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EXECUTIVE SUMMARY

Overview

The thermal efficiency of forced-air distribution systems in residential buildings has been the
focus of substantial research and many utility programs for more than a decade (see Robison and
Lambert 1988; Modera 1989; Parker 1989; Cummings et al. 1990; Olson et al. 1993; Palmiter,
Olson, and Francisco 1995; Jump, Walker, and Modera 1996; Siegel et al. 1996; and Davis et al.
1997 for a sampling of previous work on this subject). This work has shown that ducts can lose
a significant amount of conditioning energy via leakage and conduction. Mathematical models
have been developed to estimate the thermal efficiency of ducts from several measured
parameters. One such mathematical model has become the foundation for ASHRAE Standard
152P (ASHRAE 2001).

Accurate efficiency estimates from these models require accurate inputs. Two of the most
important parameters of duct efficiency are supply duct leakage to and return duct leakage from
outside. Unfortunately, these have also proven to be two of the most difficult inputs to measure
accurately. Several methods have been used, with varying degrees of success. The current draft
of ASHRAE Standard 152P stipulates that the fan pressurization test be used to measure duct
leakage. Previous versions included a second method, called the house pressure test; this method
has subsequently been dropped due to poor quantitative performance in several field studies
(Francisco and Palmiter 1999, 2000; Cummings, Withers and Moyer 1999; Strunk and Shapiro
1999).

Despite the superior performance of the fan pressurization test relative to the house pressure test,
there are still a number of problems and concerns with the test. The test can be very time-
consuming, and the results can be extremely poor in many cases. The test is run at specified
pressures that may or may not be representative of the operating conditions of the duct system,
S0 it is necessary to estimate an “operating” pressure for use in conjunction with the results of the
test. Unfortunately, as there is no rule-of-thumb that routinely works well, any pressure estimate
may still be significantly poor at providing an accurate measure of the leakage. As a result, there
has been a lot of effort put into developing new and better ways to measure duct leakage, both
from an accuracy standpoint and in terms of the time required to perform the test.

Two such candidates have recently been developed, both of which purport to measure leakage to
outside at actual operating conditions. These two are referred to as the nulling test and the Delta-
Q test. The nulling test uses a calibrated fan in the building envelope to counteract any change in
building pressure due to turning on the air handler. Since any change is nominally due to
unbalanced duct leakage, the flow through the calibrated fan that is required to remove the
change in pressure is the unbalanced duct leakage. The nulling test is essentially performed
twice. The first is with the duct system running normally; the second is with the return ducts
isolated and with a second calibrated fan attached to the air handler cabinet as a surrogate return.
The first test gives unbalanced duct leakage, the second test gives supply leakage, and from these
two the return leakage can be calculated. This test can be time-consuming, but it does not
require any equations or complicated model assumptions.



The Delta-Q test uses a blower door to pressurize and depressurize the house at ten different
pressure stations, -25 Pa to +25 Pa in 5 Pa increments (skipping 0 Pa) with and without the air
handler on. The differences between the flows through the blower door at each pressure station
are regressed on the pressures using a set of equations to produce estimates of the supply and
return leakage. This test is simple and fast, but requires complex equations and a set of
assumptions about the ducts and house.

This report details the results of a research project funded by ASHRAE with cofunding from the
United States Department of Energy in which the duct pressurization test, the nulling test, and
the Delta-Q test were all tested in the field at several homes. Accuracy, repeatability, difficulty,
and time requirements were all evaluated.

In addition, sources of error and possible improvements were investigated. For the nulling test,
corrections for changes in neutral level and stack pressure due to factors such as infiltration
through duct leaks with the air handler off and changing temperatures in the house were
evaluated. For the Delta-Q test, sensitivity to assumed operating pressures and leakage
exponents was investigated. Also, the validity of one of the underlying assumptions, that the
pressure between the ducts and the house remains constant throughout the portion of the test with
the air handler on, was evaluated in detail.

In an add-on to the project, two additional tests were performed. These tests, called the add-a-
hole test and the modified blower door subtraction test, do not measure leakage at operating
conditions, but were evaluated for their ability to get comparable results to the fan pressurization
test at specific pressures in less time.

In the “add-a-hole” test the blower door is set to pressurize the house. Again two tests are done.
The first is with all registers and grilles sealed. The second is with a hole of known size added to
each the return and supply sides of the ducts. The hole typically needs to be small enough to
provide a significant pressure difference between the ducts and the house, but large enough to be
substantially different than the test with all registers and grilles sealed. By measuring the
pressures in each of the supply and return ducts with respect to the house in each of these tests,
and by knowing the flow through the hole, an estimate of the size of the leaks in the ducts can be
made, which leads to estimated leakage at specific pressures.

The modified blower door subtraction test uses the difference in flow through a blower door with
and without all registers and grilles sealed, with the pressures between the house and the zones in
which the ducts are located used to make an adjustment for duct leakage to inside. As done in
this study, the modified blower door subtraction test does not separate the supply leakage from
the return leakage. The test could be done to separate the supply and return leakage if a barrier
was placed between the two sides of the system and if the sealing of registers and grilles was
done separately for each side, i.e. first seal off one side, then unseal that side and seal the other
side.



Comparison Method

In order to judge the accuracy of the nulling test and Delta-Q test, an independent method of
estimating the leakage was necessary. The method developed, referred to as the “best estimate”,
uses the difference between the air handler flow and total flow through the registers or grilles.
This is the total duct leakage for the supply or return, including leakage to inside. To correct for
leakage to inside, the leakage at 25 Pa was calculated both from a fan pressurization test for total
leakage (i.e. a fan pressurization test that does not use a blower door to eliminate flow to inside)
and from the fan pressurization test for leakage to outside, which does use a blower door. The
ratio of the leakage to outside to the total leakage was multiplied by the total leakage from air
handler flow and register flow measurements, with the result being the best estimate of leakage
to outside. On the supply side, the flow through the registers was measured using a propeller-
type flow hood that was calibrated in-office just prior to beginning the field testing. For the
return flows, a large, recently-calibrated commercial flow capture hood was used. This type of
flow capture hood has been found to not work well on residential supply registers, hence the
different flow measurement devices. In order to make the comparisons of various flows in this
project as fair as possible, measured flows were corrected to a standard temperature of 68 F.

This method of obtaining an independent estimate of leakage has raised some question regarding
its reliability. This is for two primary reasons. The first reason is that the leakage estimate is
based on taking the difference of two large numbers (air handler flow and register flow) to get a
smaller one, and small errors in the large numbers could be large errors in the smaller one.

The second reason that this method has been questioned is the poor accuracy of flow hoods to
measure residential flows, primarily on the supply side. Testing has been performed on several
flow hoods with regard to their ability to measure residential supply flows, and the results were
not encouraging (Walker et al. 2001b).

However, there are a number of reasons why we believe that this is not a significant problem for
the houses tested in this project. For one, the flow hood that was used is the propeller type hood,
which was found to be the best of the existing flow hoods measured in the above study. This is
in part because the propeller covers the entire cross-section (other than a very small area at the
edge, rather than hoping that pressure taps in a few locations will accurately represent the flow.

Further, the testing done by Walker et al. used supply registers that induce a significant amount
of swirl, which does cause problems for this flow hood, whereas the registers found in the houses
tested were of a type that does not cause this type of swirl. This type of floor register is the most
common type found in the Pacific Northwest region.

Another contributing factor to the conclusions of the Walker et al. study was the dependence on
the degree to which the flow hood is centered on the register. Calibrations of the propeller flow
hood done by the authors agree with that conclusion. In the study presented in this report, the
flow hood was centered as best as possible to minimize this potential source of error. The extent
to which the flow hood was ever not centered was small, and the resulting error would also be
small.



Another reason that this method should work well in this study is that the errors in the flow hood
readings tend to be more random than bias. As such, over all of the registers in the home, errors
should largely cancel out. In fact, in the Walker et al. study they tested this type of flow hood in
a home and found that, while the errors on a single register could be significant, the overall error
was about 1%.

Some amount of circumstantial evidence has also led to trust in this method for these types of
systems and registers. In a previous project for ASHRAE (Francisco and Palmiter 1999), this
method was used as one of several methods of estimating leakage for input into a model to
predict the thermal efficiency of duct systems. These results were compared to the efficiency
measured using the short-term coheat method. Over 26 different tests, this method of estimating
leakage consistently produced efficiency estimates that were in close agreement with the
measured results. Also, this method has agreed well with the nulling test, a completely
independent method. Finally, the direction of the errors between this method and the Delta-Q
test is the same as is predicted using computer simulation. These last two points will be shown
in detail in the results section of this report.

Our experience with this method in these homes suggests that typical errors are probably on the
order of 20 cfm. This corresponds to about 15% of the average leakage measured by this method
on the supply side in this project.

Results

Overall

These findings and conclusions are based on the unmodified leakage tests, i.e. the leakage tests
as described by their developers. Modifications are discussed in the sections devoted to the
individual tests.

e These results are based on a small sample of homes. As a result, many of the quantitative
results cannot be considered representative of homes in general, especially as many of the
tests were done with artificial duct configurations. The duct leakage that was added was
intended to represent the types of leaks that are found in the field, but the frequency of their
occurrence is not as high in general as it is in this study. Further work on more homes is
warranted.

e The most accurate of the leakage test methods was the nulling test, with an average
overestimation of about 13% of the best estimate of duct leakage on the supply side and 4%
of the best estimate of duct leakage on the return side. It is, however, as time-consuming as
the fan pressurization test and can be difficult to set up. It is also somewhat less repeatable
than other methods.

e For homes without return ducts, such as manufactured homes, the nulling test is both the
fastest and most accurate. This is because the supply leakage-only portion of the test is not
required, and it is this portion of the test that requires the majority of the setup. The
unbalanced leakage portion of the nulling test provides the supply leakage in these homes
because there is no return leakage.



The Delta-Q test was the fastest and easiest of the tests to perform, though the analysis of the
data requires a programmed calculator or computer. It was also very repeatable. It was
strongly biased, with an average overestimation of about 70% of the best estimate of duct
leakage on the supply side and 61% on the return side. Some of the reasons for the strong
bias are the pressure and leakage exponent assumptions used in the analysis and a failure of
one of the primary assumptions of the analysis technique. The bias appears to be
proportional, meaning that it is approximately a percentage of the leakage. This causes errors
to get larger as the leakage gets larger. Despite the poor agreement with the best estimate,
the results did show a strong increasing trend as the best estimate of leakage increased.

The fan pressurization test performed better than expected on the return side, with results that
were nearly as good as from the nulling test, both in terms of bias and the degree to which the
estimates show a strong increasing trend with increasing leakage from the best estimate.
This indicates that the assumption that the operating pressure is half of the plenum pressure
tends to be a good one. The test was also extremely repeatable, even more repeatable than
the Delta-Q test. There are only a couple of cases, with disconnected main return trunk
ducts, where the fan pressurization test failed. It seems likely that over a larger sample of
homes this test would continue to perform well on the return side, on average, using the half
plenum pressure assumption.

On the supply side, the fan pressurization test performed very poorly, with an average
overestimation of about 84% of the best estimate of duct leakage, though repeatability was
still high. The results on the supply side also did not show a particularly strong trend of
increasing leakage estimate as the best estimate of leakage increased, although there were
very few cases where the fan pressurization test underestimated the leakage. It can be stated
that this test did not produce much in the way of false negatives on the supply side, where
there was significant leakage but the test indicated that leakage was small. However, there
were a number of cases where the test indicated large supply leakage when this was not
actually the case. This was largely because of a combination of an overestimation of
operating pressures and the effects of the momentum of air during operating conditions. The
momentum of air takes the air past certain holes in ducts when the registers are not sealed
that air is forced to go out of with the registers sealed during the fan pressurization test.

In addition to the poor performance in estimating supply leakage, the fan pressurization is
also time-consuming and can be difficult to set up. In some cases it may not be possible to
perform this test due to inaccessible registers and grilles, which must all be sealed.

Nulling Test

Despite the potential for holes in ducts to cause the target pressure in the house to be
affected, the methods of adjusting for this are time-consuming and the results showed very
little improvement from implementing them. As a result, it does not seem worthwhile to
make these adjustments.

It is also not usually worth adjusting the results for changes in stack pressure unless interior
conditions changed drastically, such as from having a furnace running with the heat on for an
extended period of time during the test. It is preferable to run the nulling test with the air
handler running in fan-only mode.

The nulling test is very sensitive to wind, but the effects of wind can be mitigated with longer
sample intervals such as three minutes per pressure station.



It is important to measure the flows at least at three different pressures that bracket the target
pressure. This allows for interpolation to the exact target in the event that the target was not
matched exactly.

Automated data collection software is very important for simplifying and troubleshooting the
test. This type of software can give immediate feedback as to whether the data falls on a
nearly straight line; if it does not, a problem is indicated and the test can be redone.

Delta-Q Test

Vi

Changing the pressure assumption from full plenum pressures to either half plenum pressures
or quarter plenum pressures did not greatly improve the results. Using half of the plenum
pressure reduced the bias to about 55% of the best estimate of duct leakage on the supply
side and 52% on the return side. Using one quarter of the plenum pressure actually increased
the bias. This non-monotonic behavior, whereby a decrease in pressure may not correspond
to a decrease in leakage, is counterintuitive but is one of the features of the equations used to
analyze the Delta-Q test results.

Changing the leakage exponent assumption can also have a significant impact on the results,
but as with the pressure assumption there is not a set of reasonable exponents that results in a
good leakage prediction. Reducing the exponents to 0.55 from 0.6 reduces the bias to about
45% on the supply side and 43% on the return side. The leakage estimates do change
monotonically with exponent, so the exponent would have to be reduced significantly further
to provide good agreement with the best estimate. However, the theoretical lower limit on
the exponent is 0.5.

The problems with the pressure and exponent assumptions mean that, in these houses, there
is not a set of reasonable pressures and exponents that can provide satisfactory agreement
with the best estimate.

One of the major problems with this test is the failure of the assumption that the pressure
difference between the ducts and the house remains constant throughout the portion of the
Delta-Q test with the air handler on. This pressure difference can vary by more than a factor
of two for leaky systems across the range of pressure stations in the test. The failure of this
assumption leads to an overestimation of leakage estimates, which was confirmed by
computer simulations using CONTAM. These simulations were done with all other
assumptions satisfied, including having known duct pressures and leakage exponents. This
problem warrants further investigation for possible remedies. One possibility is to measure
the actual pressures between the ducts and the house at each station, and to use these in place
of the constant duct pressure in the Delta-Q analysis. This requires a third pressure
measurement tap, in addition to the taps for house pressure and fan pressure.

Another assumption of the Delta-Q test that will not always hold true is that the pressure
across the envelope is the same as the pressure across the duct leaks when the air handler is
off. If the space in which the ducts are located is significantly connected to the conditioned
space, with regard to pressures, the duct zones will change pressure differently than the house
when the blower door operates. This will occur when the duct zone is not well ventilated.
The impact of this assumption was not evaluated in this study.

There can be a significant amount of crosstalk between the supply and return sides in this
test, meaning that a large leak on one side can cause the test to also estimate a large leak on



the other side, even if the leakage is not large. This can lead to incorrect and time-wasting
decisions as to whether it is worth fixing duct leakage.

Automation is important to make the test user-friendly and less prone to user error. It is
absolutely critical that the analysis of the data to provide leakage estimates be automated, as
the equations for performing this analysis are difficult and complex.

Fan Pressurization Test

As has been found in many previous studies, the biggest technical problem with the fan
pressurization test is estimating the effective operating pressures at the leaks. At these
houses the standard assumption that the effective operating pressure is half of the plenum
pressure is poor on the supply side. This assumption overestimates the effective supply
operating pressures by about a factor of two, on average. This results in greatly
overestimated leakage. One of the primary reasons for this is that many leaks occur
downstream of several bends that occur after the plenum, each of which causes a substantial
pressure drop. Another reason is that many holes in ducts occur in locations which get
largely bypassed by the air during normal operation because of momentum, but in the fan
pressurization test the air is forced out of these holes since the registers are sealed.

On the return side the standard assumption for operating pressure of half the plenum pressure
worked well unless there was a major disconnect in main trunk. The return ducts typically
consisted of only a very few large, straight sections, so the pressure drop was not as large
between the main portion of the ducts and the plenum. The momentum of air is also less of a
problem on the return side because the ducts are pulling air in through the leaks instead of
pushing air out.

Blower Door Subtraction/Add-a-Hole Test

Both the add-hole and modified subtraction methods show promise where the goal is to
measure duct leakage to outside at a given reference pressure. They share the drawback of
the fan pressurization method of requiring an estimate of an appropriate "effective" duct-to-
outside pressure difference in order to get an estimate of leakage at operating conditions.
The add-a-hole method as performed here has the advantage of producing values separately
for the return and supply ducts. This is important, because in most conditions, the thermal
losses associated with supply leaks are significantly larger than those associated with return
leaks of the same size.

The modified blower door subtraction test could be extended to provide separate supply and
return leakage by taping off one side and then the other and performing a blower door test
under each configuration.

Both the modified blower door subtraction and add-a-hole tests are faster and easier than the
fan pressurization test, and require less equipment.

vii






TABLE OF CONTENTS

L1l [FTox (o] o ST RRRPROSPPR 1
Leakage TSt METNOUS ........c.iiiiieieee bbb 2
FaN PrESSUIZALION ..ottt bbbttt e bt e bbb eene et e e e 2
INUITING TESE e b bbbt e bbbttt b et nes 3
Measurement of Unbalanced LeakKage..........ccovevveiiiiieiieiie e 3
Separation of Duct Leakage Into Supply and Return Components...........ccoovvvevenerenennnins 4

Air Drawn from the Conditioned SPACE .........cccveveeieiieiiee e 6

Air Drawn from an Unconditioned SPACE ..........cevveiiieriieiiesie e 7

TIME REGUITEIMENTS ......vveieeie ettt ettt te et e st et esre e teestesseesteesaeeseeaseenteeneenreennenneas 8
NUIHNG TSt PrOBIBIMS ... e e 8
=] = RO I =) ST OO PRO PSPPSR 9
Derivation of Delta-Q AnalysisS EQUALIONS ..........cccuoiiiiiiiiiieiene s 9
Delta-Q Test Advantages and ProbIEMS ...........covieiiiii i 11
Modified BIower DOOr SUDIFACTION .........eoviiiiiieiiiie ettt 12
AUA-AHOIE” TOST...eitiitiitieieie et bbb bbbt e bbb e 13
BESE ESTIMALE ... bbbttt nb e b et nne e 13
Field Sample CharaCteriStiCS........uiiiiieiieieeie ettt e s et e e e reenaeaneenneens 16
RS L aTo LY =1 aToTo (o] (o]0 YT URTURR 19
Leakage at Operating CoNGITIONS..........ccveiiiieieerie e ste e naeens 20
Unmodified Leakage TeSt RESUILS ........oiiiiieiiiieiicee ettt 20
AN HANAIET FIOW ...t bbbt 20
SUPPLY LeaKage RESUILS........ooiiiiiieiiee et 20
Return Leakage RESUILS ........ooiieicieee e nnes 24
SEAtISTICA] SUMMAIY ...ttt ae e b e e nnes 27
REPEALADIIILY ...t e et e et et e e e reeeenres 29
Issues Regarding the NUIING TeST.......ooiiiioiie e e 33
Modified NUHING TESE RESUITS.......ccviiieiieicie et 33
SUPPlY LeaKage RESUILS........couiiiiiieiiie et 34

Return Leakage RESUILS .........oiieceece e 36
L000] 0 [0d [V [0 o WSS PR 36
IMPACT OF WINA ... e e sre et e neenne e 37
Issues Regarding the Delta-Q TeSE .......couiiiiiieiie e e 39
Sensitivity to Pressure and EXponent ASSUMPLIONS..........coveveieerieeriesieeseesie e sree e enee e 39
PIESSUIES ..ttt ettt e b bt e bb e e e b b e e s be e e br e e e ne e e 39
EXPONENTS. ...t ne s 42
Applicability of the Delta-Q Test to Homes without Return Systems..........cccccevvvieieennene 44
Validity of the Constant Duct-House Pressure ASSUMPLION.........cccvevvieereeresieerieesieseeneenns 48
MEASUIEA PIESSUIES.....c.viitiesiietie st ettt sttt ettt ettt ee bt e st et e s st e sbeebeeneesbeebeeneenreas 48
CONTAM Computer SIMUIALIONS ........veireieiieseeie e 51

Issues Regarding the Fan Pressurization TeSt.........cccuuueiieriiiieiieiesie s 53
Time and Material REQUITEMENTS. ........civeiieiieieeie et nnee s 55
Static Tests — Leakage at a Fixed Pressure CONdition ..........cccovvieeiiniienieninie e 56
Derivation OF METhOUS ........coiiiiiie e 56



Derivation of Add-a-HOIE IMETNO..........eeeeeee e nen 58

Derivation of Modified Subtraction Method .............cccoiiiiiiiiniieee e 59
RESUIES ...ttt et bbbt bt et neenreas 61
FINAINGS anNd CONCIUSIONS .......cviiiiisieie ettt te et et e e e e e eneesreeeeaneenneens 66
(@] - || PSPPI 66

AN LU a0 T PRSP 67
=] v RO I I PRSP 67
Fan PreSSUNMZAtION TEST......cciiiiiiieierie ettt bbbt ne s 68
Blower Door Subtraction/Add-a-HOIE TeSt.........cciiiiiiiiiereee e 69
FULUIE WWOTK ...ttt bbbttt 69
ACKNOWIEAGMENTS. ...ttt ettt et esbe e beene e reenae e 70
RETEIEIICES ...ttt bbb bbbttt b e bbb 71
Appendix A — Detailed ResSults TOr Site LOL .......c.cooveiiiiieiieiiee e Al
Appendix B — Detailed ReSUILS fOr Sit€ LO2 ........c.ooieiiiiiiieiie e Bl
Appendix C — Detailed Results for Site LO3 ..........cccviieiiieiiiie e C1
Appendix D — Detailed ReSUlts TOr Site LOZ ..........ooiiiiiieiieiece e D1
Appendix E — Detailed ReSults fOr Site LO5........ccoeiieiiie e El
Appendix F — Detailed ReSUIS fOr Site LOB.........ccoeueiiiiiiiiiieiieie e F1
Appendix G — Detailed ReSUItS TOr Site LO7 .......c.coveieiieieeceee e Gl
Appendix H — Detailed Results for Site LOB ...........ccoiiiiiiiiiiii e H1
Appendix | — Detailed Results for Site LO9.........ccovveiiie e 11



TABLE OF TABLES

Table 1. HOUSE CharaCteriStiCS ......uuiveiirieiiiiiesieiisis ettt bbb neene e 16
Table 2. Supply DUCE CharaCteriStiCS..........oiiiiiirieieieriesie e 17
Table 3. Return DUCt CharaCteriStICS ......cuoiviiiiiiiiiiiieie et 17
Table 4. Site/Configuration Designation KEY..........ccuiiieiiiiniiiesiseeee e 18
Table 5a. Summary of Supply and Return Leakage Fraction Estimates as a Percentage of Air

[ oL LT [0 PP 28
Table 5a. Summary of Supply and Return Leakage Estimates, in cfm ...........ccccovevviievicincne, 29
Table 6. Summary of Internal Errors of Supply and Return Leakage Fraction Estimates as a

Percentage of Air HANAIEr FIOW ..........oooveiiiieiicc e 30

Table 7. Impact of Increased Sampling Time on Nulling Test Results During Windy Days.......37
Table 8. Summary of Supply and Return Leakage Fraction Estimates as a Percentage of Air

Handler Flow for Different Pressure Assumptions in Delta-Q TesSt..........ccoccevveviniinnienne 42
Table 9. Summary of Supply and Return Leakage Fraction Estimates as a Percentage of Air
Handler Flow for Different Exponent Assumptions in Delta-Q Test.........ccccccvevviiiecnnnn, 44

Table 10. Supply and Return Leak Fraction Estimates, as Percentage of Air Handler Flow, for
Site LO7 - Delta-Q Test Using Return Pressure Between Air Handler Closet and

HOUSE ..ottt 46
Table 11. Supply and Return Leak Fraction Estimates, as Percentage of Air Handler Flow, for
Site LO7 - Delta-Q Test Using Return Pressure 0f 15 Pa .......cccccevvievieveccic e 46
Table 12. Supply and Return Leak Fraction Estimates, as Percentage of Air Handler Flow, for
Site LO7 - Delta-Q Test Using Return Pressure of 10000 Pa ..........ccccccvevvevveineneeieseene 47
Table 13. Supply Leak Fraction Estimates as a Percentage of Air Handler Flow for Site LO7
from Reformulated Delta-Q Test with the Return Removed from the Analysis............... 48
Table 14. CONTAM Simulation Data for Delta-Q Test with Low Leakage...........cccccoeeverrrnnnee. 52
Table 15. CONTAM Simulation Data for Delta-Q Test with Significant Leakage ..................... 52
Table 16. Time and Material Requirements for the Nulling and Delta-Q Tests...........cccccceveenene 55
Table Al. Site LO1 Supply Leakage and Leakage Fraction Estimates............cccocevevivenieiieennen. Ad
Table A2. Site LO1 Return Leakage and Leakage Fraction EStimates ............ccccceeveviveivcviennnnn, A5
Table B1. Site L02 Supply Leakage and Leakage Fraction EStimates............ccccceevveiveneciiennnnn B2
Table B2. Site L02 Return Leakage and Leakage Fraction EStIMates ..........cccceveveeneencninniene B3
Table C1. Site LO3 Supply Leakage and Leakage Fraction EStimates.............ccccceveviviveeiveennen. C4
Table C2. Site L0O3 Return Leakage and Leakage Fraction EStIMates ............ccoevevvereerrereesnnenn C5
Table D1. Site L04 Supply Leakage and Leakage Fraction EStimates............ccccceevvevververiennnnnn. D4
Table D2. Site LO4 Return Leakage and Leakage Fraction EStimates ............ccocevveieeniiieniennn D5
Table E1. Site LO5 Supply Leakage and Leakage Fraction EStimates ............ccocevveieeiiiinninne E4
Table E2. Site LO5 Return Leakage and Leakage Fraction Estimates............ccccccevvvevviieivennenne E5
Table F1. Site LO6 Supply Leakage and Leakage Fraction EStIMates ............cceeevevververiveriesennnn. F5

Xi



Table F2. Site LO6 Return Leakage and Leakage Fraction EStimates............cccooevvveivnininenienn F6

Table G1. Site LO7 Supply Leakage and Leakage Fraction Estimates............ccccevvvviviveeiieennen. G3
Table H1. Site L08 Supply Leakage and Leakage Fraction Estimates.............cccevvevvvevieiieennen. H4
Table H2. Site L08 Return Leakage and Leakage Fraction EStimates ............ccccceeveviveivciiesnnne, H5
Table 11. Site L09 Supply Leakage and Leakage Fraction EStimates .............cccocevveveieeiecrnenn 14
Table 12. Site L09 Return Leakage and Leakage Fraction EStimates...........cccccovevvniinieninnnenne. 15

Xii



TABLE OF FIGURES

Figure la-b. Schematics detailing the unbalanced leakage portion of the nulling test. The top
picture (a) is for return-dominated leakage; the bottom picture (b) is for supply-

dOMINALEA 1EAKAGE ......vveveeie ettt et e st e sae e e reeee e 5
Figure 2. Schematic detailing the supply leakage portion of the nulling test for the situation
where the air is drawn from the conditioned SPaCe............cccveveiieiieie i 6
Figure 3. Schematic detailing the supply leakage portion of the nulling test for the situation
where the air is drawn from outside the conditioned SPace..........ccccevvveierieervciesieese e, 7
Figure 4. Comparison of supply leakage fraction estimate from nulling test to that from best
estimate. The line indicates perfect agreement..........ccovvevveiesieeiecie s 21
Figure 5. Comparison of supply leakage fraction estimate from Delta-Q test to that from best
estimate. The line indicates perfect agreement..........ccovvevveieiieesecie s 22
Figure 6. Comparison of supply leakage fraction estimate from fan pressurization test to that
from best estimate. The line indicates perfect agreement.........c..cccovvvevevceieene s e e 22
Figure 7. Comparison of supply leakage fraction estimates from all unmodified tests to those
TrOM DEST ESTIMALE ... bbb 24
Figure 8. Comparison of return leakage fraction estimate from nulling test to that from best
estimate. The line indicates perfect agreement..........ccovvevveiesieeie e 25
Figure 9. Comparison of return leakage fraction estimate from Delta-Q test to that from best
estimate. The line indicates perfect agreement..........ccovveveeiesieerecie s 25
Figure 10. Comparison of return leakage fraction estimate from fan pressurization test to that
from best estimate. The line indicates perfect agreement.........cc.cccovvveveiieiiveve s 26
Figure 11. Comparison of return leakage fraction estimates from all unmodified tests to those
TrOM DESE ESTIMALE ..o ettt 27
Figure 12. Supply leakage fraction internal errors (repeatability) from best estimate and all
UNMOGITIE TESTS ...ttt bbbttt bbb enes 31
Figure 13. Return leakage fraction internal errors (repeatability) from best estimate and all
UNMOGITIE TESTS ...ttt bbbttt bbb enes 31
Figure 14. Supply leakage fraction estimates from best estimate, unmodified nulling test, and
nulling tests corrected for neutral level and stack pressure changes ..........ccccccevevevveieennnn 35
Figure 15. Return leakage fraction estimates from best estimate, unmodified nulling test, and
nulling tests corrected for neutral level and stack pressure changes ..........cccoccevvveveivennns 36
Figure 16. Supply leakage fraction estimates from best estimate and Delta-Q test with three
pressure assumptions: full plenum (unmodified), half plenum, and quarter plenum........ 41
Figure 17. Return leakage fraction estimates from best estimate and Delta-Q test with three
pressure assumptions: full plenum (unmodified), half plenum, and quarter plenum........ 41

Figure 18. Supply leakage fraction estimates from best estimate and Delta-Q test with four
exponent assumptions: 0.55, 0.6 (unmodified), 0.65, and those measured with the fan
PrESSUMTZALION TEST.....eeuiiiiieitietiete ettt ettt ettt sbeenbeeneesbeeee s 43

Figure 19. Return leakage fraction estimates from best estimate and Delta-Q test with four
exponent assumptions: 0.55, 0.6 (unmodified), 0.65, and those measured with the fan

PrESSUMIZALION TEST.....eeuieieieitieie ettt ra e te et e s e e aeeneesraeseeeneesreeeean 43
Figure 20. Duct pressures during Delta-Q test for third iteration of designation 41 (as-found
1oL 110 1<) PSSR 49

Xiii



Figure 21. Duct pressures during Delta-Q test for first iteration of designation 43 (added return

1oL 110 1) TSP 49
Figure 22. Duct pressures during Delta-Q test for first iteration of designation 51 (added supply

1oL 110 1) TSR 50
Figure 23. SUPPIY OPErating Pr@SSUIES.....cc.ueiuiieeiieeieeiesieesteeeesreestessaesseesbeeeesbeestesbesseesbeeneessee e 53
Figure 24. Return Operating PrESSUIES .......ueiveeuereerreaeeseesieaseessaesseassessaesssasesssesssesssesssessesssessennes 54
Figure 25. Schematic of the add-a-hole teSt SEtUP ........eoviiiiiiiii 57
Figure 26. Schematic of the modified blower door subtraction test Setup..........ccccevvevvrivereennenn. 57

Figure 27. Comparison of unmodified blower door subtraction, modified blower door
subtraction, add-a-hole test, and fan pressurization test predictions of combined supply

and return duct leakage to outside at 25 Pa..........ccoceiiiiiiiiiie e 63
Figure 28. Comparison of unmodified blower door subtraction and fan pressurization test
predictions of combined supply and return duct leakage to outside at 25 Pa................... 63
Figure 29. Comparison of modified blower door subtraction and fan pressurization test
predictions of combined supply and return duct leakage to outside at 25 Pa................... 64
Figure 30. Comparison of add-a-hole test and fan pressurization test predictions of combined
supply and return duct leakage to outside at 25 Pa..........ccoceveeiiiiiiiieeseee e 64
Figure 31. Comparison of add-a-hole test and fan pressurization test predictions of supply duct
leakage t0 OULSIAR AL 25 Pa.......coiiiiiiieiiee e e e 65
Figure 32. Comparison of add-a-hole test and fan pressurization test predictions of return duct
leakage t0 OULSIAR AL 25 Pa.......coiiiiiiieieiee e e 65
Figure AL, Front VIEW OF SITE LOL.......ooiiiiiieiieiie et Al
Figure A2. Downflow gas furnace in garage ........ccccvevereereeiieseeseesiesee e se e seesee e esae e A2
Figure A3. As-found leak in SUpPlY trunk ..o A2
Figure A4. Added return leak at PIENUM ........ooiiiiiiice e A2
Figure A5. Supply leakage fraction results for Site LOL ........ccccceiviiiireie i, A4
Figure A6. Return leakage fraction results for Site LOL.........cccooeviiiiinininieeee e A5
Figure B1. Supply leakage fraction results for Site LOL..........ccocovviiiiiiiiniienc e B2
Figure B2. Return leakage fraction results for Site LOL.........ccccccevveiieii e B3
Figure CL. Front View Of Site LO3........cooiieieie et C1
Figure C2. Downflow gas fUrnace iN Qarage ..........ccceeerererenineeeeiesie e C2
Figure C3. Added supply leak at regisSter DOOL ...........ccccoveiieieiie e C2
Figure C4. Added 1eak in retUIM QUCT.........coiiiiiiiiieee e C2
Figure C5. Supply leakage fraction results for Site LO3...........ccceiviiiiieie i, C4
Figure C6. Return leakage fraction results for Site LO3 ... C5
Figure D1. Front VIEW OF SIE LOZ.......cc.oiiiiiiiiiieieiee e D1
Figure D2. Added supply leak at register DOOL ...........cccovviiieiiiecece e D2
Figure D3. Added return leak at PIENUM .......ccoiiiiiiii e D2
Figure D4. Supply leakage fraction results for Site LO4 ..........cccoeoviieiieie i, D4
Figure D5. Return leakage fraction results for Site LO4..........ccooeiiiiiinininiecee e D5
Figure EL. Front VIEW OF SIte LOS .......oiiiiiiiiiiieeee e El

Xiv



Figure E2.
Figure E3.
Figure E4.
Figure E5.
Figure E6.

Figure F1.
Figure F2.
Figure F3.
Figure F4.
Figure F5.
Figure F6.

Figure G1.
Figure G2.
Figure G3.

Figure H1.
Figure H2.
Figure H3.
Figure H4.
Figure H5.
Figure H6.
Figure H7.

Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure I5.
Figure 16.

Downflow gas furnace iN CIOSEL..........ccviiiiieiecie s E2
Added supply leak at register DOOL..........ccoovvviieiiie e E2
Added return leak in return UCT........ccoiiiie e E2
Supply leakage fraction results for Site LO5.........cccccveveviieiiere e, E4
Return leakage fraction results for Site LO5 ........cccccoieiiriiinieeese e ES
Front VIEW OF SITE LOG .......ooiiiiiiii et F1
Horizontal gas furnace in CraWl SPACE.........vcveiiveieeie e F2
Added supply leak at PIeNUM ........cco i F2
Added return leak at PIENUM ........oooviiiiiec e F3
Supply leakage fraction results for Site LOB ..........cccooeieeriiiniieiesieeec e F5
Return leakage fraction results for Site LOB...........ccccoveveeieiieeii i F6
Front VIEW OF SITE LO7 .....oviieiiieiiciseeeeee e Gl
Downflow heat pump in closet in conditioned SPACE..........ccovvererieeiieiiiie e G2
Supply leakage fraction results for Site LO7. ......ccccceevveveeiecie e G3
Front VIew OF SITE LOB........ooi i H1
Downflow gas fUrNace IN QArage ........o.eoeereiieieeiieeie et sre e H2
As-found leak in supply trunk (dirtier insulation indicates larger leakage) .............. H2
One of the as-found return leaks at junction box (note fiNgers) ........cccccevvreervrnene. H2
Added supply 18aK iN trUNK...........coiveiieieciece e H3
Supply leakage fraction results for Site LO8 ..........ccccoevieiiiiiniiieieseee s H4
Return leakage fraction results for Site LO8...........cccccveveiiieriieie e H5
Front VIEW OF SITE LOO ......ocuiiiiiiiiieiee e 11
Horizontal gas furnace in Crawl SPACE ........cccvevvieiieiieii e 12
Added supply leak at register DOOL...........ccooviiiieieei e 12
Added return leak at panned joist at grille .........ccceiveiiiie i 13
Supply leakage fraction results for Site LO9.........cccoviiiiiiiiiiiceeee e 14
Return leakage fraction results for Site LO9 ........ccccevieiiiic i 15

XV






INTRODUCTION

The thermal efficiency of forced-air distribution systems in residential buildings has been the
focus of substantial research and many utility programs for more than a decade (see Robison and
Lambert 1988; Modera 1989; Parker 1989; Cummings et al. 1990; Olson et al. 1993; Palmiter,
Olson, and Francisco 1995; Jump, Walker, and Modera 1996; Siegel et al. 1996; and Davis et al.
1997 for a sampling of previous work on this subject). This work has shown that ducts can lose
a significant amount of conditioning energy via leakage and conduction. Mathematical models
have been developed to estimate the thermal efficiency of ducts from several measured
parameters. One such mathematical model has become the foundation for ASHRAE Standard
152P (ASHRAE 2001).

Accurate efficiency estimates from these models require accurate inputs. Two of the most
important parameters of duct efficiency are supply duct leakage to and return duct leakage from
outside. Unfortunately, these have also proven to be two of the most difficult inputs to measure
accurately. Several methods have been used, with varying degrees of success. The current draft
of ASHRAE Standard 152P stipulates that the fan pressurization test be used to measure duct
leakage. Previous versions included a second method, called the house pressure test; this method
has subsequently been dropped due to poor quantitative performance in several field studies
(Francisco and Palmiter 1999, 2000; Cummings, Withers and Moyer 1999; Strunk and Shapiro
1999).

Despite the superior performance of the duct pressurization test relative to the house pressure
test, there are still a number of problems and concerns with the test. The test can be very time-
consuming, and the results can be extremely poor in many cases. The test is run at specified
pressures that may or may not be representative of the operating conditions of the duct system,
S0 it is necessary to estimate an “operating” pressure for use in conjunction with the results of the
test. Unfortunately, as there is no rule-of-thumb that routinely works well, any pressure estimate
may still be significantly poor at providing an accurate measure of the leakage. As a result, there
has been a lot of effort put into developing new and better ways to measure duct leakage, both
from an accuracy standpoint and in terms of the time required to perform the test.

Two such candidates have recently been developed. These two are referred to as the nulling test
and the Delta-Q test. This report details the results of a research project funded by ASHRAE
with cofunding from the United States Department of Energy in which the duct pressurization
test, the nulling test, and the Delta-Q test were all tested in the field at several homes. Accuracy,
repeatability, difficulty, and time requirements were all evaluated. In addition, sources of error
and possible improvements were investigated.

In an add-on to the project, two additional tests were performed. These tests, called the add-a-
hole test and the modified blower door subtraction test, do not measure leakage at operating
conditions, but were evaluated for their ability to get comparable results to the fan pressurization
test at specific pressures in less time.



LEAKAGE TEST METHODS

There were three primary leakage tests that were to be evaluated in this project: the fan
pressurization test, the nulling test, and the Delta-Q test. An add-on to the project provided the
opportunity to evaluate two other leakage test methods, the modified blower door subtraction
method and the “add-a-hole” method. In order to make evaluations of accuracy, an independent
best estimate of leakage at operating conditions was required. This was done by taking the
difference of air handler flow and register flows at each house, with an adjustment for leakage to
or from inside based on the fan pressurization test results. All of these methods are described in
more detail in this section.

Fan Pressurization

The fan pressurization test uses a calibrated duct pressurization fan to measure the duct leakage.
To estimate the supply and return leakage separately, a barrier is placed between the supply and
return sides of the system, and the supply and return ducts are tested individually. This barrier is
usually placed in the filter slot on the return side of the air handler. The duct pressurization fan
is attached to the duct system, usually at the air handler for supply tests and at a return grille for
return tests. All supply registers and return grilles are sealed during this test except for any that
have the duct pressurization fan attached to them (maximum of one on each side). To estimate
leakage to or from outside only, a blower door is run simultaneously to zero out the pressure
difference between the ducts and the house, thereby eliminating leakage to inside.

Tests are typically done at one or two selected pressure stations (frequently 25 and 50 Pa). The
flow through the duct pressurization fan and the pressure between the ducts and either the duct
zone or the outside are measured. The standard assumption is that duct leakage follows a power
law, so the logarithms of the measured pressures and flows are regressed on each other. The
resulting duct leakage curve has the form Q = CAP", where Q is the flow, C is the leakage
coefficient, AP is the pressure difference across leaks, and n is the leakage exponent. If the fan
pressurization test is performed at only a single location, an exponent of 0.6 is typically assumed.
This is based on typical values from many tests. For a specific duct system, however, the
exponent can vary from 0.5 to about 0.75.

This test can be very time-consuming because all of the registers and grilles need to be sealed,
placing a barrier in the filter slot can be difficult (especially making sure that there is a good seal
around the perimeter), and firmly attaching the duct pressurization fan to the duct system can be
difficult. In some cases, one or more registers and/or grilles cannot be sealed easily due to
furniture or location high on a wall. Another register type that causes sealing problems is the toe
kick, which commonly has a hole under a cabinet through which the supply air enters the house,
and a register on the front face of the bottom of the cabinet. There may be significant leakage in
the cabinet, and in some cases the “register” is actually just a long slot the length of the cabinet.

The fan pressurization test also has the major drawback that the measurement is done at an
artificial pressure or pressures that may not be representative of that existing at the leakage sites
in the ductwork. To correct the results to operating conditions, estimates are made of the average
operating pressure at these leakage sites. This estimated operating pressure is then inserted into



the power law equation describing the duct leakage to obtain duct leakage at operating
conditions.

Nulling Test

The nulling test was developed by the authors (Francisco and Palmiter 2001). It consists of two
parts: measurement of unbalanced duct leakage and separation into supply and return
components. The test is predicated on the assumption that any change in the pressures across the
building envelope due to turning on the air handler is due to unbalanced duct leakage.
Unbalanced duct leakage can be viewed as analogous to either a supply fan (return-dominated
leakage) or an exhaust fan (supply-dominated leakage). As with ventilation fans, if another fan
of the same flow but opposite direction is installed, there will be no net change in the pressures
across the building envelope. A calibrated fan, referred to as a nulling fan, is then used to zero
out the pressure change due to duct leakage, and the flow through the nulling fan is the
unbalanced leakage. One concern is the ability to exactly match the target pressure. This was
addressed prior to any field testing being performed by modifying the test method to measure at
three different envelope pressures: one below the target by a small amount, usually 0.5 Pa; one at
approximately the target pressure; and one above the target pressure by a small amount, usually
0.5 Pa. This should result in a straight line, and linear regression and interpolation provides a
result at the target pressure. Because of the small pressure differences being induced, it is highly
desirable to have a calibrated fan with the capability to be adjusted precisely.

The nulling test has the advantage that the leakage estimate is at operating conditions. Another
major advantage is that it is model-independent, meaning that no assumptions are required about
the house leakage distribution or the leakage location in the ducts. In addition, no equations are
required. The test is subject to errors due to noise from gusty winds and the impact of holes in
the ducts changing the neutral level during periods when the air handler is off. Preliminary tests
using this method showed significant promise for both the accuracy and time requirements for
this test (Francisco and Palmiter 1999, 2000).

Measurement of Unbalanced Leakage

The first step in measuring the unbalanced duct leakage is to measure the pressure across the
building envelope with and without the air handler fan operating. All doors and windows should
be closed during these measurements. The location of this pressure measurement is arbitrary,
other than that measuring the building pressure with respect to a buffer space in which ducts are
located should be avoided. This is because duct leakage can also change the pressure in the
buffer space in which the ducts are located, which can compromise the measurement. Buffer
spaces without ducts can be good candidates as references for the pressure measurement because
they will frequently reduce noise from wind. Buffer spaces with ducts can be used if it is first
determined that the buffer space is sufficiently connected to outdoors that duct leakage does not
change the pressure of the buffer space.

The second step in the nulling test is to place the calibrated nulling fan, such as a Duct Blaster or
blower door, into a door or window of the building. If the pressure measurements across the
envelope with the air handler off and on indicate that the building is being depressurized due to



unbalanced duct leakage (meaning return-dominated leakage), the nulling fan is installed to
pressurize the building. If the pressures indicate that the building is being pressurized due to
unbalanced duct leakage (meaning supply-dominated leakage), the nulling fan is installed to
depressurize the building. Figure 1 depicts this setup. The setup shown is a typical duct system
with the air handler in a garage. The bold arrow indicates the return, while the thin lines and
arrows out of the air handler indicate the supply system. The top schematic (a) is for return
dominated leakage, while the bottom schematic (b) is for supply-dominated leakage.

Next, with the nulling fan sealed off, the pressure across the building envelope with the air
handler off is measured again. Then the air handler is turned on along with the uncovered
nulling fan. The nulling fan is adjusted until the pressure across the building envelope is the
same as was measured with the air handler off. The flow through the nulling fan when this
pressure has been reached is then an estimate of the unbalanced duct leakage.

Figure 1 shows a schematic of the unbalanced leakage portion of the nulling test.

One caution regarding this test is to avoid having the air handler operating in either heating or
cooling mode for more than a few minutes. Changes in the building temperature result in
changes in the stack pressures, and can bias the results. If the air handler has a fan-only setting,
that can be used to mitigate this problem.

Separation of Duct Leakage Into Supply and Return Components

Estimating the supply and return leakage separately involves a similar test procedure, only with
the return ducts eliminated from the system and substituted with another fan, which is adjusted to
assist the air handler fan until the supply plenum pressure from normal operating conditions is
matched. If this second fan is a calibrated fan, this is essentially a combination of the nulling test
for unbalanced leakage described above with the method of estimating air handler flow using a
calibrated fan, as described in ASHRAE Standard 152P (ASHRAE 2001). Note that, if the air
handler is in the conditioned space, it is not essential that a second fan be used; one could simply
open the air handler fan access cover, and then close it off until the supply plenum pressure is
back to its normal operating mode level. The use of the second fan, however, does provide an
estimate of the air handler flow.

The first step is to measure the pressure in the supply plenum relative to the conditioned space.
Then a barrier is placed between the supply and return ducts, typically at the filter slot, to isolate
the return system. A calibrated fan is then mounted to the front of the blower access door of the
air handler cabinet. There are two options for setting up this fan. The first, and most preferable
one, is in such a way that the air going through the fan will be taken from the house. The other
option is to draw the air from another space.

The setup at the air handler is the same setup that was required to measure air handler flow in
previous drafts of Standard 152P, and thus the nulling test would not have required significant
additional setup time over what was already required to implement Standard 152P. However, the
current draft allows use of the recently-developed flow plate technology, and the setup time



(@) Nulling test: Unbalanced return-dominated leakage
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Fig. la-b. Schematics detailing the unbalanced leakage portion of the nulling test. The top picture (a) is for return-
dominated leakage; the bottom picture (b) is for supply-dominated leakage



required for the nulling test is a considerable increase over what would be required for Standard
152P if the flow plates are used to measure air handler flow.

Air Drawn from the Conditioned Space

If the air handler is located in the conditioned space, it is simple to set up the fan attached to the
air handler such that it will draw air from the conditioned space. If the air handler is outside the
conditioned space, such as in an attached garage or basement, the fan can be attached to the air
handler via a flexible duct and installed in the doorway between the conditioned space and the
space in which the air handler is located. This installation is similar to the installation of a
blower door in an exterior doorway. Figure 2 details this setup.

The fan and any flexible duct attachment act as the return system, but in this case the return
system is airtight. Therefore, any change in building envelope pressure when the air handler is
turned on is due to supply leakage. Since supply-dominated leakage always depressurizes the
house, the nulling fan is installed to pressurize the building. The test described above for
measuring unbalanced duct leakage is performed, with the flow through the nulling fan being an
estimate of the supply duct leakage.

The return duct leakage is then obtained by combining the supply duct leakage and the
unbalanced duct leakage measurements. If the unbalanced duct leakage is supply-dominated, the
return duct leakage is the unbalanced duct leakage subtracted from the supply duct leakage. If
the unbalanced duct leakage is return-dominated, the return duct leakage is the unbalanced duct
leakage added to the supply duct leakage.

Nulling test: Supply leakage, air drawn from conditioned space
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Fig. 2. Schematic detailing the supply leakage portion of the nulling test for the situation where the air is drawn
from the conditioned space.



Air Drawn from an Unconditioned Space

In some cases, it may not be possible to set up the fan attached to the air handler such that the air
is drawn from the conditioned space. This is especially true in cases where the air handler is
located in an attic or crawlspace, though it may still be possible to set up a frame in the access
for these spaces in which to set up the fan.

If the air through the air handler is drawn from outside the conditioned space, the change in
pressures across the building envelope are due to the supply air that comes into the building
rather than due to the supply duct leakage. This is because no return air comes from the
building. In this case, the nulling fan is set up to depressurize the house. The test described
above for measuring unbalanced duct leakage is performed, with the flow through the nulling fan
being an estimate of the flow into the building via the supply ducts. This flow can be subtracted
from the flow through the fan that is attached to the air handler to get an estimate of the supply
leakage, which can then be combined with the unbalanced duct leakage to get the return leakage.
Figure 3 details this setup.

Taking the air from outside of the conditioned space is less desirable for two reasons. First,
subtracting two large numbers to get a small number, as would be the case unless there is
catastrophic supply duct leakage, can lead to higher errors in the estimates. Second, this method

Nulling test: Supply leakage,
air drawn from outside conditioned space
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Fig. 3. Schematic detailing the supply leakage portion of the nulling test for the situation where the air is drawn
from outside the conditioned space.



uses measured flow rates from two different fans that were not calibrated to each other. Since
even calibrated fans have some uncertainty associated with them, the errors will potentially be
very large. For example, the uncertainty for each fan may be £3%. If one is high and one is low,
the errors due to combining results from them may be large regardless of the level of uncertainty
inherent in field measurement.

Time Requirements

Prior to the invention of the flow plate technology for measuring air handler flow and the
subsequent incorporation into Standard 152P, the additional setup required to perform this test
over what was required for other diagnostic tests needed to estimate duct efficiency was

minimal. No sealing of registers and grilles is required. The nulling test requires attachment of a
fan to the air handler and the isolation of the return system, but this was required already for
estimating air handler flow in previous drafts of ASHRAE Standard 152P. Also, while
ASHRAE Standard 152P does not require the measurement of the building infiltration rate with a
blower door, this is fast and easy to set up and is commonly used in weatherization work. If flow
plates are used to measure air handler flow, the nulling test does require significant additional
setup time over what is already required in Standard 152P, and the test takes a similar amount of
time as the fan pressurization test.

The exception to this is homes that do not have a ducted return system, such as manufactured
homes. In these homes only the unbalanced leakage test is required, since by definition this is
the supply leakage and there is no return leakage. The nulling test is the fastest and simplest test
to perform in this type of home.

Nulling Test Problems

As with all leakage tests, the nulling test is not without imperfections. High wind speeds can be
a serious problem, as the change in pressures across the building envelope due to high winds can
be more than the signal from the duct leakage. Other leakage test methods are also subject to
noise from wind, but the nulling test, with the low pressures and small number of data points
being measured, is more sensitive than other methods. Longer-term averaging during windy
times (on the order of three minutes per pressure station) can significantly improve the results.

Another source of problems is the effect that leaks in the ducts have on the neutral level during
the times when the air handler is off. Holes in ducts provide pathways for greater infiltration
than would exist without the ducts being installed, and this can have an effect on the neutral
level. When the air handler is switched on, these leaks are shut off. If these leaks could be shut
off during the air handler off times, the neutral level may change, and it is this neutral level that
one would most like to adjust to. This effect will be most pronounced when all of the duct
leakage is either high or low. Holes in ducts both high and low will tend to counteract each other
somewhat, and the discrepancy in the nulling test result will be only a fraction of the additional
infiltration due to the ducts.

The preceding problem can be best illustrated with an example. Consider a house with airtight
walls and a floor and ceiling that are equally leaky. Without duct leakage (and with no effect



from wind), the neutral level for this house will be at the midheight of the house. If supply and
return ducts are added in the crawl space, with a leakage area equal to that of the floor, the
neutral level with the air handler off will be brought down to one-third of the house height (two-
thirds of the holes are in the floor, one-third in the ceiling). When the pressure is measured
across the envelope at the beginning of the unbalanced leakage portion of the nulling test, it will
reflect the pressures based on the neutral level at one-third of the height. However, when the air
handler is turned on, the duct leaks are shut off from the point of view of infiltration. If the duct
leakage is balanced, the neutral level would be at the midheight with the air handler on.
However, to match the original pressure, the nulling fan would be turned on until the pressure
matched that with the neutral level at one-third of the building height, and would imply
unbalanced leakage.

Another potential problem with the nulling test is the impact of changes in stack pressure due to
changing indoor temperatures. These changes can occur either by having the heating or cooling
active instead of just operating the air handler fan during the test, or by having large amounts of
air from outdoors enter the house during the test. If the stack pressure changes during the test,
then the pressures everywhere across the envelope will not be what they were with the air
handler off when the pressure change at the measurement location is nulled out. It is actually the
neutral level that one would most like to match, but this is impractical.

Stack pressure changes due to running the conditioning equipment can be mitigated by using a
fan-only setting, if available, but in many cases this option is not installed. Stack pressure
changes due to bringing in large quantities of outdoor air can be mitigated by performing the test
in a fairly short amount of time. However, problems will arise on occasion, whether it is an error
in the setup of the test, a hose coming loose, or some other error, so one cannot expect that this
problem will always be avoided. This problem will be larger for larger leakage, since the nulling
fan will be moving a greater volume of air through the house.

Delta-Q Test

The other of the recently developed tests is the Delta-Q test (Walker, Sherman, and Siegel 1999),
which is based on a measurement technique first conceived by Dr. Charles A. Gaston of Penn
State University. In this test, blower door tests are performed at several pressures (such as —25
Pa to +25 Pa in 5 Pa increments) both with and without the air handler running. The differences
between the blower door flow measurements at each pressure station, known as “delta-Qs”, are
subjected to a least-squares analysis to obtain estimates of the supply and return leakage.

Derivation of Delta-Q Analysis Equations

The derivation of the Delta-Q analysis technique, as provided by the developers (Walker et al.
2001a), is presented here.

With the air handler off, the flows through the blower door at each pressure station are:

Qo (AP) = Coy AP + C AP™s + C, AP (1)



where Qos(AP) is the flow through the blower door with a pressure difference of AP across the
envelope and the duct leaks with the air handler off.

Cenv Is the leakage coefficient of the building

Cs is the leakage coefficient of the supply ducts

C. is the leakage coefficient of the return ducts

Nenv IS the leakage exponent of the building

ns is the leakage exponent of the supply ducts

ny is the leakage exponent of the return ducts

Note that eg. (1) assumes that the pressure across the building envelope and the pressure across
the duct leaks are the same. This may not be the case for at least two reasons. The first reason is
that the zone in which the ducts are located may be somewhat connected to inside, in which case
the duct zone will be pressurized (or depressurized) by the blower door, but by a different
amount than the house. The pressures across the leaks would then be less than the pressure
across the house.

The second reason that the pressure across the building envelope and the pressure across the duct
leaks may be different with the blower door on and the air handler off is that, if there is flow in
the ducts, there will be a pressure drop across the registers and grilles. There will be flow in the
ducts when the blower door is on any time there are duct leaks, with larger holes in the ducts
providing larger flows due to operation of the blower door. The fact that there is a pressure drop
across the grilles and registers implies that the pressures in the ducts and in the house are
different.

With the air handler on, the flows through the blower door at each pressure station are:
Qon (AP) = C oy AP™™ + C (AP + AP, )™ + C, (AP — AP, )™ ()

where Qon(AP) is the flow through the blower door with a pressure difference of AP across the

envelope and the air handler on.

APy is the pressure difference between the supply ducts and house (house as reference).

AP, is the pressure difference between the return ducts and house (return as reference).
Using the return as the reference makes AP, a positive number. When the
building is pressurized and the magnitude of return pressure is greater than the
imposed blower door envelope pressure the return term in Equation 5 is negative
(i.e. flow into house).

In practice, the pressures in the ducts are measured at the plenums.
Note that eq. (2) requires the assumption that the pressure difference between the ducts and the

house remains constant throughout the range of pressures in the Delta-Q test. It does not,
however, require that the pressure everywhere in the ducts be the same.
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Equation (2) also suffers from the same problems as discussed for eq. (1) in that the pressure
difference induced by the blower door on the house may be different than the pressure induced
on the ducts, such that applying the same AP to both house and ducts may not be appropriate.

The “Delta-Q” is the difference between the air handler on and air handler off measurements:
AQ(AP) = Qon (AP)— Qo (AP) = C,|(AP + AP, )™ —AP™ |+ C,[(aP— AP, )™ —aP™ | (3)
The supply and return leakage flows, respectively, can be defined as:
Qs =C¢AP™  Q, =C,AP™ (4 and 5)

where Qs is the supply leak flow at operating conditions to outside
Q:r is the return leak flow at operating conditions to outside

Equations (4) and (5) can be rearranged as

Qs C, = Q (6and 7)

C. =
S OAR T AR

Substituting Cs and C; into the equation (3) gives

AQ(AP)—Qs[(APAJrPAPSJ —[ﬁg j ]+Qr[(%] ‘(%j ] ®)

For simplicity and robustness, the developers of this technique fix the duct leakage pressure
exponents to 0.6, which field results suggest is suitable, on average, for most duct systems
(Walker et al. 1998 and Siegel et al. 2001). With this assumption and some algebraic
rearrangement, the final DeltaQ equation can be written as

AP 0.6 AP 0.6 AP 0.6 AP 0.6

The measured Delta-Qs are fitted with equation (9) using least-squares to provide the supply and
return leakages.

Delta-Q Test Advantages and Problems

As with the nulling test, the leakage estimates from the Delta-Q test are also at operating
conditions. It has the added advantage of only requiring one calibrated fan (a blower door)
instead of two. Further, there is no need to place a barrier between the supply and return portions
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of the ductwork or to seal off the registers. The test is also relatively fast; it can be completed in
about 30 minutes.

Two drawbacks of the test are the complexity of the equations, and that the simplifying
assumptions about the duct leakage characteristics may not always be valid. Further, this method
requires an assumption about the duct operating pressures, similar to the fan pressurization test,
although the sensitivity to pressure assumption is usually not as great as it is for the fan
pressurization test. It also assumes that the pressures in the ducts will remain constant with
respect to the house as the blower door pressurizes and depressurizes the house. Though this
assumption is correct if there are no leaks, it can fail when there is duct leakage to outside. The
test can be sensitive to noise from gusty winds, though it does not appear to be as sensitive to
wind noise as the nulling test. This is because the pressures being tested at are much larger than
those for the nulling test, such that the noise due to the wind does not typically overwhelm the
signal, and also because more pressure stations are measured, so that an error due to wind in one
station can be mitigated by the regression over all stations.

Another issue for this test is that, because the delta-Qs are differences of two large numbers, the
blower door that is used needs to have a high level of precision.

Modified Blower Door Subtraction

Blower door subtraction was one of the first leakage tests invented. This test involves
performing a blower door test twice, one with all the registers and grilles sealed and one with all
of them open. Tests are usually done in depressurization mode at either one or two pressure
differences between the house and outside: one or both of -25 Pa and -50 Pa. The difference in
flow through the blower door between the two tests was supposed to be an estimate of duct
leakage at that pressure.

Unfortunately, this test was fraught with problems. One problem is that it relied on subtracting
two very large numbers to obtain a number that was often very small. Hence a small percentage
error in one or both of the large numbers could have a major impact on the quality of the leakage
estimate. In addition, it was not at operating conditions, nor did it separate supply and return
leakage. It also did not account for communication between the duct zone and the house (i.e.
leakage to or from inside), which resulted in duct leakage at the reference pressure being
underestimated.

The development of software to automate the blower door testing process in conjunction with a
pressure datalogger that allows the recording of pressures between the ducts and the house and
between the duct zones and the house warrant a rethinking of the utility of the blower door
subtraction idea. The automation reduces the uncertainties of the test results. The test is referred
to as the “modified” blower door subtraction test because of the use of the interzonal pressures to
make adjustments for communication between the home and the duct zone. This test can also be
done using a sufficiently precise hand-held manometer, especially if long-term averaging is used.

The modified blower door subtraction test still does not separate the supply leakage from the
return leakage, and it is still at artificial pressures that may not represent operating conditions.
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As such, it cannot be considered to be more accurate than the fan pressurization test (hence its
original exclusion from the scope of this project). However, it is of interest because it may be a
fast way to qualitatively ascertain whether the ducts are very tight, with the argument that if the
ducts are very tight that the actual numerical leakage value may not be of particular interest.

The test could be done in such a way as to separate the supply and return leakage if a barrier was
placed between the two sides of the system and if the sealing of registers and grilles was done
separately for each side, i.e. first seal off one side, then unseal that side and seal the other side.

“Add-A-Hole” Test

In the “add-a-hole” test the blower door is set to pressurize the house. Again two tests are done.
The first is with all registers and grilles sealed. The second is with a hole of known size added to
each the return and supply sides of the ducts. The hole needs to be small enough to provide a
significant pressure difference between the ducts and the house, but large enough to be
substantially different than the test with all registers and grilles sealed. By measuring the
pressures in each of the supply and return ducts with respect to the house in each of these tests,
and by knowing the flow through the hole, an estimate of the size of the leaks in the ducts can be
made, which leads to estimated leakage at specific pressures.

As with the modified blower door subtraction test, the results are not at operating conditions.
However, this test does separate supply and return leakage estimates, and these results can be
compared directly with those from the fan pressurization test. The test cannot be considered
more accurate than the fan pressurization test. The interest here is a possible faster way to get
about the same information as from the fan pressurization test without having to set up the
pressurization fans on each of the supply and return duct systems.

Best Estimate

The supply and return leakages that were deemed to be the “best” estimates were calculated as
follows: first, the total flow through the registers or grilles was subtracted from the air handler
flow. This is the total duct leakage for the supply or return, including leakage to inside. To
correct for leakage to inside, the leakage at 25 Pa was calculated both from a fan pressurization
test for total leakage (i.e. a fan pressurization test that does not use a blower door to eliminate
flow to inside) and from the fan pressurization test as described above. The ratio of the leakage
to outside to the total leakage was multiplied by the total leakage from air handler flow and
register flow measurements, with the result being the best estimate of leakage to outside. On the
supply side, the flow through the registers was measured using a propeller-type flow hood that
was calibrated in-office just prior to beginning the field testing. For the return flows, a large,
recently-calibrated commercial flow capture hood was used. This type of flow capture hood has
been found to not work well on residential supply registers, hence the different flow
measurement devices. In order to make the comparisons of various flows in this project as fair
as possible, measured flows were corrected to a standard temperature of 68 F.

This method of obtaining an independent estimate of leakage has raised some question regarding
its reliability. This is for two primary reasons. The first reason is that the leakage estimate is
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based on taking the difference of two large numbers (air handler flow and register flow) to get a
smaller one, and small errors in the large numbers could be large errors in the smaller one.

The second reason that this method has been questioned is the poor accuracy of flow hoods to
measure residential flows, primarily on the supply side. Testing has been performed on several
flow hoods with regard to their ability to measure residential supply flows, and the results were
not encouraging (Walker et al. 2001b).

However, there are a number of reasons why we believe that this is not a significant problem for
the houses tested in this project. For one, the flow hood that was used is the propeller type hood,
which was found to be the best of the existing flow hoods measured in the above study. This is
in part because the propeller covers the entire cross-section (other than a very small area at the
edge, rather than hoping that pressure taps in a few locations will accurately represent the flow.

Further, the testing done by Walker et al. used supply registers that induce a significant amount
of swirl, which does cause problems for this flow hood, whereas the registers found in the houses
tested were of a type that does not cause this type of swirl. This type of floor register is the most
common type found in the Pacific Northwest region.

Another contributing factor to the conclusions of the Walker et al. study was the dependence on
the degree to which the flow hood is centered on the register. Calibrations of the propeller flow
hood done by the authors agree with that conclusion. In the study presented in this report, the
flow hood was centered as best as possible to minimize this potential source of error. The extent
to which the flow hood was ever not centered was small, and the resulting error would also be
small.

Another reason that this method should work well in this study is that the errors in the flow hood
readings tend to be more random than bias. As such, over all of the registers in the home, errors
should largely cancel out. In fact, in the Walker et al. study they tested this type of flow hood in
a home and found that, while the errors on a single register could be significant, the overall error
was about 1%.

Some amount of circumstantial evidence has also led to trust in this method for these types of
systems and registers. In a previous project for ASHRAE (Francisco and Palmiter 1999), this
method was used as one of several methods of estimating leakage for input into a model to
predict the thermal efficiency of duct systems. These results were compared to the efficiency
measured using the short-term coheat method. Over 26 different tests, this method of estimating
leakage consistently produced efficiency estimates that were in close agreement with the
measured results. Also, this method has agreed well with the nulling test, a completely
independent method. Finally, the direction of the errors between this method and the Delta-Q
test is the same as is predicted using computer simulation. These last two points will be shown
in detail in the results section of this report.

Our experience with this method in these homes suggests that typical errors are probably on the

order of 20 cfm. This corresponds to about 15% of the average leakage measured by this method
on the supply side in this project.
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This method of determining a best estimate is only clearly applicable in homes with all ducts
outside the conditioned space because duct leakage in internal spaces typically occurs at different
pressures than the operating pressure for leakage to outside, and hence the correction method for
leakage to inside would not be appropriate. For this reason homes were restricted to single-story
homes with all ducts outside the conditioned space. There were two houses, however, that had
crawl spaces with little enough venting that they were significantly connected to the house
regarding pressures. This should not cause a problem with the correction to the best estimate for
leakage to outside because all of the ducts were still in the same zone. This method may also
work for multi-story homes, especially if all runs are fully ducted, but no research has been done
to date to investigate this.
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FIELD SAMPLE CHARACTERISTICS

Nine homes were tested in this project. The project originally called for only eight homes to be
tested; however, due to homeowner problems and a power outage at Site L02, we were unable to
complete the full testing at that house. As a result, we added a ninth house, which was a
manufactured home and is designated as Site L0O7.

All of the homes in this study were single story homes, in an attempt to mitigate uncertainty
about duct leakage to inside. All homes were located in the Puget Sound region. With the
exception of Site LO7, which had a heat pump, all of the homes had gas furnaces.

Table 1 details some of the more pertinent characteristics of each house.

Table 1. House Characteristics.

Air Handler Foundation Attic Floor Area Volume
Site Location Type Detail (ft)) (ft))
LO1 Garage Crawl Space Single 1360 10777
L02 Garage Crawl Space Single -t -t
L03 Garage Crawl Space Dual/Split 1677 12826
LO4 Crawl Crawl Space Single 973 7709
L05 Interior Crawl Space Single 1428 11425
LO6 Crawl Crawl Space Single 758 5558
LO7 Interior Crawl Space None 2635 23050
L08 Garage Crawl Space Single 1353 10379
L09 Crawl Crawl Space None 989 7741

1 Floor area measurements were not taken at Site L02 due to time restrictions.

Tables 2 and 3 show important characteristics of the supply and return ducts, respectively, for
each home. The majority of homes have trunk-and-branch supply systems, meaning that there is
ductwork going from the supply plenum down the length of the house with ducts branching off
of this main trunk to each register. Two of the homes have radial systems, meaning that instead
of a main trunk they have ducts that go directly from the supply plenum to the registers. In one
home, L0O8, there is a perimeter supply duct system, in which there are four trunks leaving the
plenum that then travel down the length of the house in parallel, with branches at register
locations, and then meet up again at the opposite end of the house, such that the duct system
makes a full loop. With the exception of flex duct branches at Site L02, the supply ducts are all
made of sheet metal.

Seven of the eight return duct systems (the manufactured home does not have a return system)
were also made of metal, with Site L02 the exception. Most of the return systems were central
systems, with either one or two grilles leading to large ducts that met up near the air handler.

Site L08 has three return grilles, one large one in the living room and a smaller one in each of the
two bedrooms. These each lead to a duct that meets up with the others in a junction box above
the plenum. Site LO5 has zoned returns, resulting in seven grilles that lead to a radial system.
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Table 2. Supply Duct Characteristics

Supply System Supply Duct Supply Number of
Site Type Material Zone Registers
LO1 Trunk & Branch Metal Crawl 10
L02 Trunk & Branch Metal/Flex Crawl 12
LO03 Trunk & Branch Metal Crawl 13
LO4 Trunk & Branch Metal Crawl 8
LO05 Trunk & Branch Metal Attic 10
L06 Radial Metal Crawl 5
LO7 Trunk & Branch Metal Belly Space/Crawl 14
LO8 Perimeter Metal Crawl 6
L09 Radial Metal Crawl 5
Table 3. Return Duct Characteristics

Return System | Return Duct | Return Return Filter Number of
Site Type Material Zone Type Grilles
LO1 Trunk Metal Attic Elec. Air Cleaner 1
L02 Trunk Flex Attic Fiberglass 2
LO3 Trunk Metal Attic Elec. Air Cleaner 2
L04 Trunk Metal Crawl Metal washable 1
LO05 Radial Metal Crawl Elec. Air Cleaner 7
L06 Trunk Metal Crawl Elec. Air Cleaner 1
LO7 - -- -- Fiberglass --
L08 Trunk Metal Attic Elec. Air Cleaner 3
L09 Trunk Metal Crawl Plastic washable 1

Five homes had electronic air cleaners. Two, including the manufactured home, had standard 1-
inch fiberglass filters. The remaining two had washable permanent filters: the one at Site L04
was metal and the one at L09 was plastic.

At each house the ducts were modified in one or more ways to provide a variety of leakage levels
at each house. In the results portions of this report, many of the results are broken down by a
“Site/Configuration Designation”. This designation consists of two digits. The first digit is the
site number (1-9) and the second is the duct configuration number (1-3). The duct configuration
number specifies whether the leakage is approximately balanced, supply-dominated, or return-
dominated. It is not consistent across all sites, but rather reflects the order in which they were
done in the field. The following table provides a key to the designations, with as-found duct
configurations indicated. Any modifications made to the duct system are indicated.
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Table 4. Site/Configuration Designation Key

Site/Configuration Designation

Description

11 (as-found)

Supply-dominated

12 Balanced, supply leak sealed

13 Return-dominated, return hole opened, supply leak sealed
21 (as-found) Supply-dominated

22 Balanced, return hole opened

23 Return-dominated, return hole opened, supply leak sealed
31 (as-found) Balanced

32 Return-dominated, return duct disconnected

33 Supply-dominated, supply duct disconnected
41 (as-found) Balanced

42 Return-dominated, return hole opened

43 Supply-dominated, supply duct disconnected

51 Supply-dominated, supply duct disconnected

52 Return-dominated, return duct disconnected

53 (as-found)

Balanced

61 (as-found)

Balanced

62 Supply-dominated, supply duct disconnected
63 Return-dominated, return hole opened
71 Supply-dominated, supply hole opened

72 (as-found)

Balanced

81 (as-found)

Return-dominated

82 Balanced, supply duct disconnected

83 Supply-dominated, supply duct disconnected, 2 registers sealed
91 (as-found) Balanced

92 Supply-dominated, supply duct disconnected

93 Return-dominated, return hole opened
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TESTING METHODOLOGY

The field testing methodology was designed to look at both accuracy and repeatability of the
leakage tests. In order to look at accuracy over a wide range of duct leakage levels, temporary
changes were made to the duct leakage at each house such that three different leakage levels
were tested. The goal was to have tests at each house with one duct configuration providing
supply-dominated leakage, one with approximately balanced leakage, and one with return-
dominated leakage. In most houses, one configuration was with the ducts in their as-found
condition. Changes were then made from this baseline level of leakage. In many cases the as-
found leakage was approximately balanced, and one modification was made on each the supply
and return ducts to increase the leakage on one side or the other. It was not always possible to
get the leakage well-balanced in a reasonable amount of time, so in some houses there are two
sets of tests where the leakage is dominated on either the supply or return side in two
configurations, one with moderate dominant leakage and one with more extreme dominant
leakage.

To evaluate the repeatability of the leakage test methods, testing was repeated over a period of
three days except at Sites L02 and LO7, with a full set of tests on each duct configuration being
performed each day. At LO02 testing was only done on two days due to a power outage, and on
the two days during which testing was done the testing was incomplete due to homeowner issues.
At LO7 testing was only done on two days because the lack of return system reduced the number
of tests and duct configurations that were required.

A customized data collection system was provided by The Energy Conservatory, and was
designed to communicate with two of their APT dataloggers simultaneously, one with 8 pressure
channels and one with two. This allowed us to control two calibrated fans simultaneously and
record up to ten pressures. Pressures were measured both high and low across an exterior door to
get a measure of the stack pressure, across another exterior surface to get a pressure to outside on
another building face (to allow for one side of the building having more stable pressures in the
event of significant wind), to each buffer space (up to three: crawl space, attic, and garage), and
to each the supply and return plenum. The remaining two pressure channels were allocated for
the fan pressures of the calibrated fans.

The software allowed for any sampling period desired at each testing station, which allowed for
investigation into the possibility that long-term averaging could overcome the impacts of wind,
especially for the nulling test, which is the most sensitive test to wind. It also provided
immediate feedback regarding the quality of the results. In the case of the Delta-Q test, it
showed whether the curve of Delta-Qs vs. pressures had the correct shape. In the case of the
nulling test, it provided feedback on whether the three pressure measurement stations did in fact
result in an approximate straight line; when it did not, we were able to immediately resample one
or more pressure stations to provide the desirable straight line. Detailed results were not
evaluated at the house so as to not bias the following days’ repeatability testing. Any automated
system for doing these tests should provide these immediate checks so as to allow for the
immediate discard and replacement of spurious results.
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LEAKAGE AT OPERATING CONDITIONS
Unmodified Leakage Test Results

The first set of results compares the best estimate to the leakage estimates for the nulling test,
Delta-Q test, and fan pressurization test as described previously. These estimates are expressed
as a fraction of the air handler flow. This was done for two reasons. The first is to normalize the
results for more direct comparability across houses. The second reason is that the thermal
efficiency of a duct system depends on this fraction, not on the quantity of leakage itself. Later
results will include adjustments to the nulling test and sensitivities of the Delta-Q test.

Air Handler Flow

The air handler flow measurements that are used in the calculations and summaries from this
work are all based on the flow through a calibrated fan that is attached to the front of the air
handler cabinet, with the return ducts isolated from the air handler via an airtight barrier. The
fan is used to assist the air handler fan to provide the same supply plenum pressure as was
measured under normal air handler operation, with the resulting flow being an estimate of air
handler flow.

When performing the air handler flow tests, the air handler cabinet and any return duct
downstream of the airtight barrier were sealed as well as possible to minimize the amount of air
that could leak into the cabinet and not be counted by the calibrated fan. This was done by
taping off seams, knockouts, and any leaks that were found. During testing we also felt around
the air handler cabinet for air flows, and sealed any that were discovered.

In order to assess the adequacy of the airtight barrier, the return pressure was monitored during
the measurement of the air handler flow. As this pressure tap was installed upstream of the
barrier, the pressure difference between the return and outside should not change when the air
handler and calibrated fan are turned on (and should be zero other than small stack or wind
effects). If the return pressure changed while performing the test the barrier was checked and
resealed until the return pressure did not change by performing the test.

Supply Leakage Results

Figures 4, 5, and 6 compare the supply leakage fraction estimates from the nulling test, Delta-Q
test, and fan pressurization test, respectively, with the best estimate. The line indicates perfect
agreement.

Figure 4 shows that the nulling test tends to follow the best estimate fairly well, although there is
a significant amount of scatter and a small amount of bias, with the nulling test tending to
overestimate the leakage.

There are also a few negative supply leakage fraction estimates from the nulling test. This can
occur for a variety of reasons. One is noise due to wind. Another is instrument uncertainty.
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There is also the problem described previously of the impact that holes in the ducts can have on
the neutral level of the building, thereby changing the pressures across the envelope during the
measurement of the reference pressure compared to what it would be with no ducts. If the duct
leakage that is being measured is small (such as the supply leakage in Figure 4), but there are
large holes in the ducts (e.g. around boots or in the return) this effect can cause an error larger
than the actual leakage, resulting in a sign error.

Yet another possible cause of leakage estimates with the wrong sign is a change in stack pressure
of the building due to greatly changing temperatures. If temperatures in the building change
significantly during the nulling test, matching the pressure at a specific point across the envelope
will not match the neutral level, unless the measurement location was at the neutral level. This
means that the pressure distribution will not be what it was when the air handler was not
operating, i.e. the building will be pressurized or depressurized rather than returned to its original
state.

Regarding these sources of error, it is interesting to note that all of the negative supply leakage
fraction estimates from the nulling test in Fig. 4 are from one house, Site L06. This house, which
had all of the ducts in the crawl space, had two fairly large holes in the return duct while there
was little as-found leakage on the supply side. In addition, it was the only house at which we
were unable to run the furnace in fan-only mode, and the temperatures in the house did change
by large amounts during testing. Both of these factors may contribute to the sign error of the
supply leakage fraction estimates.
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Figure 4. Comparison of supply leakage fraction estimate from nulling test to that from best estimate. The line
indicates perfect agreement.
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Figure 5. Comparison of supply leakage fraction estimate from Delta-Q test to that from best estimate. The line
indicates perfect agreement.
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Figure 6. Comparison of supply leakage fraction estimate from fan pressurization test to that from best estimate.
The line indicates perfect agreement.
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Figure 5 shows that the Delta-Q test, while showing a similar slope to the best estimate, has a
much more significant overestimation bias. Nearly all predictions overestimate the leakage
fraction; the vast majority of cases that do not show an overprediction are at low leakage levels.

One of the primary causes of this bias has been identified as the assumption that the pressures in
the ducts remain constant relative to the house throughout the range of pressures in the test. This
assumption should be true if there is no duct leakage or if the ducts are all inside the house;
however, when there is significant duct leakage to outside this assumption breaks down. In some
cases, the pressure between the ducts and the house changed by more than a factor of two over
the range of pressures in the test. The problems associated with this assumption will be analyzed
and discussed in more detail in a later section of this report.

The fan pressurization test in Fig. 6 also shows a tendency to significantly overestimate the
leakage fraction, and it also has much more scatter than either the nulling test or the Delta-Q test.
This is because the standard assumption that half of the plenum pressure is approximately the
pressure across the leaks under normal operation is usually incorrect but is not incorrect in a
uniform manner. The fact that the leakage estimates tend to overpredict the leakage indicates
that half of the plenum pressure is typically higher than operating pressures across the leaks.

Figure 7 compares the supply leakage fraction estimates by site and configuration, and overall
for all houses and configurations. The bars represent averages for all iterations done at the site
with the designated configuration.

With the exception of designations 21, 22, and 33, the nulling test provides a lower average
estimate of supply leakage than the Delta-Q test in all cases. Of the three leakage test methods
being evaluated, the fan pressurization test provides the highest average estimates of supply
leakage in five of nine houses (across all leakage configurations), the lowest in two (L05 and
L07), and the middle in two (LO8 and L09).

One interesting issue that can be seen in Fig. 7 is that the Delta-Q test estimate of supply leakage
can be greatly affected by the addition of a large return leak. This can be most easily seen by
comparing designation 31 to 32, and also by comparing designations 91 to 93. In each of these
pairs, no change has been made to the supply side of the ducts. However, in 32 and 93 a large
leak was made in the return duct. The best estimates and nulling tests do not show a significant
change in supply leakage due to adding the return leak, but the Delta-Q estimates increase by a
sizeable amount. In fact, at Site LO3, the supply leakage estimate from the Delta-Q test with the
added return leak is about the same as the supply leakage estimate from the Delta-Q test with the
added supply leak (designation 33).

This “crosstalk”, whereby large leakage on one side of the duct system also manifests itself as an
increased leakage on the other side is of some concern regarding the usability of the test. At Site
L03, with the large return leak (case 32), a contractor would have gotten the message that there
was a large amount of supply duct leakage and could likely have spent a lot of time in the crawl
space looking for leakage that was not really there. Fixing only the leakiest side first to try to
mitigate this impact could help, but will not always be practical. In many cases, a retrofit team
will want to work in parallel instead of in series, and taking the time to fix only one side, then
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Figure 7. Comparison of supply leakage fraction estimates from all unmodified tests to those from best estimate.
The Site/Configuration Designation key is in Table 4.

retest, and then fix the other side (if necessary) will take a lot longer than is desired. Also, since
in most cases return leakage has a lesser impact than supply leakage, the time spent first fixing a
return system that is somewhat leakier than the supply system, in order to mitigate the crosstalk
problem, may not be the most cost-effective use of time and resources.

Return Leakage Results

Figures 8, 9, and 10 compare the return leakage fraction estimates from the nulling test, Delta-Q
test, and fan pressurization test, respectively, with the best estimate. The line indicates perfect
agreement. Figures 8 and 9 show that the return estimates from the nulling test and Delta-Q test
have similar trends to the supply estimates in Figs. 4 and 5, respectively. The nulling test has
significant scatter but does not show a large bias with respect to the best estimate. The Delta-Q
test provides return estimates that tend to systematically overestimate the leakage fraction from
the best estimate.

The return estimates from the fan pressurization test, however, do show much better agreement
than the corresponding supply leakage fraction estimates. There are three points in the upper
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Figure 8. Comparison of return leakage fraction estimate from nulling test to that from best estimate. The line
indicates perfect agreement.
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Figure 9. Comparison of return leakage fraction estimate from Delta-Q test to that from best estimate. The line
indicates perfect agreement.
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Figure 10. Comparison of return leakage fraction estimate from fan pressurization test to that from best estimate.
The line indicates perfect agreement.

right corner that all show very poor agreement, but it should be noted that these three points
represent the three repeated tests of the same configuration at the same house, so they only truly
represent one outlying case. This case had one of two return trunks mostly disconnected, and the
calibrated fan was only able to pressurize the return ducts to about 10 Pa. At low pressures such
as this, noise becomes a large fraction of the signal, and extrapolation to half of the plenum
pressure (16 Pa in this case) is problematic. While there was not any user error in performing
this test in this case, one must conclude that the fan pressurization test is simply not applicable in
a case such as this. Other than this case, Fig. 10 suggests that, for the return side in particular in
these houses, half of the plenum pressure is a good surrogate for the operating pressure in the fan
pressurization test.

All of the leakage test methods overestimate the return leakage fraction with respect to the best
estimate on average over the entire sample. The nulling test overestimates by the smallest
amount, with the Delta-Q test and the fan pressurization test both significantly higher, although
the Delta-Q test not as high as the fan pressurization test.

Figure 11 compares the return leakage fraction estimates by site and configuration, and overall
for all houses and configurations. Site L02 is not presented in this graph because an equipment
problem caused us to not be able to get return grille flows during the four sets of tests that we
were able to do at this house. Site L07 is not included because it does not have a return duct
system. The bars represent averages for all iterations done at the site with the designated
configuration.
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Figure 11. Comparison of return leakage fraction estimates from all unmodified tests to those from best estimate.
The Site/Configuration Designation key is in Table 4.

On the return side, the nulling test provides lower average estimates than the Delta-Q test in all
houses. The fan pressurization test provides the lowest average return leakage fraction estimates
in three of seven houses, the highest in two (L03 and L09), and the middle in two (LO5 and L06).
Over all seven houses, the nulling test and fan pressurization test do about equally well, with the
average estimates being slightly higher than the best estimates. The Delta-Q test averages a
much higher estimate than any other method.

Statistical Summary

The results presented in the previous two sections are quantified in Table 5a. For a point of
reference, the results are also presented in cfm in Table 5b, so that the reader can get a feel for
what amount of leakage corresponds to these estimates. Also included in Table 5b are the mean,
median, minimum, and maximum measured air handler flows that correspond to the supply
leakage estimates (the full sample) and the subset of cases with return leakage estimates (63 of
73 cases). It should be noted that, for comparisons to the best estimate, any error in the best
estimate will be included in the summary results since whatever errors are in the best estimate
are not separable from the differences.

27



For the sample as a whole on the supply side, the nulling test was the most accurate with respect
to the best estimate, with a bias of about 1.8% of air handler flow, which is eight percentage
points lower than for the Delta-Q test and about ten percentage points lower than the fan
pressurization test. When viewed as distance from the best estimate prediction (i.e. taken as
absolute differences), the nulling test accuracy error increases to about five percent of air handler
flow, which is only about five percentage points lower than the Delta-Q test. Neither the Delta-
Q test nor the fan pressurization test show much change when viewed in absolute terms since
they tended to systematically overestimate the leakage. The root mean squared error of the test
methods with respect to the best estimate do show that the fan pressurization test has
significantly more discrepancy than the Delta-Q test, including both bias and scatter. This can
also be seen by comparing Figs. 5 and 6.

It is especially important to note that the Delta-Q test averages a supply leakage fraction
prediction that is about 70% higher than the best estimate, which corresponds roughly to an
average 70% overprediction on the impact of the supply leakage on energy loss. The fan
pressurization test is even higher, at 84% greater leakage fraction than the best estimate. The
nulling test overestimates the supply leakage fraction by an average of about 13%.

On the return side, the nulling test has extremely little bias. This suggests that, on average, the
error in the unbalanced leakage portion of the nulling test has a similar bias to the supply leakage
portion of the test, such that taking the difference of the two gives a good result for the return
leakage. The absolute differences, however, show that there is a similar amount of error as for
the supply leakage estimates.

Table 5a. Summary of Supply and Return Leakage Fraction Estimates as a Percentage of
Air Handler Flow

Best Estimate Nulling Delta-Q Fan Press.

Supply (n=73)

Mean 13.9 15.7 23.7 25.6
Median 115 15.9 20.5 23.3
Mean Diff. from Best -- 1.8 9.8 11.7
Median Diff. from Best -- 2.8 10.1 10.2
Mean Absolute Diff. from Best -- 5.0 10.6 13.2
Median Absolute Diff. from Best -- 4.2 10.3 10.2
RMS Error of Diff. from Best -- 5.8 12.1 16.5
Return (n=63)

Mean 20.2 21.0 32.6 23.6
Median 18.4 18.0 32.7 19.3
Mean Diff. from Best -- 0.8 12.3 3.4
Median Diff. from Best -- 0.0 11.2 2.5
Mean Absolute Diff. from Best -- 6.0 13.0 7.8
Median Absolute Diff. from Best -- 4.6 11.6 4.7
RMS Error of Diff. from Best -- 7.5 15.4 13.0
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Table 5b. Summary of Supply and Return Leakage Estimates, in cfm

Best Estimate Nulling Delta-Q Fan Press.

Supply (n=73)

Mean 133 153 224 240
Median 118 143 221 270
Mean Diff. from Best -- 20 91 108
Median Diff. from Best -- 22 92 88
Mean Absolute Diff. from Best -- 47 98 121
Median Absolute Diff. from Best -- 41 93 88
RMS Error of Diff. from Best -- 56 112 149
Return (n=63)

Mean 188 200 302 226
Median 148 166 267 177
Mean Diff. from Best -- 12 114 38
Median Diff. from Best -- 0 107 23
Mean Absolute Diff. from Best -- 54 120 75
Median Absolute Diff. from Best -- 44 107 43
RMS Error of Diff. from Best -- 70 143 139
Air Handler Flow (cfm) Mean Median Minimum Maximum
Supply cases (n=73) 937 900 619 1220
Return cases (n=60) 921 883 619 1220

The Delta-Q test has a similar amount of overestimation on the return side as it does on the
supply side, at about 61% greater than the return leakage fraction from the best estimate. The
mean absolute difference from the best estimate is again about twice that of the nulling test, and

on the return side is also significantly greater than for the fan pressurization test.

The fan pressurization test shows surprisingly good agreement with the best estimate on the
return side. The bias is not much larger than for the nulling test, nor is the mean absolute
difference. It is of interest to note that, excluding the set of three tests that showed extremely
poor agreement between the return fan pressurization test and the return best estimate, the fan
pressurization test shows extremely good agreement, on average, with the best estimate. For
these 60 tests, the fan pressurization test has a mean absolute difference from best estimate of
5.7% of air handler flow, which is slightly better than the nulling test for these cases at 5.8%.
The Delta-Q test has a mean absolute difference of 12.8% of air handler flow for these 60 tests.

Repeatability

One major area of interest for these tests is their repeatability. This was investigated by
calculating the internal errors for each test. The internal error is calculated by taking, within a
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set of three iterations, the average of the absolute values of the differences of each estimate and
the average of the three estimates. This can be expressed mathematically as:

8int = ‘X - X‘

where gy is the internal error
X is the leakage estimate from a particular leakage test method for a particular iteration of
the site/duct configuration designation of interest

X is the average of the estimates from a particular leakage test methods for all iterations
of the site/duct configuration designation of interest

Table 6 shows the internal errors for each leakage test method on each the supply and return
sides. These results are presented graphically in Figs. 13 and 14 for the supply and return
leakage fraction estimates, respectively.

Figures 12 and 13 show the average internal error for each configuration at each site. Both of
these graphs show what appear to be anomalous internal errors for the Delta-Q test at Site 9.
Indeed, in two of the three configurations (designated 91 and 92), there was a single Delta-Q test
that provided very different results than for the other two iterations. An investigation of the data
does not indicate any problem with the data collection; therefore, they have not been dropped
from the sample and should be considered the sort of spurious result one might expect to get
occasionally over a large number of tests. However, we do not consider these results to
accurately reflect the precision of the Delta-Q test. If Site 9 was dropped from the summary in
Table 6, the Delta-Q test internal errors on the supply side would drop to an average of 1.2% of

Table 6. Summary of Internal Errors of Supply and Return Leakage Fraction Estimates as
a Percentage of Air Handler Flow

Best Estimate Nulling Delta-Q* Fan Press.’
Supply (n=69)
Mean 1.2 1.7 1.6 0.6
Median 1.0 1.3 1.1 0.4
Standard Deviation 0.8 1.4 2.1 0.7
Return (n=63)
Mean 14 2.6 1.8 1.3
Median 1.0 2.3 1.5 0.3
Standard Deviation 1.4 2.0 1.6 3.0
1 If Site 9 results were dropped to eliminate the two anomalous Delta-Q tests, the supply-side internal errors

for this test would drop to an average of 1.2%, a median of 0.8%, and a standard deviation of 0.9% of air handler
flow. On the return side, the internal errors would drop to an average of 1.5%, a median of 1.4%, and a standard
deviation of 1.3% of air handler flow.

2 If designations 32 and 93 were dropped to eliminate the anomalous fan pressurization tests, the return-side
internal errors for this test would drop to an average of 0.5%, a median of 0.3%, and a standard deviation of 0.6% of
air handler flow.
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Figure 12. Supply leakage fraction internal errors (repeatability) from best estimate and all unmodified tests. The
Site/Configuration Designation key is in Table 4.
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Figure 13. Return leakage fraction internal errors (repeatability) from best estimate and all unmodified tests. The
Site/Configuration Designation key is in Table 4.

31



air handler flow with a standard deviation of 0.8% of air handler flow. The median would be
0.9% of air handler flow. The statistics for the other tests do not change significantly with this
additional restriction.

There are also anomalous large errors for the fan pressurization test in two site/configuration
combinations. The first one, designation 32, is the case discussed previously with a large
disconnect in one of the two main trunks. We were unable to pressurize this duct to more than
about 12 Pa, and the large extrapolation to half of the plenum pressure caused very different
results in each of the three repetitions. This result is more of an indication that the fan
pressurization test is not applicable to this situation than that there was any mistake done in
performing the test.

The other anomalous repeatability error for the fan pressurization test on the return side is in
designation 93. An investigation of the data shows that the leakage curve exponent is extremely
low, at about 0.42 for one case. This indicates a mistake in the actual execution of the test, and
not a problem with the test method itself. However, as the problem was not noticed by the
experienced crew even with the automated software, it can be considered to be the sort of error
that can and will be made on occasion. If designations 32 and 93 were removed from the
repeatability analysis, the fan pressurization test on the return side would have a mean internal
error of 0.5% of air handler flow with a standard deviation of 0.6%. The median would remain
at 0.3% of air handler flow.

The repeatability results suggest that the Delta-Q test and the fan pressurization test are both
superior to the nulling test in this respect. The nulling test is about 50% less repeatable than the
Delta-Q test, with the fan pressurization test even more repeatable. As expected, the nulling test
is less repeatable on the return side than on the supply side, since the return leakage estimates are
subject to errors in both the unbalanced and supply portions of the test.
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Issues Regarding the Nulling Test

As discussed in the “Leakage Test Methods” section, the nulling test is subject to errors due to
the effect of holes in the ducts on the neutral level and the impacts of indoor temperature changes
on the stack pressure. The nulling test is also somewhat more sensitive to noise from high wind
speeds than other tests due to the size of the pressures being measured. This section discusses
our investigations into ways to address these issues.

Modified Nulling Test Results

At five of the houses (Sites L04-L08) we collected additional data so that we were able to make
corrections for the effect of holes in the ducts on the neutral level and the impacts of indoor
temperature changes on the total stack pressure. The total stack pressure is the pressure
difference measured across the building envelope at the top of the building minus the pressure
difference measured across the building envelope at the bottom of the building.

To account for the effect of duct leaks on the neutral level, we measured the neutral level with
the air handler off and all registers and grilles sealed as well as with all registers and grilles open.
Comparison of these neutral levels provides an indication of the amount of change from the duct
leaks and the amount of correction required. Applying the regression line from the nulling tests
to the adjusted neutral levels provides an estimate of the corrected duct leakage.

We made two different types of adjustments to account for possible changes in total stack
pressure due to changing indoor temperatures. The first was to make a direct adjustment to the
total stack pressure by comparing the total stack pressure measured with the air handler off and
the total stack pressure measured with the air handler on. The second was to use the change in
temperature difference between indoors and outdoors from the period when the air handler was
off to the periods with the air handler on. In both cases, corrections were made to each data
point within the periods with the air handler on. These corrections were applied using the
corrected neutral level described above, not the unmodified nulling test result.

The general equations for correcting the nulling test for a change in total stack pressure are as
follows:

Nomenclature:

APso average total stack pressure (i.e. pressure at the top of the building minus pressure
at the bottom of the building) with air handler off (baseline) [from data]

APs;  total stack pressure with air handler on at jth data point [from data]

APy average pressure across ceiling with air handler off (baseline) [from data]

AP;  pressure across ceiling with air handler and nulling fan on, with total stack
pressure measured with air handler on, at jth data point [from data]

APjo  pressure across ceiling with air handler and nulling fan on, with total stack
pressure measured with air handler off, at jth data point [this is what we want,
needs to be calculated]

AP;  pressure change induced by nulling fan [to be calculated]
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A stack adjustment factor [to be calculated]

Touto average outdoor temperature with air handler off [from data]

Tino  average indoor temperature with air handler off [from data]

Touwj average outdoor temperature with air handler on at jth data point [from data]

Tinj  average indoor temperature with air handler on at jth data point [from data]
Equations:

Aps,j = AAP;
APJ = AAPO + Apf
APj,O = APO + Apf

Rearranging (11),
Apf = APJ - AAPO

Substituting into (12),
APj,O = APO + APJ —AAPO

Rearranging (14),
APj,O = (1— A)APO + APJ

The only piece that we need to calculate at this point is A, which can take one of two forms.

To correct directly from measured stack pressures:

AP
APy

To correct based on temperature difference between indoors and outdoors:

(]/Tout,j _]/Tin,j)
U Tou0 Y Tino)

A=

Supply Leakage Results

Figure 14 compares the average supply leakage fraction estimates, by site and configuration

(10)
(11)
(12)

(13)

(14)

(15)

(16)

(17)

designation, from the unmodified nulling test and the three modified versions of the nulling test

with the best estimate.

This graph shows that, while making the adjustment for neutral level can have a beneficial
impact (such as at Site L04), the effect is typically small and in some cases provides a worse
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answer. Overall, the average neutral level-corrected supply leakage fraction estimates from the
nulling test is about one percentage point greater than the best estimate (15.2% vs. 14.2%),
whereas the unmodified estimates average about 1.7 percentage points above the best estimate
for these cases (16.0%).

As for corrections for stack pressure, there is also typically little impact. The only notable case
where the stack pressure correction appears to be significant is at Site L06. At this site, which is
the site where we had no fan-only setting available to us, correcting for stack pressure changes
largely eliminates the negative leakage fraction estimates in configuration 1 and improves the
estimates noticeably for configuration 3. In configuration 2 there was no notable impact of the
stack pressure correction.

Overall, the average supply leakage fraction estimates with both neutral level and stack pressure
corrections incorporated do not differ significantly from the unmodified test. Both of the stack
pressure-corrected versions have averages that fall in between the unmodified test and the test
with only the neutral level correction made.
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Figure 14. Supply leakage fraction estimates from best estimate, unmodified nulling test, and nulling tests corrected
for neutral level and stack pressure changes. The Site/Configuration Designation key is in Table 4.
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Return Leakage Results

Figure 15 compares the average return leakage fraction estimates, by site and configuration
designation, from the unmodified nulling test and the three modified versions of the nulling test
with the best estimate.

This graph largely reinforces the conclusions from the supply leakage fraction estimates, in that
there is typically not a lot of impact of making the corrections and that the corrections may not
always improve the estimates. At Site L06, the results do show marked improvement, as they
did on the supply side.
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Figure 15. Return leakage fraction estimates from best estimate, unmodified nulling test, and nulling tests corrected
for neutral level and stack pressure changes. The Site/Configuration Designation key is in Table 4.

Conclusion

These results suggest that, except for houses at which the fan cannot be operated without also
operating the heating or cooling equipment, there is little to be gained by going to the additional
effort of gathering the information required to make these adjustments. It may be that an
adjustment would be warranted in tall houses on cold days, but this project did not gather any
information suitable for addressing this situation. It is likely that one of the primary reasons for
the lack of improvement from these corrections is that the changes in pressures that are being
corrected are small and within the noise level of the measurements.
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Impact of Wind

At Sites L04 and L09 some nulling tests were performed during periods of high winds. At Site
L04 this occurred on the second day. At Site L09 both of the first two days had high winds.
When attempting to perform the tests under windy conditions and without increasing the sample
time, we found that the noise from the wind was much larger than the signal, and we were unable
to get any reasonable results. To dampen the impacts of the wind on the nulling test results, we
increased the sampling time for each pressure station during the test, from 20-30 seconds to 120-
180 seconds. Also, rather than trying to match specified pressures, we simply set the nulling fan
to each of three distinct flow rates, and used the regression line to correct to the target pressure.

Table 7 shows the results of increasing the sample time. At Site L04 we did not have a working
anemometer. By Site L09 we had a three-cup anemometer. As a result, Table 7 only includes

maximum wind speeds for Site L09. In the table, the letters (A, B, C) indicate the first, second,
or third day, respectively; the numbers (1, 2, 3) indicate the configuration.

Table 7. Impact of Increased Sampling Time on Nulling Test Results During Windy Days

Sampling Time | Supply Leakage | Return Leakage Max. Wind Air Handler
(s) Fraction (%) Fraction (%) Speed (mph) | Flow (cfm)
Site L04
Al 20 4.8 6.5 -- 643
Bl 180 1.5 5.3 -- 655
C1l 20 2.1 3.1 -- 654
A2 20 13.4 1.1 -- 619
B2 180 12.4 -0.6 -- 645
C2 20 16.9 4.7 -- 644
A3 20 2.9 23.9 -- 694
B3 180 3.1 21.7 -- 685
C3 20 5.5 29.1 -- 671
Site L09
Al 120 0.0 9.0 6.8 808
Bl 120 9.3 18.9 10.4 794
C1 30 0.4 7.8 0 807
A2 120 17.9 12.5 5.9 798
B2 120 17.1 3.9 10.4 788
C2 30 18.2 10.2 0 802
A3 120 2.1 38.2 7.1 807
B3 120 4.1 35.0 11.9 798
C3 30 2.1 37.2 0 800
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This table shows that, in most cases, the results for the tests performed under windy conditions
are comparable to the tests done with little wind. The largest discrepancy at Site L04 is about
5% of air handler flow, which corresponds to only about 32 cfm. There are some results from
Site L0O9 which do show a marked difference from the others. For configuration 1 on the second
day both the supply and return are about 9% of air handler flow higher than the other tests,
corresponding to about 72 cfm. The fact that both supply and return results are high by about the
same amount indicates that the unbalanced leakage test was in line with the tests from the other
days. The other test that shows a marked discrepancy is on the second day in configuration 2.
The return leakage is about 8% of air handler flow lower than the other tests, which is about 64
cfm. Because the supply does not show this behavior, the error is in the unbalanced leakage test.

Overall, the results in Table 7 suggest that increasing the sampling time will often mitigate the
effects of wind on the nulling test.
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Issues Regarding the Delta-Q Test

This section discusses several issues about the Delta-Q test that we have investigated. One issue
is the sensitivity of the equations to the inputs of duct pressure and leakage exponent. A second
issue is the applicability of the test to homes without return systems, such as manufactured
homes. The third issue discussed in this section is the validity of the assumption that the duct
pressure changes by the same amount as the house pressure throughout the test, such that the
pressure between the ducts and the house remains constant. Finally, the possible impact of
envelope pressure changes from unbalanced leakage on the test is discussed. There are other
questions that have been raised about the Delta-Q test, including some mentioned in the
description of this test earlier in this report, that were not investigated in this project.

Sensitivity to Pressure and Exponent Assumptions

The Delta-Q test requires assumptions for duct pressures and leakage exponents. The developers
of the analysis methodology stipulate that the pressures measured at the supply and return
plenums be used for the duct pressures, and that a leakage exponent of 0.6 be used. These are
the assumptions that produced the results in the “Unmodified Leakage Test Results” section. In
this section we present results for other pressure and exponent assumptions.

Pressures

Originally, the developers of the Delta-Q test analysis technique suggested that, instead of using
the full plenum pressure for the duct pressure, half of the plenum pressure should be used. Later
work by Andrews (2000) suggested that using the full plenum pressure would reduce the bias of
the Delta-Q test when compared to analytic solutions. Partially as a result of this work, the
recommendation was changed to be the full plenum pressure.

To investigate the sensitivity of the Delta-Q leakage estimates to the pressure assumptions, we
also performed the analysis with pressure assumptions of one-half and one-quarter of the plenum
pressures. The same fractional assumption was used for both the supply and return for all cases,
because any final test recommendation would almost certainly propose a single fractional
pressure assumption for both sides. While the one-quarter plenum pressure assumption has not
been suggested by anyone as a possible standard assumption, we included it for a variety of
reasons, including evaluation of the sensitivity over a wider range, evaluation of this pressure
assumption as a possible improvement over the other two options, and investigation of the shape
of the sensitivity curve. The standard default exponent of 0.6 was used for all runs.

Figure 16 shows the supply leakage fraction estimates resulting from the different pressure
assumptions. This graph illustrates a number of interesting findings. One finding is that, counter
to what intuition would suggest, the leakage estimates do not increase with increasing pressure
assumptions. In some cases, such as at Sites L04 and LO5 (designations 41, 42, 43, 51, 52, and
53), the one-quarter plenum pressure assumption results in the highest supply leakage prediction.
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Figure 16 also shows that, not only do the results not increase with increasing pressure
assumption, but that the trend is not always monotonic. Designations 43 and 52 are two
examples of this. At each of these (and in others as well), the half-plenum pressure assumption
provides a lower estimate than either the full plenum pressure or the quarter-plenum pressure.
This corroborates a finding by Andrews (2000).

The extremely large leakage estimate seen in Fig. 16 for designation 71 using one quarter of the
plenum pressure is due to the instability of the equation when very small pressures are input into
the Delta-Q equations. In this case, which had no return duct, the return pressure that was used
was one quarter of the pressure measured in the air handler closet. The result was a pressure that
was low enough to cause the equation to “blow up”, with a large amount of “crosstalk” causing
the supply leakage estimate to be extremely large.

These behaviors do not by themselves constitute a serious practical problem with using the test
and a specific pressure assumption. If the results do not vary a lot between pressure
assumptions, or if one pressure assumption systematically gives the best result, then this issue
can be considered minor. However, this does not prove to be the case. On average, the half-
plenum pressure assumption gives the best result and the quarter-plenum pressure assumption
gives the worst, although all pressure assumptions significantly overestimate the leakage. In
individual cases, however, the quarter-plenum pressure assumption is sometimes the best. Also,
if the three sets of assumptions are compared within a designation, there are frequently two
pressure assumptions that provide similar answers and one that appears to be an outlier. Which
one is the outlier varies from case to case. The largest discrepancies over the entire sample do
tend to be with the quarter-plenum assumption. It is also of interest to note that, in cases where
the leakage estimates either monotonically increase or decrease with increasing pressure
assumption, it is the pressure assumption that provides the largest amount of leakage that is most
different from the other estimates.

Figure 17 shows the corresponding results for the return leakage estimates. As in the section on
unmodified results, Sites L02 and L07 are not included in the return leakage graph. The return
leakage results reinforce the findings from the supply leakage estimates.

Table 8 presents the statistical results for this analysis. This table shows that the half-plenum
pressure assumption tends to perform better in all respects than the full plenum assumption,
although the discrepancy relative to the best estimate is still large. The quarter-plenum
assumption results suggest that a few large errors dominate the average. This can be seen by
comparing the means of the supply estimates, which show a better result with the full plenum
pressures, to the medians, where the quarter-plenum pressure assumption is nearly as good as the
half-plenum assumption and better than the full plenum.

These results suggest that the quarter-plenum assumption is too prone to spurious results to be a
viable candidate. They also suggest that, despite the suggestions of prior work, the full plenum
assumption is not as good as the half-plenum pressure assumption. However, the half-plenum
pressure assumption still shows enough bias (about 55% greater, on average, than the best
estimate) that changing back to this recommendation is not sufficient to consider the Delta-Q test
to be an accurate test.
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Figure 16. Supply leakage fraction estimates from best estimate and Delta-Q test with three pressure assumptions:
full plenum (unmodified), half plenum, and quarter plenum. The Site/Configuration Designation key is in Table 4.
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Figure 17. Return leakage fraction estimates from best estimate and Delta-Q test with three pressure assumptions:
full plenum (unmodified), half plenum, and quarter plenum. The Site/Configuration Designation key is in Table 4.

41



Table 8. Summary of Supply and Return Leakage Fraction Estimates as a Percentage of

Air Handler Flow for Different Pressure Assumptions in Delta-Q Test

Best Estimate Delta-Q
Supply (n=73) Full Plenum | %- Plenum Ya- Plenum
Mean 13.9 23.7 21.5 27.5
Median 11.5 20.5 18.6 19.2
Mean Diff. from Best -- 9.8 7.6 13.6
Median Diff. from Best -- 10.1 7.2 9.4
Mean Absolute Diff. from Best -- 10.6 8.5 14.6
Median Absolute Diff. from Best -- 10.3 7.4 9.6
RMS Error of Diff. from Best -- 12.1 10.6 23.8
Return (n=63)
Mean 20.2 32.6 30.8 34.6
Median 18.4 32.7 25.8 26.6
Mean Diff. from Best -- 12.3 10.6 14.3
Median Diff. from Best -- 11.2 8.8 11.8
Mean Absolute Diff. from Best -- 13.0 11.7 16.0
Median Absolute Diff. from Best -- 11.6 9.1 12.6
RMS Error of Diff. from Best -- 15.4 14.4 20.4

Table 8 also shows that the errors are larger for the return side than the supply side, though as a
fraction of the best estimate the errors are fairly similar. This suggests that the errors may be
percentage errors (i.e. multiplicative) rather than offset errors (i.e. additive).

Exponents

To evaluate the sensitivity of the Delta-Q results to the assumption of leakage exponent, we
performed Delta-Q analyses with three additional sets of exponents. These are 0.55 for both
supply and return, 0.65 for both supply and return, and the supply and return exponents from the
duct pressurization test. As with the pressure assumptions, no mixing of these exponent
assumptions was done because any final analysis method would most likely stipulate the same
exponent for each side. The exponents from the duct pressurization test are not intended to
represent a possible suggestion for a standardized Delta-Q test, because the time required to
perform both the Delta-Q test and the duct pressurization test would be prohibitive in anything
but a research setting. However, it is of interest to determine whether the use of measured
exponents improves the results. All of the exponent-sensitivity runs were done with the full
plenum pressure.

Figures 18 and 19 show the results of this analysis for the supply and return leakage,
respectively. Unlike the pressure-sensitivity results, these results show that the leakage estimates
monotonically increase with increasing exponent. On average, however, all of the exponent sets
still provide leakage estimates that are significantly higher than the best estimate. The exponent
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Figure 18. Supply leakage fraction estimates from best estimate and Delta-Q test with four exponent assumptions:
0.55, 0.6 (unmodified), 0.65, and those measured with the fan pressurization test. The Site/Configuration
Designation key is in Table 4.
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Figure 19. Return leakage fraction estimates from best estimate and Delta-Q test with four exponent assumptions:
0.55, 0.6 (unmodified), 0.65, and those measured with the fan pressurization test. The Site/Configuration
Designation key is in Table 4.
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set which provides the smallest overestimation, which is the assumption of exponents equal to
0.55, overestimates the supply leakage by an average of 45% and the return leakage by an
average of 43%. Using the exponents from the duct pressurization tests does not make much of
an improvement compared to the unmodified results (exponents of 0.6) implying that, on
average, the duct leakage exponents did not vary much from the default.

Table 9 presents the statistical results for the exponent sensitivity analysis. This table shows the
monotonically changing behavior displayed in Figs. 18 and 19. These results suggest that there
may be an exponent assumption that would provide unbiased results, but the trend suggests that
the exponents that would be required would be significantly below 0.5. This is problematic,
because theory stipulates that the exponent can not be lower than 0.5.

Table 9 also reinforces the findings of Table 6 that the errors are likely percentage errors (i.e.
multiplicative) rather than offset errors (i.e. additive).

Table 9. Summary of Supply and Return Leakage Fraction Estimates as a Percentage of
Air Handler Flow for Different Exponent Assumptions in Delta-Q Test

Best Estimate Delta-Q

Supply (n=73) n=0.55 n=0.6 n=0.65 | meas.n
Mean 13.9 20.1 23.7 28.2 22.6
Median 115 17.6 20.5 25.2 21.0
Mean Diff. from Best -- 6.2 9.8 14.3 8.7
Median Diff. from Best - 6.7 10.1 149 9.6
Mean Absolute Diff. from Best -- 7.4 10.6 15.0 9.7
Median Absolute Diff. from Best -- 6.7 10.3 14.9 9.9
RMS Error of Diff. from Best -- 8.6 12.1 16.9 11.2
Return (n=63)

Mean 20.2 28.9 32.6 37.3 31.3
Median 18.4 27.0 32.7 38.3 33.0
Mean Diff. from Best -- 8.7 12.3 17.1 11.1
Median Diff. from Best -- 75 11.2 16.6 9.7
Mean Absolute Diff. from Best -- 9.8 13.0 17.6 11.7
Median Absolute Diff. from Best -- 7.9 11.6 16.6 11.2
RMS Error of Diff. from Best -- 11.8 15.4 20.3 14.0

Applicability of the Delta-Q Test to Homes without Return Systems

One question that arose regarding the Delta-Q test was whether it could be used in homes that
did not have a ducted return system, such as manufactured homes, and if it could, how would one
do the analysis. This question came up because the analysis equations require a return duct
pressure, which is an undefined quantity when there is no return duct system, and because the
output of the equations includes a return leakage, which should be zero in this type of home but
is not guaranteed to be zero by anything in the Delta-Q analysis equation.
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Following the problems at Site L02 (homeowner problems and a power outage), we added a
manufactured home to the study. In many respects, this home required a lower level of effort
due to the lack of a return duct system, but it also provided us with an opportunity to investigate
this question.

The actual execution of the Delta-Q test protocol is straightforward in a manufactured home, in
that there is no problem with measuring envelope fan flows and envelope pressures with and
without the air handler on and through the full range of pressures specified in the Delta-Q test.
The testing problem is in the duct pressure measurement.

On the supply side, the measurement problem is that there is typically not an accessible plenum.
The typical way that pressures are measured in the supply ducts in a manufactured home are to
measure at the closest register, frequently by removing the register and pushing the pressure tap
as far towards the plenum as possible. The home that we tested was already instrumented for
pressure measurement, so we had the luxury of having a pressure tap placed in the supply
plenum. However, the actual location of this tap within the supply plenum was close to the
inside of a right-angle bend, such that the measured pressure was about half of the actual plenum
pressure and not dissimilar from the pressures that one typically measures in a manufactured
home supply duct.

On the return side, the question is where to measure any pressure. One possibility is to measure
the pressure between the closet in which the air handler is located and the remainder of the
house. This will usually result in a very small number. Another possibility is to measure the
pressure across the filter; however, it is unclear why the pressure drop across the filter would
have anything to do with duct leakage. Our primary approach was to measure the pressure
difference between the air handler closet and the remainder of the house, as that is what we
figured would be the most likely result of a contractor trying to apply this test. We also obtained
a one-time measurement of the pressure across the filter.

Table 10 shows the Delta-Q results using the pressure difference between the air handler closet
and the house for each of the three iterations of each duct configuration. The first configuration
(labeled “A”) is with a large supply leak located at the plenum. The second (labeled “B”) is as-
found, with little supply leakage. The pressures recorded between the air handler closet and the
house were typically less than 1 Pascal. The leakage exponents were assumed to be 0.6.

This table shows some clear problems with what is likely the most straightforward method of
performing the Delta-Q test at this house. While the supply leakage estimates with the full
plenum and half-plenum pressure assumptions are comparable in accuracy to the leakage
estimates in other houses, the return leakage estimates are not only far from zero, but in many of
the cases with the large added supply leak they are physically impossible. While one might be
tempted to simply ignore the return estimates and use the supply estimates, it is unclear how
much the return side of the analysis might influence the results, and how much better the results
might be with other analyses.
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Table 10. Supply and Return Leak Fraction Estimates, as Percentage of Air Handler Flow,
for Site LO7 - Delta-Q Test Using Return Pressure Between Air Handler Closet and House

Air Handler Best Full plenum Y - plenum Ya - plenum
Flow (cfm) Estimate
Supply | Return | Supply | Return | Supply | Return
Al 1034 17.3 21.7 23.7 17.0 -76.0 89.0 433.1
A2 1005 16.1 25.3 76.9 19.1 -69.2 121.3 858.4
A3 1010 15.5 25.9 64.3 18.7 -68.5 116.7 698.9
Bl 942 7.3 3.6 10.2 5.1 14.9 17.0 51.2
B2 908 5.0 4.0 9.0 5.8 14.1 16.4 46.4
B3 889 3.2 5.7 18.4 7.0 22.4 23.5 74.4

Table 11 shows a similar table, but with the return pressure set to 15 Pa, which is about the
pressure drop across the filter. This table shows a significant improvement over the results in
Table 10, with most return leakage estimates much closer to zero and no physically impossible
results. Using the full plenum pressure, the supply results are also better than those from Table
10 for the leaky supply case, though this is not the case using half of the plenum pressure. For
the configuration without the added leak there are some iterations for which the results in Table
10 are better than from Table 11, and there are other iterations where the opposite is true.

One possible method of dealing with the return leakage estimates that has been used in other
tests in the past is to set the return leakage to zero and add the change to the supply leakage.
This can be done by subtracting the return leakage estimate from the supply leakage estimate.
This does improve the comparison with the best estimate in Table 11, but neither this tactic nor
the use of the pressure drop across the filter can be justified as having anything to do with the
actual leakage.

An inspection of the Delta-Q analysis equations sheds some light into why the results can be so
spurious, especially on the return side, in Table 10. Equation (9) shows that the return duct
pressure is in the denominator, so when this number is close to zero the resulting leakage
estimate can get extremely large and be of uncertain sign. Following this inspection, we felt that
a reasonable attempt at getting the return leakage estimates to be zero would be to input an

Table 11. Supply and Return Leak Fraction Estimates, as Percentage of Air Handler Flow,

for Site LO7 - Delta-Q Test Using Return Pressure of 15 Pa.

Air Handler Best Full plenum Y - plenum Y4 - plenum
Flow (cfm) Estimate
Supply | Return | Supply | Return | Supply | Return

Al 1034 17.3 21.0 2.0 24.4 0.2 66.9 28.6
A2 1005 16.1 23.2 4.6 26.9 2.7 83.6 45.3
A3 1010 15.5 24.0 4.7 26.6 2.1 84.3 46.0
Bl 942 7.3 2.5 1.8 3.4 2.4 10.9 10.1
B2 908 5.0 3.1 1.6 4.2 2.2 11.2 9.0
B3 889 3.2 3.8 3.3 4.4 3.6 13.6 12.9
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Table 12. Supply and Return Leak Fraction Estimates, as Percentage of Air Handler Flow,
for Site LO7 - Delta-Q Test Using Return Pressure of 10000 Pa.

Air Handler Best Full plenum Y - plenum Y4 - plenum
Flow (cfm) Estimate
Supply | Return | Supply | Return | Supply | Return

Al 1034 17.3 17.2 -2.1 14.5 -7.0 33.1 -2.3
A2 1005 16.1 19.4 -0.1 15.4 -6.3 36.8 -0.6
A3 1010 15.5 19.1 -0.8 15.5 -6.3 37.3 -0.7
Bl 942 7.3 3.4 2.1 3.6 1.5 7.0 2.2
B2 908 5.0 4.0 2.0 4.2 1.3 7.8 2.1
B3 889 3.2 54 3.8 4.7 2.3 9.2 3.3

extremely large number into eq. (9) for the return pressure. Table 12 shows the results of this
analysis, with the return pressure set to 10000 Pa.

Overall, these results show better performance than either of the two previous sets. The quarter-
plenum pressure assumption no longer gives extremely high estimates for the configuration with
the added supply leak. However, many of the return leakage estimates are now negative, and
while some of these estimates are extremely small, and could be considered within the error band
of the test, this is not always the case. Negative leakage estimates of 6-7% of the air handler
flow, as can be seen for the half-plenum pressure assumption, likely can not be ignored. Also,
the tactic of setting the return leakage to zero and adding the change to the supply leakage will
worsen the agreement with the best estimate.

We tried one final method of analyzing the Delta-Q data at this house. This method was to
reformulate the Delta-Q analysis equations, removing the return from the beginning. This
method will cause the return leakage to be defined as zero, as should be the case. The final
equation from this reformulation is simply eq. (9) with the return term dropped, i.e.

AP 0.6 AP 0.6
AQ(AP)Qs[(Hﬁj ‘(F) ] (18)

Table 13 shows the results from analyzing the Delta-Q data using eq. (18).

Overall, these results are better than any of the other sets except for possibly the set with the
return pressure set to 10000 Pa. For the configuration with very low leakage, the reformulated
Delta-Q test actually underestimates the leakage. For the configuration with the added leak, the
results are not as good as the set with the 10000 Pa return pressure; however, the overestimation
is commensurate with that seen in other houses, so it may be that a refinement to the analysis
technique for all houses would apply equally well here, and make the set in Table 11 worse. The
reformulation is also significantly more defensible than any attempt to input a false return
pressure.
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Table 13. Supply Leak Fraction Estimates as a Percentage of Air Handler Flow for Site
L07 from Reformulated Delta-Q Test with the Return Removed from the Analysis.

Air Handler Best Full plenum Y - plenum Ya - plenum
Flow (cfm) Estimate
Supply | Return | Supply | Return | Supply | Return

Al 1034 17.3 19.4 -- 24.2 -- 38.3 --
A2 1005 16.1 19.5 -- 24.6 -- 38.3 --
A3 1010 15.5 20.0 -- 24.9 -- 38.9 --
Bl 942 7.3 1.2 -- 1.6 -- 2.1 --
B2 908 5.0 1.9 -- 2.4 -- 3.3 --
B3 889 3.2 1.3 -- 1.5 -- 1.9 --

This analysis shows that, while the Delta-Q test methodology can be implemented in houses
without return duct systems, the analysis of the data needs to be changed. It should be noted,
however, that it is these houses at which the nulling test is most simple and fast, and is the
preferred method of estimating the duct leakage.

Validity of the Constant Duct-House Pressure Assumption

One of the primary assumptions in the development of the Delta-Q test analysis technique was
that, as the house was pressurized or depressurized, the pressure in the ducts changed by the
same amount, such that the pressure difference between the ducts and the house remained
constant throughout the test. This does not imply that the ducts are at a uniform pressure along
the length, only that the pressure at any single location remains constant relative to the house.

Measured Pressures

This assumption was found to fail in many cases. Whereas the assumption should be correct if
there is no leakage to outside, as leakage to outside increases the assumption will become less
and less valid. Figures 20-22 show examples of this behavior. In each of these graphs the return
plenum pressure is displayed as a positive number so that the scale will allow the trends to be
more visible. This is the same as referring to the return data as house with respect to return
plenum. The supply plenum pressures are expressed as supply plenum with respect to house.
The external static is the supply plenum with respect to the return plenum, which corresponds to
adding the two lines on each graph.

Figure 20 shows the duct pressures for one iteration of Site LO4 with the ducts in their as-found
condition (designation 41). This was the case that had the smallest combined supply and return
leakage in the entire study, implying that the assumption made regarding the behavior of the duct
pressures during the Delta-Q test should be most accurate in this case. The graph shows that the
return pressure changed by about 7 Pa (out of about 31 Pa average) throughout the test. The
supply pressure changed by about 9 Pa (out of about 54 Pa average). These changes are
noticeable but not catastrophic. Because the two pressures are changing by similar amounts with

48




100

o | -, @, = s =
©
o
o 60
5 '\.\'\0\._\_.\,\._.\.
[}
()]
g
o
3 40 -
>
@) v___v”/v_/% — M
20
—e— Supply plenum to house
—s7/— House to return plenum
—m— External static
O T T T T T T
-25 -15 -5 5 15 25
House pressure to outside, Pa
Figure 20. Duct pressures during Delta-Q test for third iteration of designation 41 (as-found leakage).
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respect to the house, the external static does in fact remain fairly constant. The Delta-Q test
results from this designation are fairly close to the best estimate results.

Figure 21 shows the duct pressures for the same house but with a large return leak added. This
leak represented about 20% of the air handler flow. This graph shows that all pressures are
smaller than with no added leaks. The supply pressure changes by only about 7.5 Pa, similar to
Fig. 20. However, the return pressure about doubles throughout the test. Further, the return
pressure changes more quickly during the pressurization portion of the test, such that the external
static, which was about constant during the depressurization portion of the test, increases
significantly during the pressurization portion. Comparing the best estimate to the Delta-Q
results for this designation shows that the Delta-Q test overpredicts the return leakage by about
40% for this case.

Figure 22 shows the results for Site LO5 in the configuration with a large added supply leak.
This leak was created by disconnecting one of the highest flow registers at the boot. The return
pressure changes by only about 8 Pa (out of about 60), but the supply pressure changes by about
15 Pa out of about 32 Pa. The external static reflects this larger decrease in the supply pressure.
The added leak represented about 13% of the air handler flow, and the Delta-Q test
overestimated the supply leakage by about 68% in this case. It is fair to note, however, that the
Delta-Q test overpredicts the leakage in this house by a similar amount even without the added
leak.
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Figure 22. Duct pressures during Delta-Q test for first iteration of designation 51 (added supply leakage).
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CONTAM Computer Simulations

After finding that the duct pressures can change significantly with respect to the house during the
Delta-Q test, we performed two computer simulations using CONTAM to verify this behavior.
The first was with extremely low duct leakage in order to verify that the Delta-Q analysis would
agree with CONTAM when there was not much leakage. The second was with significant,
though not excessive, duct leakage on both the supply and return sides.

In both simulations the duct leakage exponent was set to be exactly 0.6, thereby eliminating the
leakage exponent as a source of error. Further, the ducts were set to have no pressure drop along
their length other than due to leakage, thereby eliminating uncertainty as to what the pressure is
at the leakage site. As a result, in both simulations all of the assumptions in the Delta-Q test
were met with the exception of the assumption that the duct pressures are constant relative to the
house. In addition, stack and wind effects were ignored.

The simulations were done as follows: the supply and return ducts were set to be in different
zones. The air handler was set to deliver 1000 cfm at 100 Pa total external static (e.g. 50 Pa on
each side), and the return grille and supply register were each set to deliver 1000 cfm at 50 Pa.
The house was set to a leakage of 2000 cfm at 50 Pa with a leakage exponent of 0.65. An
envelope fan was set to change the house pressure through all of the pressures in the Delta-Q
test, once through with the air handler off and once through with the air handler on. This
provided envelope fan flow, supply and return duct pressures, and duct leakages. Doing a run
with the air handler on and the envelope fan off also provided the actual duct pressures and
leakages at operating conditions. These actual duct pressures are the ones that get input as the
supply and return duct pressures in the Delta-Q analysis.

The pertinent data from the low-leakage simulation are shown in Table 14. Leakage
characteristics for both the supply and return ducts were set to 10 cfm at 50 Pa. This table shows
that, as expected for very low leakage, the duct pressures do not change much throughout the
Delta-Q test. Because the leakage is balanced, there is no change in house pressure due to the
duct leakage. Entering this data into the Delta-Q equation, with both supply and return duct
pressures entered as 49.024, gives an estimate of 10.0 cfm on each side. If the duct pressures are
reduced by half, the result is 9.2 cfm. CONTAM predicts duct leakage of 9.9 cfm on each side.
The small discrepancy can be explained by roundoff error.

Table 15 shows the data from the simulation with significant duct leakage. On the supply side,
the leakage is 300 cfm at 50 Pa; on the return side it is 150 cfm at 50 Pa.

CONTAM predicts that the leakage at operating conditions for this configuration will be 221 cfm
on the supply side and 128 cfm on the return side. However, the Delta-Q analysis provides
estimates of 255 c¢fm on the supply side and 155 c¢fm on the return side, which is 15% high for
the supply side and 21% high for the return. If different assumptions are made for leakage
operating pressures (e.g. half-plenum) the results get worse for the supply and better for the
return. It is important to remember that this level of disagreement is with all other assumptions
met and without environmental driving forces complicating the matter. In the field, of course,
the other assumptions will usually not be exactly correct and stack and wind can be a problem.
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Table 14. CONTAM Simulation Data for Delta-Q Test with Low Leakage.

Air Handler Off Air Handler On
Envelope Flow | Envelope Flow | Supply-House Pressure | Return-House Pressure
(cfm) (cfm) (Pa) (Pa)
-25 -1288 -1281 49.4 -48.8
-20 -1114 -1107 49.3 -48.8
-15 -924 -918 49.2 -48.9
-10 -710 -705 49.1 -48.9
-5 -453 -449 49.1 -49.0
5 453 449 49.0 -49.1
10 710 705 48.9 -49.1
15 924 918 48.9 -49.2
20 1114 1107 48.8 -49.3
25 1288 1281 48.8 -49.4
0 (operating conditions) 0 49.0 -49.0

This table also confirms that, at reasonable levels of leakage similar to those found in the field,
the duct pressures with respect to the house will change significantly, by an amount consistent
with that seen in the field.

These findings cast doubt on the adequacy of the Delta-Q analysis technique as it currently exists
to provide suitable leakage estimates. Further work needs to be done to investigate possible
improvements to the technique to make this test widely useful with a reasonable degree of
reliability. One possibility is to measure the actual pressures between the ducts and the house at
each station, and to use these in place of the constant duct pressure in the Delta-Q analysis. This
requires a third pressure measurement tap, in addition to the taps for house pressure and fan
pressure.

Table 15. CONTAM Simulation Data for Delta-Q Test with Significant Leakage.

Air Handler Off Air Handler On
Envelope Flow | Envelope Flow | Supply-House Pressure | Return-House Pressure
(cfm) (cfm) (Pa) (Pa)
-25 -1562 -1310 37.7 -34.7
-20 -1354 -1110 36.0 -35.3
-15 -1126 -896 34.4 -36.0
-10 -869 -658 33.0 -36.7
-5 -558 -378 31.6 -37.4
5 558 567 29.0 -38.8
10 869 847 27.8 -39.6
15 1126 1083 26.7 -40.5
20 1354 1296 25.6 -41.4
25 1562 1494 24.6 -42.4
-0.4 (operating conditions) 0 30.4 -38.0
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Issues Regarding the Fan Pressurization Test

There are two primary problems with the fan pressurization test. The first is the amount of time
it takes to set up and perform the test. In many cases installing the airtight barrier between the
supply and return systems can be difficult, as can installing the pressurization fan to the duct
system. Also, sealing registers is time-consuming, may involve moving around ladders and
furniture, and in some cases it may not be possible to get to all of the registers.

The other primary problem with the fan pressurization test is the need to assume an operating
pressure. Many efforts have been made to provide a better, simple way to estimate this pressure,
with little practical success.

Figures 23 and 24 show the degree to which the assumption of half the plenum pressure is
suitable as an operating pressure for the fan pressurization test for the supply and return,
respectively. The effective operating pressures were obtained by combining the best estimate of
leakage to outside with the leakage coefficient and exponent from fan pressurization test, and
solving for the operating pressure.

Figure 23 shows that there is frequently a very large difference between the effective operating
pressure and half of the plenum pressure. For these houses, the effective operating pressure was
frequently below 10 Pa, though half the plenum pressure was typically in the 20-30 Pa range, and
never dropped below 10 Pa. This is due largely to the fact that supply duct systems frequently
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Figure 24. Return operating pressures. The Site/Configuration Designation key is in Table 4.

have one or more bends immediately after the plenum. Each bend causes a substantial pressure
drop, so that by the time the air gets to the leakage sites downstream of the plenum the pressure
is much lower than half of the plenum pressure. In some cases the low effective pressures are
due in part to the location of the added supply leak; if the supply leak is added at the register end
the pressure will be lower than if the leak was added at the plenum end. However, even in those
cases without an added supply leak the effective operating pressure is usually much smaller than
half of the plenum pressure, and often less than 10 Pa.

Statistically, the effective operating supply pressures averaged about 10.9 Pa, with a median of

about 6.3 Pa. Half of the plenum pressures averaged about 22.8 Pa with a median of about 21.9
Pa. Based on means, therefore, the effective operating supply pressures were about 48% of the

assumed pressures for the fan pressurization test, and about 24% of the plenum pressure. Based
on medians the effective supply pressures were about 28% of the assumed pressures.

The half-plenum assumption worked much better on the return side in these houses. Most of the
systems have only a few long, straight runs, so there will be fewer of the large, discrete pressure
drops along the ducts. On average, the effective return operating pressures are about 26% higher
than the half plenum assumption, but this is heavily weighted by one case, designation 41. This
case had extremely low leakage, so small changes in the leakage coefficient and exponent can
have big impacts on the pressure. Based on medians, the effective operating pressures for the
return are only about 12% higher than the half plenum assumption. It is likely that the half
plenum assumption will work well in many houses due to the simple nature of return duct
systems.
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Time and Material Requirements

Table 16 provides estimates of the amount of time required for the nulling and Delta-Q tests, as
well as the equipment required. These are based on our experience, and may vary.

This table shows that the nulling test is faster to run once setup is complete, but that the setup can
be time-consuming. The most difficult part of the setup is placing the barrier between the supply
and return, and installing the second calibrated fan to the air handler cabinet for the supply-only
portion of the test. If this is being done anyway in order to measure air handler flow (one of the
primary methods for making this measurement requires this) then the additional time is
comparable to that for setting up the Delta-Q test. The nulling test also requires an additional
calibrated fan than does the Delta-Q test.

Table 16. Time and Material Requirements for the Nulling and Delta-Q Tests

Test Setup Time Test Time Equipment

Nulling 45-75 minutes, 15 minutes (longer in | o 2 calibrated fans
depending on the ease | windy conditions) that can run at low
of placing the barrier pressures and
between supply and flows
return. If the method e Pressure gauge,
used for measuring preferably one that
air handler flow can connect to a
requires placing this computer
barrier, the additional e Laptop preferable
time is about 15-30
minutes (installation
of pressure hoses and
a calibrated fan in the
envelope).

Delta-Q 15-30 minutes 30 minutes e 1 calibrated fan

(installation of
pressure hoses and a
calibrated fan in the
envelope)

e Pressure gauge,
preferably one that
can connect to a
computer

e Laptop preferable
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STATIC TESTS - LEAKAGE AT A FIXED PRESSURE CONDITION

In addition to the tests already described in detail, we also performed two simpler tests: the add-
a-hole test and the modified blower-door subtraction test. Both of these methods require only the
use of a blower door. Both of these are modifications of methods proposed by Michael Blasnik
(1989). However, the actual details of the tests we performed differ sufficiently from those
proposed by Blasnik, that a new derivation is required. First we present a common nomenclature
for the two test methods.

Nomenclature for derivations and schematics

Qs flow through house pressurization fan

Qn flow through house envelope not including ducts
Qi flow through internal leakage from house to ducts
Qq flow through duct leaks to outside

Qnotle  Measured flow through added hole

Qreg  flow through open registers

Ph pressure difference: house to outside

Pi pressure difference: house to duct

Py pressure difference: duct to outside

Cq flow coefficient: duct to outside

Ch flow coefficient: house to outside

Ci flow coefficient: house to duct

nd assumed flow exponent: duct to outside = 0.6

nh measured flow exponent: house to outside

ni assumed flow exponent: house to duct = nh

s,u indicate whether hole/registers sealed or unsealed
For all tests we have the following identity

P,=P +P, (19)
Derivation of Methods

The test setup for the add-a-hole and modified subtraction methods are shown schematically in
Figs. 25 and 26, respectively.
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Figure 26. Schematic of the modified blower door subtraction test setup.
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Derivation of Add-a-Hole Method

As indicated in Fig 25, this method allows the simultaneous measurement of leakage on the
supply and return sides of the duct system. Pressures are measured from the house to outside and
from the house to the duct system (all results presented here used the supply plenum and return
plenums for the house-to-duct pressures. The supply and return ducts are separated by an airtight
seal at the location of the filter slot in the return box. We use the same nomenclature for the
supply side and the return side because they are calculated separately, one at a time.

For the first step in this method, the registers are all sealed. The blower door is run to pressurize
the house to a target pressure of 50 Pa and also 25 Pa. We used this test get the value of nh. The
pressure differences Py, and P; were measured.

In the second step, two calibrated holes are added, one for the supply ducts and one for the return
ducts. In our case, we used two duct blasters attached to either registers or by a snorkel to the
return side of the air handler, but in general a box with a hole of known area would work just as
well. The blower door is again used to pressurize the house to target pressures of 50 and 25 Pa,
and the house-to-outside and house-to-duct pressures are measured. In addition, the fan
pressures of the two duct blasters are recorded so the flow through the holes can be calculated.

With this information we can calculate the duct leakage to outside and to inside. The equations
are the same for the supply side and the return side, so only one set is provided. The flow
through the hole and the pressure from house to ducts are the only quantities that differ for the
return and supply calculations. Notice that the flows through the blower door are not used in
estimating the leakage, only the flows through the added holes. The flow exponent for internal
leakage ni was assumed to be the same as that for the house.

With the hole sealed we have

Qis =Qqs (20)
so that
CPY =C,P" (21)
C, =C, P"n': (22)
P
With the hole unsealed we have
Qrote =Quu = Qi (23)

so that
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Qhole = Cd Pdn,ﬂ -CRY} (24)

Combining egs. (22) and (24) we can solve for Cyq
Cd — Qhole (25)

Pni
Pdn,ﬂ - Pdn,csi ( Plnul ]

from which we can calculate the duct leakage to outside as

Qd,25 =C, 25™ (26)
and the duct leakage to inside as

Qi,25 = Ci 25" (27)

Derivation of Modified Subtraction Method

The main problem with the unmodified blower door subtraction method is that it does not
properly account for internal leakage between the ducts and the house. The unsealed test gives
correct results, but the sealed test does not because there is still flow through the internal leakage
to the ducts and then to outside. As a result, the flow measured when the registers are sealed is
biased high, and when we subtract it from the unsealed result to get the duct leakage, the value
will be biased low, and the greater the internal leakage, the greater the bias. The modified
subtraction method is a procedure for using an additional measured pressure to correct the bias.

The set-up for this method is shown if Fig. 26. In the first step, all registers are sealed and
measurements are made exactly as for the previous method, except that the blower door is set to
depressurize the house and the flow through the blower door will be used in the calculation. In
step two, the blower door is run again but with the registers unsealed, and the blower door flow
and pressures to ducts and outside are recorded. The duct leakage to inside and outside can then
be calculated as follows.

For the sealed test we have

Qf,s = Qh,s + Qd,s (28)
Qf,s = Ch Phr,]z + Cd Pdrjg (29)
_C Pnd
c, - pr% (30)
h,s
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and for the duct leakage to inside we have

Qi,s = Qd,s (31)
C, Pur?sl =C, Pdn,g (32)
so that
Pnd
Ci=Cimir (33)
For the unsealed test we have
Qf u = Qh,u + Qd,u (34)
Q:, =C, Phrf'J +Cy Pdn,ﬂ (35)
Qf u Cd Pdnctij
C, = T (36)
h,u

Equating the two expressions for Cy, in egs. (30) and (36), we can solve for Cq4 in terms of the
other quantities:

nh nh
C - I:,h,qu,s - Ph,sQf,u
d — Pnthd _Pnthd
hu'd,s h,s' d,u

37)
Notice that if the sealed and unsealed house-to-outside pressures are exactly the same, the

equation simplifies to

_ Qf,s _Qf,u

C,=——— 38
’ Pdn,g - Pdn,ﬂ ( )

where the numerator is just the negative of the blower door subtraction result and the
denominator is the correction factor.

Now, we can calculate the leakage from ducts to outside at 25 Pa as
Qd,25 =Cy 25™ (39)

and the leakage from the ducts to inside at 25 Pa as
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Qi,25 = Ci 25" (40)
Results

The combined supply and return duct leakage to outside at 25 Pa was calculated for the add-a-
hole, unmodified blower door subtraction and modified blower door subtraction methods. The
test results are shown in Fig. 27. For comparison purposes, the graph also shows the total duct
leakage to outside at 25 Pa from the fan pressurization tests, which are presumably the most
accurate values.

As can be seen from the graph, the add-a-hole and modified subtraction methods both produce
results fairly close to those from the fan pressurization tests. The unmodified blower door
subtraction method underpredicts as expected.

It is also useful to express the results in terms of percentage error relative to the fan
pressurization tests. The median percentage error for the unmodified blower door subtraction
method was -17.8%, for the modified blower door subtraction method it was 2.5% and for the
add-a-hole method it was 5.2%. This shows that, on a percentage basis, both the modified
subtraction and the add-a-hole method provide a significant improvement over the unmodified
blower door subtraction method. As mentioned earlier, one of the criteria for selecting these test
homes was low internal leakage (e.g., we excluded two-story homes which tend to have large
portions of the duct system in the joist space separating the floors). As a result one would expect
that the benefit of correcting the bias due to subtraction would be even greater in the general case
than for the homes tested in this project.

Figure 28 is a scatter plot with a one-one line that plots the unmodified blower door subtraction
method results versus the fan pressurization results. There is a fairly consistent percentage bias
apparent.

Figure 29 shows a scatter plot of the add-a-hole test results for total leakage versus the fan
pressurization results. The agreement is fairly good over the whole range of data.

Figure 30 shows a scatter plot of the modified blower door subtraction method versus the fan
pressurization results. Again there is fairly good agreement.

The add-a-hole method produces separate values for the return and supply ducts, so it is of
interest to compare those separately with the results from the duct blaster tests. Figure 31 shows
a bar chart of the add-a-hole duct leakage to outside for the supply ducts only with the fan
pressurization results for comparison. There is fairly good agreement with the exception of Site
L08, where the add-a-hole method is noticeably high. This one site contributes significantly to
the small bias exhibited by the averages shown at the far right.

Figure 32 shows a bar chart of the add-a-hole method and the fan pressurization method for the

return ducts only. There is a large discrepancy for Configuration 2 at Site L05. The cause of this
is not known.
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In summary, both the add-hole and modified subtraction methods show promise where the goal
is to measure duct leakage to outside at a given reference pressure. They share the drawback of
the fan pressurization method in requiring an estimate of an appropriate "effective" duct-to-
outside pressure difference. The add-a-hole method as performed here has the advantage of
producing values separately for the return and supply ducts. This is important, because in most
conditions, the thermal losses associated with supply leaks are significantly larger than those
associated with return leaks of the same size.

62



1800

1600 - HE Unmodified Blower Door Subtraction
[ Modified Blower Door Subtraction
I Add-a-Hole Test

1400 ) B Fan Pressurization Test
@©
o
v 1200 -
I\
©
o 1000 4
o))
©
< 800 -
4]
-
= 600 -
LL
@)

400 -

200

0 -
I N o AN M 4 N M 4 N M 4 N M 4 N M 4 N M
N N O O MO <& < < 1O 1O 1N © © © 0 W O oo o O

Total

Site/Configuration Designation

Figure 27. Comparison of unmodified blower door subtraction, modified blower door subtraction, add-a-hole test,
and fan pressurization test predictions of combined supply and return duct leakage to outside at 25 Pa. The
Site/Configuration Designation key is in Table 4.
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Figure 28. Comparison of unmodified blower door subtraction and fan pressurization test predictions of combined
supply and return duct leakage to outside at 25 Pa.
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Figure 29. Comparison of modified blower door subtraction and fan pressurization test predictions of combined
supply and return duct leakage to outside at 25 Pa.
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Figure 30. Comparison of add-a-hole test and fan pressurization test predictions of combined supply and return duct
leakage to outside at 25 Pa.
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Figure 31. Comparison of add-a-hole test and fan pressurization test predictions of supply duct leakage to outside at
25 Pa. The Site/Configuration Designation key is in Table 4.
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Figure 32. Comparison of add-a-hole test and fan pressurization test predictions of return duct leakage to outside at
25 Pa. The Site/Configuration Designation key is in Table 4.
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FINDINGS AND CONCLUSIONS

This section is broken down similarly to the results sections of the report. The “Overall”
findings and conclusions are based on the comparisons across leakage test methods. After the
“Overall” section are sections dedicated to findings and conclusions about each leakage test
method individually.

Overall

These findings and conclusions are based on the unmodified leakage tests. Modifications are
discussed in the sections devoted to the individual tests.

e These results are based on a small sample of homes. As a result, many of the quantitative
results cannot be considered representative of homes in general, especially as many of the
tests were done with artificial duct configurations. The duct leakage that was added was
intended to represent the types of leaks that are found in the field, but the frequency of their
occurrence is not as high in general as it is in this study. Further work on more homes is
warranted.

e The most accurate of the leakage test methods was the nulling test, with an average
overestimation of about 13% of the best estimate of duct leakage on the supply side and 4%
of the best estimate of duct leakage on the return side. It is, however, as time-consuming as
the fan pressurization test and can be difficult to set up. It is also somewhat less repeatable
than other methods.

e For homes without return ducts, such as manufactured homes, the nulling test is both the
fastest and most accurate. This is because the supply leakage-only portion of the test is not
required, and it is this portion of the test that requires the majority of the setup. The
unbalanced leakage portion of the nulling test provides the supply leakage in these homes
because there is no return leakage.

e The Delta-Q test was the fastest and easiest of the tests to perform, though the analysis of the
data requires a programmed calculator or computer. It was also very repeatable. It was
strongly biased, with an average overestimation of about 70% of the best estimate of duct
leakage on the supply side and 61% on the return side. Some of the reasons for the strong
bias are the pressure and leakage exponent assumptions used in the analysis and a failure of
one of the primary assumptions of the analysis technique. The bias appears to be
proportional, meaning that it is approximately a percentage of the leakage. This causes errors
to get larger as the leakage gets larger. Despite the poor agreement with the best estimate,
the results did show a strong increasing trend as the best estimate of leakage increased.

e The fan pressurization test performed better than expected on the return side, with results that
were nearly as good as from the nulling test, both in terms of bias and the degree to which the
estimates show a strong increasing trend with increasing leakage from the best estimate.
This indicates that the assumption that the operating pressure is half of the plenum pressure
tends to be a good one. The test was also extremely repeatable, even more repeatable than
the Delta-Q test. There are only a couple of cases, with disconnected main return trunk
ducts, where the fan pressurization test failed. It seems likely that over a larger sample of
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homes this test would continue to perform well on the return side, on average, using the half
plenum pressure assumption.

On the supply side, the fan pressurization test performed very poorly, with an average
overestimation of about 84% of the best estimate of duct leakage, though repeatability was
still high. The results on the supply side also did not show a particularly strong trend of
increasing leakage estimate as the best estimate of leakage increased, although there were
very few cases where the fan pressurization test underestimated the leakage. It can be stated
that this test did not produce much in the way of false negatives on the supply side, where
there was significant leakage but the test indicated that leakage was small. However, there
were a number of cases where the test indicated large supply leakage when this was not
actually the case. This was largely because of a combination of an overestimation of
operating pressures and the effects of the momentum of air during operating conditions. The
momentum of air takes the air past certain holes in ducts when the registers are not sealed
that air is forced to go out of with the registers sealed during the fan pressurization test.

In addition to the poor performance in estimating supply leakage, the fan pressurization is
also time-consuming and can be difficult to set up. In some cases it may not be possible to
perform this test due to inaccessible registers and grilles, which must all be sealed.

Nulling Test

Despite the potential for holes in ducts to cause the target pressure in the house to be
affected, the methods of adjusting for this are time-consuming and the results showed very
little improvement from implementing them. As a result, it does not seem worthwhile to
make these adjustments.

It is also not usually worth adjusting the results for changes in stack pressure unless interior
conditions changed drastically, such as from having a furnace running with the heat on for an
extended period of time during the test. It is preferable to run the nulling test with the air
handler running in fan-only mode.

The nulling test is very sensitive to wind, but the effects of wind can be mitigated with longer
sample intervals such as three minutes per pressure station.

It is important to measure the flows at least at three different pressures that bracket the target
pressure. This allows for interpolation to the exact target in the event that the target was not
matched exactly.

Automated data collection software is very important for simplifying and troubleshooting the
test. This type of software can give immediate feedback as to whether the data falls on a
nearly straight line; if it does not, a problem is indicated and the test can be redone.

Delta-Q Test

Changing the pressure assumption from full plenum pressures to either half plenum pressures
or quarter plenum pressures did not greatly improve the results. Using half of the plenum
pressure reduced the bias to about 55% on the supply side and 52% on the return side. Using
one quarter of the plenum pressure actually increased the bias. This non-monotonic
behavior, whereby a decrease in pressure may not correspond to a decrease in leakage, is
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counterintuitive but is one of the features of the equations used to analyze the Delta-Q test
results.

Changing the leakage exponent assumption can also have a significant impact on the results,
but as with the pressure assumption there is not a set of reasonable exponents that results in a
good leakage prediction. Reducing the exponents to 0.55 from 0.6 reduces the bias to about
45% on the supply side and 43% on the return side. The leakage estimates do change
monotonically with exponent, so the exponent would have to be reduced significantly further
to provide good agreement with the best estimate. However, the theoretical lower limit on
the exponent is 0.5.

The problems with the pressure and exponent assumptions mean that, in these houses, there
is not a set of reasonable pressures and exponents that can provide satisfactory agreement
with the best estimate.

One of the major problems with this test is the failure of the assumption that the pressure
difference between the ducts and the house remains constant throughout the Delta-Q test.
This pressure difference can vary by more than a factor of two for leaky systems across the
range of pressure stations in the test. The failure of this assumption leads to an
overestimation of leakage estimates, which was confirmed by computer simulations using
CONTAM. These simulations were done with all other assumptions satisfied, including
having known duct pressures and leakage exponents. This problem warrants further
investigation for possible remedies. One possibility is to measure the actual pressures
between the ducts and the house at each station, and to use these in place of the constant duct
pressure in the Delta-Q analysis. This requires a third pressure measurement tap, in addition
to the taps for house pressure and fan pressure.

Another assumption of the Delta-Q test that will not always hold true is that the pressure
across the envelope is the same as the pressure across the duct leaks when the air handler is
off. If the space in which the ducts are located is significantly connected to the conditioned
space, with regard to pressures, the duct zones will change pressure differently than the house
when the blower door operates. This will occur when the duct zone is not well ventilated.
The impact of this assumption was not evaluated in this study.

There can be a significant amount of crosstalk between the supply and return sides in this
test, meaning that a large leak on one side can cause the test to also estimate a large leak on
the other side, even if the leakage is not large. This can lead to incorrect and time-wasting
decisions as to whether it is worth fixing duct leakage.

Automation is important to make the test user-friendly and less prone to user error. Itis
absolutely critical that the analysis of the data to provide leakage estimates be automated, as
the equations for performing this analysis are difficult and complex.

Fan Pressurization Test
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As has been found in many previous studies, the biggest technical problem with the fan
pressurization test is estimating the operating pressures at the leaks. At these houses the
standard assumption that the operating pressure is half of the plenum pressure is poor on the
supply side. This assumption overestimates the supply operating pressures by about a factor
of two, on average. This results in greatly overestimated leakage. One of the primary
reasons for this is that many leaks occur downstream of several bends that occur after the
plenum, each of which causes a substantial pressure drop. Another reason is that many holes



in ducts occur in locations which get largely bypassed by the air during normal operation
because of momentum, but in the fan pressurization test the air is forced out of these holes
since the registers are sealed.

On the return side the standard assumption for operating pressure of half the plenum pressure
worked well unless there was a major disconnect in main trunk. The return ducts typically
consisted of only a very few large, straight sections, so the pressure drop was not as large
between the main portion of the ducts and the plenum. The momentum of air is also less of a
problem on the return side because the ducts are pulling air in through the leaks instead of
pushing air out.

Blower Door Subtraction/Add-a-Hole Test

Both the add-hole and modified subtraction methods show promise where the goal is to
measure duct leakage to outside at a given reference pressure. They share the drawback of
the fan pressurization method of requiring an estimate of an appropriate "effective” duct-to-
outside pressure difference in order to get an estimate of leakage at operating conditions.
The add-a-hole method as performed here has the advantage of producing values separately
for the return and supply ducts. This is important, because in most conditions, the thermal
losses associated with supply leaks are significantly larger than those associated with return
leaks of the same size.

The modified blower door subtraction test could be extended to provide separate supply and
return leakage by taping off one side and then the other and performing a blower door test
under each configuration.

Both the modified blower door subtraction and add-a-hole tests are faster and easier than the
fan pressurization test, and require less equipment.

Future Work

These results are based on only a few houses with only a few types of leaks. It is important
that more houses be tested, including houses of different housing types (e.g. multi-story),
foundation types (e.g. slabs), and construction types (e.g. brick, cement block) and in
different regions. Only a larger sample could show whether some of the results and problems
found in this study are truly systematic or whether they were particular to these houses.

It is also extremely important to investigate possible changes to the Delta-Q analysis
technique to remedy the problems discovered, including a change of the assumption
regarding the pressure difference between the ducts and the house, the estimate of operating
pressures and leakage exponents, and the degree to which large leaks on one side of the duct
system influence the estimates on the other side. Unless these problems are addressed the
Delta-Q test does not appear to be accurate enough for widespread use.
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APPENDIX A-DETAILED RESULTS FOR SITE LO1
Figure A1 shows the front of Site LO1. This house has a floor area of 1360 ft°.

This house has a downflow gas furnace in the garage (see Fig. A2), with supply ducts in the
crawl space and return ducts in the attic. There is a single central return and ten supply registers.
There was a large supply leak on the inside of an elbow near the furnace (see Fig. A3). Asa
result, we considered the as-found leakage to be our supply-dominated case, and we sealed this
leak off for our approximately balanced case. We cut a large hole in the return plenum to create
our return-dominated case (see Fig. A4), which provided a leak of about 15% of air handler flow.

The analysis showed that, despite the proximity of the large supply leak to the furnace, the
leakage through this hole was quite small (only about 4% of air handler flow). This was because
it was on the inside of a bend and because there were two other bends between the furnace and
this leak, causing the pressure to actually be a lot lower at the leak than plenum pressure. As a
result, there is not much difference between the “supply-dominated” supply leakage and the
“balanced” supply leakage.

The as-found leakage levels were about 17% for the supply and about 7-8% on the return side.

Figure Al. Front view 0f|t LO1.
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Figure A3. As-found leak in supply trunk.

Figure A2. Downflow gas furnace in garage.

Figure A4. Added return Ieék at plenum.
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Table Al shows the supply leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. These estimates are expressed both in terms of actual cfm and as a percentage of air
handler flow. This table shows that both the nulling test and the Delta-Q test give results that are
a lot closer to the best estimate than the fan pressurization test, with the nulling test being the
closest in all but one case. All predictions are greater than the best estimate, regardless of test.

Figure A5 shows the supply results graphically, expressed as a fraction of air handler flow.

Table A2 shows the return leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. As for the supply leakage estimates, these estimates are expressed both in terms of
actual cfm and as a percentage of air handler flow. For the return, the fan pressurization test
provides the best estimates, with the nulling test and Delta-Q test estimating significantly higher
leakage. The reason for the poor performance of the nulling and Delta-Q tests is not known.
The nulling test again provides estimates that are closer to the best estimate than does the Delta-
Q test.

Figure A6 shows the return results graphically, expressed as a fraction of air handler flow.
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Table Al. Site L01 Supply Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Supply-dominated (as-found
Al 118 13.7 177 20.5 228 26.4 429 49.6
Bl 159 18.0 190 21.6 254 28.9 442 50.2
C1 157 17.6 187 21.0 246 27.7 420 47.2
Approximately Balanced
A2 101 11.5 142 16.3 211 23.9 371 42.5
B2 122 13.8 150 17.0 223 25.3 381 43.1
C2 113 13.0 191 21.9 183 20.9 382 43.7
Return-dominated
A3 115 13.2 141 16.3 235 27.3 367 42.4
B3 130 14.4 176 19.6 221 24.6 380 42.2
C3 133 14.8 167 18.6 213 23.7 387 43.0
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Figure A5. Supply leakage fraction results for Site L01.
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Table A2. Site LO1 Return Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Supply-dominated (as-found
Al 51 5.9 138 16.0 240 27.7 105 12.1
Bl 40 4.5 164 18.6 270 30.7 112 12.7
C1 69 7.7 156 17.5 258 29.0 106 11.9
Approximately Balanced
A2 63 7.2 115 13.2 245 27.9 110 12.6
B2 75 8.5 129 14.6 267 30.2 111 12.6
C2 83 9.5 180 20.6 236 27.0 106 12.1
Return-dominated
A3 156 18.0 242 27.9 380 44.0 172 19.9
B3 261 29.0 244 27.1 359 39.9 173 19.2
C3 193 21.5 245 27.2 350 38.9 167 18.6
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Figure A6. Return leakage fraction results for Site L0O1.
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APPENDIX B - DETAILED RESULTS FOR SITE L02

Site L0O2 has a downflow gas furnace in the garage, with supply ducts in the crawl space and
return ducts in the attic. There are two return grilles and twelve supply registers. There was a
supply leak in an elbow near the furnace. As a result, we considered the as-found leakage to be
our supply-dominated case. We added a large hole in the return plenum to create our
approximately balanced case. We sealed the supply leak while leaving the large hole in the
return plenum to create our return-dominated case.

Despite the fact that the large supply leak was not on the inside of a bend, as it was at Site L01,
the analysis still showed that there was not a lot of air coming out of the leak under normal
operating conditions because of the momentum of the air.

Table B1 shows the supply leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. These estimates are expressed both in terms of actual cfm and as a percentage of air
handler flow. This table shows that all of the tests perform similarly, with all predictions greater
than the best estimate.

Figure B1 shows the supply results graphically, expressed as a fraction of air handler flow.

Table B2 shows the return leakage estimates from the nulling test, the Delta-Q test based on the
full plenum pressures, and the fan pressurization test using half of the plenum pressure. Due to
an equipment problem we were unable to get a best estimate of the return leakage at this house.
As with the supply leakage estimates, these estimates are expressed both in terms of actual cfm
and as a percentage of air handler flow. The nulling and Delta-Q tests provide similar estimates,
with the Delta-Q being a bit higher with the added return leak. The fan pressurization test
provides lower estimates for all cases.

Figure B2 shows the return results graphically, expressed as a fraction of air handler flow.
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Table B1. Site L02 Supply Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Supply-dominated (as-found)
Al | 204 | 183 | 289 | 260 | 243 | 219 | 283 | 254
Approximately Balanced
A2 | 224 | 194 | 328 | 284 | 306 | 265 | 311 | 269
Return-dominated
A3 186 16.1 246 21.3 278 24.0 283 24.5
B3 210 18.5 282 24.8 268 23.6 298 26.2
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Figure B1. Supply leakage fraction results for Site L02.
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Table B2. Site L02 Return Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization

cm | % cm | % cm | % cm | %

Supply-dominated (as-found)

At ] - | - | 13 [ 102 | 114 | 103 | 72 | 65

Approximately Balanced

A2 | - | - ] 313 | 233 | 407 | 33 | 23 | 205
Return-dominated
A3 -- -- 305 26.4 364 31.5 234 20.2
B3 -- -- 323 28.4 356 31.3 251 22.1
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Figure B2. Return leakage fraction results for Site L02.
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APPENDIX C - DETAILED RESULTS FOR SITE LO03

Figure C1 shows the front of Site L03. This house has a floor area of 1677 ft*.

This house has a downflow gas furnace in the garage (see Fig. C2), with supply ducts in the
crawl space and return ducts in the attic. There are two return grilles and thirteen supply
registers. The as-found duct leakage was used for the balanced case. We disconnected a supply
duct at the boot to create our supply-dominated case (see Fig. C3). This disconnect provided a
leak of about 7-8% of air handler flow. We separated two segments of one of the two return
ducts to create our return-dominated case (see Fig. C4). This disconnect provided a leak of about
30% of air handler flow. No more than one of the added leaks was present at any one time.

Figure C1. Front view of Site L03.
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Table C1 shows the supply leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. These estimates are expressed both in terms of actual cfm and as a percentage of air
handler flow. This table shows that both the nulling test and the Delta-Q test give results that are
closer to the best estimate than the fan pressurization test. The nulling test is usually closer to
the best estimate than the Delta-Q test. The Delta-Q test also shows a significant increase in
supply leakage when the only change is the added return leak, indicating that the supply leakage
prediction is sensitive to the amount of return leakage.

Figure C5 shows the supply results graphically, expressed as a fraction of air handler flow.

Table C2 shows the return leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. As with the supply leakage estimates, these estimates are expressed both in terms of
actual cfm and as a percentage of air handler flow. For the return, the fan pressurization test
provides the best estimates for the cases without the large return leak. The poor performace of
this test with the big return leak is because the leak was a disconnect of half of the system, and
the pressures that the ducts could be pressurized to were quite low. The nulling test was
inconsistent, usually performing reasonably well but with some individual bad test, such as for
case C3. The Delta-Q test was much more consistent, but provided very high estimates for the
case with the leaky return and typically overestimated the leakage by a substantial amount in the
other cases.

Figure C6 shows the return results graphically, expressed as a fraction of air handler flow.
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Table C1. Site L03 Supply Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization

cm | % cm | % cm | % cm | %

Approximately Balanced (as-found)

Al 57 5.0 162 14.3 151 13.3 275 24.3
Bl 128 10.9 113 9.6 122 10.4 274 23.3
Cl 67 6.0 125 11.1 159 14.1 274 24.4
Return-dominated
A2 88 7.6 101 8.7 235 20.3 281 24.2
B2 96 8.4 100 8.7 247 21.5 280 24.4
C2 83 7.2 130 11.3 208 18.1 278 24.2
Supply-dominated
A3 148 12.8 286 24.8 234 20.3 369 32.0
B3 158 13.6 259 22.3 238 20.5 371 32.0
C3 166 14.4 207 18.0 221 19.2 367 31.9
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Figure C5. Supply leakage fraction results for Site L03.
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Table C2. Site L03 Return Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Approximately Balanced (as-found)
Al 82 7.2 167 14.8 148 13.1 112 9.9
Bl 97 8.3 114 9.7 117 9.9 110 9.3
C1 80 7.1 134 11.9 168 14.9 108 9.6
Return-dominated
A2 463 39.9 552 47.6 728 62.8 923 79.6
B2 547 47.7 532 46.3 652 56.8 1217 106.0
C2 430 37.5 654 57.0 695 60.5 1010 88.0
Supply-dominated
A3 105 9.1 221 19.2 170 14.8 108 9.4
B3 76 6.5 95 8.2 167 14.4 110 9.5
C3 110 9.5 108 9.4 168 14.6 106 9.2
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Figure C6. Return leakage fraction results for Site L03.
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APPENDIX D - DETAILED RESULTS FOR SITE L04
Figure D1 shows the front of Site L04. This house has a floor area of 973 ft*.

This house has a horizontal gas furnace in the crawl space, with all supply and return ducts also
in the crawl space. There is a single central return and eight supply registers. The as-found
leakage was used as the balanced leakage case. We disconnected one supply duct at the register
boot to create our supply-dominated leakage case (see Fig. D2). We cut a large hole in the return
plenum to create our return-dominated case (see Fig. D3). No more than one of the added leaks
was present at any time.

Figure D1. Front view of Site L04.
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Figure D3. Added return leak at plenum.
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Table D1 shows the supply leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. These estimates are expressed both in terms of actual cfm and as a percentage of air
handler flow. This table shows that the nulling test performs better than either of the other two
tests on the supply side at this house. The nulling test predicts much smaller leakage than the
other two tests for the two cases without the added leak. Even with the added leak the nulling
test does not overpredict by as much as the other methods. In this house, the Delta-Q test and the
fan pressurization test give similar results for supply leakage.

Figure D4 shows the supply results graphically, expressed as a fraction of air handler flow.

Table D2 shows the return leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. As for the supply leakage estimates, these estimates are expressed both in terms of
actual cfm and as a percentage of air handler flow. For the return, the fan pressurization test
underpredictsthe leakage in all cases. The nulling test performs better than the Delta-Q test for
the case of the added return leak. For the other cases neither the nulling test nor the Delta-Q
consistently provide the best results.

Figure D5 shows the return results graphically, expressed as a fraction of air handler flow.
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Table D1. Site L04 Supply Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization

cm | % cm | % cm | % cm | %

Approximately Balanced (as-found)

Al 15 2.3 31 4.8 57 8.9 84 13.1
Bl 15 2.3 10 15 22 3.4 102 15.6
Cl 0 0.0 14 2.1 66 10.1 88 13.5
Supply-dominated

A2 42 6.7 83 13.4 121 19.5 110 17.8
B2 60 9.3 80 12.4 131 20.3 109 16.9
C2 57 8.8 109 16.9 140 21.7 110 17.1

Return-dominated

A3 52 1.5 20 2.9 95 13.7 89 12.8
B3 39 5.7 21 3.1 86 12.6 105 15.3
C3 15 2.2 37 55 100 14.9 89 13.3
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Figure D4. Supply leakage fraction results for Site L04.
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Table D2. Site L04 Return Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Approximately Balanced (as-found)
Al 63 9.8 42 6.5 70 10.9 22 3.4
Bl 64 9.8 35 5.3 66 10.1 21 3.2
C1 44 6.8 20 3.1 88 13.5 21 3.2
Supply-dominated
A2 27 4.3 7 1.1 78 12.6 23 3.7
B2 46 7.2 -4 -0.6 52 8.1 21 3.3
C2 33 5.1 30 4.7 109 16.9 20 3.1
Return-dominated
A3 216 31.1 166 23.9 294 42.4 134 19.3
B3 198 28.8 190 27.7 270 39.4 133 19.4
C3 185 27.5 195 29.1 306 45.6 132 19.7
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Figure D5. Return leakage fraction results for Site L04.
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APPENDIX E - DETAILED RESULTS FOR SITE L05
Figure E1 shows the front of Site L05. This house has a floor area of 1428 ft*.

This house has a downflow gas furnace within the conditioned space (see Fig. E2), with supply
ducts in the attic and return ducts in the crawl space. The supply duct system was trunk-and-
branch; the return duct system was radial. The crawl space was not well vented, such that the
crawl space was partially connected to the house. There are seven return registers and ten supply
grilles. The as-found leakage was used as the balanced leakage case. We disconnected one
supply duct at the register boot to create our supply-dominated leakage case (see Fig. E3). This
disconnect resulted in a leak of about 12% of air handler flow. We disconnected one of the
seven radial return ducts about midway down its length to create our return-dominated case (see
Fig. E4). This disconnect resulted in a leak of about 14% of air handler flow. No more than one
of the added leaks was present at any time. The actual initial leakage was about 7% on the
supply side and 11% on the return side.
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E3. Added supply leak at register boot.
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Figure E2. Upflow gas furnace in closet. Figufe

Figure E4. Added return leak in return duct.
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Table E1 shows the supply leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. These estimates are expressed both in terms of actual cfm and as a percentage of air
handler flow. This table shows that the fan pressurization test is similar to the nulling test for the
cases without the added supply leak and better than the nulling test for the case with the added
supply leak. For the cases where there are no added leaks the Delta-Q test also performs well.
When either the supply leak or the return leak is added the Delta-Q test provides the highest
estimates of supply leakage. All methods tend to overestimate the supply leakage at this house.

Figure E5 shows the supply results graphically, expressed as a fraction of air handler flow.

Table E2 shows the return leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. As for the supply leakage estimates, these estimates are expressed both in terms of
actual cfm and as a percentage of air handler flow. For the return, the nulling test does a good
job at estimating the leakage. The fan pressurization test tends to be high. As with the supply
leakage estimates, the Delta-Q test does a good job of estimating return leakage at this site when
there are no added leaks, but overestimates the return leakage significantly when either the
supply or return leak is added.

Figure E6 shows the return results graphically, expressed as a fraction of air handler flow.
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Table E1. Site LO5 Supply Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Supply-dominated
Al 210 17.9 340 29.1 369 31.5 271 23.2
Bl 260 21.9 324 27.3 382 32.2 258 21.7
C1 221 19.3 296 25.8 366 31.9 260 22.7
Return-dominated
A2 79 6.6 152 12.8 243 20.1 141 11.8
B2 123 10.1 99 8.1 241 19.8 142 11.6
C2 132 10.8 159 13.0 229 18.8 146 12.0
Approximately Balanced (as-found)
A3 74 6.6 135 12.0 132 11.7 139 12.4
B3 30 2.7 128 115 149 13.4 133 12.0
C3 83 7.2 149 12.9 148 13.0 139 12.0
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Figure E5. Supply leakage fraction results for Site L05.
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Table E2. Site L05 Return Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Supply-dominated
Al 164 14.0 200 17.1 212 18.1 194 16.6
Bl 145 12.2 189 15.9 227 19.1 201 16.9
C1 146 12.8 139 12.1 222 19.4 194 16.9
Return-dominated
A2 338 28.4 308 25.9 455 38.2 406 34.1
B2 332 27.3 280 23.0 455 37.3 415 34.0
C2 341 28.0 317 26.0 448 36.7 386 31.6
Approximately Balanced (as-found)
A3 146 13.0 142 12.6 150 13.3 191 17.0
B3 113 10.2 151 13.6 170 15.3 198 17.8
C3 129 11.2 166 14.3 185 16.0 195 16.9
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Figure E6. Return leakage fraction results for Site LO5.
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APPENDIX F - DETAILED RESULTS FOR SITE LO06
Figure F1 shows the front of Site L06. This house has a floor area of 758 ft°.

This house has a horizontal gas furnace in the crawl space (see Fig. F2), with supply ducts and
return ducts also all in the crawl space. There is a single central return and five supply registers.
The supply duct system was a radial system. This house had an outdoor air intake attached to the
return plenum, which we disconnected for all tests. The as-found leakage, with the outdoor air
intake disconnected, was used as the balanced leakage case. We disconnected one supply duct at
the plenum to create our supply-dominated leakage case (see Fig. F3). This hole resulted in a
leak of about 30% of air handler flow. We removed the cap that was placed on the attachment
hole for the outdoor air intake to create our return-dominated leakage case (see Fig. F4). This
hole resulted in a leak of about 18% of air handler flow. No more than one of the added leaks
was present at any time.

The analysis showed that the supply side was initially very tight (leakage of about 3% of air
handler flow), but that the return was somewhat leaky, about 18% of air handler flow. Further
investigation of the return duct uncovered some poorly attached duct segments, causing gaps
between lengths, and some leaky finger joints. These were sealed following testing. Because of
these leaks, there was not a truly “balanced” leakage case.

Fiure F1. Front view of Site L06.
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Figure F3. Added supply leak at plenum.
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Figure F4. Added return leak at plenum.

Table F1 shows the supply leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. These estimates are expressed both in terms of actual cfm and as a percentage of air
handler flow. This table shows that only the nulling test correctly estimates that the as-found
supply leakage is small, though the nulling test does frequently estimate a negative number for
this as-found supply leakage. These negative values are likely at least partially due to the
changing stack pressure in the home caused by not having a fan-only switch, thereby requiring
the heat to be on for the duration of the testing. For the case of the added supply leak the nulling
test overpredicts the leakage, but is the closest of the three tests.

The Delta-Q test substantially overpredicts the leakage in all cases, and in the case of the low, as-
found leakage, it predicts about 20% leakage. This result would suggest to a contractor that a
leakage retrofit would likely be in order, though there is very little leakage to seal.

The fan pressurization test provides extremely high estimates of the leakage in all cases. The
difference between the two groups of results without the added supply leak is because of a
change in plenum pressure due to the added return leak.

Figure F5 shows the supply results graphically, expressed as a fraction of air handler flow.
Table F2 shows the return leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum

pressure. As for the supply leakage estimates, these estimates are expressed both in terms of
actual cfm and as a percentage of air handler flow. For the return, the nulling test and fan
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pressurization test both perform fairly well, except in the case of the added supply leak where the
changed plenum pressure causes the fan pressurization test to overestimate the results. The
nulling test does have two tests from the third day which show substantially worse agreement
than on other days. The Delta-Q test greatly overestimates the leakage in all cases.

Figure F6 shows the return results graphically, expressed as a fraction of air handler flow.
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Table F1. Site L06 Supply Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Approximately Balanced (as-found)
Al 0 0.0 -24 -3.1 158 20.5 271 36.4
Bl 0 0.0 -25 -3.2 153 19.6 279 35.8
C1 22 2.9 -54 -6.9 135 17.2 284 36.1
Supply-dominated
A2 244 30.5 321 40.1 416 52.0 376 47.0
B2 267 33.1 359 44.5 421 52.2 368 45.7
C2 247 30.1 293 35.7 402 49.0 373 45.5
Return-dominated
A3 37 4.2 19 2.2 180 20.4 204 23.1
B3 19 2.2 65 7.4 202 23.0 203 23.1
C3 49 5.5 -14 -1.6 184 20.5 202 22.5
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Figure F5. Supply leakage fraction results for Site L06.
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Table F2. Site L06 Return Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Approximately Balanced (as-found)
Al 137 17.7 103 13.4 277 36.0 249 32.3
Bl 147 18.9 108 13.8 275 35.3 260 33.3
C1 146 18.6 60 7.6 257 32.7 254 32.3
Supply-dominated
A2 149 18.7 91 114 263 32.9 169 21.1
B2 145 18.0 145 18.0 278 34.5 179 22.2
C2 169 20.6 44 5.4 254 31.0 177 21.6
Return-dominated
A3 325 36.8 325 36.8 500 56.6 361 40.9
B3 337 38.3 342 38.9 513 58.3 376 42.7
C3 342 38.0 232 25.8 489 54.5 377 42.0
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Figure F6. Return leakage fraction results for Site L06.
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APPENDIX G - DETAILED RESULTS FOR SITE LO7
Figure G1 shows the front of Site LO7. This house has a floor area of 2635 ft°.

This triple-wide manufactured home has a downflow heat pump in a closet in the conditioned
space (see Fig. G2) with supply ducts in the crawl space. There are no return ducts since it is a
manufactured home. There are fourteen supply registers. The heat pump is located in the middle
section of the home. Below the heat pump is a splitter box that leads to two crossover ducts, one
to each of the outside sections of the home. Each of the crossover ducts leads to the main trunk
run for that section.

Since there was no return system we performed only two sets of tests on the home. There was
very little leakage in the ducts, so the as-found was one configuration. The other configuration
had a large hole cut into the side of the splitter box in the crawl space.

The analysis suggested that the as-found leakage was about half to inside the house, though the
low level of leakage makes it impossible to draw any firm conclusions about the degree to which
the belly or crawl space is connected to the house. Pressure measurements indicated that the
belly and the crawl space were well-connected to outdoors and to each other, though it is
common in manufactured homes for half of the leakage to go inside the home. It may be at this
house that the half of the leakage that went to inside was at the boots.
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igue 1. Front view of Site LO7.
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Figure G2. Downflow heat pump in closet in conditioned space.

Table G1 shows the supply leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. These estimates are expressed both in terms of actual cfm and as a percentage of air
handler flow. This table shows that both the nulling test performs very well in this house. The
Delta-Q test and fan pressurization test also perform well when there is no hole added. The
Delta-Q overestimates by more than half and the fan pressurization underestimates by about half
for the case with the large added leak.

Figure G3 shows the supply results graphically, expressed as a fraction of air handler flow.
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Table G1. Site L0O7 Supply Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Supply-dominated
Al 178 17.3 176 17.0 224 21.7 90 8.7
Bl 161 16.1 169 16.8 254 25.3 88 8.8
C1 156 15.5 164 16.2 262 25.9 88 8.7
Approximately Balanced (as-found)
A2 69 7.3 30 3.2 34 3.6 32 3.4
B2 46 5.0 36 4.0 36 4.0 32 3.5
C2 29 3.2 31 3.5 51 5.7 34 3.8
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Figure G3. Supply leakage fraction results for Site L07.

G3







APPENDIX H-DETAILED RESULTS FOR SITE L08
Figure H1 shows the front of Site L08. This house has a floor area of 1353 ft°.

This house has a downflow gas furnace in the garage (see Fig. H2), with supply ducts in the
crawl space and return ducts in the attic. The crawl space was not well vented, such that the
crawl space was partially connected to the house. There are three central returns and six supply
registers. This house had a perimeter supply duct system, with four trunks taking off from the
plenum, running parallel, and joining up at the other end of the house. There was a large supply
leak in one of these trunks where the trunk had collapsed (see Fig. H3). There was evidence that
someone had tried to prop it up, but had been unsuccessful. This collapse resulted in some of the
subfloor being ripped away. The return ducts also had large leaks at a junction box above the
plenum. There had initially been filters at the junction box, but these had been removed when
the new furnace was installed. The attempt to seal off these filter slots had not been entirely
successful (see Fig. H4). As a result, the as-found condition had return-dominated leakage and
was used for this case. We added an additional disconnect in one of the other trunk runs in the
supply system to create our balanced case (see Fig. H5). This leak resulted in an increase of
supply leakage of about 15% of air handler flow. At this point, adding additional leaks on the
supply side was found to be problematic, so we taped off two registers to increase the pressures
within the system and thereby increase the leakage. This became our supply-dominated case,
which had about an additional leakage of 15% as a fraction of air handler flow. The as-found
leakage levels were about 15% on the supply side and about 28% on the return side.

Figure H1. Front view of Site L08.
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Figure H2. Downflow gas furn Figure H3. As-found leak in supply trunk (dirtier insulation indicates
garage. larger leakage).

Figure H4. One of the as-found return leaks at junction box (note fingers).
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Figure H5. Added supply leak in trunk.

Table H1 shows the supply leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. These estimates are expressed both in terms of actual cfm and as a percentage of air
handler flow. This table shows that the nulling test performs fairly well in most cases. Both the
Delta-Q test and the fan pressurization test greatly overpredict the supply leakage at this house,
with the fan pressurization being slightly closer to the best estimate than the Delta-Q test.

Figure H6 shows the supply results graphically, expressed as a fraction of air handler flow.

Table H2 shows the return leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. As for the supply leakage estimates, these estimates are expressed both in terms of
actual cfm and as a percentage of air handler flow. For the return, the fan pressurization test
tends to underestimate the leakage and the nulling test tends to overestimate the leakage by
similar amounts, usually about 5-10 percentage points. The Delta-Q test, as with supply
estimates, greatly overestimates the return leakage, usually predicting in excess of 50% leakage
though the leakage is actually 25-30%.

Figure H7 shows the return results graphically, expressed as a fraction of air handler flow.
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Table H1. Site L08 Supply Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Return -dominated (as-found
Al 149 15.5 119 12.3 284 29.4 270 28.0
Bl 142 14.4 215 21.8 301 30.5 280 28.4
C1 181 18.1 159 15.9 298 29.7 263 26.2
Approximately Balanced
A2 255 28.3 296 32.9 458 50.8 423 46.9
B2 290 30.1 255 26.5 456 47.4 461 47.9
C2 312 31.0 335 334 467 46.5 414 41.2
Supply -dominated
A3 431 45.9 440 46.9 658 70.1 516 55.0
B3 468 47.5 429 43.5 638 64.7 556 56.4
C3 432 45.3 453 47.5 631 66.2 498 52.3
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Figure H6. Supply leakage fraction results for Site L08.
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Table H2. Site L08 Return Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Return -dominated (as-found
Al 263 27.3 330 31.2 500 51.8 204 21.1
Bl 281 28.5 447 45.3 520 52.7 208 21.1
C1 291 29.1 343 34.2 500 49.9 206 20.6
Approximately Balanced
A2 201 22.3 339 37.6 499 55.4 207 23.0
B2 257 26.7 290 30.1 484 50.3 208 21.6
C2 290 28.8 327 32.6 462 46.0 203 20.2
Supply -dominated
A3 247 26.4 336 35.8 514 54.7 202 21.5
B3 287 29.2 326 33.1 496 50.3 204 20.7
C3 240 25.1 294 30.8 453 47.5 198 20.8
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Figure H7. Return leakage fraction results for Site L08.
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APPENDIX I - DETAILED RESULTS FOR SITE L09
Figure 11 shows the front of Site L09. This house has a floor area of 989 ft°.

This house has a horizontal gas furnace in the crawl space (see Fig. 12), with supply and return
ducts all in the crawl space. There is a single central return and five supply registers. The as-
found leakage was used as the balanced leakage case. We disconnected one supply duct at the
register boot to create our supply-dominated leakage case (see Fig. 13). This hole resulted in a
leak of about 20% of air handler flow. We pulled open one of the return panned joists to create
our return-dominated leakage case (see Fig. 14). This opening resulted in a leak of about 23% of
air handler flow. No more than one of the added leaks was present at any time. The as-found
leakage was about 7% on the supply side and about 17% on the return side.
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Figure 12. Horizontal gas furnace in crawl space.

Figure 13. Added supply leak at register boot.



Figure 14. Added return leak at panned joist at grille.

Table 11 shows the supply leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. These estimates are expressed both in terms of actual cfm and as a percentage of air
handler flow. This table shows that the Delta-Q test give provides the best overall results for
supply leakage at this site, with the exception of two tests at which some problem appears to
have occurred. An investigation of the data does not indicate the source of the problem during
these tests. The nulling test tends to underestimate the supply leakage by a significant amount at
this site. The fan pressurization test performs well for the low-leakage cases but underestimates
the supply leakage for the case with the added leak.

Figure 15 shows the supply results graphically, expressed as a fraction of air handler flow.

Table 12 shows the return leakage estimates from the best estimate, the nulling test, the Delta-Q
test based on the full plenum pressures, and the fan pressurization test using half of the plenum
pressure. As for the supply leakage estimates, these estimates are expressed both in terms of
actual cfm and as a percentage of air handler flow. For the return, Delta-Q test again does the
best job of estimating the leakage except for the case with the added return leak. For this case,
the Delta-Q overestimates the leakage significantly and the nulling test provides better estimates.
The fan pressurization test performs reasonably well for the low-leakage cases but overpredicts
the leakage by a substantial amount for the case with the added return leak since the leak is at the
register end of the return system.

Figure 16 shows the return results graphically, expressed as a fraction of air handler flow.



Table 11. Site L09 Supply Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Approximately Balanced (as-found)
Al 94 10.4 0 0.0 71 8.8 91 11.3
Bl 52 6.5 74 9.3 9 1.1 92 11.6
C1 76 9.5 3 0.4 75 9.3 87 10.8
Supply-dominated
A2 209 26.2 143 17.9 61 7.6 153 19.1
B2 212 27.0 135 17.1 222 28.1 155 19.7
C2 223 27.8 146 18.2 244 30.4 152 19.0
Return-dominated
A3 71 8.8 17 2.1 118 14.6 55 6.8
B3 54 6.7 33 4.1 134 16.8 61 7.6
C3 51 6.4 17 2.1 123 15.4 57 7.1
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Figure 15. Supply leakage fraction results for Site L09.




Table 12. Site L09 Return Leakage and Leakage Fraction Estimates

Best Estimate Nulling Test Delta-Q Test Fan Pressurization
cm | % cm | % cm | % cm | %
Approximately Balanced (as-found)
Al 161 20.0 73 9.0 131 16.2 122 15.1
Bl 135 16.9 150 18.9 96 12.1 163 20.5
C1 148 18.4 63 7.8 137 17.0 155 19.2
Supply-dominated
A2 137 17.1 100 12.5 43 5.4 98 12.3
B2 135 17.1 31 3.9 137 17.4 105 13.3
C2 144 17.9 82 10.2 155 19.3 101 12.6
Return-dominated
A3 323 40.0 308 38.1 458 56.8 361 44.7
B3 316 39.6 279 35.0 408 51.1 533 66.8
C3 377 47.1 298 37.2 463 57.9 509 63.6
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Figure 16. Return leakage fraction results for Site L09.
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