wall 
temperature, the error can be expected to be smaller, 
and to persist for an even shorter length. Therefore, 
the model can be applied to burners with adiabatic or 
any other type of boundary conditions without any 
catastrophic error. This model in burners with iso- 
thermal as well as adiabatic boundaries was used in 
coupling radiation to combustion chamber flows [23]. 

CONCLUSIONS 

The effective angle model has been developed for 
evaluating the radiation source term in the confined 
flow of hot, radiating gas mixtures in rectangular and 
cylindrical geometries. While the mean-beam-length 
approach is used in the parallel plate configuration, 
an empirical trial-and-error method had to be used 
to determine the effective angles for the cylindrical 

configuration. The model reduces the problem of eval- 
uating the radiation source term, at a given location 
in a flow to calculating two effective intensities arriv- 
ing at that location from two effective lines of sight. 
For parallel plate geometry, the effective line of sight 
makes an angle /3, = 56. with the cross-stream (J) 
direction. When this model is applied to determine 
the temperature distribution in a stagnant gray gas in 
radiative equilibrium between two black parallel 
plates, satisfactory agreement with the analytical 
solution is obtained. For a combusting flow in a 
slot burner. the model results are compared with the 
detailed calculation of the exact expression for the 
radiative flux in the cross-stream direction. The model 
is accurate within a few percent for a wide variety of 
flow conditions. 

In cylindrical geometry, the effective angles are 
4e = 45”, 8, = 45’. A minor modification is needed in 
the initial flow region where there is a steep radial 
variation of properties. A similar comparison with 
the exact calculation is performed for various flow 
conditions. While the accuracy is lower in the cyl- 
indrical geometry. it is sufficiently high for most engin- 
eering applications. The model was also applied, with 
reasonable success, to the Graetz problem for a radi- 
ation absorbing gas in the entrance region of a tube. 
The model also showed satisfactory results when 
tested under a severe discontinuity in boundary tem- 
perature. 

The primary advantage of the effective angle model 
is its simplicity. Only two intensities are needed to be 
computed for evaluating the radiation source term in 
any location of the flow field. The model is particularly 
useful for parabolic flows, for it does not disturb the 
marching nature of the solution procedure. Based on 
the properties of the current marching station, the 
effective intensities are evaluated at any cross-stream 
location where the radiation source term is desired. 
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UN MODELE SIMPLIFIE DU TERME DE SOURCE RADIATIVE DANS LES 
ECOULEMENTS DE COMBUSTION 

R&sum&-On propose un “modele d’angle effectif” pour &valuer le terme de source radiative dans les 

milieux non isothermes absorbantsiemissifs, confines dans des canaux rectangulaires et cylindriques. Tandis 
que le modele possede la simplicite des schtmas a deux flux, il incorpore I’influence de la gcometrie du 
confinement et il est particulierement adapt6 aux Ccoulements paraboliques car le terme source est base sur 
les proprietes de la procedure choisie. Le modtle d’abord divelopp& pour une gbometrie bidimensionnelle, 
et applique au cas-type d’un milieu gris. reproduit des resultats analytiques a quelques pour cent, 11 est 
ensuite applique a un bruleur plat bidimensionnel fonctionnant au fioul, en tenant compte des produits de 
combustion. et on compare favorablement les resultats avec un calcul detail16 du terme source. Avec une 
modification, le modele est ctendu a un brfileur cylindrique a gaz. Une etude des differents parametres et 

conditions aux limites montre l’intertt de ce modele. 

EIN VEREINFACHTES MODELL FUR DEN STRAHLUNGSQUELLTERM IN 
BRENNENDEN STRC)MUNGEN 

Zusammenfassung-Ein Model1 fur den “Wirkungswinkel” bei der Auswertung des Strahlungsquellterms 
in nicht-isothermen absorbierendeniemittierenden Strdmungen in rechteckigen und zylindrischen Kanalen 
wird vorgestellt. Obwohl das Model1 die Einfachheit des Zweistromprinzips aufweist. beinhaltet es den 
EinfluB der Hohlraumgeometrie und ist besonders geeignet fur parabolische Strdmungen. da der Quellterm 
auf den jeweils aktuellen Eignschaften wahrend der Losungsprozedur beruht. Das Model1 wird zunlchst 
fur zweidimensionale Geomctrien entwickelt und auf den Testfall eines grauen Strdhlers angewandt. wobei 
eine Genauigkeit innerhalb einiger weniger Prozent erreicht wird. Danach wird es auf einen zwei- 
dimensionalen Schnittbrenner mit Strahlung vom Brennstoffund von bestimmten Verbrennungsproduktcn 
angewandt. Das Ergebnis stimmt recht gut mit detaillierten Berechnungen iiberein. Das Model1 wird mit 
einigen Anderungen auf einen zylindrischen Gasbrenner ausgeweitet. Eine Untersuchung mit veriinderten 

Parametern und verschiedenen Randbedingungen unterstreicht die Vorziige des Modells. 

YHPOB,(EHHAJl MOAEJIb, Ol-H4CbIBAKX&4~ MCTOYHWK MSJIYYEHHII B I-OPIIII.IWX 
TIOTOKAX 

Armo~8unn---FIpenno~ereHa ?+l$&KTHBHaR )TJlOBaK MOAeAb(( MS OUeHKH HCTOYHHKa B3Jly'ieHHK 8 

noToKax He,,30TepMHYeCYHX IlOUlOIlWOlUHX/H3Jlj’WOl4iX CpeA B npKMOyrOJIbHbIX H UHJIHHA~HWCKHX 

KaHaax. 06nanan npocroTofi AByXnOTOvHbIX cxeM, MOAeAb ywTbmaeT TaKxe nnuninie reohferpmi 
nonomu u nnnr#ercR HaH6OJIee npHMeHHMOk MR napa6OAHqHCKHX TeqeHHfi,TaK KaK WeIi,XapaKTe~H- 

3mmnfi UCTOSHHK, 6a3HpyeTCK Ha XaPaKTepHCTHKaX TeKylueii KOOpAHHaTbl B npOUeCG iWlleFiH% B 
nepBym oX,epeAb Mofienb pa3pa60TaHa AJlll AByMepHOii ROMCTPHH H IlpHMeHKJlaCb B OnbITe C OnTA- 

~=KH cepOfi cpeAOfi,COOT8eTCTBy,, aHaJnlTSfSeCKHM pe3yAbTaTaM C TO'lH~blOAO HeCKOJIbKHX npOUeH- 

TOB. R Aa,IbHefiU,eM OHa npHMeHKJlaCb AAl AB)'MepHOii UW‘eBoii ropt?AKH C H3A)"IeHHeM OT TOnJlHBa H 

npoAyKToB ropean, H 6btno noKa3aHo YAOBJleTBOpHTeAbHOe CornaconaHHe C TOYHbIMH paoreTabni 

HmO'IHHKa uany+eu&rn. C HeKOTOpbIMH H3MeHeHHIMH MOAeAb paCnpOCTpaHKeTCS AJ,,, C,',~aK UHAHHA- 

pHg=Kofi ra3oBofi ropenKH. M3yteHxe pa3nHvHarx naparrlerpoe H ApyrHX THnon rpatfHwfbtx YCJlOBHti 

nOKa3bIBaeTnepCneKTHBHOCTbMOAeJlH. 


