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Radiative Transfer in Spectrally Dissimilar
Absorbing-Emitting-Scattering Adjacent Mediums

K. H. Im* and R. K. Ahluwalia*
Argonne National Laboratory, Argonne, Illinois

The structure of a radiation field in a cylindrical medium having two regions of different but uniform ab-
sorption and scattering coefficients is analyzed. Fundamental aspects of the problem are elucidated by con-
sidering the case of a gray medium. It is shown, for example, that for unequal absorption coefficients in the two
regions, both emission and absorption rates are discontinuous at the interface of the two regions, but the heat
flux and incident radiation are continuous. As an application of the analysis, the influence of spatial distribution
of particles on heat transfer in a coal-burning swirl combustor is investigated. In the example application,
spectral calculations are performed spanning over the broad frequency range of the thermal radiation spectrum.

Nomenclature
a = parameters [3(1 -co) ] l / 2 ft
F = function defined in Eq. (17)
g0 - incident radiation at the interface
G = incident radiation
H = function defined in Eq. (18)

7 = intensity
Ib = blackbody intensity
7W = Ib at wall temperature
K = Green's function
m = complex refractive index
n = size distribution function
N0 = total number density
TV = total number
P\ = associated Legendre polynomial
Q = efficiency factor
Qr = heat flux in radial direction
q0 = heat flux at the interface
r = radial coordinate
r0 = radius of region 1
rp = particle radius
< rp > = average radius
R = radius of the combustor
T = temperature
u = flow velocity
Y( = fth-order modified Bessel function of the first kind
Zg = fth-order modified Bessel function of the second kind
oij - function defined in Eq. (32)
ot2 = function defined in Eq. (33)
ft = extinction coefficient
7 = function defined in Eq. (10)
6 = boundary-layer thickness
ew = wall emissivity
€„ = Knudsen number for radiation transport
6 = polar angle
9 + = step function
K = absorption/scattering coefficient
X = wavelength
IJL =cos0
pg = gas density
pp • = particle density
0 = azimuthal angle of the point under consideration
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(/>' = azimuthal angle (measured from r direction) of the
radiation beam

co = scattering albedo

Subscripts
1 = region 1
2 = region 2
a = absorption
c =core
s = scattering
w =wall
v = spectral quantity

Introduction

IN many engineering applications, a situation of neigh-
boring regions possessing vastly dissimilar spectral

properties is encountered. An example of such a situation is
the coal-burning swirl combustor for a magnetohydro-
dynamic (MHD) power plant. An intention behind imparting
swirl to the flow in an MHD combustor is to cause
preferential segregation of the coal particles in the low-
temperature wall region and, hence, to minimize the
vaporization of nonvolatile ash material in the coal. The
segregation occurs in regard to both the number density and
the average size of the coal particle-size distribution function.
The reason for segregation with respect to the number density
is the centrifugal force acting on the particles because of the
swirl motion. With respect to particle size, smaller particles
have short relaxation time and therefore tend to follow the
fluid turbulence. The net result is that in spite of the cen-
trifugal force, smaller particles are unable to preferentially
collect in the wall region, but remain uniformly suspended.
This is true so long as (R/rp)'/2 >Tt>T.p, where R is the radius
of combustor, rp is the centrifugal acceleration of the particle
by the mean flow, rt is the time scale of turbulence, and rp is
the particle relaxation time. Thus, we have the following
situation in high-swirl combustors: the majority of large-size
particles segregate in the wall region, while the small-size
particles are more or less uniformly distributed over the entire
flowfield. From the standpoint of thermal radiation, the
small- and large-size particles have quite different absorption
and scattering characteristics. Small particles absorb more
radiation than they scatter, whereas the opposite is true for
the large-size particles. A question then arises as to how the
stratification of a large number of scattering (and absorbing)
coal particles in the wall region influences the heat transfer
characteristics of the swirl combustor. The formulation made
in the present work is primarily dedicated to developing the
fundamentals needed to answer such a question, but is
otherwise very general in scope.
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The importance of the problem of radiation transport in
stratified media is not limited to the swirl combustors only.
Stratification also occurs in conventional nonswirl com-
bustors with central injection of coal particles. In this case,
segregation occurs in the core region as opposed to the wall
region in the swirl combustor. Similarly, the stratification
effects are not restricted to the coal combustors only.
Stratification effects of a different sort occur in oil com-
bustors in which diffusion flames are present. Here, soot
particles that are produced in the flame zone play a dominant
role in radiation transport. Over a distance of the order of
flame length, the soot particles are expected to be con-
centrated in the flame region. Beyond this distance, dispersion
of soot particles will take place due to the mixing action of
fluid turbulence.

One of the difficulties in dealing with radiation problems,
in which the particle effects are included, is that the particles
absorb and emit radiation of all frequencies. This necessitates
solving the radiation transport equation on detailed spectral
basis. Since in most problems of practical interest, convection
and radiation are generally of equal importance, the necessity
of retaining spectral information forces one (for com-
putational reasons) to seek an approximation method for
solving the radiation transport equation. This is especially
true when the medium under consideration is nonplanar and
the scattering effects are to be included. This is precisely the
situation being dealt with in the present work. A convenient
method of simplifying the solution is the P7 approximation,1

which is used in the present work also. In this study, an ab-
sorbing, emitting, and scattering medium of cylindrical
geometry is considered. The medium is idealized to consist of
two regions, each region having spatially uniform spectral
properties. The two regions, however, have different spectral
properties. Suitable spectral properties are assigned to the two
regions so that the question posed earlier can be addressed.

It should be stressed that the P7 method of solving the
radiation transport equation is an approximate one. The
accuracy of the P7 approximation has been assessed by
Bayazitoglu and Higenyi2 for the situation of heat transfer
between the walls of concentric cylinders when the medium is
in radiative equilibrium. It was found that the P7 ap-
proximation is less exact in the optically thin limit than the
thick limit. However, the P7 solution has correct behavior for
all optical path lengths. Therefore, even though results from
the present study may be somewhat inaccurate in the optically
thin limit, they will always be qualitatively correct.

Formulation of the Problem
Neglecting the axial transfer of heat and assuming isotropic

scattering, the spectral intensity Iv in cylindrical coordinates is
governed by the following radiation transport equation:

Where Gv is the incident radiation

(7 -
,/ / 37, 7 dlvr2 (cose/)' —— + sin0'-——

V dr r d0

* ! ' •0 J -7
(1)

(3)

Qrv is the net radiant heat flux in the radial direction

Qrv= (4)

and P7 is the first order associated Legendre polynomial.
Furthermore, the heat flux Qrv is related to the gradient of the
incident radiation as

dGv

Finally, G, obeys the following differential equation:

~T(T IT'') -J</-r or \pt, or / (6)

We consider a segregated medium consisting of two regions
possessing distinctly different spectral properties. In par-
ticular, let the two regions have uniform spectral properties:
pvl and <j)vl for region 1, and ftv2 and uv2 for region 2. At the
interface of the two regions (r=r0), (3V and uv are discon-
tinuous. Mathematically, the variations of /3V and uv in the
complete radiation field can be represented by step functions,

(7)

+ (r-r0) (8)

Substituting Eqs. (7) and (8) into Eq. (6), the following
equations for the incident radiation in regions 1 and 2 are
obtained: region 1,

(9)

region 2,

,(10)

From the requirements of continuity of Gv (actually of 7,,) and
heat flux, the interface boundary conditions are

Gvl=Gv2 at r=r0

dGvl 1 dGv2

dr dr
at r=rn

(11)

(12)

A general method of solving Eq. (1) is to expand /„ in an
infinite series, in terms of the spherical harmonic functions.
For the purpose of simplification, we invoke the P7 ap-
proximation; accordingly, the infinite series is truncated after
the first-order terms so that the following expression for Iv
may be obtained:

The interface boundary conditions can be derived purely on
mathematical basis also by integrating Eq. (6) across a
vanishingly thin region about the interface, and using the
mean value theorem. Two additional boundary conditions are
required to uniquely define the problem. These are the axial
symmetry at the centerline,

_/_
47T

(2)
dGvl

dr = 0 at r=0 (13)
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and the wall boundary condition3 (the wall is assumed to be
diffusely reflecting).

3 V e,, / 0..,
3GV2

dr
at r=R (14)

Solutions of Eqs. (9) and (10) subject to boundary conditions
(11-14) are pursued in the next section.

Solution of the Problem
It is convenient to first solve separately two subproblems

for regions 1 and 2. For region 1, we assume that the spectral
intensity at the interface is known; i.e., we solve Eq. (9)
subject to boundary condition given by Eq. (13) and assuming
that

Gvl=g0 at r=r0 (15)

For region 2 we assume that the heat flux at the interface is
prescribed; i.e.,

3Gv2 (16)

Then, Eq. (10) is solved for Gv2 subject to boundary con-
ditions prescribed by Eqs. (14) and (16). At this point, the
actual values of g0 and q0 are unknown. These are to be
computed by matching the solutions for the two regions in
accordance with the interface boundary conditions prescribed
by Eqs. (11) and (12).

The actual solution proceeds by defining transformed
variables, Fv for region 1 and Hv for region 2, such that the
boundary conditions become homogeneous:

Fv=Gvl-g0

Hv = Gv2-Wwv -3q0 [$V2 (R-r) + y]

where

(17)

(18)

(19)

The following are the governing equations and the boundary
conditions for Fv and Hv:

dFv

—v- =o at r=0
dr

Fv = 0 at r=r0

v „— =0 at r=r0or

(20)

(21)

(22)

(23)

(24)

(25)

where

Because of the linearity of Eqs. (20) and (23) and homogeneity
of their boundary conditions, the solutions for F, and Hv
and, hence, for Gvl and G,2 can be written immediately in
terms of the Green's functions:

(26)

K,2(r\r')
Jr0

X(-3t3v2(q0/r')+4Tra2
v2lIbv-Iwv-(3q0/4ir)

x[pl,2(R-r')+y]})r'dr' (27)

In Eq. (26), Kvl(r\rr) is the Green's function which satisfies
Eq. (20) with its right-hand side replaced by the delta function
-(l/r)6(r — A-'), subject to the boundary conditions expressed
by Eqs. (21) and (22). The following solution for Kvl can>be
constructed:

K+(r\r') = [Z0(avlr)-Y0(avlr)Z0(avlr0)

+ Y0(avlr0)}Y0(avlr') r0>r>r' (28)

K-1(r\r') = (Z0(av]rf)-Y0(avlr')Z0(avlr0)

+ Y0(avlr0)} Y0(avlr) r0<r' <r (29)

In the foregoing equations, Y? stands for the fth-order
modified Bessel function of the first kind (the usual notation
is /f), and Zf stands for the fth-order modified Bessel function
of the second kind (the usual notation is K().

Similarly, Kv2(r\r') in Eq. (27) is the Green's function
which satisfies Eq. (23) with its right-hand side replaced by the
delta function -(l/r)5(r — r'), subject to the boundary
conditions expressed by Eqs. (24) and (25). After considerable
mathematical manipulations, the following solution for Kv2
may be constructed:

Oi2—0i]

x[a2Y0(av2rf)+Z0(av2r/)]

[a]Y0(av2r)+Z0(av2r)]

r0>rr>r (30)

K~2(r\r')=
Oi2~0i1

x [ a } Y 0 ( a l > 2 r f ) + Z 0 ( a v 2 r / ) ]

[a2Y0(av2r)+Z0(av2r)}

r'0>r>r

where
= [yav2Zj (av2R) -$v2Z0 (av2R) ]

- [yav2Y}(av2R) +/3,2Y0(av2R)]

ot2=Z1(av2r0)/Yl(av2r0)

(31)

(32)

(33)

The two spectral quantities, the incident radiation g0 and
the net heat flux q0, remain to be determined from the in-
teface conditions. For Eq. (26), Gvl at r = r0 is naturally equal
to g0. Therefore, to determine g0, we require that Gv2 atr = r0
be equal to g0. This gives

g0 -q0\3[$v2(R-r0)+y]-3\R [/3v2/rf

o

+ a>a(pa(R-r')+y)]Ka(r0\r')]r'dr']

a2
v2(Ibv-Iwv)Kv2(r0\r')r'&r' (34)
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In the same manner, the heat flux at r = r0 computed from
the Gv2 equation is naturally equal to q.0, because this fact was
used as a boundary condition in deriving Eq. (27). Therefore,
to determine q0 we require that - \/(3(3v])dGvl/dr atr = r0 be
equal to q0. This gives

rYvlrO* 0

r ro
r)\o fl?'/*ro<a"r'>r'dr'vlrO' J0

(35)

where we have made use of the following equation:

y0 <*,//•')
V dr (36)

Equations (34) and (35) are linear with respect to the two
unknowns, g0 and q0, and, hence, are easily solved for them.
For brevity, we omit writing the detailed expressions for g0
and q0. But once g0 and q0 are explicitly defined, Eq. (26)
defines the incident radiation field in region 1 and Eq. (27)
defines the field in region 2. This completes the solution to
our radiation problem.

The various terms in Eqs. (26), (27), (34), and (35) can be
physically interpreted as follows. According to Eq. (26), the
incident radiation at any point in region 1 is the sum of 1) the
incident radiation at the interface (g0) minus its attenuation
during the path from the interface to the point under con-
sideration; and 2) the radiation emitted in region 1 which also
suffers attenuation. In Eq. (27), the incident radiation at any
point in region 2 is determined by the combined influence of
the following effects: a) the radiation emitted by the wall (Iwv)
and its attenuation; b) the absorption in region 2 of the
radiation due to the heat flux incident at the interface; c) the
radiation emitted in region 2 which also suffers attenuation;
and d) the wall effect, e.g., the reflection of radiation incident
at the wall. Equation (35) describes the relationship between
g0 and q0 from the standpoint of the emission and absorption
processes taking place in region 1. Equation (34) also
describes the same relationship but from the standpoint of
emission and absorption of radiation in region 2 and the wall
effect. The interpretation of various terms in Eqs. (34) and
(35) follows closely that given earlier in connection with Eqs.
(26) and (27).

Gray Medium Calculations
In this section, both regions 1 and 2 are assumed to be gray

mediums. It is also assumed that r0 = 0.1 m, 6=1 m, and
ew = 0.7. Figure 1 depicts the spatial variation of local heat
flux when the regions 1 and 2 have equal absorption coef-
ficients^ (KJ = K2) but unequal scattering albedoes (w ; ^w 2 ) .
Since the problem is axisymmetric, the local heat flux is zero
at the center line. It is seen first to increase with the radial
distance and then to decrease. In the region where the local
heat flux decreases with radial distance, the divergence of
radiant heat flux is negative; i.e., this is a strongly absorbing
region. The extent of the region in which strong absorption
takes place is of course ,a function of the assumed temperature
profile. Figure 1 also shows the influence of o>2 on heat flux
when K]t K2, and w; are held fixed. Increasing o;2 is seen to
diminish the heat flux at all points in the radiation field and to
distend the region in which strong absorption occurs. It is also
observed that with respect to increase in oo2, the decrease in
local heat flux is much greater in the strong absorption region
(negative divergence of heat flux) than in the strong emission
region (positive divergence of heat flux). The effect of co2 on
the divergence of heat flux, a quantity that determines how
fast the gas is being radiatively cooled or heated, is more
clearly evident in the next sketch.

For the conditions of Fig. 1 the spatial variations of the
absorption (/cG/47r) and emission (Klb) rates are shown in Fig.
2. The difference between the emission and absorption rates
gives the divergence of heat flux. In the region where the
emission rate exceeds the absorption rate, the divergence of
heat flux is positive and the gas cools down. The opposite is
true wherever the emission is exceeded by the absorption rate.
Since KJ =K2 and the emissive power is fixed and continuous,
the emission rate in Fig. 2 is seen to be independent of co2 and
to be continuous across the interface (r0/R = Q.7). As co2 is
varied, it is'the incident radiation (G) that gets affected.
Figure 2 shows that G generally increases with co2 except very
close to the wall. The' intersection of the absorption and
emission rate curves demarcate the strong emission region
(cooling zone) from the strong absorption region (heating
zone). Figure 2 illustrates that the extent of the heating zone is
distended with co2—a trend that was noted previously. Finally,
since KJ —K2 and G have to be continuous at the interface, the
absorption rate also turns out to be continuous in the
calculations represented in Fig. 2.

Figure 3 depicts the spatial variation of local heat flux when
Kj>K2 and u}7±u2. Even though the spectral coefficients have
a step-function variation, the heat flux is seen, to be con-
tinuous, as is expected from the physics of the problem. The

Results and Discussion
Two sets of results are presented in this study. In the first

set, a gray medium assumption is made in order to clarify the
physical aspects of the problem. In the second set, detailed
spectral calculations are made to probe the influence on heat
transfer of the segregation of particles in the near-wall region.
In both sets of results, the emissive power of the medium is
assumed to be prescribed. In particular, the following tem-
perature profile is assumed to prevail in the boundary layer:

(T-TW) 3/2(R-r) 1/2 (R-
(37)

where Tw = 1800 K, Tc = 2800 K, and R = 1m. The qualitative
aspects of the results should be independent of the type of
temperature profile that is assumed to exist. Quantitatively
the results will depend on the temperature profile.
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considered to be the major constituents participating in
thermal radiation. The intent is to simulate the heat transfer
environment of a coal-fired swirl combustor. Since a highly
turbulent field is expected to be created by the swirl motion, it
is assumed that the concentrations of gaseous species, carbon
dioxide and water vapor, are nearly uniform in the radial
direction. However, as discussed earlier, the coal particles are
expected to exhibit an imhomogeneous distribution because of
the centrifugal forces exerted on the particles. Depending
upon the degree of swirl and the distance from the point of
fuel injection, the extent of segregation of coal particles will
be different at different locations in the flowfield.

It is assumed in this section that the radial distribution of
the coal particles is already known from the trajectory
calculations, and that it can be represented in the form of a
step function as

n(rp,r)=n1(rp) + [n2(rp)-ni(rp)]Q+(r-r0) (38)

In the foregoing equation, nl and n2 are the size distribution
functions (number/volume in size range rp to rp + drp) in
regions 1 and 2. They are presumed to be given in terms of the
generalized fifth-order Rosin-Rammler distribution function.

general observations made earlier concerning the effect of w2
on heat flux and on the extent of the strongly absorbing
region apply here as well. The radial variations of the local
absorption and emission rates for the situation of K2 > K; and
co7 5^co2, are sketched in Fig. 4. The results of this figure are
qualitatively different from the case treated in Fig. 2 where K7
was equal to K2. The principal difference is that both emission
and absorption rates are discontinuous at the interface be-
tween regions 1 and 2. The heat flux and the incident
radiation are still continuous everywhere in the radiation
field, as is the emissive power of the medium. Indeed the
continuity of Ib and G implies that the emission rate (K.Ib) and
the absorption rate (/cG/47r) will be discontinuous wherever K
is discontinuous. This should explain the jump in emission
and absorption rates at the interface. In the calculations of
Fig. 4, K2>Kj so that region 2 is a more strongly emitting
medium than region 1. This is why the emission and ab-
sorption rates are higher in region 2 than in region 1.

Spectral Calculations
In this section results from spectral calculations are

presented with carbon dioxide, water vapor, and particles

130
(39)

In order to reduce the number of free parameters, the average
particle size in regions 1 and 2 has been fixed at 10 jum. The
effect of particle segregation on heat transfer is evaluated by
parametrically varying N01 and N02. The total number of coal
particles and hence the total particle number density,
however, is kept fixed in all the computations. A reasonable
estimate of the total number density can be made in the
following manner. In a coal combustor the air to fuel ratio (by
mass) is of the order of 0.13. Then, assuming that the coal
particles are in velocity equilibrium with the gas, one has

2irrdr( 4/3irr3
DpDnudrJ( 2'irrpeiidr = 0.13 (40)o Jo p p pl Jo .

Approximating pg=0.95 kg/m3 (p = 5 atm), u = const,
pp = 1500 kg/m3, and using Eq. (38) for radial distribution
and Eq. (39) for size distribution of coal particles, Eq. (40)
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reduces to the following: Table 1 Histogram representation of spectral heat flux (MW/m2)
for the four cases considered

(41)

For consistency in comparison, whenever N0] was changed
in the calculations to be presented, N02 was adjusted
simultaneously to ensure that Eq. (41) was always satisfied.
Four types of cases were studied: 1) particles are uniformly
distributed in regions 1 and 2, i.e., NOI = N02; 2) all particles
are in region 1, i.e., N02 = 0; 3) equal number of particles are
present in regions 1 and 2, i.e., N01/N02 =R2/r2

0 - 1; and 4) all
particles are in region 2, i.e., N01 = 0. Before discussing the
results from the four cases, additional information pertaining
to the calculation of spectral properties will be discussed. The
absorption coefficients of water vapor and carbon dioxide are
determined from the exponential wide-band model of Tien.3
In this model, the absorption coefficient of triatomic gases is
characterized by three parameters, C]t C2, and C3, which
determine 1) S/d, the mean line width to line spacing ratio at 1
atm; and 2) /3, the pressure broadening parameter. The
spectral absorption coefficient is then given in terms of S/d
and J3. There are five vibration-rotation bands in carbon
dioxide centered at 15, 10.4, 9.4, 4.3, and 2.7 /mi which
contribute to radiative heat transfer. Water vapor has four
bands centered at 6.3, 2.7, 1.87, and 1.38 /xm. For each of
these bands in CO2 and H2O, the parameters C7, C2, and C3
are given in Ref. 4.

For particles, the efficiency factors for absorption and
scattering are computed from Mie theory. The efficiency
factor is a function of two nondimensional parameters,
2icrp/\ and m, the complex refractive index. For coal par-
ticles, the data of Foster and Howarth5 are used to determine
the complex refractive index. According to this data,
ra = 0.35-/(1.6) for X<6jum. For X>6/mi,

m = 0.35 + 0.733(A-6)-/[ 1.6 + 0.125 (A- 1.6)] (42)

Since the efficiency factors are functions of particle size, the
absorption and scattering coefficients for a cloud of gas
containing distributed-size particles is determined as follows:

v,C02 S oo

0
ndrn

S oo

itr2Qsr>o H

(43)

(44)

where n is given by Eq. (39). For evaluating the integrals of
Eqs. (43) and (44) the particle-size distribution function is
represented in the form of a nine-band histogram. The spatial
variation of n is described by Eq. (38) except that in order to
simulate the effect of turbulence the particles less that 1 juirun
radius are assumed to be uniformly distributed in regions 1
and 2. Unless mentioned otherwise, r0 is taken as 0.8-m, wall
emissivity as 0.7, and the boundary-layer thickness <5 as equal
to O . lm.

The results of the computations for the four cases men-
tioned earlier are recorded in Table 1. The results are given for
wall heat flux as a function of frequency in the form of a
histogram. The infrared radiation from carbon-dioxide and
water vapor occurs in the 200-8000-cm ~ l wave-number
range, whereas the particles radiate at all frequencies. For the
purpose of discussion, the results from the case r0 = 0 will be
regarded as the datum for assessing the effect of segregation
of particles on heat transfer. This case represents the situation
in which all the coal particles are uniformly distributed in
regions 1 and 2. It simulates the heat transfer environment of
a plug flow combustor. For this case the total heat transfer to
the wall is calculated to be 1.14 MW/m2. In order to estimate
the contribution of particles to heat transfer, a computation
was made with r0 = Q but with no particles present. The

Wave number,
cm-1

200-810
810-1,010

1,010-1,328
1,328-1,972
1,972-3,030
3,030-3,730
3,730-4,550
4,550-6,300
6,300-8,000
8,000-9,000
9,000-10,000

10,000-11,000
11,000-12,000
12,000-13,000
13,000-15,000
15,000-16,000
16,000-17,000
17,000-18,000
18,000-19,000
19,000-20,000
20,000-21,000
21,000-22,000
22,000-23,000

Case I,
r0=0

2.27 xlO3

2.51 xlO 3

4.48 xlO 3

1.74 xlO4

5.95 xlO4

7.34 XlO 4

1.02 xlO5

2.20 XlO 5

2.09 XlO 5

9.47 xlO4

8.09 xlO4

6.75 XlO 4

5. 45 XlO 4

4.23 XlO 4

5. 57 XlO 4

1.55 xlO4

1.22 xlO4

8. 58 X l O 3

5.94 XlO 3

4.05 XlO 3

2.72 X l O 3

1.80 xlO 3

1.18X103

Case II,
N 2=0

1.17X104

1.12X104

2.97 xlO4

1.06 XlO 5

1.92 XlO 5

2.52 xlO 5

2.79 XlO 5

4.09 xlO 5

5.40 xlO5

1.91 XlO 5

1.59 XlO 5

1.27 XlO 5

9.84 XlO 4

7.45 XlO 4

9.59 xlO4

4.12X104

2.08 xlO4

1.46 XlO 4

1.02 XlO 4

7.00 xlO3

4.77 XlO 3

3. 22 xlO2

2.15X103

Caselll,
N;=N2

2.58 XlO 2

2.43 xlO2

6.53 x 102

2.54 xlO 3

8.06 XlO 3

8.23 XlO 3

1.17X104

2.91 XlO 4

2.50 XlO 4

1.47 XlO4

1.25 XlO 4

l . l lx lO 4

9.55 xlO 3

7. 87 XlO 3

1.10 xlO4

1.11 xlO 3

2.54 x lO 3

1.77 XlO 3

1.22 xlO 3

8.33 xlO2

5.74 xlO 2

3. 92 XlO 2

2.60 xlO2

Case IV,
N;=0

1.31 xlO2

1.22 x lO 2

3. 27 xlO 2

1.27 XlO 3

4.06 XlO 3

4.04 xlO 3

5.67 xlO 3

1.36 XlO 4

1.16X104

6.26 xlO3

5.12X103

4.36 XlO 3

3.58 X l O 3

2.84 xlO3

3.76X103

3.96X102

8.03 XlO 2

5.48 xlO 2

3.68 XlO 2

2.47 XlO 2

1.67 XlO 2

1.12X102

7.35 XlO 1

calculated heat transfer was 0.19 MW/m2. It can thus be
stated that of the total heat transfer, 83% comes from the
particles and 17% from the carbon dioxide and water vapor.

The second case studied is one in which all the particles are
present in region 1 and none in region 2. This case may
simulate the heat transfer environment in the upstream
portion of a swirl combustor in which the coal particles are
injected near the centerline. Compared to the first case, a
135% enhancement in heat transfer is observed in Table 1. In
order to understand this result, it should be recognized first
that by virtue of higher temperatures, region 1 is a more
strongly emitting region than is region 2. With particles
confined in region 1, according to Eq. (41), as compared to
the first case the number density of particles in region 1 in-
creases by a factor of (R/r0)2. This implies a higher ab-
sorption coefficient (KV]) for all frequencies which leads to a
greater emission rate (Kvllbv). Now, as noted earlier the region
close to the wall is a net absorbing region. With no particles
present in region 2, the absorption coefficient in the near-wall
region is smaller than in the first case which implies a lower
absorption rate (Kv2G/4ir). The combined influence of in-
creased emission rate in region 1 and reduced absorption rate
in region 2 is a net enhancement in heat transfer rate, from
1.14 MW/m2 in the first case to 2.68 MW/m2 here.

In the third case studied, the total number of particles in
regions 1 and 2 are made equal, i.e., N01/N02=R2/r2

0- 1.
This means that the number density of particles in region 2 is
1.8 times higher than in region 1, This case may be reflective
of an intermediate-swirl combustor. With equal number of
particles in regions 1 and 2, Table 1 shows that the heat
transfer drops to 0.62 MW/m2—a 45% decrease in com-
parison to the heat transfer in the first case. There are two
reasons which contribute to the decrease in heat transfer with
particles segregated in the wall zone. First, there is a depletion
of particles in the highly emitting core, which means that there
is a net diminution in the emission rate because of the lower
absorption coefficient (KV]). Second, the wall region is more
densely packed with particles so that the absorption coef-
ficient (Kv2) increases. Since the wall region is a strongly
absorbing region, the net absorption rate (Kv2Gv/4ir) in-
creases. Weaker emission in the core and stronger absorption
in the wall region lead to 45% reduction in heat transfer.

For certain frequencies of radiation the participating
medium may become optically thick. This is likely to happen
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for frequencies near the band centers of CO2 and H2O
radiation, and for frequencies corresponding to \~2irrp. The
likelihood is greater when the particles are closely packed. A
parameter that characterizes the approach of a medium to
optically thick-limit behavior is ev defined as6

(45)

Physically, the nondimensional parameter ev, being the ratio
of radiation mean free path to the characteristic dimension of
the medium, is the Knudsen number for radiation transport.
Put another way, it is inversely proportional to the optical
thickness. In the optically thick limit, ev approaches zero.
There are two distinguishing features of the optically thick-
limit behavior. First, away from the wall, the emission and
absorption rates tend to be in near local equilibrium. Second,
near the wall, there is a singularity created owing to the
destruction of isotropy in radiation field by the wall. It can be
shown that up to 0(e), the heat flux to the wall in the optically
thick limit is5

dr
(46)

The reduction in heat transfer with segregation of particles in
the wall zone, as noted in the third case, can be conveniently
explained on the basis of Eq. (46). As the particles pile up in
the wall zone, the extinction coefficient ftv increases in
magnitude. And if the particle number density is high enough,
the optically thick limit is approached in which case the wall
heat flux becomes inversely proportional to &v and hence
decreases. It is interesting to note from Eq. (46), that for the
same extinction coefficient (@v), the wall heat flux increases
with the scattering albedo (uv).

The final case studied is one in which all the particles are
present in region 2. This case may simulate the heat transfer
environment of a high-swirl combustor. Table 1 shows a
drastic reduction in heat transfer for this case, from 1.14 to
0.07 MW/m2. This reduction is due to the segregation effect
of particles and can be explained by the arguments presented
in the discussion for the third case and, therefore, need not be
repeated. The important thing to note is the considerable
influence of the segregation of particles on heat transfer.

Table 2 summarizes the results of the four cases. Here, the
range of spectral variations in the extinction coefficients and
Knudsen numbers for regions 1 and 2, and the wall heat flux
as a function of blackbody emissive power at the core tem-
perature are tabulated. For the case of uniform distribution of
particles, the Knudsen number for radiation transport lies in
the kinetic range; i.e., the details of the transport process
become important here. The wall heat flux is 33% of the
blackbody emissive power at temperature Tc. In the second
case, where the particles are confined in region 1, the Knudsen
number for region 1 lies in the kinetic range to diffusion limit.
For region 2, near the band centers of gaseous radiation, the
Knudsen number corresponds to the kinetic range. For all
other frequencies of radiation, region 2 acts as being optically
thin. Thus the core behaves as a blackbody and the wall
boundary zone transmits most of the radiation without any

Table 2 Radiation transport processes in regions 1 and 2

Case

r0=Q 1.2-15
7V2 = o 4-90
Nj=N2 1-30
7V7=0 10-3-4

0.05-0.67
0.04-0.40
0.02-0.71
103-0.05

1.2-1.5
10-3-4
150-19
50-300

0.05-0.67
0.14-43

5x10-3-0.06
3x10-3-0.03

0.33
0.77
0.18
0.02

significant attenuation. Compared to the first case, the wall
heat flux is seen to more than double. In the third case, the
Knudsen number for region 2 corresponds to the kinetic range
to diffusion limit. A significant degree of attenuation in
radiation emitted by the medium takes place in the wall zone,
with the result that the wall heat flux reduces to nearly 50% of
the first case. In the fourth case, all the particles reside in
region 2 and consequently this region acts as being optically
thick. The shielding ability of particles is clearly evident in
Table 2 in that the wall heat flux reduces to a mere fraction of
that in the first case.

In comparing the four cases studied, the same temperature
profile has been used. In reality this would not be the case
because of the dependence of the temperature profile on the
radiation field. In particular for the case of significant at-
tenuation of radiation in the wall zone, the boundary layer
would experience considerable radiative heating. In addition,
the temperature of the wall zone will rise owing to the
combustion of particles. Therefore the boundary layer will
tend to become thinner, which would lead to enhancement of
heat flux. Also, in high-swirl combustors for which the
particles were found to shield thermal radiation, the con-
vective heat flux is likely to increase with degree of swirl.
Therefore the effect of particle segregation in the wall zone on
the total heat transfer, convective plus radiative, is not an-
ticipated to be as drastic as envisioned in the calculations
presented in this study.

Finally, further work has been done on determining heat
transfer in segregated media for the case where the tem-
perature profile is not specified but must be calculated.7 In
that work, the temperature profile is calculated by solving the
flow and energy equations in conjunction with the radiation
transport equation. An interesting result of that study is the
emergence of nonconventional temperature profiles because
of the particle segregation effect. For example, for the case of
particles segregated in the core region, the study shows the
core to experience rapid cooling with the consequent shift of
the maximum temperature region away from the core.

Conclusions
A model has been formulated to study the structure of

radiation field in a cylindrical medium consisting of two
. regions of different but uniform absorption and scattering
coefficients. The fundamental aspects of the problem are
elucidated by considering the case of a gray medium. As an
example of the important results, it is shown that for unequal
absorption and scattering coefficients in the two regions, both
emission and absorption rates are discontinuous at the in-
terface of the two regions, but the heat flux and incident
radiation are continuous.

As an applicaton of the model, spectral calculations are
performed for a medium with carbon dioxide, water vapor,
and coal particles considered as the major species par-
ticipating in radiation. In order to investigate the effect of
particle segregation on heat transfer, the following cases are
parametrically studied: uniform distribution of particles in
regions 1 and 2; all particles in region 1; equal number of
particles in regions 1 and 2; and all particles in region 2. These
cases can be related to the heat transfer environment of coal-
burning swirl combustors. It is shown through these cases,
that the distribution of particles can have an overriding in-
fluence on heat transfer. For example, when all the particles
were present in the wall region, they were seen to shield the
thermal radiation emitted by the medium so much so that the
wall heat flux was reduced to a fraction of that for the case of
uniform distribution of particles.
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