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ABSTRACT

Measurements of the air-flow permeability of insulation materials used in thermal tests in an
attic test facility have been performed. The permeability of as-blown loose-fill fiberglass was in the
range of 23 X 10° to 80 X 10 m?, and was inversely proportional to the density raised to the 3.0 to
3.5 power. As the specimen thickness was increased, the density increased and the permeability
decreased. The permeability of as-blown cellulose was much lower, being in the range of 2.4 X 107
t02.8 X 10° m?. Likewise, the permeability of fiberglass batts was much lower than that of loose-fill
fiberglass at the same density, being 7.4 X 10° to 7.9 X 10° m% Higher density fiberglass blankets
had still lower permeabilities of about 4 X 10° m% The permeance of a perforated polyethylene film
was about 2 X 10 m, giving a flow resistance that is about one-tenth that of the loose-fill fiberglass
on which it was placed in the attic tests.

When loose-fill fiberglass specimens were compressed by 18% and 29%, the permeability
decreased by factors of about two and three, respectively. With compression, the permeability was
found to be inversely proportional to the density raised to the 3.27 power.

Permeability profiles through the loose-fill fiberglass insulation were determined by sectioning
the specimens. In as-blown specimens, the permeability near the bottom of the insulation was about
2/3 as large as the average value, while the permeability near the top was very large. A plot of the
reciprocal of permeability versus distance from the top was nearly proportional to the distance from
the top for the first 60% of the total thickness (the reciprocal of permeability was very near zero at
the top), and then leveled off. Upon compression, the permeability profiles were greatly flattened,
with the top layer being slightly less permeable than the bottom layer.

The data presented here can be used in a detailed finite volume computer model for heat
transfer and fluid flow in porous media to obtain quantitative comparisons between model predictions
and the results of attic thermal tests.




1. INTRODUCTION

Over the past two and one-half years, the Building Envelope Research Center at ORNL has
been studying the thermal performance of attic insulations using an attic test module in a guarded
hot box facility (Wilkes et al. 1991a, 1991b; Wilkes and Childs 1992; Wilkes and Childs 1993). When
measuring the performance of low-density (about 8 kg/m®) loose-fill fiberglass insulation, it was found
that under winter conditions (i.e., heat flow up) with temperature differences greater than about 18
K applied across the insulation, the thermal resistance between the bottom of the gypsum board
ceiling and the top of the insulation was as much as 35% to 50% lower than at temperature
differences less than about 18 K. At small temperature differences, the thermal resistance was close
to that obtained using ASTM Method C518 (ASTM 1992a), the type of data routinely used to
develop labeling information. The decrease in thermal performance at large temperature differences
with heat flow up has been attributed to natural convection.

Under a cooperative agreement with a small company, the effectiveness of various covering
materials in reducing convection was explored (Wilkes et al. 1991a, 1991b; Wilkes and Childs 1992).
It was found that covering the loose-fill fiberglass insulation with single sheets of plastic material was
not effective in reducing convection, but that covering the loose-fill with either high-density fiberglass
blankets, low-density fiberglass batts, or loose-fill cellulose essentially eliminated convection over the
entire temperature range explored. Further experiments showed that there was little or no
convection when either fiberglass batt insulation or loose-fill cellulose insulation was tested alone in
the attic.

In addition to the thermal measurements, an attempt was made to obtain a detailed physical
understanding of the phenomena involved through the use of a finite volume computer model for
heat transfer by combined conduction and natural convection in a porous medium (Delmas and

Wilkes 1992). The initial analytical work was successful in that results from the model were in
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qualitative agreement with thermal data measured in the attic test facility. One of the key input
parameters for the model is the air flow permeability of the insulation materials. For the work
reported by Delmas and Wilkes, air flow permeabilities from a number of sources were used
(Yarbrough 1990; McCaa 1990); however, the permeabilities were not measured on specimens of the
actual insulations that were used in the attic tests. The purpose of this report is to document air flow
permeabilities measured on specimens of the insulations used in the attic tests. It is expected that
these measured values can be used in the computer model for quantitative comparisons of model

predictions with the thermal measurements.

2. EXPERIMENTAL METHOD

The air flow permeability is defined by Darcy’s law (see Nield and Bejan 1992),

)

y--X
u

1S

where V = filtration velocity, m/s
K = air flow permeability, m*
p = dynamic viscosity of air, kg/ms
dP/dx = pressure gradient through porous medium, Pa/m
To calculate K from the experimental measurements, Darcy’s law was integrated and rearranged to

give
k-b_ L )

where Q = volumetric flow rate, m*/s
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A = specimen area perpendicular to the flow, m?

L = thickness of specimen in flow direction, m

AP = pressure difference across the specimen, Pa

Air flow permeabilities were measured with the apparatus shown schematically in Figure 1,
which follows the general principles outlined in ASTM Method C522 (ASTM 1992b). Insulation
specimens were prepared in wood boxes having lateral dimensions of about 610 mm by 610 mm. Air
from a cylinder of compressed air was passed through a Meriam laminar flow element, then through
a high density fiberglass board that acted as a flow straightener, and finally through the specimen and
into the surrounding atmosphere. The pressure drop through the laminar flow element was read
using a Validyne differential pressure transducer, and was converted to a volumetric flow rate using
the calibration supplied with the flow element. Since expansion of the high pressure air from the
cylinder caused a cooling effect, the temperature of the air stream was measured to take into account
the variation of air viscosity with temperature. The pressure drop across the specimen was measured
with a Validyne differential pressure transducer.

Measurements were made at six or more different flow rates between 0 and 1.1 liter per
second, corresponding to velocities of 0 to 3 mm/s. Pressure differences across the specimen were
4 Pa or less. In all cases, a plot of AP versus Q was a straight line, and a linear regression was used
to obtain the ratio, AP/Q for use in Equation 2. Coefficients of determination (r?) were greater than

0.99 for most of the tests, but were as high as 0.9999 and as low as 0.87 for some of the tests.
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Figure 1. Schematic of air-flow permeability apparatus




3. MATERIALS TESTED

Permeabilities were measured for the following materials:

Low-density bonded, cubed loose-fill fiberglass, from three different lots of the same
material, blown to nominal thermal resistance levels of 3.3 and 6.7 m?K/W (nominal
thicknesses were 210 and 406 mm, respectively). All settings on the insulation
blowing machine were maintained the same for all specimens, with the exception of

Specimens 5-8 of Lot 3 for which the settings were different.

Low-density unbonded loose-fill fiberglass, blown to nominal thermal resistance levels

of 3.3 and 5.3 m®>K/W (nominal thicknesses of 210 and 318 mm, respectively).

Low-density fiberglass batts, from two lots of material: the batts from one lot were
610 mm wide and the ones from the other lot were 590 mm wide. The batts and
cubed loose-fill fiberglass were made from the same base material, i.e., the loose-fill

was produced by chopping (cubing) batts.

High-density fiberglass blankets

Loose-fill cellulose insulation
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° Perforated polyethylene film, of the type used in disposable diapers. The film was

approximately 0.05 to 0.08 mm thick, and the holes covered approximately 25 percent

of the area of the film.

Tests on all the loose-fill materials were performed on as-blown materials. In addition, several
specimens of the loose-fill fiberglass insulation were tested in compressed states to simulate the
compression experienced during attic tests when the insulation was covered with either low-density
fiberglass batts, high-density fiberglass blankets, or higher-density loose-fill insulation. Further, in an
effort to determine some information on the variation of permeability through the thickness of loose-
fill insulation, several thick loose-fill fiberglass specimens were measured after upper portions of the
insulation had been removed. The results of thermal tests on all of the above insulations have been
reported in Wilkes et al. 1991a, Wilkes et al. 1991b, Wilkes and Childs 1992, and Wilkes and Childs

1993.

4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1 AS-BLOWN LOOSE-FILL INSULATIONS

Tables 1 and 2 list the thicknesses, densities, and overall permeabilities of the cubed and
unbonded loose-fill fiberglass specimens in the as-blown condition. All permeabilities in the tables
and graphs have been multiplied by 10°% for example, the permeability of Lot 1, Specimen 1 is 69.9
X 10° m%. The permeability is plotted versus density in Figure 2, where the lines through the data
points were obtained by linear regressions on log-log plots, yielding Equation 3 for Lot 2 of the cubed

material and Equation 4 for the unbonded material:



K = 2.816 X 1075 p~30 3

K = 8.138 X 1075 p3% )
where p is the density in kg/m® and K is the permeability in m2. Coefficients of determination for
Equations 3 and 4 are 0.942 and 0.751, respectively.

Specimens from Lot 1 blown near 240 mm thick had lower densities and correspondingly
higher permeabilities than similar specimens from Lot 2. Also, the specimens from Lot 2 blown near
430 mm thick had higher densities and correspondingly lower permeabilities than specimens from the
same lot blown near 240 mm thick. The tendency for average density to increase with increasing total
thickness is a characteristic of this compressible material.

The sensitivity of the permeability to blowing machine settings is illustrated by the results for
Lot 3. Specimens 1-4 of Lot 3 had lower permeabilities than similar specimens from Lot 2, which
were blown with the same machine settings. When the machine settings were changed for Specimens
5.8 of Lot 3, the permeabilities were higher than those for Lot 2. Both the feed rate of insulation
and the air flow rate were changed for these specimens.

The permeability of the unbonded loose-fill fiberglass fell within the range of values obtained
on the cubed material. Judging from the scatter in the data, it appears that the permeabilities of
these two materials do not differ significantly.

Table 3 lists the thicknesses, densities, and permeabilities for loose-fill cellulose specimens in
the as-blown condition. The densities of the cellulose specimens were about four times higher than
that of the loose-fill fiberglass, and the permeabilities of the cellulose were about 8 to 33 times lower
than for the fiberglass.

The results on as-blown cubed, bonded fiberglass and as-blown cellulose are in reasonably

good agreement with values reported by Yarbrough (1992) on similar materials. In general, the
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values reported here are somewhat lower than Yarbrough’s permeability values. For example, at a
density of 10 kg/m® Yarbrough gives permeabilities of 2.02 X 107 and 6.29 X 10® m? for two
specimens of fiberglass, while Equation 3 gives a value of 2.57 X 10 m2% For cellulose, Yarbrough
gives one value of 6.43 X 10° m? at a density of 30 kg/m?, and values ranging 2.42 X 10” to 3.86 X
10 m? at a density of 35 kg/m’, while the average of the values in Table 3 is 2.58 X 10° m* at a

density of 32.4 kg/m®.

42 FIBERGLASS BATTS AND BLANKETS

Results for the fiberglass batts and blankets are listed in Table 4, and the values for the batts
are also plotted in Figure 2. The two sets of fiberglass batts had very similar permeabilities, even
though their densities differed by about 10%. The batts with the lower densities were visibly more
uniform. At a given density, batts with a more uniform distribution of fibers would be expected to
have a lower permeability. Thus, the fact that the two sets of batts had similar permeabilities at
different densities is probably related to the uniformity of fiber distribution. For a given density, the
permeability of the batts was as much as an order of magnitude lower than that of the cubed loose-fill
fiberglass, which was made from the same base material. Again, this is because the batts have a much
more uniform distribution of fibers; the loose-fill insulation contains air channels between pieces of
insulation, leading to high permeabilities. The blankets, made from a different base fiberglass

material, had densities 30% to 45% higher than the batts, and permeabilities about one-half as large.
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Table 1. Air Flow Permeability of As-Blown Cubed Loose-Fill Fiberglass

Permeability, m?,
Lot Specimen Thickness, mm | Density, kg/m® X 10°
1 1 242 7.54 699
1 2 241 7.69 733
1 3 233 7.56 75.4
2 1 427 8.84 36.7
2 2 434 9.00 34.0
2 3 439 8.79 37.1
2 4 235 7.93 56.1
2 5 232 7.91 51.0
2 6 238 7.99 57.5
2 7 216 7.25 61.6
2 8 195 7.18 70.6
2 9 225 7.35 65.8
3 1 412 8.92 285
3 2 404 8.81 28.7
3 3 405 8.92 273
3 4 405 9.52 23.0
3 5 216 8.19 54.8
3 6 206 7.96 59.7
3 7 196 8.10 63.4
3 8 202 8.01 74.7
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Table 2. Air Flow Permeability of As-Blown Unbonded Loose-fill Fiberglass

Permeability, m?, J
Specimen Thickness, mm Density, kg/m* X 10°
1 308 8.29 54.6
2 320 8.22 44.0
3 307 8.22 49.5
4 299 8.30 459
5 219 7.74 68.1
6 216 7.87 689
7 211 7.56 61.0
8 234 7.14 78.5
9 226 7.60 72.9

Table 3. Air Flow Permeability of As-Blown Cellulose

Permeability, m?,

Specimen Thickness, mm Density, kg/m? X 10°
1 163 32.0 2.54
2 179 333 2.36

3 178 319 2.85
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Table 4. Air Flow Permeability of Fiberglass Batts and Blankets

Permeability, m?,
Material Specimen Thickness, mm | Density, kg/m® X 10°
TJ
610 mm Wide
Batts 1 170 7.67 7.38
" 2 175 7.43 7.61
" 3 173 732 7.86
590 mm Wide
Batts 1 142 8.07 7.70
" 2 145 8.15 7.84
" 3 144 8.57 7.91
High-density
blankets 1 348 11.0 3.79
" 2 36.3 99 4.12
" 3 335 11.7 3.92
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43 EFFECT OF COMPRESSION ON LOOSE-FILL FIBERGLASS

During thermal tests in the attic test module, specimens of loose-fill fiberglass insulation were
sometimes covered with other materials. When this was done, the insulation was observed to be
compressed under the weight of the covering material. To simulate this compression, several
specimens were measured as-blown and were then measured after compressions of the magnitudes
experienced in the attic tests. These data are tabulated in Table 5, and a normalized plot of
permeability versus density is given in Figure 3. From Figure 3, it is seen that the reductions in
permeability due to compression are very similar from one specimen to another, the same for the two
different lots of cubed material, and also very similar for the two different kinds of material. The line

in Figure 3 was obtained from a linear regression on a log-log plot, and is given by
-327
Kﬁ = 1.0064 (i) ©)

where K is the permeability at density p and K, is the permeability in the as-blown condition at
density p,. The coefficient of determination (r?) was 0.979. Compressions of the magnitude
expericnced in the attic tests resulted in permeabilities that were one-third to one-half as large as in

the as-blown condition.
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Table 5. Effect of Compression on Air Flow Permeability
of Loose-Fill Fiberglass

Permeability, m?,

Material Specimen Thickness, mm Density, kg/m* X 10°
Cubed, Lot 1 1 242 7.54 69.9
Cubed, Lot 1 1 198 9.22 38.5
Cubed, Lot 1 1 171 10.6 240
Cubed, Lot 1 2 241 7.69 73.3
Cubed, Lot 1 2 198 9.36 40.8
Cubed, Lot 1 2 173 10.7 26.6
Cubed, Lot 1 3 233 7.56 75.4
Cubed, Lot 1 3 190 9.24 43.7
Cubed, Lot 1 3 173 10.2 279
Cubed, Lot 2 4 235 793 56.1
Cubed, Lot 2 4 179 104 241
Cubed, Lot 2 5 232 791 51.0
Cubed, Lot 2 5 169 10.9 19.8
Cubed, Lot 2 6 238 7.99 57.5
Cubed, Lot 2 6 172 11.1 18.8

Unbonded 1 308 8.29 54.6
Unbonded 1 272 9.38 35.5
Unbonded 1 227 11.2 16.6
Unbonded 2 320 822 44.0
Unbonded 2 277 9.50 280
Unbonded 2 238 11.1 15.0
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4.4 PERMEABILITY PROFILE THROUGH THICKNESS OF LOOSE-FILL FIBERGLASS

For many applications, a knowledge of the overall permeability of a layer of loose-fill
fiberglass may be sufficient. In other cases, it may be desirable to know how the permeability varies
through the thickness of the layer. Permeability profiles were measured on as-blown specimens of
cubed loose-fill fiberglass from Lots 2 and 3 and on specimens of the unbonded material.
Permeability profiles were also measured on specimens that had been compressed.

Profiles were determined by measuring the permeability of the total thickness, then carefully
removing a layer of material, and then measuring the permeability of the remaining material. Layer

permeabilities were calculated from the relationship

-y 2 ©

i=1 i

> |t

where L = total thickness, m
K = average permeability at total thickness, m?
L, = thickness of i layer, m

. = permeability of 1™ layer, m

n = number of layers

Equation 6 is an expression that the total resistance to fluid flow is the sum of the resistances of each
of the layers arranged in series.

Tables 6 and 7 present the profiles for the as-blown material. A normalized plot of these data
is given in Figure 4, where the ordinate is the ratio of the average permeability to the permeability

of a layer, and the abscissa is the midpoint of the layer expressed as a fraction of the distance from
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Table 6. Air Flow Permeability Profiles for As-Blown Cubed Loose-Fill Fiberglass

Permeability,
Specimen Layer Thickness, mm Density, kg/m* m?,
X 10°
Lot 2, Spec. 1 Top 87 6.31 138
Lot 2, Spec. 1 Next 110 8.36 482
Lot 2, Spec. 1 Next 107 9.77 28.8
Lot 2, Spec. 1 Bottom 123 10.2 24.6
Lot 2, Spec. 2 Top 93 6.10 85.8
Lot 2, Spec. 2 Next 116 8.84 46.5
Lot 2, Spec. 2 Next 92 10.4 233
Lot 2, Spec. 2 Bottom 133 10.2 254
Lot 2, Spec. 3 Top 88 5.41 183
Lot 2, Spec. 3 Next 108 8.62 50.9
Lot 2, Spec. 3 Next 102 10.1 30.6
Lot 2, Spec. 3 Bottom 141 10.1 23.9
Lot 3, Spec. 1 Top 188 6.76 62.2
Lot 3, Spec. 1 Bottom 224 10.7 19.7
Lot 3, Spec. 2 Top 138 5.97 80.1
Lot 3, Spec. 2 Bottom 266 10.2 215
Lot 3, Spec. 3 Top 187 6.71 68.9
Lot 3, Spec. 3 Bottom 218 10.8 18.0
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Table 7. Air Flow Permeability Profiles for As-Blown Unbonded Loose-Fill Fiberglass

Permeability,

Specimen Layer Thickness, mm Density, kg/m® m?,
X 10°

3 Top 46 6.07 61.1
3 Next 84 7.56 104
3 Next 63 8.14 37.0
3 Bottom 114 9.62 38.7
4 Top 56 5.7 245
4 Next 77 7.52 55.0
4 Next 76 9.16 33.8
4 Bottom 90 9.85 34.2

the top to the bottom of the total thickness of insulation. These data show the large variation in
permeability from top to bottom, which also corresponds to a variation in density from top to bottom.
Figure 4 shows that the reciprocal of the permeability varies nearly linearly with distance from the
top of the insulation to a point about 60% of the way through, after which the variation lessens. At
the very top of the insulation, the reciprocal of the permeability is nearly zero. The line on Figure
4 was obtained from linear regressions: the first segment used data with fractional distances between
0 and 0.6, while the second segment used data with fractional distances between 0.5 and 1. One data
point for the unbonded insulation at a fractional distance of about 0.1 and a permeability ratio of
about 0.8 was not.used in the regressions; this point obviously does not fit the trends of the other
data and is considered to be an outlicr. While other forms might also apply, this piecewise linear

approximation should be sufficient for most modeling purposes. The lines on Figure 4 are given by
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K

Zaw _ _00252 + 23502 1 Y <0581 @)
K L L
K

o _ 11554 + 03188 L Y > 0581 €))
K L L

where K,,, = average permeability at total thickness, m?

K = local permeability, m

y = distance from top of insulation, m

L = total thickness of insulation, m

At sufficiently small values of y, Equation 7 gives negative values of the permeability, which
are physically unrealistic. For modeling purposes, it is recommended that Equation 9, which is forced
to go through the origin, be used in place of Equation 7:

K
Zaz _ 92904 Y Y <0586 &)
K L L

Equation 8 still holds, but only for y/L greater than or equal to 0.586.

The permeability profiles for the compressed specimens are given in Tables 8 and 9. Because
of the small thickness, these specimens were only divided into two layers. These results show that
the compression results in a density inversion, with the top layer being more dense than the bottom
layer, and with the top layer having a lower permeability than the bottom layer. In effect most of the
compression has been taken up in the top layers, resulting in a more uniform distribution of density

and permeability than in the as-blown specimens.
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Table 8. Air Flow Permeability Profiles for Compressed Cubed Loose-Fill Fiberglass

(All specimens are from Lot 2)

Permeability,

Specimen Layer Thickness, mm | Density, kg/m® m?,
X 10°

4 Top 73 109 20.0

4 Bottom 106 10.1 280

5 Top 63 119 158

5 Bottom 106 10.2 234

6 Top 59 115 16.0

6 Bottom 113 109 20.7

Table 9. Air Flow Permeability Profiles for Compressed Unbonded Loose-Fill Fiberglass

Permeability,
Specimen Layer Thickness, mm | Density, kg/m® m?,
X 10°
1 Top 92 114 119
1 Bottom 135 11.2 227
2 Top 108 114 12.0
2 Bottom 130 10.8 19.0
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45 OVERALL VARIATION OF LOOSE-FILL PERMEABILITY WITH DENSITY

During the course of these measurements, permeability values have been measured over a
wide range of densities that were achieved by various means: blowing at different thicknesses,
compressing specimens, and sectioning specimens. The above sections have each presented data on
only one method of obtaining density variations. It is interesting to assemble all the data on a given
lot of material on one plot, as is done in Figure 5 for Lot 2 of the cubed loose-fill material. These
data show that fairly consistent variations of permeability with density are obtained regardless of how
the density was obtained. The data at the lowest densities were obtained by sectioning the specimens,
and this method led to larger uncertainties in layer thicknesses and may also have disturbed the
material, both of which lead to a larger amount of scatter than for the rest of the curve. The line

in Figure 5 was obtained from a linear regression on a log-log plot, giving

K = 2.8551 X 1073 p3 (10)
Similar analyses gave Equation 11 and 12 for Lots 1 and 3 of the cubed material, respectively, and

Equation 13 for the unbonded material:

K = 4.1543 X 1075 p312 (11)
K = 1.6184 X 1075 p2® (12)
K = 6.4359 X 1075 p-34 (13)

Coefficients of determination (r?) for Equations 10-13 are 0.968, 0.980, 0.810, and 0.856, respectively.
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46 PERFORATED POLYETHYLENE FILM

Because of its inhomogeneity, it was not possible to obtain a permeability value for the
perforated polyethylene film; instead, a permeance was determined. For a layer of insulation, the
permeance is the permeability divided by the thickness, and this is the reciprocal of the flow
resistance. Likewise, the permeance of a film is the reciprocal of the flow resistance. For the
polyethylene film, the permeance was measured to be 2.32 X 10% m. To give some basis for
comparison, the permeance of the 34 mm fiberglass blankets was about 1 X 107 m, and the
permeance of the 240 mm thick cubed loose-fill fiberglass (as-blown) was about 2 X 107 to 3 X 107
m. In effect, the perforated polyethylene film offers little resistance to air flow in comparison to the

other materials.

47 IMPLICATIONS OF RESULTS FOR ATTIC TESTS

The permeability data presented here can be used in detailed finite volume computer models
for heat transfer and fluid flow in porous media, and should allow quantitative comparisons of model
predictions with the results of thermal tests. In addition, a number of immediate observations can
be made that provide some explanation of effects seen in the thermal tests.

First, the thermal tests showed convection in as-blown loose-fill fiberglass insulation when the
temperature difference across the insulation exceeded about 18 K, a slight amount of convection with
fiberglass batts when the temperature difference exceeded about 29 K, and no convection in loose-fill
cellulose up to the largest temperature difference used in the tests (about 42 K). For a given thermal
resistance, the temperature difference at which convection begins should be inversely proportional

to the permeability (see Wilkes and Childs 1992). Since the permeability of the loose-fill fiberglass
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is 25 times higher than that of the loose-fill cellulose, it is not surprising that no convection was seen
in the cellulose. The permeability of the loose-fill fiberglass is about eight times higher than that for
the batts, and no convection would be expected up to the largest temperature difference used in the
tests (about 42 K). As discussed in Wilkes and Childs (1992), it was thought that no convection
occurred through the bulk of the batt insulation, but that the plateau in the resistance-temperature
difference curve at large temperature differences was due to a small amount of convection over the
joists where the batts may not have been butted perfectly together.

For an insulation with a given permeability, the temperature difference at which convection
begins should be inversely proportional to the thermal resistance of the insulation (this neglects other
effects such as changes in mean temperature). For cubed loose-fill fiberglass insulation this
temperature difference was about 18 K for both the 3.3 m2K/W and the 6.7 m*K/W levels. If the
permeability had been the same for the two levels, the temperature difference for the 6.7 m*K/W
level would have been expected to be 9 K. Using the densities given by Wilkes and Childs (1992),
Equation 3 predicts that the permeability of the 3.3 m2K/W insulation would have been 2.5 times
higher than that at the 6.7 m>K/W level. Now, the product of thermal resistance and permeability
of the two levels differ by only about 25%, and this helps explain why the temperature differences
at which convection started did not differ by a factor of two, as would initially have been expected.

When either low-density fiberglass batts, high-density fiberglass blankets, or loose-fill cellulose
was placed on top of loose-fill fiberglass, convection was almost completely eliminated. The weight
of these materials compressed the loose-fill fiberglass by 15% to 30% in thickness (and hence, caused
an increase in density). With these compressions, the data in Figure 3 show that the permeability is
decreased by a factor of two to three. With a critical temperature difference of 18 K in the as-blown
condition, these changes in permeability would result in temperature differences of 36 to 54 K

(assuming all other things to remain the same). This factor largely explains why the coverings almost



26

completely eliminated convection. Other factors that would contribute to elimination of convection
were: 1) the thermal resistance (i.e., the value in the absence of convection) of the loose-fill
insulation was decreased by the compaction, 2) the total temperature difference did not occur across
the loose-fill insulation because of the thermal resistance of the covering material, and 3) the covering
material provided an additional barrier to flow of air between the attic space and the loose-fill
insulation.

When the perforated polyethylene film was laid on top of loose-fill fiberglass, only a small (5
to 10 percent) improvement in thermal performance was observed. As was noted above, air flow
permeance of the film was about 10 times larger than that of the 240 mm thick loose-fill fiberglass.
Hence, the film provided only a small additional resistance to air flow. In addition, the light weight

of the film did not cause any appreciable compression of the loose-fill insulation.

5. SUMMARY AND CONCLUSIONS

Measurements of the air flow permeability of insulation materials used in thermal tests in an
attic test facility have been completed. The permeability of as-blown loose-fill fiberglass was in the
range of 23 X 10® to 80 X 10® m? and was inversely proportional to the density raised to the 3.0 to
3.5 power. As the specimen thickness was increased, the density increased and the permeability
decreased. The permeability of as-blown cellulose was much lower, being in the range of 2.4 X 10°
to 2.8 X 10° m% Likewise, the permeability of fiberglass batts was much lower than that of loose-fill
fiberglass at the same density, being 7.4 X 10° to 7.9 X 10° m”. Higher density fiberglass blankets
had still lower permeabilities of about 4 X 10° m%. The permeance of a perforated polyethylene film
was about 2 X 10® m, giving a flow resistance that is about one-tenth that of the loose-fill fiberglass

on which it was placed in the attic tests.
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When loose-fill fiberglass specimens were compressed by 18% and 29%, the permeability

decreased by factors of about two and three, respectively. With compression, the permeability was
found to be inversely proportional to the density raised to the 3.27 power.

Permeability profiles through the loose-fill fiberglass insulation were determined by sectioning
the specimens. In as-blown specimens, the permeability near the bottom of the insulation was about
2/3 as large as the average value, while the permeability near the top was very large. A plot of the
reciprocal of permeability versus distance from the top was nearly proportional to the distance from
the top for the first 60% of the total thickness (the reciprocal of permeability was very near zero at
the top), and then leveled off. Upon compression, the permeability profiles were greatly flattened,
with the top layer being slightly less permeable than the bottom layer.

It is expected that the data presented here can be used in a detailed finite volume computer
model for heat transfer and fluid flow in porous media to obtain quantitative comparisons between
model predictions and the results of attic thermal tests. At one level of modeling, the average
permeabilities can be used under the assumption that the permeability is uniform through the
thickness. At a more detailed level, the profiles of permeability versus distance through the insulation
can be used in the model. In the meantime, these data provide valuable insights into some of the

trends observed with the attic tests.
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Density:

Thermal resistance:

Permeability:
Air flow:

Pressure:
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APPENDIX A
CONVERSION FACTORS
in. = mm/25.4
ft = m X 3.281

Ib/ft> = kg/m® X 0.06243
hf2°F/Btu = m>K/W X 5.678
£2 = m? X 10.76

f%/min = liter/s X 2.119

in. H,O (at 60°F) = Pa/249
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