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Abstract—A radiation model is developed to evaluate the effect of fiber orientation on the radiative heat
transfer through fibrous media between parallel planar diffuse boundaries. Fibers in the medium can be
oriented in any given polar and azimuthal directions. Pertinent parameters in the model are the absorption
ratio and the backscatter factor, which characterize the effect of the absorption coefficient and the amount
of backscattered radiation, respectively. The analysis reveals that the polar orientation of the fibers
strongly affects both the backscatter factor and radiative heat transfer. Radiative heat transfer is, however,
independent of the azimuthal direction of the fibers. For fibers oriented parallel to the boundaries,
backscattering of radiation is highest which results in minimum radiative heat transfer. If the fibers are
oriented perpendicular to the boundaries, there is no backscattering of radiation and radiative heat transfer
is affected only by the absorption coefficient. This then results in the highest radiative heat transfer.

INTRODUCTION

FIBROUS materials are commonly used as thermal insu-
lation in many engineering systems due to their effec-
tiveness in reducing the radiative heat transfer. Under
atmospheric conditions fibers in the medium also sup-
press convection ; therefore radiation and conduction
heat transfer are both important even at the moderate
temperatures of about 300400 K [1-3]. Reduction of
thermal radiation through these materials is therefore
critical in improving their insulation capacity.

Radiation through fibrous media has been the sub-
ject of many recent investigations [4-10]. The ana-
lytical consideration ranged from the earlier empirical
models to the recent more rigorous approaches. In
the latter analyses fibers were modeled as infinitely
long circular cylinders the radiation properties of
which, e.g. the extinction and scattering coefficients,
were calculated by using well-established formulae
from electromagnetic theory [11, 12].

Radiative heat transfer through fibers oriented ran-
domly in space had been considered in several studies
[5, 7, 8]. The formulation for the radiative properties
of fibrous media with any fiber orientation was
derived in ref. [9]. In addition, the solution on the
radiative transfer of collimated irradiation was pre-
sented for the case of fibers oriented normal to the
incident irradiation. A radiative heat transfer model
was also developed for fibrous media with fibers ori-
ented parallel to planar boundaries [10].

Fibers in many insulation materials are neither
randomly oriented in space nor oriented in planes.
Instead they may be preferentially oriented in specific
polar and/or azimuthal directions. It is necessary to
be able to evaluate the effect of fiber orientation on
the thermal insulation effectiveness of the fibrous
medium in order to determine both the optimal fiber
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orientation and the penalty on the thermal insulation
capacity due to deviation from the optimal fiber orien-
tation. However, no analysis has yet been developed
which can account for any fiber orientation in radi-
ative heat transfer calculations.

This paper presents a radiation model applicable to
fibrous media with any spatial orientation of fibers
based on the two-flux approximation. The analytical
formulation utilizes the previously derived trans-
formations between the fiber and the global coor-
dinate systems [9], as well as the radiation model for
fibers oriented in planes [10]. For completeness and
continuity, a brief review of the previous formulation
is also included. This is followed by the analytical
formulation to treat the general case of any fiber orien-
tation. Numerical results will be shown to dem-
onstrate the effect of fiber orientation on radiative
heat transfer.

FORMULATION

Consider a medium of fibers contained between
parallel diffuse boundaries. The boundaries are at
temperatures T, and T, with diffuse emissivities ¢,
and &,, respectively. The equation of transfer can be
written separately in terms of the radiative intensities
traversing in the forward (7*) and backward (1)
directions as [10]

I+ u—d;= —KI* +o,I,+[o,—BJI* +BI,
O<u<l1l (la)
I": p——=—KI"+06,1,+BI" +[o,—B]I,

~1<p<0 (Ib)
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NOMENCLATURE

B backscatter parameter B absorption ratio, 5,/K
B backscatter factor £ surface emissivity
d’F  fiber orientation distribution function 0 angle of observation
e;,€, Planck functions at the boundaries 0. limit of integration for the backscatter
i unit intensity function parameter
I* radiative intensity traversing in the / wavelength

forward hemisphere 1 cosé
I radiative intensity traversing in the ¢ polar angle

backward hemisphere n angle between the incident and scattered
1, blackbody intensity radiation
j N o, absorption coefficient
k imaginary part of m a, average absorption coefficient, defined by
K extinction coeflicient equation (6) or (7)
K average extinction coefficient, defined by g, scattering coefficient

equation (6) or (7) , average scattering coefficient, defined by
L depth of medium equation (6) or (7)
m complex index of refraction, n—jk & angle of incidence
M total number of weave directions ¢, complementary angle of incidence,
n real part of m j71/2 — i
N(r} fiber number size distribution w azimuthal angle.
q radiative heat flux
0 efficiency Subscripts
¥ radius of fiber a absorption
R unit vector e extinction
X; fraction of fibers oriented in the jth f fiber

direction i incident radiation
y depth along medium. i 1,2,....M

m medium
Greek symbols r fibers randomly oriented in space

o size parameter, 27r/A s scattered radiation.

where K, a,, and g, are the extinction, scattering, and
absorption coeflicients, respectively, B the backscatter
parameter, /, the blackbody radiation, x = (cos {) the
cosine of the polar angle £, and w the azimuthal angle.
The radiative coefficients and the backscatter par-
ameter are, in general, functions of ¢ and @. Detailed
discussion of these parameters will be given in the
subsequent sections. Note that the radiative prop-
erties are angular dependent because the radiative
cross sections of the fibers vary with the direction of
the incident radiation [9]. All quantities in the above
equations are spectral.

In the two-flux approximation the intensities /™
and /- are assumed to be isotropic in the respective
hemispheres. By integrating equations (la) and (1b)
over the forward and backward hemispheres, respect-
ively, and assuming radiative equilibrium, the net
radiative heat flux can be obtained as [7, 10]

‘= J "‘[,,,1 - el ()
0 ( ,,}.._1)+<ﬁa—2é)za

&y &2

€1 —€;

In the above equation e, and e, are the Planck
function, 4 the wavelength, L the thickness of the slab,

B, = (,/K) the absorption ratio, &, and K the effective
absorption and extinction coefficients, respectively,
and B the backscatter factor. The backscatter factor
B results from the hemispherical integration of the
backscatter parameter B. A detailed derivation will be
shown in a later section. Also, all quantities inside the
integral are spectral and the subscript 4 was omitted
for clarity.

The absorption ratio and the backscatter factor
are the pertinent parameters in the current radiation
model. The derivation of these parameters had been
presented for the specific case of fibers oriented
parallel to the boundaries [10]. The formulation
applicable for any fiber orientation is presented in
the following sections. For continuity and clarity the
transformation between the fiber and the global coor-
dinates, as well as the formulation of the radiative
properties of fibrous media with any fiber orientation
are first briefly described.

Coordinate transformation

A fiber is modeled as an infinitely long circular
cylinder because its length is generally much greater
than both the wavelength of the radiation and the
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F1G. 1. Scattering of radiation by an infinite circular cylinder.

diameter of the fiber [5-10]. Figure 1 shows the scat-
tering of radiation by a fiber at oblique incidence. The
scattered radiation propagates along the surface of
the cone with apex angle n —2¢, where ¢ is the angle
of incidence measured from the normal of the fiber
axis. The complementary angle of incidence ¢, is mea-
sured from the fiber axis. The angle between the inci-
dent and scattered radiation measured on the base of
the cone is called the angle of observation 8. The
angles 0, ¢, and ¢, are defined relative to the coor-
dinate system attached to the fiber.

Figure 2 depicts a fiber oriented between two planar
boundaries that are located parallel to the X-Z plane.
R, R, and R, are unit vectors in the direction of the
incident radiation, the scattered radiation, and the
fiber axis, respectively. The fiber coordinates (4, ¢)
are related to the global coordinates (£, w) by [9]
cosg. =sing =R ‘R =R, ‘R,

= sin & sin & cos (w; —w¢) +cos & cos &y (3a)
(3b)

where subscripts i, s, and f refer to the incident radi-

= sin &, sin &, cos {w, — ;) +cos & cos &

z

F1G. 2. Fiber orientation in space (boundaries parallel to the
X-Z plane).

HMT 32:2.H
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ation, the scattered radiation, and the fiber, respect-
ively. The included angle # and the angle of obser-
vation 8 between the incident and the scattered
radiation are related to R;, R,, and R; by

cosn = R; "R, = sin & sin &, cos (v, — @)

+cosé cosé, (4a)

cos 8 = [(R; —R;sin ¢) - (R, —Rsin ¢)}/cos’ ¢

= (cos #—sin’ ¢)/cos’® ¢. (4b)

These transformations are used in the derivation of
the radiative properties in the subsequent sections.
The subscript i associated with the coordinates of the
incident radiation will be omitted for brevity.

Radiative properties

Expressions for the extinction and scattering
efficiencies {Q.(¢) and Q,(¢)} and the unit intensity
distribution function i(8, ¢) for a single fiber are well
established [11, 12]. These quantities are wavelength
dependent which are functions of both the refractive
index and the fiber size. The radiative coefficients for
a medium of fibers are obtained by integrating the
respective efficiencies for the fibers over the size and
orientation distributions [9}. By using the coordinate
transformations given by equations (3a) and (3b), the
radiative coefficients relative to the radiation trav-
ersing in the direction of (¢, w) are calculated by

o (Sp o
{K:vawo'a}:L J; J; Zr{Qe’Qs’Qa}

x NIr(R)ldrd®F  (5)

where Q, = (Q,— Q,) is the absorption efficiency, and
d*F and N(r) dr are the orientation distribution and
number size distribution functions for the fibers,
respectively. The limits of integration (&, &p, wn, W)
denote the range of the angular orientation of the
fibers. Typical variations of the radiative coefficients
with the direction of the incident radiation and the
fiber orientation were shown in ref. [9]. If the fibers are
randomly oriented in space, the radiative coefficients
become [9]

(R.5,5,) = f f/ 2r{0,1 0., 0.} cos 6 dp N(r) dr
©)

which are independent of angle.

An important result is obtained for the effective
radiative coefficients in the two-flux approximation.
These coefficients correspond to the average values
over all the directions of the incident radiation. They
are obtained by integrating equation (5) over a hemi-
sphere as

- 1 2 fri2
{K9 65; &a} = Z_J j. {Ks Oss aa} sin 4 dé do (7)
T jo Jo

which are independent of the fiber orientation. It can
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@) (b) INCIDENT RADIATION
BETWEEN PD

BACKSCATTERED
RADIATION

{c) INCIDENT RADIATION
BETWEEN PE

F1G. 3. Scattering geometry for o, —w; < w/2.

be readily shown that the radiative coefficients cal-
culated by equations (6) and (7) are identical.

Backscatter parameter B and backscatter factor B

The backscatter parameter B denotes the amount
of radiation scattered by all fibers into a hemisphere
due to the radiation traversing in a particular direction
in the opposite hemisphere. It is therefore affected by
both the direction of the incident radiation and the
orientation of the fibers. The backscatter factor B
corresponds to the total amount of radiation scattered
into a hemisphere due to radiation traversing in all
directions in the opposite hemisphere. It is obtained
by integrating the backscatter parameter B over a
hemisphere, as will be shown later.

The evaluation of Band B can be better understood
by considering the scattering of a ray of radiation (R;)
traversing in the upper hemisphere (i.e. 0 < ¢ < n/2,
0 < w < 2x) by a fiber (Ry) as depicted in Figs. 3-5.
The side views of the cone of scattered radiation are
shown in Figs. 3(a), 4(a), and 5(a), and the end views
containing the projection of the base of the cone are
shown in Figs. 3(b) (for R;;), 3(c) (for R;,), 4(b), and
5(b). In these figures point A on the base of the cone

Y‘P

(a)

denotes the direction of the incident radiation. The
cone of scattered radiation intersects the horizontal
X-Z plane that contains the apex of the cone at points
D and E. The portion of the cone confined below
the horizontal plane corresponds to the backscattered
radiation due to the incident radiation designated by
R;. The angles of observation 8, and 0, are measured
on the base of the cone from point A (i.e. the incident
radiation) to points D and E, respectively. Their
values depend on the relative directions of the incident
radiation and the orientation of the fiber as given
by equation (3b). For certain combinations of these
directions, the cone would not intersect the horizontal
plane as depicted in Fig. 4. In this case no radiation
can be scattered into the hemisphere opposite to that
containing the direction of the incident radiation.
The backscatter parameter B for fibers oriented
in random azimuthal directions parallel to planar
boundaries was previously derived as [10]

/1 w (F2n (G,+n
B(#;ér=n/2)=5r—3ﬁ L L i(0, ¢)

1

x 8(&—n/2)dOda, N(rydr. (8)

FIBER
AXIS

~N oA

(b)

FIG. 4. Scattering geometry for no backscattered radiation.
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F16. 5. Scattering geometry for w;—w; > 7/2.

The coordinate transformations given by equations
(3) and (4) are required in order to evaluate this
expression. The backscatter parameter is independent
of the azimuthal angle » due to the integration over
all azimuthal orientations of the fibers. The cor-
responding expression for fibers woven in specific
azimuthal directions is

i oM 8, +x
B(#,(z},ér“ﬁ/‘?) =$.lej j‘(g)J; 1(8,¢)
i= TRy, i

x 8(&; —n/2)0(w; —ay) dON[r(R)]dr - (9)

where x; is the fraction of fibers in the cy; direction.
The dependence of B on the azimuthal direction w
results from the discrete weave directions of the fibers.

In general if all the fibers are oriented in the polar
direction, &g, different from =/2, the backscatter par-
ameter is obtained by replacing the polar angle inside
the Dirac delta function by &g. The backscatter par-
ameter for fibers randomly oriented in the azimuthal
directions becomes

). oo 2n (B,
B(ﬂ;&f‘_:éfk):ﬁj; J; L i(6,9)

G

x 8(&— &) dO doe N(r) dr.  (10)

For fibers woven in specific azimuthal directions, the
backscatter parameter is

i M 0
B(p,w; & = {p) = P _Z.‘ Xj J;)\[} i(6, ¢)

X (& — £ )0 (me— g ) AON[r(R)]dr. (11)

The angles 6., and 6., are measured between points A
and D and points A and E, respectively, on the base
of the cone of scattered radiation as shown in Figs. 3
and 5. The integration over @, is performed in the
counter-clockwise direction. The 6.5 are related to the
angles 6,, #,, and ,,. The dependence of 8. on these
angles will be presented in the subsequent section.

The backscatter parameter for fibers randomly ori-
ented in space (B, ) is obtained by integrating equation
(10) or (11) over the polar angles as

2

B = f By, w; &y sin &g ddp. (12

The backscatter factor B denotes all the radiation
scattered into a hemisphere due to radiation trav-
ersing in all directions in the opposite hemisphere. It
is obtained by integrating the backscatter parameter
B over a hemisphere and normalized by the effective
extinction coefficient K as

2 [rj2
BE= j’ j B(p, 0)sinEdédw2nk. (13)
0 0

The angles 6, are functions of both the incident
direction and fiber orientation. The particular com-
bination of the directions of the fiber and the incident
radiation dictates the values of 6.. There is, in general,
no definite angular relationship between 4, and 0,.
The only exception is when the fibers are oriented in
planes; these two angles then differ by n. The com-
plicated dependence of 0, on R; and R, necessitates a
detailed consideration of the geometry of the scat-
tering of radiation in the coordinate system relative
to the boundaries. The derivation of the angles 8, is
described in the following section.

Determination of the angles 8,

Figures 3-5 show the three basic geometries of the
cone of scattered radiation by a fiber in the direction
R; due to radiation traversing in a forward direction.
The coordinates of the unit vectors for the incident
radiation, the scattered radiation, and the fiber are
designated by (£, w), (&,, 0,), and (&, wy), respectively.
The criterion for backscattering to exist is that the
maximum polar angle &, corresponding to the lowest
edge of the cone of scattered radiation exceeds =/2.
Otherwise, there is no backscattered radiation which
is the case depicted in Fig. 4.

If the azimuthal direction of the incident radiation
and the fiber axis are in the same quadrant, equation
(3a) dictates that ¢, < n/2. Figures 3 and 4 show
the scattering geometries for this case. From simple
geometric consideration, the maximum polar angle is
equal to
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P . T 14 T T
S =&+ 5 — ¢ (14)
< 12
If the entire cone of scattered radiation lies above the 10}
horizontal plane as shown in Fig. 4, then &, < n/2
and there is no backscattering of radiation. 08—
Figures 3 and 5 depict the geometries when back- o 06l
scattering of radiation occurs. In these figures point
A denotes the direction of the incident ray of 04
radiation, and points D and E denote the locations at 02l
which the cone intersects the horizontal X-Z plane
containing the apex of the cone. The coordinates of 02

the scattered radiation traversing points D and E are
(¢ = /2, wy) and (&, = n/2, wy,), respectively. The
portion of the cone between points D and E below
the horizontal plane is the backscattered radiation.
For the case depicted in Fig. 3, o —w; < /2 which
corresponds to ¢, < n/2. The angles ¢ and ¢, are
determined by equation (3a) for the particular com-
bination of the directions of the incident radiation
and fiber orientation. By using ¢, = #/2, the azimuthal
angles for points D and E are determined from equa-

tion (3b) as
sin
®, = W +cos™! {?}
sin &;

These two roots are substituted into equation (4a) to
calculate the two corresponding values of cos y which
are then used in equation (4b) to determine the two
roots of 6.

Two different sets of 8, and 6, as shown in Figs.
3(b) and (c¢) result depending on whether the incident
direction is between PD (Fig. 3(b)) or PE (Fig. 3(c)).
The need to distinguish between these sets of values
in the calculation of the backscatter parameter B can
be avoided by using the lowest edge of the cone as the
reference direction. This edge corresponds to the ray
of scattered radiation the coordinates of which are
given by (&, wr). The angle 0,, is then obtained by
substituting the coordinates (&, ;) and (&, w) for
the scattered radiation and the incident radiation,
respectively, into equations (4a) and (4b). Conse-
quently, the limits to be used in the evaluation of the
backscatter parameter are

Gc} = 9!
Ocz = 01 +2(0m_()l)

(15)

(16)

for @—wy < m/2.

Figure 5 shows the case of w— w; = n/2 which dic-
tates that ¢. > n/2. The angles ¢ and ¢, are again
determined by equation (3a) for a given ray of radi-
ation incident on a fiber. By using &, = 7/2, the azi-
muthal angles for points D and E are determined from
equation (3b) as

sin
w, = T+ w;tcos™! { - ¢}.
sin &,

The corresponding §s at these two points are evalu-
ated by using equations (4a) and (4b) for a given

amn

ALPHA, o
FiG. 6. Variation of the absorption ratio with size parameter.

direction (£, ) of the incident radiation. The limits
to be used to evaluate the backscatter parameter are

Oy =0,

O,=0,+n (18)

for o —w; = n/2.

It is obvious from the above derivation that angles
0, are different for each combination of the directions
of the incident radiation and the fiber axis. The 8.
given in equations (16) and (18) are used in equations
(10) and (11) for evaluating the backscatter parameter
B. Finally, the backscatter factor B for all the above
cases is obtained by integrating the backscatter par-
ameter B over the hemisphere of all directions of the
incident radiation as given in equation (13).

RESULTS AND DISCUSSION

The effect of fiber orientation on the backscatter
factor and radiative heat transfer for various fiber size
parameters and optical properties are discussed in
this section. The fibers are assumed to be inclined
at specific polar angles, except for the case of fibers
randomly oriented in space. For simplicity of illus-
tration, the following assumptions are made: mono-
size fibers, gray radiative properties, and black bound-
aries. Three different refractive indices are used for
demonstration.

Figure 6 shows the absorption ratio f, as a function
of the size parameter « for different refractive indices
m. Absorption dominates for small values of « and f,
approaches unity. As  increases, scattering becomes
more significant and B, decreases. Figure 7 shows the
variation of the backscatter factor with the fiber size
parameter for different fiber orientations. The back-
scatter factor is zero if the fiber axes are perpendicular
to the boundaries, i.e. &, = 0. This is physically obvi-
ous by observing the characteristics of the scattering
of radiation by a fiber as depicted in Fig. 1. Con-
sidering the fiber axis in Fig. 1 to be normal to the
boundaries, the scattered radiation is confined in the
same hemisphere as the incident radiation. Hence,
radiation cannot be scattered into the hemisphere
opposite to that containing the incident radiation and
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FiG. 7. Effect of the polar inclination of fibers on the back-
scatter factor.

the backscatter factor is zero. The backscatter factor
increases as the polar inclination of the fibers
increases. It is largest for fibers oriented parallel to
the boundaries, i.e. & = 90°, and is lower for fibers
randomly oriented in space. The maximum occurs
when «o is of the order of unity. Note that the back-
scatter factors for different types of fiber orientations
converge and approach zero for small «. This is
because scattering becomes negligible compared to
absorption in this regime. Figure 8 shows that the
backscatter factor increases with the refractive index.
This is because the scattering coefficient becomes
larger as the refractive index increases. The above
results indicate that both the fiber size and fiber orien-
tation are important parameters affecting the amount
of backscattered radiation by a fibrous medium.

The effect of fiber orientation on radiative heat
transfer through a fibrous medium is shown in Fig. 9.
The most effective thermal insulation, i.e. lowest heat
transfer, is obtained for fibers oriented parallel to the
boundaries. The insulation capacity decreases as the
fibers deviate from this orientation. In particular, the
highest radiative heat transfer results for fibers ori-
ented perpendicular to the boundaries. This is because
the backscatter factor is zero and radiative heat trans-
fer is governed only by the absorption coefficient.
These results also indicate the penalty on the thermal
performance due to different fiber orientations. Figure
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Fic. 8. Variation of the backscatter factor with size
parameter for fibers oriented in specific polar angles
(m=4.0-40). « =10,
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FiG. 9. Variation of the radiative heat flux with the fiber size

parameter form = 4.0—4.0j and f,L/A = 1.0 between black

boundaries ( /(= nr2IN) is the volume fraction, / the average
length of a fiber, and N the number density of fibers).

10 shows the effect of refractive index m(= n—jk) on
the radiative heat transfer. The effect of the optical
properties is more pronounced when the polar incli-
nation of the fibers is small. For the refractive indices
used in the present study, the effect of the absorption
ratio is more dominant than the backscatter factor.
Hence, radiative heat transfer is higher for the larger
refractive index. For typical fiberglass insulation, » is
much higher than & and the effect of fiber orientation
will be more pronounced when realistic optical prop-
erties are employed.

The above results reveal that the scattering
coefficient alone is not sufficient to characterize the
radiative heat transfer through fibrous media. This is
because the distribution of the scattered intensity
varies with the spatial orientation of the fibers and
the direction of the incident radiation. Fiber orienta-
tion is a critical factor that dictates the magnitude of
the backscatter factor.

The proper definition of radiation backscattering is
very important in the calculation of radiative heat
transfer through fibrous media. For scattering of radi-
ation by fibers, the backscattering of radiation relative
to a single fiber should be distinguished from the
backscattering with respect to the boundaries. In the
former case backscattering simply refers to the

0.300
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FiG. 10. Effect of refractive index of fibers on the radiative

heat transfer for fibers oriented in various polar angles for

SoLiA = 1.0 (f.(= r’IN} is the volume fraction, / the average
length of a fiber, and N the number density of fibers).
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portion of scattered radiation confined between the
region n/2 < 0 < 3n/2 as shown in Fig. 1. Back-
scattering relative to the boundaries refers to the radi-
ation scattered into the opposite hemisphere from that
containing the incident direction. Depending on how
the fibers are oriented relative to the boundaries, none
or only part of the scattered radiation by each fiber
would contribute to the backscattered radiation rela-
tive to the boundaries. In the previous radiation
models [5, 7], no distinction was made between these
two types of backscattering of radiation. The inad-
equate assumption can result in considerable uncer-
tainties in these models as was pointed out in ref. [10].

It should be emphasized that the backscatter par-
ameter in the present model is derived based on the
phase function for a single fiber. This phase function
is defined in terms of the natural coordinate system
(6, ¢) of a fiber [10]. The alternative approach is to
use the effective phase function of a medium which
has been integrated over the fiber orientation dis-
tribution for the specific type of fiber orientation [9].
Hence, a specific phase function is associated with the
corresponding type of fiber orientation. For the case
of fibers randomly oriented in space, Houston and
Korpela [8] expanded that specific phase function in
terms of Legendre polynomials. The resulting series
contains 20 terms in the far infra-red and 60 terms
in the near infra-red. Each type of fiber orientation
requires a similar series expansion with at least as
many terms. Developing series expansions for each
type of fiber orientation and including them in
any numerical computation is a formidable task.
However, the present approach of using the phase
function defined relative to a single fiber circumvents
the need to derive specific series expansions for the
phase function of each type of fiber orientation. This
approach of considering the physical geometry of the
radiation scattered by each fiber avoided the math-
ematical complexity that would result if the phase
function of a medium is used. This approach greatly
facilitates numerical computations.

CONCLUSION

A radiation model applicable to fibrous media with
any spatial fiber orientation was developed to evaluate
the effect of fiber orientation on radiative heat trans-
fer. Pertinent parameters in the model are the absorp-
tion ratio and the backscatter factor. The orientation

LEg

of fibers was shown to strongly affect the thermat
insulation characteristics of a fibrous medium.

The importance of fiber orientation is manifested
by the limiting case of fibers all oriented perpendicular
to the boundaries. In this case there is no back-
scattering of radiation, regardless of the magnitude of
the scattering coeflicient. Radiative heat transfer is
then governed solely by the absorption coefficient.
Backscattering gradually increases as the fiber axes
deviate from the perpendicular position. This indi-
cates that fiber orientation is indeed an important
parameter affecting radiative heat transfer through a
fibrous medium.

The present radiation model uses the two-flux
approximation which generally becomes less accurate
when the radiation intensity deviates from the iso-
tropic distribution. This approach is nevertheless use-
ful for engineering estimates due to its simplicity.
Since the geometry of the scattered radiation was con-
sidered in detail, the current formulation can easily be
extended to a multi-flux model should a higher degree
of accuracy be desired.
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EFFET DE L'ORIENTATION DES FIBRES SUR LE RAYONNEMENT THERMIQUE
DANS LES MILIEUX FIBREUX

Résumé—Un modéle de rayonnement est développé pour évaluer I'effet de 'orientation des fibres sur le
transfert radiatif & travers des milieux fibreux entre des fronticres planes, paralléles et diffusantes. Les fibres
peuvent étre orientées dans des directions polaires et azimutales quelconques. Les paramétres pertinents
du modéle sont le rapport d’absorption et le facteur de rétrodiffusion qui caractérisent respectivement
Peffet du coefficient d’absorption et celui du rayonnement rétrodiffusé. L’analyse montre que ’orientation
polaire des fibres affecte fortement a la fois le facteur de rétrodiffusion et le transfert radiatif. Celui-ci est
néanmoins indépendant de la direction azimutale des fibres. Pour les fibres orientées parallélement aux
frontiéres, la rétrodiffusion est plus élevée ce qui rend minimal le transfert par rayonnement. Si les fibres
sont orientées perpendiculairement aux frontiéres, il n’y a pas de rétrodiffusion et le transfert radiatif est
affecté seulement par le coefficient d’absorption. Ceci provoque alors le transfert radiatif maximal.

EINFLUSS DER FASER-OPTIMIERUNG AUF DEN
STRAHLUNGSWARMEAUSTAUSCH IN FASERIGEN STOFFEN

Zusammenfassung—Es wurde ein Modell zur Bestimmung des Einflusses der Faser-Orientierung auf den
Strahlungswiirmeaustausch in faserigen Stoffen zwischen planparallelen, diffus reflektierenden Grenz-
fidchen entwickelt. Die Fasern konnen in allen Richtungen orientiert sein, MaBgebende Modell-Parameter
sind das Absorptionsverhiltnis und der Faktor der Riickstrémung, welche den EinfluB des Absorptions-
koeffizienten und den Betrag der riickreflektierten Strahlung charakterisieren. Die Untersuchung zeigt, dal
die polare Orientierung der Fasern sich stark auf den Riickstreufaktor und den Strahlungswirmeaustausch
auswirkt. Der Azimutwinkel beeinfluBt den Strahlungswirmeaustausch nicht. Fiir eine zu den Grenzflichen
parallele Faser-Orientierung wird die Riickstreuung am groBten, was zu einem Minimum im Strah-
lungsaustausch fiihrt. Bei senkrechter Faser-Orientierung tritt keine Riickstreuung auf, so daB der Strah-
lungsaustausch nur vom Absorptionskoeffizienten abhingt. Dies filhrt zum héchsten Strahlungs-
wirmeaustausch.

BJIMSAHUE OPHEHTALIMHM BOJOKHA HA TEIJIOBOE M3JIVUEHUE B TMOPHCTBIX
CPEJAX

Annoramme—Pa3spaboTana Monenk TEMIOBOIO M3NY4eHHA [UIS OLUEHKH BIIMSHMN OPHEHTALMH BOJIOKHA
Ha PafMallAOHHbIA TEIUIONEPEHOC B BOJIOKHUCTHIX CPENax MeXAy NAPAJUIETbHBIMA TIIOCKUMH IHdy3-
HbIMH TpaHuLamy. BosokHa MOTYT GHITL OPHEHTHPOBAHBI B NOJMPHOM HIH a3UMYTaJIbHOM HAIpaBJc-
ausxX. TUOHMHBIME U1 J3HHOH MOJENH NapaMeTpaMK SBIMIOTCS KODOMIMEHTH HOTIOWIEHHA H
obpaTHOro paccesHus. AHANH3 TOKa3aj, YTO HONAPHAA OPHEHTAUHA BOJOKOH CHIBHO BIHAET Ha K03(-
¢unmenT o6paTHoro paccesHus H PaAHALHOHHLIA TEILTONEPEHOC, B TO BPEMs Kak OT a3HMYTAIbHOrC
HANPaBJIEHHA BOJIOKOH PajHANHOHHEH TEIUTONCPEHOC He 3aBHcHT. OBpaTHOE pacceaHNe HINYYCHHS Hau-
GoJice MHTEHCHBHO TP OPHEHTALMH BOJNOKOH NApAJUIEIBHO TPAHHIAM, YTO CHHXAET PafHALMOHMLIA
TEILTONEPEHOC A0 MHHMMYMa. B ciydae, korjga BOJOKHA HAnpaBieHb! NEPHEHIMKYISPHO K PAHHUAM,
o6paTHoe paccesHHe N3TyIeHns OTCYTCTBYET, M PaiMAlHOHHbIH TEILTONPEHOC 3aBUCHT TONBKO OT KO3(-
¢uuMEnTa TOT/IOWEHHS, B Pe3YJILbTATE YEr0 MHTEHCHBHOCTb PaIMALHOHHOIO TEIIONEPEHOCa MAKCHMA-
JILHO TIOBLILIAETCSL,
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