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FOREWORD

This is one of a series of reports to be published
describing research, development, and demonstration
activities in support of the National Program for Building
Thermal Envelope Systems and Materials. The National
Program involves several federal agencies and many other
organizations in the public and private sectors who are
addressing the national objective of decreasing energy
wastes in the heating and cooling of buildings. Results
described in this report are part of the National Program
through delegation of management responsibilities for the
DOE lead role to the Oak Ridge National Laboratory.

George E. Courville

Program Manager

Building Thermal Envelope
Systems and Materials

Oak Ridge National Laboratory

M. P. Scofield

Program Manager
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Office of Buildings Energy R&D
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EXECUTIVE SUMMARY

RESEARCH AND DEVELOPMENT DATA TO DEFINE THE THERMAL
PERFORMANCE OF REFLECTIVE MATERIALS USED TO CONSERVE ENERGY
IN BUILDING APPLICATIONS

An experimental laboratory study has been conducted to
measure the thermal performance of reflective insulation
systems by the guarded hot box method. The goals of the
study were to develop test and evaluation protocols, to
measure and analyze thermal performance data on a selected
number of idealized and commercial systems containing
reflective airspaces, and to produce a consumer-oriented
handbook pertaining to reflective insulation for building
and commercial applications. '

The ASTM C 236 Guarded Hot Box test procedure was
modified and used to measure the thermal resistance of 17
different test panels. The test panel results were treated
to extract the cavity thermal resistance. The cavity
thermal resistance results were compared to predicted values
based on data presented in the ASHRAE Handbook of
Fundamentals. Table i includes a summary description of the

17 test panels, the test conditions, and the guarded hot box
results.

The steady-state thermal resistance tests on 17
different test panels included a large number of important
test parameters. Table i details these parameters and the
ranges studied: heat flow direction (horizontal, up, and
down), number of airspaces comprising the cavity (1, 2, and
4), airspace effective emittance (0.03, 0.05), airspace
aspect ratio (0.24 to 56), airspace mean temperature (30 to
100F) and temperature difference (2.5 to 50F), framing
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material (XEPS and wood) and framing material size (2x4,
2x6).  Tests were performed on similar constructions
insulated with mass insulation.

The test panel thermal resistance results were fitted
as a function of temperature difference. To compare results
from different test panels, these curve-fit coefficients
were used to determine the panel thermal resistance with a
temperature difference of 30F, Rp(30). The test panel
thermal resistance values include the effect of the framing
material and were between 3.0 and 9.0 hr ft2 F/Btu for
airspace systems constructed with 2x4 framing members and
between 2.8 and 16.6 hr £t F/Btu for airspace systems
constructed with 2x6 framing members. For test panels
constructed with mass insulation, the test panel thermal
resistances for systems constructed with 2x4 and 2x6 framing
members ranged from 9.8 to 12.2 and 14.3 to 17.3 hr ft2
F/Btu respectively.

Two one~dimensional calculation techniques (ASHRAE and
proposed ASTM) have been employed to determine the cavity
thermal resistance from the measured test panel results.
The cavity thermal resistance results were also fitted as a
function of temperature difference and comparisons of
results from different test panels are made utilizing these
curve-fit coefficients <calculated for a temperature
difference of 30F, R.(30). The cavity thermal resistance
values exclude the effect of the framing members. The
Ro(30) values derived from the test panels constructed with
2x4 framing members ranged from 2.0 to 7.9 hr £t2 F/Btu; for
test panels constructed with 2x6 framing members, the R (30)
values ranged from 1.8 to 17.5 hr £t2 F/Btu. For test
panels constructed with mass insulation, the R (30) values



for systems constructed with 2x4 and 2x6 framing members
ranged from 10.2 to 11.2 and 16.2 to 17.3 hr ft2 F/Btu
respectively.

Where possible, the measured cavity thermal resistance
is compared with literature data which is commonly employed
to calculate the thermal resistance of reflective airspace
assemblies, Rpr(30). This comparison was made to ascertain
the wvalidity of calculating the thermal resistance of
reflective insulations based on 1literature data. The
Rpr(BO) values calculated for test panels constructed with
2x4 framing members ranged from 2.0 to 16.1 hr £t2 F/Btu;
for test panels constructed with 2x6 framing members, the
Rpr(30) values ranged from 1.9 to 24.2 hr £t2 F/Btu. For
test panels constructed with mass insulation, the Rpr(30)
values were determined by direct measurement of the mass
insulation by ASTM C 518. For systems constructed with 2x4
and 2x6 framing members, the Rpr(BO) values were 11.0 and
16.9 hr ft2 F/Btu respectively.

The major accomplishments of this study are stated
below.

1. The necessary modifications to standard ASTM hot
box methods for testing reflective insulations and
extracting the cavity thermal resistance from the test panel
result have been developed. See Section 8.

2. The ASTM guarded hot box method can accurately
measure systems with large internal convective heat transfer
components, similar to those present in reflective
insulations. The maximum metering area perimeter to guard
energy exchange was 5.4 percent but averaged less than 0.1
percent for the experiments performed. See Section 10.
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3. The test panel acceptance criteria in the proposed
ASTM material specification for reflective insulations has
been verified through the performance of four experiments on
test panels filled with mass insulation. Comparison of the
directly measured R-Values to the extracted cavity R~Values
indicate agreement in the range of 2 to 9 percent. See
Section 12.1.

4. The impact of mean temperature and temperature
difference on the thermal resistance of airspaces and test
panels containing airspaces was quantified. For single
airspace systems, an average decrease in thermal resistance
of 0.2 percent per degree F increase in mean temperature was
measured. A five-fold increase in temperature difference
decreased the test panel R-Value by an average of 23
percent. See Sections 11.2, 11.3, 11.4, and 11.5.

5. The effect of the number of airspaces and their
effective emittance on the thermal performance of a. test
panel and its cavity have been measured. The average cavity
thermal resistances for 1-, 2-, and 4-airspace cavities were
4.0, 5.3, 11l.4 hr £t F/Btu. See Section 12.6. However,
when comparing a single series of three test panels whose
only difference is the number of airspaces comprising the
cavity, the 2- and 4-airspace test panels were only 1.8 and
1.9 times more thermally resistive than the 1l-airspace test
panel. See Section 11.3. A reduction in the airspace
effective emittance from 0.05 to .0.03 increased the test
panel thermal resistance of a 1- and 2-airspace test panel

by 0.4 and 1.1 hr £t2 F/Btu, respectively. See Section
11.2.

6. The impact of heat flow direction and the thermal
resistance of the stud or framing material on the cavity and

vii



test panel thermal resistance has been determined. The
effect of the stud material on the test panel thermal
resistance was determined by comparing a selected set of
panels that were identical except for the stud material used
in their construction. An average increase in test panel R-
Values of approximately 15 percent was measured when
replacing wood studs with XEPS studs. The average cavity
thermal resistance for heat flow up, down, and horizontal
was 1.9, 11.2, and 4.5 hr ft2 F/Btu, respectively. See
Sections 11.8 and 12.6.

. 7. The two calculation methods used in this study for
determining the cavity thermal resistance agree to better
‘than 8 percent with the agreement improving as the cavity
thermal resistance decreases. See Section 12.. '

8. Accurate data on the building materials used to
construct test panels is imperative for the calculation of
the cavity thermal resistance. Differences of up to 9
percent between measured and handbook material R-Values were
noted. See Sections 6 and 7. .

9. A consumer-oriented handboock pertaining to the
use, installation, and performance of reflective insulations
has been written. See Section 14 and Appendix C.

10. The literature data for single airspaces has been
verified and the utilization of .this data to calculate
multiple airspace cavities significantly overestimates their
thermal resistance. Data on one-airspace cavities gathered
this study agrees with the 1literature to better than 5§
percent. However, the predicted thermal performance of two-
and'four-airspace systems were significantly higher (19 and

viii



48 percent, respectively) than measured results. See
Section 13.3.

This experimental study has identified a number of
issues that require additional investigation to further the
understanding of the thermal performance of reflective
airspaces and insulation materials. Refer to Section 18 for
a more comprehensive listing and discussion of this subject.

1. Expansion of the literature data for airspaces
with depths exceeding 3 1/2 inches is required. The primary
use of reflective insulations are in systems that exceed
this thickness.

2. Expansion the existing data base to cover the
entire range of reflective insulation materials, including
cavities with up to 9 airspaces, is needed.

3. Changes to the present government regulations
regarding labelling of reflective insulation materials
should be considered. These modifications should address
the modifications to the test methods discussed in this
report and allow the manufacturer to report R-Values for the
cavity or material instead of for the system.

4, Extension of the data base to cover the
temperature range typical for southern climates where the
majority of reflective insulation materials are used in the
U.S. is required.

5. The effect of aspect ratio on the thermal

performance of reflective insulations needs to be determined
to generalize the existing data base through modelling.

ix



6. A better understanding of the mechanisms of heat
transfer in multi-airspace cavities and systems is necessary
to understand why these cavities do not thermally perform as
well as single airspace systems. This information could
lead to the development of better reflective insulation
products.
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ABSTRACT

RESEARCH AND DEVELOPMENT DATA TO DEFINE THE THERMAL
PERFORMANCE OF REFLECTIVE MATERIALS USED TO CONSERVE ENERGY
IN BUILDING APPLICATIONS '

A comprehensive experimental laboratory study has been
conducted on the thermal performance of reflective
insulation systems. The goal of this study was to develop
test and evaluation protocols and to obtain thermal
performance data on a selected number of idealized and
commercial systems containing reflective airspaces for use
in analytical models.

Steady-state thermal resistance has been measured on 17
different test panels vusing two guarded hot |Dboxes.
Additional instrumentation was installed to measure the
temperature of critical locations inside the test panels.
The test parameters which have been studied are heat flow
direction (horizontal, up, and down), number of airspaces
comprising <the <cavity, airspace effective emittance,
airspace aspect }atio, airspace mean temperature and
temperature difference, and the thermal resistance of the
stud material. Tests have also been performed on similar
constructions with mass insulation.

Two one-dimensional calculation techniques (ASHRAE and
proposed ASTM) have been employed to determine the cavity
thermal resistance from the measured test panel results.
The measured cavity thermal resistance is compared with
literature data which is commonly employed to calculate the
thermal resistance of reflective airspace assemblies.

A consumer-oriented handbook pertaining to reflective
insulation for building and commercial applications has also
been prepared as part of this study.

xxiii






RESEARCH AND DEVELOPMENT DATA TO DEFINE THE THERMAL
PERFORMANCE OF REFLECTIVE MATERIALS USED TO CONSERVE ENERGY
IN BUILDING APPLICATIONS

1. INTRODUCTION =

A reflective insulation is defined as a thermal
insulation consisting of one or more low emittance surfaces
bounding one or more enclosed airspaces. The term
"enclosed" is critical in this definition since the major
distinction between reflective insulations and radiant
barriers is the airspace condition. A radiant barrier
system is defined as a building constructién that consists
of a low emittance surface bounded by an open airspace.
These insulations are available in a variety of forms from
single thickness foils bonded to backing materials to
multilayered structures which create a series of parallel
airspaces when installed in a conventional stud cavity.
Their thermal performance depends on the reduction of the
radiative heat <transfer across these airspacés while
minimizing convective and conductive heat transfer through
the airspace and the conductive heat transfer through the
insulation structure (flanges and foils).

Reflective insulations alter the systems in which they
are installed by modifying the surface emittance of the
airspace(s) and/or the number of airspaces within the
system; they therefore must be tested as a systen. The
supporting structure (studs, Jjoists) of the system is
required for their application and this structure invariably
acts as a parallel path for heat transfer. The measured
system thermal performance must then be treated such that
the reflective insulation "material" thermal resistance can



be determined to allow for the direct comparison of this
product to other types of thermal insulation materials.

Unlike mass insulation, the thermal resistance of
reflective insulation is not a material property which can
be defined as the ratio of its thickness and apparent
thermal conductivity. Since the total heat transfer through
a reflective insulation can have a significant convective
component, factors such as heat flow direction and
temperature difference have a major impact on its thermal
resistance.

A comprehensive assessment was undertaken for the
Department of Energy[1] on the subject of reflective
insulations. This assessment discussed the controversial
issues relating to the thermal performance of these systems.
These issues included questions regarding applicability of
current data on airspaces bounded- by reflective
surfaces[2'3'4], appropriate test methods, specimen
configurations and analytical models used to derive
results[4'5'6'7'8], and the resultant disparities in thermal
performance data. Some recommendations were made in this
assessment on how these issues could be resolved. The major
short-term recommendation was that a comprehensive
experimental laboratory study, supported by well validated‘
heat transfer models, be undertaken.

As a result, an investigation designed to address some
of the issues raised in the assessment was developed and
performed by the Thermatest Division of Holometrix through
the sponsorship of the Department of Energy Building Thermal
Envelope Systems and Materials (BTESM) program.



2. SCOPE AND OBJECTIVES

The objectives of this program were ¢to develop an
acceptable test and evaluation protocol, generate an initial
data base on some idealized systems, and extend this data
base to a limited number of commercial product types such
that adequate analytical models to predict thermal
performance could be developed and verified.

The program involved the laboratory analysis of thermal
resistance on 17 different test panels insulated with
reflective or mass insulations. Ninety-eight different
experiments on these test panels have been performed at
Holometrix, Inc. in accordance with ASTM C 236-87, Standard
Test Method for "Steady-State Thermal Performance of
Building Assemblies by Means of a Guarded Hot Box"[2], The
thermal resistance and emittance of all the materials used
to construct the test panels were characterized.

The test panels varied in construction details and
cavity insulation material, and were tested with different
heat flow directions and temperature conditions. The
parameters studied were the number of airspaces in the
cavity, the effective emittance of the airspace, the aspect
ratio of the airspace, the framing or stud material used in

the construction of the test panel, and the heat flow
direction.

From the system thermal resistance measurements, two
one-dimensional calculation techniques were applied to
determine the "material®™ or cavity thermal resistance.
These calculation methods use the material properties'and/or
internal temperature measurements to deduce cavity thermal
performance. One of the calculation procedures used for



determining "material" thermal performance has been
.recommended for inclusion in the proposed ASTM Standard
Specification for "Reflective Insulation for Building
Applications"flo]. The latest draft of this standard
specification is presented in Appendix A.

The calculated cavity thermal resistance data has been
compared ' to predictions based on the measurements of
Robinson and Powlitch(2]. The data from this reference is
widely accepted and forms the basis for the thermal
resistance of airspaces summarized in the ASHRAE Handbook of
Fundamentals(4].

The final task of this program was to prepare a booklet
for distribution to potential users of reflective insulation
such as home builders and weatherization contractors
containing information regarding the results of the
experimentation, factors affecting the actual thermal
performance when installed in buildings, the effects of
framing members, and a discussion of installation
‘procedures. Due to the anticipated audienée, the emphasis
of the booklet was to be practical in nature.

An important feature of this program was establishing a
review or advisory panel consisting of individuals from
industry, government and, academia. Each member of the
panel had some relevant experience in the subject of
reflective insulations. The purpose of this panel was to
monitor the progress of the program and advise the
investigators. Thus, all industry sectors were periodically
updated on the status of the program, allowing for the rapid
dissemination of data information generated during the
course of the program.



3. DETAILS OF THE TEST PANELS

Seventeen test panels were constructed by Holometrix,
Inc. and were subsequently tested in a guarded hot box. A
summary description of the test panels is presented in Table
1.

Test panels that were to be analyzed with horizontal
heat flow (wall configuration) were approximately
dimensioned 94 inches square. These test panels were
constructed with 2 x 4 studs placed 16 inches on center such
that the center of the test panel aligned with the center of
the central cavity with three full cavities in the metering
area. Test panels that were to be tested with vertical heat
flow (floor and ceiling configurations) were 75 by 78 inches
with the structural members paralleling the 75 inch
dimension. They were constucted such that a stud aligned
with the center line of the test panel and two full width
cavities were in the metering area. With the exception of
Test Panel 11A which was constructed with 2 x 4 studs, all
of the vertical heét flow test panels were comprised of 2 x
6 studs spaced 16 inches on center. The cavities in these
panels were oriented such that the center line of the test
panel aligned with a stud member.

The perimeter of all the test panels was fabricated
with appropriately sized wood studs. Figures 1 and 2 detail
the layout of the stud members for the horizontal and
vertical heat flow experiments respectively. Schematics of
the cavity cross-sections are shown in Figure 3.

A 1/4 inch thick plywood material was used to sheath
both sides of each test panel. The 1/4 inch plywood is an
atypical sheathing but was selected to minimize the



SUMMARY DESCRIPTION OF SEVENTEEN TEST PANELS AND CONDITIONS FOR

TABLE 1

THE GUARDED HOT BOX STUDY

| | | | ! i
| Ponel | Heat Flow | # of | Airspace | Freme | Frame | Aspect | Delta T/ | Airspace :
| No. | Direction | Airspaces | E (1) | Material | Size | Ratio (2) | Airspace | T mean |
] | ] ] 4l ] | ] | |
| | | | | | | | | I
| 1A | Horizontal | 1 | 005 | xeps | 2x4 | 14 | 10-50F | soF |
] 18 | Horizontal | 2 | 005 | Xeps | 2x4 | 28 | 10-50F | SOF |
| | | ] | | i ! | !
| I | | | ! | | I |
| 2A | Horizontal | 1 | 0.03 | wWood | 2x4 | 14 | 10-50F | S0,75F |}
| 28 | Horizontal | 2 ] 0.03 | wood | 2x4 | 28 | 5-50F | 35-100F |
] 2C | Horizontat | 4 | o0.03 | Wood | 2x4 | 56 | 2.5-12.5F | 30-95F |
| | | | | ! | | | |
| I ! I I | | | ! I
| 3a | Horizontal | 1 | 0.03 | Xeps | 2x4 | 14 | 10-50fF | 50,75f |
| 38 | Horizontal | 2 | 0.03 | Xxeps | 2x4 | 28 | S-50F | 35-100F |
| 3c | Horizontal | 4 | 0.03 | xeps | 2x4 | 56 | 2.5-12.5F | 30-95F |
I | ! ! ] ! ! I ! |
| | { | | ] | | | |
| 4A (3) | Horizontal | FG | WA | Xxeps | 2x4 | N/A | SOF | 75F |
| 48 (3} | Horizontat | FG | WA | Wood | 2x4 | N/A ] SOF | 75F ]
| | ! | | ! | | I |
| | ] | i 1 1 | | ]
| 1A | Up & Down | 1 ] 005 | Xeps | 2x4 | 0.2 | 10-50f | 50,75F |
| | ] ! J ] ] | | !
| I | | | | | | I I
| 12A | Up & Down | 1 |] 005 | Woed | 2x6 | 0.38 | 10-50F | 50,75F |
| 128 | Down | 4 | 0.03 | Wood | 2x6 | 0.09 | 2.5-12.5F | 30-95F |
| 12€ 3y | Up | FG | WA | Wood | 2x6 | N/A ] 50F | 75F |
| | | I | | | I | I
| | l | I | | | | |
] 13A | Up & Down | 1 | 0.05 | xeps | 2x6 | 0.38 | 10-50F | 50,75F |
| 138 | Down | 4 | ©0.03 | Xeps | 2x6 | 0.09 | 2.5-12.5¢ | 30-95F |
| 13¢ (3 | Up | FG | N/A | Xxeps | 2x6 | N/A | 50F | 75F |
| | | | | | ] | | |
Notes: 1, E is the effective emittance of each airspace in the cavity calculated

by E =1/ {1/e1 + 1/e2 -1] where el and e2 are the emittances of the

surfaces bounding the airspace.

2. The aspect ratio of the airspace is defined as the ratio of airspace height

and the airspace thickness for horizontal heat flow. For vertical heat

flow, the aspect ratio is defined as the airspace thickness divided by

the airspace width.

3. The cavities of Test Panels 4A, 4B, 12C, and 13C are filled with a fiberglass

batt material.
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additional thermal resistance that typical sheathing adds to
the test panel.

Ten panels (1A, 1B, 3A, 3B, 3C, 4A, 11A, 13A, 13B, and
13C) were constructed with extruded polystyrene foam (XEPS)
studs. These studs were fabricated by slicing 3 1/2 or 5
1/2 inch wide strips from a nominal 1 1/2 inch thick board
and installing them in the test panel such that the
predominant heat flow direction in the stud would be along
the width of the extruded polystyrene foam board. Seven
panels (2A, 2B, 2C, 4B, 12A, 12B, and 12C) were constructed
with 2 ¥ 4 or 2 x 6 kiln-dried eastern spruce balsam fir
wood studs.

The plywood sheathing was attached to the wood studs
with 1 1/4 inch hardened steel drywall screws located 12
inches on center. To attach the sheathing to the XEPS
studs, 1/4 inch diameter nylon threaded rods were installed
into holes which were drilled through the sheathings and
XEPS studs. These holes were situated 16 inches on center:
there were 8 or 6 nylon rods in the metering area for the
horizontal and vertical heat flow tests respectively. The
sheathing was held in-place by tightening nylon nuts onto
each side of the threaded rods, pressing the sheathing onto
the framing material.

Single reflective airspaces having an effective
emittance of 0.05 were incorporated into Test Panels 1A,
11A, 12A, and 13A. To create a single reflective airspace
having an effective emittance of approximately 0.05, a sheet
of 0.010 inch thick single thickness reflective insulation
material, supplied by a reflective insulation manufacturer,
was adhered to the interior side of the hot side sheathing
material.

10



A single airspace having an effective emittance of 0.03
was constructed by applying the single thickness reflective
insulation material to the interior sides of both
sheathings. This type of cavity insulation was installed in
Test Panels 2A and 3A.

Test Panel 1B was insulated with a two-airspace cavity
with each airspace having an effective emittance of 0.05.
To construct this cavity insulation system, a sheet of
single thickness reflective insulation material with a
reflective surface on both sides was installed in the exact
center of the cavity thickness. To decrease the effective
emittance of each airspace in the two-airspace cavity from
0.05 to 0.03, both sheathings were laminated with the single
thickness reflective insulation material. This cavity
insulation system was installed in Test Panels 2B and 3B.
To hold the central foil in place, the width of the
reflective insulation material installed in the center of
the cavity was adjusted so that the material could be folded
and attached directly to the stud. The width . of the
attachment flange was 1 inch. 1In the wood stud test panel,
the flanges were stapled to the stud. Staples were applied
12 inches on center. To hold the central foil to the XEPS
studs, the flanges were pressed against the stud with a 1 x
1/2 inch fiberglass angle and held in place with 1/8 inch

diameter threaded nylon rods and nuts spaced 12 inches on
center.

The four-airspace cavities, each having an effective
emittance of 0.03, were created by utilizing a commercial
three-layer product supplied by a reflective insulation
manufacturer. This insulation system was installed in Test
Panels 2C, 3C, 12B, and 13B. The interior layer of this
insulation material was foil and the two exterior layers

11



were foil laminated to a kraft paper backing material. The
foil on the exterior layers was attached to the outside
surface. The foil and foil/kraft paper laminates are
adhered to cardboard flanges to facilitate installation and
create the appropriate layer spacihg. This combination of
foil and paper backed foil provided one 1low emittance
surface for each airspace. When applied to a 2 x 4 stud
cavity, the thickness of each airspace in this cavity was
approximately 7/8 inches. When incorporated into a 2 x 6
cavity, the two exterior airspaces were 1 7/8 inches deep
while the two interior airspaces were 7/8 inches thick. The
application of this product was performed following the
manufacturer's instructions. Attachment to the wood and
XEPS studs was identical to thé methods used on the central
foils of the two-airspace cavity systems.

Tests were also performed on test panels insulated with
fiberglass batt insulation. Test Panels 4A and 4B were
insulated with nominal R-11 (3 1/2 inches) unfaced
fiberglass blankets, while Test Panels 12C and 13C were
insulated with nominal R-19 (6 1/4 inches) unfaced
fiberglass blankets which were acquired from a local retail
source. These experiments were performed to verify that the
subsequent calculations could accurately deduce the material
thermal resistance of the cavity insulation from the system
R-Value test.

Whenever a single thickness reflective insulation was
laminated to the sheathing, a 1/8 inch wide thermal break
was cut into the laminate around the perimeter of the
metering area. Appropriately sized convective breaks or
stops fabricated from 1 1/2 inch thick XEPS foam were used
along the open portion of the metering box perimeter. to
prevent air exchange between the metering and guard areas of

12
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the test panel. These convective stops were installed such
that they were physically outside of the metering area with
one side of the stop aligned with the perimeter of the
metering area. Convective stops were also installed in the
adjoining guard area cavities in an attempt to replicate the
convective loops of the metering area. A thin layer of mass
insulation was installed between the convective stops and
the cut edges of the foils to guarantee an adequate seal.
The location of the convective breaks for a typical
horizontal heat flow test panel is shown schematically in
Figure 4.

4. THE TEST MATRIX

Forty-eight experiments were performed on the ten
different horizontal heat flow test panels and fifty tests
were undertaken on the seven vertical heat flow test panels.
Targeted test conditions for each individual test panel are
detailed in Tables 2 through 18 and Table 19 summarizes the
reasons for including each panel in the test matrix. The
individual test panels are discussed below.

4.1 IDEALIZED PANELS: XEPS STUDS, E=0.05, 1 AND 2
AIRSPACES, HORIZONTAIL AND VERTICAL HEAT FLOW

Test Panels 1A, 1B, and 1l1A were designed to be
identical to configurations analyzed by Robinson and
Powlitch(2] except that the framing members were fabricated
with a material of high thermal resistance and the cavity
width was narrower than Robinson and Powlitch had tested.
These test panels ‘contained idealized airspaces; the
construction of the airspace(s) was accomplished . by
carefully attaching layers of a single thickness reflective

13
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TABLE 2

CONDITIONS FOR HORIZONTAL HEAT FLOW TEST PANELS

DESCRIPTION
PANEL NO.: 1A ONE SURFACE BLACK, THE OTHER
NO. OF AIRSPACES: 1 REFLECTIVE, TO SIMULATE SURFACE
CAVITY EMITTANCE: 0.05 PROPERTIES OF PANELS IN NBS WORK.
ASPECT RATIO: 14 FRAME OF EPS TO REDUCE FRAME HEAT

LOSS CORRECTION.

DELTA T - AIRSPACE MEAN

TEST NUMBER T hot T cold PER AIRSPACE TEMPERATURE
H-1 75 25 50 50
H-2 70 30 40 50
H-3 65 35 30 50
H-4 60 40 20 50
H-5 ’ 55 45 10 50

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.
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TABLE 3

CONDITIONS FOR HORIZONTAL HEAT FLOW TEST PANELS

DESCRIPTION
PANEL NO.: 1B SINGLE FOIL INSTALLED IN CENTER
NO. OF AIRSPACES: 2 OF 3 1/2 INCH CAVITY TO PRODUCE
CAVITY EMITTANCE: 0.05 TWO AIRSPACES WITH SURFACE PROPERTIES
ASPECT RATIO: 28 IDENTICAL TO PANEL 1A. FRAME OF
EPS TO REDUCE FRAME HEAT LOSS
CORRECTION.
AIRSPACE MEAN
TEMPERATURE
DELTA T e e
TEST NUMBER T hot T cold PER AIRSPACE 1 2
H-6 125 25 50 100 50
H-7 110 30 40 90 50
H-8 95 35 30 80 50
H-9 80 40 20 70 50
H-10 65 45 10 60 50

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.
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TABLE 4

CONDITIONS FOR HORIZONTAL HEAT FLOW TEST PANELS

DESCRIPTION
PANEL NO.: 2A BOTH INTERIOR SURFACES REFLECTIVE
NO. OF AIRSPACES: 1l STANDARD STUD WALL WITH WOOD
CAVITY EMITTANCE: 0.03 ‘ FRAME.
ASPECT RATIO: 14
DELTA T AIRSPACE MEAN

TEST NUMBER T hot T cold PER AIRSPACE TEMPERATURE

H-11 100 50 50 75

H-12 95 55 40 75

H-13 90 60 30 75

H-14 85 65 20 75

H-15 80 70 10 75

H-16 75 25 50 50

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.
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TABLE 5

CONDITIONS FOR HORIZONTAL HEAT FLOW TEST PANELS

DESCRIPTION
PANEL NO.: 2B ALL INTERIOR SURFACES REFLECTIVE.
NO. OF AIRSPACES: 2 STANDARD STUD WALL WITH WOOD FRAME.
CAVITY EMITTANCE: 0.03
ASPECT RATIO: 28
ATIRSPACE MEAN
TEMPERATURE
DELTA T e s 0 0 0 0 o
TEST NUMBER T hot T cold PER AIRSPACE 1 2
H-17 125 25 50 100 50
H-18 95 15 40 75 35
H-19 90 30 30 75 45
H-20 85 45 20 75 55
H-21 80 60 10 75 65
H-22 77.5 67.5 5 75 70

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.
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TABLE 6

CONDITIONS FOR HORIZONTAL HEAT FLOW TEST PANELS

DESCRIPTION
- PANEL NO.: 2C COMMERCIAL THREE-FOIL PRODUCT
NO. OF AIRSPACES: 4 INSTALLED IN STANDARD STUD WALL WITH
CAVITY EMITTANCE: 0.03 WOOD FRAME. ALL AIRSPACES ARE BOUNDED
ASPECT RATIO: 56 BY ONE HIGH EMITTANCE SURFACE AND

ONE REFLECTIVE SURFACE.

AIRSPACE MEAN

TEMPERATURE
DELTA T T
TEST NUMBER T hot T cold PER AIRSPACE 1 2 3 4

H-23 100 50 12.5 94 81 69 56
H-24 95 55 10 90 80 70 60
H-25 90 60 7.5 86 79 71 64
H-26 85 65 5 82 78 72 68
H-27 80 70 2.5 79 76 74 71
H-28 75 25 12.5 69 56 44 31

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.
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CONDITIONS FOR HORIZONTAL HEAT FLOW TEST PANELS
DESCRIPTION
PANEL NO.: 3A BOTH INTERIOR SURFACES REFLECTIVE.
NO. OF AIRSPACES: 1 LOW CONDUCTANCE FRAME, SAME
CAVITY EMITTANCE: 0.03 GEOMETRY AS PANEL 2A.
ASPECT RATIO: 14
DELTA T AIRSPACE MEAN
TEST NUMBER T hot T cold PER AIRSPACE TEMPERATURE
H-29 100 50 50 , 75
H-30 95 55 40 75
H-31 90 60 30 75
H-32 85 65 20 75
H-33 80 70 10 : 75
H-34 75 25 50 . 50

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

QIIMMAMITTAL /SO
QNLALIILINGO .«
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TABLE 8

CONDITIONS FOR HORIZONTAL HEAT FLOW TEST PANELS

DESCRIPTION
~ PANEL NO.: . 3B | ALL INTERIOR SURFACES REFLECTIVE.
NO. OF AIRSPACES: 2 LOW CONDUCTANCE FRAME, SAME
CAVITY EMITTANCE: 0.03 GEOMETRY AS PANEL 2B.
ASPECT RATIO: 28
AIRSPACE MEAN
TEMPERATURE
DELTA T o e e e e e ~ee
TEST NUMBER T hot T cold PER AIRSPACE 1 2
H-35 125 25 50 100 50
H-36 95 15 40 75 35
H-37 90 30 30 75 45
H-38 85 45 20 75 55
H-39 80 60 10 75 65
H-40 77.5 67.5 5 75 70

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE
SHEATHINGS.
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TABLE 9

CONDITIONS FOR HORIZONTAL HEAT FLOW TEST PANELS

DESCRIPTION
PANEL NO.: 3C COMMERCIAL THREE-FOIL PRODUCT
NO. OF AIRSPACES: 4 INSTALLED IN STANDARD STUD WALL WITH
CAVITY EMITTANCE: 0.03 LOW CONDUCTANCE EPS FRAME. ALL
ASPECT RATIO: 56 AIRSPACES ARE BOUNDED BY ONE HIGH

EMITTANCE SURFACE AND ONE
REFLECTIVE SURFACE,

AIRSPACE MEAN

TEMPERATURE
DELTA T badadadadeded el ettt L g R e dad
TEST NUMBER T hot T cold PER AIRSPACE 1 2 3 4

H-41 lo00 50 12.5 94 81 69 56
H-42 95 55 10 90 80 70 60
H-43 20 60 7.5 86 79 71 64
H-44 85 65 5 : 82 78 72 68
H-45 80 70 2.5 79 76 74 71
H-46 75 25 12.5 69 56 44 31

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.
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CONDITIONS FOR HORIZONTAL HEAT FLOW TEST PANELS

PANEL NO.:
NO. OF AIRSPACES:

CAVITY EMITTANCE:

ASPECT RATIO:

TEST NUMBER T hot

B P 0 P N Bt Pt Pt D P P S G B0 O P np S s

H-48 100

' DESCRIPTION
4B CAVITY FILLED WITH MASS INSULATION.
1 STANDARD STUD WALL WITH WOOD FRAME.
N/A SAME GEOMETRY AS PANEL 2A.
N/A
DELTA T AIRSPACE MEAN
T cold PER AIRSPACE TEMPERATURE
50 50 75
(1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE
SHEATHINGS.
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TABLE 12

CONDITIONS FOR VERTICAL HEAT FLOW TEST PANELS

PANEL NO.: 11A

NO. OF AIRSPACES: 1
CAVITY EMITTANCE: 0.05
ASPECT RATIO: 0.24

HEAT FLOW DIRECTION: UP AND DOWN

STUD SIZE: 2 X 4

TEST NUMBER T hot T cold

O P P B S TP I Pt Gt BP P PP DD B B B g B B Cp St O) O B S B Pp S O Pt P P oy s oy

V-1 75 25
V-2 70 3o
V-3 65 35
V-4 60 40
V-5 55 45
V-6 100 50
v=7 75 25
V-8 70 30
V-9 65 35
vV-10 60 40
V=11 55 45
V-12 100 50

HEAT
FLOW

UP
Up
UP
UP
up
up
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

DESCRIPTION
ONE SURFACE BLACK, THE OTHER
REFLECTIVE, TO SIMULATE SURFACE
PROPERTIES OF PANELS IN NBS WORK.
FRAME OF EPS TO REDUCE FRAME HEAT
LOSS CORRECTION.

DELTA T AIRSPACE MEAN
PER AIRSPACE TEMPERATURE
50 50
40 50
30 50
20 50
10 50
50 75
50 50
40 50
30 50
20 50
10 50
50 75

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.



PANEL NO.: 12A
NO. OF AIRSPACES: 1
CAVITY EMITTANCE: 0.05
ASPECT RATIO: 0.38

HEAT FLOW DIRECTION: UP AND DOWN

STUD SIZE: 2 X6
& TEST NUMBER T hot T cold
v-13 100 50
v-14 95 55
v-15 90 60
V-16 85 65
V=17 80 70
v~18 75 25
v-19 100 50
v-20 95 55
v-21 90 60
v-22 85 65
v-23 80 70
v-24 75 25

TABLE 13

CONDITIONS FOR VERTICAL HEAT FLOW TEST PANELS

HEAT
FLOW

UpP
UP
Up
up
UP
Up
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

DESCRIPTION
ONE SURFACE BLACK THE OTHER
REFLECTIVE, TO SIMULATE SURFACE
PROPERTIES OF PANELS IN NBS WORK.
STANDARD STUD CONSTRUCTION WITH
WOOD FRAME.

DELTA T AIRSPACE MEAN
PER AIRSPACE TEMPERATURE
50 75
40 75
30 75
20 75
10 75
50 50
50 75
40 75
30 75
20 75
10 75
50 50

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHIN

GS.
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PANEL NO.:

NO. OF AIRSPACES:
CAVITY EMITTANCE:
ASPECT RATIO:

HEAT FLOW DIRECTION:
STUD SIZE:

TEST NUMBER T hot

vV-25 100
V=26 95
V=27 90
v-28 85
V-29 80
V=30 75
NOTES:

TABLE 14

CONDITIONS FOR VERTICAL HEAT FLOW TEST PANELS

DESCRIPTION
12B COMMERCIAL THREE FOIL PRODUCT
4 INSTALLED IN STANDARD STUD
0.03 CONSTRUCTION WITH WOOD FRAME, ALL
0.09 AIRSPACES ARE BOUNDED BY ONE HIGH
DOWN EMITTANCE SURFACE AND ONE REFLECTIVE
2X6 SURFACE.
AIRSPACE MEAN
TEMPERATURE
HEAT DELTA T 0 s 2 20 00 2 e 0 s 2 e 20 2 0 0 0 1 e
T cold FLOW PER AIRSPACE 1 2 3 4
50 DOWN 12.5 94 81 69 56
55 DOWN 10 90 80 70 60
60 DOWN 7.5 86 79 71 64
65 DOWN 5 82 78 72 68
70 DOWN 2.5 79 76 74 71
25 DOWN 12.5 69 56 44 31

(1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.
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PANEL NO.:

NO. OF AIRSPACES:
CAVITY EMITTANCE:
ASPECT RATIO:

HEAT FLOW DIRECTION:
STUD SIZE:

TEST NUMBER T hot

> D N S 2 . D > BB S Bt P 8 S P B WP Pt P S D o o ot 0 b b b o Bt P2

NOTES:

(1
(2

TABLE 15

CONDITIONS FOR VERTICAL HEAT FLOW TEST PANELS

l2C

N/A
N/A
UpP
2 X6

DESCRIPTION

P O PP P P P Pt P8 D Pt Pt Pt S Pt P8 Pt Pt Bt Bt Bt Bt D PP P2 B0 Pt P Pt P Pt b PP Pl BB Bt Bt Bt

CAVITY FILLED WITH MASS INSULATION.
STANDARD STUD CONSTRUCTION WITH

WOOD FRAME.
DELTA T AIRSPACE MEAN
PER AIRSPACE TEMPERATURE
50 75

)} TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.



PANEL NO.:

NO. OF AIRSPACES:
CAVITY EMITTANCE:
ASPECT RATIO:

HEAT FLOW DIRECTION:
STUD SIZE:

N

o TEST NUMBER T hot
v-32 100
v-33 95
v-34 90
v-35 85
V-36 80
v-17 75
v-38 100
V-39 95
V-40 90
v-41 85
v-42 80
v-43 75

NOTES:

TABLE 16

CONDITIONS FOR VERTICAL HEAT FLOW TEST PANELS

DESCRIPTION
13A ONE SURFACE BLACK, THE OTHER
1 REFLECTIVE, TO SIMULATE SURFACE
0.05 PROPERTIES OF PANELS IN NBS WORK.
0.38 FRAME OF EPS TO REDUCE FRAME HEAT
UP AND DOWN 10SS CORRECTION.
2 X6
HEAT DELTA T AIRSPACE MEAN
T cold FLOW PER AIRSPACE TEHPERATURE
50 UP 50 75
55 up 40 75
60 up 30 75
65 UpP 20 75
70 up 10 75
25 UP 50 50
50 DOWN 50 75
55 DOWN 40 75
60 DOWN 30 75
65 DOWN 20 75
70 DOWN 10 75
25 DOWN 50 50

(1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.
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PANEL NO.:

NO. OF AIRSPACES:
CAVITY EMITTANCE:
ASPECT RATIO:

HEAT FLOW DIRECTION:
STUD SIZE:

TEST NUMBER T hot

v-44 100
V-45 95
v-46 90
vV-47 85
V-48 80
V=49 75
NOTES:

TABLE 17

CONDITIONS FOR VERTICAL HEAT FLOW TEST PANELS

DESCRIPTION
13B COMMERCIAL THREE FOIL PRODUCT
4 INSTALLED IN STANDARD STUD
0.03 CONSTRUCTION WITH EPS FRAME. ALL
0.09 ‘ AIRSPACES ARE BOUNDED BY ONE HIGH
DOWN EMITTANCE SURFACE AND ONE REFLECTIVE
2 X6 SURFACE.
AIRSPACE MEAN
TEMPERATURE
HEAT DELTA T 2 0 0 2 e 20 e e o s o ——————
T cold FLOW PER AIRSPACE 1 2 3 4
50 DOWN 12.5 94 81 69 56
55 DOWN 10 90 80 70 60
60 DOWN 7.5 86 79 71 64
65 DOWN 5 82 78 72 68
70 DOWN 2.5 79 76 74 71
25 DOWN 12.5 69 56 44 31

(1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.
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TABLE 18

CONDITIONS FOR VERTICAL HEAT FLOW TEST PANELS

DESCRIPTION
PANEL NO. : 13C CAVITY FILLED WITH MASS INSULATION
NO. OF AIRSPACES: 1 WITH LOW CONDUCTANCE FRAME.
CAVITY EMITTANCE: N/A
ASPECT RATIO: N/A
HEAT FLOW DIRECTION: uP
STUD SIZE: 2 X6
HEAT DELTA T AIRSPACE MEAN
TEST NUMBER T hot T cold FLOW PER AIRSPACE TEMPERATURE
V-50 100 50 UP 50 75

NOTES: (1) TEMPERATURES ARE GIVEN IN DEGREES FAHRENHEIT.
(2) T hot AND T cold ARE THE INTERIOR TEMPERATURES OF THE

SHEATHINGS.



TABLE 19

PURPOSES FOR THE INCLUSION OF TEST PANELS IN
THE GUARDED HOT BOX STUDY

I ] i
Panel | | # of |
No. | Panel Type | Tests | Reason for Inclusion in Matrix
| | |
1A | wWall ) s | Idealized configurations to simulate
1B | Wall ) 5 { NBS Study.
| I |
| | ]
2Aa | Wall | 6 !
2B ] wall | 6 { A and B series are idealized configqur-~
2¢C | Wall | [ | ations and C series contain a commer-
| | | cial product. Test series 2 and 3 are
] } | identical except for framing materials
3A | Wall | 6 | to evaluate the effects of frame
3B | Wall } 6 | thermal resistance.
3C | wall | 6 {
| % |~
4A | wWall | 1 | Same construction as 2A and 3A; mass
4B | Wall | 1 | insulation in cavity to verify
| | | subsequent calculations.
| | |
11A | Floor/Ceiling | 12 | Similar to Panels 1A and 1B.
] | |
| | |
12A | Floor/Ceiling | 12 |
12B | Ceiling | 6 | Series A panels contain a single air-
12¢ | Floor | 1 | space, series B panels contain a
] ] | commercial three-foil product, and
i | | series C a mass insulation. Series 12
13A | Floor/Ceiling | 12 | and 13 are identical except for
138 | Ceiling \ 6 | framing material.
13¢ | Floor | 1 ]
] ! ]
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insulation material into the cavity such that all the
airspaces were bounded by parallel surfaces and that there
was no additional structure added to the cavity.

Test Panel 1A was analyzed under five different sets of
cavity temperature conditions. The airspace mean
temperature for all five experiments was 50F and the
temperature difference across the airspace was varied from
10 to 50F in 10F increments. A mean temperature of S50F was
selected because the Federal Trade Commission Trade
Regulations[11] state that R-Values of single airspaces can
be calculated utilizing data from the ASHRAE Handbook of
Fundementals and that these calculations must be performed
at a mean temperature of 50F. ‘Test Panel 1B was also tested
under five different sets of thermal conditions. For this
series of experiments, the airspace on the cold side of the
cavity was maintained at a mean temperature of SO0F and the
mean temperature of the second airspace decreased in 10F
increments from 100 to 60F as the temperature difference
across each airspace in the cavity was decreased in 10F
increments from 50 to 10F. This combination of temperature
conditions was selected because the thermal conditions
imposed on the airspace abutting the cold side of the cavity
would be identical to the conditions imposed on the single
airspace of Test Panel 1A (To5, = 50F, 4T = 10, 20, 30, 40,
and 50F). The airspace on the hot side of the cavity would
be analyzed at a second mean temperature (Tp .5, = 100, 90,
80, 70, and 60F). Test Panel 11A was analyzed at six
different airspace mean temperature/temperature difference
combinations in two heat flow directions (heat flow up and

down) . Five of these combinations were identical to the
conditions imposed on Test Panel 1A. In addition, a sixth
set of conditions (Tpeap = 75F, dT = 50F) was included in

the test matrix to supply data at a different airspace mean
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temperature. Summaries of the targeted test conditions for
these test panels are given in Tables 2, 3, and 12.

4.2 JIDEALTIZED AND COMMERCIAL PANELS: WOOD STUDS, NUMBER OF
AIRSPACES, ASPECT RATIO, HORIZONTAL AND VERTICAL HEAT FLOW

Test Panels 2A, 2B, and 2C were included in the test
matrix to measure the effect of the number of airspaces in
the cavity and the aspect ratio of those airspaces on the
thermal performance of the cavity with horizontal heat flow.
Test Panels 12A and 12B, identical in construction to Test
Panels 2A and 2C with the exception of the size of the
framing member and the effective emittance of the single
airspace cavity, were included to determine the impact of
the same parameters on the thermal performance of the cavity

with vertical heat flow. All five test panels were
constructed with wood studs to simulate real-life
construction practices. The horizontal heat flow test

panels contained 1, 2, and 4 airspaces in the cavity while
the vertical heat flow test panels contained 1 and 4
airspaces in the cavity respectively. Test Panels 2a, 2B,
and 12A contained idealized airspaces while Test Panels 2C
and 12B were insulated with a commercially available three
layer (creating four airspaces) reflective insulation
product which included a flange for mounting purposes. The
purpose for including of a commercial product in the test
matrix was to test the impact of nonidealized airpaces and
the effect of the reflective insulation structure on the
thermal performance of the cavity.

Test Panel 2A was analyzed under six different sets of

cavity mean temperature/temperature difference combinations.
For the first five conditions, the airspace mean temperature
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was maintained at 75F and the temperature difference across
the airspace was varied from 10 to 50F in 10F increments.
The sixth set of conditions (Tpoan, = 50F, 4T = 50F) was
included in the test matrix to supply data at a different
airspace mean temperature. Test Panel 2B was also analyzed
under six different sets of thermal conditions. For the
first five experiments, the airspace on the hot side of the
cavity was maintained at a mean temperature of 75F and the
temperature difference across each airspace decreased
incrementally from 50 to 5F. The cold side airspace mean
temperature varied from 35 to 70F, supplying a second mean
temperature with the same temperature differences as the hot
side airspace. The sixth set of temperature conditions
imposed on this test panel yielded a mean temperature of 100
and 50F for the two airspaces and a temperature difference
of B50F across each airspace. Twelve experiments were
performed on Test Panel 12A. The six sets of thermal
conditions imposed on Test Panel 2A were used for both the
heat flow up and down directions. Tables 4, 5, and 13
contain detailed information regarding the - target
temperature conditions for these three test panels.

The identical cavity mean temperature/temperature
differences imposed on Test Panel 2A were used for
evaluating Test Panels 2C and 12B. In this instance, the
temperature differences across each individual airspace was
smaller due to the multiple airspaces in the test cavity:
the airspace temperature differences ranged from 12.5 to
2.5F. Tables 6 and 14 summarize these test conditions.
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4.3 XEPS VERSUS WOOD STUDS

During the historical development of an ASTM material
specification for reflective insulation, the issue of test
configurations has been controversial; one group has favored
using high thermal resistance studs in the test
configuration because of the 1lower overall heat flow
correction while a second group has championed the use of
wood studs because of their use in real-life systems. To
address this issue, Test Panels 3A, 3B, and 3C with
horizontal heat flow and Test Panels 13A and 13B were
included in the test matrix. These five test panels (34,
3B, 3C, 13A, and 13B) were identical to Test Panels 2A, 2B,
2Cc, 122, and 12B respectively with the exception of the
framing or stud material used in their construction. The
Series 2 and 12 test panels used wood studs while the Series
3 and 13 test panels used XEPS foam studs. One of the
objectives of this program was to ultimately deduce the
thermal resistance of the cavity by accounting for the heat
transfer through the framing members. The proposed
variation in the material used for the framing members
yields two significantly different percentages of the total
heat flow which would be transferred by the framing members
and test the ability to account for this heat flow.
Comparisons between the test panels with wood and foam studs
would quantify the effect of thermal short circuiting
through the supporting structure and determine whether that
thermal shunting could be accurately quantified.

The test conditions for Test Panels 3A, 3B, 3C, 13a,
and 13B were identical to their counterparts in the Series 2
and 12 test panels and are summarized in Tables 7, 8, 9, 16,
and 17 respectively.
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4 T PANELS W] o

The proposed ASTM material specification for reflective
insulation requires that the heat flow correction for
framing members must be corroborated by performing an
experiment with the test panel cavities filled with a mass
insulation of known thermal performance. A representative
sample of the mass insulation would be tested and the
calculated thermal resistance of the mass insulation in the
cavity must agree with its directly measured thermal
resistance to within 10 percent. To test the stringency of
this requirement, four test panels, namely 4A, 4B, 12C, and
13C, were included in the test matrix. Test Panels 4A and
4B were tested with horizontal heat flow and the remaining
two panels were analyzed with vertical heat flow (up). The
horizontal ahd vertical heat flow test panels were insulated
with unfaced nominal R-11 (3 1/2 inches) and nominal R-19 (6
1/4 inches) fiberglass batts respectively. Test Panels 4A
and 13C were constructed with XEPS foam framing members; the

other two test panels utilized wood studs for framing
members.

The four test panels insulated with fiberglass batts
were tested at a cavity mean temperature of 75F with a
cavity temperature difference of SOF. Tables 10, 11, 15,
and 18 summarize the test conditions for these four test
panels respectively.

5. MATERIAL PROPERTIES OF TEST PANEL COMPONENTS

Sufficient quantities of the building materials
required to build all of the test panels were acquired at
the outset of the program to guarantee that all test panels
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would be fabricated from materials of similar thermophysical
properties. The construction of the test panels required
2 X 4 and 2 x 6 wood studs, 1/4 inch thick plywood sheet for
sheathing, 1 1/2 inch thick extruded polystyrene foam (XEPS)
for the high thermal resistance studs and the convective
stops, single thickness and three layer reflective
insulation, R-11 and R-19 fiberglass batts for cavity mass
insulation for the calculation verification testing, and
reflective and non-reflective adhesive tapes for the
attachment of the temperature instrumentation.

The subsequent calculations used to determine cavity
thermal resistance require accurate knowledge of the thermal
resistance and emittance of these materials. Sampies of the
wood and XEPS framing materials, sheathing, and the two
fiberglass batt materials were randomly selected from the
stock of materials used to construct the test panels for
thermal resistance testing. All of the above-listed
materials were similarly sampled for measuring their surface
emittance.

The thermal resistance of all the samples was
determined in accordance with ASTM C 518-85, Standard Test
Method for "Steady-State Heat Flux Measurements and Thermal
Transmission Properties By Means of the Heat Flow Meter’
Apparatus"flz]. Samples of the stud materials approximately
dimensioned 24 inches square in cross-section by 3 1/2 or
5 1/2 inches thick were prepared by stacking sixteen 1 1/2
inch wide by 24 inch long by thickness sections of stud
material together. This sample preparation technique
allowed for testing the stud material in the same
orientation as their use in the test panel. After the two
wood stud materials were analyzed for thermal performance,
these samples were altered by installing one 1 1/4 inch long

38



drywall screw per linear foot of stud on each side of the
sample in the metering area of the apparatus. The inclusion
of the drywall screws was to simulate the actual building
construction of the test panels.

A similar exercise was employed with the XEPS studs and
the nylon threaded rods. After the completion of the
initial analyses on these stud materials, the samples were
modified by installing a nylon rod per 16 linear inches of
stud (4 total) in the metering area of the heat flow meter

apparatus. The nylon rods were cut flush with the surface
of the stud.

A 24 inch square sample of each fiberglass batt
insulation material was prepared by sandwiching two 4 3/4
inch wide by 24 inch long sections of material around a full
width (14 1/2 inch) by 24 inch long section. These samples
were analyzed utilizing a large heat flow meter apparatus
which has been previously described[13] at the cavity
thickness and, where necessary, at the same density as the
batts in the metering area of the guarded hot box test
panel. Due to the nonrepresentativeness of the 3 1/2 inch
batt selected for materials properties testing, a second
batt removed from the guarded hot box metering section was
also analyzed. This second sample more closely approximated
the density of the material applied to the test panel. A 12
inch square sample of the sheathing was prepared and tested
in a small heat flow meter apparatus. This instrument has
also been previously describedl[14], |
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6. TEST PANEL COMPONENT THERMAL RESISTANCE TEST PROCEDURE

Each sample was evaluated in accordance with ASTM
C 518-85, "Steady-State Heat Flux Measurements and Thermal
Transmission Properties by Means of the Heat Flow Meter
Apparatus". Samples in excess of 2 inches in thickness were
analyzed utilizing a Holometrix Model R-Matic heat flow
meter instrument. Samples less than 2 inches thick were
tested with a Holometrix Model Rapid-k heat flow meter
instrument. Schematic diagrams of the two instruments are
shown in Figures 5 and 6. The samples were installed
horizontally between 24 or 12 inch square aluminum surface
plates treated to have a total hemispherical emittance of
0.82 at 75F. The surface plates were smoothly finished to
conform to a true plane to within 0.25 percent. Above the
upper (cold) and below the lower (hot) surface plates,
heaters, heat sinks and insulation were installed. 1In the
24 inch heat flow meter instrument, the lower plate and
heater were in two sections, an inner 12 inch square central
section surrounded by a 6 inch wide annular guard section
with a 0.1 inch wide gap between them. A differential
thermopile was fitted into this surface plate such that
alternate junctions were in the central and annular guard
sections respectively and within 0.25 inches of the gap
between them.

The two heat sink assemblies were connected to a
refrigeration system capable of maintaining -20F at the heat
sink. Temperature control of the surface plates was
accomplished by operating the refrigeration system
continuously and reheating with the electrical resistance
heaters. The temperatures of the surface plates were
controlled and monitored by temperature sensors mounted near
the heaters and in the surface plates.
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SCHEMATIC OF 12 INCH SQUARE HEAT FLOW METER
THERMAL CONDUCTIVITY INSTRUMENT
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Between the bottom of the test specimen and the bottom
surface plate, a heat flux transducer was installed. The 24
inch square heat flow meter instrument utilizes a heat flux
transducer that has a sensing area 10 inches square located
in the center of its 24 inch square overall area. The 12
inch square heat flow meter instrument has a 4 inch square
sensing area similarly located in the center of its overall
area.

Temperature measurements except for the surface
temperatures on the 24 inch square heat flow meter
instrument were performed by utilizing Type T
Copper/Constantan thermocouples calibrated to the special
limits of error specified in ASTM E 230-83, "Temperature-
Electromotive Force (EMF) Tables for Standardized
Thermocouples"[lsl. All thermocouple sensors were
fabricated with No. 30 AWG wire. The surface temperatures
on the large format heat flow meter instrument were measured
with platinum resistance temperature detectors. Single
temperature sensors were used for measuring the hot and cold
surface plate temperatures in the center of the sensing area
of the instrument heat flux transducer. All temperature
sensors were individually connected to a digital millivolt
meter having a resolution of +1 microvolt.

The bottom surface plate assembly of the 24 inch square
and 12 inch square heat flow meter instruments could be
adjusted to accommodate surface plate separations from 0 to

8 inches and 0 to 3.5 inches respectively. The opening
between the surface plates was measured by using linear
motion potentiometers. The periphery of the test stack was

lined with 2 inches of an extruded polystyrene foam

insulation having a thermal resistance of about 10 hr . ft2
F/Btu at 75F.
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In operation, the plate separation was adjusted to
accommodate the test thickness of the specimen being
evaluated. Typically the thickness of the specimen was
measured prior to its insertion into the instrument and the
plates were closed such that the thickness readout
corresponded to the average test specimen thickness. The
temperature of the top and bottom surface plates were
adjusted such that the mean temperature and temperature
difference test requirements were satisfied. If no
temperature difference requirements were given, 50F was
used. To ensure that the temperature of the hot surface
plate of the 24 inch heat flow meter instrument was uniform,
the annular guard was controlled automatically by utilizing
the output of the differential thermopile so that the
temperatures of the central and annular guard sections were
similar.

At equilibrium, established after ensuring that during
five consecutive observations at intervals of approximately
1200 seconds the test specimen apparent thermal conductivity
changed less than 1 percent and not monotonically, the
temperatures of both hot and cold faces were evaluated from
the sensors embedded in the plates, and the heat flux
through the spebimen was derived from the heat flux
transducer output.

The specimen apparent thermal conductivity was
calculated from

(SI) (HFTOP) I dX
k = ’ (1)
ar

and the specimen thermal resistance was calculated from
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R = adx/k, (2)

where

k = test specimgn apparent thermal conductivity,
Btu-in/hr ft H

8y = instrumen& heat flux transducer sensitivity,
Btu/hr ft“ nv;

HFTOPy = instrument heat flux transducer output, nV;

dX = test specimen thickness, inches;

dT = temperature difference across test specimen, F;
and

R = thermal resistance, hr £t2 F/Btu.

The instrumentation is calibrated using the National
Institute of Standards and Technology low density fibrous
glass Certified Transfer Standards Numbers 2515, 4921, 6541,
and 6521 and Standard Reference Material SRM 1450b. The
transfer standards are 1.00 and 6.00 inches thick, and have
thermal resistances of approximately 3.12 or 18.2 hr ft2
F/Btu at 75F. The tests were certified on 24 July 1981.
The overall uncertainty of the thermal resistance of the
transfer standards is estimated to be 2.25 percent. The
standard reference material is a high density fiberglass
board, 1.00 inches thick, and has a thermal resistance of
approximately 4.20 hr £t F/Btu at 75F. The instrumentation
was calibrated before and after each series of experiments.
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The reproducibility and the accuracy of these instruments
are estimated to be 1 and 4 percent respectively at 75F.

The test results are summarized in Table 20.

7. EMITTANCE OF TEST PANEL COMPONENTS

The emittance of the single thickness and each surface
of the three-foil multilayer reflective insulation materials
along with samples of the wood and XEPS studs, wood
sheathing, and foil and duct tapes that were used to attach
the temperature instrumentation to the various surfaces of
the test panel were measured using a Devices and Services
Company Model AE Emissometer. Multiple measurements were
performed on each material at Tennessee Technological
University by Dr. David Yarbrough and Mr. Joe Cook (161, a
copy of their test report is given in Appendix B of this
report. The emittance results of these test panel
components are presented in Table 21.

8. TEST PANEL TEMPERATURE INSTRUMENTATION

Temperature measurements were performed by utilizing
Type T Copper/Constantan thermocouples calibrated to the
special limits of error specified in ASTM E 230-83. all
thermocouple sensors were fabricated with No.30 AWG wire.
Up to seventy-four thermocouples were utilized during the
thermal testing.

Figures 7 and 8 depict the location of all of the test

panel metering area surface and air temperature
instrumentation for the two guarded hot boxes utilized in
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TABLE 20

-

THE APPARENT THERMAL CONDUCTIVITY AND THERMAL RESISTANCE
OF ELEVEN SPECIMENS OF BUILDING MATERIALS USED TO CONSTRUCT TEST PANELS

Il

Test Test Mean Apparent Thermal Thermal
Specimen Number Thickness Density Temperature Conductivity Resistance
- inches  lbs/ft*3 F Btu-in/hr t*2 F hr ft*2 F/Btu
XEPS Stud 1 3.50  1.95 76.9 0.214 16.35
2 5.49 1.96 76.9 0.216 25.38
XEPS Stud w/ 3 3.50 1.95 76.1 0.218 16.08
Nylon Rod (1)
4 5.49 1.96 76.0 0.220 24,99
Wood Stud 5 3.53 7.2 76.9 0.754 4.87
6 5.52 28.1 75.8 0.808 6.83
Wood Stud w/ 7 3.53 27.2 76.3 0.798 4.42
Drywal! Screw (2)
8 5.52 28.1 76.5 0.842 6.56
Sheathing 9 0.24 31.4 81.9 0.752 0.32
. Fiberglass 10 3.50 0.737 75.1 0.293 11.93
Batt (3) 10A 4.25 0.507 75.2 0.318 13.36
108 3.50 weee 0.318 T 11,00
1" 3.50 0.582 5.5 0.324 10.79
12 5.50 0.472 75.1 0.325 1691

Notes: 1. Test Numbers 3 and 4 were performed on the same test samples used for
Test Numbers 1 and 2 respectively after installing one 1/4 inch dismeter
nylon rod per 16 inches of Length of stud in the metering area of the HFM
apparatus.

2. Test Numbers 7 and 8 were performed on the same test samples used for
Test Numbers 5 and 6 respectively after installing one i 174 inch long
drywall screw per linear foot of stud in the metering area of the HFM
apparatus.

3. After the completion of the ASTM C 518 experiment on the 3.50 inch thick
fiberglass batt (Test 10), it was discovered that the density of the HFM
and GHB samples were significantly different. The HFM experiment was

% repeated after expanding the test sample to match the density of the

GHB sample (Test 10A). Based on the apparent thermal conductivity
measured during Test 10A, the thermal resistance of this sample was
determined for a thickness of 3.50 inches and is reported as Test 108.

In addition, a second sample (Test 11) was removed from the metering ares
of the GHB test panel and enalysed.
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TABLE 21

THE EMITTANCE OF NINE SPECIMENS OF BUILDING
~ MATERIALS USED TO CONSTRUCT TEST PANELS

No. of Total No.

Specimen Samples of Tests Emittance
TxEps stua 2 NA o.s1
Wood Stud 2 N/A 0.77
Sheathing 2 N/A 0.77
Single Llayer 7 61 0.052

Fqil
Foil Tape 2 ’ 8 0.029
Duct Tape 1 4 0.79
Multilayer 3 12 0.027

Outer Foil

Multilayer 3 15 0.029
Inner Foil

Multilayer 3 15 0.85
Inner Paper
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this program. On each side of the test panel, ten
thermocouples ‘(twenty total) were used for measuring the
metering area surface temperature. For the horizontal heat
flow experiments, nine of these sensors were attached to the
hot surface of the test panel in an area weighted array
along the centerline of each of the three metering area
cavities. For the vertical heat flow experiments, three
thermocouples were attached to the hot surface of the test
panel in an area weighted array along the centerline of one

of the two metering area cavities. The remaining six
thermocouples were installed in a two by three array along
lines trisecting the width of the cavity. For all

experiments, the tenth thermocouple was located near the
center of the metering area directly on top of a stud. The
cold surface instrumentation was mounted directly opposite
the hot side thermocouples. All surface thermocouples were

. 'thermally grounded by taping at least 4 inches of wire to
the panel surface.

An array of six hot side air temperature sensors were
mounted ‘in an equal area array in the metered area on the
hot side. Four additional air temperature sensors were
mounted inside the guard box, 6 inches from the centerpoint
of each side of the metering box. A similar array of ten
thermocouples were installed to measure the cold side air
temperature. All air temperature sensors were mounted in
the middle of the air space between the test panel surfaces
and baffles, 3 inches from the test panel surfaces.

In addition to the instrumentation routinely used when
performing guarded hot box experiments, 34 <thermocouples
were installed to measure the temperature of critical
locations inside the test panel. A set of thermocouples was
installed in an area weighted array on each major internal
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surface (inside each sheathing, on the central foil in a
two-airspace cavity, and on each foil in four-airspace
cavity). Depending on the emittance of the instrumented
surface, the thermocouples were attached and thermally
grounded to the surface with either aluminum foil or duct
tape. These sensors directly measured the temperature
difference across the cavity and each individual airspace
within the cavity. Five thermocouples were installed in a
"X" pattern on one of the central studs to measure the
temperature of the interfaces between the stud and
sheathings and therefore the temperature difference across
the stud. Small grooves were cut into the faces of the
studs to accomodate these sehsors. Thermocouples were also
installed on each side on the convective breaks and the
studs forming the boundaries of the metering area to measure
the temperature difference and therefore the energy exchange
between the metering area and the surrounding cavities.

Figures 9 through 13 detail the typical locations of
the internal temperature sensors installed in the test
panels. A different distribution of sensors was utilized
for the different heat flow directions and for test panels
containing a different number of air spaces within the
cavity.

9. TEST PANEIL THERMAL RESISTANCE TEST PROCEDURE

The test panels were evaluated in accordance with ASTM
C 236-87, "Steady-State Thermal Performance of Building
Assemblies by Means of a Guarded Hot Box". A schematic
diagram of the test facility is shown in Figure 14. Two
~guarded hot boxes were used in the performance of this
program; all horizontal heat flow experiments were performed
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in one test facility and all vertical heat flow experiments
were performed in the second test facility. The horizontal
heat flow test panels were installed vertically in the
centef of a 96 by 96 by 96 inch insulated chamber. Vertical
heat flow test panels were installed horizontally in the
center of a 84 by 84 by 84 inch insulated chamber. The
periphery of the test panels was insulated with an extruded
polystyrene foam. The thickness of the peripheral foam
insulation was equivalent to that of the test panel and
adjusted the test panel cross-section to match the
instrument requirements. Insertion of the test wall across
the center of the chamber created two separate chambers
whose temperatures could be independently contro;led.

In the cold environmental chamber, a baffle was mounted
6 inches from the test panel. Temperature control in this
chamber was accomplished by the insertion of a refrigeration
system and an electrical resistance heater in series with an
air Dblower. The refrigeration system was operated
continuously and reheating of the air stream was monitored
and controlled by temperature sensors in the discharge of
the air circulation systen. The arrangement of the
equipment was such that the air was forced through the
refrigerating coils and heater and through the space between
the baffle and the test panel. The air velocity parallel to

the cold surface of the test panel was controlled to 1.0
ft/sec.

In the center of the hot chamber a metering box was
pressed against the test panel. The metering boxes used for
the horizontal and vertical heat flow experiments were 48.5
inches square by 24 inches deep and 32.5 inches wide by 48.5
inches high by 24 inches deep respectively. The walls of
the metering boxes were constructed of 2 inch thick aged
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extruded polystyrene foam having an approximate thermal
resistance of 10 hr ££2 F/Btu at 75F. These walls were
reinforced with an aluminum frame on the interior and

exterior surfaces with no physical connections through the
insulation. '

The edge of the metering box which contacted the test
panel was tapered to a thickness of 0.75 inches without
affecting the continuity of the internal surface or metering
box area and a 0.5 inch square silicone rubber gasket was
attached to this tapered edge. A baffle was mounted inside
the metering box 6 inches from the exposed edge of the
gasket. Behind the baffle, an electrical resistance heater
and D.C. fan were installed, arranged such that the fan
circulated the air through the heater and between the baffle
and test panel. To minimize air impingement on the surfaces
of the metering box and to provide a smooth transition into
the baffle space, a perforated curved vane was installed
near the edge of the baffle downstream from the fan.

A thirty-junction (fifteen pair) differential
thermopile was applied on the interior and exterior walls of
the metering box to sense the temperature imbalance between
the metering and gquard boxes. Each interior junction was
mounted opposite a corresponding exterior junction with each
junction located at the center of equivalent surface areas.
Two heaters and fans were mounted in the guard box in
opposing corners to supply heat and to circulate the air.
The ofientation of these units was chosen to prevent the
heated air from directly impinging upon the metering box.

Temperature measurements were performed by utilizing

Type T Copper/Constantan thermocouples. The amount. of
instrumentation, their location, and the methods of
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attachment are detailed in Section 8, Test Panel Temperature
Instrumentation. All temperature sensors were individually
connected to a digital millivolt meter having a resolution
of 1 microvolt.

In operation, the temperature of the cold environmental
chamber was set at the desired level. A controllable D.C.
power supply was utilized to maintain the required hot
surface temperature. A separate D.C. power supply was used
to supply energy to the metering box fan. The air velocity
in the metering box was controlled by adjustment of this
energy input. The air velocity for this series of
experiments .was 0.6 ft/sec. The output of the differential
thermopile was used to drive the heaters in the guard box by
utilizing a differential controller. By this technique the
temperature difference across the walls of the metering box
could be minimized, thereby permitting negligible heat leaks
into or out of the metering box. These conditions were
maintained until temperatures and heat flows equilibrated.
The heat flow generated by the heater and fan in the
metering box was measured with precision resistor networks
which had been previously calibrated with a NIST traceable
voltage source. Once steady-state was achieved, the test
period was continued until two consecutive four-hour periods
produced results that varied nonmonotonically by less than
one percent. The data for each four-hour period was the
average of hourly results for the period.

The thermal resistance was calculated by

R = ' (3)
dy + df
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where
R = thermal resistance, hr ft2 F/Btu;
A = sample area, 16.34 or 10.95 ftz;
t, = area weighted average hot surface temperature, F;

3
ea welginte

- M

g

dy = metering box heater power, Btu/hr; and

dp = metering box fan power, Btu/hr.

To verify the performance of the two guarded hot boxes
operated at Holometrix, measurements have been undertaken on
homogeneous test specimens from lots of material that have
been evaluated by ASTM C 177 guarded hot plate
instrumentation(17] previously verified  wutilizing the
National Institute of Standards and Technology Transfer
Standards. Results have been found to agree within the
quoted uncertainty on the standards |used. Through
participation in one round-robin series of measurements on
pelyisocyanurate foam board products, the precision of the
hot boxes has been shown to be better than 5 percent (18],
More recently, through involvement in the ASTM C-16/NBS Hot
Box Round-Robin, the precision of the hot box used for
horizontal heat flow testing was shown to be better than 2
percent when compared to the group mean. This round-robin
indicated that results with a precision of better than +/-
seven percent may be achieved.[12], The laboratory is also
accredited by the Department of Commerce through the
National Voluntary Laboratory Accredition Program (NVLAP)
for performing tests in accordance with ASTM C 236.

The experimental phase of this program lasted 18
months. During this period, the test panel that was
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evaluated for the ASTM C-16/NBS Hot Box Round-Robin was
tested five times, twice in the guarded hot box used for
vertical heat flow testing and three times in the GHB used
to perform horizontal heat flow experiments. The average
difference between the round-robin group mean and these
experiments was 0.4 hrft? F/Btu or 2 1/2 percent.

0 W G PER

Due to the presence of convective loops within the
airspaces, convective blocks were installed at the perimeter
of the metering area to prevent any air exchange between the
metered and guard areas. Sections of 1 1/2 inch thick XEPS
foam were used along the open portion of the perimeter while
the framing members (wood or XEPS) aligned with the
remaining perimeter of the metered area (see Figure 4). To
determine the energy exchange between the metered and guard
areas on selected test panels, temperature sensors were
installed on the convective blocks and framing members that
formed the exterior boundary of the metering area.

Table 22 details all of the temperature difference
measurements performed across the XEPS convective blocks and
wood or XEPS framing members forming the outside perimeter
of the metering area. A positive temperature difference

indicates that the metering area is warmer than the guard
area.

The energy exchange between the metering and guard
areas was determined using these temperature difference
data. The thermal resistances of the XEPS and wood studs in
the direction of interest were assumed to be 7.5 and 1.9 hr
f£t2 F/Btu. The same numérical value of thermal resistance
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TABLE 22

THE TEMPERATURES ACROSS THE CONVECTIVE BLOCKS AND METERING AREA PERIMETER FRAMING MEMBERS

AND THE ASSOCIATED ENERGY EXCHANGES BETWEEN THE METERING AND GUARD AREAS

Metering Area

0 Total Temperature Difference, f Q@ Lost, Btu/hr Q Lost/Q Total
Test Stud Test =
pPanel Material Number Btu/hr B8lock 1 Block 2 Frame 1 Frame 2 Block Frame Percent
1A XEPS w1 340.7 26.8 -26.9 3.4 -9.2 0.0 -0.9 -0.3
r-2 265.0 211 -21.7 2.9 -8.7 -0.1 -0.9 -0.4
H-3 189.0 15.4 -15.9 2.1 -5.8 -0.1 -0.6 -0.3
H-& 117.3 10.0 -10.3 1.5 4.0 0.0 -0.4 -0.4
H-5 50.8 4.7 -h.6 0.8 4.2 0.0 -0.5 -1.0
i1 XEPS  H-6 426.7 62.4 -32.8  --- 4.7 1.1
H-7 356.0 S4.4 -28.1 cee cwe 4.1 1.2
K-8 244 .4 41,1 -19.8 eee vee 3.3 1.4
H-9 143.0 25.9 -12.2 eee see 2.2 1.5
10 60.2 12.5 4.8 ... ..o 1.2 2.0
2A 000D H-11 330.9 23.6 -26.2 5.4 -5.2 0.4 0.1 -0.1
H-12 251.9 18.5 -9 4.3 4.1 -0.1 0.1 0.0
K-13 191.0 14.1 143 3.2 -3.2 0.0 0.0 0.0
H-14 111.7 8.5 -8.4 2.0 -2.0 0.0 0.0 0.0
H-15 $1.5 4.0 -3.9 1.2 -0.7 0.0 0.3 0.6
H-16 333.1 5.6 -26.0 5.0 -7.2 -0.1 1.4 -0.4
28 w000 H-17 416.2 69.0 -3%8.9 vee vee 1.6 0.4
H-18 350.6 60.3 -51.8 e .o 1.3 0.4
H-19 36.7 41.6 -36.5 o= oee 0.8 0.3
N-20 137.5 5.3  -23.1 .- -e- 0.3 0.3
H-21 56.9 1.0 -10.1- --- eee 8.1 0.2
K-22 3.7 4.5 4.1 .o ce- 0.1 0.3
2C WOoD -3 154.2 30.3 -32.1 - .- -0.3 -0.2
H-24 116.0 23.2 -24.3 eee .- -0.2 -0.1
n-25 81.7 16.2 17,7 .o .o -0.2 -0.3
H-26 55.2 10.2 -11.3 .=e ses -0.2 -0.3
H-27 22.7 3.9 4.3 oo cee -0.1 -0.3
H-28 149.6 32.8 -33.6 .o .. -0.1 -0.1
3A XEPS K-29 292.3 22.9 -21.9 5.6 -5.5 0.2 0.0 0.1
K-30 230.7 18.8 -17.4 4.8 4.1 0.2 0.1 0.1
H-31 153.7 13.2 -10.9 3.4 -3.3 0.4 0.0 0.2
K-32 95.3 8.5 6.9 2.3 -2.2 0.3 0.0 0.3
H-33 £9.5 4.9 -3.3 1.6 -0.9 0.3 0.1 0.7
H-34 292.8 3.6 -22.4

Note: For horizontal heat flow experiments, Blocks 1 and 2 are at the top and
bottom of the metering area respectively and Frames | and 2 are at the
top and bottom of 8 single framing member.
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TABLE 22 (Cont)

THE TEMPERATURES ACROSS THE CONVECTIVE BLOCKS AND METERING AREA PERIMETER FRAMING MENBERS

AND THE ASSOCIATED ENERGY EXCHANGES BETWEEN THE METERING AND GUARD AREAS

Metering Ares

Q Total Temperature Difference, f Q Lost, Btuw/hr Q Lost/Q Total
Test Stud Test - - anadt o s e et
Panel Materiat Number Btuhr 8lock 1 Block 2 Frame 1 Frame 2 Block Frame Percent
38 XEPS n-35 367.1 $2.3 -37.4 con .ee 2.3 0.6
H-36 299.4 40.1  -31.2 .- 1.4 0.%
H-37 205.6 29.0 -20.9 “ee 1.3 0.6
H-38 119.2 18,0 .12 .- 0.9 0.7
H-39 50.1 8.3 -4.8 ce- 0.8 1.1
H-40 21.1 3.7 -1.8 0.3 1.4
3c XEPS H-41 146.3 36,3 -29.8 1.0 0.7
H-42 109.0 26.6 -18.8 1.2 1.1
H-43 73.2 16.2  -14.7 .. .e- 0.2 0.3
H-4b 44.9 11.6 -8.8 eee 0.4 1.0
N-45 20.7 4.8 -3.1 0.3 1.3
H-46 133.4 32.5 -32.0 0.1 0.1
4A XEPS . H-47 3.6
48 WOO00 H-48 83.6 .e-
11A XEPS v-1u 277.1 -1.0 3.4 0.2 1.6 0.3 0.3 0.2
v-2u 217.5 -0.9 2.7 0.1 1.3 0.2 0.2 0.2
v-3u 155.9 -0.9 2.1 0.2 1.4 0.1 0.2 0.2
v-4u 93.6 -0.7 1.4 0.1 0.7 0.1 0.1 0.2
v-SU 43.6 -0.1 0.8 0.3 0.7 0.1 0.2 0.5
v-6U 301.4 -2.2 1.9 -0.3 1.0 0.0 0.1 0.0
v-7 68.5 -0.3 1.4 ce- 0.1} 0.1
v-80 55.1 -0.3 1.1 .o 0.1 0.2
v-90 37.7 -0.2 0.9 “e- 0.1 0.2
v-100 5.2 0.1 0.5 .e- 0.1 0.2
v-11D 10.3 8.1 0.3 ces 0.0 0.5
v-120 75.9 -0.8 0.1 .-- -0.1 0.1
128 WOoD v-13u 313.6 -0.3 -0.4 “1.3 2.0 -0.1 -3.3 -1.1
v-16U 239.8 -0.9 -3.1 -0.4 -2.0 -0.7 -2.4 -1.3
v-15%0 160.4 -0.1 -2 0.6 -1.8 -0.4 -1.2 -1.0
v-16U 103.5 0.3 -1.5 1.0 -0.5 -0.2 0.5 0.3
V-1 321 0.2 -1.0 -0.2 1.4 -0.1 ~1.6 -5.4
v-18U 294.6 0.2 -5.6 -0.8 -2.3 -0.9 -3.1 1.4

65



TABLE 22 (Cont)

THE TEWPERATURES ACROSS THE CONVECTIVE BLOCKS AND METERING AREA PERIMETER FRAMING MEMBERS

AND THE ASSOCIATED ENERGY EXCHANGES BETVEEN THE METERING AND GUARD AREAS

Netering Ares

Q@ Total Temperature Difference, F Q Lost, Btu/hr Q Lost/Q Totel
Test Stud Test -
Panel Material Number Btu/hr Block 1 Block 2 Frame 1 Frame 2 Block Frame Percent
12A WOoD V-190 81.9 -1.2 2.1 0.4 -0.1 0.1 0.3 0.5
V-200 63.7 -0.9 1.7 0.4 -0.1 0.1 0.4 0.3
¥-210 45.5 -0.6 1.4 0.2 <0.1 0.1 0.1 0.6
v-220 30.7  -0.3 0.5 0.3 0.1 0.0 0.4 1.4
v-23D0 17.5 0.1 0.4 0.2 0.0 0.1 0.2 1.7
V-24D 75.0 -1.0 1.4 0.6 -0.3 0.1 0.2 0.4
128 WOOD v-25D 40.1 0.6 -3.5 ee mee «0.5 -1.2
V-260 31.7 0.9 -1.9 se- .ee -0.2 -0.5
v-27 264.8 1.1 -1.1 .- eee 8.0 0.0
v-280 14.5 0.8 -0.2 .- .- 0.1 0.7
v-290 7.4 -0.3 0.0 .- eee 0.0 -0.6
v-300 40.3 1.1 -2.5 ve- e -0.2 -0.6
12¢c WO00 v-31u 39.6 .- ses ne. -.-
13A XEPS v-32u 287.7 0.7 6.1 -0.2 -2.9 -0.8 -0.8 -0.5
v-33u 218.6 0.6 -3.0 0.1 3.0 -0.6 -0.7 0.6
v-34U 153.9 -1.0 -2.2 0.8 -1.7 -0.5 -0.2 -0.5
v-35U o4.7 -0.6 1.4 0.% -0.8 -0.3 -0.9 -0.4
v-36u 38.8 -0.2 0.6 6.8 1.9 0.4 -0.3 -0.5
v-3U 291.7 -2.3 -0.8 -0.3 -4.2 -0.% -1.1 -0.6
v-380 72.7 -2.6 -1.8 0.3 -0.1 -0.7 0.0 -0.9
v-390 58.4 -0.4 -2.0 -0.1 -0.1 -0.4 0.0 -0.8
v-40D 42.7 0.0 1.6 0.0 -0.3 -0.3 -0.1 -0.8
v-410 26.2 0.5 «0.5 0.0 -0.2 0.0 0.0 -0.1
Vv-420 13.0 0.4 -0.2 0.1 0.0 0.0 0.0 0.4
v-43D 67.4 -1.2 -1.8 0.6 -0.2 -0.5 0.1 -0.6
138 XEPS V-44D 38.7 2.5 1.4 ees see 0.2 0.5
v-450 26.3 2.1 “1.1 .ee ..o 0.2 0.6
v-46D 19.9 1.9 -0.9 ene .- 0.2 0.8
V-4 12.7 1.1 -0.2 .o .ne Q.1 1.1
Vv-480 5.9 0.8 0.1 .- ... 0.1 2.4
v-49D 31.8 1.7 1.4 .o .o 0.0 0.2
13C XEPS v-50U 33.4 ... L .o -
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used for the XEPS stud was assigned to the convective
blocks. The individual energy exchanges were calculated by
dividing the product of the temperature difference and
perimeter cross-sectional area by the thermal resistance of
the material comprising the perimeter. The net energy
exchange was determined by Summing the heat flows through
the framing members and convective blocks. A positive

energy exchange or Q Lost indicates a metering area heat
loss.

The metering area energy exchanges in Btu/hr through
the convective blocks (Q Lostp;), through the framing
members (Q Lostg,), and their percentage of the total energy
input (Q Lost/Q Total) were determined by:

Q LOStBl'?- [(dTBll + dTBlz)/Z] * ABl/RBl H (4)

Q LostFr

[(dTgpy + ATpypy)/2] * App/Rp, ; and (5)

Q Lost/Q Total = [(Q Lostp) + Q Lostp,)/Q Total] * 100  (6)

where

dT = temperature difference across convective
Bl1l
block 1, F: :

dT = temperature difference across convective
Bl2 .
block 2, F:

>
o
har

il

total cross-sec&ional area of the convec-
tive blocks, ft<;

Rgy = thermgl resistance of the convective block,
hr ft? F/Btu;

dTp,y = temperature difference across framing mem-
ber at one location, F;

dTp,» = temperature difference across framing mem-
ber at a second location, F;
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Apy = total cross-sectional area of the framing
materiali on perimeter of the metering
area, ft<;

Rp, = thermsl resistance of the framing material,
hr ft© F/Btu; and -

Q Total

the total metering box energy input, Btu/
hr.

For example, Test Number H-11 had temperature
differences of 23.6 and -26.2F across the two convective
blocks and 5.4 and -5.2F at two locations across a wood
framing member. The average temperature differences across
the convective blocks and the framing members were [23.6 +
(-26.2)}/2 and [5.4 + (-5.2)]/2 or =1.3F and O0.1F
respectively. The areas of the convective blocks and
framing members for this experiment were 2.36 ££2 {(48.5
inches) (2)(3.5 inches)/ (144 inches ft~2)]. For this test,
the energy exchange across the convective blocks was =-0.4
Btu/hr [(-1.3F) (2.36 ft2)/(7.5 hr ft2 F/Btu)]. Since this
test panel was constructed with wood framing members, the
energy exchange across the framing members was 0.1 Btu/hr
[(0.1F) (2.36 £t2)/(1.9 hr ft2 F/Btu)]. The areas used for
the convective blocks for the test panels constructed with 2
X 4 and 2 X 6 framing members and tested with vertical heat
flow were 1.58 and 2.48 ft2 respectively. The areas used
for the framing members in conjunction with the same test
panels were 2.36 and 3.71 ££2 respectively.

As anticipated, the temperature gradients across the
framing members and convective blocks were much smaller for
the vertical heat flow experiments because of the smaller
temperature gradients along the perimeter of the metering
area for these experiments. Temperature differences of up
to 69F (Test Number H-17) were noted across the convective
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blocks but these differences were always coupled with an
approximately equivalent temperature difference across the
opposing block. The largest mismatch between the
temperature differences across the convective blocks was
14.8F (Test Number H-6). Temperature differences across the
framing members were performed at two length-weighted
locations across a single stud. The largest single
temperature difference across a framing member was 9.2F
(Test H~1) and the largest net temperature difference across

the framing members for a single experiment was 2.9F (Test
H-1).

Table 22 lists the calculated energy losses through the
convective blocks and framiﬁg members and expresses those
losses as a percentage of the total metering area energy
input. The metering area perimeter energy exchange had its
largest input on Test V-17U, accounting for 5.4 percent of
the total metering area energy input. The average metering

area energy exchange with the guard was 1less than 0.1
percent.

This energy exchange is not included any subsequent
calculations. ASTM C 236 does not include a protocol for
accounting for this exchange, and the average effect of this
exchange is small. The results of this section indicate
that guarded hot boxes can be used to accurately measure
test panels with large convective heat transfer components

when convective blocks are utilized because of the symmetry
of the experiment.
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1l. TEST PANEIL RESULTS

The test panel hot and cold surface temperatures (HS
and CS),mean temperature and tempe;ature difference (Thean
and dT), the measured total energy input (Qtotal)r and the
test panel surface-to-surface thermal resistance for the
experiments performed are summarized in the Table 23 and
graphically represented in Figures 15 through 20. The
reported temperatures were determined by averaging all the
temperature sensors on the surface in question. Each
experiment performed on a test panel was given a two-digit
test number; the first digit designated the heat flow
direction (H for horizontal and V for vertical heat flow)
and the second digit identified the test number (1 to 48 and
1 to 50 for the horizontal and vertical heat flow
experiments respectively). A suffix (U or D) was added to
the vertical heat flow experiments to designate whether the
experiment was performed with heat flow up (U) or down (D).

The panel thermal resistance test results gathered at
the predominant airspace mean temperature were fitted as a
function of test panel temperature difference. These curve-
fit coefficients are listed in Table 24. When comparisons
between test panels are discussed in the following sections
of this report, the panel thermal resistance with a
temperature difference of 30F, Rp(30), calculated based on
these curve-fit coefficients, is frequently used. Table 24
also lists Rp(30) values for the test panels.

To compare these test results to data previously
gathered by other researchers, it is necessary to adjust the
results for the sheathing materials used. A composite
stud/cavity thermal resistance can be computed ., by
subtracting twice the sheathing thermal resistance found in
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TABLE 23

THE EXPERIMENTAL CONDITIONS AND THE MEASURED PANEL THERMAL RESISTANCE
OF SEVENTEEN TEST PANELS CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Panel
Temperature, F Q Total Thermal Resistance
Test Stud No. of Airspace Test - oo
Panel Material Airspaces E Number HS cs Tmean dr Btu/hr hr $t*2 F/Btu
1A XEPS 1 0.05 H-1 82.6 18.7 50.7 63.9 340.7 3.06
H-2 76.3 25.0 50.7 51.3 265.0 3.16
H-3 69.3 31.5 50.4 37.8 189.0 3.27
H-4 64.0 38.4 51.2 25.6 117.3 3.57
K5 56.6 44,2 50.4 12.4 50.8 3.99
18 XEPS 2 0.05 H-6 128.5 17.1 72.8 111.4 426.7 4.26
n-7 121.4 26.3 72.9 97.1 356.0 4.48
H-8 101.9 30.7 66.3 n.2 264 .4 4.76
H-9 8.2 37.3 60.8 46.9 143.0 5.36
H-10 67.0 43.9 55.5 23.1 60.2 6.27
2A WOOoD 1 0.03 H-11 107.8 4.8 76.3 é3.0 330.9 N
H-12 100.0 50.4 75.2 49.6 251.9 3.22
H-13 9.3 55.5 7%.9 38.8 191.0 3.32
H-14 87.4 63.2 75.3 24,2 11.7 3.54
H-15 81.8 69.5 75.7 12.3 51.5 3.91
H-16 83.7 20.3 S2.0 63.4 333.1 3.1
28 WOOD 2 0.03 H-17 127.5 18.4 73.0 109.1 416.2 C4.28
K-18 103.1 9.4 56.3 93.7 350.6 4.37
H-19 95.2 26.1 60.7 69.1 236.7 477
K-20 89.1 43.8 66.5 45.3 137.5 5.38
H-21 81.8 59.3 70.6 2.5 56.9 6.46
H-22 7.2 683 7.8 109 2.7 7.52
2C w000 4 0.03 H-23 101.4 47.5 74.5 53.9 154.2 5.71
H-24 96.8 54.4 75.6 42.4 116.0 5.97
H-25 92.0 59.8 75.9 32.2 81.7 6.44
#-26 87.4 65.0 76.2 22.4 $5.2 6.63
H-27 79.7 69.4 7.6 10.3 22.7 7.41
H-28 80.7 26.6 52.7 56.1 149.6 6.13
3A XEPS 1 0.03 H-29 106.9 45.9 76.4 61.0 292.3 3.61
H-30 102.5 52.5 7.5 50.0 230.7 3.54
H-31 94 .4 58.8 76.6 35.6 153.7 3.78
H-32 87.7 64.3 76.0 23.4 95.3 4.01
K-33 82.5 69.1 75.8 13.4 49.5 4.62
H-34 81.5 20.2 50.9 61.3 292.8 3.42

Notes: The panel thermal resistance, R, was determined from R = (A)(dT)/(Qtotal) where
A is equal to 16.34 ft*2 for Test Panels 1A through 4B and 10.94 #t*2 for Test
Panels 11A through 13C. No framing heat flow corrections are applied to data.
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THE EXPERIMENTAL CONDITIONS AND THE MEASURED PANEL THERMAL RESISTANCE

TABLE 23 (Cont)

OF SEVENTEEN TEST PANELS CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Panel
Temperature, F Q Total Thermal Resistance
Test Stud No. of Airspace Test
Panel Material Airspaces E Number HS cs Tmean  dT Btu/hr hr ft*2 F/Btu
38 XEPS 2 0.03 H-35 130.2 18.8 74.5 111.4 367.1 4.96
H-36 103.0 10.4 56.7 92.6 299.4 5.05
H-37 95.8 26.8 61.3 69.0 205.6 5.48
H-38 88.6 43.4 66.0 45.2 119.2 6.19
H-39 81.9 50.3 70.6 22.6 50.1 7.38
H-40 78.7 67.5 73.1 1.2 211 8.66
3c XEPS 4 0.03 H-41 104.5 47.64 76.0 57.1 146.3 6.38
H-42 99.1 54.6 76.9 44.5 109.0 6.67
H-43 91.6 59.3 75.5 32.3 73.2 7.20
H-44 86.9 64.8 75.9 22.1 44.9 8.04
H-45 81.2 70.2 B.7 1.0 20.7 8.68
H-46 80.0 23.2 51.6 56.8 133.4 © 6.95
4A XEPS N/A R/A H-47 106.2 49.2 76.7 55.0 73.6 12.21
48 WOOD N/A N/A H-48 99.8 49.9 74.9 49.9 83.6 9.75
11A XEPS 1 0.05 v-1u 83.3 15.5 49.4 67.8 277.1 2.68
v-2U 77.8 23.0 50.4 54.7 217.5 2.75
v-3u 70.7 29.4 50.0 41.3 155.9 2.90
Vv-4U 63.0 36.5 49.8 26.4 93.6 3.09
v-5u 56.8 43.5 50.1 13.3 43.6 3.3
v-6u 110.2 40.5 75.4 69.7 301.4 2.53
v-70 74.5 21.0 47.8 53.5 68.5 8.55
v-80 71.0 26.9 49.0 44.1 55.1 8.77
¥v-90 63.5 32.7 48.1 30.8 37.7 8.94
v-100 59.4 38.1 48.8 21.3 25.2 9.27
vV-11D $3.7 44.3 49.0 9.4 10.3 10.00
v-120 100.7 45.6 73.2 55.1 7.9 7.94
12A WOoD 1 0.05 v-13u 108.1 39.4 73.8 68.7 313.6 2.40
V-14U 101.3 46.1 73.7 55.2 239.8 2.52
v-15U 92.6 53.8 73.2 3a8.8 160.4 2.65
v-16U 87.3 60.2 73.8 27.1 103.5 2.87
v-1u 75.0 64.8 69.9 10.2 32.1 3.48
v-18u 84.7 16.0 68.7 294.6 2.55
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TABLE 23 (Cont)

THE EXPERIMENTAL CONDITIONS AND THE MEASURED THERMAL RESISTANCE
OF SEVENTEEN TEST PANELS CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Panel
. Temperature, F Q Total Thermsl Resistance
Test Stud No. of Airspace Test . .
Panel Material Airspaces - E Nurber HS cs Tmean dr 8tu/hr hr ft*2 F/Btu
12A WO0D 1 0.05 Vv-190 100.8 46.0 3.4 54.8 81.9 . 7.32
v-200 95.4 51.5 73.5 43.9 63.7 7.54
v-210 89.5 57.3 3.4 32.2 45.5 7.75
v-220 85.9 63.6 7.8 22.3 30.7 7.95
v-230 80.8 67.5 74.2 13.3 17.5 8.32
v-24D 76.1.  22.1 49.1 54.0  75.0 o ‘7.88
128 Woo0 4 0.03 v-250 100.5 49.5 75.0 51.0 40.1 13.91
V-260 95.8 54.5 75.2 41.3 31.7 14.27
v-27 89.9 58.1 74.0 31.8 24.8 14.02
v-280 83.4 64.3 3.9 19.1 14.5 14.44
v-290 79.2 68.9 74.1 10,3 7.4 15.15
v-300 7.6 23.6 49.1 51.0 40.3 13.85
12¢ Wooo N/A N/A V31U 102.0 50.3 76.2 51.7 39.6 ) 14.27
13A XEPS 1 0.05 v-32u  108.0 40.0 7.0 68.0  287.7 2.59
v-33u 101.0 47.1 74.1 53.9 218.6 2.70
v-34U 4.0 54.5 7.3 39.5 153.9 ) 2.81
v-35u0 . 87.3 60.9 7.1 26.4 9.7 ) 3.05
V-36U 80.5 68.2 Te.4 12.3 38.8 3.47
v-3N 9.8 3.4 57.6 68.4 291.7 2.57
v-380 100.4 46.6 73.5 53.8 72.7 8.10
V-390 96.5 51.9 746.2 44.6 58.4 8.36
V-400 90.0 57.1 3.6 32.9 42.7 8.44 -
v-410 86.5 65.0 75.8 21.5 26.2 8.99
V-420 80.0 68.8 7.4 11.2 13.0 9.44
V-430 8.7 31.9 58.8 53.8 67.4 8.74
138 XEPS 4 0.03 v-440 101.6 48.9 7.3 52.7 36.7 15.72
g V-450 93.5 53.4 73.5 40.1 . 26.8 16.40
V+46D 89.9 59.5 7.7 30.4 19.9 16.72
v-470 85.0 65.4 5.2 19.6 12.7 16.92
Vv-480 78.8 68.3 73.6 10.5 5.9 19.51
V-490 3.9 3.5 48.7 50.4 31.8 17.36
13¢ XEPS N/A N/A  V-50U 101.5 48.8 75.2 52.7 33.4 17.27
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TABLE 24

THE FIT COEFFICIENTS USED TO DESCRIBE THE TEST PANEL THERMAL
RESISTANCE AS A FUNCTION OF TEST PANEL TEMPERATURE DIFFERENCE

Fit Coefficients Rp(AT = 30F)
Test Panel Test Numbers ~-~-A;-~~~~ Al ;2 N ;;-;;:;~;;;;;
TTTTIA T THI o Hes | 4.488 -4.51E-02  3.59E-04  3.46
1B H-6 To H-10 7.318 +=5.12E-02 2.17E-04 ‘ 5.98
2A H-11 To H-15 4.288 ~3,58E-02 2.76E-04 3.46
2B H-17 To H-22‘ 8.188 =-7.83E~02 3.95E-04 6.19
2C H-23 To H-27 8.013 -6.66E-02 4.44E-04 6.42
3A H-29 To H-33 4.930 -4.45E-02 3.25E-04 3.89
3B H-35 To H~40 9.427. -9.07E-02 4.61E-04 . : 7.12
3C H-~41 To H~45 9.741 -9.87E-02 6.89E-04 7.40
11A Up V-1U To V-5U 3.632 =~2.41E-02 1.48E-04 3.04
11A Down V-7D To V-11D 10.612 =7.52E-02 @ 7.0SE-04 8.99
12A Up V-13U To V-17U 3.882 <-4.51E-02 3.50E-04 2.84
12A Down  V-19D To V-23D 8.792 =4.12E-02 2.69E-04 7.80
12B Down V=-25D To V=-29D 15.812 -8.28BE-02 $.39E~04 14.17
13A Up V=-32U To V-36U 3.878 =3.79E-~02 2.82E-04 3.00
13A Down V-38D To V=-42D 10.107 <-6.52E~02 5.33E~04 8.63
13B Down V~=44D To V-48D 21.245 =-2.28E-01 2.42E-03 16.58

Notes: 1. R = A0 + Al*AaT + A2* dAT~2 where:
R = Test Panel Thermal Resistance, hr ft~2 F/Btu, and
dT = Test Panel Temperature Difference, F.

2. Rp(dT = 30F) is the panel thermal resistance calculated

from the curve-fit coefficients for a temperature difference
of 30F.
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Table 20 from the test panel result [(2) (0.32) = 0.64 hr
££2 F/Btu]. A similar exercise employed on other data sets
will yield results that are comparable.

The following sections presenﬁ the measured test panel
thermal resistance results and compares selected subsections
of this data base.

11.1 PANELS WITH MASS JINSULATION - STUD EFFECT

The impact of the stud material on the thermal
resistance of the test panels can be measured by comparing
the results of Test Panels 4A, 4B, 12C and 13C. Test Panels
42 and 13C were constructed with XEPS studs while wood studs
were used in Test Panels 4B and 12C. Test Panels 4A and 4B
were constructed with 2 x 4 studs and tested with horizontal
heat flow. Test Panels 12C and 13C and fabricated with 2 x
6 studs and evaluated with heat flow up. The cavities of
these test panelskwere filled with unfaced nominal R-11 or
R-19 fiberglass batts. The same insulation batts were used
in the metering area for the similarly sized test panels.

A Comparison of Four Test Panels Insulated With Mass

Insulation
. _Panel Stud Cavity Size RPanel dR dR (%)

4A XEPS 2 X 4 12.21

2.46 25
4B Wood 2 X 4 9,75
12¢C Wood 2 X 6 14.27

3.00 21
13C XEPS 2 X 6 17.27
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The measured panel thermal resistances of Test Panels
4A and 4B were 12.21 and 9.75 hr ft2 F/ Btu; Test Panels 12C
and 13C had measured panel thermal resistances of 14.27 and
17.27 hr ft2 F/ Btu respectively. All four test panels were
analyzed at the same approximate test conditions. The
differences in panel thermal resistance due to the
substitution of the high thermal resistance XEPS studs for
wood studs for the 2 x 4 and the 2 x 6 test panels were
approximately 2.5 and 3.0 hr £t2 F/ Btu or 25 and 21 percent
respectively.

11.2 HORIZONTA W STUDS ¢ ER_OF ATRSPACES
TTANCE, TEMPE R NC

Figure 15 depicts the test panel thermal resistance as
a function of temperature difference across the test panel
for all of the test panels containing reflective airspaces,
constructed with XEPS foam studs, and tested with horizontal
heat flow. Test results from five test panels, namely 1A,
1B, 3A, 3B, and 3C, are included on this figure and are
summarized below.

A Comparison of Five Test Panels Fabricated with XEPS Studs
Tested With Horizontal Heat Flow

Number of
Panel Airspaces E Rp(30) drR atio
1A 1 0.05 3.46

1.73 (1B/1A)
1B 2 0.05 5.98
3A 1 0.03 3.89 0.43 (3A-1A)
3B 2 0.03 7.12 1.14 (3B-1B)
1.83 (3B/1B)
4

3C 0.03 7.40
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Test Panel A-Value, hr ft°2 F/Btu

10
Rp (30) Values
9 _ 4 Alrspaces, E =.03: 7.40
% 2 Alrspaces, E = 03 7.42
2 Alrspaces, E =.05: §5.98
8 x { Alrspace, E =.03:  3.89
{ Airspace, E =,05: 3.46
A
X
7 X
x
X
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6 - a
+ a
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5 + A
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Test Panel Tempersture Difference, F
® 4 Airspace, E =».05 + 2 Alrspaces, E =,05 ' ¢ 1 Airspace, E = 03
& 2 Airspaces, E =,03 X 4 Alrspaces, E =.03

Figure 15: The test panel thermal resistance as a function
of test panel temperature difference for five test panels
constructed with XEPS studs and tested with horizontal heat
flow. The test panel thermal resistances determined from
the curve-fit coefficients for a temperature difference of
30F, R.p(30), are tabulated for comparison.
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The cavities of Test Panels 1A and 3A contained single
airspaces with effective emittances of 0.05 and 0.03
respectively. Test Panels 1B and 3B contained two-airspace
cavities with effective emittances of 0.05 and 0.03
respectively and Test Panel 3C contained a four-airspace
cavity with effective emittances of 0.03.

The Rp(30) values for 1A (1 airspace, XEPS, E = 0.05,
Tpean = O50F) are 0.43 hr ft2 F/Btu lower than 3a (1
airspace, XEPS, E = 0.03, Tp.an = 75F) while the Rp(30)
values for 1B (2 airspaces, XEPS, E = 0.05, Tmean = 56-73F)
are 1.14 hr ft2 F/Btu lower than 3B (2 airspaces, XEPS, E =
0.03, Tpean = 57-75F). These differences in R-Value are due
to the combination of changes in the test panel mean
temperature and the airspace effective emittance. The
difference in R-Value in the two-airspace test panels is 2.7
times the difference noted for the same comparison on single
airspace systems. This apparently high difference between
the 1~ and 2-airspace test panels is due to the fact that
the temperature difference across the individual airspaces
comprising the cavity is different (approx. 30F and 15F
across each airspace in the 1- and 2-airspace cavities
respectively).

In general, the test panel thermal resistance increases
with the number of airspaces within the cavity. For cavity
effective emittances of 0.05 and 0.03, the ratio of the 2-
and l-airspace RP(BO) values are 1.73 and 1.83 respectively.
An exception to this occurs when comparing the test results
of the 2- and 4- airspace test panels with a 10F temperature
difference. The difficulty in performing the 4-airspace
experiments due to the small metering area energy inputs may
account for this apparently anomalous result. In addition,
the four-airspace test panel employed a commercial product
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to create the a

irspaces while the two-airspace cavity was

produced by carefully inserting a central foil. The
structure of the four-airspace product may account for its

apparent loss in

The thermal
with increasing
fold increase
decreases of 23,
for Test Panels
average decrease

The Effect of

performance.

resistance of all five test panels decrease

test panel temperature difference. A five-
in the temperature difference yielded
32, 23, 33, and 26 percent in panel R-Value
1A, 1B, 3A, 3B, and 3C respectively or an
of 27 percent for the five test panels.

Temperature Difference on Five Test Panels

Fabricated With XEPS Studs and Tested With

Horizontal Heat Flow

Test

Panel —Number 9T _R(meas) _R Ratio

1A H-1 64 3.06
0.77

1A H-5 12 3.99

1B H~6 111 4.26
0.68

1B H-10 23 6.27

3A H=-29 61 3.41
0.77

3A H-33 13 4.42

3B H-35 111 4.96
0.67

3B H-39 23 7.38

3c H-41 57 6.38
0.74

3cC H-45 11 8.68
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11.3 HORIZONTAL HEAT FIOW, WOOD STUDS: NUMBER OF AIRSPACES,

EMITTANCE, TEMPERATURE DIFFERENCE

Figure 16 depicts the test panel thermal resistance as
a function of temperature difference across the test panel
for all of the test panels containing reflective airspaces,
constructed with wood studs, and tested with horizontal heat
flow. Results from Test Panels 2A, 2B, and 2C are presented
on this figure and are summarized below. The cavities of
these test panels were comprised of 1, 2 and 4 airspaces
respectively having effective emittances of 0.03.

A Comparison of Three Tést Panels Fabricated with Wood Studs
and Tested With Horizontal Heat Flow

Number of
Panel Airspaces E Rp(30) R Ratio
2A 1 0.03 3.46
2B 2 0.03 6.19
- 1.79 (2B/2A)
2C 4 0.03 6.41

1.85 (2C/2A)

Like the XEPS stud test panels previously described,
the test panel thermal resistance increases with the number
of airspaces within the cavity. The exception to this
statement occurs when comparing the test results of the 2-
and 4-airspace test panels with a 10F temperature
‘difference, Test Numbers H-22 and H-27. The R-Values
measured for these two tests (H-22 and H-27) indicate that
the performance of the test panel with the 2-airspace
cavity, R = 7.52 hr ft? F/.Btu, exceeds the test panel with
the 4-airspace cavity, R = 7.41 hr ft2 F/ Btu. When
evaluated with a temperature difference of 30F, the ratio of
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Test Panel R-Value, hr ft°2 F/Btu

[
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Figure 16: The test panel thermal resistance as a function
of test panel temperature difference for three test panels
constructed with wood studs and tested with horizontal heat
flow. The test panel thermal resistances determined from
the curve-~fit coefficients for a temperature difference of
30F, R.p(30) , are tabulated for comparison.
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the 1l-airspace to the 2- and 4-airspace Rp(30) values are
1.79 and 1.85.

The thermal resistance of these test panels decrease
with increasing test panel temperature difference. A five-
fold increase in the temperature difference yielded
decreases of 21, 34, and 23 percent in the test panel R-
Value for Test Panels 2A, 2B, and 2C respectively or an
average decrease of 26 percent for the three test panels.
This reduction in test panel R-Value is similar to the
reduction noted on similar test panels with XEPS studs.

Thé Effect of Temperature Difference on Three Test Panels
Fabricated With Wood Studs and Tested With’
Horizontal Heat Flow

Test
Panel Number daT R (meas) R Ratio
2A H-11 63 3.11
0.79
2A H-15 12 3.91
2B H-17 109 4.28
0.66
2B H-21 23 6.46
2C H-23 54 5.71
. 0.77
2C H-27 10 7.41

11.4 VERTICAIL HEAT FLOW, ASPECT RATIO, XEPS AND WOOD STUDS

Figures 17 and 18 depict the test panel thermal
resistance as a function of test panel temperature
difference for all of the test panels containing reflective
airspaces, tested with vertical heat flow, and constructed
with XEPS and wood studs respectively. Results from Test
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Tesat Panel R-Value, hr ft"2 F/Btu
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Figure 17: The test panel thermal resistance as a function
of test panel tenmperature difference for three test panels
constructed with XEPS studs and tested with vertical heat
The test panel ‘thermal resistances
determined from the curve-fit coefficients for a temperature
difference of 30F, Rp(30), are tabulated for comparison.

flow (up and down).
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Figure 18: The test panel thermal resistance as a function
of test panel temperature difference for three test panels
constructed with wood studs and tested wvith vertical heat
flow (up and down). The test panel thermal resistances
determined from the curve-fit coefficients for a temperature
difference of 30F, Rp(:iO) , are tabulated for comparison.
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i

Panels 11A, 13A, 13B, and 13C are included in Figure 17
(XEPS studs) ; Figuré_}a contains results from Test Panels
12A, 12B, and 12C (wood studs). Test Panel 1ll1A was
constructed with 2 x 4 studs while all the remaining panels
were fabricated with 2 x 6 studs. The cavities of Test
Panels 11A, 12A, and 13A contained single airspaces with
effective emittances of 0.05. Test Panels 12B and 13B
contained 4-airspace cavities with effective emittances of
0.03. All the test panels were evaluated with heat flow
down and the one-airspace test panels were also analyzed
with heat flow up.

The thermal resistance of all vertical heat flow test
panels decrease with increasing test panel temperature
difference. An approximate five-~fold increase in the
temperature difference yielded decreases of 20, 31, and 25
percent in panel R-Values for the heat flow up experiments
on Test Panels 11A, 12A, and 13A respectively or an average
decrease in panel R-Value of 25 percent. The same change in
temperature difference generated decreases of 14, 12, 8, 12,
and 19 percent in panel R-Values for the heat flow down
experiments on Test Panels 11A, 12A, 12B, 13A, and 13B
respectively or an average decrease in panel R-Value of 13
percent. Note that the data for the heat flow up
experiments is limited to test panels with one-airspace

cavities while the heat flow down data includes data from 1-

and 4-airspace cavity test panels. If only the l-airspace
cavity test panels (11A, 12A and 13A) are included in the
heat flow down averaging, the average decrease in Panel R-
Value for heat flow down is still 13 percent.
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- The Effect of Temperature Difference on Three Test Panels
Tested With Vertical Heat Flow (Up)

Test
Panel Number qaT ‘R(meas) R Ratio
11A vV-1U 68 2.68
0.80
11A V=5U 13 3.34
12A V=13U 69 2.40
0.69
12A V=170 13 3.48
13Aa V=320 68 2.59
0.75
13A V=-36U 12 3.47

The Effect of Temperature Difference on Five Test Panels
Tested With Vertical Heat Flow (Down)

Test
Panel Number dT R{meas) R Ratio
11A V=-7D 54 8.55
0.86
11A V=11D 9 10.00
12A V=-19D 55 7.32
: 0.88
12A V=23D 13 8.32
12B V=25D 51 13.91
0.92
12B V=29D 10 15.15
13A V-38D 54 8.10
0.88
13A V-42D 11 9.44
13B V~44D 53 15.72
0.81
13B V=-48D 11 19.51

The three one-airspace test panels were evaluated with
the heat flow up and down. The test results are summarized
below. The average Rp(30) values for the heat flow up and
down test results for these test panels were 2.96 and 8.47
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hr ft2 F/Btu respectively.  For the heat flow up
experiments, the average Rp(30) values for the XEPS and wood
stud test panels were 3.02 and 2.85 hr £t2 F/Btu
respectively; the average Rp(30) values for the XEPS and
wood stud test panels tested with heat flow down were 8.81
and 7.80 hr ft? F/Btu respectively. The substitution of
wood for XEPS studs reduced the Rp(30) values by 0.2 and 1.0
hr f£t2 F/Btu for the 1l-airspace heat flow up and down
experiments respectively.

A Comparison of Three One-Airspace Test Panels Tested With
Vertical Heat Flow

, : Heat Flow

Panel Stud Mt]l Direction Rp(30
11A XEPS Up 3.04
12A Wood Up 2.85
13A XEPS Up 3.00
Average All Up 2.96
Average XEPS Up 3.02
Average Wood Up 2.85
11A XEPS Down 8.99
12A Wood Down 7.80
13A XEPS Down 8.63
Average All Down 8.47
Average XEPS Down 8.81
Average Wood Down 7.80

The Rp(30) values for the two ‘4-airspage test panels
analyzed in this program with heat flow down are summarized
‘below. The average Rp(30) values for these two panels was 
'15.4 hr f£t2 F/Btu. The substitution of wood for XEPS studs
reduced the R,(30) value by 2.4 hr ft2 F/Btu for the 4--
airspace heat flow down experiment.
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A Comparison of Two Four-Airspace Test Panels Tested With
Vertical Heat Flow

Heat Flow
Panel Stud Mtl Direction Rp (30
12B Wood Down 14.17
13B XEPS Down 16.58
Average All Down 15.38

A comparison of the effect of the number of airspaces
on the R, (30) values is summarized below. The four-airspace
R-Values are less than twice the thermal resistance of the
comparable one~airspace test results. The ratio of the 4-
airspace to the 1l-airspace Rp(30) values are 1.82 and 1.88
for wood and XEPS studs respectively.

A Comparison of Four- and One-Airspace Test Panels Tested
With Vertical Heat Flow (Down)

Rp(30) Rp(30)
Stud Mtl 4-Airspace l-Airspace Ratio
Wood 14.17 7.80 1.82
XEPS 16.58 8.81 l1.88

A comparison of the results from Test Panels 11A and
13A are a measure of the effect of aspect ratio on the
thermal resistance of the test panel. These two test panels
were identical in construction with the exception of the
depth of the airspace. The panels were constructed with 2 x
4 and 2 x 6 studs, yielding aspect ratios of 0.24 and 0.38
‘respectively. The Rp(30) values for these test panels are
summarized below. Differences of 0.05 and 0.36 hr ££2 F/Btu
are noted between the heat flow up and down Rp(30) results
for airspace aspect ratios of 0.24 and 0.38 respectively.
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The Effect of Aspect Ratio on One-Airspace Test Panels
Tested With Vertical Heat Flow

Aspect
Panel Ratio Rp(30) Up Rp(30) Down Ratio
11A 0.24 3.04 8.99 0.34
13A 0.38 2.99 8.63 0.35

11.5 SINGLE AIRSPACE SYSTEMS

Test Panels 1A, 2A, 3A, 11A, 122, and 13A were
constructed as single airspace systems. The differences in
the construction of these six test pénels were the framing
material (XEPS for Test Panels 1A, 3A, 11A, and 13A, wood
for Test Panels 2A and 12A), the effective emittance of the
airspace (0.05 for Test Panel 1A, 11A, 12A, and 13A, 0.03
for Test Panels 2A and 3A), heat flow direction, (heat flow
horizontal for Test Panels 1A, 2A, and 3A, heat flow
vertical up and down for Test Panels 11A, 12A, and 13A, and
cavity depth (3.5 inches for Test Panels 1A, 2A, 3A, and
11A, 5.5 inches for Test Panels 12A and 13A. Testing on
Test Panel 1A was performed exclusively with an airspace
mean temperature of approximately 50F. Testing on Test
Panels 2A, 3A, 12A, and 13A was undertaken predominantly at
an airspace mean temperature of 75F with single analyses at
S50F in each heat flow direction. Testing on Test Panel 11a,
was undertaken predominantly at an airspace mean temperature
of S50F with single analyses at 75F in each heat flow
direction. A comparison of the test results gathered on
‘these panels is summarized below.
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A Comparison of Six One-Airspace Test Panels

Panel Stud Mtl E Tmean Rp(30
1a 2X4 XEPS 0.05 50 3.46
2A 2X4 Wood 0.03 75 3.46
3A 2X4 XEPS 0.03 75 3.89
11A 2X4 XEPS 0.05 50 3.04 (Up)
11A 2X4 XEPS 0.05 50 8.99 (Down)
12A 2X6 Wood 0.05 75 2.85 (Up)
12A 2X6 Wood 0.05 75 7.80 (Down)
13A 2X6 XEPS 0.05 75 3.00 (Up)
13A 2X6 XEPS 0.05 75 8.63 (Down)

The Rp(30) values for 1A (XEPS, E = 0.05, Thmean = 50F)
and 2A (Wood, E = 0.03, Tp..n = 75F) are identical. The
increase in heat transfer due to the low thermal resistance
wood stud and higher mean temperature of 2A are offset by
the lower effective emittance of the airspace. A comparison
of Test Panels 1A (XEPS, E = 0.05, T = S50F) and 3A

mean
(XEPS, E = 0.03, T = 75F) demonstrates the effects of

mean

mean temperature and effective emittance. The difference in
the Rp(30) values for these two test panels is 0.43 hr ££2
F/Btu. The increase in the thermal resistance of the test
panel due to a decrease in effective emittance more than
compensates for its reduction due to an increase in mean

temperature.

11.5.1 SINGLE ATIRSPACE SYSTEMS, EFFECT OF MEAN TEMPERATURE

There are eight pairs of data on single-airspace cavity
- test panels which measure the effect of mean temperature on
the panel R-Value. These data pairs, namely Test Numbers H-
11 and H-16, H-29 and H-34, V-1U and V-6U, V-7D and V-12D,
V-13U and V-18U, V-19D and V-24D, V-32U and V-37U, and V-38D
and V-43D, are summarized below.
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The Effect of Mean Temperature on Five Test Panels
Containing Single Airspace cCavities

Test
Panel Number Tmean - daT R(meas)
2A H-11 76 o 63 3.11
H-1l6 52 63 3.11
3a H-29 76 61 3.41
H-34 - 50 61 3.42
11a vV-1U ’ 49 68 2.68
V-=6U 75 70 2.53
11A . V-?ﬁnf s Wlémfhﬂku 54 o 55
: - V=12D 73 55 7.94
124 vV=-13U 74 69 2.40
V=-18U 50 69 2.55
12A V-19D 73 5% 7.32
V-24D 49 54 7.88
13Aa V=32U 74 68 2.59
V=370 58 68 2.57
134  V-38D 74 54 8.10
V=-43D 59 54 8.74

The average thermal resistances of these tests at mean
temperatures of approximately 50 and 75F are 4.92 and 4.68
hr ft2 F/Btu respectively. An average decrease in thermal
resistance of approximately 0.2 percent per degree F
increase in mean temperature was measured. A 25F change in
mean temperature would yield approximately a 5 percent
.change in test panel thermal resistance.

91



11.5.2 SINGLE CE __S FFEC HEAT _FLOW
DIRECTION

A comparison of Test Panels 1A and 11A provides a good
measure of the effect of heat flow direction on the test
panel thermal resistance. The construction of these panels
was identical and there are five experiments performed on
each panel at identical temperature conditions. The thermal
resistance data from these two test panels are depicted as a
function of test panel temperature difference in Figure 19.
The Rp(30) values for test panels incorporating a single
airspace having an effective emittance of 0.05 were 3.46,
3.04, and 8.99 hr ft2 F/Btu for heat flow horizontal, up,
and down respectively. ‘

11.6. TWO-AIRSPACE SYSTEMS

A similar analysis can be performed on the two-airspace
systems, Test Panels 1B, 2B, and 3B. Testing on two-
airspace test panels was limited to horizontal heat flow
only. The differences in the construction of these three
test panels were the framing material (XEPS for Test Panels
1B and 3B, wood for Test Panel 2B) and the effective
emittance of the airspace (0.05 for Test Panel 1B, 0.03 for
Test Panels 2B and 3B). Testing on Test Panel 1B was
performed such that the mean temperature of the airspace on
the cold side of the cavity was 50F while the hot side
airspace mean temperature varied from 60 to 100F. Testing
conditions on the other two panels were designed such that
the hot side airspace mean temperature was predominantly 75F
with single analyses at S50F while the cold side airspace
mean temperature varied from 35 to 70F. Since testing
conditions on Panel 1B are different than those imposed on
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Figure 19: The test panel thermal resistance as a function
of test panel temperature difference and heat flow direction
for test panels containing a single 3.5 inch deep reflective
airspace with an effective emittance of 0.0S. The test
panel thermal resistances determined from the curve-fit
coefficients for a temperature difference of 30F, Rp(:m),
are tabulated for comparison.
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Panels 2B and 3B, direct comparisons cannot be made. Test
results on the two-airspace systems are summarized below.

A Comparison of Three Two-Airspace Test Panels

Heat Flow
Panel Stud Mt1l E Direction Rp(30
1B 2X4 XEPS 0.05 Horizontal 5.98
2B 2X4 Wood 0.03 Horizontal 6.19
3B 2X4 XEPS 0.03 Horizontal 7.12

The R,(30) values for 1B (XEPS, E = 0.05, Tpoa, = 56-
73F) and 2B (Wood, E = 0.03, Tp..n, = 56-73F) agree to within
0.21 hr ft2 F/Btu. Similar to the one-airspace systems, the
increases in heat transfer due to the low thermal resistance
wood stud of 2B are offset by the lower effective emittance
of the airspace.

As stated earlier, the Rp(30) values for 1B (2
airspaces, XEPS, E = 0.05, Tmean = 56-73F) are 1.1 hr ££2
F/Btu lower than 3B (2 airspaces, XEPS, E = 0.03, Tpean =
57-75F). The difference in R-Value in the two-airspace test
panels is almost three times the difference noted for the
same comparison on single airspace systems.

11.7. FOUR-ATRSPACE SYSTEMS

A comparison of the panel thermal resistance test
results of the four-airspace systems, Test Panels 2C, 3C,
12B, and 13B indicate a behavior similar to the two-airspace
systems. The only difference in the construction of these
panels was the framing material (XEPS for Test Panels 3C and
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13B, wood for Test Panels 2C and 12B). Test Panels 2C and
3C were analyzed with horizontal heat flow, and Test Panels
12B and 13B were tested with vertical heat flow down. The
panels were all subjected to identical test conditions. The
results are summarized below.

A Comparison of Four Four-Airspace Test Panels

Heat Flow
Panel sStud Mtl E Direction Rp(30
2C 2X4 Wood 0.03 Horizontal 6.41
3C 2X4 XEPS 0.03 Horizontal 7.40
12B 2X6 Wood 0.03 Down 14.17
13B 2X6 XEPS 0.03 Down 16.58

Results on the four-airspace test panels show an
increasing panel thermal resistance as the airspace
temperature difference decreases. '

The Rp(30) value for 3C (XEPS and horizontal heat flow)
exceed 2C (Wood and horizontal heat flow) by approximately
1.0 hr ft2 F/Btu. For the vertical heat flow experiments,
the Rp(30) value of Test Panel 13B (XEPS studs) was greater

than Test Panel 12B (Wood studs) by approximately 2.4 hr ££2
F/Btu.

The Rp(30) value of Panel 2C (four airspaces with wood
studs and horizontal heat flow) is lower than the Rp(30)
value of Panel 3B (two airspaces with XEPS studs and
horizontal heat flow) by 0.7 hr £t2 F/Btu and is
approximately equal (dR,(30) = 0.2 hr ft2 F/Btu) to Test
Panel 2B (two airspaces with Wood studs and horizontal heat

flow).

95



Another measure of the effect of the stud material is
to compare R-Values of selected test panels that are
identical in construction and were tested under similar test
conditions. Figure 20 depicts the test panel R-Values for
two different one-, two-, and four-airspace cavities as a
function of test panel temperature difference. The results
from Test Panels 2A, 2B, 2C, 3A, 3B, and 3C are used for
this comparison. The decreases in RP(BO)_ values due to
substituting wood for XEPS studs were 0.4, 0.9, and 1.0 hr

£t2 F/Btu respectively.

The Effect of Stud Material on Six Test Panels Tested With
Horizontal Heat Flow

Number of
Panel Airspaces Stud E Rp(30) dR_(XEPS-Wood)
2A 1 Wood 0.03 3.46
2B 2 Wood 0.03 6.19
2C 4 Wood 0.03 6.41
3A 1 XEPS 0.03 3.89 0.43
3B 2 XEPS 0.03 7.12 0.93
3C 4 XEPS 0.03 7.40 0.99
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Figure 20: The effect of stud materials on the test panel

thermal resistance of test panel containing three different

cavity configurations.

The test panel thermal resistances

determined from the curve-fit coefficients for a temperature
difference of 30F, RP(BO) , are tabulated for comparison.
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12. DETERMINATION OF THE CAVITY THERMAL RESISTANCE

The unique nature of reflective insulations require
that they be analysed as part of a building system. The
building system typically will contain thermal anomalies
which will modify the thermal performance of the reflective

insulation material. Furthermore, it 1is desirable to
compare reflective insulation with other types of insulation
materials on an equivalent basis. To allow for direct

comparisons between reflective insulation and other
products, it is necessary to accurately extract the cavity
thermal resistance from the experimental test panel result.

Two different one-dimensional calculations were used to
separate the thermal performance of the cavity from the test
panel thermal performance: the parallel path method, R{(|]),
and the isothermal planes method, R(ISO)[4]. The parallel
path method is identical to the procedure that is presently
being recommended for inclusion into the proposed ASTM
.standard specification for reflective insulations. The
highly instrumented test panels and the thermal performance
experiments on the building components make it possible to
perform these calculations. The following equations were
used to perform these calculations:

Qtotal = Qstud * Qcavity (7)
Qstua = 9Tstua*Astud/Rstud (8)
R(11) = (ATgay) *Acav/ (Qeotal~wstud) (9)

R(ISO) = Agay/ (Atotal/(Rpanel'Rsheath) = Agtua/Rstug) (10)
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where

(R (11)

Qtotal

Qstud

Qcavity

detud

Astud

Rstud

chav

cav

Atotal

Rpanel

Rsheath

total metering box energy input;

heat flow through studs calculated with the
temperature measurements of the T/Cs in the
studs and the R-values of the studs measured
by ASTM C 518;

the heat flow <through the cavity determined
by correcting the net metering box energy
input by the stud heat flow;

temperature difference across the stud as
measured by T/Cs:

the amount of stud in tge metering area of
the panel (1.68 or 1.18 ft¢ for horizontal or
vertical heat flow experiments respectively);

the measured R-value of the stud by ASTM
C 518;

temperature difference across cavity as
measured by T/Cs mounted on the interior of
the sheathing:;

the amount of cavity in the_metering area of
the panel (14.65 or 9.77 ft2 for horizontal
or vertical heat flow experiments respective-
ly):

the total mgtering area of the panel (16.34
or 10.95 ft“ for horizontal or vertical heat
flow experiments respectively):

the measured surface-to-surface R-value of
the panel including the sheathing; and

the measured R-value of the sheathing by
ASTM C 518,

Table 25 includes the results obtained for the cavity
thermal resistance calculated by these two different methods

and R (IsO)), the cavity and stud hot and cold

surface temperatures (HS and CS) measured on the interior
side of the sheathing, the cavity and stud mean temperatures
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TABLE 25

THE INTERNAL TEMPERATURE CONDITIONS AND THE CALCULATED THERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Cavity R-Volue,

Cavity Temperstures, F Stud Temperatures, F @ Stud  hr ft*2 F/Btu
Test Stud No. of Airspace Test
Panel Materisl Airspaces E Number HS cs Tmean dv NS cs Tmean dr 8tushr R (}]) R (IS0)
1 XEPS 1 0.05 H-1 74.8 25.1 50.0 49.7 7.8 25.1 51.5 52.7 5.43 2.17 2.2
H-2 70.2 29.9 50.1 40.3 72.5 26.7 48.6 47.8 4.92 2.27 2.30
H-3 64.8 3.8 49.8 0.0 6.3 31.1 48.7 35.2 3.62 2.37 2.40
H-4 61.1 40.5 50.8 20.6 1.9 38.2 50.1 23.7 2.44 2.63 2.67
H-5 §5.0 46.7 49.9 10.3 55.2 43.7 49.5 11.5 1.18 3.04 3.07
1. XEPS 2 0.05 K-6 116.9 24.4 70.7 92.5 127.1% 17.4 72.3  109.7 11.30 3.26 3.33
H-6-C1  116.9 7n.A 94.0 45.8 1.62 1.65
H-6-C2 74 24.4 47.8 46.7 1.65 1.68
K7 111.5 30.6 71.1.  B0.9 120.2 24.6 72.4 95.4 9.84 3.42 3.51
H-7-Ct 118 71.8 91.5 40.0 1.69 .73
H-7-C2 7.5 30.6 51.1% 40.9 1.73 1.7
H-8 9.5 34.6 64.6 59.9 100.6 30.6 65.6 70.9 r.21 3.70 3.7
h-8-C1 94.5 64.9 79.7 29.6 1.3 1.87
H-8-C2 64.9 34%.6 49.8 30.3 1.87 1.92
H-9 79.6 39.6 59.6 40.0 83.2 37.3 60.3 46.0 4.73 4.26 4.36
H-9-Ct 79.6 59.9 69.8 19.7 2.09 2.1%
H-9-C2 59.9 39.6 49.8 20.3 2.15 2.21
H-10 64.8 44.5 54.7 20.3 66.2 43.5 54.9 2.7 2.34 5.4 5.23
H-10-C1 64.8 54.8 5¢0.8 10.0 2.53 2.58
H-10-c2 56.8 44.5 9.7 10.3 2.61 2.65
A WOOD 1 0.03 H-11 9.6 48.9 7.3 50.7 98.7 49.7 74.2 49.0 17.62 2.37 2.34

K12 93.8 53.5 3.7 4.3 92,9 54.1 73.5 38.9 13.97 2.48 2.45
H-13 89.0 57.4 .2 3.6 88.3 58.3 3.3 30.0 10.80 2.57 2.55
H-14 84.0 63.9 7.0 20.1 a3.3 64.6 74.0 1.7 672 2.8 2.78
15 .5 68.9 74.2 10,6 78.9 69.6 7.2 9.5 3.6 3.23 3.
K16 75.2 26.8 50.0 50.4 7.3 25.6 50.0 48.7 17.5% 2.3 2.3

8 WO00 2 0.03 H-17 118.0 25.8 7.9  92.2 159 2741 7.5 88.8 31.9% 3.52  3.5%
H-17-C1  118.0 70.7 9.4 47.3 1.80 1.82
H-17-C2 70.7  25.8 48,3 449 1. 1.3

h-18 §4.6 15.3 55.0 7.3 92.9 16.5 S4.7 75.4 27.48 3.60 3.64
R-18-C1 9.6 53.9 Te3 40.7 1.85  1.87
H-18-C2 s3.9 15.3 3.6 386 1.75 1.77

H-1¢ 89.5 30.1 59.8 59.4 87.9 31.6 59.8 $6.3 20.25 4.02  4.07
K-19-Ct 89.5 59.2 %%.46 303 2.05  2.08
H-19-€2 59.2 30.1 46.7  29.% 1.97  2.00

#-20 85.7 46,0 65.9 39.7  84.4 47.3 85.9  37.1 13.34 469 475
H-20-C1 85.7 65.7 75.7 20.0 2.3 2.39
H-20-C2 65.7  46.0 55.9 19.7 2.33 2.3

100



6

TABLE 25 (Cont)

THE INTERNAL TEMPERATURE CONDITIONS AND THE CALCULATED THERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Cavity R-Value,

Cavity Teaperstures, F ‘Stud Temperatures, F Q Stud  hr ft*2 F/Btu
Test Stud No. of Airspace Test
Panel Materisl Airspaces € Number HS cs Tmean  dT L] cs Tmean o7 stuw/hr R () R (ISD)
2 w000 2 0.0 H-21  80.2 9.9 70.1 203 7.2 60.7 .9 185 665 5.92 5.9
2101 80.2 70.1 5.2 10.1 2.95 2.98
H-21-c2 70.4 59.9 65.0 10.2 2.98 3.01
n-22 78.2 68.2 73.2 10.0 7.6 68.7 73.2 8.9 3.20 7.15 7.27
Nn-22-¢1 78.2 3.3 7.8 4.9 3.50 3.56
N-22-C2 733 682 T70.8 s.1 3.65 3.7
2c WOo0 4 0.03 N-23 8.5 48.7 3.6 49.8 9.8 51.2 .0 43.6 15.68 5.27 5.12
H-23-Ct 9.5 84.0 1.3 1.5 1.53 1.49
H-23-C2 84.0 71.6 7.8 12.4 .31 1.28
R-23-C3 71.6 61.5 66.6 10.1 1.07 1.04
H-23-C4 61.5 48.7 55.1 1.8 1.3% 1.32
N-24 .4 55.0 T%.7 39.4 9.3 $7.0 74.2 34.3  12.3%4 5.57 S.42
N-24-C1 4.4 8.3 8.9 111 1.57 1.53
H-24-C2 83.3 73.0 78.2 10.3 1.46 1.42
H-24-C3 3.0 65.0 6.0 8.0 1.13 1.10
H-24-Ch 65.0 55.0 6.0 10.0 1.41 1.38
8-25 9.0  80.1 na 29.9 87.4 61.7 7%.6 3.7 9.24 6.04 $.96
H-25-C1 90.0 81.5 8s5.8 8.5 1.7 1.69
H-25-C2 81.5 3.7 77.6 7.8 1.58 1.5
%-25-C3 73.7 67.6 7.7 6.1 1.3 1.22
H-25-C4 67.6 80.1 63.9 7.8 ' 1.52 1.49
n-26 85.8 64.8 75.3 21.0 83.9 66.0 75.0 17.9 6.44 6.31 6.19
H-26-C1 85.8 .9 82.9 5.9 1.7 1.7%
H-25-C2 9.9 %2 TN 5.7 L7 168
R-26-C3 7.2 9.9 72.1 4.3 1.29 1.27
H-26-C4 69.9 64.8 67.4 S 1.53 1.50
H-27 7.5 68.8 .7 9.7 7.5 9.4 3.5 8.1 2N 7.18 7.13
K-27-C1 78.5 75.8 .2 2.7 ' 2.00 1.98
H-27-€2 75.8 3.1 7.5 2.7 2.00 1.98
N-27-C3 3.1 7.1 2.1 2.0 1.48 1.47
H-27-C4 .4 68.3 70.0 2.3 1.70 1.69
K-28 76.6 26.2 51.4 50.4 .9 28.6 1.3 45.3 16,29 5.54 5.60
K-28-C1 76.6 60.8 68.7 15.8 1.7 1.7
H-28-C2 60.8 49.9 $5.4 10.9 1.20 .21
N-28-C3 49.9 40.0 45.0 9.9 1.09 1.10
#-28-CA 40.0 26.2 33.1 13.8 1.52 1.53
a XEPS 1 0.03 H-29 ”.6 51.2 5.4 48.4 102.6 49.0 5.8 53.6 5.52 2.47 2.53

n-30 9.6 565 76.6 40,1 98.9 S5.4 7T.2 435 448 2.0 2.65
31 90.0 612 754 288 N7 606 TAN  M.H 320 230 2.8
¥-32 &%.7 653 7.0 194 856 65.1 753 205 2.1 305 5.09
"33 80.4 M2 %8 N2 0.8 &HY 7O NT 120 360 347
N-34 7%.6 2355 501 9.1 W3 8.5 50.9 5.8 5.6 251 2.5
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TABLE 25 (Cont)

THE INTERNAL VEMPERATURE COMDITIONS ANO THE CALCULATED THERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAIMING REFLECTIVE OR MASS INSULATION MATERIALS

Cavity Temperatures, F

Cavity R-Value,

Stud Tewperatures, F @ stud  hr e 2 F/otu
Test stud No. of Airspsce Test

Panel Material Airspaces E Number ns cs Tmaan ot [ ] cs Tmeen 47 Stushr- R (] R (130)
38 XEPS 2 0.03 H-35 121.2 24.8 3.0 96.4 124.3 2.7 7.5 1016 10.48 3.9 3.98
H-35-C1 121.2 72.0 9.6 49.2 2.02 2.03

H-35-C2 72.0 26.8 48.4 7.2 1.96 1.95

H-36 95.2 15.3 $5.2 80.1 9.0 13.5 $5.8 8.5 8.7 4.04 4.07

H-36-C1 95.2 54.8 74.9 0.7 2.05 2.07

N-36-C2 54.5 5.1 3%.8 39.4 1.99 2.0

H-37 90.4 30.0 60.2 60.4 92.1 29.1 60.6 &3.0 6.49 445 4.48

n-37-¢1 90.4 59.9 3.2 30.5 2.24 .26

K-37-C2 9.9 30.0 45.0 29.9 2.20 .22

K-38 8s.3 45.1 65.2 40.2 86.0 44,7  65.4 41.3 4.25 $.12 8.6

n-38-c1. . 85.3 5.1 75.2 20.2 2.57  2.%¢9

H-38-C2 65.1 45.1 55.1 20.0 2.55 2.57

n-39 80.1 39.6 69.9 20.3 8.3 39.6 70.0 20.7 2.13 6.27 6.31

H-39-C1 80.1 69.8 7.0 10.3 3.18 3.7

H-39-€2 9.8 59.6 64.7 10.2 3.12 3%

H-40 7.7 673 .5 10.4 n.ry 6.4 7.6 10.3 1.06 7.60 7.58

H-40-CY n.r n”.s B4 5.2 3.80 379

R-40-C2 nS. 6.3 9.9 5.2 3.80 3P

3¢ XEPS 4 0.03 H-41 100.0 49.3 7%.7 0.7 102.4 48.1 .3 54.3 5.59 5.28 S.34
H-41-Ct  100.0 84.4 92.2 15.6 1.62 1.64

H-41-C2 8.4 3.4 7.9 11.0 1.15 1.16

H-41-C3 7.4 63.5 68.5 9.9 1.03 1.04

H-41-Ch 63.5 49.3 56.4 1%.2 1.48 1.50

H-62 95.6 $5.8 5.7 398 9.8 54.9 5.9 41.9 4.3 5.57 S5.82

H-42-C1 9.6 3.5 89.6 12.1 1.69 1.n

H-42-€2 8.5 7%.5 7%.0 9.0 1.26 1.27

H-42-C3 74.5 66.6 70.6 7.9 .1 1.12

H-42-C4 66.6 55.8 61.2 10.8 1.5 1.52

H-43 89.0 59.8 74.4 2.2 3.8 59.4 6.1 29.4 3.03 6.09 6.4

H-43-C1 89.0 80.2 8.6 8.8 1.86 1.85

H-43-C2 80.2 73.4 76.8 6.8 1.42 1.43

H-43-C3 3.4 67.5 70.5 5.9 1.3 1.2

H-43-Cé 67.5 59.8 83.7 7.7 1.61 1.62

3c XEPS 4 0.03 H-44 8.9 64.7 74.8 20.2 85.2 64.6 4.9 20.6 2.12 6.92 6.97
H-44-C1 8.9 .0 82.0 5.9 2.02 2.03

H-44-C2 7.0 %1 7.6 4.9 1.68 1.69

H-44-C3 7%.1 6.9 7.0 4.2 1.64 1.45

H-k4-Ch 69.9 6.7 6713 5.2 1.78 1.7
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TABLE 25 (Cont)

THE INTERNAL TEMPERATURE CONDITIONS AND THE CALCULATED THERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERJALS

Cavity R-value,

Cavity Tewperatures, f Stud Tesmperstures, F Q stud  hr ft*2 F/8tu
Test Stud No. of Airspace Test : -
Pane! Material Alrspaces E Nunber HS cs Toean dr NS cs Tmean dr Btuwhe R (|]) R (150)
3¢ XEPS 4 0.03 H-45 79.8 69.8 7%.8 10.0 79.9 69.8 7%.9 10.1 1.06 T.48 7.60
H-45-C1 79.8 m.e 78.4 2.8 2,09  2.13
H-45-C2 7.0 76.4 5.7 2.6 1.9 1.98
H-45-C3 76.4 .2 7.3 2.2 1.64 1.67
H-45-C4 7.2 9.8 n.o 2.4 1.79 1.82
H-46 74.6 25.2 9.9 9.4 .8 3.8 50.7 53.8 5.54 5.6 5.9
H-46-C1 4.6 58.1 66.4 16.5 1.89 1.97
H-46-C2 58.1 48.2 53.2 9.9 1.13 1.18
H-46-C3 48.2 39.6 439 8.5 0.9 1.03
H-46-Ch  39.6 5.2 32.4 1%.6 1.65 1.7
4A XEPS N/A N/A W47 0.7 &9.7 7.7 S2.0 102.0 49.5 7.8 s2.5 5.40 11,18 11,19
48 00D N/A N/A N-48 97.9 50.2 7.0 47.6 9.0 52.2 3.1 41.8 15.03 10.17 10.22
11A XEPS 1 0.05 v-w 7%.7 25.% 50.1 49.2 78.3 1%.7 465 63.6 6.22 1.76 1.8
v-u n.2 30.6 50.9 40.6 75.8 22.6 48.2 51.2 3.39 1.85 1.9
v-3u 66.1 34.8 50.3 31.3 &71.5 29.0 48.2 38.5 2.55 1.9 2.05
v-&u 60.14 39.7 49.9 20.4 60.7  35.9 48.3 26.8 1.64 2.17  2.22
v-5u 55.5 435.0 50.3 10.5 55.7 42.0 48.8 13.7 o9 2.40 2.44
v-6U 100.3 51.1 T5.7  49.2 106.2 38.8 .S 65.4 4.34 1.62 .1n
v-7 7%.9 2.7 9.8 50,2 7.8 22.0 47.4 $0.8 3.37 753 .33
v-% 7.9  30.0 50.5~ 40.9 69.2 7.8 48.5 &41.4 .73 7.64 7.56
v-9% 64.5 35.5 50.0 29.0 63.0 34.0 48.5 29.0 1.92 " 7.92 7.n
v-100 60.4  40.1 $0.3 20.3 59.2  39.1 49.2 20.1 1.33 8.32 8.02
v-110 $4.8  45.4 $0.1 9.4 $4.2  45.2 49.7 9.0 0.60 9.47 8.73
v-120 100.2 49.3 74.8 50.9 97.8 493 73.6 48.5 3.22 6.84 6.75
124 w000 1 0.05 V-1 9.6 50.2 7.9 9.4  96.5 43.1 69.8 3.4 13.16 1.61 1.62
v-1u 9%.8 54.2 7.5 40.6 9.0 48.7 70.4 43.3  10.67 1.73 1.3
v-150 83.3 59.8 74.3 29.0 8s.1 $5.7  70.9 30.4 7.49 1.85 1.86
V=160 8.8 644 76.6 20.4 82.6 61.7 7.2 20.9 5.15 2.03 2.07
v-1 74.2 65.6 9.9 8.6 T73.5 63.5 69.5 8.0 1.97 2.7% 2.66
v-18u 5.2 5.3 50.3 49.9 3.0 19.8 &6.4 53.2 13.11 1.73 1.7
v-190 100.3 50.1 5.2 50.2 98.3 S2.1 75.2 46.2  11.39 6.95 6.67
v-200 5.2 55.3 7.3 39.9 93.8 57.3 75.6 36.5 9.00 7.12 &M
v-210 29.3 59.9 %.6 29.4 83.6 61.3 5.0 27.3 6.73 7.41 7.%
v-220 85.9 65.6 5.3 20.3 85.4 66.5 76.0 18.9  4.86 7.61 7.37
v-230 8.1 68.8 75.0 1.3  80.9 69.3 75.1 1.6 2.86 8.21 7.79
V-24D 75.5 26.0 50.8 49.5 73.3 28.6 51.0 467 m.02 7.56 7.2
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TABLE 25 (Cont)

THE INTERNAL TEMPERATURE CONDITIONS AND THE CALCULATED THERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Cavity R-value,

Cavity Temperatures, F Stud Temperatures, f @ Stud  hr ft*2 F/Btu
Test Stud - NRo. of Airspace Test
panel Material Airspaces E Nurber  HS cs Toesn  dT [ cs Tmean  dT  Btu/hr R (|[) R (1SO)
128 WooD 4 0.03 v-250 100.3 51.2  75.8 49.1 97.8 52.5 75.2 45.3  11.17  16.56 14.88
v-250-C1  100.3 83.6 92.0 16.7 5.63 5.06
v-25D-C2 83.6 3.5 78.6 10.1 3.41 3.06
v-250-C3 73.5 67.9 0.7 5.6 1.89 170
v-250-C4 67.9 51.2 59.6 16.7 5.63 5.06
V-260 96.1 56.1 76.1 40.0 94.1 57.1 5.6 37.0 9.12 17.32 15.3¢9
v-26D-C1  96.1 82.3 89.2 13.8 5.97 5.3
v-26D-C2 82.3 73.9 78.1 8.4 3.64 3.23
v-260-C3 73.9 69.5 7.7 b4 1.90 1.69
V-26D-C4  69.5 56.1 62.8 13.4 5.80 5.16
v-27 $0.7 59.5 5.4 31.2 89.0 60.3 7%.7 28.7 7.07 17.17 15.04
v-27-C1  90.7 79.8 85.3 10.9 6.00 5.26
v-27-c2 79.8 73.3 76.6 6.5 3.58 3.13
v-270-¢3 73.3 69.8 .6 3.5 1.93 1.69
V-27-C6 69.8 59.5 64.7 10.3 5.67  4.97
v-280 84.2 65.3 4.8 18.9 83.2 65.9 74.6 17.3 4.26 18,07 15.63
v-28D-C1  84.2 7.5 80.9 6.7 6.41 5.54
v-280-C2 T77.5 73.5 5.5 4.0 3.8 3.3t
v-280-c3 73.5 7.3 .4 2.2 2.10 1.82
v-280-C4 T1.3 5.3  48.3 6.0 5.7 4.9
v-290 .9 70.1 .0 9.8 79.3 70.2 74.8 9.1 2.26 18.42 16,67
v-290-C1 9.9 76.4 78.2 3.5 6.58 5.95
V-290-C2  76.4 74.3 5.4 2.1 3.95 3.57
V-290-C3 743 3.1 BT 1.2 2.26 2.04
v-290-C4 73.1 70.1 n.s 3.0 . 5.64 5.10
v-300 76.2 5.8 51.0 $0.4 73.5 7. 50.3 46.6 1144 17,06 14,79
v-300-Ct  76.2 58.6 67.4 17.6 5.95 5.17
v-300-C2 58.6 48.4 53.5 10.2 3.45 2.99
v-300-C3 48.4 42.7  45.6 5.7 1.93 1.67
v-300-C4 42.7 5.8 343 16.9 5.7 4.96
12¢ WooD N/A N/A V-3 101.2 51.2 76.2 49.9 9.4 52.9 76.0 46.3 11.40 17.27 15.40
13A XEPS 1 0.05 v-32u 9.7 499 7%.8 49.8 103.9 38.4 70.8 64.7 4.29 1.72 1.76
v-33u 9%.7 54.8 7.8 39.9 7.1 46.1 n.e 51.0 3.38 1.81 1.86
v-34U 90.0 59.9 5.0 30.1 9.2 s3.9 72.6 37.3 2.47 1.94 1.96
v-35u 84.8 646 747 20.2 a85.4 60.7 73.1 2.7 1.64 2.12  2.19
v-36U 7.9 70.0 75.0 9.9 ».7 671 73.4 12.6 0.84 2.55 2.57
v-3n 83.9 34.2 59.1 49.7 87.6 21.1 54.4 66.5 4.41 1.69 1.74
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TABLE 25 (Cont)

THE INTERNAL TEMPERATURE CONDITIONS AND THE CALCULATED TMERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Cavity R-velue,

Cavity Tesperatures, F Stud Temperatures, F Q stud  hr ft*2 F/Bty
Test Stud No. of Alrspace Test - . - -
panel Material Airspaces ~ E Nuxber [ cs Teeen  d7 s Cs Teean  dT  BStuwhre R C(|]> R (I1SO)
13A XEPS 1 0.05 Vv-38 100.7 S50.6 V5.7 509 98.7  47.5 . 734 51.2 3.40 7.06 690

v-3%0 9.5 55.0 758 415 .6 525 73.6 42.1 27 7.9 T1.95
V-400 9.3 59.5 7.9 30.8 8.9 57.7 753 3.2 2.07 V.41 7.23
V-410 B86.8 66.7 768 20.% 85.6 65.6 75.6 20.0 133 7.9 7.75
v-420 80.7 69.9 753 0.8 ™9 &3 76 106 0.70 8359 B8.19
v-430 85.6 35.7 60.7 49.9 A3.4 32.4 579 510 338 7.2 7.52

138 XEPS 4 0.03 Vv-440  101.5 50.8 76.2 S50.7 102.0 50.7 76.6 SU.3  3.40 14.87 14.41
V-44D-C1 1015  84.6 93.1  16.9 4.96  4.80
V-44D-C2 848 . 742 9.4 10.4 3.05 © 2.9
V-460-C3  Th.2 66,9  T0.6 7.3 2.%  2.07
V-440-C4 86.9 50.8 58.9 16.1 . ) 472 457
V-450 93.7 55.0 Th.e 387 9.0 569 7.5 39.1 2,59 15.43 15.10
V-450-C1 §3.7 80.5 871 13.2 $.33  5.15
V-450-C2 80.5 T2.6 76.6 7.9 3.19  3.08
V-450-C3  72.6 67.1 &9.9 5.5 2.2 215
V-450-C4 7.1  55.0 61.1 2.1 .89 472
V-460 90.5 606 5.6 29.9 9.7 60.8 758 209 1.98 1630 15.43
v-460-C1  90.5 80.2 85.4 103 ) $.62  5.32
V-450-C2 80,2 Tk, TT.2 6.1 3.33  3.15
V-480-C3 4.1 89.9 T2.0 4.2 .29 v
V-48D-C4  69.9 60,6 653 9.3 $.07 4.8
v-470 86,0 663 752 197 862 667 7635 195 1,29 16.90 15.6
v-470-C1  86.0 T9.1  82.6 6.9 5.92  5.48
V-2 W4 T T 4.0 343 347
vd-c3 15,1 Y24 T3S 2.7 .32 a.%
V4TO-Ch  T2.4 663 694 6.1 5.2% 4.8
) ™7 689 %3 0.8 W9 9.4 7T 105 070 20.31 18.33
V:480-C1 .7 5.9 I8 3.8 7.45  6.48
v-480-C2 T5.9 T3.8 T%.9 2.4 3,93 3.5
v-480-c3 73.8 7.3 7M. 1.8 2.82 2,55
ve48D-C4 T2.3 68,9 70.6 3.4 ‘ 6.39 S.77
V-4%0 763 25.7 S0.0 8.6 7.6 28.4 50.0 9.2 3,26 16.65 16.09
v-490-C1 7.3 ST.7 6.0 16.6 $.69 5.5
v-490-C2 S7.7 48,0 52.9 9.7 3.32 21
V-490-C3  48.0 41.2 4.8 6.8 2.33 2.3
V-49D-Ch 41,2 5.7 335 158 $.31 5.3

13¢ XEPS N/A N/A VSO0 100.8  51.0  7S.9  49.8 1014 50.0 3.7 513 3.4 16.22 16.00
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and temperature differences (Tmean and dT), as well as the
calculated heat flux through the stud (Qstud) * The cavity
thermal resistance is graphically represented as a function
of cavity temperature difference in Figures 21 through 24
and test results gathered at the predominant cavity mean
temperature were fitted as a function of cavity temperature
difference. The curve-~-fit coefficients determined for the
cavity thermal resistance by the R(||) and R(ISO) methods
are presented in Tables 26 and 27 respectively.

When there was more than a single airspace forming the
cavity, the thermal resistance of each individual airspace
was determined and summed. The temperature sensors
installed in the test panels allowed for the direct
measurement of the temperature difference across each
airspace. The individual airspace thermal resistance
results are also presented in Table 25. A suffix was added
to the test number to indicate that the result was for an
airspace instead of the entire cavity. The suffix "C1" was
used to identify the first cavity when the test panel is
viewed from the hot side. The remaining cavities were
sequentially numbered.

12.1 CAVITIES FILLED WITH MASS INSULATION

The proposed ASTM Standard Specification requires that
the heat flow correction for the framing hembers must be
corroborated by performing an experiment with the test panel
cavities filled with a mass insulation. A representative
sample of the mass insulation would be tested using
traditional test methods (ASTM C 518 or € 177) and the
predicted thermal resistance of the mass insulation mnust
agree with its directly measured thermal resistance to
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TABLE 26

THE FIT COEFFICIENTS USED TO DESCRIBE THE CAVITY THERMAL RESISTANCE
DETERMINED BY THE R(|1}) METHOD AS A FUNCTION OF CAVITY TEMPERATURE DIFFERENCE

Fit Coefficients Rc(dT = 30F)
Test Panel  Test Numbers A0 a1 Az hr ftez F/Btu
e-eg--;; - ~-;-1 To H-S 3.5:;? FS.SéEFOi‘ 5. 64;:;:- ~~~~~--~;—;;-
1B H-6 To H-10 6.247 <=6.22E-02 3.28E-04 4.68

2A H-11 To H~15 3.705 ~5.27E-02 5.29E-04 2.60

2B H-17 To H-22 8.020 ~-1.08E-01 6.49E-04 5.37

2C H-23 To H-27 7.903 ~8.41E-02 6.32E-04 5.95

3A H-29 To H-33 3.907 +5.18E~02 4.62E-04 2.77

3B H-35 To H-40 8.428 ~1.06E-01 6.23E~04 5.82

3cC H-41 To H-45 8.435 -=9.72E-02 6.742-04_ 6.13

11A Up vV-1U To V-5U 2.670 =2.81E-02 1.95E~04 2.00
11A Down v-7D To V-llﬁ 10.573 -1.37E-01 1.54E-03 7.85
12A Up V=13U To V-17U0 3.363 ~7.90E-02 9.02E~04 1.80
12A Down v-19D To V=-23D 8.994 -7.74E~-02 7.40E-04 7.34
12B Down V=-25D To V-29D 18.913 =5,04E-02 8.99E-05 17.48
13A Up V-32U To V=360 2.978 =5.04E-02 5.12E-04 ) 1.93
13A Down V-38D To V=-42D 9.473 -9,52E-02 9.61E-04 7.48
13B Down V=44D To V-48D 23.337 =3.60E-01 3.89E-03 16.03

Notes: 1. R = A0 + Al*dT + A2* dT~2 where:

2.

R = Cavity Thermal Resistance, hr ft*2 F/Btu, and
dT = Cavity Temperature Difference, F.

Rc(dT = 30F} is the cavity thermal resistance calculated
from the curve~fit coefficients for a temperature difference

of 30F.
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TABLE 27

THE FIT COEFFICIENTS USED TO DESCRIBE THE CAVITY THERMAL RESISTANCE
DETERMINED BY THE R(ISO) METHOD AS A FUNCTION OF CAVITY TEMPERATURE DIFFERENCE

Fit Coefficients Rc (AT = 30F)
Test Panel Test Numbers A0 N Al ---~~;;~--~ Q;~;§:;~;;§§;
T e mo s 3.576 -5.55E-02  5.70E-04  2.42
1B H-6 To H-10 6.316 ~6.06E-02 3.11E-04 4.78

2A H-11 To H-15 3.593 ~4.77E-02 4.59E-04 2.58

2B H-17 To H-22 8.147 -=1.10E-01 6.61E~-04 5.44

2C H-23 To H-27 - 7.881 =B8.79E-02 6.57E-04 5.83

3A H-2% To H=-33 3.973 =5,21E-02 4.65E-04 2.83

3B H-35 To H-40 8.406 <1.03E-01 6.04E-04 5.85

3c H-41] To H-45 8.653 -=1.07E-01 8.14E-04 6.17

11A Up V-1U To V-5U 2.707 -2.77E-02 2.04E-04 2.06
11A Down V<7D To V-11D 9.379 ~8.02E-02 8.04E-04 7.70
12A Up V-13U To V-17U 3.138 ~6.40E-02 6.86E-04 1,84
12A Down V-19D To V-23D 8.351 <-5.34E-02 4.05E-04 7.11
12B Down V-25D To V-29D 17.620 ~1.23E-01 1.44E-03 15.23
13A Up V=-32U To V-36U 2.991 ~4.84E~02 4,.82E-04 1.97
13A Down V-38D To V-42D 8.864 =-6.91E-02 6.12E-04 7.34
13B Down V=-44D To V-48D 20.383 <~-2.56E-01 2.81E-03 15.23

Notes: 1. R = AO + Al#dT + A2+% 4T~2 where:
R = Cavity Thermal Resistance, hr ft+2 F/Btu, and
dT = Cavity Temperature Difference, F.

2. Rc(dT = 30F) is the cavity thermal resistance calculated
from the curve-fit coefficients for a temperature difference
of 30F. '
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within 10 percent. To check the stringency of this
requirement, two test panels (4A and 4B) were insulated with
unfaced R-11 fiberglass batts and tested with horizontal
heat flow. The same insulation batts were used in the
metering area for both test panels. The average density of
these batts was 0.61 1lbs/ft3. To determine the cavity
thermal resistance, the fiberglass batt which had been
originally tested at a thickness of 3.5 inches and a density
of 0.74 lbs/ft3 was expanded to obtain the same density as
the product in the metering area. The thermal resistance
from retesting the fiberglass blanket at the same density as
the metering area material was used, after correcting for
the difference in thickness, as the predicted cavity thermal
resistance (See Table 20).

A similar exercise was performed using Test Panels 12C
and 13C. These two panels were insulated with unfaced R-19
fiberglass batts and analysed with vertical heat flow up.
The average density of the metering area batts was 0.51
1bs/ft3 and was similar to the test sample measured by ASTM
C 518 (0.47 1bs/ft3). These results are summarized below.

A Comparison of the Measured and Calculated Thermal
Resistance of Four Cavities Filled with Mass Insulation

Measured R Calculated R(C236) 36-C518 C518 *100

Panel _bv C 518 R(11) R(TISO) R R(ISO)
4A 11.00 11.18 11.19 1.6 1.7
4B 11.00 10.17 10.22 -7.5 -7.1
12¢C 16.91 17.27 15.40 2.1 -8.9
13C 16.91 16.22 16.00 -4.1 ~-5.4
Average |3.8] |5.8]
4B(*) 11.00 10.31 10.38 -6.2 -5.6
12C(*) 16.91 17.56 15.56 3.8 -8.0

Note: Calculated R-Values on test panels designated with a

(*) use a stud R-Value based on tests including drywall
screws.
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The cavity thermal resistance derived from all four
guarded hot box experiments by both calculation procedures
are within +/- 9 percent of the thermal resistance values
measured by ASTM C 518, satisfying the +/- 10 percent
tolerance proposed in the ASTM standard specification.

The averages of the absolute value of percentage
differences between the measured and calculated cavity R-
Values for R(||) and R(ISO) are 3.8 and 5.8 percent
respectively. Although the R(|]|) technique shows better
agreement than R(ISO), the difference between the two
techniques is not as conclusive as initially anticipated.

Test Panels 4A and 13C were constructed with XEPS studs
while Test Panels 4B and 12C utilized wood studs. - The
averages of the percentage differences between the measured
and calculated cavity R-Values (in absolute terms) for XEPS
and wood studs were 2.8 and 4.8 percent respectively for
R(|]) and 3.6 and 8.0 percent respectively for R(ISO). For
either calculation method, the agreement for test panels
constructed with XEPS studs was better than test panels
constructed with wood studs.

If the thermal resistance values of the wood studs used
in the calculations were replaced with the wood stud/drywall.
screw results (see Table 20 and Section 5, Material
Properties of Test Panel Components), the cavity thermal
resistance would have increased, improving the agreement
between the measured and calculated R-Values for the cavity
by approximately 0.5 percent.
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12.2 HO H W EPS STUDS

Figure 21 depicts the cavity thermal resistance as a
function of cavity temperature difference for all of the
experiments on test panels containing reflective airspaces,
tested with horizontal heat flow, and constructed with XEPS
studs. Test results from 5 test panels, namely 1A, 1B, 3A
3B, and 3C are included on this figure. Details regarding
the differences of all these test panels are included in the
Test Panel Results section of this report. The cavity
thermal resistance data presented on this figure and

subsequent figures in this section were calculated by the
parallel path method, R(}]).

A Comparison of the Cavity Thermal Resistance of Five Test
Panels Fabricated with XEPS Studs and Tested with Horizontal

Heat Flow
Number of
Panel _Airspaces —_— _Bgllilﬂl_ _Bglﬁgilgl
1A 1 0.05 2.39 2.42
1B 2 0.05 4.68 4,78
3A 1 =) o 03 2.77 2.83
3B 2 0.03 5.82 5.85
3C 4 0.03 6.13 6.17
Average 4.36 4.41

The average cavity thermal resistance for test cavities
in test panels constructed with XEPS studs and tested with
horizontal heat flow calculated by the parallel path R(|1])
and isothermal planes R(ISO) methods are 4.36 and 4.41 hr
£t2 F/Btu respectively. The two calculation procedures
agree to within 0.05 hr ££2 F/Btu with R(ISO) always
predicting a slightly higher R-Value. '
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Figure 21: The measured cavity thermal resistance of five
cavities as a function of cavity temperature difference
determined by the R(|]|) method from experiments on test
panels with XEPS framing members and tested with horizontal
heat flow. The cavity thermal resistances determined from
the curve-fit coefficients for a temperature difference of
30F, Rcl I (30), are tabulated for comparison.
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The Rcl|(3°) values range from 2.4 to 6.1 hr £t2 F/Btu.
For cavities having an effective emittance of 0.05, the 2-
airspace cavity is 1.96 times the l-airspace Rc||(30) value.
For cavities having an effective emittance of 0.03, the 2-
and 4-airspace cavities are 2.1 and 2.2 times the l-airspace
Rc||(30) value.

Decreasing the effective emittance from 0.05 to 0.03
increases the Rc‘](30) values for the 1- and 2- airspace
cavities by 0.4 and 1.1 hr ft2 F/Btu respectively. As with
the test panel test results, this apparent anomoly is due to
the fact that the temperature difference across each
airspace in the cavity is different (30 and 15F for the 1-
and 2-airspace cavities respectively).

The Rc||(3°) values for these cavities are
approximately 1.2 hr ££2 F/Btu lower than the Rp(30) values
for the test panels from which the cavity data is derived.

12. HORIZONTAL W, WOO

Figure 22 presents the cavity thermal resistance as a
function of cavity temperature difference for all of the
experiments on test panels containing reflective airspaces,
tested with horizontal heat flow, and constructed with wood
studs and contains data from Test Panels 2A, 2B, and 2C.
This data is summarized below.
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Figure 22: The measured cavity thermal resistance of three
cavities as a function of cavity temperature difference
determined by the R(||) method from experiments on test
panels with wood framing members and tested with horizontal
heat flow. The cavity thermal resistances determined from
the curve-fit coefficients for a temperature difference of
30F, BCI I (30), are tabulated for comparison.
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A Comparison of the Cavity Thermal Resistance of Three Test
Panels Fabricated with Wood Studs and Tested with Horizontal

" Heat Flow
Number of
Panel _Alirspaces E Rci] (30) RcISO(30)
2A 1l 0.03 2.60 2.58
2B 2 0.03 5.37 5.44
2C 4 0.03 5.95 5.83
Average 4.64 4.61

The average cavity thermal resistance for test cavities
in test panels constructed with wood and tested with
 horizontal heat flow calculated by the parallel path R(||)
and isothermal planes R(ISO) methods are 4.64 and 4.61 hr
££2 F/Btu respectively. The two calculation procedures
agree to within 0.03 hr‘ft2 F/Btu. Unlike the cavities from
test panels fabricated with XEPS studs, there is no
systematic difference between R(]||) and R(ISO).

The Rc||(3°) values range from 2.6 to 6.0 hr ££2 F/Btu.
The 2- and 4-airspace cavities are 2.1 and 2.3 times the 1-

airspace Rc||(30) value for cavity effective emittances of
0.03.

The Rc||(3°) values for these cavities are
approximately 0.7 hr ££2 F/Btu lower than the Rp(30) values
for the test panels from which the cavity data is derived.
When compared to the ¢test panels with XEPS studs, the
smaller difference between the test panel and cavity R-
Values noted on the wood stud test panels is due to the
lower thermal resistance of the wood stud.
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For similar constructions, the Rc||(30) values
calculated for the XEPS test panels (3A, 3B, and 3C) are

6.5, 7.7, and 2.9 percent higher than the wood test panels
(2A, 2B, and 2C) respectively.

12.4 VERTICAL HEAT FIOW, XEPS AND WOOD STUDS

Figures 23 and 24 depict the cavity thermal resistance
as a function of cavity temperature difference for all of
the experiments on test panels containing reflective
airspaces, tested with vertical heat flow, and constructed
with XEPS and wood studs respectively. These two figures
contain test results from experiments performed on Test
Panels 113, 13a, 13B and 12A and 12B respectively.

A Comparison of the Cavity Thermal Resistance of Five Test
Panels Fabricated with XEPS or Wood Studs and Tested with
Vertical Heat Flow

Stud Type and

Panel # of Airspaces E Rc|l(30) RcISO(30)
11A Up 2x4 XEPS, 1 0.05 2.00 2.06
11A Down 2x4 XEPS, 1 0.05 7.85 7.70
12A Up 2x6 Wood, 1 0.05 1.80 1.84
12A Down 2x6 Wood, 1 0.05 7.34 7.11
12B Down 2x6 Wood, 4 0.03 17.48 15.23
13A Up 2x6 XEPS, 1 0.05 1.93 1.97
13A Down 2x6 XEPS, 1 0.05 7.48 7.34
13B Down 2x6 XEPS, 4 0.03 16.03 15.23

Average (All) 7.74 7.31
Average (1AS) 5.68 5.60
Average (4AS) 16.76 15.23
Average (Up) 1.91 1.96
Average (Down) 11.24 10.52
Average (Down, 1AS) , 7.56 7.38
Average (XEPS) 7.05 6.86
Average (Wood) 8.87 8.06

Average (XEPS, Series i3) 8.48 8.18
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The measured cavity thermal resistance of five

cavities as a function of cavity temperature difference

determined by the R(||) method from experiments on

test

panels with XEPS framing members and tested with vertical

heat flow up and down.

The cavity thermal resistances

determined from the curve-fit coefficients for a temperature
difference of 30F, Rc“(so) , are tabulated for comparison.
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Figure 24: The measured cavity thermal resistance of three
cavities as a function of cavity temperature difference
determined by the R(]|) method from experiments on test
panels with wood framing members and tested with vertical
heat flow up and down. The cavity thermal resistances
determined from the curve~fit coefficients for a temperature
difference of 30F, Rcl I (30), are tabulated for comparison.
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The cavity thermal resistance for test cavities in all
test panels tested with vertical heat flow calculated by the
parallel path and isothermal planes methods, Rc||(3°) and
Rcrgo(30), are 7.74 and 7.31 hr ££2 F/Btu respectively. The
two calculation procedures agree to within 0.43 hr ££2 F/Btu
or 5.5 percent. When the IRc(30) value is greater than
approximately 2 hr ££2 F/Btu, the R(||) method predicts a
higher thermal resistance than the R(ISO) method.

The average Rc||(3°) and Rg1gpo(30) values for 1-
airspace cavities are 5.68 and 5.60 hr ft2 F/Btu
respectively, agreeing to better than 2 percent. For the 4-
airspaqe cavities, the average Rc||(30) and Ro1go(30) values
are 16.76 and 15.23 hr f£t2 F/Btu respectively. In this
instance, the agreement between the two calculation
procedures is approximately 9 percent. The 4-airspace
cavities tested with heat flow down exhibit the highest
cavity thermal resistance in this test program and the
greatest variation based on calculation technique.

A comparison of Panels 12A, 12B, 13A, and 13B yield an
indication of the effect of the number of airspaces on the
cavity thermal resistance for vertical heat flow down. For
heat flow down, the Rc||(30) values for the 1- and 4-
airspace cavities are 7.41 (Panels 12A and 13A) and 16.76
(Panels 12B and 13B) hr £t2 F/Btu respectively. The 4-
airspace cavity is 2.3 times more thermally resistive than
the 1l-airspace cavity. A similar analysis with the

Ro1g0(30) values shows the 4-airspace cavity is 2.1 times
more thermally resistive.

The average Rc||(3°) and Ro1gp(30) values for the heat
flow up and down experiments agree to better than 3 and 7
percent respectively. Similar to the 1l-airspace heat flow
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up testing, the l-airspace Rg| | (30) and Rgo1go(30) values for
the heat flow down experiments agree to better than 3
percent. All Roygo(30) values were higher for the heat flow
up experiments; RCII(3°) exceeded all R,1gn(30) values for
the heat flow down tests.

The three different l-airspace heat flow up experiments
(2x4 XEPS, 2x6 XEPS, and 2x6 Wood) yielded an average
Rc||(3°) value of 1.9 hr ft2 F/Btu +/- 5 percent. The same
test panels evaluated with heat flow down ranged in Rc||(3°)
values from 7.3 to 7.8 hr ft2 F/Btu with the XEPS studs
yielding the higher values. The XEPS test panels yielded an
average 4.5 .,percent higher cavity thermal resistance when
compared to the wood stud test panel.

The average Rc||(30) values for the cavities tested
with vertical heat flow are approximately 0.4 hr £t2 F/Btu
lower than the Rp(30) values for the test panels from which
the cavity data is derived. With the exception of Test
Panel 12B (4 airspaces with wood studs), the cavity exceeds
the panel thermal resistance by approximatély 1 hr ft? F/Btu
for all the test panels. The Rc||(3°) value for Test Panel
12B is lower than the Rp(30) value by 3.3 hr ft? F/Btu.

A comparison of Series 12 and 13 Test Panels shows the
effect of the stud material on the RCII(3°) values fof test
panels evaluated with vertical heat flow. The average
Rc||(3°) values for these two series of test panels are 8.87
and 8.48 hr ft2 F/Btu respectively. The average RC||(30)
value for test panels with XEPS studs was 0.4 hr ££2 F/Btu
or 4.5 percent lower than the equivalent test panels
constructed with wood studs.
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12.5 STUD HEAT F

The parallel path method proposed for the ASTM
reflective insulation material specification requires
accurate knowledge of the temperatﬁre difference across the
cavity and the heat flux through the stud, Qgiuq- Qstug is
determined by measuring the temperature difference across
the stud and dividing that temperature difference by the
stud thermal resistance. A method of reducing the potential
error due to uncertainty in either the temperature
difference across the stud or its R-Value is to increase the
stud thermal resistance so that Qg,q is a smaller
percentage of the total energy input. Figure 25 details the
average ratio of Qstud tO Qrota] expressed as a percent for
all the the test data and for each heat flow direction. On
average, the heat flow through the studs accounted for 7.1
percent of the total energy input. For the horizontal and
- vertical heat flow experiments, the average Qstud’/otal Was
5.2 and 9.0 percent respectively. For the vertical heat
flow data, the avefage‘heat flow through the stud for the
heat flow up and ﬁeat flow down experiments was 2.7 and 12.8
percent respectively.‘

The amount of stud heat flow as a function of the
number of airspaces in the cavity and the stud material is
depicted in Figure 26. For all the test data, the percent
of the total heat flow through the wood and XEPS studs were

12.6 and 3.9 percent respectively. The XEPS studs
transferred approximately 31 percent of the energy
transferred by the wood studs. This result is consistent

with the ratio of the R-~Values of the wood and XEPS studs:;
data in Table 20 would predict 27 percent. For 1-, 2-, and
4-airspace cavities, the ratio of XEPS to wood stud heat
flow were 34, 35, and 34 percent respectively.

121



Gstud / Qtotal, Percent

4 -

12

10

All Data Horizontal Vertical (All) Down Up
Heat Flow Direction

Figure 25: The heat flow through the stud expressed as a
percentage of the total heat flow for the test panel thermal
resistance experiments as a function of heat flow direction.
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Figure 26: The heat flow through the stud expressed as a
percentage of the total heat flow for the test panel thermal
resistance experiments as a function of the number of

airspaces comprising the cavity and the stud or framing
material.
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As the thermal resistance of the cavity increases, the
percent of the total heat flow through the stud increases.
Since the cavity thermal resistance generally increases with
an increasing number of airspaces, the percent of stud heat
flow should also increase. For wood studs, the stud heat
flows for the 1-, 2~-, and 4-airspace cavities were 8.5, 9.8,
and 20.0 percent- respectively. For XEPS studs, the stud
heat flow is reduced to 2.9, 3.4, and 7.3 percent for the
1-, 2-, and’4-airspace cavities respectively.

12.6 EFFECTS OF H W CTION AND BER _OF ATRSPACES

The average cavity thermal resistances calculated by
both analytical methods for all experiments, horizontal and
vertical experiments separately, and heat flow down and up
experiments are shown in Figure 27 and are summarized below.
The curve-fit coefficients for the cavity thermal resistance
determined by the two calculation methods, solved for a
temperature difference of 30F, were used  for these
comparisons.
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Summary of the Cavity Thermal Resistances for Thirteen
Test Panels Determined at a Temperature Difference
of 30F From Curve~Fit Coefficients

R (dT = 30F), hr ft2 F/Btu

Panel Re(ll) Rec (TSO)
1A 2.39 2.42
1B 4.68 4.78
2A 2.60 2.58
2B 5.37 5.44
2C 5.95 5.83
3A 2.77 2.83
3B 5.82 5.85
3C 6.13 6.17
11A Up 2.00 2.06
11A Down 7.85 7.70
12A Up 1.80 1.84
12A Down 7.34 7.11
12B Down 17.48 15.23
13A Up 1.93 1.97
13A Down 7.48 7.34
13B Down 16.03 15.23

A Comparison of the Cavity Thermal Resistances for Thirteen
Test Panels as a Function of Heat Flow Direction

Panel Re(l]) Rec (IS0O)
All Data , 6.1 5.9
Horizontal (1A - 3C) 4.5 4.5
Vertical (11A - 13B) 7.7 7.3
Down (11A -~ 13B) 11.2 10.5
Up (11A, 12A, 134) 1.9 2.0

The average R-Values calculated by the parallel path and
isothermal planes methods for all experiments were 6.1 and
5.9 hr ft? F/Btu respectively. The two procedures
calculated an average R-Value difference of 3.5 percent.
The average differences in the calculated R-Values from the
two procedures for the horizontal heat flow, vertical heat

126



flow, heat flow down, and heat flow up experiments were -
0.5, 5.8, 6.8, and -2.3 percent respectively. The
calculation procedures showed <their best agreement with
cavities having a thermal resistance of approximately 4 hr
£t2 F/ Btu. At lower cavity R-Values, the isothermal planes
method predicted higher cavity R-Values; lower cavity R-
Values were calculated by the isothermal planes model as the
cavity R-Value increased above 4 hr £t2 F/Btu.

Figure 28 depicts the same data as a function of the
number of airspaces in the cavity. The average cavity
thermal resistance calculated by the parallel path and
isothermal planes methods for 1-, 2-, and 4-airspace
cavities were 4.02, 5.29, 11.40, and 3.98, 5.36, and 10.62
hr ft2 F/ Btu respectively. The average R-Value differences
calculated by the two methods were for 1-, 2-, and 4-
airspace cavities were 0.9, -1.2, and 7.4 percent
respectively. As stated previously, the two calculations
appear to exhibit their best agreement with cavity R-Values
around 4 hr ft2 F/Btu.

A Comparison of the Cavity Thermal Resistances for Thirteen
Test Panels as a Function of the Number of Airspaces
Comprising the Cavity

Panel Re(]l) Re(IS0)
All Dbata 6.1 5.9
1 Airspace (1A, 2A, 3A, 11A, 12A, 13A) 4.0 4.0
2 Airspaces (1B, 2B, 3B) 5.3 5.4
4 Airspaces (2C, 3C, 12B, 13B) 11.4 10.6
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Figure 28: The average cavity thermal resistance as a
function of the number of airspaces comprising the cavity
calculated by the parallel path and isothermal planes
methods.
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13, CAVITY THERMAL RESISTANCE PREDICTION

A prediction of the cavity thermal resistance was
performed utilizing the curve-fitting coefficients developed
by Yarbroughfl] when he applied the Method of Least Squares
to the data generated by Robinson and Powlitch{2), The use
of these coefficients allowed for the prediction of the
cavity thermal resistance for the exact temperature
‘conditions of the experiment. When there was more than a
single airspace forming the cavity, the thermal resistance
of each individual airspace was determined and summed.

The predicted cavity thermal resistance (R) and .the
percent difference between the prediction and the measured
cavity thermal resistance for each calculation'procedure is
shown in Table 28. Included in Table 28 are the emittances
of the hot and cold surfaces of the cavity (el and e2
respectively), the effective emittance of the cavity (E),
the coefficient of heat transfer by radiation (H,.), and the
combined conduction-convection coefficient of heat transfer
(Hg) . The predicted cavity thermal resistances gathered at
the predominant airspace mean temperature were fitted as a
function of cavity temperature difference. These curve-fit
coefficients are presented in Table 29.

The effective emittance of the cavity (E), the
coefficient of heat transfer by radiation (H,), and the
predicted cavity thermal resistance (R) were calculated from

E=[ 1/el + 1/e2 -1]71 (11)
H, = 0.00686 * [ Ty, / 100]3 (12)
R=[E*H.+H, 1™} (13)
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TABLE 28

THE SURFACE ENITTANCE, EFFECTIVE CAVITY EMITTANCE, AND THE PREDICTED THERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Emittance Measured
Predicted Cavity Cavity R-Value, X Difference,*
surface Cavity  Thermel Performence  hr ft°2 F/Btu Pred. vs. Mess.
Test Stud No. of Airspace Test
Panel Materisl Airspaces E Nurber el (HS) €2 (CS) E e He R R RCISO) R (]]) R (1S0)
1A XEPS 1 0.05 H-1 0.08 0.77 0.051 0.910 0.3% 2.27 2.17 2.1 4.4 2.8
-2 0.05 Q.77 0.051  0.910 0,377 2.36 .27 2.30 3.8 2.6
-3 0.05 0.77 0.051 0.909 0.351 2.52 2.37 2.40 5.7 4.8
H-4 0.05 0.77 0.051 0.9%4 0.313 2.78 2.63 2.67 5.4 3.7
K-S 0.05 0.77  0.05% 0.909 0.247 3,41 3.04 3.07 10.8 10.0
18 XEPS 2 0.05 "6 4.25 3.26 3.33 3.3 21.8
K-4-C1 0.7  0.05 0.051 1.166 0.426 2.06 1.62 1.65 21.5 19.9
H-6-C2 0.05 0.77  0.051 0,898 0.409 2.20 1.65 1.68 25.0 23.5
W7 4,39 3.42 3.51 219 20,0
#-7-C1 0.77 0.05 0.051  1.15%  0.410 2.13 1.69 1.73 20.6 18.6
H-7-c2 0.05 .77 0.051 0.916 0.397 2.25 1.73 1.77 3.2 21.3
K-8 4.82 3.7 3.7 23.2 21.2
H-8-Ct 0.77 - 0.05 0.051 1.078 0.368 2.36 1.83 1.87 22.5 20.6
H-8-c2 0.05 0.77  0.051 0.909 0.36% 2.46 1.87 1.92 23.8 21.9
H-9 5.53 426 4,36 23.4 21.2
H-9-ct 0.77 0.05 0.051 1.020 0.3%% 2.73 2.09 2.15 23.7 21.5
H-9-c2 0.05 0.77  0.051 0.909 0.31% 2.80 2.15 .21 23.1 20.9
H-10 ’ 6.92 5.14 5.23 25.8 24.4
H-10-C1 0.77  0.05 0.051 0.963 0.241 3.45 2.53 2.58 26.5 25.2
H-10-C2 0.05 0.77  0.051 0.908 0.241 3.48 2.8 2.65 25.0 3.7
A WO0D 1 ©.03 LIS )] 0.05 0.05 0.027 1.046 0.405 2. 2.37 2.34 -2.6 -1.4
H-12 0.05 0.05 0.027 1,043 0.386 2.42 2.48 2.45 -2.7 -1.3
H-13 0.05 0.05 0.027 1.040 0.364 2.55 2.57 2.55 -0.7 -0.1
H-14 0.05 0.05 0.027 1.046 0.318 2.89 2.81 2.78 3.0 3.9
n-15 0.05 0.05 0.027 1.046 0.255 3.53 3.3 3.16 8.5 10.7
K18 0.05 0.05 0.027 0.910 0.395 2.3¢9 2.34 2.34 1.9 1.9
2B WooD 2 0.03 H-17 4.50 3.52 3.55 21.8 21.0
R-17-c3 0.05 0.05 0.027 1.169 0.430 2.7 1.80 1.82 16.9 16.0
H-17-C2 0.05 0.05 0.027 0.901 0.406 2.33 1.71 1.73 26.4 25.7
H-18 477 3.60 3.64 w6 3.7
N-18-C1 0.05 0.05 . 0.027 1.046 0.405 2.31 1.85 1.87 20.0 19.0
H-18-C2  0.05 0.05 8.027 0.830 0.384 2.46 1.75 1.7 28.9 28.1
H-19 $.17  4.02 4,07 22.2 21.1
H-19-C1 0.05 0.0% 0.027 1.047 0.370 2.52 2.05 2.08 18.5 17.4
H-19-€2  0.05 0.05 0.027 0.882 0.354 2.65 1.97  2.00 5.7 2.7
H-20 5.89 4.69 475 20.4 19.3
H-20-C1 0.05 0.05 0.027 1.055 0317 2.9 2.36 2.3¢ 18.5 17.4
H-20-C2 0.05 0.05 0.027 0.942 0.309 2.99 2.33 2.36 22.3 21.2

Note:
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% Difference = [(Predicted - Measured)/Predicted] * 100.
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TABLE 28 (Cont)

THE SURFACE EMITTANCE, EFFECTIVE CAVITY EMITTANCE, ANO THE PREDICTED THERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Emittance Measured
Predicted Cavity Cavity R-value, X Difference,
surface Cavity Thermal Performence he 242 F/8tu Pred. ve. Ness.
Test Stud No, of Airspace Test -
Panel Material Afrspaces E Number e1 (HS) e2 (CS) € [ 1] Re L} ROl RSO R R (150)
28 WOooD 2 0.03 H-21 7.36 5.92 5.9 19.5 18.5

K-21-ct 0.08 0.05 0.027 1.031 0.245 3.66 2.95 2.98 19.4 18.5
R-21-€2  0.05 0.05 0.027 0.993 0.2¢4 3.70 2,98 3.01 19.5 18.6

n-22 8.83 7.5 T.27  19.0 17.7
K-22-C1 0.05 0.05 0.027 1.055 0.198 442 3.50 3.5 20.7 19.4
H-22-¢c2 0.05 0.05  0.027 1.026 0.199 4.4 3.63 .n 17.4 16.0

¢ WooD 4 0.03 K-23 16,60 5.27  5.12  63.9 &9
#-23-c1 0.77 0.03 0.026 1.149 0.261 3.44 1.53 1.49 35.3  %6.6
K-23-C2 0.8 0.03 0.028 1.067 0.247 3.5 1.3 1.28  63.6 6.7
H-23-c3 0,03 0.85 0.028 1.001 0.233 3.83 107 1.0 721 n.9
H-23-C6 0,03 0.77 0.026 0.938 0.2 3.73 135 1.32 6.7 &7

H-24 15.30 5.57 S.42 63.6 8.6
H-24-C1 0.77 0.03° 0.026 1.13% 0.243 3.66 1.57 153 Ss7.9 58.3
H-26-C2  0.85 0.03 0.028 1.069 0.236 3.75 1.46 142 61.2 2.2
H-26-C3 0,03 0.85 0.028 1.016 0.222 3.9 1.13 110 7.6 7.4
H-24-C4 0.03 0.7 0.026 0.9 0.231 3.90 1.41 1.38 438 4.8

n-25 16.07 6.0 5.9 62.4 2.9

H-23-¢1 0.77 0.03 0.026 1.115 0.229 3.87 1.72 1.69 35.6 6.3
H-25-C2 0.85 0.03 0.028 1.066 0.223 3.9 1.58 135 60.1 0.7
H-25-C3  0.03 0.85 0.028 1.025 0.212 4.15 1.23 .22 703 7.7
N-25-C4  0.03  0.77 0.026 0.986 0.218 4.09 1.52 1.49 629 63.4

N-26 16.90 6.3t 6.19 82.6 63.4
K-26-C1 0.77 0.03 0.026 1,097 0.214 4.12 177 1.7 ST.0 S7.8
H-26-C2  0.835 0.03 0.028 1.063 0.211 . 4.15 1.7 1.68 58.7 59.5
H-26-C3  0.03 0.85 0.028 1.033 0.202 4.33 1.2 t.2r M4 70.7
H-26-C4 0,03 0.7 0.026 1.006 0.206 4.30 1.53 1.50 6h.4  65.1

W27 18.21 7.18  7.13  80.6 60.8
#-27-¢1 0.77  0.03  0.026 1.063 0.19%%  4.51 2.00 1.98  55.7 s6.0

H-27-C2  0.85 0.03 0.028 1.047 0.193 4.49 2,00 1.98 55,5 s55.8
H-27-€3  0.03 0.83 0.028 1.033 0.188 4.60 1.48 1,47 67.8 480
H-27-C4  0.03 0.77 0.026 1.021 0.190 4.81 1.70  1.69 63.1 633

W-28 15.06 5.54 S5.60 63.2 é2.8
H-28-¢c1 0.77 0.03 0.026 1.014 0.261 3.47 LN 1.75  50.0 495
H-28-c2  0.85 0.03 0.028 0.939 0.23% 3.8 1.20 .21 68.8 68.5
#-28-C3  0.03 0.85 0.028 0.883 0.227 3.97 1.09 110 726 72.3
H-28:C4 0.03 0.77 0.026 0.822 0.243 3.78 1.52 1.53 59.9 59.4

3 XEPS 1 0.03 -29 0.05 0.05 0.027 1.053 0.401 2.33 247 253 -6.2 8.6
K-30 0.05 0.05 0.027 1.060 0.387 2.41 2.60 2.65 1.7 99
N-31 0.05 0.05 0.027 1.05 0.356 2.60 2.80 2.8 -7.7 -10.5
n-32 0.05 0.05 0.027 1.050 0.314 2,92 3.05 3.09 4.5 5.8
N-33 0.05 0.05 0.027 1.049 0,260 3.47 3.40 3.47 1.9 -0.1
N34 0.05 0.05 0.027 0.910 0.393 2.40 2.51 2.54 4.5 5.8
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THE SURFACE EMITTANCE, EFFECTIVE CAVITY EMITTANCE, AND THE PREDICTED THERMAL RES1STANCE

TABLE 28 (Cont)

OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Emittance Measured

Predicted Cavity Cavity R-value, X Difference,
Surface Cavity Thermat Performance hr ft*2 F/8tu Pred. vs. Meas.

Test Stud No. of Afrspece TYest
Panel Material Airspaces E Number el (HS) e2 (CS) 3 Hr He R R C|]> RSO R (}]) R (150)
38 XEPS 2 0.03 %-35 4.4 3.96 3.98 10.9 10.4
H-35-C1 0.05 0.0% 0.027 1.183 0.435 2.14 2.02 2.03 5.7 5.2
H-35-c2 0.05 0.05 0.027 0.901 0.411 2.30 1.94 1.95 15.7 15.3
H-36 4.75 4.04 4.07 15.1 1.4
H-36-C1 0.05 0.05 0,027 1.050 0.406 2.31 2.08 2.07 11.0 10.3
#-36-C2 0.05 0.05 0.027 0.831 0.38% 2.45 1.99 2.00 18.9 18.2
H-37 5.13 4.45 4.48 13.4 1.7
H-37-C% 0.05 0.05 0.027 1.051 0.37% 2.51 2.26 2.26 10.5 9.8
n-37-¢2 0.05 0.05 0,027 0.883 0.357 2.63 2.20 2.22 14.2 15.5
H-38 5.87 5.12 5.16 1.7 12.0
H-38-Ct 0.05 0.05 0.027 1,052 0.318 2.89 2.57  2.59 10.9 10.2
H-38-C2 0.05 0.05 0.027 0.938 0.31t 2.98 2.55 2.57 1%.4 13.8
H-39 7.34 6.27  6.31 14.6 14.0
H-39-C1 0.05 0.05 0.027 1.050 0.247 3.64 3.15 3.7 13.4 12.3
H-39-C2 0.05 0.05 0.027 0.991 0,244 3.70 3.12 3.14 15.7 15.2
H-40 B.77 7.60 7.58 13.3 13.5
H-40-C1 0.05 0.05 0.027 1.05% 0.201 4.36 3.80 3.79 13.0 13.2
K-40-C2 0.05 0.05 0.027 1.02% 0.200 4.40 3.80 3.7 13.7 13.9
3c XEPS & 0.03 H-4t 14.53 5.28 5.3 63.7 633
H-41-C1 0.77 0.03 0.026 1.155 0.266 3.37 1.62 1.64 51.8 513
W-41-C2 0.85 0.03 0.028 1.07¢ 0.240 3.70 1.15 1.6 69.0 68.7
H-41-C3 0.03 0.85 0.028 1.012 0.232 3.84 1.03 1.04 73.1 72.8
n-4i-Cé 0.03 0.77 0.026 0.945 0,251 3.63 1.48 1.50 593 58.8
H-42 . 15.26 5.57 5.62 63.5 63.2
H-42-¢1 0.77  0.03 0.026 1.139 0.248 3.59 1.69 .7 52.8 S2.4
H-42-C2 0.85 0.03 0.028 1.074 0.230 3.85 1.26 1.27 67.3 67.0
H-42-C3 0.03 0.85 0.028 1.026 0.222 3.99 .1 1.12 7.3 72.0
H-42-Cé 0.03 0.7 0,026 0.97% 0.235 3.83 1.51 1.52 60.6 60.2
K-43 16.15 6.09 6.14 62.3 62.0
H-43-C1 0.77 0.03 0.026 1.108 0.230 3.86 1.8 1.85 52.4 52.0
H-43-C2 0.85 0.03 0.028 1.061 0.217 4.05 1.42 1.43 64.9 64.6
H-43-C3 0.03 0.85 0.028 1.026 0.211 4.7 1.23 1.26 70.5 70.2
#-43-C4 0.03 0.77  0.026 0.985 0.219 4,07 1.61 1.62 60.5 60.2
H-4b 16.99 6.92 6.97 59.3 $9.0
H-44-C1 0.77  0.03 0.026 1.092 0.213 4.13 2.02 2.03 51.0 se.7
H-44-C2 0.85 0.03 0.028 1.060 0.206 4.23 1.68 1.69 60.3 60.1
N-44-C3 0.03 0.85 0.028 1.033 0,202 4.34 1.64 1.45 66.8 86.6
H-44-Cé 0.03 0.77 0.026 1.006 0.206 4.29 1.78 1.79 58.5 58.2
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TABLE 28 (Cont)

THE SURFACE EMITTANCE, EFFECTIVE CAVITY EMITTANCE, ANO THE PREDICTED THERMAL RESISTANCE

OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Enittance Measured
" Predicted Cavity  Cavity R-Value, X Difference,
Surface Cavity Thermal Performence he %2 F/Btu Pred. vs. Meas.
Test stud No. of Airspace Test
Panel Material Airspaces € Niumber et (NS) 2 (CS) € " % R R RSO R (I R (I1SO0)
3c XEPS [3 0.03 45 18.1% T7.46 7.60 $8.9 58.1
H-45-C1 0.77  0.03 0.026 1.071 0.19% 449  2.09 2.13 53.5  52.6
H-45-C2 0.85 0.03 0.028 1,055 0.193 4.50 1.% 198 56.9 56.0
N-45-C3 0.03 0.835 0.028 1.040 0.190 4.56 1.66 1.67 64.0 63.3
N-45-C4 0.03 0.77  0.026 1.027 0.19% 4.59 1.® 1.82 610 60.3
H-46 15.20 $.66 S.90 62.8 61.2
K-46-C1 0.77 0.03 0.026 1.000 0.264 3.4S 1.89 1.97 45.2 428
N-46-C2 0.85 0.03 0.028 0.927 0.229 3.93 1.13 118 71 9.9
H-46-C3 0.03 0.88 0.028 0.878 0.220 4.09 0.99 1.03 75.9 7.9
N-46-Ch 0.03 0.77 0.026 0.819 0.245 3.7 1.65 1.2 55.9 561
4A XEPS N/A H-47 0.77 0.77  0.626 .-- ... 11.00 11,18  11.19 -1.7 -1.7
4B WooD N/A N/A N-48 0.77  0.77  0.826 vee eoe 11.00  10.17 10.22 7.5 7.1
1A XEPS 1 0.05 v-tu 0.05 0.77 0.051 0.911 0.517 1.78 1.76 1.84 0.8 -3.8
v-u 0.05 0.77 0.051 0.91% 0.490 1.8 1.85 .9 0.5 -2.8
v 0.05 0.77  0.051 0.912 ' 0.456 1.9 1.9 2.05 -0.2 2.9
v-4u 0.05 C.77  0.05% 0.909 0.402 2.23 2.7 2.2 2.8 0.3
v-5u 0.05 0,77 0.051 0.911 0.33% 2.82 2.40 2.464 8.5 6.9
v-& 0.05 0.77  0.05% 1.05% 0.530 .7 1.62 1.7M 5.5 0.3
v-n 0.05 0.77 0.051 0.909 0.086 7.55 7.53 7.33 0.2 2.9
V-8 0.03 0.77  0.051 0.912 0.083 7.7 7.64 7.56 1.1 2.4
V-9 0.05 0.77 ©0.05¢ 0.910 0.077 8.09 7.92 7.7 2.1 4.7
v-100 0.0% 0.77  0.051 0.911 0.072 8.4 8.32 8.02 1.4 S.0
v-110 0.05 0.77  0.051 0.911 0.08% 9.05 9.47 8.73 4.6 3.6
v-120 0.05 0.77 0.05 1.049 0.088 7.04 6.84 6.75 2.9 4.1
12a Wo0D 1 0.05 V-1 0.05 0.77 0.051 1.050 0.585 1.56 1.6 1.62 -2.8 -3.7
V-1 0.05 0.77  0.0%1 1.048 0.554 1.64 1.3 1.73 5.2 -5.8
v-15u 0.05 0.7 0.051 1.046 0.468 1.92 1.85 1.8 3.4 3.1
v-16u 0.05 0.77  0.051 1.048 0.418 2.12 2.03 2.07 &4 2.5
V-1 0.05 0.77 0,05 1.021 0.438 2.04 2.7 2.66 -36.5 -30.2
v-1% 0.05 0.77 0.051 0.Mt 0.572 1.62 1.73 .77 -T2 9.4
v-19%0 0.0% 0.77  0.05 1.052 0.167 4.53 6.95 6.67 -53.4 -47.1
v-200 0.05 0.77 0.051 1.052 0,160 467 7.12 6.9 -52.4 -47.9
v-210 0.05 0.77 0,057 1.048 0.142 5.12 7.41 7.16  -44.7 -39.5
v-220 0.05 0.77 0.051 1,055 0.117 5.8 7.61 7.37 -29.9 -25.7
v-230 0.05 0.77 0.051 1.050 0.087 7.10 8.2t 7.7 -155 -9.7
v-24D 0.0% 0.77 0.051 0.9% 0.163 477 7.5 7.29 -58.3 -52.7
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TABLE 28 (Cont)

THE SURFACE EMITTANCE, EFFECTIVE CAVITY ERITTANCE, ANO THE PREDICTED THERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR NASS INSULATION MATERIALS

Enittonce Messured
R Predicted Cavity Cavity R-Value, X Difference,
surface Cavity Thermal Performence hr 4272 F/8tu Pred. ve. Meas.
Test Stud No. of Airspace Test -
Panel Materisl Alrspaces € Nurber o1 (HS) @2 (C3) € Hr He RORLCID R (130) RG] R (IS
128 (o] 4 0.03 Vv-250 25.88 15.54 14,88 30.7 3.7
v-250-¢1 0.77 0.03 0.026 1.154 0.143 S5, 75 5.63 5,06 2.1 12.0
v-250-C2 0.85 0.03 0.028 1.072 0.138 3.4 3.41 3.06 2.6 4B.4
v-250-Cc3 0.03 0.85 0.028 1,025 0.135 4.10 1.8 1.7 .1 7.2
v-250-Ch 0.03 0.77 0.026 0.962 O0.139 6.09 5.63 5.06 7.8 168
v-260 2402 17.32 15.39 7.9 M9
v-260-Cct 0.77 0.03 0.026 1,136 0.%42 5.83 S.97 5.3 ~2.5 8.9
v-260-C2 0.85 0,03 0.028 1.069 0.137 5.97 3.4 3.23 39.1 45,9
v-260-c3 0.03 0.85 0.028 1.031 O0.134 6.12 1.90 1.9 &9 N3
v-200-c6 0.03 0.77 0.026 0.980 0.138 6.1 5.80 5,18 5.0 15.6
v-2n %22 17A7 B0 9.1 W9
ve2m-c! 077 0.03 0,026 1.112 0.140 S5.92 6.00 5,26 -1.4 11.2
v-2m-c2 0.8 0,03 0.028 1,060 0.136 6.02 3.8 3.13 40.6 48.0
v-27-c3 0,03 0.85 0,028 1.030 O0.134 6.4 193 1,69 8.6 TS
v-270-C6 0.03 0.77 0.026 0.9 0.137 6.14  5.67 497 7.7 19.2
v-280 26.46 18.07 15.63 26.1  36.1
v-200-C1 0.77 0.03 0.026 1.085 0.937 4.04 4.4 5.54 -8.1 8.2
v-280-C2 0.88 0.03 0.028 1,053 0.1335 6.08 3.82 I3 37.1 45.6
v-280-C3 0,03 0.8 0.028 1,035 0.133 6.1 2.10 1.82  65.8 T0.4
v-280-C4 0.03 0,77 0.026 1.092 0.135 6.19 S5.7% 4.9 7.3  19.8
v-290 26.62 18.42 16.67 25.2 3.3
v-2%0-Ct 0,77 0.03 0.026 1.069 0.135 6.13 6.58 5.95 -7.3 2.9
v-290-€2 0.85 0.03 0,028 1.053 0.134 6.12 3.95 3.57 3585 4.7
v-290-C3 0.03 0.85 0.028 1.043 0.133 6.16 2.26 2.04 3.4 869
v-290-C4 0.03 0.77 0.026 1.031 0.134 6.2 5.6 5.10 9.2 7.9
v-300 .94 17.06 WU.79 31,7 40.7
v-300-Ct 0.77 0.03 0.026 1.006 0.160 35.99 S5.95 S5.17 0.6 13.8
v-300-C2 0.85 0.03 0.028 0.929 0.135 6.2 345 2,99 44 518
v-300-Cc3 0.03  0.85 0.028 0.386 0.132 6.38 1.93 1.7 &.8 7.8
v-300-C4 0,03 0,77 0.026 0.828 (0.135 6.38 5.7 4.96 10.1 22.0
12c WooD N/A N/A V-3WU 0.77 0.77 0.628 .- .- 16.91  17.27  15.40 -2.4 8.9
13A XEPS 1 0.05 v-3u 0.77 0.05 0,051 1.049 0.58 1.56 1.72 1.76 9.9 .7
v-33u 0.77 0.05 0.051 1,049 0.550 1.66 1.8t 1.88 -9.3  -12.4
V-3 0.77 0.05 0.0%1 1,050 0.477 1.8 1.9 1.96 3.0 4.t
v-350 0.77 0.05 0.051 1.0490 0O.418 2.12 2.12 2.9 c.0 -3.0
v-38u 0.77 0.05 0.05% 1,050 0.430 2.07 2.55 2.57 -23.3 -2%.3
v-3n 0.77 0.05 0,051 0.939 0.577 1.60 1.69 .74 5.9 -9.1
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TABLE 28 (Cont)

THE SURFACE EMITTANCE, EFFECTIVE CAVITY EMITTANCE, AND THE PREDICTED THERMAL RESISTANCE
OF SEVENTEEN TEST CAVITIES CONTAINING REFLECTIVE OR MASS INSULATION MATERIALS

Emittance Messured
Predicted Cavity Cavity R-Value, X Difference,
Surface Cavity  Thermsl Performance  hr ft~2 F/Btu Pred. vs. Mess.
Test Stud No. of Afrspace Test L
Psnel Materisl Airspaces E Number e1 (NS) e2 (CS) [ W e R ORI R (IS0 R (}]) R (150)
135 XEPS 1 0.05 v-380 0.77 0.05 0.051 1.054 0,167 4,53 7,06 6.90 -55.9 -52.3

v-3%0 0.77 0.05 0.051 1.055 0.162 4.83 7.29 7.15 -57.4 -54.3
v-400 0.77 0.05 0.0%1 1.050 0.15 5.04 7.41 7.283  «47.2  -43.5
v-410 0.77 0.05 0.05% 1.06% 0.1 5.87 7.90 7.7% -34.6 -32.1
V-420 0.77 0.05 0.051 1.052 '0.081 7.43  8.59 819 15,7 -10.3
v-430 0,77 0.05 0.051 0.968 0.164 4.67 7.2 7.52 -63.0 -60.8

138 XEPS 4 0.03 V-44D 23.86  14.87 4.4 37.6 39.6
Ve44D-C1  0.77 0.03  0.026 1.160 0,143 5.74 4.96 4.80 13.6 163
v-44p-C2 0.85 0.03 = 0.028 1.077 0.139 5.92 3.05 2.96 48.5 50.1
v-44D-C3 0.03  0.8%5 0.028 1.024 0.136 6.07 2.4 2.07 6.7 65.8
V-44D-C4 0.03 0.77 0,026 0.958 0.138 6.10 4.72 457 22.6 25.1
v-450 26,12 15.43 15.10 35.2 374
v-450-C1 "0.77 0.03  0.026 1.123 0.1 5.8 533 5.15 9.0 12.1
v-450-C2 0.85 0.03 0.028 1.060 0.137 6.00 3.19 3.08 46.8 8.6
v-450-C3 0.03 0.85 0.028 1.020 0.135 6,12 2.22 2.153 63.7 4.9
V-430-C4 0.03 0.77 0.026 O0.970 0.137 6.15 4.89 4,72 205 3.2
v-460 26,22 16,30 15.43 32.7 3563
V-460-C1  0.77  0.03 0.026 1.113 0.139 5.93 5,62 5.32 5.2 10.3
v-46D-C2 0.85 0.03 0.028 1.063 0.938 6.02 3.33 3.5 44,8 47.7
v-460-C3 0.03 0.85 0.028 1.033 0.134 6.12 2.29 2.17 62.6 64.6
V-46D-CA 0.03 0.77 0.026 0.99% 0,136 4.16 S5.07 4.80 17.6 2.0
v-470 24,38 16.90 15.64 30.7 35.9
v-470-C1 0.77 0.03 0.026 1.09 0.137 4.02 5.92 5.48 1.6 9.0
V-4-c2 0.85 0.03 0.028 1.083 0.135 4.06 3.43  3.17 434 477
v-470-¢3 0.03 0.85 0.028 1.043 0.13%6 6.13 2.32 2.1 2.2 5.0
v-470-C4 0.03 0.77 0.026 1.018 0.135 6.17 5.23 4.84 15.2 21.6
V-480 24.63 20.31 18.33 17.5 25.6
v-48D-C1 0.77 0.03 0.026 1.067 0.135 6.13 7.15 6.45 -16.6 -5.3
v-480-C2 0.85 0.03 0.028 1.050 0.13% 6.13 3.95 3.5 355 418
V-4%0-C3 0.03 0.85 0.028 1.039 0.133 6.16 2.82 2.55 54.2 58.7
vV-480-C4 6.03 0.77 0.026 1.025 0.13% 6.21 6.39 5.77 -2.9 7.1
v-490 25.01  16.65 16.09 33.64  35.7
v-490-C1  0.77 0.03 0.026 0.998 0.140 6.02 S5.69  5.50 5.6 8.7
v-490-C2  0.85 0.03 0.028 0.925 0.135 6,22 3.32 3.2 46.6  48.4
v-490-C3 0.03 0.85 0.028 0©.881 0.132 6.37 2.33 2.35 63.5 647
V-490-C4 0.03 0.77 0.026 0.82¢ 0.135 6.39 5.3 5.13 16.9 19.7

13¢ XEPS N/A K/A V-500 0.77 0.77 0.626 eee .- 16.91  16.22 16.00 4.1 5.4
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TABLE 29

THE FIT COEFFICIENTS USED TO DESCRIBE THE PREDICTED CAVITY THERMAL
RESISTANCE AS A FUNCTION OF CAVITY TEMPERATURE DIFFERENCE

Fit Coefficients

s 2y -

Rpr(dT = 30F)

B o 0 I Bt B0 s o o5 0 B

Test Panel Test Numbers A0 Al A2 hr ft~2 F/Btu
AT T o -5 4.106 -7.91E-02  8.58E-08 2.1
1B H-6 To H~10 8.609 ~9.60E-02 5.33E~04 6.21

2A #H-11 To H-15 4.270 -8.26E~-02 8.77E-04 2.58

2B H-17 To H-22 9.805 =1.25E-01 7.47E-04 6.73

2C H-23 To H-27 19.466 ~1.38E-01 8.18E-04 16.05

3A H-29 To H-33 4.293 -8.68E-02 9.66E-04 2.56

3B H-35 To H-40 9.727 -=1.20E-01 6.88E-04 6.76

3C H-41 To H-45 19.386 ~1.32E-01 7.23E-04 16.06

11A Up V-1U To V-5U 3.089 -5.11E-02 5.02E-04 2.01
11A Down v-7D To V-llD 9.670 ~7.20E-02 5.95E-04 8.04
12a Up V-13U To V=170 2.054 5.74E-03 -3.39E-04 1.92
12A Down V-19D To V-23D 9.258 =~2.08E-01 2.29E-03 5.07
12B Down V-25D To V-29D 24.820 -1.98E-02 8.36E~06 24.23
13A Up V=-32U To V-36U 2.154 =2.00E-03 ~-2.15E-04 1.90
13A Down V-38D To V-42D 9.459 -2.21E-01 2.45E~03 5.05
13B Down V-44D To V-48D 24,829 -~2.13E-02 4.30E-05 24.23

Notes: 1. R = A0 + Al*dT + A2* dT~2 where:
R = Cavity Thermal Resistance, hr ft~2 F/Btu, and
dT = Cavity Temperature Difference, F.

2. Rpr(4T = 30F) is the cavity thermal resistance calculated
from the curve-fit coefficients for a temperature difference
of 30F.
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where Tpoan is expressed in degrees Rankine. The combined
conduction-convection coefficient of heat transfer (H,) was
determined at an airspace mean temperature of S50F using
- Yarbrough's coefficients and were adjusted to the actual
test airspace mean temperature by

(Ho)p = (Hg)so * [ 1+ 0,001 * (T = 50 ) ] (14)

where (H.)p is the conduction-convection coefficient of heat
transfer at the test temperature, (Hg)gsy is the conduction-
convection coefficient of heat transfer at 50F, and T is the
airspace mean temperature in F.

The differences between the predicted (Rpredicted) and

measured (Rpoasured) cavity thermal resistance expressed as
a percentage were determined by

% Difference = ([Rpredgicted ~ Rmeasured)/ Rpredicteq}: (15)

The combined conduction-convection coefficient of heat
transfer (Hg) data'reported by Robinson and Powlitch which
forms the basis of the curve-fitting coefficients developed
by Yarbrough were limited to a maximum airspace depth of 3.5
inches. Although this data is used to predict the cavity R-
Value of airspaces with a depth of up to 5.5 inches, it must
be noted that this is an extreme extrapolation of the
original data base. This extrapolation was used on test
results from Test Panels 12A and 13A. The cavity thermal
resistance predictions on data gathered on these two test
panels is not included in any of the following discussions
because an adequate prediction of the cavity thermal
resistance for these panels is unavailable at this time.
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The predicted cavity thermal resistance,

calculated

from curve-fit coefficients for a temperature difference of

30F, are summarized below.

cavity thermal resistances determined by the R(||)
R(IS0) methods.

analysis.

Included in this table are

Although listed in this table, results from
test panels 12A and 13A are not included in any subsequent

Summary of Differences Between the Predicted and Measured

Panel Re(ll) Rc (IS0} Rpr Re(ll) Rc(ISQ)
1A 2.39 2.42 2.51 4.6 3.4
1B 4.68 4.78 6.21 24.6 23.0
2A 2.60 2.58 2,58 -0.7 0.1
2B 5.37 5.44 6.73 20.3 19.2
2¢C 5.95 5.83 16.05 62.9 63.7
3a 2.77 2.83 2.56 -8.3 -10.6
3B 5.82 5.85 6.76 13.9 13.4
3C 6.13 6.17 16.06 61.8 61.6
11A Up 2.00 2.06 2.01 C.4 -2.6
11A Down 7.85 7.70 8.04 2.4 4.3
12A Up 1.80 1.84 1.92 6.3 4.2
12A Down 7.34 7.11 5.07 -44.9 -40.3
12B Down 17.48 15.23 24.23 27.9 37.2
13A Up 1.93 1.97 1.90 -1.6 -3.7
13A Down 7.48 7.34 5.05 -48.0 -45.3
13B Down 16.03 15.23 24.23 33.8 37.1
13.1 EFFECT OF TEMPERATURE DIFFERENCE ON CAVITY THERMAL
RESISTANCE

Cavity Thermal Resistances

R (dT = 30F), hr f£t2 F/Btu

% Difference

To test the effect of cavity temperature difference on

the accuracy of the cavity thermal resistance measurement,
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all of the differences between the calculated cavity and the
predicted R-Value data for one-airspaqe cavities were
plotted as a function of cavity temperature difference and
are shown in Figure 29. This analysis was limited to just
the one-airspace systems because dissimilar cavity
temperature differences were used for test panels with 2-
and 4-airspace cavities. Data from Test Panels 1A, 2A, 334,
and 11A were utilized for this analysis. For cavity
temperature differences of 20F or dgreater, the ability to
measure the temperature difference does not appear to
significantly impact the quality of the measurement. A
cavity temperature difference of 20F or greater should be
used when analysing these products.

13. EFFEC (0] A W RE ON ON CAVITY THERMAL
RESISTANCE

The percent difference between the predicted and
measured cavity thermal resistance as a function of the test
heat flow direction is shown schematically in Figure 30 and
is summarized below. The thermal resistances for the
prediction (Rpr) and measured cavity (R'| and Rigo) were
determined wusing the curve-fit coefficients and were
calculated for a 30F cavity temperature difference. Results
from Test Panels 12A and 13A are excluded from these
comparisons.
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Predicted vs Measured R-Value, % Diff

-2 - Y T T
10 20 50
Cavity Temperature Difference, F
B Parallel Path X3 Isothermal Planes
Figure 29: The percent difference between the average

predicted and measured cavity thermal resistances for 1~
airspace cavities as a function of the cavity temperature
difference calculated by the parallel path and isothermal
planes methods.
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Differences Between the Predicted and Measured [(Rc(|]) and
Rc(ISO)] Cavity Thermal Resistance as a Function of Heat
Flow Direction

% Difference

Panel Re(l]) Rc(TS0)
All Data (Excluding 12A and 13B) 21.8 23.0
Horizontal (1A - 3C) 24.6 24.4
Vertical (11A, 12B, 13B) l6.1 20.3
Down (11A, 12B, 13B) 21.4 26.2
Up (11A) 0.4 2.6

Note: % Difference = [ (Predicted-Measured)/Predicted]*100

The average differencebfor all the experiments was 21.8
and 23.0 percent for the parallel path (R||) and and
isothermal planes (Rygg) models respectively. Differences
based on the parallel path calculations for smaller data
sets were 24.6 and 16.1 percent for the horizontal and
vertical heat flow experiments respectively and 21.4 and 0.4
percent for the heat flow down and heat flow up experiments.
For the isothermal planes model, the differences between the
predicted and measured cavity thermal resistances were 24.4
and 20.3 percent for the horizontal and vertical heat flow
experiments respectively and 26.2 and 2.6 percent for the
heat flow down and heat flow up experiments.

The agreement between the measured and calculated
cavity thermal resistance for the heat flow up experiments
is excellent (better than 5 percent). For the other heat
flow directions, the agreement is poor. However, the heat
flow up direction included only single airspace cavities
while the other Leat flow directions contain data from
multiple airspace cavities. When a mixture of cavities with
a variable number of airspaces is averaged, there does. not
appear to be a significant difference in the agreement
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between the predicted and measured cavity thermal resistance
as a function of heat flow direction.

3. E 18] SPAC \'4 HE L
RESISTANCE

The ' percent difference between the predicted and
measured cavity thermal resistance as a function of the
number of airspaces comprising the cavity is shown

"schematically in Figufe 31 and is summarized below. The
curve-fits, calculated for a temperature difference of 30F,
were again utilized for this comparison.

Difference Betwgenythé Predicted and Measured Cavity Thermal
Resistance as a Function of the Number of Airspaces
Comprising the Cavity

% Difference

Panel Rc(ll) Rec(ISO)
All Data (Excluding 12A and 13A) 21.8 23.0
1 Airspace (1A, 2A, 3A, 11A) 3.3 4.2
2 Airspaces (1B, 2B, 3B) 19.6 18.6
4 Airspaces (2C, 3C, 12B, 13B) 46.6 49.9

‘Note: % Difference = [ (Predicted-Measured) /Predicted]*100

Both measured results determined by the two calculation
methods agreed extremely well with the predicted ~thermal
resistance for single airspaces: 3.3 percent for R(|]|)
method and 4.2 percent for the R(ISO) method. The predicted
thermal performance of the two- and four-airspace cavities
were significantly higher than either measured values by
either calculation method. Average differences of 19.6 ‘and
18.6 percent for the two-airspace cavities and 46.6 and 49.9
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percent for the four~airspace cavities were noted for the -
parallel path and isothermal planes models respectively.

3.4 EFFECT __OF M2 ON __ \'4
RESISTANCE

The percent difference between the predicted and
measured cavity thermal resistance as a function of the the
framing material and the number of airspaces comprising the
cavity is shown schematically in Figure 32 and is summarized
below. As with the previous sections, the curve-fits,
calculated for a temperature difference of 30F, were used
for this comparison.

Difference Between the Predicted and Measured Cavity Thermal
Resistance as a Function of Framing Material

% Difference

Panel Re(l1]) Rc(IS0)
XEPS, All (1A, 1B, 3A, 3B, 3C, 11A, 13B)  18.7 19.5
XEPS, 1AS (1A, 3A, 1l1a) 3.9 5.2
XEPS, 2AS (1B, 3B) 19.3 18.2
XEPS, 4AS (3C, 13B) 47.8 49.4
Wood, All (2A, 2B, 2C, 12B) 27.9 30.0
Wood, 1AS (2A) 0.7 0.1
Wood, 2AS (2B) 20.3 19.2
Wood, 4AS (2C, 12B) 45.4 50.4

Note: % Difference = [(Predicted-Measured)/Predicted]*100

The average differences beween the predicted and
measured cavity R-Values (by the R(|]) method) for XEPS and
wood studs were 18.7 and 27.9 percent respectively. For the
XEPS framing members, the aVerage differences for the 1-,
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2-, and 4-airspace R-Values were 3.9, 19.3, and 47.8 percent
respectively. For the wood framing members, the average
differences were 0.7, 20.3, and 45.4 percent respectively.

For the R(ISO) method, the average differences beween
the predicted and measured cavity R-Values for XEPS and wood
studs were 19.5 and 30.0 percent respectively. For the XEPS
framing members, the average differences for the 1-, 2-, and
4-airspace R-Values were 5.2, 18.2, and 49.4 percent
respectively. For the wood framing members, the average
-differences were 0.1, 19.2, and 50.4 percent respectively.

The agreement between the predicted and measured cavity
R-Values was better for test panels constructed. with XEPS
framing materials. This difference in the overall averages
is in part due to the fact that there was a larger number of
l-airspace data weighted into the overall average for XEPS
studs. As can be seen from the individual airspace data,

there is little systematic difference between the wood and
XEPS stud framing. '

As the number of airspaces forming the cavity
increases, the heat flow through the stud becomes a larger
percentage of the total heat flow and any errors due to
uncertainities in the stud thermal resistance should be
magnified. For any particular configuration, the heat flow
correction due to the framing members is significantly
smaller for the XEPS studs due to its higher thermal
resistance. The inability to note any significant
improvement in the prediction of the cavity thermal
resistance due to a reduction in the stud heat flow by
substituting a high resistance material for the stud
suggests that accurate information regarding the thermal
resistance of the framing material was obtained. If this
information is unavailable, reducing the stud heat flow by
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material substitution would reduce the importance of this
lack of knowledge.

14, HANDBOOK ON REFLECTIVE INSUIATIONS FOR RESIDENTIAL AND
COMMERCIAL USES

An important goal of Department of Energy in its funded
research programs is to ensure that the results are
communicated to the appropriate technical and consumer

audience. In the case of work related to energy
_conservation in buildings, those most directly involved are
the architect, designer, home builder, weatherization

contractor, and the ultimate building/home owner.

In ordef to attain this goal for the present study, one
of the tasks was the preparation of a draft booklet on
reflective insulations. Subsequently this would be printed
and distributed widely by DOE to the above group, as one in
its series of informational fact sheet publications relating
to energy conservation.

The contents of the proposed booklet, while including
some brief theoretical background, were to emphasize
practicality. In particular, it would discuss thermal
performance both in the laboratory and when installed in a
building, the effects of framing members on performance,
specific circumstances relating to applications and use of
reflective and bulk insulations and would include, where
relevant, some of the results of the current experimentgl
program. The basic criteria of the approach were relative
simplicity of text accompanied with numerous illustrations.

A table of measured cavity R-values of building
envelope systems containing low emittance airspaces was
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included in the handbook. The data supplied in this table
was derived from this experimental work. The numerical
values in this table were determined by averaging all of the
appropriate Rc||(3°) values (see Table 27) for the
configuration in question. For example, the cavity R-value
reported for a 2 x 4 inch cavity with horizontal heat flow
(R = 2.6 hr ft2F/Btu) was determined by averaging the
Rc||(30) values for test panels 1A, 2A, and 3A (2.42, 2.58,
and 2.83 hr ftzF/Btu) respectively.

The final draft of this booklet is attached as Appendix

15. THE ADVISORY PANEL

An Advisory Panel of industry experts was established
to oversee the performance of this program. Individuals
from industry, goverhment;' and academia were invited to
participate.‘ Each member of the panel had some relevant
experience in the subject of reflective insulations. The
invited members are listed in Table 30. The membership list

includes reflective insulation manufacturers, a
representative from the Reflective Insulation Manufacturers
Association (RIMA), mass insulation manufacturers,

individuals who have performed experimental and /or
analytical work involving reflective insulations, government
officials involved in the enforcement of the R-Value
labelling requirements, and the project monitors.

The purpose of the Advisory Panel was to comment on the
experimental plan, monitor the progress of the
experimentation by receiving periodic updates of the data as
it was being accumulated, comment on the development and

149



Table 30

REFLECTIVE INSULATIONS ADVISORY PANEL MEMBERSHIP

Mr. Monty Millspaugh
Reflectix, Inc.

1 School Street

Post Office Box 108
Markleville, IN 46056
(317) 533-4332

Mr. Roy Akers

RIMA

5455 N. Irwindale Avenue
Irwindale, CA 91706
(714) 622-0662

Mr. Philip Fairey

Florida Solar Energy Center
300 State Road 401

Cape Canaveral, FL 32920
(305) 783-0300

Mr. Kent Howerton
Federal Trade Commision
6th and Penn Avenue, NW
Washington, DC 20580
(202) 326-3013

Dr. David McElroy

Martin Marietta Energy Systems
0Oak Ridge National Laboratory
Post Office Box X

Oak Ridge, TN 37831

(615) 574-5976

Dr. David Yarbrough
Tennessee Technological Univ.
Post Office Box 5013
Cookville, TN 38505

(615) 574-5139

(615) 372-3494
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Mr. John Mumaw

Owens-Corning Fiberglas Corp..
Post Office Box 415
Granville, OH 43023

(614) 587-0610

Dr. Gerry Miller

Jim Walter Research Corporation
10301 9th Street North

St. Petersburg, FL 33702

(813) 576-4171

Mr. Roy Reinhart

Bonneville Power Administration
Post Office Box 3621 RMRD
Portland, OR 97208

(503) 230-5491

Mr. Paul Juneau
Alfol, Inc.

Post Office Box 7024
Charlotte, NC 28217
(704) 588-2170

Dr. Ken Wilkes

Martin Marietta Energy Systems
Oak Ridge National Laboratory
Post Office Box X

Oak Ridge, TN 37831

(615) 574~5931

Mr. Andre Desjarlais
Holometrix, Inc.

99 Erie Street
Cambridge, MA 02139
(617) 868-8050
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content of the Reflective Insulation Handbook, and assist in
the development of a list of additional tasks which were
required to fully understand the thermal performance of
reflective insulation materials.

‘ The Advisory Panel officially met on six occasions.
Five of these meetings were held in conjunction with an ASTM
C 16 meeting: October 1987 in Toronto, April 1988 in

Atlanta, and September 1988 in Tucson, April 1989 in Kansas

City, and October 1989 in Hartford. The sixth meeting was
convened in February 1988 at Holometrix. A representative
from Holometrix did not attend the Kansas City meeting due
to travel delays. Agendas and minutes of the meetings,
along with handouts that were circulated at the meetings,
are presented in Appendix D.

The  initial meeting in Toronto was convened shortly
after the contract award. The purpose of this meeting was
primarily informational. The panel was updated on the
program goals, the experimental plan, and the assumptions
that were made in the development of the plan. The second
meeting at Holometrix was held so that the members could
view the laboratory facilities, test panels, and proposed
instrumentation plan. At this meeting, it was decided to
poll the members on their opinions of additional work which
would assist in the understanding of the thermal performance
of reflective insulation materials.

A ballot was circulated to the attendees requesting a
prioritization of nine previously identified areas of
further study, their estimate of the required effort to
satisfy the requirement, and the identification of any
additional items that should be included on the list.
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The third meeting, held in Atlanta, was used to update
the members on the experimental work, the ballot results,
and the status of the handbook. A scoring system had been
developed to rank the ballot items. A high priority item
was given a low score. Two research items, a reproducibilty
experiment and an experiment to determine the effect of
fasteners, were identified through the balloting process as
beihg critical in the view of the panel. These two items
were removed from the ballot, additional items identified
during the first ballot were added, and a second ballot was
circulated shortly after the Atlanta meeting.

The fourth meeting, held in Tucson, was used to
continue the discussions on the handbook, update the panel
on the growing data compilation, and to discuss the second
ballot. Prior to this meeting, the first draft of the
handbook had been severely critisized. A format for the
second draft was agreed upon. The second ballot results
indicated no clear preferences regarding the priority of the
tasks listed on the ballot.

Discussions at the fifth meeting primarily addressed
the form and style of the handbook. The final meeting of
the Advisory Panel, held in October 1989, discussed the
second draft of the final report.

16. RECOMMENDED TEST PROTOCOIL, FOR REFLECTIVE INSULATIONS

The test panel design and testing procedure used in
this program addresses all of the special requirements
involved in measuring reflective insulations and determining
the cavity or reflective insulation thermal resistance. ' The
experience gathered to date is limited to the use of guarded
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hot boxes; however, most of this experience can be directly
incorporated into test plans using calibrated hot boxes.

6 ON

The recommended test panel configuration does not need
to be strictly detailed. This program has demonstrated that
there does not appear to be a significant amount of
interaction between the studs and the cavity; this finding
suggests that the selection of stud material and spacing is
not critical. However, the effect of stud spacing has not
yet been quantified and, until this information is
available, it is recommended that different stud spacings be
measured separately.

The present study indicated that there was no
significant difference in the derived cavity thermal
resistance from test panels fabricated from XEPS and wood
studs. Each stud type offers advantages. Since the XEPS
studs are more thermally resistive, any uncertainty in the
stud thermal resistance impacts results on test panels
fabricated with XEPS studs to a lesser extent. From an
accuracy standpoint, XEPS studs are therefore recommended.
However, the difficulty involved in the attachment of
reflective insulation products to XEPS studs suggests that
wood studs would reduce the cost of test panel construction.
From a cost standpoint, wood studs are preferred.

The thermal resistance of the building materials used
to construct the test panel must be accurately measured.
ASTM C 518 has been found suitable for this purpose.
Handbook  thermal performance values should not © be
substituted for direct measurements; differences of up to
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nine percent between measured and handbook values for the
building materials used in this test program were found.

The method of holding the sheathing in place (screws
for wood studs, nylon threaded rod for XEPS studs) should be
simulated in the preparation of the material R-Value test
sample. This data more directly represents the thermal
resistance of the stud as it is used in the test panel.

Internal temperature instrumentation must be applied to
the inside of each sheathing material and ideally on each
major internal surface. For the test facilities used in
this progran, it was experimentally determined that
instrumenting one cavity with a three by three array of
temperature sensors was found to be sufficient for measuring
an average temperature for the instrumented surface. This
finding should be verified on other test facilities prior to
utilizing this recommended internal instrumentation layout.

See Figures 9 through 13 for recommended instrumentation
layouts.

Temperature instrumentation must be applied to at least
one stud in the metering area to acurately measure the
average temperature difference across the studs in the
metering area. Instrumenting a single stud with a pair of
temperature sensors on each side was found to be sufficient
for this purpose.

For guarded hot boxes, the use of convective blocks is
essential. The layout of these blocks is shown
schematically in Figure 4. Temperature instrumentation
- should be applied across the convective blocks and framing
materials forming the perimeter of the metering area. ' See
Figures 9 through 13 for recommended metering area perimeter
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instrumentation 1layouts. The thermal resistance of the
convective blocks and framing materials should be measured
using the same procedures detailed for the building
materials and this information, coupled with the temperature
difference measurements across the convective blocks and
framing materials, should be used to correct the metering
area energy input.

16.2 THE TEST PROCEDURE AND DATA ANALYSIS

All experimentation performed for this program was
undertaken in accordance with ASTM C 236. All of the
requirements of the test method must be satisfied. Although
present regulations require that testing be performed at a
single temperature difference, it is recommended that
multiple temperature differences be analysed. Additional
testing assists the testing organization in guaranteeing
that the test results are correct, and helps the

manufacturer and user in understanding how these products
will perform in service.

The cavity thermal resistance should be determined
using the procedure outlined in the proposed ASTM standard
specification for reflective insulations, the parallel path
method. Although the two analytical procedures yielded
comparable results for the cavity thermal resistance, the
isothermal planes method is more dependent on the
precharacterization of the building materials.

To verify the test results and supplement the existing
data base, it is recommended that the cavity of the test

panel under test be compared to the predicted cavity thermal
resistance.
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17. CONCILUSIONS

The objectives of this program were to develop an
acceptable test and evaluation protocol for reflective
insulations, generate an initial data base on idealized
reflective systems and extend the data base to include a
limited number of commercial products.

The standard ASTM C 236 guarded hot box test procedure
has been modified such that the cavity thermal resistance
can be extracted from the test panel result. These results
have also been compared to the widely accepted airspace

thermal resistance data presently in the ASHRAE Handbook of
Fundamentals.

The conclusions of this program have been subdivided
into three sections. These sections address the
experimentation techniques and test panel results, the
derivation of the cavity thermal resistance from the test
panel results, and the comparison of the derived and the
predicted cavity thermal performance.

7 S 516

1. Additional instrumentation has been added to the
standard ASTM C 236 test method to measure the amount of
energy exchange between the metering and guard area inside
of the test panel. The average metering to guard area
energy exchange was less than 0.1 percent of the total
metering area energy input. The highest exchange was 5.4
percent. ASTM C 236 guarded hot boxes can accurately
measure test panels with large convective heat transfer
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components if the test panels are modified in the manner
used for this program (Section 10, pp. 63-69).

2. Experiments were performed on four test panels
whose cavities were filled with mass insulation. For test
panels constructed with XEPS studs, the test panel R-Values
for 3 1/2 and 5 1/2 inch deep cavities were 12.21 and 17.27
hr ft2 F/Btu respectively. Substituting wood for XEPS studs
decreased the test panel R-Value to 9.75 and 14.27 hr ft2
F/Btu, or 25 and 21 percent respectively (Section 11.1, pp.
75-76) .

3. For test panels constructed with XEPS studs and
tested with horizontal heat flow, the test panel thermal
resistance decreased 27 percent when the temperature
difference imposed across the test panel was increased by a
faétbr' of 5, and dgenerally increased with the number of
airspaces comprising the cavity. The ratios of 4- and 2~
Aairspace cavities to 1l-airspace cavities were approximately
1.8 and 1.9. The structure of the 4-airspace commercial
product may negatively contribute its thermal performance.
The test panel thermal resistance increased by 11 to 16
percent when decreasing the effective emittance of the
cavity from 0.05 to 0.03 (Section 11.2, pp. 76-79).

4. For test panels constructed with wood studs and
tested with horizontal heat flow, the test panel thermal
resistance decreased 26 percent with a five-fold increase in
temperature difference. The ratios of the 4- and 2-airspace
cavities to the l-airspace cavity was identical to the XEPS
stud test panels (Section 11.3, pp. 80-82).

5. For test panels tested with vertical heat flow, the
test panel thermal resistance decreased 25 and 13 percent
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for heat flow up and down respectively when the test panel
cavity temperature difference was increased by a factor of
5, increased by a factor of 2.7 to 2.9 when changing the
heat flow direction from up to down, and increased by a
factor of approximately 1.8 when increasing the number of
airspaces in the cavity from 1 to 4 (Section 11.4, pp. 82-
89).

6. For single airspace cavities, the test panel
thermal resistance decreased 0.2 percent per degree F
increase in mean temperature and varied from 3.46 to 3.04 to
8.99 hr ft? F/Btu for heat flow horizontal, up, and down
respectively (Section 11.5, pp. 89-92).

7. The test panel thermal resistance increased by 0.4,
0.9, and 1.0 hr ££2 F/Btu for 1-, 2-, and 4-airspace
cavities when substituting XEPS for wood studs (Section
11.8, pp. 96-97).

8. Testing was performed at as many as six different
tenmperature differences. Multiple testing provides a
mechanism to describe the thermal resistance as a function
of temperature difference through curve-~fitting, which
assists the tester, manufacturer, and analyst.

17.2 DETERMINATION OF THE CAVITY THERMAL RESISTANCE

To accurately compare reflective insulation to other
insulation types, the cavity thermal resistance must be
accurately separated from the test panel result. Two
analytical procedures labelled R(||) and R(ISO) are outlined
for this purpose and applied to the test panel results.
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1. The cavity thermal resistance determined from four
test panels insulated with R-11 and R-19 fiberglass batts
were within +/- 9 percent of the directly measured thermal
resistance of the materials and averaged 3.8 and 5.8 percent
different for the R(||) and R(ISO) methods respectively.
These results satisfy the acceptance criteria proposed in
the draft ASTM material specification for reflective
insulations for verifying the performance of the test panel.
The agreement between the derived and directly measured
thermal resistance is better for test panels constructed
with XEPS studs by approximately 2 percent (Section 12.1,
pp. 106-110).

2. For horizontal heat flow, the 2- and 4-airspace
cavity R-Values are 2.1 and 2.3 times greater than the 1-
airspace R-Value. There is excellent agreement between the
two calculation techniques for cavity thermal resistances
less than 6 hr ft2 F/Btu; differences are typically less
than 2 percent and average approximately 1 percent. For
similar constructions, the cavity R-Value derived from the
test panels constructed with XEPS studs is higher than its
counterpart constructed with wood studs. Differences of
approximately 6, 8, and 3 percent were noted for 1-, 2-, and
4-airspace cavities respectively (Sections 12.2 and 12.3,
Pp. 111-116).

3. For vertical heat flow, the average agreement
between the two calculation techniques is good, averaging
about 6 percent different. The 4-airspace cavities exhibit
the highest cavity thermal resistance measured in this
project, R = 17.5, and the greatest variation (approximately
9 percent) based on calculation method. The 4-airspace
cavity is approximately 2.2 times more resistive than an
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equivalent 1l-airspace cavity evaluated with heat flow down
(Section 12.4, pp. 116-120).

4. The parallel path method requires accurate
information regarding the heat flux through the stud;
precise measurements of the stud R-Value and temperature
difference across the stud are essential. The average heat
flow through the stud for all experiments was 7.1 percent,
ranging from a minimum of 3 percent for l-airspace XEPS test
panels to 20 percent for 4-airspace wood test panels. The
XEPS test panels transferred only 31 percent of the stud
heat flow measured on wood test panels (Section 12.5, pp.
121-124).

5. The calculation techniques exhibit their best
agreement for cavity R-Values of approximately 4 hr ££2
F/Btu. At lower cavity R-Values, the R(ISO) method

predicted higher cavity R-Values; lower cavity R-Values were
determined by the R(ISO) method as the cavity R-Value
increased above 4 hr ft? F/Btu (Section 12.6, pp. 124-128).

17.3 COMPARISON OF THE MEASURED AND PREDICTED _CAVITY
THERMAL RESTISTANCE

The prediction technique used in this program is
presently limited to cavities having a maximum depth of 3.5
inches. Discussions in this .section are therefore
controlled by this limitation.

1. A cavity temperature difference of at least 20F
should be used when analysing these products. Below 20F,
the effect of the temperature difference significantly
impacts the quality of the measurement. This criteria
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should be applied to the cavity and not the test panel as it
presently is employed in the FTC Trade Regulations (Section
13.1, pp. 138-139).

2. The average difference between the predicted and
measured cavity thermal resistance for all the experiments
performed was approximately 22 percent. As a function of
the number of airspaces, the differences between the
predicted and measured cavity thermal resistances were
approximately 4, 19, and 48 percent for the 1-, 2-, and 4-
airspace cavities respectively. With the exception of two
l-airspace cavities, the predicted cavity thermal resistance
is always higher than measured result. Multiple airspace
cavities did not perform in a manner that can be predicted
by summing nominally equivalent single airspace data
(Section 13.2, pp. 139-143).

3. The agreement between the predicted and measured
cavity thermal resistance 1is not significantly impacted by
the stud material used in the test panel construction. The
agreement between the prediction and the measured cavity R-
Value was slightly better for 1- and 4-airspace cavities
derived from test panels constructed with wood studs while
the agreement for the 2-airspace cavities was better with

test panels constructed with XEPS studs (Section 13.4, pp.
145-148).

18. RECOMMENDATIONS

Following the format of the Conclusions section, this
section has been subdivided into three subsections: test
procedure and panel results, derivation of cavity thermal
performance, and comparison to predicted cavity thermal
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performance. The Advisory Panel developed a 1list of
additional research required to fully understand the thermal
performance of reflective assemblies. Since a number of
these recommendations were beyond the scope of this project,
they are not listed in this section. See pages C-20 and c~
24 for a complete 1listing of the Advisory Panel's
recommendations. Based on the conclusions obtained from
this program, the following recommendations are made.

18.1 THE EXPERIMENTAI, PROCEDURE AND THE TEST PANEL RESULTS

1. ASTM C 236 guarded hot box test method should be
modified to include additional internal temperature
instrumentation to measure the metering-to-guard energy
balance when testing test panels which have a significant
convective heat transfer component. A procedure for
correcting any imbalance should be included. The proposed
reflective insulation material specification should also
include this requirement.

2. Tests on a homogeneous mass insulation has been
used to determine the reproducibility of the guarded hot box
test. These tests should be performed on a test panel
insulated with reflective insulation. Given the manual
effort required to install reflective insulation
reproducibly, it 1is recommended that the ability to
accurately repeat the installation process be tested.

3. Different types of fasteners were required to
construct the XEPS and wood stud walls. Experiments should
be performed to determine if a systematic bias has been
introduced due to the fastener.
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4. All of the experimental work was performed under
steady-state conditions. Given the sensitivity of the
thermal resistance of airspaces to ﬁemperature difference
and heat flow direction, an in-situ experiment is required
to determine how applicable steady-state data is to actual
applications.

5. Multiple experiments with varying temperature
differences should be considered to quantify the thermal
performance of reflective insulations.

18.2 DETERMINATION OF THE CAVITY THERMAL RESISTANCE

1. The cavity thermal resistance was determined from
the test panel experiments using one-dimensional analyses.
A more sophisticated analysis procedure should be applied to
the data base to validate the conclusions derived from the
simplified models.

2. The 1issue of airspace aspect ratio was not
addressed as originally intended. The original plan
included a comparison of the individual airspaces in the
multi-airspace cavities. Since the multi-airspace cavities
did not thermally perform as anticipated, these comparisons
could not be made. Further experiments on test panels
designed to create specific aspect ratios should be
considered. Testing in a calibrated hot box should also be
considered to extend the aspect ratio data base.

3. No direct comparison of commercial and idealized
airspaces has been undertaken. The present data base
suggests that significant improvements can be obtained
through a redesign of the commercial product. A direct
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comparison with an equal number of airspaces would measure
the potential energy savings due to product redesign.

4. The temperature conditions used in performing the
bulk of the experimental work were not typical of southern
climates where reflective insulations have their largest
market share. Extension of the data base to include
temperature conditions typical of southern climates is
required.

5. The present program included measurements on
cavities with up to 4 airspaces. Reflective insulations are
produced with up to 9 airspaces installed in deeper cavities
than measured in this program. Additional experiments to
cover the range of products should be considered.

6. To develop a better understanding of the multi-
airspace systems, further experiments on test panels with
multiple airspaces of varying effective emittance should be
considered to determine whether their unanticipated thermal
performance is due to the radiative heat transfer
coefficient.

18.3 COMPARISON OF THE MEASURED AND PREDICTED CAVITY
H L_RESISTANCE

1. The existing prediction method is limited to a
maximum cavity depth of 3.5 inches. The useful range of
this method should be expanded to at least 5.5 inches.

2. XEPS studs should be wused 1in test panel
construction because their higher thermal resistance reduces
the necessity to accurately determine the stud temperature
differences and thermal resistance.
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APPENDIX A

PROPOSED STANDARD SPECIFICATION FOR
"REFLECTIVE INSULATION FOR BUILDING APPLICATIONS"
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July 1. 1989

WORKING DOCUMENT FOR ASTM COMMITTEE USE ONLY.
NOT FOR PUBLICATION EXCEPT AS EXPRESSLY APPROVED
BY THE CHALIRMAN OF THE COMMITTEE. OR THE EXECUTIVE

) SECRETARY OF THE SOCLETY.

STANDARD SPECIFICALIIOQON FOR
REFLECTIVE INSULATION FOR BUILDING APPLICATIONS
(TG 102}

1.1 This specification covers tne general requirements
and physicat properties of reflective insulations
for use i{n buiiaing appiications., These insulation
materials consist of one or more low emittance
surfaces, such as metailic foil or metailic
deposits, unmounted or mounted on substrates.
Reflective insuiations serive their thermal
performance from sutrfaces with an emittance of 0.1
or iess, tacing enciosed air spaces.

1.2 This standard may i{nvoive hazaraous materiais,

operations, and equipment. This standard does not
purport to address aii of the safety probiems
associated with its use. it Is the responsibilijity

of users of this standard to establisn approoriate
safety and heaith practices and determine the
applicability of regulatory iimitations prior .to
use.

2.0 REFERENCED DOCUMENTS
2.1 ASTM Standards:

C 168 Definitions of Terms Relating to Thermal
insulating Materiais.

€ 177 Standard Test Method for Steady-State Heat
Flux Measurements and Thermal Transmission
Properties by Means of the Guarded-Hot-Plate
Apparatus.z

C 236 Test Method for Steaay State Thermal
Performance of Bufiding Assembiies by means
of a Guarded Hot Box.

C 390 Standard Criteria for Sampling and
Acceptance of Preformed Thermal I[nsulation

Lots.2
1 This specification 1is under the jurisaiction of ASTM

Committee C-16 on Thnermal lInsuiation and is the direct
responsibility of subcommittee C16.21 on Reflective
insulations.
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C 518 Standard Test Method for Steady State Heat
Flux Measurements and Thermal Transmission
Properties by Means of the lleat Flow Meter
Apparatus.z

€ 727 Recommended Practice for Use of HReflective
lnsulation in Building Constructions.®

C 976 Recommended Test - Method for Thermal
Performance of Building Assemblies by Means
of a Calibrated Hot Box.d

D 3310 Recommended Practice for Determining
Corrosivity of Adhesive Materials.

E 84‘ Recommended Method of Test for Surface
Burning Characteristics of Building
Materials.Y

E 98 Recommended Test Methods _for Water Vapor
Transmission of Materials.

E 408 Test Method for Total Normal Emittance of
Surfaces using lnspection-Meter Tnchnlquesﬁ

2.2 0Other Documents,

FTC 16 CFR Part 460: Labeling and Advertising of
Home Insulation.

ASHRAE Handbook of Fundamentals, American Society
of Heating, Refrigeration, and Air tConditioning
Engineers,.

HRP 32: “The Thernal Insulating Value of
Airspaces™. U.S. Government Printing Office 1934.

Building Materjals and Structures Report 151:
Thermal Resistance of Air Spaces and Fibrous
lnsulations Bounded by Reflective Surfaces". u.s.
Departaent of Commerce, 1937,

Tappi Standard T 512 om-86: Creasing of Flexible
Packaging Material Paper Specimens for Testing.

MIL-STD-810D, 19 July 1983, 'Method 508.3 FUNGUS:
Environmental Test Methods and Engineering
Guidelines.

Annual Book of ASTM Standards, Section 4, Voi. 04, 06,
Annual Book of ASTM Standards, Vol. 15.08.

Annual Book of ASTM Standards, Vol. 04.07.
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TERMINOLOGY

3.1 ASTM Definitions, C 168 shall apply to the terms of
this specification.

3.2 Terms specific to this specification: Reflective
insulation =~ thermal insulatfon <consisting of
one or more low emjittance surfaces, bounding one
or more enclosed air spaces.

ORUERING INFORMATION

4.1 Prior to purchase, for sampling and acceptance
procedures ASTM C 390 can be agreed to by purchaser
and manufacturer.

4.2 Specify the required thermal resistance by direction
heat flow.

4.3 Specify the width, depth and total area to be
insulated.

4.4 Specify special markings if required.

MATERIALS AND MANUFACTURE

Reflective jinsulation materials shall consist of low
emittance surface(s) in combination with substrates and
adhesives required to meet the specified thermal
performance and physical properties.

PHYS{CAL REQUIREMENTS

6.1 The low emittance materialis shall conform to the
pnysical properties listed 4{n Table I and 1local
building codes.

6.2 The reflective insuiation must have the following
physical characteristics.

6.2.1 Water Vapor Transmission: If the reflective
insulation is to serve as a vapor retarder,
the permeance of the material shall not
exceed 1 perm, as determined in accordance
with ASTM E 96.

6.2.2 Multiple layer reflective insulations shall
be designed “to attain the intended
separation of layers in normal application.
Such multiple layer insulation-shall form an
attachment flange suitable for stapling or
other means of attachment,
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6.

7.0 WORKMANSHIP, FINISH, AND AP

3

Widths: Insulation shall be furnished in
widths to fit between framing members set at
spacings standard in the <construction
industry, or as specifically agreed upon
between producer and buyer.

Surface burning characteristics shall be
determi{ned {in accordance with ASTM E 84 {(n
a configuration consistent with the intended
application.

Corrosivity: The laminates of the
reflective insulation shall be tested 1in
accordance with ASTM D 3310. Evidence of
corrosion shall be cause for rejection.

Adhesive Performance:

6.2.6.1 Bleeding <~ Adhesives when used {n
bonding shall show no sign of bleeding when
tested in accordance with the test
procedure in section 9.2.1. Bleeding at cut
edges nmay be disregarded. Bleeding or
delamination., covering over 2% of the sample
area, shall be cause.tor rejection.

86.2.8.2 Pliability - Specimens tested in
accordance with the test procedure fn 9.2.2
shall not show cracking or deiamination.

Mold and Mildew - Resistance shall be tested
in accordance with MIL-STL-8108. The
samples are then examined visually under a
3x magnification for the extent of mold
growth and for indications of deterioration.
The mold is not to have spread beyond the
innoculated area, and no significant growth
of mold is to be observed. Material must
not have delaminated.

Thermal Resistance.
Determine the thermal resistance in accordance with
procedures in section 9.1.

o
it
>
fed
3>
<

2]

3]

7.

1

The insulation shall be manufactured, packaged, and
shipped in such a manner that. when received by the

customer. it shall be suitable for installation in-

accordance with ASTM Recommended Practice C 727.
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8.1

Sampling snall be performed in accordance with ASTM
C 390.

METHODS

Thermal Pecformance

The thermal performance of reflective insulations
shall be determined in accordance with ASTM test
methods C 236 or C 978 using the following
criteria.

9.1.1 The thermal test shail be pertormed with
an air to air temperature ditterence of
30 degrees F.

9.1.2 in orda:r to determine the thermal
pertfornance of the refliective tasuiation
sateriais used i1n a test panei. a un:fornm
method of adjustment of the test panel
resujits 18 needed.

9.1.3 The test panei shali consist ol woova lraming
members sheathed with 3,4 incn tnick viywood
on each sgtide. The width and aepth ot the
cavities shail ©be representative of the
installation for which the insuiation
product is intended. (See sectious 35 and 7

of ASTM C 236). Fhe retlective insulation
shal: be installed in tne test opanel
according to rhe ranufacturer's
specifications. The testing of tne

reflective insulation shall be performed at
a mean temperature of 24 C (75F) with a
temperature difference across the insulated
cavity, T ins of 17 C (30F).

9.1.4 The thermal resigstance of the framing

material must be known to withtn plus or
minus 10% and each framing member {in the
metered area shall be f{nstrumented with a
minimum of three sets of secnsors to measure
the temperature difference across the
framing members in the direction of heat
tlow. The temperature sensors shall be
uniformly distributed along rthe length of
the framing member(s) within the metered
arca.
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.1,

The steady-state heat flow through the
retlective insulation in the cavity shall be
determined from Equation (1).

Qins = Qtotal - Prfrage frame 1)
Rframe

where 'utotaleg the total heat flow rate
across th test panel (BTU, hr)

__frame is the cross-sectional area of the
framiag (£t )

_trame is the average temperature ditference
across the traming ( F)

_frame is the thermal resisrtance ot the
framing (It .one L F/BTU)

Qins 18 the totaji heat flow rate across the
insulated cavity.( 8TU/hr).

The thermai resistance of the Tretiective
insulation. R ins. shall be qetcrm;zec fronm
Equation (2).

Rins = _ ins ins/Qins 12}

where _ins is the cross-sectional area of
__ins is the a;;FREe __ across the insulated
cavity measured from the inside surface of
the warm-side sheathing to the ingside
surface of the c¢onol-side sheathing.

The heat flow correction due to the presence
of the framing members resulting from
equation (1) shall be verified by repeating
the hot box measutrement with a mass
insulation material of known thermal
resistance, which has been verifled by
laboratory tests in an ASTM C 3518 or ASTM
C 177 apparatus. The thermat: resistance
of the mass ijinsuiation afrer correcting
for the framing member neat flux shall
difter by no more than 10% from the
laboratory derived thermai resistance.

Reporting requirements: The report shali
include ali the requircments of ASTM C 234
or C 976, as well - as tne parameters listed
in equatfons 1 ana 2 of section 9. The date
of the 1last frame verification shall also
be reported along with any specific test
results affecting the present experiment.
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10.0

11.0

9.

9.2.1

INSPECTION
10.1 ‘Inspect

between
purchas

11.1 Require
Samples
damage

11.1.1

11.1.2

2 Adhesive Performance.

Bleeding ~ Specimens for the test shall
constist of a minimum of three pieces of
insulation, cut to approximately 3 x 6
inches (7.62cm x 15.24cm). Suspend these
specimens vertically in an oven and heat to
a temperature of 180_ F (plus/minus) 5_F
at 30 (plus/minus) 5% relative humidity for
at least 5 hours. Under 2 3x magnification
determine if <the adhesive has bied or
extruded through the surface or if
delamination has occurred.

Pliability - A minimum of three samples
shall be subjected to the pliability test.
£ach set of specimens shall contain at least
one sample with a factory produced edge.
Foil laminate shall be tolded in accordance
with TAPPI Standard T 512 om-86. and the
folded edge smoothed. using light tinger
pressure. The finished laminate shall not
crack when folded to 180 degrees bend after
conditioning, at a temperature of 70_ F
(plus/minus) 2_ F and a relative humidity of
50 tplus/minus) 5%. This same test shall be
repeated on a second set of three samples,
conditioned at 32_ F (plus.minus) 2_ F
samaple specimens shall be conditioned for a
period of no less than 24 hours immediately
prior to the test. When the specimens are
tested in the above manner, there shail Dbe
no cracking or delamination.

ion of the material shall be agreed upon
the purchaser and supplier as part of the
e contract as specified in ASTM C 390.

AND REHEARING

ments Deterained by Visual Inspection:
shal] be inspected visually for mechanical
as follows:

Surface Punctures - not to exceced ! puncture
per 500 ft.

Damage {(bLleeding adhesive, <corrosion) to
reflective properties of surface coatings -
not to exceed two percent of the insulated
area.
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11.2

11.3

11.4

11.1.3 Crinkling (as evidenced by numerous careases
and bends resulting i1n nonparallel surfaces)
- not to exceed five vercent of insuilated
area.

11.1.4 Evidence of corrosiovn.

11.1.5 improper assembly {wnhen referenced to
manufacturer's specifications) - not to
exceed one percent of area.

11.1.6 [mproper expansion to designed torm or size
or both - not to exceed one percent of area.

[f inspection of the sampies shows tftailure 1to
conform to the requirements of this specification.
a second sample from the same Jot shall be tested
and the results of this retest averaged with the
results of the original test.

Upon retest, as described in 11.2, material that
fails to conform to the requirements of this
specification may be rejected. Rejection should be
reported to the producer or supplier promptiy and
in writing. in case of dissatisfaction with the
results of the test, the producer or supplier may
make a ciaim for a rehearing.

in case of rejection, the manufacturer or supplier
shall have the right to reinspect the rejected
shipment or resuomit the iot after removal of that
portion of the shipment not <conforming to the
specitfied requirements.

12.0 PACKAGING AND PACKAGE YARKING

12.1

12.2

All insulation products shall be packaged in a
manner which will protect the reflective surtaces
from physical damage during storage and
transportation,

Package Marking

12.2.1 All packages shall be marked to identify
product origin.

12.2.2 All packages shall be marked with a lot
number.

12.2.3 Thermal resistance values trelerenced to this
specification wil{ be given for heat flow
up. heat flow down, or heat tlow horizontal,
as applicable.
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12.2.4 Width and length of material when installed.

12.2.5 Total area, square teet (square

meters)

covered by the package contents when
installed according to the manufacturer's

recommendations.

12.3 Insulation Marking

12.3.1 Insulation shall be imprinted with the

manufacturer's or distributor's name

trademark.

and/or

12.3.2 Insulation markings shall not reduce the

stated thermal performance of the

product.

Insulation markings shall be repeated at
intervals not exceeding 8 ft. (2.4 m).

TABLE 1. PHYSICAL PROPERTIES OF LUW EMITTANCE MATLRIALS

Aluminum Foil L.S. Customary Lnits

Thickness (minimum)

(A) Exposed unsupported 0.0004 in.
(B) Unexposea ana unsupported 0.00035 in.
{C) Bonded to substrate 0.00023 in.
Purity -- 99% minimua

Emittance:
The surface emittance shall be determined by ASIM
This value shall be equal to or less than 0.1
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Metric Units

POIPLR A L

0.010 mm
0.009 mm
0.006 mm
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REFCRT

mistance Measuremernts

Joe Cook and D. W. Yarbroueh
Zhemical Engineering Departzernt
Tennessee Technological University

This report concerns the compistion of the emittance neasurements
for Dynatech R & D company. The emittances of the foams {Samples 11 and
12) and the woods (Sampies 13, 14, 15, and 16) were measured three ways.

i) Heat Salance Mezhod = An "x/k" value i{s calculated.

Then an
iterative solution is used to £ind e.*

2) Transient Method ~ ¢ vs zime curve is extrapolated to t=0. This
method fails since no linear portion »f the curve exists to

axtrapolate.*
3) Vervy Thin Siices Were Cut - : varies with thickness of sampies
(reaches equilibrium with the heat sink easily but transparency
differs with thickness).

Jarious papers and tape were used as mas<s in Methods !l and 2.
As expected, the emittance varied with mezhcds and "masks™ as well frem
Teasurement to measursment. The following rasnges I5r zhe weeds and
foams are recommendeZ as a result of the testing.

S
T

Foams: (Samples 11 and 12) e = .45 o 3% (.51 =2,06)

-

Woods: (Samples 13, 14, 15, and 16) ¢ = .72 to .32 (.77 £.905)

Four emittance measurements were made for each of <the foil
specimens. The averace 2mittance values in this case are accurate to
*0.,005. All of the measurements were dcne with a model AZ emissometer
ouilt by Devices and Services Company of Dallas, Texas. The
neasirsments were done in an environment around TO°F.

*Devices and Services Company, Technical Note ~9-17
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SPECIMEN LIST FOR EIMITTANCE TZsST

Specimen No. : Jdescristion
1 174" wide foil; 150' into roil; “"hlotchy” surface
2 174" wide foil; 150' into r2il; "shiney” surface
3 174" wide foil; 160*' into roil; blotchy" surface
4 174" wide foil; 160' into roil; “shiney"™ surface
5 174" wide foil; 170°' intc rcil; "blotchy”® surriace
6 174" wide foil; 170! into roil; "sniney® surface
7 Foil tage
] foil tage
3 Duct tage
10 33" wide foil; 25' into rell
11 styrofoan
b3 Styrofoas
13 174" plywocd
14 174" plywced
15 2" x 4" stud
16 2" x 4" szad
17 Accordian foil; 12' into roll
1 Accordian foil; 29' into roll
13 Accordian foil: II' into roil

Nota: All foil specimens are labeled on sutside =i roll.
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SAMPLE NO.

41

$2

3

8

45

46

L]

49

Cutside
Inside

Jutside
Ingide

Outside
Insgide

Outside
Inside

Outside
Ingide

Outside
Inside

#10 .

17
418

#19

[= =] [
2o 90 |s

o

0.75
0.02
0.02
0.02

0.02

0.03
9.03

9.08
.04

J.08
9.03

0.03

0.03
V.68
0.03
0.02
0.04

0.02
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0.03

0.03

0.03

0.04

2.05
0.93
0.69
2.02
0.03
9.03

9.03

Averauge
arssoce



EMITTANCE DATA ASSOCIATED WITH D. 0, E.

REFLECTIVE INSULATION PROJECT

The Devices

digits of output instead of two.

Joe C. Cook and David W. Yarbrough
Department of Chemical Engineering
Tennessee Technological University

and Services

Emissometer being

used to obtain
emittance measurements has been modified to give three significant

The calibration samples currently

being used are the same as those used for the previously reported

emittance.
SPECIMEN €} €2 €3
1 inside 0.129 0.120 0.118
1 outside 0.080 0.106 0.092
17 inner

foil 0.015 0.039 0.048
inner paper 0.842 0.837 0.844
18 inner

foil 0.025 0.022 0.019
inner paper 0.846 0.835 0.866
19 inner

foil 0.032 0.022 0.038
inner paper 0.833 0.861 0.844
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€y

0.114

0.114

0.031
0.858

0.029
0.893

0.015
0.826

€y

0.112
0.085

0.018
0.919

0.035
0.855

0.039
0.812

0.119 Repeat
0.097 Repeat

0.030
0.860

0.026
0.859

0.029
0.835
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HANDBOOK ON REFLECTIVE INSULATIONS FOR RESIDENTIAL AND

COMMERCIAL USES
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INTRODUCTION
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INTRODUCTION

Since 50% to 70% of the energy used in the average home
in the USA is for space heating and cooling, it makes sense
to use thermal insulation to reduce the energy consumed,
increase comfort and save money. Insulation effectiveness
is measured in terms of thermal resistance, called R-value,
which indicates resistance to heat flow: the higher the R-
value, the greater the insulating power. Different types
and forms of thermal insulation materials can be used.
These are batts and blankets, loose~-fills, rigid boards,
sprayed on or blown in-place and reflective insulation.

This handbook focuses on reflective insulation as an
effective way to achieve recommended R-values. It is
intended to give the reader a general h knowledge of how
reflective insulations work and a guide to installation.
Detailed information concerning the mechanisms of radiant
heat flow is contained in Appendix A for the interest of
those desiring a more in-depth understanding of the subject.

The U.S. Department of Energy "Insulation Fact Sheet"
(DOE/CE-0180, January 1988) provides recommended minimum R-
values for attics, floors, and walls. These recommendations
are based on an analysis of cost-effectiveness, using
average local energy prices, insulating costs, equipment
efficiencies, climate factors, and energy savings for both
the heating and cooling seasons. Some energy codes now
require higher levels to be used.

If you are buying or building a new home, you should
ensure that recommended energy-saving features are included.
The Federal Trade Commission (FTC) Home Insulation Rule,
which went into effect in 1980, requires that manufacturers
of <thermal insulation provide R-value and relevant
information on a packaged product and on all fact sheets and
advertising literature for the product. Furthermore, the
seller of a new home must provide information on the type,
thickness, and R-value of the insulation that will be
installed in each part of the house in the sales contract.
Insulation contractors are required to give their customers
similar information. In many states and localities when
older homes are sold, the seller has to provide information
on the type and amount of thermal insulation in the home.

HOW HEAT IS TRANSFERRED

The performance of any thermal insulation systenm
depends on how well it reduces heat flow. Heat moves from
warm locations to cool 1locations in three ways: by
conduction through solid or fluid material, by radiation
from surface to surface through an air space, and by
convection which involves the physical movement of the air.
These are illustrated in Figures 1 and 2. Appendix A
discusses radiative heat transfer in detail.
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Eigure 1. Basic Modes of Heat Transmission

(a.)

(b.)

(c.)

RADIATION from heat source is transmitted through
air or vacuum to a cold surface at 186,000 miles
per second.

CONDUCTION through a solid material is caused
by fast moving molecules on the hot side
colliding with and transferring energy to
slower moving molecules on the cold side.

CONVECTION occurs when fluid moves. Bouyant
effects carry heat from hot to cold surfaces.
Warm air rises and cold air falls to create
a convective loop(s).
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When installed correctly, insulation reduces heat
transfer through the envelope of a building. Whenever there
is a temperature difference, heat flows naturally from a
warmer to a cooler space. To maintain comfort in ¢the
winter, the heat lost must be replaced by your heating
gsystem. In the summer the heat gained must be removed by
your air conditioner.

Heat moves across empty wall cavities or between roofs:
and attic floors by conduction, convection, and radiation.
A reflective insulation reduces heat transfer by radiation
to very low levels and in most products, reduces heat
transfer by convection. "Mass insulations reduce the
convective part to a very low level, reduce the radiative
transfer across the region occupied by the insulation and
mimimize the increase in the conduction mode. Both types
involve placing a solid material between the warm and cool
regions to reduce heat flow across the insulated region.

The benefits of insulating all cavities within the
building envelope are many, not only for the individual and
national economic and energy conserving reasons but also for
more liveable structures. Well insulated buildings, where
effects of moisture condensation and air movement are
minimized also require less maintenance and degrade more
slowly. Various forms of thermal insulation exist, one of
which is the reflective system.
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Different types of insulation products reduce these
three types of heat transfer by varying amounts. Therefore,
each provides different thermal performance and their R-
values differ. The primary function of reflective
insulation is to reduce radiative heat transfer across open
spaces which is a major contributor to heat gain in the
summer and heat loss in the winter. Reflective insulation
greatly reduces heat flow by radiation in two ways. The low
emittance metal (usually aluminum) foil surface(s) that
forms part of the product, reflect a significant part (up to
95-97%) of the incident radiation. Since these surfaces
have a low emittance, they do not reradiate or emit heat
well. A material with an emittance approaching a value of
one radiates at the highest rate while a surface with an
emittance close to zero radiates little energy. Aluminum
surfaces generally have an emittance range of 0.03 - 0.05
which means they radiate very little. The ideal product
would be one with an emittance of zero and a reflectance
near one (see Table Al in the Appendix).

WHAT IS REFLECTIVE INSULATION?

Reflective insulation is a combination of aluminum foil
and air spaces to provide reflective cavities with 1low
values of radiant energy emission (emittance). These
cavities may have faces of low emittance surface (foil), or
‘encapsulated air spaces within the foil on both sides, such
as a bubblepack product. Reflective insulation has been
used in both residential and commercial applications for
over forty years. These products provide an alternate or
supplement to mass insulations such as mineral fiber,
cellulose or foam in the building envelope.

Reflective insulation effectiveness depends on its
ability to reduce the contributions of each of the modes of
heat transfer. For example a typical multilayer reflective
insulation divides a cavity into a set of smaller air spaces
with parallel high reflectance and low emittance surfaces.
For a cavity, the cell dimensions are designed to minimize
air movement and reduce convection. The low emittance of
the facing surfaces minimizes direct radiative heat transfer
across the cells. The effectiveness depends on cavity
dimensions, the emissive properties of the facing layers,
the direction of heat flow, e.g. horizontal or vertical, the
temperature difference and to a lesser extent the mean
temperature.

A reflective insulation system is different from most
conventional mass insulation materials and products in that
it:

(a.) is formed on-site as it is installed within the
structure; and

(b.) 1is a combination of air spaces bounded by a
highly reflecting surface within a cavity.
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IYPES OF REFLECTIVE INSULATION
There are several basic types:

(a.) aluminum foil;

(b.) aluminum foil-faced paper, paper product, or

plastic £ilm, with one or both exposed surfaces
being reflective;

(c.) a composite of flat foil-faced paper layers which

oveneg un in an accordion~like form with attach-
ocpeneg up in an agceorqalion=lixe 1o with attach

ment flange(s) to provide multiple reflective air
spaces; and

(d.) aluminum foil/polyethylene bubble pack combina-
tions.

These are normally supplied as rolls with widths designed
to fit over or between standard framing member spacings.
Some can also be cut to fit into cavities of smaller widths.
In addition, cellular plastic boards, may be supplied with
reflective foils adhered to one or both surfaces and can be
used in combination with an air space to augment system
performance. Aluminum is preferred to other metals both for
economic reasons and for its higher resistance to oxidation
and other effects caused by the environment. The specified
purity should be at least 99% and when used as a vapor
retarder, the water vapor permeance should be one perm or
less. Table 1 contains recommended minimum foil thicknesses

for foils used in specific reflective insulation systenm
applications.

Table 1, Minimum Thickness of Aluminum Foils

millimeter Inch
Exposed and unsﬁpported 0.010 0.0004
Unexposed and unsupported 0.009 0.00035
Bonded to substrate 0.006 0.00028

Building codes specify that reflective insulations like
mass insulation have to satisfy necessary surface burning
and other fire characteristics for their intended
applications. They must also satisfy criteria for mold and
mildew resistance, corrosion resistance, tear resistance,
pliability, and adhesive performance.
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WHERE REFLECTIVE INSULATION CAN BE USED

Since it is made for installation between or over
framing members, reflective insulation is applicable to
unfinished walls, in floors and ceilings in addition to many
commercial and industrial applications. Figure 3
illustrates these applications.

The thermal performance of a reflective system can be
varied by changing the number of enclosed reflective spaces
within the cavity. Most current reflective systems range
from a single reflective cavity to five cavities. These are
shown schematically in Figure 4. Products with more than
seven air spaces are available for higher thermal
performance needs such as those in office buildings and for
cathedral ceilings.

4
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(a.) flat roofs, (b.) sloping roofs,
(c.) walls, and (d.) floors
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In general, the five and seven layer systems are used
for cavities 5.5 inches or greater in depth. Since the
thermal performance is dependent on orientation and
direction of heat flow, a large variation in overall R-
values can be obtained with the different combinations.
(This is discussed in more detail in the section on thermal
performance.)

There are other beneficial considerations for using
reflective insulations. These relate to the fact that, in
general, they consist of materials having very low water
vapor and air permeances. When installed properly with
joints taped, they act not only as a thermal barrier but can
be both an efficient vapor retarder and an effective barrier
to air movement through the cavity. Since the reflective
system can act as a vapor retarder, care must be taken to
ensure that it is installed correctly within the structure.
Correct installation depends upon the climatic conditions
and moisture sources involved. Providing these factors are
considered, and appropriate installation ensures that all
joints and seams are butted against each other and taped or
overlapped and taped, the possibility of moisture
condensation within the cavity and resultant degradation in
performance will be minimized.

INSTALLATION OF REFLECTIVE INSULATIONS

Reflective insulations are products incorporating
trapped air spaces as part of their system. These air
spaces, which may be layered or closed-~cell, may result from
the way the product is manufactured or the way it is
installed. In either case, the advertised performance of’
the insulation requires that these air spaces be present
after the product is installed. The labeled R-values will
not be achieved if the product is not installed according to
the instructions of the manufacturer. The basic tools
required are a staple gun, coated staples, two inch minimum
or wider aluminum reflective tape, scissors or utility
knife, and a tape measure.

(a.) General Guidelines
As in any insulation installation, there should be a

pre~installation inspection to ensure that specific hazards,
including fire hazards, will not result from the following.
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excessive heat build~-up in recessed lights
lack of adequate attic ventilation
deterioration or failure of electrical wiring
deterioration in structural components
moisture accumulation

00000

Since reflective insulations involve metallic surfaces,
care must also be used to avoid direct contact with bare
electrical wires or fittings. Where heat build-up is
likely, appropriate blocking should be undertaken around all
heat producing devices in accordance with Department of
Housing and Urban Development Minimum Property Standards,
local building codes, and National Fire Prevention
Assocation Guidelines.

(b.) Specific Guidelines

The area (cavity) to be insulated should be measured
carefully and an appropriate length of insulation cut from
the roll, allowing 2 to 3 inches extra for turning down or
overlap where required. During installatioh, any
overlapping areas, minor cuts and tears, should be sealed
with aluminum reflective tape. A general rule for fastening
reflective insulations is to staple at 4 inch - 8 inch on
center, using a 5/16 inch - 9/16 inch leg, 9/16 inch crown,
corrosive resistant staplae.

Figure 5 illustrates a typical installation procedure
for a multilayer reflective insulation product including a
cap layer. Figures 6-10 illustrate a number of typical
installed applications for reflective insulations in the

building envelope.
PRODUCT. USES

The following are a number of applications where
reflective insulations can be used.

i a ons ctio
(New and Retrofit) (New and Retrofit)

Walls, floors, basements, Walls, floors, basements,
ceilings, roofs, and ceilings, roofs, and
crawl spaces crawl spaces

Other Uses
(New and Retrofit)
Walls, floors, roofs, Water heater covers, cold
and crawl spaces storage units, poultry and

livestock buildings, equip-
ment sheds, pipe insulation
and recreational vehicles
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STEP 1

1. Place a sheet of multifoll insulation st the top of
the joists and up against the purlin. Make sure
the sheet is butted against the purlin.

2. Staple aiong the top (about 3/4° down) across
the length at intervais recommended.

5. Extend the sheet and place it under the joist Be
sure that the sheet is flush, along the side, with
the joist Allow about two inches to turn downon
purlin and pull taut and staple to the bottom of
joist about three or four imes.

STEP 2

3. Lift and pull the material to the inside of opposite
joist Be sure the material is taut and flush with
the bottom of the joist 50 that layers are uniform.
Alter “butting” the material against the puriin,
staple scross the bottom. -

4. Place single foil sheet under the joist as shown
above. Be sure that it is flush with the side of the
joist Allow about 1 1/2” 10 turn down on purling
and staple to the bottom of the joist thres or four
times. Cross to the diagonal opposite comer.
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6. Extend the sheet and place it under the joist
Pull taut and staple three or four times. Place
the folded edge against the purlin and staple in
placa.

7. Cross to the diagonal opposite comer.

8. Extendthe sheet and place it under the joist Pull
aut and stapie to the underside of the joists three
or four times. Place the folded edge againstthe
puriin and staple in place.

9. Stapie slong edges st recommended distances
10 secure cormectl.

Figure 5

. Installation of Multilayer Reflective

Insulation Plus Single Layer Cap
System Typically Used in

?anell:l.zed Commeréial Roof Decks
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Figure 6

Typical Roof or Floor Application
(Single Layer or Bubblepack)

Staple ' /Ptywood Deck Roof or Subfico
> - TOLTRAY FOWL ; oist
- 771 Staple

SINGLE LAYER FOIL OR BUBBLEPACK ~8EY o

Figure 7

Typical Roof or Floor Application
(Multilayer) :

BUBBLEPACK
OR R
SINGLE LAYER 1k sotilicsensoress
APPLICATION : i 1] "ing’:,
&
Figure 8 Sreseapeinis

COncretznglg:)sce:::t :iii:m' Garage Trim out openings for doors and windows, leaving
approximately three inches of overlap. When windows
and doors are set, the overlap will compact to provide
an air-infiltration barrier.

Figure 9
Typical Bubblepack Wall Application
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Start at end of bay, staple to other end.

Snap open foil and attach from center of
bay to each end.

Staple from center of bay to each end.
Use mass insulation to £ill narrow stud bays
or bays obstructed with plumbing or electrical

runs. This must be of equal or greater
R-value as foil and must have vapor retarder.
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However you choose to use these products, it is very
important to follow the manufacturer's suggested method of
installation and safety advice. If you have any questions
about using or installating these products, the
manufacturers or their representatives should be contacted.

THERMAL PERFORMANCE OF REFLECTIVE INSULATIONS

To be effective for any orientation and heat flow
direction, low emittance reflective materials must form a
series of essentially parallel air spaces. Installation
should ensure that all surfaces remain tautly stretched
between their supports such that they do not touch each
other. All reflective surfaces should be free of paint,
grease, dust, and wmoisture, all of which reduce
effectiveness by increasing the emittance. Since aluminum
reacts the alkalis and acids, the metal surfaces must not be
allowed to come into contact with, for example, wet plaster
unless protected by a coating. Finally, since the
insulation system consists essentially of still air spaces,
circulation of air between cavities particularly at the ends
of the reflective system installation, must be avoided.
This is accomplished by taping with reflective foil or
folding over the ends.

The thermal performance of any thermal insulation is
described in terms of an R-value at 24°C (75°F):; the higher
the value the better its thermal insulation performance.
The minimum R-values recommended for different building
envelope applications in the USA are given in the Department
of Energy "Insulation Fact Sheet." Higher 1levels are
written into the energy codes in particular areas, for
example the Northwest Energy Code. These levels can be
obtained with the various mass and reflective type products
currently available.

To satisfy the requirements of the Federal Trade
Commission .Home Insulation Rule, manufacturers must include
R-value information not only on the product itself but in
all product literature. This makes it easier to compare the
performance of the various insulation types. For reflective
insulation products to be compared on the same basis as mass
type insulation, it is necessary to obtain the R-value for
the insulated region (cavity R-value).

As will be shown later in Table 2, the thermal
performance of a reflective insulation depends on the
application, orientation and the heat flow direction. When
a reflective insulation is installed, various factors
including the number of reflective air spaces, the aspect
ratio in the cavity (height to thickness), the emittance of
all surfaces, the mean or average temperature, the
temperature difference across the cavity, which in turn,
affects that across each air space, and the thermal
properties of the framing members all influence its thermal
performance. Thus, the R-value of the reflective insulation
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product is determined usually from the results of tests
undertaken on the installed system under conditions where
the above parameters are representative of the application.

These system tests are carried out using either the
standard C-236 guarded hot box or C~976 calibrated hot box
test methods developed by the American Society for Testing
and Materials (ASTM). The contribution of the framing
members and the inner and outer restraining materials
(sheathings) is then determined ' using an accepted
calculation method developed by American Society of Heating,
Refrigerating and Air Conditioning Engineers (ASHRAE) using
measured or handbook properties for the components of the
system. The R-value of the reflective product alone is
obtained by correcting the measured value for heat flow
through framing members and subtracting the thermal
resistance of any sheathing. Alternatively, the FTC rule
allows the R-value of the reflective system alone to be
derived using standard ASHRAE calculation procedures and
measured emittance values for the different materials. The
emittance values are measured using the ASTM E-408 method.

Experimental values of cavity thermal resistance of
some reflective systems are shown in Table 2. These were
obtained as part of a research study initiated by the
Department of Energy to investigate the gquantitative effects
of the major parameters discussed earlier. The study
included validation measurements on some currently used
systems for horizontal and vertical applications. The test
systems consisted of 0.25 inch plywood sheathing on both
sides of wood and cellular plastic studs. The cavity R-

values are for a 30°'F temperature difference across the
cavity.

These thermal performance values should be used for
comparison and design purposes whenever the specific system
and the particular application apply. However, since it is
not feasible to generate experimental results for all
systems and applications, the above values may also serve as
one check on the validity of other measured or calculated
values for the same systems. They may also be used in the
first instance to check the reasonableness of measured or
calculated values for other installed reflective systems.

SUMMARY

This booklet contains detailed information concerning
reflective insulation systems used in buildings for
conserving energy. Subjects covered include the theory of
operation, the types and forms of materials used,
installation guidelines and instructions, thermal
performance and factors influencing performance and results
of tests on three systems.
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TABLE 2

MEASURED CAVITY R-VALUES OF BUILDING ENVELOPE
SYSTEMS CONTAINING LOW EMITTANCE AIRSPACES

Cavity R-Value,
hr ft~2 F/Btu

|

|

|

|
| | |
| Heat Flow { 2 x4 inch ] 2 x 6 inch
] Direction | Cavity { Cavity
| I ]
| | {
| System A | |
| up | 2.0 | 1.9
| DOWN | 7.9 | 7.4
| HORIZONTAL | 2.6 | *
| | |
| | |
§ System B | |
| uP { * | *
| DOWN | * | *
| HORIZONTAL | 4.7 { *
I I !
I | t
| Systenm C | |
I up | * | *
| DOWN | * | 16.8
| HORIZONTAL | 6.0 | *
I I ]

——— —— — — — —— — ——— —— t— — {— S —— ——— \— S So—— — it Wt i

Consult manufacturer's literature for data on
systems designated with an (*) and for other
systems not included in this Table.
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Appendix A
Radiative Heat Transfer

Radiant energy (electromagnetic waves) is emitted by
all bodies or surfaces that are at a temperature above
absolute zero (=273°C, or =459°'F). This energy is then
transmitted across space until it is received by another
body or surface. Part of the radiant energy is absorbed and
converted into heat, the rest is either reflected from or
transmitted through the body. Any net energy transfer is
always from the hotter to the colder body. The hot and cold
bodies may be the sun and the earth (93,000,000 miles apart)
or the two surfaces of a wall cavity (only a few inches
apart). The radiative heat transfer rate is not affected
appreciably by the distance between hot and cold surfaces.

Radiation is said to be generated by the process of
emission. The conversion of radiation into heat is called
absorption. Those waves not absorbed undergo reflection or
transmission ‘

The emissivity (emittance)* (e) of a body is defined as
the ratio of the radiant flux emitted by a body to the
radiant heat flux emitted by a black body at the sanme
temperature under the same conditions.

Emittance indicates the relative amount of radiation
absorbed by a surface compared to a black body under
identical conditions. A black body or surface absorbs all
the radiation it receives. It does not reflect or transmit
any, and is defined as having an emittance of unity. Thus,
all other surfaces will have an emittance of less than one.
For any given wavelength, the emittance of a body is equal
to the absorptance of that body.

Table Al contains emittance and reflectance values for
typical materials used in building construction. It is seen
that polished metals such as aluminum and copper have much
lower e-values than the other material surfaces.

*Emittance is the term applicable to surface properties of a
material when it is used in the normal environment.
Enissivity is applicable to a material when used in a
vacuum, non-contaminating atmosphere.
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Iable Al. Emittance and Reflectance Values for Typical
Buildi | {2l

Emittance = Reflectance

Aluminum (Polished, Foil) <0.05 >0.95
Copper (Polished) <0.05 >0.95
(Tarnished) >0.70 <0.30
Iron 0.2 - 0.25 0.8 - 0.75
Rusty 0.80 - 0.85 0.20 - 0.15
Steel (Polished) 0.07 0.93
(Polished Sheet) 0.20 0.80
Asphalt 0.90 - 0.98 0.10 - 0.02
Brick 0.93 0.07
Concrete 0.85 - 0.95 0.15 - 0.05
Glass (Including Uncoated 0.95 0.05

Products)

Paint, Ordinary Including
White and Enamel
Aluminum, Gilt, etc.
Whitewash

0.85 - 0.95
0.40 ~ 0.60
0.85 - 0.95

0.15 - 0.08
0.60 - 0.40
0.15 - 0.05

Varnish 0.89 0.11
Paper (Including Uncoated 0.80 - 0.94 0.10 - 0.06

Products) i
Plastics 0.90 - 0,93 0.10 - 0.07
Plaster 0.93 0.07
Wood 0.75 - 0.92 0.25 - 0.08

Since all radiative heat must be absorbed or reflected
or transmitted the quantity absorbed plus that reflected and
that transmitted must be equal to the amount received.

Absorptance, a, is defined as the ratio of the radiant
flux absorbed by a body to that incident upon the body.

Reflectance, r, 1is defined as the ratio of the
reflected flux to that incident on the body.

Transmittance, T, is defined as the ratio of
transmitted radiant flux through the body to
incident radiant flux on the body.

the
the

Q= g = Jerer (1a)

a+r+r=] (1b)

A material which is a good reflector is a poor emitter.
For an air space, the rate of heat transfer by radiation is
independent of whether the reflective surface is on the hot
or cold side. If a reflective surface is mounted on a non-
reflective material which first receives heat, its 1low
emittance is as effective as its high reflectance would be
if heat were received on its highly reflecting face. This
is illustrated in Figure Al.
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(a.) reflecting surface facing radiation source
(b.) emitting heat from other direction

All surfaces, regardless of their temperatures, radiate
and receive heat by radiation. Heat transfer due to
radiation is dependent upon the temperatures of the two
bounding surfaces and their emittances. Only the net heat

transfer between two surfaces is important. This heat
transfer between two parallel surfaces of the same area is
given by
= EoA (T,% - 7,4
qr 1 2) (2)

d, is heat transferred by radiation
A is the surface area

T, and T, are absolute temperatures of radiating and
reéceiving surfaces, respectively.

o igxihe Stefan Boltzmann constant (5.68 x 108
W/m )

E is the effective emittance.

The E value is a combination of the individual
emittances €¢; and e, of the two surfaces. Equation 3 is an
example for large planar surfaces and the geometry of the
systen.

i
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is

§333

E= (3)

1
+ -1

e e2
These equations provide radiative heat transfer values

for a reflective air space. The total heat flow is obtained

by adding conduction and convection heat transfer to these
values.

Using these equations and comparing results of
conduction and convection transfer, it is found that
radiative heat transfer is the dominant mode for typical
temperature conditions experienced by the building envelope.
For hot climates or typical summer conditions, over 80% of
the total heat transfer across an empty cavity is by
radiation, whereas for cold climate and typical winter
conditions, this reduces to approximately 60%. This is
illustrated in Figure B2.

Heat Flow Heat Flow Heat Flow
Down Up Horizontal

THT

-

33383533333

In all cases, the conduction contribution is somewhat
less than 10% with convection and radiation providing the
remainder. However, due to the effects of convection within
the cavity, there is a directional effect. For the same
temperature conditions, the total heat transfer for heat
flow up is higher than that for the heat flow down and
intermediate for the horizontal heat flow.

The thermal performance of a reflective thermal
insulation depends upon reduction of radiant heat transfer
across air spaces by using of one or more surfaces of high
reflectance and 1low emittance. The highly reflective
surface(s) are mounted within the cavity such that distinct
air spaces are formed. Radiative heat transfer is thus
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within the cavity. A reflective insulation system can be
used separately or in combination with one or more mass type
materials.

213



Appendix B
Information Services
Additional and more detailed information concerning
reflective thermal insulation in particular and energy

conservation in buildings in general is available from the
following sources.

(A.) ORGANIZATIONS PRODUCING OR MARKETING REFLECTIVE
INSULATIONS
Alfol Inc., P.O. Box 7024, Charlotte, NC 28217.
(704)-588-2170.

Compac Corp., 0ld Flanders Road, Netcong, NJ 07857.
1-(800)-631~9347.

Denny Sales Corporation, 3121 S.W. 15th Street, Pompano
Beach, FL 33069. 1-(800)-327-6616.

Eagle Shield, 2006 North Highway, 360 Grand Praire, TX
75050. (214)-641-9655.

Enerqgy Saver Imports Inc., P.0O. Box 387, Broomfield, CO
80020. (303)-469-1787..

Fi-Foil Co., Inc., P.O. Box 7046, Auburndale, FL 33823,
(813)-965-1846.

Innovative Energy, Inc., 1119 West 145th Avenue, Crown
Point, IN 46307. (219)-662-0737.

Lamotite, Inc., 2909 E. 79th Street, Cleveland, OH 44104.
(216)-883-8484.

Lamtek Corp., P.O. Box 37, Flanders, NJ 07836.
(201)~-584-3300.

Parsec, Inc., P.O. Box 38534, Dallas, TX 75244.
(214)~-681-1481.

Princeton Packaging Inc., 1424 Proton Road, Dallas, TX
75244. (214)-387-0700.

Reflective Insulation Mnaufacturers Association (RIMA),
661 East Monterey, Pomona, CA 91767. (714)-620-8011.

Reflectix Inc., P.O. Box 208, Markleville, IN 460S56.
(317)-533-4332.
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R-Fax Technologies, Inc., 661 East Monterey, Pomona, CA
91767. (714)-622-0662.

Roy and Sons, 1135 East Woodlawn Street, Ontario, CA 91761.
(714)~923-8558.

Simplex Products Division, P.O. Box 10, Adrian, MI 49221.
(517)-263-8881.

Superiof Aluminum Insulation, Inc., 6441 Roland Street,
Buena Park, CA 90621. (714)~994-4641.

(B.) OTHER REFERENCE SOURCES

U.S. Department of Energy

Office of Scientific and Technical
Information

P.O. Box 62

Oak Ridge, TN 37830

National Appropriate Technology
Assistance Service

U.S. Department of Energy

P.0. Box 2525

Butte, MT 59702~2525

Telephone: 1-800-428-2525

1-800-428-1718 (In Montana Only)

Conservation and Renewable Energy
Enquiry and Referral Service
P.O. Box B900

Silver Spring, MD 20907
Telephone: 1-800-523-2929 or 1-800-233-3071

Florida Solar Energy Center
300 State Road 401
Cape Canaveral, FL 32920-4099

National Association of Home Builders
15th & M Streets NW

Washington, DC 20005

Telephone: 202-822-0200

U.S. Department of Commerce

National Technical Information Service
5285 Port Royal Road

Springfield, VA 22161

Insulation Contractors Association of America .
15819 Crabbs Branch Way

Rockville, MD 20855

Telephone: 301-926-3083
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National Institute of Building Sciences
1015 Fifteenth St. NW, Suite 700
Washington, DC 20005

Telephone: 202-347-5710

(C) RUBLICATIONS

The following publications offer specific information
on the costs, savings factors, and installation methods of
energy-saving home improvements:

Available from:

Superintendent of Documents
U.S. Government Printing Office
Washington, DC 20402

e mney*#*
U.S. Dept. of Housing and Urban Dev.
Stock No. 023=-000-00411-9
Price: $3.00

e S Ene o] s
in_Home Heating and Cooling

U.S. National Bureau of Standards
Stock No. 003-003-01446-0
Price: $2.75

Find and Fix the s; id o Air
nfiltrati Reduct ]
U.S. Dept. of Enerqgy

Stock No. 061-000-00538-2

Price: $2.50

eat Recove Ve [s) ousin
E 509~

U.S. Dept. of Energy

Stock No. 061-000-00631-1

Price: $2.25

Available from:

Small Homes Council
Univ. of Illinois

One East St. Mary's Road
Champaign, IL 61820

Energy Package-A group of

eight publications pertinent

to energy publications pertinent
to energy use and conservation in
homes. Price: $3.00
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More for Your Monev-Home Eneray

Savi el

Price: $2.50

Available from:

Mineral Insulation Manufacturer
Association

1420 King Street, Suite 410

Alexandria, VA 22314

How to Save Money by Insulating

Your Home

Price: $.50

Insulation Manual: Homes

Apartments
Price: $3.00

#*This publication also available
as a reprint titled "Insulate
Your Home and Save Fuel," from
Dover Publications, Inc., 180
varick St., New York, NY 10014
Price: $2.75
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ADVISORY PANEL AGENDAS, MEETING MINUTES, AND BALLOTING
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"

MINUTES OF
FIRST REFLECTIVE INSULATION ADVISORY PANEL MEETING

KING EDWARD HOTEL
TORONTO, ONTARIO
11 OCTOBER 1987

MEMBERS IN ATTENDANCE:

Mr. Monty Millspaugh Reflectix, Inc.

Dr. John Mumaw Owens-Corning Fiberglas

Mr. Roy Akers Roy and Sons, Inc.

Dr. Gerry Miller Jim Walter Research Corporation
Mr. Joe Flores Bonneville Power

Mr. Paul Juneau Alfol, Inc.

pr. David McElroy Oak Ridge National Laboratory
Dr. Ken Wilkes oak Ridge National lLaboratory
pr. David Yarbrough Tennessee Tech University

Mr. Andre Desjarlais

GUESTS IN ATTENDANCE:

Dynatech Scientific, Inc.

Mr. Eric Carson R-Fax Technologies, Inc.
Mr. Floyd England Consultant

Mr. James Hall TVA

Mr. Bowen Hyma Energy Saver Imports, Inc.
Mr. Leif Isaksen ' ACES, Inc.

Mr. Foster Renwick Alfol, Inc

221



The Advisory Panel met on Sunday, 11 October 1987 at

14:00. Ten members and six guests registered their
attendance.

Dave Yarbrough reviewed the history of attempting to
develop an ASTM Standard Specification for reflective
insulations and what the Department of Energy and oOak
Ridge National Laboratory had done in an attempt to remove
the roadblocks which were impeding progress on this issue.
The purpose and reasons for funding the experimental
effort were outlined.

Andre Desjarlais presented an overview of the experimental
program, its goals, the specifics of the experimental
plan, the schedule, and the underlying assumptions which
were made prior to the generation of the test plan. A
listing of the goals, assumptions, experimental plan, and
schedule was given to the attendees, and a copy is
attached to these minutes.

The floor was opened for discussion regarding the validity
of the experimental plan vis-a-vis its goals. The
following comments were recorded:

1. Philip Fairey pointed out that the proposed
temperature levels for the experiments did not include
levels that are typical for southern climates.

2. Mr. Fairey also remarked that the range of airspace
aspect ratios did not extend up to 125 which is a typical
value for reflective airspaces used in conjunction with
pasonry walls.

3. Mr. Akers and Mr. Juneau both commented on their
concern about performing steady-state measurements when
the real application of reflective insulations are under
dynamic conditions. Is steady-state thermal performance
data similar to dynamic thermal performance data?

4. John Mumaw recommended that an experiment performed
early during the program be repeated at the conclusion of

the experimental phase to supply a comparison of data
during the course of the program.

5. John Mumaw's second comment was that the selected test
specimen configurations were limited to three layers (four
airspaces) and did not include any examples of systems
with a very large number of foils and airspaces.
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6. Gerry Miller suggested that the experimental plan be
modified to include more vertical heat flow up experiments
because the bulk of the vertical heat flow experiments in
the original test plan were to be performed with heat flow
down.

The possibility of an additional meeting was discussed.
The necessity for this meeting is due to the fact that a
significant amount of the experimental work would be
completed prior to the next ASTM C16 meeting in April and
gseveral members expressed their desire to review the test
data sooner. It was proposed that the Advisory Panel meet
in Boston in 1late January/ early February for this
purpose.

The meeting was adjourned at 16:00.
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FIRST REFLECTIVE INSULATION ADVISORY PANEL MEETING
11 OCTOBER 1987

PROGRAM GOALS

THE PROGRAM IS DESIGNED TO SUPPLY INPUT TO AID IN ADDRESSING THE
FOLLOWING ISSUES AND QUESTIONS.

1. QUANTIFICATION OF FACTORS AFFECTING THE THERMAL PERFORMANCE
OF REFLECTIVE INSULATIONS.

DATA WILL BE GENERATED ON REFLECTIVE INSULATIONS AS A
FUNCTION OF HEAT FLOW DIRECTION, ASPECT RATIO, CAVITY
EMITTANCE, STUD THERMAL RESISTANCE, AIRSPACE TEMPERATURE,
AND TEMPERATURE DIFFERENCE.

2. HOW SHOULD R-VALUES BE MEASURED IN THE LABORATORY.

COMPARISON OF DATA GENERATED ON THE EFFECTS OF THE
PARAMETERS LISTED ABOVE WILL IDENTIFY THE SENSITIVITY OF
R-VALUE TO VARIATIONS IN THESE PARAMETERS AND IS LIKELY TO
DICTATE THE PARAMETRIC WINDOWS THAT SHOULD BE SPECIFIED IN
THE LABORATORY TEST METHOD. INTEGRATION OF R-VALUE DATA
OVER TYPICAL DIURNAL CYCLES WILL SUGGEST REPRESENTATIVE
TEMPERATURE/ TEMPERATURE DIFFERENCE COMBINATIONS FOR THE
LABORATORY EXPERIMENT.

3. VALIDATION OR REVISION OF PREDICTION METHODS FOR THERMAL
PERFORMANCE.

ADDITIONAL THERMOMETRY APPLIED INSIDE THE TEST PANELS WILL
ALLOW FOR THE EVALUATION OF ASSUMPTIONS THAT ARE MADE WHEN
USING SIMPLE ANALYTICAL MODELS WHILE THE PRESENT PROGRAM
WILL CREATE THE REQUIRED DATA BASE FOR THE DEVELOPMENT OF
A MORE SUITABLE (MULTI-DIMENSIONAL HEAT FLOW) MODEL.

4. RELATIONSHIP BETWEEN LABORATORY MEASUREMENTS AND THE THERMAL
RESISTANCE OF THE MATERIAL USED IN BUILDING APPLICATIONS.

THE DEVELOPMENT OF AN ACCURATE MODEL COUPLED WITH THE
PARAMETRIC STUDY OF R-VALUE AS A FUNCTION OF TEMPERATURE
AND TEMPERATURE DIFFERENCE WILL YIELD INFORMATION
REGARDING FIELD PERFORMANCE.

224



5. IDENTIFICATION OF A METHOD FOR EVALUATING FIELD PERFORMANCE
AND SPECIFIC CIRCUMSTANCES WHEN MASS OR REFLECTIVE
INSULATIONS ARE PREFERABLE.

KEY INFLUENCES ON THE THERMAL PERFORMANCE OF REFLECTIVE
INSULATIONS WILL BE QUANTIFIED AND KNOWLEDGE OF THE

MAGNITUDE OF THESE INFLUENCES WILL AID IN THE DESIGN OF A
TEST METHOD FOR DETERMINING FIELD ORMANCE AND SUGGEST
WHEN ONE INSULATION TYPE MAY BE PR
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FIRST REFLECTIVE INSULATION ADVISORY PANEL MEETING
11 OCTOBER 1987

BASIC TENETS OR BOLD ASSUMPTIONS

REFLECTIVE INSULATIONS LACK GENERAL ACCEPTANCE BECAUSE
ASSOCIATED THERMAL RESISTANCE VALUES ARE UNCERTAIN.

REFLECTIVE INSULATIONS AND THEIR ENVIRONS FORM AN INSULATION
SYSTEM THAT MUST BE EVALUATED AS A SYSTEM.

CONSENSUS STANDARDS FOR THE DETERMINATION OF THERMAL
PERFORMANCE DO NOT EXIST. AREAS OF DISAGREEMENT INCLUDE
WHETHER "MATERIAL" OR "“SYSTEM" THERMAL PERFORMANCE SHOULD BE
REQUIRED, WHAT SYSTEM SHOULD BE TESTED, AND HOW TO SEPARATE
“MATERIALY PERFORMANCE FROM "SYSTEM" PERFORMANCE SO THAT
DIRECT COMPARISONS CAN BE MADE WITH MASS INSULATIONS.

THE DEVELOPMENT OF AN ACCURATE MODEL IS ESSENTIAL.

A. ASSISTS IN ELIMINATING THE WIDESPREAD USE OF SIMPLE
INACCURATE MODELS PRESENTLY IN USE.

B. REDUCES THE PROHIBITIVE TESTING COSTS INVOLVED IN
PERFORMING A LARGE NUMBER OF LARGE SCALE TESTS BY BEING
USED TO PREDICT THERMAL PERFORMANCE OF REFLECTIVE
INSULATIONS INSTALLED IN OTHER SYSTEMS AND IN-SERVICE.

C. CAN BE USED TO SEPARATE "MATERIAL"™ PERFORMANCE FROM
"SYSTEM" DATA.

THERE IS A LACK OF DETAILED EXPERIMENTAL DATA IN THE
LITERATURE TO SUPPORT THE DEVELOPMENT OF AN ACCURATE MODEL
AND WHAT DATA IS AVAILABLE IS SOMETIMES CONTRADICTORY.

ASTM HOT BOX TESTING CAN ADEQUATELY MEASURE THE STEADY-STATE
THERMAL PERFORMANCE OF BUILDING SYSTEMS. ’

THERMAL PERFORMANCE OF REFLECTIVE INSULATIONS IS A FUNCTION
OF HEAT FLOW DIRECTION, GEOMETRY, CAVITY EMITTANCE,
TEMPERATURE DIFFERENCE, MULTI-DIMENSIONAL EFFECTS, AND
SURFACE TEMPERATURE GRADIENTS.
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FIRST REFLECTIVE INSULATION ADVISORY PAKEL MEETING
11 OCTOBER 1987

SUMMARY OF TASKS -

FABRICATE TEST PANELS CONSTRUCTED WITH MATERIALS THAT HAVE
BEEN ANALYSED FOR THERMAL RESISTANCE (C518, F433) AND
EMITTANCE.

INSTALL INSTRUMENTATION IN TEST PANELS TO MEASURE IN’I‘ERNAL
TEMPERATURE FIELDS.

PERFORM ASTM C236 TESTS ON PANELS IN ACCORDANCE TEST MATRIX
OUTLINED IN TABLE 1. T

ANALYSE TEST DATA TO ADDRESS PROGRAM GOALS.

DRAFT A BOOKLET IN LAYMAN'S TERMS WHICH SUMMARIZES THE
EXPERIMENTAL FINDINGS TO ILLUSTRATE THE 'FACTORS WHICH
CONTRIBUTE TO THE EFFECTIVE DESIGN AND PERFORMANCE OF
REFLECTIVE INSULATION SYSTEMS.

ISSUE FINAL REPORT.
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TABLE 1
SUMMARY OESCRIPTION OF TEST PANELS AND CONDITIONS FOR
GUARDED HOT BOX STUDY

| | | |
PANEL | # OF | MEAT FLOW | #OF | | FRAME | ASPECT | DELTA ¥/ | AIRSPACE | COMMENTS :
RO. | TESTS | OIRECTION | AIRSPACES | E | MATERIAL | RATIO | AIRSPACE | T mesn | ]
| | l I ] ] | ! | {
I I ! I I ] | ! I I
R ] 5 | MORIZONTAL | 1 | 0.05 | €S | % | 10-50F | SOF | IDEALIZED CONFIGURATIONS 10 SIMULATE |
18 | 5 | HORIZONTAL | j .05 | EPS | 28 | 10-50F | SOF | TEST PANELS IN NBS WORK, |
} | (| { i | } ] } 1
I | | ! | | I I i |
24 | 6 ] HORIZONTAL | 1 | 6.63 | w00 | % | 10-50F | 50,75F | THE SERIES A AND B PANELS ARE 1
W ] 6 | NORIZONTAL | 2 § 003 | WO | 2 | 5-50F | 35:100F | IDEALIZED CONFIGURATIONS. SAMPLES 2¢)
26 | 6 | MORIZONTAL | 4 ] 0.05 | w00 | 56 [2.5-12.5F | 30-95F | AND 3C INCORPORATE A COMMERCIAL {
] l ] I | | ! | | PRODUCT. TEST SERIES 2 AND 3 ARE |
{ i | | { | { | | IDENTICAL EXCEPT FOR FRAMING WATERIAL)
3A | 6 | MORIZONTAL | 1 | 0.03 | EPS | 16 | 10-SOF | SO,7SF | 7O TEST TME EFFECT OF FRAME |
38 | 6 | HORIZONTAL | 2 }] 0,03 | EPS | 28 | 5-50F | 35-100F | CONDUCTANCE. }
3¢ | & | HORIZONTAL | 4 | 005 | EPS | 56 |2.5-12.5F | 30-95F | i
] | | ] i | | | ] 1
! 1 ] | I ! 1 i i |
A | v | HORIZONTAL | 1 | o.82 | e&rs |- WA | S50F | 75F | SAME AS PANELS 24 AND 3A VITH A maSS |
& | 1 | HORIZOWTAL | 1 ] 0.82 | w0 | N/A ] 50F | TSF | INSULATION IN CAVITY FOR FOR |
| | | | | | | | | COMPARATIVE PURPOSES. |
) | | | | I | | | i
| ! ! ! | | ! ] ] |
MA | 12 jupsoow | 1 | 005 | ES | & | 10-50F | SO,75F | IDEALI2ED CONFIGURATION TO SIMAATE |
| | | ) | | | | | TEST PANELS IN NBS WORK, |
) i ) | 1 1 i { i 1
| | | [ | | | | | l
124 | 12 |[wsoow | 1 | 0.0 | wooo | 9 | 10-50F | SO,75F | THE SERIES A PANELS CONTAIN A SINGLE |
12 | 6 | oom | 4 | .05 | wood | 35 [2.5-12.5F | 30-95F | AIRSPACE OM 216 STUDS, THE SERIES 8 |
L I I | w | 1 | 0.82 | wood | N/A | SOF | 7TSF | PANELS INCORPORATE A THREE-FOIL |
] | | I i I | I | COMMERCIAL PRODUCT, WHILE THE C |
{ | { } i { | | | PANELS COMTAIM MASS IMSULATION. TEST |
132 ] 12 |uwsoowW | 1 ] 0,05 | EPS | 9 | 10-50F | S50,7SF | SERIES 12 AND 13 ARE IDENTICAL |
138 | 6 | ovowm |} 4 ] 0.05 | EPS | 35 ]2.5-12.5F | 30-95F | EXCEPT FOR FRAMING MATERIAL 10 TEST |
17 | 1 w | 1 | 082 | ES | N/A | 50F | 7TSF | TYHE EFFECT OF FRAME CONDUCTANCE. |
i | i i | ) ! | I |
NOTE: A TOTAL OF 98 TESTS TO BE CONDUCTED OM 17 DIFFERENT PANELS.
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AGENDA

SECOND REFLECTIVE INSULATION ADVISORY PANEL MEETING

18 FEBRUARY 1988 @ 9:30 - 15:00
DYNATECH SCIENTIFIC, INC
CAMBRIDGE, MA

1. REVIEW OF MINUTES FROM FIRST MEETING
2. RESPONSE TO ADVISORY PANEL COMMENTS
3. PRESENTATION OF EXPERIMENTAL DATA

4. DATA ANALYSIS PRESENTATION

5.  LUNCH

6. TOUR OF LABORATORY FACILITIES
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MINUTES OF
SECOND REFLECTIVE INSULATION ADVISORY PANEL MEETING

DYNATECH SCIENTIFIC, INC.
CAMBRIDGE, MA-
18 FEBRUARY 1988

MEMBERS IN ATTENDANCES

Mr. Roy Akers R-Fax Technologies, Inc.

Mr. Andre Desjarlais Dynatech Scientific, Inc.

Mr. Joe Flores Bonneville Power Administration
Mr. Kent Howerton - Federal Trade Commision

Mr. Paul Juneau Alfol, Inc.

Dr. David McElroy Oak Ridge National Laboratory
Dr. Gerry Miller Jim Walter Research Corporation
Mr. Monty Millspaugh Reflectix, Inc.

Dr. John Mumaw Owens-Corning Fiberglas

Dr. David Yarbrough Tennesses Tech University

GUESTS IN ATTENDANCE:

Mr. Bowen Hyma Energy Saver Imports, Inc.
Mr. Brian Robichaud Dynatech Scientific, Inc.
Dr. Stephen Smith Dynatech Scientific, Inc.
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2.5

The Advisory Panel met on Thursday, 18 February 1988 at

9:30. Ten members and four guests registered their
attendance.

A. Desjarlais circulated a revised copy of the minutes of
the first meeting for final review and comment. P. Juneau
voiced concern regarding the portion of the minutes that
discusses reflective insulation as part of a system and
the requirement of systems testing and R. Akers wished to
reserve judgement to a later time. G. Miller noted that
the test matrix still contained errors. A Desjarlais will
correct the errors in the test matrix and circulate a
final copy of the minutes.

A. Desjarlais discussed the list of comments received
from members of the Advisory Panel regarding the validity
of the test plan in addressing the goals of the
subcontract. The specific topics that were brought up
fall into two general categories: the completeness of the
test plan and the applicability of steady~state
experiments in predicting actual in-service performance.
Additional comments were recorded: .

b G. Miller suggested an experiment on a 8 foot high
airspace to test for height as well as aspect ratio.

2. L. Glicksman recommended an experiment where the
emittance of the stud material was vayied to determine
the radiative interaction between the stud and cavity.

3. J. Mumaw recommended that an experiment be performed
to determine the effect of fasteners on the thermal
performance of the test panels since different

fasteners were being used for the wood and XEPS stud
systens.

It was proposed that a summary of all - comments be
_circulated to the Advisory Panel for comment and priorty
ranking. An estimate of the effort that should be
expended was also requested. A. Desjarlais will
circulate this 1list by 7 March 1988 and requested that
responses be forwarded by 1 April 1988 so that they can be
tabulated and presented at the next Advisory Panel
meeting.

It was reported that the NBS had proposed to ASHRAE to
perform a study on reflective insulation systems which
would include experiments that were complementary to work
being performed under this subcontract. R. Akers
volunteered to seek NBS approval to release this document
to the members of the Advisory Panel for their review.
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D. Yarbrough reported that an experiment to measure the
thermal performance of a reflective insulation system
under a dynamic cycle is going to be performed by Paul
Shipp of ORNL using their climatic simulator. A quadrant
of the 13 foot square test sample is comprised of 2 X 8
studs sixteen inches on center with a reflective foil on
one side. Two adjoining central cavities are to be
instrumented with heat flux transducers and temperature
sensors. Steady-state and dynamic experiments are
planned. The selection of the large airspace thickness is
to extend the present data base to larger Rayleigh Numbers
for the heat flow down configuration. It is also planned
to insert a reflective foil at the midplane to more
closely approximate the experiments being performed in
this subcontract. R. Tye expressed concern regarding the
potential for heat transfer between adjacent quadrants in
the test sample.

A discussion regarding the meaning of "“dynamic" thermal
performance followed D. Yarbrough's presentation. It is
generally agreed that there would be some effect due to
the continuous change in the temperature difference across
the reflective airspace but some members of the panel feel
that the difference between steady-state and dynamic
testing will be more significant than that.

A. Desjarlais presented thermal resistance data on the
building materials used to construct the test panels and
the mass insulations used in the mass-insulated test
panels. J. Mumaw suggested that the mass insulation from
the entire metering section be measured for density.

A test panel that will be used for the vertical heat flow
experiments was described in detail. The test panel was
open so that the panel members could view the internal
instrumentation. Methods for attaching the sheathing to
the wood studs (metal screws) and XEPS studs (nylon
threaded rod) were discussed. Because of the difference
in attachment techniques, J.Mumaw recommended that an
additional experiment be considered to quantify the effect
of tasteners.

Copies of the "data sheets® and thermal performance
*summary sheets® were circulated to the members. The data
sheet contains the average output of each individual
sensor for the test in question. Because of the number of
temperature sensors involved in the testing, it was
suggested that a sensor "map" be made available to the
panel. The summary sheets contain the average air and
surface temperatures for the test panel, cavity, and stud,
the heat flux, the measured R-Value of the test panel,. and
the calculated R-Value of the cavity using the
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experimental test pansl data and the ASHRAE isothermal
planes model or a parallel path model which utilizes the
measured temperature differences and the R-Value of the
stud to determine the heat flux through the stud. For

comparison, the R-Value of the cavity predicted by NBS
HRP32 is supplied.

A preliminary review of the test data suggested to several
members of the panel that the correction for heat flux
through the wood stud appeared to be too small and that
possibly the metal screws vere responsible.

R. Tye requested that the reflective insulation
manufacturers forward any informantion they have regarding
the application and installation of reflective insulations
for inclusion into the handbook. An outline of the
handbook will be discussed at the next meeting. o

The next meeting of the Advisory Panel has been scheduled
for 14:00 on 17 April 1988 at Radisson Hotel Atlanta.

The guarded hot boxes were inspected by the panel and a
cursory tour of the laboratory was given.

The meeting adjourned at 14:1S.
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REFLECTIVE INSULATION ADVISORY PANEL
BALLOT

PRIORITIZATION OF IDENTIFIED AREAS OF ADDITIONAL WORK

ITEM TASK PRIORITY EFFORT
ARRARAR ARRRRAARRAARRARARARRRARRRRRARRARRRRNRANRRRARARARNRDIRNNRRE ANRA RN RER Ahhhbad
1 Temperature levels not typical of southern climates.
Perform tests at higher mean temperatures. ( ?# €236
tests).
2 Testing does not cover entire range of aspect ratios.
Perform tests with an aspect ratio of 125. (?# C236
tests).

3 Repeat an experiment at the end of the program to
determine reproducibility. ( 1 C236 test).

4 Experimentation limited to three foil systems. Testing
should include systems with a greater number of foils.
( What systems, ?# C236 tests).

5 Steady-state tests do not represent real applications,
Perform field experiments. ( What experiments, what
level of effort).

6 Bulk of vertical heat flow tests are with heat flow
down. Perform additional heat flow up experiments.
( ?# C236 tests).

7 A full height (8 foot) cavity should be tested to
compare with aspect ratio scaling. (?# C976 tests).

8 Measure radiative interaction with stud by varying
stud emittance. (?# C236 tests).

9 Determine the effect of fasteners used in the test
panel construction by testing a panel with two
fastening systems. (1 C236 test).

10 New item.

X ARERARARAARRARAARNNRARRRRARRNR

*+ Return by 1 April 1988 to: + Andre Desjarlais

k RRRRARRRRREARMRASRARRARARA IR Dynatech Scientific, Inc.
99 Erie Street
Cambridge, MA 02139
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AGENDA

THIRD REFLECTIVE INSULATION ADVISORY PANEL MEETING

17 APRIL 1988 @ 14:00 ~ 16:00
RADISSON HOTEL ATLANTA
ATLANTA, GA

1. REVIEW OF MINUTES FROM SECOND MEETING

2. DISCUSSION OF ADVISORY PANEL BALLOT

3. PRESENTATION OF EXPERIMENTAL DATA AND ANALYSIS
4. STATUS REPORT ON HANDBOOK
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MINUTES OF
THIRD REFLECTIVE INSULATION ADVISORY PANEL MEETING

RADISSON ATLANTA HOTEL
ATLANTA, GA.
17 APRIL 1988

MEMBERS IN ATTENDANCE:

Mr. Roy Akers R-Fax Technologies, Inc.

Mr. Andre Desjarlais Dynatech Scientific, Inc.

Mr. Roy Reinhart Bonneville Power Administration
Mr. Paul Juneau Alfol, Inc.

Dr. David McElroy Oak Ridge Naticnal Laboratory
Dr. Gerry Miller Jim Walter Research Corporation
Mr. Monty Millspaugh Reflectix, 1Inc.

Mr. John Mumaw’ Owens-Corning Fiberglas

Dr. David Yarbrough Tennessee Tech University

GUESTS IN ATTENDANCE:

Mr. Ron Graves Oak Ridge National Labortory
Mr. Bowen Hyma Energy Saver Imports, Inc.
Mr. Ned Nissan Energy Design Update

Mr. Richard Ray Manville Sales Corporation
Mr. James Sparrell Sparrell Engineering

Mr. Sam Tagore U.S. Department of Energy
Mr. Ron Tye Dynatech Scientific, Inc.
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The Advisory Panel met on Sunday, 17 April 1988 at 14:00.
Nine members and seven guests registered their attendance.

A. Desjarlais circulated a copy of the minutes of the
second meeting for final review and comment. The minutes
were accepted as presented.

A. Desjarlais circulated a copy of the ballot results for
discussion. Seventy percent of the ballots had been
returned. The results were tabulated by summing the
rankings assigned to each ballot item (an item that was
deemed most important was given a score of 1, second most
important a score of 2, etc.). Two ballot items, the
reproducibility experiment and the test to determine the
impact of fasteners, were given the highest ranking
(lowest score). It was decided to separate these items
from the remainder of the ballot and recirculate the

ballot for voting after relisting the items on the ballot
in order of ranking.

Two new items were identified during the first balloting
process: The effect of aging due to dust, moisture, and
corrosion and the testing of a "bubblepack" type material.
It was requested that responses be forwarded by 15 June
1988 so that they can be tabulated and reported to the
Advisory Panel with the next mailing.

D. Yarbrough reported that the experiment to measure the
thermal performance of a reflective insulation systenm
under a dynamic cycle is presently underway at ORNL and

that data may be available prior to the next Advisory
Panel meeting.

A. Desjarlais reported that thermal resistance
measurements on the wood studs with metal fasteners had
been performed. The original samples that had been used
to measure the thermal performance of the studs were
modified such that there was an appropriate number of
metal fasteners per unit area of stud. Testing was
performed in accordance with ASTM CS518. The thermal
resistance of the 2x4 and 2x6 studs with metal fasteners
were approximately 6 and 4 percent 1less than the studs
without fasteners respectively.

Copies of the updated "data sheets"” and thermal
performance "“summary sheets" were circulated to the
members. It was noted that the previous version of the
summary sheets had an error in the calculated R-Value of
the cavity by the ASHRAE isothermal planes model and that
this had been corrected. This correction yielded much
better agreement between the two K calculation techniques
being employed. The summary sheets contained new data on
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Test Panels 3A (single vertical airspace with XEPS studs),
2C (4 vertical airspaces with wood studs), and 12A (single
horizontal airspace with woed studs).

Discussion centered around the test results on Panel 2¢C
where the measured thermal resistance of the cavity of
this panel was approximately 40 percent of the thermal
resistance calculated from the NBS HRP32 report. R. Akers
indicated that this was not suprising and that the
application of reflective insulation in this configquration
was rarely used for this reason.

R. Tye presented a cursory outline of the
consumer-oriented handbook. It was agreed that a first
draft of this handbock be forwarded to the members of the
Advisory Panel by June 30 with comments due back by 15
August. A second draft will be sent two weeks prior to
the Tuscon meeting and will be discussed in detail at that
meeting.

R. Tye requested that the reflective insulation
manufacturers forward any informantion they have regarding
the application and installation of reflective insulations
for inclusion intc the handbook.

The next meeting of the Advisory Panel has been scheduled
for 16:00 on 21 September 1988 at the ASTM meeting in
Tuscon, NM.

The meeting adjourned at 16:10.
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REFLECTIVE INSULATION ADVISORY PANEL

BALLOT RESULTS

PRIORITIZATION OF IDENTIFIED AREAS OF ADDITIONAL WORK

EFFORT

Two to four tests; Tm =110F, 3

different heat flow directions.

Two to five tests; AR = 128; 256
3 different heat flow directions

One test.

Three to six tests;"bubble pack"”
7-8 layer, horizontal only.

Big task, independent from
present work, need comparison.

Three to eight tests; modify
existing matrix or add on to
existing panels.

Three to tweﬁty tests: higher AF
different heat flow directions,
tests performed at NBS.

One to four tests, different
e, cavity thickness.

One C236, one C518 test.

ITEM TASK SCORE
AERRRER ARRARRRRAARRRRARRANAANRNRARARRARARRARARARAARRRRANAARAR ARAAARRAN RANRARAAAAAAAARRNRRASARARRANRASI NS
| Temperature levels not typical of southern climates. 50 (0)
Perform tests at higher mean temperatures.
2 Testing does not cover entire range of aspect ratios. 52 (0)
Perform tests with an aspect ratio of 125.
3  'Repeat an experiment at the end of the program to 22 (2)
determiné reproducibility.
4 Experimentation limited to three foil systems. Testing 38 (0)
should include systems with a greater number of foils.
5 Steady-state tests do not represent real applications. 83 (2)
Perform field experiments.
6 Bulk of vertical heat flow tests are with heat flow 39 (1)
down. Perform additional heat flow up experiments.
7 A full height (8 foot) cavity should be tested to 42 (0)
compare with aspect ratio scaling. .®
8 Measure radiative interaction with stud by varying 40 (0)
stud emittance,
9 Determine the effect of fasteners used in the test 22 (3)
panel construction.
10 New itéms: Perform aging tests (dust, corrosion,

moisture); test "bubblepack product”.



ITEM

RRRRRAE RARRARARRN I RA SRR AR AR RARN R R ARRAIR AR AR R AR R AR R AR AR AR AR AR RA RN AN kR

1

10

11

»

REFLECTIVE INSULATION ADVISORY PANEL
BALLOT 4 2

PRIORITIZATION OF IDENTIFIED AREAS OF ADDITIONAL WORK

TASK PRIORITY EFFORT

Experimentation limited to three foil systems. Testing

RARARRR

should include systems with a greater number of foils.
( What systems, 7§ C236 tests).

Bulk of vertical heat flow tests are with heat flow

down. Perform additional heat flow up experiments.
( 24 C236 tests). ’

Measure radiative interaction with stud by varying

stud emittance. (?# C236 tests).

A full height (8 foot) cavity should be tested to

compare with aspect ratio scaling. (?# C976 tests).

Temperature levels not typical of southern climates.

Perform tests at higher mean temperatures. { 2¢ C236
tests).

Testing does not cover entire range of aspect ratios.

Perform tests with an aspect ratio of 125. (?§ €236
tests).

Steady-state tests do not represent real applications.

Perform dynamic experiments. ( What experiments, what
level of effort).

Perform aging tests to determine effect of dust,

corrosion, and moisture. (What experiments and
level of effort).

Perform testing on "bubblepack" type products.

(What experiments and level of effort).

Determine effect of foil spacing hardware by perform-

ing tests on a 4 airspace idealized system. (What
tests and how many).

New Item.

(2 X2 2222222222222 X232 X222 222 23

Return by 15 June 1988 to: # Andre Desjarlais

AR AR AR ARRAR ARk dhhhhohd Dynatech Scientific, 1Inc.
9% Erie Street
Cambridge, MA 02139
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REFLECTIVE INSULATION ADVISORY PANEL

TOP PRIORITY ITEMS FROM BALLOT § 1

Repeat an experiment at the end of the program to
determine reproducibility. { 1 €236 test).

Determine the effect of fastener
panel construction by testing
fastening systems. (1 C236 te

s used in the test
panel with two
&

a
s 1 C518 test).
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2.
3.

4.

Fourth Meeting
REFLECTIVE INSULATION ADVISORY PANEL

21 September 1988 @ 16:00 - 18:00
Alamo Roonm i
Sheraton Conquistidor Resort Hotel
Tucson, AZ

AGENDA

REVIEW OF MINUTES OF ATLANTA MEETING
RESULTS OF ADVISORY PANEL BALLOT $2

UPDATE ON EXPERIMENTAL DATA

DISCUSSION OF CONTENT AND FORMAT OF HANDBOOK

a. Cover, cover description, and Table of Contents
b. Introduction

c. Function of an insulation

d. Types of available reflective insulations
e. Uses of reflective insulations

f. Installation of reflective insulation

g. Factors affecting performance

h. Thermal performance

i. Summary and conclusions

j. Bibliography

k. Appendices
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REFLECTIVE INSULATION ADVISORY PANEL
BALLOT #2 RESULTS

' PRIORITIZATION OF IDENTIFIED AREAS OF ADDITIONAL WORK

ITEM TASK SCORE EFFORT

1344

RARRAAE AbARRARAARRRARRARARRRRARARARARRARARANRRNARARRARAKARANNS ARAARRRAR AARNARRANARAAARNRRARAARANRAREARAR

1 Experimentation limited to three foil systems. Testing 46 (0) Test max number of foils.
should include systems with a greater number of foils.

2 Bulk of vertical heat flow tests are with heat flow 41 (3) Three to eight tests; modify
down. Perform additional heat flow up experiments. existing matrix or add on to.

3 Measure radiative interaction with stud by varying 55 (2) One to four tests, 2 or 3 e's,
stud emittance. 3 cavity thicknesses.

4 A full height (8 foot) cavity should be tested to 59 (0) ARs from 64 to 256, cavities fror
compare with aspect ratio scaling. 4 to 8 feet.

L Temperature lavels not typical of southern climates. 60 (0) 6 tests; Tm = 40, 110F, in 3
Perform tests at higher mean temperatures. different heat flow directions.

6 Testing does not cover entire range of aspect ratios. 56 (0) Same comments as #4.
Perform tests with an aspect ratio of 125.

7 Steady-state tests do not represent real applications. 51 (3) Home in midwest tested as
Perform dynamic experiments. a representative site.

8 Perform aging tests to determine the effect of dust, 63 (0) 4 tests to major task. RBS
corrosion, and moisture. testing may be useful.

9 Perform testing on "bubblepack" type products. 53 (0) Small # of tests on a previously

characterized single foil systen.

10 Determine effect on foil spacing hardware by 44 (2) 3 to 6 tests on system tested
performing tests on an idealized 4-airspace systenm. with conventional product.

11 Test with 3/4" plywood in an effort to compare to 3 ballots Small # of tests.

existing test data.






1.
2-6.
7.
8.
9.
l0.
11.
12.
13.
14.
15.

43.
44.
45,
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.

59.
60.

ORNL/Sub/88-SA835/1
INTERNAL DISTRIBUTION

R. A. Bradley 16. W. R. Mixon

G. L. Burn 17-31. S. D. Samples

R. S. Carlsmith 32. R. B. Shelton

K. W. Childs 33. R. L. Wendt

J. E. Christian 34. K. E. Wilkes

G. E. Courville 35-37. Laboratory Records

P. S. Gillis 38. Laboratory Records (RC)

R. S. Graves 39. ORNL Patent Office

M. A. Kuliasha 40. Y=-12 Technical Library

J. M. MacDonald 41. Central Research Library
D. L. McElroy 42. Document Reference Section

EXTERNAL DISTRIBUTION

R. Akers, RIMA, 5455 N. Irwindale Avenue, Irwindale,
CA 91706

R. L. Alumbaugh, Naval Civil Engineering Lab, Port
Hueneme, CA 93043

R. W. Anderson, 508 3 Street, Excelsior, MN 55331

J. Andrews, Custom Builder Magazine, Yarmouth, ME 04096
D. Arasteh, LBL, Berkeley, CA 94704

M. Autrey, Oklahoma State University, Stillwater,

OK 74078

E. L. Bales, New Jersey Institute of Technology, Newark,
NJ 07102

C. G. Bankvall, Swedish National Testing Institute,
Boras, Sweden

R. W. Barito, R. W. Barito & Associates, Inc.,
Louisville, KY 40242

G. Barritt, Oregon Dept. of Energy, Salem, OR 97310
J. Barter, Bonneville Power Administration, Room 561,
U.S. Court House, W. 920 Riverside Avenue, Spokane,
WA 99201

M. Bomberg, National Research Council Canada, Ottawa,
Canada

J. J. Boulin, DOE/CE, Washington, DC 20585

M. Bradfield, NCMA, Herndon, VA 22070

S. Braun, MIMA, Alexandria, VA 22314

B. Bromley, American Rockwool, Inc., Spring Hope,

NC 27882

G. Brower, Knauf Fiberglas, Shelbyville, IN 46176

W. C. Brown, National Research Council of Canada,
Ottawa, Ontario

245



61. B. Buchanan, University of Pittsburgh, Pittsburgh,
PA 15260

62. J. H. Cable, John Cable Associates, Alexandria, VA
22314

63. P. C. Clark, State of New Jersey Department of
Commerce, Newark, NJ 07102-5102

64. R. Classen, LCB, Bonneville Power Administration,
P.O0. Box 3621, Portland, OR 97208

65. M. Cunningham, Building Research Association, Private
Bag, Porirua, New Zealand

66. E. F. Cusick, Jr., RockWool Manufacturing Co., Leeds,

AL 35094

67. J. J. Cuttica, Gas Research Institute, Chicago,
IL 60631

68-72. B. D'Alessandro, Custom Builder, Peterborough,
NH 03458

73-82. A. Desjarlais, Holometrix, Inc., Cambridge, MA 02139
83. J. G. Driggans, TVA, Chattanooga, TN 37402-2801
84. G. Durkin, National Center for Appropriate

Technology, Butte, MT 59702
85. W. M. Edmunds, Owens-Corning Technical Center,
Granville, OH 43023
86. W. P. Ellis, Standards Consultant, Harleysville,
PA 19438
87. F. England, Floyd England and Associates, Waco,
TX 76715 ,
88. D. M. Evans, Jr., Steven Winter Associates, Inc.,
New York, NY 10001
89. P. Fairey, Florida Solar Energy Center, 300 State
Road 401, Cape Canaveral, FL 32920
90. T. A. Farkas, NAHB, Washington, DC 20005
91. M. Feirer, Fine Homebuilding, Newtown, CT 06470
92. H. A. Fine, 949 Wishbone Circle, Lexington, KY 40502
93. P. Fisette, University of Massachusetts, Amherst,
MA 01003
94. J. Flores, RMID, Bonneville Power Administration,
P.O. Box 3621, Portland, OR 97208
95. D. R. Flynn, NIST, Gaithersburg, MD 20899
96-100. M. Foisy, Innovative Energy, Rancho Cordova, CA 95742
101. P. A. Gibson, Alkay Roofing Systems, Inc., Angola,
IN 46703
102. L. R. Glicksman, MIT, Cambridge, MA 02139
103. F. C. Gorham, Roofing Services, Incorporated,
Springfield, VA 22152-1621
104. T. Grether, Owens-Corning Fiberglas Corp., Toledo,
' OH 43659 ’
105. J. R. Hagan, Jim Walter Research, St. Petersburg,
FL 33716 '
106. D. A. Harris, NIBS, Washington, DC 20005
107. J. Harris, Northwest Power Planning Council,
Portland, OR 97204
108. T. Harris, BASF, Ontario, Canada

246



109.
110.

111,

112.
113.

114.
115.
11l1e.
117.

118.
119.

120..

121.
122.
123.

124.
125.
'126.

127.

128.
129.

130.
131.
132.
133.
134.

135.
136.

137.

138.
139.

140.

R. Haynes, 2155 Eagle Drive, Charleston, SC 29411

B. Howard, NAHB National Research Center, Upper
Marlboro, MD 20772-8731

K. C. Howerton, Federal Trade Commission, Washington,
DC 20580

B. Huson, Hull & Company, Greenwich, CT 06830

M. Jackson, RMRD, Bonneville Power Admlnlstratlon,
P.O. Box 3621, Portland, OR 97208

J. E. Janssen, 4840 Gaywood Drive, Minnetonka,

MN 55345

L. Johnson, Chevron U.S.A., Pascagoula, MS 39567

D. Jones, Dupont, Richmond, VA 23261

P. Juneau, Alfol, Inc., P.0. Box 7024, Charlotte,

NC 28217

J. P. Kesselring, Electric Power Research Institute,
Palo Alto, CA 94303

W. A. Kirn, Rohm and Haas Co., Spring House, PA 19477
R. F. Krajewski, Brookhaven National Lab, Upton,

NY 11973

M. Krarti, Steven Winter Associates, Inc., Norwalk,
CT 06854

K. Labs, Progressive Architecture, Stanford, CT 06904
J. L. Lach, Manville Corporation, Washington, DC 20006
M. B. Lacher, CertainTeed Corporation, Valley Forge,
PA 19482

E. Leger, P.O. Box 549, New Boston, NH 03070

W. Linander, EURIMA, Roskilde, Denmark

J. Lstiburek, Dames & Moore, Trow, Park Ridge,

IL 60068

R. A. Lucas, Tremco, Lexington, MA 02173

R. Mack, Dow Chemical, Freeport, TX 77541

J. E. Magowan, Roof Industry Consultants, Inc.,
Dublin, CA 94568

P. C. Martin, Manville Sales Corporation, Denver,

CO 80217

R. F. Martin, Roof Maintenance Systems, Farmingdale,
NJ 07727

S. Martin, Suburban Insulations, Hagerstown, MD 21740
W. F. Martin, Roof Design Works, Knoxville, TN 37919
J. McCorkle, 6720 S. Steele Street, Littleton,

CO 80122

D. McGuire, Regal Industries, Crothersville, IN 47229
M. McManus, University of Tennessee, Knoxville,

TN 37901

G. Miller, Jim Walter Research Corp., St. Petersburg,
FL 33716

M. Millspaugh, Reflectixs, Inc., Markleville, IN 46056
M. Modera, Lawrence Berkeley Laboratory, Berkeley,

CA 94720

D. E. Morrison, Michigan State University, E. Lansing,
MI 48824-11111"

247



141.
142.
143.
144.
145.
146.

147.
148.

149.
150.

151.

152.
153.

154.
155.

156.
157.

158.
159.
160.
161.
162.

l63.
164 .

165.
166.
167.
168.

169.
170.

J. R. Mumaw, Owens-Corning Fiberglas, Granville,

OH 43023-1200

B. Nelson, Minnesota Dept. of Public Service, Energy
Division, St. Paul, MN 55101

N. Nisson, Energy Design Update, Ansonia Station,
New York, NY 10023

R. E. Norris, Building Technology, Albany, CA 94706
R. E. Oliver, DOE/CE, Washington, DC 20585

H. F. Poppendiek, Geoscience, Ltd., Solana Beach,
CA 92075 ,

F. J. Powell, 9919 Mayfield Drive, Bethesda, MD 20817
F. Pratt, RMRC, Bonneville Power Administration,
P.0O. Box 3621, Portland, OR 97208

R. J. Ray, Manville Sales Corp., Denver, CO 80217
R. Reinhart, RMRD, Bonneville Power Administration,
P.O. Box 3621, Portland, OR 97208

T. Roberts, Bonneville Power Administration,

201 Queen Anne Avenue North, Suite 400, Seattle,

WA 98109-1030

P. Robinson, Owens-Corning Fiberglas, Redwood City,
CA 94065 ¢

J. A. Roux, University of Mississippi, University,
MS 38677

M. Russo, RSI Magazine, Cleveland, OH 44130

R. C. Schroter, Product Technical Service Associates,
Orinda, CA 94563

M. P. Scofield, DOE, Washington, DC 20585

G. Scott, Bonneville Power Administration, 101 West
Poplar, Walla Walla, WA 99362

E. R. Shank, Burt, Hill, Kosar, thtelmann
Associates, 400 Morgan Center, Butler, PA 16001

M. Sherman, Jim Walter Corporation, St. Petersburg,
FL 33742-2010

C. J. Shirtliffe, National Research Council, ottawa,
ontario, Canada

A. Skinner, Roofing Service Assoc., Knoxville,

TN 37919

H. S. Smith, Cellin Manufacturing, Inc., Elkwoed,
VA 22718

J. A. Smith, DOE/CE, Washington, DC 20585

L. L. Smith, New York State Energy Office,

2 Rockefeller Plaza, Albany, NY 12223

M. K. Snyder, 9107 Outlook Drive, Overland Park,

KS 66207 '

L. G. Spielvogel, Wyncote House, Wyncote,

PA 19095-1499

R. Sterling, University of Minnesota, Minneapolis,
MN 55455

E. Stern, BPCO, Inc., Quebec, Canada

E. Story, Insultray, Redmond, WA 98073-3111

N. Strawn, SERI, 1617 Cole Avenue, Golden, CO 80401

248



171. A. TenWolde, U.S. Dept. of Agriculture, Forest
Products Lab, Madison, WI 53705-2398
172. S. Tewes, University of Illinois at Urbana,
Champaign, IL 61820 :
= 173. J. R. Thomas, VPI and State University, Blacksburg,
VA 24061
174. P. Thor, RMRD, Bonneville Power Administration,
P.0. Box 3621, Portland, OR 97208
175. T. W. Tong, Arizona State University, Tempe,
AZ 85287
176. G. A. Tsongas, Portland State University, Portland,
OR 97207
177. A. Tuluca, Steven Winter Associates, Norwalk,
CT 06854
178-187. R. P. Tye, Thermatest Division of Holometrix, Inc.,
Cambridge, MA 02139
188. C. R. Vander Linden, Vander Linden & Associates,
Littleton, CO 80123
189. M. G. Van Geem, Construction Technology Laboratories,
- Inc., Skokie, IL 60077 '
190. B. Wilcox, Berkeley Solar Group, Oakland,
CA 94610-1924
191. M. Williams, Northern Ilinois University, DeKalb,
IL 60115
192. D. W. Yarbrough, TN Tech University, Cookeville,
TN 38505
193. Office, Assistant Manager, Energy Research and
Development, DOE/ORO, Oak Ridge, TN 37831-8600
194-203. Office of Scientific and Technical Information,
U.S. Department of Energy, Oak Ridge, TN 37831
[For distribution by microfiche as shown in
DOE/OSTI-4500, Distribution Category UC-350
(Energy Conservation in Buildings and
Community Systems) ]
P
® #U.S. GOVERNMENT PRINTING OFFICE:1990 748 -134/ 00149

249






