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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 300-400 K [l-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-lo]. The ana- 
lytical consideration ranged from the earlier empirical 
models to the recent more rigorous approaches. In 
the latter analyses fibers were modeled as in6nitely 
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, 121. 

Radiative heat transfer through fibers oriented ran- 
domly in space had been considered in several studies 
[5, 7, 81. 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 [lo]. 

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 

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 [lo]. 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 T1 and T2 with diffuse emissivities E, 
and Ed, respectively. The equation of transfer can be 
written separately in terms of the radiative intensities 
traversing in the forward (I+) and backward (I-) 
directions as [lo] 

z+ : pd’+ = -Kz+ +a,z,+[a,--]I+ +Bz-, 
dy 

O<p,< 1 (la) 

z- : 
dl- 

pp = -KZ- +o,Z,+BZ+ +[gs--B]Z-, 
dy 

-1 <p<O (lb) 
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NOMENCLATURE 

3 backscatter parameter ir, 
B 

absorption ratio, li,,,/R 
backscatter factor & 

d’F 
surface emissivity 

fiber orientation distribution function 0 angle of observation 
e ,, e, Planck functions at the boundaries % limit of integration for the backscatter 
i unit intensity function parameter 
I+ radiative intensity traversing in the ;. wavelength 

forward hemisphere ii cos i; 
I radiative intensity traversing in the i- polar angle 

backward hemisphere YI angle between the incident and scattered 
& blackbody intensity radiation 
j J-1 @:, absorption coefficient 
k imaginary part of m c>, average absorption coefficient, defined by 
K extinction coefficient equation (6) or (7) 
a average extinction coefficient, defined by CT, scattering coefficient 

equation (6) or (7) (Jr average scattering coefficient, defined by 
L depth of medium equation (6) or (7) 
m complex index of refraction, n - jk cb angle of incidence 
M total number of weave directions 4% complementary angle of incidence, 
n real part of m b!‘2-411 
N(r) fiber number size distribution <it azimuthal angle. 

q radiative heat flux 

Q efficiency Subscripts 
r radius of fiber a ~~bsorption 
R unit vector e extinction 
Xi fraction of fibers oriented in the ,j th f fiber 

direction i in~dent radiation 

Y depth along medium. .i 1,2,...,M 
m medi urn 

Greek symbols r fibers randomly oriented in space 
x size parameter, 2m/l S scattered radiation. 

where K, CT,, and era are the extinction, scattering, and 
absorption coefficients, respectively, B the backscatter 
parameter, I, the blackbody radiation, p = (cos 5) the 
cosine of the polar angle 5, and o the azimuthal angle. 
The radiative coefficients and the backscatter par- 
ameter are, in general, functions of [ and w. 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 f+ 
and I- are assumed to be isotropic in the respective 
hemispheres. By integrating equations (la) and (lb) 
over the forward and backward hemispheres, respect- 
ively, and assuming radiative equilibrium, the net 
radiative heat flux can be obtained as [7, IO] 

q = l’;:; ; :; _TLf;flZ;;)Zd;. (2) 

In the above equation e, and e2 are the Planck 
function, J. the wavelength, L the thickness of the slab, 

fl, = (5,/R) the absorption ratio, 5, and R 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 i 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 [IO]. 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. 

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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SCATTERED 
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FIG. 1. Scattering of radiation by an infinite circular cylinder. 

diameter of the fiber [S-lo]. 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 IL - 24, where 4 is the angle 
of incidence measured from the normal of the fiber 
axis. The complementary angle of incidence dt, is mea- 
sured from the fiber axis. The angIe between the inci- 
dent and scattered radiation measured on the base of 
the cone is called the angle of observation 8. The 
angles 0, 4, 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. 
Ri, R,, and Rt are unit vectors in the dir~tion of the 
incident radiation, the scattered radiation, and the 
fiber axis, respectively. The fiber coordinates (0, I$) 
are related to the global coordinates (5, w) by [9] 

cos$, = sin+ = Ri*Rf= R;Rf 

* sin Lji sin & cos (foi - wr) + cos & cos <r (3a) 

= sin 5, sin Cr cos (w, - wf) + cos <, cos & (3b) 

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

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

ation, the scattered radiation, and the fiber, respect- 
ively. The included angle pl and the angle of obser- 
vation 0 between the incident and the scattered 
radiation are related to Ri, R,, and Rf by 

cosq = R,.R, = sin&sin<,cos(wi-o,) 

+cos 15 cos <, (4a) 

cos 8 = [(R, - Rf sin 4) * (R, - Rf sin +)]/cos’ 4 

= (cos rj - sin* +)/cos’ 4. t4b) 

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 {QJ#J) and es(+)} and the unit intensity 
distribution function i(19,4) for a single fiber are well 
established [ll, 121. 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 dis~butions 191. By using the coordinate 
transformations given by equations (3a) and (3b), the 
radiative coefficients relative to the radiation trav- 
ersing in the direction of (5, w) are calculated by 

% Gl 

Iss 

ca 
{K%,G) = NQet c-2, Qal 

iI Cl 0 

x N[r(R,)] dr d2F (5) 

where Qa = (Q,- QJ is the absorption efficiency, and 
d2F and N(r) dr are the orientation distribution and 
number size distribution functions for the fibers, 
respectively. The limits of integration (en, ca, of,, on) 
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] 

IR,%&I = ~&i’2r{Q~,Q,,Q,}cosdddN(r)dr 

(6) 

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 

which are independent of the fiber orientation, It can 
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(4 (b) INCIDENT RADIATION 
BETWEEN i;ii 

(c) INCIDENT f@IATION 
BETWEEN PE 

FIG. 3. Scattering geometry for o, -of < z/2 

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

Backscatter parameter B and backscatter factor i? 
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 B and B can be better understood 
by considering the scattering of a ray of radiation (Ri) 
traversing in the upper hemisphere (i.e. 0 < 5 < 7c/2, 
0 6 w -=c 27~) by a fiber (R,) 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 Riz), 4(b), and 
5(b). In these figures point A on the base of the cone 

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 
Ri. The angles of observation 6, 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 [ 101 

x S(& - x/2) d0 dw, N(rj dr. (8) 

(a) b) 

FIG. 4. Scattering geometry for no backscattered radiation. 
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(4 (b) 

FIG. 5. Scattering geometry for Wi--Or 2 s/2. 

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

X &&-GW(mr-~j) d~Nr(%)I dr (9) 

where xj is the fraction of fibers in the wfj direction. 
The dependence of B on the azimuthal direction o 
results from the discrete weave directions of the fibers. 

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

xs(e,-~,)dedo,N(~)dr. (IO) 

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

The angles @,, and S,, 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 0, is performed in the 
counter-clockwise direction. The &s are related to the 
angles l3,, e2, and 6,. The dependence of 0, on these 
angles will be presented in the subsequent section. 

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

w 
B, = s Bb, OJ ; tFk 1 sin Sfi G. (12) 

0 

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 R as 

l?Z w 

B= 

.is 
B(p, co) sin 5 d5 do/2& (13) 

0 0 

The angles 0, 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 8,. There is, in general, 
no definite angular relationship between SC, and &. 
The only exception is when the fibers are oriented in 
planes; these two angles then differ by n. The com- 
plicated dependence of BC on Ri and RF 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 9, is 
described in the following section. 

Lktermination of the angles 8, 
Figures 3-5 show the three basic geometries of the 

cone of scattered radiation by a fiber in the direction 
RI 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 (l, w), (5,, o,), and (Cr. wf). respectively. 
The criterion for backs~atte~ng to exist is that the 
maximum polar angle &,, corresponding to the lowest 
edge of the cone of scattered radiation exceeds x/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 C$Q < 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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If the entire cone of scattered radiation lies above the 
horizontal plane as shown in Fig. 4, then t,,,, < n/2 
and there is no backscattering of radiation. 

Figures 3 and 5 depict the geometries when back- 
scattering of radiation occurs. In these figures point 
A denotes the direction of the incident ray of 
radiation, and points D and E denote the locations at 
which the cone intersects the horizontal X-Z plane 
containing the apex of the cone. The coordinates of 
the scattered radiation traversing points D and E are 
(5, = n/2, w,,) and (5, = n/2, wSZ), 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, ~)--wr < 7~12 which 
corresponds to I#, < n/2. The angles # and 4, are 
determined by equation (3a) for the particular com- 
bination of the directions of the incident radiation 
and fiber orientation. By using 5, = 7c/2, the azimuthai 
angles for points D and E are determined from equa- 

tion (3b) as 

These two roots are substituted into equation (4a) to 

calculate the two corresponding values of cos pl which 
are then used in equation (4b) to determine the two 
roots of 0. 

Two different sets of 0, and f12 as shown in Figs. 

3(b) and (c) result depending on whether the incident 
direction is between I% (Fig. 3(b)) or #% (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 (t,,, wr). The angle O,, is then obtained by 
substituting the coordinates (&, wr) and (5, 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 

o,, = 0, 

0,. = 0, +2(0,-U,) (16) 

for o--~r < n/2. 
Figure 5 shows the case of w - wy > n/2 which dic- 

tates that 4, > rrj2. The angles 4 and & are again 
determined by equation (3a) for a given ray of radi- 
ation incident on a fiber. By using f, = ~12, the azi- 
muthal angles for points D and E are determined from 

equation (3b) as 

w, = 7c+o,s_cos-’ 
sin 4 

{ I x5, 
(17) 

The corresponding 0s at these two points are evalu- 
ated by using equations (4a) and (4b) for a given 

IO p = 8 (j-8 Oj --_--- 

06 
m 

Q 06 

04 

0.2 
I 01 1 *ifI ( //I; 1 ‘//1 

10-2 10-l 100 lo1 
ALPHA, a 

FIG. 6. Variation of the absorption ratio with size parameter. 

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

(I,, = 8, 

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 fl,s 

given in equations (16) and (18) are used in equations 
(10) and (I 1) 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 &, as a function 
of the size parameter E for different refractive indices 
m. Absorption dominates for small values of cc and [$ 
approaches unity. As LY increases, scattering becomes 
more significant and j$, 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. I& = 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. <r = 90”, and is lower for fibers 
randomly oriented in space. The maximum occurs 
when c1 is of the order of unity. Note that the back- 
scatter factors for different types of fiber orientations 
converge and approach zero for small CY. 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 o~entation 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 

0.4 I I I I I I II 

POLAR ANGLE, 6 (deg) 

FIG. 8. Variation of the backscatter factor with size 
parameter for fibers oriented in specific polar angles 

(m = 4.0--4.Oj). tr = 1.0. 

FIBERS AT [, = 9.3" 

FIBERS AT r$, = 32.9", 

FIBERS ORIENTED 
IN PLANES--\ 

0.1 1.0 10.0 
SIZE PARAMETER, a 

FIG. 9. Variation of the radiative heat flux with the fiber size 
parameter form = 4.0-4.Oj and fvL/.2 = 1.0 between black 
boundaries (fV( = m%V) is the volume fraction, I 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, n is 
much higher than k 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 o~entation 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 
backscatterjng with respect to the bounda~es. In the 
former case backscattering simply refers to the 

d 0.200 \ t 
“‘.&~.~ 2.0 - 0.5 i 

._ -..._ 

I .----_A__ ._- 
_1 

” I” L” J” 4” 30 0” I” 0” 90 
POLAR ANGLE, f, (de@ 

FIG. IO. Effect of refractive index of fibers on the radiative 
heat transfer for fibers oriented in various polar angles for 
f”L/A = 1.0 cf.( = rVN) is the volume fraction, 1 the average 

length of a fiber, and N the number density of fibers). 



318 S. C. LEE 

portion of scattered radiation confined between the of fibers was shown to strongly affect the thermal 
region 7112 < 0 d 3n/2 as shown in Fig. 1. Back- insulation characteristics of a fibrous medium. 
scattering relative to the boundaries refers to the radi- The importance of fiber orientation is manifested 
ation scattered into the opposite hemisphere from that by the limiting case of fibers all oriented perpendicular 
containing the incident direction. Depending on how to the boundaries. In this case there is no back- 
the fibers are oriented relative to the boundaries, none scattering of radiation, regardless of the magnitude of 
or only part of the scattered radiation by each fiber the scattering coefficient. Radiative heat transfer is 
would contribute to the backscattered radiation rela- then governed solely by the absorption coefficient. 
tive to the boundaries. In the previous radiation Backscattering gradually increases as the fiber axes 
models [5, 71, no distinction was made between these deviate from the perpendicular position. This indi- 
two types of backscattering of radiation. The inad- cates that fiber orientation is indeed an important 
equate assumption can result in considerable uncer- parameter affecting radiative heat transfer through a 
tainties in these models as was pointed out in ref. [lo]. fibrous medium. 

It should be emphasized that the backscatter par- The present radiation model uses the two-flux 
ameter in the present model is derived based on the approximation which generally becomes less accurate 
phase function for a single fiber. This phase function when the radiation intensity deviates from the iso- 
is defined in terms of the natural coordinate system tropic distribution. This approach is nevertheless use- 
(@,c$) of a fiber [lo]. The alternative approach is to ful for engineering estimates due to its simplicity. 
use the effective phase function of a medium which Since the geometry of the scattered radiation was con- 
has been integrated over the fiber orientation dis- sidered in detail, the current formulation can easily be 
tribution for the specific type of fiber orientation [9]. extended to a multi-flux model should a higher degree 
Hence, a specific phase function is associated with the of accuracy be desired 

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 
nhase function of each tvne of fiber orientation. This 
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EFFET DE L’ORIENTATION DES FIBRES SUR LE RAYONNEMENT THERMIQUE 
DANS LES MILIEUX FIBREUX 

R&m&--Un modele de rayonnement est developpe pour &valuer l’effet de l’orientation des fibres sur le 
transfert radiatif a travers des miheux fibreux entre des frontieres planes, paralleles et diffusantes. Les fibres 
peuvent Btre orient&es dam des directions polaires et azimutales quelconques. Les parametres pertinents 
du modele sont le rapport d’absorption et le facteur de retrodiffusion qui caracterisent respectivement 
l’effet du coefficient d’absorption et celui du rayonnement rttrodiffusb. L’analyse montre que l’orientation 
polaire des fibres affecte fortement a la fois le facteur de retrodiffusion et le transfert radiatif. Celui-ci est 
neanmoins independant de la direction azimutale des fibres. Pour les fibres orient&es parallelement aux 
frontieres, la retrodiffusion est plus elevee cc qui rend minimal le transfert par rayonnement. Si Ies fibres 
sont orient&es per~ndicul~rement aux front&es, il n’y a pas de r~trodiffusion et le transfert radiatif est 

affecte seulement par le coefficient d’absorption. Ceci provoque alors le transfert radiatif maximal. 

EINFLUSS DER FASER-OPTIMIERUNG AUF DEN 
STRAHLUNGSWARMEAUSTAUSCH IN FASERIGEN STOFFEN 

Znsannnenfaasnng-Es wurde ein Model1 zur Bestimmung des Einflusses der Faser-Orientierung auf den 
Strahlun~w~ea~~u~h in faserigen Stoffen zwischen planpar~lelen, diffus re~ektierenden Grenz- 
t&hen entwickelt. Die Fasern kiinnen in alien ~chtungen orientiert sein. MaRge~nde Modell-Parameter 
sind das Absorptionsverh~ltnis und der Faktor der Riickstriimung, welche den EinfluB des Absorptions- 
koeffizienten und den Betrag der riickreflektierten Strahhmg charakterisieren. Die Untersuchung zeigt, daB 
die polare Orientierung der Fasem sich stark auf den Riickstreufaktor und den Strahlungswarmeaustausch 
auswirkt. Der Azimutwinkel beeinflut3t den Strablungswlrmeaustausch nicht. Fur eine zu den Gre&bhen 
parallele Faser-Orientierung wird die Riickstreuung am groSten, was zu einem Minimum im Strah- 
lungsaustausch fiihrt. Bei senkrechter Faser-Orientierung tritt keine Ruckstreuung auf, so daI3 der Strah- 
lungsaustausch nur vom Absorptionskoetlizienten abhangt. Dies ftihrt zum hiichsten Strahlungs- 

wiirmeaustausch. 

BJIFDIHAE OPMEHTAqWH BOJIOKHA HA TEITJTOBOE Ff3JIYrfEHME B I-fOPkiCTbIX 
CPEAAX 

Armoramnr---Paapaliorana MOAenb TelInOBO~O B3ny'leHWR AJIX OUeHKU BJIHRHHIl OpSieHTaUHH BOJlOKHa 

Ha paA&iaUHOHHblti TeIIJlOIIepe4K7C! B BOnOKRHCTblX CpeAaX Me~A)'lIapWIJIeJIbHblMH IIJIOCKHMU AH@##y3- 

Hbmm rpananaiun. BonoKna~oryT 6bITb OpneHTHpOBaHY B nonnpnoM mw a3wMyTanbnoM nanpame- 

HHSX. %inEi¶HbIME JiJE4 AaHHOii MOAenH IlapaMeTpaMH BRJIREOTCCII KO3@HI&SSeHTM lTOiXO~eH&in H 

06paTHoro paccwaas. AHEXJUU noKa3an,v~0 nompHas opwemausix BOAOKOH cmbH0 nnwaer na KO*- 
#mwfeHT o6parnoro pacceanan H ~~a~oHH~~ Tennonepeziw, B To ~pe~~i KaK OT a3nMyT~bHoro 

nanpaenenwa ~0A0fi0H p~na~o~~~~~o~e~H~ae 3aB~cn~.O(ipaT~oepaccen~me~3n~e~unna~- 

bonee nnrencnano npn opnenrautm aonoxon napannenbtto rpatiunahll, STO cnnncaer pannauwomibtfi 
rennonepenoc no Mnnnhf~a. B cnyuae, korna nonorota nanpaanermt nepnen~rcynnpno K rpamiuar+f, 
O6paTHOepa~~HHe~3ny~eH~~OTCyrcTBy~T,~~aAHaU~OHHb~iiTe~O~~H~3aBwCwTTOnbKOOT KO3+ 

+iUHeHTa lTO~nOIUeHHR, B p3yAbTaTe Per0 HHTeHCHBHOCTb paAEiaUHOHHOl-0 TeIIJIOIIepeHOCa MHKCWMB- 

nbHonoBbwaexx. 


