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Non-Kirchhoff Surface Using Media with Direc onally Varying
Absorption Efficiency

Peter D. Jones™ and Daniel W. Mackowski*
Auburn University, Auburn, Alabama 36849

A unique radiation trapping surface is proposed in which the effective monochromatic absorptivity-to-em-
issivity ratio is much greater than one (a non-Kirchhoff surface). The surface is comprised of a plane-paraliel
layer of a disperse suspension of compound particles. Each particle has a small absorber sphere embedded
eccentricly in a larger lens sphere, resulting in an absorption coefficient for the medium that is highly dependent
on direction. In combination with an opaque, specularly reflecting boundary opposite the incident flux side of
the medium, such a device acts as a planar radiation trap. Computational results show that an effective
monochromatic absorptivity-to-emissivity ratio of up to 70 can be achieved, along with a through-flux that is
superior to that of an opaque surface that obeys Kirchhoff’s law. The effects of optical thickness, incidence
angle, particle orientation error, and suspending substrate conductivity are investigated.

Nomenclature

compound particle diameter, m

= radiative intensity, W/m?sr

= blackbody intensity, W/m?sr, o, 7Y 7

= dimensionless intensity, I/(o, T\/7)

= spatial mesh size

= spatial discretization index

= medium effective thermal conductivity, W/mK

directional polar mesh size, twice quadrature order

= directional polar discretization index

= directional azimuthal mesh size

= compound particle number density, m~?

= Stark number or conduction-to-radiation ratio,
kB/do, T

= directional azimuthal discretization index

= compound particle absorption efficiency,

directionally dependent

compound particle extinction efficiency, O, + O,,

constant

= compound particle scattering efficiency,

directionally dependent

net total heat flux, W/m®

= incident collimated radiative flux, W/m?

spatial location vector, m

interparticle spacing, m

directional unit vector

compliment to directional unit vector

temperature, K

= temperature at the collecting surface, K

temperature linearization point, K

= reference temperature, K, (g,/0,)"*

directional polar quadrature integration weight

= directional azimuthal quadrature integration weight
= spatial coordinate, m

aax = layer thickness, m

= effective absorptivity

extinction coefficient, m ', Q. wd; N, /4

= dimensionless temperature, 7/T,

= dimensionless temperature at the collecting surface

absorber sphere diameter to lens sphere diameter

ratio

~ I~
il

Zz3 T~y
Il

<

=z
|

ISERSER S
]

Il

I

vy N D
Il il

It

~ =N
I

==
If

e

== R
i

~<
Il

Received June 15, 1994; revision received Sept. 9, 1994; accepted
for publication Scpt. 12, 1994. Copyright © 1994 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Assistant Professor, Mechanical Engineering Department. Mem-
ber AIAA.

= effective emissivity

2
{ = dimensionless heat flux, g/q,
{. = dimensionless heat flux at the collecting surface
® = scattering angle
¢ = directional polar angle
6. = incidence angle :
K = absorption coefficient, m !, O, 7diN, /4
A = wavelength, m
p° = collecting surface sy ‘ar reflectivity
o, = Stefan-Boltzmannc . nt,

5.67 x 10°% W/m%
o, = scattering coefficie:: L QudiN /4
T = optical spatial coo © By
T, = optical thickness,
@& = scattering phase fi -
1 = solid angle, sr
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pound particles, a configurat. - 1 is proposed in this article in
which a disperse assembly of ¢ mpound particles is suspended
in a conducting, radiatively nonparticipating substrate to form
a particulate medium. If the particles can be organized to all
have the same orientation (i.e., the eccentrically located ab-
sorber sphere is similarly orienved in each compound particle
of the particulate medium, as in Fig. 2), then this medium
will also have directionally-c:pendent absorption and scat-
tering characteristics. Analysi. of this medium requires a spe-
cialized form of the radiative transfer equation (RTE), and
a solution methodology that may be applied to media with
directionally varying absorption and scattering coefficients.
These techniques are applied t» analyze the thermal behavior
of a slab of this substrate/compound particle medium in op-
eration as a radiation trapping surface.

The goal of this article is to determine if there is sufficient
potential benefit from the use of compound particles in this
medium to warrant compound particle optimization studies
and investigation of techniques for actually fabricating the
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Fig. 1 Absorption efficiency as function of incidence angle; after
Mackowski and Jones.!
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Fig. 2 General features of plane parallel substrate/disperse com-
pound particle radiation trap.

compound particles. While no specific materials or manufac-
turing techniques for the compound particles are advanced in
this article, it may be that differences in physical and electrical
properties between the lens sphere and the eccentrically
embedded absorber sphere will lead to development of a man-
ufacturing strategy providing uniform orientation of the com-
pound particles to within a Gaussian error.

An idealized radiation trap employing a finite thickness
collecting surface comprised of a substrate/compound par-
ticle medium is shown in Fig. 2. The medium is comprised
of a substrate of radiatively nonparticipating material in
which compound particles have been embedded so that their
absorbing side faces a collecting surface. The collecting sur-
face is an opaque specular reflector. Some portion of the
incident solar intensity will transmit through the substrate/
particle medium, reflect on the collecting surface, and be-
come reincident on the medium from the opposite direction.
Absorption is high from this direction, and the original
incident intensity has a tendency to become trapped be-
tween the higher absorption/emission side of the particles
and the reflecting collecting surface. A high temperature
in the medium results from this trapping effect. Heat may
be drawn from this high-temperature reservoir by conduc-
tion across the collecting surface, and carried away by any
convenient heat exchange mechanism on the opposite side
of the collecting surface.

The device thus configured acts as a surface of high effective
absorptivity and low effective emissivity (a non-Kirchhoff
surface), in that at equilibrium the device attains a higher
temperature than would be attained by a surface with an
absorptivity-to-emissivity ratio of unity. Absorptivity exceeds
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emissivity in this device without regard to wavelength, whereas
conventional planar solar absorption surfaces achieve high
total absorptivity and low total emissivity by matching the
spectral variations in surface emissivity so that its value is high
in the incidence wavelengths and low in the collecting surface
temperature blackbody emission wavelengths. Therefore, the
device presently considered acts as a unique spectrally non-
Kirchhoff surface, in that Kirchhoff’s law does not apply on
even a spectral basis, and achieves an effective absorptivity
to emissivity ratio greater than unity without regard to the
spectral distributions of incident and emitted power. It must
be noted that the present work deals only with an augmented
one-dimensional surface (i.e., extending uniformly to infinity
in dimensions other than thickness), which may trap, or fail
to emit, intensity much more effectively than any surface on
which Kirchhoff’s law is obeyed. The compound particle me-
dium is not considered to be a complete absorption system,
but rather an enhanced surface that may be a component of
such a system.

Quantifying the performance of the proposed substrate/
compound particle medium device depends upon solution of
the RTE with directionally varying absorption and scattering
coefficients. Directional variation of scattering and absorption
coefficients is almost never.considered in radiation heat trans-
fer studies, although such effects may have an important im-
pact on heat transfer in fixed solid matrices, such as foam
ceramics.” Two problems in which directionally varying ab-
sorption and scattering coefficients have been considered are
1) heat transfer through fibrous matrices and 2) sunlight trans-
mission through leaf canopies. In the fibrous matrix problem,
directionally varying scattering arises from the varying tilt with
which a ray of intensity meets a cylindrical fiber surface. Lee®~*
has considered the combined effect of scattering coefficient
and scattering phase function to determine the total scattered
intensity distribution for regularly and randomly oriented ar-
rays of cylindrical fibers. Chern et al.® have considered these
effects as part of an overall heat transfer model for fabrication
of tape-wound composite shells. The appearance of direc-
tionally-dependent scattering in the leaf canopy problem is
due to the difference in radiative surface properties between
the front and back of typical leaves, and the orientational
distribution of leaves in the canopy. Both Marshak” and Shul-
tis and Myneni® have modeled this problem as a cold medium,
combining the scattering coefficient and scattering phase func-
tion, and obtaining solutions by both functional approxima-
tion of the scattering combination and the discrete ordinates
method. Further detail is given in Ref. 9. In the following
analysis, the RTE and energy equations are developed for a
plane parallel slab of substrate/compound particle medium
with an incident flux inclined from the normal. This model is
solved using the discrete ordinates method and a finite volume
central difference approach to examine the performance of
the medium under different boundary conditions and param-
eter variations.

Analysis

A section of slab of conducting, radiatively nonparticipating
material, in which a monodisperse array of compound par-
ticles is suspended, is shown in Fig. 2. The incident surface
is transparent (or open), and thus, incident (solar) intensity
impinges directly into the medium. The environment on the
incident side is taken to be a cold vacuum (space) in order
to avoid consideration of environmental conditions on the
performance of the substrate/compound particle medium. The
opposite side of the medium is bounded by an opaque surface,
taken to be specularly reflecting and diffusely emitting. A
representative radiation path is shown to suggest the intensity
trapping effect. The incident ray transmits through the me-
dium (subject to extinction), and then engages in a sequence
of reflections from the collecting surface, absorption by par-
ticles, emission by particles, reflection from the surface, etc.
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Heat transfer in this medium is analyzed by numerical solution
of the energy equation and RTE, subject to the following
assumptions:

1) The incident radiation is collimated at an angle 6. to the
surface.

2) The far-field environment on the incident side of the
medium is a cold vacuum. The far field on the collecting
surface side of the medium is perfectly opaque, and either a
fixed temperature or a fixed heat flux boundary condition
may be applied at the collecting surface.

3) All intensities and radiative properties are spectrally
averaged (gray). This assumption is taken primarily to sep-
arate the effects of ‘directional absorption and scattering
from those of the spectral properties of specific materials.
In reality, the absorption and scattering coefficients and the
scattering phase function are related to the particle size
parameter 7d,/A and the spectral indices of refraction of
the various materials. As long as the size parameter is large,
i.e., 30 or more, there is little variation in directional dis-
tribution of absorption coefficient with increasing size pa-
rameter.! This limit corresponds to smaller particles (d, >
100 pwm) than probably can be manufactured, and so de-
pendence on size parameter is neglected. Indices of refrac-
tion are also wavelength-dependent for real materials, al-
though here only hypothetical materials with constant indices
of refraction are considered in order to yield general, order
of magnitude results that are not specific to species or tem-
perature range.

4) The substrate is conductive and transparent with an index
of refraction of unity. Conduction may be summarized by
Fourier’s law and a suitable thermal conductivity for this dis-
perse two-phase medium.

5) The particles scatter independently. For the large-size
parameters considered here, Drolen and Tien (as reported
by Modest!’) conclude that dependent scattering effects are
not significant until the particle number density increases nearly
to the point of a packed bed. Mackowski and Jones! find that
there is little difference between the scattering phase function
calculated (using Lorenz/Mie theory) for the lens sphere alone,
and for the lens sphere with an embedded absorber sphere.
It is found in the following analysis that the results have very
little sensitivity to the form of the scattering phase function.
Therefore, the scattering phase function is represented as that
of a single lens sphere alone.

6) The collecting surface is opaque, specularly reflecting,
and diffusely emitting.

The RTE is derived by considering the change df of an
intensity [ as it travels a distance ds in a direction §. This
change is made up of absorption from the direction §, (dI),p,
= —x($§")(r, §), scattering out of the direction §&,
(Ao = —0o,(8)(r, §), emission into the direction §,
(dl).m = «($)1,(r), and scattering into the direction §

@enn = = [ ol 5)06. 5 40, ()
4'77 4

where o,(§;) represents the portion of the intensity in di-
rection §; that is scattered, and ®(§;, §) represents the por-
tion of this scatter that is directed along §. Note the use of
the complimentary direction §'. Figure 1 defines the ab-
sorption efficiency in its emissive sense. It is assumed that
Kirchhoff’s law holds on the compound particle on a di-
rectional basis, with the absorption coefficient from a par-
ticular point source equaling the emission coefficient to-
wards that point source. Therefore, e.g., the particle shown
in Fig. 1 would have high emission in the § = 0 direction,
and would highly absorb intensity coming from the # = 180-
deg direction.

Following the technique of Kim and Lee!' in expressing
collimated incident flux effects (as demonstrated by Modest'"),
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the fully directionally-dependent form of the RTE may then
be written

§-VI(r, §) + [k(8") + o ($H(r, §) = (§)I,(r)

1
+ — | o ($§)(r, $)P(S;, §) dOQ,
477 A

T e s, )
4
+ p 54&5'_) goe "o e D(§,, §) (2)
T

where §_is the direction of the incident flux, §, is the specularly
reflected direction from the collecting surface, and 7 is taken
to be the diffuse (as opposed to collimated) contribution to
total intensity. Rewriting for a plane parallel medium, and
making use of Mackowski and Jones' finding that the overall
extinction efficiency for the compound particles is constant
with direction, results in

cos G(H(—y(’a}?ﬂ + BI(y, 6, ¥) = x(HI,(y)

1 T 27
s [T atm - 0ty 0. 0)900, b 8.0
w7 Je=0 fr—=0

(T — 0.
X sin 6, dy, do, + % qoe " B d(0,, T, 6, )
T
(6.
e %7;) que "B D — 0, 7, 0, ) 3)

The nonzero incidence angle 6. causes intensity to be azi-
muthally-dependent, in addition to dependence on spatial po-
sition and directional polar angle.

The absorption efficiency used in Eq. (3) is shown in Fig.
1 as a function of emitted polar angle and the ratio of absorber
diameter to lens diameter, after the analysis of Mackowski
and Jones.! The absorption efficiency is azimuthally sym-
metric. The absorption efficiencies in Fig. 1 are calculated for
a refracting material (lens sphere) with an index of refraction
of 2 (corresponding to infrared transmitting materials such as
sapphire or zinc selenide), and an absorbing material (embed-
ded sphere) with a complex index of refraction of 2 + i (e.g.,
graphite). In each case in Fig. 1, the lens sphere has a particle
size parameter 7rd,/A = 30, which is large enough to remove
most of the size parameter dependence of absorption effi-
ciency, and may be considered to be a gray limit. The ratio
of absorber size parameter to lens size parameter (diameter
ratio v) is varied from 0.025 to 0.5. The extinction efficiency
for these compound particles is constant at 2.2. The scattering
phase function is calculated for the simple lens sphere from
Lorenz/Mie theory, and is also taken to be a representative
spectral average. The quadruple argument of the scattering
phase function in Eq. (3) is resolved into a single argument
by

O(6;, ¥, 0, ) = P(O)
cos @ = cos fcos 6, + sin Osin 6, cos(y — ¢,)

4)

Since the environment is taken to be cold and the diffuse
I does not explicitly include the collimated incident in-
tensity, the incident surface boundary condition for Eq. (3)
is

10, 610 < @2, 4) = 0 )



JONES AND MACKOWSKI:

while the specularly reflecting, diffusely emitting boundary
condition on the collecting surface is

H(7/B, 8]0 > a/2, ) = pl(ryJB, m — 6, ¢)
+ (1 = p)(7/B) (6)

By following a standard approach for calculating the
divergence of radiative flux from Eq. (2), excepting that di-
rectional dependence of the absorption and scattering
coefficients is enforced, conservation of energy may be ex-
pressed

—kV°T(r) + 2 T(ry* f K(§) dQ — L k(§HI(r, §) dQ
T an -
— k(§)que " — pr(§])gue ~Crom T = () 7

Note that Eq. (7) includes effects of both the diffuse portion
of the intensity /, as well as the nonextinct remnant of the
direct and reflected collimated incident flux. Equation (7) is
expressed for a plane paralle]l medium by

a*T(y)
ay>

-k + 20,,T(y)4f k(6) sin ¢ do
0

- f J’— k(m — ) sin 8 I(y, 8) dyy d6
00 Jp=0
— k(m = 0.)qoe P — pr(8.)q,e T = () (8)

Since the incident surface faces a cold vacuum while radia-
tive flux is continuous across this surface, the appropriate
boundary condition for Eq. (8) aty = 0is a zero temperature
gradient. Various boundary conditions may be applied at
¥ = Yuo depending on the operation of the heat exchange
mechanism on the opposite side. A fixed temperature bound-
ary condition is easily applied. However, for fixed heat
flux boundary conditions where the collecting surface temper-
ature is a variable, numerical solution makes it convenient
to express the relation between boundary flux and tempera-
ture

/2 2
¢ = (1= P")f f Amans 8. )cos Osin 6 d6 dy
-0 Jy=
Yo T , N aT
— (1 = pYo, T + (1 — pgop.e ¥ — k5 )

Fmax

where the first term is the incident and specularly reflected
diffuse intensity, the second term is emission from the surface,
the third term is the absorption of the attenuated collimated
incidence, and the fourth term is conductive flux.

Equations (3) and (8) are discretized for numerical solution
using a finite volume, finite solid angle approach to the dis-
crete ordinates method as follows for the RTE:

COos 01116/(11‘1”4!1) + BI/.III.)I(S/(y) = Km[h.jB/(y)

5(y) & S
+ ﬂ [V ,,,r+‘W,,,' 2 1 m’ n'(Dln' o Wa
4 =T ot o
olm — 6,
_ (T = 0 s s, 6, )
47 ’
w0, (6. o —py
+ p Tﬂ-ﬁl qod e Cr=be]d(m — 6, w, 6, )
(10)
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and energy equation

aT o
- k6/ (};;) + 80[7 T/L;s/(_)/) 7} Z K,,,W,”
1

m—

M

6UhT//48/(y) 2 K,”W,”

=1

il

M N
j
3(y) z Z Kt it e aWin W

m=t n=1

+

K(mr — 9,,)%% 3(e Pim)

+

p*k(8,)q, % 8 le G pm] (11)

where the notation §,(y) implies y;, ,» — ¥, ,,» and 8,(37/dy)
= (T, — T)(yey —y) —(T, = T, )y, — y; 1), and T*
is a linearization point. For specified heat flux boundary con-
ditions at the collecting surface, Eq. (9) must be discretized
and T, must be solved in terms of ¢,. and T(y), with the result
added to the overall problem matrix. Otherwise, iterative
solution for the unknown T, is found to diverge.

For a plane parallel medium, a polar quadrature for dis-
cretization of the RTE would normally be chosen to satisfy
as many forward moments of the intensity as the order of the
quadrature, and equal integration weights would be employed
for numerical stability. This procedure results in quadratures
that are skewed away from the polar axis. In the present
problem, there is great variation in the absorption coefficient
and the scattering phase function near the polar axis, and so
an opposite polar quadrature must be chosen that has fine
divisions near the polar axis. However, choice of such a quad-
rature must result in highly nonuniform integration weights,
which may lead to numerical instability. In the face of this
difficulty, an ad hoc polar quadrature is chosen with equally
distributed ordinates, 6,, = w(m — 1)/M, and moderately
unequal weights, w7, = 7 sin 8,/M, where the weights are
slightly adjusted so that the zeroth and first moments are
satisfied:

M4 M2

a >owih+b > owh=1

m=1 m=Mi4+ 1

(12)
Mt M2 1
a X cosf,wi +b > cosf,w =
m=1 me= MM+ 2
and then w,, = aw®, for m < M/4, and w,, = bw*, for m >

m

M/4. For a 16th-order quadrature (M = 32), a = 0.9955 and
b = 1.0013. The azimuthal quadrature is taken as a simple
equal angle [, = 27(n — 1)/N], equal weight (w, = 27/N)
quadrature, as there is comparatively little intensity variation
in the azimuthal direction. Care must be taken to renormalize
the scattering phase function for each ordinate (1, n), so that

1 M N ’
e z Z q)(em" ¢[n" 0}113 l‘[/”)erW”r = 1 (13)

477 m =1 =1

Equations (10) and (11) are solved with a nested iteration
algorithm. Starting from a uniform temperature profile esti-
mate T(y) = (gq,/0,)"*, and an intensity estimate I = ¢, T/
7 to form the scattering term, the RTE is solved with a march-
ing algorithm starting from incoming directions on the inci-
dent surface, proceeding to the far wall, reflecting, and solving
outgoing intensities back to the incident surface. A uniform
spatial mesh is employed, and diamond differencing (linear
projection of intensity across each discrete cell) is used to
project intensity values to the far side of the finite volume
cells. The scattering term is then reformed and the marching
algorithm is iterated, using the scattering term as the index
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of convergence for this inner (RTE) iteration. This intensity
field is then used in the linearized energy equation, which
is solved with the Thomas (tridiagonal) algorithm. This tem-
perature field is returned to the RTE routine for another
complete inner (intensity) iteration to convergence, and
forms the linearization point for the next outer (energy)
iteration. Note that intensity and temperature linearization
effects are iterated together in the outer iteration, using the
full temperature field as a convergence index, while the
inner iteration is concerned only with converging the in-
tensity field for a given temperature field. Both the tem-
perature and intensity are successively over-relaxed, using
acceleration coefficients of 1.5. This has the effect of re-
ducing the number of iterations to a set convergence cri-
terion by about 50% in both loops. There is some difficulty
in the computations for the combination of low N, and high
7,- In these cases, heat transfer is primarily radiative, and
the conductive structure of the central difference energy
equation breaks down. Purely radiative cases should be solved
with a radiative equilibrium energy equation, although it is
possible to produce convergent results with the present for-
mulation for small but finite N, using an acceleration coef-
ficient of 1.0 and many iterations.

Since a uniform spatial mesh is employed, it is possible to
conduct numerical experiments to determine the order of dis-
cretization error. The overall solution is found to have a first-
order error in spatial discretization for most cases tested,
indicating that accuracy of the first-order RTE dominates the
solution rather than that of the second-order energy equation.
Extrapolating to an asymptotic solution from increasing mesh
size results, itis found that a 16-element spatial mesh produces
results of 1% accuracy over a practical range of input param-
eters. Spatial mesh coarseness leads to slight underestimates
in temperature results. The overall solution does not have a
regular error in directional discretization because of the highly
forward effects of the absorption coefficient and the scattering
phase function, although meshes larger than 32 polar elements
(16th order quadrature) begin to pick up a linear error be-
havior. A 32-element polar mesh is found to provide results
within 1% of the extrapolated asymptote, with coarse direc-
tional meshes yielding an overestimate in temperature results.
If 8. #+ 0, the RTE is azimuthally-dependent. A 32-element
azimuthal mesh (yielding 32 x 32 total ordinates) is found to
provide asymptotic results for small 6..

Although completely comparable results are not available
in the literature for validation of the numerical solution, it is
possible to validate the present solution in simplified cases
where the directional variation of absorption coefficient is
suppressed and the collimated incident flux is replaced with
a constant temperature boundary condition. For this purpose,
there is a large volume of literature addressing combined
radiation and conduction in plane parallel media. Compari-
sons are made to (numerical resolutions of)) exact exponential
solutions leading to temperature profiles by Crosbie (as re-
ported in Ratzel and Howell'?) for nonscattering media with
black walls, and by Yuen and Wong'? for linearly anisotrop-
ically scattering media with gray walls. Agreement to within
1% across the siab is achieved in each case.

Results

The controlling parameters of the present problem are found
by writing the energy equation in dimensionless form:

a9 2r f”
—4N, — i

o + 0. Q.(0)sin 6 do

A i o
o Q. (7 — OI*(7, 0, Y)sin 0 dyy do
Oum—8) 0.(6.)

- o TR — py = —Qry TV, — 0 14

0. o ¢ (1
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suggesting that the results may be summarized by T as a
function of Q_(6), N, 7,, p*, and 6., as well as the boundary
conditions. For the one compound particle configuration con-
sidered here (embedded eccentric sphere), Q,(6) is specified
by selecting y (Fig. 1). As the best radiation trapping (effec-
tive absorptivity to emissivity ratio) performance is found with
p* = 1 for most cases (which enhances the multiple reflections
of the radiation trapping effect), this parameter is fixed. (In
cases involving nonspecular radiation leaving the collecting
surface, intensity is less confined to the directionally narrow
band of high absorption demonstrated by the compound par-
ticles (Fig. 1). Results for compound particle media with ab-
sorbing boundaries therefore show little advantage over me-
dia with simple (nondirectionally varying absorption coefficient)
particles. A further parameter similar to 6. is introduced by
considering the potential difficulty of embedding the com-
pound particles in the substrate with perfect orientation. If
the orientation of the compound particles is considered to be
a zero-mean Gaussian distributed random variable with stan-
dard deviation o, then the effective absorption coefficient
distribution is defined by

1 [ 2
@ == [T pws@sin e au ao
4a Jor=0 Jy -0

! ex —9,2 15
27a, P 2073 (15)

cos ©® = cos 8 cos 8" + sin 8 sin 8" cos(y ~ ')

po) =

where x*(0) may be substituted for «(6) in Egs. (3) and (8).
[Care must be taken in discretization of p(6") to retain proper
normalization. ]

One purpose of the proposed radiation trapping configu-
ration might be to produce a high temperature on the col-
lecting surface. Therefore, in the first results case, 1", is stud-
ied as a function of 7,, v, N,, 6., and o, for the limiting (and
purely illustrative) case of an insulated collecting surface (no
heat taken from the high-temperature reservoir). An opposite
case, the second results case, is represented by the heat flux
passing through the collecting surface resulting from a fixed
temperature boundary condition.

Without the assumption of Kirchhoff’s law, and with a di-
rectionally-dependent absorption coefficient, definition of either
effective absorptivity or effective emissivity would require a
whole system of special definitions and assumptions. Com-
paring the results of such a system with prior, Kirchhoffian,
directionally-independent effective absorptivity results would
be somewhat problematical. Instead, the performance of a
compound particle medium bounded by a specularly reflect-
ing surface is related, by analogy, to that of an opaque flat
plate. An opaque flat plate under incident flux ¢, may reflect
[(1 — @)g,] or emit (e0,,T,}) flux in the opposite direction of
the incident flux, or flux may be passed through this plate
(£,.90) by conduction/convection. An energy balance on the
plate yields one equation, a = ¢, + '}, for the four un-
knowns.

In the first case considered, the surface is insulated (¢, =
0), and so either variable, a/e or I',, may be determined,
given the other. Neither « nor ¢ may be determined inde-
pendently. If o/¢ is known for some flat plate (a/e = 1 for a
gray Kirchhoff surface), then I', may be determined. If, on
the other hand, solution of the radiative transfer and energy
equations for the compound particle medium yields I',. di-
rectly, then the effective a/e of the medium may be deter-
mined (a/e = I'}}) and compared to the Kirchhoffian result
(I',. = 1). The result holds regardless of the absolute mag-
nitude of & or . In the second case considered, a temperature
(or T,) boundary condition is specified and the flux “ab-
sorbed” through the plate is calculated (¢, # 0). If o/e is
known for some flat plate (a/e = 1 for a gray Kirchhoff
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surface), then ¢, may be determined given «. If ", = 1, then
(. = 0 for a gray Kirchhoff surface, regardiess of «. If, on
the other hand, solution of the radiative transfer and energy
equations for the compound particle medium yield £, directly,
then this result may be compared to the Kirchhoffian result
(£, = 0), although the relative contributions of & and & cannot
be distinguished. In summary, the performance of a com-
pound particle medium, as a layer over an opaque, specularly
reflecting surface, is compared to the two definitive cases for
Kirchhoff surfaces: 1) where {,. = 0 and any I',, > 1 represents
an enhanced-absorptivity surface (Fig. 3), and 2) where T,
= 1 and any ¢, > 0 represents an enhanced-absorptivity sur-
face (Figs. 4 and 5).

Figure 3 shows the results for the first case, demonstrating
the absorption to emission performance of the substrate/com-
pound particle medium in the limiting case of an insulated
collecting surface by showing the variation of T, with 7, for
a range of vy, for normal incidence, perfect particle orienta-
tion, and N, = 0.1. The medium is capable of providing an
effective absorptivity to emissivity ratio of up to 70 (I, =
2.89) for small y and 7,,, demonstrating its utility as a radiation
trap. Less of the incident flux penetrates to the collecting
surface in optically thick cases. The collecting surface tem-
perature decreases with increasing medium optical thickness
in the insulated case due to increased scattering from particles
near the incident surface. Unfortunately, this means that higher
optical thicknesses, which have a higher effective absorptivity,
and thus absorb more of the incident flux, are less efficient
(have a lower effective absorptivity-to-emissivity ratio). This
suggests that while high-quality (high-temperature) energy
may be collected by compound particle media, high-quantity
(high-flux through the collecting plate) might not be available
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Fig. 3 Collecting surface temperature as function of optical thickness
for insulated collecting surface.
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Fig. 5 Heat flux through collecting surface as function of optical
thickness for T,, = (g,/0,)""%, over range of N,.

using the present compound particle configuration (simple
eccentric spheres). It should be noted, however, that for large
v, I',. increases slightly with increasing 7,, reaching a value of
1.56 (a/e = 6) at 7, = 100, and suggesting a possible high-
quality, high-quantity compromise. Figure 3 also shows I,
for black particles (y = 1, no directional variation in absorp-
tion coefficient), indicating I, = 1, and thus having no ad-
vantage over a Kirchhoff surface (I', = 1).

The lack of a nonzero optimal 7, may be interpreted by
considering that the unique directional scattering and ab-
sorption properties are primarily responsible for achieving
I,.> 1, and any additional extinction caused by a finite optical
thickness merely interferes with the transport of the incident
flux to the reflecting surface. Therefore, the optimal optical
thickness is just that minimum necessary to ensure that the
properties of the particulate medium act in a uniform radiative
continuum. The optical thickness of a single layer of closely
packed particles (ignoring continuum considerations) is 7Q,/
4, or 1.72 for the particles considered here, which is too high
to give optimal performance. However, for disperse particle
assemblies, it might be approximated that the minimum op-
tical thickness for continuum is 15Q,(d,/s)* (10 rows), where
s is the mean interparticle spacing. Therefore, lower optical
thickness (although higher dimensional thickness) and higher
I',. may be achieved with more disperse media.

Comparing Fig. 3 with Fig. 1, it may be seen that compound
particles with larger absorbing spheres (larger y), and there-
fore, larger absorption efficiencies, produce lower effective
absorptivity-to-emissivity ratios. This effect illustrates the im-
portance of the perfectly reflective collecting surface in the
radiation trapping effect. While the higher y particles have
higher absorption efficiencies, they also have a lower ratio of
forward-to-backward absorption efficiency, with the result that
the backwards emission cannot reach the collecting surface.
Forward emitted power, however small, is available to enter
the reflection/absorption/emission cycle between the com-
pound particles and the collecting surface, while backwards
emission is not. The indication is that while a high forward
absorption efficiency is important, a low backward efficiency
IS even more so.

The results of Fig. 3 show little sensitivity to N,, which is
a consequence of the very flat temperature profiles found in
these cases. For low 7,, the temperature profiles are nearly
flat, and there is no significant effect of N,. For higher 7,,
there is some tendency toward a higher temperature at the
collecting surface than at the incident surface. In these cases,
a higher N, leads to a slightly lower I, due to conductive
leakage.

Figure 4 shows the second results case, in which the col-
lecting surface temperature is fixed at I',, = 1, and results are
given for the heat flux through the collecting surface. These
results are also for normal incidence, perfect particle orien-
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tation, p* = 1,and N, = 0.1. Since all radiative flux is reflected
at the collecting surface to maintain the radiation trapping
effect, the net flux at the collecting surface is due entirely to
conduction. Figure 4 shows that collected flux increases with
increasing y up to y = 0.15, confirming that while lower y
particles tend to produce higher temperatures in an insulated
case, these high temperatures cannot be converted into a high
flux due to their low overall absorption. For higher v, Fig. 1
shows an increasing ratio of backwards-to-forwards absorp-
tion, with the result that more heat is emitted. For y = 1,
the particles are Kirchhoffian and £, = 0. The results indicate
a finite optimal 7, of about unity for all y. Smaller 7, have
less potential to absorb, and larger 7, tend to produce an
insulative effect between the incident flux and the collecting
surface. The highest £, achieved in Fig. 415 0.15, so that 15%
of the incident flux is passed by conduction through the col-
lecting surface if it is maintained at I',, = 1. Under the con-
dition of I',, = 1, a gray, Kirchhoffian plate has a through-
flux of zero. The compound particle medium demonstrates a
positive, nonzero through-flux for most parameter combi-
nations. The compound particle medium, therefore, dem-
onstrates performance superior to that of a Kirchhoffian plate
in this case.

While the presence of conduction does little to enhance the
collecting surface temperature in the insulated case, higher
conductivity is useful for enhancing heat flux in the fixed
temperature boundary condition case. Figure 5 shows the
effect of N, on the {, vs 7, relation for y = 0.1. Increasing
N, increases thermal conductivity, which increases conductive
heat flux. Since p* = 1 is necessary to set the radiation trap,
conduction is the only mechanism for passing heat through
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Fig. 6 Collecting surface temperature as function of collimated flux
incidence angle for insulated collecting surface.
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ticle orientation error standard deviation for insulated collecting sur-
face.
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the collecting surface. In general, it appears that N, > 1 is
beneficial, although increasing N, much beyond unity pro-
duces only diminishing returns. It should be noted that the
optimal parameter values indicated by Fig. 5, 7, = | and
N, = 1, may be achieved by a slab subject to a low Earth
orbit solar constant by &/y ...« = 0.14 W/m’K. This is realizable
using very ordinary materials and moderate thicknesses.
For smalier y, Fig. 1 shows that the polar range of higher
absorption efficiency is fairly limited. Collimated incident flux
from angles outside this range is less able to enter the reflec-
tion/absorption/emission system between the reflective sur-
face and the particles, producing less favorabie results. Figure
6 shows the variation of I', with g for an insulated collecting
surface, perfectly oriented particles, N, = 0.1, y = 0.1, and
a range of 7,. Figure 1 shows that there is little change in the
absorption efficiency for y = 0.1 for 6, up to about 4 deg,
and Fig. 6 reflects this result with little change in T',.. However,
for 8. > 4 deg, ', is reduced, and for 6, > 12 deg, the reduction
is great enough that there is little advantage to using the vy
= 0.1 compound particles. It appears that while the substrate/
compound particle medium can tolerate a large error in in-
cident flux pointing accuracy, on the order of 4 deg, this
medium might not be useful in passive collection systems.
Figure 7 examines the sensitivity to compound particle ori-
entation error of insulated collecting surface results for y =
0.1, N, = 0.1, and normal incidence. In Fig. 7, the o, = 0
results are for perfect orientation, while the o, # 0 results
include the application of Eq. (15). For optically thin media,
the sensitivity of the collecting surface temperature to o, is
of similar order to the sensitivity to 6. shown in Fig. 6, as
increasing o, decreases the ability of the compound particles
to trap rays of intensity. For optically thick media, increased
o, actually improves 1", as there is a slightly increased ability
of the particles to absorb backscattered intensity. It appears
that the substrate/compound particle medium requires par-
ticle orientation to be nominally correct (within, e.g., 6 deg),
but that highly precise manufacturing might not be required.

Conclusions

A particular configuration is proposed that employs a class
of compound particles, themselves proposed in another work,
which have the characteristic of directionally varying absorp-
tion and scattering efficiencies. The proposed configuration
embeds a disperse layer of these compound particles in a
conducting, radiatively nonparticipating substrate, with one
side exposed to collimated flux and the other side bounded
by an opaque, specularly reflecting surface. The compound
particles are oriented so as to be highly absorbing in the
direction towards the reflective surface, and highly scattering
in the direction towards the incidence. It is found through the
numerical solution of directionally varying absorption coef-
ficient forms of the RTE and energy conservation equation
that a radiation trap is developed that can build up temper-
atures corresponding to an effective absorptivity-to-emissivity
ratio of up to 70. The maximum heat flux passing through
the layer is only 15% of the incident flux, although this is
calculated in a setting where no flux at all would pass through
a gray surface that obeys Kirchhoff’s law. While the proposed
configuration could be immediately useful for the develop-
ment of high temperatures under direct flux, further devel-
opment of the compound particle characteristics may be nec-
essary for applications calling for a high heat flux passing
through the collecting surface. A device based on the pro-
posed enhanced absorption surface must track the source of
collimated incident flux, aithough the required tracking ac-
curacy is not severe. The proposed configuration must also
be manufactured so that the compound particles have a uni-
form orientation, although the sensitivity to random orien-
tation error is not extreme.

In general, it appears that continued development of com-
pound particles with directionally varying absorption and scat-
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tering efficiencies would be worthwhile, in terms of both
analytical development and development of fabrication tech-
niques. Further development of compound particles for use
in flux absorption devices should concentrate on particles that
have a high ratio of forward absorption efficiency to backward
absorption efficiency. In high-temperature generation appli-
cations, this ratio is found to be more important than a high
absorption efficiency, per se, in any particular direction.
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