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arrangement minimizes convection (which flows upward with rising air much more
effectively than downward), and imposes only a moderate temperature difference (which
reduces the role of radiation).

In the marketing of industrial insulation products it is common to provide R-value ratings
over a wider range of temperatures. These tests are also generally only conducted
horizontally with heat flow from top to bottom to reduce convective heat flow that might
occur in air-permeable insulation. Because of the role of radiation, the thermal resistance
of insulations usually decrease with increasing temperature.

A more realistic test for an attic application would be a large airspace on top, a top side
temperature of either 140 °F (for summer) or -10 °F (for cold winter) with a bottom side
temperature of 75 °F. For wall insulation, a more representative test would be conducted
vertically, include no airspace, and be exposed to an exterior temperature that is similar to
the attic test. Conducting tests under these more realistic conditions would more
accurately show the impact of radiation transfer and convective loops through any air
permeable materials.

Radiation plays a powerful role in heat transmission across air spaces and through semi-
transparent and porous media. Radiation exchange between two flat surfaces facing each
other varies with the fourth power of absolute temperature according to the Stefan-
Boltzman equation:

qi2= - FE- (Ti*-Tx%) 4)
where,
q1-2 1s the heat flux from surface 1 to 2,
FE is the emissivity factor
is the Stefan-Boltzman constant.

T, and T are the absolute temperatures of the surfaces.

Hence, at high temperatures radiation transfer is much more significant than at cold
temperatures. For summer-time performance of roof insulation applications (which often
operate at 140 °F / 60 °C and higher), poor radiation control will result in a significant
negative impact on performance.

Data published by manufacturers over wider temperature ranges shows the impact
radiation can have. For example, the R-value per inch for Type 1 expanded polystyrene (a
relatively air-impermeable board product) varies from R-4.2/inch at a mean of 25 °F (-4
°C) to R-3.25/inch at a mean of 110 °F (43 °C) (thermalfoams.com 2008). This is an
almost 25% change in R-value over a range of temperatures experienced by many
buildings. Equation 4 would predict that radiation will transfer almost 40% less heat at a
mean temperature of 25 °F (-4 °C) than at 110 °F (43 °C) and likely accounts for much of
the change.
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2.4 Material Property Changes over Time
2.4.1 Aging of foams

Rigid foam insulations use blowing agents to form the hollow pores that help reduce their
density and thereby decrease their thermal conductivity. These blowing agents often have
a thermal conductivity lower than air and hence increase the effective R-value of the
product. However, if these gases leak out by diffusion over time, the R-value of the foam
product will eventually drop until it equals the R-value of the same foam structure with
the pores filled with air.

In some types of foam, such as expanded polystyrene (EPS), the blowing agents (such as
pentane) leave the foam relatively quickly. Measuring the thermal conductivity after 28
days is often sufficient to approach the long-term equilibrium for EPS. However, for
closed-cell foams that employ blowing agents, such as polyurethane, polyisocyanurate,
and extruded polystyrene, the aging continues for decades.

The temperature of the foam influences the rate at which gas will diffuse out, and hence
the aging process will depend strongly on the temperature in a non-linear manner (i.e.,
exposure to relatively short periods of time at high temperatures will result in a
significant amount of diffusion). To accelerate the diffusion of gases, some non-standard
methods condition samples at high temperatures. Hence, the use of the insulation below a
dark colored roof in a sunny and warm climate will significantly increase its aging
compared to the same insulation used on the interior of a basement wall (which rarely
sees warm temperatures).

To address the aging issue, a time-averaged R-value, termed the Long Term Thermal
Resistance (LTTR), was developed that tests thin slices of insulation (which accelerates
aging). The method has been standardized in ASTM C1303-07 Standard Test Method for
Predicting Long-Term Thermal Resistance of Closed-Cell Foam Insulation. The method
is purported to provide a 15 yr aged R-value.

The LTTR method is not without controversy. Many claim that the quoted LTTR values
are still a significant over estimate of the thermal performance. A recent article in
Professional Roofing Magazine reported research that showed measured R-values below
the manufacturers published LTTR at ages of only a year.

2.4.2 Settling of loose-fill and blown insulation

Fibrous insulation is widely blown into attics and into walls. If these materials settle in
horizontal applications, the density increases and the thermal performance may degrade.
If the loose fill insulation is installed in walls, then settling will result in uninsulated
portions at the top of each studbay. Hence, installing blown and loose-fill insulation
requires careful control of minimum density. The required density varies strongly with
each product type and application. Blown-in cellulose insulation’s product specification,
ASTM C739-05 “Standard Specification for Cellulosic Fiber Loose-Fill Thermal
Insulation,” includes some information and methodology relating to the assessment of
settling and its impact on thermal performance. Although testing by the Danish Building
Research Institute showed that cyclical humidity variations significantly influence
settling in wall installation (Rasmussen 2003), this is not yet part of industry standard
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methods.

There is a generic standard test method to assess settling “ASTM C 1374 Standard Test
Method for Determination of Installed Thickness of Pneumatically Applied Loose-Fill
Building Insulation,” but it does not deal with many of the issues of vibration
(Yarborough et al 1983) and moisture effects on settling, nor is it included in the FTC R-
value reporting requirements.

It would appear that the settling issue is not really a thermal metric problem, but a long-
term and installation material property specification issue.

3 Implications for High Thermal Performance
Enclosures

The strengths of the current building enclosure thermal metric (the R-value) is that it is
simple to measure, communicate, and widely accepted. It was however created to
describe the thermal property of a single material or property under very specific and
easily reproducible conditions. Its weakness is that it oversimplifies the reality of
enclosure assemblies (multiple materials, tolerances, etc.) and does not account for the
real temperature conditions these materials are exposed to (large temperature differences,
lower cold side temperatures and higher warm side temperatures). It therefore neglects
important physical phenomena that occur in real building assemblies. The current
industry focus on a material product standard, R-value, has resulted in the use of
inappropriate metrics for the control of heat flow.

There are clearly many factors that influence the thermal performance of enclosures that
are not currently widely understood or included in, or both. As the control of heat flow
across an enclosure increases, the impact of factors such as thermal bridging, convective
loops, wind washing, and air leakage become much more important. Imperfections that
could in the past be ignored because they had a small impact on thermal control must
now be understood and dealt with to meet the goals of high thermal performance building
enclosures. As the industry demands higher levels of thermal performance the short
comings of the R-value metric make it increasingly difficult to properly distinguish which
products will perform best in different application, and even to quantitatively predict heat
flow with accuracy.

From this review of physics and previous research, it can be concluded that any metric
for high thermal performance enclosures must deal with:

« The effective thermal conductivity of insulation materials, including variations
with temperature, settling, and off-gassing.

« The influence of thermal bridging, especially for highly conductive structural
components and realistic framing factors,

« The susceptibility to construction defects that can result in convective loops, and
« The control of air leakage and wind washing.

Some of these factors can be controlled at design, and their influence on thermal
performance is predictable (eg. thermal bridging). Others, such as convective loops and
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air leakage, are the result of a combination of design and workmanship and hence their
impacts on thermal performance are more difficult to predict.
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Appendix A: The FTC Rule

Excerpts from: LABELING AND ADVERTISING OF HOME INSULATION
16CFR460

Authority: 38 Stat. 717, as amended (15 U.S.C. 41 et seq.).
Source: 44 FR 50242, Aug. 27, 1979, unless otherwise noted.

Sec. 460.1 What this regulation does.

This regulation deals with home insulation labels, fact sheets, ads, and other promotional
materials in or affecting commerce, as "commerce" is defined in the Federal Trade Commission
Act. If you are covered by this regulation, breaking any of its rules is an unfair and deceptive act
or practice or an unfair method of competition under section 5 of that Act. You can be fined
heavily (up to $10,000 plus an adjustment for inflation, under Sec. 1.98 of this chapter) each time
you break a rule.

[44 FR 50242, Aug. 27, 1979, as amended at 61 FR 54549, Oct. 21, 1996; 61 FR 55840, Oct. 29,
1996]

Sec. 460.2 What is home insulation.

Insulation is any material mainly used to slow down heat flow. It may be mineral or organic,
fibrous, cellular, or reflective (aluminum foil). It may be in rigid, semirigid, flexible, or loose-fill
form. Home insulation is for use in old or new homes, condominiums, cooperatives,

apartments, modular homes, or mobile homes. It does not include pipe insulation. It does not
include any kind of duct insulation except for duct wrap.

Sec. 460.3 Who is covered.

You are covered by this regulation if you are a member of the home insulation industry. This
includes individuals, firms, partnerships, and corporations. It includes manufacturers, distributors,
franchisors, installers, retailers, utility companies, and trade associations. Advertisers and
advertising agencies are also covered. So are labs doing tests for industry members. If you sell
new homes to consumers, you are covered.

Sec. 460.4 When the rules apply.

You must follow these rules each time you import, manufacture, distribute, sell, install, promote,
or label home insulation. You must follow them each time you prepare, approve, place, or pay for
home insulation labels, fact sheets, ads, or other promotional materials for consumer use. You
must also follow them each time you supply anyone covered by this regulation with written
information that is to be used in labels, fact sheets, ads, or other promotional materials for
consumer use. Testing labs must follow the rules unless the industry members tells them, in
writing, that labels, fact sheets, ads, or other promotional materials for home insulation will not
be based on the test results.

Sec. 460.5 R-value tests.
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R-value measures resistance to heat flow. R-values given in labels, fact sheets, ads, or other
promotional materials must be based on tests done under the methods listed below. They were
designed by the American Society of Testing and Materials (ASTM). The test methods are:

1. All types of insulation except aluminum foil must be tested with ASTM C 177-85
(Reapproved 1993), "Standard Test Method for Steady-State Heat Flux Measurements and
Thermal Transmission Properties by Means of the Guarded-Hot-Plate Apparatus;" ASTM C 236-
89 (Reapproved 1993), "Standard Test Method for Steady-State Thermal Performance of
Building Assemblies by Means of a Guarded Hot Box;" ASTM C 518-91, "Standard Test Method
for Steady-State Heat Flux Measurements and Thermal Transmission Properties by Means of the
Heat Flow Meter Apparatus;" ASTM C 976-90, "Standard Test Method for Thermal Performance
of Building Assemblies by Means of a Calibrated Hot Box;" or ASTM C 1114-95, "Standard Test
Method for Steady-State Thermal Transmission Properties by Means of the Thin-Heater
Apparatus.” The tests must be done at a mean temperature of 75 deg.Fahrenheit. The tests must
be done on the insulation material alone (excluding any airspace). R-values ("thermal resistance")
based upon heat flux measurements according to ASTM C 177-85 (Reapproved 1993) or ASTM
C 518-91 must be reported only in accordance with the requirements and restrictions of ASTM C
1045-90, "Standard Practice for Calculating Thermal Transmission Properties from Steady-State
Heat Flux Measurements." These incorporations by reference were approved by the Director of
the Federal Register in accordance with 5 U.S.C. 552(a) and 1 CFR part 51. Copies of the test
procedures and standard practice may be obtained from the American Society of Testing and
Materials, 1916 Race Street, Philadelphia, PA 19103. Copies may be inspected at the Federal
Trade Commission, Consumer Response Center, Room 130, 600 Pennsylvania Avenue, NW,
Washington, DC 20580, or at the Office of the Federal Register, 800 North Capitol Street, NW,
Suite 700, Washington, DC.

1. For polyurethane, polyisocyanurate, and extruded polystyrene, the tests must be done on
samples that fully reflect the effect of aging on the product's R-value. To age the sample, follow
the procedure in paragraph 4.6.4 of GSA Specification HH-I-530A, or another reliable procedure.

2. For loose-fill cellulose, the tests must be done at the settled density determined under
paragraph 8 of ASTM C 739-91, "Standard Specification for Cellulosic Fiber (Wood-Base)
Loose-Fill Thermal Insulation." This incorporation by reference was approved by the Director of
the Federal Register in accordance with 5 U.S.C. 552(a) and 1 CFR part 51. Copies of the test
procedure may be obtained from the American Society of Testing and Materials, 1916 Race
Street, Philadelphia, PA 19103. Copies may be inspected at the Federal Trade Commission,
Consumer Response Center, Room 130, 600 Pennsylvania Avenue, NW, Washington, DC 20580,
or at the Office of the Federal Register, 800 North Capitol Street, NW, Suite 700, Washington,
DC.

3. For loose-fill mineral wool, the tests must be done on samples that fully reflect the effect
of settling on the product's R-value. When a settled density procedure becomes part of a final
GSA Specification for loose-fill mineral wool, the tests must be done at the settled density
determined under the GSA Specification.

2. Aluminum foil systems with more than one sheet must be tested with ASTM C 236-89
(Reapproved 1993) or ASTM C 976-90, which are incorporated by reference in paragraph (a) of
this section. The tests must be done at a mean temperature of 75 deg.Fahrenheit, with a
temperature differential of 30 deg.Fahrenheit.

3. Single sheet systems of aluminum foil must be tested with ASTM E408 or another test
method that provides comparable results. This tests the emissivity of the foil--its power to radiate
heat. To get the R-value for a specific emissivity level, air space, and direction of heat flow, use
the tables in the most recent edition of the American Society of Heating, Refrigerating, and Air-
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Conditioning Engineers' (ASHRAE) Handbook. You must use the R-value shown for 50
deg.Fahrenheit, with a temperature differential of 30 deg.Fahrenheit.

4. For insulation materials with foil facings, you must test the R-value of the material alone
(excluding any air spaces) under the methods listed in paragraph (a) of this section. You can also
determine the R-value of the material in conjunction with an air space. You can use one of two
methods to do this:

1. You can test the system, with its air space, under ASTM C 236-89 (Reapproved 1993) or
ASTM C 976-90, which are incorporated by reference in paragraph (a) of this section. If you do
this, you must follow the rules in paragraph (a) of this section on temperature, aging and settled
density.

2. You can add up the tested R-value of the material and the R-value of the air space. To get
the R-value for the air space, you must follow the rules in paragraph (c) of this section.

[44 FR 50242, Aug. 27, 1979, as amended at 55 FR 10055, Mar. 19, 1990; 55 FR 12110,
Mar. 30, 1990; 61 FR 13665, Mar. 28, 1996; 63 FR 71587, Dec. 28, 1998]
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