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ABSTRACT

Duct leskage has been identified as a mgor source of energy loss in residentid buildings.
Mogt duct leakage occurs at the connections to registers, plenums or branches in the duct system.
At each of these connections a method of sedling the duct system is required. Typicd seding
methods include tapes or mastics gpplied around the joints in the system. Field examinations of duct
systems have shown that these sedls tend to fall over time periods ranging from days to years. We
have used severd test methods over the last few years to evaduate the longevity of duct sedants
when subjected to temperatures and pressures representative of those found in the fidd. Traditiond
cloth duct tapes have been found to sgnificantly under-perform other sedants and have been
banned from recelving duct tightness credits in Cdifornids energy code (Cdifornia Energy
Commission 1998). Our accelerated testing apparatus has been redesigned since its first usage for
improved performance. The methodology is currently under consderation by the American Society
for Testing and Materids (ASTM) as a potentid new test method. This report will summarize the
set of measurements to date, review the status of the test gpparatus and test method, and summarize
the applications of these results to codes and standards.

I ntroduction

In the U.S. forced air systems are the dominant method of heating and cooling resdentia
buildings (Energy Information Adminigtration (EIA) 1997). The ar digtribution systems require
some sort of sedl between duct sections, at branches and at plenum and register connections.
Without these sedls, duct systems would be extremely lesky and inefficient. Fed studies (Jump et
a. 1996; Cummings et a. 1990; Downey and Proctor 1994; Modera and Wilcox 1995) have
shown that exigting resdentid systems typicaly have 30-40% of thetotd air flow lesking in and out
of the duct sysem. Because these ducts are often outsde conditioned space, this leakage
corresponds to a Smilar amount of energy  (30-40%) being logt from the duct system insteed of
going to heating or cooling the conditioned space. In addition, a system with more supply leskage
than return leakage causes a greater pendty than just the amount of air lost. Increased infiltration
from outside replaces supply ar and must be conditioned. There are dso comfort, humidity and
indoor ar quaity problems associated with return lesks drawing air from outside or unconditioned
gpaces within the structure (e.g., damp crawlspaces). Note that field studies (Walker at a. 1998)
have shown that ducts located within the therma envelope (e.g., in joist spaces between floors or
interior partitions) can ill have sgnificant leakage to outsde because these spaces are not air
Sedled.

Residentid duct systemsin the U.S. are normdly field designed and assembled. There are
many joints, often of dissmilar materids (eg., pladic flex duct to sheet metd collar). The
mechanica connection of the duct syslem components does not usudly provide an air sed.  High
pressure differences in the vicinity of the air handler and associated plenum, mean even smdl holes
have potentidly large leskage flows. Therefore, standard practice (Sheet Metal and Air
Conditioning Contractors Nationd Association (SMACNA) 1985) calls for dl joints in the duct
system to be ar seded in addition to being mechanicdly fastened. However, fidd sudies have
shown that many systems are poorly sedled.



Each sedant choice has different advantages or disadvantages, but a reasonably careful job of
gpplication, can produce agood initia sed for any of them. While any sedlant method can produce
agood initid sed, it is not clear thet dl last equdly well. The length of time aduct sed can last is
important given that houses are said to be designed to last 30 years and flex duct systems are often
rated a 15 year life. 1dedly, duct seds should last at least aslong as the rest of the duct system, but
are often observed to fail in afew years (Walker et d. 1998). Poor indalation of sedants (e.g., on
dusty or oily surfaces prevdent during construction) can be a contributing factor (that will not be
addressed here), but it appears that physical properties of some of the sedants themselves may
result in poor sedl longevity.

While some duct sedlant technologies are rated (e.g. by Underwriters Laboratory 1993, 1994,
1995) on their manufactured properties, none of these ratings aldresses the in-service lifetime.
Sdection of sedants that do not fail within the lifetime of the duct system requires the existence of
relative ratings for seelant longevity. The purpose of this sudy was to develop such arating method.

The duct sealing methods examined in this study can be split into the following classes:

"Duct Tape" hasavinyl or polyethylene backing with fiber reinforcement and has a rubber-

based adhesive. It comes in wide variety of grades with different tendle strengths. The

composition and materia of the backing has some variation, with some tapes having a distinctive
backing that has the appearance of cloth rather than vinyl or polyethylene. The classic duct tape
isglver/gray, but isavalablein many colors.

"Clear UL181B Tape" has athin polyester backing (typicaly clear) and an acrylic adhesive,

Clear UL 181B tape is often used on factory-assembled duct systems, and is becoming more

common in field assembled systems.

"Foil Tape" has metd foil backing and like clear UL 181B tape has an acrylic adhesive. Foil

tapes are often used on rigid duct systems (eg. duct board). Foil tapes with rubber-based

adhesives exist but have not yet been tested.

"Butyl Tape" typicdly has foil backing as wedl, but uses a thick (0.38 to 1.3 mm) butyl

adhesiveto dlow it to conform to more irregular shapes.

"Mastic" isawet adhesve avalable in different consstencies (usualy applied with a brush)

that fills ggps and dries to a semi-rigid solid. Mastics may dso be used together with

reinforcing fibers or mesh tape.

" Aerosol Sealant" isadgticky vinyl polymer thet is goplied to the lesks interndly, by blowing

aerosolized sedant through the duct system. This sedlant system was developed by LBNL, and

isdiscussed in more detail in Carrie and Modera 1995.

Two separate experiments were used to examine the longevity of these duct sealants:

1. Baking tests. Sampleswere placed in an oven and held at a steady temperature (about 65°C
(150°F)) with no air flow through the test sections.

2. Aging tests. This was a more sophigticated experiment that aternately blew hested (95°C
(203°F)) and cooled (-5°C (23°F)) air through the test sections and also cycled the pressure
difference across the leaks.

This paper will present a summary of these test procedures and their results.  Additiona
information about thermd didtribution systems and duct sedling can be found at the following web



[page: http://ducts.lbl.gov.

Evaluating sealant longevity performance

The longevity measurements in this study focussed on the properties of the sedants as
opposed to ingdlation issues. Therefore consderable effort was made to ensure good initid sedls,
by following good practice and manufacturers indructions carefully.  Thisiis particularly important
for sheet metd that often has an oily resdue (left over from the manufacturing process) that impairs
agood initia sed and would presumably impair longevity performance.  The ducts were thoroughly
cleaned before gpplying the sedants. The exception was that no cleaning was required for mastic
and aerosol sedlants. For the tests in this report, the application of the sedant was meticulous and
al the sample connections were measured to ensure a good sedl before beginning any of the tests.

In afidd application, it is not practicd to take this levd of care during the indtdlation of the
duct systlem. Access to the ducts may be limited and ducts may be or become dirty before the
sedlant is applied. Because tapes are particularly sengtive to these issues, some taped sedls may not
perform well because of ther ingdlation rather than any intringc fault of the tape itsdf. Non-tape
sedlants can often be more tolerant of dirt and/or able to reach dl the lesks. The longevity tests
discussed in this paper did not address these ingtallation issues.

Existing UL 181 standards (Underwriters Laboratory 1993, 1994, 1995) concentrate on
evauaing safety, tensle srength, and initid adheson. They have not been developed to measure
the ability of sedants to maintain the seal when subjected to the environmenta conditions normaly
experienced by ductwork. The three longevity test methods developed for this study specificaly
focus on evduating the longevity of the sedant. The longevity tests stress a standardized joint
configuration with different environmenta conditions. The testing includes visud observation of sed
degradation and measurement of sample leskage. It should aso be noted that this paper does not
attempt to correlate how long the sedants last in the tests to how long they would last in a red
house. Thisis because the range of operaing conditions varies enormoudy between ingdlaionsin
individua houses.

The longevity tests were designed to use conditions of temperature, pressure and airflow
that would be experienced by typical duct system ingtdlations. The testing is accelerated compared
to red inddlations by having the ducts a a continuoudy high temperaure in the baking test; and
rgoidly changing from hot to cold conditions in the aging test. For the baking test, the
temperatures are a a sustained high leve (65°C (150°F)) that would periodicaly be experienced
by ductsin a hot attic (Carlson et a. 1992 and Walker et al. 1999) or by ducts close to the supply
plenum of a furnace (The Uniform Mechanicad Code (ICBO 1994) Canadian Naturd Gas
Ingdlation Code (CGA 1995) give the same limit of 250°F (121°C)). For the aging test the high
and low temperature and pressure limits are individually typical of red duct systems, but it isunlikely
that a duct system would experience these rapid hot to cold and cold to hot trangtions. The cycle
time of ten minutes was limited by the need to warm up and cool down the test sample.

For the leskage measurements of individual sedants, a standard pressure of 25 Pa was
chosen because this is a typica pressure that would exist in the branches of a resdentia duct
sysem. It is between the high pressures a a plenum (on the order of 100 Pa) and the low
pressures a registers (on the order of 5 Pa). In addition, existing leskage measurements for duct



systems ingdled in houses dso use this reference pressure (Cdifornia Energy Commission (CEC)
1998, American Society of Heating Refrigeration and Air-Conditioning Engineers (ASHRAE)
1999). In dl the longevity tests, temperatures are kept below 93°C (200°F) because some of the
tested tapes had this as an upper limit temperature rating. The aging apparatus has between 100
and 200 Pa of pressure across the sample joints (which is higher than the pressures measured in
most resdentid duct systems) but it acts to acceerate any falure by putting a bigger mechanica
dress on the sed than it would experience in a red inddlation. More detalls about the test
methodology can be found in previoudy published reports (Walker et d. 1998; Walker et d. 1997,
Walker and Sherman 2000) and will not be repested here.

Selection of sealantsto betested

The sedants tested in our gpparatus were those tapes and sedants which are ether
commonly used or are being conddered for use in various duct seding programs (e.g., within utility
sponsored energy efficient homes). Any tape that had a maximum temperature rating below 60°C
(140°F) was excluded. Not only would it be expected to fal quickly in the longevity tests because
of their higher temperatures, but any duct tape with such a poor temperature rating should not be
used, because either hot attics or norma heating systems would expose ducts to such temperatures.
In preparation for testing, magjor tape and sealant manufacturers were contacted to ensure that a
wide range of available products were tested and to determine which ones have been certified by
UL. Duct tapes are discussed separately from the other sealants because duct tape is the most
popular method of sedling ducts in the U.S. and comes in the most grades and types. In addition,
the test results showed that duct tapes performed differently from al the other sedants.

The agrosol sedant was developed by Lawrence Berkeley Nationa Laboratory as an
dterndtive duct sedling method. Two samples were prepared: one each for the baking and aging
tests. Magtic isavailable in severd varieties (but an order of magnitude less variety than tgpes) some
of which include added fibers for increased mechanical strength. The mastic product tested here did
not include these reinforcing fibers and was one with a UL rating (only a few mastic products carry
the UL rating). Only a few madtics are currently UL 181B-M (Underwriters Laboratory 1995)
approved although many are UL 181A (Underwriters Laboratory 1993). Clear UL 181B tape is
produced by severd manufacturers, however, at the time these tests were performed only a single
type was avalable. Manufacturers of clear tapes have recently changed the tapes to have
perforations to allow for easier gpplication and are producing the tapes in arange of colors. Three
samples were tested: one for baking and two for aging. The second aging sample was tested
because part way through the test program this product obtained a UL rating and it was important
to observe if the tape had been changed in any way that affected longevity (The aging test results
indicate that longevity was not changed). Butyl tapes are available with different thickness adhesive
and in severd tape widths. As with the other tape products, 50 mm (2 inches) wide tape was used
because this is the most common width used in field indalations. A single type of butyl tape was
used in these tests that had a 0.38 mm (15 mil) thick adhesve layer with ametd foil backing. Three
different foil tapes were tested. The tapes were from different manufacturers and had different foil
thickness and formulations and al had acrylic adhesive. Figure 1 shows pictures of four of thefirst
set of samples that were tested on the aging apparatus.



Figure 1. Four samples connectionsfor the aging test. Clockwise from top left: clear UL
181B tape, aerosol sealant, mastic and 181B-FX duct tape

There is a wide range of duct tape products available that clam to be suitable for duct
seding, but there is often little in their specifications or product literature to differentiate them. While
there is generd agreement that there are severd grades of duct tape it isnot clear what that means.
For example one mgor manufacturer lists 16 different duct tapes (not including color variation) and
8 foil tapes. Some of these tapes have their product codes printed on the tape, some on the cores,
and some do not have any product number on them. Some are listed as “Code Approved” (e.g.,
by codes from Building Officids and Code Adminigtrators International or U.S. Department of
Housing and Urban Development). There was nothing exceptiona in the product specifications to
separate the approved from non-gpproved tapes. Catalogues cdl the different tape grades
Economy, Utility, Generd Purpose, Contractor, Indudtria, Professona, Premium and even
Nuclear! They are al listed as being used on HVAC ducts. Severd companies have recently
produced UL 181B-FX (Underwriters Laboratory 1995) tapes that were not listed in product
catalogs when this study was performed.

L ongevity Test Results

When the aging experiments were started it was expected that it would take weeks to begin
to see degradation in performance. Surprisingly, some of the sedants failed in a matter of days.
Most of the failure modes to date have been what might be termed catastrophic rather than gradual.
In other words, the sedl does not gradualy become poorer with time, rather the seal remains tight
until rapid falure occurs. This is in some ways fortunate because determining an exact numericdl
failure criterion is somewhat arbitrary. Nevertheless, the failure criterion was sdected based on the
results of preliminary testing such that a good sed is adequatdly differentiated from a failed sedl.



Failure was determined by comparing the leskage of the sample to the flow through the holes in the
sample before any sedant was applied. The criterion was that a sed has faled when it lets more
than 10% of unsedled flow pass through. Andysis of the test results showed that the passing or
faling of a sample is not strongly dependent on this falure criterion. i.e., sedants did not fall alittle
bit (e.g. a 20% of unseded leakage) and then stop. Most samples were tested past this 10%
failure criterion and showed continua degradation. Over 30 different samples have been tested by
baking and aging. We dso made visud evauaions of the sedants, eg., some samples had visble
catagtrophic failure when the tape fell off.

Figures 2a and 2b show how legkage of some samples changed with the length of time that
the samples were in the test apparatus.  Theinitia high leskage number (about 17 m/hour (10 cfm)
@ 25 Pa) isthe leskage of the sample connection before the sedlant was gpplied. All of the rubber
backed tapes showed vishble signs of failure within about 3 days of the start of the test. Visble signs
include shrinkage of the vinyl or polyethylene backing and wrinkling and delamination of the vinyl or
polyethylene backing and the reinforcing mesh from the adhesve. The measured leskage for the
duct tapes shown in Table 1 showed that samples had about 10% to 20% of the unseded leakage
after o weeks. The “Premium” tape failed completely (it fell off the test section), but the other
tapes had just Sarted to delaminate at thistime. This complete fallure was due to separation of the
backing from the adhesive (some of the adhesive was left behind on the sheet metd). A second
sample of the Premium Grade tape was tested to see if this was a repeatable failure; it lasted about
7 days before complete falure (note that this second sample is not shown in the figures). The fail
backed tapes, the clear tape, the aerosol and the mastic show no visble or measurable signs of
degradation after these two weeks of testing.
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Figure 2b. Changing test sample leakage at 25 Pa from the aging appar atus

Table 1 summarizes the test results for the 18 failed duct tape samples. Mogt of the duct
tape samples failed within in aweek in the aging test. The aging and baking test results indicate that
there is no clear advantage for the UL 181B-FX listed tapes; dthough they last longer (on average)
than the non- UL tapesthey Hill fail prematurely, compared to the other sedlants. Although only duct
tapes were observed to fail, four duct tape samples did not reach the 10% leakage failure criterion
over the three month test period. However, in each of the four cases, the tapes showed some
leakage and visud degradation.

Table 1. Summary of Duct Tape Failures

# of Test Test Description | Typical Failure| Final leakage at end of
Samples Type Time testing (fraction of unsealed
leakage)
8 Aging 5 different 7 days 20%-70%
grades
5 Aging 181B-FX 10 days 70%-100%
4 Baking | 3different 34 days 30%-80%
grades
1 Baking | 181B-FX 60 days 25%

Because the baking test does not stress the samples with low temperatures or a pressure
difference across the sedant, time to falure is longer than for the aging test. There are some cases
where duct tapes have failed the aging test, but the same tapes in the baking tests have not. A visud
ingpection of these baked samples reved's that the duct tape samples have delaminated and the heet
has apparently caused the rubber adhesive to harden. It appears that some of the samples have



hardened in such a way as to maintain their sedl rather like a mastic material. Because this process
of hardening to maintain the seal has hgppened without any pressure being gpplied, it is unlikely to
happen amilarly in red ingdlations (as shown by the aging results).

Table 2 summarizes the results from dl of the other sedlants. These sedlants did not fail after
severd months and can be congdered to have better longevity performance than the duct tape.
Significantly, the other tapes (butyl, foil and clear UL 181B) did not exhibit the shrinking of the
backing and the delamination shown by the duct tapes. The aerosol and mastic showed no visible
or measurable signs of degradation.

Table 2. Summary of non duct tapetest results

# of Test Test Description Duration® | Comments
Samples Type
1 Aging Butyl Tape 3months | 15mil; Foil Backed
1 Aging Aerosol 3 months
1 Aging Madtic 3months | 181A
1 Aging Foil Tape 3months | 181A-Ponly
1 Aging Foil Tape 1 month 181A-P & 181B
1 Agng | Clear UL 181B Tape | 3months
1 Aging Clear UL 181B Tape 1 month 181A & 181B
1 Baking Clear UL 181B Tape 4 months 181
1 Baking | Aerosol 4 months
1 Baking | Foil Tape Amonths | 181A-P

1- Note that duration does not indicate timeto failure. It isthelength of time the samples weretested in the
apparatus.

On-going Activities

The aging results described above were dl done with our fird test apparatus and mostly
completed by 1999. Since those experiments were done, we have redesigned and rebuilt the aging
gpparatus. The new apparatus conforms generdly to the specifications of the ASTM draft test and
incorporates many improvements encountered during the first stage operation. The mgor additiona
capability is testing at steedy hot or cold temperatures (i.e. no cycling) with the leskage sSte
pressurized. We added this ability in order to determine if a Smpler longevity test of heeting or
cooling only could be used. The main apped of a ampler tes is the reduction in equipment
investment, set up and operating oversght. In addition, the new gpparatus can test atotal of 38
samples smultaneoudy. The standard test sections are 100 mm (4 inch) duct collars mounted in a
112 mm (4.5 inch) hole, however, the apparatus has space for 150 mm (6 inch) ducts up to 700



mm (28 inches) long. We are planning to test other types of duct connection, such as factory
assembled duct board splitter boxes in the future, and the gpparatus has been designed to
accommodate these larger sample sections.

Preliminary results are the same as for the other tests discussed in this paper —i.e. the only
sedants to fall are duct tapes. The falures occur fastest when hesating only (in about one to three
weeks), with dower failures during cycling. The tapes being cooled have not faled yet, but their
leskage is dowly increasing. These results indicate that heating only may be asmpler dternative for
longevity testing (compared to the complex cydlic testing we have done for this study).

Codes and Standards

There are severa codes and standards that are either relevant to duct sedling, or have used the
results of our duct sedling results. Both Underwriters Laboratory and ASTM are concerned with
laboratory testing of duct sedlant products. The CEC and EPA include restrictions on duct sedant
materidsin their duct programs.

Underwriter's Laboratory. The UL 181 standards are referred to in many codes and
specifications related to thermad digtribution.  Currently severd products that have good longevity
fail to meet the appropriate standard or have no appropriate UL standard to reference. Individua
manufacturers are addressing this concern by either modifying their products or working with UL to
develop gppropriate testing.

American Society of Testing and Materials. There is currently no consensus or ANSI-
approved standard for evauating duct sedant longevity, however ASTM Committee E6.41 is
developing atest method. The test sections are of the plenum to collar joint type shown in Figure 1.
The test sections use ducts of 4 to 8 inch (100 to 200 mm) diameter round sheet metd mechanicaly
connected using sheet metdl screws. The sedlant is gpplied after ensuring that surfaces to be sedled
are clean and free from dugt, dirt and excess lubricants used in the manufacture of many sheet metd
duct fittings. The test sections are tested before and after they are sealed by measuring the leakage
flowrate when the sampleis pressurized to 25 Pa. The test sections are removed from the longevity
gpparatus on a weekly basis to have the leakage test performed. The longevity test gpparatus is
required to operate in asmilar way as the aging tests performed for this study:

1. Thebulk (average) flow velocity through each test section is 5 to 7.6 m/s (1000 to 1500 ft/min).
2. Pressure difference between the insde of the test section and its surroundings is 100 to 200 Pa
(0.4 to 0.8 inches of water).

The lowest test section surface temperature is 0°C to 5°C (32°F to 41°F).

The highest test section surface temperature is 66°C to 82°C (150°F to 180°F).

Cycletimeis between 8 and 12 minutes.

Temperatures and pressures are continuoudy monitored.

o Uk w

California Energy Commission (Title 24). The verson of the State energy code of Cdifornia,
adopted in June of 1999 dlows builders to get extra credit for building an efficient duct system
through the Alternative Caculations Manud (ACM) compliance procedure. To obtain the energy
efficient duct credit in the ACM the air leakage at 25 Pa (0.1 inch of water) must be |ess than 6% of

10



ar handler fan flow (for comparison, the default duct leskage is set to 22%), and the air leakage
must be verified by measurement. Because of the poor longevity characteristics of duct tape, the
CEC bdieves that ducts will not say seded when this product is used. Accordingly, the
performance credit is not available for ducts sealed with duct tape.

EPA ENERGYSTAR® Ducts. EPA’s ENERGYSTARC duct program has been developed for retrofit,
repair and replacement applications rather than new congruction, athough it is expected that this
program will be gpplied in the future to new houses. The ENERGYSTARC duct program has both a
precriptive specification and a performance specification. The prescriptive method requires duct
leskage to be less than 10% of ar handler flow (measured using fan pressurization) and duct
insulaion to be a minimum of R4 (RSl 0.7), but any ducts with less than R4 (RSl 0.7) must be
insulated to a leest R6 (RSl 1). The performance specification is an efficiency of 85%. The
efficiency is to be cdculated using the methods in proposed ASHRAE Standard 152P [ASHRAE
1999]. In order to prevent the cases of duct systems that achieve high efficiency using 152P, but
would be considered poor for other reasons, the EnergyStar program requires that the maximum
dlowable leskage is 25% of air handler flow for systems that use the efficiency caculation option.
This program aso specifies the required system airflows in order to reduce the duct (and
equipment) inefficiencies introduced by having arflows that are too high or too low. As with the
CEC ACM requirements, cloth backed rubber adhesive duct tape is not considered an acceptable
sedant in this program.

Other duct efficiency programs
The following programs currently give limits on dlowable duct leskage.

City of Austin Electric Department (CAED). CAED specifies leakage to be less than 5% of air
handler flow and/or pressure pan (Conservation Services Group (1993) p. 44) readings dl have to
be lessthan 1 Pa.

State of Oregon. The specification is for the leakage to be less than or equa to 0.06 cfm at 50 Pa
(0.2 inches of water) per square foot of conditioned space (1.1 n/hour per square meter). For an
ar-conditioned Cdifornia home with an air handler flow of about 0.7 cfmvft? (13 m*/hour/n?) (CEC
1998), this leakage specification corresponds to 6% of air handler flow a 25 Pa (0.1 inches of

water). An dternative isto have pressure pan readings less than 1 Pa

City of Irvine IQ+ program. The specification is that the 25 Pa leakage flow is numericaly less
than the floor area in square feet divided by 20. This corresponds to an alowable leakage of 50
cfm at 25Pa/1000ft? (0.9 m*/hour/nr).

Pacific Gas & Electric (PG&E). The PG&E Comfort home program includes duct leskage
testing at 25 Pa, with alimit of 129 of the nomind ar handler flow that is fixed at 400 cfrm/ton.

1
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