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ABSTRACT

Building air leakage tests were conducted on simroercial and institutional buildings before andeafair
sealing work. The test protocol generally followée requirements of ASTM E779, with additions taleds
the complexities of testing larger buildings. Theildtings were one to three stories and were cootstdu
between 1936 and 2007, with floor areas that rafiged 27,000 to 246,000%(2,500 to 22,900 f). Before air
sealing, the buildings were relatively tight wittormalized air leakages that ranged from 0.15 tadl 0.3
cfm@75Pa/ft (2.6 to 5.7 rMYh-nf) using above grade envelope area and 0.09 toddm@75Pa/ft including
below grade walls and slab.

The air sealing focused on cost effective spraynfealing of the wall/roof joints, with upgradesedterior
door weatherstripping a second priority. The seateduced air leakage from 6 to 18% with a mediahl86.
For three of the buildings, the air sealing cortsagenerated the work scope and estimated theqathysakage
area to be sealed. The contractor estimated dingeasas significantly greater than the measureldes The
ratio of measured change in the EqLA to estima¢adies! area ranged from 0.05 to 0.31.

There was a consistent and significant bias fohdnideakage under pressurization than depressonzathe
ratio of pressurization to depressurization tightnhéor the pre and post sealing measurements viaded1.12
to 1.31 with a mean value of 1.22. Individual d¢ests indicated that doors with loose latches beinshed
open during pressurization may have been resp@niiblabout 17% of the increased leakage for prizsgion
at one of the schools.

The air tightness tests were conducted with exhianst, outdoor air inlets, and exhaust air outletsporarily
sealed. Single point tests were conducted aftes¢la¢s were removed to compute mechanical systakade.
The normalized leakage ranged from 0.019 to 0.18%@&75Pa/ft and increased the envelope leakage by 15%
to 119%. This suggests that mechanical systeneakalge can have a significant effect on buildimdesikage
when the systems are off.

Air sealing contractors often estimate energy sgviftom monthly average wind pressure or wind aagks
pressure models that do not include heating, \&itil, and air conditioning (HVAC) effects. Longite
building pressure monitoring indicated that HVACecgttion positively pressurized many of the buildingor
one of the buildings the pressure at roof level wygically above +40Pa when the outside temperatvas
lower than 40F. In those situations ignoring theA®/pressure effect results in high estimates ofrdiltration

and air sealing energy savings. However, there aksetimes when the HVAC system caused depressiatiz
and in those situations infiltration and air segl#avings would be underestimated.
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1. INTRODUCTION

Building architects, engineers, contractors, awrdifg managers tend to think of large
buildings as fairly airtight and assume that enpelair leakage does not typically have a
significant impact on energy use in commercial estitutional (C&l) buildings (Persily,
1988). Emmerich (2005) conducted modelling thatm@aticts that conventional wisdom,
estimating that infiltration accounts for 33% ofaicheating energy use in U.S. office
buildings.

Several states, including Minnesota, have recentigrporated air barrier requirements into
their energy codes for new C&I buildings. In adaliti the US Army Corps of Engineers
(USACE) has established a performance airtightrexgsirement for new buildings and major
retrofits of 0.25 cfm/ft (1.25 L/s- ) of total enclosure surface area at a pressuré of
Pascals (USACE, 2010); and other codes or organizahave adopted a standard of 0.4
cfm/ft? (2.0 L/s- ). However, the building stock that existed priothis increased emphasis
on envelope tightness contributes much more toadivenergy use than do buildings built
since these changes, and will continue to for maaays, as the C&I building stock turns over
slowly. Reducing air leakage energy use in exisbinigdings requires effective screening
tools to identify buildings with a higher probabjlof having treatable leaks; investigation
methods to identify key envelope air leakage deficies and/or mechanical system pressure
issues; and reliable procedures to estimate cassavings.

This project was initiated to develop and test épe air leakage screening protocols,
investigation protocols, measure the change irdmglleakage due to air sealing, model the
effect of leakage reduction on space conditionoagls, and generate cost and savings
estimation procedures. Project staff conductetbakage investigations on 25 existing C&l
buildings, including whole building air leakagettebefore and after air sealing on six of
those buildings. They also recorded continuousdinglindoor to outdoor pressure and
merged it with automation system trend data touatalthe effect of the heating, ventilation,
and air conditioning (HVAC) system on building pgase. Those results are being used to
develop CONTAM models (Walton, 2013) that includeéAC pressure effects. This paper
presents the results of the air leakage tests @mthaous pressure monitoring.

2. METHODOLOGY

The building air tightness tests generally follovilked requirements of ASTM E779-10
(2010), with additions to address the complexitietesting larger buildings. The key
additions to or clarifications of the test protoaoé outlined below:

* In/outdoor pressure sensors. The average of four ground level infoutdoor puess
measurements placed on different sides of the ingias used to indicate the
building indoor with respect to outdoor pressuiféedence.

» Baseline pressures. Building baseline pressures were measured fieaat five
minutes before and after both the pressurizatiohdapressurization tests.

» Test pressures. Multiple, calibrated fans were used to vary thedline adjusted
building in/outdoor pressure at 5Pa increments fagproximately 15 to 75Pa.
Measurements were conducted at 13 to 16 presstets or 60 seconds at each level.

* Mechanical systems. All mechanical dampers were closed and the dasnper
terminations of the outside air ducts, exhaustiaats, and exhaust fans were
temporarily sealed. After the depressurizationwest completed, the temporary seals
were removed sequentially from the mechanical egaig while the test fans were



used to depressurize the building to a baselingstat] pressure of approximately -
75Pa. One minute of measurements were recordetthtstage of the unsealing. The
measured fan flow rate and building pressure weeel with the depressurization test
baseline and flow exponent to compute a total mgldeakage for a reference
pressure of 75Pa. The “envelope only” building Eg&kwas subtracted from that
value to determine the additional leakage dueeatkchanical systems.

Project staff used commercially available softwarescord building pressure differences,
record fan flow rates, control test fan speedgplgally display the measurements, and
compute air leakage values. They improved datatyust using distributed gauges to
minimize tube lengths and real-time regressionyamto identify erroneous measurements.

Experienced staff or consultants conducted thedlmgjlair leakage investigations with a
combination of an exterior infrared (IR) survey antkrior leak investigation with smoke
visualization. They used the building’s HVAC systentemporary fans to pressurize the
buildings for the exterior surveys (ASTM E1186-@809); and conducted the investigations
with a minimum inside to outside temperature défere of 18F, with no direct solar radiation
on the surfaces for four to six hours prior to shevey. The results of the IR survey and
experience of typical leakage sites helped guidswal envelope leakage investigation. From
the building interior a smoke puffer was used tease chemical smoke near suspected
leakage sites. The velocity and volume of smokeamant indicated the relative magnitude
of air leakage. The investigations typically foatig® wall/roof intersections, roof elevation
changes, exterior doors, mechanical system peiwgtsaand windows. The final step in the
process was to determine code compliant methodsefaling the major envelope air leaks.
Staff consulted building wall and roof air barrdstails when available; and only considered
sealing that required limited or no removal of tint materials.

Air sealing contractors often estimate energy sg/inom monthly average wind pressure or
wind and stack pressure models. The models doypaatly include the effects of
mechanical system operation on the building pres®ressure monitors were installed at the
buildings to record one minute averages of buildirgide with respect to outside pressure
differences at one to three interior locations. fittiees for the outdoor pressure reference
exited the buildings at either the roof or grouedel depending on accessibility. The
monitoring periods lasted 50 to 200 days. The piresdata was converted to 15 minute
averages and merged with local weather stationooutemperature, wind speed, and wind
direction data. Building automation system trenthdeas used to identify occupied and
unoccupied operation modes. The data has beenzadaly evaluate the effect of HVAC
operation on the variation in building pressurehvatitside temperature.

The next phase of the project is developing CONTabtdels (Walton, 2013) using the
building air leakage test data to establish the sfithe envelope and mechanical system
leakage. The unoccupied mode data will determiadothiding’s neutral level to assist with
assigning the vertical distribution of CONTAM enopé air leakage. Finally, analysis of the
occupied mode pressure and HVAC trend data widll@isth the variation with outside
temperature in building pressure induced by the E\&upply and exhaust system flow rates.



3. RESULTSAND DISCUSSION
3.1. Pre-Sealing Building Tightness

The project conducted air sealing and leakage test®/o elementary schools, a middle
school, a university library, a combination comntutibrary/office, and a small office
building. The building IDs shown in Table 1 indiedhe building type. The buildings were
one to three stories tall built from 1936 to 20@ith floor areas ranging from 26,927 to
246,365 ft (about 2,500 to 22,9003 The pre-sealing building air tightness normalibg
the above grade envelope area (i.e. five sidegjefrom 0.15 to 0.31 cfmff(2.6 to 5.7
m>h-nf) and 0.09 to 0.19 cfmffivhen normalized by the six sides area that inalumEow
grade walls and slab (see Table 1). Both setsloésaise a reference pressure of 75Pa.

Table 1: Building characteristics and pre-sealiimgightness

Air Leakage at 75F

Floor | Envelope Area (2) 5 Side! 6 Sides # Const
Buidng ID | Area (sf) 5 Side’ | 6 side? | (cim) | (cimiit) | (minin? | (cimii?) | Stories] vea Wall Type
Elem School TH 50558 87419 146977 27425 0.31 5]7 019 11951 | Masonry & corrugated metal panel
Middle School 138,847 130,318 208,133 32,818 0.45 46 0.[l16 3 1936 | Cast concrete w/CMU infill
Small Office 26,92( 38,340 65,267 9,177 0.24 4.4 0.14 1 19E81S tip up (3 walls) and CMU block
Univ Library 246,365 98,240 171,712 23,346 0.24 4.3 0.14 3 9671] Cast concrete w/CMU infill & brick ext
Elem School P$ 60,968 84,7198 145766 17,602 0.p1 318 0|12 11965 | CMU wi/brick exterior
Library/Office 55,407 84,598 139,965 12,331 0.1 2.4 0.9 1 2007 | Steelstuds & brick or stone cladding|
Minimum 26,921 38,340 65,267 9,177  0.14 2.6 0.0p
Mean 98,01p 87,219 146,403 20450 0.28 4.3 0.14
Median 60,268 86,108 146371 20479 0.24 4. 0.4
Maximum 246,36p 130,318 208,133 32,818 0.3 5.7 0.19

1 — above grade surface area
2 —includes below grade exterior walls and slab

The buildings were much tighter than expected, ¢lkengh many of the buildings were older
and none were required to meet a tightness stamdané time of construction. The average
normalized tightness of 0.23 cfnf/fd.2 ni/h-nf) was 83% less than the average value of
1.38 cfm/ft reported by Emmerich (2011) for a convenience $amip227 U.S. C&l

buildings. The tightness of the leakiest of thetsiildings was less than the"™percentile of
Emmerich’s database and was 25% tighter than theQESstandard. It is possible that
buildings in cold climates are tighter due to gee&oncern for cold drafts, frozen pipes, and
higher space heating costs. A previous analysirgnerich (2005) suggested that buildings
in colder climates are generally tighter than th8.lverage. The results for these six
buildings are consistent with that trend, but géarsample is necessary to properly determine
the distribution of normalized leakage and thetfoscof new buildings that would be
impacted by a leakage standard or existing buiklthgt are likely to have cost effective air
sealing opportunities.

3.2. Air Sealing L eakage Reduction

The air sealing focused on cost effective spraynfeaaling of the wall/roof joints, with
upgrades of exterior door weatherstripping a seqwiudity, and mechanical system
penetration sealing was completed at some of thdibgs. An air sealing contractor

conducted the initial investigations of the threka®l buildings. Project staff conducted
follow-up investigations and the contractor adjdgtee work scope based on staff feedback.
The contractor’s proposals included estimatesakdge area to be sealed and energy savings.
For the three elementary and middle schools theaoior estimated that 81% of the sealing
would be produced from wall/roof joint foam sealiagd 15% from exterior door



weatherstripping. Sealing estimates were not dstada for the other three buildings. For two
of the buildings Univ. Library andLibrary/Office) the work only included wall/roof sealing.
The rooftop unit penetrations and CMU beam wallket® near the roof were sealed for
about a quarter of the@mall Officebuilding.

The air sealing of the three schools was complatede bid price by the commercial
contractor who specified the work. A different coencial contractor conducted the air
sealing at th&niv. Library andSmall Officesites on a time and materials basis. Project staff
completed the limited sealing at thidrary/Office building and costs were estimated based
on the second contractors’ time and materials r&est sealing IR scans and smoke
puffer/visual investigations were completed to @onfthat specified air leakage was sealed.
All of the work was determined to be successfulegtsome of the wall/roof sealing at the
Univ. Library building which required additional exterior seglithat could not be completed
prior to the post test scheduled date.

The measured change in building tightness was entathn expected. The reduction in
leakage at 75Pa (CFM75) ranged from 6% to 17% avitiean of 10% (see Table 2). The
building with the highest normalized leakage haxldheatest relative reduction in leakage
and there was somewhat of a trend of greater rexhsctor the leakier buildings. In addition,
the air sealing cost per CFM75 reduction incredsetighter buildings except for the
Library/Office building where there was an isolated, signifioaall/roof leak that was
inexpensive to seal. The results suggest thapibssible to reduce the leakage of even tight
buildings. However, the sealing potential is betbedeakier buildings unless concentrated
leaks can be identified that are inexpensive th S#ace few U.S. air sealing contractors
conduct air leakage tests, they must rely on srpokier/visual leakage investigations to
identify cost effective air sealing opportunities.

Table 2: Envelope air sealing results

Air Leakage at 75F Leakage Are Sealed Area (s
(cfm) Reductiol EqLA (ftz) Reductiol Air Sealing Cos Contractor EstimatJ
Building ID Pre Post| (cim)| ()| Pre] Post (i) | () | Tota |($/CFM75| (#/ft) |Roofwal Tota |Meas/Es

Elem School T 27,435 22,699 4,126
Middle School 32,818 28,872 3.947

7% 15.2 2.5 27 |1B%5508% 392|$ 6827 884 11.49 0.31
P% 16.6 13.8 28 [1¥% 023, 6.00( $ 8434 11.73 14.98 0.24

il
1
Small Office 9,17y 8410 708 8% 4.6 1.1 .5 10% 4768 6.73] $ 10,05
Univ Library 23,35 21,963 13b2 6% 18.1 1.8 0.2 286 15P%8 11.43[ $ 65,159
Elem SchoolP$  17,6p2 15837 1§65  10% 9.6 8.9 0.7 $¥% 26,$0015.13) $ 38137 14.45 16.94 0.05
Library/Office 12,321 11,39 9%3 8o 6.9 .0 P9 13% 115 121 $ 1,297
Minimum 9,177 8470 708 6% 4.6 4.1 .2 Pos 1158  1.21] $ 1,297
Mean 20,450 18,201 2249  10% 1.0 9.7 13 1®6 151181 7.41 $ 21,650
Median 20,479 18,900 1,579 9% 11.3 10.7 0.8 1®6  17|2B4 6.37[ $ 9,246

Maximum 32,818 288712 4,726 11% 1p.6 13.8 2.8 186 26,760 15.13] $ 65,159
1 — at 10 Pa reference pressure for orifice witlisaharge coefficient of 0.61
All leakage values are average of pressurizatiehdepressurization tests

The contractor estimated air sealing was signifigagreater than the measured values. The
actual leakage sealed was estimated from the éliféerin the pre to post equivalent leakage
area (EqLA). The ratio of measured change in tHeABg estimated sealed area was 0.24
and 0.31 for the two leakier buildings, but onl@®for the second to tightest building. For
that building the contractor estimated area todadesl was greater than the total leakage
Since the post sealing inspections showed littlecoleakage at the areas sealed, it appears
that the reason for the high sealed area estimatesn inability to properly estimate
physical leakage areas and not poor air sealifmigaes. While judging the velocity of
smoke movement into a gap and the size of the geg 1 estimate the size of leaks, that
method is only qualitative. The width of a visilgiap at a joint will overestimate the
equivalent width of the air leakage path when tlagesgreater restrictions downstream in the




path. For example, the visible leak area for thesgaealed at thiabrary/Office building was

3.3 ff but the measured change in the EqLA was 6.@lien the area was sealed. Finally,
while it is possible to use this method to estintageflow rate of air moving into a leak, the
pressure across the leak would need to be knowndworately quantify the equivalent leakage
area. This limited sample suggests that furthekwsrequired to develop methods to more
accurately determine physical leakage area.

3.3. Pressurization and Depressurization Comparison

There was a consistent and significant bias fandrideakage under pressurization than
depressurization. The ratio of pressurization fareesurization tightness for the pre and post
sealing measurements for the six buildings vaneohfl.12 to 1.31 with a mean value of 1.22
(see top row of Figure 1). This indicates that ¢hmre portions of the building envelope that
are significantly leakier under pressurization tdepressurization. This could be due to
membranes that are pulled tight to a surface udejpressurization or other “flapper”
situations. Project staff noticed that the schaldings had a number of loose door latches
that allowed the doors to push open during highessures of the pressurization test
(typically above 25Pa). Pressurization and depréesgion tests were conducted on 17 doors
at three of the school buildings. Figure 2 displidngsresults for one of the doors with “loose
latch” movement. For 65% of the 17 doors, the préaation CFM75 was over 40% greater
than that for depressurization, and the averadatgadifference was 18 CFM75. If that
average difference is applied to the 26 exteriarsléorElem School TFthe leakage
difference of 458 CFM75 would equal 17% of the Z,&8M75 higher leakage under
pressurization for the entire building. The doonvement due to loose latches provides one
example of additional pressurization leakage. #xgected that there are several additional
situations that are not as easy to observe or fyarfhis raises the issue of whether a single
test or an average best represents the buildikgdeaunder typical operation, and which
should be used for building tightness complianeadards.

0.25
===+ Pressurization

~--<#--Depressurization
Pressurization/Depressutization
121 112 128 131 127 1.29 121.23 118 117 114 120

A
K}

)
\
\
\
\
o\
‘\ A 20% (2%)
\

0.20

N,
A 11% (2%) A\‘

0.15 =) = 3
'® 14% (2% A ) '~
(2%) . 7% (2%) SSa 5% (%)
\ .
., ., b

S,
“. 13% (2%) . ~
Sop 8% (1%) “® 7% (3%)

o
A 10% (3%)

~
.
0.10 W TO% (2%)
“Seed 6%(3%)
o,
S,
W 10% (3%)

ZO 5 TN T ROD T T, ~UT~

0.05

0.00
Pre Post Pre Post Pre  Post Pre Post Pre Post Pre Post

Elem School TF Middle School Small Office Univ Library Elem School PS Library/ Office
1951 1936 1998 1967

Figure 1: Building normalized envelope leakageamé post air sealing



Higherleakage when building pressure "pushes" the
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Figure 2: Pressurization and depressurization akasts on a door with a loose latch

The difference in the pressurization and deprezstioin tightness also presents a concern for
evaluating the effect of air sealing. Figure 1 tigp the pre and post pressurization and
depressurization normalized leakage. The percarigghis shown to the right of the post
measurement and the'®6onfidence interval uncertainty is included ingrethesis. For five

of the six buildings, the difference between perafiange in tightness computed from the
pressurization and depressurization tests is lessthe sum of the uncertainties. This
indicates that each test method provides similative changes in tightness, so either could
be used to evaluate the effect of air sealing.

There was often a significant difference in thespteization and depressurization power law
equation exponent. Figure 3 displays the exporfems the pre and post tests with the error
bars representing the 9percentile confidence intervals. The pressuriratioponent was
greater than that for depressurization for 10 efXh tests, and for 7 of those the difference
was greater than the sum of the uncertainties.
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Figure 3: Power law flow equation exponent pre post air sealing

3.4. Mechanical System L eakage

When the mechanical systems are operating andutisele/exhaust air dampers are opened to
regulate air flow, the damper leakage is typically a concern. However, when the systems



are off, the dampers become part of the buildiag’arrier and damper leakage causes
additional building air infiltration or exfiltratio. Damper leakage poses a greater concern for
buildings with a higher fraction of time when thechanical systems are off.

The mechanical system leakage varied from 1,6 281616 CFM75 and the six sides
normalized leakage varied from 0.019 to 0.137 dfrmfth a mean of 0.047 cfmff(see
Figure 4). For three of the buildings, the mechalnsystem leakage increased the total
building leakage by over 50%. These three buildingse constructed in 1967 or earlier,
while two buildings built more recently (1998 an@0Z) had relatively low mechanical
system leakage. This suggests that improving datigigness offers a significant energy
efficiency opportunity to existing buildings andosifd be a consideration for new
construction. Further work is required to asseesrikthods, cost, and tightness
improvements of damper retrofits.
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Figure 4: Building normalized envelope and mecharsgstem leakage

3.5. Mechanical System Building Pressure Effect

This project sorted the 15 minute building pressure weather data into
occupied/unoccupied or day/night modes of operatiagure 5 scatter and box & whisker
plots display the relationship of building presswith outside temperature for three of the
buildings. TheElem School Thuilding has three air handling units, six rooftopts, and six
fan colil units for the original portion of the bdithg and the four additions. Some units have
outside air and some use an economizer operatiame Nf the units or exhaust fans operates
at night and there is no active building pressorgrol. The system relies on a pre-
determined balance of outside and exhaust air totaia the building design pressure.
Except for one hour morning and evening transigeriods, the HVAC operation produced a
positive building pressure at the roof monitorirggition and the majority of the building
exterior was under positive pressure during theipiedd mode. The second row of plots for
theUniv. Library shows a more extreme example of building presatioiz. For milder
weather the pressure at the roof typically vaniemf+10 to +30Pa during daytime operation,
but when the outside temperature is lower thantd@mbuilding pressure is consistently above
40Pa. None of the four air handlers has activedmglpressure control. | insufficient or
malfunctioning exhaust capacity that produces pigsitive building pressures and often
causes entry doors to blow open. For both buildirgy®ring the effect of HVAC operation



on building pressure would produce overestimatesrahfiltration loads and of energy
savings due to envelope air sealing.
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Figure 5: Occupied and unoccupied mode buildinggree with outside temperature

The third building (Library/Office) has active bdiihg pressure control, but the pressure
sensor for one of the air handlers was malfunatigni he building did not often achieve its
pressure set point of +10Pa and typically only taaired a positive building pressure at
outside temperatures of 40F to 70F. The remaintigrectime the building was
depressurized, with significant depressurizatiowammer weather. For this situation ignoring
the HVAC pressure effect would result in undereates of air infiltration and air sealing
savings.

4. CONCLUSIONS

The buildings were much tighter than the U.S. ayer@ported by previous studies, even
though many of the buildings were built before 19n@d none was required to meet a
tightness standard at its time of constructionvieres studies have suggested that buildings in
colder climates are tighter, so these building®olthat trend. Our air sealing results indicate
that it is possible to reduce the leakage of alrdmyht buildings. However, the sealing
potential is better for leakier buildings, unlessgdstigators can identify concentrated leaks



that are inexpensive to seal. The contractor estisnaf physical leakage area that would be
sealed were less than a third of the measuredtiedun leakage area. IR scans and smoke
puffer investigations confirmed that the specifieaks were successfully sealed, which
suggests that it is necessary to improve methadsstimating leakage area.

The type of test and mechanical system leakaga kamificant effect on building tightness
results that must be considered for tightness pedace standards. The leakage for
pressurization tests was an average of 22% greéwterthat for depressurization. It is unclear
which test is a more valid indicator of leakage emgpical conditions. HVAC systems are
often designed to positively pressurize buildirims, one of the leakage path®(loose door
latches) only occurred at pressures above 25 ta.356t half of the buildings, including the
mechanical system leakage increased the totalibgildakage by over 50%. Since the
mechanical system is part of the envelope whenribt operating, that leakage can
significantly impact air infiltration, and leakageduction presents an opportunity for energy
savings.

For many of the buildings, ignoring the effect 0#/C operation on building pressure would
produce overestimates of air infiltration loads &igh predictions of energy savings due to
envelope air sealing. However, in some instanceAEdepressurization caused increased
infiltration that would result in underestimatesfiltration and air sealing savings.
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