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CHAPTER 1

EXECUTIVE SUMMARY

The purpose of this report is to discuss the current state
of attic radiant barrier system (RBS) technology. Concepts,
research issues and experimental test results are presented

and discussed.

The existing body of world research conclusively shows that
attic RBS are an effective means of reducing summertime
ceiling heat gains. They consistantly produce measured
ceiling heat gain reductions of 30 to 50 percent in summer.
Reported cocling energy savings range from 7 to 21 percent

and energy paybacks are reported to be rapid.

A number of RBS issues have been raised by the research
community and in the marketplace. They are summarized by

the following guestions.

o How does insulation level affect performance?
0 Does location in the attic affect performance?
o Will dust accumulation affect performance?

¢ How does attic ventilation affect performance?
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0 How do RBS affect roof and shingle temperatures?
o Will RBS cause moisture problems in attics?

¢ How is performance affected by climate?

Many of these issues are due to the wunfamiliarity of RBS
concepts and the fact that there are no standards for RBS.
As one result, researchers have conducted and reported RBS
tests differently from one another. As might be expected,
this has lead to "apparent" conflicts in the test results
and, in turn, to increased confusion about attic RBS. The
marketplace often finds the technology confusing because RBS
concepts are quite different from conductive insulation
concepts and infrared radiation phenomena are sometimes

counterintuitive.

This report attempts to provide the necessary logical
explanations and suporting test data to clarify attic RBS
concepts. Whenever possible, discussions are presented from

a common sense perspective.

The principle finding of this report 1is that there 1is
convincing scientific evidence to allow £for the safe,
effective and economic use o0of attic RBS in southern
buildings. Their use has been shown to economically reduce

both cooling energy consumption and peak electric demand.

Although the scientific evidence is compelling, the building
community at large is not convinced because standards (from

ASTM) and design guidance (from ASHRAE) are needed to
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confidently specify and wuse RBS in the field. Such
standards and guidelines evolve through a somewhat
contentious but deliberate consensus process. The
membership of appropriate ASTM and ASHRAE committees need
convincing amounts of high-quality research data before RBS

guidlines and standards will be adopted.

This need has led to the formulation of a comprehensive
research program. With assistance from the sponsors of this
report, the Florida Solar Energy Center (FSEC} maintains a
long-term research program emphasizing RBS performance and
reliability measurement. This report also discribes this

research effort.

Over the past two vyears this research program has

accomplished the following:

o Found that attic RBS block radiation transfer across the
attic airspace equally, independent of location of the
radiant barrier in the attic; whether glued to the roof
decking (RBS facing down), draped over roof trusses (RBS
facing down) or located on top o©of ceiling insulation

when new (RBS facing up).

o Established that there 1is relatively rapid dust
accumulation on upward facing horizontal RBS surfaces in
attics. Over time, this renders upward facing
horizontal RBS surfaces ineffective,. Field samples,
however, indicate that dust collection on downward

facing aluminum surfaces does not occur. Surface
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degredation of high purity aluminum (>99%) foil does not
appear to occur except in very rare cases where severe
environmental polution exists. Very dusty high
emittance samples (0.36) revert to their original low

emittance when cleaned (0.05).

0 Measured building cooling energy use and peak demand
savings between 7 and 10 percent in small houses (1200
ft?) with R-19 ceiling insulation. In larger houses
(2500-3000 ft?) where roof loads constitute a greater
percentage of the air conditioning energy consumption,
computer simulations indicate that RBS may save 15
percent or more in houses with R-19 ceiling insulation.
If existing ceiling insulation levels are lower than
R-19 (e.qg. many retrofit applications) RBS cooling
energy savings may increase to 20 or 25 percent,

depending on insulation level and house size.

o Developed detailed RBS computer models which can account
for both the heat and moisture transfer effects in
attics. Inclusion of attic moisture transfer effects
dramatically improves agreement between predictions and
measurements. A simplified, heat-balance model using
ASHRAE methods has also been developed and used to

identify system performance sensitivities.

o Developed a dust accumulation and material degradation
monitoring protocol and started field measurements in 12

houses using foil swatches in attics.
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0 Begun construction of a RBS test facility to evaluate
the long-term performance of different RBS installation

and their effects on roofing materials.

© Provided the technical basis for including RBS in the

Florida Model Energy Code for new building construction.

0 Maintained a technical information program that responds
to over 5 thousand public inquiries per year. This
service distributes general RBS literature and provides
answers to specific questions by direct oral and written

communication.

© Actively participated in ASHRAE, ASTM, DOE, and EPRI

activities that relate to attic RBS.






CHAPTER 2

INTRODUCTION

A radiant barrier system is a building construct that
consists of a low emissivity surface (usually aluminum foil)
bounded by an open air space. The word "open" is quite
important. The airspace condition is the major distinction
between radiant barrier systems and reflective insulation

systems, which use enclosed airspaces.

The intent of the enclosed airspaces is to limit convective
heat transfer. 1In reflective insulation systems it is gquite
common to have multiple airspaces so that convective heat
transfer is as restricted as possible. In this regard,
reflective insulation systems are intended as an alternative

to fibrous and foam insulations.

Radiant barrier systems are intended to complement fibrous
and foam insulations. Like reflective insulation systems,
RBS block heat transfer by radiation. But unlike them, RBS
attempt to enhance convective heat transfer. A brief

explanation of RBS concepts follows.
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The external skin of a building is normally at a temperature
that is significantly different from the ambient air
temperature. During the day the external skin is hotter
than the air because it absorbs solar radiation. On hot
summer days this excess skin temperature causes increased
heat gains to the building. At night the skin is cooler
than the air because it loses energy through infrared
radiation to the cold night sky. On cold winter nights this
skin temperature reduction causes increased heat losses from

the building.

If the exterior of the insulation envelope can be brought to
the ambient air temperature during these times, then the
thermal performance of the building will improve. Radiant
barrier systems do this by shading the insulation from the
skin. Two things are needed for an effective RBS -- a
vented airspace between the skin and the insulation envelope

and a means of blocking infrared radiation.

Attics of buildings are especially amenable to RBS. They
normally contain a fairly large, vented air cavity and once
radiation transfer across the attic airspace is blocked,
ceiling insulation top-surface temperatures are reduced to a
level that is wvery near the ambient air temperature
{generally within 3-5 F). In a typical attic, a single
sheet of high purity aluminum foil will reduce the normal
radiation transfer across the attic airspace by 90 to 95
percent. This results in significantly reduced ceiling

insulation top-surface temperatures. The experimental
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results show that this tenperature decrease is 50
significant that heat gains through the ceiling are reduced

by up to 50 percent on sunny summer days.

One thing should be emphasized —-- in essence, an attic RBS
is simply an infrared shade for the attic insulation. The
restriction of convective heat transfer in the attic is not
the intent of an attic RBS. In fact, vented attic RBS
perform better than unvented attic RBS. Unlike reflective
insulation systems, RBS have no requirement to limit
convective heat transfer and multiple airspaces are not
necessary. A single low-emissivity surface will reduce the
radiation transfer across an attic airspace by 90 to 95
percent. In vented attics, the addition of a second,
low-emissivity surface can only affect the remaining 5 to 10

percent.

2.1 BACKGROUND

The objective of this research project 1is to assess the

performance and reliablity of attic radiant barrier systems.

The performance of RBS can be characterized in a number of
ways. One method is to define the effect of the RBS on the
building ceceoling and heating energy consumption. Building
cooling and heating energy use 1is determined by a large
number of interrelated parameters that include climate,
insulation level, building size and geometry, occupancy

pattern, orientation and many other even more complex
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factors. Thus, building energy savings from attic RBS may
vary widely from building to building and are not well

characterized by the performance of a single house type.

A more explicit and determinant method of characterizing
attic RBS performance 1is to define the parameters that
affect the ceiling heat transfer into and out of the
conditioned space. Once this is accomplished, heat transfer
models can be developed and verified, then RBS energy
savings can be determined through parametric computer
modeling where a wide variety of building parameters can be

studied quickly.

A major long-~term performance concern is the reliability of
the radiant barrier surface. 1If, for any reason, surface
emittance increases over time, then performance will
degrade. Questions regarding dust collection and material
degredation are valid research issues. Alsce, since RBS
alter the thermal regiems of the attic, there are research
questions regarding other roof and attic materials,

specifically asphalt roof shingles.

In order for attic RBS to be accepted in the marketplace
other issues must also be addressed. These issues concern
interrelated factors like <consumer acceptance, codes and

standards and cost.
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Marketplace issues are often less straightforward than
research issues. For example, consumers are acustumed to
equating energy savings with R-value. Radiant barrier
systems do not have defined R-values. To complicate the
matter, the Federal Trade Commission (FTC)} requires that
insulating products be tested and marketed in accordance
with specific standards that are generally promulgated by
the American Society for Testing and Materials (ASTM). To
date, ASTM has adopted no standards for RBS. The lack of
RBS standards, codes and regulations is a major obsticle to

market acceptance of RBS.

FSEC works closely with national organizations like ASTM and
the American Society of Heating, Refrigeration and Air
Conditioning Engineers (ASHRAE) to develop standards and
performance measures for attic RBS. ASTM Committee 16.21 on
Reflective Insulation Systems now supports a task group (TG
101) whose charge is the development of test methods and

material and use specifications for RBS.

ASTM does not support research. ASHRAE, however, does
support research and works <closely with ASTM. ASHRAE
Technical Committee 4.9 (Building Envelop Systems) is
currently soliciting research using steady-state laboratory
tests to determine attic RBS performance. Results of this
research may be incorporated in the ASHRAE Handbook and in

ASTM standards.
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Cost is an obvious market issue. Radiant barriers fair well
in this regard because the materials can be purchased for
$.10 to $.20 per square foot. Reasonable installation costs
are more difficult to obtain because RBS concepts are not

well accepted by the construction trades.

Labor savings are a major consideration in the construction
industry. It is much more time efficient to attach radiant
barriers to the underside of roof decking than to the bottom
side of roof rafters or truss chords. 1In new construction,
radiant barriers may be simply stapled to the roof decking
on the ground before the plywood is lifted to the roof and
fastened to the roof structure, This can significantly
reduce installation time as compared to current practice.
Recent RBS performance findings show that this application
offers the same performance benifits as other, less
time-efficient applications. Additional inovative,
labor-saving RBS application methods are needed, especially

for retrofit construction.

Product confidence 1is critical in the construction
marketplace. Long-term performance is required to fully
develop this confidence. RBS technology has been impeded in
the marketplace partly because of the familiarity of fibrous
insulation products. 1In the highly competitive construction
industry consistency 1is preferred. New products are often

avoided unless cost and performance benifits are obvious.
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2.2 OVERVIEW

Over the past few years, RBS research has been conducted by
a number of U.S. research laboratories and universities.
They include FSEC, Oak Ridge National Laboratory (ORNL},
Tennessee Valley Authority (TVA), University of
Pennsylvania, Texas A&M University, Oklahoma University,
University of Arizona, University of Mississippi and others.
Attic RBS have also been studied in South Africa, New
Zealand, and Australia. Without exception, the experiments
have shown that attic RBS are a very effective method of
reducing summer heat gains through ceilings. Results
consistantly show that attic RBS reduce the summer heat

gains through ceilings by 30-50 percent.

Some researchers have reported measured or calculated
building <c¢ooling energy reductions due to RBS. Because
buildings vary so widely, these results are not as
consistant as the reported ceiling heat gain reductions.
Cooling energy savings from 7 to 21 percent are reported by

the researchers.

The proponderance of the evidence clearly demonstrates that
attic radiant barrier systems offer significant cooling
energy benefits, especially for buildings in hot «climates.
There 1is also reason to believe that attic RBS provide
winter benifits as well. However, winter RBS benefits are
less well defined and additional research is needed before

definitive recommendations can be made for northern
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climates.

The research also shows that most of the issues associated
with attic RBS are resolvable. Some of these issues involve
more research but that research is not necessary before RBS
can be safely, effectively and confidently wused in the

attics of buildings.

Unless improperly installed, RBS performance should not
change significantly over time. Existing data indicate that
high-purity aluminum foil will not degrade except in rare
cases. Horizontal attic RBS, however, will collect dust on
their upper surface and their performance will degrade to
the extent that the upper surface is the operative radiant

barrier surface.

There are no national standards for attic RBS. No
laboratory test standard exists that will define the thermal
performance of an attic RBS. Nevertheless, sufficient
testing has been accomplished to assure that attic RBS are a
cost effective method of reducing unwanted heat gains

through the ceilings of buildings.

There are also no installation, use or material standards
for RBS. This may not be consistent with the health,
safety, and consumer protection standards to which the
nation is accustomed. Until such time as national standards
are adopted, it is recommended that local Ijurisdictions
adopt reascnable health, safety and use standards to protect

against unscrupulous and unknowledgeable RBS practitioners,
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who unfortunately do exist.



CHAPTER 3

RESEARCH ISSUES

It is important to point out that results from recent tests
have stimulated a national discussion on RBS. As a result,
a number of important RBS research issues have been raised
by the research community and in the marketplace. The state
of RBS technology is not well understood without a
discussion of these issues. The primary RBS research issues

are:

o Effect of ceiling insulation level,

© Roof versus floor mounting,

© Dust accumulation and surface degradation,
o Effect of attic ventilation methods,

o Effect on roof and shingle temperatures,

0 Moisture flows in attics and

0o Effect of climates.

FSEC maintains an active involvement in the national effort
to resolve RBS research issues. The principal investigator
for this research serves as chairman of ASTM’'s C-16.21 task

group on RBS, as research chairman of ASHRAE TC 4.4 (Thermal
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Insulation and Moisture Retarders), as a member of ASHRAE TC
4.9 (Building Envelope Systems) and as a member of DOE’s RBS
Technical Panel. Thus, FSEC is very well acquainted with
existing and planned research on RBS and is familiar with

RBS field application and use issues.

The remainder of this chapter is devoted to a point-by-point
discussion of these issues. To the degree possible, the
discussions are presented from a common sense perspective.
Simple mathmatical equations are often used to illustrate
principles and, where available, experimental data are

presented to support assumptions and logical arguements.
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3.1 Effect Of Ceiling Insulation Level

The effect of ceiling insulation level on the performance of
attic RBS 1is a common marketplace concern. One would like
to have a «ceiling insulation 1level that optimizes the

effectiveness of the RBS and vise versa.

One might expect that the presence of the RBS could alter
the actual thermal performance of the ceiling insulation.
If this is the case, then either higher or lower 1levels of
ceiling insulation will produce more thermally efficient
RBS. 1In order for this to occur, the ceiling insulation

level must have a direct bearing on RBS efficiency.

It should be possible to discern the presence of any such
effect through analysis of a simple attic problem,
Referring to Figure 3.1-1, let us assume the following

steady-state conditions:

160 F = Tsol-air > Ts >> Td >> Ti => Tamb => Tc > Tr = 78 F

Now ask the following question: "If all radiant heat
transfer across the attic airspace is eliminated (a
"perfect’ radiant barrier), then what 1is the minimum
insulation surface temperature (Ti) we can attain if attic

ventilation is optimized?”

Because the attic is well vented, the maximum effect that
the "perfect" radiant barrier system may achieve is to lower
the upper surface temperature of the insulation to the

ambient air temperature ({Tamb). Thus, the answer to our
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question is:

Ti,rbs = Tamb

Let us make two additional, substantiated assumptions.
First, 1in a standard attic without a radiant barrier, the
upper surface temperature of the ceiling insulation will be
approximately 15 F higher than the ambient air temperature
due to radiation from the hot roof decking (7d). Thus,

without a radiant barrier

Ti,std = Tamb + 15 F

Second, the temperature of the ceiling will be very close to
the temperature of the room -- perhaps 2 F greater than the

room temperature. Thus,

Tc = Tr + 2 F = 80 F

Because we have a steady-state problem, calculation of the

ceiling heat flux per unit area is simply defined as

Qc = Uc*(Ti-Tc) (1)

Now let's compare the ceiling heat flux for cases with and

without our "perfect" radiant barrier system by substituting

our values for Ti and Tc¢ into Equation 1.

Qc,rbs = Uc*(Tamh-80) {2)

Qc,std

Uc*( (Tamb+15)-80)

Uc*(Tamb-65) {3)

il
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We may also define the effectivness of the radiant barrier
system as

(Qe,std - Qc,rbs)
theta = —— - (4)

and by substituting Equations 2 and 3 into Equation 4 we
obtain

Uc*(Tamb~65) — Uc*(Tamb-80)

theta = ———wco——_ (5)
(Tamb-65)

Now we need only know the ambient temperature and we can
determine the maximum possible effectiveness of a radiant
barrier system under these conditions. For example, if the
ambient temperature is 100 F, theta = 0.429, representing a
42.9% reduction in ceiling flux, and if ambient is 90 F,
theta = 0.6, representing a 60% reduction. Obviously, if
ambient is 80 F there will be no heat flow through the
ceiling for our simplified example and the reduction in

ceiling heat flux will be 100%.

At this point it 1is appropriate to point out that the
ceiling conductance term, Uc, dcoes not appear in the final
form of Equation 5. This is because the surface temperature
of the ceiling insulation will change by virtually the same
amount irrespective of the <ceiling insulation level.

Therefore, for all practical purposes, the percentage
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reduction in ceiling heat transfer that is attributable to
an attic radiant barrier system will not be a function of

the ceiling insulation level.

One may argue that the example is too simplified to
illustrate the point conclusivly. But Equation 5 can be
recast in more general terms. Assume that the radiant
barrier system causes a change in the ceiling temperatures
{Tc) as well as the wupper surface temperatures of the
insulation (Ti}). Further, assume that one has no knowledge
of the upper surface temperatures of the insulation (Ti,std
and Ti,rbs). Now on substituting the ceiling heat flux

equations into Equation 4 one obtains

Uc*{Ti,std-Tc,std) ~ Uc*(Ti,rbs~Tc,rbs)
Uc*(Ti,std-Tc,std)
which reduces to
(Ti,std-Tc,std) - (Ti,rbs-Tc,rbs)

theta = ~————————— (6)
(Ti,std-Tc,std)

Equation 6 is the general form of Eqguation 5. It clearly
shows that the effectiveness of attic radiant barrier
systems is not a first order function of the <ceiling
conductance (Uc). All other things being equal, the
percentage reduction in ceiling heat transfer for attic
radiant barrier systems as compared to standard attics
should remain constant regardless of «ceiling insulation

level,
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The reader is cautioned, however, not to equate a percentage
reduction in <ceiling heat transfer to a reduction in
building cooling energy use. Simple logic will explain that
as ceiling insulation levels are increased, the effect of
the radiant barrier system on the building cooling energy
use will be decreased. For example, a radiant barrier
installed in an attic with no <ceiling insulation will
substantially reduce the cooling energy use but a radiant
barrier installed in an attic with R-60 ceiling insulation
may have no noticeable effect on cocling energy use -- 50%
of a large number may be substantial but 50% of nothing is

still nothing!
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3.2 Roof Versus Floor Mounting

For all practical purposes, radiation transfer across a
typical attic airspace 1is analogous to radaition transfer
between two infinite parallel plates. Accepted radiation
theory holds that the net radiation transfer (Qr,net)} for
infinite parallel plates is expressed by the following
equation [Ozisik, 1985]:

s*{Th4-Tcd)

Qr,net = ————————— ———— (1)
1 1
— + - -1
Eh Ec

where: s = Stephan-Boltzmann constant

Th = absolute temperature of hot surface

Tc = absolute temperature of cold surface

Eh = surface emittance of hot surface

Ec = surface emittance of cold surface

The denominator of Equation 1 essentially defines the degree
to which the radiation transfer will be inhibited by the
surface properties (E) of the materials. It can be

considered analogous to a heat transfer coeficient such that

1
Hf = ———— e (2)
1 1
-t —= =1
Eh Ec
and Equation 1 becomes
Qr,net = Hr*s*(Thd4-Tc4) (3)
Equation 3 now 1looks similar to the equations for

steady-state convective and conductive heat flux with the

exception that the temperatures are raised to the 4th power.
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The transfer coeficient, Hr, is our primary concern.

1f both Eh and Ec are wunity (perfect blackbodies), then
Equation 2 evaluates to unity. If Ec and Eh are very small,
say 0.05, then Equation 2 evaluates to 0.03 and the net
radiant transfer between the two surfaces will be reduced by
97 percent. If the hot surface has a high surface emittance
(Eh=0.9) and the cold surface has a low emittance (Ec=0.05)
then Equation 2 evaluates to 0.05. If the emittances are
switched, hot to cold and cold to hot, the answer is still

0.05.

If both surfaces have an emittance of 0.9, then Equation 2
evaluates to 0.81. And, all other things equal, if either
surface in the system is changed to a low emittance (0.05),
then the net radiation transfer will be reduced by about 94
percent. Thus, for all practical purposes, there should be
no significant difference between the performance of an
attic roof-mounted and an attic floor-mounted radiant

barrier system.

One may observe that the temperatures of the surfaces (Th
and Tc} will <change if the emittance of one surface is
substantially reduced. If the radiation transfer between
the surfaces is essentially eliminated and the heat flux to
the hot side of the system is held constant (as in attics),
then the hot side temperature (Th) is increased and the cold
side temperature (Tc) is reduced. How sensitive is the

system to this probability with respect to radiation
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transfer?

By evaluating Equation 1 over a range of temperature
differentials and emittances we should be able to answer
this question. The results of such an evaluation are given
in Figure 3.2-1. One realizes that if both surfaces have
high emissivities, then the temperature differential between
the surfaces and the mean temperature of the system can
significantly alter the net radiation transfer. However,
when just one surface emittance is reduced to 0.05 the
system is quite insensitive to changes in either the mean

temperature or the temperature differential.

This tells us that the temperature of the 1low emissivity
surface has very little effect on the net radiation transfer
in the system. Additionally, we are able to graphically
understand the extraordinary influence of the denominator of

Equation 1.

Translating this information to attic radiant barrier
systems indicates that neither the temperature nor the
placement (hot side or cold side of the airspace) of a
radiant barrier in an attic will make any significant
difference in the net radiation transfer across the attic
airspace. Therefore, if all other heat transfer mechanisms
of the attic are similar, then radiant barriers mounted at
the roof and gable surfaces of the attic should perform
almost identically to radiant barriers mounted at the floor

of the attic on top of the ceiling insulation.
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Results from tests conducted at the FSEC Passive Cooling
Laboratory support this hypothesis very well, showing no
significant difference in ceiling heat flux regardless of

the placement of the radiant barrier in the attic.

Figure 3.2-2 gives results from side-by-side tests of three
identical attic spaces having three different mounting
positions. 1In Cell 1 the radiant barrier is glued to the
underside of the roof decking (RBS surface facing down); in
Cell 2 it is mounted 3.5 inches below the roof decking (RBS
surface facing down); and in Cell 3 it is mounted on top of
the ceiling insulation at the attic floor (RBS surface
facing wup). All three attics were vented at a constant
ventilation rate of approximately 2.5 air changes per hour
during both sets of tests. There 1is no significant

difference in the ceiling heat flux measurements.

It is important to point out that these tests were
accomplished in a carefully constructed and controlled
building and that ventilation airflows were parallel to the
attic framing members. 1In field buildings RBS location may
have an effect on the performance of the system. However,
it 1is equally important to point out that these effects are
rarely a result of infrared radiation phenomena. In gable
roofs, however, radiation from unprotected gables can reduce
the effectiveness of roof mounted systems slightly so gables

should also have RBS.
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If the location of the RBS significantly alters ventilation
of the attic airspace, then location can affect performance.
An example of this condition exists in most buildings with
gable vents. If a RBS 1is attached to the bottom of the
attic truss in a gable vented attic, then the vent outlet is
located below the RBS surface. On the other hand, if the
RBS is located on the attic floor the vent outlet will be
above the RBS allowing bouancy to carry warm attic air

toward the outlet.

Additionally, if the RBS installation ig such that the main
attic airspace 1is cut off from the ventilation appertures
then performance will also be affected. An attic REBS
located at the bottom of the trusses that is well sealed
continuously from the soffit inlets to the roof peak is an
example of such a system. 1In this case there would be no
means for warm air within the main attic airspace to escape

the attic and attic air temperatures would rise.

Another example of this condition can be found in attics
that have outlet vent systems that are highly centralized
like turbine vents, etc. With the RBS attached to the
bottom of the trusses these vents are capable of venting
only the space between one set of trusses and the main attic

airspace is cut off from the outlet vent.

All three of these conditions are obviated if the RBS is

attached directly to the roof decking.
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Another apparent location effect of attic RBS can occur in
attic floor mounted systems. This effect 1is also not
attributable to radiation phenomena. In most houses the
electrical wiring and plumbing stacks run through the top

plate of the walls and into the attic.

Unless these penetrations are sealed, there is a high
likelyhood that there will be a fair amount of air
communication between the house and attic. This is
especially true when air conditioning equipment 1is
operating. The air handler unit for the air conditioner
normally induces a low pressure at the return side of the
system. Most residences now have central returns. This
means that the space containing the air handler return
(usually the largest space in the house) will be at a lower

pressure than the attic space.

This pressure difference will induce an air flow from the
attic to the house and can significantly increase air
conditioning energy use. If an attic floor-mounted RBS is
added to such a house, then it is likely that this air
communication will be reduced. This obviously causes a
reduction in building energy use that can be significant.
This savings, however, can be accomplised by sealing the
leakage areas between the attic and the house and is not the
result of any attic radiation phenomenon. In new
construction it is obviously preferable to thouroughly seal
any penetrations between the house and the attic before

interior finish materials are applied to the walls.
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3.3 Dust Accumulation And Surface Degradation

Dust accumulation or any other radiant barrier surface
emissivity increase wil have deleterious effects on the
performance of an attic radiant barrier system. If the
emittance of the radiant barrier surface increases for any
reason, then its ability to block the transfer of radiation

across its adjoining airspace will be significantly reduced.

The literature contains only a limited discussion of these
effects. From the historical perspective, material surface
degradation was investigated by Wilkes [1939]1 and dust
accumulation was studied by Lotz [1964) and Van Stratten
[1967] in South Africa. More recent investigations of the
effects of dust accumulation have been performed by
Yarbrough [1987] in the laboratory. Results of Yarbrough’s
tests are given in Fiqgure 3.3-1. It is evident from the
results that the effective surface emissivity of a radiant
barrier material will be a strong function of the amount of
dust on its surface. According to Yarbrough, a dust
accumulation level of 1 mg/cm? constitutes a thin layer of
visible dust as might be expected to elicit dusting if found
on household furniture. Even at this level, the effective
surface emittance of the material 1is raised from its
original value of 0.02 to an emittance in excess of 0.4.
There is no question that this increase will cause a
decrease in the material’s ability to block the transfer of
radiation across an airspace. The data do not show any

noticeable sensitivity to dust particle size.
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The work of Lotz [1964) and Van Stratten [1967] in South
Africa was more extensive. Clear glass slides were placed
in the attics of homes in suburbs near Pretoria and three
samples slides were removed from each residence at monthly
intervals. A dust particle count was taken from the slides
using microscopy techniques. Their findings indicate an
average dust collection rate of 28.6 percent area coverage
per year (see Table 3.3~1) and an estimated full coverage in
approximately 5 years.

Table 3.3-1
Rates of dust deposit per year in five houses

| | Age of | Weight | Corresponding |
House | house | of dust/yr | area coverage |
No. | (years) | (lb/ft2.yr) | (%) |
=============================================== |

| 1 | 2 | 3.5 e-4 | 7.2 |
_______________________________________________ |
2 | 1 | 11.5 e-4 | 23.2% |

3 | 43 | 14.1 e-4 | 28.5% |

4 | 38 | 16.6 e-4 | 33.5% !

5 | 1 | 14.3 e-4 | 29.0% |

| |
| Mean (2 to 5) | 14.1 e-4 | 28.6% |

Source: Lotz, 1964

One of the attics involved in their tests (house #1) was
sealed to preclude the entry of outside air. Even for this
attic the dust accumulation rate was 7 percent area coverage
per year. Neither Lotz nor Van Stratten report any measured
emissivities with accumulated dust. They do, however,
report a measured performance degradation for attic radiant
barriers versus area coverage by dust. Figure 3.3-2
presents a graphic analysis of their findings. Note that

the shape of their performance curve is qualitatively
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analogous to Yarbrough's laboratory data.

Additionally, a relationship between percent area coverage
and dust weight was developed by the South Africans (see
Figure 3.3-3). This relationship would allow the South
African dust accumulation data to be compared to Yarbrough'’s

findings.

Surface degradation is a slightly different question than
dust accumulation. Wilkes (1939] has reported his
observations and the observations of others that he felt to
be authentic dating to 1927. Many of the earlier
observations were limited to visible inspection of the foil
and reported in terms of the foil’s "brightness" but some of
the reported data included emissivity measurements. Wilkes
reported no cases of significant degradation -- one personal

observation Wilkes reports reads as follows:

"Aluminum foil after two-year exposure to salt spray
and moisture on underside of roof of log boat house in
Newington, N.H. The foil was spotted with salt that
had been left on the foil by evaporation of the sgalt

spray. The emissivity was found to be 0.10."
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3.4 Effect Of Attic Ventilation Methods

Attic ventilation phenomena are probably the least
understood and most difficult to resolve of the radiant
barrier system issues. It is widely acknowledged that
surface convection phenomena are not amenable to simple
analytical techniques. In most problems associated with
convection, simplifying assumptions must be made before a
solution is forthcoming. Most scientist and researchers
agree that only the simplest of convection problems lead to
direct, easily confirmed solutions. Convection in attic
spaces exposed to natural environmental conditions
definitely does not qualify as a simple problem.
Nonetheless, a great deal of wunderstanding of attic
convection phenomena can be attained without exact,

guantitative solutions.

The attic of a building is a container into and out of which
a fluid flows. In this regard it is analogous to a solar
hot water storage tank. There are a few basic principles of
solar hot water storage tanks that are equally applicable to
attics. First, if there is no flow through the tank the
fluid will stratify with the hottest water at the top of the
tank and the coolest at the bottom. Second, 1if there is
flow to and from the tank there are proper and improper
places for that flow to enter and leave the tank. For
example, no reputable solar engineer would design a solar
hot water storage tank with the cold water inlet at the top

of the tank. Nor would the tank be designed with the hot
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water outlet at the bottom of the tank. This seems rather
obvious but let us ask why this is so. One good reason that
the cold water inlet should enter the bottom of the tank is
because the natural stratification of the tank is more
easily preserved when this is the case. Thus, the collector
cperates more efficiently, the water delivered to the load

is hotter and more useful energy is stored by the system.

What does this have to do with an attic? Attics are also
containers with an influx and outflux of fluid. 1If we wish
to remove the greatest amount of energy from an attic, then
we should follow the example of the solar hot water engineer
and bring the cold fluid into the bottom of the attic and
exhaust the hot fluid from the top. Furthermore, if our
concern is to minimize heat flow downward through the
ceiling of the building we wish to maintain the greatest
possible degree of natural stratification in the attic
airspace. Thus, the optimum solution would disperse the
entering fluid across as wide an inlet area as possible. We
do not want a jet of air entering at a very high velocity
through a small inlet. Such an air jet would entrain large
amounts of attic air, increasing air turbulence in the attic
airspace and destroying the stratification we would like to

preserve.

It is obvious that attics are far more complex than the
example indicates. But the principles and ultimate
objectives are valid -- we wish to exhaust the hottest air

in the attic and keep the coolest air next to the attic
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floor (ceiling insulation surface). To accomplish this we
wish to maintain the highest degree of thermal
stratification possible. We already know from the
preceeding example that high velocity inlet jets are less
advantageous than dispersed inlet flows. Now let us examine
some of the other parameters that might affect attic
airflows and, as a result, the thermal stratification in

attic airspaces.

Unlike hot water storage tanks, attics normally do not have
smooth internal surfaces. Most conventional attics are of
truss construction. This means that a significant number
and variety of flow obstructions exist in attics.
Therefore, the manner in which attics are vented may have a
profound effect on the degree of air turbulence in the attic
airspace. When ventilation air must travel perpendicular to
the direction of the attic trusses the attic air is likely
to be much more "well mixed" than otherwise. As a result it
is likely that the attic air will "destratify" somewhat,
bringing the hot air near the roof decking down toward the
attic floor. This may result in a higher insulation surface
temperature and greater downward heat flow through the

ceiling insulation.

Conversely, if attic ventilation airflow runs parallel to
the direction of the attic trusses and the inlet and outlet
flow aperatures are dispersed, and if inlets are located low
in the attics and outlets are at the attic peaks we would

expect that thermal stratification would be optimized. This
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type of ventilation would likely result in laminar airflows
that act in concert with natural thermal buoyancy forces in
the attic. Ventilation now removes hotter air from the
attic and, thereby, more energy per wunit of airflow than
would be removed by perpendicular airflows. Ceiling
insulation surface temperatures remain closer to inlet vent
air temperatures and downward heat flow through the ceiling

is reduced.

Even though the arguments presented so far appear logical,
the scientific literature does not contain much information
on the effect of attic ventilation on radiant barrier
systems. One directly applicable experimental steady-state
study of radiant barrier systems wunder the influence of
ventilation has been reported by Joy [1958]. His work

supports the preceding logical arguments.

Joy constructed a steady-state attic test facility in which
the roof surface temperature and the room air temperature
could be carefully controlled. Two test sections were
evaluated -- one flat roof attic with airflow parallel to
the attic structure and one pitched roof attic with airflow
perpendicular to the attic structure. Result from the tests
showed that attic radiant barrier systems appear
significantly more effective when airflow is parallel to the
structure. Figure 3.4-1 compares Joy’s reported results for
the two test sections. It is quite clear from the figure
that the radiant barrier system is significantly more

effective when ventilation airflow is parallel to the attic
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structure.

Joy explains the source of the differences as follows:

"With the flat roof the effective resistance of the
attic rises sharply with 85 F ventilation, especially
when the breather is aluminum foil. This appears to
be due to laminar flow of the ventilating air with a
high degree of stratification in the attic space....I
believe that nearly as good results could be obtained
under a gable roof if it is feasible to provide a

similar air path." [Joy, 1958]

The provision of parallel airflow in pitched roofs 1is not
only feasible but is quite common in conventional
construction. Continuous sofit and ridge venting will
provide the proper airflow direction, will provide for
disperse airflow inlets and outlets and will bring cool air
in at the base of the attic and exhaust hot air at the peak.
Thus, we should be able to meet all our previous criteria
for maintaining good thermal stratification within the

attic.

Again, no specific data on thermal stratification in vented
attics is available in the literature. Measurements of
attic air temperature distributions in the FSEC passive
cooling laboratory do confirm the wvalidity of these
hypotheses for parallel airflows. To our knowledge,
however, there 1is no corresponding data for attics with

perpendicular ventilation airflows.
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Figures 3.4-2 and 3.4-3 from tests conducted during the
summer of 1987 clearly indicate the existence of thermal
stratification in the test attic. It is very clear that
when a radiant barrier system 1is added to the attic the
stratification increases. O0f particular interest is the
fact that this degree of stratification exists in the
standard attic in spite of the fact that the insulation
surface temperature is hotter than all the air in the attic,
even the air directly adjacent to the roof. This is
indicative of the fact that thermal buoyancy forces are
quite strong in attics, especially when radiation is

blocked.

Let us try to examine the relationship between thermally
driven and wind driven ventilation wusing available
analytical calculations with the intent of finding the
correspondance between the magnitudes of the two forces in
common attics. Referring to Figure 3.4-4 we start with some
simple assumptions about the attic. First, we have
ventilation apertures at both eaves and at the peak of the
roof ridge. This situation is quite common. Assume also
that we are concerned about peak conditions when the stack
effects are most significant. We now need a few equations
that define the wvarious wventilation pressure gradients

across the attic space.

Pressure gradient across the attic due to bouyancy:
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(po-pi)-g-h
APt = T (4-1)
gc
where
APt = thermally driven pressure gradient
po = density of outside air
pi = density of attic air
g = acceleration due to gravity
h = height of attic
gc = universal gravitational constant

Pressure gradient across the attic due to wind:

L.p.Vref?
APw = (Cpi-Cpo) + ——em———— (4-2)
gc
where
APw = wind driven pressure gradient
Cpi = relative pressure coefficient at inlet
Cpo = relative pressure coefficient at outlet
p = density of the air
Vref = reference wind velocity
gc = universal gravitational constant

But we have three apertures and we need some method of
determining which are inlets and which are outlets. 1In
order to do this we need an overall or effective pressure
coefficient for the inside of the attic. Fortunately an
expression for multiple inlet airflows is available

(Vickery, 1983).

(Cpi-Cp1)
Qi = Cdi-Ai-Vref: —weeme—— o (4-3)
[Cpi-CpI| "~ (%)
where

(031 = flow through the ith aperture (fti/s)
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Cdi = discharge coefficient for ith aperture
Aj = area of ith aperture (ft?)

Vref = reference velocity (ft/s)

Cpi = pressure coefficient for ith aperture
CpI = internal pressure coefficient (unknown)

Note: the solution is iterative (see Swami and Chandra, 1988)

Using Equation 4-3 and typical pressure coefficients at
building surfaces it is possible to determine a pressure
coefficient for the attic interior. Assume that the wind is
normal to one of the eave sides of the building (see Figure
3.4-4). The windward eave vent is subjected to a positive
pressure coefficient of about +0.5 and the leeward eave vent
is subjected to a negative pressure coeficient of about
-0.3. The ridge of the roof is under a suction pressure and
will be subject to a pressure coeficient of about -0.6 (see
Dick, 19850). On solving Equation, 4-3 a value for Cpl of
-0.322 is obtained for the effective pressure coefficient of

the internal attic space.

We can now examine the correspondance between thermally
induced stack ventilation and wind driven ventilation in the
attic by setting the right hand sides of Equations 4-1 and
4-2 equal to each other (i.e.,APw =APt) and solving for the
wind velocity that is required to match a given set of

thermal stack conditions.

and rearrangement vields
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2.g-h-(po-pi)
vref = — [--lo_________ (4-4)
p:(Cpi-Cpo)

Assuming a stack height and attic and outside temperatures
allows us to calculate the reference wind velocity that
would yield an equivalant ventilation potential to the
thermal stack effect under those conditions. Let us assume
an attic height of 6 feet and temperatures of 80 F and 120 F
for the ambient and attic air, respectively. On calculating
the respective air densities (0.0734231 1lb/ft? and 0.0683595
lb/ft?}) and sqlving Equation 4-4 we find that a reference
wind velocity of 9.79 ft/sec or 6.67 mph exerts an equal
pressure on the attic system as the assumed thermal stack

conditions.

The example, although highly simplified, illustrates the
point that thermal stack forces can be significant in attics
and on calm days may provide for the majority of the attic
ventilation. It is also fair to say that for the given
example the wind driven and thermally driven attic
ventilation forces compliment each other, both driving the
vent flow from the eaves to the ridge of the attic. If the
example were constructed using gable vents rather than a
ridge vent then the stack forces would drive the warm air to
the top of the attic and the wind forces would drive the air
from one end of the attic to the other. This flow would be
perpendicular to the attic structure causing increased

turbulance in the airflow stream. The likely result of this
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is that the bulk attic air would be less thermally
stratified causing warmer air temperatures near the ceiling

insulation (see Joy, 1958).

Additionally, the wind direction will play a much more
critical role when gable vents are present. Since gable
vents are on the face of the building rather than the roof
ridge their pressure coefficients are much more dependent on
wind direction fluxuations than the ridge vent. It is
entirely possible to have rapid ocillations in the wind
direction that cause the gable to rapidly switch back and
forth from an inlet to an outlet. This situation can result
in a "slug" of air that is virtually pushed one way and then
the other in the center of the attic space. This also
should cause greater air turbulence and work to destratify

the attic air.
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3.5 Effect On Roof Temperatures

The application of attic radiant barrier systems has led to
pertinent questions regarding the resultant temperatures of
roof materials. Specifically, there is a concern on the
part of asphalt-based shingle manufacturers that
temperatures may rise to levels at which their products may
degrade more rapidly. Roof surface temperature increases
due to attic radiant barrier systems that are reported in
the literature range from highs of 10 F [Levins and Karnitz,
1986] and 8 F [Hall, 1986] to lows of 2 F [Fairey, 1982]).
These data, however, have been reported without benefit of
control test normalization. 1In other words, we do not know
whether the reported differences are caused by the attic
radiant barrier system or whether they are differences in
weather [Hall, 1986) or actual differences in the test

structures [Levins and Karnitz, 1986 (and) Fairey, 1982],

For the most part, tests conducted at the FSEC Passive
Cooling Laboratory indicate the lesser temperature
increases. Tests conducted in the summer 1985 [Fairey,
1985] wusing medium brown shingles show an increase in the
shingle top surface temperature of only 1.1 F at peak.
Figure 3.5-1 gives the coincident shingle surface
temperature differences between the two attics used for the
analysis. The abscissa of the graph is the shingle surface
temperature of the control test cell (i.e., the test cell
which remained the same during both tests). The ordinate of

the graph gives the temperature difference between the
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shingles of the alternate test cell (cell 1) and the control
test cell (Cell 3).

Two points are clear from the data. First, there is a real
difference between the two test cells when they are
configured alike (null test data), and second the data
scatter is significantly greater than any statistical
temperature difference between the two alternatives (radiant
barrier wvs. no radiant barrier). Differences between
temperatures during null tests are probably due to slight
differences in shingle color. As with most shingles, there
are differences in the shade of the shingles so as to give
an aesthetic mottled appearance to the roof. The scatter in
the data is due to slight differences in the environmental
influences on the roofs. Even though the two measurements
are within 10 feet of one ancther, passing clouds, changing
wind patterns and other ambient influences can cause rapid
and significant changes in surface temperatures. During the
daytime it is possible for the surface temperature to change
as much as 10-15 F within a few seconds due te a passing

cloud.

Figure 3.5-2 shows the same analysis using the top surface
temperature of the plywood roof decking. These data can
also be taken to represent the botton-side shingle
temperature. One notes that the temperature difference
between the null test and radiant barrier system test
conditions has increased from 1.1 F at peak to about 5.1 F

at peak. The peak temperature, however, has dropped from
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about 168 F to about 158 F, so these temperatures should
have less effect on shingle durability than the wupper

surface temperature.

Carrying the analysis one step further and 1looking at the
bottom-surface temperature of the roof plywood, one sees
that the difference between null test and RBS test has

increased to about 12 F (see Figure 3.5-3).

Finally, Figure 3.5-4 repeats the analysis for the ceiling
insulation top-surface temperatures. Here the differences
between null test and radiant barrier system tests are in
the opposite direction. This figure vividly illustrates the
great benefit to be derived from radiant barrier systems
during summer when cooling 1is required. Even though the
peak temperatures are only 118 F, the radiant barrier system
is able to reduce insulation surface temperatures by over 20

F.
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3.6 Moisture Flows In Attics

The attics of buildings are subject to substantial moisture
transport. The predominant attic material is wood and wood
is capable of holding surprising amounts of moisture.
During the day when the roof absorbs large amounts of solar
radiation the consequential heat transfer through the roof
decking moves moisture out of the decking and into the attic
air. At night, when the roof is radiating energy to the
night sky, the roof is cool and adsorbs moisture from the
attic air. This results in a rather substantial cyclic

transfer of moisture into and out of the attic materials.

Figure 3.6-1 illustrates this phenomena. The inlet and
outlet dewpoint temperatures for the three PCL attic test
cells show a substantial change in the attic air moisture
content over the course of the day. This moisture either
went into or came out of the attic materials. The daily

cycle is apparent in the figure.

A few points are worth noting. The inside surface of the
roof plywood in <Cell 1 1is covered with an impermeable
radiant barrier glued to the plywood. This causes the
outlet dewpoint in Cell 1 to be closer to the inlet dewpoint
during most of the day. Only the plywood is covered so the
remaining attic materials condinue to adsorb and desorb
moisture. There is a distinct cycle in the process. The
outlet dewpoint 1is lower than the inlet dewpoint until the

sun rises. However, while the roof is being heated by solar
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radiation, moisture is being driven from the attic materials
into the ventilation airstream and the outlet dewpoint 1is
significantly higher than the inlet dewpoint, carrying

moisture out of the attic.

There is also a rapid 15 F drop in the inlet air dewpoint at
about 9:00 pm EST. This results in a shift in the
respective dewpoint temperatures. After begining to adsorb
moisture at around 3:30 pm, the attics begin to desorb

moisture as a result of the 9:00 pm dewpoint drop.

The effect of this reversal is illustrated by figure 3.6-2.
This figure plots the energy removed from attic Cell 2 by
the vent airstream. Note that the thermal energy removal
from the attic is always positive while the moisture removal
rate is negative until the sun rises and is positive until
it sets. The change in ambient air conditions at 9:00 pm.
is vivid, causing a reversal in the moisture energy flow as
well as the total energy removed by the attic vent
airstream. It is also important to note that the moisture
energy flow (mass flux times the heat of vaporization for
water) into and out of the attic materials is almost equal

to the thermal energy transfer during peak conditions.

Other researchers have observed identical phenomena in
attics [Cleary, 1985]). These measurements point to the
possibility that most of the moisture in attic materials
probably comes from the vent airstream as a result of the

daily thermal cycles of the attic and is probably not the
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result of moisture diffusion from the house to the attic

through the ceiling materials.

The major moisture concerns with respect to attic RBS are
applications where the radiant barrier is laid directly on
top of the ceiling insulation. It is quite possible that
such applications will trap moisture inside the ceiling
insulation if the radiant barrier is not permeable to water
vapor. This may be especially true in very cold climates
where large amounts of ceiling insulation are common. Under
these conditions, the radiant barrier can function as a
moisture "dam". This will be especially true if air
communication paths between the house and attic are not

sealed.

It is clear that moisture flows in attics are substantial.
It is not clear whether or not impermeable coverings on top
of ceiling insulations will cause meoisture damage in
ceilings. As long as the posibility of moisture damage
exists, however, impermeable membranes placed directly on

top of the ceiling insulation should be avoided.

This may also be true for radiant barriers attached directly
to roof decking materials. If they are not permeable, the
roof decking may not be able to dry sufficiently to avoid
moisture damage, especially if there are roof leaks. A
large number of radiant barrier manufacturers produce
permeable products. If a radiant barrier is used in direct

contact with attic materials it is recommended that it be
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permeable. Products with tested water vapor transmission

rates of 15 perms or higher should not cause moisture

problems.
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3.7 Effect Of Climates

Attic RBS are primarily a summertime heat gain control
stategy. Thus, their use is more appropriate and beneficial
in the sunbelt than the north. There are winter benefits
for attic RBS but the magnitude of the savings (ceiling heat
flow reductions)} are less in winter than in summer. There
are two reasons that this is true. The first is related to
the potential for radiation to occur across the attic
airspace and the second is related to the behavior of

convective heat transfer in attics.

The effectiveness of an attic RBS is primarily driven by the
difference 1in temperature between the attic ventilation air
and the roof surface temperature. If the roof surface
temperature is the same as the ambient air temperature there
will be no significant radiation transfer between the roof
and the ceiling insulation in well vented attics. This is a
fairly important point because it helps explain part of the
reason why attic RBS are less efficient in winter than in

summer.

In summer, the temperature of the roof during the middle of
the day 1is 1likely to be significantly warmer than the
ambient air because of solar radiation. It is not uncommon
for roof surface temperatures to be as much as 80 to 90 F
hotter than air temperatures under these conditions. There
is a large potential for radiation transfer from the roof to

the ceiling insulation under such conditions.
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On cold winter nights, the roof is usually colder than the
ambient air so there 1is a potential to transfer radiant
energy from the ceiling insulation surface to the cooler
roof. At night, however, this potential is significantly
less than during the day because roof temperatures are only

10 to 25 F below ambient air temperatures [see Clark,1981).

A second and very important reason that attic RBS are less
effecient in winter than summer stems from the nature of
convective heat transfer. Natural convection is a bouyancy
dirven phenomon. Thus, in the absence of external forces,
convection will always be in the upward direction. This
means that natural convection in attics will always work to
cool the upper surface of the ceiling insulation -- summer

and winter.

In summer, this upward convection is beneficial in
protecting against unwanted ceiling heat gains. In winter,
however, this upward convection increases heat losses from
the wupper surface of the ceiling insulation, resulting in
greater heating energy use by the building. It is important
to remember that an attic RBS blocks only the radiation
transfer. If most of the total energy transfer across the
attic airspace is by radiation (summer condition), then the
RBS will have a significant effect on the ceiling heat flow.
However, if a Jlarge portion of the total heat transfer
across the attic airspace is by convection (winter
condition), then the attic RBS will have a less significant

effect on the ceiling heat flow.
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It is quite important to point out that reductions in
ceiling heat transfer caused by attic RBS are well matched
to normal building loads, during both summer and winter [see
Fairey, wet.al., 1986]. Wintertime heating energy use in
buildings is significantly higher at night. During this
time of the day, attic RBS perform well, significantly
reducing ceiling heat loss. During summer, the opposite is
true and the greatest cooling load occurs during the day
when both the attic RBS and the upward convection from the
ceiling insulation are working in parallel to reduce heat
gains into the building. There 1is limited field data
supporting these hypotheses, however, more high quality
experimental data from cold climates is needed to gquantify

these effects in detail.

The reader should remember, however, that an attic RBS will
block daytime heat transfer across the attic airspace on
winter days as well as on summer days. This daytime ceiling
heat gain may be benefical in winter and attic RBS may not
be warranted on steeply sloped, south facing roofs in cold

climates.
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CHAPTER 4

RESEARCH APPROACH AND RESULTS

The Florida Solar Energy Center (FSEC) has been conducting
RBS research since 1981, Although this report covers the
most recent research work, it is predicated upon significant

previous experience and research on the subject.

In October, 1986 a comprehensive cooling research program
that is cooperatively supported by the U.S. Department of
Energy (DOE), Florida Power and Light Company (FPL) and the
Gas Research Institute (GRI) was initiated at FSEC. One of
the five major research tasks of this project is radiant
barrier systems research. The RBS research program was
designed to be broad based and address three major research
topics.

0o Material reliability

0 Performance measures, and

o Analytical modeling.

Both experimental and analytical research are required.
Experimental efforts are needed to examine the performance

issues and to provide detailed, high-quality data for model
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development. Analytical research is needed to identify
performance sensitivities and to develop RBS economic

performance criteria across a wide range of climates.

The FSEC Passive Cooling Laboratory (PCL) is being used to
study and measure the detailed, short-term performance of
RBS alternatives so that system alternatives can be better
understood and analytical models can be developed and

verified.

To examine dust collection and material degradation
potentials, field tests using RBS material swatches placed
in the attics of 12 1local residences were begun in

September, 1987.

During the summer of 1987, whole-building energy performance
was studied under subcontract with the University of Florida
at two residences located at the Energy Research and
Development Park in Gainesville, FL. The intent of these

studies was to study RBS electrical demand reduction.

A new facility to study the long-term performance of
installed RBS has been designed, critically reviewed, and is
under construction at FSEC’s new auxiliary test site in
Cocoa, FL. This facility will be operational in the summer

of 1988.

4.1 Detailed PCL Measurements

The FSEC PCL is a heavily instrumented, residential-scale
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building that allows for detailed, side-by-side study of
building systems and components (Fairey, 1982). The data
quality is such that results can be used for development and

verification of mathmatical models.

Three test cells have been created in the east facing attic
of the PCL to study the performance of RBS alternatives in
detail (Fairey, 1985). The three attic cells are directly
over a single conditioned space having a special air
distribution system designed to maintains the same room

conditions underneath each attic test cell.

The attic test cells are heavily instrumented to measure
temperature regiems, air moisture regiems, heat fluxes, air
velocities and ventilation air flow rates (see Appendix A).
Ambient solar radiation, air temperature, air moisture
content and wind speed and direction are also measured. The
attic ventilation rates are controlled by a damper and
blower arrangement that allows both control and measurement

of the attic vent airflow rates.

These experiments have been very productive. Important
questions pertaining to radiant barrier placement in the
attic and attic ventilation rate have been answered in this
facility. Before comparitive testing is attempted in the
PCL, null tests are performed. ©Null tests are experiments
that are used to assure that all three attic test cells are
responding alike when they are configured identically.

There 1is wusually a small difference in performance between
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the test cells.

This difference is accounted for by normalizing the data
with respect to a reference test cell. For the tests
reported here cell 2 was wused as the reference cell,
Figures 4.1-1 and 4,1-2 show the results of the
normalization analysis for two days during the null test
period. On the figure, the number of data points considered
by the regression analysis is denoted by ’'N’, the residual
standard deviation of the regression error is denoted by
's?’ and the coefficient of correlation for the regression

is denoted by ’'R2’,

After normalization coefficients are determined they are
used to adjust the results so that equivalence between the
test cells is achieved. Figures 4.1-3 gives normalized

ceiling heat fluxes from these days using this technique.

The reported RBS configurations are 1illustrated in Figure
4.1-4. Note that 1.5 inches of attic framing is left
exposed in each case and that only the roof decking or attic
ceiling insulation 1is fully protected by the radiant
barrier. The side and end walls of the attics are
constructed wusing low emittance surfaces so that the only
significant radiation is between the roof decking and the
attic floor (insulation surface), simulating infinite

parallel planes.
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Figure 4.1-4 Location of RBS surfaces for PCL Attic tests during

1987,



RESEARCH APPROACH AND RESULTS Page 4-5

Figure 4.1-5 gives results from the initial set of RBS
tests. It clearly indicates that attic RBS are effective.
The RBS in cell 1 is glued to the plywood roof decking and
the RBS in cell 3 1is placed 3.5 inches below the roof
decking so as to have a vented airspace above it. There 1is
no significant difference between the performance of the two
RBS test cells. As compared to cell 2, the RBS in cells 1
and 3 reduced heat gains (sum of the positive ceiling
fluxes) through the ceilings by 47.9 and 50.8 percent,
respectively. The total daily heat £fluxes through the
ceiling (gains plus losses) were reduced by 37.3 and 40.3

percent, respectively.

In order to see if the agreement between cells 1 and 3 could
be repeated using cells 1 and 2, a third test was conducted.
Cell 2 was fitted with a radiant barrier 3.5 inches below
the roof deck and a radiant barrier was placed between the
ceiling joists directly on top of the ceiling insulation in
cell 3. This afforded an opportunity to answer two
questions. First, does cell 2 behave as much 1like cell 1
with the RBS 3.5 inches below the decking as cell 3 did?
And second, how does a floor mounted RBS perform relative to

the other two locations?

Results of this test are presented in Figure 4.1-6. It 1is
apparent that performance for the three RBS locations is
virtuvally identical. Perhaps more important it was possible
to move the RBS that was 3.5 inches below the deck from cell

3 to cell 2 without seeing a significant difference 1in
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performance with respect to the glued RBS in cell 1. This

indicates that the three attic test cells are well matched.

In all cases single-sided radiant barriers were used. The
emittance of the foil side was 0.03 and the emittance of the
non-foil side was 0.9. Their low emissivity surface always
faced the main attic airspace and the attics were force
vented at at a constant rate of 2.5 air changes per hour
(ach). In the case where the radiant barrier was located
3.5 inches below the roof decking both the main attic
airspace and the airspace between the radiant barrier and
the decking were vented but the total attic air change rate
was held at 2.5 ach in each case. A full compliment of test
data for the three test days used in this analysis is given

in the Appendix of this report.

In previous tests (Fairey, 1985) these attics have been used
to study attic ventilation strategies, single-sided versus
double-sided RBS and roof versus floor mounted RBS. Summary

results from these tests are presented in Table 4.1-A.

4.2 RBS Mathmatical Model Development

Data from PCL experiments have also been successfully wused
to develop and verify a detailed finite element model. The
model predicts attic behavior with significant accuracy. In
addition to the detailed model a simple heat balance model
using ASHRAE heat transfer algorithms was developed and

exercized to study the sensitivity of the main parameters



(vs2-E£2)

yoe g ‘| 1789)

Yyae g ‘(g 1182]

i i | i I |

%L | 66°0 i L 390-0g 31deg | (sa) sByd + LL-H i aA4asuon gg-H | i
i i | . I i i

i i (692-992) ] yoa g ‘4[| 1182} |  yae g 4[g 1199) I i

%2E i 89"0 | g2 3des-gg 1dag | (sa] SaHH + BL-H i 8AJBEUAD (p-H i i
I i i | i |

i i [ga2-EeGE) I yos g (L 1189} | yoe g ‘{g 11e8a] | I

%et i £5°0 I 8l 3des~pgl 1dseg | (5a) sgdd + BlL-H i pJ8puBls gi-H | i
i i | | i i

1 i (By2-5tz} 1 yoe g ‘[ 3189) I 4ae g ‘(g 1189] [ (GILN3AT |

eV i 260 I G 3des-g 1dag | [NO SS) S8HH + BL-H | pJBpuUB1S BL-Y i 51531 s@d |
I

I ] (gez-9ge) I (L 1180) 1 paless ‘(g 1192) | I

%61 i 18D I 92 Bny—p2 Bny | (NO SS) SEuH + 6L-H | pJepue3s gL-H i i
_ i i i i i

] | (Dee-622) I (L 1189) i Ppeiess ‘(g 11ao) | I

%81 i 280 i BL Bny—zy Bay | {dn SS) SBH4 + BL-H | PJIBPURLS Gl-Y i i
i i | i | i

i i (rEe-£22] i (L 11e3) i Pateas f[g 1183) | (a31v3s) |

%L i 66°0 i 2L Bny-LL Bny | (NG SS] saud + BL-H | paBpus]s gLy 1 S1531 sad |
i

i l (S6i~t6i) i UoB gL-—2aJ404f(z 1189) | yoe g°"g 3eu‘(g 1189)j i

%c i 86°0 i v Anp—gL Anp pJepueis g-H i pJBpuels gl-H i i
i | i 1 i i

i I (s61~¥61] I Y38 Gl=ea40)f{g 1783) | pajess [} j180) i

%8¢ i 29°0 i v Ainp—gL Anp pJepuels gL i pJepugis gl-y | I
i i | ] | |

| | (66L~¥EL) i 4oe G*g jeu ‘(g 1180) | paieas 4[| 1389] | I

%/E I £9°0 I vl fap—gL Ainp pJepuels gLy i pJepuEls gFl-Y i 51531 INIA |
|

i i (L8L-241) i pajeas ‘(| 11890) i paieas f{g 1j@0] | i

%el- i 2L"1 i Ogunp-gz unp pJepuels gl-y | plepuels gl-y I I
i i 1 I 1 l

i I (£1-694]) I pejeas ![| 1]80) 1 palees ‘{g 1180] | i

K- i v0"L i g2 unp-gL unp | uoLjensul ou i uallensui oy I S183L 71NN |
===

aseg wodj | [e@seqsyie] | siskjsuy i AaBajeuqg i ABajeuyg |  NOILIONDD |
8auAJa44Llg ¥ | olied xny4 | 30 potLasy i aAljeudal |y i aseg i 1531 1

SB861 Jowung Joj S383) 0131y Jod Wody S3nsay 40 Adewung

V-1"% HTdVL



RESEARCH APPROACH AND RESULTS Page 4-7

that effect RBS5 performance.

Attics are extremely complex systems involving simultaneous
heat, mass and momentum transport. The degree to which
these phenomena may be studied depend on the nature of the
problem, +the desired result and the available resources.
With these constraints, two RBS modeling studies were

conducted.

0 A detailed finite element model was used to study

combined heat and mass transfer in attics, and

o a simplified, heat-balance model was used to rapidly

study the major parameters of attic RBS systems.

4.2.1 Detailed finite element model

As part of the effort, FSEC has developed detailed
analytical capabilities to model combined heat and mass
transfer phenomena in attics. The effort includes archiving
the available moisture property data and development of
accurate combined heat and mass algorithms based on
available theories. An in-house software, FEMALP, capable
of modeling simultaneous heat, mass and momentum transport
is the result of this effort, Complete details of the
various theories of combined heat and mass transport,
algorithms developed based on the theories and moisture
property data are catalogued in Kerestecioglu et.al.

[1988].
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Detailed modeling consisted of two studies: 1) thermal only
simulation of the attic and 2) coupled heat and mass
transport simulation of the attic. 1In both cases the finite
element approach was used to solve the governing equations
for the solid components of the attic and a lumped approach
was used to model the attic air. The two domains (solid and
air) were coupled at the boundaries using appropriate
coupling coefficients, The Navier-Stokes equations were not
solved for the air domain. The model wused for moisture
transport comes from evaporation-condensation theory. No
discussion of the physics of moisture transport is presented
here, A  full discussion on this subject may be found in

Kerestecioglu et.al. [1988].

The geometry simulated (attic Cell 2 of the FSEC PCL) is
illustrated by Figure 4.2-1. Detailed measurements of
temperatures, airflows, dew points and heat fluxes were
obtained at 15 minute intervals. A more complete discussion
of the instrumentation and the nature of the experiments 1is

contained in the appendix to this report.

The attic air space is divided into seven lumped zones with
ventilation air entering zone 1 at C’'-I' and leaving the
seventh zone at C-I. The seven zones are coupled by
interzone air flow. That is, all air entering a zone leaves
to the next zone until it exits from zone seven. The dashed
lines in the fiqure indicate the zone partitions assumed for
the purposes of simulation. No re-circulation of air

between zones was considered. Although a single temperature
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defines the thermal state of a given =zone, the multi-zone
model allows the air conditions to vary from one zone to
another. A seven zone model was chosen because this was the
division used in the PCL measurements. Figure 4.2-2 shows a

section of the finite element descretization.

Measured thermal data were used as boundary conditions at
the bottom of the gypsum board (H-H'’) and the top of the
plywood decking (B-B’). Figure 4.2-3 shows the center-line
temperature history of the attic components for the
simulation. The temperature for gypsum bottom and deck top
are wused as thermal boundary conditions in the model.
Coupling coefficients between the attic air and solid
surfaces were taken from ASHRAE [1985]. These coefficients
were temperature and orientation dependent. Thermal
radiation among viewing surfaces was modeled in detail using

the Script-F concept.

Figures 4.2-4 and 4.2-5 give the meterological data for the
day simulated. Although these data are not directly used in
the simulation, they are presented to give an idea of the
climatic conditions. The attic wventilation rate was
maintained between 5.0 and 6.0 ach. Figure 4.2-6 gives the
air flow history at two attic locations and in the vent
outlet duct during the experiment. The measured airflow in

the outlet duct served as input for the simulation.
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Values for the thermal properties, of conductivity, density
and specific heat were taken from ASHRAE [1985]. Moisture
properties were taken from Kerestecioglu et.al. [1988].
Properties of porosity, tortuosity and equilibrium moisture

content are tabulated in Appendix D of this reference above.

For the first simulation, only the thermal transport was
simulated. Figure 4.2-7 compares measured heat fluxes at
the ceiling with results from the simulation. Although
moisture effects were not modeled, the measured data match

reasonably well with the results of the simulation.

Figure 4.2-8 compares the measured and simulated
temperatures at the top surface of the ceiling insulation.
Disparities between measured and predicted temperatures are
expected when the effects of moisture are ignored. It is
evident from the figure that the model under-predicts during
the cooling period (nighttime) and over-predicts during the
heating period (daytime). This is typical of the effects of
moisture. During nighttime when moisture is adsorbed, the
heat of adsorption causes higher surface temperatures. The
reverse 1is true during daytime when desorption occurs. A
large part of disparities observed in the figure may,

therefore, due to be the effects of moisture.

This hypothesis is strengthened by data given in Figure
4.2-9, The temperature prediction error is plotted with the
measured vent air moisture removal rate. The thermal

prediction error is qualitatively analogous to the measured
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vent air moisture removal from the attic.

The coupled thermal and moisture transport in the attic was
also simulated. Only inlet and outlet vent air moisture
contents are measured so measured material moisture contents
are not available for boundary condition data. Therefore,
the simulation was run for a ten day period to allow initial
material moisture conditions to decay beyond any

significance.

Figure 4.2-10 shows the predicted and measured insulation
surface temperatures after moisture transport is included in
the simulation. The predictions are much closer to the
measured values than for the previous simulation. (Figure
4,2-8). The measured data show a smaller temperature
gradient between air zones 2 and 6 than the model. This is
probably due to re-circulation and buoyancy effects

occurring in the attic air.

Figure 4.2-11 compares the thermal prediction errors with
and without the effects of moisture included in the model.
The prediction error has considerably dampened when moisture
effects are simulated, The maximum prediction error when
moisture is ignored is about 3 K compared to 0.5 K when

moisture effects are included.

Figure 4.2-12 compares predicted and measured humidity
ratios at the outlet of the attic. While a similarity in
trend has been established an exact match was not obtained.

It is <clear, however, that the inclusion of moisture
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transport has substantially reduced discrepancies between
predicted and measured data. Uncertainties in moisture
material property data and attic airflow pattern are
believed to cause the major disparities still existing
between measurement and prediction. This stresses the need
for extensive research on moisture properties for commonly

used building materials.

4.2.2 Simple Heat Balance Model

A simple, steady-state, heat-balance model has also been
developed. Figure 4.2-13 graphically illustrates the model.
The model wuses temperature and direction dependent
flat-plate convection coefficients (ASHRAE) as boundary
conditions for the solid domains of the problem. Radiation
is modelled using infinite parallel plate assumptions. The
major simplifying assumption wused in the model 1is that
airflow between the floor of the attic and the roof of the
attic is driven by bouancy. No bouyancy calculations are
performed but the energy flow between the air adjacent to
the ceiling insulation (Ta) and the air adjacent to the roof
(To) 1is assumed to occur by convective mass flow at the

prescribed attic ventilation airflow rate (Vflow).

The model was compared to parallel airflow experimental
results obtained by Joy [1958] with favorable results {see
Figure 4.2-14). The model is not capable of modeling attics
with airflows perpendicular to the attic structure. It is

important to remember that the simplicity of the model
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Figure 4.2-13

Energy balance equations:

1t
o

€ Ty hr(Tr - Tsol) + Ur{(Tr - T4)

@ Tq: hg(Tq -~ To) + Ur(Td - Tr) + E (Tg? - TgH =0
€@ To: hg(To - T@) + VE(To - Ta) = O
@ Ta: hg(Ta - Tg) + VE(Ta - Tinf) = O
@ Tg: hg(Ts - Ta) + Uc(Ts - Te) + E (Tgd = Tgd) = 0
where
by = 0.12(Tg - T,)0-25
hg = 0.27(Tg - T, 023
Vg = PVCh
S
E = % +-l€- -1
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requires that its results be interpreted only in a general
sense. The model can show trends and parameter
sensitivities but cannot fully describe the complex, dynamic

phenomena that occur in real attics.

This simple model was used to examine the =sensitivity of

attic RBS to the following parameters:

o Ventilation air temperature
0o Sol-air roof temperature

0 Ceiling insulation level

o Radiant barrier emittance

o Room thermostat setting, and

o Radiant barrier location

Each of these parameters was examined at a range of attic
ventilation rates and the results are given as a percent
reduction in ceiling heat transfer with respect to the same

attic system without a radiant barrier surface.

Results from the analysis show that ventilation air
temperature and radiant barrier surface emittance are the
prime parameters of attic RBS. Attic RBS effectiveness is
most sensitive to surface emittance. Figure 4.2-15 clearly
illustrates the effect of surface emittance changes on the
performance of attic RBS. Figure 4.2-16 gives the effect of
vent air temperature on attic RBS effectiveness. This
figure also shows the effect of RBS location in the attic.

While the effectiveness of the RBS is a fairly strong
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function of the vent air temperature, there appears to be no
sensitivity in the model to the 1location of the radiant

barrier (roof versus attic floor).

The remaining parameters show less sensitivity. Performance
is somewhat sensitive to both the sol-air temperature
(Figure 4.2-17) and the conditioned space temperature
(Figure 4.2-18), but ceiling insulation level appears to
have virtually no effect on the effectiveness of the attic

RBS (Figure 4.2-19),

Thus, it appears that the major parameters affecting RBS
performance are the emittance of the radiant barrier surface
and the temperature of the attic ventilation air (ambient).
It should be possible to combine the effects of the sol-air
temperature and the vent air temperature by subtracting one
from the other and developing an effectiveness based on the
result. The ventilation airflow rate also affects
performance but this effect appears to asymptotically
approach the expected attic ventilation rates of naturally

vented field attics (0.25 cfm/ft2).

4.3 Field swatch Tests

The field swatch tests are long-term field tests designed to
record the effects of dust accumulation, chemical
degradation and mechanical failure on two generic types of
RBS, a vapor deposition product and a foil laminate product.

A test protocol (Fairey and Beal, 1987) has been developed
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and samples have been placed in the attics of 12 local
residences. On a periodic basis samples are removed from

each residence and brought back to the lab for analysis.

Only preliminary data are available but it appears that dust
collection occurs on horizontal surfaces at a fairly rapid
rate in vented attics. As vyet, neo material surface

degredation has been observed in these tests.

Sixteen samples of each type of RBS have been placed in a
dozen houses. The samples are 4" by 8" swatches of material
placed in a 5"x9"x 1/2" lidded PVC box. With each sample is
a microscope slide. The samples and slides are coded with a
simple binary code to indicate the house, the kind of RBS
and the individual sample. The coding is implemented with a
hole punch on the sample and an indelible marker on the

slide.

Samples are to be collected from the field houses over a
five year period. The samples were placed in the field
houses during the week of September 14 - 18, 1987. Table

4.3-A gives the time schedule for the sample pickups.

Houses with a variety of attic environments have been
selected; houses in rural and residential areas, houses on
dirt roads and houses on paved roads are included. Their
surroundings vary from water front to wood lot.
Unfortunately, none of the houses is in a truly polluted air

environment.



ﬁ
TABLE 4.3-A

Sample table for 5 year dust collection tests

sample # 1 = 37 days delta = 37 days
sample # 2 = 80 days delta = _ 43 days
sample # 3 = 130 days delta = 50 days
sample # 4 = 187 days delta = 57 days
sample # 5 = 253 days delta = 66 days
sample # 6 = 329 days delta = 76 days
sanmple # 7 = 417 days delta = 88 days
sample # 8 = 519 days delta = 112 days
sample # 9 = 635 days delta = 116 days
sample # 10 = 770 days delta = 135 days
sample # 11 = 926 days delta = 156 days
sample # 12 = 1105 days delta = 179 days
sample # 13 = 1312 days delta = 207 days
sample # 14 = 1550 days delta = 238 days
sample # 15 = 1825 days delta = 275 days

ﬁ
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A detailed site plan, along with a written description and
photographs, was made of each attic. Of special importance
were the roof type and area; the attic venting and vent
area; the attic floor space, area, and construction; and the
kind of insulation. An example of the documentation is

included in Figure 4.3-1.

As of February 23, 1988 two sample pickups had been made.
One sample pickup was missed in December because the initial
pickup had not been processed. The processing difficulties
have been overcome and all future pickups can be made in a

timely manner.

Initial emissivity measurements were taken on 256 samples of
each of the two generic RBS types. The measurements by type
were all within +1%. The foil laminate samples had average
measured emittances of about 0.03 and the vapor deposition

samples had measurements that averaged about 0.05.

The field samples are returned to FSEC for analysis. FSEC
is equipped with a microscope that is capable of transmitted
and reflected, bright field and dark field work. Visual
magnifications of 50 and 100 power and photographic
magnifications of 12.5 and 25 power are available. The
camara is equipped with a data back that imprints an alpha
numeric code on the negative. The binary code on the sample
is represented by the middle two numbers. The type of RBS
(foil or vapor deposition) is represented by the leading

letter and the magnification of the picture (12 or 25) is
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represented by the trailing number. An example photograph
of the dust collection over a 29 day period in one attic is

included at Figure 4.3-2.

Emigsgsivity increases measured from the collected field
samples are shown in Figures 4.3-3 and 4.3-4. The graphs
show the increase in emissivity from that originally
recorded for the samples as a function of their exposure
time in the field. The characters represent +the house

numbers (0 through 9 and A and B).

To get an accurate indication of the percentage dust
accumulation and dust particle size the microscope image is
digitized. A Charge Coupled Device (CCD) camera that mounts
on the microscope and interfaces with an IBM XT and existing
software is used. This method bypasses photography and
takes a direct digital image of the slide. The software
will allow use of the XT as a monitor, the making of hard
copies via a laser printer and the calculation of dust
coverage by percent area coverage. Examples of laser
printer images of dust accumulation in the worst and best

attics are given in Figures 4.3-5 and 4.3-6.

Dust accumulation data are then correlated to emittance
measurements taken from the material samples. Results from
this correlation are shown in Figure 4.3-7. The graph gives
the increase in emissivity from that originally recorded for
the samples as a function of the percent area dust coverage.

Although the data are preliminary, a clear relationship
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between dust coverage and emmisivity degradation is
apperant. A liner fit of the data predicts an emmisivity
increase of .65 when there is 100% dust coverage, It is not
expected that this relationship will continue to be liner.
Clearly the emmisivity will become that of the dust, setting
an asymptotic 1limit for the emmisivity. Yarbrough’s data
(see Section 3.3) shows an emittance asymptote of 0.85 for

dust used in his laboratory experiments.

Any visible surface degradation, other than dust
accumulation, will be photographed and scanned as needed.
The effect on emissivity can be deduced by cleaning of the
sample and comparison to samples with similar dust
accumulations. If severe material surface degredation is
observed an effort will be made to determine its cause

through chemical analysis of the sample.

Already attrition is striking the field houses. One of the
attics was bombed for vermin, ruining all samples. Air
conditioning repairmen disturbed samples in another and a
curious raccoon played with the slides in one house. The
last two intrusions did not significantly effect the

samples.

4.4 UF Whole-house Tests

During summer 1987, RBS energy consumption and demand testg
were performed by the University of Central Florida under

subcontract with FSEC. The tests were performed at the
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Energy Research and Development Park (ERDP) in Gainesville,
FL in two similar residences having approximately 1200 f£ft?
of conditioned floor space (see Lear, 1987). One house was
of concrete block construction and one was wood frame
construction. Both houses were subjected to internally
generated loads of approximately 12.5 kWh per day and both
were equipped with moisture generators to simulate normal
internal moisture loads on houses. The air conditioning
units in both houses were replaced at the start of the tests
to provide matched units and both houses were tightened to

similar infiltration levels through blower door technigques.

Because the houses are of different construction and
slightly different in size it was necessary to perform a
battery of RBS experiments that included the full compliment
of possibilities. In the order of performance the tests

were as follows:

o Both attics standard
o Frame attic standard and block attic RBS
0 Both attics RBS

0o Frame attic RBS and block attic standard

Both residences had R-19 ceiling insulation for all tests.
For RBS test periods roof mounted RBS using single-sided
radiant barriers facing the attic airspace were added. Each
test condition was maintained for approximately 21 days
before proceeding to the next test. The intent of the test

series was to provide sufficient data so that performance
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could be normalized with respect to the two test conditions
with the same configuration (i.e., both standard or both
RBS). 1In this way both the differences between the houses
and the differences in weather can be normalized to a common

base.

As in most experiments, there were initially some problems
and missed data. During the initial test period a
significant amount of the electrical data was lost.
Additionally, when the data were analyzed the measured house
temperatures were found to be different during this test.
The block house temperature was 0.4 F warmer than the frame
house for the first test period but for the remaining three
test periods the frame house temperature was 0.4 F warmer
than the block house. Thus, only the last three test
periods provide sufficient data and similar enough test
conditions for analysis. The third test period (both RBS)

provides normalization data for the other two test periods,

As previously stated, the intent of the tests was to study
the electrical demand reduction resulting from the use of
the attic RBS. Figure 4.4-1 compairs the coincident air
conditioning electical demand for the two residences when

they are configured alike.

It is important to note that the coincident air conditioning
demand of the two residences is significantly different,
even during the null tests. The regression shows a block

house hourly demand of about 0.2 kW when there is no demand
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for the frame house. But at peak the frame house demand is
almost 10 percent higher than the block house demand. This
results in roughly equivalant total air conditioning
consumption for the residences even though their demands are
significantly different. Because the houses are different
and the weather cannot be held constant from test to test,
it is quite important that the analysis consider these
demand differences. In order to do this the regression
analysis given in Figure 4.4-1 is used to normalize the data

from the other two test periods.

Figures 4.4-2 and 4.4-3 give the coincident air conditioning
demands and regression analyses for the remaining test
periods. The analysis is accomplished by comparing the
regression from Figure 4.4-1 with each of the other
regressions in the following manner:

For the frame(wf) house using the block(cbhb) house

as the reference(ref):

STD wf vs RBS cb: kWwf = —-0.16506 + 1.239023#%kWref

- RBS wf vs RBS cb: kWwi -0.10392 + 1.107099*kWref

il

-0.06114 + 0.131924*kWref
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For the block(cb) house using the frame{(wf) house

as the reference(ref)}:

STD c¢b vs RBS wf: kWwcb 0.186027 + 0.86738*kWref

— RBS c¢b vs RBS wf: kWech 0.196742 + 0.80740*kWref

STD cb - RBS cb : kWdif = 0.010615 + 0.05998*kWref

The fact that the block house serves as the reference for
the frame house and vise versa is significant only because
the reference does not change between tests. Once the
difference equation 1s obtained, any condition can be used
as the reference. In other words, if the demand for the
frame RBS house is known the demand for the frame STD house
can be calculated from the frame house difference equation.
A similar approach 1is wused for the block house where the

block house difference equation is used.

The results of the above analysis are presented graphically
in Figure 4.4-4., It is interesting to note that the demand
reductions are gquite different for the two houses. The
frame house RBS produces a significantly higher peak demand
reduction than the block house. This is partly due to the
fact that the frame house has significantly less thermal
capacitance and partly due to the fact that it is operated
at a higher thermostat setting making the RBS more effective

at the peak condition.
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Demand curves comparing the standard and RBS attics are
obtained by applying the respective difference equations to
the measured demand. Figures 4.4-5 and 4.4-6 present the
average hourly air conditioning demand for the two houses
with and without RBS over a 16 day test period. As
expected, the houses respond somewhat differently in time
but both the average peak demand and the average daily
consumption savings are apparent. For the block and frame
house RBS the average peak demand reductions are 6.8 percent
and 10.2 percent and the average daily consumption savings

are 7 percent and 7.6 percent, respectively.

These building energy consumption savings are consistant
with previous computer analysis performed by FSEC (Chandra,
et.al., 1984). The computer analysis was conducted using a
1500 ft? frame residence and showed RBS cooling season
savings between 8.6 and 10.5 percent for Florida locations.
Additional computer analysis conducted by FSEC has shown
that the energy savings for attic RBS in single story
buildings increase with increasing floor area. Since the
the University of Florida test houses are only 1200 ft2
instead of 1500 ft? their measured RBS energy savings

compare favorably with the computer predictions.

4.5 RBS Long-term Test Facility

The RBS long-term test facility is a residential-scale
building, specifically designed to study the long-term

performance of installed radiant barrier systems. Three
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expected to be operational in summer 1988. Construction

drawings are given in the appendix to this report.
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APPENDIX A

DETAYLED PCL DATA

The PCL is a heavily instrumented experimental facility
located on FSEC grounds in Cape Canaveral FL. Figure A-1
illustrates the measurement locations for the data reported
in this appendix. A full compliment of test data for the
three PCL attics on three test days is included in this
appendix. The test days are the same days used to
illustrate points in the main text of the report. For the

most part the data are self explainatory.
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APPENDIX B

RBS FACILITY CONSTRUCTION DRAWINGS
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