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Fig. 6 Radial profile of the ion fraction.
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Fig. 7 Characteristic lengths of the plasma as a function of the elec-
tron density.

with precedent results by hyperfrequency propagation (2.45-
5 GHz) in a boundary layer on a flat plate.

The theory associated with the noncollisional potential sheath
is justified if the energy distribution for the electrons is a
Maxwellian function, and if the shortest mean free path is
much larger than the Debye length. Exponential increase no-
ticed for the current collected by the sensitive part of the
probe leads to the assumption of a Maxwellian distribution
function for electron energy.

Using the assumption of a thermal local equilibrium be-
tween the electron temperature and the translational tem-
perature of heavy species and using the measured static pres-
sure, the ion fraction a of the plasma is evaluated from the
relation a = nekTJp. For the measurements made, the ion-
ization fraction is about 10 ~4 (4 x 10 ~4 on the axis and 10 ~4

at 15 cm from the axis) (Fig. 6). Various mean free paths
have been calculated with formulas expressing electron-ion,
electron-electron, and electron-neutral collision frequen-
cies:

Ve-ifc'1) = 2.4 IO-5 * ne(cm~3) * Te(eV)

ve_e(s-1) = 0 .85 'Ve. j

ve_n(5-') = 4 IO9 */7(Torr) * (Te(eV))™

eV: electron-volt.
The electron temperature and electron density show that

the Debye length is always much shorter than the electron-
neutral mean free path, which is the shortest among the three
(Fig. 7). The assumption of a noncollisional path potential
sheath is then justified.

The described plasma generator is used to obtain ionized
air jets without using an oxygen injection into the plasma
either straight in the jet, or close to the neck of the nozzle.
The electron characteristics in density and temperature, as
well as the pressure and jet stability, make the ionized gas
obtained interesting to study for atmospheric re-entry prob-
lems. The ionic composition of jets obtained will be analyzed
by a quadripolar mass spectrometer.
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Radiative Transfer in
Multidimensional Enclosures with

Specularly Reflecting Walls
A. S. Jamaluddin* and W. A. Fivelandt
Babcock & Wilcox, Alliance, Ohio 44601

Introduction

R ADIATION is the dominant heat transfer mechanism
in most large-scale industrial applications. The efficiency

of radiative transfer depends on the boundary conditions,
e.g., the temperature and the emissivity of the surrounding
walls, and the target where heat transfer is desired. Previous
studies1 ~3 have shown that radiative transfer is highly sensitive
to the wall emissivity.

In most heat transfer calculations, the walls are assumed
to be diffusely reflecting. In some practical applications, how-
ever, the wall reflectivity may be partially specular. Industrial
furnaces used for drying paint are an example of furnaces with
partially specular walls.

The present work studies the effect of a specular component
of reflectivity on wall radiative flux. The reflectivities, defined
as (1 - e) for an opaque surface, are segmented into diffuse
and specular components, and the Sn discrete-ordinates method
is employed to obtain solutions of the radiative transfer equa-
tion. An 54 approximation is used, since higher order ap-
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proximations did not substantially improve the results. The
results are compared with those for purely diffuse wall re-
flectivity, which were shown2-6 to be accurate, to quantify
the effect of a specular component of reflectivity at the walls.

Analysis
The radiative transfer equation for three-dimensional rec-

tangular enclosures may be written as2

T- \47T ./4ir
(i)

where 1^ is the intensity in the discrete direction ra; fjim, r/w,
and gm are the direction cosines for the direction ft; x, y, and
z are the distances along the coordinate axes; ka, ks, and Ib
are the absorption and scattering coefficients, and black-body
radiative intensity of the medium; and P(ft,ft') is the phase
function. If the reflectivity at the walls has diffuse and specular
components, the boundary conditions for Eq. (1) are6

atx = 0

= €„/,„ + fd(l - €„) **-
7T

+ (1 -/„)(! - €„)/„_; / t m > 0 (2)

atx = L:

- €„)/„,_; iim < 0 (3)

aiy = 0:

r , m >0 (4)

at y = W:

(5)

at 2 = 0:

at z = // :

- ej
7T

7T

(6)

(7)

In Eqs. (2-7), L, W, and // represent the length, width,
and height of the enclosure, tw and Ibw are the emissivity and
the black-body radiative intensity of the wall, q* is the in-
cident radiative flux, and fd is the fraction of the reflectivity
which is diffuse. -I- and — represent the positive and negative
direction of propagation. Im refers to the directional intensity

which is the mirror image of the intensity for which the equa-
tion is written. A total of 24 such directions are considered
in an S4 solution.

The ordinates, quadrature weights, details of formulation,
and solution scheme are reported in Refs. 2 and 3.

Results
Parametric Sensitivity

A square cavity containing a radiatively gray, isotropically
scattering medium with an optical thickness of 1.0 (which has
been studied earlier by various investigators2-4'7) is consid-
ered, with the difference that the wall emissivity is assumed
to be 0.5 rather than 1.0 as done in those studies. The pre-

x- a) Effect of a specular component of reflectivity
3 0.40

_ __ w = 0.0
—.— u = 0.5
———— w = 1.0

b) Effect of the albedo of scatter
Fig. 1 Predicted net radiative fluxes at the hot wall of a square cavity
containing a purely scattering medium: ks = 1.0; eH, = 0.5.
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Fig. 2 Effect of a specular component of reflectivity on the predicted
incident radiant fluxes to the floor of the IFRF furnace.
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Fig. 3 Effect of a specular component of reflectivity on the net ra-
diative fluxes to the firing and exit end walls of a rectangular enclosure
containing a scattering medium.

dieted wall heat fluxes for purely specular wall reflection were
found to be grid-independent for grid sizes varying between
5 x 5 and 15 x 15, and therefore a 10 x 10 grid was chosen
for the results presented here. Also, the predicted radiative
fluxes varied by no more than —1.0% anywhere in the en-
closure as the order of discrete-ordinates approximation was
varied between 52 and 56. The wall heat flux proportionally
increases with increasing wall emissivity, as expected.

Figure la shows the predicted wall fluxes with fd of 1.0,
0.5, and 0.0. The heat flux is little affected near the center
of the wall (<2% difference at x/L = 0.5), and up to 5.5%
at the edges. An increase in specular reflectivity (i.e., a de-
crease infd) causes an upward shift in the wall heat flux profile.
As the scattering albedo is increased, the net wall heat flux
for ari enclosure with specular reflection at the walls (tw =
0.5) also increases (see Fig. Ib). The medium scatters iso-
tropically, with an emissive power of unity. The net heat flux
at the hot wall increases nearly three times as the albedo
increases from 0.0 to 1.0. This effect, however, is case de-
pendent; if the medium were at a higher temperature com-
pared to the hot wall, the net heat flux to the cold walls would
decrease with increasing albedo of scatter.

Three-Dimensional Enclosure with Nonscattering Medium
The geometry and the conditions for the 3-D nonscattering

system pertain to the International Flame Research Foun-
dation (IFRF) M3 trials (Flame 10), and are described in Ref.
8. For this furnace, the floor may be viewed as the target
where the transfer of heat is desired. The incident radiant
fluxes on the furnace floor with/^ of 0.5 and 0.0 are compared
with those for diffuse wall reflection (fd = 1.0) in Fig. 2. The

predicted fluxes for diffuse wall reflection were shown2 to be
in excellent agreement with the zone model predictions.8 The
figure shows that increasing the specular component of re-
flection enhances the local fluxes, while the heat flux profile
retains its shape. The overall heat transfer to the floor (target)
is increased by nearly 1.0% for the 50% specular, and by
about 2% for the purely specular reflection at the walls.

Three-Dimensional Enclosure with Scattering Medium
An idealized enclosure studied in Refs. 2, 5, and 9 is mod-

eled. The geometry and the boundary conditions are de-
scribed in Ref. 9. Figure 3 shows the net wall heat flux at the
firing and exit ends. The heat fluxes are plotted using the
coordinate along the width of the enclosure, for three wall
conditions: diffuse reflection (fd = 1.0), partially specular
reflection (fd = 0.5), and purely specular reflection (fd =
0.0). With the wall reflectivity assumed specular, the net heat
flux is 3 - 4% higher at the center, and about 7 - 8% higher
at the edges, as compared to the heat fluxes under diffuse
wall conditions. These enhancements in heat transfer are due
to the specularity alone, since the medium temperature re-
mains practically unaltered as fd is varied between 0.0 and
1.0.

Conclusion
The results presented in this paper indicate that the pres-

ence of a specular component of reflection at the walls en-
hances heat transfer in two- and three-dimensional rectan-
gular enclosures. This finding is supported by industrial
applications where highly reflective walls are used to improve
performance. The present work also demonstrates that the
discrete-ordinates method can be applied to predicting radia-
tive transfer in multidimensional enclosures where the walls
reflect specularly.
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