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A two-phase medium consisting of densely packed large nonspherical semitransparent
particles in a transparent fluid is considered. Its 3D digital geometry is obtained by
computer tomography and employed to numerically calculate its porosity, specific sur-
face, pore and particle size distributions, and the representative elementary volume for
continuum domain. The collision-based Monte Carlo method is applied to calculate the
probability distribution functions for attenuation path length and direction of incidence at
the fluid-solid interface for each phase, which, in turn, are used to derive the extinction
and scattering coefficients and the scattering phase functions. The methodology is ap-
plied to a packed bed of CaCOj particles, used in industrially relevant high-temperature
processes. Spectral and directional dependencies of the radiative properties are
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1 Introduction

Packed-bed reactors are commonly used in chemical processing
because of their relatively high contacting area. Of special interest
are packed beds for solar-driven thermochemical processes, e.g.,
the thermal and carbothermic reductions of ZnO [1,2] and the
gasification of coal [3,4], which proceed above 1500 K using con-
centrated solar radiation as the energy source of high-temperature
process heat. At these temperatures, thermal radiative transport
becomes the dominant heat transfer mode. Thus, knowledge of the
radiative properties of packed beds is crucial for the engineering
design and optimization of these chemical reactors and processes.
Experimental investigations of transmittance and extinction coef-
ficients of porous media have been performed for foams and
packed beds of opaque, transparent, and semitransparent phases
[5-8]. Numerical simulation were carried out for artificially gen-
erated [9-16] and real [17,18] porous media by applying the ra-
diative distribution function identification (RDFI) [9,17,18],
Monte Carlo (MC) [15,16], two-flux [10-12], and discrete ordi-
nate [13] methods.

In this paper, the RDFI method, calculated by MC, is applied to
determine the radiative properties of a packed bed containing
large nonspherical semitransparent particles. CaCO; particles
(source: Carrara marble; Ferret’s diameter=3 mm) have been se-
lected for modeling because of their relevance in the high-
temperature processing of lime, cement, and other material com-
modities, and in the capture of CO, from combustion flue gases

[19].
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Radiative characteristics of packed beds containing complex
morphological structures may significantly deviate from those ob-
tained when applying simplifying approximations, e.g., spherical
particles. In this paper, computer tomography (CT) is applied to
obtain the exact 3D geometrical representation of complex porous
media composed of semitransparent phases. CT allows for nonde-
structive scanning of the structure in a single experimental run. In
contrast to previous investigations [9-16], the CT-based method-
ology enables the determination of accurate effective radiative
properties in the limit of geometric optics with negligible diffrac-
tion, which, in turn, can serve as reference values to those ob-
tained by approximate methods.

2 Governing Equations

Radiative transfer in a quasicontinuous two-phase medium con-
taining semitransparent phases can be described by two coupled
eguations of radiative transfer equations (RTEs) for phases i and
Jaiti}

So :[M + :Bili(S’SA)]
’ ds

O,ii

= fo.i |: nizKiIib(s’SA) + 4
T

f Ii(57§in)q)ii(§’§in)dﬂin]
4
o-e, ji A A A .. . .
+‘f”‘jZTLf 1(5,8) @ (8,8,)d s, i,j=1,2; i #j
4
(1)

*The spectral subscript N is omitted for brevity.
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where oy ; and ®; are the internal scattering coefficient and inter-
nal scattering phase function of the bulk material forming phase i,
0,;; and ®;; are those associated with internal reflections and in-
ternal scattermg within phase i, and oy ;; and ®;;, i # j, are those
associated with radiation leaving phase i and entering phase j.
Thus,

Us,ii = O refl,i + O-s,i (2)
(I) - 0-5 u(q)reﬂ,ia-s,reﬂ,i + cI)ia-s,i) (3)
ﬁ-—K+O’5“+O'5U (4)

where oy, k;, and ®@; are determined by applying an appropriate
theory, e.g., Mie. The two-phase medium morphology-associated
properties o refi j» O ij» Preqr > and P;; are determined by applying
the MC methodology outlined below.

3 Methodology

The collision-based Monte Carlo ray-tracing method is used
[20]. Characteristic size parameters é=ard;,/\> 1 for both phases
are assumed; thus, geometric optics is valid [21]. A large number
of stochastic rays are launched within a representative elementary
volume (REV). The rays are emitted isotropically and are uni-
formly distributed over REV. They undergo scattering/absorption
internally and reflection/refraction at the fluid-solid interface. The
distance between emission and collision points, and the direction

For the attenuation (extinction) path length within phase i,
N,

ray,i

=N Eﬁ(s ).

ray,i k=1

i=12 (3)

Gez(s) f Fe L(s )dS ~1 _exp( Bls) i= 152 (6)

For the absorption path length within phase i,
N

1 ray,i
=—— > Ss—s,), =12 (7)
Nfa)’si k=1 ¢

s

Goils)= | Fyls)ds *E[l—eXp( Bs)], i=12 (8)
0

For the scattering path length associated with refraction from
phases i to j, and reflection and internal scattering within phase i,
N,

ray,i

2 (S(S‘ S‘s k)

ray,i k=1

Fy(s) = ij=1, (9)

Gs,ij(s) — A Fs,ij(S*)dS‘ =~ I—Bi[l exp(—= Bs)], i,j=1,2
0

1
(10)
For the direction of incidence at the phase interface within
phase i,

of incidence at the interface are recorded for each ray. The fol- Nari
lowing probability density and cumulative distribution functions, F, ;= 2 S ini = Minig), i=1,2 (11)
and the corresponding medium properties are then computed. " att,i k=1
|
f f J 5(:“/ - \'(1 - Iu‘m)(l lu“reﬂ) COS ¢4 — :u/m:u/reﬂ) p (lu'm’ Merefls qu)F,u tlu'reﬂdlu‘reﬂdqudlu'm
Hin=0 Hren=0
q)ij(,“s) . , i=j=1,2
f f f p”(:u'im Merefls ¢d)Fyin,iMreﬂereﬂd¢ddMin
4in=0 7 ¢g=0 < ptre=0
(12)
f J f 6(M§ - \/(1 - Iu'm)(l lu’t) COS @q — lu/mlu/t) (1 —-p (:U'm»/Lt» qu))F/.l.nllu‘ldMld(pddlu’m
P, (p1,) =~ L i#j=1.2
f f f (1= p"(bins s @) F it pud @adl i
Hip=0 + 04=0 < =0
(13)

In Egs. (5)—(13), Nyy,; is the number of rays launched in phase i
within REV, and N, ; is the number of rays attenuated in phase i
at the phase interface.

4 Application to a Packed Bed of CaCQOj; Particles

4.1 Morphology Characterization. Computer tomography.
The sample consists of a packed bed of nonspherical CaCOj5 par-
ticles randomly placed in a 4.5 cm-diameter rubber tube, as seen
in Fig. 1(a). The sample is exposed to a polychromatic X-ray
beam, generated by electrons incident on a wolfram target and
filtered by a 0.0025 mm Re filter. The generator is operated at an
acceleration voltage of 140 keV and a current of 0.11 mA. A

072701-2 / Vol. 131, JULY 2009

Hamamatsu flatpanel C7942 CA-02 protected by a 0.1 mm brass
filter is used to detect the transmitted X-rays. The sample is
scanned at 600 angles (projections). Each projection is an average
over 8 scans with exposure time of 0.25 s, leading to a voxel size
of 45 um. Figures 1(b) and 1(c) show the 2D tomographic image
and the 3D surface rendering of the sample, respectively.

The histogram of the normalized absorption values a/ap,y,
shown in Fig. 2, reveals two distinct peaks that account for the
solid and fluid (void) phases. The calculated and nearly identical
width of the two peaks supports the assumption of homogeneity.
The calculated minimum between the two peaks (a/ aya=0.43)
is used as threshold value for phase identification. Phase bound-
aries between two CaCOj particles are neglected, as they cannot
be distinguished in the tomography images.
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Fig. 1
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Fig. 2 Normalized histogram of the sample’s absorption val-
ues obtained by CT for the void phase (left peak) and for the
solid phase (right peak). The bullet indicates the threshold
value a/ a,,,,,=0.43 used for phase identification.

0.5

0.1 B

0 1 2 3 4 5
(a) T/dh,particle

Sample of the packed bed of CaCO; particles: (a) top view photograph, (b) 2D tomographic image, and (c) 3D

Porosity and specific surface. The two-point correlation func-
tion indicates the probability of two points separated by a distance
r to be in the void phase, given by [22,23]

fj () y(r + rS)dSdr
VJiam
47V

55(r) = (14)
where ¢ is the pore-space indicator function (=1 if the point lies
within the void space; =0 if it lies within the solid phase). The
specific surface area and porosity are calculated from [22]

d. A

= == (15)

dr|,— 4

lim s,(r) = &2 (16)
5,(0)=¢ (17)

Figure 3(a) shows the two-point correlation function for the
CaCOj; packed bed. The calculated porosity is 0.39, which com-
pares well with the porosity determined experimentally from the
sample weight 0.40 % 0.02. This value is close to the one for a

(b) l/dh,particle

Fig. 3 (a) Two-point correlation function for the CaCO; packed bed. The value at r=0 cor-
responds to the bed porosity. The dashed line indicates the asymptotic value of the func-
tion, which corresponds to 2. (b) Determination of the REV edge length (indicated by the
vertical dashed line) by calculating the porosity of ten subvolumes with varying edge
lengths / at random locations. The tolerance band for conversion and determination of the
REV volume at £+0.01 is indicated by the two horizontal dashed lines.
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Fig. 4 Opening size distribution functions, f=

—-deqp(d)/(e.dd) of the solid and fluid phases of the CaCO,
packed bed (d,=d; yor for fluid and d,= d}, panicie for solid)

dense random or orthorhombic packed bed made of uniform
monodispersed spheres [24]. The calculated specific surface area
is 1.31 X 10> m™!, which corresponds to an analytically calculated
particle diameter of 2.8 mm for uniform monodispersed spheres.
As will be shown later, the hydraulic particle diameter for the
randomly shaped CaCOj particles lies around 1.9 mm.

Table 1 Arithmetic mean diameter, mode, median, and hydrau-
lic diameter calculated from the pore and particle size
distributions

Pore Solid
Arithmetic mean (mm) 1.00 1.66
Mode (mm) 0.81 1.89
Median (mm) 0.98 1.75
Hydraulic diameter (mm) 1.19 1.87

X

100pm EHT
Mag= 200X

5.00 kv
WD= 4mm

Representative elementary volume. REV indicates the minimum
volume for which the continuum assumption is still valid. REV is
determined based on the porosity for subvolume sizes at ten ran-
dom locations in the sample, as indicated in Fig. 3(b). Note that
for an edge length / approaching zero, the porosity is either O or 1,
depending whether the point lies in the void or the solid phase.
Assuming a tolerance band of =0.01, lzgy=0.0152 m (for
+0.02, I[ggy=0.0105 m; for £0.05 lgpy=0.0054 m) and is used
as the minimum sample size in the following analysis.

Pore and particle size distributions. Opening, a mathematical
morphology operation consisting of erosion followed by dilation
using the same structuring element, is applied to calculate the pore
and particle size distributions, i.e., the size distribution defined by
the sphere that fits completely within the pore or particle space,
respectively. Figure 4 shows the distribution functions of the pore
and particle sizes. The median, mode, mean, and hydraulic diam-
eters dy, paricle=4€/Ag and dy, pore=4(1-€)/A are listed in Table 1.
Thus, the assumption of geometrical optics is valid for \
<3500 pum.

4.2 Radiative Properties. In this section, the void phase and
the CaCOj particles of the packed bed are referred to as fluid and
solid phases, respectively. The corresponding phase indices i,j
used in Egs. (5)—(13) are 1 for the fluid phase and 2 for the solid
phase. Spectral calculations of the radiative properties are per-
formed for 150 distinct points between 0.1 wm and 100 um.
Reflection and refraction at the specularly reflecting and diffusely
reflecting interfaces are modeled by Fresnel’s equations and dif-
fuse reflection/refraction, respectively.

Single-phase internal radiative properties. The fluid phase is
assumed to be transparent, i.e., its internal absorption and scatter-
ing coefficients o ; and k, respectively, are equal to zero, and its
refractive index is equal to 1. The bulk properties of CaCO; are
determined based on the properties of CaCOj3 grains (monocrys-
tals). They are randomly shaped and oriented, as seen in the scan-
ning electron microscope (SEM) photograph of Fig. 5. Their char-
acteristic size is 160 wm. Figure 6 shows the complex refractive
index my=n,—ik, of CaCO; [25]. In the spectral range
0.2—-6 um, the imaginary part was obtained by applying the Lor-
entz theory [26].

&

Date :16 Jan 2008
Time :12:20:29

) Siéni A= nLens
Photo No. = 267

Fig. 5 SEM picture of a single CaCO; particle
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Fig. 6 Complex refractive index of CaCOj: (solid line) real part
obtained experimentally [25], and (dashed line) imaginary part
obtained by the Lorentz theory in the spectral range 0.2-6 um
[26] and experimentally in the remaining range [25]

The directional-hemispherical reflectivities at the specular
fluid-solid interface for radiation incident from the fluid phase
Ppsp,12 and for radiation incident from the solid phase pg,,; are
calculated using Fresnel’s equations [21]. The hemispherical re-
flectivities of both sides of a diffuse fluid-solid interface py are
equal to that for a diffuse CaCOj; surface [27]. For A <0.8 um
and A>2.5 um, the hemispherical reflectivity is extrapolated
with constant values 0.85 and 0.87, respectively. pg, 12, psp21» and
pq are shown in Fig. 7 as a function of wavelength.

The internal radiative coefficients of CaCOs, o5 ,, and k,, ob-
tained by applying the Mie theory, are shown in Fig. 8 [28]. The
spectral oscillations, particularly for A\>6 um, result from oscil-
lations in the complex refractive index (see Fig. 6). The internal
scattering within CaCOj5 is assumed isotropic (®,=1). Figure 9
shows the ratio of the scattering efficiency factor for dependent
scattering, calculated by gas, packed-sphere, liquid, or modified-
liquid model [29], to that for independent scattering calculated by
Mie theory (assumed f,,=1). Dependent scattering effects are thus
neglected in this study since the maximal reduction in the scatter-
ing efficiency factor for 100 um>N>0.1 um is only about
10%.

Two-phase medium radiative coefficients. The scattering coeffi-
cients of the CaCOj; packed-bed two-phase medium are shown in
Fig. 10 as a function of wavelength for the fluid phase (Figs. 10(a)

1 N
i - i :
I e R Co o
08 1 prrvd
) i ! Aol
i i o
- II """ Psp,ij (Hin = 1) i H ! !
S o6 L ili — pep2(pin = 0.87) || | :: : 1
a0 i psp21(pin = 0.87) ) | 0o
< == ! i
& [ ! iy
s M o
= b : [
b ! [
|7
i

102

A (pm)

Fig. 7 Spectral directional-hemispherical reflectivities at the
specular fluid-solid interface for selected incidence directions,
and spectral hemispherical reflectivity of the diffuse fluid-solid
interface

Journal of Heat Transfer

25000 —————rr

20000

15000

10000

K2, 05,2 (11141)

Y /

[ ;o)

5000

1
1
|
1 /
1
1
|

0 L™ i
107! 10°

10?
A (pm)

Fig. 8 Internal absorption and scattering coefficients of
CaCO; particles

and 10(b)) and the solid phase (Figs. 10(c) and 10(d)), assuming
specularly reflecting particles (Figs. 10(a) and 10(c)) and diffusely
reflecting particles (Figs. 10(b) and 10(d)). The reflection behavior
of the fluid-solid interface significantly influences oy ;; and o req ;.
For the fluid phase and specular interface, o oq;<0y;; for A
<6 wm, while for the diffuse interface oy n;> 0. For the
solid phase, 0y .f ;> 05 ;j, and this trend is independent of the
reflection interface type. oy 1, Obtained for the specular and
diffuse interfaces, clearly follows the shape of pg, and pg, respec-
tively (see Fig. 7). 0y 12 and oy 5 are additionally influenced by
the presence of the total reflection phenomenon in the particle.
Obviously, for any phase, o ;; is complementary to o rq; Since it
refers to the transmitted portions of radiation across the interface.

The extinction coefficients §; are shown in Fig. 11. They are
independent of the interface reflection type (specular/diffuse). In
addition, S; is independent of A as it is a function of the interface
geometry only. 3, increases with N because of the increasing «,
+ 05 5. The spectral oscillations in S; result from the statistical MC
oscillations. The spectral oscillations in 3, are mostly the result of
the spectral oscillations of «, and oy, (see Fig. 8).

Two-phase medium scattering phase functions. The probability
density functions of the directional cosine of the incidence angle
at the fluid-solid interface, determined by MC, are plotted in Fig.
12 for both phases. Assuming k=0 ,=0, Fua and F, > com-
pare well to F, , computed for identical overlapping opaque
spheres (IOOS) and for identical overlapping transparent spheres

1
0.95 -
é
S
= 09
<
G
gas model
0.85 F e packed-sphere model =
————— liquid model
77777 modified liquid model
0.8 ol o S
1071 10° 10t 102
A (pm)

Fig. 9 Ratio of the scattering efficiency factor obtained for de-
pendent scattering calculated by gas, packed-sphere, liquid,
and modified-liquid models to that obtained for independently
scattering calculated by the Mie theory

JULY 2009, Vol. 131 / 072701-5

Downloaded 05 Oct 2009 to 129.132.208.180. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1000

800

05,12
rrrrrrrrrrr Os,refl,1

600 - Y

05,12, Osrefi,1 (m™1)

10~1 100 10" 10?

800

600

400

05,215 Os refl,2 (lngl)

200

0 T B AR LA
101 10° 10" 102

(©) A(pm)

1000
soo - 4
T/\ 05,12
g | Os refl,1
Z 600 i
z
2 400 - -
i
200 - -
0 Lol Lol L
10~1 100 10" 102
(b) A (jum)
800
600 5 (e
] ; .
£ 400 |- 7521 8
S A O refl,2
900 | -
0 | MR e LY i
101 10° 10t 102
(a) A (jum)

Fig. 10 Spectral scattering coefficients of the CaCO; packed bed for ((a) and (b)) the fluid
phase and ((c) and (d)) the solid phase, assuming ((a) and (c)) specularly reflecting par-
ticles and ((b) and (d)) diffusely reflecting particles

(IOTS), respectively [9,17]. For the real values of «, and
052, Fy 2 depends weakly on £, and hence on N. The depen-
dency of F 1,2 ON [, is explained by the fact that, for increasing
[, the incidence angles corresponding to longer paths occur less
frequently. Functions F,, ; are then used to calculate the scatter-
ing phase functions by applying Egs. (12) and (13).

Figures 13 and 14 show the scattering phase functions for spec-
tral and diffuse interfaces, respectively, as a function of the cosine
of the scattering angle at selected wavelengths A=0.1 um, 1 um,

1020 — v

specular
"""""" diffuse

1010

1000

(m

990 - B

980 bl
10! 10° 10 10?
(a) A (jpm)

Fig. 11
phase
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10 um, and 100 pwm. @, and P,; are identical for the specularly
reflecting solid-fluid interface because the Fresnel’s equation
gives the same results when the angle of incidence and transmis-
sion are interchanged [21]. The forward scattering peak decreases
with N due to increasing normal-hemispherical reflectivity of the
interface, which in turn is the result of the increasing n, and k,.
Since total reflection is assumed for the diffuse interface, ®,,=0

for ug<—\1- ,ufeﬂ,mt. For the specular interface, @, and @ g 5
are clearly functions of A due to the spectral variation of py,, while

3

specular

"""""" diffuse

Bo-107* (m™1)

1.5 | | L
107! 100 10 102
(b) A (pm)

Spectral extinction coefficients of the packed bed: (a) fluid phase and (b) solid
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Fig. 12 Probability density functions of the directional cosine
of the incident angle at the fluid-solid interface for selected
wavelengths

this cannot be observed for the diffuse interface. The jump of
®,.qo is explained by enhanced interface reflections for u,
>\1- ,u,rzeﬂ!tm—ureﬂ’m[. Obviously, @y, is equal to ®.q because
of the absence of internal scattering in the fluid

4 T T

— A=0.1pm

0 | | |
1 -0.5 0 0.5 1
(a) Hs
4 T I
—— A=0.1pm
,,,,,,,,,,, A=1lpm
3L -—-=- A=10pm -
,,,,, A =100 pm
ol |
B

(c)

phase. In contrast, ®,, is mostly influenced by ®, because of the
large internal scattering in the solid phase (see Eq. (3)).
Sensitivity analysis. A MC parametric study is carried out to
elucidate the influence of the uncertainties in n,, k,, and p4 on the
radiative properties by varying by *20% their reference values
n,=1.64, k;=2.3X 107, and pg=0.87 at A\=1 um. These varia-
tions do not affect B; (<1% change). «, is influenced by varia-
tions of k, (up to 20%) and n, (6%) for specular and diffuse
fluid-solid interfaces. For the specular interface, variation of n,
leads to remarkable effect on oy e 15 T ref2> 0,12, and o5y (up
to 66% change), because p, depends on n,. For diffusely reflect-
ing particles, variation of n, and k, leads to only small variations
in O ref1.1> T ref2> and o 15 (up to 5% change) due to the varying
particle optical thicknesses and the total reflection angles. The
change in o, is up to 55%. The variation of pg has a more
pronounced effect on the scattering coefficients. For example, for
pa=1.0 (no refraction), oy ;=0, while reduction in pg by 20%
nearly doubles o ;;. Decreasing values of n, augments the for-
ward scattering peaks of &, and ®,; for both specular and dif-
fuse interfaces, as seen in Fig. 15. This is due to smaller relative
angles between the incident and refracted rays for both specular
and diffuse interfaces, according to Fresnel’s equations. Variations
of k, and pg by =20% do not affect the scattering phase functions.
Variation of n; has an effect on ®.p; and ®,.q, for the specular
interface because the shape of psp(,u,in) depends on n,. Specular
reflection generally leads to more pronounced forward scattering

80 T I
—— A=0.1pm
,,,,,,,,,,, A=1pm
60 =7 A=10um i
,,,,, A =100 pm
& 40 - i
20 +
0 : ‘
1 -0.5 0
(b) Hs
80 T I
—— A=0.1pm
,,,,,,,,,,, A=1lpm
60 L-——-- A=10pm b
,,,,, A =100 pm
& 40 |
20 +
0 ‘ =
1 -0.5 0 0.5 1
(a) Ha

Fig. 13 Scattering phase functions of the CaCO; packed bed versus cosine of the scatter-
ing angle for a specularly reflecting solid-fluid interface, at selected wavelengths A

=0.1 pm,1 pm, 10 um, and 100 um
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Fig. 14 Scattering phase functions of the CaCO; packed bed versus cosine of the scatter-
ing angle for a diffusely reflecting solid-fluid interface, at selected wavelengths A=0.1 um,

1 pm, 10 um, and 100 um

in @, and O,p 5, mainly as a result of the enhanced reflective
behavior of the interface at larger incidence angles, while back-
ward scattering is favored for diffusely reflecting particles. This
behavior is less evident for materials with higher B, and oy,
respectively, since the fraction of internal (isotropic) scattering is

102 ¢ \ ‘

; ny = 1.31

I ng = 1.64

oy T =197
é L
5 10° 3
& £
1071

10-2 ‘ ‘

Bl 0.5 0

Hs

Fig. 15 Scattering phase function ®,, and ®,; for specular
and diffuse fluid-solid interfaces, as a function of the scattering
angle cosine, for selected refractive indices n,=1.31, 1.64, and
1.97
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larger. Sensitivity analysis of the statistically determined charac-
teristic size of the grains indicates that reduced grain size en-
hances the variations in the extinction behavior for wavelengths
above 10 um, while the opposite is true for larger grain sizes.
Changing the characteristic size by =20% leads to variations in
the extinction efficiency of up to 13%, scattering efficiency of up
to 25%, and absorption efficiency of up to 19%.

Accuracy and validation of the MC algorithm. MC convergence
is examined for 2-norms of F, i, G, G, and Gy for 104, 107,
10, 107, and 10® stochastic rays, normalized with respect to the
reference solution for 10° rays, €=|[j—Vredlo/[Viedl» With 7 being
the computed vector of the corresponding cumulative distribution
function for the corresponding number of rays. The results are
shown for the selected functions in Fig. 16. € decrease exponen-
tially with Ny,y. The maximum e=1.3, obtained for F, , using
Npay= 10*, decreases to 1.2 X 1072 using Npay= 108. € is relatively
high for F,, 5 because of the large values of the optical thickness
inside the particles, which leads to a small number of rays reach-
ing particle boundaries and, consequently, high uncertainties in
F

e,i> Ya,i»

/“'in’2'

The MC algorithm was used to calculate the radiative charac-
teristics of an independently scattering particle cloud of large
opaque spheres for f,=1.6X 1073, d=2 um, n=1.64, and k=2.6
X107 at A=1 um. The scattering phase functions for diffusely
reflecting and specularly reflecting particle surfaces are plotted in
Fig. 17. Also shown are the corresponding phase functions ob-
tained analytically [21].
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Fig. 16 Normalized two-norm of the cumulative distribution
functions

3 ite

(V1 = g — g arccos(uy))

37 (18)

q)reﬂ,l,d,an(lu's) =

pup(1/2( — arccos(u)))

1
Zf psp(lu“in)luindluin
0

(Dreﬂ,l,sp,an(:u‘s) = (19)

The scattering and extinction coefficients can be calculated ana-
lytically [21] as follows:

_3h

Us,an - 2 d QS (20)
_3f

Bun= 2 d 0. (21)

where Qg g=pg, Qs p=psp» and Q=1 for large spheres without
diffraction [21]. The MC-computed scattering coefficients for dif-
fuse and specular particles, and the extinction coefficients are
1071 m~!, 126 m~!, and 1237 m™!, respectively; the analytically
calculated ones are 1032 m~!, 121 m~!, and 1200 m™, respec-
tively. Furthermore, the code was validated for IOOS and IOTS
[17].

The anisotropy of the sample was examined by subdividing the
volume domain in eight subvolumes and calculating S; along each

7 I
"""""" MC
61 analytical |
5
— 4 -
%
= diffuse specular

-1 0.5 0 0.5 1
s

Fig. 17 MC (dashed line) and analytically (solid line) calcu-
lated phase functions of a particle cloud for f,=1.6X107%, d
=2 pm, n=1.64,and k=2.6 X105 at A\=1 um, p,=0.866, and for
specularly and diffusively reflecting particles
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Fig. 18 Normalized mean intensity along three orthogonal di-
rections as a function of sample length

coordinate axis for each subvolume [17], assuming opaque par-
ticles. The results are presented in Fig. 18 and indicate the negli-
gible role of the sample’s anisotropy.

The MC algorithm was further used to compute the radiative
characteristics of a cubic (¢=0.48) and orthorhombic (£=0.40)
packed bed of glass spheres (n=1.5, k=0 at A\=0.6328 wm) with
diameter 1.269 mm. Since the glass particles are transparent at
A=0.6328 pum, Il(f)zlz(f) [18] and BMC=IB]8+B2(1_8)' BMC
was calculated to be 1775 m™' and 1952 m™' for the cubic and
orthorhombic bed configurations, respectively. The experimentally
determined value for a randomly packed bed (£=0.42) was Bgx
=2326+416 m™! [6]. The strength of the CT-based methodology
is that it can utilize the exact 3D geometry of porous media in the
limit of the geometric optics with negligible diffraction. Once the
accurate spectral bulk (microscale) radiative properties of the ma-
terial and interface are known, the macroscale radiative properties
can be determined with good accuracy.

5 Conclusions

A computational technique has been developed to study the
thermal radiative properties of two-phase media containing
densely packed large nonspherical semitransparent particles. The
3D digital geometry of a packed bed of CaCOj particles was
obtained by employing CT and was used to directly determine
medium morphological characteristics such as porosity, specific
surface, pore and particle size distributions, and the REV for con-
tinuum domain. The collision-based MC method was applied to
calculate the probability distribution functions of the attenuation
path length and the direction of incidence at the fluid-solid inter-
face for the fluid and solid phases, which, in turn, were used to
obtain the radiative properties of the two-phase medium.

Spectral extinction coefficients were found to be independent
on the reflectivity type (specular/diffuse) of the fluid-solid inter-
face. In contrast, they depend strongly on the packed-bed geom-
etry and the internal extinction coefficient o+ k,, which in-
creases with wavelength due to the increasing complex refractive
index. The scattering coefficients associated with refraction and
reflection at the fluid-solid interface oy;; (i#j) and Oy eq ;> Te-
spectively, depend on its morphology and reflective characteristics
and on the internal radiative properties of the solid phase. o ;; and
Oy refl,; Dehave complementary. Scattering functions related to the
diffraction phenomenon ®;; (i#j) are restricted by total reflec-
tion. @, ; strongly depends on wavelength for specularly reflect-
ing interfaces, while the opposite is true for diffuse-reflecting in-
terfaces. Forward scattering was found to be predominant for
specular-reflecting particles, while backscattering is typical for
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diffusely reflecting particles. Large internal extinction coefficient
with isotropic internal scattering lead to less pronounced direc-
tional behavior of ®;;.

Directional determination of the extinction coefficient eluci-
dated the negligible anisotropy of the sample. The MC algorithm
was validated by computing the radiative properties of semitrans-
parent porous media reported in the literature.

The methodology presented here can be generally applied for
the determination of the radiative properties of porous materials of
complex geometry, especially for low porosity media where mea-
surements become difficult.
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Nomenclature
1

Subscripts

Aoz

d = particle diameter, m
dy, = hydraulic diameter, m
f = size distribution function, m™"
f, = volumetric fraction
F = probability density function
G = cumulative distribution function
I = radiative intensity, W m™> s
k = imaginary part of complex refractive index
[ = length, m
m = complex refractive index
n = real part of complex refractive index
Nyy = number of rays
N, = number of attenuated rays
Nyox = number of voxels
Q = efficiency factor
r = distance between two points in the sample, m
r = position vector for spatial coordinates in the
sample, m
s = path length, m
§ = unit vector of path direction
s, = two-point correlation function
V = total sample volume, m>
Greek
a = absorption values of tomographic scans, m™!
B = extinction coefficient, m™!
6 = Dirac delta function
& = porosity
Kk = absorption coefficient, m™!
N = radiation wavelength, m
Min = cosine of incidence angle
Mt = cosine of reflection angle
Ms = cosine of scattering angle
M = cosine of transmission angle
& = size parameter
€ = normalized two-norm of relative error
p" = bidirectional reflectivity, sr™!
p’ = directional-hemispherical reflectivity
o = scattering coefficient, m™!
¢@q = difference azimuthal angle ¢4=¢;,— ¢, rad
¢, = azimuthal angle of incidence, rad
¢, = azimuthal angle of reflection, rad
@ = scattering phase function
¢y = pore-space indicator function
w = scattering albedo
Q = solid angle, sr

specific surface, m~

072701-10 / Vol. 131, JULY 2009
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a = absorption
an = analytical
b = blackbody
boundary = medium’s boundary
d = diffuse
dep = dependent
e = extinction
EX = experiment
i, j = phase indices (1=void, 2=solid)
in = incoming
int = internal
max = maximum
op = opening
ref = reference
refl = reflection
refr = refraction
s = scattering
sp = specular
tot = total
N = spectral
oo = initial
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