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CENTER—INITTAL RESULTS

K.E. WILKES, R.IL.. WENDT, A. DELMAS and PW. CHILDS

Roof Research Center
Oak Ridge National Laboratory
Oak Ridge, Tenn.

In 1990, a series of tests was performed on residential at-
tics using an attic test module built to permit research to
be accomplished on a number of issues related to attics. This
test module was used in the Large Scale Climate Simulator
(LSCS) at the Roof Research Center (Center). This combi-
nation of test module and LSCS permitted the Center to
perform a number of studies under closely controlled in-
terior and climatic conditions, including:

® Evaluation of uninsulated attic performance and com-
parison with previously published results.

® Evaluation of the thermal performance of the attic with
loosefill fiberglass insulation.

B Identification of heat loss due to convective air move-
ment through the loosefill insulation under simulated
winter conditions.

Testing, in general, showed reasonable agreement with
previously published results for each of the above areas of
investigation. Thermal performance improved markedly
with the installation of the loose-fill insulation. However, the
thermal performance of the loose-fill insulation tested un-
der winter conditions declined by as much as a factor of
two as the temperature difference across the insulation in-
creased, This decline in thermal performance is attributed
to the initiation of convection through the insulation as the
temperature declines. These findings were documented by
both energy low analysis using the LSCS guarded hot box
and infrared scans of the insulation surface in the attic. It
should be noted that the present experiments were per-
formed with one type of loose-fill fiberglass insulation. Simi-
lar results would be expected for other products that have
similar air flow and thermal properties. However, further
testing is required to document the performance of the full
range of insulations currently available,
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BACKGROUND

Roof Research Center
The Roof Research Center was initiated by the U.S. Depart-
ment of Energy (DOE) in 1984 at the Oak Ridge National
Laboratory, located in eastern Tennessee near the city of
Knoxville. The Center was conceived as a DOE User Facili-
ty to assist in the development of cost-effective improve-
ments in the energy performance and durability of roofing
systems.

The roofing industry has been heavily involved in the

Center from its beginning. Currently fourteen experts from
industry form an Industry Advisory Panel to review the Cen-
ter’'s activities and research plans. In addition, a number of
firms are sponsoring work at the Center.

Major Experimental Facilities

The Center has three major experimental facilities. The ol-
dest and smallest is the Roof Thermal Research Apparatus
(RTRA}, which has been in use since 1985. In this facility,
four low-slope roof panels [each 1.2m by 2.4m {4 ft. by 8
ft.)] are exposed to the rigors of Tennessee weather. The
structure below these test panels is maintained at typical in-
door temperatures of 24°C (75°F).

Another outdoor facility, the Roof Mechanical Properties
and Foundation Research Apparatus (RMPFRA) was built
in 1990 and provides a 9.8m by 22m (32 ft. by 72 ft.) roof
test platform which simulates typical commercial construc-
tion practices. A description of the initial testing accom-
plished on the RMPFRA is included in the paper by Smith
and Wendt found elsewhere in this proceedings.

The third experimental facility, the $2 million Large-Scale
Climate Simulator (LSCS) is located within a 650m? (7000
ft.*} building which also houses the Center’s test roof fabri-
cation and storage facilities (see Figure 1). The LSCS, which
has been in use since 1988, tests roofing materials under
specific, artificially created climate conditions.

The upper portion of the LSCS (Figure 2) is the environ-
mental chamber which simulates a wide range of climatic
conditions in either a steady-state or dynamic (simulating
diurnal conditions) mode. Temperatures in the environmen-
tal chamber can range from 66°C to —-40°C (150°F to
~40°F). Roof surface temperatures can be controlled with
infrared heating up to 93°C (200°F).

The lower portion of the LSCS contains both a guard and
metering chamber each of which can be controlled indepen-
dently from 7°C to 66°C (45°F to 150°F). Both upper and
lower chambers have controlled humidity and other capa-
bilities which were not utilized in this set of experiments.
The automatic control systems for guard and metering
chambers are capable of maintaining temperatures to with-
in +0.06°C {4+ 0.1°F). The control system for the climate
chamber is also capable of maintaining the temperature to
within + 0.06°C (+0.1°F), except when the infrared lamps
are operating.

Attic Test Module

The Attic Test Module (Figure 3) was built to simulate typi-
cal residential construction practices and fit within the phys-
ical limitations imposed by LSCS. The gable attic is ap-
proximately 4.3m by 4.9m (14 ft. by 16 ft.} and is construct-
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ed of standard framing lumber, plywood roof deck and gyp-
sum board ceiling. The roof (5 in 12 slope) is covered with
roofing felt and medium grey asphalt shingles, Ventilation
is mechanically controlled, entering through eave vents and
exhausting through gable or ridge vents.

Instrumentation of the attic includes more than 130 cher-
mocouples which feed their data into a collection system
which monitors signals every four minutes. Air flow in the
ventilation air supply ducts is monitored by hot-wire
anemometers. The location of the instrumentation is shown
in Figure 4.

In addition to conditions in the attic test module, com-
plete data are also gathered on conditions in the environ-
mental, guard and metering chambers of the LSCS.

Attic Testing Agenda
The initial testing agenda for the Attic Test Module includes
the following primary objectives:

* Determine the experimental characteristics of the module.

* Compare test results from the module with results from
other attic testing,

* Compare the performance of various types of insulations
(reflective, radiant barrier and low density loose-fill) un-
der similar conditions.

* Determine if convective heat loss occurs within low-
density, loose-fill insulation.

* Determine if various forms of convective barriers are ef-
fective at controlling convective heat loss in low-density,
loosefill insulation.

An additional secondary objective was to evaluate the im-
pact of varying the ventilation rate within the attic module
for several of the tests performed.

Potential Future Attic Testing

As knowledge of the availability of the attic testing capabil-
ity at the Roof Research Center increased, industry interest
in performing additional tests has developed. Further poten-
tial tests in the Attic Test Module include:

* Thermal performance of other loose-fill insulations.

* Thermal performance of higher-density, loose-fill fiber-
glass insulation.

* Thermal performance of various batt insulations.

¢ Effectiveness of various types and configurations of vapor
retarders,

¢ Thermal performance of various radiant barriers.

Experience gained in using the Attic Test Module has
shown that additional capability should be developed to
evaluate changes in the roof membrane (shingle color, differ-
ing materials), as well as changes in the roof deck construc-
tion such as would be experienced with a cathedral ceiling.
Another test module has been proposed which will enable
the Center to test additional attributes of shingle roofs.

In addition to thermal testing, a big area of concern to
industry deals with moisture in attics. Improper materials,
design or construction can lead to severe problems in some
climates. The Center plans to adapt its test modules to study
the location and extent of moisture concentration under var-
ious climatic and attic ventilation conditions.

RESEARCH RESUILTS

Preparations for Attic Testing

LSCS Modes of Operation—The LSCS can be operated in two
modes, In the heat flux transducer mode, the metering
chamber hot box is kept in a lowered position (see Figure
2), and the lower chamber is used only to provide simula-
tion of indoor conditions. Heat flows through the roof panel
are measured with heat flux transducers attached to the
panel. The guarded hot box mode uses the metering cham-
ber as a guarded hot hox. The metering chamber is raised
so that it seals against the underside of the roof panel, and
provides a measurement of the total heat flow through the
2.4m {8 ft.) by 2.4m (8 ft.) central area of the panel. The sur-
rounding guard chamber is maintained at the samne temper-
ature as the metering chamber to minimize heat flow across
the metering chamber walls.

Because of the complex heat flow paths in the attic, it is
necessary (o use the LSGS in the guarded hot box mode. In
the guarded hot box mode, the heat flow through the panel
is calculated from an energy balance on the metering cham-
ber. Elements in this heat balance include energy supplied
by the direct current circulation fans, energy supplied by an
electric resistance heater, energy removed by a chilled-water
coil, heat losses or gains through the walls of the metering
chamber, and the heat flow through the roof panel. Fan and
heater energies are obtained from DC current and voltage
measurements, The energy removed by the chilled-water coil
is obtained from a flow rate measured by a turbine flowmeter
and from a temperature rise measured with a differential
platinum resistance temperature device. Heat flows through
the metering chamber walls are estimated from a number
of differential thermocouples across the walls.

The chilled water coil must be operated when heat flows
from the climate chamber into the metering chamber. It also
must be used under some conditions when heat is flowing
from the metering chamber into the climate chamber. These
conditions arise when the heat flow through the roof is
smaller than the energy input from the fans, and the chilled
water must be used to remove the excess heat.

Efforts have been taken to reduce the uncertainties in in-
dividual measurements. All thermocouples used special
limits of error wire, and all thermocouples used to obtain
an average temperature on a given surface were taken from
the same spool of wire, resulting in individual temperature
measurements accurate to within +0.6°C (£ 1°F). An in-
dependent calibration of the turbine flow meter established
its accuracy at +0.0013 liters per second ( + 0.02 gallons per
minute}, and an independent calibration of the differential
resistance temperature device established its accuracy as
+0.03°C (£ 0.05°F)..

All tests performed in the guarded hot box mode were
conducted under essentially dry conditions, with no mois-
ture sources in either the metering or climate chambers.

LSCS Tests with Calibration Panel—To check the overall
operation of the LSCS in the guarded hot box mode, a set
of experiments was performed using a roof panel that con-
sisted of an 0.102m (4 in.) thick slab of expanded polysty-
rene foam insulation. The thermal resistance of the foam
was determined independently using ORNL’s unguarded
thin-heater apparatus.’ Thermal resistances were determined
from the LSCS runs using the measured temperature dif-
ferential across the panel, the area of the panel enclosed
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between the centerlines of the metering chamber walls, and
the net heat flow deduced from the hot box energy balance.

The results of these experiments (see Table 1) show that
the measured thermal resistance of the panel is usually wi-
thin about five percent of the known value. Two tests were
performed with the climate chamber at 7°C. For one of these
tests, the chilled water coil in the metering chamber was ac-
tivated, but was turned off for the other test. With the small
heat flow for this test, the accuracy of the data is not as good
with the chilled water activated (8.1 percent) as when the
chilled water is turned off (5.2 percent). The larger dis-
crepancy with the chilled water activated is probably due
to the subtraction of two relatively large numbers (a cool-
ing energy and a heating energy) to obtain a relatively small
net heat flow through the panel. For this reason, data ob-
tained with the chilled water coil activated are considered
to be less accurate than those obtained with the chilled water
turned off.

Attic Testing with No Insulation

The first set of experiments with the attic test module was
conducted in February and March 1990, with no insulation
in place. These runs provide a baseline for judging the im-
pact of the addition of various types and levels of insula-
tion. In addition, these runs provided an opportunity to
compare results from the LSCS with resuits from another
facility,® and were useful in diagnosing the characteristics
of the attic module.

Test conditions and results are given in Table 2, LSCS
tests 1, 2 and 3 were intended to duplicate conditions for
tests reported in Wilkes and Rucker,? the results of which
are also given in Table 2, For these three tests, the meter-
ing chamber was maintained at 24°C (75°F), and the climate
chamber was maintained at either — 18°C (0°F) to simulate
winter conditions or 27°C (80°F) to simulate summer con-
ditions, For the summer test, the roof temperature was con-
trolled to 47°C (117°F) using the infrared Jamps in the
LSCS, while for the winter tests, the roof temperature was
allowed to seek its equilibrium value.

LSCS tests 4, 5 and 6 were intended to provide baseline
data for comparison with future tests with insulation in-
stalled in the attic. For the winter test (LSCS 4) with the chi-
mate chamber at —7°C (20°F), the roof temperature was
allowed to seek its equilibrium value, while for the summer
tests (LSCS b and 6) with the climate chamber at 32°C
(90°F), the roof temperature was controlled at 71°C (160°F).
Ventilation rates for all tests were controlled at the indicat-
ed values.

The two primary responses measured were the attic air
temperature and the heat flux through the ceiling. The meas-
ured heat fluxes for LSCS 2 and 3 agree well with those
reported in Wilkes and Rucker. However, the heat flux meas-
ured in LSCS 1 is about 40 percent higher than that report-
ed in Wilkes and Rucker.

Two factors are thought to contribute to the difference
in results from LSCS 1. First, the roof temperature in the
LSCS test, 15°C (5°F), is much nearer the clirnate chamber
temperature than was the case in Wilkes and Rucker, - 7°C
(19°F), presumably due to the higher air velocities in the
L5CS. The lower roof temperature would result in a lower
attic temperature and both of these lower temperatures
would result in an increase in the heat flow through the ceil-
ing. Another factor contributing to the difference may be

inferred from a comparison of the results from LSCS 1 and
2, for which the only difference in test conditions was the
imposed ventilation rate. The heat flux in the LSCS for these
two tests is insensitive to ventilation rate, while the heat flux
from Wilkes and Rucker increased significantly with increas-
ing ventilation rate, as would be intuitively expected. It is
thought that the LSCS attic may be subject to unintention-
al ventilation through openings in the gables which would
not be apparent from airflow measurements in the ventila-
tion air supply ducts. The effect of unintentional addition-
al ventilation would be most important at very low imposed
ventilation rates. Also, judging from the results of LSCS 3,
unintentional venting appears to be less important for sum-
mer conditions where the roof temperature was controlled
and where radiation between the roof deck and the attic
floor is expected to be the dominant mechanism for heat
transfer across the attic space. For the later tests with loose-
fill insulation, openings in the gables were sealed to
minimize unintentional ventilation.

Comparing the winter test results, it is seen that the heat
flux measured in LSCS 4 was about 36 percent less than
those from LSCS 1 and 2, This difference in heat fiux is
directly proportional to the temperature difference between
the metering chamber and the roof. Using this temperature
difference and the measured heat flux to define an effec-
tive overall thermal resistance yields a value of 0.38 m**K/W
(2.2 hreft?s °FfBtu). This value is intermediate between simi-
lar resistances of 0.42 and 0.33 m2¢K/W (24 and 19
hrefi?e °F/Btu) derived from the results of Wilkes and Rucker.

Comparing the summer test results shows that the heat
fluxes from LSCS 5 and 6 are 2.5 times as large as that from
LSCS 3. These heat fluxes are almost in direct proportion
to the temperature difference between the roof and the
metering chamber. Defining an overall thermal resistance
as was done for the winter tests yields values of 0.70, 0.61
and 0.60 m**K/W (40, 3.5 and 3.4 hreft**°F/Bru). A
resistance of 0.60 m2eK/W (3.4 hrefi*e°F/Btu)} is obtained
from the results of Wilkes and Rucker.

The thermal resistances for the summer tests are signifi-
cantly larger than for the winter tests. The difference is
thought to be due to a larger component of convection heat
transfer across the attic space under winter conditions where
the attic floor is warmer than the roof. Also, the thermal
resistances for an uninsulated attic under either summer or
winter conditions are much smaller than those obtained with
an insulated attic, as given below,

In general, it is concluded that heat fluxes measured in
an uninsulated attic in the LSCS agree fairly well with the
results from Wilkes and Rucker. The exception is for winter
tests with no intentional ventilation.

Convection in Loose-Fill Fiberglass Insulation
Wilkes and Rucker also reported data from attic tests with
various levels of fiberglass batt insulation and with various
levels of looseill fiberglass insulation. Under sufficiently
cold winter conditions, the thermal resistance of the loose-
fill insulation was significantly lower than expected based
on results of small scale laboratory tests. The loss in ther-
mal resistance was attributed to natural convection within
the insulation. A similar loss in resistance for loose-fill fiber-
glass insulation was observed by Besant and Miller, using
a test box.?

The insulating characteristics of fiberglass insulations have
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traditionally been considered to arise from the entrapment
of still air within the insulation. Heat transfer through the
insulation would then be a combination of conduction
through still air, conduction through the glass fibers, and
radiative transfer through an absorbing, scattering, and emit-
ting medium. The results of Wilkes and Rucker suggested
that an additional mechanism of heat flow by circulation
of air through the insulation by natural convection may oc-
cur under certain conditions when the attic i§ colder than
the space below the ceiling. With this mechanism, cold dense
air in the attic space falls into the insulation, where it is
warmed, becomes less dense and then rises back up into the
air space carrying additional heat with it.

Two series of experiments were performed in the LSCS
to determine whether the findings in Wilkes and Rucker
could be corroborated. The major characteristic of natural
convection is that the heat transfer rate is not proportional
to the temperature difference across the system, as would
be expected from Fourier’s law, but increases at a faster rate
than the temperature difference. In other words, the ther-
mal resistance decreases with increasing temperature differ-
ence. Therefore, the LSCS experiments were designed to
measure the thermal resistance over a wide range of tem-
perature differences that might be encountered in a real
house.

The first series of experiments was performed on Speci-
men 1 in May and June 1990. A local insulation contractor
was hired to install a low-density, loosefill fiberglass insula-
tion in the attic to a nominal Rvalue of 3.35 m?**K/W (19
hrefi2e °F/Btu). For this nominal Rvalue, the label thickness
is 0.21m (8.25 in.} and the label density is 8 kg/m?* (0.5 pounds
per cubic foot). Rulers were placed in several locations in
the attic to allow an estimation of the installed thickness,
which was about 0.23m to 0.25m {9 in. to 10 in.). After test-
ing was concluded, the total weight of insulation in the me-
tered area was determined to allow an estimate of installed
density, which was about 7.2 to 8 kg/m® (0.45 to 0.5 pounds
per cubic foot).

Since the installed thickness was larger than the label
value, the actual nominal installed R-value is also larger. As-
suming a simple proportionality between thickness and R-
value gives estimated nominal installed R-values between 3.7
and 4.0 m**K/W (21 and 23 hrefi*s °F/Btu). An additional
adjustment would be needed to account for the variation
of apparent thermal conductivity with density. Assuming
that the apparent thermal conductivity is the sum of air and
a radiation term that varies inversely with the density gives
estimated nominal installed R-values between 3.7 and 3.8
m*sKiW (2] and 22 hreft*e “F/Btu).

Results for tests performed on Specimen 1 under winter
conditions with a range of climate chamber temperatures
are given in Table 3. This table shows the heat flux meas-
ured with the metering chamber, using the area between
the centerlines of the hot box walls, The heat fluxes change
by over a factor of six as the climate chamber temperature
is lowered from 7°C to - 28°C (45°F to - 18°F). Compar-
ing the test at a climate chamber temperature of -7°C
{20°F} with the corresponding test with an uninsulated at-
tic {LSCS 4} shows the addition of the loose-fill insulation
has decreased the heat flow by nearly a factor of seven, from
65 to 94 Wim? (21 to 3.0 Buu/hrefc®).

Table 3 also shows thermal resistances that were calculat-
ed using the measured heat flux, and the average tempera-

ture difference between the bottom of the gypsum wallboard
and the top of the insulation. Thus, these thermal resistances
include the effects of the gypsum wallboard and the 2 X 4
wood joists, as well as the insulation. The measured ther-
mal resistances are seen to range from a high of 3.1 m?*sK/Ww
to a low of 1.6 (17.8 to 9.2 hreft?e°F/Btu), with the lower
values corresponding to the lower climate chamber temper-
atures, or larger temperature differences. It should be not-
ed that the resistances measured at the smallest temperature
difference are about 15 to 20 percent lower than the esti-
mated nominal R-value. Since these data were obtained with
the chilled water coil activated, a part of this difference may
be due to this experimental procedure.

The second series of experiments was performed on
Specimen 2 in November and December 1990. This speci-
men was installed by the same local insulation contractor,
using material from the same lot as was used for Specimen
1. This specimen was installed to a thickness of about 0.24
m (9.5 inches). Using the total weight of installed insulation
gives an installed density of about 6 kg/m? (0.38 pounds per
cubic foot), while core samples taken from the region out-
side the metered area give a density of about 7.5 kg/m® (0.47
pounds per cubic foot). A more exact density of the insula-
tion in the metered area will be determined when it is re-
moved from the attic at the conclusion of testing (which was _
ongoing when this paper was written). These two estimates '
of density give estimated nominal R-values between 3.2 and
3.7 m*eK/W (18 and 21 hrefi®e °F/Btu).

In order to avoid any extra uncertainty due to the use
of the metering chamber chilled water coil, all data for Speci-
men 2 under winter conditions were obtained with the
chilled water coil turned off. Results of these tests are given
in Table 4, The heat fluxes change by a factor of five as the
climate chamber temperature is lowered from 7°C to
—28°C (45°F to —18°F). The thermal resistances range
from a high of 3.1 m**K/W to a low of 2.0 (17.7 to 11.1
hreft®e °F/Btu). As with Specimen 1, the thermal resistance
values decrease as the temperature difference increases.
Comparing the results of Specimen 2 and Specimen 1 shows
that at the large temperature differences where hoth sets
of data should be most accurate, the resistance of Specimen
2 is about 20 percent higher than that of Specimen 1. The
reason for this difference has not as yet been identified,

For each of the two specimens, one test was performed
with no ventilation in the attic space. The results from these
tests are in very good agreement with results obtained un-
der similar conditions, but with the attic ventilated. These
results indicate that the imposed ventilation of the attic
space does not alter the thermal resistance of the insulation.

The results in Wilkes and Rucker were presented in terms
of dimensionless Nusselt and Rayleigh numbers. However,
sufficient property information was presented to allow a cal-
culation of the thermal resistance and the temperature
difference between the bottom of the gypsum wallboard and
the air in the attic. Their results are plotted in Figure 5, along
with the results of the present tests. This figure shows that
the trends of the two experiments are very similar, with a
large decrease in thermal resistance being observed as the
temperature difference across the insulation is increased.
This trend is consistent with natural convection within the
insulation in addition to radiation and conduction.

Further evidence for heat transfer by natural convection
was obtained from infrared scans of the top surface of the
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insulation, After the heat flow measurements on Specimen
1 were concluded, an infrared camera was mounted in an
opening in one gable end in order to view a large portion
of the insulation surface. Scans were started when the cli-
mate chamber was at —20°C (—5°F) and were continued
as the climate chamber was gradually warmed up to 7°C
(45°F). Figure 6a shows a scan at — 20°C (- 5°F). The tem-
perature along the horizontal line in Figure 6a is plotted
in Figure 6b, which shows the light colored areas are about
0.8°C to 1.1°C (1.5°F to 2°F) warmer than the darker areas.
The observed pattern is very reminiscent of the hexagonal
cell patterns observed by Benard* for natural convection in
a fluid layer heated from below, as shown in Figure 7. The
darker areas on the scan appear to correspond to areas
where cold, dense air from the attic space flows down into
the insulation. This air is warmed by heat flow from below,
and the warmer, less dense air appears to travel from the
insulation into the attic air space at the lighter colored areas.
When the attic was warmed up, the cellular patterns disap-
peared, as illustrated in the scan and temperature plot in
Figure 8 Warm and cool areas were also observed with in-
frared scans in Wilkes and Rucker.

The quantitative differences between the present thermal
resistances and those from Wilkes and Rucker may be due
to several causes. Among these are differences in the type
of insulation tested. The present insulation is a bonded
cubed product, while their insulation was a bonded milled
product. The present insulation specimens have a density
of 6 to 8 kgim® (0.38 to 0.5 pounds per cubic foot), while
their insulation had a density of 12.0 kg/m® (0.75 pounds
per cubic foot). The tests by Wilkes and Rucker were per-
formed with a constant mean temperature of 3°C (37.5°F),
while the present tests were performed with a constant
metering chamber temperature of 21°C (70°F), resulting in
a mean temperature that decreased with increasing temper-
ature difference. Higher mean temperatures tend to stabi-
lize against natural convection because the viscosity and
thermal conductivity of air increase with increasing tem-
perature.

A series of experiments was underway in 1990 and early
1991 to investigate the effectiveness of various materials that
may be laid on top of the insulation to provide barriers to
the exchange of air between the attic space and the insula-
tion. Results from these tests will be reported in another

paper.

SUMMARY AND CONCLUSIONS

Testing of residential attics in the Large Scale Climate Simu-
lator has begun. Heat flow results have been obtained for
the attic with no insulation and for the attic with loose-fill
fiberglass insulation. Heat flows measured with no insula-
tion are in reasonable agreement with previously published
results.

The addition of loosefill fiberglass insulation to the attic
resulted in large reductions in the heat flow through the ceil-
ing. However, the thermal resistance of the loose-fill fiber-
glass insulation was found to decrease by as much as a factor
of two as the climate chamber temperature was lowered
from 7°C to — 28°C (45°F to — 18°F). The variation of ther-
mal resistance with temperature difference follows the same
trends as seen in previously published results. This varia-
tion, along with infrared scans, confirm the theory of an ad-

ditional heat flow mechanism due to circulation of air by
natural convection through the insulation.

The lowest resistances were observed at the lower tem-
peratures at which the heating loads on a house will be the
greatest. This effect would be expected to have a significant
impact on heating loads under design conditions. However,
only a limited amount of time will be experienced at the
coldest temperatures, depending upon the climatic condi-
tions. Further analyses are needed to determine the net im-
pact of the convective heat loss in loose- fill fiberglass
insulation on the seasonal heating load of a house.

Finally, it should be noted that the present experiments
were performed with one type of loose-fill fiberglass insula-
tion. Similar results would be expected for other products
having similar air flow and thermal properties. However,
further testing is required to document the performance of
the full range of insulations currently available.
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Metering Climate Measured Known
Chamber Chamber Roof Heat Resistance Resistance Percent

Temperature, °C Temperature, °C Flux, Wim' m*eK/W meK/W Difference**

212 49 —9.75*% 2.62 2.66 -15

2] 49 -9.69 2.64 2.66 -0.8

212 35 —-4.54 282 2.72 +3.7

212 7 4.7 2.60 2.86 -91

21° 7 4.48 2.71 2.86 -52

21k -28 15.2 292 3.06 -4.6

21 -28 15.1 295 3.06 ~-36
*Positive values are heat flows from the metering chamber to the climate chamber.
*#*100 X (Measured R-Known R)/Known R

a. Chilled water activated.
b. Chilled water off,
Table I Results of LSCS metering chamber calibration.
Temperatures, °C
Metering Climate Ventilation Ceiling Heat
Chamber Chamber Attic Air Roof Rate, mfs* Flux, Wim*

LSCS - 1w 24 -18 -4 -15 0 101%*
Wilkes & Rucker 24 - 13 2 -7 0 7%
L5CS - 2w 24 -18 -5 -15 (.0025 103
Wilkes & Rucker 23 - 18 -8 -11 0.0025 102
LSCS - 38 24 27 33 47 0 -33
Wilkes & Rucker 24 27 34 45 0 -35
ILSCS - 4w 21 -5 2 -4 0.0005 65
LS8CS - 58 21 32 42 72 0 - 83
LSCS - 68 21 32 42 71 0.0005 -83
*Ventilation rate is cubic meters per second per square meter of ceiling area.
**Positive values are heat flows from the metering chamber to the climate chamber.
Note: “W™” denotes a winter simulation; “S” denotes a summer simulation,

Table 2 LSCS resulls on uninsulated attic.

Applied Temperatures, °C

Metering Climate Temperature Ventilation Ceiling Heat Thermal Resistance

Chamber Chamber Difference, K°%(F)| Rate, mfs** Flux, Win¥* m**K/W (hreft*e °F/Btu)
21 7 12(22) 0.0008 3.73* 3.14* {17.8)
21 7 12(22) 0.0005 3.77* 3.07* (174)
21 0 18(32) 0.0005 6.35% 2.84% (16.1)
21 -7 23(41) 0.0008 0.4* 2.48*% {14.1}
21 -13 28(50) 0.0005 13.5 211 {12.0)
21 - 20 34(61) 0.0605 18.1 1.87 {10.6)
21 -20 34(61) 0.0005 15.8* 2.13*% {12.1)
21 -~ 20 34(61) 0 16.5% 2.06% (11.7}
21 -20 34(61) 0.0005 18.7% 1.82* (10.4)
21 -28 39(70) 0.0005 241 1.61 {9.2)

*Tests performed with chilled water coil in metering chamber activated.

Results are less accurate than other tests with chilled water turned off.

**Ventilation rate is cubic meters per second per square meter of ceiling area.

Note: Temperature difference is measured between bottom of gypsum wallboard and top of insulation.

Thermal resistance is calculated using this temperature difference and measured heat flux.

Table 3 LSCS resulls for winter conditions with loosefill fiberglass insulation specimen 1.




1991 International Symposium on Roofing Technology 397

Applied Temperatures, °C

Note: All tests performed with chilled water coil in metering chamber turned off.
*Ventilation rate is cubic meters per second per square meter of ceiling area.

Note: Temperature difference is measured between bottom of gypsum wallboard and top of insulation. Thermal resistance is calcu-
lated using this temperature difference and measured heat flux.

Metering Climate Temperature Ventilation Ceiling Heat Thermal Resistance
Chamber Chamber Difference, K(°F) Rate, m/s* Flux, Wim? m**K/W (hreft?e °F/Btu)
21 7 12(21) 0.0003 3.86 2.99 (17.0)
21 0 18(32) 0.0005 5.81 3.12 (17.7)
21 -7 24(42) 0.0005 8.2 2.87 (16.3)
21 -13 29(52) 0.0006 11.4 2.54 (14.4)
21 s 29(53) 0 11.6 2.52 (14.3)
21 -20 34(62) 0.0006 16.0 2.14 (12.2)
21 —-28 40(72) 0.0007 20.6 1.95 (11.1) N

Table 4 LSCS results for winter conditions with loose-fill fiberglass insulation specimen 2.

Figure 1 The Large Scale Climate Simulator (LSCS) provides the op-
portunity to test a wide range of roofing systems under carefully controlled
and monitored environmental conditions.
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Figure 2 The LSCS is divided vertically into a climate chamber to simulate outdoor conditions at the lop and meteringlguard chambers at the bottom

to simulate indoor conditions.
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Figure 3 The Attic Test Module was designed and built to simulate the common characteristics of residential roofing shingles.
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Figure 4 Instrumentation in the Attic Tesi Module includes several arrays of thermocouples io monitor temperatures throughout the attic. Hlustrated
are the array located above and below the gypsum board ceiling and the array located at the upper surface of the insulation placed in the attic.
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Figure 5 Thermal resistance of loose-fill fibevglass insulation. The abscissa is the temperature difference between the
bottom of the gypsum wallboard and either the altic air (Wilkes and Rucker) or the top of the insulation (LSCS),
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Figure 6a Infrared picture of top of insulation with climate chamber Figure 8a  Infrared picture of top of insulation at mild temperatutres.
near — 20°C. Light regions are warmer, dark regions are cooler.

Figure 6b  Temperature profile from infrared picture in 6a. Location of 'Figwm 8b  Temperature profile from infrared picture at mild tempera-
scan corresponds to horizontal line in 6a. Full scale is 1.4°C. ture. Full scale is 1.4°C.
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Figure 7 Hexagonal Benard cell patiern for fluid layer heated from below.
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