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ABSTRACT

A simple duct system was installed in an attic test module
for a large-scale climate simulator at a U.S. national labora-
tory. The goal of the tests and subsequent modeling was to
develop an accurate method of assessing duct system perfor-
mance in the laboratory, enabling limiting conditions to be
imposed at will and results to be applied to residential attics
with attic duct systems.

Steady-state tests were done at a severe summer condition
and a mild winter condition. In all tests the roof surface was
heated above ambient air temperatures by infrared lights. The
attic test module first included then did not include the duct
system. Attic ventilation from eave vents to a ridge vent was
varied fromnone to values achievable by a high level of power
ventilation. A radiant barrier was attached to the underside of
the roof deck, both with and without the duct system in place.
Tests were also done without the radiant barrier, both withand
without the duct system. When installed, the insulated ducts
ran along the floor of the attic, just above the attic insulation
and along the edge of the attic near the eaves and one gable.

Air temperatures were measured from the ridge to the
insulation surface along the center of the test module at all
ventilation rates. For all tests, air temperatures inside the
ducts, as well as attic air, attic insulation, and gable and deck
temperatures, were measured and compared to the predictions
of the model. Only average attic air temperatures were
compared since the model did not include stratification. The
ducts were placed along the eaves in the test module. This is
thought to exacerbate stratification in these tests more than the
placement of ducts in real attics would. The ducts along the
eaves partially blocked the path for ventilation air to mix with
attic air near the insulation between the ducts.

Despite adequate duct insulation, the duct system kept
attic conditions cooler in summer and warmer in winter. Since
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the infrared lights were heating the roof above ventilation air
temperatures at all conditions, increasing ventilation caused
attic air and insulation surface temperatures to decrease. At
the mild winter condition, compared to measurements with no
radiant barrier attached to the underside of the deck but with
the ducts installed, there was an average 37% increase in heat
loss into the attic with the radiant barrier and ducts in place.
This heating penalty varied randomly with ventilation rate in
these tests. At the severe summer condition simulated in the
tests, the radiant barrier decreased the heat gain through the
ceiling. The average cooling benefit was 34% with ducts in the
attic and 29% without them. Variation with ventilation rate
wasagainrandom, buttherewas less variationthan at the mild
winter condition.

These testsina climate simulator achieved careful control
and reproducibility of conditions. This elucidated dependen-
cies that would otherwise be hidden by variations in uncon-
trolledvariables. Based on the comparisons with the results of
the tests at the mild winter condition and the severe summer
peak condition, model predictions for attic air and insulation
temperatures should be accurate within £10°F (+6°C). Thisis
Jjudged adequate for design purposes and could be better when
exploring the effect of changes in attic and duct parameters at
fixed climatic conditions.

INTRODUCTION

In residential air-conditioning installations in the south-
ern United States, supply ducts for conditioned air are
commonly installed in the attic. This makes for convenient
and effective distribution of conditioned air within the living
space during the cooling season and adequate distribution
during heating if, indeed, the ducts are used for heating.
However, the attic is a hostile thermal environment for the
ducts. If leaks are present in the ducts and duct insulation is
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inadequate, the quantity and quality of conditioned air deliv-
ered to the living space will be'far from design specifications.

A residential attic, even wllhout aduct system installed in
it, is a complicated heat transfer system. Energy effects due to
thermal conduction, convection, radiation, and moisture trans-
port directly affect conditions in the attic. Wilkes and co-
workers (Wilkes and Rucker 1983; Wilkes et al. 1991a Wilkes
etal. 1991b; Wilkes and Childs 1992) built attic test modules
for guarded hot boxes and programmed a detailed dynamic
computer model to study the thermal performance of res1den-
tial atlics with various levels and types of attic insulations.
Their work produced a weli-characterized atti¢ ‘test'module
and validated a general attic todel to provide data on thé ther-
mal performarice of residential attics in a broad range of
climatic conditions. ' L

Much bf the work addressed the effect of radiant barriers
on attic perf’o'rmancef Results from the attic model used for the
work reported in this paper werc compared to results of
steady-state experimenits in the attic test module used for this
work, but without ducts in eitlief, as well as ceiling heat Muxes
from field experrments with full*size houses (Wllkcs 1989).
Model predictions were generdlly wnhm +10% of experlmen-
tal results. ’

The experiments showed a wide variation in lhc ability of
a radiant basier lo reduce ceilin hcat flow during summer
and winter condmons Very comprchcnswc ficld experiments
used for compansons were lhose in East Tennessce by 1.evins
and Karnitz (1987, 1988) “Three side-by-side unoccupied
houses were monitored. A horizontal radiant barrier, placed
over Ryjs-11 h-ftz°F/Btu (RS,-I .9 m2K/W) ceiling insulation
m the second house, reduced coolmg load by 16% compared
to that of the first house with no radmnt b'lmer but the same
level of insulation, A truss radiant barrier, mstallcd in the third
house with the same icvel of insulation, 1educed coohng load
by 11%. With Rs-30 (Rg;-5.3) insylation, the two types of
radiant barriers yielded 2% and 0.7% cooling load reductions,
respectively, A horizontal radiant barrier with Rys- (1 (Rg-
1.9) insulation ylcldcd a 9% rcducuon in heating load, but a
(fuss radiant barvier showed an msrgmﬁcant increase. Wllh
Rys-30 (Rg-5.3) insulation, both types of radiant barriers
showed 3.5% reductions in heating load. '

Other field experiments for which predictions” were
compared to experiments were those of Ober and Volckhausen
(1988) in side-by-side spaces of the attic in a house in Florida.
On one side the nominal Ryg-19 (Rg;-3.3) fiberglass batt insu-
lation was augmented by a radiant barfier draped between the
rafters. Both sides were vented naturally, but thefe was a
complicaled interaclion of the ventilation airflow in the spacc
between the radiant barrier-and the roof and the flow in the
main attic space. This draped radiant barrier showed weekly
measured heat gain reduetions of about 21%.

In more recent work by. Wilkes and Childs (1993), the
attic test module and attic model used for this paper were used
to document the thermal performance of clean-horizontal radi-
ant barriers,under nighttime or low:solar gain winter condi-

tions. A highly reflective horizontal radiant barrier over the
top of the insulation decreased ceiling heat flow through the R-
22to25h: ft2 °F/Btu (3.9 to 4.4 m?K/W) ceiling insulation by
6% to 8% compared to heat flow with the same ceiling insu-
lation but without, the radiant barrier. The model predicted this
reduction within experimental uncertainty.

We found few published data on the effect of ducts in
attics on attic. performance. One example is from a study by
Levins and Il-lerron (1990).0f occupied houses in Georgia with
insulated ducts in Ryg-11 (Rg-1.9) insulated attics. Using
statistical analysis of data from side-by-side houses, one with-
out and the other with a radiant. barrier under the ducts and on
top of ‘the attic insulation, they’ concluded that a horizontal
radiant barrier yielded about 17% adjusted annual cooling
savmgs and 11% - ad]usted annual heating savings. This is
nearly the same effect Levins and Kamrtz\ found in the East
Tennessee houses. No specific effect of the ducts was noted in
the conclusions for the Georgla houses ; i

This paper extends the. experlments w1th Wilkes' attlc test
module and presents details about his attic model and its use
to_predict results from experrments for the effect of a.duct
system in the attic test- module, Steady-state tests simulate
severe summer peak cooling-and mild winter daytime heating,
respectively. The duct system was attached to an indepen-
dently controllable supply of conditioned air, cooled and
reheated for summer conditions hya small air conditioner and
duct air heater and heated for winter conditions by the duct air
heater. The air supplicd to the ducts was recirculated at a ther-
mostatically controlled constant tempetature with no humid-
ity control. For the results in this paper the insulated duct
system was operated with no deliberate leaks. Results of the
tests with leaks are reported elsewhere (Gu &t al, 1996).

In tests both with and without the duct system, attic venti-
lation was varied from none to very high levels achlevablc
only by power ventilation, first yvnh no radlam bamcr under
the roof deck and then with a radian( barricr altacﬁed to the
underside of the deck. In all tests, condluons were monitored
in and around the atuc test modulé and the ducl syslem, when
installed, for compamon to the prcd1cuons of the attic mndcl
Only onc level of attic insulation, abotit R-12 h- fl’ °F/Buu (2.1
m2K/W), was used i in the experiments to ensure a slgmhcam
effect of the radiant barrier and duct system on hcaLlransfer
through the ceiling. The résults of each test documented thé
actual R-value of the ceiling’ iﬁsalalion for the test.

EXPERIMENTAL FACILITY

fL

Large-Scale Climate Simulator Riw ¥ i

The tests were done in a large-soale climate simulator
(LSCS) ata U.S. national laboralory The LSCS, shown 'sche-
matically ‘in Figure 1, provxdes controlled condluops of
temperature and humidity above and below test sections with
dithensions exposed to the guard chamber as large as12.5 ftby
12. 50 (3.8 mby 3.8 m). A test section, such as the rcmdenual
attic lest module that is showu in place in the LSCS, is assem-
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Figure 1 Schematic of the large scale climate simulator
: with the reszdentxal attic test module mslde the

climate chamber.

bled in a diagnostic platform outside the LSCS and moved by
a crane. An assembly can weigh as much as 10 tons (9100 kg)
and'can be 6 ft (1.8 m) high. Once d test section is in place with
all instrumentation installéd, an automated data acquisition
and control system maintains desired conditions above and
below it and records the responses of thermocouples and resis-
tance temperature devices, heat-flux {fansducers, relative
humidity sensors, mass flow rate meters, load cells, pressure
transducers, anemometers, current shunts, or any transducer
that produces a voltage output.

The upper, or climate, chamber simulates climatic condi-
tions of interest for testing thermal performance: steady-state
temperatures from 150°Fto -40°F (66°C to ~40°C) and a wide
range of relative humiditics (dew point temperature is contro}-
lable from 37°F to 122°F or 3°C to 50°C). Infrarcd lamps can
heat surfacc temperalures to 200°F (93°C). There is sufficient
heating and refrigerating capacity to vary the simulated
outdoor conditions in diurnai cycles, which allows tests of the
dynamic response of test sections. For the tests done here,
steady-state conditions were sought typical of a severe
summer and mild winter day. The set points for the summer
tests were a roof temperattire near 150°F (66°C) -with air
temperature near 110°F (43°C). For the winter tests, they were
aroof temperature near 55°F (13°C) with air temperature ncar
20°F (~7°C). A thermocouple under a shingle near the top of
the attic test module roof was used to conlrol the temperature
to which the roof .was heated with infrared lights separately
from the control of air temperature m the chmate chamber

The lower, or guard, chamber temperature can be
controlled from 40°F to 150°F (4°C to 66°C) and its dew point
temperature can be controlled over the same range as in the
climate chamber. With the metering chamber lowered, the
guard chamber provides steady temperature and relative
humidity conditions to simulate indoor conditions below
multiple panels, typically four to nine rectangular-shaped
constructions. Construction - features of the panels can be
varied and the effect of different features tested simulla-
ncously. With the metering chamber in place against the
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bottom of a smgle panel test section, such as the attlc test
module, temperatures from 40°F to 150°F (4.4°C to 66°C) can
be held below the 8 ftby 8 ft 24 m by 24 m) metered area.
The heat flow across the metered atea is determined by an
energy balance on the metering chamber. Its precision has
been documented to be better than +3% and its bias less than
+5% (Wﬂkes et al 1996)

Re5|dent|al Attic Test Module ‘

Figure 2is a three-dimensional schematic of the rc51den-
tial attic test module to complement the side view of itin place
m81de the cllmate chamber in Figuré 1. The module simulates
a gabled attic typlcal of residential constructlon Overall
dimensions are 14 ft by 16 ft (4.3 m by 4.9 m) with a ceiling
that is approximately 12.5 ft by 14.5 ft (3.8 mby 4.4 m). Ceil-
mg area is, therefore, about 180 ft2 (16.8 m?2). Nommal 2x4
wood joists and rafters, 24 in. (0.61 m) on centers, form the
frammg Ridge to insulation height was 3 ft (0.9 m) in these
tests, yielding an attic volume of approxlmalely 540 1 (15.3

‘m%). The 5 in 12 slope roof comprises 0.5 in. (1.3 cm) thick

Pplywood nailed to the rafters and covered by roofing, felt and
medium gray asphalt shmgles The ceiling is 0.5 in. (1 3 cm)
thick gypsum board. The gables are 0.5 in. (1.3 cm) plywood.
The gable vents shown in Figure 2 were covered by foam i insu-
lation and sealed with tape for the tests descrlbed in this paper
and only the soffit-ridge vent system was used.

Attic ventilation is controliable from 0 to about 2.5 cfm/
ft2 (0.76 m>/min per m?) of attic ceiling area by a blower and
dampers. Air enters through the ‘soffit vents and exits through
the rldge vent. Hot-wire anemometers measure the total flow
rate into the plenum under the soffit on each side. Cardboard
baffles under the rafters near the eaves prevent insulation from
blocking the soffit venis and prevent ventilation air from
blowing directly through loose-fill insulation.

In preparation for these tests, loose-fill fiberglass insula-
tion was blown into the attic. Our blowing technique produced
an uncompressed insulation density of 0.6 1 b/ 9.8 kg/m3).
Settled undisturbed depth in the center of the attic was about
6.1 in. (15.5 cm), but the insulation was disturbed by several

F igure 2 Detailed schematlc of'the residential attic test
module showmg the attic ventilation system.



installations and removals of the duct system and the installa-
tion, of the radiant barrier. The effects of these disturbances are
reflected in the actual R-values of the insulation, including the
ceiling under it, which were measured in each test. Based on
the; temperature difference .observed for the onset of free
convection at. winter conditions in the loose-fill fiberglass
used earlier (Wilkes and Childs 1992), the critical temperature:
difference for the thickness and density in this study is about
35°F (19°C). The temperature differences resulting at the
winter condition were from 20°F to 35°F (11°Cto 19°C). Free
convection in the insulation is assumed negligible.

The residential attic test module is instrumented. with
about 125 thermocouples to.sense the temperatures through-
out it. Locations include undes the shingles at one gable end,
at the middle, and at the other gable end in three rows on each.
sloped side. An extra row was added for these tests on each
sloped side near the eave edge under shingles laid over the
attached shingles (see Figure 3). Thére are thermocouples on
the underside of the roof deck at one gable end, at the middle,.
and- at the other gable end under each sloped side in a row
between the upper two rows, of shingle thermocouples. Other
locations are on the inside and outside surfaces of the gables,
at the soffit vent inlets, and along the ridge vent:outlet at one
gable end, at the middle, and at the other gable end. There are
four thermocouples on the top of the ceiling under the insula-
tion between joists, tour directly over the joists, and tour
directly.underthe joists. Four arrays of2 1 thermocouples each:
over the metered area report the. temperatures midway
between the joists for-the metering chamber air, the bottom
surface of the gypsum ceiling, the top surface pf theinsulation,
and.the attic air 3 in. (7.6 cm) above the insulation. The attic
air and insulation surface thermacpuples are attached taa wire;
grid held by a frame. The frame can be raised or lowered to
accommodate various thicknesses.of insulation..In these tests,,
arrays;af thermocouples:3, 9, 17, 25,-and 33 in. (8, 23, 43, 64,
and 84,cm) down from the ridge were,attached to wires
suspended at five locations along the ridge to measure.thg
extent of stratification of attic air temperatures. These thermo-,
couples were used instead of the ones just above the insulation
to indicate air temperature in the att,lc Average temperatures
for the metering chamber air, ceiling, gttic insulation surface,y
and; attlc air were found by averaging the readings from the
arrays for each. Qther thermocouples in the residential attic
test module were not used to free up some of the 144 thermo-
couple data channels for use by thermocouples installed inand
around the duct system.

Attic Duct System

Figure 3, is a photograph of the resndentlal attic, test
module with the north gable removed. The attic test section is
oriented in the climate chamber with:the ridge:running north
and south. The south, gable .is next to-the air handler for the
climate chamber shown at the right side of Figure 1. The duct
system inside the:attic.consists of lengths:of duct along both
eaves of the test moduleand across one gable end. Four foot.
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Figure 3 Photograph of the residential attic test section

with the uninsulated - attic duct
suspended from the rafters.

system

(1.2 m) sections of 6 in. (15.2 cm) diameter galvanized duct

were screwed and taped together and the assembly suspended

by hangers fastened to the rafters. When the photograph was

taken, the ducts were uninsulated. 'I'he 1&ngth of duct along the

east side of the module (the left side in the photograph) was

connected to the outlet of the HVAC system for the ducts. The

connection was made through a hole in the south gable. This

duct ran the length of the test module just inside the area over

the metering chamber. The cross piece seen in Figure 3 ran

across the width of the test module just inside the north end and

outside the area vver the melering chamber. Another length of
duict like the one connected to the HVAC system outlet ran
along the test module just inside the area over'the metering

chamber ori the west side. It Was connected to the return of the

I1VAC system through another hole in, the south gable. Tésts

Wt.re ‘ore un the elfect of leaks in thie uumau]-lled dutl (Gu Ll‘
al. 1996). Afier (hose tcsts. the uninsulated dugt svstem was

removed from the tes{ moduie, insulated oumde the cltmale‘
chamber, and reinstalled for mozé tests on the effect of leaks

and for these tests. Foil-covered fiberglass batt duct insulation

was cut to wrap loosely around the duct. Foil-faced duct tape

covered the seams along the duct and between piéces of the

insulation. -

i o '
" w i

Thermocouples, hot ‘wire anémometers, ard ‘pressure’
sensors were added to the attic test'module to measure the
temperatures in and around the ducts, airflow rate into and ot
of the duct system, and'static and total pressures in'the ducts.
Figure 4 'shows the instrurnentation added for the duct system.
The thermocouple arrays for average temperatiire-at'the eight
locations shown from the'inlet to the exit of the duct system’
each consisted of five thermocouples. Each thermocouple at a
location was placed in the middle of equal-area segments of’
the circular duct along wirés stiung across the’duct in a cross
pattern. The five in each array were connected in parallel to
produce directly the average témperature at the location from
a single channel of data acquisition. Thermocouples. for
surface temperatures wére attached with.foil-covered: duct :
tape. Thermocouples for air temperatures outside the duct
were radiation shielded with-a small piece of aluminum foil-
faced tape covering each:thermocouple measuring junction.
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Figure 4 Location of hot. wire -anemometers, pitot
. probes, and thermocouples in the duct system
added to the residential attic test module.

Calibration factors in the flow computer/transmitter for
the hot wire anemometers at the inlet and exit of the duct
system were adjusted to report the average duct velocity. The
average velocity at room temperature was measured occasion-
ally by inserting a pitot probe for a top-to-bottom and side-to-
side traverse of the duct before the elbow at the end of the duct
run from the air supply. Pitot probes were mounted throughout
the tests at the centerline of the duet near the front, middle, and
back of the duct system. Plastic’ hose was run outside the
climate chamber from their total and static pressure taps 10 1wo
pressure transducers for each probe, yielding total and stalic
pressures relative 10 atmospheric pressure at each location.
The pressure data were obtained in support of the work by Gu
ct al. (1996).

ATTIC MODEL

The program ATICSIM models a gabled attic having a .

five-sided cross section. At'least two input files are needed: a
description of the geometric and thermal characteristics of the
attic and an hourly listing of weathér data. The géometric/ther-
mal characteristics file has options for.trusses and ducts in the
attic as well as moisture sorption/desorption. Only; the duct

option was used inthis study. Weather dta processed from

weather tapes; such-as Typical Metedrological Year (TMY)
data, are needed fordynamic modeling. For comparison to the
results of the steady-state tests in thé LSCS, exterior surface
temperatures were specified from the tests.

When using complete TMY weather data and an mpul

constant interior temperature below the ‘ceiling, ATICSIM

calculates the heat flux through the ceiling, the temperatures
of all exterior and interior surfaces of.the ceiling; and the five

sides of the structare over the attic as ‘well as the venulatlon‘

rate: corresponding 10 the amomumt of vent Opemngs ‘The -
program can impose exterior or inierior temperatutes for a
particular surface or hold a specified ventilaion rate durmg '
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the simulation. To account for the effect'of using the infrared
lights and to avoid the need tp estimate film coefficients on‘the
exterlor surfaces and the ceiling of the attic test module, all
exter1or surface temperatures and the ceiling temperature
were set to the measured values. The measured ventilation
rates and ventllatlon airtemperatures were also used as inputs.

Other input data were provided to model the attic test
module with its simple duct system. The required thermal
characteristics of the ceiling and the five sides of the attic
facing the climate chamber were greatly: simplified by the
steady-state conditions. Only the surface-to-surface thermal
conductances were required. For the ceiling, the inverse of the
R-value measured in the experiments was used. For the other
components estimates of thermal conductance were gener-
ated from a physical description of the components and data in
ASH RAE Fundamentals (ASHRAE 1993a), yielding conduc-
tances of Ik 20 B tu/h-ft2°F (6. 8 W/m:-K) for'the roof and 2.13
Btu/h: ft2. °F (121 W/m- -K) for the gable 'and eave 'walls.
Companion programs are available to generate conductive:
transfer funotions based on constituent thjckness, thermal
conductivity, and heat capacity'and density for each layer
makmg up a particular component of the attic envelope. Two
distinct thermal paths with'specified framing: fraction are
allowed for each. The output of the companion programsis
exactly the mpul needed to describe the thermal characteristics
of each component in ATICSIM for dynamic modeling.

: The solar absorptances and infrared emittances of the
exterior surfaces are required in the input file. Typical values
of 0.9 were input, but their effect was overridden by the
meastired exterior temperatures. The infrared emittances' of
the inside ‘surfaces of the attic énclosure are also required.
Values of. 0.9 were used for all surfaces except the radiant
ba_rgler. For the cases wherein aradiant barrier was installed on
the underside of the deck, the infrared emittance was lowered
to 0.05 for the east and west deck to model the radiant barrier's
high reflectance. The, effect of the uncovered rafters on the
deck emittance was neglected. e .

The physical length and width of the attic’and the roof
pitch were input to.reflect the layout of the attic test module:
16 ft (4.9 m) long by 14 ft (4.3 m) wide with 22.6° roof pitch.
The physicai area of the inlet and outlet vents was a required
input. Since the rate of ventilation was specified, the area was
not used to estimate ventilation.

The duct system was modeled as 15 supply segmenls of
various lengths to have the start of each segment correspond
to the location of an average duct temperature or a centerline
temperature measurement (see Figure 4). The inside diameter
of the duct wall and the outside diameters of both the duct wall
and the duct 1nsu1atlon corresponded to measured values. The
thermal conductxvnty of'the duct insulation was obtained from
the R—value measured in a guarded hot plate for a sample of the
duct msulatlon The measured R-value of 5.74 h-ft2°F/Btu
(1.0 m2KNV) for | 625 in. (4.13 cm) thickness yiclded ther-
mal conduwvtly of 0. 0436 Btu/h-{t-°F (0.0408 W/m-K). The
infrared emittance of the outside surface of the duct insulation



i was estimated to be 0.05 for aluminum foil. Trials above and

- below this; value showed worse agreement between corre-
sponding measured and predicted duct air temperatures. The
measured volumetric flow rate at standard conditions of 70°F
(21°C), 1 atm, into and out of the duct system was converted

. to mass flow rate and assigned as input to each segment. Mass
leakage is allowed by inputting lower mass flow rates into
segments after leaky ones. The difference between mass flow
rates for adjacent segments is the leakage from the upstream
segment.

A node is ass1gned in ATICSIM to each of the various
components of the attic and the segments of the duct system.
Energy balances are achjeved for each node. at each hourly
time step accounting for energy effects due to thermal conduc-
tion, convection, radiation, and moisture transport as appro-
priate to the node. The output from the model for this study
was the set of temperatures for the east and west deck, for the
north and south interior gable, the attic insulation surface, and
the attic air, as well as the values for average duct air temper-
ature in each of the 15 segments when a duct system was
present. Since the measured thermal conductance of the ceil-
ing insulation and the measured surface temperature on the
bottom of the ceiling were input in our use of ATICSIM, accu-
racy of the predicted heat flux through the ceiling was not
independent of that for predicted attic insulation surface
temperature. ‘T'heretore, only the insulation surface tempera-
ture is reported.

RESULTS AND DISGUSSION ; i

Steady-state conditions were imposed o study the effect
of 'ventilation without and with a radiant barrier ‘installed on
the bottom of the roof deck. A summary of the conditions is
listedin Tables la to 1d. No tests were done withoutducts and
without a radiant barrier at the winter condition. Extensive
tésts have been done in the pdst at nighttime or low solar gain
winter eonditions with the attic test module to learn the effect
of a horizontal radiant barrier (Wilkes and Childs 1993). The
mild winter condition with a ‘warm roof sought the effects of
a radiant barrier and varying attic ventilation rate on a sunny
Wmter day because we suspected that the heating penalty
would be more severe than observed for, radiant barriers at
cold nighttime or low solar gain conditions. The summer
condition allows peak attic air temperatures above 125°F
(52°C) observed in unvented attics on sunny summer days in
the southern and southwestern U.S.

All measured values are averages over the steady-state
portion of each test, at least four consecutive hours in accor-
dance with ASTM C-236 procedures (ASTM 1989). Tables1a
to 1d show the distinct advantage of testing in climate simu-
lators—the ability to reproducc conditions not being varicd
from test to test. The reproducibility of the climate chamber,
metering chamber, and teiling and rooftop; tempesatures as
veptifation rate varied was £0.19F, +0.1°F, 0.1°F, and +2°F
(£0.06°C, £0.06°C, £0.06°C, and +1°C), r,cspccnve]y Roof -
top temperatures in the winter tests withoul ducts were lewer

- than the temperatures in the tests with ducts due to a mistake

in manually setting the rooftop temperature setpoint without
ducts.

Table 1 includes the R-values of the insulation and
gypsum ceiling, termed R_;;,, and measured in each test as
the difference in temperatures from the top of the insulation to

* the bottom of the ceiling divided by the net heat flow per unit

area into the open area of the metering chamber. The data in
Table 1, supplemented by those for the work by Gu et al.
(1996), yield average R-values of 13+1 h-ft2-°F/Btu (2.3+0.2
m2K/W) at a'mean temperature near S0°F (10°C) for the
winter tests and 10.7+0.5 h-ft2°F/Btu (1.9£0.1 m2K/W) at a

" thean temperature: near 95°F (35°C) for the-summer. tests,

Most of the scatter about the mean values occurred from
installation of the radiant barrier. A least-squares fit of R-
values from tests before installation of the radiantbarrier lies
Rys-0.7 (Rgp-.12) above the average for the winter tests and
Ry15-0.4 (Rg-0.07) above the average for the summer tests. A
fit of R-values fromtests after installation of the radiant barrier
lies Ryy5-0.7 (Rg-0.12) below the winter mean and RUS-O 4

. (Rg-0.07) below the simmer mean.

The flow rates measured by the hot wire anemometers at
the inlet and exit of the duct system were identical within an
observed uncertainty of +5 scfm (+0.15 m?/min at 21°C, 1
atm). The flow rates were higher than the 100 to 300 scfm (2.8
to 8.5 m*/min) recommended in 6-in. (15-cr) diameter round
duct (ASHRAE 1993b) to avoid icing of thc duct systcm air
conditioner cooling coil during operation at the summer
condition. The ventilation isreported two ways in Tables lato

ld One is in terms of total ventilation flow rate d1v1dedby the

'celhng area, which is 180 ft2 (16.7 m2) for the attic test module.

Toconvert [romelw/(( o mY/mitxm?” multiply by 0.305. The
other is in terms of air changes per hour for the 540 ft* (15.3

3) of attic volume. None, low and mediutn ventilation rates
cover the tange of ventilation tates per unit area given in the
1993 Handbook of Fundamentals (ASHRAE 1993c) for esti-
mating the effectivé thermal resistance of ventilated attics.
The.low ventilation rate of 0.3 to 0.8 cfm/ft? (0.09 to 0.24 m/
min) is already considerably greater than 0.1. cfm/ft? (0.03 m/
min) assumed as the nafyral ventilation rate of attics in the
1593 HOF. The high ventilation rate, which was the maximum
rate allowed by the soffit vent blowers, was:included in the
tests to show the maximum effect of power ventilation. The
hot wire anemometers to measure ventilation tlow rate to each
soffit are from the same manufacturer as the dnes for the duct
air flow rate. The uncertainty for total ventilation flow rate is
assumed to be what was observed for duct air flow rate, +5
scfm (+0.15 m3/min at 21°C, 1 atm). Bampers to control the

- ﬂow rate to each soffit vent were adjusted so that flov& rates for

each side were equal within this uncertainty.

. The average.of the ventilation air temperatures into the
tw o soffit plenums is shown for cases where ventilation was
non-zero. The ventllatlon air temperature was constant to
about +1°F (:tO.6°C)_ and was significantly higher than the
climate chamber temperature at winter conditions because the
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HIBACK TO PAGE ONE

< . TABLE1
7 ) Conditions in Tests for the Elfects of Ventilation
Ventilation Tefimate chamber Tonetering chamber Teeiing” Troof top Reciling Qinto duct- Tiir into duct Ventilation Teatitation air
Level: (°F) . - (°F) (°F) (°F) (h-ft-°F/Btu) (scfm) °* - (°F) - (cfm/ft/ACH) (°F)
a. Mild winter condition with insulated ducts
Without radiant barrier ’
None " 20.7 70.1 69.3 < 58.1 13.4 415 115.3 0/0 N.A.
Low - 218 . 702 | - €92 574 147 415 115.4 0.7/14 30.8
"Meditm 208 702 © 689 - - 58.0 144 - 415 1153 16/32 28.7
High . - 209 705 689 57.8 14.6 . 415 11534 ) : 2.8/56 ) 27.6
With radiant barrier =
' None 207 . 702 69.1 4573 11.8 404 1152, 0/0 . - N.A.
Low .. 208 703 3 i 68.9 . 57.1 12.7 404 115.4 0.8/17 29.0
Medium 208 703 68.6 58.0 122 404 1153 16/32 28.5
High 2 21.0 . 70.5 68.6 - 575 12.4 404 1153 & f 2.8 /57 = 279
b. Severe summer condition withinsulated ducts
Withoutradiant barrier
None 110.8 70.1 724 : 149.6 -10.9 440 : 59.7 /0 N.A.
Low 1108 70.2 723 149.2 11.1 ‘ 440 59.6 06/13 112.8
"~ Medium 110.8 70.2 2723 149.6 10.9 ) 440 59.7 - . 14727 112.8
© High . 1109 703 721 148.8 113 440 59.6- 23745 1132
With radiant barrier i
None 1109 700 714 148.8 10.0 442 592, - 0/0 NA.
Low 110.9. 702 * 715 148.8 9.8 ' 442 59.3 0.6/13 © 1129
Medium 110.8 70.2 T 714 149.8 10.3 . 442 T 594 13726 112.8
High- * 110.8 . 70.2 114 149.8 ' 10.4 442 59.2 ’ 231/45 113.0
c. Mild winter condision without ducts
'With radiant barrier
None 21.1 70:2 s 68.7 478 12.5 N.A. N.A. 0/0 N.A.
Low 21.0 702 " 68.7 47.8 12.4 NA. N.A. 05710 28.7
Medium 20.8 70.2 68.6 477 12.5 N.A. N.A. 1.8/35 275
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TABLE 1 (Continued)
Conditions in Tests for the Effects of Ventilation
Ventilation inaomrer N D cimbe Teeting Teooftop Reeiling Qinto duct Tiairinto duet Ventilation Tentilation air
Level: (°F) (°F) - - (B (°F) (h-ft-°F/Btu) (scfm) (°F) (cfm/ft/ACH) (°F)
High 212 70.'4 68.6 479 12.3 N.A. N.A. 281757 26.8
d. Severe summer cendition without ducts -
Without radiant barrier
None 111.0 70.0 73.2. 148.8 10.1 N.A. N.A. 0/0 N.A.
Low 111.0 70.0 73.2 149.0 9.9 N.A. N.A. 0.4/7% 1125
Medium 1114 70.1 -.73.0 149.0 9.6 N.A. N.A. 1.4/28 113.1
High 111.2 70.2 A =c 728 - 1.1492 10.0 N.A. N.A. 23/45 1133
- With radiant barrier .
None 111.0 ©170.0 723 . 1488 11.1 NA. . N.A. 0/0 N.A.
Low 111.7 70.0 723 148.8 110 NA. N.A. 0.3/6% 114.1
Medium 111.9 70.1 72.1 148.6 112 N.A. N.A. 1.5/30 114.0
High- 111.1. 702 721 149.0 113 N.A. N.A. 23/46 1136
. TABLE 2 A ) : "
‘ Comparison of Test Results and ATICSIM Predictions for the Effects of Vgntilatic:n
Ventilation AT gt air CF) Diff. Attic Air (°F) Diff. 7| AtticTnsul.(°F) Diff. Deck (°F) Diff. Gable (°F) Diff.
i meas. pred. p-m meas. pred. p-m meas. pred. p-m meas. T pred. p-m meas. ] pred. p-m
a. Mild winter condition with insulated ducts
Without radiant barrier y
None 1.13 1.18 0.05 550 | 524 -2.6 ©53.6 442 -9.4 569 | 531 ©-38 43.6 39.0 -4.6
Low 1.30 1.46 0.16 509 375 -13.4 488 40.1 -8.7 542 49.6 -4.6 41.4 35.6 -5.8
: Medium 1.44 1.55 0.11 43.0 32.6 -10.4 424 38.1 -43 50.9 48.5 -2.4 37.0 333 -3.7
High 1.57 1.61 0.04 380 | 301° -19 39.2 36.8 -2.4 48.6 47.6 -1.0 34.5 32.1 -2.4
With radiant barrier
| None 1.12 1.25 0.13 543 50.6 -3.7 50.5 371 -13.4 57.1 54.5 -2.6 428 359 -6.9
Low 121, 157 10.36 4727 .. 34.4 -133 434 31.8 -11.6 543 50.9 -34 38.8 315 -7.3
Medium 140: 4 163 0.23 40.4 31.6- -8.8 - 38.0 29.9 -8.1 513 7507 -0.6 345 29.6 -4.9
High 146 . 1.67. 0.21° 36.0 298 6.2 351 29.0 -6.1 48.0 498" “13 32.1 28.8 -3.3

Difference: With-With

out Radiant Barrier




TABLE2 (Continued)
Comparison of Test Results and ATICSIM Predictions for the Effects of Ventilation
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Ventilation |. _ATauct'ai'[,(°F) | Diff. Attic Air (°F) Diff.” °| - Atic Insul.(°F) Diff. Deck (°F) Diff. Gable (°F) Diff.
o meas. pred. p-m meas. pred. p-m meas. pred. p-m meas. pred. p-m ‘meas. pred. p-m
None -0.01 0.07 0.7 | -1.8 ) -3.1 -7.1 0.2 1.4 -0.8 -3.1
Low -0.09 0.11 -3.2 -3.1 -54 -8.3 0.1 1.3 -2.6 -4.1

Medium | -004 | 008 -2.6 sl | -1.0 44 | -82 04 | 22 | 25 | 37
High -0.11 0.06 -20 -0.3 : 4.1 -7.8 -0.6 22 ' -24 -3.3
B. Severe summer condition with insulated ducts
Without radiant bﬁer el o .

~ Nene 120 a2 0.02 126.5 128.2 Bk 122.4 128.1 - 57 | 1359 1383 | 24 1221 123.6 1.5

Low 1.24 1.06 -0.18 123.3 120.1 -32 120.1 125.7 5.6 1343 136.3 20 120.1 121.5 14
Mediun |: :123 [-~1.03- -0.20 120.2 117.1 -3.1 119.1 124.9. 5.8 1333 135.6 23 119.0 120.8 1.8
High 1.22 1.02 -0.20 118.6 .115.9 =2.7 118.3 1242 5.9 1322 134.8 2.6 118.4 120.2 1.8
'With radiant barrier i
None 0.90 1.16 0.26 1139 126.3 124 :101.0 116.6 "15.6 134.8 141.0 6.2 110.5 116.2 5.7
Low 0.86 1.02 0.16 110.5 1176 7.1 99.6 113.9 14.3 133.0 138.9 59 109.6 113.8 42
Medium 0.78 0.99 0.21 108.9 115.6 6.7 - 995 | 1134 13.9 132.8 139.1 6.3 109.2 1134 42
High 091 0.98 0.07 109.8 114.7 49 101.1 1133 12.2 132.5 138.8 6.3 109.9 1134 35
Difference: With-Without Radiant Barrier:
“None -0.30 - -0.06 -12.6 -19 -214 -11.5 <14 2.7 -11.6 -74
Low | -0.38 -0.04 -12.8 -2.5 -20.5 -11.8 -13 2.6 -10.5 -7.7
Medium -045 -0.04 -11.3 .| -15 o196 -11.5 -0.5 35 -98 -74
‘High -| -03! -0.04 -88° -1.2 -17.2 -10.9 03 4.0 -8.5 -6.8
c. Mild winter condition without dicts Attic Air °F) | Diff. Attic Insul.(°F) Diff. Deck (°F) Diff. Gable (°F) Diff.
With radiant barrier Ventilation Level meas. pred. pP-m meas. pred. p-m .| meas. pred. p-m meas. pred. p-m
None 34.7 428 8.1 34.4 441 9.7 43.0 47.0 4.0 30.1 314 13
- Low 33.7 34.4 0.7 33.1 38.0 49 424 451 2.7 294 284 -1.0
Medium 32.0 29.6 -24 31.6 343 2.7 413 43.9 2.6 285 . 269 -1.6
High “30.4 © 282 -2.2 311 332 21 40.0 437 3.7 28.0 262 -1.8

Difference: With-Without Ducts
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TABLE2 (Continued)
Comparisgn of Te§t Results and ATICSIM Predictions for the Effects of Ventilaticn
Ventilation |  ATge(F) . | Dif. | Attic Air °F) Diff. | |  Attic Insul.(°F) Diff. Deck (°F) Diff. Gable (°F) Diff.
Leyel _mezs. pred. p-m méas: pred. p-m_ | meas. pred. p-m | meas. | pred. p-m meas. pred. | p-m
i None 196 [ 78 161 7.0 141 | 75 127 | as 2
4 Low 140 | 00 03 | -62 19 | ss8 904 | 31 :
= " Medium 84 20 = 6.4. 4.4 100 | 68 60 27
; High 56 16 1 a0 | a2 80 | 61 41 26 |
d. chcrt:tsummer condition without ducts . 4 =
T-\?Vr—t,ho-ut radiant ban'ie; &
: . None .’ 1325 | 1365 40 |7 1316 | 1329 |33 | 1386 | 1412 | 25 1202 | 1273 7.1
o © Low 1313 | 1253 | 60| 1302 | 1B027| o1 | 1378 | 1382 0.4 1197 | 1245 48
Medium 1244 | 1181 63 1246 | 1262 16 | 1341 | 1357 16 1183 | 1223 40
L F e High 1220 | 166 | 54 | 1231 | 1285 24 .| 1338 | 1352 16 1173 | 1216 43
Difference: With-WithoutDucts . . Fad i g
None 60 | 83 92 68 27 | 29 9 | -37
" Low -8.0 -5.2 101 | -46 35 -1.9 0.4 -3.0
Medium 42 1.0 55 13 08 | -01 0.7 15
" High 34 0.7 48 13 14 | 04 1.1 14
With radiant barrier ‘ =
- ' None 1229 |- 1327 98 176 | 1156 20 [1379 | 1446 | 67 .| 1174 | 174 00
Low 1216 | 1239 . 237 | 1165 | 1123 42 | 1375 |-1426 | 51 .| u71 | nusa | a7
Medium 174 | 171 | -03 143 | 1101 42 | 1352 | 1408 | 56 1150 | 1136 | -14
K High 1160- | 1158 o 02 | 1137 | 1087 40 | 1342 | 1407 | 63 1144 | 1129 | -15
Difference: With-Without Radiant Barrier i . -
None 96 .38 | 140 ] -1s3 07 | a4 28 9.9
Low 97 -14 137 | -180 03 | 44 26 9.1
. Medium 7.0 10 103 7| -161 | 1.1 5.1 33 8.7
5 3 High 60 " |. -08 = 9.4 158 0.6 5.5 -29 8.7
Difference: \yith-With;jut Dui_;ts ) E 2 x - .
= - "None 9,0 64 = = |- 66 19 31 | 36 | -69 )
« T Ei% 5 — a1 |- 63 L[t ee | F1s 45 | 37 .15 1.6
- 5 C|: E Mediom 3 | S48 15 - ST 3 24| 17 | 58 0.2
High 62 11 126 35 17 | a9 45 0.5




infrared lights heated the dark-surfaced tubes carrying venti-
lation air to the plenums along the eaves of the test section. At
winter conditions, this heating mechanism meant that the
higher the ventilation rate, the lower the ventilation air
temperature. At summer conditions, ventilation air tempera-
ture was only slightly warmer than the climate chamber air and
ventilation rate had little effect on it.

Tables 2a through 2d present the duct air temperature

changes and attic air, attic' insulation, and deck and gable

temperatures for each test. The predictions of the attic model
for the same quantities are listed next to each measurement.
Extra columns are inserted next to the pairs of measurements
and predictions, giving the respective differences between the
predictions and the measurements (p - m). Extra rows are
inserted after data without and with the radiant barrier to give
the differences due to the radiant barrier (in italics) between
respective measurements and between respective predictions
for otherwise comparable conditions. Similarly,extrarows are
inserted after data without ducts to give the differences due to
the duct system (in bold) between respective measurements
and respective predictions.for otherwise comparable condi-
tions, ignoring the effect of the different rooftop temperatures
in the winter tests with and without ducts.

The duct air measurements and predictions are presented
as the temperature drop (winter conditions) or temperature rise
(summer conditions) from the inlet to outlet of the dugt system

in the attic. The duct system was 31 ft (94 m) long including.

two 90° elbows: The temperatures indicated by the first and
lastarrays for average air temperature over the inside duct area
were used to make the difference. The duct air temperature
changes from inlet to outlet of the ducts are small for all cases
because the duct run was short, insulated duct was used, and
the flow rate of air in the ducts was high. The measured duct

-“air temperature change. shows a slight increase with ventila-
tion rate at winter conditions as cold ventilation air swept over
the ins‘ulated ducts. There is no apparent effect of ventilation
rate on duct air temperature change at the summer conditions.
This is likely due to stratification of cooler air at the level of
the ducts in summer thatthe warm venulauon airdid not pene-
trate.

The attic air temperatures in Tables 2a through 2d are
averages over all five levels at which thermocouples were
suspended between the ridge and the attic insulation along the

ridge line (see Figure 3). Details about variations in attic air.

temperatures at the five levels are presented in Figure 5. The
attic insulation temperatures are the averages from the ther-
mocouples in the frame lowered to the insulation surface.

Seven in the center of the frame were used with the duct

system in place and seventeen in the entire frame were moni-
tored without the ducts. The deck temperatures are averages
from three measurements under the deck on.each side of the
roof. There was no significant variation about the respective
average insulation and deck temperatures reported in Tables
2a through 2d. The gable temperatures are the averages from
single thermocouples on the inside of each gable, and there

TO-98:20-1"

was no significant variation about the averages. All measured
temperatutes inside the attic appear to consistently increase or
decrease as ventilation rate increases except a few data in
Table 2b at the severe summer condition with ducts and a radi-
ant barrier in place. For these cases the medium and high
power ventilation rates are about as effective as the low rate.
At the mlld winter condition in Tables 2a and 2c, the attic
air, attic insulation surface, and deck temperatures decrease
regularly as ventilationrate increases. Circulation of more and
more ventilation air that is cooler than the roof would be
expected to further cool the attic. The same mechanism is at
work for summer conditions without a radiant barrier, but the
changes in temperature from none to high ventilation rate are
less than for the winter condition and the scatter is larger. As
noted above, the effect seems to be less than the scatter at the
summer condition with ducts and the radiant barrier. With the

ducts installed, summer attic air temperatures are slightly.

coolet than the ventilation air temperatures, mainly because
the sutface area of the insulated ducts, which carried cool air
throughout the summer tests, was cooler than the ventilation
air temperature. The chambers below the attic were kept at
room temperature and also influenced attic temperatures
through the attic insulation. ;

Attic ventilation affected the stratification of attic air
temperatures, and Figure 5 shows the trends. At the winter

condition with ducts but without a rhdianl barrier installed, air |

temperatures were 2°F (1.1°C) cooler near the attic insulation

(33in. or 84 cm down) and 1°F (0.6°C) warmer near'the ridge
than the reported averages for rio, low, and medium ventila- '

tion. With ducts and a radiant barrier, the stratification was
slightly more pronounced 3°F (1.7°C) cooler near the insula-

, tion;and 2°F (1.1°C) warmer near the ridge. Stratification

nearly dlsappeared for the high ventilation rate and without
ducts. ;

At the summer condition with ducts but without a radiant
barrier installed, temperatures near the insulation ‘went from
6°F (3.3°C) cooler to no cooler than the average as ventilation

increased from none to high. Near the ridge they went from

4°F (2.2°C) warmer to no warmer. With ducts and a radiant
barrier installed, stratification pers1sted despite the high rates
of power ventilation. Temperatures near the insulation went
from 13°F (7°C) cooler with no ventilation to 9°F (5°C) cooler
with the high ventilation. Near the ridge the temperatures were
from 9°F (5°C) warmer to 4°F (2.2°C) warmer. Without ducts,
thére was little stratification except at no and low ventilation
rates with a radiant barrier.

The data for differences with and without the radiant

_ barrier in Tables 2a, 2b, and 2d show that the radiant barrier

hada significanteffect on attic air and insulation temperatures.
Because roof temperatures were controlled to a desired
temperature from test to test, deck temperatures were not
significantly affected by the presence of thisradiant barrier. At
the winter condition with the ducts installed, attic air temper-
atures are lower by 1°F to 3°F (0.6°C to 1.7°C) and attic insu-
lation surface temperatures aré lower by 3°F to 5°F (2°C to
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Figure 5 Attic air temperature arrattﬁcatwn vs. ventilation rate from. thermocouple arrays down the center of the test

module. oy o

3°C) due to the radiant barrier, independentof.ventilation rate.
At.the summer condjition with theduets installed, attic air and
insulation tcmpcraturcs arc a desirable 10°T to 13°T7 (5.6°C to
7.2°C) and 17°F tg 21°F (9°C to 12°C) cooler, respectively,
with the radiant barrier; thelower-the attic ventilation rate; the
more the benefit, At the summer condition without the ducts
installed, atfic. air and insulation temperatures are affegted
slightly less by theradiantbarrier, 6°F to 10°F (3.3°C to 5.6°C)
and 9°F to 14°F (5°C to 8°C) cooler, respectively.

. ;. Table 3 combings the.attic ingylation (emperatures from
Table 2 with ceiling temperatures ang, R:yalyes from Table 1
to show the effect of the radiant bairier on. ceiling heat flux.
The, ceiling heat fluxes in Table 3 are, computed from

_ Tauic in..mlar'im;" TEM ) (1)
. ] Rce.‘:;n,}' , ‘
where . i s oo b ol
q . = heat flux (+ downward througlhi'the ceiling),
Tonic inslation = WCaBYTE: temperature at lhc surfer&e of e
insulati lOIl
Tc;,u,-,,g ; = mcasurcd lcmpcnlurc at the bouom of the
_gypsum ceiling, and |
Rce,i,,-:g = R-valueofthe gypsuxh and insulation measured

. ., fromanenergy balance on the metering .-
B , chamber bc}ow the attlc test module. , .

oL yy i
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Table 3 shows that the cooling henefits and ‘heating
penalty of this.radiant barrier are generally lowest atthehigh-
est ventilation:rate. They do not vary consistently with venti-
lation rate, most likely.because of the variation in R-value
from test to test T Wt g

At the severe summer condmon the coolmgbenef it aver-

'ages 29% w1thout ducts and is shghtly hlgher, 34% ~with

ducts Table 1 shows thatthe celhng R—value varies from RUS
10 to 11 (RS,-I 8tol. 9) for the summer tests. For the truss
radiant barrier studied by Levins and Kamitz (1987) with Ryg-
i1 (Rg-1.9) attic insulation, the cooling season average: bene-
fit was 11%. The values arenot directly comparable, although
the peak value on a severe summer day stiould be'significantly
greater than the seasonal averaget Ober (1989) gives data
mioredirectly comparable to the cooling benefit data in Table
3.‘Weekly average-peak heat fluxes for a house with Ryg-19
(Rg-3.3) ce|lmg‘msulauon with ahd wuhout radiant barrier
foil draped aver the'rafters showed 34.4% red uction duc'to the
radiant bamer. L.cvms and’ Kamltz (1987) report ‘that the
rcducnon in annual coolmg energy for Ryg-19 (R3,-3 3) insu-
lauon}and a horlzontal radiant barrier and Ryg-11 (RS[ 1 9)
insulatjon and a horizontal radlanl barrier, both relative to
Rys-11 (Rg-1.9) insulation and no radiant barrier, are 25%
and | 6%, respecnvely,jg 9% difference. Subtracting 9% from

TQ98:20-1



TABLE 3
Cooling Benefit and Heating Penalty ofthe Radlant Barner (RB)
at the Severe Summer and Mild Winter Conditions of the Tests

‘Ventilation Level: (gtvs/ulll-ltl‘ :) q(ll;vti;h/;;“f?l)’ I w“? ‘3'/::')RB)/qwmmllt X
Severe summer condition with ducts
None 296 459 -35.5
Low 287 431 -33.4
Medium 2.73 429 -36.5
High 2.86 4.09 =302

Average Cooling Benefit: 34%

Severe summer:condition without ducts-

None 4.08 5.78 -294

Low 4.02 5.76 -30.2

Medium 3.77 5.38 -299

High 3.68 5.03 -26.8

Average Cooling Beneéfit: 29%

Mild winter condition with ducts

None -1.58 -1.17 +34.5

Low -2.01 -1.39 +44.7

Medium .—2.51 -1.84 +36.3

High -2.70 -2.03 +32.8

Average Heating Penalty: 37%

Ober's 34% value for Rys-19 (Rg;-3.3) to apply it to Ryg-11
(Rg-1.9) insulation levels yields; an estimated 25% cooling
benefit at pealtimes, Our 29% cooling benefit with Ryg-11
(Rg-1.9) insulation and a truss radiant.barrier is. reasonable
relative to Ober's field-measured peak reduction.

At the mild winter condition, Table 3 shows a heating
penalty of 37%. Levins and Karnitz (1988) found an m51gn1f-
icantly small heatmg penalty with a truss radiant barrier and
Ryg-11 (Rg-1.9) attic insulation. It is reasonable ‘that the
peiialty be'significant when the radiant barrier prevents mild
sunny winter conditions from heating the attic, but no direct
comparisons to data in the literature were.found.

The duct system in our tests.occupied a significant frac-
tion of the small attic of the residential attic test module.
Projected or plan area of the insulated ducts was 13% of the

test module's ceiling area. Hence, even though insulated, the .

duct system,noticeably affected conditions in-the attic. With
the radiant barrier at winter conditions, as attic ventilation rate

decreased from high to none, attic air was 6°F to 20°F (3°Cto

1 1°C) warmer and msulatlon surface temperatures 4°Fto 16°F
(2°C to'9°C) warmer with the duct system than w1th0ut it.
Withthe radiant barrier at summer conditions, attic air was 6°F
to 10°F (3°C to 6°C). cooler ‘and attic: insulation stirface
temperatures 13°F to 17°F (7°C to 9°C) cooler with the ducts
than without, the maximum effect occurring at the low attic
ventilation rate but not by much compared to no ventilation.

TO-98-20-1

. winter condition without

Without the radiant barrier at sumimer conditions, the effect on
attic air and insulation surface temperatures was 3°F to 8°F
(2°Cto4°C) and 5°F to'10°F (3°C t6 6°C), respectively. The
effect of the ducts on attic “insulation’ témperature at the
summer condition with the radiant barrier is particularly large
and reflects the strong stratification of attic air temperatures at
this' condition due in part, we believe, to the way the 'ducl
systém was 1nstalled parallel to and near the eaves of the test
module.

Tables 2ato 2d also present the temperatiires predicted by
ATICSIM corresponding to all the measurements: Duct ‘air
temperature change is prédicted within +0.3°F (+0.2°C) over
all the tests in which ducts were installed. Tables 4a through
4d display the average differences between the ATICSIM
predictions and the measurements. The averages for all four
cases are over the range of ventilation rates. Averages include
differences with and without the radiant barrier except for the
ducts. Differences between
predicted and measured duct air temperature change averaged
+0.16°F (0.09°C) at the mild winter condition and +0.02°F
(+0.01°C) at the severe summer condition, relative to a total
change from 0.9°F to 1.5°F (0.5°C to 0.8°C). The tendency is
to overpredict the duct air lempcraxuw change, especially at
the mild winter eondition: -

Figure 6 shows a detailed comparison of test results and
ATICSIM predictions for the efféct of ventilation on air
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. ' P 3
temperatures along the duct, not just the difference between
inlet and outlet temperatures in Tables 2a through 2d. The less
accurate case in Table 4, the winter condition without a radiant
barriér, is chosen as an example. To show trends more clearly,
data were adjusted to have & common temperature of 115°F
(46°C) into the duct for all ventilation rates. The measure-
ments and predictions” both show a fincar dccrcasc with
distahce dowti the duct for éach ventilation rate, except for the
measurements just after the first elbow (before 14 ftor 4.3 m
along'the duct) where. the thermocouples’ are in a disturbed
flow region. ) - daly

Figure 6 shows steeper slopes as ventilation rateincreases
forthe,ductair temperature vs. distance down the duct forboth
measurements and predictions, which. is censisient with
decreasing attic...air - temperature around the ducts. The
measurements, show about the same change in slope for each
approximately equal increment of yentilation rate, whereas
the predictions show: @ relatively larger change of slope from
no to low ventilation rate and less change fromdow to medium

“BACKTO PAGEONE

ventilation rate and from medium to high'ventilation rate. The
predictions show adiminishingeffect of more and more venti-
lation and the experiments do not. ATICSIM assigns ‘a single
temperature to all of the air in the attic, which does not account
for the changes in stratification of attic air temperatures with
ventilation rate seen in Figure 5 even at winter conditions with
a heated roof. This is not necessarily a shortcoming for use of
ATICSIM as a design tool. Stratification was exacerbated by
the way the ducts ran along the eaves in the test module Such
a situation would not likely occur in actual attics if the ducts
run from a centr al plenum (o diffusers in the Lellmgb of roums
under the amc or to connecuons with ducts in the exterior
walls.

Regardmg the ATICSIM prednctlons for attic air, attlc
insulation, and deckand gable temperatures in Tables 2ato 2d,
the range of dlfferences between the predictions and measure-
ments are +2°F to —13°F (+1°C to —7°C) at the, winter condi-
tion with insulated ducts. Without ducts, the predictions range
within +10°F to —2°F (+6°C to 1°C) At the mild winter
condition, accuracy varies randomly with ventllauon rate and
the radiant barrier seems to have no effect on the accuracy.

At the severe summer condition, with heat flow condi-
tions reversed relative to the winter condition, the trends for
ATICSIM's accuracy also reverse. With insulated ducts, the
predictions tange from 4-16°Fto  3°F (19°Cto 2°C)rclative
to the measurements in Table2b. The largest overpredictions
are with the radiant harrier, which could he due to the way the
radiant barrict was modolcd in' ATICSIM. Each half of thc
deck Wwas assigned-a single handbook value of reflectance,
whereas'only'the exposed deck between rafters was covered
by aluminum foil in the attic test module. No trlals were done
to vary the-reflectance. - * . ‘

“The 'differerice bétween edch prediktion aiid its ‘corre-
spohdmg measurement for insulated ducts at ‘the surhmer
condition is almost corstant as ventilation rate ihcreases.
ATICSIM predicts the trend with ventildtion Tate better at
stimmer conditiohs than at winter corditions. Ventilation
mtfoduced relatlvely cooler air at sammer ‘conditions; so 1ts
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Average Differences Between ATICSIM Predictions (P)and Measurements (M)
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[For dlfferences in °C, multlply by 0.56]

AT yuctair «« Attic Air Attic Insulation Deck . Gable
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effect was more dominant thanat winter conditions. Note that
the power ventilation used in the- LSCS was modeled by a
specific ventilation airflow rate in ATICSIM. In real attics
with buoyancy-induced natural ventilation, ATICSIM’s
predictions would be subject to greater uncertainties associ-
ated with choosing appropriate densmes to model the buoy-
ancy forces.

Without ducts at the severe summer condition, the
predicted temperatures inside the attic range within +10°F to
—6°F (+6°C to —3°C). The agreement between predictions and
measurements without ducts is better than with them, which
can be attributed to the significant effect of the duct system
used in the attic test module and the complicated effect its
layout along the edges of the module had onattic performance
ATICSIM assigns asingle: node to each of the components of
the ‘attic and duct system so can capture limited spatial varia-
tions. Agreement within +5°F (23°C) between measurements
and prediction$ was found using ATICSIM with and without
horizontal radiant barriers in a duct free attic module at winter
conditions (Wilkes and Childs 1993).

. In Tables 4a and 4c, focusing on the attic air and insula-
tion temperatures, the summary. of average differences for the
mild winter condition clearly shows significant underpredic-
tion with the ducts installed and slight overprediction without
the ducts. The summary for the severe summer condition with-
out ducts in Table 4d emphasizes that ATICSIM is very accu-
rate. for this case. On average, attic. air and :insulation
temperatures are predicted within —0.9°F (—0 5°C) Compar-
tion to ;the .severe summer condmon, ATICSIM handles
temperature effects very well without ducts installed. Tables
4a and 4b show thatithe effect of the temperature change from
winter to summer conditions is not handled as well with the
ducts installed, especially for the critical attic insulation
temperature. However, the average accuracy exhibited for all
of Table 4, £10°F (+5.6°C), is considered adequate for design
purposes. If fixed climatic, conditions are used to explore
effects of changes induct system and attic details, the accuracy

expected would improve to the entrles in the relevant part of

Table 4.

The detailed differences due to the radiant barrierand due
to the ducts are also shown in Tables 2a through 2d for the
ATICSIM predictions. They are very sensitive to the accuracy

of ATICSIM. Trends of ATICSIM for the dif ferences with and *

without the radiant barrier are generally the same as trends of
the measurements as ventilation rate increases from none to
high. Relative to the measurements, ATICSIM: predicts essefi-
tially the same effectof theradiantbartier on attic air and insu-
lation surface temperatures at the mild winter condition with
the insulated ducts. The average heating penalty, reported in
Table 3 as +37% from the measurements, is 47% using the
predicted attic insulation temperatures: This illustrates the

general principle that caution must be exercised when compar- -

ing data generated by taking differetices.
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Relative to the measurements, ATICSIM predicts less
effect of the radiant barrier on attic air and insulation surface
temperatures at the summer condition with the:insulated ducts.
This is a consequence of the overprediction of these temper-
atures with the radiant barrier. The average cooling benefit of
the radiant barrier, which the measurements show is 34% in
Table 3 at the severe summer condition with ducts, decreases
to 12% using the predictions. At the summer condition with-
out the ducts, the cffect of the radiant barrier on the attic air
temperature is again less relalive to the measurements.
However, ATICSIM predicts more effect on the attic insula-
tion surface temperature because these temperatures are
underpredicted with the radiant barrier. As a consequence, the
predicted average cooling benefit of the radiant barrier with-
out ducts increases to 37%, rather than the decrease shown by
the measured 29%.

The éffect of the ducts predicted by ATICSIM is less than
exhibited by the measurements at th€ winter condition with the
radiant barrier, especially for the attic insulation temperatures.
This is the test situation in which roof temperatures were
almost L0°F (6°C) cooler without the ducts. A run was made
of ATICSIM without ducts but using roof temperatures from
the situlation with ducts. Deck temperatures were about 7°F
to 9°F (4°C to 5°C) warmer as ventilation rate decreaséd from
high to none. Attic air temperatures increased: 1°F to 6°F
(0.6°C to 3°C) and attic insulation temperatures. 1°F to 4°F
(0.6°C.to 2°C). This makes the ducteffect predicted by ATIC-
SIM even smaller. Of course, the mieasurements would have
had similar changes if the roof temperature. had been higher.,

By underpredicting winter attic insulation: surface
temperatures with a radiant barrier and ducts adnd overpredict-
ing them without-ducts, ATICSIM predicts the opposite sign
relative 1o the measurements for the effect of ducts on mild
winter attic insulation temperatures. The same thing occurs at
the severe summer condition with the radiant barrier.
However, without the radiant barrier at sumimer conditions,
theeffectoftheducts predléted by ATICSIM a grees f alrly well
with the measurements.

Assigning a single node to each component of the attic in
ATICSIM averages the effects of all thé energy exchanged by
the components into a single temperature for éach. The attic air
andinsulation surface wére not at auniform temperature in the

. experiments. Figure 5 showed the stratification of attic air

temperatures along the center of Lhe attic test module, causing
as much as a 20°F (11°C) difference in air temperatures from
the bottom to-the top of the attic. The measured insulation
surface temperatures are reported in Tables 2a and 2b for the
center, of the metered area in Figure 4, away from the ducts.
The therniocouples on the insulation surface under the ducts
are close tothe warm deck and seem to Be affected more by the
deck than the duci surface. Differénces relative to tempera-
tures at the center of the module are not as large as those in attic
air due to stratification, but they are significant. With the radi-
antbarrier, Winter and summer, data not used for Table 2 show
that thie insulation under the duct was 2°F a °C) warmer than
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Table 2 shows for the center of the metered area. Without the
radiant barrier, the difference was 3°F Lo 4°F [l 5°C 10 2°C).
However with large attics and ducts radlatmg oul [rom a
Central plenum the single- -node approximation for each attic
component should be better than itis for the small attic test
module with large spatial varlauons due to placement of the
ducts along the eave edges

s

CONCLUSIONS

A mmple duct system was mstalled in an attic test module
for a large-scale climate simulator.. The steady-state tests at a
mild winter condition and a severe summer condition
achieved careful control and reproducihility of conditions.
This allowed us to document the effects of radiant barriers and
a wide range of attic ventilation rates on the thérmal. perfor-
mance of: residential attics and attic duct systems. At both the
summer and winter, conditions, the roof surface was heated
above ambient air temperatures by infrared lights, so, even at
winter conditiqns, increasing attic ventilation rate decreased
attic air and insulation surface temperatures

* At the mild winter condition, compared to measurements
with no radiant barrier attached to the underside of the deck but
the ducts installed, there was’an average 37% increase in heat
loss into-the attic: with the radiant barrier and ducts in place.
‘T'his heating penalty.varied randomly with ventilation rate in
these tests. At the severe summer condition simulated in the
tests, the radiant barrier decreased the heat gain through the
ceiling. 'I'he average cooling benetit was 34% with ducts in the
attic and 29% without them. Variation with ventilation rate
was again random but there was less variation than at the mild
winter condition.

Warm air in the insulated ducts at the mild winter condi-
tion warmed the attic air by 20°F (11°C) without ventilation.
The maximum power ventilation rate of nearly 60 ACH
diminished the effect to 6°F (3°C). Cool air in theducts at the
summer condition not only cooled the attic air by as much as
10°F (6°C) but also exacerbated stratification of air tempera-
tures in the attic, which increasing ventilation rate did not
appear todisturh. Placement of the ducts along the eaves in the
residential attic test module for these tests is thought to have
contributed to the stratification more than the piacement of
ducts in real attics would.

The computer program ATICSIM was used to predict the
same temperatures as were measured inside the attic. Differ-
ences between predicted and measured duct air temperature
change averaged +0.16°F (0.09°C) at the mild winter condi-
tion and +0.02°F (+0.01°C) at the severe summer condition,
relative to a totalchange from 0.9°F to 1.5°F (0.5°C t0 0.8°C).
ATICSIM proved very accurate for attic air and insulation
tempcratures at the summer condition without ducts, predict-
ing these temperatures on average within —1°F (-0.6°C). At
the mild winter condition without ducts, attic air and insula-
tion temperatures were predicted, on average, within +5°F
(+2.8°C). With insulated ducts in the attic at summer condi-
tions, the attic air and insulation temperatures were overpre-
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dicted by up to 10°F (6°C). The trends for accuracy with ducts
in place at the winter condition were the opposite, with an
average 8°F (4°C) underprediction. Based on the comparisons
with the. results of the tests at a mild winter condition and a
severe sununer condition, ATICSIM pred1ct10ns for attic gir
and insulation temperatures should be accurate within +10°F
(£6°C). Fot des1gn purposes, such as explormg the effect of
changes in attic or duct system parameters this should be
adequate. If fixed cl1matrc conditions are used, especially
without ducts accuracy may be better.
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