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Spectral Radiative Properties of Fiberglass Insulation

H. Y. Yeh* and J. A. Rouxt
University of Mississippi, University, Mississippi

An inversion method was used to determine the spectral radiative properties (scattering and absorption coefficients)
of fiberglass insulation from directional-hemispherical reflectance data. The experimental reflectance data were
obtained with a Willey 318S Fourier transform spectrophotometer (FTS) in the wavelength range of 4-19 gm. The
theoretical reflectance values were computed from the discrete ordinates solution to the radiative transport equation.
Both isotropic and anisotropic scattering were considered. The experimental data and theory were coupled via the
nonlinear least squares method to invert the radiative properties. In the wavelength range of 20-80 um, the extinction
coefficient was inverted from specular reflectance data via Beer’s law and the nonlinear least squares method. Heat
fluxes were computed using these properties and compared to existing steady-state heat-transfer measurements.

Nomenclature
A, = {th coefficient of phase function ®
a, = /th Gaussian quadrature weight
F, =collimated flux
I =radiative intensity, W/m?-steradian
I, =collimated incident intensity

i = dimensionless intensity, n//Q/,

i.  =collimated component of i

i; = diffuse component of i

i, = dimensionless incident intensity

k = thermal conductivity, W/m-K

L =highest order of P, as used in Eq. (3)
M  =number of Gaussian quadrature points
N = number of fiberglass samples

P, - = Legendre polynominal of /th order
» =incident radiant heat flux

q, = dimensionless flux, Eq. (7)

R, =directional-hemispherical reflectance
R, =specular reflectance

y = spatial coordinate, cm

B =extinction coefficient, ¢ + x, cm !

#  =polar angle

0, = polar angle of collimated incident intensity I,
0, =polar angle of incident intensity for R,

= absorption coefficient, cm !

= eigenvalue or wavelength, ym

= cosf

=cosf,

, = {¢th Gaussian quadrature point

= cosf,

= specular reflectivity of substrate

= scattering coefficient, cm ~!

= local optical thickness, Sy

= total optical thickness

= azimuthal angle

= phase function

= solid angle

= albedo, /(g + k)

= hemisphere
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Introduction

HE coupled radiative and conductive heat-transfer prob-

lem in fiberglass attic insulation has been studied experi-
mentally.!# Although analytical techniques®!? are available
for solving the coupled heat-transfer problem, results are still
uncertain because of the lack of radiative properties (scattering
and absorption coefficients). Since the key to computing heat
transfer is reliable radiative properties, the present work
focuses on determining the spectral radiative properties of low-
density (10.9 kg/m>) attic fiberglass insulation having a mean
fiber diameter of about 9 um. These radiative properties are
needed to help thermal designers compute the transient and
steady-state performance of a fiberglass attic insulation. These
properties are also needed for optimization purposes and en-
ergy conservation.

Various approaches to determining radiative properties have
been employed by several researchers.!*!7 The results in Fig. 1
show a significant variation among the extinction coefficients
determined analytically and experimentally by various re-
searchers. Figure 1 also shows the bulk fiberglass density of the
insulation used by each researcher. Even combining the density
and the extinction coefficient to obtain a mass extinction co-
efficient does not change the large spread in values, as shown in
Fig. 1. A popular approach'®!? is the use of Beer’s law with
normal transmittance data to determine the extinction co-
efficient. However, Beer’s law does not account for the in-scat-
tered intensity. Tong et al.}* and Love and Saboonchi'# only
covered a small portion of the wavelength spectrum below
6.4 um, which is not important for attic heat-transfer calcula-
tions. Although Chen'® extended the properties out to 20 um,
the results are unclear because a slight density difference be-
tween his two sample sets yielded a large extinction coefficient
difference. Chen measured the normal spectral transmittance
with a Perkin-Elmer M621 spectrometer; Beer’s law was used
to determine the extinction coefficient in the 2.5-20 pm wave-
length range.

Another method'®!” employs the solution of Maxwell’s
equation for a single cylindrical fiber and considers the radia-
tive properties to be a function of porosity, fiber diameter, fiber
length, and fiber orientation. This method for determining
radiative properties requires spectral optical properties (refrac-
tive index and absorption index) of fiberglass and the binder
material. It was found that the extinction coefficients deter-
mined by this method were much higher than inferred by Beer’s
law. A more detailed literature review on the determination of
radiative properties is given by Yeh.!®

Generally, the experimental methods of the mentioned
works'3"!% have several differences from the approach used in
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the present work. First, the in-scattered intensity was not prop-
erly considered or was neglected.’*!> The directional-hemi-
spherical reflectance data and the analytical model used in this
present work (4-19 pm) do account for the in-scattered radia-
tion. When Beer’s law is used, the in-scattered energy lowers
the calculated § value. Secondly, to solve the radiative trans-
port equation, an albedo was theoretically calculated,'” and the
two-flux model was used to solve the radiative heat-transfer
problem. The present work employed the radiative transport
equation to determine radiative properties and compute heat
transfer. The Maxwell equation approach!®!” seemed capable
of handling the in-scattering intensity, the appropriate wave-
length range, and the albedo problem mentioned, yet the ana-
lytically predicted properties as shown in Fig. 1 were generally
much greater than the experimentally determined f values.'>!*

The present method is different from the previously dis-
cussed works!>'7 and was used in the wavelength range of
4-19 um. Albedo calculations were not made; rather, the
albedo was determined from experimental data. Ideally, it is
desirable to have spectral radiative properties out to 80 ym
to cover most of the blackbody radiation at typical attic tem-
peratures (273-350 K). However, present instrumentation
capability restricted the directional-hemispherical reflectance
measurements to 4 < 19 ym.

The physical phenomenon was modeled with both isotropic
and anisotropic scattering for one-dimensional radiative trans-
port (see Fig. 2). The radiative transport equation was solved
by the discrete ordinates method, which was developed by
Chandrasekhar® and extended by Roux et al.® for computa-
tional usage. In the directional-hemispherical reflectance mea-
surement, the radiative transport process was modeled as a
collimated beam incident on a transparent interface at a polar
angle of 15 deg. Multiple scattering and absorption inside the
insulation were included.

The insulation samples were commercial pink fiberglass
(density 10.9 kg/m®) ranging in thickness from 0.112-1.28 cm.
The substrate material was aluminum foil with a reflectivity of
0.97 in the infrared. The radiative properties were inverted by
the nonlinear least squares method.!® The values of the scatter-
ing and absorption coefficients, which minimized the sum of
the squared error between the theoretical and the experimental
reflectance values, were considered as the converged radiative
properties.

In order to extend the nongray radiative heat-transfer calcu-
lations to 80 um, specular reflectance data were measured with
a Digilab FTS-20. Beer’s law was used in the wavelength range
of 20-80 um with the nonlinear least squares method to deter-
mine the extinction coefficients. In the 20-80 um region, the
properties in this paper have the same difficulties as the other
works!>!15 employing Beer’s law. However, at typical attic tem-
peratures, the 20-80 ym wavelength region contains less than
20% of the spectral blackbody radiant energy.

Experimental Measurements

Insulation samples were cut from a commercial pink fiber-
glass batt commonly used for residential attic application. In
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Fig.1 Comparison of extinction coefficients from various researchers in
the wavelength range of 2-80 um.
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order to determine accurate radiative properties, the sample
thicknesses were required to range from a very small thickness
to a thickness that would simulate being semi-infinite (reflec-
tance becomes independent of thickness). The samples were
prepared to yield a significant change in reflectance with re-
spect to sample thickness. The nine samples used in this work
had the following distinct thicknesses (cm): 0.112, 0.168, 0.244,
0.320, 0.373, 0.513, 0.653, 0.866, and 1.28; the cross section of
each sample was 3.18 cm x 3.18 cm. Details of the sample cut-
ting and preparation are given in Ref. 18. Basically, the sam-
ples were prepared by slowly sinking a large block of fiberglass
insulation in water. The block was then frozen solid. From the
large frozen block, the thin samples were sliced with a special
sinusoidal bandsaw blade. Next, the samples were dried. The
thicknesses were both directly measured and computed from
the fiberglass density and sample cross-sectional area. The di-
rectly measured and computed thicknesses had to agree before
a sample was considered acceptable. The sample thicknesses
have an uncertainty of about 5%; the radiative properties will
be affected by about the same percentage. The radiative prop-
erties are influenced more by the accuracy of the radiometric
measurements than by sample thickness uncertainties. An alu-
minum foil substrate (p, = 0.97) was used under the samples
while the reflectance measurements were made. The foil sub-
strate was useful for maximizing the change in reflectance with
respect to sample thickness.

The spectral directional-hemispherical reflectance measure-
ment for each sample was made with the Willey 318S at an
incidence angle of 15 deg (see Fig. 3). This instrument em-
ployed a roughened, gold-coated integrating sphere attached to
a Fourier transform spectrometer, which uses an LN,-cooled
mercury cadmium teluride (HgCdTe) detector. This configura-
tion allows measurements to be made in the 3-20 ym wave-
length region. The fiberglass reflectance data are shown in Fig.
4. The curve labeled R, is the directional-hemispherical reflec-
tance data, and the curves labeled R,, and R, are the specular
reflectance data. Because of instrument noise at the two ends of
the R, spectra, data at wavelengths less than 4 ym and greater
than 19 um were not used. The acceptable signal to noise ratio
(S/N) cutoff value of 100:1 was used. The noise was reduced by
using 16 scans; with an FTS system, this amounted to an S/N
improvement of a factor of /16 or 4.

A Digilab FTS-20 at the Oak Ridge National Laboratory
was used to measure the specular reflectances R, (R,; and R,,)
at an incidence angle of 16 deg in the wavelength range of
3-80 pm. The sample specular reflectance data are also shown
in Fig. 4 for the wavelength ranges of 3-25 um (R,,) and 20—
80 um (R,). Both R, and R, data were obtained with the
same instrument (Digilab FTS-20) but with two different sets
of optical components corresponding to the two different
wavelength regions. A complete set of the data for all the sam-
ples is given in Ref. 18.
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Fig. 2 Geometry and coordinate system for directional-hemispherical
reflectance.
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Fig. 3 Willey 3188 Fourier transform infrared spectrophotometer
reflectometer (with permission from Willey Corporation).

Analysis
The reflectance data obtained with the Willey 318S (Fig. 3)
corresponds to the directional-hemispherical reflectance R,
(see Fig. 2), which is defined as the ratio of total reflected
radiant flux to the incident collimated radiant flux Q7 and
mathematically can be written as

R, K(o,p)u dQ M

1
0]
The intensity 7 was multiplied by n/Q, to obtain a dimension-
less intensity i. The intensity was obtained by solving the fol-
lowing nonemitting and azimuthally symmetric (angle of

incidence near normal, 15 deg) scattering radiative transport
equation:

di 27 *1
lg,ll) = —i(n.u) + d J‘ J (0 ) ®(up’) du'dd’ (2a)
T an Jo Jou

with a specularly reflecting substrate

i(t’u)|r=0 = Ps i(T, - ﬂ) |r=0 (2b)

and a transparent top boundary with a collimated incident
intensity i,

{t, — W) —e, =1, (2c)
The azimuthally symmetric scattering phase function ® in Eq.

(2a) can be expressed in a Legendre polynominal series as

@(p,p’) = /zo APA)PApn") (3

The radiant intensity 7, of the incident collimated beam can be
expressed in terms of Dirac delta functions as

Ia = Foé(“ - Auc)(s(¢ - ¢c) (4)
where u, and ¢, define the incident direction and F, is a con-

stant. The incident collimated radiant heat flux Q) is obtained
by integrating /, hemispherically and becomes

o=Fo (5
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Fig. 4 Comparison of directional-hemispherical reflectance with specu-
lar reflectance for sample thickness 0.168 cm in the wavelength range of
3-80 pm.

Then I, and Q) can also be multiplied by #/Q to obtain
dimensionless quantities i, and g/, respectively as

.7
b= ou — pn)o(d — ¢ (6)
and
qo=" N
The intensity i in Eq. (2) can be decomposed into two compo-
nents, a collimated component i, and a diffuse component i,
with
i=i,+iy (8)
Then Egs. (2a-2¢) can be decomposed!®2*2# into two indepen-
dent sets of equations, one set governing the behavior of i, and

the other set describing the behavior of i,. The solution of i, for
u >0 was obtained!® as

ic(T’ - #) = io e~ _T)/“a > 0 (9)

The specular reflectance R, can be calculated from Eq. (9),
yielding

R, = pe = 2olts (10)

where yu, is the cosine of the incidence angle (16 deg) in the
specular reflectance measurement.

The governing equation and boundary conditions for i, are
given in discrete ordinates form by Chandrasekhar® as

dig(t,n) . o ¥ . L
b YOy =P S aidemn) S AP AP A
dr 2.2, £=0
+ ST, j=12,...M (11a)

id(r’:uj)"t =0~ psid(T’ - uj)l‘f =0

w>0,j=12,...,M/2 (11b)
id(r’_ﬂj)“r:t,,':oa .]=1’2’M/2 (llc)
where
® L
S(t,u) = e (o = Dk Z (—1’4.pP A1) P, A,)
4u, £=0
® L
+——pe Cot Ve N (=) AP (W)PA—p)  (11d)
4p, £=0
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and where the number of quadrature points M is an even
number. The diffuse intensity i, in Eq. (11a) can be split into a
homogeneous solution i, and a particular solution i,:

ig=iy +1, (12)
The particular solution i, is given'® as

[4)]

(T l) = [ 2 gn(1/1) ]e ~ o = Dike

| ot~ =< (13
where
L AP

el = ¥ St (4)
=1, 6) = @do— D/}, (152

_ wA, — (24 + 1) “/f,_l(lj)

broi) = ey 240D )
=12,...,L—1 (15b)

1

(1) =—— (1)

1- kzo ArCi(1/p)Do (1)

o & aP)PAw)
D . (l/ﬂc) = u__!_,
“ 2,';1 P+ wlu.

The homogeneous solution i, is given in Ref. 6. Finally, i, can
be obtained by summing up i, and i, as

£=0 (17

AT ) fc——l_lf“f ‘f’iAP( Ve
M) = ; e m )
u P 11+}~jlim =, eEABm)C A4y
@

* 4p,

[gm(1/n)e ~0 =Dk + pog, (= 1/pJe o+ Vg (18)

The eigenvalues 4; shown in Eq. (18) can be determined from
the characteristic equation

2 M a, L
5 = mZ=:1 1+, (Z:o AP (u,,)E0) (19)

The integration constants C; in Eq. (18) can be determined by
inserting Eq. (18) into the boundary conditions, Egs. (11b) and
(11c). The directional-hemispherical reflectance R, can then be
expressed in terms of the dimensionless incident heat flux g/
and intensity i as

1
R;= 7 j iz o)lu dQ (20a)

Inserting Egs. (7) and (8) into Eq. (20a) yields

Ra=1 | leCro) + iatrop)lp 40 (200)

The first term i u was integrated analytically by replacing i,
from Eq. (9); the second term was integrated by Gaussian
integration with the same quadrature order as used in Eq.
(11a). Then, R, can be written as

M2

Ry=pse %M + 2% @ ifTothm)thm (20c)

m=1

Finally, inserting Eq. (18) into Eq. (20c) yields
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solte + o M[2 f C 1— it
= —<Tolle L — = pMito
Ra=pe ¥2 L ot 2, T1+ A

L
X Eo AePe (pm)e (N)

+ 21-“;’1._0 [gm(1/pe) + psgm( — 1/ pc)e _210/%]} (21)

The absorption and scattering coefficients were determined
by the nonlinear least squares method.’ The sum of the
squares error between the experimental reflectance values of
the N different samples R; (j=1,..., N) and the theoretical
directional-hemispherical reflectance [Eq. (21)] values R,
(j=1,2,...,N)can be put into the form

N
E=Y [R,—R,?

i=1

where R; = RA0,k,1.,y;) and y; is the jth sample thickness. The
minimum value of E corresponds to the converged values of ¢
and x. A minimum E requires

OF
OF o

= = _ 22a,b
™ 0, » ( )

Performing the differentiations in Eqs. (22a) an_d (22b) gnd
then approximating R, by a first-order Taylor series expansion
with respect to guessed values ¢, and k,,, the result'®'® becomes

N (3R,\[OR, N (0R;\ & [ORy,
I8\ 20 a2 [ 4 WR —R,
Ax Y, ( % )( » +Ac Y % j;l P (R %)

j=1 j=1

(23a)
N (3R,\2 N (3R,\(OR,\ & (R
ORy R\ %) _ 5 (Ca)p _g,
A;c_;(ax>+Aaj§l ) B T (Be)® R
J (23b)
where

Ao =0—0, and Ak =k —k,

The derivatives in Egs. (23a) and (23b) were evaluated by finite
differences. The values As and Ak, which can be solved by
employing Cramer’s rule on Eqs. (23a) and (23b), were added
to the previous iteration values of ¢ and k to yield new im-
proved values of ¢ and k. These values are used again in Eqgs.
(23a) and (23b) to progressively yield more improved values of
o and k. This iteration process is repeated until o and x values
between two successive iterations were within one percent of
one another. This procedure was performed at discrete wave-
lengths, every 0.5 pm from 4-19 um. The number of iterations
to obtain converged values of ¢ and x was typically about four.
Total calculation time for all 31 wavelengths was less than 1.2
min of CPU time on an AMDAHL V8 with an IBM 370
operating system.

Results and Discussion

The o and x values for pink residential fiberglass insulation
were obtained by the method described. Two phase functions,
isotropic scattering and anisotropic scattering, were used for
inverting the radiative properties. The experimentally deter-
mined anisotropic forward scattering phase function for fiber-
glass insulation from Scheutz?! at A = 9.65 um was employed
in the 4-19 um wavelength region. Using a laser, Scheutz?!
experimentally measured the phase functions for both fiber-
glass and foam insulations. These phase functions were then fit
with Legendre polynomials and coefficients that could be di-
rectly used in this present work.

After converging on a pair of spectral ¢ and « values, these
properties were used in the computer model to compute R,
values. A comparison, of the computed R, values for isotropic
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and anisotropic scattering and the actual experimental data are
shown in Fig. 5 at a wavelength of 12.00 um. The agreement
shown in Fig. 5 is typical of the agreement between theory and
data for all wavelengths. Although the radiative properties re-
sulting from the two different phase function assumptions were
quite different in magnitude, the agreement of the theoretical
reflectance R, and the experimental data were both very good.
The heat-transfer results presented later will show good agree-
ment between the use of isotropic and anisotropic radiative
properties. In addition, the scaling of Lee and Buckius?' will be
shown to be valid. v ,

The spectral absorption coefficient behavior was found to be
essentially independent of phase function, as seen from Fig. 6.
However, the spectral scattering coeflicient, as shown in Fig. 7,
was found to be highly phase function —dependent, as would be
expected. The highly forward scattering phase function (an-
isotropic) as compared to the isotropic scattering has yielded
higher scattering coefficient values (Fig. 7) and consequently
has yielded higher spectral albedo values, as shown in Fig. 8 for
the 4-19 um wavelength region. As long as the phase function
and scattering coefficient are used together and the scaling
laws?' are satisfied, the heat-transfer computations will be es-
sentially the same (within about 2% or less).

In order to perform nongray heat-transfer calculations, it
was necessary to obtain radiative properties in the 2080 um
region. This region contains less than 20% of the total black-
body energy for typical attic temperatures. To obtain these
properties, the specular reflectance data were employed. A pure
attenuation process was assumed to be valid for the radiative
transport within samples for which a specular reflectance mea-
surement was made. Here, pure attenuation means that Beer’s
law considers scattering to be only an attenuation process,
whereas the radiative transport equation describes scattering as
both an attenuation process and an augmentation process.
Thus, the only radiative property that could be inverted was

.o
Theory pata
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Anisotrpic : o = 4.08 ol € =3.10 cal
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Fig. 5 Comparison of data and theoretical values for isotropic and
anisotropic scattering using the inverted radiative properties at
A4 =12.00 pm.
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Fig. 6 Comparison of absorption coefficients for anisotropic and
isotropic scattering.
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the extinction coefficient. The spectral extinction coefficients
were obtained by employing the nonlinear least squares proce-
dure on the experimental data and Beer’s law (Eq. 10). The
Beer’s law B values as shown in Fig. 9 compared more favor-
ably with the anisotropic § value obtained from the transport
equation than with the isotropic values. Therefore, the § values
from Beer’s law were used for nongray anisotropic radiative
heat-transfer calculations from 20-80 pym. Since the heat trans-
fer is not strongly dependent on o between 0.1 and 0.7'% and @
is not known in the 20-80 um region, the constant values 0.398
and 0.155 (Fig. 8) were chosen to be the anisotropic and
isotropic albedo values, respectively, for heat-transfer calcula-
tions. These two constant values were computed as the average
albedo value in the 12-19 um wavelength region. The constant
value of albedo from 20-80 um would imply that the slow
increase in R, in Fig. 4 with respect to wavelength is primarily
due to B decreasing with wavelength; this is precisely the trend
observed in Fig. 10. It is hoped that in the future, an instrument
can be developed for measuring R, out to 80 pm so both f and
 can be inverted directly in the 20-80 pum region.

It is appropriate to recommend a set of spectral radiative
properties to be used for a heat-transfer calculation. Radiative
properties to perform the heat-transfer calculations for the
wavelength range of 4-80 um are presented in Fig. 8 for  and
in Fig. 10 for B. For both isotropic and anisotropic scattering
in the spectral range of 4-9 um, the ® and f values shown in
Figs. 8 and 10 were computed from Figs. 6 and 7. The an-
isotropic extinction coeflicients in the spectral range of 20—
80 um were obtained from the Beer’s law results shown in Fig.
9. The isotropic B values shown in Fig. 10 for the 20-80 um
region were obtained by using the A,/3 scaling of Lee and
Buckius?! to scale from anisotropic to isotropic. These scaled
values are believed to be reliable because, as seen in Fig. 11, the
B values scaled from anisotropic to isotropic in the 4-19 um
region agree very well with the directly computed isotropic

ps = 0.97  Anisotropic

8q = 15° Isotropic  —-—--—-

o (em™1)
(f?

T
) 2 4 6 8 12 12 14 16 18 20
WAVELENGTH <mlcrons)

Fig. 7 Comparison of scattering coefficients for anisotropic and
isotropic scattering.
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Fig. 8 Albedo values recommended for heat-transfer calculations.
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values from the transport equation. Since the directly com-
puted isotropic and scaled isotropic f§ values agree very well, it
is implied that the heat-transfer results computed from both
the isotropic and anisotropic properties should also be in good
agreement. This will be demonstrated in Table 1.

The spectral extinction coefficients obtained in this work,
shown in Fig. 10, are highly wavelength-dependent. The peaks
in the extinction coefficient near 10 um and 25 um agree well
with the peaks in Fig. 1 from the works of Houston and Kor-
pelal® and also with Tong and Tien.'” The two peaks in the 8
curves in Fig. 10 near 10 yum and 25 ym correspond to the
regions where most glasses typically have large values of ab-
sorption index (the imaginary part of the complex refractive
index). The magnitude of the f§ values determined in this work
were closer to the values obtained by Chen.'® The average f
values for Chen’s low density (9.93 kg/m®) were between the
isotropic gray B value (3.70 cm ~!) and the anisotropic gray f
value (5.47 cm ~ ') of this work.

As shown in Table 1, the steady-state nongray and gray
heat-transfer solutions were compared to the experimental data
obtained by Houston and Korpela;!® the experimental heat-
transfer data!® were taken as the standard for purposes of
comparison. The nongray heat-transfer calculation?? was per-
formed by using a nine-band picket fence model with the prop-
erties shown in Fig. 8 for w and Fig. 10 for . The gray
properties used here were the average values of the spectral
properties (Figs. 6 and 7) in the wavelength range 4-19 ym.

8 lem~ly
-
1

Anisotropic
S —-=— Isotropic

——————— Beer’s Law

(s
e S 12 15 20 49 69 88
WAVELENGTH Cmlcronsed

Fig. 9 Extinction coefficients for transport equation inversion and
Beer’s law inversion.
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The hot-plate temperature T, the cold-plate temperature T,
and the total heat fluxes were measured!® by using a guarded
hot-plate method (ASTM C-177). The emissivity of the two
plates was 0.83, and the spacing between the plates, filled with
fiberglass insulation, was 3.8 cm. The inverted nongray radia-
tive properties (see Figs. 8 and 10) were shown to predict the
total heat flux to within 2.5% for anisotropic scattering and
3.4% for isotropic scattering (see Table 1) for all four temper-
ature ranges (case I.285.2-308.8 K, case II:285.3-337.3K,
case IIT: 285.6-365.2 K, case IV: 285.7-392.7 K). These heat-
transfer results show that the radiative properties recom-
mended here are capable of yielding good agreement with
actual heat-transfer data over a wide temperature range for
fiberglass insulation. The total heat flux results presented in
Table 1 for nongray anisotropic and isotropic scattering were
found to have slightly better agreement with the data than the
theoretical heat flux predictions (nongray) of Houston and
Korpela.!s For cases I and TT (285.2-337.3 K), which corre-
spond to a residential attic application, the agreement of the
gray predictions to the standard had a smaller absolute percent
error than the nongray computations. However, the nongray
computation percent errors are essentially constant for the four
different temperature ranges because the nongray model is able
to account for the blackbody radiation shift (Wein’s displace-
ment law). This indicates that the spectral properties § and @
are good for nongray heat-transfer calculations over a wider
temperature range.

T T v T T T T
2 s 1e 15 20 40 80 8a

WAVELENGTH (microns)

Fig. 10 Extinction coefficients recommended for heat-transfer calcula-
tions.

Table I Comparison of gray calculations with experimental data'® and nongray calculations!®22 for
3.8-cm-thick fiberglass insulation for steady-state heat transfer bounded by two plane surfaces” at
temperatures T, and T,

I I 11

v Comments

Boundary conditions

392.7 Ref. 16
285.7 Ref. 16

Resultant heat flux

T,b 308.8 3373 365.2
T, 285.2 285.3 285.6
q° 28.49 68.86 116.66
q 27.35 68.86 112.24
e%“? —4.0 —-3.7 —-38
q 28.99 70.55 119.60
e% 1.8 2.5 2.5
q 29.27 71.19 120.67
e% 2.8 34 3.4
q 28.46 68.09 113.32
e% —0.1 —-11 —-29
q 28.83 69.03 114.97
e% 1.2 0.3 —51.5

173.56  Data!® (standard)
166.72  Ref. 16

-39

177.92  Nongray, nine bands??

2.5 Anisotropic

Nongray, nine bands??
34 Isotropic

Gray anisotropic

—4.8 B=547Tcm~}, w =0.477
Gray isotropic

-34 B=370cm~", w =0.201

“Wall emissivities from Ref. 16 are 0.83. *Temperature, K. °q is total heat flux, W/m?, including conduction and
radiation. % is percent error of ¢ with respect to experimental data.'® “Properties obtained from Figs. 8 and 10.
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Fig. 11 Comparison of extinction coefficients for isotropic scattering
and scaling from anisotropic scattering.

Conclusions

The spectral radiative properties ¢ and x determined in this
work were shown to be valuable for computing heat transfer.
The assumption of phase function did not significantly in-
fluence the heat-transfer results as long as the same phase
function was used for both property determination and heat-
transfer computation. The method developed in this work is
valuable for determining o and x values for multiple scattering
media such as fiberglass, rockwool, and foam. A further im-
provement in the properties could be achieved by extending the
measurement of R, out to 80 um,; it is hoped to accomplish this
measurenient in the future.
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